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ABSTRACT

exploration envisioned by United States President John F. Kennedy in

O nce humans landed on the Moon on July 20, 1969, the goal of space
1961 was already being realized. Achievement of thisgoal depended on
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the development of technologies to turn his vision into reality. One technology
that was critical to the success of this goal was the harnessing of nuclear power to
run these new systems. Nuclear systems provide power for satellite and deep
space exploratory missions. In the future, they will provide propulsion for
spacecraft and drive planet-based power systems. The maturation of technol-
ogies that underlie these systemsran parallel to an evolving rationale regarding
the need to explore our own solar system and beyond. Since the Space Race,
forward-looking analysis of our situation on Earth revealsthat space exploration
will one day provide natural resourcesthat will enable further exploration and
will provide new sources for our dwindling resourcesand offset their increasing
prices or scarcity on Earth. Mining is anticipated on the Moon for increasingly
valuable commoaodities, such as thorium (Th) and samarium (Sm), and on
selected asteroids or other moons as a demonstration of technology at scales
never before imagined. In addition, the discovery of helium-3 onthe Moon
may provide an abundant power source on the Moon and on Earth through
nuclear fusion technologies. However, until the physics of fusion is solved, that
resource will remain on the shelf and may even be stockpiled on the Moon until
needed. It is clear that nuclear power will provide the means necessary to realize
these goals while advances in other areas will provide enhanced environmental
safeguards in using nuclear power in innovative ways, such as a space elevator or
by a ramjet space plane to deliver materials to and from the Earth’ s surface and
personnel and equipment into space and a space gravity tractor to nudge errant
asteroids and other bodies out of collision orbits. Nuclear systems will enable
humankind to expand beyond the boundaries of Earth, provide new frontiers for
exploration, ensure our protection, and renew critical natural resources while
advancing spin-off technology on Earth. During the past ten years, China, Japan,
India, and other countries have mounted serious missionsto explore the Moon
and elsewhere. Recent exploration discoveriesby Japan on the Moon may mark
the beginning of a new race to the Moon and into space to explore for and
develop natural resources, including water (from dark craters to make hydrogen
for fue and oxygen, etc.), nuclear minerals (uranium, thorium, and helium-3),
rare-earth minerals, and other industrial commodities needed for use in space
and on Earth in the decadesahead.

INTRODUCTION

In 2005, the International Atomic Energy Agency
(IAEA) (20058) published a comprehensive review of
the history and status of nuclear power used in space
exploration. Based on thisreview andon our research,
we will place some perspectives around the function
nuclear power will likely have in the future from
developing and fueling the technology for use on Earth
(Campbell et a., 2009a) to developing the ability to
explorefor andto recover natural resourcesthat likely
await our discovery on the Moon and elsewherein the
solar system (Campbell et al., 2009b). Recently, we
described the nature of theoccurrence of uranium
and thorium deposits on Earth (Campbell et al.,
2008), and we suggested that it is likely that certain
types of deposits adso can be expected to occur
elsewherein our solar system.

Recoveringsuch resourcescanonly berealized via

small stepsin technology, starting with satellites in
orbit and followed by the development of
electronics to communicate with humans on Earth.
Satellites and their communications equipment are
powered by solar energy for low electrical demands
and by nuclear energy for missions with heavy load
and long-duration requirements. Without nuclear
energy, missions to recover resources from else-
wherein thesolar system are not possible.

SATELLITES

In late 1953, United States President Dwight D.
Eisenhower proposed in  his famous Atoms for
Peace address that the United Nations establish an
international agency that would promote the peaceful
uses of nuclear energy (Engler, 1987). The IAEA had
its beginnings in this initiative. Since the time of
Sputnik in 1957, artificial setellites have provided
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communications, digital traffic and satellite
photography, and the means for the development of
cel phones, televison, radio, and other uses. Of
necessity, they require their own power source
(Aftergood, 1989). For many satellites, this has been
provided by solar panels, where electricity is
generated by the photovoltaic effect of sunlight on
certain substrates, notably forms of silicon and
germanium. However, because the intensity of
sunlight varies inversely with the square of the
distance from the sun, a probe sent off to Jupiter,
Saturn, and beyond would only receive a small
percentage of the sunlight it would receive were it in
Earthorbit. In that case, solar panelswould haveto be
so large that using them would beimpractical
(Rosen and Schnyer, 1989).

The limitations of solar-power systemsin satellites
were recognized at the time and prompted the
development of the atomic battery, unveiled by
President Eisenhower in January 1959. This battery,
actually a radioisotope thermoelectric generator, was
characterized as part of the Atoms for Peace program.
The further development of nuclear power systems
arose from the requirements of the particular explor-
ation mission being undertaken.

A space exploration mission requires power at
many stages, such as theinitial launch of the space
vehicle and subsequent maneuvering, to run the
instrumentation and communication systems,
warming or cooling of vital systems, lighting, various
experiments, and many more uses, especially in
manned missions. To date, chemical rocket thrusters
have been used exclusively for launching spacecraft
into orbit and beyond. Many problems would be
easier to solve if al power after launch could be
supplied by solar energy, but the limitations of solar
power forced mission designers to investigate other
power systems.

Realization of the limitations of solar power led to
the development of alternative sources of power and
heating. One alternative involves the use of nuclear
power systems (NPSs). These rely on the use of radio-
isotopes and are generally referred to as radioisotope
thermoelectric generators (RTGs), thermoelectric gen-
erators (TEGs), and radioisotope heater units. These
units have been used on both United States and Soviet/
Russian spacecrafts for more than 40 years. Space
exploration would not have been possible without
the use of RTGs to provide electrical power and to
maintain the temperatures of various components
within their operational ranges(Bennett, 2006).

The RTGs evolved out of a simple experiment in
physics. In1821,a German scientist named T. J.
Seebeck discoveredthat when two dissimilar wires are
and if one junctioniskept hot whilethe other iscold,

an electric current will flow in the circuit between
them from hot to cold. Such a pair of junctions is
called a thermoelectric couple. The required heat
can be supplied by one of severa radioactive
isotopes. The devicethat converts heat to electricity
has no moving parts and is, therefore, very reliable
and continues for as long as the radioisotope source
produces a useful level of heat. The heat production is,
of course, continually decaying, but radioisotopes
are chemically customized to fit theintended use of
the €lectricity and for the planned mission
duration.

The lAEA (2005b) suggests that nuclear reactors
canprovide amost limitless power for almost any
duration. However, they are not practicable for
applications below 10 kW mainly because of the
limited duration of available power. The RTGs are
best used for continuous supply of low levels (upto 5
kW) of power or in combinations up to many times
this value. For this reason, especially for long
interplanetary missions, the use of radioisotopes for
communications and for powering experiments is
preferred. For short durations of up to a few hours,
chemical fuels can provide energy of up to 60,000 kW,
but for mission durations of a month, use is limited to
1 kW or less. Although solar power is an advanced
form of nuclear power, this source of energy
diffuses with distance from the Sun and does not
provide the commonly needed rapid surges of large
amounts of energy. In contrast, solar energy is
readily available on the Moon and potentialy
abundant enough to provide energy on Earth (see
Criswell, Chapter 8, this text).

LUNAR SOLAR OR LUNAR NUCLEAR POWER

In the past, solar power was generaly considered
to be the most efficient source for constant power
levels of 10 to 50 kW for as long as sufficient sunlight
was available. On the Moon, where sunlight is
abundant and constant, higher output could be
obtained via a large lunar-solar system, as suggested
by Criswell (Chapter 8, this text and 2001, 20043, b).
In addition to supplying the M oon-base requirements
for  fue production, habitat maintenance,
communications, and research, the excess power
could be transferred by large-aperture radar and/or
microwave (i.e, power beaming) to Earth for
distribution through existing power grids. Missions to
the Moon would likely use a combination of power
sources, both solar and nuclear, to meet mission
objectives. The typical output ranges for the
different power sources to supply missions are
illustrated in Figure 1.
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Excess power generated on the Moon by either
nuclear or solar installations could provide a benefit
to Earth.

Criswell (See Chapter 8, this text, and 2001) aso
suggests that a preferred power beam is formed of
microwaves of about 12 cm wavelength or about
245 GHz. This frequency of microwaves apparently
travels with negligible attenuation through the
atmosphere and its water vapor, clouds, rain, dust,
ash, and smoke. Also, Criswell indicates that this
general frequency range can be converted into
alternating electric currents a efficiencies in
excess of 85%. These power beams could be directed
into industrial areas where the general popula-
tion could be safely excluded. Hazards to birds and
insects can be minimized, and humans flying
through the beam in aircraft would be shielded safely
by the metal skin of the aircraft's fuselage.
Presumably, power generated by nuclear reactors
located on the Moon could aso be beamed to Earth
in a similar fashion with similar advantages and
disadvantages.

As opposed to the solar-energy conversion to
microwaves process, heat is emitted from all nuclear
processes. This heat may either be converted into
electricity or be used directly to power heating or
cooling systems. The initial decay produces some
decay products, and theuse of thethermal energy
will cause some additional excess thermal energy to
be rejected. Nuclear processes can either be in
nuclear reactors or from radioisotope fuel sources,
such as plutonium oxide. In either case, the heat
produced can be converted to electricity either
statically through thermocouples or thermionic
converters, or dynamically using turbine generatorsin

Power

FIGURE 1. Sources of electricity
(Typical applications)

for application in missions in

space. Modified from Interna-
tional Atomic Energy Agency

(2005b).

100 MW (large lunar base)
(including mining support)

10 MW (small lunar base)
(including exploration support)

1MW (deep space)
(including robotic support)

100 KW (advanced base)

10 KW (subsistence base)

1 KW (communications)

o
10Yr

one of several heat cycles (such as the well-known
Rankine, Stirling, or Brayton designs, see Mason,
2006b).

The nuclear workhorses used in space missions
through 2004 are RTGs and the TEGs powered by
radioisotopesin the Russian Federation that provided
electricity through static (and therefore reliable) con-
version at power levels of up to 0.5 kW, with more
power available by combining modules. The Inter-
national Atomic Energy Agency (2005b, p. 4) report
indicatesthat ‘‘smal nuclear reactors have also been
used in space, one by the United States in 1965 (called
the SN A P-10A reactor) which successfully achieved
orbit, the only nuclear reactor ever orbited by the
United Statess The SNAP [Systems for Nuclear
Auxiliary Power] -10A reactor provided electrical
power for an 85-mN ion engine using cesium
propellant. The engine was shut off after 1 hour of
operation when high-voltage spikes created electro-
magnetic interference with the satellite’'s
attitude-control system sensors. The reactor contin-
ued in operation, generating 39 kW and more than
500 W of electrical power for 43 days before the
spacecraft’s tedemetry ultimately failed.”

The former Soviet Union routinely flew spacecrafts
powered by nuclear reactors; 34 were internationa
artificial satellites launched between 1970 and 1989.
The generad consensus is still that the investigation of
outer space (beyond Earth space) is “unthinkable
without the use of nuclear power sources for thermal
and electrical energy’’ (International Atomic Energy
Agency, 2005a). Up to this point, nuclear energy
was discussed soldy as a means to power onboard
mission systems that were launched using chemical
rocket thrusters.
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Ongoing research suggests that nuclear power may also
have an application in spacecraft propulsion.

SPACECRAFT PROPULSION

The use of space NPSs is not restricted to the pro-
vision of thermal and electrical power. Considerable
research has been devoted to the application of nu-
clear thermal propulsion (NTP). Research is under-
way on propulsion units that will be capable of trans-
ferring significantly heavier payloadsinto Earth orbit
than is currently possible using conventional chem-
ical propellants, which today costs about US $10,000/
Ib to lift a payload into orbit and about US$100,000 to
deliver a pound of suppliesto the Moon. The Apollo
program was supported by the four-stagelaunch ve-
hicle shown on thepadin Figure 2.

For the propulsion of spacecraft, the use of nuclear
power oncein space is more complicated than simply
selecting one over several power options. The choice
of nuclear power can make deep space missions much
more practical and efficient than chemically powered
missions because they provide a higher thrust-to-
weight ratio. This allows for theuse of less fuel for each
mission. For example, in a basic comparison between
a typical chemical propulsion mission to Mars with
one using nuclear propulsion, because of the different
mass-ratio efficienciesand the larger specific impulse,
thechemically powered mission requires a total
of 919 days for a say of 454 days on Mars. By
comparison, a nuclear-powered mission took a

planned total of 870 daysfor a stay of 550 days (see

FIGURE 2. Apollo launch vehicle. Photograph (1968) courtesy
of the National Aeronautics and Space Administration.

International Atomic Energy A gency, 2005b). The
outward-bound and return journeys would take
30% less time and allow for alonger stay on Mars. In
considering orbital positions involving time,
weight, and a variety of payloads, nuclear power
wins out most of the time (see comparison in Figure 3).

For a nuclear-power rocket propulsion system, a
nuclear reactor is usedto heat a propellant into a
plasmathat is forced through rocket nozzlesto pro-
vide motionin the oppositedirection. The IAEA indi-
cates that the two parameters that provide a measure
of the efficiency of arocket propulsion energy source
arethe theoretical specificimpulse and the ratio of
the take-off mass to the find mass in orbit
(International Atomic Energy Agency, 2005b).
Specific impulse is a property that is measured in
such away that the answer reveals how long in
seconds a given mass of propellant will produce a
given thrust (see Ambrose, Chapter 1, this text).

Chemical reactions using hydrogen, oxygen, or
fluorine can achieve a specific impulse of 4,300 s
with a mass ratio for Earth escape of 15:1, which is
about 20 times the efficiency of conventional
bipropellant station-keeping thrusters (Nelson,
1999). However, hydrogen heated by a fission reactor
instead of a chemical reaction achieves twice the
specific impulse with a solid core while having a mass
ratio of 3.2:1. With different cores, the specific
impulse can be as much as seven times greater with
a massratio of only 1.2:1. This type of engine was
used in the Deep Space 1 mission to asteroid Braille in
1999 and Comet Borrelly in 2001. This system also
powers the current Dawn mission to asteroids Vesta
and Ceres. Although these missions use an electric
arc to ionize xenon, the principle is the same. A
nuclear engine would simply produce a higher thrust
by causing xenon to become a plasma, instead of an
ion, resulting in higher velocities (see Chapter 4,
Cutright, thistext). Ambrose also discusses power and
propulsion requirements necessary for recovering
valuable commodities from space (see Chapter 1, this
text).

Combining nuclear power with electrical thrusters
will resultin a high efficiency of the specific impulse
for thrust; building power and/or propulsion systems
on this basis will allow interplanetary missions with
payload massestwo to three times greater than those
possible with conventional chemical propellants.
This can aso be achieved while supplying 50 to 100
kW of electrical power and more for onboard
instrumentation for 10 years or more.

New approaches to space travel now in effect
reduce the need for long-term engine burns, whether
chemical or nuclear. Reddy (2008), in a summary
article, indicatesthat the solar system is now known to
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FIGURE 3. Mission duration: Chemical versus nuclear propulsion systems (Modified from the International Atomic

Energy Agency, 2005b).

be a complex dynamic structure of swirling and
interconnecting pathways in space shaped by the
effects of mutual gravitation between the planets,
moons, and other bodies. These pathways constitute
a natural transportation network somewhat like
major currents in the ocean that enables orbiting
bodiesto movethroughout the solar system with ease,
athough the time required to reach a destination
would be longer but with less fuel consumption. So-
called balance points in space between orbiting bodies
such asthe Sun and Earth were discovered inthe 18th
Century by the Swiss mathematician Leonhard Euler.
Additional balance points were found by Joseph-
Louis Lagrange, which eventually became known
as Lagrange points. Such points are principally
usedas stable parking points for satellites and for

1. Genesis flew to Sun—Earth L, point.

sampled the solar wind.

2. Genesis circled L, in halo orbit for 2.5 yr and

orbiting purposes. For example, the Genesis mission
used Lagrange points to sample solar wind in 2001
with minima fuel, as illustrated in Figure 4. There
will be additional Lagrange points available
throughout the solar system to aid such trave,
combined with orbital altering by flybys of planets
and large moons, but propulsion will still be
required even with optimized fuel consumption.
Tracking orbits of bodies in space have expanded
considerably during the past 20 years. The National
Aeronautics and Space Administration (NASA)/Infra
red Processing and Analysis Center Extragalactic
Database contains positions, basic data, and more
than 16,000,000 names for 10,400,000 extragal actic
objects, as well as more than 5,000,000 bibliographic

FIGURE 4. Genesis mission
pathways. Modified from
Reddy, 2008.

Sun-Earth
L,
[}

3. In 2004, Genesis entered a looping trajectory

around the Sun—Earth L, point before returning

to Earth.
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referencesto more than 68,000 published articlesand
65,000 notes from catalogs and other publications
(NASA, 2008b). In addition, the Planetary Data
System is an archive of data from NASA planetary
missions. It is sponsored by NASA’s Science Mis-
sion Directorate and has become a basic
resource for scientists around the world (National
Aeronautics and Space Administration, 2008c).

The experience accumulated in developing space

NPSs, electrical thrusters, and nuclear thermal pro-
pulsion systems (NTPS) has enabled several missions
focused on Earth, such as round-the-clock all-weather
radar surveillance and global telecommunication sys-
tems for both military and business interests. These
include global systemsfor communication with mov-
ing objects (as in Global Positioning System tracking).
Needlessto say, technology is leading the way in al
areas in the exploration of space. These technologies
will enable us to explore the solar system and, with
appropriate power systems, to establish colonies
and to deal with hostile environments.

PLANET-BASED POWER SYSTEMS

A reliable source of electrical energy is needed for
humansto survive on the surface of a nonhostile plan-
et, moon, or asteroid. Approximately 3 to 20 kW(e)
from electrical generators would be required, and that,
because of the mass of plutonium required, exceeds
the capabilitiesof some smaller types of RTGs. Solar
power is impractical because of the distance of Mars
fromthe Sun and because of seasonal and geograph-
ic sunlight issues. Thus, nuclear power is the only
viableoption currently remaining.

In the 1980s, NASA contractors designed and built a
reactor, designated HOMER, specifically for pro-
ducing electricity, on asmall scale, on the surfaceof a
planet, moon, or asteroid. The low-power require-
ment meant that the reactor operated within well-
understood regimes of power density, core burn-
up, and fission-gas release. In a reactor of this type,
the number of impacts of radiogenic particlesis so low
that no significant irradiation damage to core
materials occurs and henceit offered along life.

EARTH-BASED POWER SYSTEMS

The space research and development conducted in
both the former Soviet Union/Russian Federation and
the United States have provided substantial benefits to
comparable research and development on innovative
reactor concepts and fuel cycles currently being

conducted under international initiatives. Thisis
particularly true after the Chernobyl disaster, where
approximately 4,000 Soviet dtizas were thought to
have died as a direct result of exposure to the
released radiation resulting from the meltdown of
a poorly designed nuclear reactor installed during
the Cold War (International Atomic Energy
Agency, 2004; World Nuclear Association, 2009).
In particular, one resulting benefit is the use of heat
pipes in the SAFE (Safe Affordable Fission
Engine)-400 and HOMER (Heatpipe-Operated
Mars Exploration Reactor) reactors that have only
recently been applied to small Earth-based reactors.
Such heat pipes now greatly reduce the risk by
distributing heat more safely. Furthermore, the
rescarch and development of extremely strong
materials for NPSs designed to withstand harsh
environments also could be beneficial for deep-
ocean or polar use. The risks associated with reactors
based on Earth have also been identified during the
design of space-based systems, where environ-
mental safeguards are al so critical components.

ENVIRONMENTAL SAFEGUARDS IN ORBIT

The risks associated with using nuclear power in
space are similar to those encountered on Earth. A
few accidents have occurred, but aside from the Cher-
nobyl disaster (International Atomic Energy Agency,
2004), the use of nuclear power bringswith it arisk no
higher than other industrial environmental risks on
Earth. Campbell, et al. (2005) placed the risks into
perspective.

Radiation safety i s provided intwo ways:

1) The basic approach to safety in orbit relies on
moving the spacecraft into a stable long-term
storage orbit, close to circular, at a height of more
than 530 mi (>853 km). There, nuclear reactor
fission products can decay safely to the level of
natural radioactivity or they can be transported
away from Earth sometime in the future.

2) The backup emergency approach involves the
dispersion of fuel, fission products, and
other materials with induced activity into the
upper layers of Earth's atmosphere. During the
descent, aerodynamic heating, thermal destruct-
tion, melting, evaporation, oxidation, and so on,
are expected to disperse the fuel into particles
that are sufficiently small as to pose no excess
radiological hazard to Earth’s populations or to
the environment.
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The worst known example of these impacts
happened during the descent of the Soviet Union's
Cosmos-954 spacecraft in 1978. During its descent,
the Cosmos-954 faled to be boosted to a higher
orbit and reentered Earth’s atmosphere, resulting
in large radioactive fragments of wreckage being
strewn across a thin srip of northern Canada.
Since this failure, backup safety systems were
introduced to minimize the potential of this oc-
currence happening again (for details, see Inter-
national AtomicEnergy Agency, 2005b).

Safety, both for astronauts and other humans on
Earth, has been a longtime prime concern of thein-
herently dangerous space program in general. Fortu-
nately, any hardware placed in orbit, including nu-
clear reactors, have been designed so that when
they eventually reenter the atmosphere, they will
break up into suchsmall fragmentsthat most of the
spacecraft and reactor will atomize and burn up as
they fall back to Earth.

The International Atomic Energy Agency (2005b)
suggested that both RTGs and TEGs, theworkhorse
auxiliary power systems, aso have several levels of
inherent safety:

1) Thefuel usedis intheform of a heat-resistant
ceramic plutonium oxidethat reducesthe chances
of vaporization in the event of a fire or during

reentry. Furthermore, the ceramic is highly
insoluble and primarily fractures into large
pieces instead of forming dust. These

characteristics reduce any potential health effects
if thefuel were released,;

2) The fud is divided into small independent mod-
ules each with itsown heat shield and impact
casing. This reduces the chance that al the fuel
would be released in any accident; and

3) Multiple layers of protective containment are
present, including capsules made of materials
such as iridium, located inside high-strength
heat-resistant graphite blocks. The iridium has a
melting temperature of 4,449 K, which is well
above reentry temperatures. It is also corrosion
resistant and chemically compatible with the
plutonium oxidethat it contains.

However, a few accidents occurred during the
1960s and 1970s. One accident occurred on April 21,
1964, when the failure of a United States launch
vehicle resulted in the burn up of the SNAP-9A RTG
during reentry. This resulted in the dispersion of
plutonium inthe upper atmosphere. Thisaccident,

and the consequent redesign of the RTGs, has
improved the current level of safety substantially.

A second accident occurred on May 18, 1968, after
a launch aborted in midflight above Vandenberg Air
Force Base and crashed into the Pecific Ocean off
California. The SNAP-19 reactor’s heat sources were
found off the United States coast at a depth of 300 ft
(91 m). They were recoveredintact, with no release of
plutonium. The fuel was removed and used in a later
mission. A third accident occurred in April of 1970
when the Apollo 13 mission was aborted. The lunar
excursion module that carried a SNAP-27 RTG re-
entered the atmosphere and plunged into the Pacific
Ocean close to the Tonga Trench, sinking to a depth
of between4 and 6 mi (6.4 —9.7 km). Monitoring since
then has shown no evidence of any release of radio-
active fudl.

The former Soviet Union routinely flew spacecraft
that included nuclear reactorsin low Earth orbits. At
the end of a mission, the spacecraft was boosted to a
higher, very long-lived orbit so that nuclear materias
could decay naturally. As previously indicated, a maj
-or accident occurred on January 24, 1978, when
Cosmos-954 could not be boosted to a higher orbit
and reentered Earth’'s atmosphere over Canada.
Debris was found along a 400 mi (644 km) tract north
of Great Bear Lake. No large fuel particles were found,
but about 4,000 small particles were collected.
Four large steel fragmentsthat appearedto have been
part of the periphery of the reactor core were
discovered with high radioactivity levels. Forty-seven
beryllium rods and cylinders and miscellaneous
pieces were aso recovered, al with some
contamination (International Atomic Energy Agency
2005b).

As a result of this accident, the Russian Federation
redesigned its systems for backup safety. Furthermore,
a United Nations working group has developed aero-
space nuclear safety design requirements whereby:

1) thereactor shall be designed to remain subcrit-
ical if immersed in water or other fluids, such as
liquid propellants;

2) the reactor shall have a significantly effective
negative power coefficient of reactivity;

3) thereactor shall be designed so that no credible
launch pad accident, ascent, abort, or reentry
from space resulting in Earth impact could result
in a critical or supercritical geometry;

4) the reactor shall not be operated (except for
zero power testing that yields negligible radio-
activity at the time of launch) until a stable
orbit or flight path is achievedand it must have
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FIGURE 5. Cartoon of space debris in orbit. Photograph
courtesy of the National Aeronautics and Space
Administration.

a reboost capability from low Earth orbit if it is
operated in that orbit;

5) twoindependent systems shal be provided to
reduce reactivity to a subcritical state, and these
shall not be subject to a common failure mode;

6) thereactor shall be designed to ensure that suf-
ficiently independent shutdown heat removal
pathsare availableto provide decay heat removal;

7) the unirradiated fuel shall pose no significant
environmental hazard; and

8) the reactor shal remain subcritical under the en-
vironmental conditions of a postulated launch
vehicle explosions or range of planned safety-
destruct actions.

Thus, as in al advancesin technology, experience
corrects previous oversights. The causes of the re-
entry of Cosmos-954, for example, have been recti-
fied. Fortunately, thisincident resulted in no danger
to Canadians because of the remoteness and clean-up of
the debris field. In the future, because of advanced
antisatellite technology, failing orbiting spacecrafts
will be intercepted and destroyed by ground- or ship-
based guided missilesbefore reaching the surface. The
International Atomic Energy Agency (2005b) indicates
that each member country has used the new
international rules, and some have expanded them to
meet their own requirements. As an example, in 1998
the Russian Federation published a new policy
governing safety and recovery.

However, the number of satellites and the associated
space debris amounting to some 17,000 pieces of
hardware that have accumulated in various orbits
during the past 50 years have created safety issues
of adifferent variety (Figure 5). A recent collision of
old and new satellites over Siberia has illustrated
the serious threat to other satdlites, including the
Hubble and even the Internationad Space Station
(Rincon, 2009). Thisthreat will only increase with time.

OTHER ENVIRONMENTAL
CONSIDERATIONS IN SPACE

Human physiological and psychological adapta-
tions to the conditions and duration of space travel
represent significant challenges (European Space
Agency, 2009). Millions of man-hours of research for
well over a century have been spent on the fundamental
engineering problems of escaping Earth’s gravity and on
developing systems for space propulsion. In
recent years, therehas been a substantial increasein
research into theissue of the impact on humans
in space during long periods. This question requires
extensive investigations of both the physical and
biological aspects of human existence in space,
which has now become the greatest challenge, other
than funding, to human space exploration. The
impact of artificial gravity and the effects of zero
gravity on humans are a the core of the research
today (Prado, 20089). Therefore, a fundamenta step in
overcoming this challenge isin trying to understand the
effects and the impact of long space travel on the
human body. The expansion into space depends on this
research and on the plans of contemporary futurists,
ultimately affecting the plans of al space agencies on
Earth (Prado, 2008b, and others).

Expansion of activities beyond the surface of the
Earth into space and onto other bodies such as the
Moon, Mars, and the larger asteroids will entail a sig-
nificantly different set of risks compared with historic
activities on Earth (Ambrose and Schmitt, 2008).
Fortunately, a large amount of information on hu-
man risk has accumulated since space programs began
inthe 1960s, particularly from the Skylab project
of the 1970s and the International Space Station
(ISS) that began operations on November 2, 2000,
with the first resident crew, Expedition 1. Since then,
the 1SS has provided an uninterrupted human presence
in space.

Specia interest is given to the risk of increased
radiation exposurefrom not having shielding by the
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Earth’'s atmosphere and structures such as the
vanAllen belts. In particular, the inappropriateness
of the linear no-threshold dose hypothesis (LNT)
to space environments will be discussed, and an
alternative hypothesis with a threshold of
approximately 10 rem (0.1 Sv) is proposed.

Note that the acceptable levels of risk for space ex-
ploration beyond low Earth orbit have not been de-
fined at this time by the National Council on Radia-
tion Protection and Measurements (NCRP). This must
be dealt with before sending manned missionsto the
moon or to Mars. The NCRP (2008) has released
Report 153, which is anexcellent firststepin this
process.

Radiation Doses on Earth and in Space

Humans are constantly bombarded with various
types of ionizing and nonionizing radiation. Although
a global background average at sea level of approxi-
mately 250 millirem (mrem) or 2.5 millisieverts (mSv)
exists, the background strongly depends on geographic
location. Radiation in terrestrial environments comes
from a combination of natural sources(83% of total)
and anthropogenic sources (17% of total), although
the ratio varies geographically and culturally.
The major sources for humans in developed
countries comes from cosmic rays (30 mrem/yr [0.3
mSv/yr]) from intake of food and air, primarily
radon from decay of natura uranium and
potassium-40 (“°K) in food (160 mrem/yr [1.6 mSv/
yr]) and from naturaly occurring radioactive
materials such as soil and rock that include uranium,
thorium, radium, and potassum (50 mrem/yr [0.5
mSv/yr]). Indoor exposure rates are approximately
20% higher than outdoor because of trapping of
radon and other decay products in in-door ar and the
use of uranium- and thorium-containing building
materials. Radiological and nuclear-medica proce-
dures have become more common in the last
decade, and recent discussions have suggested they
could add another 50 mrem/yr (0.5 mSv/yr) to the
United States amage(National Council on Radiation
Protection and M easurements, 2009).

Variations in background doses across the globe
range from less than 100 mrem/yr (1 mSv/yr) in
areas at sea level on carbonate and nonsilicate bed-
rock, for example, Bermuda, to more than 10 rem/yr
(0.1 Svlyr) in Ramsar, Iran. Although morethan 90%
of the Earth’s surface has an annual dose of less than
400 mrem/yr (<4 mSv/yr), some notable areas that
exceed 1 rem/yr (0.01 Sv/yr) include Kerala, India
(3.8 rem/yr), Yangjiang, China (3.5 rem/yr), and
Guarapari, Brazil (5.5 rem/yr). Note that no adverse
health effectsor increased cancer rates in thesehigh-

radiation background areas are found (Hiserodt,
2005).

In space, the situation is different. The
primary sources of radiation are high-energy
particles and/or rays from galactic cosmic radiation
(GCR) and from solar particle events (SPEs). As
discussed by the National Research Council,
Committee on the Evaluation of Radiation Shielding
for Space Exploration (2008), satellite data have
characterized GCR and SPEs near Earth to a great
degree, and these results apply well to the incident
radiation on the surface of the Moon. Knowledge of
the secondary radiation produced by GCR and SPEs
interacting with lunar surface materials is based on
Apollo, Lunar Prospector, and Clementine data and
calculations. The extrapolation of GCR from Earth to
Mars is aso fairly well understood based on
measurements from satellites traveling outward
through the solar system. However, few measure-
ments of SPEsarepresent inthevicinity of Mars, and
extrapolation of near-Earth measurements of SPESs to
Mars is inadequate (National Research Council,
Committee on the Evaluation of Radiation Shielding
for Space Exploration, 2008). Caculations and
measurements taken by spacecraft in Mars orbit can
be used to estimate the secondary radiation en-
vironment on the Martian surface. Knowledge of other
sources of radiation come from short trips through
Earth's trapped radiation belts.

Distinguishing radiation from radioactive materi-
as, such as uranium and thorium (and their daughter
products such as radium and radon), is important.
The latter are particularly important because
they can attach to dust particlesthat continuously
emit radiation after being inhaled or ingested. Such
radiation can damage tissuesin the lungs and other
organs. Terrestrial sources of radiation are weighted
toward radioactive materials, whereas radiation in
space is not. The high energiesof space radiation can
generate highly penetrating secondary particles, such
as neutrons and light ions, by interacting with ma-
terials in the spacecraft or space habitat. Because less is
known about the relative biological effects of
highly energetic particles, dose and medical moni-
toring of travelersand colonists should be a priority.
The sources of radiation doses to humans within the
van Allen belts, an ozone layer, and other intervening
atmospheric structures (according to the National
Research Council, Committee on the Evaluation of
Radiation Shielding for Space Exploration, 2008) are
dominated by:

- solar particle events—high-energy protons
(tens to a few hundred million electron volts
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FIGURE 6. Astronaut radiation exposure history (United
States) from 1962 to 2005 (Cucinotta, 2007; National
Research Council, Committee on the Evaluation of
Radiation Shielding for Space Exploration, 2008). Scatter
results from differences in altitude, orbital inclination,
vehicle orientation and shielding, position within the
vehicle, and position within the solar cycle and variations
in solar activity.

per nucleon); temporal variations in flux not
well known but highest at solar maximum; re-
duction provided by shielding of at least 10 g/
cm? aluminum-equivalent, provided by most
spacecraft hull designs, and

* galactic cosmic radiation — high-energy protons,
apha, eectrons, neutrons, muons and larger nuclel
(million electron volts to billion electron volts per
nucleon); steady flux varying during the 11-
year solar cycle roughly by a factor of 2;
shielding ineffective because of high energies, but
materias development must consider the induc-
ed secondary radiation, that is, more use of low
atomic number materials such as graphite.

Like environments on Earth, “°K internal to the
body and radioactive constituents in food contrib-
utes about 70 mrem/yr (0.7 mSv/yr) of background
radiation. The NASA dose records for astronauts have
been very detailed and are presented in Figure 6.

Astronaut doses in al missions have never ex-
ceeded 10 rem/yr (0.1 Sv/yr) (Cucinotta et al., 2005;
and National Research Council, Committee on the
Evaluation of Radiation Shielding for Space Explora-
tion, 2008). According to studies by the Canadian
Space Agency (2010), average doses to astronauts are
approximately 5.4 rem/yr (0.054 Sv/yr), about 20 times
higher than Earth average, similar to Earth radiation
worker dose limits, but missions are never long enough
to approach this limit.

Health Risks of Chronic Radiation Doses in Space:

The Linear No-threshold Dose Hypothesis

The need to revise our operational radiation dose
limits for working and living in space stems from
human health considerations, resource and weight
limitations in space, and costs. Invalid limitations on
low doses will unnecessarily prevent most moderate
tolong duration activities inspace or necessitate
costly and unreasonable shielding requirements and
materials.

As previously described, unshielded radiation
exposures in extraterrestrial environments will be
chronic doses on the order of 5 rem/yr (0.05 Sv/yr).
The exigting regulatory framework for radiation safety
isbased on current ionizing radiation protection stan-
dards established by the United States Environmental
Protection Agency (EPA). The EPA set these standards
decades ago using a linear extrapolation of World
War Il atomic bomb survivor data that is referred to
as the linear no-threshold dose hypothesis (LNT).
Accordingto the LNT (National Research Council,
2006), any and all radiation doses, even background
and below, are harmful; that is, they increasethe risk
of cancer and other radiation-induced health effects.
The LNT was formulated by extrapolation of expo-
sures of acute high doses at high-dose ratesto regions
of low doses from chronic exposure at low-dose rates
(Figure 7) using mostly Japanese atomic bomb survi-
vors and accidents such as Chernobyl (Castronovo,
1999; International Atomic Energy Agency, 2004,
World Nuclear Association, 2009). However, little sci-
entific data currently exist to verify this extrapola-
tion below 5 to 10 rem/yr (0.05 —0.1 Sv/yr), and a
large amount of data existsthat refuteit (Hiserodt
2005; World Nuclear Association 2009).

The LNT does not distinguish between high dose
(>10 rem) and low dose (<10 rem) or between acute
(high-dose rates, >10 rem/yr) and chronic (low or
continuous dose rates, <10 rem/yr), and it is this dif-
ference between acute and chronic that is the pri-
mary disconnect between LNT and existing datafrom
chroniclow doses and that has large ramifications for
space exploration. Another potential problem with
the LNT is theincorrect assumption that cytogenic
and mutagenic effects at the individual cellular level
linearly extrapolate to the organismal level, that is,
that no extracellular immunological mechanisms
address cell damage and death (Jaworowski, 1999;
National Council on Radiation Protection and Mea-
surements, 2001; Mitchel, 2002; National Research
Council, 2006).
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computationally convenient starting point.” - BEIR VIl Report (NAS, 2005)

Acute Versus Chronic Dose

Acute high doses derive from incidents such as an
atomic bomb detonation, high activity accidents or
unintentional exposures, and high-dose medical treat-
ments. Chronic low doses derive from continuous
environmental or nearby sources such as back-
ground, industrial sources, radioactive waste, radio-
logically contaminated soil and water, or unusual
environments such as outer space, and in the
many high-radiation level hot springs and “ healing”
waters that occur in France, Austria, Japan, and
Germany and are commonly used as health spas.

The difficulty in addressing this issue by obtaining
scientific data below chronic doses of 10 rem/yr (0.1 Sv/
yr) is that theselevels are within the rangeof naturally
occurring background. Studies conducted using small
doses of ionizing radiation do not indicatethat rates
of cancer incidenceincrease (Jaworowski, 1999;
Mitchel, 2002; Hiserodt, 2005). Lack of an observable
increase, however, does not precludethe possibility
of an unobservable effect. For example, solid tumors
and leukemiahave a high spontaneous incidence that
varies according to lifestyleand heredity. Because the
possible increase in cancer incidence following radia-
tion exposureis very low, large study populations are
required to demonstrate statistically significant re-
sults. Unfortunately, inany population, confound-
ing factors caused by genetic and random variations
mask possible effects of low levels of ionizing radia
tion. Consequently, epidemiological studiesmay not

detect a small effect of low levels of ionizing radiation
because of lack of statistical power, even if it exists.

Assessing Chronic Dose Effects

The ultimate chronic radiation source for al hu-
mans is background radiation. Therefore, to address
the effects of chronic background levels in space, it is
essential to review the relationship of variations
in chronic background radiation with cancer and
mortality in sufficiently large population cohorts
across the Earth, under unusual conditions, from
accidental or intentional exposures, and during
long periods where such conditions exist.
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FIGURE 8. Background radiation differences on annual
cancer mortality rates/100,000 for each state in the
United States (U.S.) during a 17-yr period. Adapted from
Frigerio and Stowe (1976), with correction for dose using
more recent background data from radon. LNT = linear
no-threshold dose hypothesis; mrem = millirem.
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mortality ratesas a function of background radiation
for each state in the United States, showing not an
increase in rates with dose as predicted by LNT, but a
substantial decrease. Blue squares are those states with
background doses more than 270 mrem/yr (2.7 mSv/
yr) and whose cancer rates should be significantly

higher. This reationship is observed in studies
throughout the world: nowhere is increased
background radiation associated with increased

cancer rates, mortality, or other health issues. In fact,
increased background radiation is almost always
coupled with decreased cancer rates and mortality
(Hiserodt, 2005). This suggests that other factors are
more important to human health than chronic
radiation doses below 10 rem/yr (<0.1 Sv/yr).

Even looking at more acute dose effects, there
appears to be a threshold at about 10 rem. Figure 9
shows the number of solid cancers per 100,000 popu-
lation in the atomic bomb survivor cohort of 79,901
subjects (data from International Commission on
Radiological Protection, 1994, normalized to 100,000
population).

A fairly strong relationship exists between
dose and cancer occurrence at high doses, but the
relationship disappears below 10 rem. These
observations, taken together with the fact that there
has not been a single death in more than 20 years in
the civilian nuclear industry in the United States,
suggest that the risk associated with chronic low
doses of radiation less than 10 rem/yr (0.1 Sv/yr)
appear to be small with respect to any other risk
associated with normal living and working active-
ities, certainly in an extraterrestrial environment.

low doses of radiation anticipated during
operations in space and under extraterrestrial
conditions be based on athreshold dose of between 5
and 10 rem/yr (0.05-0.1 Sv/yr) (Figure 10). It is
anticipated that keeping radiation exposures to
astronauts, space workers, and colonists below 10
rem/yr will not add significant additional risk to
human health and should be achievable without
prohibitive costs, material requirements, or proced-
ures.

However, adopting a no-threshold model or choos
ing athreshold, whether it is about 10 rem/yr (0.1 Sv/
yr) or some other value, still appears to be based at
present on anecdotal evidence, the reports from
NCRP and others notwithstanding. It is imperative
that this issue be studied in greater depth with respect
to actual human health effects as soon as possible be-
cause it will continue to affect Earth-based radiolog-
ical issues, such as nuclear medicine, nuclear power
and disposal and/or cleanup of radioactive waste, as
well as space-based activities. However, we can use the
information we have to make somerecommendations.

Shielding Against Radiation in Space

In space, the lack of indigenous materials makes
shielding more problematic, and shielding alone can-
not guarantee protection in al situations because of
the very high energiesof the incident ions and the
production of highly penetrating secondary particles,
such as neutrons and light ions, coupled with mass
constraints on the spacecraft. For operations within
Earth’s geomagnetic field, little or no supplemental
shielding is needed to ensure astronaut safety in a
spacecraft or habitat.
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However, on leaving this protective geomagnetic
shield, the astronauts are subjected fully to the
natural galactic cosmic radiation environment and
susceptible to serious radiation fluxes from solar
particle events.

Shielding requirements differ among the different
environments and missionsthat will be facedin fu-
ture space activities. For short missionsto solid bod-
ies, the spaceflight can be met with existing
spacecraft designs because most of the time spent by
personnel will be on the surface of a body such as the
Moon or Mars, where existing geologic materials can
be used to construct shielding, such as basaltic rocks
of thelunar maria, especially those rich in ilmenite.
Even regolith can be used as inexpensive abundant
shielding material. The key element to indigenous
materials is their abundance; they can be made as
thick as necessary.

In space, however, a complete dependence on ma-
terials within the payload exists. Traditional
space-vehicle materials have been developed primar-
ily as a result of engineering and performance
requirements, for example, dendty, strength,
longevity, weight, machining and construction
properties, and so on. The short durations of previous
missions have not necessitated the development of
new materials designed expressly for radiation
shielding. However, new materials are being develop-
ed for other applications that may be ided for this
purpose. The most promising materials are hydro-
carbon based, such as high-density polyethylene, or
graphite nanofiber, a material designed for lightweight
construction and clothing materials (National Geo-
graphic News, 2010). Carbon and hydrocarbon-based
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background across the Earth,
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materials are best at radiation shielding because of
their averagelow atomic number.

An excellent recent discussion of shielding (and
space radiation effects in general) comes from the
National Academy of Sciences (NAS) (National
Research Council, Committee on the Evaluation
of Radiation Shielding for Space Exploration, 2008).
The recommendations of the NAS report are
essentially to continue implementing the permissible
exposure limits specified in current NASA radiation
protection standards and not compromise them
simply to meet engineering, funding, or resource
targets. These standards vary with mission length,
age, and sex, but as an example, a 30-year-old male
spending 142 days in deep space during his career may
not exceed 0.62 Sv total (National Research Council,
Committee on the Evaluation of Radiation Shielding
for Space Exploration, 2008). An independent
radiation safety assessment should continue to be
an integral part of mission design and operations,
and alimit for radiation risk should be established
in go/no-go decisions for every mission (National
Research Council, Committee on the Evauation of
Radiation Shielding for Space Exploration, 2008).

The NASA considersthat the use of surface habitat
and spacecraft structure and components, provisions
for emergency radiation shelters, implementation
of active and passive dosimetry, careful scheduling
of extravehicular operation to avoid excessiveradi-
ation exposure, and proper consideration of the
ALARA (As Low As Reasonably Achievable) principle
are good strategies for the human exploration of
the Moon.
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However, the LNT concept ill dominates the
thinking of all radiation safety discussions, although it
is refreshing to see it discussed in a more scientific
and critical manner with respect to space exploration
than in the literature, with respect to historical
radiation events on Earth (Health Physics Society,
2001, 2004; National Research Council, Committee
on the Evaluation of Radiation Shielding for Space
Exploration, 2008). A thorough evauation of dll
radiation biological effects, from both observations
and experiments, needs to be performed before any
long-term space missions are implemented. From
previous work presented here, it is expected that the
existing ALARA principlesfollowed by NASA, careful
scheduling of off-planet missions and extra-
vehicular activities, and the use of indigenous
materials on other space bodies such as the Moon
and Mars for additional shielding, will be
adequate to ensure a safe environment for workers
and colonistsin space.

INTERNATIONAL DEVELOPMENT: THE
NUCLEAR GENIE ISOUT OF THEBOTTLE

Although the former Soviet Union/Russian Feder-
ation and the United States have conducted exten-
sive space initiatives based on earlier rocket
programs beginning as early as the 1920s and
1930s, (in Germany, et al.), other nations have
established successful space programs in the past
three decades: Australia, Austria, Brazil, Canada, China,
Denmark, France, Germany, India, Itay, Japan,
Netherlands, Norway, South Korea, Spain, Sweden,
Taiwan, Turkey, and Ukraine. The United Kingdom
and most of Europe participate in the European Space
Agency (ESA).

Many of these countries and groups are monitor-
ing activities, whereas others are participating in United
States and Russian programs, sometimes as part of the
ESA. Others are doing it alone in conducting or parti-
cipating in the burgeoning commercia business of
launching several communication and surveillance sa
tellites. For example, Europe has been launching coope-
raive international satellites from Vandenberg Air Force
Bae in Cdiforniaz, from Woomera in South
Augrdia, and Cape Canaverd in Horida, snce a least
1968. However, Canada has launched its own satellites
from Vandenberg snce 1969. Mog, if not al, of the
cooperative programs launch telecommunication and
meteorologica satellites into Earth orbit and use solar
arrays to power the communications once the satellites
ae in stable orbits. Nuclear power is not needed in
these low-power systems, and the use of RTGs has been
minimal.

In other activities, China sspace programbeganin
1959, and its first satellite, Dong Fang Hong-1, was
successfully developed and launched on April 24, 1970,
making China the fifth country in the world with such
capability. By October 2000, China had developed and
launched 47 satellites of various types, with a flight
success rate of morethan 90%. Altogether, four satellite
series have been developed by China: recoverable re-
mote sensing satellites; Dongfanghong telecommu-
nications satellites; Fengyun meteorological satellites;
and Shijian scientific research and technological
experiment satellites. A fifth series includes the
Ziyuan Earth resource satellites launched in the past
few years. Chinais the third country in the worldto
master the technology of satellite recovery, with a
success rate reaching an advanced international level,
and it is the fifth country capable of independently
developing and launching geostationary telecommu-
nications satellites. In October, 2000 Zhuang Feng-
gan, Vice Chairperson of the China Association of
Sciences, declared that one day the Chinese would
create a permanent lunar base, with the intention of
mining lunar soil for helium-3 (to fuel nuclear fusion
plants on Earth) (International Atomic Energy
Agency, 2005b).

The forecast for the 21° Century’s space activities is
that power and propulsion units for advanced space
vehicles will be driven by nuclear power. The advan-
tage of nuclear power units is that they are indepen-
dent of solar power. Thus, near-Earth space vehicles
using NPSs do not need batteries either for steady
operation or for peak demand. The compact design
makes spacecraft operation easier and simplifiesthe
orientation system for highly accurate guidance
(International Atomic Energy Agency, 2005b).

RESEARCH AND DEVELOPMENT

Earth-based NPSs were originally designed to be
very large installations, giving economies of scale
basel oad applications. Earth-based nuclear power was
originally based on the prospects of reprocessing par-
tially spent fuel and using plutonium-based fuels in
Generation |V fast breeder reactorsboth to minimize
waste and to conserve nuclear resources. Although
this has not materialized during the past 30 years, the
prospects for restarting research into reprocessing
spent fuel have improved during the past few years
(Campbell et al., 2007). Breeder reactorsare once again
being evaluated because they have the capability to
burn actinides present inpartially usedfuel,thus
generating lesswaste with lower activity levels,
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as well as producing more fuel than they use
hence the name breeder reactor.

Space nuclear power, however, is characterized by
the need for small lightweight systems that are in-
dependent of gravity and have heat transfer systems
that support both direct and indirect conversion. In
addition, they must operatein hostile environments,
achieve a very high degreeof robustnessand reliabil-
ity, and, in some applications, operate with high ef-
ficiencies. This research and development can al so
be the basisfor innovative nuclear reactor and fuel
cycle developments for different terrestrial
missionson planets, moons, and asteroids.

An example of the relevance of such research and
development for innovative Earth-based concepts can
be found in the development of materials resistant to
high flux of radiation and temperature. Improved,
more reliable and innovative heat transport and re-
ova systems are other areas where common research
and development objectives exist. In particular,
advances in space nuclear systems can apply to small
and/or remote Earth-based applications, provide for
more reliable heat-transfer systems, and open the
door to the use of plasmaor ionic conversion systems.
Another research and development area having
considerable synergy potential is energy production.
Advanced cycles for energy production and alterna
tive energy products (such as hydrogen) are good
examples. Commonalities are aso found in the need to
enhance reliability for concepts with long lifetimes
and/or for use in hostile environments (e.g., deep water
and subarctic/arctic and other remote locations).

Recent industry-sponsored research in the United
States by Purdue University nuclear engineers has dem-
onstrated that an advanced uranium oxide-beryllium
oxide (UO»>-BeO) nuclear fuel could potentially save
billions of dollarsannually by lasting longer and burn-
ing more efficiently than conventional nuclear fuels.
However, if confirmed, this will increasethe demand
for beryllium (Be) and beryllium oxide (BeO). An ad-
vanced UO,-BeO nuclear fuel could also significantly
contribute to the operational safety of both current
and future nuclear reactorsonEarth and inspace
because of its superior thermal conductivity and as-
sociated decreasein risks of overheating or meltdown
(see IBC Advanced Alloys, 2010).

Along with their main purpose of space explora-
tion, many of the advanced technologies have Earth-
based applications becausethey are or can be used for
the fabrication of products, equipment, and sub-
stances for different markets. The following examples
are areasof Earth-basedtechnology that have bene-

fited, or could easily benefit, from work doneby NASA
in the United States and by the Kurchatov Institute in
the Russian Federation. Also, the International Atom-
ic Energy Agency (2007b) supports the development
of nonelectric applications of nuclear power used in
seawater desalination, hydrogen production, and
other industrial applications.

Small Earth-based Nuclear Power Systems

The development of small automatic modular NPSs
having power outputs in the 10 to 100 kW range could
find new Earth-based applications. District
heating, power for remote applications such as for
installations under water, remote habitation, and
geologic exploration and mining are candidates for
such power systems (see the Earth-based Spin-off
from Space Researchsection, later in this chapter).

Direct Conversion Systems

The RTGs were used 25 years ago for lighting at
remote lighthouses, but more applications await these
semipermanent batteries. Although not currently on
the market, the use of RTGs in small industries and
even in electric cars and the home has the potential
of reducing relianceon natural gas and oil. Areliable,
long-lived, maintenance-free 10 kW source of elec-
tricity for the homeis foreseeablewithin the next
20 years or so. An initial high price could be
amortized within a few years to be comparable to
electricity pricesavailable on the national grid.

PROBLEMS TO BE SOLVED

NASA, the Russian Aviation and Space Agency
(caled MINATOM), ESA, and others have defined alist of
long-term space problems, the solutions to which will
require higher power leves than those currently avail-
ale. Lisged bdow ae some of the most important
initiatives to be taken in space with respect to nuclear
power in the 21¥ Century:

1) Development of anew generation of
international systems for communication,
television broadcasting, navigation, remote
sensing, exploration for resources, ecological
monitoring and forecasting of natural geologic
eventson Earth;

2) Production of special materials in space;

3) Establishment of a manned station on the Moon
and development of alunar NPS for industry-
scale mining of lunar resources;
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4) Launch of manned missionsto theMoon, Mars,
and totheother planetsand their satellites;

5) Transportation to Earth of thermonuclear fud -
thorium, helium-3isotope, and so on, if merited;

6) Removal of radioactive wastethat is not in deep
underground storage for storage in space;

7) Clearing of refuse (spacesatellitesand their
fragments) from spaceto reduce potential orbital
hazards;

8) Protection of Earth from potentially dangerous as-
teroids and other near-Earth asteroids(NEAS); and

9) Restoration of Earth’sozone layer, adjustment of
carbon dioxide levels, and so on.

OFF-WORLD MINING

In the future, space NPSs and combined nuclear
power and/or propulsion systems (NPPSs) with an
electrical power level of severd hundred kilowattswill
make possible and enable long-term space missions
for global environmental monitoring, mining-
production facilitiesin space, supply of power for
lunar and Martian missions, and even Earth (see
Ambrose, Chapter 1, this text). Future missions
will include systematically evaluating planetary
bodies and the asteroid belt for minerals of interest,
such asuranium and thorium, nickel, cobalt, rare-
earth compounds, and a list of other minerals
now in short supply on Earth (see Haxel et d., 2002
on the need for rare-earth commodities). The need for
developing natural resources from off-world loca-
tions has become a common topic of discussion by
selected economics scholars; for example, see Tilton
(2002), Smpson et a. (2005), Ragnarsdottir (2008).

Interest in the industrialization of space
began many years ago. One of thefirst professional
geologists in the U.S. to statethe necessity of going
into space was Phil Shockey (1959), former chief
geologist for Teton Exploration in the late 1960s and
a former coworker of the senior author and Ruffin I.
Rackley; the latter of which is a special consultant and
founding member of Energy Minerals Division's
Uranium (Nuclear Minerals) Committee. The need
continues to draw supporters (Lewis, 1997).

Aside from the orbital activities presently focused
on the International Space Station, geologic
exploration began in the 1960s with the Apollo
missions. Only one geologist (Harrison (Jack)
Schmitt, see Chapter 2, this text) has walked onthe
Moon to date to evaluate first-hand and sample the
rocks and the regolith and, along with other
nongeologists,, abeit engineers and other scientists,
brought back thousands of pounds of samples for
further study by geoscientistson Earth (Figure 11).

FIGURE 11. The only geologist on the Moon to date,
Harrison Schmitt, Apollo 17 (1972). Photograph courtesy
of the National Aeronautics and Space Administration.

The recent Mars Phoenix investigations are sam-
pling the regolith of Mars by remote-controlled geo-
logic probes. Earlier ground studiesby therovers Spirit
and Opportunity also involved rock sampling and
evaluations designed to determine the minerals pres
ent below the desert varnish covering the rock
outcrops after millions, if not billions, of years of
exposure to erosional impact by local wind, solar
radiation, solar wind, and perhaps erosion by water
during the early wet period of Mars's geologic history.
These are thefirst stepsin mineral evaluation, whether
it is on Earth, the Moon, Saturn’s largest moon,
Titan, or now on Mars. They al involve recon-
aissance and preliminary sampling accompanied by
detailed photographs of the rocks being sampled.
Such investigations that were conducted during
the bold days on the Moon in the late 1960sand early
1970s have now begun on M ars (Karunatillake
et a., 2008).

Although Moon exploration activities were
conducted by only one geologist and other
nongeologists, exploration of Mars and the other
planets are being performed by probes guided by
geologists and engineers on Earth but designed to do
the same as if geologists were present on Mars or in
other hostile locations. The visit to Saturn and its
largest moon, Titan, by Cassini and its probe
Huygens suggested that Titan isrelatively level (<50 m
[<164 ft] in elevation), that it may have
extensive hydrocarbon lakes, and that ice is present
(see Curchin and Clark, Chapter 6, this text, for
remote sensing of hydrocarbons on Titan). Probes
such as these are clearly useful for laying the
groundwork for future exploration. Europa, one of
Jupiter’smoons, will be visited one day, as will most
of the others if justified.
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All such deep space activities assume that
sufficient power will be available. This is evident
in a series of industrial planning articles (in the
form of extended abstracts) wherein no mention is
made of the power requirements for heavy-
industry mining on asteroids (Westfall et al., ND).
Fortunately, given sufficient fuel, nuclear power
systems appear to be ready to provide the power
required.

The Debate on a Lunar or Mars Base

The first exploration and mining targetswill prob-
ably be the Moon or Mars because of their proximity
to Earth. Albert Juhasz (2006, p. 1) of NASA suggested
that

.. .lunar bases and colonies would be strategic
assets for development and testing of space
technologies required for further exploration
and colonization of favorable places in the solar
system, such as Mars and elsewhere. Specifical-
ly, the establishment of lunar mining, smelting,
and manufacturing operations for the produc-
tion of oxygen, helium-3, and metals from the
high-grade ores (breccias) of asteroid impact sites
in the highland regions would result in extraor-
dinary economic benefitsfor a cis-lunar economy
that may very likely exceed expectations. For
example, projections based on lunar soil analyses
show that average metal content mass percentage
values for the highland regionsare Al, 13%; Mg,
55%; Ca 10%; and Fe, 6%. The iron content of
the Maria soil has been shown to reach 15%
(Eckart, 1999).”

Once target areas on the Moon and on selected as-
teroids have been identified, geologic exploration can
beginin earnest. The Lunar Prospector was launched
in 1998, thefirst NASA-supported lunar mission in

20 - 30 - 40 = 50 - 60 - 70 l-

FIGURE 12. Inferred thorium
(Th) abundance on a two-
hemisphere map projection.
Data for Th and samarium
(Sm) are from Elphic et al.
(2000), and data for uranium
(U) and Th are from Yamashita
et al. (2009).
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25 years. Themain goal of the Lunar Prospector mission
was to map the surface abundances of a series of key
elements such as hydrogen, uranium, thorium,
potassium, oxygen, silicon, magnesium, iron, titanium,
auminum, and calcium, with special emphasis on the
detection of polar water-ice deposits (Hiesinger and
Head, 2006). Recently, even evidence of significant
water has been reported in some lunar vol canic glasses
(Sad et a., 2007). Recent exploration on the Moon has
confirmed the presence of water ice in the cratersat the
lunar poles, which will likely one day provide
hydrogen and oxygen for fuel and for operating on the
Moon (see Ambrose, Chapter 1, this text). High-
quality photographic coverage and advanced planning
for returning to the Moon are increasing almost daily;
see National Aeronautics and Space Administration
(2009b) and Google Moon (2008). For a summary of all
lunar missionsby al countries, see National Aeronau-
tics and Space Administration (2009b).

Target selection will depend on the prelim-
inary assessment of the economics of mining on the
Moon and asteroids. This will include assessments of
exploration costs, the methods used, that is, remote
sensing in proximity to selected targets, aeria
topographic surveys, and then later, visits by
geologists or probes to obtain rock samples. |If
favorable results suggest a deposit of possible
economic interest, drilling would be conducted to
determine ore grades and minimum tonnage of the
deposit. Once the average ore grade and tonnage (of
the thorium, nickel, cobalt, or other deposits) have
been established, a mineability study will be under-
taken, and the results compared with the com-
peting resources available on Earth. The volume of the
orebody, the ore grade of the deposit, and the cost to
make concentrates on site, plus overhead and support-
ing costs, will determine whether off-world mining
of the deposit is justified. This economic assessment
would be completed before funding is committed to
the project, just as practiced in projectson Earth.
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Any preliminary study on the economicsof mining
onthe Moon for a particular suite of commodities
availablein the regolith has to concludethat the unit
costs would be substantially below the costs of compet-
itive operations on Earth. Thorium and samarium (and
maybe additional rare-earth elements because they
commonly occur together) have been located in what
appears to be anomalous concentrations in the rego-
lith aroundthe Mare Imbrium region (Figures 12, 13).

Other constituents of interest as well may drive the
economics to justify a permanent base on the Moon.
Based on the lunar sampling to date, the following
elements have been reported in significant concentra-
tions: aluminum, copper, cobalt, chromium, gallium,
germanium, thorium, tin, tungsten, rhenium, iridi-
um, gold, silver, polonium, osmium, praseodymium,
cadmium, and others—some of the building blocks
of human civilization (Lawrenceet al., 1998, 1999;
Taylor, 2004; Meyer, ND, for an inventory of someof the
constituents reported from lunar samplingto date).

These constituents can be anticipated on other
moons and asteroidsas well, as indicated from lunar
sampling during the 1960s and their presencein me-
teorites analyzed on Earth. The work conducted on the
lunar samples and on meteorites collected over the years
has formed a sound foundation on what may be ex-
pectedin space (Zandaand Rotaru, 2001; Norton, 2002).

Elphic et al. (2000) report that the high thorium
and samarium concentrations are associated with sev-
eral impact craters surrounding theM are I mbrium
region and with some featuresof the Apennine Bench
and the Fra Mauro region. Remnants of meteorites
impacting the Moon are evident by the detection of
high concentrations in theregolith of nickel, cobalt,
iridium, gold, and other highly siderophile
elements (Korotev, 1987; Hiesinger and Head, 2006;
Huber and Warren, 2008). As anomal ous sites, these
areas would be followed up with detailed sampling.

FIGURE 13. Inferred Samarium
(Sm) concentrations in the
Imbrium/Procellarum regions.
Modified from Elphic et al.
(2000).
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These sites would be candidates for follow-up for
the next mission to the Moon to confirm the occur-
rences. The anomalies should be considered as indi-
cationsthat higher concentrations may be presentin
the area, likely associated with impact craters (Surkov
and Fedoseyev, 1978). The availability of the thorium
(and samarium) in the rock or regolith, combined with
the concentration of these constituents, is a primary
indicator in any assessment of the constituents
for possible development by the mining industry
(Spudis, 2008).

The associated costs for infrastructure, mining, pro-
cessing, personnel, and transportation will determine
if and when such a project of this magnitude would
receive funding from the mining industry and from
several governments. The anomalies appear to occur
over large areas, and if available from within the
lunar regolith, mining of fine-grained material
removes the need to crush the raw ore to produce
concentrates on the Moon. This would improve the
economicsof such a venture. Because thorium will be
in great demand to fuel uranium- and/or thorium-
based nuclear reactors on Earth and in space, this
discovery is of maor importance (International
AtomicEnergy Agency, 2005c).

To conduct exploration on the Moon, Mars, or
other body, there must be sufficient mapping of the
body to provide the basic geologic relationships and
structural relationships and featuresthat can be ac-
cessed from aeria photography and other aerial geo-
physical and remote sensing techniques. This provides
away to establish priorities for subsequent surfacein-
vegtigations and sampling. Skinner and Gaddis (2008)
discuss the progression of geologic mapping onthe
Moon. The quality and detail of such maps are illus
trated in Figure 14 (USGS, 1962 —1982).
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FIGURE 14. Copernicus Quadrangle. From USGS (1962 —
1982).

Vast areas will need to be explored on the Moon
and Mars, and reliable transportation for field
investigation and sampling will be required (Elphic et
al., 2008) in exploring for strategic commodities, such
as nickel, cobalt, rare-earth minerals, or for nuclear
fuels, whether uranium or thorium. Recent results
from the exploration underway using the Selene
gammaray system on the Moon indicate that
anomalous uranium, thorium, and iron (which infers
the above strategic commaodities as well) appear to be
concentrated in Procellarum KREEP Terrain and
South Pole Aitken Basin, although they appear to be
depleted in the Lunar Highlands (Gasnault et al.,
2009; Yamashita et a., 2009; Gasnault, O., 2009; and
Ambrose, Chapter 1, this text; and Ambrose, W.A ., et
al., 2012; and Cutright, Chapter 4, this text, for further
information on asteroids).

Any discovery of off-world uranium and thorium
in potentially economic concentrations could have a
major impact on nuclear power development on Earth
and acceleratelunar exploration. This may well result
in a new space race among international intereststo
develop mineral resources onthe Moon (Campbell
and Ambrose, 2010). Uranium deposits found on Earth
that may have analogs on the Moon are likely those
found in Canada and northern Australia (Jefferson
et al., 2007). The orebody tonnage and associated ore
grade will need to be higher than those found on
Earth before economic advantages are likely to justify
off-worlddevelopment (Figure 15).

Today, uranium is theonly fuel used in nuclear
reactors. However, thorium can aso be used as a fuel
for Canada s deuterium uranium (CANDUR) reactors
or i n reactors specially designed for this purpose
(World Nuclear Association, 2008a). The CANDU re-
actor was designed by Atomic Energy of Canada, Li-
mited.

All CANDU modes are pressurized heavy-water cooled
reactors. Neutron efficient reactors, such as CANDU,
are capable of operating on a high-temperature thorium
fud cycle once they are started using a fissile materia
such as U or Pu®. Once started, the thorium (Th®*?)
atom captures a neutron to become fissle uranium
(U, which continues the reaction. Some
advanced reactor designs are likely to be able to make use
of thorium ona substantial scale (International Atomic
Energy Agency, 2005c). In October 2008, Senator Orrin
Hatch, Republican from the state of Utah, and Harry
Reid, Democrat from the state of Nevada
introduced legidation that would provide US $250
million within five years to spur the development of
thorium reactors. The RTG research also has progressed
(Bennett et d., 2006) and is expected to continue.

The thorium fuel cycle has some attractive
features, although it is not yet in commercial use
(World Nuclear Association, 2008b). Thorium is
reported to be about three times as abundant in
Earth's crust as uranium. The IAEA-NEA Red Book
gives a figure of 4.4 million tons of thorium reserves
and additional resources available on Earth but points
out that this excludes data from much of the world
(International Atomic Energy Agency, 2007a). These
also exclude potentia thorium resources on the Maoon,
which can only be evaduated, of course, by lunar
sampling. Early reports are encouraging that thorium
may be present on the Moon; this assumes certain
assumptions regarding the costs to mine on the Moon
(Metzger et d., 1977). Multi-recovery operations com-
bining high-demand samarium with other com-
modities of interest further enhance the economics of
any future operationson the Moon (Figure 16).

In conducting exploration on the Moon, Mars, or
asteroids, safety considerations have a major function
in the designand cost of extraterrestrial facilitiesbuilt
insuch remote locations. Protection from bullet-like
micrometeors and from coronal mass ejections
from the Sun requires the congtruction of pro-
tected facilities, either underground or on the
surface. In the case of the Moon, the regolith and
underlying volcanicsin most locations would be easer
to excavate than the hard rocks of the metallic
asteroids would alow (Gasnault and Lawrence, 2001,
Clark and Killen, 2003). Some asteroids are composed
of an agglomeration of space rubble, primal ice, and
other materialsthat would likely be low on the list of
targets for containing useful commodities, asde from
water, although even this may be more widespread
than previously thought.

During the past ten vyeas helium-3 has
received considerable attention for its potentia to
produce significant fusion energy.
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Helium-3, a gas, is apparently present in substan-
tia concentrations trapped within certain minerals
present in the lunar regolith having accumulated
after hillions of years of bombardment by the solar
wind. Heium has two dable isotopes helium-4,
commonly used to fill blimps and balloons, and the
even lighter gas hdium-3. Lunar helium-3 is a gas
embedded as a trace nonradioactive isotope in the

lunar soilss Datta and Chakravarty (2008)
indicate that hdium-3 diffuses from lunar-
dlicate grains. However, the mineral ilmenite

(FeTiO,) that is abundant in certain areas of the
Moon retains helium-3. This represents a potential
energy source of such scale that it is expected by
many energy planners to one day meet Earth’'s

rapidly escdating demand for clean energy,
assuming that the present difficulties in maintaining
and controlling the fusion processcan be overcome.
The resource base of helium-3 present in just the
upper 2.7 m (9 ft) of the minable areas of titanium-rich
regolith (containing ilmenite) of Mare Tranquillitatis
on the Moon (thelanding region for Nell Armstrong and
Apollo 11 in 1969), for example, has been estimated by
Cameron (1992) to be about 22 million pounds (11,000
tons of regolith containing helium-3 gas). The energy
equivadent vaue of hdium-3, reative to that of coal,
would be about US $2 million/lb. Heium-3 is
concentrated within ilmenite minerds of particlesizes
smaller than 100 mesh.
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FIGURE 16. Conceptual view of Moon base for mining.
From Schmitt (2004). Permission to reprint courtesy of
Popular Mechanics.

Heeting the ore containing ilmenite to temperatures
greater than 7008C (12908F) to rel ease the helium-3
gas should not be difficult to achieve in a lunar
processing plant. It could then be shipped to Earth or
dsawhere or used on the Moon (Cameron, 1992) as
conceptuaized in Figure 17.

Proponents of turning to helium-3 as an energy
sourceindicate that the fusion process involves the
fusion of deuterium (?H) with helium-3, producing a
proton and helium-4 (He-4). The products weigh less

Mining the Lunar Dust

Regolith, the loose soil on the moon’s surface, contains more than
1 million tons of “He In theory, this nonradioactive isotope could
provide an abundant source of clean nuclear energy. How it might be done:

3 Heater: Brings regolith
to 700°C by flowing it over

solar-heated pipes. This causes

the *He and other gases to
be released from the regolith.
2 Fluidized chamber:
Removes all grains larger than ;
100 um. Excessregolith
is returned to the surface.

i B
1 Bucket wheel: Moves
the regolith onto a lifting belt
to sift out large stones and .
keep only grains smaller than S
1 mm in diameter.
¥ L:ll’lar
jrosolith

L

Bucket-wheel
excavator

SOURCE: UNIVERSITY OF WISCON! ; J ’, 4
MADISON FUSION TECHNOLOCY INSTITUTE S o -

GRAPHIC BY STANFORD XAY— NEWSWEEK y s Ry e W A

than the initial components, and the missing mass pro-
duces a huge energy output. Capturing this energy at
a useful scae is being investigated by many countries on
Earth, including China, India, Russa and others. Al-
though NASA management apparently has been silent
on its plans regarding lunar helium-3, NASA laborato-
ries, consultants, and contractors have not. Bonde and
Tortorello (2008) summarize work performed by the Fu-
don Technology Indtitute at the University of Wisconsin-
Madison regarding the value of the lunar helium-3
resources. The advantages of using helium-3 are these:

*  Helium-3 produces charged ions instead of high-
energy neutrons, so less damage occurs to the
containment vessel.

= These charged ions, in addition to prod
ucing heat, can be manipulated by electric and
magnetic fields for direct energy conversion,
which is more efficient than thermal conversion.

« Efficiency is estimated to be 60 to 70%.

* Currentpriceestimated at US $40,000/0z.

* 1,100,000 tons or more of helium-3 product is
estimated to exist intheM oon’s regolith.

Bondeand Tortorello (2008) dso cite Chinese science
leaders who claim that one of the main objectives of

- Solar
collector

Solar
power

4 Gas storage: Collects the
IHe and other gases for
transport to a moon base where
the gases are separated. The
"He is shipped to Earth.

|

FIGURE 17. Conceptual mobile lunar processing plant for helium-3 (He-3) recovery. From the University of Wisconsin
Fusion Technology Institute, Madison, Wisconsin, redrawn by Newsweek New York (2007), printed with permission of
Dr. Gerald Kulcinski.
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their space program will be to develop the hdium-3
resource on the Moon. It is estimated that three space
shuttles per year could bring back enough helium-3 to
supply al of theworld's needs for a year.

The International Atomic Energy Agency (2005b)
indicates that personnel from both China and the
Russian Federation have reported that the lunar regolith
could be mined for helium-3 for use in nuclear fusion
power plants on Earth in a few decades. They claim
that the use of helium-3 would perhaps make nu-
clear fusion conditions much easier to attain, remov-
ingone of themajor obstacles to obtaining fusion
conditionsin plasma containment reactorsfor power
production on Earth. Schmitt (Chapter 2, this text, and
2006) treatsthe subject in great detail, from mining
on the Moon to energy production (see Livo, 2006).
However, Wiley (2008), a 37-year veteran of fusion
research and a former senior physicist (retired) at the
Fusion Research Center of the University of Texas at
Austin, indicates that the higher thetemper-
atures produced in the containment vessel, the
more radiation losses occur. Also, confinement
problems have yet to be solved, and he does not
expect the problems to be resolved for many
decades. This is based on the fact that the simplest
reaction, deuterium-tritium (D-T), is going to require
many more years to harness.

Wiley indicated that the agreement on ITER
(International Thermonuclear Experimental Reac-
tor) was signed less than two years before (2008), and
problems aready exist with both the design and
budget (Anonymous, 2008c). It will be at least ten
years, and probably much longer, before encour-
aging results emerge from work at the ITER facility
in France. He suggested that the ITER plans do not
include a demonstration reactor, which means
adding another 20 years to build a demonstration
reactor and then another 20 years to build a single
power plant. Wiley aso indicated that the standard
fusion argument is that evenif reserves of sea water
deuterium were sufficient to fuel an operation for
1,000 years, the tritium has to be retrieved from a
breeder reactor, which has not yet been constructed.
So, even if heium-3 is readily available, what real
value is the resource until the physics problems
have been solved and the plants are built to use D-T
or helium-3?

In any event, if and when the technology is ready,
the resource will be assessed for use and will be avail-
able. In the meantime, the Fusion Technology |nsti-
tute at the University of Wisconsin-Madison contin-
ues the research with optimistic schedules; see UWFTI
(2008). The group hasaso been offeringa comprehen-

FIGURE 18. One site of geologic interest on Mars. Courtesy
of the National Aeronautics and Space Administration.

sive academic curriculum on exploration and mining
ingpace under the guidance of Harrison Schmitt, Apollo
17 astronaut and former senator from New Mexico.
See Chapter 2, this text.

Other pressing target commodities of opportunity
may exist on the Moonand in our solar system, es-
pecially within the asteroid belt just beyond Mars.
Given other considerations, theMoon is idead as a
training base for operating in low and zero gravity,
working out equi pment issues and as a staging base for
long-term mining and exploration missions. A fixed
long-term base on either the Moon or Mars (or any other
suitable body) would be powered by NPSsto provide
the heavy electrical needs of thebase (Mason, 2006a).

Marsis also being considered for establishing a
base. Although seeking water (and some form of life)
is the present objective (Irwin and Schulze-Makuch,
2001), Mars may aso contain useful mineral resources
as suggested in early reportson meteorites (McSween,
1994) and by Surkov et a. (1980) and Zolotov et al.
(1993), but sampling has been limited to date (Taylor
et a., 2006; Karunatillake et al., 2008). Nevertheless,
Dohm et a. (2008) report that rifting, magmawith-
drawal, and tension fracturing have been proposed
as possible processesinvolved in the initiation and
development of the Valles Marineris, which is a site
of potential economic mineralization (Figure 18).

In addition, amounts of K and/or Th are distinctly
higher in the central part of the Valles Marineris than
the average amounts in other regions. Dohm et al.
(2008) speculate that possibleexplanations include
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FIGURE 19. Water abundance map in north Polar
Regions on Mars. Data are from the Mars Odyssey
gamma-ray spectrometer. Courtesy of the National
Aeronautics and Space Administration.

(1) water-magma interactions that may have led to
theelevated K and/or Th signal in thesurface sed-
iments or (2) the lava-flow materials are intrinsically
highin K and/or Th and thus emphasize the compo-
sitional heterogeneity of the Martian mantle, suggest-
ing that mineral segregations of economic interest may
be possible, including radiogenic and metallic minerals.

With the hostilellooking surface environment on
Mars, water was not anticipated until recently, with the
exception of water ice a or around the poles, (Figure 19).
The volume of water available at the Mars North Pole
has been estimated at about 100 times that present in
the Great Lakes of North America. Water ice hasre-
cently aso been identified in large volumes a mid-
latitudes covered by regolith and debris(Holt et al.,
2008). With evidence of water ice also showingup in
some crater and valley walls, water will likely be
found in the subsurface in the form of groundwater.
Risner (1989) addressed the subject in terms of avail-
able photographs of thetime and in terms of what
hydrogeological processes observed on Earth should
also apply in general on Mars.

This would be expected to include deep intrusives
interacting with the groundwater toform various

types of mineralization, some of potentially economic
importance. Recently, NASA researchers have reported
the presence of methane on Mars (see Max, Johnson, and
Clifford, Chapter 5, this text, and National Aeronautics
and Space Administration, 2008f). With thisdevelop-
ment, the Oklo uranium deposit dated at 1.6 by. and
located in Gabon, Africa, and other older deposits
known on Earth dso become useful analogs to apply to
Mars and other bodies where volcanics, water, and
bacteria have produced methane and other gases that
dso may be present (or may have been present in the
past) on Mars and esewhere. Other deposits present on
Earth of Precambrian age should be investigated
further as possible additional anaogs for various types
of mineralization. Volcanisn and water seem to be
more wide- spread in the solar system than previoudy
condgdered. To date, in addition to Earth, they have
been indicated on Jupiter’'s moons lo and Europa,
Saturn’s moon Enceladus, and Neptune smoon Triton.
This suggests that mineraization of economic interest
dso may be common, and nuclear power will be
needed to explore in the far reaches of our solar
system to develop these resources.

The NASA’'s Mars Reconnaissance Orbiter has pro-
duced some new information that supports the like-
lihood of mineralization of economic interest to in-
dustry. The color coding on the composite image in
Figure 20 shows an area about 12 mi (rv19 km) wide

FIGURE 20. Nili Fossae region of Mars. Courtesy of the
National Aeronautics and Space Administration.
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on Mars andisbased on infrared spectral information
interpreted by NASA as evidence of various minerals
present. Carbonate, which is indicative of a wet and
nonacidic geologic history, occursin very small patches
of exposed rock and appears green in this color rep-
resentation, such as near the lower right corner of the
photograph below.

Based on information released by National Aero-
nautics and Space Administration (2008e), the scene
consists of heavily eroded terrain to the west of a
small canyon in the Nili Fossae region of Mars. It was
one of the first areas where researchers on
NASA’s Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) science team detected
carbonate in Mars rocks. The team has reported, ‘‘ The
uppermost capping rock unit (purple) is underlain
successively by banded olivine-bearing rocks
(yellow) and rocks bearing iron-magnesium
smectite clay (blue). Where the olivine is a
greenish hue, it has been partialy altered by
interaction with water. The carbonate and olivine
occupy the same level in the stratigraphy, and it is
thought that the carbonate formed by agueous
alteration of olivine. The channel running from
upper left to lower right through the image and eroding
into the layers of bedrock testifiesto the past presence
of water inthisregion. That some of the channels
are closely associated with carbonate (lower right)
indicates that waters interacting with the carbonate
were neutral to akaline because acidic waters would
have dissolved the carbonate.” The spectra
information used in the above figure comes from in-
frared imaging by CRISM and is available in NASA’s
report (Nationa Aeronauticsand Space Administration,
2008e). High-quality photographic coverage of Mars
is increasing almost daily; see National Aeronautics
and Space Adminigtration (2009c), Google Mars (2008).
For a summary of dl Martian missions by al countries,
see Planetary and Space Science Centre (2009b).

As human exploration reachesinto the outer solar
system, travel time and natural hazards will require
in-situ resources along the way. Palaszewski (2006)
suggeststhat shielding from radiation can be found
among the rocks of the moons or in using shields of
hydrogen and other liquefied gases from the various
planetary atmospheres. High-speed travel could be
augmented by nuclear fission and advanced future
fusion propulsion, both fueled by atmospheric gases.
The gases found in those atmospheres are considered
to be excellent for fuels in chemical and nuclear pro-
pulsion systemswith hydrogen and methane avail-
able for ascending to the moon’s surface. Hydrogen,
helium-3, and ice found deepin Uranusand Neptune

are consideredto be potentially crucial to exploration
beyond the solar system as well.

As the availability of important mineral deposits
on Earth declines, including nuclear minerals, or as
they are consumed at increasing cost, price-competitive
resources from off-world will be required sooner or
later as technology and large-scale project manage-
ment systemsare developed to handle such projects.
Both exploration and mining programs will be pow-
ered by electricity generated by solar and nuclear en-
ergy in a variety of plant sizes located in deep space
and on the Moon, Mars, or other bodies. Realistic eco-
nomic studies comparing the price of resources avail-
able on Earth with off-world resources will be required
to justify the large funds required to mine off-world
resources by multinational corporations. With the
primary objective of exploration in the solar system
being the development of minera and nuclear re-
sources, sampling in remote regionsin new environ-
ments will be challenging to Earth-bound planners
bothin termsof economic justification and technical
feasibility.

Exploration programs will need to be innovative
and guided by sound geologic and geophysical prin-
ciples and procedures, whether they be on the Moon,
on Mars, or on asteroidslocated near Earth or within
the asteroid belt beyond Mars or on the moons of
Jupiter or Saturn. They will be guided first by remote
sensing probes to assess the target quality, followed
up by remote sampling robotics. After these programs
becomewell tested, manned missionswill follow that
will oversee detailed exploration and ultimately min-
ing programs. Exploration targets will be nuclear ma-
terials (uranium, thorium, and helium-3), metals
(nickel, cobalt, platinum), rare-earth oxides (REOSs)
(such as lanthanum, samarium, etc.), and other com-
modities (aluminum, titanium, etc.). Models of min-
eralization known on Earth will provide guidance and
analogs for the type of mineralization anticipated
off-world, emphasizing those associated with igneous
and metamorphic rocks. There will aso likedy be new
types of mineralization of industrial interest encoun-
tered off-worldthat are currently not known on Earth.

MINING ON THE MOON, MARS,
AND ASTEROIDS

With many commaodity prices at record highs to-
day and expected to stay high for decades to come, off-
world exploration and mining are beginning to look
attractive for development within the next 20 to 30
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Table 1. Rare-earth oxide industry uses and market prices.*

Metal Oxide Principal Uses Price US$/kg Conversion: 2.2 kg to
U.S. $/lb Range

Lanthanum oxide 99% min Rechargeable batteries 8.50 —9.00 3.86 4.09
Cerium oxide 99% min Catalysts, glass, polishing 4,70 -4.90 2.14 2.23
Praseodymium oxide 99% min  Magnets, glasses colorant 31.80-32.70 14.45 14.86
Neodymium oxide 99% min Magnets, lasers, glass 32.50-33.00 14.77 15.00
Samarium oxide 99% min Magnets, lighting, lasers 4.25 -4.75 1.93 2.16
Europium oxide 99% min TV color phosphors: red 470.00-490.00 213.64 222.73
Terbium oxide 99% min Phosphors: green magnets 720.00-740.00 327.27 336.36
Dysprosium oxide 99% min Magnets: lasers 115.00-120.00 52.27 5455
Gadolinium oxide 99% min Magnets, superconductors 10.00-10.50 4.55 4.77
Yttrium oxide 99.99% min Phosphors, ceramics, lasers 15.90-16.40 7.23 7.45
Lutetium oxide 99.99% min Ceramics, glass, phosphorsand lasers  Up to 2.000/kg 454.55 909.09
Thulium oxide 99.99% min Superconductors, ceramic magnets, Up to 3.000/kg 681.82 1363.64

lasers, x-ray devices

*Source: Substantially modified from MetalPrices.com, October 2008.

years. At present, mining company executives are
essentially locked into meeting current needs, but
NASA and NASA’s national laboratories and
associated industrial contractors such as Boeing,
Lockheed, and others are beginning to take note that
China, India, and other nations are expanding their
economies at a rate higher than anticipated and are
beginning to consider off-world resources to meet
their future demand. Goodyear (2006), a corporate
mining industry executive, reported a few years ago
that the consumption of natural resourcesby China
and Indiawill place even greater stress on commodity
prices, especially for copper, aluminum, nickel, iron
ore, and other metals and mined commodities, and
that these resourceswill need to be replaced in the
foreseeable future. Campbell et a. (2008, 2009a) suggest
that it is not unreasonableto assumethat economic
mineral deposits will be discovered esewhere in the
slar system, that is, on other planets, moons, or
asteroids. Chapter 4 discussesthe relative economic
value of some types of near-Earth asteroids (Cutright,
2013). Although the geologic processesthat form the
younger types of uranium mineralization (of Tertiary
age on Earth) and other depositsformed by hydrother-
mal processes require the presence of water, bacteria,
and associated enzymes and may not be present on
many of these distant bodies, but water may be more
pervasive than originally assumed. Geologically older
types of uranium mineralization associated with ig-
neous and metamorphic rockssimilar to deposits
that occur in Proterozoic gneissesand amphibolites
(Christopher, 2007) and younger rocksin the United

States (Armbrustmacher et d., 1995), the well-known
developed uranium deposits in Canada and northern
Austrdia, and the deposits under development in Africa
would be analogsfor the typesof depositsthat would be
expected to occur elsewhere in the solar system.
Speculations about uranium, thorium, and their asso-
ciated geochemistry began several years ago (i.e,
Surkov et al., 1980; Zolotov et al., 1993). With the
number of unmanned probes planned in the next few
years, additional information should be available to
begin looking actively for resources in our solar sys-
tem, hopefully within the next 20 years, supported by
solar and nuclear power (Campbell et a., 2009a,b).

We conclude that Earth till holds the promise of
new discoveriesof mineral resources, especially in the
remote reachesof Canada, Alaska, Antarctica, China,
Russia, and elsewhere (Laznicka, 1999). The power sup-
pliesrequired for developing such remote resources
will soon be provided by the small nuclear power
plants initially developed for missions in space. The
many activities presently under way by the industry in
uranium and thorium exploration on Earth (Campbell
et a., 2008, 2009a) confirm that Earth still has such
resourcesto contribute. However, as opposition to
development and political disagreements between
countries increase, commodity prices rise, and as the
distribution of resources is withheld from the world
economy, secure sources of materials will likely be
sought off-worldin either national or multinational
programsduring the centuriesahead.

What situations might develop that would pro-
mote thedevelopment of off-world resources?
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One sdituation that demands consideration is
geopolitical in nature. The 2008 world mine
production of rare earths was approximately 124,000
tons with 96.7% of this total coming from China
(Hedrick, 2009b). The total world reserve base is
estimated at 150,000,000 tons, with China holding
89,000,000 tons or 59.3% of the world total. By
comparison, the domestic reserve base is 9.3% of the
worldtotal. The only rare-earth separation plant in the
United States is located at Mountain Pass, California,
and has only recently resumed operations after
dealing with environmental problems associated
with its wastewater discharge. Only mine stockpiles
ae being processed, and only lanthanum
concentrate and didymium (75% neodymium and
25% praseodymium) are being produced.
Current REO uses and prices are shown in Table 1. As
these prices continue to rise, off-world resources
assume greater importance in meeting thedemands
of the future.

China has recently become a controlling entity in
the global rare-earth market. Although world demand
for REOsis growing, China is cutting back on exports
to maintain high-profit margins. The state-
owned China Nonferrous Meta Mining Group
(CNMC) has a goal of investing heavily to improve the
industry’s competiveness. In keeping with this
policy, China recently acquired a controlling
interest in Australia's Lynas Corporation, Ltd., for
US $185.7 million. This purchase gives China access
to the world-classrare- earth deposit at Mt. Weld in
Western Australia. Lynas Corporation, Ltd., has stated
that the Mt. Weld rare-earth oxide deposit known as
the central lanthanide deposit is without a doubt
the world's richest rare-earth orebody, easily capable
of supplying up to 20% of the global market for 30
years (Lynas Corporation, 2011). From the actions of
the CNMC, it is apparent that prices for REOs will
continue to escalate despite rising world demand.
With its low-cost labor force and less stringent
environmental regulations, it is doubtful that other
nations with rare-earth resourceswill be able to afford
to competewith the Chinese.

As the United States, China, India, and others con-
tinue to conduct robotic exploration programs, we
learn more about the geology of other bodies. Apply-
ing well-studied analogs on Earth to geologic envi-
ronments onbodies inthe solar system or finding
new geologic associations off-world that offer com-
modities needed by humans, thesenew resources will
provide the meansto maintain Earth and to establish
bases off-world as we learnto survive and prosper in
space and in other environments (NASA,
2008g).

TARGET COMMODITIES

Thecandidate list of potentially available com-
moditiesthat are in short supply on Earth (shown in
Table 2and indicated by red dots) (Anonymous,
2008a) may be uneconomic to produce from low-
grade ore or from recycled materials in the foresee-
able future but may be available off-world. The
Moon shows evidence of offering some of these
commodities and some asteroids (typesC, S, and M)
are more prospectivethan others based on the known
compositions indicated by meteorites and impact
sites on Earth (see Ambrose, Chapter 1, this text; and
Ambrose and Schmitt, 2008; and Cutright, Chapter 4,
this text; and other chapters of this text).

Since 2004, NASA has been developing new ca
pabilitiesto go into space, to the Moon, and then on to
Marsand elsewhere inthe solar system (National
Aeronautics and Space Administration, 2008a).
It should be noted here that although neither
NASA nor the Presdent's Commisson on
Implementation of United States Space Exploration
Policy (2004) emphasize it, one of the two primary
justifications for going into space is to locate and
develop the natural resources needed on Earth in the
future (i.e,, nuclear and industrial minerals). The other
is to protect Earth from collisions with asteroids or
comets (Campbell et a., 20093, and b).

The work performed by astronautson reaching the
Moon, asteroids, and Marsfirst will be geologic in
nature, followed by engineering activitiesto develop
the next steps in the industrialization of the sol ar
system. Of particular importance is that while we
search for, mine, and process the very nuclear fuels
that providethe power needed on Earth and later in
space (i.e., uranium, thorium, and later, helium-3),
this also allows usto explorefor other various mineral
commodities in space (i.e, aluminum, REOs, nickel,
etc.). Mineral deposits on Earth not now considered to
be economic will continue to be developed until the
economics, environmental pressures, or substitutions
render such deposits nonviable. Substitutions have
been a the core of industrial research since the
beginning of the Industrial Revolution and, driven by
a predicted future population growth of about 20%
by 2025, will continue until theeconomics demand
new resources from off-world.

ECONOMIC AND TECHNOLOGICAL
IMPACT ON WORLD ECONOMY

The potential rewardsin terms of developing new
mineral resources with large-scale, off-world mining
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Table 2. Commoditiesimported to the United States in 2007*.

Commodity
ARSENIC (trioxide)
ASBESTOS
BAUXITE and ALUMINA
CESIUM
FLUORSPAR
GRAPHITE (natural)
INDIUM
MANGANESE
MICA, sheet (natural)

& NIOBIUM (columbium)
QUARTZ CRYSTAL (industrial)

) RARE EARTHS
RUBIDIUM

_ STRONTIUM

@2 TANTALUM
THALLIUM

& THORIUM

£ VANADIUM

&8 YTTRIUM

@9 GALLIUM

. GEMSTONES

STONE (dimension)
) DIAMOND (natural industrial stone)
_ ANTIMONY
& RHENIUM
BARITE
";';3' TITANIUM MINERAL CONCENTRATES
_ POTASH
@mn
@ COBALT
€V PALLADIUM
’w;t.'»TUNGSTEN
EITITANIUM (sponge)
SIcHROMIUM
_ PEAT
@ zinc
MAGNESIUM COMPOUNDS
GARNET (industrial)
SILICON (ferrosilicon)
SILVER
MAGNESIUM METAL
£ DIAMOND (dust, grit, and powder)
~ NITROGEN (fixed), AMMONIA
_ VERMICULITE
£) COPPER

Major Import Sources (2003-20086)!
China, Morocco, Hong Kong, Chile
Canada

Guinea, Jamaica, Australia, Brazil
Canada

China, Mexico, South Africa, Mongolia
China, Mexico, Canada, Brazil

China, Japan, Caneda, Belgium

South Africa, Gaben, Australia, China
India, Belgium, China, Brazil

Brazil, Canada, Estonia, Germany
Brazil, Germany, Madagascar, Canada
China, France, Japan, Russia

Canada

Mexico, Germany

Australia, Brazil, China, Germany
Russia, Netherlands, Belgium

United Kingdom, France

Czech Republic, Swaziland, Canada,
China, Japan, France, Austria

| China, Ukraine, Japan, Hungary

| Israel, India, Belgium, South Africa
Belgium, Mexico, China, United Kingdom
South Africa, United Kingdom, Germany
Italy, Turkey, China, Mexico

Botswana, Ireland, Namibia, South Africa
China, Mexico, Belgium

Chile, Germany

China, India

South Africa, Australia, Canada, Ukraine
Canada, Belarus, Russia, Germany
Peru, Balivia, China, Indonesia

Neorway, Russia, Finland, China

Russia, South Africa, United Kingdom,
China, Canada, Germany, Portugal
Kazakhstan, Japan Russia, Ukraine
South Africa, Kazakhstan, Russia, Zimbabwe
Canada

Canada, Peru, Mexico, Australia

China, Canada, Austria, Australia
Australia, India, China, Canada

China, Venezuela, Russia, Norway
Mexico, Canada, Peru, Chile

Canada, Russia, Israel, China

China, Irefand, Russia, Ukraine

Trinidad and Tobago, Canada, Russia,
South Africa, China

Chile, Canada, Peru, Mexico

MICA, scrap and flake (natural)

Canada, China, India, Finland

PERLITE

Greece

ALUMINUM
GYPSUM

Canada, Russia, Brazil, Venezuela
Canada, Mexico, Spain, Dominican Republic

SULFUR

Canada, Mexico, Venezuela

PUMICE

Greece, ltaly, Turkey

SALT

Canada, Chile, The Bahamas, Mexico

CEMENT

Canada, China, Thailand

@ NICKEL

Canada, Russia, Norway, Australia

PHOSPHATE ROCK

Morocco

BROMINE

Israel, United Kingdom

IRON and STEEL

Canada, European Union, Mexico, Brazil

IRON and STEEL SLAG

Canada, Italy, France, Japan

LIME

Canada, Mexico

*Red dots indicate commodities of special interest in space exploration. Substantially modified from Mining Engineering (Anonymous, 2008a).

operations would contribute to the world economy
on an unprecedented level, making the immense
industrial investment worthwhile (see Schmitt,
Chapter 2, this text; 2004; and 2006). ldentifying
and mining nickel, cobalt, and a variety of other
commodities that are in short supply on Earth, or
those that could be mined, produced, and delivered
more cheaply in space than on Earth in the future,
could contribute to and drive the world’s technology
and associated economy to a scale never before con-
templated. This is based, of course, on the assumption
that the economicsare favorable. Large multinational
quasi-governmental industrial groupsare likely to de-

velop during the next few decades to handle projects
of such magnitude, if they have not already begun to
assemble. In the beginning, the economics
would likely be underwritten by governmental
support, perhaps by a group of governments
cooperating in funding and technology but followed
later by some governments funding programs to
accommodate their own particular self-interests.
Because long-term planning is a prerequisite to ex-
ploration and development in space, these programs
will proceed step by step within the decades ahead as
they makesense politically and economically within
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industry. Although funding by the federal gov-
ernment has provided the basic research required to
send probesto study the solar system as well as the
early applied research in the Apollo Lunar program
involving astronauts, in the decades ahead, the
mining industry will likely assume the lead in
ventures into space that are based solely on the
perceived economic value to the corporations and
their stockholders.

Also in the decades ahead, mining for such high-
volume, low-grade commodities (e.g., aluminum-
thorium-uranium) on Earth will be of only historical
interest. Even some of the low-volume, high-grade
operations (e.g., nickel, cobalt, platinum, rare-earth
elements) may disappear on Earth because they will
be more economical to produce off-world as
secondary recovery projects.

In the early 1990s, work began in earnest to con-
sider NEAs as resources of the future (Lewis et al.,
1993), and the work continues today (Ruzicka et al.,
2008). The time has arrived to begin to
consider mining certain commaodities on the Moon,
as well as on the outlying planets, their moons, and
asteroids. This will require long-duration robotic
missions followed by manned space missions that
will involve working in adverse conditions. A
combination of nuclear-powered and solar-powered
systems will provide the needed energy for such
missions. The former will provide the high-amp power
whereas solar will provide the primary and backup
power needed for lower amp requirements where
possible.

The availability and development of these off-
world resources could easily overwhelm the markets
on Earth for many years. The impact would drive the
commodity prices down, hence making Earth-based
operations unprofitable and eventually obsolete. Asa
natural progression during the next 40 to 50 years
and beyond, natural resource corporations will cer-
tainly wring out the last of the metalsand other com-
modities on Earth from low-grade deposits, dumps,
and landfillsuntil either the costs or the lack of po-
litical cooperation via NIMBY (not in my back yard)
attitudes will bring the activitiesto a close (Campbell
et a., 2005, 2007). Society will also encourage or re-
quire the industry to expand the recycling of prod-
ucts until population demand exceedssuch recoveries.

EXPLORATION A