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APPLICATION OF NUCLEAR WELL-LOGGING TECHNIQUES TO LUNAR
RESOURCE ASSESSMENT • P. Albats, J. Groves, J. Schweitzer, Schlumberger-Doll
Research, Ridgefield, Ct., T. Tombrello, California Institute of Technology, Pasadena, CA.
Introduction. The use of neutton and gamma ray measurements for the analysis of material composition
has become well-established in the last forty years. Schlumberger has pioneered (1,2) the use of this technology for
logging wells drilled to produce oil and gas, and for this purpose, have developed compact, low-power (<20 watts)
D,T (14 MeV) and D,D (2.5 MeV) neutton generators (Minittons) that allow measurements to be made in deep
(5000 m) boreholes under adverse conditions (temperatures to 200 C, pressures to 20,000 psi, high transient
accelerations, corrosive fluids, etc). We also make ruggedized neutton and gamma ray detector packages which 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
Modem nuclear methods used in logging measure rock formation 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 measured to 0.01 gjcm3
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 conditions. 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 neutton generator permits time dependent specttoscopic measurements of gamma rays so that inelastic,
capture, or activation neutton reactions can be emphasized. The high energy neutton inelastic and (n,x) reactions
during the source neutron pulse are used to measure carbon and oxygen to help determine pore fluid contenL
Following the burst of neuttons, prompt gamma rays produced by thermal neutton capture reactions are measured; at
later times activation gamma ray can be measured. At typical logging speeds (lOcm/sec), statistics are often the
limiting factor in the usefulness of the measuremenL Thus, present oil-well, geochemical logging systems only
determine the abundances of the most dominant contributors to the measured spectra- typically, Si, Fe, Ca, S, Gd,
K, U, Th, Ti, Cl, H, and Al(3). Stationary measurements or measurements at a series of fixed positions may be
appropriate for planetary applications. The relevant elemental sensitivities depend on the neutton source used (14
MeV or 25 MeV neutrons), the type of detector used (e.g., Nal, 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 Figure 1. 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 collaborated 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 germanium specttometer to obtain in situ data on a wide range of elemental concentrations(4). Because of
the crystalline rocks in this well, the most useful measurements were prompt thermal neutton capture and delayed
activation gamma rays. Pulsed neuttons were produced by a DT generator. Delayed activation measurements were
also made using a 252cf source(S). A typical example of the results is shown in Figure 2 for vanadium
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 data sets, with the main difference
being that the cuttings 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 situ measurements can ~ a more
accurate representation of the bulk rock contents, as subsequently confirmed by anal~ses of core samples which show
the same character as the in situ measurements.
Conclusions. We thus see that the adaptation of this well logging technique is entirely consistent w.ith
most of the needs for a robotic lunar mission,(eg.low power, small size, rugged instrumentation) and could prov1de
a broad range of elemental data for the shallow lunar subsurface. With the neutron generator turned _off, ~e detector
would provide natural and solar flare produced activity data, that are likely to be proposed by other mvesugators; by
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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, ie. 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. J.S •• Schweitzer, "Nuclear Techniques in the Oil Industry", Nucl. Geophys. .i 65-90, 1991
2. D.V. Ellis, "Neutron and Gamma-Ray Scattering Measurements for Subsurface Geochemistry", Science,
250, Oct 1990
3. R. Hertzog, etal., Geochemical Logging with Spectrometry Tools, SPE Fonnation Evaluation 4, 153-

162. 1989
4. J. S. Schweitzer and C. A. Peterson, "Logging With a Gennanium Spectrometer", KTB Report 90-6a,
441-449, 1990
5. C.A. Peterson, J.S. Schweitzer, and J.K. Draxler, "Elemental Concentration Logging With a
Gennanium Spectrometer", Trans. Am. Nucl.. Soc. 64,212-213, 1991
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TOPLEX: IeleQD.erated Lunar fuplorer - Instruments and Operational Concepts for an
Unmanned Lunar Rover
James D. Blacic, Los Alamos National Laboratory, D462, Los Alamos, NM 87545
We propose a IeleQ.Qerated L.unar ~lorer , or TOPLEX, consisting 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: (I) A L.aser-!nduced J!reakdown SPectrometer (LIBS) for
geochemical analysis at ranges up to 100m, capable of operating in three different modes [1);
(2) a combined x-ray fluorescence and x-_ray diffraction (XRF/XRD) instrument for elemental
and mineralogic analysis of acquired samples (2); (3) a mass spectrometer system for step-wise
heating analysis of gases released from acquired samples (3]; and (4) a geophysical instrument
package for subsurface mapping of structures such as lava tubes (4).
The LIBS (30 kg, 7 w) uses plasma atomic emission and (optionally) mass spectrometry
for elemental analysis of unreachable locations such as cliff faces. Mineralogic information is
obtained by using the optical portion of the LIBS as a UV-Vis-neariR reflectance spectrometer.
The XRF/XRD instrument (10 kg, 10 w) requires powdering of scoop-and-screened or other
acquired samples. Mineral structures are determined by Rietvelt analysis of powoer 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 an evaluation of lunar H and 3He resources. The geophysical instrument
package (20 kg. 20 w) uses a combination of high-frequency seismic and electromagnetic sensors
to measure subsurface physical properties and map structures. The LIBS pulses may impart
sufficient energy into the ground to also serve as seismic sources. The following Table
summarizes the estimated instrument gross specifications.
INSTRUMENT SUMMARY
XRF/XRD
MASS (kg)
AVERAGE
REGULATED
POWER (w)
DATA RATE
(bits/s)

30

10

7

10

1M

10 k

MS
20
35
40 k

Geoohys
20
20
50 k

TOTAL
80
72

l.IM

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 the 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 -
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500 m/hr, communications - high gain antenna 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 arm
for sample acquisition, preparation (i.e., powdering) and conveyance to appropriate instruments.

Ill Cremers, D. and K. Kane, (1992), Lunar and Planetary Science XXIII;
and poster paper, this workshop.
(2] Vaniman, D., D. Bish, and S. Chipera, (1991), Lunar and Planetary Science XXII,
p.l429-1430; and poster paper, this workshop.
(3} Perrin, R., (1992), Los Alamos National Lab, personal communication.
(4] Becker, A., K.H. Lee, E. Majer, L. Myer, and F. Morrison, (1992), Lawrence
Berkeley Lab, personal communication.
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A LUNAR PENETRATOR TO DETERMINE SOLAR WIND IMPLANTED RESOURCES AT DEPTH IN THE LUNAR REGOLITH.

W.Boyntonl, W. Feldman2, and T. Swindlel. I university of Arizona, Tucson AZ 85718; 2Los
Alamos National Laboratory, Los Alamos NM 87545
Introduction: Several volatiles implanted into the lunar regolith by the solar wind are
potentially important lunar resources. 3He might be mined as a fuel for lunar nuclear fusion
reactors [1]. Even if the mining of 3He 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 [2]. We propose a simple penetrator-borne
instrument package to measure the abundance of Hat 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 solar
wind-implanted volatiles from analyses of Apollo and Luna samples. Since the energy of the
solar wind is only sufficient to implant ions to depths of less than a micron into grains, these
volatiles are only found on grain surfaces that were once exposed to the solar wind. However,
the regolith is constantly gardened by impacts, so volatiles are mixed to depths of order
several meters. Models predict that the hydrogen abundance of formerly exposed grains will
fall off with depth in the lunar regolith (e.g., the model of [3] predicts an exponential fall-off
with an e-folding distance of about 3 m). 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 that 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 2-3m [4]. This uncertainty
could have a large impact on resource evaluation [4]: assuming that volatiles are uniformly
distributed throughout the regolith (8-15 m deep) leads to a factor of 10 higher estimated
global inventory than does assuming the distribution derived from the model of [3].
Furthermore, mining strategies for a resource found throughout the top ten or so meters of the
regolith might be substantially different from ones for a resource found only in the top 2 or 3 m.
In the Apollo samples, most of the solar wind-implanted volatiles correlate with one
another and with other measures of soil "maturity" (extent of exposure to the solar wind) [5].
The exceptions 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 (6]. Although the correlation of H content with
maturity is not as strong as for some other elements in the Apollo samples (perhaps reflecting
the difficulty in eliminating 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 concentrations from orbit under the assumption of an
infinitely deep homogeneous chemistry, when the major-element composition is simultaneously
determined using a gamma-ray detector [7,8]. Newer calculations reported here show that
interpretation of these data can be in error if the hydorgen content of the near-surface regolith
is not homogeneous.
Hydrogen is notable for its high efficiency in moderating cosmic-ray induced fast
neutrons 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 1% 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 neutrons caused by the presence of H
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tends to concentrate neutrons from surrounding material into the high-hydrogen content side of
abundance-changing interfaces. For example, comparison of a lunar meteoritic chemisty loaded
uniformly with 100 ppm of hydrogen down to 200 g/ cm2 below the surface, and then with 10
ppm H to the 900 g/cm2level, with the same chemistry loaded with 100 or 10 ppm H uniformly
down to the 900 g/cm2 level, shows about 2% variations in subsurface gamma-ray production
rates (and hence in thermal neutron number density).
Instrumentation:
The neutron detection is made with two identical 3He gas
proportional counters, one being bare and the other being wrapped in Cd. The bare detector is
sensitive to both thermal and 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 these type of detectors do not offer the high sensitivity of
cooled semiconductor detectors, they are more than adequate for determination of the
abundances of Fe and Ti, the principal neutron absorbers on the moon. Sm and Gd are not easily
detected with this approach, but because of our extensive data base of lunar rock types, these
elements can be estimated easily from the abundances of other elements that will be
determined with the GRS, especially K, U, and Th.
Delivery and Support System: The instruments will be delivered to the lunar surface
via a penetrator with a separable afterbody. Using the soil penetration equations of [9] and
assuming a penetrability comparable to dry silt or clay, a forebody mass of 30 kg, a diameter of
7.5 em, and an impact velocity of 100 m/s, the forebody 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 thermal, epithermal, and fast
neutron fluxes and consequent capture gamma-ray production rates have shown their utility in
determining 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 ot solar wind implantation, a penetrator 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.
References: [1] Wittenburg el al. (1986) Fusion Tech. .lll, 167: [2] Haskin (1989) Lunar
Planet Sci. XX, 387; [3] Arnold (1975) Prgc. Lunar Sci, Conf. 6th 2375; [4] Swindle et al. (1990)
Minim~ Lunar Soils for 3& (UA/NASA SERC, Tucson); [5] Morris (1976) Proc, Lunar Sd. Con(,
~15; [6] Jordan (1990) in Space Mining and Manufacturing (UA/NASA SERC, Tucson), Vll38; [7] Metzger A.E. and Drake D.M. (1991) J. Geophys. Res., 26, 449-460; [8] Feldman W.C. et
al., Geophys. Res. Lett., lB, 2157-2160.; (9] Young, C.W. (1972) Sandia Lab Rep. SC-DR-72-0523.
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ESTIMATING LUNAR PYROCLASTIC DEPOSIT DEPTH FROM IMAGING RADAR DATA:
APPLICATIONS TO LUNAR RESOURCE ASSESSMENT. B.A. Campbelil, N.J. Stacy2, D.B.
Campbell2, S.H. Ziskl, T.W. Thompson3, B.R. Hawkel. !)Planetary Goesciences, SOEST,
Univ. of Hawaii; 2) NAIC, Cornell Univ.; 3) Jet Propulsion Laboratory
Introduction. Lunar pyroclastic deposits represent one of the primary anticipated sources of
raw materials for future human settlements [1]. These deposits are fine-grained volcanic debris
layers produced by explosive volcanism contemporaneous with the early stages of mare infilling
[2, 3]. There are several large regional pyroclastic units on the Moon (for example, the Aristarchus
Plateau, Rima Bode, and Sulpicius Gallus formations), and numerous localized examples, which
often occur as dark-halo deposits around endogenic craters (such as in the floor of Alphonsus
crater). Several regional pyroclastic deposits have been studied with spectral reflectance techniques:
the Aristarchus Plateau materials were found to be a relatively homogeneous blanket of iron-rich
glasses [4, 5]. One such deposit was sampled at the Apollo 17landing site, and was found to have
ferrous oxide and titanium dioxide contents of 12% and 5%, respectively [6]. While the areal
extent of these deposits is relatively well defmed from orbital photographs, their depths have been
constrained only by a few studies of partially filled impact craters and by imaging radar data [7, 1].
In this work, we present a model for radar backscatter 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 Scatterin~ Model. The depth of a pyroclastic layer is estimated based upon the ratio of
backscattered power between a mantled region and an area of unmantled terrain assumed to
represent the buried substrate. Several conditions are required: 1) only the depolarized (same-sense
circular) echo is modeled, to avoid consideration of large single-scattering facets; 2) there is no
volume scattering within the pyroclastic (i.e., there are no inclusions large with respect to the radar
wavelength); 3) the depolarized backscatter originates largely within the regolith substrate, and not
at its upper surface. Conditions 2) and 3) are supported by previous studies of the eclipse
temperatures of pyroclastic deposits and analysis of 70-cm backscattering from the lunar regolith
[8, 9].
Input parameters to the model are the radar wavelength, the radar incidence angle, and the
dielectric parameters of the pyroclastic layer and the regolith substrate. The model used here
permits analysis of a pyroclastic layer with varying density as a function of depth. The electrical
properties of an Apollo 17 glass sample [6] as a function of density pare used here:
er =2.1P tan 6=0.0037 p
where Er is the real dielectric constant and tan 5 is the radar loss tangent. The real dielectric constant
of the lunar regolith has been measured to be -3.0, but may vary from mare to highland regions
[10]. The incident circularly-polarized wave is decomposed into horizontal and vertical-polarized
components, and the Fresnel transmission coefficients for each interface are calculated. Attenuation
within the pyroclastic is assumed to be exp(-2aL), where Lis the path length and a is the
a= k (0.5*[(tan~ + 1)0.5 - 1])0.5
attenuation coefficient [11]:
where k is the radar wavenumber in the pyroclastic deposit This expression is solved numerically
in our model for the varying density within the lossy medium.
All of the scattered radiation within the regolith layer is assumed to be randomly polarized,
with some total backscattering efficiency S. In our model, we thus combine the H and V-polarized
components within the regolith, multiply by S, and split the remaining power evenly between the
two polarizations for the return trip to the surface. The energy which exits the pyroclastic is
assumed to have random phase, but may have an elliptical polarization due to the differing H and V
transmission coefficients. The scatter from an unmantled regolith is also calculated, and the two
results are combined into a ratio of total mantled/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 versus depth for a given set of electrical and density
parameters.
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In mathematical terms, the H and V backscattered powers from a mantled region are:
l1t = 0.25 * S * A2 * ( Th s/p * Thp/r + T vs!P * Tvp/r ) * Thr/p * Thp/s
Pv = 0.25 * S * A2 * ( Ths/p * Thp/r + Tvs/p * Tvp/r) * TyfiP * Tvp/s
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
space, pyroclastic, and regolith, respectively. The backscattered powers from an unmantled area

are:

Ph= 0.25 * S * ( Ths/r + Tvs!r) * Thr/s
Pv = 0.25 * S * ( Ths/r + T vs!r ) * Tyf/S
Results. Figure 1 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/cm3. The regolith real dielectric constant is assumed to
be 3.0 Both 70-cm and 12.6 em radar wavelengths are tested, and it is seen that the shorter
wavelength is attenuated much more rapidly in the pyroclastic, as expected. The ratio between
average 70-cm returns from the plateau and the mean lunar echo is -Q.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: 1) it is relatively insensitive to variations in incidence
angle between 20-600, 2) it is insensitive to regolith dielectric variations from 2.5-4.0, 3) the
scattered wave ellipticity is >85%, and 4) density variations with depth in the pyroclastic, within
the narrow range permitted by realistic values of 1.5-2.0 g/cm3, are not important unless the
changes are very rapid. The value of the density at the upper surface of the layer is likely 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 lunar-orbital radar systems. A 3-km resolution map of the lunar nearside is
available for 70-cm radar wavelength [12], and ongoing work at Arecibo Observatory provides
additional data at 12.6-cm wavelength. We anticipate that such studies will be required in the
planning stages of a lunar base project for resource assessment
References. [1] Hawke, B.R., et al., Proc. LPSC 21, 377-389, [2] Head, J.W., 1974, Proc. 5th LPSC, 207-222, [3]
Wilson, L., and Head, J.W., 1981, JGR, 86: 2971-3001, [4] Gaddis, L.R., et al., 1985, Icarus, 61: 461-489, [5]
Lucey, P.G., et al., 1986, Proc. 16th LPSC, 344-354, [6] Bussey, H.E., 1979, Proc. lOth LPSC, 2175-2182, [7]
Zisk, S.H., et al., 1977, Moon, 17: 59-99, [8] Moore, H.J., et al., 1980, USGS Prof. Paper 1046-B, [9]
Thompson, T.W., and Zis.k, S.H., 1972, in Proi, in Aero, and Astra.. 83-117, [10] Hagfors, T., and Evans,.J.V.,
1968, in Radar Astronomy, 219-273, [11] Ulaby, F.T., et al., 1986, in Microwave Remote Sensini, p. 67, [12]
Thompson, T.W., 1987, Eanh, Moon, and Planets, 37: 59-70
Incidence Angle..ss
Regolith Diel. Const.=3.0

0.8

Pyroclastic Density-1 .5 gtcm··3
0.6
12.6 em
0.4

a: 0.2
0.0

0

_

_

2

_

...J...

4

6

8

10

12

Pyroclastic Depth (m)

..

_

14

16

18

._
.
20

9

10

Lunar Resource

A Ground Based Search for Lunar Resources Using High Resolution Imaging in the
Infrared C.R. Coombs and T.S. McKechnie. POD Associates. Inc .• 2309 Renard Place SE. Suite
201, Albuquerque. NM 87106
INTRODUCTION

When Man returns to the Moon (.. "this time to stay" ...1) 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 materials
available on the surface of the Moon, as well as their ready accessibility.•·•-.2.J.4.s Particularly worth considering are
the lunar regional (2,000-30,000 km2) pyroclastic deposits scattered about the lunar nearside. These 30-50 m thick
deposits are composed of fine-grained, unconsolidated titanium- and iron-rich mafic glasses and may 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 ground-based observing survey of the resource-rich
regions on the lunar nearside using a new imaging technique designed to obtain much higher resolution images, and
more precise compositional analyses than previously obtainable.

HIGH RESOLUTION IMAGING

There is growing evidence that, contrary to popular wisdom, it should be possible to obtain diffraction limited
resolution at infrared wavelengths (> lJ.Un) from the ground without using adaptive optics. All that is needed is a
telescope built to good enough optical specifications and the ability to 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, an image stabilization system is proposed which will enable long-exposure imaging
and spectroscopy to be carried out directly from the Earth with diffraction limited resolution.
According to recent atmospheric turbulence measuremenr6·'.a>, there is much less large scale atmospheric
turbulence than was previously thought. The lack of large
structure implies much smaller RMS phase variation in the
wavefronts entering the telescope. Over a 5 meter aperture,
the RMS wavefront height variation for 1 arc sec visible
seeing is likely to be only about 0.3 J.l.lll, considerably
smaller than previously thought. At visible wavelengths,
these height variations 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 variations so that only a portion of the light is
scattered. Whereas this scattered portion will be imaged into
a broad halo, the portion remaining intact, typically 50% of
the light, will be focused into a diffraction limited core.

Figure I: Images of (A) Zeta Opbiucbi, and (B) the 0.48 an: second binary
star Eta Opbiucbi obtained at 2.2~ with the 4-m Kiu Peak telescope.
The presence of the 0.1 arc second cores easily allows resolution
of the binary pair in spite of their close separation. Visual
seeing was -1-1.5 arc second. Photos courtesy J. Christo (NOAO).

A

1 arcsec

B

Figure 1 shows images of a single star and a 0.48 arc second binary star obtained with the 4 meter Kitt Peak
telescope at 2.2 Jlm. The presence of the 0.1 arc second core easily allows resolution of the binary.
To obtain these images, a series of short exposures was taken to freeze the motion of the telescope.
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These were subsequently shifted and added so as to remove the motion. Long-exposure images identical
to those shown can be obtained in real-time by using an image motion compensation system such as shown
in Figure 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 to stabilize
the core in the reference star image. Because of the very large isoplanatic angle associated with the
core (several arc minutes7) the arrangement simultaneously stabilizes the cores of all other objects, and hence
enables diffraction limited resolution, over a very large angular region.
For extended objects such as the Moon, convenient reference stars (or point objects) for stabilizing the image may
not be present. However, the presence of the core in the point spread function gives rise to abrupt intensity changes
across edge images. By tracking these abrupt intensity changes using two edges which are roughly at right angles
to one another, image stabilization can be obtained to diffraction limited accuracy. Suitable edges are found on the
lunar terminator (Figure 3). Because the edges must lie within the isoplanatic angle of the region being imaged, it
is only possible to image a strip a few arc minutes wide adjacent to the terminator. Over the course of two weeks,
however, a complete image of the lunar surface can be compiled using successive strips. With an infrared
spectrometer mounted to this system, accurate compositional data will also be obtained.
The objective of this project is to conduct a lunar resource survey using image stabilization hardware of the sort
shown in Figure 2, in combination with a suitable edge-tracking algorithm. When the arrangement is used with
existing 4-5 meter class telescopes, 0.1 arc sec resolution (150m) is expected at 2.2 J.llll. However, if the new 8
meter (NOAO) telescopes are built to appropriate optical standards, diffraction limited images should be obtained
routinely at 1 J.llll. At this wavelength, 0.03 arc second resolution is expected which, on the lunar surface, will result
in imaging and spectroscopy being possible down to a 50 meter 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) President Bush, July 20, 1989. (2) Hawke B.R. et al. (1989) PLPSC 20th, 249-258. (3) Mendell W.W. (1985) Lunar Bases and
Space AcL of the 21st CcnL, LPI, 866 pp. (4) Coombs C.R. (1988) PhD. Dissertation, U. of Hawaii, 256 pp. (5) Blacic J.D. (1985) In Lunar Bases
and Space AcL of 21st CcnL, 487-495. (6) T.S. McKechnie (1991) J. OpL Soc. Am., 8, 346-365. (7) T.S. McKechnie (1991) Proc. SPIE, 1408,
119-135. (8) C.E. Coulman et al. (1982) App. Optics, 27, 155-160.
Figure 2: Image stabilization using a tip/tilt mirror driven by a
tracking detector and control electronics which lock on to cores or
edges.
~ arc minutes

Guide object
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Figure 3: The mgged edges at the lunar terminator provide suitable
references for stabilizing the image. Using the configuration shown
in Fig.2, permits diffraction limited imaging at IR wavelengths of
a strip adjacent to the terminator several arc minutes wide.
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A REMOTE LASER MASS SPECTROMETER FOR LUNAR RESOURCE
ASSESSMENT; R J. De Young and M.D. Williams, NASA Langley Research,
Hampton, VA 23665-5225
The use of lasers as a source of excitation for surface mass spectroscopy has
been investigated for some time [1]. Since the laser can be focused to a small spot
with high intensity, it can vaporize and accelerate atoms of material. Using this
phenomenon with a time-of-flight mass spectrometer allows a snrface 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 to analyze the surface of the
Mars moon, Phobos, using an instrument called "UMA-D" [2]. Laser-induced ions
would have returned to spacecraft hovering 50 meters above the Phobos surface.
Unfortunately, the mission was unsuccessful for reasons unrelated to the
instrument.
NASA Langley recently began a research program to investigate the use of a
laser to create ions from the lunar surface and to analyze the ions at an orbiting
spacecraft. A multi-joule, Q-switched Nd:YAG laser would be focused to 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 figure 1. Such a
system is shown in schematic form in figure 2. Here the spacecraft is 10 km above
the lunar surface, and for the parameters shown, would detect 107 ions per laser
shot. The travel time and velocity of the elemental ions created is shown in figure
3, assuming a 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 figure 4
where the mean-free path (km) is shown for various regions of space. The lunar
environment provides very long collision mean-free paths for the detection of laserproduced ions.
An experiment is now being set up (figure 5) to determine the characteristics
of such a laser mass spectrometer at long flight distances. This experiment will
determine the character of a future flight instrument for lunar resource assessment.
Such an instrument 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 plasma also generates photons and neutral particles, these
could also be analyzed, providing additional information. The
laser-produced plasma will have sufficient energy to create a shockwave in the
lunar surface, which could derive information on the lunar sub-surface.
This instrument could provide substantial benefits to planetary surface
analysis, allowing smaller spatial resolution and faster analysis than other remote
methods.
[1]
Lubman, D. M.: Lasers and Mass Spectroscopy. Oxford University Press,
New York, 1990.
[2]
Head, J. W.: "The 1988-89 Soviet Phobos Mission," The NASA Mars Conf.
Proc., Vol. 71, Am. Astro. Soc. 1988, pp. 215-240.
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IDGH-RESOLUTION ELEMENTAL MAPPING OF THE LUNAR SURFACE
Bradley C. Edwards, Frank Ameduri, Jeffrey J. Bloch, William C. Priedhorsky,
Diane Roussel-Dupre' and Barham W. Smith
Los Alamos National Laboratory, Los Alamos, NM 87544
Abstract
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 composition of
the lunar surface can be mapped using
x-ray fluorescence from lunar orbit
(1, 2). However, the spatial resolution
and 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
factor and imaging keV radiation with a
wide field of view is difficult. However,
the L- and M-shell fluorescence may
provide a solution. Because, the much
more intense solar radiation at less than
1 ke V will make the lower energy
fluorescence flux up to 1Q4 times more
intense.
The theory behind the XRFI was
discussed recently in Edwards et. al.,
1991 (3) and indicates that the
fluorescent emission should be intense
enough to be observed from lunar and
even Earth orbit. Preliminary concepts
and designs have been worked out for an
XRFI which could be flown in lunar
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 spatial resolution (1 km) of the
surface distribution of a valuable suite of
elements (AI, Mg, Si, Ca, Na, Fe, Ti, ... ).

Figure 1: Diagram of current ALEXIS
telescope design. A similar design is to
be used for the XRFI instrument on the
LRM mission.
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 which corresponds to an Lor 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
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requirements, 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
construction of the XRFI and the lunar
community's involvement is also a
planned topic for this presentation.
Acknowledgments. We would
like to thank David Vaniman and Grant
Heiken for helpful discussions
concerning the lunar surface. This work
was completed under the auspices of
DOE.
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LUNAR AND ASTEROID SURFACE COMPOSITION USING A REMOTE
SECONDARY ION MASS SPECTROMETER; R. C. Elphic, H. 0. Funsten, B. L.
Barraclough, D. J. McComas, J. E. Nordholt, Space Plasma Physics Group, Los Alamos
National Laboratory, Los Alamos, NM 87545
Laboratory experiments simulating solar wind sputtering of lunar surface materials have
shown that solar wind protons sputter secondary ions in sufficient numbers to be measured from
low-altitude lunar orbit. Secondary ions of Na, Mg, Al, Si, K, Ca, Mn, Ti and Fe have been
observed sputtered from sample simulants of mare and highland soils (1). While solar wind ions
are hundreds of times less efficient than those used in standard secondary ion mass spectrometry,
secondary ion fluxes expected at the Moon under normal solar wind conditions range from -10 to
> 104 ions cm-2 sec-1, depending on species. These secondary ion fluxes depend both on
concentration in the soil and on probability of ionization; yields of easily ionized elements such as
K and Na are 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. Here we discuss the instrumentation to detect, identify and map secondary ions sputtered
from the surface of atmosphereless, field-free bodies.
Our laboratory experiments involved subjecting three simulants of Apollo soil samples to
ion bombardment, and measuring the relative efficiencies of solar wind ions in sputtering
secondary ions. The simulants were replications of an Apollo 11 high titanium mare basalt soil, an
Apollo 15 low titanium mare basalt soil, and an Apollo 16 aluminous highlands soil. They were
left in rocky, not powdered form. These simulants were subjected to bombardment by Ar and Ne
ions at 5 keY-energies, and the solar wind-like ions of H and He at 1.5 and 4 keY-energies,
respectively. The very different nuclear stopping powers (energy loss at the simulant surface due
to elastic collisions) of these ions in the target materials allowed us to study the relative sputtering
efficiencies of secondary ions. Ar+ at 5 keV, with its much larger nuclear stopping power, is
about a factor of 400 more efficient than 1.5 keV H+ in sputtering secondary ions. The principal
geochemical indicator elements Na, Mg, AI, Si, K, Ca, Ti, Mn and Fe are nevertheless detectable.
While we have a frrst order N 200
understanding of secondary ion
sputtering, it is not immediately
obvious that the observed ion
160
yields can be linked with great accuracy to the simulant's composi120
tion. The simulants were analyzed
c
by electron microprobe to establish
their detailed composition. The
80
observed secondary ion fluxes can
then be compared with the microc 40
probe results. One example is .Q
shown in Figure 1, where observed Ti+ fluxes from the three +.- 0
8
2
4
6
simulants are plotted versus the%
0
by weight of Ti02. The results
Ti02 , o/o by weight
show that the sputtered Ti+ secondary ions correspond to the true
composition with accuracies of Fig. 1. Intensity _of secondary Ti+ ions sputt~red by 1.5 keV
better than 10% for the high-Ti H+ versus bulk T1D2 measured by electron microprobe.
basalt, and about 20% for the low-Ti simulant The highlands simulant produced a statistically insignificant Ti+ count rate. Similar results were obtained for the elements AI, Fe, Ca, and K. The
response of Mg ions did not correlate well with composition under any circumstances. Na content
did not vary enough between samples for a comparative study. We will report the results of a
blind test of the SIMS technique using a sample of unknown composition.
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The relative total secondary ion yields
Secondary lon Trajectories
sputtered by Ar, Ne, and He demonstrate a wellMass 30 amu E =25 eV
behaved exponential dependence on nuclear
350
stopping power. However, the 1.5 keV H+
yield is about an order of magnitude larger than
300
predicted; H is a more efficient sputter than one
might expect Yields of the various constituents
250
of the simulants depends upon both the elemental concentration and ionization potential of the
200
species, or alternatively its electronegativity. _
This dependence of positive secondary ion yield E 1so
on ionization potential, was suggested first by
Anderson and Hinthome (2). In addition it
100
should be noted that the secondary ion yields
50
from regoliths are less than that from solid rocky
targets (3).
Orbit
0
Once the secondary ions are ejected from
a surface grain. they are subject to ambient elec~
tric and magnetic fields. Sunlit surfaces emit
-100
0
100
200
·200
photoelectrons and, up to about 80" solar zenith
X(km)
angle, are positively charged; shadowed regions
may become negatively charged to -100 V. In Fig. 2. Trajectories of sputtered secondary ions
most sunlight regions the secondary ions will be for typical solar wind conditions. Two repreaccelerated away from the surface by the positive sentative paths illustrate how ions originating at
surface charge; the influence of this field extends different locations pass through a 100-km lunar
out one or two Debye lengths. typically a few orbit; the two ions are distinct in their arrival dimeters. Thereafter, the ions are exposed to the rections and their energies.
solar wind VxB electric field which normally
points approximately either toward 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 two characteristic ion trajectories in typical solar wind
conditions. However. in regions of remnant magnetism on the lunar surface, local magnetic field
intensities may (a) deflect and decelerate the incoming solar wind and (b) 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 which are locally trapped may drift to weaker field regions where they can be
picked up by the solar wind electric field.
We discuss here the design of a secondary ion mass spectrometer which can be flown in
lunar orbit or on an asteroid rendezvous mission. In order to map elemental composition of the
Moon or asteroid, high sensitivities and high mass resolutions (m/am - 50 at FWHM) are
necessary. A new design using a 3-dimensional Linear Electric Field (LEF3D) time-of-flight
spectrometer meets these requirements. A similar design presently being developed for the Cassini
mission is currently undergoing prototype testing.

...
......
.
.......
.....
...

REFERENCES: (1) Elphic. R. C. et al. (1991) Geophys. Res. Lett., 18, 2165-2168. (2)
Anderson. C. A. and J. R. Hinthome (1972), Science, 75, 853. (3) Hapke, B. (1986), Icarus,
66, 270-279. (4) Hood, L. L. and C. R. Williams (1989) Proc. Lunar Planet. Sci. Conf. 19th,
pp. 99-113. (5) McComas, D. J. et al. (1990) Proc. Natl. Acad. Sci. USA, pp. 5925-5929.
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LUNAR RESOURCES USING MODERATE SPECI'RALRESOLunON VISffiLE AND NEAR-INFRARED
SPECTROSCOPY: Al.JSI AND SOIL MATURITY; Erich M. Fischer, Carle M. Pieters and James W. Head; Dept of
Geol. Sci., Brown Univ., Providence, RI.
Introduction: Visible and near-infrared spectroscopy has been used for many years to measure the mineralogical
character of the lunar surface. With the development of new detector technologies, the available spectral range has
been expanded and spectral resolution has been substantially increased. Modern visible and near-infrared detectors
are critically important for the accurate identification and relative abundance measurement of lunar minerals,
however, even a very small number of well-pJaced visible and near-infrared bandpass channels provide a significant
amount of basic information about crucial lunar resources. The Galileo Solid State Imaging system (SSI)
multispectral data are an important example of this.
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 {1). 1be data consist of images through seven filters with
bandpasses ranging from 0.40 J.U11 in the ultraviolet to 0.99 J.U11 in the near-infrared. Although these data are of
moderate spectral resolution, they still provide estimates for the following lunar resource information: a) titanium
content of mature mare soils based upon the 0.40~.56 J.U11 (lNNIS) ratio; b) mafic mineral abundance based
upon the 0.76/0.99 J.U11 ratio; and, c) the maturity or exposure age of the soils based upon albedo and the 0.56 to
0.76 J.U11 continuum. Within constraints discussed below, these moderate spectral resolution visible and nearinfrared reflectance data can also provide, d) elemental information such as AJ/Si for mature high1and soils. Al/Si
and soil maturity will be discussed below as examples of significant basic lunar resource information that can be
gleaned from moderate spectral resolution visible and near-infrared data with relative ease. Because quantitative
albedo data is necessary for these kinds of analyses, data such as those obtained by Galileo SSI are critical.
Al/Si calculated from the SSI data: While the mineralogical information normally associated with visible and
near-infrared multispectral data 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
the important positive relationship that was observed between Al/Si measured by the Apollo X-ray spectrometer,
and normal albedo {2;3). This relationship is shown in Fig. 1 and results from the fact that the most common
aluminum-rich lunar mineral, plagioclase, is bright {and low in iron) relative to most other minerals. Although
the Apollo X-ray spectrometer data cover only 9% of the lunar surface, if the same correlation between albedo and
Al/Si occurs for the rest of the moon, then AJ/Si can be estimated for other areas by using quantitative albedo
information. Quantitative albedo can be derived from SSI or othec radiometrically calibrated visible or near-infrared
data. The distinct advantage of the SSI data in this case is their extensive spatial coverage.
Since the Apollo X-ray and current SSI data do not overlap to a great extent, in order to compute Al/Si for
regions observed by SSI, a several-step process is used to relate the two data sets. The fust step is to quantify the
relationship between Al/Si (4) and nearside normal albedo {5). Then, normal albedo is calculated for the SSI data
from a derived relationship between normal albedo and SSI reflectance. Finally, using the normal albedo of the
SSI data, Al/Si is estimated for the areas observed by SSI. 1be detailed mechanics of deriving these quantitative
relationships are discussed in {6). The resulting elemental information provided by the SSI albedo data is based
upon two simple assumptions. First, it is assumed that the relationship between normal albedo and soil Al/Si for
the 9% of the lunar surface where the two typeS of data overlap is truly a direct relationship. Second, it is assumed
that this relationship is valid for the entire lunar surface. With regards to the fust assumption, the linear
relationship between albedo and AJ/Si, shown by the line in Fig. 1, is dominated by mature lunar highland soils.
This linear relationship is intuitively expected because, for a steady-state {mature soil) abundance of absorbing soil
alteration {aging) products, the albedo of anorthositic high1and material would be expected to be controlled by the
abundance of feldspar, which in tum also controls the AJ/Si value due to its Al-rich nature. On the other hand,
two typeS of lunar material do not follow a simple direct relationship between albedo and Al/Si. One of these
materials is mare soil. These soils, plotting at normal albedos of less than approximately 106 DN in Fig. 1, are
not expected to follow such a direct relationship as 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 (normal albedos greater than appoximately 140
DN in Fig. 1). The points labelled 'Proclus' and 'Alfraganus' in Fig. 1 are fresh highland impact craters. 1be high
albedo of most types of recently excavated material is normally due to immature feldspathic soil that has not been
exposed long enough to have appreciably darkened by accumulation of agglutinates and other processes (ie., 7;8).
Thus, immature material generally plots to the right of the linear soil ttend in Fig. 1. The direction of immature
high1and materials is indicated by the arrow. If the correlation between albedo and AVSi is corrected for the mare
soils and immature material, then the linear relation can be utilized to calculate Al/Si. The mare soils can easily
be excluded simply on the basis of albedo. The most immature feldspathic highland materials, normally associated
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with the fresh impact crater itself, can also be easily identified solely on the basis of albedo, however, as discussed
below, it is more difficult to distinguish between regions of extremely high aluminum content and the ejecta of
fresh highland impact craters. Therefore, while albedo alone provides much information about Al/Si, care should
be taken to avoid immature regions.
Soil maturity: Immature soils, relatively unweathered in the lunar environment due to their young exposure
age, are fundamentally different from mature soils in terms of their physical and chemical properties. For
example, immature soils are coarser and contain fewer aging products such as agglutinates (derived from
micrometeorite impact) and solar wind-implanted gases such as hydrogen and helium. These fundamental
differences cause immature lunar materials to be optically different from their mature counterparts. In contrast to
their exclusion from methods for determination of Al/Si using albedo, immature soils associated with fresh impact
craters are particularly useful for the study of vertical and horizontal crustal hetel"ogeneity since they provide
excellent information on mineralogical composition. On the other hand, immature materials would be a vecy poor
source of solar wind-implanted gases and iron-rich agglutinates. Moderate spectral resolution visible and nearinfrared spectroscopy can be used for partially distinguishing between mature and immature soils.
Illustrated in Figs. 2a through 2d are representative SSI spectra of mature highland soils and immature
highland materials. The spectra in Figs. 2a and 2b have been scaled to "Sun", thus keeping the albedo
information, while those in Figs. 2c and 2d have been scaled to the Mare Serenitatis standard area MS2 and also to
0.56 J.Ull, allowing color differences to be discerned more easily. These figures illustrate two critical spectral
properties that differ between immature and mature highland soils; these are, a) albedo, and b) the 0.56/0.76 J.lRl
continuum. Immature highland materials are characterized by higher albedos and steeper continuum slopes
decreasing from 0.56 to 0.76 J.UD relative to their mature counterparts. Although albedo alone can be used to
partially distinguish immature from mature highland soils, the 0.56 to 0.76 J.1ffi continuum can be used to further
distinguish the two types when the albedos of mature and immature materials overlap. Figure 3 illustrates the
relationship between SSI 'normal albedo' and the 0.76/0.56 J.1ffi ratio for the Galileo SSI lunar coverage. The mare
soils, plotting below a normal albedo of approximately 106 DN do not exhibit any correlation with 0.76/0.56
while the highland materials are characterized by a strong correlation between albedo and 0.76/0.56. To a certain
extent, the direction of the arrow in Fig. 3 can be considered the direction of the aging trend for highland materials
-decreasing in albedo and increasing 0.76/0.56 for older soils. However, maturity and composition are somewhat
coupled in terms of albedo and 0.76/0.56 continuum. These relationships are cunently being evaluated in order to
provide a mechanism to more clearly differentiate between compositional and maturity effects. Nevertheless,
within certain constraints, moderate spectral resolution visible and near-infrared data can give basic information
about both soil maturity and AVSi of lunar surface materials. A series of laboratory experiments are planned in
concert with further analysis of the SSI data in order to understand more fully the effects of lunar soil maturation
upon visible and near-infrared wavelengths.
Conclusion: The simple techniques described above can be used to derive a surprising wealth of basic
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 vecy spectrally limited
data. The proposed lunar Discovery/Scout-class missions to the moon may provide a mechanism for quickly
obtaining global basic lunar resource information with a moderate spectral resolution, high spatial resolution
visible and near-infrared imaging system.
Aclrnowledgements: This material is based upon work supported under a National Science Foundation Graduate
Fellowship. This research was also supported by NASA grant NAGW-28. Image analysis facilities generously
provided by theW. M. Keck Foundation.
References: 1) Belton MJ.S. et al. (1992) Science; 255, 570; 2) Adler I. et al. (1972) Proc. U'SC III, 2157; 3)
Adler I. et al. (1973) Proc. U'SC IV, 2783; 4) Bielefeld MJ. et al. (1977) Proc. U'SC VIII, 901; 5) Wildey R.L.
(1977) The Moon, 16, 231; 6) Fischer et al. (1992) Lunar and Planet. Sci. XXIII; 7) Adams J.B. and T.B.
McCord (1973) Proc. LPSC IV, 163; 8) Adams J.B. and M.P. Charette (1975) The Moon, 13, 293; 9) Pieters et
al. (1992) JGR, in preparation.
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Figure 1: Scatterplot of Al/Si from the Apollo X-ray
spectrometer (4) versus lunar normal albedo (5). DN
values are from the La Jolla Consortium data. The
line marked 'highland soils' illustrates the linear
trend of the mature highland soils. Points marked
'Proclus' and 'Alfraganus' are fresh impact craters.
Direction of immature highland materials is
indicated by the arrow.
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Figure 2: Representative SSI spectra of
mature ('highlands') and immature
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RADON AS A TRACER FOR LUNAR VOLATILES; Larry Jay Friesen,

Lockheed Engineering and Sciences Company, P.O. Box 58561, Houston, Texas n258

:Introduction
Radon and its decay product polonium can be used as tracers to search
for lunar volatiles. One effective technique to look for them would be by
using alpha-particle spectrometers from lunar orbit.
Alpha spectrometers were flown in the Apollo Service Modules during
the Apollo 15 and 16 missions, and did observe 222Rn and its decay product
210 Po on the lunar surface from orbit (1,2).
This demonstrates that radon
and polonium can be observed from orbit; what must next be shown is that
such observations can reveal anything about the locations of volatiles on
the Moon.
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What must first be understood is that radon released in the lunar regolith has a very low probability of reaching the surface before it decays,
if it must do so under its own power, by random walk. Under the extreme
vacuum of the Moon, the mean free path of a radon atom'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 remain 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 atoms random walking
in this way will decay before they reach the lunar surface (3) . On top of
that, radon atoms may have difficulty getting "unstuck" from their production sites into the intergrain volume for even the first hop (2) .
For these reasons, if radon or its decay product polonium are seen the
lunar surface in significant amounts, the radon was almost certainly swept
out by some other outflowing 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 (1,2). At the crater Aristarchus during Apollo 15, the decay rate of
222 Rn was in excess of what would be in equilibrium with 210Po (1) .
At other
locations, such as the crater Grimaldi and the edges of circular maria, the
decay rate of 210 Po was in excess.
The half-life of 222 Rn is 3.8 days. The time to reach decay equilibrium between 222 Rn and 210 Po is largely controlled by the 22.3 year half-life
of the intermediate isotope 210 Pb. Thus the disequilibria between decay
rates of radon and polonium indicates that outflow rates of radon at these
locations on the Moon has varied on time scales of days to years. Indeed,
given the short half-life of 2 22 Rn, the radon observed at Aristarchus during
Apollo 15 must have been coming out 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 sited as locations for lunar transient events (LTE), as summarized by Middlehurst and Moore (4,5).

21

22

Lunar Resource
RADON AS A TRACER FOR LUNAR VOLATll..ES

Larry Jay Friesen

For these reasons, it has previously been suggested (6) that radon and
polonium can act as a tracer system for recent geologic activity on airless
planetary bodies.
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. So 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 might such sources of volatile materials lie, and 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 are extremely depleted in water and other volatiles, deposits of volatiles may
exist a greater depths. Our present understanding of the Moon's formation
and history is not yet complete enough to rule this out. Another concept,
mentioned by Harlan Smith (7) in a seminar at the Lunar and Planetary Institute, is that some fraction of the water from comets impacting the Moon may
somehow be buried beneath the craters by the impact process 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 (8). We should keep in mind that no one presently knows for certain
that such polar ice deposits exist.
We don't know, of course, whether any pockets of cometary volatiles
exist elsewhere, either. And in fact, Dr. Smith's suggestion runs counter
to estimates by Chyba (9) and 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 everywhere 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 ~ 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 deposits of volatiles do exist at some locations
within the Moon, from which "burps" occasionally come to the surface in an
episodic fashion.
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 ~ reveal the amount of volatile material within a reservoir, its composition, how deeply it is buried, nor how
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difficult it will be to gain access to the material. Thus this search technique may be of more value for the long term, for permanent human settlement
of the Moon, than for an initial base.
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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,
just as was done on Apollo 15 and 16. One important diffference 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, if feasible. The maps of 21Dpo distribution produced from Apollo 15
and 16 data show 210po activity variations for blocks of the lunar surface 10
degrees wide (10) • 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 (11) .
Information of the sort I am proposing may be provided by the proposed
Lunar Prospector mission (11), 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 CONSIDERATIONS; Stephen L. Gillett,
Dept. of Geology, Mackay School of Mines, University of Nevada, Reno, NV 89557
Supporting any but the smallest lunar facility will require indigenous resources due to the
extremely high cost of bringing material from Earth [1]. The Moon has also attracted interest
as a resource base to help support near- Earth space activities, because of the potential lower cost
once the necessary infrastructure 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 attractive. Certain rarer elements, such as the halogens, C, and H,
would also be extremely useful (for propellant, life support, and/ or reagents), 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 [3]. 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 fact (and somewhat 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 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 constraints would be
impossible without first knowing the basic geologic 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 .rru:g events. Ore deposits typically occur where
by happenstance a rare process, or a fortuitous combination of processes, has run to an extreme.
Such deposits are rare by their very nature; indeed, almost by their very definition. Nonetheless,
they are worth seeking because of the extreme expense of separating elements, so that it is
highly cost-effective to let natural processes carry out as much separation as possible first.
Hence, global characterizations such as typify traditional lunar studies are not immediately
relevant for economic 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 until 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 millions of years,
during its early history, and this led to 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 that water is vital in forming many terrestrial ores, anhydrous
magmatic differentiation is also capable of generating substantial element concentrations, and
indeed has formed some terrestrial ore deposits. 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, chromite from cumulate settling, and magnetite ores crystallized from late-stage
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magmatic fluids extremely enriched in Fe [6]. Similar processes may occur on the Moon [7]. Yet
other potential lunar processes may have no terrestrial analogs, as with the possibility of coldtrapped volatiles in permanently shadowed regions at the lunar poles [8].
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 waterlessness for generating useful
concentrations of elements must be addressed. For example, considering the behavior of the
rarer elements under lunar conditions with a view to how (or whether!) they can become
concentrated locally would be valuable. Many industrially important elements are highly
incompatible and in a magma will tend to become concentrated in the residual melt, so that
useful concentrations may form [7]. However, the enormous literature on lunar rare elements
is focused instead on their use as tracers of large-scale geologic processes (e.g., partitioning of
REE) and thus is not directly applicable to economic geology.
For an example, much lunar Cr is present as er-, due to the reduced character of lunar rocks
[9], and Cr is enriched in the lunar crust relative to Earth. 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 [10]; moreover, Cr-+ has large Jahn-Teller effects and
hence prefers distorted crystal sites. Hence the Cr on the surface probably arrived as Cr++ in
residual melts originally fractionated out of the mantle. However, surface Cr commonly exists
as Cr+++, especially in chromite [11]. Data from reduced chromian slags indicates that at low
temperatures CrO is unstable and will disproportionate into Cr metal and Cr20 3 [12]. As Cr
metal is more electropositive than Fe, this suggests that some of the native Fe on Moon may
result from reduction by Cr++ oxidation, and textural relations support this interpretation [13].
In any 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 slag 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 particular. Many slags contain
not only Cr-+ but Ti+++ or even Ti++ [12]. The ceramic literature may also be useful, as many
high-performance ceramics are anhydrous. Indeed, industrial experience has already provided
extremely useful analogs for some non-terrestrial processes; e.g., Sill's [14] modeling of the role
of sulfur in Venus cloud processes, using observations from Lunge's [15] industrial treatise on
the obsolete lead-chamber process for commercially producing sulfuric acid, and Lee et al.'s [16]
observations of molten sulfur flows in commerdal mining operations to infer behavior of natural
flows on Io. Such literature also seems an underused source for potential insights into lunar
conditions.
Surface signatures. It is not enough to predict mechanisms 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 for detecting 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 mona 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
concentration of the desired element must be sought; once such areas have been identified, they
can be targeted for further investigation.
It seems underappredated 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 1 m resolution. Instead, he or she focuses attention on promising areas identified
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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 lunar resources,
therefore, the lunar geologic literature must be re-evaluated with this perspective, using our
knowledge of global lunar processes to establish geologic contexts, and then determining what
element-concentration processes might occur locally in such contexts. Terrestrial analogs, such
as magmatic ore formation, as well as lunar samples that seem to reflect unusual processes
should help identify such possibilities. 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 established, then attention can be focused on promising lunar
localities.
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The importance of H20 on the lunar surface has long been identified
as a high priority for the existence of a human colony for mining
activities, and more recently for space fuel. Using the earth as an
analogue, volcanic activity would suggest the generation 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 catalogued
by Middlehurst and Kuiper in the 1960s. These events consisted of
sightings since early history of vapor emissions and bright spots or
flares. Later infrared scanning by Saari and Shorthill showed "hot
spots," many of which coincided with transient event sites. Many of the
locations of Middlehurst and Kuiper were the sites of repeat events,
leading to 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 H20 could be expected to survive in
the polar regions and in crater rims, protected by meters of fine {15 u)
lunar regolith from the high vacuum, high escape velocity, and the hot
long lunar day.
More lunar volcanic resources may possibly be presented on the
highlands than heretofore believed based in part on remote sensing of the
lunar limb and farside by the Galileo spacecraft in 1990. The probe
discovered probable volcanic "cryptomare" provinces on the highlands.
Highand volcanism enhances the probability of endogenic water resources on
the floors of shadowed polar craters in addition to possible cometary ice
input. Modification of Strategic Defense Initiative weaponry for use as
orbiting cis-lunar remote sensors could be useful in detecting ice or ice
clathrate within polar craters especially in the vicinity of lunar
transient sites. Focussed neutron beams from a linear accelerator in
polar orbit could be directed onto the floors of eternally shadowed 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
SOl systems could be used in·active remote sensing exploration for both

volcanic and impact-derived volatiles in lunar shadow.
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The exploration system seeks to find a surprisingly small amount of
water ice. The H20 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 mass for Lunar ascent and escape missions. The
simplicity is of very high practical value to Lunar Operations.
Converting the water into cryofuels provides the most resource efficient
propulsion. To supply 10,000 tons of propellant or rocket fuel to lunar
escape would require finding a block of permafrost less than 35 meters
across. This 10 Kilotons of fuel is about as much as has been lunched
during the entire history of space. It would provide the fuel to take 50
payloads of 100 tons each from the Lunar surface to an Earth orbit, or to
take 25 payloads of 100 tons each to the Moon from LEO (low earth orbit).
To deliver 10,000 tons of Lunar mass to each of 100 Solar Power Stations
of multi-Gigawatt capacity would require finding a mere 160 cubic meter
block of ice.
Prepared for the
U.S. Department of Energy
Assistant Secretary for Conservation and Renewable Energy
Under DOE Idaho Field Office
Contract DE-AC07-76ID01570
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LUNAR MAGNETIC FIELDS: IMPLICATIONS FOR RESOURCE UTILIZATION,
L. L. Hood, Lunar and Planetary Laboratory, University of Arizona, Tucson, Arizona
85721
It is well known that solar wind implanted hydrogen and helium-3 in lunar soils are
potentially usable resources for future manned activities. Hydrogen applications include
manufacture of propulsion fuel and combination with oxygen (extracted from minerals such
as ilmenite) to produce water. More speculatively, helium-3 may ultimately be returned
to Earth as a fuel for future terrestrial fusion reactors. For economical mining of these
implanted gases, it is desirable that relative concentrations exceed that of typical soils (e.g.,
ref. 1 ). It has previously been noted 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 (2). In 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 crustal magnetic fields will
both deflect and focus incident ions in local regions leading to 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 p ermanently
shadowed regions near the lunar poles (3). 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 (4). Thus, permanently shadowed regions that are 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 largest 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 anomalies detected from orbit. Modeling of the latter suggests surface
fields as large as several thousand nT (several hundredths of a gauss) in restricted regions.
Direct surface measurements of incident solar wind ions were obtained at the Apollo 12
and 15 landing sites where surface field amplitudes were only -38 and "'3 nT, respectively.
Nevertheless, at the Apollo 12 site, incident ions were observed to be decelerated by as much
as 70 km/s and to be deflected in direction by $10° (6). We have previously calculated
the deflection of solar wind ions by simulated lunar crustal magnetic fields for the purpose
of investigating the origin of swirl-like albedo markings that are associated with many of
the strongest lunar magnetic anomalies (7). It was found that significant deflections do
occur and that local plasma voids are produced at the lunar surface.
In this paper, additional numerical simulations are employed to 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
potential of these volatiles. An example of the surface "shot pattern" produced in one
such simulation is shown in the figure. The calculation includes a first-order accounting
for the compression (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
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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 ref. 7. The resulting magnetic anomaly fields
are comparable to those measured over large anomaly sources with the Apollo subsatellite
magnetometers. Surface fields are a maximum of"' 3000 nT, or about 1 order of magnitude
larger than that measured at the Apollo 16 landing site.
Additional simulations indicate that if water ice exists in permanently 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
fluxes. In particular, model simulations indicate that the ability of magnetic anomalies to
shield the surface from incident ions increases with the angle of incidence and, hence, for
most particle sources, with selenographic latitude.
The possibility that relatively strong anomalies are capable of providing significant
protection of men and materials against major solar flare particle events has also been
examined and found to be unlikely.
REFERENCES. (1) Haskin, L. A., in Lunar Ba3es and Space Activities of the 21st
Century, W. Mendell, ed., LPI, Houston, 435-444, 1985. (2) Swindle, T. D. et al., paper
presented at the DPS meeting, Palo Alto, CA, 1991. (3) Arnold, J. R., J. Geophys. Res.,
84, 5659-5668, 1979; Arnold, J. R., in Lunar and Planetary Science XVIII, LPI, Houston,
29-30, 1987. (4) Lanzerotti, L. J. et al., J. Geophys. Res., 86, 3949-3950, 1981. (5) Dyal,
P., C. W. Parkin, and W. D. Daily, Rev. Geophys. Space Phys., 12, 568-591, 1974. (6)
Clay, D. E. et al., J. Geophys. Res., 80, 1751-1760, 1975. (7) Hood, L. L and C. R.
Williams, Proc. Lunar Planet. Sci. Conf. 19th, LPI, Houston, 99-113, 1989.
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MAPPING THE MOON IN SOFr X-RAYS: PROMISES AND CHALLENGES; R. M. Housley,
Rockwell International Science Center, P.O. Box 1085, Thousand Oaks, California 91360.
RecentROSAT images reported by Schmitt et al. [1] show that the sunlit part 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 surface. Edwards et al. have continued to develop this idea and have
suggested a system using soft x-ray telescopes in lunar orbit, which could also obtain very good spatial
resolution (Private communication, Feb. 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. [2] all necessarily involve 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 vary with valence state and
coordination. In determining line structures valence electrons derived from the fluorescing atoms
atomic states generally contribute most heavily and their weighting depends on dipole selection rules.
Thus even two elements in the same compound are expected to have 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 regolith samples, and the component minerals
and glasses which make them up. Since such data is not currently available we here use our published
XPS data on lunar samples [3] along with unpublished data on minerals to estimate most probable x-ray
energies and allowed ranges. This is possible since both the core levels and the valence band levels are
seen in the XPS data. The results are presented in Table 1.
It is also useful to know how thick a region of the lunar surface will be sampled by these soft xrays. We have estimated mean escape depths for several energies and compositions corresponding to a
mare glass, a highlands glass and ZnS using the mass attenuation coefficients of Henke et al. [4 ], and
present them in Table 2.
High spatial resolution combined with
the thin surface layer from which these
soft x-rays arise suggest the exciting
possibility that x-ray telescopes could
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 fllms can be seen in SEM

Table 2. Selected x-ray escape depths (")
Energies (e V)
Material

30.5 72.4 91.5 151.1

10084 glass

190

430 530

67701

180

470 510 630

ZnS

glass

670

380 420 660

images. In XPS studies [7] we have found surface Zn concentrations higher than 5 atomic percent and
have estimated a depth of at least 100~. Thus Apollo 17 orange glass appears to have enough Zn and S
to be seen from orbit. and it would be very surprising if there are not other lunar regions much richer in
volcanic volatiles.
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Table 1. X-ray fluorescence energies and linewidths.
Element

Fluorescence Predicted
Transition
Energy(eV)

Na

L23v

22

±6

u

Labradorite

Mg

L23v

42
42
42

±4
±7
±7

u
3
3

Forsterite
Synthetic Lunar Glass
Lunar regolith 1 0084

AI

L23v

66

3~

±6
±6
±6

u
u
u

Labradorite
. Synthetic L"'nar Gla3s
Lunar regolith 1008

Si

L23v

s

94
95
94
96

±6
±4
±7
±7

u
u
u
u

Labradorite
Forsterite
Synthetic Lunar Glass
Lunar regolith 10084

L23v

156
154

±8
±7

u
u

FeS
ZnS

Ca

L23v

18
19
18

±6
±7
±7

u
3
3

Labradorite
Synthetic Lunar Glass
Lunar regolith 10084

Ti

L23v

32
31
30

±7
±7
±7

u
3
3

Ilmenite
Synthetic Lunar Glass
Lunar regolith 10084

Fe

L23v

49
49
49

±7
±7
±7

u
3
3

Ilmenite
Synthetic LunarGiass
Lunar regolith 10084

Zn

L23v

±6
±6

u
u

ZnO

eo
eo

Allowed
Range(eV)

Reference

S~mples

used

ZnS

u Indicates our own unpublished data

In our XPS studies of lunar regolith fines [8] we found that a significant fraction of the iron in the
outer few hundred ~ of grain surfaces was reduced to the metallic form, presumably as a result of
micrometeorite vaporization and solar wind effects. Because of the strong possibility of substantial
reoxidation oflunar material during storage, sample preparation, and analysis we cannot know what the
reduced fraction was on the lunar surface, but it may have been large. The M23 XPS lines and M23VV
Auger lines of Fe++ and Feo have different shapes and energies allowing then to be easily
distinguished. It seems likely that the M23V x-ray line will also, so the oxidation state of Fe in the
regolith might be mapped with properly chosen telescopes.
We thus suggest that, in addition to major element mapping, consideration be given to volcanic
volatile mapping and regolith oxidation state mapping. This work. was supported by the Rockwell
Independent Research and Development Program.
References: [1] J.H.M.M. Schmitt et al. (1991) Nawre ~ 583-587; [2] B.C. Edwards, W.C.
Priedhorsky, and B.W. Smith (1991) GRL 18.. 2161-2164; [3) R.M. Housley and R.W. Grant (1976)
PLSC 1. 881-889; [4] B.L. Henke et al. (1982) Atomic Data and Nuclear Data Tables 21... 1.; [5] P.
Butler, Jr. and C. Meyer, Jr. (1976) PLSC L 1561-1581; [6] E.H. Cirlin, R.M. Housley and R.W. Grant
(1978) PLPSC .2. 2049-2063; [7] More complete analysis of dat.a in reference 6; [8] R.M. Housley and
R.W. Grant (1977) PLPSC B. 3885-3899.
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ASSESSMENT OF THE LUNAR SURFACE LAYER AND IN SITU MATERIALS
TO SUSTAIN CONSTRUCTION-RELATED APPLICATIONS
Stewart W. Johnson, BDM International, Inc., 1801 Randolph Road S.E.,
Albuquerque, NM 87106 and Koon Meng Chua, Department of Civil Engineering,
University of New Mexico, Albuquerque, NM 87131
In this paper we focus on present and future technologies to facilitate
lunar composition and resource assessment with applications to lunar surface
construction. We are particularly interested in the construction activity
associated with lunar-based astronomy. We address, as an example, the use
of ground-probing radar to help assess subsurface conditions at sites for
observatories and other facilities.
We feel that a multidisciplinary effort is desirable to identify what
engineering data on the lunar environment and on the lunar soil and rock
should be collected and how it should be obtained. Johnson and Burns1 have
urged action to acquire the following information and resolve issues
indicated:
Topographic maps of potential observatory sites (e.g., 10-cm
contours over an area 1 km in radius).
Detailed boulder sizes and counts over the same area.
Surveys (e.g., by radar, microwave, or other means) for
subsurface boulders over critical areas where
foundations and excavation are desired.
Surveys of depth-to-bedrock (with suitable definition and
characterization of bedrock).
Trenching and bulldozing experiments to establish energy
requirements and depth limitations of these operations.
Drilling and coring experiments (with energy consumption
and depth limitations clarified).
Force-versus-depth cone penetrometer measurements to be used
for siting settlement-sensitive telescope structures.
Trafficability measurements including establishing energy
consumption, slope climbing capabilities, and formation
of ruts or depressed surfaces by repeated traverses of
unprepared surfaces.
Electrostatic charge measurements.
This listing has grown out of discussions with Dr. W. David Carrier, III of
the Lunar Geotechnical Institute and others. The list will vary somewhat
depending on requirements for lunar-based facilities and operations.
Johnson, Burns, Chua, and Wetze12 have noted that it is necessary to start
now to develop the concepts and technologies for the next generation of
space-based telescopes. A successor for the Hubble Space Telescope could be
either in High Earth Orbit (HEO) or on the Moon. To properly assess the
merits of these suggested future te 1escopes, techno1ogy deve 1opment for
lunar as well as HEO telescopes should now be pursued so that properly
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informed decisions may be made. Part of the technology development requires
improved understanding of engineering properties of lunar surface and
subsurface materials and the dust behavior. Johnson and Wetzel 3 note that
the success of a large lunar-based telescope will depend on an appropriately
engineered structure, a suitable interface (foundation) with the lunar
regolith, and a carefully thought-out construction process. Johnson and
Burnsl have discussed the technology development required for large lunar
te 1escapes and 1unar opt i ca 1\UV\IR synthesis arrays. They encourage the
community to plan early lunar-bound payloads and surface operations to
advance the knowledge and understanding required for a building large
telescopes on the Moon after the year 2000. Examples of key technologies for
large lunar observatories which we feel deserve attention early in the
program to return to the Moon are:
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.,
extravehicular activity, robotics, telepresence,
assembly aids, connectors). The appropriate choices
can be made only with adequate knowledge of the surface
conditions and variability.
4. Contamination/interference control and restoration
processes. May vary with chemistry and mineralogy.
5. Performance of optical and related systems and chargecoupled-devices (CCOs) on the Moon. CCDs deserve
particular attention with respect to shielding
requirements against cosmic and solar flare radiation.
Shielding will probably be with in situ materials
requiring excavation and placement at desired densities.
6. Test and evaluation techniques for lunar observatory
systems and construction approaches to validate
approaches before returning to the Moon. Depends on
devising appropriate simulation of lunar conditions.
We anticipate that the initial telescopes on the Moon will be small
automated instruments which have already been shown to be feasible by
existing Earth-based robotic telescopes. These early telescopes will not
only establish the viability of telescopes on the lunar surface but will
also perform excellent extended observations during the long lunar night to
test models of active stars and galaxies, and do all-sky CCD surveys in the
ultraviolet and infrared using a Schmidt wide-field telescope to complement
the important sky survey done at Mount Palomar. We conclude that attention
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must be given to instrumenting these small telescopes in innovative ways to
obtain information that wi 11 he1p find answers to unknowns in the areas
listed above. We suggest that there are excellent opportunities to use the
early landers to investigate the behavior of the soil under load, determine
the extent of dust movement {e.g., levitation) associated with the passage
of the lunar terminator, and place bounds on disturbances associated with
vehicle operations on the Moon. Creative uses of information obtained from
many innovative approaches may be used to help make lunar-based telescopes
a reality.
For example, ground-probing radar has many terrestrial applications
{e.g., in assessing pavement layer thicknesses in highway engineering
applications, in determining the location of fissures in the dry lake bed at
the Edwards Air Force Base Shuttle landing site, and at Meteor Crater,
Arizona in investigations of the ejecta blanket). We propose to use this
technology on the Moon in conjunction with other techniques such as
penetrometers, borings, and core recovery to ascertain needed subsurface
soil and rock properties.
The goal is to minimize the use of laborintensive subsurface sampling required during site investigations on the
Moon and to improve approaches to assessing in situ lunar construction
materials.
!Johnson, S.W. and J.O. Burns {1991) "Technology Development for Large
Lunar-Based Observatories: The Role of the Common Lunar Lander" Proceedings
the Common Lunar Lander Workshop, NASA, Houston, TX.
---zJohnson, S.W., J.O. Burns, K.M. Chua, and J.P. Wetzel {1992) "Developing
Technologies for Lunar-Based Astronomy," Proceedings of Space 92, American
Sojiety of Civil Engineers, NY.
Johnson, S.W. and J.P. Wetzel {1992) "Civil Engineering Issues for an
Early Lunar-Based Telescope," Journal of Aerospace Engineering, Vol. 5, No.
2.

4Maser, K.R., and T. Scullion {1991) "Automated Pavement Subsurface
Profi 1ing Using Radar - Case Studies of Four Experimental Field Sites,"
pages 235-260 in Proceedings of of 1991 Paving and Transportation
Conference, Department of Civil Engineering, University of New Mexico,
Albuquerque, NM 87131.
5Kratochivil, G., R. Benson, and T. Fenner {1992) "Fishing for Fissures,"
The Military Engineer, Vol. 84, No. 547, pages 66-68.
-oPilon, J.A., R.A.F. Grieve, and V.L. Sharpton {1991) "The Subsurface
Character of Meteor Crater, Arizona as Determined by Ground-Probing Radar,"
Journal Qf Geophysical Research, Vol. 96, No. El, pages 15,563-15,576.
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AN IN-SITU TECHNIQUE FOR
ELEMENTAL ANALYSIS OF LUNAR SURFACES

K. Y. Kane
and
D. A. Cremers
CLS-4, MS J567
Los Alamos National Laboratory
Los Alamos, New Mexico, 87545
An in-situ analytical technique that can remotely determine the elemental
constituents of solids has been demonstrated. Laser-Induced Breakdown
Spectroscopy (LIBS} is a form of atomic emission spectroscopy in which a powerful
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.
LIBS 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 real-time analysis (a few minutes) is possible.
This technique provides simultaneous multi-element detection and has good
sensitivity for many elements. LIBS also eliminates the need for sample retrieval and
preparation preventing possible sample contamination. These qualities make the
LIBS technique uniquely suited for use in the lunar environment.
LIBS has been demonstrated using several different types of samples at
distances between 4 and 18 meters. Analyzed samples include simulants of Apollo
mission moon rocks, Mauna Loa basalt samples, and rock powder reference
standards. An example of the spectra obtained with this technique using an Apollo
moon rock simulant is presented in Fig. 1. The presence of several elements such as
aluminum, calcium, iron, magnesium, silicon, and titanium is clearly evident.
A portable LIBS instrument has been field tested with good preliminary results.
An exposed tuff face was interrogated by the laser spark at a distance of approximately
18 meters in bright sunlight. Spectra obtained at this distance displayed very strong
emission intensities with negligible background interference indicating the feasibility of

Lunar Resource

Kane, K.Y. and Cremers, D.A.

AN IN-SITU TECHNIQUE FOR ...

extending the analysis distance significantly beyond 18 meters. This would require
optimization of the focusing optics and an automated alignment capability to optimize
light collection.
Experiments to date have proven the qualitative analysis capabilities of this
technique. Preliminary calibration curves have been generated using rock powder
standards to provide a quantitative measure of the technique. These curves were
generated by monitoring the emission intensity of specific elemental lines. The
calibration curve for magnesium is shown in Fig. 2. Similar curves have also been
obtained for calcium and aluminum. Further experiments are needed to verify the
quantitative capabilities of LIBS and to determine a set of optimum operating
parameters.
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Figure 1. Laser spark spectra of an Apollo moon rock simulant in a
vacuum chamber at a distance of approximately 10 meters.
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Figure 2. Calibration curve for magnesium generated by
monitoring the Mg I (285.2 nm) emission line.
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LUNAR PROSPECTOR: A PRELIMINARY SURFACE REMOTE SENSING ASSESSMENT FOR
THE MOON. A. Mardon. Department of Space Studies, University of North Dakota, Grand Forks, ND.
The potential existence of lunar volatiles is a scientific discovery that could distinctly change the direction
of pathways of Inner Solar System human expansion. With a dedicated germanium gamma ray spectrometer
launched in the early 1990's, surface water concentrations of0.7% could be detected immediately upon full lunar
polar orbit operations. The expense of lunar base construction and operation would be dramatically reduced over a
scenario with no lunar volatile resources. Global surface mineral distribution could be mapped out and integrated
into a GIS database for lunar base site selection. Extensive surface lunar mapping would also result in the
utilization of archived Apollo images.
The presence or lack of solid water & other frozen volatiles at or near the surface of the Earth's nearest
celestial neighbor, the Moon, will dramatically effect the way in which we will approach the surface exploration
of the Moon. For almost three decades, various scholars have debated the existence of water ice at the lunar
Poles. A variety of remote sensing systems & their parameters have been proposed for use in the detection of
these lunar ice masses The detection or non detection of subsurface & surface ice masses in lunar polar crater
floors could dramatically direct the development pathways that the human race might follow in its radiation from
the Earth to habitable locales in the Inner Terran Solar system.
Overtime, the lunar surface soil is turned over in a process called gardening which results in lunar
regolith. It has been proposed that this process involves lunar material overlying cometary, asteroidal frozen &
condensed volatiles that would have impacted over the entire lunar surface. The 3 potential sources of lunar
volatiles, especially water, are in lunar polar crater bottoms, Transient Lunar Phenomena, & a thin layer of ice
distributed broadly over the lunar globe at a depth of 200 meters. The proposed lunar sensing devices could only
detect the frrst two volatile deposit regimes. The depth of surface penetration of the gamma ray spectrometer is
one meter with a sodium iodine scintillator & up to several meters with a germanium solid state detector. This
will mean that lower deposits can not be detected until there has been on-site base development. The polar ice
would form at the base of small lunar polar craters where the measured ambient temperatures are 120 deg. Kelvin.
With a thin covering of native lunar material, it would be possible for the cometary source volatiles to remain
continually in the shade for several million to several billion years if the models of planetary stability are correct
. The 2nd lunar ice potential, TLP, has been postulated as an outgassing process of near surface volatiles. If the
spectrometer was 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 the 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 & event of TLP. The 3rd potential volatile source deposit cannot be investigated nor developed 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 & how this
directly affects the payload capability. The Space Studies Institute (SSI) did a comparative study of various probe
designs. What this chart shows is that many trans-orbit vehicles already are available to place a remote sensing
platform in lunar polar orbit.
The first distinctions that digital remote sensing made was between solid rock & liquid water on Earth.
The spectral signature of various elements are distinct from one anothe.Having distinct signatures when they are
combined in various molecular chains. In the neutron spectral mapping mode, the germanium gamma ray
spectrometer detector will be able to detect the presence of water in surface material to 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 lunar cold sink volatiles will occur at a faster rate with a germanium gamma ray spectrometer
detector than with an sodium iodide scintillator detector 30X the rate.
The secondary surface mineral features that are targeted for mapping are iron, titanium, uranium, thorium
& potassium. Out of the twenty mapping experiments proposed for the lunar prospector, the most public
mission is the mapping of hydrogen & oxygen distribution. Yet, with the additional other 19 experiments, it
will be possible to map out surface minerals for a non-lunar ice development scenario. The germanium gamma
ray spectrometer has distinct advantages in resolution & spectral definition over the Apollo-era sodium iodine
scintillator detector. With a germanium gamma ray spectrometer, detection time for valid distinction of surface
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composition will decrease by several orders of magnitudes. In no reference was any note made of the pixel size
from the proposed 100 kilometer orbital altitude.
The lunar surface has been systematically mapped for the last 4 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 & have
not been integrated into one data digital base. Any new surface digital images should be preserved in an archive
that integrates existing images with two-decade-old images. While many of these older images did not contain
any spectral information, they were extremely detailed & 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 & the spectral information from a lunar polar orbiting imaging platform.
The current focus of funded astronomical projects has moved away from the taxonomic cataloging of asteroids &
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 & 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-outlined, scientific structures. The purpose of remote sensing capabilities 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 launching countries that can launch small payloads into LEO, options
exist beyond the conventionally perceived launch systems such as the US 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 proved to be the cheapest & most deployable under a wide variety of political & fmancial
considerations. This would only require a 150 kilogram spacecraft as compared to an unmanned launch system
which weighs 570 kilograms. 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 launching a lunar-bound vehicle, although they wish to concentrate on commercial launches. SSI has
not investigated the possibility of a communist Chinese launch of a lunar reconnaissance probe. However, as of
late April 1990, the SSI was of the opinion that they would launch with a USSR unmanned rocket to LEO for a
trans-orbital flight to a lunar polar orbit.
The initially proposed scenario of deployment was a Shuttle Garbage Can special launch 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 & performance characteristics of a prospector have been discussed at some
length. Up to the 1990s, ion propulsion systems have not been used in any lunar probes. The trajectory of the
slower shuttle launch 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 kilograms. The current NASA plan for a lunar remote sensing probe is an observer class polar orbiter which
would be ready for launch tentatively in the late 1990's. The observer platform is quite complex & expensive &
would be ready in eight to ten years. The observer class vehicle would not be compromised by a dedicated one
instrument germanium gamma 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 & 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 of the Earth. Scientific data is 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 analyzed, 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 on a
determined course toward colonization. With on-site surface exploitable volatiles, a lunar base could "live off of
the land" to a greater extent than expected than under a scenario without any lunar frozen water or other volatiles.
With a joint surveying & mapping mission of the Moon with American instrumentation & an immediate Soviet
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launch to lunar polar orbit, globally redundant projects such as the US space station Freedom & the Soviet
station MIR, could be replaced with a more culturally & politically diverse lunar base. With marginal
modification, modules built for LEO could be placed on the lunar surface &/or 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, non-terrestrial resources on-site is
of primary concern. This would not be a departure from the ideology of exploration of the solar system but
would merely be wisely following a Punjabi proverb "Grasp all, lose all." It does not function in a pattern of
evolutionary development & 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 of direct launching to the
Moon without an expensive station around the Earth. Previously, the US had an existing operational space
station but abandoned it to the elements & its ultimate fiery fate. A lunar base would involve less ultimate shortterm & 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 USSR to launch 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 & The National Commission on Space Report, Hempsell found that each of these pathways of solar
system expansion could be developed in the 21st 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 development over the next thousand years. These
decisions included proposals & data that will reinforce our commitment to expansion off the planet. The previous
lunar mission & telescope images that have been compiled over a thirty-year period should be digitized in a
standardized format an integrated into a GIS computer data base. The gamma ray spectrometer data would then be
only one level of the overlaid cartographic information. This same technique could then be duplicated on other
terrestrial & non-terrestrial site locations. Currently, the only portions of the Moon that have been mapped with
spectrographic analysis were those around the lunar equator from the Apollo exploration period. One example of
lunar surface features that have not been mapped totally is the lunar lava tubes which could supply excellent fast
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 Solar System bodies. The
resulting maps would, also, give us definite information on those resource nodes that should be targeted for
development & human settlement. With limited monies, hard decisions must be made whether to fund projects
that, while of immense scientific merit, have little utility to the potential expansion of our species off of the
planet. Any expansion of 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 Earth's nearest celestial body, the Moon, have been an ignored area of
scientific inquiry. The sensing systems & launching platforms are available & a prospector mission would cost
about $30 million in a shuttle launch configuration through to a $75 million cost. While it is not a flashy area
of study, it will pave the way for permanent habitation of our nearest celestial body. Politicians should be
supplied with maps & information, rather than fantasian utopian images, to base decisions of funding & political
directions of scientific research.
When the US President Thomas Jefferson sent Lewis & Clark westward, he expected & received detailed
reconnaissance maps. These maps were the basis of all later discussions of how the US 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.
Conclusion
The germanium gamma ray spectrometer is an inexpensive, already extant, instrument that, while not
necessarily answering many scientific questions, will tell human beings where & how to direct their expansion
of the mineral exploitation of the Moon.
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UTILIZATION OF GEOGRAPHIC INFORMATION SYSTEM IN LUNAR MAPPING; A Mardon,
Department of Space Studies, University of North Dakota, Grand Forks, ND, 58202.
Substantial digital remote sensing, Lunar orbital photography, Earth based remote sensing, & mapping of a
variety of surficial Lunar phenomena have occurred since the advent of the 'Space Age.' This has led to a
bewildering & quite disparate collection of archival sources in so far as this digital data & its cartographic
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 recognised since the advent of the
space age (Cramer, 1962). 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 & safe sites be defmed & verified before the actual landings"
(Amdursky, 1964, 1).
In 1991 only the United States of America has landed men on the Moon. If during the preceding decade
efforts had been dedicated to developing inexpensive labour intensive tasks such as the detailed mapping of the
Moon (Wu, 1981a) we would be further ahead today in Lunar exploration. A series of small scale maps of the
Moon at 1 kilometer to an centimeter done with the support of Geographic 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 of GIS in a Lunar mapping context (Wu, 1991).
Maps & the data that they are derived from are the primary way in which people explore new environments
& use previously discovered data to increase the bounties of any exploration. The inherent advantage of GIS is
that it would allow immediate on-line access on the Moon of topographically represented data (Wu, 1981b;
Wu, 1982), with analysis either on-site or from Earth. This would mean that Astronauts in the field would be
able to get instantaneous cartographic data representations on any of the suited visual monitors that would be
part of an astronauts extra-vehicular suit.
Any vehicles or shelters that would be used on the Moon would have internal video monitors. The multiple
data base maps could be instanteously represented on the screens of those persons using transmitted data, in
order that decisions on the direction of a route of traverse or assistance in the selection of a site to use could be
worked out on the spot in the field. A similar proposal was presented to the National Science Foundation or
the mounting of video map monitors 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 Plateau based field team were continually referring to our maps for a variety of
purposes. Inertial guidance system could be used in conjunction with lunar satellite telemetry to give onboard
GIS' exact, continuous coordinates on the entire lunar surface. It would be rather difficult to handle a
conventional two dimensional cloth or paper map from the inside of a spacesuit Orbital photography could be
directly portrayed or portrayed with graphic enhancements in the Lunar environment.
Further developments in GIS cartographic representation make it now possible for it to be used in the form
of a video monitor, & apropos the GIS this would be well suited to the medium of maps that will be used in
space.
A GIS would be operationally actualized in a Lunar field environment by becoming a standard part of the
Astronaut's Lunar surface suit. A variety of configurations could be envisaged for use in the field. The frrst
proposed configuration of GIS that the author proposes is a small 10 centimeter to 15 centimeter full color
monitor be installed on the side of the interior of the space suit helmet. This screen could display the entire
range of topographic features & would have the resolution of the current high resolution television screens.
The astronaut would swivel his head to either the right or the left to see this screen. The second proposed
configuration is a Heads-Up Display (HUD) on the faceplate of the helmet. This would be similiar to the HUD
that is seen in fighter aircraft allowing target acquisition & data displayed in a manner that can be seen through
(Drummond, et al.; 1988; 2-5). Thus moncromatic lines or a full colour display could portray multiple data
sets in a see through monitor; in very simple terms the helmet face plate would become the monitor. The
graphic information could be switched on & off & different densities of graphic & digital information could be
displayed on a HUD system. The third configuration in which GIS could be displayed is in the form of a chest
mounted screen that would swing out & 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 fifth
configuration is the faceplate could be replaced by a monitor close to the eyes with no translucient properties
(Costello, 1988, 69).
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The utilisation of screens for display purposes would be very easy for vehicles would likely have monitors
for other assigned purposes namely having 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 & utilised is
the heads up display on the space suit helmet faceplate. All internal video monitors could be used in a similar
manner to that used by pilots for example a HUD: either in the form of a direct voice command or through
focusing ones eye on a certain area of the screen & blinking. This technology is rumored to have been
developed to a high degree in the USAF Apache helicopter & F-18 (Drummond, et al.; 1988; 2-S). This would
allow the astronaut to move smoothly on the display screen from different data bases & from different scale
map .displays. The monitor display could go from a 1 centimeter to one kilometer scale topographic display to
a 1 centimeter to 1 meter topographic display with a blink of the eye &/ or a vocal command. Other suit status
information could be displayed or overlayed onto this information.
Historically, maps 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 modem & future Lunar explorer the
opportunity to have immediately updated maps that use several Earth nations' archival resources. Thus
ironically this could be its most impressive contribution manifested by its inherent speed & agility to address
new problems.
The author proposes that the new cartographic techniques that have been developed within the GIS could be
applied to the methods of archival storage, retrieval, & representation of the bewildering array of Lunar surficial
phenomena data sources (GAO, USA; 1990). GIS' cartographic technology allows the multiple overlaying of
disparate digital & cartographic data in order to correlate & substantiate new patterns. Then contemporary &
historical Lunar 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 (Fisher, 1990). GIS could be used to archive & allow new &
novel utilization of any old unused data.
An examination of the references in NASA Technical Abstract~ from 1958 through to 1989 suggests that the
their is frrst of all a correlation with exploration activity & the publication of maps. After the funding cuts of
the 1970's on average the ratio of entries under Lunar Mapping & Lunar Photography has been less than it was
before & during the active exploration stage of the Moon by the United States. 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 that directly relate to the topic of mapping are not
covered in the abstract headings. The author proposes that over a 30 year period abstract publication rates can
indicate interest in the space program & specifically lunar mapping. Future increases in the appearence of
mapping heading abstracts might indicate an increased serious interest in Lunar exploration by the USA. At the
current time the mapping headings do not correspond to the numbers that appeared in the 1960's before the
manned Lunar landings.
A future area of research that could be developed upon the integration & data entry of all of the Lunar maps,
orbital & 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 which might also occur could be seen in
compared images. These observations could be seen when comparing 1960's & 1970's images with future
Lunar images. Using archived historical aerial photography to compare changes over time in the cultural &
physical landscape has been quite common on Earth, & 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 prerequiste to a well informed decision making
process in the site selection of permanent Lt~nar facilities (Cramer, 1962). The utilization of GIS' in support of
this goal would be timely & has precedents in site selection procedures on Earth (Mardon, 1991). Historically,
mapping has been the major tool in exploration over the past half millenium. This newest powerful tool for
the modem cartographer could be cost effectively used to accelerate & correctly discern optimal Lunar sites for
utilization.
We went to 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 & which is inexpensive, to support our drive out from Earth, has greater potential for
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success than in developing unproven technology. A universal cartographic data base founded on the principles
at the center of Geographic Infonnation System would become the same helpful tool for exploration that the
ancient maps of Herodotos, Ptolemy, & Strabo were to Columbus in his discovery of the 'New World' in
1492.
"Discovery is documentation" (Roscoe, 1990) & simply, the most useful fonn of documentation for
exploration is the map. This still applies to our future exploration of the Moon as it is applied to historic
exploration on Earth. This use of historic maps in exploration has been shown in Henry the Navigators' use
of Necho's African map. This map, as described in Herodotos' ~. was made in the 6th century BC. The
map described the legendary circumnavigation of Africa sponsored by the Egyptian Necho. This was then used
in the 15th century A.D. by Henry the Navigatior to justify the Portuguese southward exploration in their
attempt to follow Necho's described legendary circumnavigation of Africa 2100 years previously.
Our maps of the Moon, whether they be represented on paper or computer screen, will be the human race's
most valuable & inexpensive tool in the exploration & conquest of the Moon.
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MOSSBAUER SPECTROSCOPY FOR LUNAR RESOURCE ASSESSMENT: MEASUREMENT
OF MINERALOGY AND SOIL MATURITY. R. V. Morrisl, D. G. Agresti2, E. L. Wills2, T. D. Shelfer2,
M. M. Pimperl2, M.-H. Shen2, and M.A. Gibson3. lCode SN4, NASA Johnson Space Center, Houston, TX
77058; 2Physics Department, University of Alabama at Birmingham, Birmingham, AL 35294; 3Carbotek, Inc.,
16223 Park Row, Suite 100, Houston TX.
INTRODUCTION
First order assessment of lunar soil as a resource includes measurement of its mineralogy and maturity.
Soils in which the mineral ilmenite is present in high concentrations are desirable feedstock for the production of
oxygen at a lunar base. The maturity of lunar soils is a measure of their relative residence time in the upper
-1 mm of the lunar surface. Increasing maturity implies increasing load of solar-wind species (e.g., N, H, and
3He), decreasing mean grain size, and increasing glass content. All of these physicochemical properties that vary
in a regular way with maturity are important parameters for assessment of lunar soil as a resource. For example,
3He can be extracted and potentially used for nuclear fusion. A commonly-used index for lunar soil maturity is
11 /FeO, which is the concentration of fine-grained metal determined by ferromagnetic resonance {18) normalized to
the total iron content (as FeO) [1]. 18 /FeO has been measured for virtually every soil returned by the Apollo and
Luna missions to the Moon; values for surface soils are compiled by [2].
Because the technique is sensitive to both oxidation state and mineralogy, iron Mossbauer spectroscopy
(FeMS) is a viable technique for in situ lunar resource assessment. Its utility for mineralogy is apparent from
examination of published FeMS data for lunar samples [e.g., 3,4,5]. From the data published by [5], we can
infer that FeMS data can also be used to determine soil maturity. We discuss here (1) the use ofFeMS to
determine mineralogy and maturity and (2) progress on development of a FeMS instrument for lunar surface use.
MINERALOGY AND MATURITY
Figure 1 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 minerals pyroxene, olivine, and ilmenite. Fr()m
peak areas, the percentages of total iron associated with each those mineralogies are 66, 15, and 16 for 72131 and
57, 39, and 4 for 73131, respectively. Thus, a Mossbauer spectrometer on a lunar rover could be used to
prospect for ilmenite-rich soil horizons (deposits).
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MOSSBAUER SPECTROSCOPY: Morris R. V. et al.
A reason for finding ilmenite deposits is shown in Figure 2, which presents FeMS spectra for a crushed
lunar rock (70035) both before and after reduction by hydrogen. The only two iron-bearing mineralogies present
in the untreated rock are ilmenite and pyroxene, with 23% of the total Fe in the ilmenite. After H2 reduction,
there is no evidence in the FeMS spectra for ilmenite. Only metallic iron and pyroxene are present, which implies
that reduction of ferrous iron in ilmenite is kinetically favored over that in pyroxene. The 36% area for Fe metal
does indicate, however, that some of the ferrous iron in pyroxene bas been reduced to metal.
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INSTRUMENT DEVELOPMENT
The current status of development of our backscatter Mossbauer spectrometer (BaMS) is described by
[6]. A schematic of the instrument, together with specifications, is given in Figure 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.
Backscatter Mossbauer Spectrometer (BaMS)
SCHEMATIC DRAWING
SPECIFICATIONS
SIZE
Shape: Cylinder, 6 em x 12 em long.
Volume: 300 em 3.
Mass: 500 g.

¥=.corond
GammiiAay
Sou'..

Said Slate lWldlor

~=-Co<r.w

ELECTRICAL POWER
Total: < 2.0 W.
High Voltage: None required
from spacecraft
DATA
Experiment Duration: 60 min.
Type: Digital.
Kiloblts of Data: 60 kb per spectrum.
Data Rate: Data stored by instrument
until requested by spacecraft bus.
Date Product: Mossbauer spectra
(counts per channel vs. channel
number of a multi-channel analyzer)

Fig.4

References: [1] Morris, PLSC7, 315, 1976; [2] Morris, PLPSC9, 2287, 1978; [3] Herzenberg et al., PLSC2,
2103, 1971; [4] Gibbet al., PLSC3, 2479, 1972; [5] Housley et al., PLSC5, 2623, 1974; [6] Agresti et al.,
Hypeifine Inter., in press, 1992.
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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 National Laboratory, Los Alamos,
NM 87545.
One of the early Space Exploration Initiatives will be a lunar orbiter to map the
composition of the Moon. This mission is needed to support further lunar exploration and
habitation and will provide a valuable dataset for understanding lunar geological processes.
The payload will consist of the gamma-ray and neutron spectrometer discussed here, an
x-ray fluorescence imager, and possibly one or two other instruments. The spacecraft will
be small ( <100 kg), built on a fast schedule (about three years), and have a low cost (about
$100M including faunch). Launch is tentatively scheduled for April 1995. The program
will be similar to the ALEXIS (Array of Low-Energy X-ray Imaging Sensors) program at
Los Alamos, which is scheduled to be launched as a small satellite in April1992.
Most gamma rays used to map lunar elements are in the energy range of 0.2-8 MeV.
The gamma-ray detector will contain a ~70% efficient (relative to a 7.62-cm-diameter x
7.62-cm-length Nal(Tl) scintillator) n-type germanium crystal. N-type is used because
it is much less susceptible to radiation damage than p-type germanium. No annealing
is planned because the radiation damage accumulated in the one-year mission will not
seriously degrade the energy resolution if the crystal remains below 100 K. 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
bismuth germanate (BGO) anticoincidence shield on the sides and back of the germanium
crystal will eliminate most events due to charged particles, gamma rays produced by cosmic
rays incident on the spacecraft, and Compton-scattered events in the crystal. A plastic
scintillator over the nadir-pointing surface of the germanium crystal will provide a similar
capability in the forward direction without significantly attenuating the gamma-ray flux
from the Moon. The gamma-ray detector will be on a short boom to further reduce the
background from the spacecraft.
The critical issue for operating a germanium detector in space is the method of cooling.
For short missions, stored cryogens such as liquid nitrogen, solid methane, or solid argon
have been proposed. For longer missions a passive radiator, as used on the Mars Observer,
or an active device, such as a Stirling cycle cooler, is required. We have chosen not to use a
passive radiator because of the complications in shielding the radiator from the Sun, Earth,
and Moon when the spacecraft is in a polar orbit and instead have chosen 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
without maintenance for over 3 t years. Two of these miniature cyrocoolers were launched
on 12 September 1991 as part of the ISAMS multi-channel infrared radiometer on the
Upper Atmosphere Research Satellite, and they are still operating successfully. Research is
being done on these coolers (1) concerning vibration, thermal performance, and reliability.
Because the germanium detector energy resolution is degraded by vibration, we also will
use a pair of these coolers with two compressors and two expanders mounted back to back
to minimize vibration. In addition, we will use a low distortion electronic feedback system
to minimize harmonics and a flexible vibration decoupler between the expander cold tips
and the germanium crystal.
A neutron detector is required because it provides maximum sensitivity for hydrogen and hence water. Data from the gamma-ray detector and the neutron detector are
complementary because the neutron flux, which produces most gamma rays, is needed
to normalize the gamma-ray line intensities; in turn, the gamma-ray data are needed to
determine the composition of the lunar surface and hence the moderation of neutrons by
elements other than hydrogen (2). Three different sensors are used to measure the neutrons
in three energy ranges. Thermal (En "' 0.01-0.4 eV) neutrons are measured with a bare
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He proportional counter, epithermal (En "'0.4-103 eV) neutrons with a 3 He proportional
counter wrapped with thermal-neutron-absorbing cadmium, and fast (En "'0.5-10 MeV)
neutrons with a plastic scintillator and 3 He proportional counter operated in coincidence
(3). The thermal sensor and the epithermal sensor will be mounted on a short boom opposite the gamma-ray detector boom to reduce neutron backgrounds. Ratios of the three
count rates are very sensitive to the amount of hydrogen in the lunar surface ( 4).
The gamma-ray and neutron spectrometer will provide data on almost all elements
over all of the lunar surface. Published estimates of the detection limits for similar detectors
range from 0.016 ppm for uranium to 1.3% for calcium (5). We estimate a hydrogen
detection limit of 100 ppm based on the neutron detector ( 4). The spatial resolution is
about 140-km x 140-km, which is determined by the orbit altitude of 100 km (6). Both
gamma rays and neutrons sense the elemental composition of the lunar surface to depths
of tens of centimeters. The data from this instrument will complement the data from the
x-ray fluorescence imager (7), which has a resolution of 1 km x 1 km for six elements.
ReferenceJ: (1) Ross R. G. et al. (1991) AdvanceJ in Cryogenic Engineering, 37, in press.
(2) Reedy R. C. et al. {1992) This Workshop. (3) Jenkins R. W. et al. (1970) J. GeophyJ.
ReJ., 75, 4197-4204. (4) Feldman W. C. et al. (1991) Geophys. ReJ. Lett., 18, 2157-2160.
(5) Metzger A. E. and Drake D. M. (1991) J. GeophyJ. Res., 96, 449-460. (6) Reedy
R. C. et al. (1973) J. GeophyJ. ReJ. 78, 5847-5866. (7) Edwards B. C. et al. (1992) This
Workshop. *Work supported by NASA and done under the auspices of the US DOE.
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Fig. 1. Schematics of a generic germanium detector with a split cycle Stirling cooler
(adopted from 5) and the neutron sensors for thermal, epithermal, and fast neutrons.
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MAGNETIC SUSCEPTIBILITY MEASUREMENTS FOR IN SITU CHARACTERIZATION
OF LUNAR SOIL; R.R. Oder, EXPORTech Company, Inc., New Kensington, PA
Magnetic Separation is a viable method for concentration of
components of lunar soils and rocks for use as feedstocks for
man¥.fac,ture of metals, oxygen, and for recovery of volatiles such
as He.
Work with lunar materials indicates that i~ature soils are
the best candidates for magnetic beneficiation.
The magnetic
susceptibility at which selected soil components such as
anorthite, ilmenite, or metallic iron are separated is not
affected by soil maturity but the recovery of the conceqtrated
components is. Increasing soil maturity lowers recovery.
This
is illustrated in Figure 1.
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Mature soils contain significant amounts of glass encased
metallic iron.
Magnetic susceptibility, which is sensitive to
1

0der, R.R., Taylor, L.A., and Keller, R. (1989) "Magnetic
Characterization of Lunar Soils," Lunar & Planetary Science XX,
Houston, TX (March 1989) pp. 804-805; Oder, R.R. and Taylor, L.A.
(1990) "Magnetic Beneficiation of Highland and HI-Ti Mare Soils:
Magnet Requirements," Engineering, Construction and Operations in
Space II, s.w. Johnson and J.P. Wetzel, Editors (American Society
of Civil Engineers, New York) pp. 143-152.
2

0der, R.R., and Jamison, R.E., "Magnetic Characterization
of Lunar Soil," Final Report, Phase I SBIR Program, NASA Contract
NAS 9-18092 (August, 1989).
3

oder, R.R. (1991) "Magnetic Separation of Lunar soils,"
IEEE Transactions on Magnetics (November, 1991);
Oder, R.R.
( 1991) "Beneficiation of Lunar Soils: Case Studies in Magnetics,"
Preprint 91-137, AIME-SME Annual Meeting, Denver, co.
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MAGNETIC SUSCEPTIBILITY MEASUREMENTS:

Oder, R. R.

metallic iron content, can be used to measure soil maturity. The
relationship between the ratio of magnetic susceptibility and
iron oxide and the conventional maturity parameter, Is/FeO,
ferromagnetic resonant intensity divided by iron oxide content,
is given in Figure 1.
The magnetic susceptibilities were
determined using apparatus designed for magnetic separation of
the lunar soils.

X/FeO Versus 15 /FeO
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X/FeO Vs. Soil Maturity

Magnetic susceptibility should be incorporated in the
instrumentation packages carried by lunar landers and rovers for
in situ identification of candidate soils best suited for
magnetic beneficiation. The measurement is more amenable to in
situ measurement than is ferromagnetic resonance.
There are many ways to measure magnetic susceptibility which
could be incorporated in mobile soil characterization packages.
Instrumentation to detect separable ilmenite might combine
magnetic susceptibility and x-ray methods to measure iron and
titanium. Measurements could be made on soil samples or on core
samples for rapid determination of maturity. This would permit
a quick assessment of the potential for magnetic separation of
selected mineral components.
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THE QUICKEST, LOWEST COST LUNAR RESOURCE ASSESSMENT
PROGRAM: INTEGRATED HIGH-TECH EARTH-BASED ASTRONOMY. Carle M.

Pieters (Brown University, Providence, RI 02912) and the PRELUDES Consortium.

Introduction and Recommendations:
Science and technology applications for the Moon have not fully kept pace with technical
advancements in sensor development and analytical information extraction capabilities.
Appropriate unanswered questions for the Moon abound, but until recently there has been litde
motivation (funding) to link sophisticated technical capabilities with specific measurement and
analysis projects. Over the last decade enormous technical progress has been made in the
development of (a) CCD photometric array detectors, (b) visible to near-infrared imaging
spectrometers, (c) infrared spectroscopy, (d) high-resolution dual-polarization radar imaging at
3.5, 12, and 70 em, and equally important, (e) data analysis and information extraction
techniques using compact powerful computers. Parts of each of these have been tested
separately, but there has been no progranunatic effort to develop and optimize instruments to
. meet lunar science and resource assessment needs (e.g., specific wavelength range, resolution,
etc.) nor to coordinate activities so that the symbiotic relation between different kinds of data can
be fully realized No single type of remotely acquired data completely characterizes the lunar
environment, but there has been litde 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 recommended 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 integration of advanced sensor data can
provide synoptic information necessary to assess regional compositional diversity, local regolith
character, and geologic context of sites on the lunar nearside that have high potential for lunar
resources. The cost of such a R&A program is estimated to be about 5 million dollars 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 expertiese gained during and since Apollo and provides young scientists the
experience necessary to carry out the proposed more complete global assessment of the Moon to
be acquired from orbital spacecraft.
Reasons for implementation of an aggressive R&A lunar astronomy program in the current
environment: (a) SEI. The information produced has immediate and direct input into the Space
Exploration Initiative (SEI). It provides an early broad assessment of potential lunar sites that
cannot be easily achieved by other means on a time scale 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.
(b) Technology Development. The proposed R&A program drives US advanced sensor
development and use with significant ISdll applications. Integration and analysis of complex
advanced sensor data are essential capabilities that need to be developed and tested.
Experienced gained from the project will give a head start to the technical needs for later detailed
analysis of global systems (Earth, Moon, Mars). (c) Science Education. The program will
contain heavy university involvement and provides an active research environment essential for
the training of new lunar scientists. Highly technical activities 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 ofTechnolojO' Conce.pts for Lunar Measurements:
VISINEARIR 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 information derived. Solar radiation interacts with the
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HIGH-TECH EARTH-BASED AS1RONOMY: C. M. Pieters

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
absorption bands are detected which 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 the attached table, the color of the Moon has been under study since the
early part of this century. When photoelectric detectors became available in the late 1960's and
1970's the spectral properties of different areas on the Moon were measured quantitatively.
Until infrared detectors were available in the late 1970's and early 1980's, 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 CCD's) 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 characterized. Such
studies flourished in the 1980's 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
development and optical design to obtain an "image cube" of data (two dimensions of spatial
information and one dimension of spectral 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 absorption bands occur.
RADAR BACKSCATTER

The surface and subsurface scattering properties 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 1960's and 1970's. The returned signal is directly related to the geometry of
the measurements, the number of scatterers encountered on the scale of the wavelength, and the
dielectric properties of surface materials. 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 the attached table, 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 1960's and 1970's the techniques
for measurement of radar backscatter of the Moon were perfected and two dimensional images
of the radar backscatter properties were produced at relatively low spatial resolution. Analyses
of dual-polarization radar data confirmed the sensitivity to block population on the surface. The
last several years have seen dramatic improvement of radar measurements possible. These
include an improvement in both sensitivity and, more important for lunar measurements, an
improvement in the spatial resolution that is possible to be obtained with earth-based telescopes.
Current technical capabilities indicate that a spatial resolution of 30 - 300 m is possible for
lunar nearside targets (optical telescopes can achieve 1 km resolution; Lunar Orbiter IV obtained
-1OOm resolution for the lunar nearside from orbit). Several tests of these new radar
capabilities have already been made. In 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 (information extraction)
capabilities need to be developed for lunar specific applications.
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Evolution of VIS/neariR Spectroscopy of the Moon
D~*

1912
1968
1970
1970
1976
1977

1980
1989
1990
1990
1990

feJ:SQnlgrQY12
R. W. Wood
T.B. McCord
L.A. Soderblom
McCord/Johnson
McCord eta!
McCord/Pieters

Rim~~ Min. R~SQL

Qwabili~

v
photographic color
xV
PMT < 25 color spot
3 color image scan
v
-50 color spot
xV+niR
3 color vidicon
xV
vidicon spectrometer
xV
xV
/polarimeter
McCord et al.
128 color single spot
niR
xV
French/Germans
3 -10 color CCD
Luceyetal.
CCD spectrometer
xV
Galileo SSI team em imaging (spacecraft)
xV
Galileo NIMS team stepped 13 spectrometer niR+

*First publication/presentation

v

xV
niR

-30km
20km
20km
20km
2km
2km
5km
5km
1km
2km
5km
lOOkm

-Cov~ra~e

nearside
>100 areas
M Tranquillitatis
< 10 areas
nearside mare
100 km linear
<20areas
> 100 areas
100x1 00 areas
100 km linear
1f}.Moon
1f}.Moon

Spectral Range:
Visible
0.4- 0.7 Jlm
extended Visible
0.32 - 1.1 Jlm
near InfraRed
0.6 - 2.6 J.lm

Evolution of Radar Measurements for the Moon
Pates
1946
1962
1964-1972

1980- 1983
1985- 1991

Capability
first detection
crater Tycho detected
Backscatter imaging 7.5 m
Backscatter imaging 70 em
Backscatter imaging 3.8 em
Topography imaging 3.8 em
Backscatter imaging 70 em
Backscatter imaging 70 em
Backscatter imaging 12.6 em
Backscatter imaging 3.8 em

ResolutiQn
bulk Moon
lOkm
40km
lOkm
2km
2km
2km
500m
300m
50m

Nearside Coverage
near global
global
global
local targets
global
local targets
local targets
(in progress)
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LUNAR SURFACE ROVERS; J. B. Plescia, A. L. Lane, and D. Miller, Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
Despite the Ranger, Lunar Orbiter, Surveyor, Apollo, Luna, and Lunokhod
programs, many questions of lunar science remain unanswered because of a
lack of specific data. With the potential for returning humans to 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 objectives of these small rovers are to
collect detailed in situ information about the composition of materials on the
lunar surface and their distribution. Those data, in tum, would be applied to a
variety of lunar geoscience questions and to 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 4- or 6-wheeled, solar powered rover with a mass
of 28 kg. Two rovers would be deployed from a single Artemis lander. Rover
lifetime would be at least 3 lunar days and hopefully 7-1 0; 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 that allows for a variety of capabilities which capitalize
on microtechnology. Rover speed would be 0.5-1.0 km/hr depending upon the
terrain. Power (60-200W) is provided by solar panels (0.3 m2) which also serve
to shield the rover from high thermal loads during the day. 120W hrs of AgZn
batteries provide capability for short period high load demands; these batteries
are capable of withstanding the lunar night. Nominal data rate would be about
30 kbps at 20W RF; rates as high as 150 kbps would be possible for limited
periods. Control of the rover mobility would be in two modes: behavioral
control driving and teleoperation driving. In the behavior control mode, a
series of way points would be selected and the rover would navigate along the
predetermined path to a site invoking autonomous obstacle avoidance if
necessary. In the teleoperation 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 measurement or sampling.
Two types of payloads are envisioned for such a small rover: a geoscience
payload and a physical properties payload. The nominal 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 mm 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
and an auger drill to obtain samples of the upper meter of regolith. Using
these data, several questions can be addressed: geochemical and petrological
processes; regolith stratigraphy and development; history of the solar wind
implanted gases; lunar resources; small-scale surface morphology; and site
evaluation.
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Stereo imaging is achieved through two mast-mounted CCD framing
cameras (800 x 1000 pixels) with a separation of about 25 em. Mast mounting
allows 360° horizontal viewing and 120° of vertical viewing. The field lens
camera is the same type of camera but mounted on the rover body with optics
that allows imaging at a resolution of a few mm in the near field. The infrared
imaging spectrometer covers the spectral range of 0.7 to 2.5 ~m 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 em is possible. The
alpha/proton/x-ray fluorescence instrument is aimed at obtaining elemental
composition. The alpha/proton mode measures low Z elements whereas the xray fluorescence mode is sensitive to higher Z elements. 244Cm is used as the
source for the alpha particles; 109Cd or 244Cm would be used for the x-ray
excitation. The evolved gas analysis system would be used to heat the samples to
drive off gases which would then be analyzed by a mass spectrometer or other
system. Target gases include H2. 3He, S02. CO, C02. H2S, H20. and N2. Two types of
sample acquisition equipment are planned: a scoop and a drill. The scoop is a
clamshell mounted on 4 degree-of-freedom arm and would collect samples for
analysis to depths of a few em with a sample volume of a few cm3; 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 which could penetrate to depths of about 1 m. Sample volume
of a few cm3 from depth intervals of a few em 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 proplems.
Parameters of interest include particle size and shape, density and porosity,
compressibility, shear strength, bearing capacity, traffic ability, electrical
conductivity, and charging/discharging of the surface. The complete payload
is under study and has not yet been determined. However, it is anticipated that
an electro-magnetic sounding system would be used to determine the
thickness, stratigraphy, 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 to
lifetime, range, and drilling. Alternatively, the larger payload capacity could
be used to deploy more of the small rovers outlined above.
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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, could be used in processing lunar materials. A complete knowledge of the elemental composition of a lunar region is desirable both in identifying lunar resources and in lunar geochemical
studies, which also helps in identifying and using lunar resources. Discussed here is the use of
gamma-ray and neutron spectroscopy together to determine abundances of many elements in the
top few tens of centimeters of the lunar surface. To date, very few discussions of elemental mapping
of planet~ry 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., 1). 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(Tl) scintillator detectors and the short durations ofthe missions. A high-resolution ~ermanium
GRS is on the Mars Observer scheduled to be launched to Mars in late September 1992 \2). Such a
spectrometer 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 G'RS is capable of detecting thermal and epithermal
neutrons (2). A germanium GRS can also detect neutrons ~0.6 MeV by triangular-shaped peaks
in the spectrum made by neutron-induced inelastic-scattering reactions in the detector ( 4). The
inclusion of a detector specifically designed to measure fast (En"" 0.1-10 MeV) neutrons improves
the sensitivity of detecting hydrogen in the lunar surface (5). Spectrometers to measure the fluxes
of gamma rays and neutrons escaping from the Moon are discussed elsewhere in this Workshop
(6). The theories for gamma-ray and neutron spectroscopy ofthe Moon and calculations of leakage
fluxes are presented here with emphasis on why combined 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 are made by the interaction of
the energetic particles in the galactic cosmic rays (GCR) with the lunar surface (10). Neutrons are
produced mainly with 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 particles, which can vary
by a factor of ~3 over an 11-year solar cycle (11), and is slightly ( -5%) dependent on the surface
composition (12). 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 to epithermal
(En "" 0.5-lol eV) and thermal (En "' 0.01-o.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 Hand of thermal-neutron absorbers like
Fe, Ti, Sm, and Gd (1,5,12,13). Many neutrons escape from the lunar surface and can be detected
in orbit. The gravitational field of the Moon affects slightly the flux at orbit of the lowest-energy
neutrons (14).
The reaction of these neutrons with atomic nuclei in the lunar surface produces most of the
gamma rays used for elemental mapping. Fast neutrons make gamma rays by a large variety of
nonelastic-scattering reactions. Many elements (e.g., 0, Mg, Si, and Fe) are mapped by neutron
inelastic-scattering reactions making excited states in the target nucleus, such as 24 Mg(n,n;) 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-scattering gamma rays.
Neutrons with higher energies can induce many types of reactions, such as the 28 Si(n,na;) 24 Mg
reaction, which also can make the 1.369-MeV gamma ray. Many thermal and some epithermal
neutrons produce gamma rays by neutron-capture reactions, such as the 28 Si(n,;) 29 Si reaction,
which makes a cascade of gamma rays. The cross sections for neutron-capture reactions vary by
orders of magnitude, and the elements mapped by gamma rays made by such reactions (e.g., Ti,
Fe, and possibly Sm and Gd) are those with high cross sections for (n,;) reactions and that emit
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one or more gamma ray with a high yield per captured neutron.
Calculations of Neutron and Gamma Ray Fluxes. The ultimate sources oflunar neutrons and
most lunar gamma rays are from interactions of the high-energy (E"' 0.1-10 GeV) particles in the
galactic cosmic rays. The Los Alamos high energy transport code LAHET is used to calculate the
transport and interactions ofthe GCR particles and the production of secondary particles, especially
neutrons. The LAHET code is based on the HETC code used by (12) but with additional physics
included in the code, such as the production of neutrons by pre-equilibrium processes in excited
nuclei. Neutrons with energies below 20 MeV are transported with the MCNP or ONEDANT codes.
The ONEDANT code has been modified (14) to transport low-energy neutrons to orbital altitudes
with consideration of gravity and the neutron's half-life. This series of codes are used to calculate
the fluxes of neutrons esca~ing from the Moon. Preliminary results for neutrons escaping from the
Moon were calculated by l5) using the ONEDANT code. As in (5), a range of lunar compositions
and hydrogen contents has been examined with the LAHET/MCNP codes. The results of our
calculations are consistent with those in (5) 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 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 (7,8). In these
works, the gamma-ray fluxes from nonelastic-scattering reactions were calculated usmg the fast
neutron fluxes of (10) and cross sections for producing specific gamma rays as a function of energy.
The gamma-ray fluxes from neutron-capture reactions were calculated with neutron-capture rates
derived from (13) and evaluated nuclear data for gamma-ray yields. We are now in the process of
coupling the neutron fluxes calculated with the codes discussed above with codes for the production
and transport gamma rays. For now, the calculated gamma-ray fluxes of (8) are being used, as
in the recent study by (3), which showed the great superiority of using high-resolution gamma-ray
spectrometers for lunar mapping.
Conclusions. The calculations for fluxes of neutrons escaping from the Moon have been
extended and support the conclusions of (5) for using ratios of thermal, epithermal, and fast neutrons for lunar 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 used 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 all abundances 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 thermal/ epithermal ratio can be used to get an independent measure of the macroscopic cross
sections. Differences of the 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 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.
References: ~) Lingenfelter R. E. et al. (1961) J. Geophys. Res., 66, 2665-2671. {2) Boynton
W. V. et al. 1992) J. Geophys. Res., 97, in press. (3) Metzger A. E. and Drake D. M. (1991)
J. Geophys. es., 96, 449-460. ( 4) Bruckner J. et al. (1987) J. Geophys. Res., 92, E603-E616.
(5) Feldman W. C. et al. (1991) Geophys. Res. Lett., 18, 2157-2160. {6) Moss C. E. et al. (1992),
this Workshop. (7) Reedy R. C. et al. (1973) J. Geophys. Res., 78, 5847-5866. (8) Reedy R. C.
(1978) Proc. Lunar Planet. Sci. Con/. 9th, pp. 2961- 2984. (9) Evans L. G. et al. (1992) in:
Remote Geochemical Analysis, Lunar and Planetary Institute, in press. (10) Reedy R. C. and
Arnold J. R. (1972) J. Geophys. Res., 77, 537-555. (11) Reedy R. C. (1987) J. Geophys. Res., 92,
E697-E702. (12) Drake D. M. et al. (1988) J. Geophys. Res., 93, 6353~368. (13) Lingenfelter
R. E. et al. (1972) Earth Planet. Sci. Lett., 16, 355-369. (14) Feldman W. C. et al. (1989) J.
Geophys. Res., 94, 513-525. *Work supported by NASA and done under the auspices of the US
DOE.
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COMPAS:
COMPOSITIONAL MINERALOGY with a PHOTOACOUSTIC SPECTROMETER
Wm. Hayden Smith, Washington University, St. Louis, MO. 63130
SUMMARY
There is an important need for an in situ 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,
ilmenite, and amorphous fine solids or glasses can exhibit flat
spectral reflectances in the 400-2500 nm spectral region that
render inaccurate or difficult their spectral detection and
quantitative analysis. Ideal rock and mineral spectra are, of
course, pure absorption spectra that are independent of the
spectral effects of scattering, and 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 fundamentally
alter the observed diffuse spectral reflectance, an in situ
spectral measurements method for rocks and minerals on the Moon,
insensitive to the sample morphology, would be invaluable.
Photoacoustic 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, unprepared samples of everything from coal to whole
blood, including rock and mineral characterization.
A QQmpositional Mineralogy Ehoto~coustic ~pectrometer, or
COMPAS, can enable in situ spectral measurement of rocks and
minerals, bypassing the major limitations of diffuse reflectance
siectroscopy. COMPAS has the following features:
designed for in situ spectral characterization of rocks and
minerals and their surface weathering species
does not require modifying or altering the sample or its
surroundings
provides spatial resolution on a sub-millimeter scale
functions at the ambient (high or low) temperature, requires
no coolants
spatial and spectral data acquired in a serial mode at a
modest data rate
no internal moving components for high reliability
physically very small with low weight and power requirements.
COMPAS spectral capabilities for rock and mineral samples
will incorporated into an instrument prototype specifically for
Lunar measurements, compatible with rover capabilites.
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LUNAR UV-VISlBLE-IR MAPPING INTERFEROMETRIC SPECTROMETER

Wm. Hayden Smith. L. Haskin, R. Korotev, R. Arvidson, w.
McKinnon, Washington University, B. Hapke, u. of Pittsburg,
s. Larson, U. of Arizona, P. Lucey, u. of Hawaii and Ball
Aerospace Group.
We have developed ultraviolet-visible-infrared mapping
digital array scanned interferometers (Smith and Schempp, 1991)
for lunar compositional surveys. The research has defined a no
moving parts, low weight and 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 instrument configuration optimized for spectral
mapping and imaging of the lunar surface and provide spectral
results in support of the instrument design.
Smith, Wm.Hayden and w. v. Schempp, Diqital Array scanned
Interferometers, Experimental Astronomy, 1, 389-405, 1991.
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LUNAR RESOURCE ASSESSMENT: STRATEGIES FOR SURFACE
EXPLORATION; Paul D. Spudis, Lunar and Planetary Institute, Houston TX 77058
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
become 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 extraterrestrial body) must be
based on at least a rudimentary understanding of the following questions: 1) What
materials and energies are likely to be needed by the envisioned space-faring
infrastructure; 2) Where are these commodities on the Moon and what are their physical
states and concentrations; 3) What types of processing are required to produce the
desired products and how can such processing yield the maximum possible return? 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 ore and gangue is economic, not geologic.
My supposition is that at a minimum, we will want the following commodities: 1)
bulk regolith, for shielding and construction on the lunar surface (ultimately for export to
human-tended stations in Earth-Moon space); 2) oxygen and hydrogen, for propellant
and life support. I confine my attention to these essential products.
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 Jeff Taylor (this
volume) 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 judgements 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 (ISRU), 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 environment 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 nature, formation,
and evolution of the regolith well enough from Apollo to begin using regolith
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immediately for shielding purposes. If terrain-moving and construction equipment is
built robustly enough, there is little need for precursor characterization of the site
regolith. However, for completeness, Table 1 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 available to support life at the lunar
outpost.
There is no shortage of this commodity: lunar soils are at least 45% 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, [1]) can effectively
use any lunar material as feedstock and thus, have no real assessment requirements for
potential prospects. One low-yield process has received considerable attention, reduction
of lunar ilmenite by hydrogen (e.g., [2]). This technique has been validated, at least at
the workbench level, and produces oxygen at roughly 3% efficiency. The ilmenitereduction method requires a specific feedstock: lunar ilmenite grains, or at least,
ilmenite-rich lunar 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 abundances 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 (see J. Taylor, this volume). Once such areas have been identified,
promising sites should be investigated by selected in situ measurements. The
heterogeneity of the ilmenite concentrations should be measured at scales commensurate
with the those of the expected mining operations; nominally, this is likely to be on scales
of a few meters. Concurrent documentation of regolith physical properties is also
required, as the presence and abundance of large blocks, for example, might significantly
influence mining operations. The data needs, some selected techniques for their
acquisition, and precision required are estimated in Table 1.
Hydrogen for fuel and life support. In contrast to oxygen, hydrogen is rare on the Moon.
Hydrogen is important both as a fuel to support the transportation infrastructure, but it
is also an essential resource to make water for life support, thermal control, and
agriculture.
As far as we know, lunar hydrogen predominantly takes the form of molecules of
solar hydrogen, adsorbed onto fine grains of lunar dust [3]. About 90% of the solar wind
implanted hydrogen can be extracted by heating the lunar soil to about 700 degrees
centigrade. Typical concentrations of hydrogen in Apollo soil samples are between 20
and 50 ppm [3]; there seems to be positive correlations between Ti content of mare soils
and total hydrogen abundance and between soil maturity and hydrogen abundance.
However, we have never made in situ measurements of lunar hydrogen and we do not
know how it varies laterally or vertically in the regolith on a scale of meters. We also do

61

62

Lunar Resource

LUNAR SURFACE RESOURCE ASSESSMENT: Spudis, Paul D.

not know how these supposed correlations hold up over the entire Moon or whether they
exist at scales appropriate for resource extraction.
H hydrogen extraction from the Moon's surface is to become a reality, we must
characterize its presence, abundance, and distribution in detail. I would give initial
attention to high-Ti areas, including regional pyroclastic deposits [4). A surface rover
mission should simultaneously analyze soil chemistry, maturity, and adsorbed 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 situ on the
Moon could then be correlated with both chemistry and maturity, two properties easily
measured remotely from orbit at scales of meters to kilometers. In this case, a detailed
site survey would have implications for estimates of the global reserves of lunar
hydrogen.
Conclusion. This work is an attempt to understand what resource assessment means for
an Initiative that attempts to utilize indigenous lunar resources, quite probably on an
experimental basis. I have discussed what I consider to be top priority commodities and
the knowledge needed to efficiently extract these products. As our knowledge improves
on what space resource utilization requires and entails, we should develop a flexible
strategy that will ensure we obtain the information we need in a timely manner.
References [1) Lindstrom D.J. and Haskin L.A., (1979) Space Manufact. Facilities 3,
AIAA, 129. [2] Gibson M.A and Knudsen C.W. (1985) Lunar Bases, LPI Press, 543. [3]
Heiken G. et aL, eds. (1991) The Lunar Sourcebook, Ch. 8 [4) Coombs C.R. et al. (1990)
Workshop Lunar Vole. Glasses, LPI TR 90.02, 24.
TABLE 1. RESOURCE ASSESSMENT NEEDS: INITIAL SURFACE MISSIONS

Knowledge needed

Obtained by

Precision required

Regolith thickness

orbiter photos
lander photos
subsurface sounding

1 meter
0.5 meter
10 em

Regolith fragment

lander photos
lander microscopy
subsurface sounding
active seismometry

fewcm
tens of microns
fewcm
tens of em

orbiter spectroscopy
lander microscopy

few percent
0.1 percent

orbiter spectroscopy
rover spectroscopy

few percent
0.1 percent

orbiter GRS/NS
lander EGA
rover EGA

100 ppm
0.1 ppm
0.1 ppm

size distribution

Ilmenite concentration
Bulk
Variability (10 meter-scale)
Hydrogen concentration

Bulk

Variability (10 meter-scale)

Lunar Resource
HIGH RESOLUTION EARTH BASED LUNAR RADAR STUDIES: APPLICATIONS TO LUNAR RESOURCE ASSESSMENT; N.J.S. Stacy and D.B. Campbell, National Astronomy and Ionospheric Center
and Dept. of Astronomy, Cornell University, Ithaca, New York 14853.
The Lunar regolith will most likely be a primary raw material for Lunar base construction and resource
extraction. High resolution radar observations of the Moon provide maps of radar backscatter that have
intensity variations generally controlled by the local slope, material and structural properties of the regolith.
The properties that can be measured by the radar system include the dielectric constant, density, loss tangent
and wavelength scale roughness.
The radar systems currently in operation at several astronomical observatories provide the ability to
image the Lunar surface at spatial resolutions approaching 30m at 3.8cm and 12.6cm wavelengths and
approximately 500m at 70cm wavelength. The radar signal penetrates the Lunar regolith to a depth of
10-20 wavelengths so the measured backscatter contains contributions from the vacuum-regolith interface
and from wavelength scale heterogeneities in the electrical properties of the subsurface material. The three
wavelengths, which are sensitive to different scale structures and scattering volumes, provide complementary
information on the regolith properties. For example, the longer wavelength observations can be used to
estimate the depth of pyroclastic mantled deposits [1] which usually have low surface roughness and block
content and can be identified by very low radar backscatter at the shorter wavelengths (2,3).
In general, a circularly polarized signal is transmitted and both senses of circular polarization are
received containing the polarized and depolarized components of the backscattered signal, (though the capability exists to transmit and receive linear polarizations). These polarization components correspond to the
opposite sense of circular polarization to the transmitted signal (that polarization sense expected from a single reflection with a plane interface) and the orthogonal circular polarization respectively. The backscattered
signal has contributions from quasi-specular and diffuse scattering. The first, due to reflection from small
facets, contributes to the polarized signal and the second, due to wavelength size surface and near surface
structures, contributes to both receive polarizations [4). The relative power in the two polarizations provides
useful information on properties of the surface, in particular wavelength scale roughness which is usually
attributed to large angular rocks. The ejecta of fresh impact craters resulting from an impact sufficient in
size to excavate relatively blocky material are readily evident by an enhanced radar signature [5], especially
in the depolarized signal.
The density of the Lunar regolith can be related to the dielectric constant using results from analysis of
the electrical properties of Lunar rocks returned to the Earth [6]. The dielectric constant of the lunar regolith
can potentially be estimated from the ratio of the backscatter in the local vertical and horizontal directions
for areas where the radar signal is dominated by volume scattering. High incidence angle observations of the
Lunar mare are possibly most suitable because of the assumed low surface backscatter and good coupling of
the vertical polarization to the surface when imaged near the Brewster's angle (incidence angle...., 60°).
Lunar topography has been measured using a two element radar interferometer achieving elevation
accuracy better than 500m at a spatial resolution of 1km to 2km [7, 8}. An alternative interferometric
technique that can be applied to Lunar mapping requires two images of the same area observed with very
similar viewing geometries that are compared to generate interference fringes that can be unwrapped to
derive local topography [9). The present ability to image the Lunar surface at 30m to 40m spatial resolution
potentially provides an order of magnitude better topographic resolution and accuracy over the previous
results.
Several Lunar sites were observed using the 12.6cm wavelength radar system at Arecibo Observatory in
1990 and further observations are planned for later this year (Figure 1). The raw data collected for each site
covers an area approximately 100km- 300km by 400km and is processed into images of relative backscatter
cross section. Five of the sites were observed with a spatial resolution potentially better than 50m and the
remaining sites were observed with spatial resolutions varying up to 220m. Aims of the previous and future
observations include: 1) analysis of the scattering properties associated with fresh impact craters, impact
crater rays and mantled deposits; 2) analysis of high incidence angle observations of the Lunar mare to
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investigate measurement of the regolith dielectric constant and hence porosity; 3) investigate interferometric
techniques using two time delayed observations of the same site, observations that require a difference in
viewing geometry < 0.05° and, hence, fortuitous alignment of the Earth-Moon system when visible from
Arecibo Observatory.
References: [1] Campbell, B.A., et. al., (1992) Estimating Lunar Pyroclastic Deposit Depth from Imaging
Radar Data: Applications to Lunar Resource Assessment (abstract). In Workshop on New Technologies for
Lunar Resource Assessment, pp. xx-yy. Lunar and Planetary Institute, Houston, in Press, [2] Zisk, S.H., et.
al., (1991) Geophys. Res. Lett., 18, p. 2137-2140, [3] Gaddis, L.R., et. al., (1985) Icarus, 61, p . 461-489, (4]
Hagfors, T. and Evans, J.V., (1968) in Radar Astronomy, McGraw-Hill, p. 219-273, [5] Thompson, T.W.,
et. al., (1974) The Moon, 5, p. 87-117, [6] Olhoeft G.R. and Strangway D.W., (1975), Earth Planet. Sci.
Lett., 24, p. 394-404, [7] Shapiro, 1.1., et. al., (1972) Science, 178, 939-948, (8] Zisk, S.H., (1972) Science,
178, p. 977-980, [9) Goldstein, R.M., et. al., (1988) Radio Science, 23, p. 713-720.

Firure 1: Averaged 12.6cm radar image of the depolarized relative backscatter cross section of the 100km
diameter crater Plato (52°N, 9°W) and surrounding terrain. The incidence angle is 56° in the center of the
image, north is to the top and illumination is from the south-southeast.
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REMOTE ASSESSMENT OF LUNAR RESOURCE POTENTIAL

G. Jeffrey Taylor, Planetary Geosciences, University of Hawaii, 2525 Correa Rd. Honolulu,
m 96822
Assessing the resource potential of the lunar surface requires a well-planned program to
determine the chemical and mineralogical composition the Moon's surface at a range of scales. The
exploration program must include remote sensing measurements (from both Earth's surface and lunar
orbit), robotic in situ analysis of specific places, and, eventually, human field work by trained
geologists (Fig. 1). This paper focuses on remote sensing data; strategies for in situ observations are
discussed ably by P. Spudis (this volume).

Lunar Resource Assessment
Earth-based
Remote
Sensing

Orbital
Remote
Sensing

Robotic
In situ
Analyses

Human
Field
Work

Figure 1. Lunar resource assessment needs to be a phased activity, beginning with observations from Earth
(which my colleagues refer to as a selenocentric orbiter), followed by global remote sensing measurements. These
programs allow rational choice of landing sites for in situ measurements and eventual field work by astronautgeologists. Although orbital remote sensing missions logically preceed landed robotic missions, they need not
cease once landed missions begin. Similarly, once humans begin to do field studies, robotic landed missions can
and should continue.

Resource assessment requires some idea of what resources will be needed. Studies thus far
have concentrated on oxygen and hydrogen production for propellent and life support, 3He for export
as fuel for nuclear fusion reactors, and use of bulk regolith for shielding and construction materials.
On the other hand, igneous processes might have provided caches of useful materials, so one ought to
search for likely possibilities. The measurement requirements for assessing these ;resources are given
in Table 1 and discussed briefly below.
Ilmenite: Source for oxygen, hydrogen, and helium. Numerous techniques have been proposed to
produce oxygen. Some can use any feedstock, including bulk regolith. In those cases, the key
information needed is the properties of the regolith. However, some processes, including the most
mature ones, center around ilmenite reduction. In these cases, the key information is the abundance
and physical state of ilmenite in the regolith. The ideal regolith contains a high abundance of ilmenite
and has been reworked by impacts sufficiently to bust up rocks, but not so much as to convert much of
the regolith (including ilmenite) to glassy agglutinates. Thus, we need to know: (1) The Ti
concentration; this gives us the potential ilmenite concentration. (2) Concentrations of other major
elements for completeness and to help assess modal ilmeniteby calculating normative ilmenite. (3) The
modal abundance of ilmenite; this can be obtained directly, in principle, by spectal measurements in
the UV and by albedo mesurements. (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, the highest concentration of Hand He are in high ilmenite
soils that have long exposure histories. So, in this case, the optimum soil would have high maturity,
rather than the intermediate soil preferred for oxygen production by ilmenite reduction.
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Regolith: shielding and construction material. We probably already know enough about the lunar
regolith to design equipment to excavate and transport it. However, for completeness, I list the
properties that can be assessed from orbit (Table 1). 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 problematical; since block
distributions tend to follow a power law (i.e., the size distribution is fractal), one can measure blocks
larger than 1 m and deduce the distribution at smaller sizes.
The unexpected. The absence of water on the 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 perhaps 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 extensive igneous evolution: high Fe/Mg; enrichments in elements such as
U, Th, and presence in moderate to high amounts of unusual minerals such as quartz.
Table 1. Orbital remote sensing for lunar resources.
Objective

Measurement

Technique

llmenite abundance and
distribution
(Relates to H, He, and
~ potential; also to Ti
and Fe production.)

1. Ti02 concentration
2. Concentrations of
other major elements
(Si, AI, Mg, Fe, Ca)
3. Modal abundance of
ilmenite
4. Regolith maturity

1. X-ray flourescence
2. X-ray fluorescence

Regolith properties
(Relates to plans for
mining, base construction, and ilmenite
abundance.)
Unexpected enrichments of elements or
minerals

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

4 same as above
S. Imaging
6. Imaging

3a. ± 10%; 100m spatial
3b. 0.1 to 0.111m; 100m spatial
4. Broad characterization ; S
narrow bands at 0. 7, 0.9 0.95,
1.0 and l.S 11M (or imaging
spectrometer); 100m spatial
4. same as above
S. 2 m spatial
6. 1 m spatial

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

6. X -ray flourescence

6. ± 5%; 1 km spatial

7. Gamma-ray spectrometry

7. ± 5% (in 1-100 ppm range); 10
km spatial

8. Imaging reflectance
and emission spectroscopy

8. Full spectral coverage, 0.1 to
50 11m

3a. Albedo
3b. UV spectroscopy
4. Reflectance spectra

Precision and Resolution
1. ± 5%; 1 km spatial
2. ± 5%; 1 km spatial
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A COMBINED XRD/XRF INSTRUMENT FOR LUNAR RESOURCE ASSESSMENT;
D.T. Vaniman, D.L. Bish, S.J. Chipera, and J. D. Blacic, Los Alamos National Laboratory, Los
Alamos, NM 87545

Robotic surface missions to the Moon should be capable of measuring mineralogic as well
as chemical abundances in regolith samples. Although much is already known about the 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 part of the regolith most recently exposed to the solar wind; as
such it will be important to resource assessment. In addition, it may be far easier to mine
and process the uppermost few centimeters of regolith over a broad area than to engage in
deep excavation of a smaller area. The most direct means of analyzing the regolith surface
will be by studies in situ. In addition to analysis of the impact-origin regolith surfaces, the
Fa-rich glasses of mare pyroclastic deposits are of resource interest [1 ,2] but are
inadequately known; none of the extensive surface-exposed pyroclastic deposits of the 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 resource evaluation.
Combined X-ray diffraction (XRD) and X-ray fluorescence (XRF) analysis will address
many resource characterization problems on the Moon. Other means of chemical analysis
(e.g., instrumental neutron activation analysis or laser-induced breakdown spectroscopy)
would extend the suite of elements measured beyond those detectable by XRF, particularly
for elements lighter than Mg. However, XRF methods are valuable for obtaining full majorelement abundances with high precision. Such data, collected in parallel with quantitative
mineralogy, permit unambiguous determination of both mineral and chemical abundances
where concentrations are high enough to be of resource grade.
Collection of both XRD and XRF data from a single sample provides simultaneous
chemical 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
lead to full characterization of the sample. The use of Rietveld methods for XRD data
analysis can provide a powerful tool for quantitative mineralogy [3] and for obtaining
crystallographic data on complex minerals [4). Rietveld methods applied to the XRD data will
provide (I) enhanced accuracy for quantitative mineralogy, (II) a capability for crystalchemical characterization of unstable minerals (e.g., the questionable lunar occurrences of
lawrencite, FeCI2 [5]) in their natural environment, and (Ill) a capability to recognize and
characterize previously unknown minerals.
Ultimately, Rietveld methods can be used to determine glass abundances where the
sample contains a particular type of glass. This approach will be most useful in the
exploration of pyroclastic glass deposits. Figure 1 shows an XRD pattern obtained from the
<1 J.lm fraction of pyroclastic sample 74220,19, obtained by settling in freon. This pattern
was collected from 17 mg of material. Rietveld analysis was used to obtain the abundances
of crystalline constituents (normalized to 100%) as well as the olivine Mg/Fe ratio. When
similar data are obtained on pure splits of the pyroclastic glass, then abundances of this glass
(represented by the amorphous bulge between 17-460 29) 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 Figure 1. With appropriate library diffraction
data, a wide variety of glasses and minerals can be determined quantitatively in lunar
materials.
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[1] McKay, D. S., R. V. Morris, and A. J. Jurewicz, 1991, Lunar and Planetary Sci. XXII,
881-882; [2] Hawke, B. R., C. Coombs, and B. Clark, 1989, Lunar and Planetary Sci. XX,
389-390; [3] Vaniman, D. T, D. L. Bish, and S. J. Chipera, 1991, Lunar and Planetary Sci.
XXII, 1429-1430; [4] Vaniman, D., D. Bish, and S. Chipera, 1991, Clay Min. Soc. 28th Ann.
Mtg., 157; [5] Taylor, L. A., H. K. Mao, and P. M. Bell, 1973, Proc. Lunar Sci. Conf. 4th,
829-839.
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Lunar Lavatube Sensing

Cheryl Lynn York, Bryce Walden, Thomas L. Billings, and P. Douglas Reeder
Lunar Base Research Team
Oregon~Society, P.O. Box 86, Oregon City, OR 97045-0007
(503) 655-6189

Abstract
Large ( ~ 300 meter diameter) lavatube caverns appear to exist on the Moon and could
provide substantial safety and cost benefits for lunar bases. Over 40 meters of basalt and regolith
constitute the lavatube roof and would protect both construction and operations. Constant
temperatures of -20°C reduces thermal stress on structures and machines. Base designs need not
incorporate heavy shielding, so lightweight materials can be used and construction can be
expedited.(l, 2) Identification and characterization oflavatube caverns can be incorporated into
current precursor lunar mission plans. Some searches can even be done from Earth.
Earth-based sensing of major near-surface (200 meter deep) lunar lavatubes and their
entrances at 25-meter resolution may be possible using earth-penetrating radar (EPR)
interferometry.(3) From lunar orbit one-meter EPR resolution should be achievable. Radar, lidar,
and optical and infrared imaging might spot an entrance candidate from lunar orbit without using
power-intensive EPR. Lavatube entrances can also be found directly by surface explorers (human
or machine). Multi-functional kinetic penetrators and high-resolution seismic arrays may detail
likely sites. Any search for lunar ice or other captured volatiles should include sheltered lavatube
entrances and skylights (spot roof collapses).
Interior volume mapping to 10-cm resolution should be possible using lidar, microwave, or
optical imaging from a platform moving along the length of the cavern. Aoor and ceiling detail in
optical or lidar data could be evaluated for lunar geoscience and possible lunar base engineering
use. Dust and other deposits in a lunar cave may be identified and mapped in a variety of ways,
although lunar lavatube caverns may be relatively dust-free. Sensors used for surface exploration
are suitable in lavatubes, including IR and UV spectrometers, lasers, vapor detectors, probes,
optical spectrometers and imagers, and neutron activation analysis, although 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 lavatube cave. Based on present and near-future
SDIO Light Exo-Atmospheric Projectile (L.E.A.P.) technology, the "Moon Bat" could gather data
rapidly while "on the fly" and its rockets could provide a light source.
Specific recommendations for lunar lavatube search and exploration are:
1. An Earth-based radar interferometer.
2. An EPR orbiter.
3. Kinetic penetrators for lunar lavatube confirmation.
4. A "Moon Bat" hovering rocket vehicle.
5. Use other proposed landers and orbiters to help find lunar lavatubes.
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