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PYROCLASTIC DEPOSITS: AN IDEAL LUNAR RESOURCE. B.Ray ~ a w k e l ,  Cassandra coombs2, 
and Beth clarkl (1) Planetary Geosciences Division, Hawaii Institute of Geophysics, University of 
Hawaii, Honolulu, HI 96822 (2) NasalJohnson Space Center, Houston, TX 77058 

INTRODUCTION: It seems likely that a Permanent Lunar Base (PLB) will be established early in 
the 21st century. While the initial return to the Moon may be for the purpose of constructing a 
science outpost for geological, astronomical, and other basic research, a viable permanent settlement 
must return major benefits to the near-Earth space infrastructure. In recent years, attention has 
been focused on the production of oxygen propellant and helium-3. Ilmenite-rich lunar material is 
generally preferred for the production of these substances.! To date, efforts to locate ilmenite-rich 
deposits have concentrated on the various lunar maria. I e 2  In this paper we propose that 
ilmenite-rich pyroclastic deposits would be ideal locations for mining operations and the 
establishment of one or more Permanent Lunar Bases. 

ILMENITE-RICH DEPOSITS AS LUNAR RESOURCES: One lunar product with a otentially large 
market yet requiring minimal processing is liquid oxygen for spacecraft propellant.P In any future 
settlement of the Moon, oxygen is clearly one of the most important materials to be supplied. ll3 It 
is required both for life support systems and propulsion. The production of oxygen propellant is 
particularly attractive because it immediately relieves some of the burden on the transportation 
system for lunar 0~erati0ns.l Lunar oxygen may prove to be a viable export to sustain operations in 
low Earth orbit and elsewhere in near-Earth spaca4 

A variety of methods for producing oxygen from lunar soil and rocks have been suggested.l l5 

However, reduction of ilmenite has been extensively studied and seems to be prefered by most 
w o r k e r ~ . l * ~ * ~ ~ ~  llmenite is relatively abundant in many lunar soils, has been shown to be 
extractable from the soil, and can be stripped of its oxygen by relatively simple. m e a n ~ . ~ > ~  
Potentially useful by-products are produced by ilmenite reduction. Iron, almost 40% of the original 
mass of the ilmenite, remains behind in a Ti02 m a t r i ~ . ~  Ultimately, iron (and perhaps titanium ) may 
be as useful as oxygen since it can be utilized for space construction. 

The exploitation of lunar helium-3 as nuclear fusion fuel could dramatically improve our energy 
f ~ t u r e . ~ , ~  He-3 could be used in D-He 3 fusion reactions and is not found in significant quantities on 
Earth. Preliminary estimates show that the available quantities of He-3 on the lunar surface could 
provide the equivalent of 40,000 years of the U.S. electrical power generation demand recorded in 
1985.l O 

Lunar He-3 supplies originate from solar winds that are embedded in the near surface regions of 
fine grained regolith particles. Several factors were cited by ~ a m e r o n l l * l ~  as being important in 
controlling the helium abundance of the regolith. He noted that the helium content of a regolith is a 
function of its composition. In particular, mare regoliths rich in titanium are high in helium content. 
Helium is concentrated in the <50 pm size fraction of regoliths.12 An ilmenite-rich, mature regoloith 
would be the best source of lunar helium. 

During the course of operations to extract He-3 from the regolith, other valuable volatiles 
implanted by the solar wind could be collected with relativley small mass and power penalties.1 
These other constituents of the solar wind (H2, N2, C02, CH4, etc.) can be used to meet the needs of 
such lunar base subsystems as transportation, life support, and agriculture.13 Hydrogen and other 
materials might be exported to other space facilities. 

ILMENITE-RICH PYROCLASTIC DEPOSITS: To date, efforts at selection and evaluation of sites for 
mining helium and oxygen on the Moon have focused on high-Ti maria.2p12114 However, we propose 
that ilmenite-rich pyroclastic mantling deposits of regional extent would be superior sites for mining 
operations. 

An important objective of the Apollo 17 mission was to sample the "dark mantle" deposit at 
Taurus-Littiow; premission analysis indicated that this deposit might be of pyroclastic origin.' 
Orange glass droplets and part i~l ly crystallized black spheres from the Apollo 17 landing site were 
subsequently identified as pyroclastic components in the deposit.16 The chemical composition of the 
orange and black spheres are indistinguishable, the only difference being that the black spheres are 
largely crystallized. The black spheres consist of very fine intergrowths of ilmenite and olivine, 
with olivine commonly occuring as euhedral crystals within the spheres. The Apollo 17 black 
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spheres are rich in Ti02 (9-1OoA) and ilmenite, and they are similar, though not identical, in 
composition to the Apollo 17 high-Ti mare basalts. 

Although the orange and black pyroclastic spheres are not abundant at the Apollo 17 site, there is 
a major regional pyroclastic deposit (Taurus-Littrow) west of the site. A comparison of reflectance 
spectra obtained for the Taurus-Littrow deposit with laboratory reflectance measurements have 
demonstrated that Apollo 17 black spheres are the characteristic ingredients of the Taurus-Littrow 
pyroclastic mantling deposit.l 5 9 1  7 9 1  811 

The Taurus-Littrow mantling deposit has an areal extent of 24000 km2 and a thickness of many 
10's of meters. The Taurus-Littrow deposit exhibits very weak to nonexistent echoes on the 
depolarized 3.8-cm radar maps of Zisk et aL20 These low depolarized returns are thought to be due 
to the lack of scatterers (1-50 cm) on the smooth surface of the pyroclastic mantling 
deposit.15*17p20 A very low degree of small-scale surface roughness and a relatively block-free 
surface are indicated. 

Several other major occurrences of regional pyroclastic mantling deposits have been documented 
l 5 p Z 1  including those at the following locations: Rima Bode, Aristarchus Plateau, Sulpicius Gallus, 
Mare Humorium, southern Sinus Aestuum, and southern Mare Vaporum. These units have been 
characterized as extensive deposits of low albedo (0.079-0.096) material which appear to subdue or 
mantle underlying terrain. Low returns on Earth-based 3.8-cm depolarized radar backscatter maps 
confirm these observations of mentled areas indicating an absence of surface scatterers in the 1 to 
50-cm size range.l 5 9 1  7 9 2 0  Spectral studies have demonstrated that several (e.g., Rima Bode) of 
these regional dark mantling deposits are composed of high-titanium, ilmenite-rich black spheres of 
pyroclastic 0ri~in.159 7 

FACTORS FAVORING ILMENITE-RICH PYROCLASTIC DEPOSITS AS PLB SITES: The recovery of 
significant amounts of He-3 may necessitate surface mining over areas of thousands or even tens of 
thousands of square kilometers. Hence, site selection must be directed toward the identification of 
large individual areas suitable for mining. cameron2 pointed out a variety of other factors that must 
be considered in site selection and evaluation. These include: 1) regolith uniformity, 2) ease of 
mining, and 3) absence of blocks of rock. Ilmenite-rich pyroclastic deposits of regional extent appear 
to meet these requirements. Individual deposits cover many thousands of square kilometers and 
exhibit uniform surface compositions. For example, the areal extent of the Rima Bode unit is 10,000 
km2 and the deposits in southern Aestuum cover 30,000 km2. 

The relatively large thickness (at least 10's of meters) of the various regional deposits is also a 
positive factor. The deposits are deep enough that small impact craters 10's to 100's of meters in 
diameter have generally not penetrated the deposits and ejected subjacent blocky, low-Ti material. 
This has helped keep surface.contamination by low-Ti debris to a minimum.15 The regional 
pyroclastic deposits are apparently composed of loose, unwelded particles. Most small craters 
excavated only incoherent debris. Hence, the surface and near-surface areas are relatively free of 
blocks and rock fragments. These extensive, deep deposits of loose ilmenite-rich pyroclastic 
material that are relatively rock-free and uncontaminated by vertical mixing would be ideal for lunar 
mining. lunar base development. 
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