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Workshop Summary 

R. C. Elphic and D. S. McKay 

INTRODUCTION 

The Joint Workshop on New Technologies for Lunar Resource Assessment was held in Santa Fe, 
New Mexico, on April 6-7, 1992. The workshop grew out of discussions between Los Alamos 
National Laboratory and NASA Johnson Space Center in 1991 in which we realized that some new 
technologies might exist that would be very useful in assessing lunar resources and that might extend 
beyond the usual NASA circle of experimenters and investigators. We also realized that non-NASA 
people could probably use some information on NASA needs and requirements as well as some 
general background technical information about the Moon. The purpose, then, of this workshop was 
to bring together a number of experts from NASA, DOE national laboratories, industry, and the uni
versit y community to address topics related to the exploration for and assessment of lunar reSOurces. 
The workshop was jointly sponsored by NASA, DOE, and the Lunar and Planetary Institute (LPl). 

About 70 people attended from a variety o f backgrounds. The workshop included a series of invited 
keynote talks and a number of contributed talks. These talks covered existing instruments and tech
niques that might be applied to detecting, analyzing, mapping, and evaluating potential lunar resour
ces as part of the long-term SEI program. 

WORKSHOP STRUCTURE AND RATIONALE 

The workshop included invited keynote talks on NASA's and DOE's role in SEl, lunar geology, lunar 
resources, the strategy for the first lunar outpost, and an industry perspective on lunar resources. 
After these overview talks, the sessions focused on four major aspects of lunar resource assessment: 
(1) Earth-based remote sensing of the Moon; (2) lunar orbital remote sensing; (3) lunar lander and 
roving investigations; and (4) geophysical and engineering considerations. 

The workshop ended with a spirited discussion of a number of issues related to resource assessment. 
The discussion was aimed at creating a sensible set of lunar resource priorities, and the measurements 
required to perform the assessments. While this "requirements" discussion took place at the very end 
of the meeting, it makes sense to review it here in order to set the stage for the instrument and tech

nology papers. 

1. What Products and Resources are Important and Why? 

There was a surprising consensus that oxygen, volatiles (including hydrogen), and bulk regolith for 
shielding or construction are the most important short-term products. These products can be derived 
from a variety of resource types, but iron- and titanium-rich mare regolith or pyroclastic areas may be 
among the best candidates. It was agreed that any instrumental method that enabled the detection 
and mapping of solar wind volatiles such as hydrogen would be quite valuable in a resource assess
ment program. In the longer term, other potential lunar products , such as glass, silicon, iron, alumi 
num and other metals, and sulfur , may prove useful. Such products may require specialized resources 
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such as sulfide deposits, halogen concentrations in volcanic terrains, or gravity concentrations of 
heavier oxides such as ilmenite or chromite. These potential later-stage resources were not consi
dered to be important for immediate study, but might influence the evolution and direction of 
growth of a lunar outpost if found. It was felt that it is more important to concentrate on finding 
and using the near-term resources-oxygen, solar wind volatiles, and bulk regolith. 

2. What are the Key Resource Issues with Respect to SEI Architecture? 

One important resource issue is the concept of experimental resource utilization vs. economic 
resource utilization. It is important to view resource utilization as an experiment until it can actually 
be shown to work and to provide products of real use to the outpost. At such a time, major decisions 
can be made about which extraction and production processes should be chosen for larger-scale pro
duction, and how to best use the local resources in support of the outpost and transportation infra
structure. Precursor mission data requirements for resources clearly include chemistry, mineralogy, 
regolith thickness, and maturity variations. Characterization of lunar pyroclastic deposits vs. high-Ti 
mare soils in 'regard to recoverable oxygen, hydrogen, and other vola~iles, regolith thickness, grain 
size, regolith uniformity, d~gree of compaction, and boulder content, are important resource issues. 
While some of this information will be available from the lunar resource mapper, Artemis lander mis
sions to several candidate outpost locations would greatly aid the process of deciding the optimum 
site for the first lunar outpost, deciding on the best technology for resource extraction, and deciding 
on the strategy for the evolution of the SEI architecture. 

3. From a Resource Point of View, What Should be the Strategy for Siting the Lunar Outpost? 

It was argued that once a site for the first lunar outpost is chosen, it may turn out that we will revisit 
that site many times and build up considerable infrastructure so that it will not be feasible to start 
over at a different site. Therefore, although we may riot need significant amounts or variety of 
resources initially, eventually we may need both large quantities and varied types. We must therefore 
try to choose a site having the potential for providing the types and amounts of resources that may 
be required 10 or 20 years or more into the future. The outpost site should therefore have large 
resource potential for oxygen and volatiles, and ideally, should also have potential access to unusual 
resources, for example halogen-rich deposits or phosphorous-rich material. Siting of the lunar outpost 
must therefore draw heavily on the precursor data, and sites with excellent long-term resource 
potential must have high priority, even though no short-term use for the products is defined. 

4. What are the Priorities and Rationale for Surface. Measuremen ts? 

The most important surface measurements will be chemistry and mineralogy,.especially measure
ments for potential resources expected to be quite variable such as solar-wind-implanted hydrogen. In 
addition, regolith depth and boulder content, and general soil engineering properties will influence 
mining feasibility and methods as well as long-term reserves for some resources. Therefore, Artemis 
rovers should be equipped with such devices as sounding radar or sonar to determine regolith depth, 
augers or diggers to enable measurements at depth, and scoops and powdering tools for 
XRF/XRO/EGA measurements and Mossbauer spectroscopy. Multispectral video capability was 
judged to also be important for a surface package. 
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5. What are Key Open Areas, or Areas of Disagreement? 

There was some questioning of the technology readiness of the proposed Soft X-Ray Fluorescence 
Imager (XRFI), in view of the fact that the technology is very new and has not yet been tested as an 
analysis technique on simulated or real lunar materials nor in an appropriate space environment. 
Tests are underway to try to resolve these questions. 

A second area of disagreement is the sampling strategy for the Artemis rovers. Some people thought 
that regolith analysis on a regular grid with lOom spacing would give the best information about a rel
atively small target area. Others felt that such a grid would simply show small-scale random variations 
in regolith chemistry and other properties known to exist from Apollo data. Instead, they suggested a 
much wider sample range extending tens of kilometers. This would reveal broader, more regional 
variations of importance to resource assessment and would also provide ground truth and calibration 
for orbital measurements. 

HIGHLIGHTS OF THE WORKSHOP PRESENTATIONS 

Earth-based Remote Sensing 

There were several surprising and potentially important Earth-based remote sensing advances dis
cussed. First, there is a rapidly improving ability of ground-based telescopic multispectral systems ro 
map the Moon and to provide important information on ilmenite abundance and distribution with a 
resolution as good as 2 km. A new cO'ncept for image stabilization that should allow Earth-based reso
lution of 150 m on the Moon using the infrared band at 2.2 j.Lm. This resolution may allow composi
tional mapping of target areas at high resolution. Finally, ground-based radar imaging techniques have 
greatly improved and current systems allow lunar resolution approaching 30 m. Recent results have 
shown that some areas, interpreted as pyroclastic, have extremely low surface roughness and block 
content. 

In general, there was a consensus that ground-based observations were valuable and were continuing 
to improve in both the quality of the data and the spatial resolution. This is clearly an area of explo
ration deserving more attention and support. 

Lunar Orbital Remote Sensing 

Several candidate instruments for lunar orbital resource mapping were reviewed, including gamma 
ray/neutron spectrometers, and the XRFI. Along with proposed imaging and reflectance spectroscopy 
devices , such instruments would clearly provide valuable resource-related chemical mapping of the 
lunar surface. For the most part, the recommendations of the LPI Workshop on Early Robotic Mis
sions to the Moon, held in February 1992, were validated, although some problems remain with some 

of the newer concepts. 

Two instruments were discussed in connection with lunar volatiles released from the interior. One is 
an alpha particle spectrometer to search for lunar outgassed radon from orbit . Such radon may be a 
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tracer for sporadic release of lunar volatiles from the interior of the Moon. The other instrument is 
an ion mass spectrometer originally proposed for doing surface composition studies; it would also 
measure outgassed volatiles and atmospheric constituents. 

Landed and Rover Instrumentation 

A number of talks covered the strategies and techfiiques for resource exploration on the Moon's sur
face using rovers with various instruments attached. Electromagnetic (radar) instruments have the 
potential for determining regolith thickness, and piezoelectric-generated seismic pulses also could pro
vide data on regolith thickness and buried boulders. Concepts for small teleoperated Artemis rover 
payloads included stereo video imagery, infrared imaging spectrometer, evolved gas analysis device, 
alpha/proton/X-ray fluorescence instruments, scoop, and auger drill. Other speakers suggested using 
laser-induced breakdown spectrometry for analyzing geologic features tens of meters distant, a 
Mossbauer spectrometer for determining the mineral sites of iron and the amount of ilmenite, and an 
X-ray fluorescence/diffraction instrument for determining the actual mineralogy of soil samples. 

One talk presented a state-of-the-art neu tron generator and detectors used in commercial well log
ging in petroleum exploration. This device can detect and measure hydrogen, carbon, and about a 
dozen other elements including iron and titanium. This very sophisticated system is small, rugged, 
and might be directly used for lunar applications. In a related talk, a lunar penetrator was proposed 
that uses neutron and gamma ray detectors and can detect hydrogen at levels of a few tens of parts 
per million. This penetrator could be targeted directly into the regolith, penetrating a few meters to 
provide analyses over that depth. A final talk discussed the kinds of detailed engineering properties 
data that might be required at an outpost site. 

Geophysical and Engineering Considerations 

The Moon presents unique challenges in resource detection, recovery, and utilization. One talk dis
cussed potential problems of digging into the supercompacted regolith, which is thought to be typical 
at depths below a few tens of centimeters. These problems may include the inability of shovels or 
blades to break up the regolith at these depths. Preliminary tests indicate that a rotary wire brush 
might overcome these problems. In any case, this area needs more attention from the standpoint of 
both resource mining and site preparation for lunar outpost infrastructure emplacement and growth. 

New state-of-the-art dry drilling techniques used by the DOE at Yucca Mountain, Nevada, were also 
presented. These methods use a recirculating gas stream to entrain the cuttings at the drilling face 
and to pull them back up the drill stem using a vacuum pump. A similar system might be an option 
for a lunar drill if system gas loss can be controlled. Lunar drilling and coring will be required by any 
extensive resource assessment program, and the technology for doing this needs to be better 
developed. 
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SUMMARY OF WORKSHOP RESULTS 

Table 1 lists the primary (sqorr,term) and secondary (long,term) lunar resources to be exploited when 
we return to the Moon. The table also shows those technologies and instruments that were discussed 
at the workshop and that are aimed at locating and assessing these resources. 

TABLE 1. Lunar resources and associated technologies presented at the workshop. 

Primary Resource Measurement Earth-based Lunar Orbital 
Landed/Roving 
Instrumentation 

Recovery 
Technology 

Oxygen Geochemistry 

Mineralogy VISIlR 

GRNS 
XRFI 
SIMS 

VISIlR 

GRNS 
LIBS 
EGA 

XRFIXRDIBaMS 

Closed-cycle 
drill rotary brush 

Hydrogen Soil maturity 
(and solar wind 
volatiles) TiOz content VISIlR 

GRNS 
SIMS 

VISIIR 
SIMS 
XRFI 

XRFIXRDIBaMS 
GRNS 
EGA 
LIBS 

MAG 

Closed-cycle 
drill rotary 

brush 

Regolith Surface roughness 

Blockiness 

Depth 

Radar 

Radar 

Mapping camera 

Mapping camera 

Mapping camera 

Camera 

1 
Active seismics 
E-M sounding 

Core tube 

Closed-cycle 
d ri II rota ry 

brush 

Secondary Resource 

Pyroclastics Location and Radar GRNS XRFIXRDIBaMS 
(S, Na , K, halides) concentration VISIIR XRFI GRNS Rotary brush 

SIMS EGA 
LIBS 

Other volatiles Useful Radar GRNS GRNS Closed-cycle 
(H 20, CO2, C, concentrations a-spectrometer LIBS d rill rota ry 
outgassed species) SIMS EGA brush 

Metals Geochemistry GRNS XRFIXRDIBaMS 
(e .g., "ore"-grade SIMS GRNS 
Fe, Ti , Cr , etc.) XRFI EGA Closed-cycle 

LIBS drill rotary 
Mineralogy VIS/IR VIS/IR VISIIR brush 

'XRFIXRDIBaMS 

Glasses XRFIXRDIBaMS Rotary brush 

The reader will find brief papers in tnis volume on the various instruments, approaches, and measure
ments listed in the table. Italicized acronyms refer to technologies presently undergoing development. 
The abbreviations and acronyms can be deciphered as follows: 
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GRNS 
XRFI 
SIMS 
VISIIR 
LIBS 
EGA 
XRF/XRD/BaMS 

MAG 

Gamma Ray/Neutron Spectrometer 
Soft X-ray Fluorescence Imager 
Secondary Ion Mass Spectrometer 
Visible/Near-Infrared Imaging Spectrometer 
Laser-Induced Breakdown Spectrometer 
Evolved Gas Analyzer 
X-ray Fluorescence/X-ray Diffraction/Backscatter 

Mossbauer Spectrometer 
Surface Magnetometer 

In summary, this was a very useful workshop that covered a number of important topics related to 

SEI planning for lunar resource assessment, mapping, and utilization. While the Santa Fe workshop 
was planned well before the Workshop on Early Robotic Missions to the Moon, it covered some of 
the same topics and served to validate some of the conclusions of the LPI workshop . On the other 
hand, the Santa Fe workshop provided a more integrated picture of the ability of ground-based, orbi
tal, and lunar surface analysis to provide useful information on resources. Furthermore, it provided a 
forum for the discussion of what the important products and resources are, how they will be used, 
and their relationship to the broader SEI program. None of these topics were part of the LPI work
shop. Finally, this workshop served to edjJcate and calibrate a large cross section of national lab peo
ple, industry representatives, uni~ersity people, and NASA people on the current state of the art in 
the covered topics. 
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APPLICATION OF NUCLEAR WELL LOGGING TECH
NIQUES TO LUNAR RESOURCE ASSESSMENT. P. 
Albats , J. Groves l

, J. Schweitzer l , and T. Tombrello1 ,' 
ISchlumberger-Doll Research, Ridgefield cr, USA, lCalifornia 

Institute of Technology, Pasadena CA, USA. 

Introduction: The use of neutron and gamma ray measure

ments for the analysis of material composition has become well 

established in the last 40 years. Schlumberger has pioneered [1,2 J 

the use of this technology for logging wells drilled to produce oil 
and gas, and for this purpose has developed compact, low-power 
«20 W) D,T (14 MeV) and D,D (2.5 MeV) neutron generators 
(Minitrons) that allow measurements to be made in deep (5000 m) 

boreholes under adverse conditions (temperatures to 200°C, pres

sures to 20,000 psi, high transient accelerations, corrosive fluids, 
etc.). We also make ruggedized neutron and gamma ray detector 
packages that can be used to make reliable measurements on the 
drill collar of a rotating drill string while the well is being drilled 

("logging while drilling"), where the conditions are even more 
severe. 

Modern nuclear methods used in logging measure rock for

mation parameters like bulk density and porosity, fluid composition 

(oil-water discrimination), and element abundances by weight 

including hydrogen concentration . The measurements are made 
with high precision and accuracy: For example, bulk density is 

measmed to 0.01 gtcm J, which translates into determining porosity 
to 1%. 

These devices (well logging sondes) share many of the design 
criteria required for remote sensing in space : They must be small, 

light. rugged, and able to perform reliably under adverse cond i tions. 
We see a role for the adaptation of this technology to lunar or 

planetary resource assessment missions. 
Elemental Analysis Using Pulsed Neutrons and Gamma Ray 

Spectroscopy: The use of a pulsed neutron generator permits 
time-dependent spectroscopic measurements of gamma rays so that 

inelastic capture or activation neutron reactions can be emphas

ized. The high-energy neutron inelastic and (n,x) reactions during 

the source neutron pulse are used to measure carbon and oxygen 

to help determine pore fluid content. Following the burst of 

neutrons, prompt gamma rays produced by thermal neutron cap
ture reactions are measured; at later times activation gamma ray 
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Fig. 1. Delayed activation gamma ray spectrum 5hows the constituent 
elemenrs o( the laboratory rock formation. 
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Fig. 2. Comparison o( in situ measured vanadium concentraTions Juring 
logging wirh results (rom laborarory analysis of rock curtings. The logging 
measurements were performed wiTh ~ germanium detecror. 

can be measured. At typical logging speeds (10 cmts), statistics 
are often the limiting factor in the usefulness of the measurement. 

Thus , present oil well, geochemical logging systems only determine 

the abundances of the most dominant contributors to the meas
ured spectra-typically Si, Fe, Ca, S, Gd K, U, Th, Ti, CI, H, 
and AI 13). Stationary measurements or measurements at a series 

of fixed positions may be appropriate for planetary applications. 
The relevant elemental sensitivities depend on the neutron source 
lIsed (14 MeV or 2.5 MeV neutrons), the type of detector used 

(e .g., N<1I, GSO, LSO. Ge), the detector arrangement, the total 
counting time, etc. An example of a delayed gamma ray spectrum 

taken in a laboratory rock formation using a Ge detector in the 
laboratory is shown in Fig.!. The spectrum shows lines for many 

of the elements in the rock; some of the prominent peaks have 
been labeled. Clearly, such a source-detector system can be used 
for elemental analysis-even of trace elements. 

Results from Borehole Measurements: We have collabo

rated with the major scientific drilling groups: the Ocean Drilling 

Program , through the Lamont-Doherty Geological Observatory 

of Columbia UniverSity, the Swedish Siljan Ring Project, and the 
German Deep Well Project (KTB). KTB is drilling a well to a depth 
of about 10 km to investigate the changes in minerals under high 

temperatures and pressures. An initial stage in this project was 
drilling a 4-km well that was fully cored and from which cuttings 

were almost continuously analyzed. We used a Ge spectrometer 
to obtain in sirtt data on a wide range of elemental concentrations 
t41. Because of the crystalline rocks in this well, the most useful 
measurements were prompt thermal neutron capture and delayed 
activation gamma rays. Pulsed neutrons were produced by a DT 
generator. Delayed activation measurements were also made using 
a Z51Cf source 151. A typical example of the results is shown in 

Fig. 2 for V concentration. The subsurface measurements are those 
with the error bars. The data shown with "x" are the laboratory 

analyses on cuttings samples. Excellent agreement is seen between 
these tWO datasets, with the main difference being chat the cutting 
samples have been physically mixed over depth and thus do not 

display the same extent of variation in narrow zones of changed 
concentration. This demonstrates how in siru measurements can 
be a more accurate representation of the bulk rock contents, as 
subsequently confirmed by analyses of core samples that show che 
same character as the in sicu measurements. 

C 
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Conclusions: We thus see that the adaptation of this well 
logging technique is entirely consistent with most of the needs 
for a robotic lunar mission (e.g., low power, small size, rugged 
instrumentation) and could provide a broad range of elemental 
data for the shallow lunar subsurface. With the neutron generator 
turned off, the detector would provide natural and solar-flare
produced activity data, which are likely to be proposed by other 
investigators; by also using the neutron generator one can obtain 
much more detailed composition data . One can envision dragging 
the generator and detector package behind a rover for mobile 
measurements, i.e., getting the source of radiation away from other 
experiments. One could also design the whole package so that 
it could be inserted into a shallow borehole for near-surface 

measurements. 
References: [1] Schweitzer ). S. (1991) Nw::l. Geophys ., 5, 65

90.12] Ellis D. V. (1990) Science, 250.[3] Hertzog R. et al. (1989) 
SPE Forrnacion Evalltacion, 4, r53-162 . [4 J Schweitzer j. S. and 
Peterson C. A. (1990) KTB Rellof[ 90-6a, 441-449. 15] Peterson 
C. A. et al. (1991) Tram. Am. Nuci. Soc., 64, 212-213. 

GEOPHYSICAL METHODS-AN OVERVIEW. A . Becker, 
N. E. Goldstein, K. H. Lee, E. L. Majer, H. F. Morrison, and L. 
Myer, Earth Sciences Division, Lawrence Berkeley Laboratory,. 
Berkeley CA 94720, USA. 

Geophysics is expected to have a major role in lunar resource 
assessment when manned systems return to the Moon (ca. 1995). 
Geoph ysica I measure men ts made from a lu nar rover will contribute 
to a number of key studies: estimating regolith thickness, detection 
of possible large-diameter lava tubes within maria basalts, detection 
of possible subsurface ice in pobr regions, detection of conductive 
minerals that formed directly from a melt (orthomagmatic sulfides 
of Cu, Ni, Co), and mapping lunar geology beneath the regolith. 

The techniques t hat can be used are dictated both by objec
tives and by our abilities to adapt current technology to lunar 
conditions. Instrument size, weight, power requirements, and free
dom from orientation errors are factors we have considered in 
[his paper. Among the geophysical methods we believe to be 
appropriate for a lunar resource assessment are magnetics, in
cluding gradiometry, time-domain magnetic induction, ground
penetrating radar, seismic reOeccion, and gravimetry. 

Depending on weight limitations, all or some of these instru
ments, together with their power supplies and data acquisition! 
telemetry, would probably be mounted on a small rover and on 
a rowed nonmagnetic, nonconductive trailer. Rover and trailer 
might be controlled remotely . To reduce power and data storage 
requirements, the data would probably be taken at discrete loca
tions, rather than continuously. We envision that the rover would 
also be equipped with a lunar version of a CPS receiver to display 
and record position and elevation. 

Magnetics: T wo- or even three-com ponen t flux-gate magne
tometers could be attached via short booms to the trailer to 
measure the total (scalar) magnetic field plus its horizontal and 
vertical gradients. These small, low-power devices are commonly 
used in many applications, including some of the past Apollo 
missions. They have a useful sensitivity of 0.1 nT, which is perfectly 
adequate for resource evaluation and for the mapping of lunar 
rock types. 

Because the Moon presencly has negligible, if any, internal dipole 
field due to a metallic core, the small magnetic fields at the suriace 

are due to permanent magnetization, possibly TRM, of the lunar 
rocks. There is also a small time-varying field of external origin 
due to fields carried in the solar wind and the fields associated 
with the Earth's magnetotail. Magnetic field variations over the 
Moon's surface due to changes in rock magnetization may amount 
to ±2000 nT. A major unresolved question concerns the nature 
and origin of localized strong magnetic anomalies detected from 
orbit. 

Time-Domain Magnetic Induction: The absence of water 
and conductive minerals gives the lunar surface envir0nment an 
extremely low, and presumably uniform, electrical conductiVity 
(less than 1014 S!m) to considerable depths. Solar heating of the 
su rface will raise t he conductivity several orders of magnit ude 
within a thin layer, but this does nor alter the very resistive nature 
of the Moon. Thus, conductivity measurements, such as the 
shallow-probing time-domain EM measurements done on Earth 
to search for conductive features like groundwater, might not be 
a candidate for lunar geophysics were it'not for [he fact that [he 
lunar regolith and crust contain micrometer-sized particles of 
elemental iron and FeS. These single-domain magnetic particles 
are superparamagnelic, which results in a frequency-dependent 
magnetic relaxation loss phenomenon when rocks and soils are 
su bjected to an alternating magnetic field [I]. This property can 
be exploited to determine the vertical distribution of superpara
magnetic particles, information that could be used as a guide to 
regolith thickness and age. 

The magnetic induction system might consist of a pair of 
coplanar, colinear coils on the trailer (Fig. 1). A transmitter coil, 
about I m in diametet, surrounds a small-diameter, multi turn 
detector coil. The transmitter is energized by a series of square
wave current pulses with sharp rise and decay times. During the 
brief time current flows through the transmitter loop, a primary 
magnetic field is created. At the instant the loop current goes 
to zero, the only remaining magnetic field is a rapidly decaying 
secondary magnetic field caused by a magnetic polarization current 

Receiver 

Secondary magnetic 
fields from 
polanzallon 

r 

Currenl in transmitter loop 

Vol1age induced in receiver 
coil · no eddy or polarization 
currents in lunar regOlith 

currenl 

Voltage induced in receiver 
coil by superparamagnetic iron 
mineral, in lunar regolith 

Fig. !. Principle of a lime-domain magneric inducrion sysrem. 
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in t he lunar material. The decay current is measured in terms 
of a voltage induced into the detector coil. The voltage decay 
curve is recorded within microseconds after current in the loop 
goes to zero, and one can, in principle, determine from its shape 
and magnitude the vertical distribution of polarizable material. 
If one were to measure the change in magnetic field in the center 
of the during the current on-time, relative to its free space value, 
one could also obtain an estimate of the magnetic susceptibility 
of the lunar soil. 

Ground-Penetrating Radar (GPR): During the last decade, 
GPR has become a staple method in shallow investigations. GPR 
systems working in the 100-MHz to I-GHz range are routinely 
used to probe the Earth to depths of up to tens of meters. The 
depth of investigation is limited by a number of system and 
subsurface parameters, e.g., radiated power, frequency, and atten
uation by wave spreading, conductive losses, and scattering, to 
name a few. Because lunar surface rocks have very low conductivity 
and low dielectric constant, radar waves penetrate more deeply 
into the Moon than into the Earth; radar frequency penetration 
may be hundreds of meters. Spatially coherent reflections, if they 
are detected at all from shallow sources, would provide exciting 
new information on the Moon's internal structure and possible 
presence of either conductive mineral concentrations or an ice 
horizon, which some scientists believe exists beneath the polar 
regions. 

No new technology would have to be developed to add GPR 
to a lunar rover. Antenna design would have to be optimized for 
a lunar mission, antenna size dictating the lowest frequencies. 
Small, highly directional horn antennas could be used at frequen
cies over I GHz for high-resolution shallow soundings; I-m electric 
dipoles could be used at freq uencies of around 300 MHz. Currently, 
Sensors and Software Corp., Mississauga, Ontario, is planning to 
space harden and lighten a commercial GPR system for a possible 
French-led Mars mission in the 1998-2000 time period. 

Seismic Reflection: Seismic reflection may be the most dif
ficult geophysical technique to adapt to a lunar rover because 
the system must be lightweight and remotely controlled, and the 
technique requires physical coupling of sources and detectors to 

the Moon's surface. 
Several source types used on Earth might be adaptable to a 

rover, e.g., a hammer or an accelerated weight drop onto a plate, 
a shotgun slug fired into the ground, or a mechanical vibrator 
12J. Of these, a mechanical vibrator with sufficient moment to 
be useful is probably the least attractive candidate source because 
of its size, complexity, and power requirements. However, it should 
not be excluded from consideration at this time because new 
technology could make piezoelectric devices, such as bimetallic 
"benders," a candidate source if a good way were to be found 
to couple energy into t he Moon. The accelerated weight drop 
produces the highest energy of all the small commercial sources, 
but significant redesign and weight reduction of the Bison Elastic 
Wave Generator is needed for a lunar source. 

The seismic system would probably have only a few detectors 
and corresponding data channels. Detectors might be embedded 
into the wheels of the rover-trailer vehicle; a pressure-activated 
switch in the wheel would relay a signal to the driver that the 
detector(s} is (are) positioned for a measurement. 

Gravimetry: Gravity measurements will provide the basic 
information for determining the Moon's internal density distri
bution, and thus will be an important method for discerning 

subsurface structures and rock-type variations. Gravity measure
ments are among the most tedious and time-consuming geophysical 
measurements to make because the meter must be very precisely 
leveled and elevation, terrain, and tidal correction factors must 
be calculated and applied before the meter readings become useful 
data. For example, we would need to know station elevation 
relative to a datum surface to much better than I-m accuracy, 
the local topography to I-m accuracy out to a radial distance of 
at least 10 km, and the lunar tide effect. The latter requires a 
nearby monitoring station. 

At present t here is no gravity meter that meets the specifications 
for a lunar resource assessment. The meter must be self-leveling 
to 10 arcsec or better, provide digital readings under t he direction 
of system control, work in a low absolute gravity environment, 
have a preCision of 0.1 mGal or better, and have an operating 
range of perhaps 2000 mGal. Scintrex Corp., Concord, Ontario, 
has redesigned its CG-3 Automated Gravity Meter for the Can
adian Space Agency for possible use in the French-led Mars 
mission. The design calls for a smaller and lighter meter than the 
10-kg CG-3, one that would be autoleveling to better than 200 
arcsec, more precise leveling to be achieved by means of a nu mer
ical correction. 

References: IIJ Olhoeft G. R. and Strangway D. W. (1974) 
Geophysics, 39, 302-311. 12J Miller R. D. (1992) Geo/Jhysics, 57, 
693-709. 

TOPLEX: IELEOPERATED !:oUNAR EXPLORER
INSTRUMENTS AND OPERATIONAL CONCEPTS FOR 
AN UNMANNED LUNAR ROVER. James D. Blacic, Los 
Alamos National L,boratory, D462, Los Alamos NM 87545, USA. 

We propose a Iele2£erated .!::unar fulorer, or tOPLEX, con
sisting of a lunar lander payload in which a small, instrument
carrying lunar surface rover is robotically landed and teleoperated 
from Earth to perform extended lunar geoscience and resource 
evaluation traverses. The rover vehicle would mass about 100 kg 
and carry -100 kg of analytic instruments. Four instruments are 
envisioned: (1) a Laser-Induced Breakdown Spectrometer (UBS) 
for geochemical analysis at ranges up to 100 m, capable of operating 
in three different modes 11 J; (2) a combined X-ray fluorescence 
and X-ray diffraction (XRF/XRD) instrument for elemental and 
mineralogic analysis of acquired samples 12 J; (3) a mass spectrome
ter system for stepwise heating analysis of gases released from 
acquired samples I3J; and (4) a geophysical instrument package 
for subsurface mapping of structures such as lava tubes 14J. 

The LlBS (30 kg, 7 W) uses plasma atomic emission and (op
tionally) mass spectrometry for elemental analysis of unreachable 
locations such as cliff faces. Mineralogic information is obtained 
by using the optical portion of the UBS as a UV IVIS/near-IR 
reflectance spectrometer. The XRF/XRD instrument (10 kg, lOW) 
requires powdering of scoop-and-screened or other acquired sam
ples. Mineral structures are determined by Rietvelt analysis of 
powder diffraction data combined with elemental analysis by XRF. 
The mass spectrometer system (20 kg, 35 W) will be used to 

measure isotope ratios of light-element gases released from step
heated samples, and will include 8n evaluation of lunar Hand 
)He resources. The geophysical instrument package (20 kg, 20 W) 
uses a combination of high-freq uency seismic and electromagnetic 
sensors to measure subsurface physical properties and map struc
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tures. The L1BS pulses may impart sufficienr energy into the ground 

to also serve as seismic sources. The following table summarizes 

the estimated instrument gross specifications. 

TABLE I. Instrument summary. 

LlBS XRF/XRD MS Geophys Total 

Mass (kg) 30 10 20 20 80 
Average regu 7 10 35 20 72 

lared power (W) 

Data rare (bits/s) 1M 10 k 10k 50 k 1.1 M 

The TOPLEX operates in a mobile, exploration-and-sample 

acquisition mode during the lunar day and in a stationary, sample

analysis mode during the lunar night. The rover vehicle that carries 

rhe instruments is estimated to mass 100 kg and require 25 W 

of average power. Vehicle requirements/specifications include the 

following: Range - 200 km; maximum speed - 500 m / hr; com

munications - high-gain anrenna and data rate consistent with 

teleoperation; endurance - 4 to 6 months; and must be self

deploying from the lunar lander. In addition, the rover will have 

stereoscopic vision with zoom and selectable band filtering, and 

a robotic a rm for sample acquisition, preparation (i.e., powdering), 

and conveyance to a ppropriate instruments. 
References: [1 J Cremers D. and Kane K. (1992) LPSC XXIII; 

rhis workshop. [2J Vaniman D. et al. (1991) LPSC XXII, 1429

1430; this workshop. [3 J Perrin R. (1992) personal communication. 

[4J Becker A. et al. (1992) personal communication. 

DRILLING AND DIGGING TECHNIQUES FOR THE 

EARLY LUNAR OUTPOST. Walrer W . Boles, Depart men t 

of Civil Engineering, Texas A&M University, CoHege Station TX 

77843-3136, USA. 

Introduction: The theme of this workshop is lunar resource 

assessment. Topics include identification, quantificarion, and loca

tion of useful elements on and below t he lunar surface. The 

objective of this paper is to look at another side of the issue

how to re move soil from the stiff lunar-soil mauix once useful 

depOsits are located. 

The author has been involved with t he study of digging ;md 

excavating on the Moon for sel/eral years. During that time he 

has overheard some disturbing comments such as the following: 

"We know what works best here [on the Earth i. JUSt make the 

systems such oS power and thermal control work in the lunar 

environment and the machine will work well on the Moon." 

"Just send something up there that looks like a front-end loader 
with a back hoe. It will work. Don't worry abour it." 

Comments such as these are disquieting, to say the least, because 

even if a machine's subsystems. are designed to operate well in 
the lunar environment, it may still perform its tasks poorly. Also, 

one cannot assume that the operational characteristics of terres

trial machines, based upon terrestrial heuristics, will be similar 

to machines operating on the Moon. Finally, due to the suspect 

accuracy of terrestrial soil-tool interaction theories, one cannot 
justifiably argue that these theories can be used along with ter

restrial heuristics to make accura te predictions of the performance 

of various excavating methods on the Moon. The need is great, 

therefore, for quantitative and verifiable evidence of the perfor

mance of various digging methods. This evidence is necessar y for 

the confident selection of appropriate methods for further research 
and development. 

The goal of this paper is to challenge comments such as those 
mentioned above and to cause those who think that digging or 

excavating o n the Moon is a trivial problem to rethink the reasons 
for their opinions. Another goal is to encourage them to view 
total reliance upon terrestrial heuristics with suspicion. This pape r 

will focus primarily upon digging since another paper will focus 

primarily upon drilling. 

Lunar Soil: Much is known about the lunar soil. The char
acteristics of interest here, however, are those that tend to make 

the soil difficult to excavate . The soil is composed of very angular, 

abrasive, fine-grained particles that have re-entrant corners. As 

a result, they tend to cling to each other . The soil matrix is very 

loose (low density) at the surface and is very hard (high density) 

at relatively shallow depth. It is believed that the soil approaches 

90% to 100% relative density at a depth of approximately 0.7 m. 

Additionally, it is reasonable to assume that rocks and boulders 

will be encountered in any digging activities. The regolith has been 

described as a dense, interlocking soil matrix [Ii. 
The lunar soil, therefore, will be very difficult to penetrate below 

about 0.5 m. Penetration of blades, scoops, and cutters will require 

crushing and shearing of man y soil particles since the soil nears 

100% relative density at shallow depth. This crushing and shearing 

action requires high forces. Encounters with rocks and boulders 

will serve to r11ake a difficult situation worse. Expected perfor

mance of traditional terrestrial methods, thl?refore, is low. 

Lunar Experience: During the Apollo missions, hollow stems 

were augereJ into the lunu soil. The first attempts were only 

able to drill to about 1.5 m. This was due to discontinuous auger 

flights at splice locations on the stem. It is assumed that the soil 

particles seized the stem at the joint and caused the stem to fail. 

On later missions the stem was redesigned with continuous auger 

flights and depths of approximarely 3 m were reached . The rate 

of penetrarion, however, had to be kept low since the stem would 

tend to screw itself into the soil and was difficult to remove II J. 

There are two major problems regarding drilling. The first one 

is the removal of cuttings. The second one is cooling of the drill 

bit. Both these problems are usually solved on the Earth with 

fluids. The use of fluid to remove cuttings and cool the bit is 
obviously a problem on the Moon . 

Shoveling on the Moon was relatively easy in. the top 10 to 

15 cm. Below this depth the shoveling became very difficult. Also, 

hammer tubes were driven to a dept h of approximately 0.7 m 

before the resistance became tOO great [I J. It is interesting that 

this depth corresponds well with the depth at which the regolith 

is assumed to approach 90% to 100% relative denSity. In summary, 

these limited data tend to verify data in the previous section. It 

also tends to confirm that digging in the lunar regolith will be 
very difficult. 

Excavation Methods: Typical terrestrial exca va tion methods 

include bulldozers, hoes, shovels, scrapers, dragline1-f bucket-wheel 

excavators, and continuous miners with rotating cutting heads. 

All these methods depend heavi ly upon gravity to generate down

ward and horizontal forces. These forces are necessary for the 

machines to perform well. With the gravity of the Moon approx

imately one-sixth that of the Earth's , one can expect a corre

sponding decrease of the machines' performance. For example, 

the maximum productivity of a 15,000-lb bulldozer on Earth, over 

a 100-ft haul distance, is approximately 100 ydJ/h. On the Moon, 
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Fig. I. Balovnev's model. 

however, with appropriate efficiency factors [2] and an assumed 
one-sixth reduction due to the reduced gravity, the output may 
plummet to only 2 or 3 ydJ/h. This seems ridiculously low ior 
a 15,000-lb machine. Compounding this problem of low produc
tivity is a size and power constraint. Machines that will actually 
be in use on the Moon will probably have about as much capability 
and mass as the average riding lawn mower. 

Every suggested method the author has seen in print is based 
upon terrestrial methods. It is the author's opinion that these 
methods will prove to be very limited in performance and ca
pability. This implies that total reliance upon terrestrial methods 
is unwise, and innovative methods must be found thar will perform 
well on the Moon. 

Soil-Tool Interaction Theories: Most soil-tool interaction 
theories were developed for Sail-tillage applications ;lnd focus upon 
draft or drawbar-pull forces. They do nor consider penetration 
or vertical forces. Veriiication testing was typically conducted in 
soft soils. The models were developed assuming the soil to be 
uniform with fluid properties. The models were also developed 
for small tools such as tines [3-6]. 

One often-quoted reference of a bulldozer model is by Balovnev 
[7]. This model looks only at drawbar forces and attributes the 
total drawbar force required to four factors-dragging of the soil 
prism in front of the blade, friction between the blade and soil, 
bending of the soil layer, and break-out of the soil at the cutting 
edge. Bending of the soil layer is assumed to be negligible. These 
forces are as indicated in Fig. I. There is no gravity factor in the 
model. Soil weight is a factOr, however. If one reduces the soil 
weight appropriately and uses reasonable estimates of other factors 
such as an angle of internal friction of 45°, one sees that ap
proximately 90% of the total force required is due to break-our 
forces while other frictional forces represent only about 10% of 
the total force required. This result is quite revealing because it 
again tends to verify tha t penetration of blades or cutting devices 
into the lunar soil will require high forces. 

Current Research: The author is aware of research con
ducted at several universities. Studies at the University of Mary
land found that the compacted lunar soil simulant was very difficult 
to penetrate [8]. The difficulty was so great with the testing 
equipment available that explosive methods were investigated in 
order to loosen the soil so that excavation could-be performed. 
Research is currently underway at the University of Colorado. 

The author has nor seen published results of this research. He 
believes, however, that this research involves the use of vibration 
to reduce penetration forces. 

Research at Texas A&M University is focusing on small-scale 
expetiments to enable more accurate predictions of excavating 
forces and productivities to be encountered on the Moon for 
various digging methods. The objective of the testing is to compare 
traditional as well as innovative methods in terms of certain 
measures of merit such as low forces, high productivities, and low 
power. The testing device, as depicted in Fig. 2, will be small so 
that verification testing can be conducted on board NASA's KC
135 airplane to simulate the Moon's gravitational field. Once 
testing is complete, a better understanding of the expected per
formance of different digging methods will promote the selection 
of promising methods for further development. 

One particularly interesting method that is being investigated 
involves the use of a rotary wire (or wirelike) brush for excavation. 
The concept was first proposed by the Army Corps of Engineers 
[9]. It was intended to sweep up loose regolith that was assumed 
to lie on tOP of a smooth rock surface. Tlo1e importance of this 
concept, however, lies in its ability to excavate the dense lunar 
soil matrix and it may prove ro have advantages over methods 
that require penetration of an implement into the stiff lunar soil 
matrix. 

High penetration forces, for example, will nor be required since 
the bristles will remove soil particles from the surface. As soil 
particles are removed, orher particles are exposed and removed 
by subsequent bristles. This may be a major advantage since, as 
indicated previously, break-out forces may represent 90% of the 
forces required. The method may also prove to be relatively rock 
tolerant since the bristles will deflect over rocks and not become 
immobile when rocks are encountered. This may make the device 
relatively easy to automate. The device may also be designed to 
collect soil particles up to a certain size depending upon stiffness 
of the brisrles. This has obvious advantages for subsequent pro
cesses that would otherwise require sifting or crushing to achieve 
a small grain-size distributi·on. Preliminary indications are that the 
wire·brush method will also be much more productive than tra
ditional methods. Disadvantages of the method may include high 
rates of wear, high power consumption, and difficulties in collecting 
the ejected soil particles. The generation of duSt may also he a 
problem to overcome. 

Fig. 2. Test apraratus. 
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Conclusions: Ir is rhe aurhor's opinion thar there has been 
tOO much dependence upon terrestrial heuristics in suggesting 
digging methods for the Moon and nor enough anent ion ro basic 
forces, required mass, required power, and expected production 
rates. Progress toward more basic research is being made, however. 
Results of work at rhe University of Colorado and Texas A&M 
University will prove important for the selection of efficient 

merltods. Short-term results at Texas A&M Universit y are 
expeCted to reveal quantitative and verifiable evidence as towhich 
methods are more promising. Long-term results are expected to 
includ-e candidate methods for prototype development and testing. 
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SHOCK-TREATED LUNAR SOIL SlMULANT: PRELIMI
NARY ASSESSMENT AS A CONSTRUCTION MATE
RIAL. Mark B. Boslough', Leonhard E. Bernold 2, and Yasuyuki 
Horie2, 'Sandia National Laboratories, Albuquerque NM 87185, 
USA, !Norrh Carolina Srate Universiry, Raleigh NC 27695, USA. 

In an effort to examine the feasibility of applying dynamic 
compaction techniques to fabricate construction materials from 
lunar regolith, we have carried out preliminary explosi ve shock
loading experiments on lunar soil simulants. Analysis of our shock
treated samples ;uggests that binding additives, such as metallic 
aluminum powder, may provide the necessary characteristics to 
fabricate a strong and durable building material ("lunar adobe") 
that takes advantage of a cheap base material available in abun
dance : lunar regolith. 

Introduction: Because of transport COSt considerations, it is 
clear that the vast majority of construction material for lunar 
structures must be indigenous. The most readily attainable material 
on the Moon is regolith, so an obvious question is: What is the 
easiest method of converting lunar regolith to a construction 
material' 

One technology that has been used to modify materials involves 
rhe use of shock treatment [1,2] . The principal concept relies on 
exerting an extremely high dynamic force on a certain base 
material that is mixed with an agent and rhus changes its prop
erties. Ii such a process could be emulared on the Moon, new 
soil-based "lunar adobe" consrrucrion marerials could be created. 
Although this technology has been proven on Earth, research is 
needed to study the feaSibility of such an approach under lunar 
conditions and to evaluate the consequences on the design, engi
neering, and constrllction of lunar bases . 

Experimental: We have performed two shock recovery exper
iments on samples of a lunar soil simulanr. These experiments 
made use of rhe Sandia "Momma Bear" explosive loading fixtures 
to achieve well-c haracrerized shock stares. These recovery fixtures 
allow samples to be shoe ked in a controlled, reproducible manner. 
A planar shock wave is generared by detonating a high-explosive 
lens next to an explosive pad. The shock wave passes through 
an iron pulse-forming plate and into the copper fixture, which 
contains the 5 cm} powder sample. The entire assembly has 
cylindrical symmetry. Because of the large impedance difference 
between the sample and copper, and the finire lateral extent of 
rhe sample, the shock loading is not a simple, one-step uniaxial 
process. On the contrary, the initial loading is due to a radial!), 
converging shock wave, and the final shock state at a given position 
is reached by a series of shocks. 

Shock pressure and temperature histories were determined 
numerically by two-dimensional com purer simulations [3,41. These 
calcularions are based on the geometry of the sample holder , the 
type of explosive, and the initial pack ing density of the powder 
(in general, the lower t he packing density, the higher the shock 
temperature as long as nothing else is changed). The two exper
iments for the present study made use of the explosive Baratol, 
and the peak shock pressure range was 510 GPa, with the peak 
pressure a function of pOSition within the sample. 

For the first experiment (138917) the sa mple was "Minnesota 
Simuhmt" Lot 2, with particle size betwee n 50 and 100 me sh, 
and a mean initial powder density of \.896 g/cmJ The second 
experiment (14B917) made use of the same. simulant, with an 
admixture of aluminum metal; CERAC A-1189, 99.99% pure with 
a particle size less than 325 mesh . The mean initial powde r densit y 
of the mixture was 2.051 g/cmJ The materi:ll used in these 
experiments was intended to simulate the crystalline fracti on of 
basaltic lunar regolith. The simulant W:lS taken from the fine 
grained b<lsalt of the Duluth Complex, Minnesota, and was pro
vided by p, W. Weiblen 15]. 

Results: Macrocracking W<lS only observed in the s<lmple with 
aluminum binder. It is possible that the cracking was created during 
the postshock handling of the compacts. The samples appear to 
have been compacted to densiries in the r:lnge from 70 to 85%, 
but they had very little mechanic:ll strength. However, strong 
metallurgical bonding of nonmetallic powders by weak shoc k in 
the peak pressure range of 5-10 GPa cannot be expected. A rough 
estimate of the threshold pressure required for shock consolidation 
is rwice the Vickers microhardness of the solid m<lterials. Thus, 
without the use of binding additives, several tens of GPa are 
required to consolidate lunar simulants. 

TABLE I. Impression tests of lunar material. 

o~ 
Semple E« (=~) IMPai a"',;\:\: Em:l, x K' ndfc 


IMP,1 
 0.2% 0.5% UYP LYP IMPa) IMPal 

Lunar 
IIZ-l 1057 375 36.5 38 367 54.9 0.077 494 0.945 
Lunar 
112-Z 1078 58.2 60.3 58.2 58 .2 73.8 0.093 396 0904 
Lunar 
112 -3 l329 54.3 52.5 56.4 52.4 672 0.064 388 0.810 
liZ /AI 
Binder 8957 175 207 210.6 0.032 50Z1 0.971 
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Fig. I. Results of impression tests. 2-1, 2-2 , and 2-3 are samples (rom 
experiment 138917 without binder. 21 Al is (rom experiment 148917 with 
aluminum binder. 

There are two noteworthy features that are evident from optical 
microscopy : 

I. Compact densities are strongly influenced by the addition 
of aluminum particles. The metal appears to have acted as a 
lubricant to enhance densification through interparticle sliding 
and rotation. 

2. Al\lminum particles are well dispersed as thin boundary layers 
between simulant particles. This type of mixing cannot be- easily 
achieved by conventional mixing methods. Also, thinly dispersed 
layers may be exploited to enhance postshock processing of shock
compacted materials by acting as an agent for dynamic reaction 
sintering of lunar materials. 

Impression Testing: Stress vs. strain curves were determined 
with a WC indentor (diameter = I mm, cross-head speed = 
0.002 in/min) . Material recovered from experiment 138917 (no 
binder) was sampled from three different locations (2-1,2-2, and 
2-3) . One sample (21 AI) was taken from experiment 148917 (AI 
binder). Stress-strain dat<l for these four samples are summarized 
in Table-- I, and plotted in Fig. I. The following is a brief summary 
of impression testing results for the two recovery experiments. 

138917 (no binder):Samples 2-2 <lnd 2-3 yielded nearly identical 
values for strengths, but the strains were not consistent . When 
the samples were crushed, there was not enough strain energy 
to cause them to fly. 

148917 (AI binder) : Sample 2/Al was much stronger (see Fig. I). 
Moreover, the failure mode was quite different from the other 
samples. The resistl)nce to impression W<lS very large, higher by 
a factor of about 3. The elastic modulus was higher by a factor 
of about 6 . Strain energy caused the sample to shatter under 
maximum load, launching fragmenrs at high velocity. 

This work was supported by the U.s. Dept. of Energy under 
contract DE-AC0476DP00789. 
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A LUNAR PENETRATOR TO DETERMINE SOLAR
WIND-IMPLANTED RESOURCES AT DEPTH IN THE 
LUNAR REGOLITH. W . Boynton l , W. Feldman2, and T. 
Swindle l

, I University of Arizona, Tucson AI. 85718 , USA, lLos 
Alamos National Laboratory, Los Alamos NM 87454, USA. 

Introduction: Several volatiles implanted into the lunar rego
lith by the solar wind are potentially important lunar resources. 
lHe might be mined as a fuel for lunar nuclear fusion reactors 
III. Even if the mining of lHe turns Out not to be feasible, several 
other elements commonly implanted by the solar wind (H, C, and 
N) could be important for life suppOrt and for propellant or fuel 
production for lunar bases 12J. We propose a simple penetrator
borne instrument package to measure the abundance of H at 
depth. Since solar-wind-implanted volatiles tend to correlate with 
one another, this can be used to estimate global inventories and 
to design extraction strategies for all of these species. 

Current Knowledge: A considerable amount is known about 
the distribution of sol<lr-wind-implanted volatiles from analyses 
of Apollo <lnd Luna s<lmples. Since the energy of the solar wind 
is only sufficient to implant ions to depths of less than a micro
meter into grains, these volatiles are only found on grain surfaces 
that were once exposed to the solar wind. However, the regolith 
is const;JnrIy gardened by impacts, so volatiles are mixed to depths 
of order several meters. Models predict that t he hydrogen abun
dance of formerly exposed grains will fall off with depth in the 
lunar regolirh (e .g., the model of 13J predicts an exponential fall
off with an e-folding distance of about 3 01) . The Apollo drill 
cores are not much help in testing this because their lengths are 
short compared to the scales of interest (only one is longer than 
2 m, and t h<lt one is only 3 m) . In fact, the Apollo cores do not 
clearly show that there is any systematic decrease in volatile 
abundance with depth for the first 2-3 m 14J. This uncertainty 
could have a large impact on resource evalu;Jtion 141 : assuming 
that volatiles are uniformly distributed throughout the rego lith 
(8-15 m deep) leads to a factor of 10 higher estimated global 
inventOry than does assuming the distribution derived from the 
model of 131 . Furthermore, mining strategies for a resource found 
through out the top 10 m or soof the regolith might be substantially 
different from ones for a resource found only in t he top 2 or 
3 m. 

In the Apollo samples, most of the solar-wind-implanted vol
atiles correlate with one another and with Ot her measures of soil 
"maturity" (extent of exposure to the solar wind) 15J. The excep
tions are He and Ne, whose abundances show a strong dependence 
on the amount of the mineral ilmenite (and hence the Ti content). 
However, He and Ne also correlate with maturity if the Ti 
abundance is factored out 161. Although the correlation of H 
content with maturity is nor as strong as for some other elements 
in the Apollo samples (perhaps reflecting the difficulty in elim· 
inating H contamination of the dry lunar soils), measurements 
of H with depth in the regolith should be indicative of all solar 
wind-implanted species. 

Basis of the Technique: Simple neutron counters have been 
shown to provide high sensitivity for the detection of low H 
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concentrations from orbit under the assumption of an infinirely 
deep homogeneous chemisrry, when the major-element compo
sition is simultaneously determined using a gamma ray detector 
[7,81. Newer calculations reported here show that interpretation 
of rhese data can be in error if the hydrogen content of the near
surface regolith is not homogeneous. 

Hydrogen is notable for its high efficiency in moderating cosmic
ray-induced fast neurrons to thermal energies. The ratio of thermal 
to epithermal neutrons (those in the process of slowing) is a very 
strong function of the hydrogen content. In order to get high 
precision at low H concentration, however, the abundances of 
elements that strongly absorb thermal neutrons such as, e.g., Ti, 
Fe, Sm, and Gd, also need to be determined. 

Recent calculations [7,8) showed that a determination of the 
hydrogen content down to levels of 10 ppm from orbit requires 
only a I% statistical precision. However, interpretation of these 
data is subject to systematic uncertainties that may be larger than 
the 1% level, depending on the nature and magnitude of H 
abundance variations as a function of depth. Basically, the reduced 
mean-scattering path of thermal neurrons caused by the presence 
of H tends to concentrate neutrons from surrounding material 
into the high-hydrogen-content side of abundance-changing inter
faces. For example, comparison of a lunar meteoritic chemistry 
loaded uniformly with 100 ppm of hydrogen down to 200 g/cm1 

below the surface, and then with 10 ppm H to the 900 g/cm1 

level, with the same chemistry IO<lded with 100 or 10 ppm H 
uniformly down to the 900 g/cm1 level, shows about 2% variation 
in subsurface gamma ray production rates (and hence in thermal 
neutron number density). 

Instrumentation: The neutron detection is made with tWO 
identical lHe gas proportional counters, one being bare and the 
other being wrapped in Cd. The bare detector is sensitive to both 
thermal ,md epithermal neutrons, whereas the one wrapped in 
Cd is sensitive only to epithermal neutrons because Cd is a strong 
absorber of thermal neutrons. The abundances of the strong 
neutron absorbers in the soil will be made with a simple scintillator 
gamma ray spectrometer. Although this type of detector does not 
offer the high sensitivity of cooled semiconductor detectors, they 
are more than adequate for determination of the abundances of 
Fe :lnd Ti, the principal neutron absorbers on the Moon . Samarium 
and Gd are not easily detecred with this approach, bllt because 
of our extensive database of lunar rock types, these elements can 
be estim<lted easily from the abundances of other elements that 
will be determined with the GRS, especially K, U, and Th. 

Delivery and Support System: The insrruments will be del
ivered to the lunar surface via a penetraror with a separable 
afterbody. Using the soil penetration equations of [91 and assuming 
a penetr:lbility comparable to dry silt or clay, a forebody mass of 
30 kg, a diameter of 7.5 Col, and an impact velocity of 100 mIs, 
the forebod)l will penetrate to a depth of about 10 m while the 
afterbody will remain partially exposed on the surface to maintain 
communication with Earth . Reduction in this maximum depth 
can be readily achieved by reducing the impact speed. Both parts 
will contain neutron and gamma detectors in order to compare 
the differences between the surface and deep abundances. The 
penetrator will be battery operated to provide a life of about one 
week on the lunar surface. 

Conclusions: Calculations of the depth dependence of ther
mal, epithermal, and fast neutron nuxes and consequent capture 
gamma ray production rates have shown their utility in deter
mining the depth profile of H at the 10 to 100 ppm sensitivity 

level. Orbital surveys of these same data are not capable of such 
a determination. The twO techniques therefore complement one 
another. Whereas orbital surveys can provide comprehensive maps 
of suspected hydrogen concentrations due to solar wind implan
tation, a penerrator can provide ground truth for a small selection 
of sites to allow estimates of the depth dependence of such deposits 
and consequently an evaluation of the utility of such deposits as 
a source of resources to support human habitation on the Moon. 
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ESTIMATING LUNAR PYROCLASTIC DEPOSIT DEPTH 
FROM IMAGING RADAR DATA: APPLICATIONS TO 
LUNAR RESOURCE ASSESSMENT. B. A. Campbell', N. j. 
Stac/, D. B. Campbelll , S. H. Zisk', T. W. Thompson>, and 
B. R. Hawke', 'Planetary Geosciences, SOEST, University of 
Hawaii, Honolulu HI, USA, lNAIC, Cornell University, Ithaca 
NY, USA, Jjet Propulsion Labor~rory, California Institute of 
Technology, Pasadena CA, USA. 

Introduction: Lunar pyroclastic deposits represent one of the 
primary anticipated sources of raw materials for future human 
settlemems [II. These deposits ~re fine-grained vo1c;lnic debris 
layers produced by explosive volcanism contemporaneous with the 
e<lrly stages of mare infilling [2,31. There are several brge regional 
pyroclastic units on the Moon (for example, the Aristarchus 
Plate~u, Rima Bode, and Sulpicius Gallus formations), ;lnd numer
OilS localized ex~mples, which often occur as dark-halo deposits 
around endogenic cr<lters (such as in the floor of Alphonsus 
Crater). Several regional pyroclastiC deposits have been studied 
with spectral renectance techniques: The Aristarchus Plare:lll 
marerials were found to be a relarively homogeneous blanker of 
iron-rich glasses [4,51. One such deposit was sampled at the Apollo 
17 landing site, and was found ro h:lve ferrous oxide and titanium 
dioxide contents of 12% and 5% respectively [61. While the ;lre;d 
extem of these deposits is relatively well defined from orbit:ll 
photographs, their depths have been constrained only by a few 
srudies of partially filled impact craters and by imaging radar d;lta 
[7,11. In rhis work, we present a model for radar backscarrer from 
mantled units applicable to both 70-cm and 12.6-cm wavelength 
radar data. Depth estimates from such radar observations may be 
useful in planning future utilization of lunar pyroclastiC deposits. 

Radar Scattering Model: The depth of a pyroclastic layer is 
estimated based upon the ratio of backscattered power between 
a mantled region and an area of unmanrled terrain assumed to 
represent the buried substrate. Several conditions are required: 
(I) Only the depolarized (same-sense circular) echo is modeled, 
to avoid consideration of large single-scattering facets; (2) there 
is no volume scattering ,,'ithin the pyroclastic (i.e., there are no 
inclusions large with respect to the radar wavelength); and 
(3) the depolarized backscatter originates largely wit hin the re
golith substrate, and not at its upper surface. Condit-ions (2) and 
(3) are supported by previous studies of the eclipse temperarures 
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of pyroclastic deposits and ~nalysis of 70-cm backscarrering from 
the lunar regolith {8,9J. 

Input parameters ro the model are the radar wavelength, the 
radar incidence angle, and the dielectric parameters of the pyro
clastic layer and the regolith substrate. The model used here 
permits ~nalysis of a pyroclastic layer with varying density as a 
function of depth . The electrical properties of an Apollo 17 glass 
sample {6 J as a function of density p are used here: 

~r == 2.1 p tan 0 = 0.0037 p. 
where ~r is the real dielectric constant and tan (j is the radar los$ 
tangent. The real dielectric con£!ant of the lun~r regolith has been 
measured to be -3.0, but may vary from m~re ro highland region s 
IIOJ. The incident circularly polarized wave is decomposed inro 
horizonwl :lnci vertical polarized components, and the Fresnel 
transmission coefficients for each inrerface are c~lculated. Atten
uation within the pyroclastic is assumed to be exp(-2aL), where 
Lis the p,l[h length ,lOd ex is the arrenuation coefficient III J 

ex = k (Osol(tan01 + 1)0 5 - 1nos 

where k is the rad~r wavenumber in the pyroclastic deposit . This 
expression is solved numerically in our model for the varying 
density within the lossy medium. 

All the scattered r~diation within the regolith layer is assumed 
to be randomly polarized , with some total backsc<ltrering efficiency 
S. In our model, we thus combine the H- and V-polarized com
ponents within the regolith , multiply by S, and split the remaining 
power evenly between the two polariZ<ltions for the return trip 
to the surface. The energy that exits the pyroclastic is assumed 
to have random phase, but may h<lve an elliptical polarization 
due to the differing H and V transmission coefficients. The scarrer 
from an unmanrled regolith is also calculated, and the two results 
are combined into a ratio of toral manrled/unmantled backscatter . 
This cancels the S term in both expressions. The ellipticity of 
the final scattered wave is assumed to be close to unity. The results 
are plotted as a function of power ratio vs. depth for a given set 
of electrical and density parameters. 

In mathematical terms, the H and V backscattered powers from 

a manrled region are 

0 Thr / r + T/ Ph =0.25 0 S °A1 (Th" r 0 I" T/Ir) To'ir oThr/, 0 0 

0P" = 0.25 So Al 0 (To" r 0 Thrlr + T / r 0 T"rlr ) 0 T/1r 0 T/I
• 

where A is the total attenuation factor, and the T terms refer 
to H- and V -polarized Fresnel transmission coefficients for the 
layer interfaces noted in their superscripts; s, p, and r refer to 
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space, pyroclastic, and regolith respectively. The backscattered 
powers from an unmanrled area are 

Ph = 0 .25 0 S 0 (To'I' + Tv"r) 0 Thrls 

Pv == 0.25 0 S 0 (Th' /r + Tv"r) 0 T/I' 

Results: Figure I shows an example of this model for an 
incidence angle of 55°, corresponding to the Earth-based viewing 
geometry for the Aristarchus Plateau . The pyroclastic density was 
assumed to be a uniform 1.5 g/cm 3. The regolith real dielectric 
constant is assumed to be 3.0. Both 70-cm and 12.6-cm radar 
wavelengths are tested, and it is seen that the shorter wavelength 
is attenuated much mo re rapidly in the pyroclastic, as ex;;-ected . 
The ratio between average 70-cm returns from the plateau and 
[he mean lunar echo is -0.30, implying a depth of 6-7 m based 
on these electrical parameters. This estimate is a lower bound; 
the actual buried highland terrain is likely much brighter than 
the Moon-wide average, implying a greater mantle depth. 

Tests of the above model show that (I) it is relatively insensitive 
to variations in incidence angle between 20° and 60°, (2) it is 
insensi~ive to regolith dielectric variations from 2.5 to 4.0, 
(3) the scat(ered wave ellipticity is >85%, and (4) density vari
ations with depth in the pyroclastic, within the narrow range 
permitted by realistic values of 1.5-2.0 g/cm 3, are nor important 
unless the changes are very rapid. The value of the density at 
the upper surface of the layer is probably a satisfactory estimate 
for the overall density of such shallow deposits . 

Conclusions: This technique may permit remote estimates 
of pyroclastic mantle depths from either Earth-based or 11In~r

orbital radar systems. A 3-km resolution map of the lunar nearside 
is a vailable for 70-cm radar wavelength 112l. and ongoing work 
at Arecibo Observatory provides additional data at 12.6-cm wave
length. We anticipate that such studies will be requ ired in th e 
planning stages of a lunar base project for resource assessment. 
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A GROUND-BASED SEARCH FOR LUNAR RESOURCES 
USING HIGH-RESOLUTION IMAGING IN THE INFRA
RED. C. R. Coombs and T. S. McKechnie, POD Associates, 
Inc ., 2309 Renard Place SE, Suite 201 , Albuquerque NM 87109, 

USA. 

Introduction: When humans return to the Moon ("... this 
time to stay . .. " [I]) lunar resources will play an important role 
in the successful deployment and maintenance of the lunar base. 
Previous studies have illustrated the abundance of resource mate
rials available on the surface of the Moon, as well as their ready 
accessibility [e.g., 2-5J. Particularly worth considering are the lunar 
regional (2000-30 ,000 km1) pyroclastic deposits scattered about 
the lunar nearside. These 30-s0-m-thick deposits are composed 
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1 arcsec 

Fig. I. lm~ges of (a) Zeta Orhiuchi and (b) the O.48-arcsec binary smr Era Ophiuchi obtained at 2.2 I'm with the 4-m Kin Peak telescope. The 
pres~nce of the O.l-arcsec cores easily allows resolution of rhe binary pair in spire of their close s~paration. Visual see ing was -1-1.5 arcsec. Photos 
courtesy]. Chris(O (NOAO). 

of fine-grained, unconso lidated titanium- and iron-rich mafic 

glasses and m~y be used as bulk feedstock for the beneficiation 

of oxygen, iron, titanium, sulfur, and other solar wind gases, or 

simply used as is for construction and shielding purposes. In this 

paper, we propose a groundbased observing survey of the resource

rich regions on the lunnr nearside using a new imaging technique 

designed to o btain much higher resolution images, and more precise 

compositional ~nalyses than previously obtainable. 
High-Resolution Imaging: There is growing evidence that, 

c<)ntrary tn POPUhH wisdom, it should be possible to obtain 
diffraccion-limited resolution at infrared wavelengths (>1 J.lm) 

from the ground wit hout using adaptive optics. All that is needed 

is a telescope built to good enough optic~1 specifications ~nd the 

ability ({) compensate telescope motions. Left uncompensated, 

these motions, which are mainly caused by wind buffeting, can 

smear the image and cause serious loss of resolution. In this paper, 

<In im~ge stabilization sysrem is proposed that will enable long

exposure imaging and specrroscopy to be carried out directly from 

the Earth with diffraction limired resolution . 

According to recenr ~rmospheric turbulence measurements [6
8], there is much less large -sca le armospheric turbulence than was 

previously thought. The lack of large srructure implies much 
smaller RMS phase vnriation in the wave fr o nrs entering the 

telescope . Over a 5-m aperture, the RMS wavefronr height vari
at ion for l-arcsec visible seeing is likely ro be o nly about 0.3 J.lm, 

considerably smaller than previously thought. At visible wave

lengths, these heighr variarions will scramble the phases and give 

rise to badly degraded images. The phases of infrared wavelengths, 
however, are only partially modified by these same height vari

ations so thar only a porrion of the light is scattered. Whereas 

rhis sca ttered portion will be imaged into a broad halo, the portion 

remaining int<1Ct, typically 50% of the light, will be focused into 
a diffraction limited core. 

Figure I shows images of a single sta r and a 0.48-arcsec binar y 

star obtained with the 4-m Kitt Peak telescope at 2.2 J.lm. The 

presence of the O.I-arcsec core easily allows resoluti o n of the 
binar y. To obtain these images, a series of short exposures was 

exposure images identical to those shown can be obtained in real 

time by using an image motion compensation system such as shown 

in Fig. 2. Motion compensation can be carried out by first imaging 

a reference star on to the tracking detector array. The image 

stabilizer control drives the tip/tilt mirror so. as ro stabilize the 

core in the reference stor image. Bec~use of the very large iso

planaric angle associoted with rhe core (several arcmin [7]) the 

orrangemenr simu ltaneously stabilizes t he cores of all at her objects. 

~nd hence enables diffr<lcrion-limited resolution over a very large 

angubr region. 

For extended objects suc h ~s rhe Moon, conveni~nr referen ce 

stars (or point objects) for stabilizing the image may nor be present. 

However, the presence of the core in the poinr spread function 

gives rise ro abrupt intensit \' change~ across edge images. By 

"'" ~rc minutes 
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taken to freeze the motion of the telescope. These were subse Fig. 2. Image stabilization using a tip/t ilt mirror driven by a tracking 
quently shifted and added so as ro remove the motion . Long- detector and control electronics that lock on to cores or edges. 
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Fig. 3. The ragged edges at the lunar terminator provide suirable ref· 

erences f,>r stabilizing the image. U sing rhe configuratio n shown in 

Fig. Z permir s diffracrion·limired imaging a r IR wa velengrhs of a srrip 

adjacenr ro rhe rerminator several arcminut es wide. 

tr;lcking these abrupt intensity changes using twO edges that are 
roughly at right angles to one another, image stabilization can 
be obta ined to diffraction-limited accuracy. Suitable edges are 
found on the lunar terminator and at obliquely illuminated crater 
and basin edges (Fig. 3) . Because the edges must lie within the 
isoplanatic angle of the regio n being imaged, it is only possible 
to image a strip a few arcminutes wide. Over the course of the 
lunar day (two weeks), however, a complete image of the lunar 
surfa ce can be compiled using successive strips. With an infrared 
spect rometer mounted to this system, accurate compositional data 
will also be o btained. 

The objective of this project is to conduct a lunar resource 
survey using image stabilization hardware of the sort shown in 
Fig. 2, in combination with a suitable edge-tracking algorithm. 
When the arrangement is used with existing 4-5 -m class telescopes, 
O.I-a rcsec resolution (150 m) is e xpected at 2.2 .urn . However, 
if the new 8-m (NOAO) telescopes are built to appropriate optical 
standards, diffraction-limited images should be obtained routinely 
at 1 ,urn. At this wavelength, 0.03-arcsec resolution is expected 
that, on the lunar surface, will result in imaging and spectroscopy 
being possible down to a 50-m spatial resolution element. With 
these resolutions, accurate geological and compositional maps may 
be constructed of the resource-rich regional pyroclastic deposits 
at a resolution currently not obtainable from Earth-based systems. 

References: [1 J President Bush,July 20,1989. [2J Hawke B. R. 
et al. (1989) Proc. LPSC 20ch, 249-258. [3J Mendell W. W., ed. 
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(1985) Lunar Bases and Space Activities of the 2 Isr Century, LPI, 
866 pp. [4 J Coombs C. R. (1988) Ph.D. dissertation, Univ. of 
Hawaii, 256 pp. [5J Blacic]. D. (1985) In Lunar Bases and Space 
Actillieies of the 21se CenruT)' (W. W. Mendell, ed.), 487-495 . 
[6J T. S. McKechnie (1991)) Ope. Soc. Am., 8,346-365. [71 T. S. 
McKechnie (1991) Proc. SPIE, 1408, 119-135. [8J c. E. Coulman 
et al. (1982) Appl. Opeics, 27, 155-160. 

A REMOTE LASER MASS SPECTROMETER FOR LUNAR 
RESOURCE ASSESSMENT. R.]. De Young and M. D. Wil
liams, NASA Langley Research Center, Hampton VA 23665-5225 , 
USA. 

The use of lasers as a source of excitation for surface mass 
spectroscopy has been investigated for some time [1 J. Since the 
laser can be focused ro a small SpOt with high intensity, it can 
vaporize and accelerate acorns of material. Using chis phenomenon 
with a time -of-flight mass spectrometer allows a surface elemental 
mass analysis of a small region with each laser pulse. While the 
technique has been well developed for Earth applications, space 
applications are less developed. The Soviet Union attempted to 
use a pulsed Nd ,YAG laser ro analyze the surface of the Mars 
moon, Phobos, using an instrument called "LIMA-D" [2J. Laser
induced ions would have returned to spacecraft hovering 50 m 
above the Phobos surface. Unfortunately, the mission was unsuc
cessful for reasons unrelated ro the instrument. 

NASA L·mgley recently began a research program to investig:ue 
the use of a laser to create ions from the lunar surface and [0 

analyze the ions at an orbiting spacecraft. A multijoule, Q-switcheJ 
Nd,YAG laser would be focused ro a small SpOt on the lunar surface, 
creating a dense plasma . This plasma would eject high-energy ions, 
as well as neutrals, electrons, and photons, as shown in Fig. 1. 
Such a system is shown in schematic forr'n in Fig. 2. Here the 
spacecraft is 10 km above the lunar surface, and for the parameters 
shown, would detect 10; ions per laser shoe. The travel time and 
velocity of the elemental ions created is shown in Fig. 3, assuming 
~ 10-eV equilibrium plasma. Detection of ions at large distance 
requires that the flight path be a larger than the collision mean
free path as shown in Fig. 4 where the mean -free path (km) is 
shown for various regio ns of space. The lunar environment pro
vides very long co llision mean-free paths for the detection of laser
produced ions. 

Fig. 1. 
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An experiment is now being set up (Fig. 5) to determine the 
characteristics of such a laser mass spectrometer at long flight 
distances. Thisexperiment will determine the character of a future 
flight instrument for lunar resource assessment. Such an instru-
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ment could determine the surface composition on a centimeter
scale in one laser shot. Regions of high interest could be analyzed 
with fine spatial resolution. Since the pk,sma also generates phot
ons and neutral panicles, these could also be analyzed, providing 
additional information. The laser-produced plasma will have suf
ficient energy to create a shock wave in the lunar surface, which 
could derive information on the lunar subsurface. 

This instrument could provide substantial benefits to planetary 
surface analysis, allowing smaller spatial resolution and faster anal
ysis than other remote methods. 

References: [II Lubman O. M. (1990) Lasers and Mass Spec
troscopy, Oxford Univ., New York. [21 Head) . w. (1988) NASA 
Mars Conf Proc., Vol. 71, Am . Amon. Soc., 215-240. 

AN a-p-x ANALYTICAL INSTRUMENT FOR LUNAR 
RESOURCE INVESTIGATIONS. T. E. Economou and A. L 
Turkevich, Enrico Fermi Institute, University of Chi~ago, Chicago 
IL 60637, USA. 

An instrument using alpha backscarrering, alpha-proton nuclear 
reactions, and X-ray production by alpha panicles and other 
auxiliary sources can be used on lunar landers to provide detailed 
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analytical information concerning the lunar surface material. This TABLE 2. Examples of expeCted sensitivies for minor elements evaluated 
inferm:ltion is important scientifically and can be the basis for for a basalt matrix using alpha and auxiliary sources. 

urilizing efficiently lunar resources to build lunar colonies in the 

future . This alpha particle instrument uses radioactive isotopes, Element 
silicon detectors for the alpha and proron modes, and mercuric 

Niodide detecrors operating at room temperature for rhe X-ray 
Fmode. 
P

The instrument is highly developed and has significant space 
S 

heritage . A similar instrument with alpha and prown modes was Cl 
aboard the Surveyor 5, 6, and 7 and provided the firsr chemical K 
analyses of rhe lunar surface in 1967-1968. During the 19705, V 
it was considered for the Viking missions, and the instrument was Cr 
significantly miniaturized and irs performance improved. An X Mn 

ray mode was subsequently added to the alpha and proton modes Ni 

(a-p-x instrument 11 D. Such an insrrument was Hown on rhe Cu 
ZnSoviet missions Phobos I and 2 targered for the martian satellire 
RbPhobos in 1988. Unfortunately, both spacecraft missions ended 
Sr

prematurely before reaching Phobos. 
Y 

Presently, the a-p-x instrumenr is on rhe payload of rhe Russian Zr 
Mars '94 mission rhat is scheduled to land on the surface of Mars Ba 
in 1995. This would provide a chemic;!1 analysis of rhe martian La 
surface much more derailed rhan rhar obtained by Viking. A similar Ce 
instrument is being developed for NASA as part of rhe straw- Nd 

Sm 
PbTABLE I. ExpecwJ accuracies (at 90% confidence limit) for 
Thprincipal chemical dements. 
U 

a + p + X-ray modes 

Weight % Arom% 


0.2 0.3 
0.05 0.06 
0.2 0.14 
0.1 0.07 
0.1 0.06 
0.07 0.04 
0.03 0.013 
0.02 0.008 
0.03 0.012 
0.02 0.008 
0.02 0.007 
002 0.007 
0.001 0.0003 
0.001 00003 
0.0005 0.0001 
0.0005 0.0001 
0.001 0.00017 
0.001 0.00016 
0.0008 0.00013 
0.0008 0.00012 
0.0005 0.00007 
0.005 0.0005 
0.005 0.0005 
0.005 0.0005 

a + p + X-ray modes 
Element Weight % AlOm % Sensitivit)' for K e xpected in the presence of a few weight percent of 

Ca. 
C ±0.2 ±0.4 
o ±0.7 ±l.0 man payload of the MESUR mission planned for Mars larer in 
Na ±0.2 ±0.2 this decade. 
Mg ±O.S ±0.7 

The alpha and proron modes of the instrument can provide
AI ±OA ±0.3 

an analysis for all elements (excepr hydrogen) present in amounts
Si ±1.2 ±0.9 

grearer than abour 1% by acorn. These modes have excellentK ±0.2 ±O.I 
sensirivity ;:md accuracy for rhe lighrer e1emenrs, in particular,Ca ±0.2 ±O.I 

Ti ±0.15 ±0.07 directly determining the amount of oxygen irrrhe lunar soil. This 

Fe ±OA ±0.2 is an e1emenr of paramount significance for rhe lunar resource 

missions. The X-ray mode makes possible a dererminarion of Ti, 

Fe, and other imporrant merals wirh even grearer accuracy. In 

general, rhe X-ray mode provides increased sensiriviry for heavier
70 

elements, in many cases achieving a sensitivity of several hundred
60 SURVEYOR 11 


TRANOUILUTATIS ppm. 

~ ..ARE 

c:::::J APOLLO U50 I 
The a-p-x instrumenr, due ro its small size and low weight ,Dim SURVEYOO m - SINUS .. EOII~ 

can easily be mounred on a mobile lunar vehicle (rover or mi
30 crorover), an approach that is highly desirable during rhe firsr lunar 

:l 
0 lander mission in order ro increase the range of operations in the.... 
c 20 

search for suitable sites for a permanent lunar base. This in>
CD strument does not require the acquisirion of a sample on board 
.... 10 
z rhe vehicle. It can be deployed to the lunar surface either directly" ::.''" :>); -;u 
0: 5 or mounred on an arm of rhe rover and then selectively placed 

?t' 
on samples of inrerest for analysis." , 

The enrire instrument can be made co weigh less rhan 600 g~0.' 
~ 0.1 and ro require less than 350 mW of power. Ir accumulares rhree ............ ...--..... 


0 No Mel Al Si ·Co· '"F7 different energy specrra with -15 kbir per sample and rherefore 

imposes a very small burden on the spacecrafr resources . 

There are several areas where additional work is needed ro
Fig. I . A comparison between the results on samples of lunar mare on 

optimize rhe insrrument for lunar -type missions. A very suirableSurveyor 5 and 6 with the data obtained later on Earth on samples brought 
radioacrive alpha source for the lunar missions is H1Cm. Thisback by the Apollo II astronauts from a m;!re site. It is seen that the 
isorope has ro be freshly prepared just before the mission. TheApollo data confirmed the Surve)'or results to within the 90% error 

estimates claimed [21. a lrernative, ~44Cm, is more readily available, but would require 
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longer times for sample analyses. Early tests with these sources 
would be very desirable. Additional work with Hglz detectOrs and 
their performance under lunar conditions (e.g., high temperatures) 
will also ha ve to be investigated. 

References: [I) Economou T. E. and T urkevich A. L. (1976) 
Nw:l. Instr. Merh., 134, 391-400. [2) Franzgrote E. J. et al. (1970) 
Science, 167, 376-379. 

HIGH-RESOLUTION ELEMENTAL MAPPING OF THE 
LUNAR SURFACE. Bradley C. Edwards, Frank Ameduri, Jef
frey J. Bloch, William C. Priedhorsky, Diane Roussel -Dupre, and 
Barham W. Smith, Los Alamos National Laboratory, Los Alamos 
NM 87545, USA. 

New instruments and missions are being proposed to study the 
lunar surface as a result of the resurgence of interest in returning 
to the Moon. One instrument recently proposed is similar in 
concept to the X-ray fluorescence detectors flown on Apollo, but 
utilizes fluorescence from the L- and M-shells rather than the 
K-shell. This soft X-Ray Fluorescence Imager (XRFI) will be the 
topic of this presentation. 

As was proven by the Apollo missions, the elemental com
position of the lunar surface can be mapped using X-ray fluor
escence from lunar orbit [I,2J. However, the spatial resolution 
"nd precision of the Apollo experiments were limited by both 
exposure time and flux . Although future missions will have longer 
lifetimes, the flux for K-shell fluorescence is still a primary limiting 
f"ctor and imaging keY radi<1tion with a wide field of view is 
difficult. However, the L- and M-shell fluorescence may proviJe 
" solution because the much more intense solar radi;nion <It less 
than I keY will make the lower energy fluorescence flux up to 

104 times more intense. 
The theory behind the XRFI was disc ussed recently in Edwards 

et al. (3) and indicates that the fluorescent emission should be 
intense enough to be observed from lunar and even Earth orbit. 
Pre1imin<lry concepts and designs have been worked out for an 
XRFI that could be flown in lun;lr orbit in three years. XRFI is 
one in the suite of instruments on the Lunar Resource Mapping 
mission . The proposed instrument will provide maps with high 

Fig. 1. Di"gram o( current ALEXIS eelescope design. A similar design 
is (0 be used (or the XRFI instrument on the LRM mission. 

spatial resolution (1 km) of the surface distribution of a valuable 
suite of elements (AI, Mg, Si, Ca, Na, Fe, Ti, etc.). 

Although this design is not ideal for the lunar study, optimized 
instruments with improved capabilities are only in the conceptual 
stage and may not be feasible for many years. 

The XRFI set of soft X-ray telescopes would fly in lunar orbit 
to observe the fluorescent emission. The telescopes are of the same 
design to be used on the ALEXIS mission with a normal incidence 
multilayer mirror, a microchannel plate detector, and thin film 
filters. The technology, facilities, and software developed and 
tested for ALEXIS are to be directly applied to the XRFI. 

Each telescope would be tuned to an energy that corresponds 
to an L- or M-shell fluorescent line . The intensity of each line 
is proportional to the elemental abundance , surface structure, and 
incident solar flux level. Details of the instrument, its require
ments, speCifications, and limitations will be presented. 

Results from current feasibility studies of the XRFI concept 
being done at Brookhaven will be discussed and presented along 
with their implications. Future plans for studies, design, and con
struction of the XRFI and the lunar community's involvement 
is also a planned topic for this presentation . 

Acknowledgments: We would like to thank D. Vaniman and 
G. Heiken for helpful discussions concerning the lunar surface. 
This work was completed under the <'Iuspices of DOE. 

References: [I) Adler I. et al. (1972) Proc. LSC 3rd, 2157
2178. [2) Adler I. et al. (1975) Space Science InSLnlmen(Qcion, I, 
305-315, Reidel. [3) Edwards B. C. et 31. (1991) GRL, IB, 2161
2164. 

LUNAR AND ASTEROID COMPOSITION USING A 
REMOTE SECONDARY ION MASS SPECTROMETER. 
R. C. Elphic, H . O. Funsten, B. L. Barraclough, D. J. McComas, 
and J. E. Nordholt, Space Plasma PhYSics Group, Los Alamos 
Nation<ll Laboratory, Los Alamos NM 87545, USA. 

Laboratory experiments simulating SOhH wind sputtering of 
lunar surface materials have shown that solar wind protons sputter 
secondary ions in sufficient numbers to be measured from low
"ltitude lunM orbit. Second;Hy ions of Na, Mg, AI, Si, K, Ca, Mn, 
Ti, and Fe have been observed sputtered from sample simulants 
of mare and hi~hland soils [I J. While solar wind ions are hundreds 
of times less efficient than those used in standard secondary ion 
mass spectrometry, secondary ion flu xes expected at the Moon 
under normal solar wind conditions range from -10 to >104 ions 
cm-2 s-', depending on species. These secondary ion fluxes depend 
both on concentration in the soil and on probabili[)' of ionization ; 
yields of easily ionized elements such as K and Na are relatively 
much greater than those for the more electronegative elements 
and compounds. Once these ions leave the surface, they are subject 
to acceleration by local electric and magnetic fields. For typical 
solar wind conditions, secondary ions can be accelerated to an 
orbital observing location . The same is true for atmospheric atoms 
and molecules that are photoionized by solar EUV. Here we discuss 
the instrumentation to detect, identify, and map secondary ions 
sputtered from the lunar surface and photoions arising from the 
tenuous atmosphere. 

Solar Wind-sputtered Secondary Ions and Surface Compo
sition: Our laboratory experiments subjected three simulants of 
Apollo soil samples to ion bombardment, and measured the relative 
efficiencies of solar wind ions in sputtering secondary ions. The 
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Fig. 1. Intensit'\' of secondary Ti+ ions sputtered by I 5·keV H' vs. bulk 
TiOl measured by electron microprobe. 

simulants were replications of an Apollo II high.Ti mare basalt 
soil, an Apollo 15 low-Ti mare basalt soil, and an Apollo 16 
aluminous highland soil. They were left in rocky, not powdered 
form. These simulants were subjected to bombardment by Ar and. 
Ne ions at 5·keV energies, and the solar-wind-like ions of Hand 
He at 1.5- and 4-keV energies respectively . The very different 
nucle;n stopping powers of these ions in the target materials 
;-tllowed us to study the relative sputtering efficiencies. Ar~ at 

5 keY, with its much larger nuclear stopping power, is about a 
factor of 400 more efficient than 1.5-keV H+ in sputtering secon
dary ions. The major geochemical elements Na, Mg, AI, Si, K, 
C;-t, Ti, Mn, and Fe are nevertheless detectable. 

While we have a first-order understanding of second;-try ion 
sputtering, it is not immediately obvious that the observed ion 
yields can be linked with great accuracy to the simulants' com
position . The simulants were analyzed by electron microprobe to 

establish their detailed composition. The observed secondary ion 
fluxes can then be compared with the microprobe results. One 
example is shown in Fig. I, where observed Ti + fluxes from the 
three-simulant; ,He plotted vs. the weight percent of TiO l . The 
results show that the sputtered Ti+ secondary ions correspond 
to the true composition with accuracies of better than 10% for 
the high-Ti b;-ts<l lt, and about 20% for the low-Ti simulant. The 
highland si mulant produced a statistically inSignificant Ti+ count 
rate. Similar but poorer results were obtained for the elements 
AI, Fe, Ca, :lnd K. The response of Mg ions did not correlate 
well with composition under any circumstances. Sodium content 
did nOt vary enough between samples to do the comparison. We 
believe the cause of this poor correlation is that sputtered materials 
redeposited on adj;-tcent surfaces (all three simulants were in the 
same vacuum chamber) . This led to CtoSS contamination between 
the samples. In the future we intend to redo the experiment one 
sample at a time to prevent this problem. 

The relative total secondary ion yields sputtered by Ar, Ne, 
and He demonstrate a well-behaved exponentia I dependence on 
nuclear stopping power. However, the \.5-keV H+ yield is about 
an order of magnitude larger than predicted; H is a more efficient 
sputterer than one might expect. Yields of the various constituents 
of the simulants depend upon both the elemental concentration 
and ionization potential of the species, or alternatively its elec· 
tronegativity. This dependence of positive secondary ion yield on 
ionization potential was suggested first by Anderson and Hinthorne 

[2]. In addition, it should be remembered that the secondary ion 
yields from regoliths are less than that from solid rocky targets 
[3]. 

Once the secondary ions are ejected from a surface grain, they 
are subject to ambient electric and magnetic fields. Sunlit surfaces 
emit photoelectrons and, up to about 80° solar zenith angle, are 
positively charged; shadowed regions may become negatively 
charged to -100 V. In most sunlit regions the secondary ions will 
be accelerated away from the surface by the positive surface charge; 
the influence of this field extends out one or two Debye lengths, 
typically a few meters. Thereafter, the ions are exposed to the 
solar wind VxB electric field, which normally points approximately 
toward either ecliptic north or south. For typical conditions, this 
electric field is so intense it dominates the secondary ion equation 
of motion, and the ions simply "fall" along the electric field,lines. 
Figure 2 shows several characteristic ion trajectories in typical solar 
wind conditions. However, in regions of remnant magnetism on 
the lunar surface, local magnetic field intensities may (I) deflect 
and decelerate the incoming solar wind and (2) may trap the 
sputtered secondary ions [4]. Nevertheless, these high surface field 
regions are limited to 10-30·km size scales, about the size of an 
ion mass spectrometer "pixel" from a 100-km orbit. Moreover, 
even secondary ions that are locally trapped m<ly drift to we<lker 
field regions where they can be picked up by the solar wind electric 
field. Quantit<1tive simulations of secondary ions in remn;-tnt fields 
confirm this escape scenario. 

Detection and Mapping of Outgassed Volatiles: In addition 
to detecting sputtered secondary ions from the lunar surface, a 
high·sensitivity, high.mass-resolution orbital ion mass spectrome
ter C:ln detect and map <ltmospheric ions. The ion m<lSS spectrome
ters placed on the lunar surface during Apollo proved that this 
measurement can be made. The known atmospheric constituents 
include Ne, Ar, N<l, and K; other species are likely. Apollo surface 
atmospheric measurements showed a high correlation of global 
atmospheric Ar content with deep lunar seismic <lctivity; increases 
in the Ar density followed every moonquake. The relationship 
between deep seismics and volatile venting is not understood . 
Moreover, rtrgumenrs based on the Apollo alpha spectrometer 
measurements of r;'ldon (cf. [5]) suggest that volat ile transport from 
subsurface reservoirs can on occasion be substantial. It is important 
to measure episodic lunar vobtile venting and est;lblish those 
regions that are most active. 

Atmospheric constituents that have been photoionized by solar 
EUV will be <1ccelerated by the solar wind electric field in the 
same way as surface-sputtered ions. These photoions travel from 
their creation point along the electric field into the instrument. 
In this wayan ion mass spectrometer can actually sound the 
atmospheriC structure. More importantly, the instrument can 
detect atmospheric transients such as volatile venting episodes 
without actually being over the site of activity. The vented volatile 
atoms and molec~les hop along the surface ballistically, random 
walking their way ar.ound the Moon; as this diffusive "wave" passes 
by the spacecraft, an increase in the flux of photoions produced 
nearby will be detected. 

The 3-D Linear Electric Field Ion Mass Spectrometer: We 
discuss here the design of a secondary ion mass spectrometer that 
can be flown in lunar ~rbit or on an asteroid rendezvous mission. 
In order to map elemental composition of the Moon or asteroid, 
high sensitivities and high mass resolutions (ml Ll.m - 50at FWHM) 
are necessary. A new design using a three-dimensional Linear 
Electric Field (LEF3D) time-of-flight spectrometer meets these 
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requirements. A similar design presenrly being developed for the 
Cassini mission is currently undergoing prototype testing. 

Our mass-measuring technique, based on the marion of ions 
in a region of linear electric field (LEF), is quite simple. For a 
z-directed electric field E,(1) that increases linearly with distance 
along the axis, z, E,(z) = -kz, where k is a constant solely dependen t 
upon the electromechanical configuration of the device. Since the 

electrostatic force on a particle is qE, where q is the panicle charge, 
the equation of marion for the particle in the z direction is thar 
of a simple harmonic oscillator of mass m. A parricle entering 

the LEF region at z = 0 will return to the z = 0 plane after 
completing half of an oscillation cycle, i.e., when t = rr/w = 
rr (m/qk)1I2. 

This timing is accomplished by passing the arriving ions through 
an ultrathin carbon foil; secondary electrons produced at the foil 
are accelerated in the LEF region to a detector that starts a timing 
clock. Positive ions emerging from the foil enter the LEF region 
and are reflected as described above, and are counted at a second 
detecror that provides the srop signal for that ion's time of flight. 

However, another feature of the mass spectrometer described 
here involves the analysis of molecular ion species. In addition 
to providing start timing pulses, the cilrbon foil also dissocia tes 
molecular ions. All ions are electrostatically energy-selected and 
arrive at the foil with iI known energy/charge. Passing through 
the foil, it is dissociated into fragments that all travel with nearly 
the same velocity so that the energy is partitioned in proporr ion 
to the mass of each fragment. These fragments then have less 
E/q than the initial molecular value and will not travel as deeply 
into the LEF region of the device as would directly analyzed Jtomic 
ions of the same nominal E/q. Because of small E-field nonlinear
ities in iln appropriately detuned LEFJD device, especially at the 
low-potential entrance end of the device, the times of flight of 
the fragments can be made shorrer than those of atomic ions, 
an effect t hat allows separation of molecular anJ atOmic inter
ferences. 

Secondary Ion Trajectories 
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Fig. 2. Trajectories of sputtered secondary ions for typical solar wind 
conditions. Two representative paths illusrrate how ions originating at 
different locations pass through a IOO-km lunar orbit; the t\\'o ions are 
distinct in their arrival directions and their energies. 

Finally, in addition to its orbital reconnaissance role, an LEFJD 
instrument can also perform surface composition measurements 
in conjunction with an active sounding technique. For example, 
ions produced by laser-induced breakdown of lunar materials would 
facilitate remote assessment of exposed materials not accessible 
to direct tover sampling, for example. An LEFJD instrument on 
a stationary- landed platform would also provide synoptic mon
itoring of the atmosphere and volatile environment in conjunction 
with a geophysical station. 

References: [II Elphic R. C. et al. (1991) GRL, 18, 2165
2168. [2J Anderson C. A. and Hinthorne ]. R. (1972) Science, 
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l. ]., this volume. [6J McComas D. ]. et a!. (\990) Proe. Narl. 
Acad. Sci. USA, 5925-5929. 

LUNAR RESOURCE ASSESSMENT: AN INDUSTRY 
PERSPECTIVE. S. C. Feldman, 8. H. Altenberg, and H. A. 
Franklin, Bechtel Corporation, P.O. Box 19J965, San Francisco 
CA 94119, USA. 

Inrroduetion: The goals of the U.s. space program are to 
return to the Moon, establish" base, and continue onward to 
Mars. Tn accomplish this in a relatively short time frame and to 

avoid the high costs of transporting materials from rhe Earrh, we 
will need to mine resources on the Moon. Oxygen will be one 

of the most important resources, to be used as a rocket propellant 
and for life support. lImenite and lunar regolith have both been 
considered as ores for t he production of oxygen. 

Resource production on the Moon will be a very imporranr 
part of the U.s. space program. To produce resources we must 
explore to identify the location of ore or feedstock and calculate 
the surface and underground reserves. Preliminary resource pro

duction tests will provide the information that can be used in 
final plant design. Bechte' Corporation's experience in terrestrial 
engineering and construction has led to an interest in lun,1r 
resource assessment leading to the construction of production 
facilities on the Moon. 

There is an intimate link between adequate resource assessment 
to define feedstock quantity and quality, material processing re
quirements, and the successful production of lunar oxygen. Al

though lunar resource assessment is often viewed "s " research 
process, the engineering and production aspects are very important 
to consider. Resource production often requires the acquisition 
of different types, scales, or resolutions of data than that needed 

for research, and it is needed early in the exploration process. 
An adequate assessment of the grade, areal extent, and depth 
distribution of (he resources is a prer€;quisite to mining. This paper 
emphasizes the need for a satisfactory resource exploration pro
gram using remote sensing techniques, field sampling, and chemical 
and physical analysis. These data can be used to define the ore 

for oxygen production and the mining, processing filcilities, and 
equipment required. 

Background: The lunar environment is harsh and the em
placement of production facilities and mining will not be simple. 
Adequatedata gathered now will prevent cosrly errors later. There 
are special problems associated with the lunar environment and 

mining operations. Temperature fluctuations will cause milterials 
to become brittle. Reduced gravity will affect material handltng 
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and transport. The near-vacuum conditions will result in outgas
sing of materials and difficulties with lubrication around bearings 
and seals. 

Some extreme conditions that provide construction challenges 
are also found on Earth. Bechtel Corporation has successfully 
designed, engineered , and constructed the Polaris mine , processing 
plant, and support facilities for COMINCO of Canada. The Polaris 
lead and zinc mine is located 90 miles north of the Arctic Circle 
and 600 miles from the North Pole . The entire processing plant 
was built on a single barge and delivered to the site during [he 
last high tide, before the end of the six-week-Iong ice-free shipping 
season. It was docked in a dredged area, frozen in place, and has 
opera ted year round. 

We can take advantage of our resource processing experience 
in the terrestrial environment in planning for lunar oxygen pro
duction. However, the Moon presents unique processing chal
lenges. One of the unique problems on the Moon is that the ore 
or feedstock is being characterized at the same time that processing 
design decisions need to be made. Various authors have rated the 
favorability of different oxygen production processes. There is no 
general agreement on the beSt process or the most desirable 
feedstOck [I J. Processes such as pyrolysis, electrolysis, and hydrogen 
reduction have been cited as being the most feasible. The process 
finally chosen will depend on the type of feedstock and will dictate 
the number of operating units, the reagents, and the power supply 
required. Since the required facilities and some materials will need 
tobe transported from the Earth at great e xpense, at least initially, 
careful decisions must be made for process selection and plant 
design. 

The feedstocks most often cited as resource material are bulk 
soil and ilmenite. However, we cannot choose a process that 
requires ilmenite unless we tnow that there are sufficient reserves 
at and below the surface. The consistency of the bulk soil com
position, the impurities, and the grain size of the bulk soil at 
proposed mining sites also need to be determined if lunar regolith 
is to be used as the feedstock. 

The ore or feedstock grade and the areal and depth distribution 
of the are will control the a mount and type of mining equipment 
needed to supply the process plant. Hypothetically, an ore with 
5% ilmenite might require 20 mini ng and transport vehicles, while 
an ore with 20% ilmenite might require 5 vehicles. 

Remote Sensing of Lunar Resources: Vario us remote sensing 
meth ods have been devised to assess lunar resources, specifically 
ilmenite. Telescopic measurement s from Earth with sp<l!ial reso
lutions of between I and 20 km have been our greatest source 
of mineralogical data. The telescopic measurements have been used 
in conjunction with chemical analyses of a very limited number 
of lu nar samples. The information that will be needed for material 
processing will require even higher resolution. 

Based Ot;l earlier work by Charette and others [2], Pieters [3J 
has graphed the TiO z content of lunar samples from Apollo and 
Luna missions against the telescopic reflectance of those sample 
sites. These authors have found a distinctive relationship between 
the weight percent of TiOz and the ratio of the spectral bands 
at 0.40- and 0.56·J.lm wavelength. This relationship is only appli
cable to sites with mature regolith that contain abundant agglut
inate and other glass. A linear relationship was found at higher 
concentrations of TiOz · Johnson and others {41 have mapped 
surface ilmenite concentrations from telescopic reflectance mea
surements and have identified twO regions with greater than 8 wt% 
TiO/ . The projected concentrations are based on concentrations 

in returned lu.nar samples. Most of Our knowledge of the chemical 
and mineralogical composition of the Moon has come from the 
832 kg of samples returned duting the Apollo missions from six 
sites. 

To examine the lunar resource assessment process, a known 
mining area in northern California was selected as a lunar analogue. 
Bechtel contracted for a flight line of remote sensing data over 
the New Almaden mercury mi 'ne, south of San Francisco, near 
San Jose. This mine has produced 40% of the mercury mined in 
the U.S. The site was chosen because the area contains some rocks 
and minerals that are analogous to lunar rocks, including iron oxide 
minerals. The data were acquired with the Geoscan Mkll Airborne 
Multispectral Scanner. The sensor has 24 spectral bands in the 
visible, near infrared, shortwave infrared, and thermal infrared 
parts of the spectrum. The spatial resolution on the New Almaden 
flight was about 5 m. Existing tOpographic and geologic maps were 
used in the resource assessment in conjunction with the remote 
sensing data. 

By examining the spectral curves of minerals associated with 
the mercury ore, processing strategies were defined to map iron
stained silica carbonate tock and serpentinite. Two separate map
pings were produced. The first indicated a conservative estimate 
of mineraldisrribution, and the second a less conservative estimate. 
From indications in the field, the true mineral distribution is 
somewhere between the two estimates. The remote sensing data 
are most effective when used together with field sampling and 
chemical and mineralogical testing. This will be especially impor. 
tant in the lunar resource assessment program. 

Conclusions: lr is essential to define the lunar ore m<lteri <l l 
and assess its grade and areal <lnd depth distribution. Experience 
with Canadian gold mines shows that two to three times as many 
mines fail as succeed . We cannot <1fford a failure on the Moon, 
and accurate resource assessment is a key part of the success 
strategy. The keys to the success of lunar mining operations are 
caution with new processes, the collecting -and testing of bulk 
samples , and adequate are reserve calculations. 

References: [IJ Altenberg B. H. and Franklin H. A. (1991) 
Proc. 10th Biennial Princeton/ AIMISSI Conference. 12 J Charette 
M. P. et a!. (1974)}GR. 79, 1605-1613. [31 Pieters C. (1978) Proc. 
LPSC 9rh, 2825 - 2849. [41 Johnson J. R. et a!. (1991) ]GR, 96, 
18861-18882. 

LUNAR RESOURCES USING MODERATE SPECTRAL 
RESOLUTION VISIBLE AND NEAR-INFRARED SPEC
TROSCOPY: AIISi AND SOIL MATURITY. Erich M. 
Fischer, Carle M.. Pieters, and James W. Head, Department of 
Geological Sciences, Brown University, Providence RI 02912, 
USA. 

Introduction: Modern visible and near-infrared detectors are 
critically important (or the accurate identification and relati ve 
abundance measurement of lunar minerals; however , even a very 
small number of well-placed visible and near-infrared bandpass 
channels provide a significant amount ofgeneral information about 
crucial lunar resources. The Galileo Solid State Imaging system 
(SSI) multispectral data are an important example of this. AIISi 
and soil maturity will be discussed below as examples of Significant 
general lunar resource information that can be gleaned from 
moderate spectral resolution visible and near-infrared data with 

http:0.56�J.lm
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Fig. I. Representative SSI spectra of mature ("highlands") and immature 
("highlanJ craters") highland materials. {al and (bl arc scaled to "Sun," 
thus preserving albedo information. (e) and (d) are scaled to the Mare 
Serenitatis standard area MS2 and 0.56 I'm, accentuating color differences. 
Figure aJapteJ from 1101. 

rebtive eilse. Because quantitative-albedo data are necessary for 

these kinds of analyses, data such as those obtained by Galileo 

SSI ilre critical. 

SSI obtained synoptic digital multispectral image data for both 

the nearside and farside of the Moon during the first Galileo Earth
Moon encounter in December 1990 [I). The data consisr of images 

through seven filters with band passes ranging from 0.40 }lm in 

rhe ultraviolet to 0.99 }lm in the near-infrared. Although these 

dat,l are of moderate spectral resolution, they still provide in

formation for the follOwing lunar resources: (I) titanium content 

of mature m<lre soils based upon the 0.40/0.S6-}lm (UVIVIS) ratio, 

(2) mafic mineral abundance b<lsed upon rhe 0.76/0.99-}lm rario, 

<lnd (3) the maturity or exposure age of the soils based upon the 

0.S6-0.76-}lm continuum and the 0.76/0.99-}lm ratio. Wirhin 

constraints discussed below, rhese moderate spectral resolution 
visible and near-infrared reflectance dar<l can also provide ele

mental information such as AIiSi for marure highland soils. 

Soil Maturity from the SSI Data: Immature soils, relatively 
unweathered in the lunar environment due (0 their young expo

sure age, <Ire fundamentally different from mature soils. For exam
ple, immature soils are coarser and contain fewer aging products 

such as agglutinates (derived from micrometeorite impact) and 

solar-wind-implanted components such as hydrogen aQd helium. 

These fundamental differences cause immature lunar materials to 

be optically different from their mature counterparts. Immature 

soils associated with fresh impaCt craters are particularly useful 

for the study of vertical and horizontal crustal heterogeneity since 

they have much higher spectral contrast and thus provide excellent 

information on mineralogical composition. On the other hand, 

immature materials would be a very poor source of solar-wind

implanted components and iron-rich agglutinates. Moderate spec

tral resolution visible and near-infrared spectroscopy can be used 
for distinguishing between mature and immature soils. 

Illustrated in Figs. I a through ld are representative SSI spectra 

of mature highland soils and immature highland materials. The 

spectra in Figs. la and 1 b have been scaled to "Sun," thus keeping 

the albedo information, while those in Figs. Ic and Id have been 
scaled to the Mare Serenitatis standard area MS2 and also to 

0.56 ILm, allowing color differences to be discerned more easily. 

These figures illustrate three critical opticallspectral ptoperties 

that differ between immature and mature highland soils; these 

are (1) albedo, (2) the 0.56-0. 76-}lm continuum, and (3) the 0.761 
0.99-ILm ratio. Immature highland marerials are characterized by 

higher albedos, lower 0.76/0.56-}lm ratios, and higher 0.76/0.99

}lm ratios relative to their mature counterparts. Because the 
albedos of mature and immature highland marerials overlap to 

some extent, we have decided to use only the 0.76/0.56-}lm and 

0.76/0.99-}lm ratios to distinguish immature and mature highland 

materials in this study. Figure 2 illustrates the relationship between 

the O.76/0.56-}lm and 0.76/0.99-}lm ratios for the Galileo SSI 

lunar coverage. Although not obvious from this figure, there are 

very useful and systematic relationships between these tWO ratios. 

As described above, most immature highland materials can be 

characterized well as having 0.76/0.56-}lm ratios lower than a 

certain value and 0.76/0.99-}lm ratios higher than a certain value; 

thus they plot in the upper left hand portion of the scatterplor. 

Using (hese twO criteria, rhe immature highl;md materials observed 

by SSI can be identified. 

AI/Si Calculated from the SSl Data: While the mineralogical 

information normally associated with visible and near-infrared 

multispectral Jata is clearly pertinent to the assessment of lunar 

resources, this type of data can provide additional compositional 

information with which it is not usually associated. An example 

is derived from rhe important positive relationship that was 

observed between AIiSi measured by rhe Apollo X-ray spectrome

ter. and normal albedo [2,3). The linear portion of the reiarionship 

between albedo and AIISi, shown by the line in Fig. 3, appears 

to be dominated by mature lunar highland soils. Near the low 

albedo values of the mare, rhe lineari(y ma), to some eXtent be 

affected by mare/highland mix ing. This linear relarionship for 

marure highland soils is inruitively expected because, for a steady-

Immature hl4Jhland 

:9..0 matoerla[s 

SSI 
0.76/0.99 

0<3 128 102.. 
SSIO . 76/0.56 

Fig. 2. Scarrerplot of the 0.76/0.56-~lm continuum ratio vs. the 0.761 
0.99-J.lm ratio (or the Galileo SSI lunar coverage. Immature highland 
materials systematically lie in the upper lefthand quadrant of this plot. 
Axis values are in DNs. 
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Fig. 3. Scanerplot of AIiSi from the Apollo X-ray spectrometer 161 vs. 
lunar normal albedo 17]. ON values are from the La Jolla Consortium 
data. The line marked "highland soils" illustrates the linear trend of the 
mature highbnd soils. Points marked "Proclus" and "Alfraganus" are fresh 
impact craters. Direction of immature highland materials is indicated by 
the arrow. 

state (mature soil) abundance of absorbing soil alteration {aging} 

products and grain-size distribution, the albedo of anorrhositic 

highland material would be expected to be controlled by the 
abundance of feldspar, which in turn also controls the AllSi value 

due to its AI-rich nature. On the other hand, two types of lunar 

material do not follow a simple direct relationship between albedo 
and AI/Si. One of these m<1terials is mare soil. These soils, plotting 

at normal <1lbedos of less than approxim<1tely 106 DN in Fig. 3, 
are not expected to follow such a direct relationship since the 

range of plagioclase abundance is limited while the amount of 

albedo-controlling opaques varies extensively. The other type of 
lunar material that diverges from the linear relationship is material 
excavated by recent highland impact events (points lying to the 
right of the linear trend). The points labeled "Proclus" and "Alfra
ganus" in Fig. 3 are fresh highland impact craters. The high albedo 

of most types of recently excavated feldspa thic material is normall y 

not due to extremely high aluminum content, but rather due to 

the fact that the material has not been exposed long enough to 

have appreciably darkened by accumu lation of agglutinates and 
othet processes (i.e ., 14,5]) . If the correlation between albedo and 

AllSi is corrected for the mare soils and immature material, then 
the linear relation can be utilized to calculate AI/Si. The mare 

soils can easily be excluded simply on the basis of albedo. The 
immature highland materials are identified and removed using the 
0.76/0.56-/-Lm and O.76/0.99-pm ratios, as discussed above. Al
though the Apollo X-ray spectrometer dara cover only 9% of the 
lunar surface, if the same correlation between albedo and AllSi 

is valid for the mature highland soils of the rest of the Moon, 
then AllSi can be estimated for other areas by using quantitative 
albedo information . Quantitative albedo can be derived from SSI 
or other radiometrically calibrated visible or near-infra red data. 
The distinct advantage of the SSI data in this case is their extensive 

spatial coverage. 
Since the Apollo X-ray and currenr SSI data do not overlap 

to a great extent, in order to compute AIlSi for regions obsetved 
by SSI, a three-step process is used to relate the twO datasets . 
The first step is to quantify the linear relationship between AI! 

Fig. 4. Three-slice map of relative AI concentration for the highland 
soils observed by SSI (overlain by the La Jolla Consortium grid). Black 
corresponds to regions (mare and immature soils) for which AI concen
trations canner be calculated using the procedure described in the text . 
Brighter grey levels correspond to higher relative AI concentrations. 0 

=Orientale Basin, h =Hemsprung Basin, sp =South Pole-Aitken Basin, 
and ss = Schiller·Schickard. 

Si 161 and normal albedo 171 for the mature highland soils for 
which the twO types of data exist (portions of the eastern nearside 

and limb). This relationship is illustrated by the straight line in 

Fig. 3. The values on the axes are in DNs as per the La Jolla 
Lunar Consortium data. Conversion to actual AIISi and c)ther 
values will be undertaken in the future. Then, normal albedo is 
calculated for the SS! data from an empirical relationship between 

normal albedo and SS! reflectance at 0.56 pm for the areas where 
the two types o f Jata overlap {most of the western nearside}. 

Finally, using the normal albedo of the SSI data, AIISi is estimated 
for the mature highland soils observed by SS! by employing the 
relationship quantified in step 1. 

From this analysis we find that large-scale variations in alum

inum content occur throughout the highlands observed by SSI 
(Fig. 4). Relative depletions of aluminum occur in the South Pole

Aitken region and the Schiller-Schickard cryptomare region. This 
is expected for Schiller-Schickard i( less aluminous mare soils were 

indeed mixed with more aluminous highland soils in this area. 
Relative concenrrations of aluminum occur in the Bailly, Karolev
Hert!sprung, and Orientale regions. The finding of high con

centrations of aluminum in the Orientale region is supported by 
the discovery of anorthosite-rich massifs in the Inner Rook Moun

tains 18,91. 
Conclusion: The simple techniques described above can be 

used to derive a surprising wealth of general information about 
a number of critical lunar resources. Although simple in nature, 
the importance of these techniques should not be underestimated 
as they rely only upon existing technology and very spectrally 
limited data. The proposed lunar Discovery/Scout-c1ass missions 
to the Moon may provide a mechanism (or quickly obtaining global 
basic hmar resource information with a moderate spectral reso

lution, high-spatial -resolution visible, and near-infrare~ imaging 

system. 
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RADON AS A TRACER FOR LUNAR VOLATll.ES. Larry 

Jay Friesen, Lockheed Engineering and Sciences Company, P.O. 

Box 58561, Hou~ton TX 77258, USA. 

Introduction: Radon and its decay product polonium can be 
used as tracers to search for lunar volatiles. One effective tech
nique to look for them would be by using alpha-particle spec

trometers from lunar orbit. 
Alpha spectrometers were flown in the Apollo Service Modules 

during the Apollo 15 and 16 missions, and did observe 2l2Rn and 
its decay product " (lpo on the lunar surface from orbit [1,2]. This 
demonstrates that radon ;md polonium can be observed from orbit; 
what must next be shown is that such observations can reveal 
something about the locations of volatiles on the Moon. 

How Radon and Polonium Can Act as Tracers for Volatiles: 
What must !"irst be understood is that radon released in the lun<H 

regolith has a very low prob<lbility of re<lching the surf<lce before 
it decays, if it must do so under its own power, by random w<11k. 
Under the extreme vacuum of the Moon, the mean free p<lth 
of a radon ,ltom's random walk is not determined by collisions 
with other gas molecules, but rather by collisions with soil grain 
surfaces. The problem the atom faces is that it has such a high 
heat of adsorption that when it collides with a soil grain surface, 
it tends to stick very tightly to that surface, and thus rem<lin there 
for a comparatively long time before it takes the next hop. This 
slows down the diffusion process so much that almOSt all of the 
radon :ltoms random walkilig in this way will dec:lY before they 
reach the lun:lr surface [31. On tOP of that, radon atoms may 
have difficulty getting "unstuck" from their production sites into 
the intergrain volume for even the fim hop [21 . 

For these reasons, if radon or its dec ay product polonium are 
seen on the lunar surface in significant amounts, the radon was 
almOSt cenainly swept our by some other out flowing gas or gases. 
The Apollo 15 and 16 orbital alpha spectrometer results indicate 
another reason to suspect that radon is brought to the surface 
by sweeping rather than by random diffusion: the radon and 
polonium decay rates 'observed were not in equilibrium with each 
other [I ,2J. At Aristarchus Crater during Apollo 15, the decay 
rate of l21Rn was in excess of what would be in equilibrium with 
lI0po [II. At other locations, such as Grimaldi Crater and the 
edges of circular maria, the decay rate of 1iOpo was in excess. 

The half-life of 121Rn is 3.8 days. The time to reach decay 
equilibrium between 211Rn and 2J0po is largely controlled by the 
22.3-year half-life of the intermediate isotope 1IOPb. Thus the 
diseqUilibria between decay rates of radon and polonium indicate 
that outflow rates of radon at these locations on the Moon have 
varied on timescales of days to years . Indeed, given the short half-

life of l!2Rn, the radon observed at Aristarchus during Apollo 15 

must have been coming our of the Moon during the time of the 
mission, or within a few days before. This is a further argument 
in favor of a sweeping mechanism for bringing the radon to the 
surface, rather than a steady diffusion. In this connection, it is 
worth noting that the sites where higher-than·average radon and 
polonium decay rates were observed-Aristarchus, Grimaldi, and 
edges of circular maria-are among those most frequently cited 
as locations for lunar transient events (LTE), as summarized by 
Middlehurst and Moore [4,51. For these reasons, it has previously 

been suggested [6J that radon and polonium can act as a tracer 
system for recent geologic activity on airless planetary bOOies. 

But radon and polonium activity can trace not only where 
activity is taking place, but where volatile deposits are. For in 

order for a "sweeping" mechanism to bring radon to the surface, 

there must be volatile reservoirs as well as activity to bring it up. 
Sa observing major amounts of radon and /or polonium at some 
location on the surface would be a strong indicator of a source 
of volatiles beneath that location. 

Where roight such sources of volatile materials lie, <U1d how 
might they have gotten there! One possibility is that, even though 

analysis of returned samples indicates that the near-surface layers 
of the Moon :Ire extremely depleted in water and other volatiles, 
depoSits o f volatiles may exist at greater depths. Our present 
understanding of the Moon's formation and history is not yet 
complete enough to rule thi s out. Another concept, mentioned 
by Smith [71 and Feldman et ,11. [8], is that some fraction of the 
water (rom comets impacting the Moon may be driven down into 
the regolith and megaregolith by the impact process, to be trapped 
in pores and (ractures or to form hydrated minerals, and remain 
buried for geologically significant periods of time . 

The latter idea, if correct, would make understandable the 

association of many LTE with young bright ray craters, such as 
Aristarchus. 

Such potential pockets of buried cometary volatiles represent 
another place to search for useful volatile materials, in addition 
to the frequently mentioned idea of ice deposits in permanently 
shadowed craters at the lunar poles [9J. We should keep in mind 
that no one presently knows (or certain that such polar ice deposits 
exist. 

We dem't know, of course, whether any pocketS of comet:lry 
volatiles exist elsewhere, either. Al1d in fact, Smith's suggestiol1 
runs counter to estimates by Chyba [IOJ ~md others that volatiles 
from objects impacting the Moon would be almost completely lost. 
The point is that any significant lunar source of, for example, 
water or carbon dioxide or nitrogen would have enormous value 
for life suppOrt at a manned lunar settlement, so much value that 
we should use every reasonable search technique, and look every
where we can think of, in our efforts to find sources of useful 
volatiles on the Moon. Even if the likelihood of success is small, 
the potential payoff justifies a significant search effort. 

One attraction of using radon as a tracer is that it doesn't matter 
if the idea of cometary implantation of volatiles is wrong. This 
technique does not depend on any assumptions about how volatiles 
got into place. If volatiles are present, and if they are coming to 
the surface, they will bring radon with them. The radon-or its 
polonium descendant-can then be observed from lunar orbit. 

The Apollo 15 and 16 alpha spectrometer results already give 
us strong reason to suspect that deposi ts. of volatiles do exist at 
some locations within the Moon, from which "burps" occasionally 
come to the su rface in an episodic fashion. 

http:VOLATll.ES
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One caution: Detecting radon or polonium from lunar orbit 
can reveal the existence and selenographic locations of volatile 
reservoirs within the Moon; however, such detections will not 
reveal the amount of volatile material within a reservoir, its 
composition, how Jeeply it is butied, nor how difficult it will be 
to gain access [Q the material. Thus this search technique may 
be of more value for the long term, for permanent human set 
tlement of the Moon, than for an initial base. 

Proposed Method of Search: It will surprise no one who has 
read this far that I am proposing to look for radon and polonium 
with an alpha spectrometer from lunar orbit, juS( as was done 
on Apollo 15 and 16. One important difference is that this time 
it should be done from lunar polar orbit in order to get a complete 
global survey of any significant radon sources. 

It would be useful to narrow the selenographic resolution of 
detection, iffeasible. The maps of 2l( 

l 
po distribution produced from 

Apollo 15 and 16 data show 2JOpo activity variations for blocks 
of the lunar surface 10° wide [Ill. It would be very helpful to 
be able to locate volatile flows more precisely . By integrating over 

several orbits, it should be possible to improve the signal-to-noise 
ratio enough to do this [121. 

Information of the sort I am proposing may be provided by the 
proposed Lunar Prospector mission [12], if and when it flies. That 
mission has an alpha spectrometer among its planned suite of 
instruments. 
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ECONOMIC GEOLOGY OF THE MOON: SOME CON
SIDERATIONS. Stephen L Gillen, Department of Geology, 
Mackay School of Mines, Universi ty of Nevada, Reno NV 89557, 
USA 

Supporting any but the smallest lunar facility will require indi
genous resources due to the extremely high cost of bringing 
material from Earth 11]. The Moon has also attracted interest 
as a resource base to help support near-Earth space activities, 
because of the parential lower cost once the necessary infrastruc
ture has been amortized. Obviously, initial lunar products will be 
high-volume, bulk commodities, as they are the only ones for which 
the economics of lunar production are conceivably arrractive. 
Certain rarer elements, such as the halogens, C, and H, would 
also be extremely useful (for propellant, life support, andlor rea
gents), and indeed local sources of such elements would vastly 
improve the economics of lunar resource extraction. 

However, early scenarios for lunar resources, based on extracting 
many common elements from ordinary regolith [2], are probably 
unworkable. A survey of terrestrial mining experience indicates 
that the overwhelming criterion of a potentially economic deposit 
is its recoverable concentration of the desired element [3J . This 
results because separating elements is difficult and costly, and is 
indeed why "ores"-i.e., anomalous concentrations of the desired 

element-are worth seeking in the first place. In facr (and some
what paradoxically), a high-grade ore is most critical for large
volume commodities, as those would be prohibitive to purify on 
the scale required. Hence, identifying the most concentrated 
sources of desired element(s) for local resource extraction should 
be an element of future lunar missions, and certainly should be 
a factor in siting a lunar base. 

Few lunar geologic studies to this point, however, are directly 
relevant to exploration for potential ores, as they have been 
concerned with identifying large-scale, global processes. This focus 
has been appropriate, of course, given our a priori ignorance of 
the Moon. Moreover, quite apart from the Moon's scientific 
interest, serious concern about its resource value would also have 
been highly premature, for at least two reasons: (1) Useful con
straints would be impossible without first knowing the basic geo
logic framework and (2) potential resources cannot be evaluated 
in a vacuum; their value depends on their possible uses. However, 
the broad-brush approach of planetological studies is opposite that 
of economic geology, because economic geology deals with the 
products of rare events. Ore deposits typically occur where by 
happenstance a rare process, or a fortuitous combination of pro
cesses, has run to an extreme. Such depOSits are ~are by their 
very nature; indeed, almOSt by their very definition . Nonetheless, 
they are worth seeking because of the extreme expense of separ
ating elements, so that,it is highly cost effective to let natural 
processes carry out as much separation as possible first. Hence. 
global characterizations >uch as typify traditional lunar studies are 
not immediately relevant for ~conomic geology investigations. 
They merely set the geologic context, whereas economic geology 
lies in the unusual-and extremely local-variations from the 
norm. 

It has been argued, especially in the popular literature, that 
the anhydrous nature of lunar materials precludes any ore deposits 
like those on the Earth. This is overstated. For one thing, the 
Moon is vastly more heterogeneous than had been thought even 
un til relatively recently. as has been demonstrated by both ongoing 
studies of lunar petrology [4] and by remote sensing [5]. The Moon 
underwent protracted igneous activity, spanning hundreds of mil
lions of years, during its early history, and this led (0 varied and 
large-scale differentiation and fractionation. 

Second, the mere waterlessness of the lunar environment does 
not preclude all ore-forming processes. Although it is true thar 
water is vital in forming many terrestri<)1 ores, anhydrous magmatic 
differentiation is also c<lpable of gener<lting substantial element 
concentrations, and indeed has formed some terrestri<ll ore de
posits. Such purely magmatic processes include partial melting, 
fractional crystallization, and phase separation (liquid unmixing 
or crystal settling). Examples of such magmatic ores on Earth 
include Cu-Ni sulfide ores from sulfide liquid immiscibility, chrom
ite from cumulate settling, and magnetite ores crystallized from 
late-stage magmatic fluids extremely enriched in Fe [6]. Similar 
processes may occur on the Moon [7J. Yet other potential lunar 
processes may have no terrestri<ll analogues. as with the possibility 
of cold-trapped volatiles in permanently shadowed regions at the 

lunar poles [8J. 
To be sure, the lunar geologic environment is very different 

from the terrestrial, and the possible consequences of the Moon's 
low oxidation state and waterless ness for generating useful con
centrations of elements must be addressed. For'example, consid
ering the behavior of the rarer elements under lunar conditions 
with a view to how (or whether!) they can become concentrated 
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locally would be valuable. Many industrially important elements 
are highly incompatible and in a magma will rend to become 
concentrated in the residual melr, so that useful concentrations 
may form [7J. However, the enormous literature on lunar rare 
elements is focused instead on their use as tracers of large-scale 
geologic processes (e .g., parritioning of REE) and thus is not directly 
applicable to economic geology. 

For example, much lunar Cr is present as Cr++, due to rhe 
reduced character of lunar rocks [91. and Cr is enriched in the 
lunar crust relative to Earrh. The mechanism of this enrichment 
seems somewhat obscure, however. Presumably, Cr~+ is excluded 
from compact Fe-Mg silicates in the lunar mantle, as it is a large 
ion [IOJ; moreover, Cr++ has large Jahn-Teller effects and hence 
prefers distorted crystal sires. Hence the Cr on the surface proba bly 
arrived as Cr+~ in residual melts originally fractionated out of the 
mantle . However, surface Cr commonly exists as Cr+++, especially 
in chromite [II J. Data from reduced chromian slags indicate that 
at low temperatures CrO is unstable and will disproportionate into 
Cr metal and Cr!OJ [12J. As Cr metal is more electropositive 
than Fe, this suggests that some of the native Fe on the Moon 
may result from reducrion by Cr+~ oxidation, and textural relations 
support this interpretation 113J. In ony case, understanding Cr 
mobility due to its varying redox behavior may allow finding areas 
enriched in it, and may also have implications for deposits of native 
Fe. 

Moreover, as this example suggests, the slog literature seems 
to be a largely overlooked source of possible insights about the 
behavior of silicate melts under extremely reducing conditions. 
They may provide information on rare elements in parricular. 
Many slags contain not only Crh, but Ti+++ or even Ti++ 

112J. The ceramic literature may also be useful as many high
performance ceramics are anhydrous. Indeed, industrial experience 
has already provided extremely useful analogues for some non
terrestrial processes, e.g., Sill's 114J modeling of the role of sulfur 
in Venus cloud processes, using observations from Lunge's [ IS] 
industrial tremise on the obsolete lead-chamber process for com
mercially producing sulfuric acid, and Lee et al.'s [16] observations 
of molten sulfur flows in commercial mining operations to infer 
behavior of natural flows on 10. Such literature also seems an 
underused source for potential inSights into lunar conditions. 

Surface Signatures: It is not enough ro predict mec hanisms 
by which ores may be formed; they must also be found. Seeking 
a distinctive signature from orbital sensors is an obvious and 
relatively cheap approach; e.g. , it has been commonly advocated 
(or uetecting whether cold-trapped polar volatiles exist. Many if 
not most ore deposits will be too small, however, to show up with 
the resolution proposed for probes such as the Lunar Observer. 
For example, a deposit of pure ilmenite 100 m on a side, which 
would be more than enough to support an initial lunar installation, 
would not be seen. 

Detection of such small deposits must be more subtle, especially 
as global increases in resolution are not practical. Instead, the 
signature of potentially favorable geologic settings for concentra
tion of the desired element must be sought; once such areas have 
been identified, they can be targeted for further investigation. 

It seems underappreciated that this is how mineral exploration 
is carried out on Earth. For example, an explorationist seeking 
Au mineralization in Nevada does not begin by mapping the entire 
state at I-m resolution . lnsteod, he ,or she focuses attention on 
promising areas identified on the basis of their general geologic 
setting, and maps them in detail. Similarly, small but promising 

areas on the Moon, initially found by remote sensing, can be later 
focused on in detail with high-resolution sensing, and in the case 
of the most favorable areas, actual samples can be collected. 

Conclusion: In summary, a viable ore resource contains as 
high a concentration of the desired element as possible in a form 
that is as easy to recover as possible, and such deposits moreover 
are unusual, resulting from rare processes or unusual extremes of 
common processes. This will be true of lunar resources as much 
as terrestrial ones. To explore for lu nar resources, therefore, the 
lunar geologic literature musr be reevaluated with this perspective, 
using our knowledge of global lunar processes to establish geologic 
contexrs, and then derermining whar element-concentration pro
cesses might occur locally in such contexts. Terresrrial analogues, 
such as magmatic ore formarion, as well as lunar samples that 
seem to reflect unusual processes, should help identify such pos
sibilities. Industrial experience with possibly relevant systems such 
as reducing slags or anhydrous ceramics may also provide insight 
on possible ore-forming processes. Once possibilities are estab
lished, then attention can be focused on promising lunar localities. 
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THE TARGET: H 20 ON THE MOON. J. Green', J. Negus
de Wysl, and A Zuppero!, 'California State University, CA, USA, 
!EG&G Idaho, [nc ., ID, USA. 

The importance of H 20 on the lunar surface has long been 
identified as a high priority for the existence of a human colony 
for mining activiries and, more recently, for space fuel. Using the 
Earth as an analogue, volcanic activity would suggesr the gener
ation of water during lunar history. Evidence of volcanism is found 
not only in present lunar morphology, but in over 400 locations 
of lunar transient events caralogued by Middlehurst and Kuiper 
in the 1960s. These events consisted o f sighrings since early hisrory 
of vapor emissions and bright spots or flares . Later infrared scan
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ning by Saari and Shorthill showed "hor spots," many of which 
coincided with transient event sites. Many of the locations of 
Middlehurst and Kuiper were the sites of repeat events, leading 
ro the conclusion that these were possibly volcanic in nature. 

If water were formed on the lunar surface in the past through 
volcanic activity, remnants of frozen H 20 could be expected ro 
survive in the polar regions and in crater rims, prorected by meters 
offine (l5-).Lm) lunar regolith from the high-vacuum, high-escape 
velocity, and the long, hot lunar day. 

More lunar volcanic resources may possibly be present on the 
highlands than hererofore believed, a belief based in parr on remote 
sensing of the lunar limb and farside by the Galileo spacecraft 
in 1990. The probe discovered probable volcanic "crypromare" 
provinces on the highlands. Highland volcanism enhances the 
probability of endogenic water resources on the floors of shadowed 
polar craters in addition ro possible cometary ice input. Modi
fication ofSrrategic Defense Initiative weaponry for use as orbiting 
cislunar remote sensors could be useful in detecting ice or ice 
clathrate within polar craters especially in the vicinity of lunar 
transient sites. Focused neutron beams from a linear accelerator 
in polar orbit could be directed onto the floors of eternally 
shad owe..:! crater floors to detect possible water ice by the 2.22
meV gamma backscatter of hydrogen. Prior to renewed manned 
exploration of the Moon, many modified SDI systems could be 

used in ~ctive remote sensing exploration for both volcanic and 
impact -de ri ved volatiles in lunar shadow. 

The exploration system seeks to find a surprisingly small amount 
of water ice. The H zO would be used for massive cargo propulsion, 
life support, and material processing. Direct use of the water as 
propellant in nuclear thermal steam rockets provides nearly the 
optimum ratio of payload mass per tanker ship m~ss for lunar ascent 
and escape missions. The simplicity is of very high practic;ll value 
to lunar oper;ltions . Converting the water into cryofuels provides 
the most resource-efficient propulsion. To supply 10,000 rons of 
propellant or rocket fuel to lunar escape would require finding 
a block of permafrost less than 35 m across. This 10 ktons of 
fuel isabollt as much as has been launched during the entire history 
of space. It would provide the fuel to t;lke 50 p~yloads of 100 
((lns each from the lunar surface to ~n Earth orbit, o r to t~ke 
25 payloads of 100 tons each [0 the Moon from low buth orbit. 
T o deliver 10,000 tons of lunar m;1~S to each of 100 so\;u power 
st ;1tions of multigigawan cap~city would require finding ,) mere 

160-c ubic -meter block of ice. 
Prepared for the U .S. Department of Energy Assistant Secret;lry 

for Conservation and Renew"ble Energy under ooE Idaho Field 
Office Contract OE-AC07 -76100 1570. 

LUNAR MAGNETIC FIELDS: lMPLICATIONS FOR RE
SOURCE UTILIZATION. L. L. Hood, Lunar and Planetary 
L,boratory, University of Arizona, Tucson AZ 85721, USA. 

It is well known that solar-wind-implanted hydrogen and 
helium -] in lunar soils are porentially usable resources for future 
manned activities. Hydrogen applications include manufacture of 
propulsion fuel and combination with oxygen (extracted from 
minetals such as ilmenite) to produce water. More speculatively , 
helium -3 m<ly ultimately be returned to Earth <IS <I fuel for future 
terrestri<ll fusion reactors. For economic<ll mining of these im
planted g<lses, it is desirable that rel<lti ve concentrations exceed 
that of typical soils (e.g., [I J). It has previously been nored that 

the monthly variation of solar wind flux on the surface due to 

lunar immersion in the geomagnetic tail may have measurable 
consequences for resource utilization [21 . ln this paper, it is pointed 
out that, for a constant external flux, locally strong lunar crustal 
magnetic fields will exert the dominant influence on solar wind 
volatile implantation rates. In particular, the strongest lunar crus
tal magnetic fields will borh deflect and focus incident ions in 
local regions leading ro local enhancements of the incident ion 
flux. Thus, the most economical sites for extraction of solar-wind
implanted volatiles may be within or adjacent to strong crustal 
magnetic fields. In addition, solar wind ion deflection by crustal 
magnetic fields must be considered in evaluating the issue of 
whether remnant cometary ice or water-bearing minerals have 
survived in permanently shadowed regions near the lunar poles 
(3 J. This is because sputter erosion of water ice by solar wind ions 
has been suggested to be an important ice loss mechanism within 
permanently shadowed regions [41. Thus, permanently shadowed 
regions that <Ire also shielded from the solar wind by locally strong 
crustal fields could be the most promising locations for the survival 
of cometary ice. 

Although the l<lrgest directly measured surface magnetic field 
was 327 nT at the Apollo 16 site [5], it is likely that much larger 
surface fields exist elsewhere in regions of strong magnetic anom
alies detected from orbit. Modeling of the btter suggests surface 
fields as large as sever<ll thousand n T (several hundredths o f a 
gauss) in restricted regiOns. Direct surface me<lsurements of inci
dent solar wind ions were obtained at the Apollo 12 and ISlanding 
sites where surface field amplitudes were only -38 and -3 n T 
respectively . Nevertheless, at the Apollo 12 site, incident ions were 
observed to be decelerated by as much as 70 km/s and (0 be 
deflected in direction by ::;IO° 16\. We have previously calcul:1ted 
the deflection of sol<lr wind ions by simulated lunar crustal mag
netic fields for the purpose of investigating the origin of swirl
like albedo markings th<lt <Ire associated with many of the strongest 
lunar m;lgnetic <lnomnlies [71. It was found that signific<lnt deflec
tions do occur and that local plasm" voids are proJuced at the 
lunar surface. 
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In this paper, additional numerical simulations are employed 
ro show that solar wind ion deflection by strong lunar magnetic 
anomalies can produce local increases in the implantation rate 
of solar wind gases such as hydrogen. This may increase the resource 
porential of these volatiles. An example of the surface "shot 
pattern" produced in one such simulatio n is shown in the figure . 
The calculation includes a first -order accounting (or the compres
sion (and consequent local amplification) of crustal magnetic fields 
by the incident solar wind. The net effect is a slight increase in 
the deflection of ions as compared to that which would occur 
in the absence of field compression . As a nominal model of a large
amplitude, complex magnetic anomaly source region, we consider 
a magnetization source distribution represented by a series of 
dipoles with locations, orientations, and magnetic moments similar 
to those tabulated in [7]. The resulting magnetic anomaly fields 
are comparable ro those measured over large anomaly sources with 
the Apollo subsatellite magnetometers. Surface fields are a max
imum of -3000 nT, or about I order of magnitude larger tha n 
that measured at the Apollo 16 landing site. 

Additional simulations indicate that if water ice ex ists in per
manently shadowed regions of the lunar poles together with locally 
strong magnetic fields, these fields would be capable of preventing 
sputter erosion losses by interplanetary and magnetospheric ion 
flu xes. In particular, model simulations indicate that the ability 
of magnetic anomalies ro shield t he surface from incident ions 
incre<1ses with the angle of incid~nce and, hence, (or most particle 
sources, with selenographic btitude. 

The possibility that relatively strong anomalies are capable of 
providing significant protection o( humans and materials <1gains t 
major solar flare pi1rticle events has also been examined and fou nd ' 
to be unlikely. 
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MAPPING THE MOON IN SOFT X-RAYS: PROM1SES 
AND C HALLENGES. R. M. Housley, Rockwell International 
Sciences Center, P.O. Box 1085, Thousand Oaks CA 91 360, USA. 

Recent ROSAT images reported by Schmitt et al. [lJ show that 
the sunlit parr of the Moon is a significant source of very soft 
X-rays. Stimulated by these observations, Edwards et al. [2] have 
made an analysis of the response of the Moon to the solar soft 
X-ray and EUV spectrum. They argue that much of the observed 
emission is in the form of discrete fluorescence lines in the energy 
range 25 to 100 eV, and that these lines are generally much stronger 
than the adjacent directly scattered solar background . On this 
basis they suggest that soft X-ray fluorescence can be used to 

remotely obtain high-precision elemental maps of the lunar sur
face . Edwards et al. ha ve continued to develop this idea and have 
suggested a system using soft X-ray telesco pes in lunar orbit, which 
could also obtain very good spatial resolution (personal commun
ication, 1992). This combination could be extremely valuable in 

furthering our understanding of lunar chemistry and potential 
resource distributions. 

The fluorescence X-rays considered by Edwards et al. [2J all 
necessarily in volve transitions between the valence band and very 
shallow core vacancies. Their energies, structures, and overall 
widths hence reflect the characteristics of the host matrices, and 
va ry with valence state and coordination . In determining line 
structures, valence electrons derived from the flu orescing atoms' 
atomic states generally contribute most heavily and their weighting 
depends on dipole selection n,des. Thus even twO elements in the 
same compound are expected to ha ve significantly different line 
shapes. 

In light of the above it is clear that lunar mapping missions 
could best be planned using actual soft X-ray fluorescence spectra 
of representative lunar regolirh samples, and the component min 
erals ~nd glasses that make them up. Since such data ~re not 
currently available we here use our published XPS data on lunar 
samples (3] along wirh unpublished dara on minerals to estimate 
most probable X-ray energies and allowed ranges. This is possible 
since both the core levels and the va lence band levels are seen 
in the XPS data. The results are presented in Table I. 

TABLE I. X.rar fluoresc~nce energies ano linewiorhs. 

Flu,, Predicted Allow~J 

r"sccnce Energy R~ngc 
EI~Olenr Tr~nsition (eV) (eV) Reference S~mples Used 

Na 2Z ±6 II L,braoorite 
Mg 42 ±4 II Forsteri!e 

42 ±7 Synrhetic llinar 
glass 

42 ±7 3 LunJr regolirh 
10084 

AI 66 ±6 u L,braoorite 
67 ±6 II Synthetic lunar 

glass 
67 ±6 II Lunar regol irh 

10084 
Si 94 ±6 II bbradoritc 

9S ±4 II Forsterite 
94 ±7 II Synt hetic lunar 

gbss 
96 ±7 II LunJr regoli th 

10084 
5 IS6 ±S u FeS 

1S4 ±7 u ZnS 
Ca 18 ±6 u Labradorite 

19 ±7 -' Synthetic lunar 
gbss 

18 ±7 3 Lunar regolith 
10084 

Ti 32 ±7 u IImenire 
31 ±7 3 Synthetic lunar 

glass 
30 ±7 3 Lunar regolith 

100114 
Fe 49 ±7 u Ilmenite 

49 ±7 3 S,nchetic lunu 
glass 

49 ±7 3 Lunar regolith 
IOOS4 

Zn SO ±6 II ZnS 
80 ±6 u ZnO 
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TABLE 2. Selected X-ray escape depths ( A). 

Energies (eV) 

Material 30.5 72.4 91.5 151.1 

10084 glass 190 430 530 670 
67701 glass 180 470 510 630 
ZoS 380 420 660 

lr is also useful ro know how rhick a region of [he lunar surface 
will be sampled by these sofr X-rays. We have estimated mean 
escape deprhs for several energies and composirions corresponding 
ro a mare glass, a highland glass, and ZnS using rhe mass arrenuation 
coefficients of Henke er al. [4], and present rhem in Table 2. 

High spatial resolurion combined with the thin surface layer 
from which these soft X-rays arise suggests rhe exciting possibility 
t har X-ray telescopes cou ld map lunar volcanic volatiles from orbit. 
The most characteristic feature of known lunar volcanic volatile 

deposits is a conspicuous enrichment in sulfur and zinc on grain 
surfaces [5,6]. These Zn,S-rich surface films can be seen in SEM 
images. In XPS studies [7] we have found surface Zn concentrations 
higher rhan 5 atomic percent and have estimared a deprh of ar 
leasr 100 A. Thus Apollo 17 orange glass appears to have enough 
Zn and S [() be seen from orbir, and ir would be very surprising 
if rhere are not other lunar regions much richer in volcanic 
volatiles. 

In our XPS srudies of lunar regolith fines \8] we found rhar 
a significant fracrion of rhe iron in the outer few hundred ;mg
srroms of grain surfaces was reduced ro rhe merallic (orm, pre
sumably as a resulr of micrometeorire vaporization and solar wind 
effects. BeC<ltlse of [he srrong possibiliry of substantial reoxidarion 
of lunar marerial during srorage, sample prepararion, and analysis, 
we cannot know wh<lt the reduced fraction was on rhe lunar 

surface, but it may have been large. The MlJ XPS lines and MlJVV 
Auger lines of Fe++ and Feo h<lve different shapes and energies, 
<111owing rhem to be easily distinguisheJ. h seems likely rhat the 
M 2JV X-ray line will also, so the oxidarion srate of Fe in the regolirh 
migh t be mapped with properly chosen relescopes. 

We thus suggest that, in addition [() major-element mapping, 
considerario n be given ro voic<1nic volatile m<1pping anJ regolith 

oxidation ,t<1te mapping. 
This work was supported by the Rockwell Independent Research 

and Development Program. 
References: [I] Schmi [[ J. H. lv1. M. et <11. (1991) Natllre. 349, 

583-587. \2] Edwards B: C et al. (1991) GRL. 18,2161-2164. 
[3] Housley R. M. and Grant R. W. (1976) Proe. LSC 7th, 881
889. [4 J Henke B. L. er al. (1982) Atomic Dara (lnd Nl~clear D(lra 
Tahles, 27, I. [5] Buder P. Jr. and Meyer C. Jr. (1976) Proc. 
Apollo II LSC, 1561-1581. [6] Cirlin E. H. (1978) Proc. LPSC 
9th , 2049-2063. [7] More complete analysis of data in reference 
[6]. [8] Housley R. M. and Grant R. W. (1977) Proe. LPSC 8th, 
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ASSESSMENT OF THE LUNAR SURFACE LAYER AND 
IN SITU MATERIALS TO SUSTAIN CONSTRUCTION
RELATED APPLICATIONS. Srewart W. Johnson' and Koon 
Meng Chuaz, IBDM Internarional, Inc., 1801 Randolph Road SE, 
Albuquerque NM 87106, USA, 20epartmenr of Civil Engineering, 
University of New Mexico, Albuquerque NM 87131, USA. 

In rhis paper we focus on present and furure rechnologies ro 
facilirare lunar composition and resource assessment with appli
carions to lunar surface construcrion. We are particularly inter
ested in the consrrucrion activity associared wirh lunar-based 
astronomy. We address, as an example, rhe use of ground-probing 
radar ro help assess subsurface condirions ar sires for observarories 
and or her faciliries. 

We feel rhar a multidisciplinary effort is desirable ro identify 
whar engineering data on rhe lunar environment and on rhe lunar 
soil and rock should be collected and how it should be obrained . 

Johnson and Burns [I] have urged aerion ro acquire the following 
information and resolve issues indicated; (I) ropographic maps of 
potential observatory sires (e.g., 10-cm conrours over an area 1 km 
in radius); (2) derailed boulder sizes and counts over the same 
area; (3) surveys (e.g., by radar, microwave, or orher me,ms) for 
subsurface boulders over crirical areas where foundations and 
excavarion are desired; (4) surveys of deprh-ro-bedrock (with 
suirable definirion and characrerizarion of bedrock); (5) trenching 
and bulldozing experiments to establish energy requiremenrs ;lnd 
depth limirarions ofrhese operations; (6)drilling and coringexper
iments (with energy consumption and deprh limitations clarified); 
(7) force- vs. -clepth cone penerrometer measuremenrs ro be used 
for siting serrlemenr-sensirive relescope srructures; (8) rrafficability 
measurements including esrablishing energy consumption, slope
climbing capabiliries, and formarion of rurs or depressed surfaces 
by repeared rraverses of unprepared surfaces; ;lnd (9) electrostaric 

charge me<lsuremenrs. 
This lisring has grown out of discussions wirh Dr. W. D;lviJ 

Carrier III of the Lun;lr Geotechnical Institure and orhers. The 
list will vary somewhar depending on requirements for lunar-based 
facilities and operarions. Johnson er al. [21 have noted rhar it is 
necessary ro starr now ro develop rhe concepts and rechnologies 
for the nexr generarion of space-based telescopes. A successor for 
the Hubble Space Telescope could he eirher ·in high E,mh orbit 
(HEO) or on rhe Moon. To properly ;I,sess rhe merirs of rhese 
suggesred future relescopes, rechnology development for 11Ill<H ;IS 
well as HEO relescopes should now be pursued so that properly 
informed decisions may be made. Parr of the technology devel
opment requires improved undersranding ofengineering properries 
of lunar surface and subsurface marerials and dusr behavior. John
son and Werzel [3] nore that the success of a large lunar-based 
telescope will depend on an apptopriarely engineered structure, 
a suirable interface (foundarion) with rhe lunar regolith, and a 
carefully thought-our consrruction process. Johnson and Burns [I] 
have discussed the rechnology development required for large 
lunar relescopes and lunar oprical/UV IlR synthesis arrays. They 
encourage the communiry to plan early lunar-bound payloads and 
surface operarions ro advance the knowledge and understanding 
required for building large telescopes on rhe Moon after rhe year 
2000. Examples of key rechnologies for large lunar observarories 
rhat we feel deserve a[[ention early in rhe program ro return ro 

t he Moon are 
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1. Geotechnical (e.g., soils, excavation, foundations, and use 
of in situ materials for shielding). 

2. Mitigation of detrimental effects of the environment (e.g., 
dust, thermal, primary and secondary impacts of micrometeoroids, 
radiation, and vacuum). This area includes obtaining a better 
understanding of the dust and debris environments above and on 
the surface of the Moon. 

3. Approaches to use in construction on the Moon (e.g., ex
travehicular activity, robotics, telepresence, assembly aids, con
nectOrs). The appropriate choices can be made only with adequate 
knowledge of (he surface conditions and variability. 

4. Contamination/interference control and restoration pro
cesses. May vary with chemistry and mineralogy. 

5. Performance of optical and related systems and charge
coupled devices (CCDs) on the Moon. CCDs deserve particular 
attention with respect to shielding requirements against cosmic 
and solar flare radiation. Shielding will probably be with in siru 
materials requiring excavation and placement at desired densities. 

6. Test and evaluation techniques for lunar observarory systems 
and construction approaches to validate approaches before return
ing to the Moon. Depends on devising appropriate simulation of 
lunar conditions. 

We anticipate that the initial telescopes on the Moon will be 
small automared instruments rhat have already been shown ro 
be feasible by exisring Earth-based robotic relescopes. These early 
telescopes will not only establish rhe viabiliry of telescopes on rhe 
lunar surf;1ce, but will also perform excellent extended observa
tions during the long lunar night to test models of active srars 
and galaxies, and do all-sky CCD surveys in rhe ultraviolet and 
infrared using a Schmidt wide-field telescope ro complemenr the 
importanc sky survey done at MOllnt P<llomar. We conclude that 
atrention must be given to instrumenting rhese small telescopes 
in innovarive W<lys to obtain information that will help find 
answers to unknowns in the areas listed above. We suggest rhar 
there are excellent opportunities ro use the early landers ro 
invesrigate the behavior of the soil under load, determine the 
extent of dust movement (e.g., levitation) associated wirh the 
passage of the lunar terminator, and place bounds on disturbances 
associated with vehicle operations on the Moon. Cre<Jtive uses 
of informHion obtained from many innovarive approaches may 
be used ro help make lunar-based telescopes a reality. 

For example, ground-probing radar has many rerrestrial appli
cations (e .g., in-assessing pavement layer thicknesses in highway 
engineering applicarions, in determining the locarion of iissures 
in rhe dry lake bed at the Edwards Air Force Base shuttle landing 
site, and at Meteor Crater, Arizona, in investigations of rhe ejecta 
blanket) . We propose ro use rhis technology on the'Moon in 
conjunction with other techniques such as penetromerers, borings, 
and core recovery to ascertain needed subsurface soil and rock 
properties. The goal is to minimize the use of labor-intensive 
subsurface sampling required during site investigations on the 
Moon and to improve approaches to assessing in siru lunar con
srruction materials. 

References: [1 J johnson S. W. and Burns j. O. (1991) Pro
ceedings of the Common umar Lander Workshop, NASA, Housron. 
121 johnson S. W . (1992) Proceedings of Space 92, American Society 
of Civil Engineers, New York . 13] johnson S. W. and Wetzel j. P. 
(1992) ] Aerosp. Eng., 5. 

AN IN SITU TECHNIQUE FOR ELEMENTAL ANALYSIS 
OF LUNAR SURFACES. K. Y. Kane and D. A. Cremers. CLS
4. Mail Stop j567. La, Alamos National Laboratory, Los Alamos 
NM 87545. USA. 

An in siru analytical technique that can remotely determine 
the elemental constituents of solids has been demonstrated. Laser
Induced Breakdown Specrroscopy (L1BS) is a form of aromic 
emission spectroscopy in which a pow~rful laser pulse is focused 
on a solid to generate a laser spark . or microplasma. Material in 
the plasma is vaporized. and the resulting atoms are excited to 
emit light. The light is spectrally resolved to identify the emitting 
species. 

L1BS is a simple technique that can be automated for inclusion 
aboard a remotely operated vehicle. Since only optical access to 
a sample is required. areas inaccessible to a rover can be analyzed 
remotely. A single laser spark both vaporizes and excites the sample 
so that near re~I-(ime analysis (a few minutes) is possible. This 
technique provides simultaneous multielement detenion and has 
good sensitivity for many e1emenrs. L1BS also eliminates the need 
for sample retrie val and preparation preventing possible sample 
contamination . These qualities m~ke the L1BS technique uniquely 
suited for use in the lunar environment. 

L1BS has been demonstrated using se veral different types of 
sa mples ar distances between 4 ;md 18 Ill . An<llyzed samples include 
simulants of Apollo mission Moon rocks. Mauna Loa basalt sam 
ples, and rock powJ~r reference standards. An example of the 
spectra obrained wirh this technique using ~n Apollo Moon rock 
simulant is presented in Fig. I. The presence of several elements 
such a~ aluminum, calcium, iron, magnesium, silicon. and titanium 
is clearly evident. 

A portable L1BS instrument has been field tested with gooJ 
preliminary results. An exposed tuff hce was interrogated by the 
I<lser spark at a Jistance of approximately 18 m in bright sunlight. 
Spectra obt,lined at rhis Jistance displayed very srrong emission 
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Fig. I. Laser spmk spectra of "n Apollo Moon rock simulant in a vacuum 
chamber at " distance of approximatel\" 10m. 
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Fig. 2. Calibrarion curve for magnesium generared by moniroring (he 
Mg I (285.2 nm) emission line. 

intensiries wirh negligible background interference indicaring rhe 
feasibiliry of exrending rhe analysis diswnce signit'icanrly beyond 
18 m. This would require oprimizarion of rhe focusing oprics and 
an auromated alignment capabiliry ro oprimize light collection. 

Experiments to date have proven rhe qualirative analysis capa
bilities of rhis technique. Preliminary calibration curves have been 
generated using rock powder standards ro provide a q uantitarive 
mensure of the technique. These curves were generared by mon
itoring the emission intensiry of specific elemental lines. The cal
ibration curve for magnesium is shown in Fig. 2. Similar curves 
have also been obrained for calcium and aluminum. Further 
experiments are needed to verify the quantitarive Glpabilities of 
L1BS and to derermine a set of optimum operaring parameters. 

ROBOTIC LUNAR ROVER TECHNOLOGIES AND SEI 
SUPPORTING TECHNOLOGIES AT SANDIA NATION· 
AL LABORATORIES_ PauiR. Klarer, Sandia National Labor
atories, Robotic Vehicle Range, Division 9616, P.O. Box Z800, 

Albuquerque NM 87185, USA. 

Robotic Rovers: Existing robmic rover technologies ar Sandia 
National Laboratories (SNL) can be applied tov.>ard the realization 
of a robotic lunar rover mission in rhe near term. The facilities 
and robotic vehicle fleer at SNL's Robotic Vehicle Range (SNL
RVR) have been used to support rechnology base development 
in rhe mobile robotics field since 1984. Applicarions ranging from 
DOD battlefield and security missions to multiagency nuclear 
emergency response team exercises have urilized various elements 
of that technology base. Recent acrivities at the SNL-RVR have 
demonstrated rhe utility of existing rover technologies for rter
forming remote field geology tasks similar [0 those envisioned on 
a robotic lunar rover mission. Specific technologies demonstrated 
include low-dara-rate releoperation, multivehicle control, remote 
site and sample inspection, standard bandwidth stereo vision, and 
autonomous parh following based on borh internal dead reckoning 
and an external position locarion update system. These activities 
serve [0 suppOrt the use of robotic rovers for an early return [0 

the lunar surface by demonstrating capabilities thar are artainable 
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with off-rhe-shelf technology and existing control techniques. 
Sandia National Laboratories' -Advanced Vehicle Technologies 
Department's extensive experience in designing and producing 
fieldable robmic rover systems provides a practical, realistic basis 
for integrating this technology within a multiagency team's'sce
nario for a near-term robotic lunar rover mission. 

SEI Supporting Technologies: The breadth of technical ac
tivities at SNL provides many supporting technology areas for 
robotic rover development. These range from core competency 
areas and microsensor fabrication faciliries, to actual space qual
ificarion of flight components that are designed and fabricated 
in-house. These capabilities have been developed over the years 
to serve SN L's role in missions for a variety of customers, including 
U.S. industry, the U.S. Department of Defense, the U.S.-Depart
ment of Energy, and elements of rhe nation's intelligence 
community. 

LUNAR PROSPECTOR; A PRELIMINARY SURFACE 
REMOTE SENSING RESOURCE ASSESSMENT FOR THE 
MOON. A. A. Mardon, Depanment of Space Studies, Univer
siry of North Dakota, Grand Forks NO 58Z0Z, USA. 

The porential existence oflunar volariles is a scientific discovery 
thar could disrinctly change the direcrion of pathways ot' inner 
solar sysrem human expansion. With a dedicared germanium 
gamma ray specrromerer launched in rhe early 1990s, surbce w;1ter 
concentrations of 0.7% could be derecred immediarely upon full 
lunar polar orbir operations. The expense of lunar b;1se construc
rion and operarion would be dramatically reduced over a scenario 
wirh no lunar volatile resources. Global surface mineral distribu
rion could be mapped out and integrated into a GIS datab;1se for 
lunar base site selection. Extensive surface lunar mapping would 
also resulr in the urilization of archived Apollo in'lages. 

The presence or lack of solid water and other frozen volatiles 
at or near the surface of rhe Eanh's ne'drest celestial neighbor, 
the Moon, will dramatically affect the way in which we will 
<lpproach the surtace explorarion of rhe Moon. For almost three 
decades, various scholars have debated the existence of W<lter ice 
at the lunar poles. A variety of remme sensing sysrems and their 
parameters have been proposed for use in the detection of these 
lunar ice masses. The detection or nondetection of subsurface ;1m1 
surface ice masses in lunar polar crater floors could dramatically 
direcr rhe development parhways rhat the human race might 
follow in its radiarion from the Earth to habirable locales in the 
inner terran solar system. 

Over rime, the lunar surface soil is turned over in a process 
called gardening, which results in lunar regolith. It has been 
proposed rhat rhis process involves lunar material overlying come
tary, asteroidal frozen, and condensed volatiles that would have 
impacted over the entire lunar surface. The three potential sources 
of lunar volatiles, especially water, are in lunar polar crater bot
toms, transient lunar phenomena (TLP), and a thin layer of ice 
distributed broadly over the lunar globe at a depth of ZOO m. The 
proposed lunar sensing devices could only detect the first twO 
volatile deposir regimes. The depth of surface penetration of the 
gamma ray spectrometer is 1 m with a sodium iodine scintillator 
and up to several meters with a germanium solid-state detector. 
This will mean that lower deposits cannot be detected until there 
has been on-site base development. The polar ice would form at 
the base at small lunar polar craters where the measured ambient 
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temperatures are 120 K. With a thin covering of native lunar 
material, it would be possible for the cometary source volatiles 
to remain continuously in the shade for several million to several 
billion years if the models of planetary stability are correct. The 
second lunar ice potential, TLP, has been postulated as an out
gassing process of near-surface volatiles. If the spectrometer were 
pointed to a lunar event, which was previously detected by an 
Earth telescope, it would be possible to determine if this is an 
outgassing. If an outgassing event occurred, it might indicate 
recoverable volatile concentrations in liquid form near t he surface. 
The TLP might be an outgassing of existing deep subsurface ice 
or liquid deposits. However, there have been no distinct references 
to this potential correlation of source and event of TLP. The third 
potential volatile source deposit cannot be investigated nor deve
loped at present without direct contact with the planet's surface. 

In all remote sensing, a major factor that the field scientist has 
to face is the logistical tether and how this directly affects the 
payload capability. The Space Studies Institute (SSI) did a com
parative study of various probe designs that showed that many 
transorbit vehicles already are ,wailable to place a remote sensing 
platform in lunar polar orbit. 

The first distinctions that digital remote sensing made was 
between solid rock and liquid Water on Earth. The spectral sig
natures of various elements are distinct from one another, having 
distinct signatures when they are combined in various molecul<lT 
chains. In the neutron spec!r<11 mapping mode, the germanium 
gamma ray spectrometer detector will be able to detect the pres
ence of water in surface material (0 a ratio of 0.7%. The Apollo 
spectral mapping around the equator was a gamma ray sodium 
iodine scintillator detector. The neutron mode mapping of lun~lr 
cold sink volatiles will occur at a faster r,He with a germanium 
g<lmma ray spectrometer detector than with an sodium iodine 
scintillator detector JOx the rate. 

The secondary surface mineral features th,lt are targeted for 
mapping are iron, titanium, uranium, thorium, and potassium. Out 
of the 20 m;lpping experiments proposed for the lunar prospector, 
the most public mission is the mapping of hydrogen and oxygen 
distribution. Yet, with the additional 19 experiments, it will be 
possible to map out sllfface minerals for a nonlunar ice devel
opment scenario. The germanium g;]mma r;]y spectrometer has 
distinct 'ldvant 'lges in resolution and spectral definition over the 
Apollo-era sodium iodine scintilbtor detector . With a germ;lnium 
gaml11<l ray spectrometer, detection time for valid distinction of 
SUr(,lC C composition will decre,lse by sev e ral orders of magnitude. 
In no refe rence W;lS <lny note made of the pixel size from the 
proposed 100-klll orbital altitude . 

The lunar surface has been systematically mapped for the \;"1St 
four centuries. The various images have not been integrated into 
a digitized GIS. The detailed mapping during the selection of the 
lunar landing sites in the 1960s, along with the satellite flybys 
that produced a wealth of surface images, have been underutilized 
and have not been integrated into one digital database. Any new 
surface digital images should be preserved in an archive th;!! 
integrates existing images with two-decade-old images. While many 
of these older images did not contain any spectral information, 
they were extremely detailed and would be useful to overlay in 
a GIS context with new gamma ray spectrometer information from 
the Moon. This would allow a combination of the high-resolution 
characteristics of the early missions and the spectral information 
from a lunar polar orbiting imaging platform. The current focus 
of funded astronomical projects has moved away from the tax

onomie cataloging of asteroids and other small bodies within the 
solar system . These small bodies are not seen as solVing some of 
the basic puzzles of our solar system's genesis. Like the sensing 
exploration and mapping of the Moon, this kind of detailed 
cataloging is very boring science. Rather than discovering new 
vistas, it is filling in ultimately predictable blanks in already out
lined scientific structures. The purpose of remote sensing capa
bilities over the lunar surface is the preliminary step in the mapping 
of future landing sites. While a lunar remote sensing platform will 
not solve many, if any, great questions of the solar system, it will 
lead to a greater understanding of our next home: the Moon's 
surface. 

With the increasing number of countries that can launch small 
payloads into LEO, options exist beyond the conventionally per
ceived launch systems such as the U.s. space shuttle or an 
unmanned rocket system. Different systems have been compared 
as they directly relate to the science payload with the Shuttle 
Lunar Getaway Special proving to be the cheapest and most 
deployable under a wide variety of political and financial consid· 
erations. This would only require a l50·kg spacecraft as compared 
to an unmanned launch system that weighs 570 kg. The Getaway 
Special spacecraft could be launched on a wide variety of rockets 
including those of the Chinese. Their agency, the China Great 
Wall Industry Corporation, is interested in the concept of launch
ing a lunar-bound vehicle, although they wish to concentrate on 
commercial launches. SSI has nOt investigated the possibility oi 
a communist Chinese I"unch of a lunar reconnaissance probe. 
Hl)WeVer,;]s of late April 1990, the SSI was of the opinion that 
they would launch with a U.S.S.R. unmanned rocket to LEO for 
a transorbiwl flight to a lunar polar orbit. 

The initially proposed scenario of deployment was a Shuttle 
Garbage Can speci;]llaunch with an ion propulsion engine that 
would inject the probe into a lunar orbit within two years. While 
the launch vehicle has still not been decided, the structure ,md 
performance characteristics of a prospector have been discussed 
at some length. Up to the I 990s, ion propulsion systems have 
not been used in any lunar probes. The trajectory of the slower 
shuttle I"unch would follow a similar telemetry as that of a faster 
chemical propulsion system, except in the LEO·to-transfer-orbit 
section of the trip. The mass of a launched prospector platform 
would be approximately 150 kg. The current NASA plan for <l 

lunar remote sensing probe is an observer-class polar orbirer that 
would be re;]dy for bunch tentatively in the I;]te 1990s. The 
observer pbtform is quite complex and expensive and would be 
re;]dy in 8 to 10 years. The observer-class vehicle would not be 
compromised by a dedicated one-instrument germanium g;]mma 
ray spectrometer mission to a lunar orbit, since an observer mission 
to the Moon would be substantially more comprehensive than 
a prospector mission. A late 1990s observer mission could build 
on the images that were received by the prospector and would 
be substantially more comprehensive than the precursor mission. 

The majority of the outer solar system science probes that have 
been launched are not in any way tied directly to the process 
of human expansion off the Earth . Scientific data are creating 
new paradigms but not directly contributing to the radiation of 
the species into space. The NASA lunar observer class probe has 
been proposed for launch in the later part of the decade. At the 
point when the information from this observer class probe is 
analy<ed, a direction will appear. The immediate launch of a lunar 
orbiting platform carrying a germanium gamma ray spectrometer 
could expect a data return by late 1992, which could set science 
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on a determined course toward colonization. With on-site surface 
exploitable volatiles, a lunar base could "live off the land" to a 
greater extent than expected than under a scenario without any 
lunar frozen water or orher volatiles. With a joint surveying and 
mapping mission of the Moon with American instrumentation and 
an im mediate Soviet launch to lunar polar orbit, globally redundant 
projects such as the U.s. space station Freedom and the Sovie·t 
station Mir could be replaced with a more culturally and politically 
diverse lunar base. With marginal modification, modules built for 
LEO could be placed on the lunar surface andlor attached to Mir. 
While much has been written on the utilization of lunar volatiles 
as a source of propellant fuel for a LEO, inner solar system, 
transportation node, the potential of the discovery of lunar ice 
will enable human outposts to "live off the land" on the Moon. 

The development of strategies focusing on the utilization of 
existing, nonterrestrial resources on-site is of primary concern . 
This would not be a departure fwm the ideology of exploration 
of the solar system, but would merely be wisely following the 
Punjabi proverb "Grasp all, lose all." ir does nor function in a 
parrern of evolutionary development and growth. Currently, the 
Western program is not focused in a specific direction. The 
assessment of these mineralogical maps of the Moon could lead 
to an evolution of direct launching to the Moon without an 
expensive starion around the blrrh. Previously, the U.S. had an 
existing oper;1tional space station, bm abandoned it to the ele
ments and its ultim,1[e fiery fate. A lunar base would involve less 
uirimate short-term and long-term expenditure than would space 
station development. The primary justification made for the lunar 
base is the ultimate export of volatiles to LEO. 

With the recent offer by the U.S.S.R. to bunch a germanium 
gamma ray spectrometer instrumented platform to the Moon, the 
direction of the planet for the next 25 years will become clearer. 
Comparing the Ride Report and The National Commission on 
Sp<1ce Report, Hempsell found that each of these pathways of 
solar system expansion could be developed in the twenty-first 
century. His conclusion was that immediate investment in an 
extensive lunar infrastructure would offset its initial costs. 

Current human decisions will have an impact on global devel
opment over the next thousand years. These decisions include 
propos<lls and data that will reinforce our commitment to expan
sion off the planet. The previous lun<1r mission and telescope 
images that have been compiled over a 30-year period should be 
digitized in a standardized format and integrated into a GIS 
computer database. The gamma ray spectrometer data would then 
be only one level of the overlaid cartographic information. This 
same technique could then be duplicated on orher terrestrial and 
nonterrestrial site locations. Currently, the only portions of the 
Moon that have been mapped with spectrographic analysis are 
those around the lunar equator from the Apollo exploration 
period. One example of lunar surface'features that have not been 
mapped rotally is the lunar lava tubes, which could supply excellent 

first-stage radiation shield structures. 
A dedicated, one-instrument, gamma ray spectrometer that is 

being developed for the lunar prospector probe could be used in 
an identical format to map surface resources on other inner sobr 
system bodies. The resulting maps would also give us definite 
information on those resource nodes that should be targeted for 
development and human settlement. With limited monies, hard 
decisions must be made whether to fund projects that, while of 
immense scien tific merit, have little utility to the potential expan
sion of our species off the planet. Any expansion off the Earth 

will involve lunar resource development in some manner. The 
discovery of lunar ice at the poles would influence the immediacy 
of a lunar polar station. 

Spectral surface characteristics of the Moon have been an 
ignored area of scientific inquiry. The sensing systems and launch
ing platforms are available, and a prospector mission would cost 
about $30 million in a shuttle launch configuration through to 
a $75 million cost. While it is nor a flashy area of study, it will 
pave the way for permanent habitation of our nearest celestial 
body. Politicians should be suppli'ed with maps and information, 
rat her than fantasian utopian images, to base decisions of funding 
and political directions of scientific research. 

When the u.s. President Thomas Jefferson sent Lewis and Clark 
westward, he expected and received detailed reconnaissance maps. 
These maps were the basis of all later discussions of how the U.S. 
should expand. Many expensive interplanetary probes have been 
launched without any discussion as to whether they will impact 
on the expansion of the human solar system ecumene. 

The germanium gamma ray spectrometer is an inexpensive, 
already extant instrument that, while nor necessarily answering 
many scientific questions, will tell human beings where and how 
to direct their expansion of the mineral exploitation of the Moon. 

UTILIZATION OF GEOGRAPHIC INFORMATION SYS
TEM IN LUNAR MAPPING. A. A. Mardon, Department of 
Space Studies, University of North Dakota, Grand Forks NO 
58202, USA. 

Substantial digital remote sensing, lunar orbital photography, 
Earth-based remote sensing, and mapping of a variety of surficial 
lunar phenomena have occurred since the advent of the Space 
Age. This has led to a bewildering and quite disp,nate collection 
of archival sources insofar as this digital data and its Glrt ographic 
representation can be found within many countries of the world. 
The importance of this mapping program in suPPOrt of human 
expansion onto our nearest planetary neighbor has been recognized 
since the advent of the Space Age [I J. This is still as true as when 
it was stated in 1964 that, 'The program for landing men on the 
lunar surface requires that suitable and safe sites be defined and 
verified before the actual landings" [2]. 

In 1991 only the U.S.A. has landed humans on the Moon. If 
during the preceding decade efforts had been dedicated to devel
oping inexpensive labor -intensive tasks Stich as the detailed map
ping of the Moon [31. we would be further ahead today in lunar 
exploration. A series of small-scale maps of the Moon at 1 km 
to I cm, done wit h the support of Geo,graphic Information System 
(GIS), would serve decision makers well in the process of accessing 
the development of manned occupance of the Moon. Nothing 
has been published to this date on the use ofGIS in a lunar mapping 

context [4 J. 
Maps and the data that they are derived from are the primary 

way in which people explore new environments and use previously 
discovered data to increase the bounties of any exploration. The 
inherent advantage of GIS is that it would allow immediate online 
access on the Moon of topographically represented data {5,6]. with 
analysis either on site or from Earth. This would mean that 
astronauts in the field would be able to get instantaneous car
tographic data representations on any of the suited visual monitors 
that would be part of an astronaut's extravehicular suit. 
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Any vehicles or shelrers rhar would be used on rhe Moon would 
have inrernal video monicors. The mulriple database maps could 
be instantaneously represented on the screens of rhose persons 
using transmitred data in order that decisions on the dire~tion 
of a route of traverse or assisrance in the selection of a site to 
use could be worked Out on rhe Spot in the field. A similar proposal 
was presented to rhe National Science Foundation on the mount

ing of video map monirors on the dashboard of snowmobiles used 
in the field in Antarctic traverses. These monitors could be viewed 
while riding along on the snowmobile. Personal experience in the 
Antarctic shows that other members of the Plateau-based field 
team were continually referring to our maps for a variety of 
purposes. An inertial guidance system could be used in conjunction 
with lunar satellire telemetry to give onboard GIS exact, con
tinuous coordinates on the entire lunar surface. It would be rather 
difficulr co handle a conventional two-dimensional cloth or paper 
map from inside a spacesuit. Orbital photOgraphy could be directly 
portrayed or porrrayed with graphic enhancements in the lunar 
environment. 

Furrher developments in GIS cartographic representation make 
it now possible for ir to be used in the form of a video monitor, 
and ~propos the GIS this would be well suited to the medium 
of maps that will be used in space. 

A GIS would be oper~tionally ;)ctu~lized in a lunar field envir
onment by becoming a srandard part of the astronaut's lunar 
surface suit. A variety of configurations could be envisaged for 
use in the field. The first proposed configuration of GIS tha-r rhe 
author proposes is that a small 10-IS-cm full-color monitor be 
installed on the side of the interior of rhe spacesuir helmet. This 
screen could display the entire range (if ropographic features and 
would have the resolution of the current high-resolution television 
screens. The astronaur would swivel his head to either the right 
or the left to see this screen. The second proposed configuration 
is a He<lds-Up Display (HUD) on rhe faceplare of the helmer. 
This would be similiar to the HUD that is seen in fighter <lircr<lfr 
allowing target acquisirion and d<lta displayed in a manner rhat 
can be seen through 17]. Thus monochromatic lines or a full-color 
display could portray multiple datasets in a see-through monitor; 
in very simple terms rhe helmet face plate would become the 
monitor. The graphic information could be switched on and off 
and different densities of graphic and digiral information could 
be displayed on a HUD sysrem. The third configuration in which 
GIS cou ld be displayed is in the form of a chesr-mounred screen 
that would swing out and could be viewed when looking directly 
downward . The fourth configuration is a screen in a portable 
carrying case that could be held up by one hand to view. The 
fifrh configurarion is rhe faceplare could be replaced by a monitor 
close (0 rhe eyes wirh no translucent properties IS]. 

The urilizarion of screens for display purposes would be very 
easy, for vehicles would probably ha ve monitors for other assigned 
purposes, namely the secondary purpose of displaying any required 
maps. Out of all the variety of ways to display cartographic 
information, the one that is most likely to be developed and utilized 
is the HUD on the spacesuit helmet faceplate. All internal video 
monirors could be used in a similar manner ro that used by pilots, 
for example a HUD, either in the form of a direct voice command 
or through focusing one's eye on a certain area of the screen and 
blinking. This technology is rumored to have been developed [0 

a high degree in the USAF Apache helicopter and F-18 [7]. This 
would allow the astronaut to move smoothly on the display screen 
from different darabases and from different scale-map displays. The 

moniror display could go from a I-cm- ro I-km -scale ropographic 
display to a I-cm to I-m ropographic display with a blink of rhe 
eye andlor a vocal command. Other suit status information could 
be displayed or overlayed onro this information. 

Historically, m~ps were created before an expedition began, 
based on all accessible information about an area that was relevant. 
A lunar utilization of the available GIS would allow the modern 
and future lunar explorer the opportuniry to have immediarely 
updated maps thar use several Earth nations' archival resources. 
Thus, ironically, this could be its most imptessive contribution 
manifested by its inherent speed and agility ro address new 

problems. 
The author proposes that rhe new cartographic techniques that 

have been developed within the GIS could be applied to the 
methods of archival storage, retrieval, and representation of the 
bewildering array of lunar surficial phenomena data sources (9]. 
GIS cartographic technology allows the multiple overlaying of 
disparate digital and cartographic data in order to correlate and 
su bstan riate new patter ns. Then contemporary and hist oricallu nar 
data compiled by a variety of nations could be referenced for 
retrieval. These sources would in some cases be damaged with the 
passage of time ( 10]. GIS cou Id be used ro archive and allow new 
and novel utilization of any old unused data. 

An examination of t he references in NASA Technical Abstracts 
from 1958 to 1989 suggests that there is first of all ~ correlation 
with exploration "ctivity and the publication of maps. After the 
funding CUtS of the 1970s, on average the ratio of entries under 
lunar mapping and lunar photography has been less than it w~s 
before and during the active exploration stage of the Moon by 
the U.S. This also means that it does support an active mission 
of exploration of the Moon. One problem with this form of analysis 
is that it relies heavily upon the abstracting heading system. Many 
articles t hat directly relate to the topic of mapping are not covered 
in the abstract headings. The author proposes thar over a 30
year period abstract publication rates can indicate interest in the 
space program and specifically lunar mapping. Future increases 
in the appearance of mapping heading abstracts might indicate 
an increased serious interest in lunar exploration by the U.S.A. 
At the current time the mapping headings do not correspond to 
the numbers that appeared in the 1960s before the manned lun~r 
landings. 

A future are~ of research that could be developed upon the 
integration and data entry of al\ the lunar maps and orbital and 
surface photography is the comparison of photographs to measure 
the small meteorite impact rate on the Moon. This would involve 
the superimposition of future images over preserved past images. 
This would be another means, that we currently do not have, 
to measure temporal differences in small-body meteor impact rates. 
Evidence of mass slope slippages along crater walls that might also 
oCCur could be seen in compared images. These observations could 
be seen when comparing 19605 and 1970s images with future lunar 
images. Using archived historical aerial photography to compare 
changes over time in the cultural and physical landscape has been 
quite common on Earth, and on the Moon archived images in 
an internationally standardized computer medium might provide 
us with valuable insights into planetary processes. 

A robust lunar- planetary-scale mapping program is a primary 
prerequisite ro a well-informed decision-making process in the site 
selection of permanent lunar facilities [I]. The urilization of GIS 
in suppOrt of this goal would be timely and has precedents in site 
selection procedures on Earth [II]. Historically, mapping has been 
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the major (Qol in exploration over the past half millenium. This 
newest powerful rool for the modern cartographer could be cost
effectively used to accelerate and correcrly discern optimal lunar 
sires for utilization. 

We went ro our Moon over 20 years ago with technology that 
makes our current general technological level seem extremely 
advanced. Our movement to our nearest planetary neighbor is 
not a matter of needing superior technology but is one of organizing 
what we currently know in a superior manner. Using technology 
that has already been proven and is inexpensive to suppOrt, our 
drive out from Earth has greater potential for success than in 
developing unproven technology. A universal cartographic data
base founded on the principles at the center of GIS would become 
the same helpful tool for exploration that the ancient maps of 
Herodmos, Ptolemy, and Strabo were to Columbus in his discovery 
of the "New World" in 1492. 

"Discovery is documentation" [12J and, simply, the most useful 
form of documentation for e xploration is the map. This still applies 
to our future explo ration of the Moon as it is applied to historic 
explor~tion on Earth . This use of historic maps in exploration 
has been shown in Henry the Navig,Hor's use of Necho's African 
map. This map, as described in Herodotos' History, was made in 
the sixth century B.C. The map described t he legendary circum
navigation of Africa sponsored by the Egypt.ian Necho. This was 
then used in the fifteenth century A.D. by Henry the Navigator 
to justify the Portuguese southward exploration in their ;l[tempt 
to follow Necho's described legend<1r y circumnavigation of Africa 
2100 years previously. 

Our maps of the Moon, whether they be represented on paper 
or computer screen, will be the hum(ln race's most valuable and 
inexpensive tool in the exploration <lnd conquest of the Moon. 

References: III Cr<lmer R. (1962) Abstract Vollime and Papers 
of the American Rocket Society Annual Meeting. [2J Amdursky M. E. 
(1964) Presented at the 3rd Symposium on Remote Sen.ling of the 
Environment, Michigan University, 30 pp. [3J Wu S. S. C. (1981) 
LPSC 'XII, 1217-1218. [4] Wu S. S. C. (I 991) personal commun
ication . IS] Wu S. S. C. (1981) Reports of (he Planetary Geology 
Program-I 98 1. 497-499, NASA TM -84211. [6] Wu S. S. C. (1982) 
Re{>arts of Planewry Geology Program-I 982, 73-375, NASA TM
85127. 17J Drummond R. C. and Loope r J. L. (1988) AGARD 
Confe-rence Proceeding, 343.18J Costello R. B. (1988) Spccr nlm, 25, 
69. 19J U.S. General Accoun ting Office (1990) Space Operarions: 
NASA is nor Properly Safeguarding Valuab le Daw from Pasr Mis
sions. 1101 Fisher J. W. (I990) Space News, I. III J Mardon A. A. 
(1992) Bull. SCXlier Antarcric Expedition, in press. 112J Roscoe J. 
H. (1990) personal communication . 

MOSSBAUER SPECTROSCOPY FOR LUNAR RE
SOURCE ASSESSMENT: MEASUREMENT OF MINER
ALOGY AND SOIL MATURITY. R. V. Morris l

, D. G. 
Agrestil, E. L Wills1, T. D. Shelferz, M. M. Pimped, M.-H.Shen 2, 

and M. A. Gibson l , IMail Code SN4, NASA Johnson Space 
Center, Houston TX 77058, USA, lphysics Department, Univer
sity of Alabama, Birmingham AL 35294, USA, JCarbotek, Inc., 
16223 Park Row, Suite 100, Houston TX, USA. 

Introduction: First-order assessment of lunar soil as a resource 
includes measurement of its mineralogy a:od maturity. Soils in 
which the mineral ilmenite is present in high concentrations are 
desirable feedstock for the production of oxygen at a lunar base. 
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The maturity of lunar soils is a measure of their relative residence 
time in the upper I mm of rhe lunar surface. Increasing maturity 
implies increasing load of solar wind species (e.g., N, H, and 'He). 
decreasing mean grain size, and increasing glass content. All these 
physicochemical properties th~t vary in a regular way with maturity 
are important parameters for assessing lunar soil as a resource. 
For example, JHe can be exrracted and potentially used for nuclear 
fusion. A commonly used index for lunar soil maturity is I,IFeO, 
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which is the concentration or fine-grained metal determined by 
ferromagnetic resonance (I,) normalized to t he total iron cont enr 
(as FeO) II J. I,I FeO has been measu red for virtually every soil 
returned by the Apollo and Luna missions to the Moon; values 
for surface soils are compiled by 12 J. 

Because the technique is sensitive to both oxidation state and 
mineralogy, iron Mbssbauer spectroscopy (FeMS) is a viable tech
nique fot in sirlllunar resource assessment. Its utility for mineralogy 
is apparent from examination of published FeMS data for lunar 
sa mples le.g., 3-5J. From the data published by IS], we can infer 
that FeMS data can also be used to determine soil maturity. We 
discuss here (I) the use of FeMS to determine mineralogy and 
maturit y and (2) progress on development of a FeMS instrument 
for lunar surface use. 

Mineralogy and Maturity: Figure I shows FeMS spectra for 
two Apollo 17 soils, 72131 and 73131. Even by visual inspection, 
the twO soils have very different proportions of the ferrous-bearing 
minemls pyroxene, olivine, and ilmenite . From peak areas, the 
percentages of rotal iron associated with eac h of those mineralogies 
are 66,15, and 16 for 72131 and 57, 39, and 4 for 73131. ThtlS, 
a Mossbauer spectrometer on a lun:u rover could be used to 

prospect for ilmenite· rich so il horizons (deposits). 
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A reason for finding ilmenite deposits is shown in Fig. 2, which 
presents FeMS spectra for a crushed lunar rock (70035) both befo re 
and after reduction by hydrogen. The only two iron-bearing 
mineralogies present in the untreated rock are ilmenite and pyr
oxene, with 23% of the toral Fe in the ilmenite. After HI reduction, 
there is no evidence in the FeMS spectra for ilmenite. Only metallic 
iron and pyroxene are pres€;nt, which implies that reduction of 
ferrous iron in ilmenite is kinetically fa vored over that in pyroxene. 
The 36% area for Fe metal does indicate, however, that some 
of the ferrous iron in pyroxene has been reduced to metal. 

In Fig. 3, we plot the excess area near zero velocity, which is 
a measure of the concentration of superparamagnetic Fe metal 
(sp-Feo), as a function of the maturity index I,IFeO for nine lunar 
samples. The area for sp-Feo was calculated using the procedure 
of [5J except that no attempt was made to correct for saturation 
effects. A linear correlation is present, which demonstrates that 
maturity data can be derived from Mossbauer measurements. 

Instrument Development: The current status of develop· 
mem of Our backscatter Mossbauer spectrometer (BaMS) is de 
scribed by [6]. A schematic of the instrument , together with 
specifications, is given in Fig. 4. The instrument has low mass, 
low volume, low power consumption, and low data transfer rate. 
We have built and fully tested the velocity drive . Operation in 
backscatter mode means that no sample preparation is required. 
The instrument can be placed on a lander or rover or used at 
a lunar base. 

References: II) Morris (I976) Proc. LSC 7rh, 315.12] Morr is 
(1978) Proc. LPSC 9th, 2287. I3J He rzenberg et 31. (I 971) Proc. 
LSC 2nd, 2103·14 JGibb et al. (1972) Pm:. LSC 3rd, 2479 . r5J Hous· 
ley et al. (1974) Proc. LSC 5 til, 2623. 16] Agresti et al. (J 992) 
Hyperfine Infer., in press. 

GAMMA RAY AND NEUTRON SPECTROMETER FOR 
THE LUNAR RESOURCE MAPPER C. E. Moss, R. C. Byrd, 
D. M. Drake, W. C. Feldman , R. A. Martin, M. A. Merrigan, 
and R. C. Reedy, Los Alamos Narional L.boratory, Los Alamos 
NM 87545, USA. 

One of the early Space Exploration Initiatives will be a lunar 
orbiter to map the elemental composit ion of the Moon . This 
mission will suppOrt further lunar exploration and habitation and 
will provide a valuable datase t for understanding lunar geological 
processes. The proposed payload wi ll consist of the gamma ray 
and neutron spectrometer discussed here, an X-ray fluorescence 
imager II J. and possibly one or two ot her instruments. The space 
craft will have a mass of about 1000 kg including fuel, be built 
on a fast schedule (about three years), and have a low cost (about 
$100 M including launch). Launch is tentatively scheduled for 
April 1995. 

Most gamma rays used to map lunar elements are in the energy 
range of0.2-8 MeV. The proposed gamma ray detector will contain 
an n-type germanium crystal that is =70% effic ient [relative to 

a 7.62-cm-diameter X 7.62-cm-length Nal(Tl) scintillator]. N-type 
is used because it is much less susceptible to radiation damage 
than p-type germanium . Because a Stirling cycle cooler will be 
used, the crystal will be mounted using techniques commercially 
developed in recent years for operating germanium detectors on 
vibrating platforms. A segmented cesium iodide ICsl(Na)J anti· 
coincidence shield on the sides and back of the germanium crystal 
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Fig. 1. Schematics of a generic germanium detector with a split-cycle 
Stirling cooler (adopted from ISJ) and the neutron sensors for thermal, 
epithermal, and fast neutrons. 

will eliminate most events due to charged panicles, gamma rays 
produced by cosmic rays incident on the spacecrafr, and Compwn
scattered events in rhe crystal. A plastic sc intillator over the nadir 
pointing surface of the germanium crystal will provide a similar 
capabiliry in the forward direction withour significantly attenuat
ing the gamma ray flux from the Moon. The gamma ray detector 
will be on a short cantilever to further reduce the background 
(rom the spacecraft. One side segment of the cesium iodide shield 

will serve as a back-up for rhe germanium crystal. 
The critical issue for operating a germanium detector in space 

is rhe method of cooling. For short missions, stored cryogens such 
as liquid nitrogen, solid merhane, or solid argon have been pro
posed . For longer missions a passive radiator, such as used on the 
Mars Observer, or an active device, such as a Stirling cycle cooler, 
is required . We propose not to use a passive radiaror because of 
complications in shielding the radiator from rhe Sun, Earrh, and 

Moon when rhe spacecraft is in a polar orbit and, instead, propose 
to use the British Aerospace Stirling cycle cooler based on the 
Oxford design. This closed-cycle mechanical cooler is designed for 
a 10-year lifetime and has operated successfully in the laboratory 
withour maintenance for over N! years. Two of these miniature 
cryocoolers were launched on 12 September 1991 as part of the 
Improved Stratospheric and Mesospheric Sounder (lSAMS) mul
richannel infrared raniomerer on the Upper Atmosphere Research 
Satellire and are still operating successfully . Because the germa
nillm derector energy resolurion can be degraded by vibrarion, 
we plan to use a pair of these coolers wirh twO compressors and 
rwo expanders mounted back to back to minimize vibration. In 
<lddirion, we will use a flexible vibrarion decoupler berween rhe 
expander cold tips and the germanium crystal. Microphonics 
should not be a problem because a germanium derector cooled 
by a cryocooler wirh a higher vibrarion level gave 3.6-keV reso
lution ar 1332 keY, which is -2 rimes worse rhan wirh a good 
laboratory Ge derector, bur is more rhan adequare for planerary 

elemental mapping. 
A neutron derecror is required because ir provides maximum 

sensitivity for hydrogen and hence water. Data from rhe gamma 
ray detector and rheheutron detector are complementary because 
the neutron flux, which produces most gamma rays, can be used 
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to normalize the gamma ray line intensities; in turn, the gamma 
ray dara are needed to determine the composition or the lunar 
surface and hence the moderation of neutrons by elements other 
than hydrogen (21. Three different sensors are used to measure 
the neurrons in three energy ranges. Thermal neurrons (E" 
0.010.4 eV) are measured wirh a bare 3He proportional counter, 
epithermal neurrons (E" - 0.4-103 eV) wirh a 3He proportional 
counter wrapped wirh cadmium (which Strongly absorbs rhermal 
neutrons), and fasr neutrons (E" - 0.5-10 MeV) wirh rhe backup 
Army Background Experiment (ABE) instrument, which contains 
four boron-loaded plasric scintilla torS 131. Thermal/epirhermal and 
fasr/epithermal counting rarios are very sensitive to rhe amount 
of hydrogen in the lunar surface [4 J. 

The gamma ray and neutron spectrometer will provide data 
on many elements over the emire lunar surface. Published esti
mares of rhe derecrion limits for similar detectors range from 0.016 
ppm for uranium to 1.3% for calcium 15J. We esrimate a hydrogen 
detection limit of 100 ppm based on this neutron derector sysrem 
14J. The spatial resolurion is about 140 km X 140 km, which is 
determined by the orbit altirude of 100 km [6J. Borh gamma rays 
and neutrons sense rhe elemental composition of the lunar surface 
to depths of rens of centimerers. The results from this insrrument 
will complement rhe measurements from elemental and/or mine
ralogical remote sensing instruments wirh higher spatial resolurion. 

This work was supported by NASA and done under the auspices 
of rhe U.S. DOE. 

References: [I J Edwards B. C. et aI., this volume. 12J Reedy 
R. C. et ai., rhis volume. (3) Feldman W. C. et al. (1991) Nucl. 
Inscmm. Merh. Phys. Res., A306, 350-365.14J Feldman W. C. er al. 
(1991) GRL, 18,2157-2160. [5J Metzger A. E. and Drake D. M. 
(l991)]GR, 96, 449-460.16J Reedy R. C. er al. (I973)]GR, 78, 
5847-5866. 

MAGNETIC SUSCEPTIBILITY MEASUREMENTS FOR 
IN SITU CHARACTERIZATION OF LUNAR SOIL. R. R. 
Oder, EXPORTech Company, [nc., New Kensington PA, USA. 

Magnetic separation is a viable method for concentration of 
components of lunar soils and rocks for use as feedstocks for 
manufacture of metals, oxygen, and for recovery of volatiles such 
as JHe [I J. 

Work wi th lunar materials indicates that immature soils are 
the besr candidates for magneric beneficiarion 12J. The magnetic 
suscepribility at which selected soil components such as anorthite, 
ilmenire, or metallic iron are separated is not affected by soil 
marurity, but the recovery of the concentrated components is. 
IncreaSing soil maturity lowers recovery [3 J. This is illustrared in 
Fig. I . 

Mature soils con-tain significant amounts of glass-encased meral
lic iron. Magnetic suscepribility, which is sensitive to merallic iron 
contenr, can be used (0 measure soil maruriry. The relarionship 
between the rario of magneric suscepribiliry and iron oxide and 
the conventional maturity parameter, 1,/FeO, ferromagneric 
resonant intensity divided by iron oxide content, is given in Fig. 2. 
The magneric susceptibiliries were determined using appararus 
designed for magnetic separarion of the lunar soils. 

Magnetic susceptibility should be incorporated in the instru
mentation packages carried by lunar landers and rovets for in situ 
identification of candidate soils best suited for magneric bendi
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ciation. The measuremenr is more ~menable ro in sim measure· 
menr than is ferromagnetic resonance. 

There are momy W<lys ro measure m~gnetic susceptibility that 
could be incorpor~[ed in mobile soil characrerization packages. 
Instrumenration to detect separable ilmenite might combine mag
netic slIsceptibility and X-ray methods to measure iron and ti
tanium. Measurements could be made on soil samples or on core 
samples for r~pid determination of maturity. This would permit 
a quick assessmenr of the potential for magnetic separation of 
selected mineral components. 

References: [1 JOder R. R. et al. (1989) LPSC XX, 804-805; 
Oder R. R. and Taylor L. A. (1990) In Engineering, Conscru:crion 
and OpeTCHions in Space II (S. W. Johnson and J. P. Wetzel, eds.), 
143-152, American Society of Civil Engineers, New York. [2J Oder 
R. R. and Jamison R. E. (l989) Final Reporc , Phase I SBIR Progmm, 
NASA Contract NAS 9-18092 . [3J Oder R. R. (1991) IfEE 
Transacrions on Magnerics; Oder R. R. (1991) AIME-SME Annual 
Meeting, Denver. 

9< 
0-067511 

\ 
0--0 

~o 
92 ° 0-065701 
90:t 

~ 

Z 88 
0 

~ 66 

a:: B< 
> 0 
w 
U 60 

Z B2 

\ ~oz 
0 78 ----0 
U 

76w 0 
>-r 7< 

> 72a:: \0 70 O'O___n . _D--(!]Z « 68 
0.0 0.1 0.2 0.3 0.< O.~ 0.6 0.7 0.8 

POUNDS OF ANORTHITE PER POUND OF SOIL 

THE QUICKEST, LOWEST-COST LUNAR RESOURCE 
ASSESSMENT PROGRAM: INTEGRATED HlGH-TECH 
EARTH-BASED ASTRONOMY. Carle M. Pieters and the 
PRELUDES Consortium, Brown University, Providence RI 02912, 
USA. 

Introduction and Recommendations: Science and technol
ogy applications for the Moon have nor fully kept pace with 
technical advancements in sensor developmenr and analytical 
information extraction capabilities. Appropriate unanswered ques
tions for the Moon abound, but until recently there has been 
little motivation (funding) co link sophisticated technical capa
bilities with specific measurement·and analysis projects. Over the 
last decade enormous technical progress has been made in the 
development of (1) CCD phorometric array detectors, (2) visible 
co near·infrared imaging spectrometers, (3) infrared spectroscopy, 
(4) high-resolution dual-polarization radar imaging at 3.5, 12, and 
70 cm, and equally important , (5) data analysis and information 
extraction techniques using compact powerful computers. Parts 
of each of these have been tested separately, but there has been 
no programmatic effort to develop and optimize instruments to 

meet lunar science and resource assessmenr needs (e.g., specific 
wavelength range, resolution, etc.) nor to coordinate activities so 
tha't the symbiotic relation between different kinds of data can 
be fully realized. No single type of remotely acquired data com
pletely characterizes the lunar environment, but there has been 
litrle opportunity for integration of diverse advanced sensor data 
for the Moon. 

Recommendation. A research and analysis program to survey 
potential resource sites on the lunar nearside is recom(llended that 
would include aggressive instrument development and acquisition 
and analysis of advanced sensor data obtained for the Moon with 
optical, infrared, and radar telescopes. Coordinated acquisition and 
inregration of advanced sensor data can provide synoptic infor
mation necessary to assess regional compositional diversity, local 
regolith character, and geologic conrext of sites on the lunar 
nearside that have high potenrial for lunar resources. The cost 
of such an R&A program is estimated co be about $5 million per 
year. This program includes an instrument development and 
upgrade program during the first year, and calibration and initial 
data products by the second year. The broad nature of the program 
exercises expertise gained during and since Apollo and provides 
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TABLE I. Evolution of VIS/near-IR spectroscopy of rhe Moon. 

Dare. Person/Group Capability Range Min. Resol. --Coverage 

191Z R. W. Wood Photographic color V -30 km Nearside 
1968 T. B. McCord PMT <Z5-color spot xV ZO km >100 areas 
1970 L. A. Soderblom 3-color image scan V 20 km M. Tranquillitatis 
1970 McCord/Johnson -50-color spot xV + nlR ZO km <10 areas 
1976 McCord et al. 3-color vidicon xV Z km Nearside mare 
1977 McCord/ Pieters Vidicon spectrometer/ xV Zkm 100 km linear 

polarimeter xV 5km <ZO areas 
1980 McCord er al. IZ8·color single spot nlR 5 km >100 areas 
1989 French/Germans 3-10-color ceo xV I km 100 x 100 areas 
1990 Lucey et al. CCO specrromerer xV Z km 100 km linear 
1990 Galileo SSI ream CCO imaging (spacecrafr) xV 5 km 112 Moon 
1990 Galileo NIMS team Stepped I J spectromerer nlR+ 100 km 112 Moon 

• First publication/presentation. 

Specrral range: V =visible (0.4-0.7 I'm); xV =exrended visible (0.32-1.1 I'm); nlR =near infrared (0.6-2.6 I'm). 


young scientists the experience necessary to carry Out the proposed 

more complete global assessment of the Moon to be acquired from 

orbital spacecraft. 
Reasons fOT implementation of an aggressive R&A lunar astronomy 

program in the current environmenr. (I) SE!. The information 

prcxluced has immediate and direct input into the Space Explo

ration Initiative (SE1). It provides an early broad assessment of 

potential lunar sites that cannot be easily achieved by other means 

on a timescale that is immensely valuable to the decision-making 

process. It is visible activity showing immediate results for the SEI 
program and is excellent preparation for the important, more 
detailed program of orbital measurements. (2) Technology Devel

opment. The proposed R&A program drives U.S. advanced sensor 

development and use with significant real applications. Integration 

and analysis of complex advanced sensor data are essential capa

bilities that need to be developed and tested. Experience gained 
from the project will give a head starr to the technical needs for 

later detailed analysis of global systems (Earth, Moon, Mars). 
(3) Science Education. The program will contain heavy university 

involvement and provide an active research environment essential 

for the training.of new lunar scientists. Highly technical anivities 

with a focus on lunar science will significantly expand the number 

of young scientists appropriately trained for lunar science and 

exploration by the turn of the century. 
Two Examples of Technology Concepts for Lunar Measure

ments: VIS/near-IR spectroscopy. The mineral composition of 
surface material can be derived from visible and near·infrared 
radiation reflected from the surface. The source of radiation is 
the Sun and the capabilities of the detector system determine 

the type of infotmation derived. Solar radiation interacts with 
the first few millimeters of material and is altered by the absorption 

properties inherent to the surface material. When the reflected 

radiation is analyzed with high spectral resolution, broad absorp
tion bands are detected that are highly diagnostic of the minerals 
present on the surface. For lunar materials, most major rock types 

can be readily distinguished based on the mineral absorption bands 

present in their spectra. 
As summarized in Table I, the color of the Moon has been 

under study since the early parr of this century. When photo

electric detectors became available in the late 1960s and 1970s 
the spectral properties of different ateas on the Moon were 

measured quantitatively. Until infrared detectors were available 
in the late 1970s and early 1980s, spectral analyses were limited 

largely to distinguishing different units on the surface based on 

color differences in the extended visible range of the spectrum. 

Framing cameras using two·dimensional silicon detectors (vidicons 
and CCDs) allowed the extent of distinct surface units to be 

mapped. With the development of high-spectral-resolution near

infrared spectrometers, the diagnostic mineral absorption bands 
could be identified and the composition of the surface charac

terized. Such studies flourished in the 1980s, with significant 

science return using point spectrometers, with which the spectrum 
of an individual lunar area 3-20 km in diameter is measured and 
surface composition of that location analyzed. 

Current technology allows both the spatial extent of surface 

units and the compositional character of surface material to be 
analyzed with an advanced sensor called an imaging spectrometer. 

Such instruments have been developed and successfully flown on 
aircraft for terrestrial applications, but none have been designed 
and built to specifically meet lunar exploration needs. An imaging 

spectrometer utilizes recent advancements in detector develop

ment and optical design to obtain an "image cube" of data (two 

dimensions of spatial information and one dimension of spec rral 
information). For lunar applications the design should include 

high·spatial (1-2 km) and high·spectral (10 nm) resolution from 

the visible through the near-infrared, where most diagnostic ab

sorption hands occur. 

TABLE 2. Evolution of radu measurements for the Moon. 

Dares Capability Resolution Nearside Coverage 

1946 	 Firsr derecrion Bulk Moon 
1962 	 Crarer Tycho derected 10 km 
1964-1972 	 Backsc3rrer ,imaging 7.5 m 40 km Near global 

Backscarrer imaging 70 cm IOkm Global 
Backscarrer imaging 3.8 cm 2 km Global 
Topography imaging 3.8 cm 2 km Local targets 

1980-1983 	 Backscarrer imaging 70 cm 2 km Global 
1985-1991 	 Backscarrer imaging 70 cm 500 m Local targets 

Backscarrer imaging 12.6 cm 300 m Local targets 
Backscarrer imaging 3.8 cm 50 m (In progress) 

http:training.of


44 Net<' Technologie5 far Lunar Re50urce Anemnenr 

Radar backscatter. The surface and subsurface scattering prop
erties of the Moon can be analyzed using radar backscatter imaging. 
The radiation is both transmitted and received by Earth-based 
radar antennae. Two-dimensional backscatter images are derived 
using a delay-doppler technique developed in the 1960s and 1970s. 
The returned signal is directly related to the geometry of the 
measurements, the number of scarrerers encountered on the scale 

of the wavelength, and the dielectric properties of surface mate
rials. Surfaces that are smooth on the scale of the wavelength 
reflect the radiation in a specular manner. Surfaces containing 

abundant scattering elements on the scale of the wavelength 
return a higher signal. Since the lunar surface is anhydrous, 
subsurface block population can also be detected with longer 

wavelengths. 
As summarized in Table 2, radar measurements of the Moon 

have also had a long history with several important milestones. 
First was simply the detection of the Moon with Earth-based 
instruments. As technology advanced during the 1960s and 1970s, 
the techniques for measurement of radar backscatter of the Moon 
were perfected and two-dimensional images of the radar back

scatter properties were produced at relatively low spatial re
solution. Analyses of dual-polarization radar data confirmed the 
sensitivity co block population on the surface. The last several 
years have seen dra matic improvement of radar measurements 
possible. These include an improvement in both sensitivit)' and, 
more important for lunar n)easurements, an improvement in the 
spatial resolution that can be obtained wirh Suth-based telescopes. 

Current technical capabilities indicate thar a spatial resolution 
of 30-300 m is possible for lunar nearside targets (optical relescopes 
can achieve \-km resolution; Lunar Orbiter IV obtained -IOO-m 
resolution for the lunar nearside from orbit). Several tests of these 
new radar capabilities have already been made. I n order to achieve 
the desired resolution and science analysis return, a modest upgrade 
to current radar telescopes is required to allow dual polarization 
at three wavelengths and more extensive data analyses (informa
tion extraction) capabilities need to be developed for lunar specific 
applications. 

LUNAR SURFACE ROVERS. J. B. Plesci;), A. L. Lane, and 
D. Miller, Jet Propulsion Laboratory, California Institute ofTech
nology, Pas,)dena CA 91109, USA. 

Despite the Ranger, Lunar Orbiter, Surveyor, Apollo, Luna, and 
Lunokhod programs, many questions of lunar science remain 
unanswered because of a lack of specific dat<l. With the potential 
for returning humans co the Moon and establishing a long-term 
presence there, a new realm of exploration is possible. Numerous 
plans have been outlined for orbital and surface missions. Here 
we describe the capabilities and objectives of a small class of rovers 
to be deployed on the lunar surface. The objective of these small 
rovers is to collect detailed in situ information about the com
pOSition and distribution of materials on the lunar surface. Those 
data, in turn, would be applied to a variety of lunar geoscience 
questions and form a basis for planning human activities on the 
lunar surface. 

The initial rover design has been scoped for a small Artemis 
lander payload (about 60 kg). It consists of a four- or six-wheeled, 
solar-powered rover with a mass of 28 kg. Two rovers would be 
deployed from a single Artemis lander. Rove~ lifetime would be 
at least 3 lunar days and hopefully 7-10; at least tens of kilometers 

of range are possible (depending upon the amount of time devoted 

to moving vs. sampling and analysis). During the lunar night, the 

rover would hibernate. About 11 kg of the total 28 kg is available 
for science payload and sampling equipment, which allows for a 
variety of capabilities that capitalize on microtechnology. Rover 
speed would be 0.5-1.0 km/hr depending upon the terrain. Powet 
(60-200 W) is provided by solar panels (0.3 m 2) that also serve 
to shield the rover from high thermal loads during the day. 
120 Whr of AgZn batteries provide capabiliry for shon-period, 
high-load demands; these batteries are capable of withstanding 
the lunar night. Nominal data rate would be about 30 kbps at 
20 W RF; rates as high as 150 kbps would be possible for limited 
periods. Control of the rover mobility would be in tWo modes: 
be havioral control drivi ng and teleoperation driving. In the behav
ior control mode, a series of way points would be selected and 
the rover would navigate along the predetermined parr to a site, 
invoking autonomous obstacle avoidance if necessary. In the tel
eoperation driving mode, mobility would-be controlled in a real
time sense from the Earth using slow-scan video for viewing. 
Sampling and deployment would all be done autonomously once 

a specific action and position had been selected from the ground. 
The system would not make autonomous decisions about meas
urement or sampling. 

Two types of payloads are envisioned for such a small rover: 
a geoscience payload and a physical properties payload. The nom
inal geoscience payload is aimed at addreSSing the chemical and 
mineralogic properties of the regolith and rocks, the composition 
of absorbed and adsorbed gases in the regolith, and the morphology 
of the surface to millimeter scale. The payload includes stereo 
imaging, field lens camera, infrared imaging spectrometer, evolved 
gas analysis, and alpha/ proton/X-ray fluorescence instruments, as 
well as a scoop <tnd an auger drill to obt.)in samples of the upper 
meter of regolith. Using these data, several questions can be 
addressed: geochemical and petrological processes; regolith stra
tigraphy and development; history of the solar-wind-implanted 
gases; lunar resources; small-scale surface morphology; ;)nd site 
evaluat ion. 

Stereo imaging is achieved through twO mast-mounted CCD 

framing cameras (800 X 1000 pixels) with a separation of about 
25 cm. Mast mounting allows 3600 horizontal viewing ,)nd 1200 

of vertical viewing. The field lens C<1mera is the snme type of c<lmera 

but mounted on the rover body with optics that allow imaging 
ar a resolution of a few millimeters in the near field. The infrared 
imaging spectrometer covers the spectral range of 0.7 to 2.5 Ilm 
and focuses on the portion of the spectrum sensitive to pyroxenes, 

olivines, FeO content, and soil composition. A spatial resolution 
of <2 mm at 30 cm is possible. The alpha/proton/X-ray fluores
cence instrument is aimed at obtaining elemental composition. 
The alpha/proton mode measures low Z elements, whereas the 
X-ray fluorescence mode is sensitive to higher Z elements. Curium
244 is used as the source for the alpha particles; '09Cd or !44Cm 

would be used for the X-ray excitation. The evolveCl gas analysis 
system would be used to heat the samples to drive off gases that 
would then be analyzed by a mass spectrometer or other syste~. 
Target gases include H 2, JHe, S02, CO, CO2, H 2S, H 20, and N 2• 

Two types of sample acquistion equipment are planned: a scoop 
and a drill. The scoop is a clamshell mounted on a 4 degree-of
freedom arm and would collect samples for analysis to depths of 
a few centimeters with a sample volume of a few cubic centi
meters; it could also be used for shallow trenching. This same 
arm would also deploy the alpha/proton/X-ray device to the 
surface. The drill is an auger drill mounted to the rover body that 



could penetrate to depths of about 1 m. Sample volume of a few 
cubic centimeters from depth intervals of a few centimeters would 
be obtained. The auger would be housed in a tube such that samples 
from a given depth remain isolated from regolith material at other 
depths. 

A physical properties payload would be intended to study the 
geotechnical properties of the surface and subsurface. Those data 
would be aimed primarily at engineering objectives but would also 
be applicable to geoscience problems. Parameters of interest 
include particle size and shape, density and porosity, compressi
bility, shear strength , bearing capacity, rrafficability, electrical 
conductivity, and charging/discharging of the surface. The com
plete payload is under study and has not yet been determined. 
However, it is anticipated that an elecrron-magnetic sounding 
system would be used (Q determine the thickness, srratigraphy, 
and boulder content of the regolith. This system would be mounted 
on the rover body such that long distance or areally extensive 
traverses could be obtained. 

Later Artemis landers have a larger payload capability, about 
200 kg or larger. Additional studies are underway that consider 
the possibility of-building larger rovers that have more capability, 
particularly with respect (Q lifetime, range, and drilling. Alterna
tively, the larger payload capacity could be used to deploy more 
of the small rovers outlined <Jbove . 

COMBINED GAMMA RAY/NEUTRON SPECTROSCOPY 
FOR MAPPING LUNAR RESOURCES. R. C. Reedy, R. C. 
Byrd, D. M. Drake, W. C. Feldman, J. Masarik, and C. E. Moss, 
Space Science and Technology Division, Los Alamos National 
Laboratory, Los Alamos, NM 87545. 

Some elements in the Moon can be resources, such as hydrogen 
and oxygen. Other elements, like Ti or the minerals in which 
they occur, such as ilmenite, could be used in processing lunar 
materials. Certain elements can also be used as rracers for other 
elements or lunar processes, such as hydrogen for mature regoliths 
with other solar-wind-implanted elements like helium, carbon, and 
nitrogen. A complete knowledge of the elemental composition of 
a lunar region is desirable both in identifying lunar resources and 
in lunar geochemical studies, which aiso helps in identifying and 
using lunar resources . Discussed here is the use of gamma ray and 
neutron spectroscopy together (Q determine abundances of many 
elements in the lOp few tens of centimeters of the lunar surface. 
T o date, very few discussions of elemental mapping of planetary 
surfaces considered measurements of both gamma rays and the 
full range of neutron energies. 

The concepts of using gamma rays or neutrons escaping from 
the Moon to determine lunar elemental composition date back 
over 30 years (e.g., [I J). in 1971 and 1972, gamma ray spectrometers 
(GRS) on Apollos 15 and 16 mapped =22% of the lunar surface 
but only could determine the abundances of several elements (Th, 
Fe, Ti, K, and Mg) because of the use of low -resolution Nai(TI) 
scintillator detectors and the short durations of the missions. A 
high-resolution germanium GRS is on the Mars Observer sche
duled to be launched in late September 1992 [2). Such a spec
trometer is much more sensitive for determining lunar elemental 
abundances and for identifying surface components than was the 
Apollo GRS [3]. Neutron spectroscopy of another planet has not 
been done yet, although the Mars Observer GRS is capable of 
detecting thermal and epithermal neutrons [21· A germanium GRS 

LPI Technical Reporc 92-06 45 

can also detect neutrons ~.6 MeV by triangular-shaped peaks 
in the specrrum made by neutron-induced inelastic-scattering 
reactions in the detector [41. The inclusion of a detec(Qr specifically 
designed to measure fast (I;, - 0.1-10 MeV) neutrons improves 
the sensitivity of detecting hydrogen in the lunar surface [5). 
Spectrometers to measure the fluxes of ga(l1ma rays and neutrons 
escaping from the Moon are discussed elsewhere in this volume 
[6] . A gamma ray spectrometer can also be used to detect thermal 
and epithermal neutrons using coatings of thermal-neutron
absorbing materials [3J, although not with the sensitivity of detec
tors designed speCifically for such neutrons. The theories for 
gamma ray and neutron spectroscopy of the Moon and calculations 
of leakage fluxes are presented here wit h emphasis on why com
bined gamma ray/neutron spectroscopy is much more powerful 
than measuring either radiation alone. 

Sources of Neutrons and Gamma Rays: Most gamma ray 
lines made by the decay of excited states in nuclei are produced 
by several types of nuclear reactions, mainly neutron nonelastic 
scattering and neutron capture [7-9). The main exceptions are 
the gamma rays made by the decay of the naturally radioactive 
elements (K, Th, and U). The neutrons a re made by the interac tion 
of the energetic particles in the galactic cosmic rays (GCR) with 
the lunar surface (10) . Neutrons are produced mainly wi~h energies 
of -0. 1-10 MeV, with some made with higher energies. The rates 
for the production of these fast neutrons depends on the intensity 
of the GCR panicles, which can vary by a factor of =3 over an 
II-year solar cycle [II], and is slightly (-5%) dependent on the 
surface composition 112). The transport and interactions of these 
fast neutrons are also dependent on the surface composition. 
Neutrons in the Moon can be slowed by scattering reactions lO 
epithermal (I;, - 0.5-10 3 eV) and thermal (I:" - 0.01-0.5 eV) 
energies. The flux of epithermal neutrons is mainly dependent 
on the hydrogen content of the surface, while the flux of thermal 
neutrons depends both on the amounts of neutron moderators 
like H and of thermal-neutron absorbers like Fe, Ti, Sm, and Gd 
[ I ,5,12, IJ). Man y neutrons escape (rom t he luna r surface and can 
be detected in orbit. The gravitational field of the Moon affects 
slightly the flux at orbit of the lowest-energy neutrons [141. 

The re;lction of these neutrons with atomic nuclei in the lunar 
surface -produces most of the gamma rays used for elemental 
mapping. Fast neurrons make gamma rays by a large variet y of 
nonelastic-scattering reactions. Many elements (e .g. , 0, Mg, Si, 
and Fe) are mapped by neut.ron inelastic-scattering reactions mak
ing exc ited states in the target nucleus, such as 24Mg(n,n y) 24 Mg 
exciting the 1.369-MeV state of 24 Mg (which almost immediately, 
'::::1 ps, decays to the ground state). Neutrons with energies of 
-0.5-10 MeV make most of these inelastic-scarrering gamma rays. 
Neutrons with higher energies can induce many types of reactions, 
such as the 28Si(n,n a y)24 Mg reaction, which also can make the 
1.369-MeV gamma ray. Many thermal and some epithermal neu
trons produce gamma rays by neutron-capture reactions, such as 
the 28Si(n,y)19Si reaction, which makes a cascade of gamma rays. 

The cross sections for neutron-capture reactions vary by orders 
of magnirude, and the elements mapped by gamma rays made by 
such reactions (e.g., Ti, Fe, and possibly CI, Sm, and Gd) are those 
with high cross sections for (n,Y) reactions and that emit one 
or more ga mma ray with a high yield per captured neutron. 

Calculations of Neutron and Gamma Ray Fluxes: The ulti 
mate sources of lunar neutrons and most lunar gamma rays arE 
from interactions of the high-energy (E - 0.1-10 GeV) panicles 
in the galactic cosmic rays. The Los Alamos high-energy transport 
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code LAHET is used (Q calculate the transport and interactions 
of the GCR particles and the production of secondary particles, 
especially neutrons. The LAHET code is based on the HETC code 
used by [l2J but with additional physics included in the code, 
such as the production of neutrons by preeq uilibrium pro
cesses in excited nuclei. Neutrons with energies below 20 MeV 
are transported with the MCNP or ONEDANT codes. The 

ONEDANT code has been modified (14 J to transport low-energy 
neutrons to orbital altitudes with consideration of gravity and the 
neutron's half-life. This series of codes is used to calculate the 
fluxes of neutrons escaping from the Moon. Preliminary results 
for neutrons escaping from the Moon were calculated by 15J using 
the ONEDANT code. As in [5], a range of lunar compositions 
and hydrogen contents has been examined with the LAHETI 
MCNP codes. The results of our calculations are consistent with 
those in [5J and show that taking ratios of the fast/epithermal 
and thermal/epithermal neutron fluxes is the best for determining 
both lunar hydrogen contents and the effective Ilv macroscopic 
cross section for the absorption of thermal neutrons in a lunar 

region. 
To date , most studies of lunar gamma ray fluxes have used the 

values in [7,8J. In these works, the gamma ray fluxes from 
nonelastic-scattering reactions were calculated using the fast neu
tron fluxes of 11 OJ and cross sections for producing specific g~mma 
ray s <1S a funerion of energy. The gamm<l r~y fluxes from neutron
capture reactions were c~lculated with neutron-capture rates 
derived from [13j and evaluated nuclear data for gamma ray yields. 
Elemental de(eerion sensitivities for a number of elements using 
both the Apollo Gamma R,lY Spectrometer system and a high
resolution germanium spectrometer are given in [3 J. Hydrogen is 
best me<lsured using thermal, epitherm,tI, and fast neutron spec
trometers together with elemental abund~nces determined from 
a gamma ray spectrometer [51. We are now in the process of 
coupling the neutron fluxes calculated with the codes discussed 
above with codes for the production and transport of gamma r<lys 
and will soon have new sets of elemental detection sensitivities 
using gamma ray <lnd neutron spectrometers. For now, the cal
cui;ned gamma ray fluxes of [81 <lre being used , as in the recent 
study by [3]. which showed the gr ea t superiority of using high
resolution gamma ray spectrometers for lunar mapping. 

Conclusions: The calculations for fluxes of neutrons esca ping 
from the Moon have been extended and support the conclusions 
of 15J for llsing ratios of thermal, epithermal, and fast neutrons 
for lun'lf elemental studies. The fluxes of fast neutrons can vary 
by -10% depending on the surface composition independent of 
the major variations expected from GCR-flux changes over a solar 
cycle. The direct measurement of the fluxes of fast neutrons can 
be lIsed to help determine elemental abundances from nonelastic
scattering gamma rays, and the use of ground truths (as with the 
Apollo gamma ray spectra) or normalizing the sum of ali abun
d;lIlces to unity may not needed. Similarly, direct measurements 
of the fluxes of thermal (and epithermal) neutrons can be used 
to determine abundances from fluxes of neutron-capture gamma 

. rays. The elemental abundances derived from the gamma ray data 
are needed in interpreting the neutron measurements. The ther
mal/epithermal ratio can be used (Q get an independent measure 
of the effective 1/ v macroscopic cross section for thermal neutrons. 
Differences of this macroscopic cross section determined from the 
major elements mapped with gamma rays from that inferred from 

low-energy neutrons could indicate the presence of other elements 

that strongly absorb thermal neutrons, such as Sm and Gd. Thus 
in many ways the complementary nature of gamma rays and 
neutrons make a combined gamma ray/neutron spectrometer more 
powerful than each technique by itself. 

This work was supported by NASA and done under the auspices 
o( the U.S. DOE. 
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(1987) Proc. LPSC 17rh, in]GR, 92, E697-E702. [12J Drake D. M. 
et al. (1988) ]GR, 93, 6353-6368. [I3J Lingenfelter R. E. et al. 
(1972) EPSL, 16, 355-369. [14J Feldman W. C. et al. (l989)]GR. 
94,513-525. 

COMPAS: COMPOSITIONAL MINERALOGY WITH A 
PHOTOACOUSTIC SPECTROMETER. W . Hayden Smith, 
Washington University, St. Louis MO 63130, USA. 

There is an import;\Ot need for an in si[1( method of mineral 
and rock identification and quantification that provides true 
absorption spectra for a wide spectral range for lunar lander/rover 
missions. 

Many common minerals, e.g., some feldspars, magnetite, ilmen
ite, and amorphous fine solids or gbsses, can exhibit flat spectral 
reflectances in the 400-2500-nm spectral region that render inac
cur~te or difficult their spectral detection and quantitative anal
ysis. Ideal rock and mineral spectra are, of course, pure absorption 
spectra that are independent of the spectr,ll effects of scattering, 
particle size , and distribution that can result in a suppression or 
distortion of their spectral features. This ideal seldom pertains to 
real samples. Since sample preparation is difficult and may fun
damentally alter the obSC[ved diffuse spectral reflectance, an in 
siw spectral measurement method for rocb and minerals on the 
Moon, insensitive to the sample morphology, would be invaluable. 

Photoa coustic spectroscopy is a well-established technique 

appropriate for this task that has been widely applied in condensed
phase spectral studies of complex, highly light scattering, unpre 
pared samples of everything (rom coal to whote blood, including 
rock and mineral characterization. 

A Compositional Mineralogy Photoacoustic Spectrometer, or 
COMPAS, can enable in sicu spectral measurement of rocks and 
minerals, bypassing the major limitations of diffuse reflectance 
spectroscopy. COMPAS has the following features: (I )it is designed 
for insicu spectral characterization of rocks and minerals and their 
surface weathering species; (2) it does not require modifying or 
altering the sample or its surroundings; (3) it provides spatial 
resolution on a submillimeter scale, functions at the ambient (high 
or low) temperature, and requires no coolants; (4) spatial and 
spectral data are acquired in a serial mode at a modest data rate; 
(5) it has no internal moving components, which gives it high 
reliability; and (6) it is physically very small with low weight and 
power requirements. 



COMPAS spectral capabilities for rock and mineral samples will 
be incorporated into an instrument prototype specifically for lunar 
measurements, compatible with rover capabilites. 

LUNAR UV-VlSIBLE-IR MAPPING INTERFEROMETRIC 
SPECTROMETER. W. Hayden Smith I, L. Haskin!, R. 
Korotev! , R. Arvidson!, W. McKinnon l , B. Hapke2, S. Larson 3, 

and P. Lucey4, IWashington University, St. Louis MO, USA, 
2University of Pittsburgh, Pittsburgh PA, USA, JUniversity of 
Arizona, Tucson A2, USA, 4University of Hawaii and Ball Aero
space Group, Honolulu HI, USA. 

We have developed ultraviolet-visible-infrared mapping digital 
array scanned interferometers [I I for lunar compositional surveys. 
The research has defined a no-moving-parts, low-weight and low
power, high-throughput, and electronically adaptable digital array 
scanned interferometer that achieves measurement objectives 
encompassing and improving upon all the requirements defined 
by the LEXSWIG for lunar mineralogical investigation. In addition, 
LUMIS provides a new, important, ultraviolet spectral mapping, 
high-spatial-resolution line scan camera, and multispectral camera 
capabilities. We describe an instru men t configuration opti mized 
for spectral mapping and imaging of the lunar surface and provide 
spectral results in support of the instru ment design. 

References: [II Smith W. H. and Schempp W. V. (1991) 
Experimental Asrronomy, I, 389-405. 

LUNAR RESOURCE ASSESSMENT: STRATEGIES FOR 
SURFACE EXPLORATION. Paul D. Spudis, Lunar and Plane
tary Institute, 3600 Bay Area Boulevard, Houston TX 77058, USA. 

Use of the indigenous resources of space to support long-term 
human presence is an essential element of the settlement of other 
planetary bodies. We are in a very early stage of understanding 
exactly how and under what circumstances space resources will 
becom~ important. The materials and processes to recover them 
that we now think are critical may not ultimately be the raison 
d'etre for a resource utilization program. However, the need for 
strategic thinking proceeds in parallel with efforts to implement 
such plans and it is not too soon to begin thinking how we could 
and should use the abundant resources of materials and energy 
available from the Moon. 

A plan to assess the resources of the Moon (or any extrater
restrial body) must be based on at least a rudimentary understand
ing of the following questions: (I) What materials and energies 
are likely to be needed by the envisioned space·faring infrastruc
ture? (2) Where are these commodities on the Moon and what 
are their physical states and concentrations l (3) What types of 
processing are required to produce the desired products and how 
can such processing yield the maximum possible rerum? Once the 
first question has been addressed, resource assessment concerns 
itself primarily with question 2. However, the realities of question 
3 must always be kept in mind during resource assessment; the 
distinction between are and gangue is economic, not geologic. 

My supposition is that at a minimum, we will want the following 
commodities: (I) bulk regolith, for shielding and construction on 
the lunar surface (ultimately for export to human-tended stations 
in Earth-Moon space), and (2) oxygen and hydrogen, for propellant 
and life support. I confine my attention to these essential products . 
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Synergy with Orbital Missions: Resource assessment requires 
both orbital and landed prospecting. Moreover, landed missions 
can be more effectively planned and conducted if some orbital 
reconnaissance is carried out before the landed payloads are sent. 
The issues associated with orbital prospecting are ably summarized 
by Taylor [I I and I touch on them here only from the perspective 
of the need to carry out a successful series of lander missions. 

The lunar surface composition should be surveyed globally. This 
survey is the number one priority and should be carried out as 
soon as possible. From these data, a set of potential prospects can 
be selected and characterized to a first order. It will then become 
the task for a follow-up lander mission to obtain the data of quality 
sufficient to make judgments on the type of processing to be done, 
availability of feedstocks, and estimated product yields. 

Bulk Regolith-The First Lunar Resource: Although the 
initial return to the Moon requires no In Situ Resource Utilization 
(lSRU), the long-term presence of people on the Moon compels 
us to consider the likely first needs of these lunar inhabitants. 
One can envision bringing along enough consumables (oxygen, 
water, food) to support the crew members for significant lengths 
of time, but shielding from the harsh radiation environr1'lenr at 
the lunar surface requires mass, and lots of it. Several scenarios 
envision the use of bulk regolith piled over habitation modules. 
Bulk regolith is available in virtually unlimited quantities nearly 
anywhere on the Moon (it is hard to come by only at very fresh, 
large crater melt sheets, such as King). I believe that we understand 
the nat ure, formation, and evolution of the regolith well enough 
from Apollo to begin using regolith immediately for shielding 
purposes. If terrain-moving and construction equipment is built 
robustly enough, there is little need for precursor characteriz;!tion 
of.the site regolith. However, for completeness, Table I lists the 
desired knowledge of regolith properties and an estimate of the 
required fidelity of information . 

Oxygen for Fuel and Life Support: After bulk regolith, lunar 
oxygen seems to be the most important resource for human use 
on the Moon. The amounts of oxygen required to support human 
life are trivial; in the follOWing, I am assuming that oxygen is being 
produced primarily for use as propellant to support the Earth
Moon transportation infrastructure. If so, abundant oxygen will 
also be ;!vailable to support life at the lunar outpost. 

There is no shortage of this commodity: Lunar soils are at least 
4'5% by weight oxygen. However, a strategy to assess oxygen 
resource potential must assume some type of processing scheme. 
Both high-yield and low-yield processes have been proposed to 
extract lunar oxygen. High·yield processes (e .g., magma electrolysis 
[21l can effectively use any lunar material as feedstock and thus 
have no real assessment requirements.(or potential prospects. One 
low.yield process has received considerable attention: reduction 
of lunar ilmenite by hydrogen (e.g.,. [3]) . This technique has been 
validated, at least at the workbench level, and produces oxygen 
at roughly 3% efficiency. The ilmenite reduction method requires 
a specific feedstock: lunar ilmenite grains or, at least, ilmenite
rich lunat soils. This requirement drives prospecting to high-Ti
composition maria; the ore should be as rich as possible in modal 
ilmenite (Table 1). 

Given low-yield ilmenite reduction, the resource assessment task 
is simplified to identifying the highest ilmenite concentrations on 
the Moon and at specific sites, characterizing ilmenite gross abun
dances and their lateral and vertical variability (on a scale of a 
few meters) . The location of ilmenite-rich regions is well suited 
to orbital prospecting [1 J. Once such areas have been identified, 
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TABLE I. Resource assessment needs: Initial surface missions. 

Knowledge Needed Obtained By Precision Required 

Regolich thickness Lander im~ging 0.5 m 
Regolith fragmenr size Lander imaging ±IOcm 

distriburion 
Bulk chemisrryl XRF/X R D/Mossba uer ± few % 

mineralogy 
Solar wind gas Lander GRS/NS lOs of ppm 

concenrration 
Bulk Lander EGA I ppm 
Variability (lO-m scale) Rover EGA I ppm 

promising sites should be investigated by selected in situ measure
ments. The heterogeneity of the ilmenite concentrations should 
be measured a[ scales commensurate with the those of the expected 
mining operations; nominally, [his is likely [0 be on scales of a 

few meters. Concurrent documentation of regolith physical prop

erties is also required, as [he presence and abundance of large 

blocks, for example, might signific<lmly influence mining opera
tions. The data needs, some selec[eJ techniques for [heir acqui
si[ion, and precision required are estimated in Table I. 

Hydrogen for Fuel and Life SUPPor[: In connas[ [0 oxygen, 
hydrogen is rare on [he Moon. Hydrogen is imponant both as 
a fuel [0 suppon [he nanspona[ion infrasnuc[ure, bu[ it is also 
an essential resource [0 make "',lIer for life suppon, [hermal 
connol, :md agricul[ure. 

As f;lr as we know, lunar hyJrogen predominaml\, takes the 
form of molecules of sobr hydrogen, adsorbed omo fine grains 
of lunar dust 14). Abou[ 90% of [he solar-wind-implanted hydrogen 
can be exnac[ed by heating [he lunar soil [0 a bout 7000 C. Typical 
concentration; of hydrogen in Apollo soil samples are between 
20anJ 50 ppm [4); there seem [0 be positive correla[ions between 
Ti content of mare soils ;md [O[al hydrogen abundance anJ 

between soil maturity and hyJrogen abundance. However, we have 
never m:lde in siw measurements of lunar hydrogen and we Jll 
not know how i[ varies Ia[erally or vertically in [he regoli[h on 

:I scale of meters . We alsll do nOt know how these supposed 
correla[ions holJ up over the en [ire Monn or whether [hey e·xis[ 

:I[ sClles :lppropri;ne for resource extraction. 
If hydrogen exnaoion from [he Moon's surface is [0 b·ecnme 

a rcali[y , we n111S[ characterize its presence, :lbundance, and dis
tribution in cie[;lii. I would give initial anent ion [0 high-Ti areas, 
incluJing regional pyroclas[ic deposits (5). A surface rover mission 
should simlll[~nel1usly analyze soil chemistry, mawri[)', and aJ
sorbed gas concentration; such a prospect should be carried OUt 
within a small area (e.g., a few kilometers square). Measurements 
of hydrogen concentration measured in SiCl~ on the Moon could 
then be correi:l[ed with both chemistry and maturity, [W(l prop
erties easily measured remmely from orbit a[ scales of meters [0 

kilometers. In this case, a de[ailed site survey would have impli

cations for estimates of che global reserves of lunar hydrogen. 
Conclusion: · This work is an attempt [0 understand what 

resource assessment means for an initiative that attempts to u[ilize 

indigenous lunar resources, quite probably on an experimental 
basis. I have discusseJ what J consider to be top-priority com
modifies and [he knowledge needed [0 efiiciencly extract these 
products. As our knowledge improves on what space resource 
u[iliza[ion requires and entails, we should develop a flexible stra
reg)' [hat will ensure we obtain [he information we need in a [imely 
manner. 

References: [1 ) Taylor G. J., [his volume. [2J Lindstrom D. J. 
and Haskin L. A. (1979) Space Manufacturing Facili[ies 3, 129, 

AIAA. [3 J Gibson M. A. and Knudsen C. W. (1985) In Lunar 
Bases and Space Activiries of rhe 21 sr Century (W~ W. Mendell, 
ed.), 543, LPI. [4) Heiken G. H. et ai., eds. (1991) Lunar Sourcebook , 
Ch . 8. [5) Coombs C. R. e[ al. (1990) Workshop on Lunar Volcanic 

Glasses, 24, LPI Tech. RPL 90-02. 

HIGH·RESOLUTION EARTH-BASED LUNAR RADAR 
STUDIES: APPLICATIONS TO LUNAR RESOURCE AS
SESSMENT. N. J. S . Stacy and D. B. Campbell, National 
Asnonomy and Ionospheric Center and Department of Astron
0IllY, Cornell Universicy, Ithaca NY 14853, USA. 

The lunar regoli[h will most likely be a primary raw ma[erial 

for lunar base construction and resource extraction. High. 
resolution raJar observations of [he Moon provide maps of radar 

backscatter [hat have intensity variations generally controlleJ by 
[he local slope, ma[erial, and strucwral properties of the regolith. 
The properties [hat can be measured by [he radar system include 

[he dielectric constant, density, loss tangent, :lnd waveleng[h scale 

roughness . 
The radar sYS[emSCllrrentiy in operation a[ several astronomical 

observatories provide the ahili[y [0 image the lunar surface a[ 
spa[ial resolU[ions approaching 30 m :lt J.8·cm and 12.6·cm ""we
leng[hs anJ approximately 500 mat 70-cm wavelength. The r:lJar 

signal penetrates [he lunar regoli[h to a Jepth of 10-20 wowe
lengths so [he measured backscmer contains contributions (rom 
[he vacuum-regoli[h interf;1ce and from wavelength -scale h~[er

ogenei[ies in [he electrical properties o( [he suhsurface mareri:ll. 
The three waveleng[hs, which iHe sensitive {() different scale 
structures anJ scanering volumes, provide complementary infor-

Fig. I. Aver~ged 12.6-cm radar image of the depolari!ed rebcive back
scatter cross secrion ot" the IOO-km·diameter crater Plaw (52°N, 9°W) 
~nd surrounding terrain . The incidence angle is 56 0 in the center of che 
image, north is co the [Op. and illumination is from the s(luch-southeas[. 
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mation on the regolith properties. For example, the longer wave

length o bservations can be used to estimate the depth of pyroclastiC 

manded deposits [[ J. which usually have low surface roughness 
and block content and can be identified by very low radar back

scatter at the shorter wavelengths [2,3). 

In general, a circularly pola rized signal is transmined and both 
senses o f circular polarization are received containing the polarized 
and depolarized components of the backscattered signal (though 
the ca pability e xists to tran smit and rece ive linear pola r izations). 

These polarization components correspond to the opposite sense 
of circular polarization to the transmitted signal (that polari zation 

sense e xpected from a single reflecti o n with a plane interface ) 
and the orthogonal circular polarization respectivel y. The back 

scattered signal has contributions from q uasispecular a nd diffuse 

scattering. The first, due to reflection from small facets, contrib
utes to the -polarized signal and the second, due lO wavelength

size surface and near-surface structures , contributes to both 

receive polarizations [4). The relative power in the two polari

zations provides useful information o n properties of the surface, 

in particular, wavelength-sca le roughness that is usua lly attributed 
to large angular rocks. The ejecta o f fresh impact craters resulting 

from an imp,K t sufficient in size to excavate rel at ively blocky 

material are readily evident by an en ha nced radar signature 15 J. 
especially in the depolarized sign~l. 

The density of the lunar regolith can be related to the dielectric 
const;Jnt using results from ;In;Jlysis llf t he electrical properties 

of lunar rocks returned to the Earth [61. The dielectric constam 
of the lunar regolit h can potentially be estimated from the ratio 

of the b;Jckscatter in the local vertical and horizon tal directions 

for ;Jreas where the radar signal is dominated by volume scattering. 
High-incidence -a ngle observations of the lunar mare are possibly 

most $u it<1ble beeause of the assumed low surface backscatter and 
good coupling of the vertical p.ll<1rization to the surbce when 

imaged ne,H the Brewster's ,mgle (incidence angle -60°). 

Lunar 'topograph y h as been measured usi ng a two -element radar 

interferomerer achieving el<?v,1[illn ,Kcuracy better th'ln 500 In 

at a 5p;Jtial reso lution of I km to 2 km [7,8) . An ;,Irernative 

interferometric t ec hnique thm C;ln be applied to lunar mapping 
requires twO images of the S<l 111 e ,He;, observed with ve ry similar 

viewing geometries that arc compa red to genera te interfe rence 

fringes tha t ca n be unwrapped to derive loc<ll topography [91 . The 
present ability to image the lunar surface at 30'01 to 40-m spatial 
resol~ltion potent ia lly provides a n order of 111,)gnitude better topo

graphic resolution and accuracy over the previous results . 
Several lunar sites were observed using the 12 .6-cm wavelength 

rada r system at Arecibo Observatory in 1990 and further obser
vations are planned for late r thi s yea r (Fig. I). The raw dat a 

collected for each site cover an a rea approximately 100-300 km 
by 400 km and are processed into images of relati ve backscatter 
cross section. Five of the sites were observed with a spatial reso 

lution potentially better than 50 m and the remaining sites were 

observed with spatial re so lutions varying up ro 220 m . Aims of 
the previous and fmure obse rvat ions include (I) analysis of the 

scatte ri ng properties associated wi th fresh impact craters, impac t 
crater ra ys , and mantled de posits; (2) analysis of high-incidence

angle observations of the lun ar mare'to inves t igate measurement 
of the regolith dielectric const ant and hence porosity; (3) inves
tigatio n of in terfe rometric tec hn iques using two time-delayed 
observations of the same site, obser va t ion s that require a difference 
in viewi ng geometry <0.05° and, hence , fortuitous alignment of 

the Earth-Moon system when v isible fr o m Arecibo Observatory. 

References: ([) Campbell B. A. et. aI., this vo lume. [2) Zisk 

S. H. et al. (1 991) GRL, 18, 2137-2140. (3) Gaddis L. R. e t al. 

(1985) Icarus, 6/, 461 - 489. [4) Hagfors T . and Evans J. V. (1968) 
In Radar Astronomy, 219-273, McGraw-HilI. [5) Thompson T. W . 
et ai. ([974) Moon, 5, 87-117. [61 Olhoeft G. R. and Strangway 

D. W. ([975) EPSL, 24, 394-404. [7) Shapiro 1. 1. et al. (1972) 
Science, 178, 939-948. [8] Zisk S. H. (1972) Science, 178, 977
980. [9) Goldstein R. M . et al. ( [988) Radio Sci., 23, 713-720. 

REMOTE ASSESSMENT OF LUNAR RESOURCE PO
TENTIAL. G. Jeffrey Taylor, Planetary Geosciences, University 
of Hawaii, 2525 Correa Road, Honolulu HI 96822, USA. 

AsseSSing the resource potential of the lunar surface requires 

a well-planned program to determine the chemical and minera
logical composition of the Moon's surface at a range of scales. 

The exploration program must include remote sensing measure

ments (from both Earth's surface and lunar orbit), robotic in siw 
analysis of specific places, and, t!venrually, human field work by 
trained geologists (Fig. I). This paper foc uses on remote sen sing 
d a ta ; strategies for in si tu obse rva tions are di scussed ably by P. 
Spudis [I). 

Resou rce assessment requires some idea of what reso urces will 
be needed . Srudies thus far h ave concentrated on oxygen and 
hydrogen production for propellant ,md life suppOrt, lHe for export 
as fuel for nuclear fusion reactors , and use of bulk regolith for 
shielding ,1Od construction ma teria ls. O n the other hand, igne ous 

processes might have provided caches of useful materials, so o n e 

ought to search for likely possibilities. The measurement require · 
ments for assess ing these reso urces are given in Table I ,)Od 

discussed briefly below. The overriding need, however , is to obtain 
<1 global chemic,ll and mineralogical database. This will provide 

a first -o rder global characterization of the Moon, create a frame· 
work in which to assess reso ur ces, a nd keep options o pen as we 

begin to understand what resou rces will be needed on t he Moon. 

Spatial resolutions suggested in Table I are based panly on known 
inscrument capabilities and partiy 01) the deSi re (o r o rbital missions 
to provide sound inform <1 tion to plan future bnded mission s. Thus. 

resolution needs t o be better than the scale of early robotic rovi ng 
mission s, abo ut 10 km. 

Ilmenite-Source for Oxygen, Hydrogen, and H elium: 
Numerous tech niques h<1ve been pro posed to produce oxyge n . 
Some can use any feeds[()ck, inclu di ng bulk regolith. In those cases, 

the key information needed is the properties of the regolith. 

H owever, some processes, including th e most mature ones, center 

Lunar Resource Assessment 

Human 
... 	 Field 

Work 

Fig. \. Lunar resou rce assessment needs to be a phased activit\" beginning 
with observations trom Earth (which my colleagues refer to ;1S a seleno
centric orbiter), followed by glooo l remote sensing measurements. These 
programs allow rational choice of landing sites for in si!I( measurements 
and eventual field work by astronaut geologists. Although orbital remote 
sensing missions logica lly precede landed robotic miss ions, the\' need not 
cease once landed missions begin. Similarly, once humans begin to do fi eld 
studies, robotic landed missions can and should continue. 
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TABLE 1. Orbital remote sensing for lunar re sources. 

Objective Measurement Technique Precision and Resolution 

Ilmenite abundance and distribution 
(relates to H, He, and O! pOtential; 
also to Ti and Fe production) 

I. Ti01 concentration 
2. Concentra(ion of Other major ele· 
ments (Si , AI, Mg, Fe, Cal 
3. Modal abundance of 
ilmenite 
4. R~golith maturity 

1,2. X·ray tluorescence 
Or gamma ray 

Ja. Albedo 
3b. UV spectroscopy 
4. Reflectance speCtra 

l. ±5%; lOs km spatial 
2. ±5%; lOs km spatial 

3a. ± 10%; 100 m spatial 
3b. 0.1 to 0.7 11m; 100m spa(ial 
4. Broad characterization; 5 narrow 
bands at 0.7, 0.9, 0.95, 1.0, and 1.5 11m 

(or imaging spectrometer); 100 m spatial 

Regolith properties 
(relates to plans (or mining, base 
construction, and ilmenite 
abundance) 

4. Regolith maturity 
5. Regolith thickness 
6. Block distribution 

4. Same as above 
5. Imaging 
6. Imaging 

4. Same as above 
5. 2 m spatial 
6. I m spatial 

Unexpected en richments o( ele· 
ments llr minerals 

6. Concentrations o( major elements 
(Si, AI, Mg, Fe, Ca, Ti) 
7. Concentrarions of incompatible 
trace elements (U, Th, K) 
8. Presence 01 unusual minerals (e.g ., 
quartz) 

6. X·ray fluorescence 

7. Gamma ray 
spectrometry 
8. Imaging reflectance 
and emission spectroscopy 

6. ±5%; I km spatial 

7. ±5% (in 1-IOO·ppm range); 10 km 
spatial 
8. Full spectral coverage, 0.1 [0 50 11m 

arounJ ilmenite reduction. In these cases, the key information 
is the abundance and physical st;Jte of ihnenite in the regolith. 
The ideal regolith contains a high abundance of ilmenite and has 
been reworked by impacts sufficiently to break up rocks, but not 
so much as to convert much of the regolith (including ilmenite) 
to glassy agglutinates. Thus: we need to know (I) the Ti con
centration, which gives us the potential ilmenite concentration; 
(2) concentrations of other major elements for cnmpleteness and 
to heir ~ssess modal ilmenite by calculating normative ilmenite; 
(3) the mndal abundance of ilmenite, which can be obt'lined 
directly, in principle, by spectral measurements in the UV and 
by albeJo measurements; and (4) regolith maturity, to choose areas 
richest in ilmenite fragments. Hydrogen and helium concentrate 
in ilmenite . This effect overwhelms the effect of soil maturity, 
though both are important . Thus, rhe highest concentration of 
H and He ;He in high-ilmenite soils that have long exposure 
histories. S.l, in this c~se, the optimum soil w"uld have high 
maturity, rather than the intermediate soil preferred for oxygen 
production by ilmenite reduction. 

Regolith-Shielding and Construction Material: We prob
ably already know enough about rhe lunu regolith to design 
equipment to excavate and transport it. However, for complete
ness, ! list the properties that can be assessed from orbit (Table I). 
Maturity was discussed above. Regolith thickness can be deduced 
from crater morphologies; thus high-resolution imaging is needed. 
Clearly, this cannot be done globally. Determining the abundance 
and distribution of blocks of rock also requires high-resolution 
imaging. How good the resolution needs to be is problematic; since 
block distributions tend to follow a power law (i.e., the size 
distribution is fractal), one can measure blocks larger than 1 In 

and deduce the distribution at smaller sizes. 
The Unexpected: The absence of water on t he Moon limits 

the potential for elemental concentrations and the production 
of unusual minerals. However, extreme igneous fractionation 
might have produced some materials rich in incompatible elements 
(U, Th, K, rare earths) and rerhaps even certain volatiles such 
as halogens and the elements that might have formed complexes 

with them (e.g., Ge). The trick is to search for evidence for 
ex{ensive igneous evolution: high Fe/Mg; enrichments in elements 
such as U, Th, and K; and the presence in moderate to high 
amounts of minerals such as quartz and alkali feldsp'l[ . 

Reference: [II Spudis P. D., this volume. 

A COMBINED XRD/XRF INSTRUMENT FOR LUNAR 
RESOURCE ASSESSMENT. D. T. Vaniman, D. L. Bish, 
S. j. Chipera, and j. D. Blacic, Los AI~mos National Laboratory, 
Los Alamos NM 87545, USA. 

Robotic surface missions to the Moon should be capable of 
measuring mineral ,1S well as chemical abundances in regolith 
samples. Although much is already known about Ihe lunar regolith, 
our data are far from comprehensive. Most of the regolith samples 
returned to Earth for analysis had lost the upper surface, or it 
was intermixed with deeper regolith. This upper surface is the 
parr of the regolith mnst recently exposed ttl the so lar wind; as 
such it will be import<1J1t to resource assessment. In ,1ddition, it 
may be far easier tCl mine and process the uppermost few cen· 
timeters of regolith over a broad area than to engage in deep 
excavation of a smaller area. The most direct means of analy:ing 
the regolith surface will be by studies in sicl{. In addition, the 
analysis of the impact-origin regolith surfaces, the Fe-rich glasses 
of mare pyroclastic deposits, are of resource interest [1,2 J. but 
are inadequately known; none of the extensive surface-exposed 
pyroclastic deposits of t he Moon have been systematically sampled, 
although we know something about such deposits from the Apollo 
17 site. Because of the potential importance of pyroclastic deposits, 
methods to quantify glass as well as mineral abundances will be 
important to tesource evaluation. 

Combined X-ray diffraction (XRD) and X-ray fluorescence 
(XRF) analysis will address many resource characterization prob· 
lems on the Moon. Other means of chemical analysis (e.g., instru
mental neutron activation analysis or laser-induced breakdown 
spectroscopy) would extend the suite of elements measured beyond 
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those det~ctable by XRF, particubrly for elements lighter than 
Mg. However, XRF methods are valuable for obtaining full major

element abundances with high precision. Such data, collected in 

parallel with quantitative mineralogy, permit unambiguous deter 

mimHl o n of bo th mineral ;!nd chemical ;!bundances where con
centrations ;!re high enough [() be o f resource grade. 

Collection of both XRD and XRF data from a single sample 
provides simultaneous chemic;!1 and mineralogic information. 

These data can be used to correlate quantitative chemistry and 
mineralogy as a set of simultaneous linear equations, the solution 

of which can le;!d to full characterization of the sample. The use 
of Rietveld methods for XRD data a nalysis can prOVide a powerful 

tool for quantitative mineralog)' 13) ;!nd for obtaining crystallo
graphic d.Ha on complex miner;!ls 14J. Rietveld merhods applied 
to the XRD data will provide (I) enhanced accuracy for quan
titative mineralogy , (2) a capabiliry for crystal-chemical charac

terization of unstable minerals (e.g., the questionable lunar occur 

rence s ofla\Vrencite, FeC1 2 15]) in their narural environment, and 
(3) a ca pabilit)' ttl recognizl:! and char'1(terize previously unkn llwn 

minerals . 
Ultimately, Rietveld methods can be used to derermine glass 

ahund;mc.es where the sample contains a particular type of glass. 
This appro.lch will be most useful in the explo""tion of pyroclastic 
glass deposits. Figure I shows an XRD pattern obtained from the 
< I-!lIn fracrion of pyroclastic sample 74220,19, obrained by set

tling in Freon. This pattern was collected from 17 mg of material. 
Riet ve ld analysis \Va s used ro obtain the abundances of crysralline 
constituents (normalized to 100%) as well as the olivine Mg/Fe 
ratio. When similar data are obtained on pure splits of rhe pyroc
lastic glass, rhen abundances of rhis glass (represented by the 
amorphous bulge between 17° and 46° 20) can be determined. 

Other glasses, either known or exotic, can be modeled from 
diffraction data. Figure 2 illustrates the very different amorphous 

diffraction character of terrestrial rhyolitic glass in comparison 
with the basaltic pyroclastic glass of 74220 in Fig. 1. With appro
priare library diffraction data, a wide variety of glasses and minerals 

can be determined quantitatively in lunar materials. 

Two - Tneta (Degrees) 

Fig. 2. 

References: [I) McKay D. S. et al. (1991) LPSC XXII, 881

882.12 J Hawke B. R. et al. (1989) LPSCXX, 389-390.131 Vaniman 

D. T. (1991) LPSC XXll, 1429-1430. 14 J Vaniman D. et al. (l99~) 
Cia)' lvlill. Soc. 28(h Ann. M(g., 157; 15J Taylor L. A. et 81. (1973) 
Proc. LSC 4th, 829-839. 

LUNAR LAVA TUBE SENSING. Cheryl Lynn York, Bryce 
Walden, Thomas L. Billings, and P. Douglas Reeder, Lunar Base 

Rese;!rch Team, Oregon LS Society, P.O. Box 86, Oregon City 
OR 97045-0007, USA. 

Large (2:300-(n-diameter) lava. tube caverns appear to exist on 

the Moon .1nd could provide substantial safety and cost benefits 
for lunar hases. Over 40 m of basalt and regolith constitute the 
lava rube roof and would protect hoth construction and operations. 
Constant temperatures of -20°C reduce thermal stress on struc

tures and machines. Base des igns need not incorporate heavy 

shielding, so lightweight materials can be used and construcrion 
can he expedited 11,2) . Identificarion and characterization of IaV;! 

tube caverns can be incorporated into current precursor lunar 
mission plans. Some searches can even he done from Earth. 

Earth-based sensing of major near-surface (lOO-m-deep) lun3r 
/aVZl tubes and their entrances at 25-m resolution may be possible 
using Earth-penerrating radar (EPR) interferometry 131. From 
lunar orbit I-m ErR resolution should be Zlchievalsle. Radar; lidar, 
and optical and infrared imaging might spor an entrance candidate 
from lunar orbit withour using power-intensive EPR. Lava rube 
entrances can also be found directly by surface explorers (human 
or machine). Multifunctional kinetic penetrarors and high
resolution seismic arrays may detail likely sites. Any search for 

lunar ice or other captured volatiles should include sheltered lava 
tube entrances and skylights (spot roof collaRses). 

Interior volume mapping to lO-cm resolution should be possible 
using lidar, microwave, or optical imaging from a platform moving 
along the length o f the cavern. Floor and ceiling detail in optical 

or Iidar data could be evaluated for lunar geoscience and possible 

http:ahund;mc.es
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lunar base engineering use. Dust and other deposits in a lunar 
cave may be identified and mapped in a variety of ways although 

lunar lava tube caverns may be relatively dust free. Sensors used 
for surface exploration are suitable in lava tubes, including IR and 
UV spectrometers, lasers, vapor detectors, probes, optical spec· 
trometers .md imagers, and neutron activation analysis, <llthough 

some of these sensors require a "light" source. A hovering rover, 
which we have christened a "Moon Bat," could lift off from a 

surface lander and fly into and through a lava tube cave. Based 
on present and near-future SOlO light Exo-Atmospheric Pro
jectile (L.E.AP.) technology, the "Moon Bat" could gather data 
rapidly while "on the fly" and its rockets could provide a light 
source. 

Specific recommendations for lunar lava tube search and explo
ration are (1) an Earth-based radar interferometer, (2) an EPR 
orbiter, (3) kinetic penetrators for lunar lava tube confirmation , 
(4) a "Moon Bat" hovering rocket vehicle, and (5) the use of 

other 	proposed landers and orbiters to help find lunar lava tubes . 

References: III Oberbeck V. R. et al. (1969) Modern Geol.og)', 
1. 75-80. [2) Harz F. (1985) In Lunar Bases anJ Space Accivilies 

of the 21 sc CenrtH) (W. W, Mendell, ed.), 405-412, LPI, Houston . 
(3) Billings T. L. (1991)]. Brie. Tncerpinnec. Soc., 44.255-256 . 
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