


NASA SP-177

NASAS & T Library
Washington, DG 20546

PROCEEDINGS OF THE
SIXTH ANNUAL MEETING OF THE
WORKING GROUP ON
EXTRATERRESTRIAL
RESOURCES

Aerospace Medical Division
Brooks Air Force Base, Texas
February 19 -21, 1968

Scientific and Technical Information Division

OFFICE OF TECHNOLOGY UTILIZATION 1968

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.




For sale by the Superintendent of Documents
U.S. Government Printing Office, Washington, D.C. 20402
Price $2.50

Library of Congress Caralog Card Number 68~62479



Foreword

The Working Group on Extraterrestrial Resources (WGER) is composed
of technically trained personnel from NASA, U.S. Air Force, U.S. Navy,
U.S. Bureau of Mines, U.S. Geological Survey, and the Army’s Corps of
Engineers, all Government agencies with active interests in the exploitation
of space and space sciences. Also contributing to the Group’s studies are
various invited participants from industry and educational institutions.
WGER was organized in 1962:

To evaluate the feasibility and usefulness of the employment of extraterrestrial resources
with the objective of reducing dependence of lunar and planetary exploration on terrestrial
supplies, to advise cognizant agencies on requirements pertinent to these objectives, and to
point out the implications affecting these goals.

The WGER held its sixth annual meeting from February 19 to February 21,
1968, at Brooks Air Force Base, San Antonio, Tex. The Group was hosted
by the Aerospace Medical Division of the U.S. Air Force. February 19 and 20
were devoted to technical sessions and the annual banquet. The morning of
February 21 featured a guided tour of the Aerospace Medical Division installa-
tion and its activities.

The technical sessions were divided into five categories containing 19
papers. These categories were composed of invited contributions in the field
of extraterrestrial studies from each of the five WGER Subgroups:

a. “Environment and Resources,” Paul D. Lowman, Jr., NASA, chairman

b. “Mining and Processing,”’” Reynold Q. Schotts, University of Alabama,
chairman

c. ‘“Biotechnology and Human Factors,” Robert O. Matthern, U.S.
Army, chairman

. d. “Facility Design, Construction and Operation,” Rodney W. Johnson,
NASA, chairman

e. “Logistic Requirements,” Jay A. Salmanson, NASA, chairman

Dr. Lewis Larmore, vice president, Advanced Research Laboratories,
MecDonnell-Douglas, presented the sixth annual meeting keynote address.

Dr. Hubertus Strughold, Chief Scientist, Air Force Aerospace Medical
Division, presented the banquet address entitled “Unorthodoxies and Contro-
versies in Planetary and Space Science.”

Dr. Ernst A. Steinhoff, Chief Scientist, Air Force Missile Development
Center, Holloman AFB, presented the luncheon address entitled ‘Importance
of the Use of Extraterrestrial Resources to the Economy of Space Flight
Beyond Near Earth Orbit.”

The Working Group on Extraterrestrial Resources is indebted to the
Air Force and to its Aerospace Medical Division for their outstanding hospi-
tality. This alone went far toward making the symposium an enjoyable success.

Bruce M. Havur,
Chairman, Working Group on Extraterrestrial Resources
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LEWIS LARMORE
Brooks Air Force Base, Tex.

Keynote Address to Working Group
on Extraterrestrial Resources

I consider it a distinet honor and pleasure
for me, & solar physicist, to be asked to give
the keynote speech to the Working Group on
Extraterrestrial Resources. The concentration
of this session on lunar resources is particularly
timely and should lead to significant results
which will point the direction for lunar explora-
tion and utilization.

During the past decade, both solar physicists
and selenologists have been in a preferred
position in our space exploration efforts. The
solar physicists have arrived at this exalted
status because the Sun largely controls the
characteristics and physical properties of inter-
planetary space. The selenologists, on the
other hand, have received a much belated claim
to fame because of the planned lunar landings
and, hopefully, subsequent exploration. It
appears extremely unlikely that your group
will ever consider the details of extracting
valuable resources from the Sun in the same
sense that you are planning for those of the
Moon. We already receive a part of the solar
resources in great abundance in the form of
radiation, which provides most of the life-
sustaining energy here on Earth. But we
continue to wonder about the lunar resources
and the potential for utilizing them by methods
which can be adapted from those already in
use on Karth,

As a solar astronomer discussing the Moon,
I now come to the question posed by Gamow’s
fictitious philosopher of whether the Sun or
the Moon is the more useful. From your
standpoint I am sure the Moon takes prece-
dence, since we hope it can provide resources
of use to mankind. Surprisingly enough,
Gamow’s philosopher puts the Moon first also,

but for a different reason. He, too, says the
Moon is more useful, since it gives us light
during the night when we really need it, while
the Sun shines only in the daytime when it is
light anyway!

Now that both lines of reasoning have put
the Sun in its proper place, we can concentrate
on our nearest neighbor and try to set the
stage for this meeting. Most pretelescope
observers of the Moon concerned themselves
primarily with the lunar motions and had only
vague guesses relating to the nature of its
surface. The history of astronomy is fraught
with much uncertainty as to the details of just
who believed what and when certain funda-
mental concepts were first generally accepted.
The early information-retrieval systems seem
to have been as unsatisfactory as ours, but for
different reasons. Lack of communication and
interest plagued the early philosophers to a
point that several centuries sometimes elapsed
between significant ‘‘breakthroughs.” How-
ever, the fourth century B.C. found Anaxagoras
speculating on the lunar surface. He assumed
its composition to be partly like the Earth’s
surface and partly fiery. The latter conclusion
he based on the reddish appearance typical of
most total lunar eclipses.

During the next century, Aristotle showed
that the Moon must be spherical and based his
deductions on the study of its phases. He
also concluded that we always see the same
face of the Moon. However, it was not until
5 centuries later (A.D. second century) that
Plutarch provided the correct explanation of
the fiery appearance of the eclipsed Moon;
he said it was due to the refraction of the
Sun’s rays through the Earth’s atmosphere.

1



2 EXTRATERRESTRIAL RESOURCES

This erudite explanation was, of course, based
on several centuries of background studies by
the Chinese, Chaldeans, Greeks, and others,
who successfully predicted eclipses and at least
partially understood their cause.

The availability of the telescope suddenly
changed the speculative inferences character-
istic of early philosophers and provided the
first quantitative results published by Galileo
in 1610. In his “Sidereal Message” he de-
scribed the craters, high mountain chains, and
the smooth plains which, unfortunately, were
dubbed with the name “maria.” Although
recorded observations of the lunar surface
were scarce during the next 200 years, we do
find @ few outstanding examples, among which
are Hevelius’ map of the Moon in 1647 and
William Herschel’s measurements of lunar
mountain heights in the latter part of the 18th
century. During these early observations the
great debate began concerning the origin of
the lunar topographic features: Are they
impact or volcanic?

As time progressed and telescopes improved,
many details became evident on the lunar
surface which added fuel to the fire of the great
debate. One need only mention the names of
Schroeter, Beer and Midler, and Schmidt to
refresh your memory of the great selenographers
of the early 19th century. Schmidt’s discovery
of a change in the crater Linné led many
observers to seek other changes in the lunar
topography with some questionable success.

Photography gave lunar observations a new
spurt of interest with the 1850 photograph made
by Bond by the daguerreotype process. Photo-
graphic atlases of the Moon began appearing
which provided the kind of documentation
necessary to prove the existence of lunar changes
and gave to the ‘“‘armchair’’ astronomers obser-
vational evidence to be studied at their leisure.
One of the most famous of these atlases was
produced by Loewy, Puiseux, and L.e Morvan
of the Paris Observatory late in the 19th cen-
tury. Although photography provides us a
wealth of permanent records of the lunar
topography, it does not replace good visual
observations. Until the flights of our Ranger,
Orbiter, and Surveyor vehicles, the best photo-
graphs recorded detail only to about 1 kilometer

on the lunar surface because of the ‘‘seeing”
limitations of the Earth’s atmosphere. Visual
observations, on the other hand, frequently
give a resolution five times or so better during
short periods of excellent seeing.

We now have photographs, however, which
show details on the lunar surface to a fraction
of an inch. But the great debate still goes on.
In 1941 Fred Whipple published a book entitled
“Karth, Moon, and Planets”’ in which he com-
pared impact and volcanic simulation to a point
which seemed to lay the question to rest for-
ever. Lunar topography appeared certain to
be the result of impact. This kind of thinking
convinced most astronomers that little purpose
could be served by additional research which
would lead to a better understanding of the
lunar topography. As a matter of fact, I pro-
posed a research program on this subject -for a
master’s thesis at one time, but I was turned
down on the basis that the impact hypothesis
was so well established that we probably would
learn nothing new. As a result, I became inter-
ested in stellar temperatures and solar physics.

To this day we find that most astronomers
blindly accept impact from extralunar sources
as being the major contributor to the appearance
of the lunar surface. As most of you are
aware, this picture is now changing largely
because of the excellent work of geologists. The
impetus provided by Spurr’s four volumes and
additional work by many of you here in this
room have made astronomers begin to reeval-
uate the situation. I will admit that about 10
years ago I heard Gerard Kuiper give a lecture
on the presence of cinder cones and he succeeded
in convincing many of us that these formations
were indeed present. As astronomers, we
should take the work of geologists seriously.
You may remember that during the last
century most astronomers accepted Helmholtz’
proposal that slow gravitational compression
was. responsible for keeping the Sun shining.
However, under his hypothesis, the maximum
age of the Sun could not be greater than 50
million years and he firmly forbade geologists

~ to find evidence for a greater age of the Earth.

But eventually the geologists, in a noncoopera-
tive spirit, proceeded to dig up indisputable
evidence for an age of at least 2 billion years.
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Back in 1966 the American Astronautical
Society sponsored a meeting on the early lunar-
probe results, and the great debate proceeded.
Preliminary conclusions from the Surveyor
photographs were mingled with new laboratory
studies of shock phenomena and vesiculation
processes. In January of this year we held a
sequel to the first meeting and covered all of the
Surveyor results except those of Surveyor 7.
Again it was obvious that the question of impact
versus volcanic origin is far from being settled.
However, it appears to me, as an astronomer,
that the concepts of voleanic origin are gaining
much strength and the consensus favors this
mechanism as accounting for upward of 80 per-
cent of the major topographical features on the
Moon.

I have spent considerable time discussing the
great debate because the final outcome has di-
rect bearing on the methods of approach to and
the results of exploiting extraterrestrial re-
sources. Onboard Surveyor experiments with
magnets indicate the presence of iron. Alpha-
scattering analyses show iron along with other
elements: magnesium, aluminum, silicon, so-
dium, oxygen, and calcium at the surface. But,
of course, the biggest question which needs
answering is the availability of water. Impact
theories provide no information, but with vol-
canism we have a high probability of finding
water.

One of the newest, most exciting, and least
believed theories presented at the recent meet-
ing came from Dr. Don Menzel. He has re-
examined Sir James Jeans’ analytical work on the
escape of the prehistoric lunar atmosphere and
has found a couple of erroneous assumptions
which change the whole picture. Jeans com-
puted an escape time of 1000 years or less.
However, Menzel’s results show an escape time
of more like a few hundred million years for an
atmosphere of water vapor. He then pointed
out the similarity between many of the lunar
sinuous rills and the meandering erosions of
Earth streams. Whether or not we accept this
latter comparison as valid, we cannot overlook
the possible erosion effects generated by an
atmosphere which may have been present dur-
ing a geologically significant time period.

Now let me turn our attention to future ex-

ploration, exploitation, and possible coloniza-
tion of the Moon. Itisinconceivable to me that
the National Aeronautics and Space Adminis-
tration, the National Academy of Sciences, the
Congress of the United States, and the execu-
tive branch of the Government have not yet
agreed in principle to the next step in our space
program. We must find a worthy cause, ac-
ceptable to the public, for establishing a base of
operations on the Moon. To my knowledge,
not even this obvious step has been agreed upon.
Our designs for lunar transportation are still in
the horse-and-buggy stages and will not prove
very satisfactory for exploring an area almost as
large as North and South America combined.

In thinking about lunar exploration, I cer-
tainly do not intend to minimize the tremendous
contributions which have been made by the
Orbiter and Surveyor photography. This im-
portance also applies to the excellent photo-
graphs made from Gemini, and I was surprised
to learn from Dr. Paul Lowman a couple of
months ago about the new volcanic field in
Mexico and New Mexico found on these pic-
tures. However, the followup from photo-
graphs must be done on the ground.

To an astronomer, there is only one answer
as to what our next step should be. An ob-
servatory, or observatories, on the Moon
would provide more spectral range and eliminate
terrestrial atmospheric seeing problems. The
Moon gives a firm base for telescopic observa-
tions which will eliminate the guidance mech-
anisms required for similar observations from
Earth-orbiting vehicles. The observatory site
would form the nucleus for further exploration
of the Moon itself and, during the buildup
phase of a colony, provide scientific data which
are of unquestioned merit. 1 realize that these
items are under consideration, along with many
others. Geologists and geophysicists want to
extend their earthly findings to other worlds and
feel that this work should have priority. Civil
and mining engineers wish to examine soils and
prospect for useful resources. Is there any way
to agree on a priority of research needs?

Perhaps we are dealing with a very broad
maximum on our optimization curve. This
kind of situation always calls for strong leader-
ship and sometimes an arbitrary decision on the
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part of our policymakers. Certainly this was
the case during the early part of the present
decade when President Kennedy committed
the United States to a manned lunar landing.
We should now put aside our parochial interests
and try to answer the fundamental questions:
Should we establish a manned operational
center on the Moon? If so, how should the
priority of the various disciplines of geology,
astronomy, mining, radiation chemistry and
physics, civil engineering, and many others be
ranked?

In looking over the program for this meeting,
I notice one omission in extraterrestrial resources
which could be of great importance on the
Moon. 1 would like to point out that the ex-
istence of some kind of living organisms may
be present, and, if so, they might be put to some
good use as we now contemplate here on Earth.
One of your illustrious members pointed out a
few years ago that the possibility of fossil
lunar life forms, which is usually subject to
acid criticism, should be reconsidered in terms
of enhanced defluidization on the Moon in
spots where enormous volumes of carbon di-
oxide or carbon monoxide might have been
released to the lunar surface. Conditions would
have been favorable for the development of
algae or bacteria just below the surface of the
warm, moist, mineralized lunar tuff.

It is almost unbelievable how life has adapted
itself to varying conditions on Earth. We find
life forms from the bottom of the deepest oceans
to the driest deserts, as well as in the fuel tanks
of jet aircraft. In passing, I might say that the
organisms in the fuel tanks live at the interface
between the fuel and the small amounts of

water present. They eat the hydrocarbon fuel
and their excretions corrode the metal fuel
tanks. This adaptiveness may not be so sur-
prising, but the realization that over 100 dif-
ferent varieties of organisms with this capability
have been isolated may give you cause for
thought. Dr. Sidney Fox has pointed out in a
recent article that dry protein, in contrast to
protein in solution, withstands cathode radi-
ation with no significant destruction of amino
acids. This result indicates that primitive pro-
tein synthesized abiotically in dry, hot regions
would be relatively resistant to nonthermal
radiation. I am not attempting to prove or
disprove the existence of life forms on the
Moon; I am only calling your attention to the
possibility, and in my opinion a significant
probability, that we will find indigenous life
already there when we arrive.

I would like to conclude my remarks by
again calling your attention to the fact that
the next step in our space program has not
been clearly defined. It is timely for this group
along with others to take a strong position and
to make the necessary statements that can
be used in national space program planning.
Are there any oversights in the program to date?
What about remote detection of water? Do
you endorse manned exploration of the Moon?
Finally, with the mix of disciplines present
here, is it timely and possible for you to define
a matrix of scientific and engineering priorities
based on the establishment of a lunar colony?
I hope in this meeting you will not shy away
from the great debate and that you will discuss
ways of survival on either an impact crater or a
voleano.



PAUL D. LOWMAN, JR.
Goddard Space Flight Center, NASA

The Lunar Environment: A Reevaluation
With Respect to Lunar-Base Operations

The following aspects of the lunar environment which bear on the feasibility of long
manned lunar-surface missions and lunar bases are reviewed: gravity and magnetic fields,
radiation, surface temperatures, atmosphere, meteoroid and secondary ejecta flux, nature of
the terrain and surface materials, and concepts of lunar geology. Virtually all new informa-
tion on these subjects is either favorable or, if unfavorable, predictable. It is concluded
that, with respect to the lunar environment, lunar staytimes of 3 months could be scheduled
at-this time; 1-year missions appear feasible; and there are no obvious factors definitely
preventing establishment of a permanent lunar base. More information is needed, however,
on meteoroid flux, trafficability of the highlands, nature of lunar water deposits, geological
hazards, hazards connected with lunar transient phenomena, and long-term biological effeets

of the lunar environment.

INTRODUCTION

Although the lunar-surface environment is
continually being reevaluated to determine its
impact on the Apollo program, there is no
comparable reevaluatioh of the environment to
determine its impact on establishment of a
lunar base (considered here to be any manned
lunar-surface mission significantly longer than 2
weeks). The purpose of this paper is to
present a concise summary of current knowl-
edge and opinion on all aspects of the lunar
environment that could affect the success of s
lunar base.

Some of the information presented here is
from unpublished or personal sources. For
this reason, and in the interest of clarity, formal
bibliographic reference conventions are not
followed; however, main sources of published
information are listed as a bibliography at the
end of the paper. Opinions expressed are
those of the author and do not necessarily
represent the views of NASA or of Goddard
Space Flight Center.

I am indebted to a number of engineers
and scientists from the Manned Spacecraft
Center, the Jet Propulsion Laboratory, God-

dard Space Flight Center, and the Boeing Co.
for contributing preliminary unpublished in-
formation for this review.

GRAVITY AND MAGNETIC FIELDS

The configuration of the lunar-gravity field
has been partly determined by tracking Lunar
Orbiter spacecraft for periods of several months.
It has been found that the gravity field is more
homogeneous than it was formerly believed to
be, and that perturbations are not enough to
cause rapid decay of low-altitude (e.g., 50
nautical miles) circumlunar satellites. At alti-
tudes of around 200 nautical miles, satellite
lifetimes of several years could be expected.
These findings are important for lunar-base
operations and in confirming the feasibility of
lunar-orbital rendezvous mission modes, long-
term orbital observation and mapping of the
lunar surface, and circumlunar communica-
tions satellites for point-to-point or KEarth-
Moon relays.

The surface value of the Moon’s magnetic
field is estimated, from Lunar Orbiter and
Explorer 35 data, to be under 16 gammas,
which is close to that of the Quiet Sun inter-

5



6 EXTRATERRESTRIAL RESOURCES

planetary field. The result, which has been ex-
pected, is in accord with the lack of evidence
for lunar radiation belts. One consequence of
the absence of a magnetic field, together with
the absence of a detectable atmosphere, is
that solar and cosmic radiation probably
reach the surface directly with little attenuation
or scattering.

The possible biological effects of the low
lunar magnetic field are not known, but recent
studies summarized by Busby indicate that
they may be significant. In an experiment in
which mice were raised in magnetically shielded
cylinders, abnormal behavior, loss of hair, and
early death were exhibited after the first gener-
ation, and reproduction stopped after the fourth
generation. Other experiments on human and
animal subjects (including micro-organisms)
have also produced indications of significant
biological effects from low-magnetic-field
strength. On the other hand, men working
in low-strength magnetic fields for several days
at a time show no ill effects. Busby points
out that much additional work in this field is
needed before the possible effects of very long
exposure to weak magnetic fields can be known.

RADIATION

Estimates of the Moon’s surface radiation
environment have not echanged materially since
1965. The only direct surface measurements
available at this time are those from Luna 9,
which reported a total dose of 30 mrads/day,
chiefly from cosmic rays. The chief potential
radiation hazard continues to be solar flares.
Although no event violent enough to harm a
command-module crew has been observed, the
current-model lunar module might not provide
enough protection. An exposed man in a space
suit on the surface would probably receive skin
doses of a few thousand rads from a violent
event. Flares cannot yet be reliably predicted,
but since solar protons take several hours to
reach the Moon (compared with 8 minutes for
the H. light by which the flare is seen), a
lunar-surface mission crew could be given
warning of dangerous radiation. Shielding
equivalent to 5 g/cm? would protect personnel
against all but one event in 1000; shielding

equivalent to 40 to 50 g/cm? (as could easily be
provided by the use of Iunar soil) would protect
against even a one-in-a-century event.

Studies by the Leander MeCormick Observa-
tory of the intensity of earthlight on the Moon’s
surface indicate that many operations could be
carried out during the lunar night, since the
expected full-Earth illumination will be equiv-
alent to good city street lights. This would be
bright enough to read by, for example. How-
ever, tasks requiring ‘“‘quick and certain’’ seeing
would be difficult; spacecraft landing at night
might be precluded unless lights were provided.

SURFACE TEMPERATURES

The lunar-surface temperature range is of
course important for the design of shelters and
vehicles. The Surveyor telemetry provided the
first direct temperature readings, with thermal
compartments reaching temperatures of up to
400° K. These values were in general agree-
ment with Earth-based data, although some
non-Lambertian emission was apparent. An
important indirect result of the Surveyor tem-
perature readings was the implication that no
significant amount of dust was sticking to the
compartments. The lunar thermal environ-
ment, in summary, is severe but generally
predictable.

ATMOSPHERE

No new direct information has been obtained
about the lunar atmosphere, which is an ex-
tremely important environmental factor affect-
ing the usefulness of the Moon as an astronom-
ical base. However, the Surveyor spacecraft
provided an empirical test of the atmosphere
by obtaining many excellent pictures of the
solar corona up to a distance of 20 solar radii
above the lunar horizon; this and the homo-
geneity of the coronal image suggest that the
lunar atmosphere, if any, is not likely to cause
serious degradation of observations, at least for
exposure times of around 10 minutes. The
bright line along the horizon seen from Surveyor
VI after sunset is generally thought to be the
result of surface irregularities, although a

‘particle atmosphere (a few tens of centimeters

thick) had been suggested. To date, then, there
is no evidence of a lunar atmosphere.
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METEOROID AND EJECTA FLUX

The expected absence of a lunar atmosphere
makes knowledge of the meteoroid environment
of prime importance for long lunar missions.
Probably the best recent information about the
flux rate near the Moon is that from the five
Lunar Orbiter spacecraft, which provided over-
lapping coverage for 14 months. Each space-
craft carried 20 pressurized can detectors with
a total area of 2 sq ft; of this total of 100
detectors, 18 (made of 0.001-inch-thick copper)
were punctured. This puncture rate is less
than half that of similar detectors on the Earth
satellites Explorers XVI and XXIII and is
within a factor of 2 of the flux measured by the
Pegasus satellites, which were also in Earth
orbit. No directionality was noticed in the
Lunar Orbiter results. It would appear that
the meteoroid flux near the Moon is substan-
tially less than that around the Earth. Since
little if any degradation of Earth satellite
performance by meteoroid damage has been
detected even for satellites such as the Tiros
series, some of which have operated for periods
of 1 to 3 years, this finding is very encouraging
for long-term lunar operations. It appears
that any operation planned for close Earth
orbit would be feasible for the lunar surface
insofar as the meteoroid flux is concerned.

Closely related to the meteoroid flux problem
is that of the flux of secondary fragments from
meteoroid impacts. None of these have yet
been detected by Surveyor spacecraft, which
indicates that the former concept of a second-
ary-particle atmosphere is overly pessimistic.
In addition, the velocities expected for second-
aries are much lower than those of primary
particles and are in the range of 150 to 200
m/sec. Consequently, the secondary problem
does not appear to be a major one until stay-
times of several years and very large exposed
areas are achieved.

SURFACE CONDITIONS

Surface conditions that might affect lunar-base
operations are now fairly well known for at
least the mare areas as a result of the various
American and Soviet soft-landing spacecraft.

Electrical properties of the Surveyor landing

sites can, in principle, be inferred from the
landing radar telemetry. Preliminary results
from Surveyor I indicated that the radar cross-
section values are close to those expected from
Earth-based measurements and that the radar
return was from the visible surface or from no
deeper than 60 centimeters.

The Moon’s gross topography has become
fairly well known down to a scale of a few meters
for much of its total area, in both highland and
mare areas. A detailed discussion of this topic
is beyond the scope of this paper. However,
most of the preliminary Lunar Orbiter evalua-
tions and Surveyor results point to the con-
clusion that the lunar surface offers few in-
superable obstacles to lunar-base operations or
long-distance surface traverses from a lunar
base. Of particular interest were the pictures
of the Surveyor VII landing site on the northern
part of the Tycho ejecta blanket. The well-
known thermal and radar anomaly presented
by Tycho indicated that large rough areas of
nearly bare rock might be found here; the
Surveyor pictures indicated that the ejecta
blanket, at least, is relatively smooth and
trafficable, although the inside of the crater is
probably not accessible to nor trafficable by
surface vehicles.

Soil conditions have been thoroughly in-
vestigated by Surveyor spacecraft, and they
are encouraging for lunar-surface operations in
two respects. First, the bearing strength is
quite high enough for spacecraft landing and
surface travel, at least in the five landing sites.
Second, the dominantly fine-grained fragmental
nature of the lunar soil should lend itself to
earthmoving operations such as shelter excava-
tion, instrument emplacement, and use of soil
for shielding. A further encouraging aspect is
the relatively nonexotic behavior of the soil
itself, and in particular its relatively low adhe-
sion. This had been considered a major poten-
tial problem by some, but the normal perform-
ance of the Surveyor surface-sampler device
indicates that little difficulty can be expected
in handling the lunar soil. A possible hazard
whose existence appears confirmed by Lunar
Orbiter and Surveyor spacecraft is that of
collapse depressions in mare areas; a fairly high
proportion of craters in Alphonsus and else-
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where seem to have been formed by drainage of
material into subsurface voids; the location and
nature of these voids should be investigated.

GEOLOGIC CONCEPTS

A number of evolving geologic concepts have
bearing on lunar-base operations. The most
important of these is the now generally ac-
cepted belief that the Moon has had an exten-
.sive volcanic history (although most large
craters are generally believed to have been
formed initially by meteoritic or cometary
impact). It has been recognized for several
years that a volcanic terrain would offer many
advantages to a lunar base, such as probable
water deposits in the form of hydrothermal
minerals, fumaroles, or subsurface hot springs,
useful minerals such as sulfur, and perhaps
usable natural caves. A corresponding dis-
advantage of a voleanic Moon is the possibility
of damage by volcanic eruptions; in view of the
growing belief that the lunar transient phe-
nomena are internally caused, it would appear
possible that there is currently active volcanism
(and perhaps seismic activity) on the Moon.
Possible sites of such activity, for example,
Aristarchus, should be carefully certified before
base operations are planned for them.

Another geologic concept with implications
for lunar bases is that of mass wasting. The
prevalence of bright slopes on old crater walls
has for several years been interpreted as evi-
dence that mass wasting is continually exposing
fresh material. Many features seen on the
Lunar Orbiter photographs reinforced this
belief; a possible cause of such movement of
material may be ground waves produced by
internal seismic activity or major impacts.
Since terrestrial experience shows that seismic
damage is especially likely on unconsolidated
terrain, it is clear that seismic activity or mass
movements triggered by such activity is
potentially a significant hazard on the Moon.

GEMINI PROGRAM

Medical experience of great potential interest
for lunar-base operations has been derived
from the Gemini program. As reported in the
Gemini Summary Conference, the space en-
vironment has proven in almost all respects

considerably less harmful than many had
believed it to be before long-duration manned
orbital missions. Weightlessness in particular .
has been found to produce few unforeseen
effects for missions of up to 2 weeks. It seems
reasonable to assume that, if crews in the con-
fined Gemini spacecraft could withstand com-
plete weightlessness for 2 weeks, staytimes of a
few months under 1/6 g in what we hope to be
theless confining quarters of a lunar base would
have no harmful effects.

CONCLUDING REMARKS

It is clear that more knowledge about the
lunar-surface environment is needed before a
commitment to & permanent lunar base can be
made. The main areas about which more needs
to be known appear to be:

(1) Probability of serious meteoroid damage
to structures with very large area-exposure-
time products

(2) Noncatastrophic degradation of optical
or other surfaces by low-density meteoroids,
sputtering, and other causes

(8) Possible hazards connected with lunar
transient phenomena, which have been observed
to release large quantities of energy in some
unknown way

(4) Traflicability of the lunar highlands

(5) Possible collapse hazards in mare terrain

(6) Location, structure, mineralogy, and
water content of lunar water deposits

(7) Biological effects for very long staytimes
with exposure to 1/6 g, primary cosmic rays,
and low magnetic field strength

(8) Geological hazards; in particular, seismic
activity, active volcanism, and landslides or
debris flows

(9) Possible danger from lunar pathogens

Despite this list, it is true that the wvast
majority of new information about the lunar-
surface environment obtained in the last few
years has been favorable. It appears that as
much is known now with respect to lunar-base
operations as was known about the feasibility
of simply landing on the Moon in 1961. Specifi-

cally, it is concluded that, from an environ-

mental and medical viewpoint, lunar missions
of 3-month duration could be confidently
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scheduled at this time. Furthermore, 1-year
missions appear feasible enough to warrant
detailed preliminary study. Finally, there are
no known factors that would definitely prevent
the establishment of a semipermanent lunar
base (i.e., one of several years’ duration with
crew rotation).
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Gravity and Atmospheric Pressure Scaling
Equations for Small Explosion Craters in Sand

An experimental investigation was econducted to determine the effects of varying gravity
and atmospherie pressure on the size of small explosion craters formed in cohesionless sand.
The explosives used were commercially available squibs and caps and a linear defonating
cord. Gravity was varied by flying the test container in an aircraft through carefully
controlled maneuvers aimed to simulate 0.17, 0.38, and 2.5 times terrestrial gravity. Atmos-
pheric pressure was controlled separately by use of a ground-based vacuum chamber. The
influence of aireraft vibrations, changes in sand density and moisture content, and techniques
of measurement were considered and evaluated. It was concluded that both gravity and
atmospheric pressure, when varied, will lead to significant changes in crater dimensions.
The ratio of diameters is inversely proportional to the ratio of gravities to the power =n
where n increases as the depth of burst of the explosive increases. The n values are less
than 0.16. Crater dimensions are less sensitive to changes in atmospheric pressure in the
range from 5X 10~4 mm Hg to about 300 mm Hg than they are in the range from about
300 to 1000 mm Hg. In the atmospheric pressure range from 300 to 1000 mm Hg, the ratio
of diameters is inversely proportional to the ratio of pressures (mm Hg) to the power n
where n=0.044+0.004. Diameters of craters formed at pressures between 1.0 and 5X 10—*
mm Hg were on the average 1.10+0.02 times those of craters formed at pressures near
terrestrial atmospheric. Cratering in layers of colored sand was also studied to determine
effects of pressure and gravity on the ejecta distribution and crater morphology.

INTRODUCTION Once a primitive base is established, dependence
upon local resources might require that some
type of mining and quarrying operations be
initiated. Explosives might be used in these
operations. If explosives are to be used in an
extraterrestrial environment, the effects of
environmental factors such as gravity and
atmosphere on the performance of the explosives
must be known so that the efficiency of the
explosive as a means of excavation can be
predicted.

Current knowledge of crater formation in
other than a 1-g terrestrial gravity field is
limited. (1 g is the gravity field on Earth and
) is equal to 980 cm/sec?. Throughout the pres-
Manr.led bases may be established on the entqpaper, the ‘varying gravity fields are ex-
Moon in the future. If these bases include  pressed in terms of the terrestrial gravity field.)
subsurface installations, there will be a need A few writers have discussed portions of the
for a reliable and efficient means of excavation  problem in a qualitative manner and have
for the emplacement of the installation (ref. 1).  arrived at differing conclusions concerning the

11

Explosive cratering as a means of soil and
rock excavation has been of interest for many
years. Numerous studies have been made in
order to obtain a better understanding of the
complex phenomenon of crater formation.
These studies have revealed that terrestrial
craters produced by detonation of buried explo-
sions have dimensions which depend upon
numerous factors, the most important being the
energy of the explosion, the depth of burial of
the explosive (DOB), and the physical prop-
erties of the medium in which the explosion
takes place. ,

824-954 0—69——2
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‘probable effects of gravity (refs. 2and 3). Two
other studies have been made where the lunar
environment of 0.17 g and the absence of an
atmosphere were considered. These studies
also resulted in conflicting conclusions (refs.
4 and 5). Viktorov and Stepenov detonated
explosives in moist soils in accelerated frames
and noted that as gravitational acceleration
increased, crater dimensions were reduced
(ref. 6). Chabai’s work in dimensional analysis
(ref. 7) suggests forms for equations relating
gravity, atmospheric pressure, energy, and
crater radii.

The purpose of this paper is to report the
results of an experimental investigation into the
effects of changing atmospheric pressure and
gravity on the diameter, depth, and morphology
of small explosion craters formed in cohesionless
sand. This investigation was conducted in two
phases. In the first phase, a deflagrating explo-
sive was detonated at various DOB and various
values of gravity in Ottawa sand. The results
in this phase permitted us.to conclude that
gravity does have an effect on dimensions of
craters formed by explosives.

In the second phase, a high explosive was
used and the DOB was kept constant, but
both gravity and atmospheric pressure effects
were considered, although not simultaneously.
Also in this second phase of the investigation
several craters were formed in sand with colored
horizontal layers. Comparison, of preshot and
postshot positions of the colored sand both in
the vacuum chamber and at various values of
gravity permitted the study of crater morphol-
ogy and ejecta deposition.

This paper is based in part on two theses, one
by J. A. Smith and E. G. Franklin and the
other by L. K. Moraski and D. J. Teal, which
were submitted in partial fulfillment of the
requirements for the degree master of science at
the Air Force Institute of Technology (AFIT).
The support of the Zero Gravity Project Office
of the Aeronautical Systems Division of AFIT
and in particular of Donald Griggs, Carlain
Silha, and Jack Thompson of that Office was
of paramount importance to the completion of
thisinvestigation. Vernon Mangold, a research
physicist in the Air Force Flight Dynamics
Laboratory, made significant contributions to

the investigation of atmospheric pressure effects
on crater size. Dr. Shelton S. Alexander, now
associate professor of geophysics at Pennsyl-
vania State University; Dr. Donald Norris,
associate professor of mathematics at AFIT;
and Dr. David G. Roddy of the U.S. Geological
Survey contributed to the data analysis. Photo-
graphic problems were solved after consultation
with Jim Taylor, Jack Warwick, Merl Worland,
and Robert Price of the Wright-Patterson Air
Force Base Photographic Laboratories.

FIRST PHASE
Materials and Equipment

The cratering medium used was an air-dry,
cohesionless silica sand (fig. 1) known as Flint
Shot Ottawa sand (ref. 8). The unit weight of
this sand as measured at 1 g was 1062 lb/ft?

Frieure 1.—Flint Shot Ottawa sand grains magnified.
98.8 percent by weight of this sand passes the U.8.
No. 20 sieve and 92 percent is retained on the U.S.

No. 40 sieve. Most particles are between 0.4 and
0.85 mm in linear dimension.



SCALING EQUATIONS FOR SMALL EXPLOSION CRATERS IN SAND 13

for the tests. This sand had an effective size
of 0.45 millimeter and a uniformity coefficient
of 1.47.

The explosive used was the electrically det-
onated Du Pont S-68 squib which was loaded
with 6+0.4 grains of Du Pont 50/25/25 mix-
ture. This mixture is a deflagrating compound
that produces a weaker shock wave than TNT
and builds up pressure over a longer period of
time (information received in personal commu-
nication from E. H. Cramer). The heat of the
explosion was 8.3X10° ergs for six grains of this
explosive. The heat of explosion is approxi-
mately equal to the available energy, if the ex-
plosive is adequately confined (ref. 9).

For these tests, the container used (fig. 2)
was 4 feet square on its base and 5 feet high.
This container was filled to a depth of 35.5
centimeters with the Ottawa sand and was
flown in a twin-engine, propeller-driven C-131B
airplane. The airplane is specially equipped to
fly electronically programed parabolas to simu-
late 0.17 and 0.38 g and tight turns to simulate
2.5 g. All values of gravity were held for at
least 15 seconds to within £0.01 g of the de-
sired value and were recorded on an oscillo-
graphic record. Cabin pressure during the
tests was 600420 mm Hg.

Photographic equipment was installed in the
container to aid in recording crater depths and
diameters during the tests. A high-speed
camera, with a maximum rate of 2000 frames
per second, was also used in the study of crater
formation.

Procedure

Preparation for and firing of each squib in-
volved five steps.

(1) The surface of the sand in the container
was leveled.

(2) The cylindrical squib (1%, inches long)
was placed in the sand with its axis vertical and
with lead-in wires pointing upward and was
then pulled up to the desired level. This desired
level was determined from a mark previously
painted on the lead-in wires. Experimentation
showed that this technique permitted the squib
to be placed to within +0.3 centimeter of the
desired depth.

(3) Lead-in wires were then attached to the

Fraure 2.—Container used in gravity experiments.
This container, shown here in the aircraft, is 4 feet
wide and 5 feet high and is filled to a depth of 35.5
em with sand. Cameras are shown mounted on the
side of the container.

wires of the firing circuit and the container door
was closed. Visual checks on the sand and wir-
ing could then be made through the Plexiglas
top of the 5-foot-high container.

(4) A single switch was then activated to
start the photography and detonation sequence.
In the sequence a floodlight was turned on, a
movie camera started, and, finally, after a
2-second delay, the squib was fired. Motion-
picture photography continued for 3 seconds
after squib initiation and then terminated
automatically.

(5) Crater depths and diameters were meas-
ured in the laboratory on the ground from 16-
millimeter motion pictures. This procedure,
which was found to give valid, accurate, and
consistent measurements, was used to save time
in the aircraft and permit measurements of
craters before disturbance resulting from pullout
of the aircraft after completion of the maneuver.
Depths were measured to 4-0.65 centimeter and
diameters, to +0.32 centimeter. Depth of the
apparent crater .was determined by noting the
difference in the level of the sand on a thin
vertical reference wire before and after firing.
Crater diameter was measured from lip crest to
lip crest.

Before the apparatus was flown in‘the air-
plane, many squibs were fired in order to perfect
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the above procedure and to ascertain the
influence of boundary effects resulting from the
container walls and floor and the vertical
reference wire. 'To check the effects of bounda-
ries, squibs were fired with 12.7, 25.4, 30.5,
33.0, and 35.5 centimeters of sand in the con-
tainer. With a constant energy and DOB,
craters of different sizes were formed for sand
depths of 12.7, 25.4, 30.5, and 33.0 centimeters.
These differences are thought to have been the
result of reflections of the shock wave from the
container bottom. A statistical analysis using
the two-sample ¢-test (ref. 10) showed there
was not a significant difference in dimensions
of craters formed in 33.0 and 35.5 centimeters
of sand. For that reason, 35.5 centimeters of
sand was used in these tests.

Depths and diameters of craters formed with
and without the reference wire showed that
the presence of the wire did not have a statis-
tically significant effect of crater size. Addi-
tional squibs were fired to check the sensitivity
of crater size to small changes in DOB and to
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Fiaure 3.—Crater diameter versus depth of burst for
0.17 g. These craters were formed by the squib.
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Figure 4.—Crater diameter versus depth of burst for
0.38 g. These craters were formed by the squib.

ascertain effects of aircraft vibrations on the
tests. A total of 70 squibs were fired in the
entire preliminary calibration part of this first
phase of the experiment.

Finally, the squibs were fired for record.
In this part of the test, 20 squibs were fired
at each DOB at 1 g. Ten squibs were fired
for each DOB at 0.17, 0.38, and 2.5 g in the
airplane. Values of DOB used in the tests
were 0, 1.27, 2,54, 3.81, 5.08, 7.62, 10.16, and
12.70 centimeters. The 370 squibs fired pro-
vided data for the necessary statistical analysis.

Presentation and Discussion of Results

Figures 3 to 6 are plots of crater diameter
versus DOB for 0.17, 0.38, 1.0, and 2.5 g,
respectively. In these four figures the range,
standard deviation, and variance are given for
each data point. In figure 7, the curves for
0.17, 0.38, 1.0, and 2.5 g are shown together
It is noted that sig-
nificant differences in the diameters exist for
each DOB as gravity changes, optimum DOB
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Fiaure 5.—Crater diameter versus depth of burst for
1.0 g. These craters were formed by the squib.

does not change with gravity, and the maximum
DOB for which a crater is formed is a function
of gravity.

That gravity effects on crater diameters are
significant was confirmed by a statistical
analysis of the experimental data. We com-
pared diameters formed at the same DOB but
at different values of gravity by use of the two-
sample t-test. Before applying the test, we
used the Kolmogorov-Smirnov test (ref. 11)
to ascertain whether sample data could be
assumed to be normally distributed. Once this
was ascertained, the hypothesis tested with the
two-sample ¢-test was that the mean diameters
of the compared samples were equal. The
alternative condition was that the sample mean
for diameters formed under a given gravity
field was greater than the sample mean of
diameters formed under a higher gravity field.
If the hypothesis that the means were equal
could be rejected, gravity had an effect on
crater formation. The t¢-test applied in this
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Ficure 6.—Crater diameter versus depth of burst for
2.5 g. 'These craters were formed by the squib.

way revealed that changes in diameters vary
inversely with changes in gravity with statistical
significance for all comparisons except two.
One of the comparisons where the hypothesis
could not be rejected was at 0.0-centimeter
DOB for 0.17 and 0.38 g. At this depth, the
squib was completely unconfined by the crater-
ing medium. Lack of confining pressure on the
squib can result in a large part of the charge
being scattered without burning. The high-
speed films taken of the cratering process
showed that parts of the explosive mixture were
scattered from the point of detonation for
surface bursts. Such scattering resulted in a
reduction in the effective yield of the explosive.
The effective yield of an explosive is defined
here to be that part of the available energy
which contributes to crater formation. Be-
cause the reduction in the effective yield is an
uncontrolled variable at this DOB, the variance
of the data is increased, and the gravity effects
on the cratering process for 0.17 and 0.38 g are
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Figure 7.—Crater diameter versus depth of burst for
0.17, 0.38, 1.0, and 2.5 g. These craters were formed
by the squib.

masked. When larger increments of gravity
are taken in the i-test, the gravity effects on
crater dimensions become apparent. In other
words, for these small deflagrating explosives in
dry cohesionless sand, gravity has an effect on
effective yield because of the greater scattering
of the explosive mixture at low values of
gravity.

The other comparison for which the hypothe-
sis cannot be rejected is between 0.17 and 0.38 g
at 1.27-centimeter DOB. For this DOB, lack
of adequate confining pressure on the squib is
again an important factor. In this instance,
the pressure of confinement is caused by the
lateral pressure exerted on the squib by the
medium. The minimum condition for con-
sistency of the detonation process is that the
mean confining pressure be equal to the pressure

resulting when the squib is completely covered

with sand in a 1.0-g field (information received
in a personal communication from Mr. E. H.

Cramer). This condition is achieved at 1.27-
centimeter DOB for 1.0 and 2.5 g. However,
for reduced gravity, the lateral pressure of the.
medium at a given depth is reduced because the
weight of the sand is reduced. This reduction
is especially critical for 0.17 g and shallow
depths of burst. The gravity-dependent con-
fining pressure affects the explosive effective
yield and may be responsible for the observed
crossing in the 0.17- and 0.38-g curves (fig. 7).

For all other comparisons in the ¢-test,
statistically significant changes were noted for
crater diameters as a funetion of gravity. It is
observed that, as gravity increases, crater
diameters decrease but not in direct proportion
to gravity.

Optimum and Maximum DOB for Diameters

An important point of interest in figure 7 is
the value for the optimum DOB, where the
maximum crater diameter is produced from a
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Figure 8.—Crater depth versus depth of burst for
0.17 g. These craters were formed by the squib.
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Ficure 9.—Crater depth versus depth of burst for
0.38 g. These craters were formed by the squib.

given energy of explosive and value of gravity.
A change in gravity, while changing crater
diameters, does not appear to influence the
DOB for maximum diameters. Also, the max-
imum DOB at which a crater with a measurable
diameter is formed increases as gravity field
strength decreases.

Depths as a Function of DOB

The depth of a crater can also be analyzed as
a function of the DOB when gravity is varied.
Figures 8 to 11 are plots of crater depth versus
DOB for 0.17, 0.38, 1.0, and 2.5 g. These
figures also give the ranges, standard deviations,
and variances. Figure 12 is a consolidation of
the previous four figures. The two maximum
points in the 0.38-g curve are believed to be due
to experimental error. Unprogramed longi-
tudinal accelerations of the aircraft during the
flight tests at 2.54-centimeter DOB and 0.38 g
are thought to have caused sand to slide into
the crater and reduce crater depths:
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Fieure 10.—Crater depth versus depth of burst for
1.0 g. These craters were formed by the squib.

The statistical {-test indicates that, in most
comparisons, changes in depths vary inversely
with changes in gravity. Comparisons of sur-
face bursts between 0.17 and 0.38 g and between
0.17 and 1.0 g indicate that the depths were
not significantly different. This again is due
to incomplete confinement of the squib. The
intersection of the 0.17-g curve with the 0.38-
and 1.0-g curves results from the gravity-
dependent confinement of the squib at 1.27-
centimeter DOB. These conclusions are based
on the analysis of squib confinement for
diameters as a function of DOB. Comparisons
of crater depths between 0.17 and 0.38 g for
2.54-, 3.81~-, 10.16-, and 12.70-centimeter DOB
indicate no significant difference. Because of
increased scatter in the data for these depths of
burst, greater gravity increments had to be used
in the comparisons of depths to bring out the
significant changes. With due regard for the
data at shallow depths of burst and low-g
values, figure 12 shows that, as gravity increases,
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Fieure 11.—Crater depth versus depth of burst for
2.5 g. These craters were formed by the squib.

crater depths decrease but not in direct propor-
tion to gravity.

The optimum DOB for crater depths varies
inversely with gravity (fig. 12). The maximum
DOB at which a measurable crater depth is
formed also varies inversely with gravity.

SECOND PHASE

Materials and Equipment

The medium used in the second phase was,
as in the previous phase, Flint Shot Ottawa
sand. :

The explosives used in the second phase were
different. Du Pont E-106 electric blasting
caps containing 2 grains of lead azide, 2 grains
of PETN (pentaerythritol tetranitrate), and
2.5 grains of Du Pont 50/25/25 mixture were
used either alone or in combination with 2.54

centimeters of Primacord containing 2.0840.21 -

grains of PETN (ref. 12). The normal var-
iation in the cap loads during manufacture is
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Freure 12.—Crater depth versus depth of burst for
0.17, 0.38, 1.0, and 2.5 g. These craters were formed
by the squib.

+3 percent. The combinations yielded a
heat of explosion of either 1.2X10' ergs (cap
only) or 2.0X10% ergs (cap and Primacord).
The cap and cord are shown in figure 13.

The same container was used in this phase
as in the previous phase of the experiment.
Sand was once again used to a depth of 35.5
centimeters.

In this phase, the aircraft used was the
KC-135A (fig. 14). With this jet-powered air-
craft, vibration was minimized and the values of
0.17 and 0.38 g could be held for 25 and 30
seconds, respectively, by flying electronically
programed parabolas. A 2.5-g maneuver could
also be flown and held for 15 seconds. Gravity
was monitored in each maneuver by accelerom-
eters along each of the aircraft’s three axes.
Each airborne test shot was fired at a cabin
pressure of 600420 mm Hg.

As in the first phase, photographic equip-
ment was installed in the container on the air-
craft to aid in recording crater depths and
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Fieure 13.—Cap and Primacord; Primacord is 2.54
cm long. Secale shown is in inches.
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Figure 14.—Zero-gravity flight profile of KC-135A
aireraft. The flight profiles for 0.17 and 0.38 g
are similar to this profile.

diameters and for study of cratering processes.

In the second phase, a vacuum chamber
(fig. 15) was used to vary atmospheric pressure.
The chamber, which was used only in 2 ground-
based laboratory, is 5 feet long and 4 feet in
diameter. It was evacuated by means of a me-
chanical pump and an oil diffusion pump to
pressures as low as 5X107* mm Hg with the
sand in the chamber. Pressures were meas-
ured with either a Wallace and Tiernan gage
(operating on the principle of the Bourdon
tube) or an Alphatron vacuum gage, NRC type
520 B, depending on the pressure range in
which the system was being operated. Pres-
sures were recorded and temperatures were
monitored during tests.

A semicircular trough 15% inches in radius,

Frqure 15.—Container for pressure experiments inside
the vacuum chamber. Chamber is 5 feet long and
4 feet in diameter.

32 inches long, and constructed of sheet metal
was used in the vacuum chamber to contain the
sand (fig. 16). The maximum depth of sand in
the trough was 36.8 centimeters.

Procedure

The procedure used in the airplane in
the second phase was somewhat different
from that used in the first phase. In this phase,
the cap and Primacord combination was used
for all shots in the gravity work. All shots
were at the same DOB. The cap, with the
Primacord attached, was held in a vertical
position and positioned in the sand so that the

Fieure 16.—Typical crater formed by cap in sand in
the vacuum chamber.
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top of the cap was level with the upper surface
of the sand.

Measurements of the apparent diameter and
apparent depth of the crater were made after
the flight tests from photographs of a horizontal
scale and a depth gage lowered into the crater
after each crater was formed. This procedure
eliminated the reference wire which had been
used in the first phase.

In this second phase, five shots were fired at
2.5¢g,10at1.0g, 10 at 0.38 g, and 10 at 0.17 g.

For study of effects of gravity on crater
profiles, different-colored sands were mixed
with Epibond 100-type A, a heat-sensitive
adhesive powder. The sand was then placed in
layers in two containers. In one of these
containers a crater was formed at 0.17 g and
in the other, at 2.5 g. Both were formed by
detonation of the cap and Primacord combina-
tion. These two craters were preserved by
heating and then cooling the sand so that the
mass hardened. The hardened layered sand
was then removed from the container and cut
into the sections shown in figures 17, 18, and 19.

For each crater formed in the vacuum
chamber, measurements were made of the
apparent diameter, apparent depth, and lip
height. In the sand in the vacuum chamber,
77 shots were fired with the cap only. These
shots were fired at pressures ranging from 1000
mm Hg to 5X107* mm Hg.

One additional vacuum chamber shot was
fired in sand with colored horizontal layers.
For this shot, at 5 mm Hg, the Ottawa sand
was colored with five different dyes. The

layers used ranged from 3 millimeters to 2
centimeters in thickness. Results of this test
are shown in figure 20.

Presentation and Discussion of Results

Figures 21(a) and 21(b) are plots of crater
diameter versus atmospheric pressure (in mm
Hg) in the vacuum chamber. Depth was less
influenced by atmospheric pressure than was
diameter. Since there were several shots fired
at most values of atmospheric pressure, in
these figures the sample mean is plotted and
the number of shots and variance are shown.
The variance (in centimeters) is shown at the

Freure 17.—Side view of profile of crater formed at
0.17 g by cap and Primacord. Scale is in inches.

Fiaure 18.—Side view of profile of crater formed at
2.5 g by cap and Primacord. Secale is in inches.

Fiaure 19.—Oblique view of profiles of craters formed at 0.17 and 2.5 g by cap and Primacord. These are the same

two profiles shown in figures 17 and 18. The crater of figure 17 is shown on the right here.

inches.

Scale is in
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F1gure 20.—Oblique view of cross section of crater
formed by cap and atmospheric pressure of 5 mm
Hg.

right of each data point along with the number
of shots in parentheses. Diameter increases as
pressure is decreased. The four shots fired at
5X10~* mm Hg formed craters averaging 36.6
centimeters in diameter; at 1000 mm Hg pres-
sure, the seven craters formed had a mean
diameter of 32.6 centimeters. Crater lip height
was essentially insensitive to changes in atmos-
pheric pressure.

Study of the sectioned crater (fig. 20) formed
in the vacuum chamber at 5 mm Hg shows that
the top four layers below the surface were
folded back and that a small mound was
formed on the crater floor. This mound was
observed only in the crater formed in layered
sand. It is noted that only a very thin layer of
ejecta could have rebounded off chamber walls
and ceiling to fall back into the crater. This
fact was verified by the absence of a multi-
colored mixture of sand grains on the crater
floor and walls.

The results for the 35 shots fired at various
values of gravity are shown in figures 22, 23,
and 24. In figure 22, a plot of diameter versus
gravity, the sample means are plotted and the
standard deviation, range, and variance are
shown. We can see here, as we saw earlier in
the first phase, that crater diameter increases
as gravity decreases but not linearly. Crater
depth, however, does not increase monotonically
with decreasing gravity. As is shown in figure

23, the crater depth begins to decrease slightly
as gravity is decreased below 1.0 g. In figure
24 the crater depth divided by crater diameter
is plotted against gravity. The depth-to-
diameter ratio is less at 0.17 g than at 0.38 or
1.0 g.

SCALING EQUATIONS

Atmospheric Pressure

From the data in figure 25, it was calculated,
using a least-squares fit, that the crater diam-
eter varies inversely as atmospheric pressure
(measured in mm Hg) to the 0.04440.004
power for the range of pressure from about
300 to 1000 mm Hg. Below 300 mm Hg and
down to 5X10~* mm Hg atmospheric pressure,
the exponent is smaller than that above 300
mm Hg. It must nevertheless be noted that
the diameters of craters formed at pressures
below 1 mm Hg were on the average 1.10+ 0.02
times those of craters formed at pressures equal
to or above 740 mm Hg. (See the right-hand
scales in figs. 21(a) and 21(b).)

Gravity

A hint as to the form of a gravity scaling
equation is offered by Chabai (vef. 7, p. 5085)
in his work in dimensional analysis. If the
requirements of similitude can be satisfied, then
the equation relating crater radii and gravity
when DOB and energy of explosive are con-
stant might be

ﬁ . & )1/4

T2 01

Here 7, and 7, are crater radii and ¢, and g; are
values of gravity. Similitude is of necessity
violated in most experiments and in most
practical applications because of the difficulties
in scaling such parameters as strength, viscosity
(a dissipation variable), sonic velocity, and
either lithostatic or hydrostatic pressure (ref. 7,
pp. 5081-5082).

We may take-the form of the above equation
and substitute for the % a power n and then
calculate from the previously presented data
the value of n for each DOB of explosive. In
the experiments the DOB’s of the explosives
ranged from surface to 12.7 centimeters. For
all DOB’s it was found that as gravity increased,
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Fraure 21.—Crater diameter versus atmospheric pressure for craters formed by cap. Variance, cm, is shown

at right of each data point with number of shots in parentheses.
(@) Atmospherie pressure from 1000 to 1 mm Hg.
(b) Atmospheric pressure from 0.1 to 0.0001 mm Hg.
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Fieure 22.—Crater diameter versus gravity for cap
and Primacord.
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Figure 23.—Crater depth versus gravity for cap and
Primacord.

the crater diameter decreased. The results pre-

viously presented are replotted in figures 26 and |

27 where crater diameter is plotted as a func-
tion of gravity on a logarithmic scale. The
lines are least-squares fits to the data for each
DOB. Each data point in these figures repre-
sents the arithmetic mean of diameters meas-
ured after each of 5 to 20 detonations. The
number of detonations is shown in parentheses
beside each data point. Variances are also
given for each data point. When the results
are shown as in figures 26 and 27 it is seen that
the effect of gravity on diameter increases as
DOB is increased. A value of n was obtained
for each DOB by calculating the slope of the
least-squares line. The calculated values of n
are seen to be substantially less than the 0.25
obtained from dimensional analysis. If H is

.3 T T
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Fraure 24.—Depth over diameter versus gravity for
cap and Primacord.
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Figure 25.—Logarithmic plot of crater diameter
versus pressure for cap. Data found in figure 21(a)
are replotted here.

measured in feet and W in pounds of TNT
equivalent, then it is noted that as the scaled
depth of burst A

H

increases from less than 0.1 to about 4.4, the
value of n increases from about 0.11 to 0.16.
The H/W'# values are approximate because the
explosives used were not spherical.

Fourth-root scaling (n=¥%) for lunar (g.=
0.17 g) and terrestrial (gr=1.0 g) values of
gravity would indicate that the radius ratios
would be (refs. 13 and 14):

ro_ 1
r, 1.569

We would instead predict for shallow depths of
burial approaching
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Fieure 26.—Logarithmic plot of crater diameter versus gravity for DOB< 3.8 centimeters.
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Fieure 27.—Logarithmic plot of crater diameter versus gravity for DOB >3.8 centimeters.
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If atmospheric pressure effects are also taken
into account, then rr/r, may approach 1/1.40
if it can be assumed that these -effects
superimpose.

The equation relating crater radii (or diam-
eters) to gravity and the equation previously
presented relating atmospheric pressure and
diameters are interesting and potentially of
practical significance. Caution must neverthe-
less be used in applying the scaling equations
to craters formed in cohesive media and formed
by explosives with energies greatly in excess of
10° to 10'° ergs.
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Dark Halo Craters on Crater-Chain Rilles
and Volatile Flux From the Moon’s Interior

Water is probably the most important natural resource that man hopes to find at or
near the Moon’s surface. It is unlikely that water exists as a free phase anywhere on the
Moon except, perhaps, in permanently shaded areas near the poles as suggested by Watson,
Murray, and Brown (ref. 1) or in a permafrost layer from a few meters to several kilometers
in depth as suggested by Gold (ref. 2) and Hapke (ref. 3).

The lunar crater-chain rilles are important because they appear to be structural analogs
of certain terrestrial volcanoes which characteristically contain rock bearing relatively
large amounts of water in hydrous minerals and which are believed to have been emplaced
by violent gaseous eruptions. Hence, by analogy, the crater-chain rilles probably imply
release of volatiles, which possibly bore water, from the Moon’s interior during late stages
in the Moon’s geologic history.

Possible terrestrial structural analogies of the crater-chain rilles include kimberlite
pipes and dikes and alkali-basalt volcanoes which commonly oceur as maar-type voleanoes
or diatremes if eroded. Detailed investigations of the Moses Rock dike, a kimberlite-
bearing diatreme in southeast Utah, have yielded the following information: (1) calcium-
rich pyroxenes, which are commonly associated with pyropic garnets, are in equilibrium
over a pressure range extending from the base of the crust to about 150 kilometers and well
below liquidous temperatures; (2) the nature of the breccias which fill the dike suggest
that they were emplaced as a solid-volatile fluidized system (no evidence of a silicate melt
exists, material is particulate on all scales, debris from diverse sources is intricately mixed,
and fragments have size-frequency distributions characteristic of the comminution process);
(3) the relatively great abundance of hydrous phase compared with that of carbonate phases
suggests that the volatile phase was mostly H;0; and (4) minimum estimates of the upward
fluid velocity based on calculations of the settling velocity of the largest upward-transported
blocks in the dike yield a velocity of 10 to 60 m/sec at the present erosion surface, which
was about 2 kilometers below the surface at the time of eruption. Hence, it is concluded
that the Moses Rock dike was emplaced by an eruption of a volatile phase (rich in water)
and solids (disrupted and physically disaggregated garnet and spinel periodotite) which
flowed from a reservoir in the Earth’s mantle at or near a depth of 150 kilometers to the
surface in a fluidized state and which reached the surface traveling at high velocity of probably
a few hundred meters per second. The inferred surface expression of the Moses Rock dike
is morphologically very similar to that of the rille in the east side of Alphonsus.

The water content of an erupting medium is one important parameter in determining
the surface velocity of the material ejected from volecanoes. Hydrodynamic models for the
eruption at the Moses Rock dike show that the surface flow velocity is a function of water
current, dike width and roughness, temperature, and gravity but is nearly independent of
the length of one duct for relatively long ducts. Lower limits can be placed on the surface
velocity of the ejecta erupted from the craters in the rilles from simple ballistics considera-
tions. The width of the observable ejecta apron around the rille in Alphonsus is, for ex-
ample, 8 kilometers; implying & minimum velocity of about 110 m/sec for ejection at 45°.
Hence, from the observable features of the rilles, some conclusions might be drawn about
the volatile content based on hydrodynamic models of their eruption.

The important conclusion is qualitative, however. The crater-chain rilles imply a
type of violent gaseous voleanism produced by expansion of a volatile phase. This implies
the release of volatiles from the Moon’s interior to the vicinity of the surface, a necessary,
although not sufficient, condition for the entrapment of water in either of the two cold
traps mentioned.

324~954 0-—69-——8
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Uses of Temporal Data
in Remote Sensing

The potential of complementing pictorial data with the study of the time behavior of
quantified radiation from a target element is explored. To date, most studies of remote
surfaces have been severely restricted to visual impressions from images, particularly in the
visible wavelengths. Temporal analysis of the quantity, polarization, and spectral distribu-
tion of the electromagnetic flux from each element during a transient eycle promises informa-
tion beyond the resolution of the viewing system.

- Laboratory analogs and theoretical models are used to illustrate the way that lunar
photometric, polarimetric, and radiometric data can be correlated with roughness, porosity,
bearing strength, internal heat sources, ete. Surveyor data are used in order to verify the
correlations and to resolve some ambiguities. It is shown that Earth-based, high-resolution
observations of the diurnal behavior of the lunar surface at optical and infrared wavelengths
could supplement Orbiter photographs and lead to the discovery of suifable landing sites
and/or prime targets of exploration. The importance of prereconnaissance diagnostic re-
search and postreconnaissance ground truth measurements as integral parts of a remote

sensing strategy is stressed.

INTRODUCTION

v

At the present time the consensus is that
orbital reconnaissance of terrestrial and extra-
terrestrial surfaces should be a major objective
of the post-Apollo period. It is believed that
high-resolution, multisensor data on a synoptic
scale will help mission planners and experi-
menters in selecting prime targets of explora-
tion, in laying out optimum geologic traverses,
and in devising key surface measurements. In
practice, this strategy will be only as effective
as our ability to extract useful information from
the raw remote sensor data with a minimum of
ambiguity. Certainly, the vast quantity and
spectral variety of orbital data will necessitate
improved methods of data collection, processing,
and interpretation. However, a survey of the
recent literature of remote sensing shows a
greater preoccupation with sensor development
than with data diagnosis. While both tasks
are equally important, this paper will primarily
concentrate on the latter and will focus atten-

tion on an area of remote sensing concerning
what are called “temporal data” in this report.
Such data are simply measurements of electro-
magnetic radiation as a function of time, as
compared, for example, with pictorial data
which essentially represent the spatial distribu-
tion of the same radiation at any wavelength
but at a given instant of time.

Changes in brightness and temperature of a
planetary surface during a day-and-night cycle
are examples of temporal data. An attempt
will be made to illustrate by means of experi-
ments, theoretical models, and qualitative dis-
cussions the way in which such data could
supplement purely pictorial information. An-
other of the present paper is to stress the
importance of prereconnaissance homework in
data interpretation as an integral part of the
overall strategy’ of remote sensing, particularly
from an orbit. This preparatory analysis may
well determine whether the data should be
acquired in the first place and, if so, how they
should be acquired in terms of choice of sensor

29
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or sensors, time of observation, geometry of
viewing, etc.

TEMPORAL DATA AND THE OVERALL
PICTURE IN REMOTE SENSING

Electromagnetic energy measured by remote
means may be classified into pictorial, spectral,
and temporal data, the designation depending
on whether such, data represent the distribution
in space, the distribution in wavelength, or the
variation with time of the energy, respectively.

Our concept of temporal data has its origin
in the study of lunar astronomical data. At
optical wavelengths, the temporal nature of
these data emerges from the dependence of
brightness on the direction of incidence (and
viewing) during an insolation cycle. This cycle
could also be a satellite orbital period, a season,
or other natural event or even a manmade
event. At infrared wavelengths, in addition
to directional factors affecting radiance, cyclic
heating and cooling contribute to the temporal
aspect. In terrestrial remote sensing it is com-
mon to catalog into time-oriented interpretation
keys the infrared response of surfaces under
various meteorological conditions during a di-
urnal cycle. This is an example of effective
utilization of temporal data. It is not an
essential condition to this utilization that
continuous observations over a complete tem-
poral cycle be accomplished in the actual
reconnaissance of the surface. More frequently
it is expedient to match discontinuously re-
corded responses with an interpretation key
which itself represents continuity of observa-
tion over a temporal cycle. In other words,
the field data could represent a few points
on the complete temporal function of known
models.

The need for similar interpretation keys for
the optical photometric and polarimetric re-
sponses is not equally obvious because temporal
changes at optical wavelengths are less dra-
matic than those at the infrared omnes, but
nevertheless these changes could be of diagnostic
value provided that they are measured with
high fidelity. Extensive time-oriented inter-
pretation keys at optical wavelengths eventually
may prove very valuable as sensor gray-tone

resolution is improved. Consequently, ad-
vantage can be taken from the time-varying
parameters to extract more information than
would appear possible by the use of pictorial
interpretation. only. The advantages can be
realized only by very accurate preservation of
gray-tone values. This, however, would involve
improvement in sensor capability which is
beyond the scope of the present report.

To date, most studies of remote surfaces
have been restricted to visual impressions from
photographs. A concept that deserves emphasis
is the idea that photographs are necessary as
visual, synoptic records of the size and location
of surface features or gray tones, but they are
not sufficient in all cases for a positive identifica-
tion of these features. This inadequacy stems
from the fact that many factors, such as albedo,
slope, and shadowing by unresolved features,
could contribute to the gray-tone values. It is
not always possible to disentangle these factors
without a quantitative analysis of the spectral
and temporal signatures of the features in
question. At longer-than-visual wavelengths
there are additional factors which may cause
ambiguities, such as the mechanical, thermal,
and electrical properties of the surface layers,
all of which tend to modify pictorial gray tones.

Generally, the coarser the resolution of
imagery, the greater is the need for quantitative
data on an object’s spectral and temporal tone
signatures and the less is the reliance that can
be placed on the object’s spatial configuration.
Since spectral and temporal tone signatures of
rocks, soils, and vegetation types quite often
may indicate their composition and structure,
tone signatures assume considerable importance
in the interpretation of many features that are
of interest in Earth resources and planetary
exploration.

Those data usually referred to as photometric,
polarimetric, and radiometric in the lunar
literature are classic examples of temporal data.
Thése data have received considerable atten-
tion in recent years, but more as isolated areas
of scientific inquiry than as contributory clues
to the overall picture in remote sensing.

' Figure 1 shows the major components and

subcomponents of this picture. In the three-
step process outlined, the first two steps
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Fieure 1.—Steps in coordinating temporal and other forms of remote sensor data.

involve electromagnetic (EM) methods of sens-
ing. These methods provide information about
the surface and near-surface material. In the
first step temporal data are cross-correlated at
visible and longer wavelengths. In the second
step this information is used to supplement
pictorial and spectral data. Step 3 gives a
third dimension to the picture; it consists of
combining the surface information obtained
in steps 1 and 2 with subsurface data obtained
by means of seismic and force-field surveys.
Since few temporal data on terrestrial
surfaces currently exist, the lunar astronomical
and Surveyor data are used to illustrate the

techniques of cross-correlating temporal and
pictorial data as outlined in steps 1 and 2 of
figure 1. Spectral date (also in step 2) are
not used, since such data and their correlation
with material composition have been extensively
investigated in the laboratory and the field
by Adams (ref. 1), Hovis (ref. 2), Lyon (ref. 3),
and others. As to step 3, there are no case
studies at our disposal to show how it may be
implemented. However, it is reasonable to
predict that extraterrestrial targets, which will
be explored by onsite geophysical techniques,
will be selected by sifting orbital data obtained
by electromagnetic means.
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TYPES OF LUNAR TEMPORAL DATA

Figure 2 shows three well-known, typical
“signatures’” of the lunar surface. The curves
are qualitative in nature and are meant to show
general trends with time. The curve in figure
2(a) is known as the photometric function. It
represents the change in the visible brightness
of the lunar surface between sunrise and sunset
(vef. 4). It is characterized by rapid increase
in brightness at full moon and a continuous
drop in brightness after full moon at all phase
and viewing angles (phase angle is the angle
between light rays incident on the Moon and
the reflected rays as seen by an observer on
Earth). This signature is called a backscatter-
ing type and is indicative of a rough surface.

A similar measurement of the percent polari-
zation of the visible brightness (ref. 5) results
in the curve shown in figure 2(b). It is charac-
terized by negative polarization (about 1.5
percent) at small phase angles near full moon, a

0.4 to 0.7Tu

Brightness

Time or Phase Angle

0.8to03.0u
Near IR Radiation,
Polarization ?
C.
Time

reversal to positive polarization at phase angles
of about 23°, and a maximum positive polariza-
tion at large phase angles generally not exceed-.
ing 20 percent. The counterpart of the
photometric and polarimetric curves at near-
infrared wavelengths (0.8 to 3u) is not known,
hence the question mark in figure 2(c).

Radiation from the lunar surface in the
infrared (mostly 8 to 14x) has been measured
by numerous investigators (refs. 6, 7, and 8)
both during a lunation and an eclipse. The
results can be represented as effective surface
temperature variation with time, as shown in
figure 2(d). Notice that the daytime portion
of the temperature curve, unlike that of the
photometric curve, is convex, and the nighttime
or eclipse portion is nearly a straight line.

By assuming that the curves of figure 2
represent the norm for the lunar surface, we
shall discuss successively the manner in which
these temporal signatures could deviate from
the norm and what these deviations may
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FiaurEe 2.—Types of lunar temporal signatures.
(@) Photometric curve, 0.4 to 0.7 u.
(b) Polarimetric curve, 0.4 to 0.7 p.
(¢) Polarimetric curve at 0.8 to 3.0 g.
(d) Temperature curve, 8 to 14 u.
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mean in terms of the physical properties of the
terrain.

PHOTOMETRIC ANOMALIES AND THEIR
MEANING

Correlation Between Surface Roughness and
Shape of Photometric Curve

There are a number of factors that perturb
the lunar photometric curve. The most im-
portant of these factors is shadowing. Indeed,
it is commonly recognized that a cause-and-
effect relationship exists between surface rough-
ness and the shape of the photometric curve.
It has been believed, for instance, that a com-
plex microstructure is primarily responsible for
the peculiar photometric properties of the lunar
surface. However, no attempts have been
made, to our knowledge, to isolate the effect of
this microstructure on the photometric signa-
ture and, in addition, to determine whether
information on large-scale structures beyond the
resolution of the viewing system could be
extracted from this signature. We now propose
to investigate this problem.

First, to appreciate why photometric data
can supplement photographs in providing infor-
mation about roughness beyond the resolution
of the particular viewing system that is being
used, it is necessary to recall some essential
characteristics of photometry and photography.
A photograph is a qualitative record of the
spatial distribution of brightness. The same
record properly calibrated and controlled can
become the basis for the quantitative study of
this distribution, known as photometry. The
expression “lunar photometry” is the study of
the directional properties of reflected sunlight
and as such it may be considered to be the
temporal extension of photography. It con-
sists of the measurement of the total flux from
each or all resolution elements in the field of
view and of the change with time of this flux
during a complete insolation. Thus, one may
conceive of the photometric curve as a motion
picture of shadowing and of a photograph as a
frame in that picture. Photographic observa-
tions differentiate between gray tones within
the resolution capability of the viewing system.

Photometric reduction integrates all these
effects over any chosen field of view within the
photograph. If the integration is done on one
element of resolution and expressed as a func-
tion of phase angle, then the resulting photo-
metric curve reveals the temporal behavior of
shadows cast by features smaller than the
resolution of the system. Thus, it is in the
quantitative analysis of the temporal and
directional changes of the reflected flux from a
discrete area that photometry can complement
photography in the assessment of unresolved
roughness.

The most accurate photometric data on the
lunar surface presently are taken with photo-
electric sensors of excellent linearity and calibra-
tion rather than through direct film photog-
raphy. The resolution of a photoelectric
system usually is taken to be the field of
view of any one sensor element. Unresolved
shadows would fall within this field.

In figure 2(a) the following features of the
photometric curve are selected for their diag-
nostic values: (1) the area under the normalized
curve, (2) the slope of the curve near its peak
(i.e., the region of opposition), and (3) the
curvature and ordinate value of the tail end of
the curve (i.e., the region of specularity at
oblique viewing). We propose that these
features are clues to terrain properties which
will now be discussed.

Total Roughness

Total roughness is defined as an index of
the integrated effect of all unresolved shadow-
casting protrusions in the field of view, which
could include features ranging from particles
of dust to mountains. For a given viewing
angle, the area under the normalized back-
scattering photometric curve is a function of
the cumulative shadowing effect of all these
irregularities. This correlation of photometry
with surface structure has been demonstrated
satisfactorily in numerous experiments in which
specimens ranging from solid rocks to very
rough, dendritic sea corals were examined with
a photometer having a large area-viewing
capability (ref. 9).

A slight variation of previously reported
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experiments is shown in figure 3 for the purpose
of illustrating the way, in telescopic observation
of the Moon, that photometric anomalies
could be detected by improving the spatial
resolution of the measurements. The specimen
selected for this experiment is a dark vesicular
lava (8 percent albedo) containing numerous
crags and a few isolated smooth anomalies
located between the large irregularities. The
improvement in spatial resolution is accomplished
first by viewing the whole specimen with a large,
1.5° field stop (this corresponds to an area 8
centimeters in diameter on the sample table)
and then by reducing the field stop to 0.3°
and focusing the photometer successively on
one of the smooth and rough anomalies.

In figure 3 the coarse-resolution view gives
a good photometric match with the lunar
standard (shaded band), but the fine-resolution
view of the smooth and rough spots brings out
the anomalies. It is clear that the area under
the anomaly curves is larger or smaller than
the area under the curve representing the whole
specimen and that there is a trend of increasing
area with decreasing roughness.

The fact that the relative roughness of two
or more regions can be predicted in this manner
is considered quite favorable to the photometric
technique for remote sensing of roughness
beyond the imaging resolution of the optical
system. Conceivably many photometric anom-
alies could exist on the Moon that have not
been discovered but which could be detected
and located by telescopic instrumentation of
high resolution and gray-tone accuracy.

The area rule is valid for most rough, textured
surfaces encountered in nature, such as rocks,
soils, and vegetation, when the specular com-
ponent of brightness is quite subdued compared
with the backscatter component. This case
should be the rule rather than the exception
for the Moon. If there are exceptions, their
discovery will be significant.

Microstructure

Microstructure is defined as the random,
small-scale roughness that characterizes the
texture or surface porosity of a material. The
random orientation of the microelements (that

is, random with respect to the gravity vector)
makes it possible to distinguish them photo-
metrically from the macroelements which, by
our definition, are predominantly oriented by
gravity. It is now proposed that the slope of
the photometric curve in the region of opposi-
tion (between phase angles of 0° to 10°) is an
index of microstructure. A surface like the
Moon as a whole which exhibits a sharp bright-
ness peak of 0° phase angle, regardless of the
direction of viewing, necessarily must be covered
with randomly oriented elements interspaced
with deep, and possibly interconnected, cavities.
It follows that the shadow-casting elements in
the opposition region must be small, of the order
of centimeters and smaller, in order to maintain
their random orientation in a gravity field.
As a rule, the steeper the slope of the curve in
the opposition region, the rougher is the
microstructure.

Macrostructure

Large topographic features such as boulders
and craterlets (or mountains and craters, the
size depending on the size of the field of view)
are categorized as macrostructure by virtue of
the orientation of their height (or depth) along
the gravity vector. Such features cast shadows
that become visible to an observer only when
the Sun is on the opposite side of the local
vertical, such as early in the morning or late
in the afternoon. These shadows largely are
responsible for depressing the tail end of the
photometric curve. The microstructure has
little or no effect on this part of the curve,
because the small cavities are saturated with
shadows at the large phase angles and a micro-
element is, by definition, too small to over-
shadow a photometrically significant number of
other microelements. In the absence of large-
scale roughness, the photometric curve is most
likely to exhibit a ‘“bulge’” or a second bright-
ness peak at the specular angle in oblique
viewing.

It should not be surprising that lunar areas
exhibiting a second brightness peak have not
been discovered. In telescopic observation of
the Moon, the field of view usually is sufficiently
large to include numerous topographic features
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which cast long shadows at large phase angles
and, hence, depress the tail end of the photo-
metric curve. The possibility of discovering
optically enhanced (i.e., smooth) areas on the
Moon should not be discounted in view of
significant improvements that can be made in
the quantity and quality of the existing
telescopie data.

The following experiment was performed in
order to demonstrate the aforementioned pro-
posed relationship between scale of roughness
and shape of photometric curve. The photom-
etry of a microrough surface with and without
macroroughness was measured at normal and
60° off-normal viewing angles, as shown in

figure 4. The microrough surface was simu-
lated by means of a dark, synthetic urethane
foam of low albedo (6 percent). This material .
was selected because of its very high porosity
(97 percent) and, consequently, because of its
promise of an exaggerated backscatter response
in the opposition region as predicted by our
hypothesis. Macroroughness was simulated by
placing a few centimeter size microporous
volcanic cinders on the foam. An area 8 centi-
meters in diameter was sampled by the photom-
eter. The output of the xy recorder registering

the photometric signature was normalized with
the lunar standard (shaded band in fig. 4) at a
4° phase angle.

The brightness in the opposi-
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Ficure 4.—Correlation of microroughness and macroroughness with components of photometric curve.
() Mierorough surface, urethane foam; porosity, 97 percent; albedo, 6 percent; view angle, 90°.
(b) Microrough and macrorough surface, foam plus voleanic cinders; albedo, 6 percent; view angle, 90°.

(¢) View angle, 0°.
(d) View angle, 60°.
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tion region was measured by means of a beam
splitter placed between photometer and sample.
The beam splitter was sufficiently long in the
plane of the intensity equator to enable bright-
ness measurements between phase angles of
—7° to 12° to be made.

As anticipated, the foam, because of its
extremely complex microstructure, exhibited a
slope in the opposition region that was steeper
than anything previously seen. In all cases,
the upsurge of brightness was so intense that
the output went beyond the field of the
recorder, as can be seen in figure 4. Latest
lunar data reported by Gehrels et al. (ref. 10)
indicate an opposition effect somewhere be-
tween the foam curve and the lunar standard
in figure 4. From this it may be inferred that
the foam is more porous than is the lunar sur-
face.

Notice also in figure 4 that the foam without
the volcanic cinders exhibits a second bright-
ness peak toward the specular direction (phase
angle 120°), but the addition of the volcanic
cinders lowers the brightness to the level of the
lunar norm. This experiment also showed that
the tail end of the curve is more sensitive to
macroroughness at oblique viewing than at
normal viewing. Although viewing at oblique
angles entails some loss of spatial resolution, we
believe that the superior diagnostic value of the
photometric curve at oblique viewing more than
compensates for this loss.

In conclusion, it seems possible to rate the
relative roughness of discrete regions by com-
paring the time integral of their brightness over
an insolation cycle (this is the area under the
photometric curve). It also seems possible to
infer surface texture and large-scale roughness
below the resolution of the viewing system by
studying the actual shape of the photometric
curve.

Photometry as an Aid in Photographic
Interpretation

It is often necessary to study the temporal
behavior of photographic features in order to
determine whether the apparent diversity of
gray tones is caused by differences of composi-
tion, of structure, or of both.

The recent controversy concerning the nature
of the dark ejecta observed around the Sur-
veyor footprints is a case in point. This prob-
lem was discussed in a recent publication and
it was shown by means of simulation experi-
ments how accurate data on the albedo and
photometry of the gray tones in question could
settle the issue (ref. 11). Another example is
the case of the lunar rays which, as is well
known, are conspicuous at full moon but tend
to disappear and blend into the background at
large phase angles. It appears that this
peculiar photometric behavior indicates that
the rays differ from their surroundings in both
albedo and structure. This proposition is
based on the following reasoning. The bright-
ness of a surface at 0° phase angle depends only
on its normal albedo, but at phase angles other
than 0° this brightness is attenuated by the
extent of shadowing, hence by the roughness or
porosity of the surface. Accordingly, two
areas of unequal normal albedo when viewed at
a large phase angle could conceivably register
the same brightness or gray tone on a photo-
graph if the lighter area (in terms of normal
albedo) is rougher or more porous than is the
darker area. This behavior is indeed exhibited
by the lunar rays. Hence, it is sufficient to
postulate that the ray areas are inherently
lighter and rougher than their surroundings in
order to account for this peculiar behavior.
The rays cannot be discriminated from their
background at large phase angles, because their
inherently higher reflectivity is attenuated by
a large number of shadows cast by features that
are usually too small to be resolved by the
viewing system.

An experiment was performed in which the
above-postulated properties were simulated in
the following manner: A layer of dark, back-
scattering volcanic powder (particle size 38 to 88
micron and normal albedo 14 percent) was
deposited on a flat board and firmly tamped;
then a lighter powder (normal albedo 16 percent,
same particle size) was loosely sifted over this
layer through a template incorporating a ray
pattern. Figure 5(a) shows a photograph of
the simulated rays taken under ambient, non-
collimated lighting. Figures 5(b) and 5(c) show
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Ficurk 5.—Photometric behavior of simulated lunar rays.
(a) Photograph of simulated rays under ambient, noncollimated lighting.
(b) Photograph of scene in figure 5(a) under collimated lighting at 0° phase angle.
(c) Photograph of scene in figure 5(a) under collimated lighting at 90° phase angle.
(d) Photometric curves of the rays.
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the same scene under collimated lighting at 0°
(full moon) and 90° (quarter moon) phase
angles, respectively. At the full-moon condi-
tion the simulated rays are noticeable, whereas
at the quarter moon they are not. The photo-
graphic observations are confirmed by the
relative photometric curves of the rays and of
their background, as shown in figure 5(d).
For the particular albedo-roughness combina-
tions used in the experiment, the two curves
nearly coincide beyond 80° phase angle. Other
combinations are possible. For instance, it is
conceivable that the rays may actually appear
darker than their surroundings at large phase
angles, if the difference in roughness outweighs,
photometrically speaking, the difference in
albedo. Such a condition may occur if the rays,
unlike their surroundings, are rough both on a
microscale and a macroscale. We have not
simulated this condition in our experiment nor
do we know whether it exists on the Moon.

The present proposition, based on purely
photometric considerations, that the lunar rays
are on the average “rougher” than their sur-
roundings, is in accord with the commonly
accepted view on the structure of the rays.
The actual scale of this roughness may range
from a fine, intricate microstructure, to macro-
features such as craterlets and boulders.
Although the latter features may be resolved
in Orbiter photographs, knowledge of the tem-
poral behavior of gray tones on these photo-
graphs is necessary in order to assess the
microstructure and, by inference, the porosity
and bulk density of the surface layer.

POLARIZATION ANOMALIES AND THEIR
MEANING

The polarimetric signature of the lunar
surface has distinctive characteristics which
have been described earlier in this paper. Itis
to be expected that selected areas of the Moon
will present a polarimetric signature differing
substantially from the norm. On the Earth,
where features such as vegetation and water
break the monotony of the surface, polarimetric
anomalies much stronger than those on the
Moon may be expected. If the anomalous
signature can be shown to be characteristic

of certain features, such as vegetation, or more
specifically, certain types of vegetation (e.g.,
evergreen foliage), an important reconnaissance
interpretation key may be evolved. On ex-
tensive lunar and planetary areas where no
vegetation or areas of culture are known to
exist, it may be that rather subtle differences
in polarimetric response may be interpreted
in terms of changes in surface texture or related
physical qualities having practical importance.

Early attention to temporal data of lunar
origin has led to speculation concerning the
occurrence and meaning of lunar polarimetric
anomalies and subsequently to application of
some of this thinking to the potential value of
the terrestrial anomalies. In either case, in
order to interpret anomalous data one must
understand the physics of the polarization
phenomenon and the important factors that
shape the polarimetric signature.

The polarization-inducing optical phenomena
are those which are associated with boundary
conditions between media of different refractive
indices. These are reflection, refraction, and
diffraction. The interplay of these phenomena
in a surface of great complexity is not conducive
to ready quantitative analysis. The shadow
formation which seems largely responsible for
sharp backscattering photometry further com-
plicates lunar polarimetry.

One approach to analysis is polarimetric
measurements performed on surfaces of various
orders of complexity and attempts to discover
generalizations which can be incorporated into
a useful hypothesis. Another approach is to
apply known physical laws to generalized
models and to try to approach the known po-
larimetric signatures mathematically. Wehave
used both methods of approach but will describe
here physical measurements on one reasonably
good laboratory analog of the lunar polari-
metric signature and on two highly abstracted
contrived surfaces.

Figure 6 shows a typical lunar polarimetric
signature in terms of percent polarization as a
function of phase angle. A curve is also shown
representing this same kind of function as de-
termined on the Grumman polarimetric analyzer
from a sample of powdered volcanic cinder.
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Fieure 6.—Polarimetric signature of Hawaiian voleanic ash and Moon; d, particle size.

The features of negative yielding to positive po-
larization at a characteristic inversion point are
present in the model, but the positive polariza-
tion at large angles is too high in the model’s
. function.

One of the simpler approaches to analysis is
to make the assumption that the complex sur-
face can be represented by an aggregate of
random reflecting plane facets inclined at vari-
ous angles to the plane of vision. For practi-
cally any material the singly reflected light
from a facet oriented normal to the plane of
vision is positively polarized as referred to the
plane of vision. If the facet is not normal to the
plane of vision but is rotated about an axis in
that plane, the polarization may be quite nega-
tive. An experiment is shown in figure 7(a) to
clarify the point. The masonite board has a
pronounced positive signature when presented
as a plane surface to the polarimetric analyzer.
When two reflecting facets of the masonite are
formed into a V-shape and the facets are oriented
normal to the plane of vision, the polarimetric
signature is pronouncedly positive. When the
V-shape is oriented with the vertex in the plane
of vision but the facets are inclined to the
normal as shown, the polarimetric signature is

quite negative at small phase angles and be-
comes positive only at large phase angles.
This trend was anticipated when the experi-
ment was planned because positive polarization
becomes negative polarization if the coordinate
frame of reference can be rotated 90°. In the
signature of this model there evidently is a
strong competition between the factors favoring
a preponderance of light with the vector arbi-
trarily defined as negative and the factors
favoring the vector defined as positive. The
point at which this competition is equal is the
inversion phase angle.

An even more striking artificial example of
the positive-negative competition is afforded by
the polarimetric signature of aluminum struc-
tural honeycomb shown in figure 7(b). Struc-
tural honeycomb is extremely porous and the
pore lining is specular in reflecting properties.
A signature secured on the polarimetric analyzer
with the pores inclined very slightly to the
plane of vision shows an exaggerated version of
the trend mentioned above. Covering the
pores with strips of cardboard results in suc-

" cessive steps of reduetion of inversion phase

angle and reduction of negative polarization,
while the positive component is enhanced. The
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of signature with change of surface porosity.) Numbers at each curve are number of cardboard strips.
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cardboard is one of the normal opaque reflecting
surfaces which have a predominantly positively
polarized signature,

Structural effects arising from the orientation
of the facets with reference to the plane of
vision are not the only mechanism inducing
negative polarization. Other experiments with
transparent dielectrics, such as water, have
demonstrated strong contributions to negative
polarization arising from refraction and sub-
surface reflection (ref. 12). There appears to be
a connection here to the polarization signature
of vegetation and the degree of turgidity, or
state of hydration, of the vegetation. One
example is shown in figure 8 for fresh and de-
hydrated vegetation.

The experiments with two contrived models
described in figures 7(a) and 7(b) demonstrate
that the polarimetric signature may be related
to structure even on a fairly gross scale.

Neither high nor low limits on the scale of the
structural grains are set, as long as attention
is confined to the opaque reflecting surface
facets, When semitransparent grains are con-
sidered, the grain size may be an important
parameter because of increasing opacity with
size. The magnitude of the refractive boundary
effects which may tend to enhance negative po-
larization is related to grain size. This can be
verified by examination of the degree of con-
formance of the signature of our sample of
volcanic ash with that of the Moon (fig. 6).
One of the most difficult features of the lunar
surface polarimetric signature to duplicate is
the relatively low positive polarization at large
phase angles. There are many factors related
to surface structure which could be postulated
to account for this feature, and it is possible to
perform experiments which demonstrate trends
in this direction. Multiple scattering and high
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Ficure 8.—Polarization of fresh and dried vegetation at near infrared wavelength.
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albedo, in general, favor depolarization. Mul-
tiple scattering combined with factors favoring
the negative vector are logical assumptions in
the effort to understand and duplicate the lunar
signature at large phase angles. Presumably
other planetary surfaces may possess the same
general characteristics, thereby justifying fur-
ther attention to rationalization of the lunar
polarimetric behavior.

Obviously many factors operate to modify
the polarimetric signature. Only in the case of
rather simple surfaces is interpretation easy.
As in the case of photometry, the utility for
remote sensing seems to be largely to draw
structural rather than compositionsal inferences.
Also it seems clear that polarization is one of
many optical phenomena that could be most
meaningful when correlated with other temporal
data, such as photometry, and with measure-
ments of albedo and color. In specific in-
stances, such as the example of vegetation
mentioned, a polarimetric anomaly should lend
itself quite readily to interpretation, but it is
felt on the average that considerable analysis
of a cross-correlation nature must be done prior
to reaching a conclusion.

Inasmuch as polarization is a measurable
characteristic and seems to be related to struc-
ture, and to some degree to composition, it
should be a potential source of additional infor-
mation. However, it is a very complex phe-
nomenon and much remains to be learned.
Certainly field polarimetry concurrent with
photometry and radiometry can be justified.

USES OF TEMPORAL DATA IN INTER-
PRETING INFRARED THERMAL
ANOMALIES

Temporal data at optical wavelengths pro-
vide, at best, information on surface properties,
such as texture and roughness, but are inher-
ently not capable of revealing bulk properties
of the surface layer, such as thermal conduc-
tivity and bearing strength, unless they are
supplemented by data at infrared and longer
wavelengths.

Currently available temporal data on the
thermal infrared emission of the lunar surface
are far from adequate for a meaningful diag-
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nosis. They are, however, surprisingly more
extensive than their counterpart at optical
wavelengths despite the difficulties inherent in
measurements at the longer wavelengths.

Observations to date (refs. 6, 7, and 8),
whether made during an eclipse or lunation,
have been rewarding insofar as they have
revealed a number of anomalies which are
generally, but not always, characterized by
cooling phase temperatures that are higher than
their surroundings. Various hypotheses have
been offered to account for the ‘“hotspots.”
The most plausible among these associate the
phenomena with a rough mixed dirt-rock surface
(refs. 13 and 14); a more conductive, hence,
harder subsurface material (ref. 15); and inter-
nal heat sources. Consequently, the problem of
exploiting thermal emission in remote sensing
as a clue to the nature of the lunar or any
remote surface resolves to disentangling these
and other relevant factors. In the case of the
Moon the factors to consider are the geomet-
rical, mechanical, thermal, and optical prop-
erties of the uppermost layer. These unknowns
and the assumptions they impose on the analysis
have been the main obstacles in past attempts
to match lunar data with analytical solutions.

One approach that promises to reduce some
of the ambiguities of the data is utilization of
the fact that the thermal behavior of the lunar
surface can be observed during a day, night,
and eclipse cycle. Although such observations
of the Moon have been made, there have been
no attempts to monitor and correlate the
thermal behavior of a given area during all
three temporal regimes. Also, the possibility
that each regime could contribute an in-
pendent equation to the solution of the various
unknowns has not been adequately explored
theoretically. Similar remarks can also be
made in favor of lunar investigations at micro-
wave frequencies. However, this topic will not
be discussed.

The new approach could begin with analysis
and end with observations. In the analytical
phase, standard curves can be derived in order
to describe the lunation, eclipse, and direc-
tional behavior of a homogeneous, semi-infinite,
blackbody material with Lambertian elements.
Call this the “zero-order model.” Next, one
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could upgrade this model and determine the
way in which known inputs perturb its lunation,

eclipse, and directional signatures. Albedo,

emissivity, thermal conductivity, bulk density,
particle size, vertical inhomogeneity, surface
roughness, and an internal heat source are
examples of such inputs. There now is suffi-
cient knowledge to propose that the solution
of the higher order models could help narrow
the number of possible interpretations that have
been given to the lunar thermal anomalies.
Some of this knowledge is discussed briefly in
quantitative terms whenever possible and qual-
itatively where no analyses have yet been made.

Consolidation Effects

Bearing strength is a factor for consideration
in the interpretation of lunar hotspots because
of the relationships that will now be described.
The temperature of a cooling surface is a sensi-
tive function of the thermal conductivity of the
cooling material; both thermal conductivity and
bearing strength are functions of the same
physical properties, such as porosity, particle
or pore size, the degree of consolidation be-
tween the solid elements, and the nature of the
solid material. In a recent study by Halajian
et al. (ref. 15) these properties were used as a
link in order to correlate the midnight tempera-
ture of the lunar surface with the bearing
strength of postulated lunar surface materials
ranging from loose, fluffy powders to solid rock.
The analysis was made in terms of nighttime
rather than eclipse temperatures, because rough-
ness effects (discussed below) contribute to
thermal enhancement during a short cooling
transient and consequently complicate the cor-
relation of thermal and mechanical properties.
The results of this study based on lunation
temperatures are summarized graphically in
figure 9. Notice that midnight temperatures
are far more sensitive to changes in bearing
strength than are noon temperatures. Very
low temperatures at night (i.e., coldspots) cor-
relate with soft powders; elevated night tem-
peratures (i.e., hotspots) correlate with porous
rocks. The fact that noon and night tempera-

tures show opposite trends with respect to bear- -

ing strength should be of diagnostic value and
will be discussed later. Figure 9 also shows

the bearing strength and day and night tem-
peratures of the Surveyor I landing site. The
concurrence of these data with the theoretical
curves is quite good.

Roughness Effects

Surface roughness, neglected in the above
analysis, is another important factor to con-
sider when one is interpreting thermal emission.
Day, night, and eclipse temperatures could be
influenced by roughness to an extent and for
reasons that differ in each case. These effects
are extremely complex and interact with others
that are no less complicated. An oversimpli-
fied view of the problem is taken here with the
hope of identifying areas that deserve close
scrutiny.

To begin with the insolation phase, roughness
can affect daytime temperatures in two different
ways. One is by shadowing which tends to
lower the effective temperature and the other is
the directionality (of the randomly oriented planes)
which tends to raise it. Both effects are
pronounced at oblique viewing (i.e., toward the
limbs when the Moon is observed from the
earth), but fortunately they do not occur
simultaneously. Obviously, shadowing effects
are most pronounced at large phase angles
(during the first and last quarters) but direc-
tional effects take place mostly at small phase
angles (at or near full moon) because the view-
ing angle gives more weight to those slopes

-whose normals are oriented toward the same

direction is the incident solar radiation.
Figures 10(a) and 10(b) illustrate the way in
which directional and shadowing effects could
respectively enhance or attenuate thermal
emission, the variation depending on the phase
angle. In our opinion, these effects produce
the anomalous temperature variation of the
Surveyor landing site shown in figure 10(c)
(vef. 16). Expressed in graphical terms, rough-
ness tends to skew the overall lunation curve
toward the viewer, when the viewing is at
oblique angles. This skewing effect should not
be surprising since its existence at optical
wavelengths is widely recognized. It is tempt-
ing to think that its persistence at infrared
wavelengths could be exploited as a clue to
surface roughness at a scale larger than the
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Ficure 10.—Mechanisms of daytime thermal enhancement and attenuation caused by roughness; diagnosis of
Surveyor I data. .
(a) Directional effect at small phase angles. Observed average temperature is more than temperature predicted for
smooth surface because thermally enhanced facets (where 7,<{¢,) are seen by sensors but shadows are not.
(b) Shadowing effect at large phase angles. Observed average temperature is less than temperature predicted for
smooth surface because thermally enhanced facets (where ¢,< %) are not seen by sensor but shadows are.
(¢) Family of theoretical lunation curves and curve for Surveyor I landing site.

microstructure. Thus, a rough area will appear
cooler at large phase angles and warmer at
small phase angles than will a smooth area,
other parameters being equal. The most im-
portant of these parameters are albedo, emis-
sivity, and the thermal inertia constant
commonly designated as y. The latter param-
eter is closely related to hardness or degree of
consolidation. Albedo and emissivity ~could
be estimated by using multispectral measure-
ments, but v must be assumed.

A family of theoretical lunation curves as a
function of v is shown in figure 10(¢). It
previously has been noted that v does not affect
the temperatures at the small phase angles
(where directional effects take place) as much
as it affects the nighttime temperatures.
Notice also that at the large-phase-angle portion
of the daytime curve (where shadowing effects
are most pronounced) the temperatures are
nearly insensitive to wide variations of v. It
appears therefore that thermal emission at
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large phase angles also is a clue to roughness;
this could verify or supplement the roughness
inferred from photographic, photometric, radar,
and other sources.

Considerations of the scale of roughness that
is thermally relevant lead to similar conclusions.
The “mieroshadows’” which are formed mostly
at the small phase angles are not likely to be
thermally as significant as they are at optical
wavelengths. During the long lunar day, the
small shadows in the recesses of the micro-
structure progress at a rate slower than that at
which heat is transferred into these areas
through lateral conduction and radiation.
Therefore, the microshadows will be in near
thermal equilibrium with their sunlit surround-
ings. Accordingly, the lunar surface which is
known to be rough at optical wavelengths
should be relatively smoother at far-infrared
wavelengths. In figures 2(¢) and 2(d), a com-
parison of the sharp backscatter peak of the
photometric curve with the convex curvature
of the thermal infrared curve supports this
view.

If roughness is to have a measurable effect on
daytime thermal emissions, it should be at a
scalesufficiently large to produce long shadows that
remain cooler than their surroundings. In lieu
of an actual analysis, onle can only speculate
that topographic features, including those that
are below the resolution of the viewing systems,
could cast shadows of this magnitude at large
phase angles and reduce the average thermal
emission below that predicted for a smooth
surface. Thus measurement of lunar tempera-

tures during the early morning and late after-

noon periods may have a diagnostic value in
terms of roughness that has not been exploited,
probably because this possibility is not ap-
parent in the well-known y-dependent lunation
temperature curves in figure 10(¢c). The fact
that thermal behavior during these periods is
nearly independent of v should make the inter-
pretation of the data in terms of roughness less
ambiguous than it usually is.

Next, consider roughness effects on dark-side
temperatures. Roughness will enhance thermal
emission during night or eclipse cooling to an
extent that is inversely proportional to the du-
ration of the cooling transient. Again, every-

thing else being equal, a rough surface will ap-
pear warmer than its smoother surroundings,
essentially because its component facets radiate
to a value of less than 27 steradians and hence
require a longer cooling period than a smooth
surface which radiates its heat to a full hemi-
sphere. Unfortunately, the fact that consolida-
tion effects and internal heating also could
contribute to thermal enhancement during a
cooling phase complicates but does not neces-
sarily obscure the interpretation of lunar
hotspots. We suggest the following technique
for disentangling the contribution of roughness
and internal heating to thermal enhancement
observed during the night or an eclipse.

In the first place, one can take advantage of
the fact that thermal enhancement caused by
roughness, unlike that caused by the other two
factors, is of temporary duration. A long cool-
ing transient effectively acts as a time filter
during which roughness-induced hotspots fade
away and leave those that are caused by internal
heating and/or a thermally more conductive,
hence, harder, material. Thus, with a suffi-
ciently long cooling period, such as that during
the lunar night, a rough and a smooth area of
similar thermal and mechsnical properties
should reach about the same predawn tempera-
ture. Interpretation of thermal enhancement
during an eclipse would be more ambiguous
than would be that of thermal enhancement
during the night because it could be caused by
any one, or a combination, of the three factors
mentioned above. Roughness could be sus-
pected as a primary or unique cause of thermal
enhancement during an eclipse only when this
enhancement does not persist at night. The
converse situation, where an area is thermally
enhanced at night but not during an eclipse, is
possible in the case of weak anomalies which
can be detected only at very low temperatures.
In such a case roughness (up to a certain scale
than can be estimated) could be eliminated and
the interpretation can be narrowed to the other
two factors. A similar interpretation may be
given to the strong anomalies that are prom-
inent during both the night and eclipse.

A recent quantitative analysis of roughness
effects on lunation and eclipse cooling by
Staley (ref. 17) and Roelof (ref. 14) support
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some of these views. Staley estimates that
most thermal enhancement in craters observed
during eclipse by Shorthill and Saari (ref. 8)
can be accounted for in terms of radiative
interchange between the crater walls. Roelof
reports that during eclipse rocks smaller than
a meter in diameter can produce small but
detectable variations in Earth-based measure-
ments, but during the night the size of the
rocks should be larger than a meter in order
that there be a similar effect. He estimates a
thermal enhancement of about 3° K during
midnight for a typical lunar surface, 1 percent
of which is occupied by 3-meter rocks. He
points out that this is far more negligible than
the value previously estimated by Hopfield
(ref. 13). However, he remarks that such
rocks could produce strong thermal enhance-
ment in local measurements, such as those
made by Surveyor, particularly at sunrise or
sunset when the Sun and sensor are on the
same side of the local normal. It seems reason-
able therefore to neglect roughness as a factor in
remotely observed thermal enhancement during
the lunar night unless Orbiter photographs and
photometric data (if available) indicate other-
wise.

As to the other hypothesis (that daytime
thermal emission at large phase angles could
provide clues to unresolved topographic rough-
ness), it remains to be substantiated by analyses
and observations.

Internal Heat Sources

Certainly, the discovery of internal heat
sources on the Moon would be of major scientific
and engineering significance. The question
arises, therefore, whether these sources can be
detected by remote means and, if so, whether
they can be positively identified as such.

The problem of identification, in the case of
the Moon, narrows to being able to discriminate
between “geothermal” and “structural’”’ effects
since, as we have seen, both effects could
contribute to thermal enhancement during the
night or eclipse. We focus attention on night-
time temperatures, because they are less
subject to roughness effects than are eclipse
temperatures and are more likely to reveal

weak anomalies that may not be otherwise
detected. However, nighttime measurements
are not sufficient for a unique identification of
the hotspots unless they are supplemented by
daytime data. This proposition once more
affords an opportunity to stress the importance
of temporal data.

We assume for the purpose of this discussion
that an internal heat source is detectable,
that is, that it is sufficiently strong to have a
measurable effect on a remote sensor over
and above the thermal emission of the surface
because of normal insolation. If this is the
case, then it is possible to discriminate between
the solar and nonsolar components of the
observed emission by balancing the heat
budget of the anomaly for a complete day and
night cycle. Notice in figures 9 and 10(c) that
the ‘“‘hardness” parameter y perturbs the
midnight temperature 7, and the high-noon
temperature 7T, in opposite directions (7,
increases and T, decreases with decreasing v),
but an internal heat source would push both
day and night temperatures in the same direc-
tion (up). Thus, if 7, and T, are known and
the latter is found to exceed the theoretical
value predicted by solar input, albedo, emis-
sivity, and T, then a nonsolar heat source
must be postulated in order to balance the
heat budget.

The above concept may be expressed graph-
ically in terms of the area under the curve that
represents the thermal-infrared emission during
a complete diurnal cycle. This area is inde-
pendent of the hardness and roughness param-
eters. In the absence of nonsolar heat and
negligible lateral heat losses, it is solely a
function of the hemispheric albedo of the surface
and the incident solar energy. If it is assumed
that the radiated energy is uniform over a
hemisphere and albedo differences are accounted
for, then processing the data in terms of the
ares under the lunation curve may be a con-
venient way of identifying the anomaly. If the
index area of the anomaly is more than that of
the surrounding region or of the value predicted
by solar input, then an internal heat source may

- be suspected.

The basaltic composition of the maria, as
analyzed by Surveyors 5 and 6, suggests that
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differentiation, probably caused by internal
sources of heat, has occurred on the Moon. To
date, none of the known thermal anomalies of
the Moon have been positively identified as
internally hot; this is primarily because of the
lack of accurate data on the diurnal behavior
of these anomalies, it is believed.

A summary of our thoughts on the nature
and meaning of lunar thermal anomalies is
presented in table 1. The summary is neces-
sarily oversimplified and is meant to stress
major trends in temporal signatures and the
supplementary nature of the thermal data
during a day, night, and eclipse cycle.

CROSS-CORRELATION OF LUNAR TEM-
PORAL DATA AT OPTICAL AND INFRA-
RED WAVELENGTHS

The selection of suitable lunar landing sites
(suitable from a smoothness and hardness
point of view) is discussed here as a case in
point to illustrate how temporal data at optical
and infrared wavelengths could supplement
purely pictorial information including those
data recently obtained with the highly successful
Lunar Orbiters. We recall how the criterisa of
smoothness and hardness in the case of the
Moon could be correlated, as a first approxi-
mation, with the area under the normalized
photometric curve and the midnight tempera-
ture, respectively. We submit now that accu-
rate measurements of the optical reflections
and thermal-infrared emission of the lunar sur-
face during a full lunation, and the computer
processing of these data in terms of the above
indices, make it possible to rate in a quantita-
tive and objective manner the relative smooth-
ness and hardness of any number of potential
landing sites approaching in size the resolution
of the viewing system. In Earth-based lunar
observations, this resolution can be approxi-
mately as fine as a kilometer at optical wave-
lengths and about 5 to 10 times coarser at
infrared wavelengths.

This concept is illustrated in figure 11. The
ordinate of the chart, designated as the “opti-
cal index,” represents the area under the
normalized photometric curve and is a direct
measure of smoothness as shown in figures 3

and 4. The abscissa, designated as the
“thermal-infrared index,” represents the mid-
night temperature and is a direct measure of
hardness or bearing strength as shown in figure
9. The data points in the chart represent
potential landing sites of known seleno-
graphic coordinates selected either at random
or from Orbiter photographs. For purposes
of discussion, the diagram is arbitrarily divided
into four quadrants numbered from 1 to 4 and
labeled as soft-rough, soft-smooth, hard-
smooth, and hard-rough, respectively. Soft-
rough regions are not likely to exist on the
Moon as they would be most closely approxi-
mated, in our opinion, by forest treetops.
A surface of this nature is likely to be optically
and thermally subdued at the diagnostic
phase angles. In other words, it will appear
dark during the day when viewed in the spec-
ular direction (i.e., against the Sun) and cold
at night. Most lunar areas, including the
Surveyor landing sites, are likely to crowd
around the center of the diagram, and the
anomalies would fall toward the outer edges.
Photometric anomalies will occupy the extreme
ends of the ordinate, the good (i.e., smooth)
anomalies falling in quadrants 2 and 3. Ther-
mal anomalies will occupy the extreme ends of
the abscissa, the good (i.e., hard) anomalies
falling in quadrants 3 and 4. Consequently,
quadrant 3 will be the locus of the best anom-
alies from the point of view of landing-site
selection. These are the areas that are optically
enhanced during the day and thermally en-
hanced during the night.

The classification and pairing of optical and
thermal anomalies need not be limited to a few
areas of interest, such as those selected from
Orbiter photographs. In general, diagnostic
indices (such as the coordinates of fig. 11) make
it possible to use the computer in processing a
vast number of data points, where each point
could represent an element of resolution. It
should be cautioned that these indices are
rarely unambiguous. However, their use in
computer processing can be justified as a means
of discovering rather than identifying the
anomalies. Numerous potential landing sites
or prime targets of exploration that may not
be otherwise discovered could be located in this

’
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Fiaure 11.—Sorting of lunar photometric and thermal anomalies in terms of correlated terrain smoothness and
hardness. Crosses represent investigated areas defined by their selenological coordinates.

manner. Identification could then follow, the
process beginning with an examination of the
most pronounced anomalies. This process will
involve a detailed analysis of the shape and
local peculiarities of individual temporal curves.
As previously discussed, this analysis could
disentangle the contributions of microroughness

and macroroughness to the photometric func-
tion and the contribution of geometrical,
structural, and geothermal factors to the
radiometric function. This step could also be
automated but only up to a certain point
beyond which the interpreter should exercise
his judgment.
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A CASE FOR EARTH-BASED
OBSERVATION OF THE MOON

There is currently a justified optimism on the
lunar landing phase of the Apollo mission be-
cause of the remarkable success of the Surveyor
and Orbiter missions. However, these suec-
cesses should not obscure the fact that Earth-
based observations of the Moon can fill certain
specific gaps in our knowledge that were not
meant to be explored by these probes. Prop-
erties of the lunar surface that can be correlated
with temporal observations are examples of
such gaps. While temporal data on the Moon
can be extracted from thermal measurements
and sequential photographs taken by Surveyor
craft, such data are limited to the landing sites
and can, at best, be used as calibration points
for remote, synoptic observations. Orbiter
photographs are synoptic in coverage but are
presently limited in their spectral and temporal
ranges. Harth-based observations of the ap-
parent lunar disk can extend these ranges,
although at some loss in spatial resolution.
However, the potential of extracting informa-
tion on surface porosity, subresolution topo-
graphic roughness, bearing strength, internal
heat sources, and material composition will
more than compensate, in our opinion, the loss
in resolution.

Ironically, the advent of lunar exploration by
manned and unmanned probes is one reason
such extensive observations of the Moon have
not been made. An equally important reason
is that the quantity and quality of the data
needed to justify mew observations impose
severe problems in instrumentation and data
processing. For instance, photometric obser-
vations are fraught with difficulties of light
calibration and film processing when the
photographic method is used. More accurate
data can be secured by using photocells but
at a sacrifice in the quantity and resolution of
the data. However, recent advances in image
tube technology and digital data processing
make it possible to chart the photometry,
polarimetry, and spectral reflectance of the
apparent lunar disk at a resolution approaching
that of conventional lunar photographs and
with a gray tone and color fidelity superior to

that of these photographs. As to the thermal-

infrared emission of the lunar surface, its

measurement during the lunar night has been .
hampered by the limitation of existing sensors

to detect temperatures lower than about

100° K. However, progress in this area has

been reported by Low (ref. 7), who developed a
helium-cooled germanium bolometer capable of
measuring these temperatures.

These advances in sensor technology and the
availability of ground truth information secured
by the Surveyor and Orbiter probes offer the
opportunity to verify and refine laboratory-
inspired techniques of interpreting lunar pic-
torial, spectral, and temporal data. Progress
in remote sensing, as in other fields of science,
will come through continuous feedback be-
tween observation and theory. There are
cogent, reasons why the study of the Moon should
be a first step in this particular exercise. The
Moon is a more convenient target for temporal
observations than is any other object in the
sky by virtue of its proximity to and phase
relationship with the Earth. Furthermore,
the analysis of its optical reflection and thermal-
infrared emission is not complicated by con-
vective air currents, ground moisture, and a
vegetation or cloud cover, as is usually the
case for the Earth and possibly for most other
planets. As a proving ground for the subse-
quent exploration of the planets by remote
means, the Moon offers many advantages for
developing techniques of data collection and
interpretation. Certainly there is no valid
reason for doing any observation in space that
can be accomplished adequately on the ground.

CONCLUSIONS

We have defined “temporal data’ as the
repetitive, sequential measurement of electro-
magnetic radiation from a planetary surface
during a periodic cycle and found that these
data can be correlated with terrain properties
that cannot be readily inferred from pictorial or
spectral data.

Information on unresolved structure is the

‘most important payoff resulting from temporal

data at optical wavelengths. It can now be
reported that both microstructures and macro-
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structures beyond the resolution of the viewing
system are important contributions to the
standard lunar photometric function and that
they can be discriminated by photometric
means. KExperiments clearly show that the two
scales of roughness perturb the leading edge
(i.e., opposition region) and the tail end of the
photometric curve independently of each other.
They also suggest that improvement in spatial
resolution could lead to the discovery of lunar
photometric anomalies and to a thematic map-
ping of the lunar surface in terms of its micro-
structure and topographic roughness.

The percent polarization-versus-time curve
at visible wavelengths appears also to be a
function of structure, whether the surface is
vegetative or mineral, but it is much less
understood.

Temporal data on thermal infrared emission
during a heating and cooling cycle appear to be
very rewarding but more difficult to measure
and interpret. In the case of the Moon, it is
well recoznized that a number of factors, such
as surface roughness, degree of consolidation
(i.e., bearing strength), and internal heat
sources, could contribute to and hence obscure
the meaning of these data. However, our anal-
ysis shows that nighttime thermal emissions
are less ambiguous (although more difficult to
measure) than those during an eclipse. When
nighttime temperatures are supplemented by
daytime data, it appears theoretically possible
to disentangle the contribution of the relevant
factors. These possibilities suggest that accu-
rate measurements and proper analysis of the
thermal infrared emission of the lunar surface
during a complete day-and-night cycle could
lead to the discovery of suitable landing sites
and geothermal heat sources.

One last point should be explained regarding
the logistics of acquiring temporal data,
particularly from an Orbiter. Temporal obser-
vations in the field need not consist, as we have
tacitly implied throughout this report, of
repetitive measurements made at relatively
close intervals of time, such as those made in
the laboratory. Model-matching studies in-
dicate that a considerable saving in the quantity
of data could be accomplished, without ap-
preciable loss of information, by limiting the

field observations to a few specific Sun and
viewing angles. For instance, the critical
diagnostic moments during photometric ob-
servations occur at oblique viewing (say, at 60°
off the local vertical) when the Sun is (1) in
opposition, (2) a few degrees past opposition in
the direction of the local vertical, and (3)
in the specular direction. A fourth inter-
mediate point at high noon is desirable but is
not necessary. The ratio of the brightness at
points (1) and (2) is a measure of textural
complexity or surface porosity. (Large features
as such have no effect on this ratio unless, of
course, their microstructure differs from that of
their surroundings.) The ratio of points (1)
and (3) is a sensitive clue to macrostructure or
topographic roughness.  Similarly, at far-in-
frared wavelengths, the critical measurements
are those made at high noon and midnight.
While midnight temperatures are sufficient to
reveal thermal anomalies, data on albedo,
emissivity, and noon temperatures are necessary
to identify the anomaly in terms of geophysical
and geothermal factors. These considerations
suggest a polar, Sun-synchronous orbit around
the Moon as the most suitable for infrared
observations. The complete lunation curve
serves only to refine these estimates and provide
additional clues to surface structure when the
viewing is at oblique angles.

The usefulness of temporal data coupled with
recent advances in sensor and computer tech-
nologies justify, in our opinion, renewed
telescopic observations of the Moon as a source
of information for lunar mission planning and
possibly as a prelude to similar measurements
from space.
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Silicate Luminescence and
Remote Compositional Mapping

Exploration for resources on the Moon will require, as it does on Earth, geologic maps
of large areas of the surface. These can best be provided by remote sensing techniques
from lunar orbiters. Almost two decades ago, when Link proposed that luminescence
exists on the Moon, the possibility arose that this property could be the basis for such a
technique, both for mapping the country rocks and for localizing the more rare mineralized
zones. To evaluate this possibility, luminescence intensities of the common igneous rock-
forming minerals (to represent likely lunar country rock constituents) were measured with
proton, electron, and X-ray excitation. The feldspars showed the highest intensities, and
quartz, the next highest; intensities of the ferromagnesian minerals (mica, amphibole,
pyroxene, and olivine) were very low, for the most part. This order of intensity was the
same with all three excitation types. These results indicate that lunar acidie, basic, and
ultrabasic rocks could be distinguished from one another on the basis of luminescence in-
tensity. To represent possible lunar resource materials, voleanic, hydrothermal, and
pneumatolytic minerals that may exist on the Moon, many of which contain water or OH
groups in the lattice, will be measured in continuation studies now in progress. These
studies will also include the measurement of luminescence spectra, grain size, temperature,
and radiation damage effects and the use of ultraviolet radiation as an excitation source.

INTRODUCTION

The exploitation of lunar resources is one of
the prime practical objectives of the Nation’s
space program. Water will head the list of
resources to be located because of its importance
for life support and for supplying hydrogen and
oxygen for rocket fuel, but iron and metals
generally, sulfur, and other useful materials will
also have high priority. If experience on Earth
is any guide, an exploitable deposit of a given
resource will probably be associated with specific
rock types and/or specific geologic environ-
ments such as volcanic terrains, areas of intru-
sives, and faulted and fractured zones. Ex-
ploration will therefore be best pursued as on
Earth by first mapping the lithologic composi-
tion and other geologic features over large areas
of the Moon and then by exploring intensively
the areas shown by the mapping to have most
promise. The compositional information de-
rived in the early manned landing missions from

limited areal reconnaissance by the astronauts
and from the returned samples will not fulfill
these needs because it will represent only a few
sampled points from a surface as large as one-

fourth the land area of the Earth. Remote

sensing techniques from lunar orbiters will
therefore play an indispensable role in the search
for lunar resources, both in mapping the surface
composition over large areas and in selecting
promising localities for on-the-ground explora-
tion.

The possibility of using luminescence meas-
urement and analysis as a suitable technique
for remote compositional mapping arose when
Link (ref. 1) first proposed the existence of
luminescence on the lunar surface to explain the
excess of light he observed in the penumbra
during many lunar eclipses. Its existence was
later confirmed by Kozyrev (ref. 2), Dubois
(ref. 3), Grainger (ref. 4), and Spinrad (ref. 5)
by means of the sensitive line-depth technique,
in which the depths of corresponding Fraunhofer
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lines in the solar and lunar spectra are com-
pared. We are making laboratory measure-
ments of terrestrial rocks and minerals likely
to occur on the Moon to test whether they
display distinctive luminescence characteristics
upon which a remote sensing system can be
based and, if they do, to gather the information
needed to interpret the remote sensing data.
Two groups of samples are required in these
measurements—one to represent the common
rock types that may be present over most of
the lunar surface, and the other to represent
the more rare mineralized zones where the
resources are likely to be concentrated. In this
paper we report some results of our studies
with the first group to answer, in particular, the
question of whether the common lunar rock
types can be distinguished on the basis of their
luminescence intensity.

EXPERIMENTAL ARRANGEMENT

Luminescence was excited with protons,
X-rays, and electrons. (Ultraviolet excitation,

the most important source in the natural radia-
tion environment of the Moon, was not used in
these first measurements because more complex
instrumentation would have been required to
eliminate the interfering background of visible
light present in ultraviolet lamps; it is being
used in our later studies.) Total luminescence
intensity was measured with all three types;
measurements of luminescence spectra with
proton excitation were also made.

Figure 1 shows the experimental arrangement
for the measurements with proton excitation.
A Texas nuclear neutron generator was used to
provide a 2.5-centimeter-diameter beam of 20
keV protons with a flux of 10 protons cm™2 sec™
for the total intensity measurements. The
light was detected by an RCA 931A photo-
multiplier (3000- to 7000-ampere response,
4000-ampere peak) placed at the sample cham-
ber window directly above the sample. For the
spectral measurements, the entrance slit of a
Gaertner quartz-prism monochromator was
placed at the sample chamber window, as
shown in the figure, and the detector at the exit
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Fieure 1.—Luminescence measurement apparatus for proton excitation.
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Ficure 3.—Luminescence measurement apparatus for
electron excitation,

slit was an RCA 1P28 photomultiplier (2000-
to 7000-ampere response, 3500-ampere peak)
designed to give better sensitivity at the short-
wavelength end of therange. For these measure-
ments the proton energy was increased to 150
keV and the flux to 8 X 10" protons cm™2 sec™.

The experimental arrangement for the meas-
urements with X-ray excitation is shown in

figure 2. The X-rays were from a tungsten
target, and the tube was operated at 200
kilovolts and 4.5 milliamperes. A lead-glass
window was used to shield the RCA 931A
photomultiplier from scattered X-rays. Trans-
mission measurements of the lead glass showed
that it cut out some of the blue end of the
spectrum, but this introduced no serious error
in the relative luminescence intensities because
the mineral spectral peaks, except in the case of
the low-intensity mineral hornblende, are in the
region of high transmission of the glass.

Figure 3 shows the experimental arrangement
for the measurements with electron excitation.
The electrons were obtained from the beta
decay of ®Sr which provided electrons of up
to 2.3 MeV energy with a flux, in this configura-
tion, of about 108 electrons em™ sec™*. The
RCA 931A photomultiplier was the light de-
tector here, also.

SAMPLES

Even before the Surveyor landings, the evi-
dence of the meteorites and other considerations
suggested that the lunar rocks were probably
silicates and probably most closely resembled
terrestrial igneous rocks. The results of the
Surveyor alpha-scattering experiments are in
remarkable agreement with this; they give
chemical compositions very close to those of
terrestrial basalt and gabbro (refs. 6 and 7).
Therefore, the common igneous rock-forming
minerals were chosen to represent the rock types
likely to be most abundant on the lunar surface
for this first study. Minerals were chosen
because they are more restricted in composition
and structure than are rocks and, as a result,
can be expected to give a more nearly uniform
response. Rocks, by definition, are aggregates of
minerals, and their luminescence characteristics
can be deduced from the characteristics of their
constituent minerals. Single crystals or coarsely
crystalline aggregates were measured.

With mineral data, luminescence intensity
calculations can be made for any rock in the
differentiation series. The extent to which dif-
ferentiation may have occurred on the Moon
is unknown. The one published Surveyor VII
chemical - analysis from a lunar continental
area is not greatly different from the maria
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analyses of Surveyors V and VI (ref. 8), which
suggests that differentiation, if it occurred at
all, may be much less advanced than it is on
Earth. However, the data are too few to be
conclusive, so that in this study the entire
range from granitic to ultrabasic was considered.

No meteorite samples were measured, but
since the average meteorite composition is ap-
proximated very closely by one part iron,
which is not luminescent, to three parts
peridotite, the luminescence characteristics of
meteorites can be deduced from the mineral
data. The Surveyor V, VI, and VII magnet
experiments indicated that little or no mate-
rial of chondritic or iron meteorite composition
was present at the landing sites (refs. 9 to 11),
but, again, these few data do not eliminate the
possibility that such material exists elsewhere
on the Moon. In fact, any local accumula-
tions of iron or iron-rich meteorites would
constitute important resources; therefore, mete-
orites were considered in this study.

RESULTS

The relative luminescence intensities of the
measured samples are shown in table 1, with
the value for smoky quartz, set at 100, taken
as the standard. With a few exceptions the
results for the three types of excitation are in
generally good agreement. The highest in-
tensities are shown by the potassium feldspars
and the sodic members of the plagioclase
feldspars (albite and oligoclase). Next in in-
tensity are quartz and the calcic plagioclases
(labradorite and bytownite). The ferromagne-
sian minerals (mica and all those listed below
it in the table) show very low intensities.
Nash, in his experiments with proton excitation,
also found quartz and the feldspars to exceed
the ferromagnesians in luminescence intensity,
although he found the quartz intensity to be
higher than that of feldspar (ref. 12).

Quartz and feldspar make up the bulk of
most of the common igneous rocks, so that, on
the basis of both abundance and intensity,
these minerals clearly dominate the lumines-
cence response of theigneousrocks. The higher
intensity members—quartz, potassium feldspar,
and sodic plagioclase—occur typically in the

acid, or granitic, rocks; the basic, or gabbroic,
rocks typically contain the lower intensity
calcic plagioclase and little or no quartz. These
two rock types, therefore, can be expected to
differ significantly in luninescence intensity.
Figure 4 summarizes these relations.

The luminescence intensities of the igneous
rocks can be estimated in greater detail by
applying the data in table 1 to the known or
calculated mineral compositions of the various
rocks in the differentiation series. Listed in
table 2 are average chemical compositions of
these rocks. Granite and basalt are the acidic
and basic members, respectively. Diorite and
the average igneous represent intermediate
members, and peridotite the ultrabasic. The
stony component that makes up about three-
fourths of the average meteorite is very close
in composition to peridotite. With these data
and the known chemical compositions of the
minerals, the mineral composition was calcu-
lated for each rock. The results are shown in
table 3; they clearly indicate the decrease in
quartz and potassium feldspar and the increase
in plagioclase (except in the ultrabasic rocks)
and ferromagnesians in going from granite to
peridotite. Though not shown in the table, the
increase in plagioclase also involves a progres-
sive change from dominantly sodic composition
at the granite end of the range to dominantly
calcic composition at the basalt and peridotite
end. Finally, for each rock the mineral pro-
portions were multiplied by the relative lumi-
nescence intensity of the corresponding minerals
from table 1 and the results were added to give
the numbers shown in table 4; these are the
estimated relative luminescence intensities of
the various igneous rocks, including meteorites,
that would be measured with proton, X-ray,
and electron excitation.

For all three excitation types, the data of
table 4 show a maximum intensity for granite
and a progressive decrease to a minimum
intensity at the ultrabasic end of the differen-
tiation series. Moreover, over the granite-
peridotite range there is no overlap between
rocks of the intensity values for the three
excitation types, except in the case of diorite
and basalt which, in any event, are close
together in the differentiation series. Applied to
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Tasue 1.—Relative Luminescence Intensity of the Common Igneous Rock-Forming Minerals
With Various Types of Excitation

[Value for smoky quartz, 100, taken as standard]

59

Intensity with excitation hy—
Mineral
Proton X-ray Electron
Quartz:
MK o o e e e e e 57 54 250
RS e 49 43 - 120
SMOKy - e 100 100 100
K-feldspar:
Orthoelase. - 380 270 260
Mierocline. - - . . 720 680 410
Plagioclase feldspar:
Albite__ e 450 200 400
Oligoelase - 320 590 730
Labradorite__ . . e 58 19 21
Bytownite. e 74 260 92
Mica:
Museovite - . oo e 1.8 0 2.8
Biotite - o e 4 0 .8
Amphibole: Hornblende. . ___ . 1 0 1.6
Pyroxene:
Enstatite_ 3.2 0 13
Diopside. oo o oo e .5 57 47
Hypersthene_ e 1.4 0 1.5
Hedenbergite. o .1 15 3.6
Augite - o e 2.8 1.4 6.3
Olivine:
Olivine I (Arizona)_ . ___ . 5.5 0 15
Olivine II (North Carolina). - _ . .6 0 12
1 10 100 1000
QUARTZ (~30%) xp——>b
o | FELDSPAR (~ 65%) xbp
(=}
< | FERROMAGNESIAN (~5%)
MICA (X=0)—p—b
FELDSPAR (~ 65%) bp ——Xx
o | FERROMAGNESIAN (~35%) p: PROTON EXCITATION
% g
2 AMPHIBOLE ]
@ (P=0.1, X=0)+—1b x X-RAY
PYROXENE P bx | b: BETA
OLIVINE (X =0) P b T

Figure 4.—Relative luminescence intehsity of acid

and basic igneous rock minerals.
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TaBLE 2.—Chemical Composition of Possible Lunar Rocks

Amount, percent, in—

Oxide Average
Granite 2 igneous Diorite ¢ Basalt d Peridotite ¢ | Meteorite f
rocks b
IO oo 71.6 59. 4 55.5 49.1 42. 0 35.3
ALOs. . 14. 5 15.4 17.0 15. 7 4.7 2.9
FeOg oo 1.5 6. 4 2.7 5.4 8.1 .1
FeO_ . .. 1.1 ’ 4.8 6. 4 5.6 13.0
MgO___ . .9 3.5 4.4 6. 2 25.5 19.7
CaO 2.0 5.1 7.3 9.0 6.4 2.6
NagOu oo 3.0 3.8 3.6 3.1 .8 .8
KO . 4.1 3.1 2.4 1.5 .2 .2
Others____________________ 1.3 3.3 2.3 3.6 6. 8 2.3
Total oo 100. 0 100. 0 100. 0 100. 0 100. 1 76. 9
Iron meteorite__ | o e e 23.0
Total. | . 99,9
= From work of Tschirwinsky, cited in ref. 13.
b From work of Goldschmidt, cited in ref. 13.
¢ From work of Rosenbusch-Osann, cited in ref. 13.
d From work of Daly, cited in ref. 13.
¢ From work of Pirsson and Knopf, ref. 13.
f From work of Daly, cited in ref. 14; Watson, cited in ref. 15; and Mason, ref. 15.
TaBLE 3.—Mineral Composition of Possible Lunar Rocks
Amount, percent, in—
Granite Average Diorite Basalt Peridotite Meteorite
igneous
Quartz_._ . ______________ 32 13 6 e
K-feldspar-..____.__________ 23 19 15 10 1 1
Plagioclase_ . . ____________ 38 42 47 54 17 11
Miea_ oo _ 4 e e e
Amphibole. _______________|____________ 21 20 | e e
Pyroxene:
Enstatite_ . _________|____________ 3 6 7 22 17
Other-_ . ________ | ________ 2 6 13 12 10
Olivine.._ -\ 13 42 38
Accessories. . _____________ 3 1 1 4 (2
Total_ .o ... . 100 101 101 101 100 77
Iron meteorite- ... | |l 23
Total 100
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TasLE 4.—FEstimated Relative Luminescence
Intensity of Possible Lunar Rocks

Intensity with excitation by—
Rock

Proton X-ray Electron
Granite__________ 300 280 350
Average igneous..__ 210 210 220
Diorite_._._______ 120 140 89
Basalt____.______ 91 130 69
Peridotite_ .. _____ 19 31 24
Meteorite_. ... _.__ 15 22 19

remote sensing, these results indicate that
lunar counterparts of the rocks listed in the
table should be distinguishable on the basis of
luminescence response. At the very least, it
should be possible to map lithologic differences
over large areas. The particular rock types
could then be identified by the use of spectral
data in addition to intensity data and by
calibration of the detected signal with the
samples returned by the Apollo manned
landing missions.

The meteorite and peridotite values in table 4
also represent a case of overlap, but this,
it should be recalled, applies to the average
meteorite composition, which contains about
one part in four of iron. In any particular
instance, an area of the Moon covered by iron
meteorites only, a most favorable resource
locality, would show almost zero luminescence.
Chondritic stony meteorites, on the other hand,
would be expected to have a luminescence in-
tensity indistinguishable from that of peridotite,
whereas the basaltic achondrites could probably
not be distinguished from basalt on the basis of
intensity.

Some of the luminescence spectra of the
minerals measured with proton excitation are
shown in figures 5 and 6. The bandwidth of
the quartz prism monochromator with the slit
widths required was rather wide in the visible
wavelengths; therefore, the spectra have been
corrected to give values over more narrow
intervals. The most outstanding feature is the
tendency for the quartz and the feldspar spectral
peaks to occur at wavelengths longer than

500 mp and for the ferromagnesian spectral
peaks to occur at wavelengths shorter than
500 mpu. Other spectral differences are ap-
parent, but their significance cannot be evalu-
ated without additional study, especially of
numerous samples of each mineral representing
various localities, geologic ages, and forms of
crystallization, and of the flash and aging effects
described by Nash (ref. 12). These additional
studies are now in progress.

The measurements of the common igneous
rock-forming minerals just described will assist
in mapping the country rocks of the Moon and,
to the extent that resource deposits are asso-
ciated with one or another rock type, will
assist in selecting areas that should be explored
more intensively. We would like also to use
remote sensing techniques based on lumines-
cence to detect resource deposits directly. For
this purpose we are studying some of the more
important pneumatolytic and hydrothermal
minerals that may be stable or metastable under
lunar-surface conditions. Hydrothermal and
pneumatolytic deposits may occur on the Moon
if internal processes, such as local voleanism and
defluidization, have been active, as seems to be
the case according to evidence from lunar
orbiter photographs and from studies of lunar
transient events. The deposits could occur as
surface blankets or as fillings and linings of
fissures opened by either impact or internal
forces. They will be a prime target for lunar
resource exploration both because of the water
and other resources contained in the minerals
and because the fissure itself, in the case of
fissure occurrences, may have been an avenue
for rising fluids and may contain bodies of
water (or ice) trapped below the surface. The
hydrothermal and pneumatolytic minerals in-
cluded in our studies are the silicates, epidote,
serpentine, chlorite, and the zeolites, which
contain water or OH groups; sulfur and the
sulfates; barite and alunite, which are sources
of sulfur; and. the carbonates calcite and
magnesite, of which calcite, at least in some of
its forms, is known to be a strongly luminescent
mineral.

Some resource materials are known to be
strongly luminescent and could be detected
against the relatively much more weak lumi-
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Fiecure 6.—Luminescence spectra of ferromagnesian minerals with proton excitation.
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nescence of the common igneous rocks. These
include fluorite (CaFs), scheelite (CaWOy), and
kunzite, a type of spodumene (LiAlSi,Og).

In the studies now in progress, we are also
evaluating ultraviolet radiation as an excitation
source and studying the effects of grain-size
variation, temperature variation, and radiation
damage on the luminescence characteristics.
The results of these studies are expected to
provide a foundation upon which a luminescence
remote sensing technique can be built both for
general geologic mapping and for the discovery
of resource deposits.
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Bureau of Mines Research on

Lunar Resource Utilization

The Bureau of Mines is cooperating with NASA to provide through a program of multi-
disciplinary research the basic scientific and engineering knowledge that will be needed to
utilize extraterrestrial mineral resources for support of future space missions. The concept,
scope, and present status of the Bureau's program are described in this paper.

INTRODUCTION

A scientific challenge unparalleled in history
faces man in his exploration of space. In an
amazingly short time he has demonstrated
his ability to probe the far reaches of the solar
system by sending unmanned space vehicles
to the Moon, Mars, and Venus, and into
orbit around the Sun. In the next few years
he expects to land on the Moon. This achieve-
ment will mark the beginning of the exploration
of the Moon and the planets by man himself.

The problems posed by manned lunar ex-
ploration have been receiving serious study
for several years. In some cases, such as the
problem of transporting man on the Moon,
full-scale vehicles have already been con-
structed. Much thought has also gone into
the design of lunar bases which will be essential
for any sustained exploration effort. Because
supplying these bases will be a major logistical
problem, success in using the Moon’s raw
materials to reduce the dependence of lunar
bases on supplies shipped from Earth may be a
critical element in advancing lunar and plane-
tary exploration (refs. 1 to 8).

Although the actual use of raw materials
that may be available on the Moon for the
support of manned bases is probably at least a
decade away, the problems of lunar mining
and processing have been under active con-
sideration for some time (refs. 9 to 19). When

requirements for a new technology are fore-
seen, it is important to allow adequate lead-
time for obtaining the basic knowledge needed
for the efficient solution of engineering and
hardware development problems. The need
for a farsighted approach is especially acute
in the area of extraterrestrial resource utiliza~
tion, where learning by experience is not
tolerable and crash programs to develop
urgently needed information are very costly.
This is exactly what NASA’s Office of Advanced
Research and Technology had in mind when,
in mid-1965, it began providing funds to the
Bureau of Mines for research on the basic
scientific and engineering knowledge needed
for developing an extraterrestrial mining and
processing technology.

The purpose of the present paper is to describe
the nature and extent of the Bureau’s research
and to outline briefly the progress thus far
achieved. References 20 to 22 report in some
detail on specific parts of the research program.

METHOD OF ATTACK

Although the use of mineral resources on any
body in space falls within the scope of the
Bureau’s program, emphasis has been placed
on mining and processing problems on the
Moon as a matter of first priority. The idea
of mining and processing mineral resources is
intended to apply here in its broadest sense.
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Thus we are concerned with problems involved
in using lunar-surface materials in virgin form
for such purposes as shielding or insulation,
in modifying surface materials for use in con-
struction or other applications, and in extract-
ing from lunar-surface or near-surface materials
such products as water, oxygen, or other useful
constituents.

Our method of attack on these problems is
based on the premise that mining and processing
of mineral resources involve the application of
energy to a material to accomplish the removal
or separation of all or part of the material under
the conditions imposed by the environment in
which the material exists or is placed. Mining
and processing technology will evolve from
research in an orderly and progressive manner
as knowledge of the following is developed:

(1) Properties of the material

(2) Effect of environmental factors on these
properties

(3) Parameters of the various energy mech-
anisms that can accomplish removal of the
material

(4) Laws or relationships that govern the
interaction of a specific energy mechanism and
material under the existing or an imposed
. environment

Because the Bureau is using the same ap-
proach to develop new and improved methods
for mining and processing on Earth, we are
meeting the needs of the NASA program largely
by extending the scope of research already in
progress at the Twin Cities Mining Research
Center and a number of other Bureau centers.
The resulting expanded research benefits the
Bureau by providing new information and fresh
perspectives that may apply to its own program.
At the same time it meets the needs of NASA
in an efficient manner, since it makes use of a
broad base of capability in Bureau manpower
and facilities and limits NASA funding to that
required to extend the current research to the
extraterrestrial situation.

Actually the basic knowledge needed to
develop a technology for mining and processing
on the Moon is the same as that needed for

advancing mining and processing technology

on Earth, except for the modifying effects of
two important factors: (1) space logistics and

economics, and (2) the lunar environment.
Operations under conditions where air and
water are precious materials, where initial
plant investment is of minor concern, and where
ordinary manual labor is difficult or impossible
are bound to be different from operations that
we are familiar with on Earth. A gravity
force one-sixth that of Earth, surface tempera-
tures ranging from —250° to 250° F, the ab-
sence of an atmosphere (resulting in a pressure
10~ that of Earth), and no protection from
radiation or micrometeorites will certainly
affect the properties of materials and the
nature of physical processes in ways not always
easily predicted from our earthbound
experience.

The first factor—space logistics and econom-
ics—imposes limits on the size, weight, and
power requirements for mining and processing
equipment and emphasizes the need for sim-
plicity, reliability, and automation for mining
and processing systems. These restrictions
must be considered when one is contemplating
the scientific knowledge needed for developing
a lunar technology because they will be critical
at the later stage of actual engineering develop-
ment. The second factor—the lunar environ-
ment—is critical to all aspects of mining and
processing on the Moon. It undoubtedly has
had a major influence on the present character
of the lunar surface. The effects of the lunar
environment, particularly the hard vacuum, on
the properties of the materials being mined and
processed and on the physical mechanisms in-
volved in the mining and processing pose some
of the most difficult problems in obtaining the
basic knowledge needed. The lunar environ-
ment will continue to be a determining factor
when the time comes to design specific equip-
ment and methods for use on the Moon.

THE RESEARCH PROGRAM

The present program consists of 16 closely
related research tasks at 7 Bureau centers, with
planning and coordinating activities carried out
by a small interdisciplinary core group at the
Twin Cities Mining Research Center. The
individual tasks were initiated at different
times between September 1965 and January
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1967 after an initial period of background study
and task definition by the core group. Most
of the tasks are planned for a 3-year duration,
although a few are 1- or 2-year survey or
feasibility studies.

Figure 1 shows the locations of the centers
involved in the program. The number of
tasks at each center is indicated. Xach task
involves a multidisciplinary team of from two
to eight researchers working under the investi-
gator in charge. Each task is a part of regular
Bureau research at the particular center con-
cerned, and most members of a research team
work only part time on the NASA task. The
total effort involved in the program represents
about 15 man-years per year.

The research tasks are concerned with the
major problem areas of mining and process-
ing which we categorize as follows: resource
identification, rock fragmentation, materials
handling, ground control and support, mineral
beneficiation, thermal decomposition, electro-

Minneapolis

lytic reduction, chemical reduction, and
secondary processing.

Two of the seven tasks at the Twin Cities
Mining Research Center are providing general
support for lunar resource utilization studies.
The first of these, under the direction of David
Fogelson, comprises the selection and collection
of materials that simulate those likely to be
found on the Moon. The second, which involves
all of the research laboratories at the Center,
incorporates these simulated lunar materials
into the basic fragmentation research currently
in progress in order to determine a broad range
of physical properties of the materials in Earth
environment. Mr. Fogelson will describe the
progress of these two tasks in another paper in
this volume (ref. 20).

One of the other tasks at the Twin Cities
Mining Research Center is providing addi-
tional insight into the possibilities of finding
mineral resources on the Moon. Dr. Rolland
Blake has completed a study of volcanism and

St. Paul

Fraure 1.—Task location for Bureau of Mines program of multidisciplinary research leading to utilization of
extraterrestrial resources. The number of tasks at each center is indicated.
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ore genesis as related to lunar mining and will
report the results in another paper in this
volume (ref. 21).

Rock Fragmentation and Basic Property Studies

The other tasks at the Twin Cities Mining
Research Center are aimed primarily at rock
fragmentation, but some of them are providing
basic information pertinent to other problem
areas of mining and to some areas of processing,
too. They are all concerned with the effects of
lunar environment on the properties and
behavoir of rock.

One of them is a study of chemical reactivity
and cold welding of freshly formed surfaces.
This task is under the direction of Clifford
Schultz and its objective is to measure equi-
librium constants for the adsorption of gases on
the surfaces of silicate minerals and to relate
them to the fractional coverage necessary to
inhibit cold welding of vacuum-formied surfaces.
Measurement equipment has been devised,
constructed, and calibrated, and experimental
work is in progress. These studies will comple-
ment the excellent work by Ryan on adhesion
of mineral surfaces in ultrahigh vacuum (vef.
23).

In a closely related task, also under the
direction of Schultz, the effect of lunar vacuum
on surface properties of rock is being deter-
mined. Here the objective is to develop infor-
mation on the fundamental frictional behavior
of mineral surfaces as related to their environ-
ment; to measure friction, surface energy, and
hardness in ultrahigh vacuum; and to establish
relations among these surface properties and
between surface and bulk properties. An ultra-
high vacuum system capable of simulating
lunar vacuum has been placed in operation
together with auxiliary equipment capable of
accurately determining conditions in the system
while experiments are underway. A device for
use in the vacuum system to measure friction
between different mineral and mineral-metal
combinations was designed and constructed.

Outgassing studies were conducted with the
simulated lunar rocks that are being used in
this and other research tasks. Results of these
studies were reported in October 1967 (ref. 24).

Table 1 shows representative data. Reliable
information on the state of the test specimen,
not available in many vacuum tests conducted
previously, is essential for planning or inter-
preting results of property measurements or
behavioral studies in ultrahigh vacuum.

TaBLE 1.—Ouigassing of Simulated Lunar
Rocks in Ultrahigh Vacuwum (Low Bakeout
Temperature)

.the loading machine has

Outgassing
Ultimate rate at
Sample pressure, ultimate,
10-1¢ torr 1012 torr
liter/sec
Empty chamber________. 1.5
Dacite__._______________ 2.0 Nil
Pumice. ... _______.___ 2.5 2.0
Tuff . ___ I 4.5 ~ 80
Serpentinite_.___________ 7.0 8.0
Basgalt__________________ 25 100
Granodiorite. .. _________ 30 | 250

The fifth research task at the Twin Cities
Mining Research Center is under the direction
of Egons Podnieks. Its objective is to determine
the effect of lunar vacuum on the strength and
elastic properties of rock and on rock-failure
processes. The task is an extension of funda-
mental rock physics studies in progress at the
Center to develop an understanding of rock
bonding and failure mechanisms and the factors
which affect these mechanisms. In essence,
the experimental method used in these studies
consists of analysis of the microstructure of
rock specimens before and after loading with
an elaborately controlled and instrumented
compression machine. Auxiliary equipment
used with the uniaxial loading machine includes
a pressure cell for controlling the environment
and confining pressure around the test speci-
men- and an ultrasonic pulsing system for
measuring pulse velocity and attenuation in
the specimen during loading.

An ultrahigh vacuum system for use with
been purchased.
Its performance characteristics are identical
with those of the system being used in the
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surface property studies, but the chamber
configuration is designed to fit the loading
ram. A bellows system and specially designed
platens were constructed and are being installed
in the chamber. Specimen preparation and
preconditioning methods and experimental
techniques for use in the chamber were worked
out making use of the experience and data
developed in the surface properties studies.
While the ultrahigh vacuum system was being
readied for use, preliminary studies of environ-
mental effects on two simulated lunar rocks
were carried out using the pressure cell.
Variation of specimen environment from water-
vapor-saturated, atmospheric pressure to ultra-
dry, moderate vacuum (107% torr) produced
significant changes in strength and elastic
properties. Of particular interest to the study
of failure mechanisms were indications in the
moderate vacuum tests of degassing bursts,
which occurred simultaneously with micro-
selsmic noise indications picked up by the
pulsing system, as the load-versus-deformation
curve became nonlinear just prior to failure of
the specimen. Quantitative measurement of
the extent and nature of such outgassing will
be possible in the ultrahigh vacuum chamber.

The sixth research task at the Twin Cities
Mining Research Center is a 2-year study,
scheduled to be completed in 1968, of the
feasibility of extending to lunar vacuum en-
vironment current thermal fragmentation stud-
ies and property measurements at elevated
temperatures. The task, which is under the
direction of Robert Marovelli, also includes
measurements at atmospheric pressure of ther-
mophysical, strength, and elastic properties of
rock over the lunar-temperature range. In
this latter phase of the task, measurements of
thermal expansion, tensile strength, and bend-
ing strength have been completed on 10 simu-
lated lunar rocks. For most of the rocks the
expansion coefficient increases with increasing
temperature in a uniform manner through the
lunar-temperature range. Rock strengths are
significantly greater at the low end and signifi-
cantly smaller at the high end of the lunar
range than are room-temperature values. The
strength of basalt was found to increase 50
percent in going from room to liquid nitrogen

temperature (ref. 25). Measurements of ther-
mal conductivity are in progress and attempts
to reduce the size of specimens needed for these
measurements so they may eventually be
conducted in the Center’s vacuum chambers
have been successful.

High-energy electrothermal techniques of
rock fragmentation are of major interest for
lunar application. Direct use of electrical
energy on the Moon has advantages over
mechanical or explosive energy, and high
voltages and high frequencies may be more
manageable in the lunar environment than they
are on Earth. In order to help determine the
feasibility of studying thermal fragmentation
in simulated lunar vacuum, modest vacuum
capability (103 torr at 2000° C) was added to a
recently purchased thermal shock research
furnace. Thermal fragmentation studies over
the pressure and temperature range of this
equipment are in progress.

Use of a high-temperature furnace similar to
the thermal shock furnace is not practical in a
small ultrahigh vacuum system because the
heating elements sublime. Other heat sources
in use at the Center, such as the oxygen lance
and plasma torch, are even less practical. A
more promising heat source is the high-fre-
quency dielectric heating apparatus. However,
fragmentation techniques involve multielec-
trode arrays and meaningful results require test
specimens 8 cubic foot or larger in size. Prob-
ably the most realistic approach for initial
studies of thermal fragmentation in lunar
vacuum is a combination of a small vacuum
chamber and an external heat source, such as a
laser, or the focused energy from one of the
more conventional light sources. Final recom-
mendations will be made after the studies in
the thermal shock furnace are completed.

The seventh research task at the Twin Cities
Mining Research Center is a study of the basic
problems involved in drilling on the Moon.
The effects of lunar vacuum and temperatures
on cuttings removal and on cooling and lubricat-
ing bits are being investigated under the direc-
tion of James Paone, who will report the
progress of this work as part of a paper on lunar
drilling in this volume (ref. 22).

The last of the current research tasks in the
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problem area of rock fragmentation is located
at the Bureau’s Pittsburgh Explosives Re-
search Center where information relevant to
the use of explosives on the Moon is being
developed under the direction of Frank Gibson.
Problems of safety and contamination weigh
against the use of explosives, but their efficiency
and versatility make them very attractive as a
primary tool for lunar excavating. The work
at Pittsburgh is aimed at minimizing possible
hazards associated with the storage, handling,
and use of explosives in an environment charac-
terized by high vacuum, extreme temperatures,
and a flux of small hypervelocity particles.

Short-term effects of low pressure (10-* torr)
and lunar temperature extremes on explosive
sensitivity -and detonation velocity were in-
vestigated using several explosives with stability
characteristics that make them candidates for
lunar application. The only significant effect
detected was a decrease in sensitivity at low
temperatures. X-ray erystallography and thin-
film chromatography are being investigated as
methods for detection of possible long-term
effects.

The sensitivity of explosives to initiation by
impact of small particles, such as might occur
from micrometeoroid \bombardment, is being
determined by adapting techniques developed
for other types of hypervelocity studies at the
Pittsburgh Center. Preliminary experiments
using %- to Y¥-inch-diameter spherical pro-
jectiles launched from a 50-caliber antitank
gun showed that explosive detonation occurred
at velocities of the order of 1 km/sec for pro-
jectile mass of the order of 1 gram. The
relation between projectile mass and velocity
for detonation determined from these experi-
ments was extrapolated to smaller masses and
higher velocities to assist in the design of
hypervelocity impact experiments now in
progress.

A third phase of this task consists of the
study of explosive blast-wave propagation in
low-pressure environment. Particularly criti-
cal for lunar use of explosives is the problem
of acceleration of solid explosion products or
pieces of encapsulating material by the explo-
sive gases when no atmosphere opposes the
expanding gases. A 12-foot spherical firing

‘such as sulfur.

chamber is being equipped to study detonation
of 100- to 1000-gram charges at pressures of the
order of 10~ torr.

Material-Handling and Ground-Support
Studies

Two research tasks are being carried out at
the Bureau’s Spokane Mining Research Labo-
ratory, one concerned with material-handling
problems and one with ground-support prob-
lems. The first is a study under the direction
of David Nicholson of the effect of lunar
environment on the behavior of fine particles.
Bureau studies of the behavior of fine-particle
slurries used in mine backfill applications have
been extended to include dry fine particles and
lunar vacuum, temperature, and gravity
influences.

Static and dynamic frictional properties
important in handling, transporting, and
stowing fine particles are being measured, first
in controlled Earth atmosphere and then in
lunar vacuum. Property measurement tech-
niques are designed so that vacuum tests can
be performed in the Bureau’s ultrahigh vacuum
chambers at the Twin Cities Center. Param-
eters included in the property studies, in
addition to environment, are composition,
density of packing, size distribution, and shape.
Property measurements in Earth atmosphere
are being made on both basalt prepared in an
impact mill and basalt prepared in a ball mill.
Basalt prepared in the impact mill, and having
a particle-size distribution close to that deter-
mined for the lunar surface from the Surveyor
I1T pictures, demonstrated a substantial degree
of = cohesion after moderate compression.
Trenching of the perfectly dry material in
normal Earth atmosphere produced results
qualitatively identical with those of the Sur-
veyor III trenching experiment.

In the second task at the Spokane Labora-
tory, protection and support problems for
underground lunar shelters are being studied
under Robert Bates. Research is being con-
ducted on the properties of synthetic materials,
such as foamed plastics, and natural materials,
The load-behavior relations
for underground linings in the lunar environ-
ment are being studied.
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The most important factors controlling
lunar shelter design have been delineated.
They include radiation, meteorite, and thermal
protection, sealing for internal pressurization,
and stability and support of ground. At
depths less than 25 feet, the primary concern
is adequate radiation and meteorite protection.
Below 150 feet, support for overburden loads
becomes important. Between 25 and 150 feet,
the only significant problem is sealing to retain
internal pressure. Because the most pressing
problems are those involved in constructing
near-surface shelters using indigenous materials,
emphasis is being placed on using possible
lunar-surface materials for protection and
sealing purposes.

Mineral-Processing Studies

The five remaining research tasks in the
Bureau’s program are concerned with the
different problem areas of processing tech-
nology. Four of these are devoted to funda-
mental problems of extracting water or oxygen
from lunar rocks. The importance of studying
these problems was pointed out at the first
meeting of the Working Group on Extra-
terrestrial Resources in 1962 (refs. 26 to 28),
and the recommendations of the Working
Group (ref. 2), stimulated research on some of
the problems. The Bureau’s tasks are intended
to supplement the excellent work that has been
done by others over the past several years.

One of the tasks falls in the problem area of
mineral beneficiation. Foster Fraas at the
College Park Metallurgy Research Center is
investigating adsorption and contact electri-
fication in & vacuum to determine their effects
on the separability of nonconducting minerals.
The possibility of working with mineral con-
centrates rather than rocks to extract water or
oxygen is an appealing one because of the lower
energy requirements and higher productivity.
If intrusive igneous rocks are found on the
Moon, concentration of minerals which are
easily reduced or contain significant amounts
of water may be a good possibility, for the
grain size of intrusive rocks is normally larger
than that of extrusive rocks.

Equipment which has been designed and
constructed for the College Park task includes

a stainless-steel vacuum chamber with a turbo-
molecular pump and bakeout system capable
of 107° torr, a vibrating electrifier with bellows
feedthrough, a feed hopper, and a particle
recirculating system. Initial tests using a mix-
ture of quartz and microcline particles about
one-half millimeter in size are in progress.

The research task at the Albany Metallurgy
Research Center is related to the problems of
thermal decomposition. Hal Kelly is directing
a 2-year study of the stability of hydrous
silicates and oxides in high-temperature and
high-vacuum environment. The presence on
the Moon of hydrothermally altered rocks,
because of their high water content and the
relative ease with which water can be extracted,
would be of major importance for lunar resource
utilization. This class of rocks has been the
subject of intensive investigation (refs. 29 to
35). The work at Albany is providing data
previously lacking on the probable stability of
various minerals on the lunar surface and the
energy required to remove water or oxygen
from these minerals by thermal decomposition
in a high-vacuum environment.

Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) equipment
at Albany were modified to provide testing
capability in air and in vacuum down to 107°
torr at temperatures up to 1200° C. Specially
designed tantalum calorimeter parts permit
DTA measurements up to 1500° C in vacuum.
Data have been obtained on one or more
minerals in the olivine, mica, zeolite, epidote,
bauxite, and amphibole groups. Other min-
erals are presently being tested.

Information needed to determine the feasi-
bility of electrowinning oxygen from silicate
rocks is being obtained in the research task
under Donald Kesterke at the Bureau’s Reno
Metallurgy Research Center. The most read-
ily available raw material on the Moon is
likely to be extrusive igneous rocks. Oxygen is
present in these rocks in the form of silicates
and oxides. Production of oxygen by electrolysis
of molten rock is theoretically possible, through
modification of techniques developed for pre-
paring various reactive metals by fused-fluoride
electrolysis of their oxides. Previous investiga-
tions of this method of oxygen production
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(refs. 33 and 36) have shown a need for more
information to determine whether it may be
practical. The work at Reno is aimed at
determining the fundamental physical and
electrical properties of various silicate melts
and finding suitable nonreactive electrode and
crucible materials for use with the melts.

Various silicate rocks were tested to deter-
mine their melting characteristics, relative
viscosities, and relative electrical conductivities.
Fluxing agents in amounts of 10 weight-percent
were required to promote fluidity and con-
ductivity in the 1200° to 1300° C temperature
range. Fluoride, oxide, borate, and phosphate
agents were evaluated. Silicate melts con-
taining lithium fluoride were the most con-
ductive. Increasing the temperatures of the
melts to the 1400° to 1500° C range improved
conductivities by factors of two or three
compared with conductivities at 1300° C.
Currents of more than 100 amperes at 40 volts
can be attained at 1500° C.

Consumable graphite electrodes are being
used in the experimental work. Investigation
of possible nonreactive electrode materials,
which would be desirable for successful lunar
application, has been disappointing. Experi-
‘ments with platinum and iridium exposed to
1200° to 1500° C melts resulted in complete
dissolution or severe corrosion of the metals
within a short time after immersion. Attempts
to saturate hot-pressed boron nitride with a
silicate-flux mixture for possible use as an
electrode material were unsuccessful. Search
for suitable materials will continue.

The fourth task related to the extraction of
water or oxygen from rock is in the problem
area of chemical reduction. Dr. Sanaa Khala-~
falla at the Twin Cities Metallurgy Research
Center is supervising a study of the basic
mechanism and reaction kinetics involved in
the reduction of silicates with carbon. The re-
duction of silicates with carbon is neither new
nor exotic. It is the basis for a substantial
ferrosilicon industry in this country and Canada.
Rosenberg and others, studying the manufac-
ture of oxygen from lunar materials, demon-
strated that a closed-cycle silicate reduction
by methane can be carried out with virtually
no loss of methane (ref. 37). However, very

little fundamental kinetic data are available
on direct reduction by carbon.

Dr. Khalafalla’s group is obtaining such data .
for reactions between carbon and various
oxides and silicates in a vacuum furnace. A
simple mineral system (silica) is being studied
first. More complex mineral systems (silicates)
will be investigated later.

The degree of reduction of silica-graphite
mixtures in both loose powder and briquet
form was studied at pressures below 1072 torr
and temperatures up to 1450° C. Graphite
particle size was varied from 0.04 to 25 millimeters
and silica size from 0.06 to 1.4 millimeters.
Maximum reaction occurred with a reactant
particle 'size of about 0.10 millimeter. With
this size, the bed porosity was sufficient to
permit the escape of carbon monoxide while
securing maximum interparticle contacts. Mo-
lar ratios of silica to graphite were varied from
0.05 to 6.5, with maximum reaction at a ratio
of about 2. The reaction appeared to be a
solid-solid one not involving gaseous inter-
mediates, as a better correlation of the extent
of reaction was found with number of inter-
particle contacts than with surface area of the
reactants. In a 5-hour period at 1400° C,
over half of the oxygen present was extracted
from an equimolar mixture of 0.15 millimeter
silica and graphite powder.

Dr. Khalafalla’s group also completed a
1-year study of the feasibility of reducing silicates
with activated hydrogen in a plasma torch.
They concluded that the . process was not
feasible, although the phenomena involved in
mineral dissociation in the high-temperature
plasma arc might be worth further investigation.
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Simulated Lunar Rocks

The present paper describes the selection of rock materials for use by the Bureau of
Mines in its extraterrestrial resource utilization studies which are designed to simulate the

range of materials likely to be found on the Moon.

It includes preliminary results of the

measurement of the engineering properties of these materials.

INTRODUCTION

One of the first problems facing the Bureau
of Mines in 1965 in its NASA-sponsored pro-
gram of providing the basic scientific and engi-
neering knowledge for extraterrestrial mining
and processing was the selection of representa-
tive materials (refs. 1 and 2). Because we
expect the first manned bases will be on the
Moon, our immediate concern was with the
nature of the lunar surface. Up until the suc-
cessful chemical analysis of the lunar surface
by Surveyor V, we knew nothing of its chemical
composition. We supposed that the same ele-
ments might be available for rock-forming
processes as are present on Earth because the
relative abundance of the different elements is
much the same throughout the universe. We
also believed that if the Moon’s composition
was the result of differentiation like the Earth’s,
then certain elements like O, Si, Al, Na, Ca, Fe,
Mg, and K would be concentrated in the crust.
That the Moon’s rocks were also likely to be
silicates followed from what is known about
the composition of the Earth and from what
meteorites implied about other bodies in the
solar system.

We still know very little about how the
various dynamic processes such as mountain
building, weathering, volcanism, and meteorite
impact change the crustal rocks on other
planets. These processes may affect the rocks
in ways unfamiliar to us; they may operate to

a different degree or not at all. A good exam-
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ple on the Moon would be the lack of weathering
as we know it on the Earth. The absence of
any atmosphere on the Moon suggests that the
rounded boulders in the Surveyor pictures may
be mostly a result of micrometeoroid erosion or
thermal spalling.

Another example is that on the Moon we
do not see any of the great linear mountain
ranges which have originated on Earth through
crustal activity and folding. If crustal activity
in the form of mountain-building forces is
limited and erosion of the rocks is minimal, it
is unlikely that the deeper intrusive rocks, like
granite, are widely exposed.

Most of the controversy about the Moon
has focused on the problem of the origin of the
craters and maria (ref. 3). Some experts say
that impact by meteors and other bodies has
been the principal surface-forming process.
On the other hand, there are those who main-
tain endogenous volcanism was largely re-
sponsible. Although excellent arguments and
examples can be offered supporting either con-
cept of crater formation, it is not the purpose
of this paper to discuss these theories. We are
mainly interested in recognizing their implica-
tions in the selection of a range of materials
suitable for use in developing a lunar mining
technology. }

Let us accept the fact that both impact and
volcanism have been important factors in
creating the Moon’s surface. If this assumption
is true, then the main types of material we are
concerned with in the maria are the rubble

()
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produced by impact and rocks or fragmental
material of volcanic origin. The rubble will
probably consist of reworked volcanic and
meteoritic material. In any case, volcanic
rocks must receive considerable attention, not
only because they appear to be quite wide-
spread on the Moon, but also because a volcanic
terrain is likely to provide more usable re-
sources than does an impact terrain. Green,
in reference 3, says:

Volecanic terrain offers more shelter, more useful
minerals and rocks, more subsurface heat, and more
water than an impacted one. Therefore, to whatever
degree the lunar surface is voleanie, we must seek out
voleanic areas on the Moon because that is where the
survival advantages lie.

We wish to thank the following individuals
and organizations for their assistance in making
the collection of this suite of simulated lunar
materials possible: E. Groh, N. Peterson,
L. Ramp, and H. Dole of the Oregon State
Department of Geology and Mineral In-
dustries; G. Oakeshott of the California State
Division of Mines and Geology; R. Hogberg of
the Minnesota State Geological Survey;
J. Green of McDonnell Douglas Aircraft Co.;
W. Kennedy, Superintendent, National Park
Service, Lava Beds National Monument;
W. Miller of the Central Oregon Pumice Co.;
the U.S. Forest Service; the Oregon State
Highway Department; the Hanna Nickel Min-
ing Co.; and the Chamber of Commerce,
Bend, Oreg.

Rock properties were measured by personnel
of the Rock Physics, Thermal Fragmentation,
Chemical Fragmentation, Hydraulic Fragmen-
tation, and Mechanical Fragmentation Labora-
tories at the Bureau of Mines Twin Cities
Mining Research Center. Petrographic and
chemical analyses of the six rocks selected by
Green were made by personnel of North
American Aviation Co. The other rocks were
analyzed by personnel of the Petrographic and
Chemical Laboratories at the Bureau of Mines
Twin Cities Metallurgy Research Center.

SELECTION OF SIMULATED LUNAR
ROCKS

It is apparent that the volcanic rocks formed
on Earth may be used to simulate such rocks

on the Moon. Consequently, we have chosen
these rocks for our research to assure that we
cover the range of physical and chemical
properties that are likely to be found on the
lunar surface. As we learn more about the
Moon, we can concentrate on those rocks which
are more representative or are of particular in-
terest. The recent chemical analyses of the
lunar surface performed by Surveyor V and
Surveyor VI, which indicated a composition
similar to terrestrial basalts, provide additional
confidence in using volcanic rocks in our studies.

In choosing a source for voleanic material,
we turned to the large areas of voleanism in
Oregon and northern California. Green had
already selected six rocks from this region for
lunar research, and his work has been of con-
siderable value to our program (ref. 4). His
criteria for selecting the specific rocks. were:
(1) they should be representative of possible
lunar rocks; (2) they should have the specific
characteristics needed for the particular re-
search to be performed; (3) they should come
from an outcrop uniform in composition and
texture; and (4) samples should be convenient
to collect in sufficient quantity for the research
to be performed.

Using these criteria as a guide, Green selected
these rocks: a tholeiitic basalt, to simulate rock
from large basalt flows such as might be found
in the maria (tholeiitic basalt was chosen be-
cause low-pressure environments might favor
their evolution on the Moon); a semiwelded
tuff, in case the maria are filled with ash flows;
an obsidian, to simulate rock from a flow of
quickly chilled rhyolitic lava; an altered
rhyolite, to represent a hydrothermally altered
material containing a high water concentration;
and, finally, two intrusive igneous rocks, a
serpentine (serpentinite) for its high water
content and to allow for an ultramafic Moon
or a Moon with considerable iron and mag-
nesium in its composition, and a granodiorite,
to represent a deep-seated rock exposed on the
lunar surface. No meteoritic material was in-
cluded because of the difficulty of obtaining
bulk quantities.

In choosing our suite of simulated lunar ma-
terials, we decided to include all of the rocks
selected by Green. Our research program,
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however, required a broader range of rocks to
assure that our fundamental work on material
properties and behavior will be adequate. For
this reason we have added the following vol-
canic rocks: a rhyolite, as a fine-grained extru-
sivesilicic rock ; a dacite, to simulate an extrusive
rock of composition intermediate between
rhyolite and basalt; & pumice; and three vesic-
ular basalts with different size vesicles, to allow
for the very likely possibility of vesicular rocks
on the Moon.

We have also included a gabbro, to simulate
a coarse-grained basic intrusive, and a dunite,
in the event that the Moon has a composition
similar to chondritic meteorites or to the Earth’s
mantle. Like Green, we made no attempt to
collect meteoritic material because of the need
for large quantities. The 14 figures in appendix
A are photographs of hand specimens and photo-
micrographs of all the rocks mentioned. Petro-
graphic descriptions and chemical analyses are
given in appendixes A and B, respectively.
For completeness, Green’s petrographic de-
scriptions and chemical analyses have also been
included (ref. 4).

Other rocks may later be added to our suite
of simulated lunar materials. We intend to
look at the problem of shock metamorphism in
natural materials, such as that associated with
impact craters (vef. 5). We also intend to
look at the problem of obtaining larger and
more uniform vesicles by artificially frothing
basalts or obsidians (ref. 6). The Moon’s
lower gravity and lack of atmosphere suggests
that nucleation of the gas bubbles within lunar
lavas occurs at greater depths than on Earth.
As the bubbles rise toward the surface, they
expand at a rapidly increasing rate to form
correspondingly larger vesicles as the lava cools.
The effect of vesicle size on the engineering
properties of the lunar rocks will be an im-
portant consideration.

PROPERTIES OF SIMULATED LUNAR
ROCKS

The simulated lunar rocks are being used in
their unfragmented form to represent a bed-
rock lunar surface, and in a fragmented and
pulverized form, to represent rubble surface.

Each of these situations raises particular prob-
lems with respect to extraction and processing
of the rocks. In the former case, problems of
rock fragmentation are paramount. In the
latter, material-handling problems are more
important. In both cases we are concerned
with physical and chemical composition, surface
properties, elastic properties, strength proper-
ties, thermal properties, electrical and mag-
netic properties, and explosive shock properties.
In order to show the range of property values
represented by the materials we have selected,
average values for some of the properties that
have been measured on core and block speci-
mens of the rocks are given in table 1. These
data are preliminary and may be modified by
additional work which will take into account
the anisotropy that is characteristic of most of
the rocks as well as refinements in measure-
ment and analysis. Final results and descrip-
tions of experimental techniques will be
reported by the individual researchers of the
Bureau of Mines Twin Cities Mining Research
Center.

All of the properties shown in the table other
than the coefficient of rock strength were meas-
ured by common laboratory methods. This
strength measurement is a simple test of the
energy involved in breaking a unit volume of
rock to a given size. It is performed by placing
a specimen in a tube, dropping a standard

~weight from a standard height, and measuring

the volume of material that is produced below
a standard size. The table illustrates the
broad range of property values covered by the
simulated lunar materials. At the low-density,
low-strength, and low-hardness end of the scale,
this range extends beyond that usually en-
countered in mining problems on Earth.

The group of rocks we are using is primarily
composed of voleanic rocks, although we have
included some rocks which may be expected to
form at depth. We have included intrusive,
aside from allowing for the possibility of their
being exposed on the Moon’s surface, in order
to provide a broader range of materials for the
use of other research groups. Although in past
years we have worked with many intrusive
igneous rocks and also metamorphic and sedi-
mentary rocks associated with mining and



TaBLE 1.—Properties of Simulated Lunar Rocks in Earth Environment

Young’s

. Bulk | Appar- | Perme- | Hard-| Pulse Com- Tensile |Strength Magnetic Dielec- | Dissipa-
Rock type den- |ent por-| ability, | ness, | veloc-| modulus, | pressive | strength, | coeffi- Thermal . suscepti- tric tion
sity, osity, darcys | shore | ity, psi strength, psi cient, expansion bility, constant| factor
g/ce | pereent units | m/sec pst ratio cgs units ratio ratio
Dunite _..__.____ 3. 19 1 <1 73 | 7500 | 18.7X 108 27 000 2000 1.32 6. 2X10-8 400X 10-¢ 50 0. 008
Gabbro___.._.____ 3. 11 <1 <1 84 | 7100 | 16.6 30 000 2000 . 96 3.9 6000 15. 4 . 081
Tholeiitic basalt_ .| 2. 84 2 <<L1 84 | 6000 | 10. 3 53 000 3400 1.91 4.5 2000 111 . 099
Granodiorite. ____ 2. 58 1 <1 87 | 3000 6.1 21 000 950 .51 5.6 Negligible 5.5 . 004
Serpentinite____ - - 2. 56 3] <1 68 | 6000 | 5.7 18 000 800 .37 | 53 6000 (=) (=)
Obsidian_._...._. 2.39 1 <1 ] 103 | 5600 9.2 65 000 2200 .53 4.1 100 6.3 . 010
Altered rhyolite._| 2. 36 8 <1 59 | 3300 2.6 16 000 1100 .74 (=) Negligible 4.8 . 017
Rhyolite_._______ 2. 35 8 <<L1 79 | 4200 2.4 22 000 1200 . 89 4.5 400 5.1 . 003
Vesicular basalt 1| 2.25 20 | Varies 81 | 3800 2.8 10 000 1100 1.01 3.2 400 6.0 . 012
Vesicular basalt 2| 2.22 24 | Varies 67 | 4500 | 2.5 5 500 590 .75 (=) 500 6.7 . 036
Dacite. _ . _______ 1. 98 17 4 35 | 4500 2.0 6 000 620 .42 3.1 600 5.0 . 008
Vesicular basalt 3.| 1. 52 46 | Varies 80 | 4800 | 2.7 5 600 810 .77 (=) 200 4,2 . 005
Semiwelded tuff_ .| 1.15 50 58 10 | 2500 3 850 100 .10 3.3 400 2.9 . 015
Pumice__________ .76 62 840 5 | 2500 .5 1 500 240 .08 4.5 Negligible 2.3 . 008

2 Not yet measured.
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quarrying operations, we have done little re-
search on voleanic rocks prior to the present
program for NASA.

The present selection of rocks represents a
range of lithologies and textures that we hope
will appeal to other organizations requiring
simulated lunar materials. We believe that it
is very desirable for all groups doing research
related to lunar resource utilization to use the
same rocks in order to facilitate comparison of
their results. A number of organizations are
already using some of these rocks. The Bureau
of Mines is providing samples of the rocks, on
request, to any group doing research related to
our program. We can provide quantities up to
several pounds of any of the materials we have
on hand, and we can usually provide the ma-
terial in a form that will satisfy particular
requirements.
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APPENDIX A—PETROGRAPHY OF clase which impart a hyalopilitic texture to the
SIMULATED LUNAR ROCKS matrix material. Only two large phenocrysts of
plagioclase were found within the sections ana-

The petrography of the simulated lunar rocks is given lyzed, but there are definitely two generations of
in the following outline. Analyses of rocks I to VI plagioclase present. Most of the crystals are
were made by J. Kennedy. (See ref. 4.) Analyses of subhedz:al in form with the exception of the older
rocks VII to XIV were made by M. Boucher. generation plagioclase which have reentrants and
rounded corners which indicate partial resorption.

I. Basart, THOLEIITIC 2. Siructure.—The spectrum of grain size is not

wide except for that of the microlites found in

A. Macroscopic: the matrix glass. The older generation plagio-
1. Color.—Black. clase are the largest crystals and average 0.15

2. Texture.—Aphanitic. millimeter in length and 0.03 millimeter in width.

3. Structure.—Massive columnar. This does not include the phenoerysts mentioned

4. Field name.—Basalt. above. The next largest crystals are the second-

B. Microscopic: generation plagioclase which average 0.10 milli-
1. Texture.—Merocrystalline probably describes the meter in length and 0.025 millimeter in width.
texture best because both glass and crystals are The augite and olivine grains are approximately
present. However, the interstitial glass is the same size with the former averaging 0.05
charged with microlites of magnetite and plagio- millimeter in diameter and the latter, 0.04 milli-

meter in diameter; the smaller microlites are less
than 0.008 millimeter in diameter. The chlorite
grains are variable with some being marginal
alterations of the pyroxenes and some occurring
as discrete entities.

C. Essential minerals: Content,

percent

1. Plagioclase Ang and Ang. . ________ 39
2. Olivine. . oo __.__ 13. 5
3. Augite_ .. 10. 5
D. Accessory minerals and glass: Content,

percent
1. Plagioclase microlites_._.______________ 12
2. Magnetite (titaniferous) and ilmenite..__ 8
3. GlasSeo oo ___ 12
4. Chlorite. oo oo .. 4

) : 5. Quartz (very small inclusions in plagio-

!t}\xlﬂ\ﬂ g ' E clase) ________________________________ 1
’ 6. Apatite. ... _____ <1
7. Epidote. .. _______ <1

Figure 1.—Tholeiitic basalt; occurs northeast of E. Description of most commonly occurring minerals:

Madras, Oreg. Above, hand specimen; below, 1. Plagioclase.—NaAlSi;05; CaALSi,Os.

photomicrograph, X 13. (a) General.—Two generations of well-developed

crystals of plagioclase are present along with
needlelike plagioclase microlites, which occur
in the groundmass glass. The older generation
crystals appear to be brecciated phenocrysts.
Large phenocrysts must have existed in the
magma, prior to flow. During the flow process
these were broken and shattered and now
appear only as fragments of former large crystals.
A very few survived as discrete phenocrysts.
These early crystals have retained only shadows
of their former twinned planes, and zoning is
pronounced. Zoning ranges from Angy-g, with
most of the crystal being approximately Ang:.
Reverse zoning is prominently displayed, with
the greatest Na molecule density occurring in
the interior adjacent to the twin planes and
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becoming more basic toward the margins of the
crystal.

The later, or youngest, crystals show the
reverse effect. Twin planes are sharp and
distinet with a small amount of normal zoning
present. The composition ranges from Ans-s
with the exterior margins being the more
alkaline. Crystallization was much later in the
magmatic history than in the earlier former
plagioclase and orthobrecciation is not an
important feature as it is with the older genera-
tion plagioclase. ’

() Crystal development.—Crystal faces of the
older generation plagioclase are well developed
but show rounding and corroded boundaries
adjacent to matrix material. When other
erystals such as olivine, pyroxene, and magnetite
are found in contact with the older plagioclase,
a well-developed sharp boundary is formed
between the two minerals. Fractures, splintering,
and separation along twin lamellae are common.
Crystal boundaries of the younger generation
plagioclase are well developed adjacent to all
other ecrystals. The boundaries are sharp and
well defined. Separation along twin lamellae
and rounding of crystal corners is extremely
rare.

() Alteration.—Small granules occur along twin
lamellae separations in the older generation
plagioclase. These have been tentatively identi-
fied as epidote and are probably an alteration
product of the older plagioclase. The younger
generation plagioclase does not show this feature
or any other feature indicating alteration.

(d) Inclusions.—Several small inclusions arc
found within the plagioclase. These have
tentatively been identified as epidote, quartz, or
apatite. The inclusions occur as small round
or slightly elongate globules, the largest being
about 0.012 millimeter long and 0.007 millimeter
wide. Theinclusions are a primary feature of the
plagioclase and are not an alteration product.
. Olivine.—Fe,8104; Mg,SiO;.

(a) General—Olivine occurs as small euhedral
to subhedral crystals occupying the interstices
between plagioclase laths along with augite,
glass, and magnetite (ilmenite). In general, the
crystals are smaller than those of augite but
larger than the largest magnetite grains. Some
crystals show broad twin lines, but these are
relatively rare.

(b) Crystal development.—The crystals are partly
cuhedral and show typical olivine outline. Good
face development against plagioclase, augite,
and magnetite is common. In the section where
it is found in subhedral form it is probably caused
by separation along irregular fractures rather
than poor development. It is colorless in this
section but stands out prominently because of its
high relief and strong birefringence.

(¢) Alteration.—In general, the olivine is un-
altered, but in rare cases small patches of chlorite
develop along some margins. A single instance
was found of a euhedral crystal of olivine that
was ccmpletely altered to chlorite.

(d) Inclusions.—Inclusions are practically absent
in the olivine. However, occasionally it appears
to contain small magnetic grains.

3. Augite—(Ca, Mg, Fe**, Fe®*, Ti, Al), (8, Al),0.

(@) General.—Augite is distinguished from olivine
by its lower birefringence and its cleavage.
These features were used to identify or separate
augite from olivine during the point-count
procedure.

(&) Crystal developmeni.—Crystal faces are, in
general, poorly developed, but euhedral crystals
are present. In the case where glass is the sur-
rounding medium, crystals are best developed.
If augite is developed adjacent to olivine, the
olivine deforms the augite to follow the shape of
the olivine crystal. The same is true for some
of the larger crystals of magnetite (ilmenite).
(¢) Alteration.—In rare cases augite is seen to
be slightly altered to serpentine(?). This is
especially true when augite has come in close
proximity to fragments of chlorite which contain
plagioclase.

(d) Inclusions.—Small euhedral crystals of apa-
tite are sometimes found in the larger augite
erystals. This seems to be especially true when
the augite occurs as a euhedral crystal of larger
than average size. A few large augite crystals
were observed. These were corroded to such
a degree that only vestigial outlines were present.

. Magnetite (ilmenite or ore minerals) —Fe?* FeT0y;

FeTiOs.

(a) Crystal development.—Magnetite oceurs in
three forms: (1) fill for irregular voids, (2) euhe-
dral crystals, and (3) microlites. The irregular
masses oceur most generally where there is the
greatest concentration of other ecrystals. All
crystals seem to deform magnetite, and its
irregular nature indicates it emerged in the later
cooling phase. However, some of the larger
magnetite crystals form anhedral faces against
augite. In general, the euhedral crystals and
well-developed miecrolites ocecur in the glassy
matrix material and do not contact other min-
erals. Because of the large microlites and the
greenish tinge surrounding the grains of mag-
netite, the grains may be ilmenite in many
cases; probably there is a mixture of both
ilmenite and magnetite.

(b) Alteration.—None present. Hematite sur-
rounding the ore minerals is conspicuous be-
cause of its absence. Lack of magnetite altera-
tion indicates the rock is fresh.

(¢) Inclusions.—None apparent.

. Chlorite—Mg;Si;05(0H),.

(a) General—Most of the chlorite found in the
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sections of basalt occur as fragments rather than
grains. These fragments consist of only chlorite
and plagioclase.
(®) Crystal development.—The fragments are
anhedral and the included chlorite portion is
also anhedral. However, the included plagi-
oclase is euhedral and has extremely well-
developed faces, which stand out in sharp con-
trast to plagioclase belonging to the original
magma.
(¢) Alteration.—The chlorite itself is probably
an alteration product.
(d) Inclusions.—Large plagioclase crystals de-
scribed above.

6. Glass:
(a) General.—The glass occurs as a brown matrix
material charged with microlites of magnetite
and plagioclase. Also, euhedral crystals of mag-
netite are common throughout the matrix.
Fracturing in the glass is uncommon and the
microlites within the matrix have a random
orientation. This gives the interstitial glass an
extremely irregular appearance.
(b) Alteration.—The glass does not appear to be
devitrified; however, its dark brown color may
mask some devitrification. Microlites inti-
mately mixed with the glass may cause some
error in index determination. The index has
been mieasured as approximately n=1.525.

II. SemiwerpEp TUFF

A. Macroscopic:

1. Color.—Light brown mottled with reddish-
brown, brown, and black lapilli.

2. Texture.—Fragmental lapilli breccia consisting
of pumice, dacite vitrophyre, and welded-tuff
fragments in a volcanic dust and glass matrix.

3. Structure.—Generally massive with elongated

fragments having a preferred orientation. These
are subparallel but do not form definite bedding
planes.

. Field name.—Lapilli tuff.

. General observations.—Fragments greater than 4
millimeters in diameter but less than 32 milli-
meters in diameter make up more than 25 per-
cent of the total rock mass. Therefore, the
prefix “lapilli’” was assigned to the rock type.
However, the rock is more consolidated than
the usual tuff and has a semiwelded fabric.

B. Microscopic:

1. Texture.—The microscopic texture is divided
into parts which depend on the portions of the
thin section being examined. The divisions are:
matrix, pumice lapilli, dacite vitrophyre lapilli,
welded-tuff lapilli, and crystal fragments.

(@) Matriz texture—~The matrix consists of
arcuate glass shards, rounded ash particles,
occasional droplets of clear brown glass, and.oc-
casional perlites, all cemented together with an

[
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Freure 2.—Semiwelded tuff; Bend, Oreg. Above,
hand specimen; below, photomicrograph, X 13.

almost impalpable, slightly vesicular glass dust.

“Vitroclastic,” as used by Dr. H. Williams, is

the term that most nearly describes the matrix
texture.

(b) Pumice lapilli texture.—The pumice fragments
consist of a highly vesicular brown dust glass.
The vesicles are variable in size and density both
within a particular fragment and from fragment
to fragment. In general, the vesicles are round
or spherieal; this is, typical of pumiceous texture,
but irregular and ellipsoidal forms are not rare.
(¢c) Dacite vitrophyre lapilli texture—The dacite
vitrophyre fragments consist of lathlike microlites
of andesine-labradorite plagioclase and inter-
stitial pyroxene crystallites in a matrix of dark
gray-green glass charged with ore mineral
microlites. Occasional phenocrysts of plagio-
clase (Ang-s) are found and small vesicles are
common.

(d) Welded-tuff lapilli texture.~~The welded-tuff
lapilli has good lineation formed by thin discon-
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tinuous threads of brown dusty glass. Micro-
seopic vesicles are numerous and are in general
of two types: (1) long thin extended vesicles
which occur within the threads and (2) almond-
shaped vesicles which occur between threads.
Flattening of ash particles is very evident in
cases where they occur as discrete units. In
general, ash particles have been completely
fused and particle boundaries are not evident.
(e) Included crystals.—The included -crystals
occur as individual fragments making up part
of the matrix material, with the exception of the
plagioclase phenocrysts which occur in the dacite
vitrophyre. The crystal boundaries are clear
and sharp and crystal faces are common. How-
ever, some rounding has taken place, especially
where faces intersect to form corners. The edges
have been eroded away, presumably by abrasive
action of ash particles. This is suggested, rather
than magmatic resorption, because each crystal
fragment is surrounded by a clear glass rind
which indicate very rapid cooling. The best
overall textural term must also refer to the rock
type, that is, a lapilli or lithic tuff.

. Structure—On a macroscopic scale the lapilli
show fair lineation, which is more preferred
orientation rather than lineation because actual
continuous bedding does not exist. On a micro-
scopic scale this preferred orientation is not
apparent.

(@) Matriz structure—No apparent structure
exists in the matrix. All particles have a ran-
dom orientation, and flattening of ash grains is
not evident. The vesicles, which are ellipsoidal
and somewhat flattened, do not possess a preferred
orientation. The most impressive feature of the
matrix material is the way the vitreous dust
completely fills the interstices between glass
shards, ash particles, and lapilli. No void spaces
are present in the matrix, with the exception of
vesicles. In a few widely scattered areas, some
welding has taken place and microscopic sinuous
lamellae are present and are very similar to those
of a welded tuff.

(b) Pumice lapille structure.—~Each ash particle
is slightly flattened against each adjacent grain.
However, the grains maintain an almost spherical
shape and the flattening effect does not have a
preferred orientation. Lineation within the
lapilli is not apparent.

() Dacite vitrophyre structure.—Small crystallites
of plagioclase have a subparallel alinement that
is deflected by included larger crystals such as
hypersthene or plagioclase phenocrysts. A few
reentrants around the margins and some included
vesicles indicate the parent rock was of a vesicu-
lar nature.

(d) Welded-tuff lapilli structure.—Good lineation
is apparent in the welded-tuff lapilli even on a
microscopic scale. Thin discontinuous threads of

brown dusty glass, which are slightly blocky on
the ends, lie parallel to one another. These
threads are deflected around vesicles and almond-
shaped ash particles. This gives a gentle wavy
appearance to the lineation. The structure as a
whole is somewhat eutaxitic in nature.

(e) Included crystals.—The included crystals oc-
cur in all forms from euhedral to anhedral, but
in general they have a euhedral outline with
slightly rounded corners. These crystals have a
completely random orientation and even the
plagioclase laths, which would be expected to
take on an orientation with their long dimension
paralleling the surface, exhibit a random pattern.

C. General statement:

1. Many other fragments or lapilli of other rock
types exist in the lapilli tuff, but in general these
are variations of those listed above or are minor
constituents. Two fragments of rhyolite (por-
phyritic), a few small fragments of obsidian, and
one fragment of porphyritic basalt were observed,
but because they are minor constituents they
are not described in detail.

II1. OBsiDIAN

A. Macroscopic:

1. Color.—Dark gray with a slight brown tint.

2. Texture—Glassy, macroscopically holohyaline.

3. Structure.—Massive with an oriented splintery
fracture system. Fractures perpendicular to
the splintery system are conchoidal.

4. Minerals.—None identifiable.

5. Field name.—Obsidian.

B. Microscopic:

1. Texture.—Glass matrix charged with glass
shards, microlites, and crystallites. The micro-
lites are of the longulite and belonite varieties.
The glass shards have rounded resorption bound-
aries, and some are cloudy under crossed nicols
indicating devitrification. A few widely scattered
plagioclase grains also are present.

2. Structure.—The glass shards and microlites
show a general preferred orientation with their
long dimension parallel to the splinter-fracture
pattern. Microlite density is variable; it occurs
in streaks nearly parallel to the splinter-fracture
system. Relic plagioclase laths occur as scat-
tered unoriented grains.

C. Essential and accessory constituents or

. Content,
minerals: percent

1. Glass._.___ e 60

2. Miecrolites_ __ . oo 30

3. Plagioclase_______._____________.______ 5

4. Augite_ .. __ - 3

5. Ore minerals____ __.______ . ____.___. 2

' Content,

D. Secondary minerals: p;?,cfm
1. Chlorite_ . __ - 1
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Ficure 3.—Obsidian; Newberry Caldera, Oreg.
Above, hand specimen; below, photomicrograph,
X 13.

E.

Essential constituents:

1. Glass.—Content, 65 percent (index of refraction
n=1.495). There is no crystalline form to the
glass, but there are two varieties occurring in
this obsidian: matrix glass and darker glass
shards. The glass shards make up approxi-
mately 40 percent of the total glass content.
The shards have conchoidal boundaries and
rounded reentrants of matrix glass. Apparently,
during cooling orthobrecciation was oceurring
along with resorption.

2. Ore minerals.—The ore minerals oceur as very
small spherical globules. Insome cases, vestiges
of face development can be scen.

(@) Inclusions.—None.
(b) Alteration.—None.

IV. AvrtEreEp RuyoLiTE

A. Macroscopic:
1. Color—Cream colored with streaks of brown
limonite in fractured regions.

2, Texture—Dense aphanitie, with scattered small
vesicles. Some small (I millimeter or less)
crystals, probably sanidine.

3. Structure—Numerous fractures with random
orientation and small (1 millimeter in diameter)
widely scattered vesicles.

4. Field name.—Altered rhyolite.

B. Microscopic:

1. Texture.—Minute lath-shaped crystals, prin-
cipally feldspar with some interstitial glass in a
matrix of felty crystallites and small microlites.
Scattered random-oriented crystals 0.1 to 0.4
millimeter in diameter.

2. Structure—The plagioclase laths occur in sub-
parallel clusters, thereby imparting some linea-
tion to the overall structure. Deflection of these
crystals around knots of felted crystallites and
vesicles gives a semiwavy pattern. The vesicles
are not spherical but are irregular in shape and
somewhat flattened and lined with small erystal-
lites, which probably are quartz.

C. Essential minerals (percentages are visually es-
timated and should be considered only as approx-

; ; . Content,
imations): pgfc i

1. Plagioclase (Angg) -« oo 25

2. Sanidine_ _ __ _ .. 10

3. Quartz_ . o-- 2

4, Felty groundmass and glass____________ 60

. Content,

D. Accessory minerals: percent
1. Pyroxene(?) microlites____ - __.....____ 1

R Content,

E. Secondary minerals: percent
1. Hematite and elay__._______ - . __ 2

(@) Inclusions.—Glass is the matrix material.
Therefore, all minerals are essentially included
in the glass. However, the glass shards do not
contain microlites or other crystalline material.
(b) Alteration.~—Patches and widely scattered
small spherical areas appear cloudy under
crossed nicols (devitrification). These areas
are generally around relic plagioclase or adjacent
to a long fracture.

2. Microlites.—The microlites arc oblong rectangles,
in general, with some showing slightly bulbous
ends. The outlines are clear and sharp, and
they are mostly of the longulite elass. Some of
the larger microlites show extinction under
erossed nicols. The extinction angle averages
about 37°. If the orientation is considered as
being normal to the (010) the microlites would be
approximately Ang;.

(a) Inclusions.—None apparent.
(b) Alteration.—None apparent.

3. Plagioclase.—Most of the plagioclase grains arc
highly fractured and very few crystal boundaries
arc well defined. The highly fractured naturc
and the angularity of the corners suggest ortho-
breceiation and partial resorption. Clouding
of the glass adjacent to the plagioclase grains is
common. No sharp twin planes arc evident and
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F1aURE 4.—Altered rhyolite; occurs east of Bend, Oreg
Above, hand specimen; below, photomicrograph,
X 13. ‘
T Tl Dy N S
ot .g;:,*,}ﬁ"" :

oyt

the fragments are highly zoned. A few oriented
grains show zoned extinction from Any to Ang.
(a) Inclusions.—None apparent.

(b) Alteration.—The cloudy area surrounding the
plagioclase fragments indicates that resorption
was taking place and enriching the surrounding
glass. The alteration product has not been
identified. :

4. Augite—Augite occurs as small semiglobular
patches with serrate projections into the glass
and microlite areas. No erystal faces are present
and only in very widely scattered large grains
is the cleavage visible. In general, the augite
oceurs as grains larger than those of the plagio-
clase. However, it is much more rare.

(a) Inclusions.—None apparent.

(b) Alteration.—In a few instances chlorite or a
light green coloration surrounds the augite and
projects a short distance into the glassy ground-
mass. In cases where microlites are adjacent

to the augite the coloration surrounds the
microlite.

Common minerals:

1. Plagioclase (Ans).—The plagioclase laths oceur
as discrete laths in the felty groundmass and are
generally not twinned. However, occasional
albite twins are present. In general, the crystals
are poorly formed and are subhedral in outline.

2. Sanidine.—The sanidine crystals are anhedral
with very poor crystal development. However,
excellent interference figures are available and
the 2V is approximately 4° and very nearly
uniaxial in character. Some small glass shard
inclusions are present. The irregular crystals
are approximately 0.10 millimeter in diameter.

3. Quartz.—Quartz occurs in two phases: One mode
very similar to that of the sanidine and the other
as very small crystallites partially lining small
vesicles.

V. SERPENTINE {SERPENTINITE)

. Macroscopic:

1. Color.—Dark green mottled with apple green.

2. Texture.—Lineated with chrysotile phenocrysts
and numerous randomly oriented hairline frac-
tures filled with chlorite and ore minerals.

3. Structure.—Massive, with good subparallel linea-
tion and some mammillary inclusions which
interrupt lineation.

4. Field name.—Serpentine.

Miseroscopic:

1. Texture.—The texture is typical of serpentine.
It consists of the typical mesh texture of antigo-
rite with flakes of wavy fibrous chrysotile
scattered at random. The apple-green linea-
tions seen in the hand specimen are aggregates of
crystals consisting of olivine, pyroxene, and
amphibole.

2. Structure.—Grains as discrete entities are not
evident except in the crystalline veinlets, where
amphibole dominates with some crystals as
large as 0.4 millimeter in diameter. Chainlike
lineation of the ore minerals (magnetite and
chromite) and also elongated masses are com-
mon. In some sections of the slide, especially
in the massive antigorite regions, a poorly
developed bastite structure is recognized.

. Essential minerals.—Point-count procedures to

determine the quantitative percentages of mineral
composition of the serpentine are in progress; the
following percentages are estimates based on visual
thin-section examination.

Content,

percent

1. Antigorite.___ ___ .. _____ 50
2. Chrysotile_________ ... ___ 20
3. Oreminerals_ _ _ ... ______.___.__.._- 7

. Content,

. Accessory minerals: percent
1. Enstatite_ _ _ __ ... 5
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F1aURE 5.—Serpentinite; Rogue River, occurs north-
west of Grants Pass, Oreg. Above, hand specimen;
below, photomicrograph, X 13.

Content,

percent

2. Augite_.__ . ______ o __.__ 5

3. Olivine_ .. ________________________ 8
E. Secondary minerals: %‘%ﬁ%’
1. Chlorite. . __ o ._____ 2

2. Taleo o ___ 1

3. Tremolite. __ .. ____.__________________ 1

4. Dolomite or magnesite_.._______________ 1

F. Description of commonly occurring minerals:

1. Antigorite (Mgs(OH)sSiyOyp) . —Antigorite is the
dominant mineral and it surrounds all minerals,
veinlets, and other features. The structure is a
combination beam-and-mesh type with the
beam structure being predominate. Antigorite is
also found as a minor secondary mineral within
the apple-green veinlets of amphibole and py-
roxene. Small groups of irregular carbonate
minerals (dolomite or magnesite) are found be-
tween antigorite plates in some cases. Howevet,
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tremolite crystals are rather common and show
good crystalline form.

2. Chrysotile (Mg(OH),8i;05) —Chrysotile crystals
have an apparent random orientation with little
or no relation to veinlets or fracture patterns.
The crystals are irregular in shape and very
finely fibrous. In some cases small erystals of
tremolite are found within the chrysotile pheno-
crysts.

3. Ore minerals—The ore minerals (magnetite or
chromite) occur both as lineated stringers and
irregular masses. However, the irregular masses
also show some lineation. Almost all the chryso-
tile erystals have some ore minerals surrounding
the erystal asa partial, discontinuousrim. Inclu-
sion of ore minerals within the chrysotile is rare.

VI. GRANODIORITE

. Macroscopic:

1. Color—Light gray to white mottled with black
minerals.

2. Texture—Crystalline.

3. Structure.—Massive unfractured.

4. Field name.— Granite.

. Mieroscopic:

1. Texture.—A number of randomly oriented grains
are completely enclosed in optically continuous
crystals of different composition (poikilitic tex-
ture). Some fingerlike intergrowths of quartz
are found penetrating plagioclase crystals (myr-
mekitic intergrowths). However, this condition
is a rare rather than a general characteristie.

2. Structure.—There is a wide spectrum of grain
size, but in general the rock is medium grained
with hypidiomorphic structure. Small grain or
crystal inclusions in the larger grains consist of
zircon, sphene, apatite, and opaque ore minerals.

. Essential minerals: g??f%? ’
1. Plagioclase (zoned Angpsp)- - oo ___ 40
2. QUArtZ .o o 39
3. Orthoclase (untwinned)_. .. ______.__.___ 8
4. Microcline (twinned) — ... _________ 2

. Content,

. Accessory minerals: percent
1. Biotite o e 7
2. Museovite .o oo 1
3. Zircon_ . e 1
4, Apatite - . . 1
5, Oremineral . . ____.._ . _______.______ 1
6. Sphene_ _ ___ . _____ 1

. Content,

. Secondary minerals: percent
1. Chlorite_ . - - e 1
2. Bpidote . oo __ 1

Rock type, biotite granodiorite_ ________

. Description of most commonly occurring minerals:

1. Plagioclase (NaAlSi;0s; CaAlSi;Os).—Crystal
faces are well developed against orthoclase and
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FicurE 6.—Granodiorite; Bates Station, occurs east of
Madera, Calif. Above, hand specimen; below,
photomicrograph, X 13.

microline ecrystals, except where myrmekitic
texture exists. Crystal faces are generally but,
not always well developed against quartz erystals.
. The crystals are zoned from An;o to Any. How-
ever, the rims extinguish at the same time as
the core does and, in general, are of about the
same composition. Three types of twinning are
apparent: (1) albite, (2) carlsbad, and (3)
pericline.

(a) Alteratton.—White mica is found as small
crystals along cleavage planes or as larger crystals
in the core. The boundary between plagioclase
and biotite contains both white mica and epidote.
(b) Inclusions—Euhedral zircon, euhedral and
subhedral biotite, anhedral ore minerals, and
euhedral apatite.
. Quartz (8i0;) —Crystal faces are, in general, well
developed against orthoclase, microcline, and
quartz but are anhedral against other major
minerals.
(a) Alteration.—None apparent.
(b) Inclusions.—Subhedral and euhedral biotite

and plagioclase, euhedral zircon and apatite, sub-
hedral muscovite, and anhedral opaque ore
minerals.

. Orthoclase (KAlSi;0s).—Very few crystal faces

are developed, but some are found adjacent to
quartz grains and other XK feldspar.

(a) Alteration—Myrmekite is fairly common
and either may be a replacement phenomenon or
may represent the final stages of erystallization.
(b) Inclusions.—Euhedral plagioclase both
twinned and zoned and anhedral plagioclase with
myrmekitic patches. Zircon and apatite occur
as poikilitic anhedral erystals with inclusions of
plagioelase, quartz, and biotite.

. Microcline (KAlSiz0s; NaAlSiOs).—Microeline

crystals show a typical quadrille structure and
are easily identified thereby. The crystals are,
in general, anhedral with crystal faces being rare.
The grains are poikilitic with numerous inclu-~
sions of euhedral plagioclase, quartz, and biotite.
(@) Alteration.—Myrmekite is found in some
crystals, but it does not occur as often as in the
case of orthoclase.

(b) Inclusions.—Euhedral plagioclase both
twinned and zoned. Quartz, biotite, zircon, and
apatite are common.

. Biotite (Ky(Mg, Fe)ss (Fe, Al, Ti)ooSissAl-3020

O¢-: (OH, F)~).—Crystals oceur as large grains
with no apparent original face boundary, but
this is difficult to detect because of the excellent
cleavage parallel to (001). Numerous elongate
grains occur oriented with the (001) in the plane
of the thin section. These show serrated edges
that are slightly bent. This characteristic also
is true of the elongate crystals near the ends
where cleavage separation is more apparent.

(@) Inclusions.~Euhedral zircon, apatite, and
ore minerals are common. There are some
anhedral ore minerals and rare anhedral quartz
crystals.

(b) Alteration.—Some grains are wholly altered
to chlorite and most show chlorite alterations
around the edges. Sphene and epidote also occur
as alterations where biltite is in contact with
plagioclase crystals.

. Muscovite (K3AlL(SisAly)O (OH, F)y).—The

(001) faces are well developed, but other faces
arenot. Ore-mineral inclusions are common and
oceur most often between the (001) cleavages.
(@) Inclusions.—Mostly free of inclusions except
for the above-mentioned ore minerals.

(b) Alteration.—None apparent.

VII. PorrEYRITIC REYOLITE VITROPHYRE

A. Macroscopie:
1. Color.—Gray.
9. Texture—Aphanitic with feldspar micropheno-

crysts.
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4, Magnetite .. . <1
5. Hematite . ..o ... <<L1
D. Mineral description:
1. Plagioclase (CaAlzSi20s; NaAlSizOs).
(a) General—The plagioclase occurs as zoned
crystals with carlsbad and albite twinning. The
composition of the plagioclase indicated by its
optical properties is in the high-temperature
albite or oligoclase range.
) Crystal development.—Most crystals are
euhedral with sharp boundaries, but some are
broken and show rounding.
(¢) Alteration.—None observed.
A (d) Inclusions—QGlags and crystallites are in-
PRpepppppi cluded in the plagioclase grains.
" 2. Pyrozene (Ca(Mg, Fe,;, Al (8i, Al)20s).
(a) General—The pyroxene is light green in color
and augite in composition. )
(6) Crystal development.—The pyroxene occurs in
euhedral prisms, with some grains broken and
rounded.
(c) Alteration.—A fibrous brown reaction rim (?)
was noted on one pyroxene. :
(d) Inclusions—Magnetite oceurs in the pyroxz-
enes with some glass and crystallites.

Figure 7.—Rhyolite; Newberry Caldera, Oreg.
Above, hand specimen; below, photomicrograph,
X 13.

VIII. Dacite

A. Macroscopic:

1. Color.—Dark gray.

2. Texture.—Glassy, with feldspar micropheno-

erysts.

3. Structure.—Massive.

4, Field name.—Dacite(?).
B. Microscopic:

1. Texture.—This rock is hypocrystalline, with a
? 3 microporphyritic, hyalopilitic texture. Some
plagioclase microphenocrysts tend to be clustered

8. Structure.—Massive. » i together in small groups. The name dacite is
4. Field name.—Porphyritic felsite. based on the high percentage of silica and the
B. Microscopic: composition of the plagioclase.

1. Texture.—This rock is hyaline and microporphy- 2. Struct?%re..—The piagioclase. .microph'enocry sts
ritic. The glassy matrix is filled with acicular range in size from 0.2 to 2 millimeters in length.
crystallites which cannot be identified. Use of The matrix plagioclase averages 0.05 millimeter
the term rhyolite is based mainly on the strength n lt?ngth. . The pyroxene ranges from 0.2 to 0.8
of the high Si0, percentage of rock. Tiny millimeter in length and the few oxyhornblende

vesicles occur within the rock, and iron-stained crosssec?lons‘ seen are 0.2 Ipllhmeter in the
alteration halos surround them. longer direction. The magnetite occurs in cubes

2. Structure—The bvlagiocla ierooh with edges as large as 0.2 millimeter.
plagiociase  microphenocrysts C. Essential minerals and glass:(Visual estimates only)

range in size from 0.1 to 1.5 millimeters in Content,
length. The pyroxene grains range from 0.2 to percent
1 millimeter in length, and the magnetite grains 1. Plagioclase (microlites) (labradorite).—-. 40
range from 0.001 to 0.2 millimeter on an edge. 2. Glass__.____ S 36
C. Composition: 3. lgﬁig;g)clase (microphenocrysts) (labra- 5
(Visual estimates only) ercent D. Accessory minerals: percant’

1. Glass and crystallites__.__.____________ 95 1. Pyrozene (pseudomorph of hornblende
2. Plagioclase microphenocrysts (albite or after augite?) - ____ ..o ______ 5
oligoelase) .. ... ________ 4 2. Magnetite .o oo oo oeomoooommoen 3
3. Pyroxene (augite)__.__________________ <1 3. Oxyhornblende_ _ .. __________- <1
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Ficure 9.—Pumice; Newberry Caldera, Oreg. Above,
hand specimen; below, photomicrograph, X 13.

Fraure 8.—Dacite; west of Bend, Oreg. Above, hand
specimen; below, photomicrograph, X 13.

3. Structure—Massive.
4. Field name.—Pumice.
(@) General—The microphenocrysts are high- B. Microscopic:

E. Description of essential minerals:
1. Plagioclase (CaAlySi;0s; NaAlSizOg).

1. Texture and structure.—This rock is vitreous and
is macrovesicular to microvesicular. Micro-
scopic spherulites are present, and there is a
definite lineation to the rock imparted by the
ellipsoidal shape of the spherulites and vesicles
and the flow lines. Some devitrification of the

temperature, zoned crystals with both albite
and carlsbad twinning. The microlites are
unzoned with some carlsbad twinning in the
larger grains. The composition of the plagio-
clase is labradorite.

(b) Crystal development.—The microphenocrysts

range from good euhedral crystals to broken,
skeletal, spongy, corroded remmnants. The ma-
trix grains are somewhat euhedral and range
in shape from laths to blocky grains.

(c) Alteration.—None, other than corrosion of
microphenocrysts.

(d) Inclusions.—QGlass and euhedral magnetite
oceur ag inclusions in the microphenocrysts.

IX. Pumice

glass has taken place, and a few feldspar crystal-
lites can be seen in the less glassy areas. The
average vesicle size is about 0.2 millimeter at
its longest ellipse axis. The glass is clear to
cloudy (devitrifying) with an index of refraction
of about 1.49. The spherulites make up an
estimated 20 percent of the rock and the vesicles,
about 40 percent. No alteration other than
devitrification was observed.

A. Macroscopic: X. VESICULAR Basavr 1

1. Color.—Light tan. A, Macroscopie:
2. Texture—Porous, glassy. 1. Color.—Gray.
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Ficure 10.—Vesicular basalt 1; occurs south of Bend,
Oreg. Above, hand specimen; below, photomicro-
graph, X 4.6.

2. Texture.—Vesicular, with microphenocrysts and
aphanitic matrix.

3. Structure.—Massive.
4. Field name.—Vesicular basalt.
B. Microscopic:

1. Texture~—The texture of this rock may be
described as hypocrystalline, vesicular, miecro-
porphyritic, and hyalopilitic. The plagioclase
has a fairly continuous size range from micro-
phenocrysts to matrix; this imparts a seriate
texture for that mineral. This case exists
similarly for the pyroxene and olivine.

2. Structure.—The vesicles are somewhat elongate

in one direction, range in size from 0.1 to 0.5 A,

millimeter long, and represent almost 35 percent
of the total area of the section. The plagioclase
laths vary from 0.01 to 0.5 millimeter in length.
The pyroxene and olivine oceur mainly as
matrix minerals and oceasionally as micro-

phenocrysts. They range in size from 0.01 to B.

0.7 millimeter in diameter. Magnetite occurs

RESOURCES

as subhedral to euhedral grains about 0.01
millimeter in diameter,

. Essential minerals and glass:

(Visual estimates only) Contents

1. Plagioclase (matrix) (labradorite)_______ 50

2. Pyroxene (augite)..__ . ___..________ 20

3. Glass. .o 15
4. Plagioclase (microphenocrysts) (labrador-

ite or bytownite) . __________._________ 10

. Accessory minerals: g';’,’?:,?}'

1. Olivine (forsterite, Foge~F0100) = m oo __ <3

2. Magnetite.____._______________________ 2

3. Hematite_ ... ___ <1

. Description of essential minerals:

1. Plagioclase (NaAlSizOg; CaAl,Si;O4).
(a) G@eneral.—The euhedral plagioclase micro-
phenocrysts are zoned both continuously and
discontinuously. Many crystals are ‘‘stuffed”
zonally with dust, glass, and small nonpolarizing
erystallites. Albite twinning is common for
both the matrix and phenocrystic sizes. The
smaller matrix laths are subhedral to euhedral,
are unzoned, and have no particular orientation
within the matrix. The composition of the
plagioclase is at least labradorite or more calcic.
() Crystal development.—The crystal develop-
ment becomes poorer as the plagioclase size
decreases; therefore the microphenocrysts have
the better crystal development and the matrix
plagioclase microlites the least.
(¢c) Alteration.—None observed.
(d) Inclusions.—Dusty glass and crystallites of
olivine(?) and pyroxene(?) occur zonally within
the larger plagioclase crystals.

2. Pyrozene (Ca(Mg, Fe,, Al)(Si, Al);Og).
(a) General—The pyroxene occurs as subhedral
to euhedral grains of both matrix and miero-
phenocryst size. No zoning or twinning is
apparent, and the composition is probably
augite.
() Crystal development.—Most grains have good
crystal development, with the matrix—size
grains being the more euhedral.
(c) Alteration.—None observed.
(d) Inclusions.—Some very small crystallites
are included within the pyroxene grains.

XI. VesicvLAR OLIVINE Basart 2

Macroscopic:

1. Color.—~Dark gray to black.

2. Texture.—Vesicular, aphanitie.

3. Structure.—Massive.

4, Field name—Vesicular basalt.

Microscopic:

1. Texiure.—This rock may be described as hypo-
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2. Olivine (FOW—FOgs) ____________________ 25
3. Pyroxene (augite) . ... ___..__ 15
D. Accessory minerals and glass: SZ%‘:&‘ !
1. Magnetite ... _____ 5
2. Glass. .o e 5
3. Hematite. . o .. <1

E. Description of essential minerals:

1. Plagioclase (CaAl;Si;0s; NaAlSizOy).
(a) General—The plagioclase occurs as laths
with polysynthetic twinning, with compositional
zoning apparent in some more equant (older?)
grains. The composition indicated by the
Michel-Levy method for the twinned laths is
about Ang in the labradorite range.
() Crystal development.—The laths are sub-
hedral with splintered, broken ends. Twin
planes and intergranular boundaries are sharp.

Freure 11.—Vesicular basalt 2; occurs south of Bend, (¢) Alteration.—None observed.
Oreg. Above, hand specimen; below, photomicro- (d) Inclusions.—A few inclusions oceur in the
graph, X 4.6. plagioclase and are probably olivine (?).

2. Olivine (Mg, Fep),8i0y).
(a) General—The olivine grains are indicated
to be in the Fos;—Fogs range.
(b) Crystal development.——The grains are rounded
to euhedral, with the small grains being the most
euhedral. Some resorption may have occurred,
thereby causing the rounding of the (older?)
larger grains.
(¢) Alteration.—None observed.
(d) Inclusions.—A few inclusions of undeter-
mined composition oceur in the olivine grains.
3. Pyroxzene (Ca(Mg, Fey, Al)(Si, Al);Og).
(a) General.—The pyroxene is brown in color
and probably augite.
) Crystal development.—The grains forming the
vesicle walls are elongate, somewhat radiating,
and poorly developed. Pyroxene also occurs
in the matrix as interstitial and more euhedral

crystalline and as having a vesicular, hyalopilitic

textt‘u'e‘ The p_lagioclase and pyroxene have no %zflisiteration.—,None observed.

specific orientation. (d) Inclusions.—Most magnetite occurs as in-
2. Structure—The plagioclase laths range in size clusions within the augite.

from 0.1 to 1.5 millimeters long and average

about 0.7 millimeter. The olivine grains are XII. VesicULAR OLIVINE Basarnt 3

rounded and range from about 0.05 to 0.5 milli-

meter in diameter, The pyroxene grains are A. Magcroscopic:

elongated prisms averaging about 0.3 to 0.5 1. Color.—Dark gray.

millimeter in length, and they are the main 2. Texture.—Vesicular, aphanitic.

constituents of the vesicle walls. The vesicles 3. Structure.—Massive.

represent about 40 percent of the area of the 4. Field name.—Vesicular basalt.

section. They are somewhat elongate and B. Microscopie:

range from 2 to 15 millimeters in the longest 1. Texture~—~The rock is hypoerystalline with a

dimension. The magnetite occurs in anhedral to vesicular, microporphyritic, hyalopilitic texture.

euhedral grains ranging from 0.01 to 0.30 milli- The plagioclase laths have no specific orientation

meter in diameter. Some alteration of magnetite in either section (perpendicular or parallel).

to hematite has occurred. 2. Structure—The plagioclase microphenocrysts

range in size from 0.2 to 1.5 millimeters long.
The plagioclase microlites range from 0.01 to 0.3

(Visual estimates only) percent millimeter long. The olivine grains are from
1. Plagioclase (labradorite, Angg) ..o __._.. 50 0.01 to 0.4 millimeter in diameter. The mag-

C. Essential minerals:

324-954 0—69——T7
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Fiaure 12.—Vesicular basalt 3; Lava Beds National

Monument, Calif. Above, hand specimen: below,
photomicrograph, X 4.6.

R

netite grains are very small and average 0.002
millimeter in diameter. The vesicles represent
about 35 percent of the area of the section, are
ovoid in shape, and range from 2 to 10 millimeters
in diameter. Some of the vesicle walls have
colloform opal linings. The glass, although
cloudy, is not particularly altered.

. Essential minerals and glass:

. . Content,

(Visual estimates only) percent

1. Plagioclase (matrix) (labradorite, Ang)... 45

2. Olivine forsterite (Fogg—F0100)<c o e oo _ 20
3. Plagioclase (microphenocrysts) (bytown-

17 U 10

4. Glass. . 20

. Accessory minerals: g?l’c‘ffff ’

1. Magnetite. .. ... ___..____.._____.____ 5

. Description of essential minerals:
1. Plagioclase (CaAl;Si;035; NaAlSizOg).
(#) General.—The microphenoerysts are zoned

EXTRATERRESTRIAL RESOURCES

and have a compositional range averaging about
sodic bytownite. Carlsbad twinning is common,
with some albite twinning. The matrix plagio-
clase displays albite twinning and is in the
labradorite (Ang) range; this is determined by
using the Michel-Levy technique.
(b) Crystal development.—The microphenocrysts
are corroded remnants of euhedral, twinned
crystals, but they still retain much of their
original outline. The matrix crystals are sub-
hedral laths with splintery ends, and are not
well crystallized.
(c) Alteration.—None observed.
(d) Inclusions.—Dust and glass are zonally
included in the plagioclase microphenocrysts in
the center or middle zones.

2. Olivine ((Mg, Fey),Si0y).
(a) General.—The olivine is mostly matrix size
with a few larger grains. The composition is
indicated to be in the forsterite range (Fogs—Fo100).
(&) Crystal development.—The matrix grains are
very crystalline and euhedral. Some larger
(older ?) grains tend to be somewhat rounded.
(¢) Alteration.—None observed.
(d) Inclusions.—A few unidentified inclusions are
scattered through the grains.

XIII. GABBRO

A. Macroscopic:

1. Color.—Dark brown, mottled.

2. Texture—Medium-grained feldspar has some
orientation.

3. Structure.—Dense, massive.

4. Field name.—Gabbro.

. Miecroscopie:

1. Texture~—The rock has a phaneritic, hollocrys-
talline, anhedral-interstitial texture. The pla-
gioclase laths do not appear well oriented in thin
section. The subhedral plagioclase laths are
surrounded by anhedral grains of pyroxene,
olivine, and magnetite which impart the anhe-
dral—interstitial texture.

2. Structure—The grain size is fairly uniform for
all species except plagioclase, which has laths
that average 10 to 15 millimeters long and 1 mil-
limeter wide but range from 0.3 millimeter long.
The pyroxene grains range from 1 to 2 millimeters
and the olivines from 0.5 to 1.5 millimeters in
diameter. Most olivines show some incipient
alteration to fibrous serpentine along fractures
.and grain boundaries. The magnetite grains vary
in size from 0.1 to 1.5 millimeters in diameter,
although most grains are at the larger end of
the range.

C. Essential minerals:

. Content,
(Visual estimates only) percent
1. Plagioclase (labradorite, Ans) .- ...~ 50

2. Pyroxene (pigeonite) -« oo oo occoooaoaoo 35
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F1aure 13.—Gabbro; occurs north of Duluth, Minn.

Above, hand specimen; below, photomicrograph,
X 13.

D. Accessory minerals: SZ:‘C‘:,’,? '
1. Magnetite .. 10
2. Olivine (forsterite (Fo5—F0gg)) e ccucnn- 5
8. Serpentine_ ___________ . _________._. <1
4. Pyrite. .. <L1

E. Description of essential minerals:

1. Plagioclase (NaAlSizOg; CaAlySi;Og).
(a) General.—The laths are unzoned, with both
albite and carlsbad twinning present. The com-
position is indicated as about Ans (labradorite)
by using the Michel-Levy technique.
(b) Crystal development.—Outlines are irregular
with no good faces developed, but the twin and
intergranular boundaries are sharp.
(¢) Alieration.—Some apparent sericitic (?) al-
teration was observed on several grains.
(d) Inclusions.—Tiny, nonpolarizing crystallites
occur scattered evenly throughout the plagio-
clase grains, and these probably are primary
inclusions.

. Essential minerals:

2. Pyrozene (Ca(Mg, Fe,, Al)(Si, Al);Os).
(a) General.—The pyroxene grains are anhedral,
unzoned pigeonite.
(b) Crystal development.—There are no crystal
outlines, but grain boundaries are sharp.
(¢) Alteration.—None observed.
(d) Inclusions.—~Some (exsolved ?) crystallites
were noted along two or more crystal directions
and these may be another pyroxene phase.

XIV. Dunite (HARSBURGITE)

. Macroscopic:

1. Color.—Green-black.

2. Texture.—Fine-grained, some surface alteration.
3. Structure.—Dense, highly fractured.

4. Field name.—Dunite.

. Microscopic:

1. Texture—This rock is phaneritic and holo-
crystalline with a mosaic texture. The grains
are anhedral and equant to elongate.

2. Structure.—The larger, more elongate grains of
olivine and pyroxene give a layered appearance
to the rock. Many olivines have undulatory
extinction, and many pyroxenes are sheared
along cleavage directions. The rock is highly
fractured but healed by serpentine. The frac-
tures are long, are closely spaced, and occur in
several directions. The olivine grains range in
gize from 0.2 millimeter in diameter to 6 milli-
meters long and 2 millimeters wide. The
pyroxenes range from 0.2 to 4 millimeters long.
The spinel is yellow-brown, varies in size from
0.02 millimeter to 1 millimeter in diameter, and
oceurs as irregular interstitial grains.

L,

(Visual estimates only) Cp%%g:t

1. Olivine (forsterite) - .- oo 60
2. Orthopyroxene (enstatite) ...~ 35

. Content,

. Accessory minerals: percent
1. Spinel (chromite) - _ . . o= 3
2. Serpentine. oo 1
3. Magnetite. oo ooooeo oo <<L1

. Mineral deseriptions:

1. Olivine (Mg, Fep),Si0,).
(@) General—The olivine grains are unzoned, but
they are strained and show wavy extinction.
The composition is in the forsterite range.
(b) Crystal development.—None, but grain bound-
aries are well defined.
(c) Alteration.—Some alteration of olivine to
fibrous serpentine has occurred along fractures.
(d) Inclusions.—Some very small crystallites are
present in the olivine grains.

2. Orthopyrozene (Mg, Fe;)Si03).
(a) General.—The larger grains show a zoning
parallel to the cleavage which may be due to an
exsolved pyroxene phase, twinning, or a shearing
effect. The lamellar zones are continuous and
very closely spaced. The pyroxene is enstatite
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FicurE 14.—Dunite; Riddle, Oreg. Above, hand
specimen; below, photomicrograph, X 13.

and oceurs in local concentrations rather than in
even distributions throughout the rock.

(b) Crystal developmeni.—None, but boundaries
are sharp.

() Alteration—Some serpentine and sericite
ocecur along fractures in the pyroxene.

(d) Inclusions.—Very tiny crystallites occur
scattered throughout the grains.



APPENDIX B—CHEMICAL ANALYSES OF SIMULATED LUNAR ROCKS

Chemical analyses of the simulated lunar rocks are given in table B1. Analyses of rocks I to
(See ref. 4.) Analyses of rocks VII to XIV were made by R. Jefferson.

TasLe B1l.—Chemical Analyses of Simulated Lunar Rocks

VI were made by T. Cook.

Content, pereent, in—

Constituent I 11 I v v VI
Tholeiitic | Semiwelded | Obsidian Altered Serpentine Granodi-
basalt tuff rhyolite orite
Si0g- e oL 510 71. 2 72. 8 72.5 40. 0 70.0
TiOge oo 2.7 .23 .23 .33 .04 . 34
ALOs- e 14.0 14. 0 14. 4 15. 7 1.8 16. 0
FezOz _____________________ 3.4 1. 4 . 54 .76 6. 4 . 07
FeO_ ... 8.8 . 89 L5 .0 1.8 2.1
MnO. ... .25 . 08 .07 .02 11 . 04
MgO- o 4. 4 . 34 .04 . 26 37. 2 . 64
CaO_ .. 80 .95 .84 . 68 .9 3.2
NagOo oL 3.4 5.0 4.9 3.7 .08 4.4
KO . 1.7 3.0 4.0 5.0 . 04 2.2
P05 . L4 . 08 .03 . 03 .02 .1
HO+ . .76 2.3 .2 1.4 12. 5 .47
B0 — . .1 .15 .1 .2 .3 .2
Total HyO_ _ . ______________ . 86 2. 45 .3 1.6 12. 8 . 67
COq e . .03 . 16 .0 .0 .04 . 05
S T . 004 Nil Nil . 045 . 022 Nil
Total. ... _______ 100. 0 99. 7 99. 7 100. 6 101. 2 99. 8
Content, percent, in—
VII VIII IX X X1 XII XIII XI1v
Rhyolite | Dacite | Pumice | Vesicular | Vesicular | Vesicular | Gabbro | Dunite
basalt 1 basalt 2 basalt 3
Bi0g . 70. 1 7.5 71. 8 54. 4 47. 6 53. 0 43.3 42. 2
TiOs oo . . 26 .33 .23 1,13 1. 42 .77 5. 97 Nil
ALOs. L. 14.9 14. 5 13. 6 16. 8 17.0 16. 2 13.1 1. 60
FesOso oo 2. 77 .61 1 3. 17 3. 56 3.26 6. 46 1. 67
FeO_ . .44 1. 92 1. 03 5. 39 6. 33 5. 19 9. 97 6. 51
MnO_____ . ____.__. .18 .12 . .23 .18 .17 .22 .22
MgOoo .. .20 . 55 .29 4, 94 8. 09 6. 73 7.33 45. 71
CaO o ___ 1. 33 2. 05 1. 30 7. 67 10. 99 8. 56 11, 50 . 63
NagOo o . 5. 74 4. 35 4, 54 2. 43 229 3. 01 1. 76 .01
KO ... 2. 60 2. 81 3.98 .92 .29 1. 00 .12 Nil
P05 . . 050 .11 .05 . 28 .23 13 .02 . 005
BO+ . .13 .09 . 08 . 68 . 36 .51 .12 .25
HeO— o ____. .48 .40 1. 07 .15 ;23 .09 .10 2.28
Total HoO. .o __________.___ . 61 .49 1. 15 . 83 . B9 . 60 .22 2. 53
COge . <. 10 <. 10 <. 10 . 26 <.10 . 40 . 26 <. 10
S TS . 011 . 005 Nil 005 . 005 . 009 . 054 . 004
Total_____________ 99. 3 99. 4 99. 3 98. 5 98. 7 99.0 [100.3 10L 1
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ROLLAND L. BLAKE

Bureau of Mines

Twin Cities Metallurgy Research Center
Minneapolis, Minn.

Ore Deposits in Volcanic Rocks on
Earth With Lunar Extrapolation

A literature search was made on the origin of ore deposits in volcanic rocks on Earth.
The close association between mineralization of the rocks in a region and the later stages
of voleanism is well established. Also recognized is the prominent role of magmatic solutions
composed mostly of juvenile water, but frequently supplemented with ground water, in
the formation of mineral deposits by such processes as hydrothermal deposition and sub-
limation. Ten ore-forming processes were recognized, and eight of these form ore deposits
in Earth volcanic rocks.

Effects of the inferred lunar environment on processes forming ore deposits were also
studied. Mineral deposits thought to exist in voleanic rocks on the Moon, in order of
decreasing amount and likelihood, are those formed by the following six processes: Hydro-
thermal deposition, sublimation, combined eruption and exhalation, voleanic eruption,
and, rarely, contact metasomatism and evaporation. The Moon is viewed by the writer
as g still-dynamic body with some voleanism likely.

Areas needing further work are summarized in the following suggested work plan:
(1) Develop sensors for both remote and near-source detection of water in sublimates,
rocks, and voleanic exhalations; (2) study voleanic sublimates, their properties and probable
stability, in the lunar-surface environment; (3) investigate gases other than steam as a
resource for life support; (4) assemble a space-geology nomenclature for efficient communi-
cation; (5) improve geophysical-geological techniques and equipment so that mineral deposits
other than water can be located in voleanic rocks; and (6) compile information and stimulate
research for answers to problems related to volcanism, meteorite impact, and formation

of mineral deposits.

INTRODUCTION

Astronomicel, geophysical, geochemical, and
geological evidence and reasoning from lunar
studies indicate that natural materials and
processes similar to those on Earth should be
expected on the Moon as changed by the
modifying effects of the surface and near-
surface environment. The role of voleanic
activity in forming and modifying the lunar
surface and crust is becoming apparent from
study and interpretation of space-probe photo-
graphs by U.S. Geological Survey geologists
and NASA scientists and by individuals such
as Green (refs. 1 and 2) and Fielder (ref. 3).
On Earth the close association of volcanic
activity with mineralization of the adjacent

country rock has been recognized for many
years.

This study involves a literature search to:
(1) study formation of Earth ore deposits in
volcanic rocks; (2) study effects of the lunar
environment on formation and occurrence of
lunar mineral deposits; (3) summarize expected
lunar mineral resources in volcanic rocks; and
(4) recommend further Earth studies that will
aid in the location and use of mineral resources
in volcanic rocks on the Moon and perhaps on
other extraterrestrial bodies.

Dr. Jack Green of the Douglas Advanced
Research Laboratories prepared a survey re-
port entitled “Calderas as Related to Lunar
Exploration” (vef. 4). Green’s report has
greatly aided the preparation of the present
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report and together they constitute a summary
of the funded work.

EARTH MODEL

Earth’s Crust

The outer 16 kilometers (10 miles) of the
Earth’s crust is estimated to consist of 95 per-
cent igneous and metaigneous rocks and 5
percent sedimentary and metasedimentary rocks
(ref. 5). (The prefix “meta,” or metamor-
phosed, means altered by pressure and/or
heat.) No estimate of the amount of igneous
rocks that are volcanic (extrusive) was found,
but volcanic rocks are prominent. As an ex-
ample, Waters estimates that basalts in the
Eocene epoch in the Pacific Northwest (esti-
mated as a 20-million-year time interval) cov-
ered an area of 155000 km? (60 000 mi®) and
attained a volume of 170 000 km? (40 000 mi?)
(ref. 6). Thus, the Earth’s crust contains a
substantial proportion of volecanic rocks which
may be host to mineralization that forms ore
bodies both on the surface and within the crust.

The 12 most abundant elements constitute
over 99 percent of the Earth’s crust; of these,
only 3 (Fe, Ti, Mn) form extensive metallic
ore deposits. The remaining elements of the
crust are present in small to trace amounts.
The ore-forming processes must concentrate Pb
about 1200 times, Zn 150 times, and Cu 70
times to form currently economic deposits.

The continental areas of the Earth’s crust
are fairly stable, but the oceanic-continental
border areas are less stable and undergo large-
scale, gradual deformation (tectonism) such as
folding, faulting, and fracturing accompanied
by igneous rock intrusions at various depths.
Superimposed on these large-scale events are
smaller scale volcanic eruptions caused by some
of the intrusive magmas (molten rocks) reach-
ing the surface. Also, on this smaller scale,
and either during the late volcanic stage or
afterward, the rocks in the region are usually
mineralized. This mineralization is often aided
by uplift or doming that produces fracturing of
near-surface rocks on a large scale (refs. 7
and 8).

Cooling intrusive rocks give off fluids con-
taining metals derived mostly from the in-

trusives and partly from the intruded rocks.
The fluids are composed of water and com-
pounds of B, F, Cl, P, S, C, As, and other
rarer elements (ref. 9). Magmas are the orig-
inal source of all mineral-deposit ingredients as
is emphasized by Bateman (ref. 10).

Ore Deposits in Volcanic Rocks

Ore deposits are formed by the following
processes: :

(1) Magmatic concentration

(2) Contact metasomatism

(3) Hydrothermal deposition

(4) Sublimation

(5) Evaporation

(6) Sedimentation

(7) Residual and mechanical concentration

(8) Submarine volecanic exhalation

(9) Volcanic eruption

(10) Eruption-exhalation

This list is from the work of Lindgren (ref. 9)
and Bateman (ref. 10). These authors have
summarized much literature information and
personal experience to present examples of
ore deposits and concepts on their origin that
are essentially valid today. Each process is
briefly described below, and the extent to
which it forms ore deposits in volecanic rocks
is mentioned.

The process of magmatic concentration in-
volves the differentiation (or separation and
concentration) of certain elements and minerals
within the cooling magma at considerable
depths below the surface. The resulting de-
posits do not form in volcanic rocks. Contact
metasomatic deposits are formed in intruded
rocks by high-temperature gaseous emanations
escaping from intruding igneous magmas. The
rocks replaced by such ores are usually lime-
stone and calcareous shales, and occasionally
quartzites and older intrusive rocks. It is
possible that such deposits could form in
older- volcanic rocks, but no such reference
was found. '

Hydrothermal solutions of deep origin are
mixtures of high-temperature gases and liquids
given off by a cooling intrusive mass. As they
progress away from the magma source, they
are, or become, liquids and gradually lose heat.
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Deposition occurs by replacement or by filling,
or 8 combination of these processes. Replace-
ment, or metasomatic replacement, is defined
as “a process of essentially simultaneous cap-
illary solution and deposition by which a new
mineral is substituted for one or more earlier
formed minerals” essentially on a volume-for-
volume basis (ref. 10, p. 137).

Lindgren (vef. 9) recognized three groups of
hydrothermal deposits based on distance out-
ward from the intrusive, hypothermal, meso-
thermal, and epithermal, and to these has been
added hot-spring deposits. The essential char-
acteristics of each group are summarized in
table 1. Hypothermal solutions are thought
to be composed of water almost entirely of
mragmatic origin. Mesothermal solutions are
dilutad by ground water in degrees ranging
from slight to great, and epithermal and
hot-spring solutions are thought to be com-
posed mostly of heated ground water.

A rather small number of hypothermal
deposits occur in older volcanic rocks which
were deeply buried at the fime of mineraliza-
tion. Mesothermal deposits in volcanic rocks
are more numerous than hypothermal ones.
Epithermal deposits are one of the most
valuable classes of ores, having furnished much
silver, gold, and mercury with lesser amounts
of copper, lead, and zine. These deposits are
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located in regions of comparatively recent
voleanic activity. Hot-spring waters and their
deposits are also nearly always found in areas
of recent volcanic activity but are not so
numerous in volcanic rocks as are epithermal
deposits.

Small but important mineral concentrations
are formed near and at the Earth’s surface by
the process of sublimation from vapors issuing
quistly to violently at vents or fissures under
atm spheric conditions. Rittmann recognizes
two major types of gaseous emanations:
solfataras and fumaroles (ref. 11, pp. 5-11).
Solfataras are steam spouts at temperatures of
90° to 300° C with small amounts of CO, and
H,S that occur in all voleanic regions of the
world. Free sulfur is deposited in crystals
around the vents, sometimes in volumes large
enough to be mined. A special type of solfatara-
like steam spout occurs in Lardarello, Tuscany,
Italy, where geothermal gases are exploited for
generating electric power and for producing
chemicals. Average composition of the vapor
is as follows: H;0, 95 percent; CO,, 4.3 percent;
H,S, 0.9 percent; boric acid, 0.3 percent; NH;,
0.3 percent; CH,, 0.15 percent; and H,, 0.04
percent. Kach year 26 million tons of steam
generate about 2 billion kilowatts of electricity
(ref. 11). According to Bullard (rvef. 12), the
chemicals produced include Dry Ice (COy),

TasLE 1.—Characteristics of Formation of the 4 Groups of Hydrothermal Deposits

Parameter
Deposits Pressure, atm Ores
Temp, °C | Depth, km
Lithostatie Hydrostatic Common Less common
Hypothermal . ___ __ 300 to 600__.| 1.6 to 4.8___] 450 to 1350___| 150 to 450__._| Au, Cu, Fe, Mo, W
Pb, Sn, Zn
Mesothermal ______ 175 t0 300_.| 1.6 to 3.2.._{ 450 to 900..._| 150 to 300..._| Ag, As, Au, Bi, Co,
Cu, Pb, Sb, Mn, Ni,
Te, Zn Pt
Epithermal______.__ 50 to 200.__| Surface to 1to 112 or 1 to 37 or Ag, Au, Hg, Cu, Pt, Sb
0.8 or 1.6 225 75 Pb, Zn
Hot spring__._____ 40 to 100.__| Surface_..___|.._______._____ 1o Ag, As, Au,
Cu, Hg, Pb,
Sn
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liquid NH,;, (NH,).CO; and NH,CIl, sodium
perborate, manganese borate, and boron carbide.
Around 1940, 8000 tons of boric acid and 4500
tons of borax were produced each year.

Rittmann’s fumarole types are as follows:
(1) “cool” emanations (called moffete) produc-
ing water vapor and some CO;, but not H,S, at
temperatures seldom exceeding 101° C; and
(2) very hot fumaroles with temperatures up
to 900° C found in craters or at fissures in
active volcanoes. They always carry HCI,
volatile chlorides and, especially, NaCl and
FeCl; in addition to the constituents of sol-
fataras.

The importance of calderas as sites of sub-
limate ore deposits has been stressed by Green
(ref. 4), who has covered the recent Japanese
literature contributions. ’

Extensive deposits of salts are formed by
evaporation of water from lakes in closed basins
in arid lands. Much smaller deposits are formed
by evaporation at the surface of salt-containing
waters ascending by capillary action, and just
below the surface in caves and in smaller
openings such as vesicles in lava flows and in
loose volcanic aggregates. The amount of
evaporite deposits in volcanic rocks is ap-
parently very small.

Sedimentation in bodies of water by mechan-
ical, chemical, or biochemical deposition has
formed large ore deposits in sedimentary rocks,
but only a few are interbedded with volcanic
rocks and none are expected to form in such
rocks.

Residual concentration may form an ore
deposit by physical or chemical weathering
involving air, water, acids (as H,COs), and
gravity; these agents remove the gangue mate-
rial and leave behind the valuable ore mineral.
Mechanical concentration takes place in moving
water or air so that heavier minerals derived
from various rock types and deposits are sorted
to form placers. No ore deposits in volcanic
rocks with origin recognized as residual or
mechanical concentration have come to the
author’s attention.

Submarine volcanic exhalation is a process of
simultaneous gaseous, hydrothermal, and solid/
molten magma emanations, all ejected under a
sea-water medium. The gases entrapped in the

voleanic rocks may deposit native sulfur and
iron sulfides with minor quantities of lead, zinc,
and copper. Certain massive sulfide and sulfur
ores in volcanic pillow lavas are thought to
have such an origin (refs. 13 and 14). Hydro-
thermal deposition may account for other such
deposits.

Volcanic eruptions normally do not produce
mineral deposits. Several very interesting
exceptions to this normal behavior are described
in the literature, however, and they involve an
actual extrusion or flow of the ore mineral itself.
Watanabe describes molten sulfur flows (ref.
15), Dawson describes sodium carbonate flows
(ref. 6), and Park describes a magnetite-
hematite flow in Chile (ref. 17).

It is likely that a process similar to submarine
volcanic exhalation could take place on land
without the presence and pressure of a confining
hydrosphere. The term “eruption-exhalation”
in the list refers to this possible process in which
much of the gases would be lost to the atmos-
phere, but some could be trapped within the
cooling lava and pyroclastic deposits near the
main vents. This type of deposit may be similar
to one that Green briefly described (vef. 4,
p. 40) and associated with Jenks (ref. 18).

The Earth model discussed previously emerges
as a dynamic body undergoing gradual crustal
changes which are mostly confined to certain
areas. Ore deposits are formed in some older
volcanic rocks buried within the crust and in
more recent ones at the surface. ~ Volcanic
activity is closely related to some mineralization,
but nonvolcanic agents may also produce ore
deposits in voleanic rocks.

LUNAR MODEL
Environmental Effects

The writer believes that the Moon was
formed at the same time as was the Earth and
is of similar materials. That the proportion of
these materials and their possible distribution
are not identical to those of the Earth is
suggested by the density difference.

Green (ref. 4) suggests that the lunar body
tides that might be induced by Earth’s mass
and proximity may have the following effects:
(1) they may create major fracture systems in
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the lunar crust; (2) they may generate heat by
crustal flexing; and (3) they may provide
periodic pressure release under crustal blocks
to cause (or favor) the start of magma forma-
tion.

The Moon’s crust is believed to be made up
of almost 100 percent igneous and meta-
igneous rocks with small amounts of meteoritic
and shocked rock debris. The ratio of intrusive
to volcanic rock would be difficult to surmise.
No significant amounts of sedimentary rocks or
their metamorphosed products would be pres-
ent. On Earth, crustal and subcrustal forces
can form mountains and ocean basins. Water
and sediments collect in the basins and may
reinforce or attenuate these forces. The same
kind of forces acting in the absence of a hydro-
sphere and an atmosphere might be expected
on a planetary body the size of our Moon.
The resulting tectonism could provide openings
and release fluids toward the surface, bury
surface rocks at depths, and expose intrusive
rocks at the surface. Burial and exposure would
be considerably less than on Earth because of
the lack of erosion and sedimentation effects of
a hydrosphere and atmosphere. The extent
of lunar tectonism and defluidization cannot be
reasonably speculated upon at this time.

The generation at depth of different magma
compositions by any of the several types of
differentiation processes may occur on the
Moon. On Earth the record shows that more
mineralization is associated with magmas of
acidic than with those of basic or intermediate
composition (ref. 9). Estimates of the amount
of lunar differentiation range from none at all,
because the Moon always has been cold and
lacked enough radiogenic heat to melt rock
and form magma, to the other extreme of a
small body giving off its contained heat so
rapidly and early in its history that its later
history is devoid of melting and possible differen-
tiation and defluidization. The theory favored
here is that of a cooling history rather like that
of Earth, with gradual differentiation and
volcanic activity throughout the Moon’s his-
tory; this theory suggests a still-dynamic body
rather than a now-dead Moon.

In lunar magma chambers the reduced
gravity is believed to cause nucleation and

coalescence of gas bubbles at greater depths
than in the Earth analog (ref. 4, p. 22). This
early removal of disseminated volatiles could
provide a more viscous magma and a greater
volume of fluids expelled during eruptions or
available for mineralization. During mineral-
ization the reduced gravity, and therefore lower
lithostatic pressure, would favor earlier release
of the more volatile substances which would be
expelled ahead of the less volatile ones. This
behavior might tend to deposit minerals at
greater depths from the less volatile fluids and
at shallower depths from the more volatile
fluids. The results could be formation of
deeper hypothermal deposits than on Earth,
stretching out of mesothermal deposits in a
greater vertical interval, and formation of
smaller epithermal deposits. It would be diffi-
cult to predict on a temperature basis whether
lunar hydrothermal deposits would have formed
shallower or deeper than on Earth.

Close to the surface, the reduced gravity
effect, especially where coupled with the lunar
vacuum effect, is expected to cause greater
vesiculation of outpouring lava, involve several
times as much volume of explosive ejectamenta
(vef. 1), and probably cause greater loss of
volatiles in a volcanic area on the Moon than
occurs on Earth.

Lunar surface temperatures vary from night
to day in the approximate range of —150° to
over 100° C. The highest vacuum measured by
remote means of the lunavac (a word that
can be defined as the lunar atmosphere which
is a high vacuum with traces of gases and partic-
ulate matter) is about 107" atmosphere. The
warmest temperatures in direct sunlight would
have the effect of boiling off water as vapor from
fumarole or solfatara vents and perhaps from
any concentration in the upper part of the
“soil.”” At lower temperatures, in the shadows
or during the lunar night, water being expelled
in magmatic fluids might freeze in the outer
layers of soil or in rock cavities such as lava
vesicles or lava caves. The lunavac would
contain little or no oxygen, so that there would
be negligible oxidation of compounds or gases.
As Green points out (ref. 19), the sublimates
expected would be those not requiring oxygen
from the lunar atmosphere; if they exist
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in sunlight, they must not photodecompose.

We can be reasonably certain that both
volcanism and impact have occurred on the
lunar surface. Proponents of both processes
have by now presented enough evidence to
confirm this statement. Future efforts should
be directed toward recognizing rock products of
each process and determining product ratios in
the lunar crust. The suggestion by Beals (ref.
20) to establish criteria for each type of rock
product seems necessary; and excellent starts
on this, slanted toward impact, are French’s
search for criteria of shock metamorphism
(vef. 21) and the papers presented in the 1966
Conference on Shock Metamorphism of
Natural Materials (ref. 22). More work of this
nature should be done on suspected volcanic
explosion structures.

Weathering of lunar-surface materials is
expected to be mostly physical, such as:
temperature-extreme spalling; alteration and
disintegration by solar ultraviolet and X-rays,
protons, alpha particles, and cosmic rays; and
meteorite damage ranging from slight to ex-
treme. Fracturing of solid rock from moon-
quakes could trigger landslides, and, because
of the reduced gravity and friction, some
workers have proposed extreme gliding that
would tend to level theloose soil. However, the
lack of an air cushion between very fine particles
should partially compensate for the gravity
effect.

Lunar Mineral Deposits in Volcanic Rocks

Volcanic rocks and related mineral resources
on the Moon’s surface would be accessible to
early lunar explorers. The nature and utiliza-
tion of such resources have been reviewed by
several authors including Lowman (ref. 23) and
Penn (ref. 24). While surface deposits are most
accessible, subsurface deposits may be im-
portant in the future. Minerals and elements
expected in lunar deposits are in general those
found in corresponding Earth deposits, although
sublimate minerals on the Moon’s surface may
differ somewhat in amount, stability, and
composition.

Table 2 lists the 10 processes described
earlier that form ore deposits on Earth. The
known occurrences of such ore deposits in

Earth voleanic rocks are indicated, and their
likelihood in volcanic rocks on the Moon are
suggested.

TaBLE 2.—Ore Deposits in Volcanic Rocks
Known on Earth and Likely on the Moon

QOccurrence of deposits
Process of formation
Earth Lunar
(known) |(likelihood)
Magmatic concentration______ None.._..| None
Contact metasomatism_______ Rare__... Rare
Hydrothermal deposition:
Hypothermal ._____._____ Few.____. Few
Mesothermal . ___________ Some____.| Some
Epithermal__________.___. Many.._.| Some
Hot springs. - . ______ Some.....| Few
Sublimation.______._.________ Some._._| Some
Evaporation_ ... _____________ Small.__.| Rare -
Sedimentation. _____.___._____ Few____. None
Residual and mechanical None____| None
concentration.
Submarine voleanic exhalation_| Many____| None
Voleanie eruption____________ Few____. Few
Eruption-exhalation. .. _______ Some.___| Some

Contact metasomatic deposits conceivably
could form in deeply buried lunar volcanic
rocks. Hydrothermal deposits formed by as-
cending magmatic fluids are very likely present.
A few of the deep-seated hypothermal deposits
are expected. However, they may occur at
much greater depths than on Earth if lunar
environmental effects suggested previously are
correct. Less erosion is expected on the Moon;
thus fewer deep-seated deposits would be
exposed than on Earth. Mesothermal deposits
are expected, but they may extend a longer
vertical interval, be at deeper levels, and be less
extensive than on Earth where some of them
are believed to form from a mixture of magmatic
and ground waters. Epithermal and hot-spring
deposits are expected to be fewer and smaller
on the Moon because of the expected scarcity
of ground water.

Sublimates and their associated gaseous
emanations are believed to be the most easily
accessible deposits. Processes forming sub-
marine volcanic exhalative deposits on Earth
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operate beneath a hydrosphere which is not
expected on the Moon. It is possible that a
combined gaseous/molten-magma/solidified-
magma complex on the Moon could have some
deposits of massive sulfide ores formed within
it during and shortly after an eruption. Evap-
oration might conceivably operate near or at

sions near volcanic activity where magmatic
waters approached the surface, dissolved sub-
stances, and carried them into these depressions.
No sedimentation or residual and mechanical
concentration processes are envisioned to oper-
ate on the Moon that could form ore deposits in
volcanic rocks because such concentrations are
effected on Earth by air and/or water agents
of weathering. Voleanic eruptions thaton Earth
furnish only a few flows of mineral eoncentrates
such as sulfur, magnetite, or sodium carbonate
represent an unusual concentration not expected
to be any more widespread on the Moon than
on Earth.

The sublimate deposits would be found near
and at the surface in volcanic areas and prob-
ably predominantly in calderas. In early stages
of Junar basing, the sublimates offer two ad-
vantages over other sources: (1) they offer a
surface deposit not requiring much mining
equipment; and (2) they are usually a highly
concentrated mineral supply not requiring com-
plicated processing treatment. Volcanic areas,
especially those with sublimates, would be
likely targets for future exploration at depths
for hydrothermal deposits.

Water is a most valuable mineral resource of
any extraterrestrial body, and its location and
extraction from the body’s natural minerals is
important to future space exploration. There-
fore its occurrence in Earth volcanic rocks has
been summarized by Green (ref. 25) and its
extraction studied by Wechsler et al. (ref. 26)
and, extensively, by Green (ref. 25). The
most likely sources of lunar-surface water, in
order of decreasing concentration and ease of
extraction, seem to be: (1) solfataras and fu-
maroles in volcanic areas, and especially in
calderas; (2) mineral sublimates, especially in
calderas; and (3) volcanic rocks exposed at the
surface, such as tuffs and lavas, and hydro-
thermally altered rocks. Somewhat less likely

because of special conditions necessary, but
still very possible, are the following sources:
(1) steam-spout areas; (2) water or ice in caves
or other openings; and (3) water or ice (as
permafrost) in the lower part of soils, especially
near exhalation vents.

Expected lunar rocks as a resource have not
been elaborated on in this report except as a
source of water. Other uses for such rocks have
been considered by Bensko and Shotts (ref. 27)
for extraction of propellant substances such as
water, hydrocarbons, carbon (graphite), oxygen,
fluorine, and chlorine, and metals such as
beryllium, boron, magnesium, aluminum, iron,
and calcium. Green has considered the use of
cast basalt for pipes and structural components
based on the Czechoslovakian industry (ref. 4).
Rosenberg et al. investigated extraction of
oxygen from magnesium silicate (ref. 28).

Gases other than steam are often reported
from volcanic exhalations; these include N, or
NH;, O,, CO,, CH,, H.S, SO,, H,, Ar, HCI, and
HF. Most of these are of considerable interest
as possible sources of life-support gases. He-
lium would also be of interest if present. Astro-
nauts are to be provided atmospheres either
entirely of oxygen (which strongly supports
combustion) or of some artificial air mixture.
Large volumes of air are required for permanent
lunar stations or shelters. Man is searching for
a source of oxygen on the Moon to save efforts
required to transport it from Earth to Moon for
an air mixture, and he should also be interested
in finding a lunar source for the inert gases re-
quired to complete the air mixture. A possible
source of these gases is volcanic exhalation, but
more research is needed in detecting and meas-
uring gases which occur in small amounts.
Probably the required amounts could be col-
lected from large volumes of such exhalations
by an efficient collector.

SUMMARY AND RECOMMENDATIONS

A literature.search was made on the origin
of ore deposits in volcanic rocks on Earth.
Ten ore-forming processes were recognized and
eight of these form ore deposits in Earth vol-
canic rocks. After considering the lunar en-
vironmental effects on ore formation, it was
suggested that six of the eight processes could
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form ore deposits in volcanic rocks on the
Moon. These are, in order of decreasing
amount and likelihood: hydrothermal deposi-
tion, sublimation, combined eruption-exhalation,
voleanic eruption, and, rarely, contact meta-
somatism and evaporation. The possibility of
finding fumaroles, solfataras, and steam spouts
suggests a plentiful source of water, gases,
sublimate minerals, and energy in the form of
heat and dynamic fluids.

Areas recommended for further work as a
result of this study are given in the following
work plan.

Location and Use of Lunar Mineral Resources
in Volcanic Rocks

The objective is to develop a body of knowl-
edge on mineral resources in Earth volcanic
rocks that will be needed to locate and utilize
similar resources likely to occur on the Moon
and other extraterrestrial bodies. The in-
formation gathered (from the literature, field
studies, and laboratory research) and its in-
terpretation would have a twofold benefit:

(1) It would provide a single source of in-
formation which is now either scattered in the
literature or nonexistent.

- (2) It would reveal gaps in our knowledge of
these mineral resources and thereby guide
future research in the fields of geophysics,
geology, mining, and metallurgy to provide this
information.

Work Plan

The following work plan is recommended:
A. Locate possible sources of water on the
Moon:
1. Locate lunar landing areas:

Examine lunar orbiter photographs to
find desirable landing areas near loca-
tions showing evidence of recent vol-
canism so that early lunar exploration
can emphasize search for water sources.

2. Develop water sensors:

a. Determine the feasibility of develop-
ing water sensor(s) for remote- and
near-source detection and, if possible,
measurement of water content of
rocks and of mineral concentrations.

b. If feasibility study is positive, start

development of sensor(s), and plan to
test them on Earth, both remote-
source (Eros satellite), near-source
(hovering vehicle, roving vehicle, and
on-foot exploration), and in the lab-
oratory under simulated lunar, near-
source conditions. ‘

¢. Guide lunar testing of the sensor(s)
by insuring its inclusion in mission
planning and follow its lunar appli-
cation.

d. Use A2a¢ and A2b information to
develop sensor(s) to locate and meas-
ure water-bearing (steam) fumaroles,
solfataras, and steam spouts. A heat
sensor might be coupled with another
type of sensor.

. Collect, separate, and analyze volcanic

exhalations: _

Develop mechanical apparatus for lu-
nar application to confine and collect
very hot, high-velocity, vapor exhala-
tions together with the auxiliary appara-
tus to separate and analyze the water
and the vapor-transported compounds.
Start with existing technology from geo-
thermal installations. Develop appara-
tus to utilize heat and velocity of exhala-
tions to supply heat and power to lunar
basing needs.

. Study volcanic sublimates:

a. Study sublimate deposition on Earth
to determine if the hydrated minerals
reported have derived their water from
the exhalative steam or from rain and
ground water.

b. Compile reliable physical and chemical
data on sublimates and their vapors to
assemble enough information so that,
together with existing understanding
of the theory of wapor-collection,
vapor-transport, and vapor-deposition,
a reasonable prediction can be made of
what minerals will be precipitated, and
in what order, at the lunar surface.
Encourage and support laboratory re-
search to furnish reliable information
that is missing in the compilation.

This information should be useful in
studies of A2d, A3, B2, B3, and B4.
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5. Study calderas:

Carry out systematic caldera studies to
determine fully their lunar basing poten-
tialities and to aid the plans of A1l
through A4.

B. Investigate gases (other than steam) on the

Moon:

1. Determine potential need for life-support
“artificial air’’ gas components.

2. If a lunar source is desired, study litera-
ture and collect and analyze Earth vol-
canic gases to determine how much
atmospheric contamination is present.
Establish whether the gases sought might
be found in lunar exhalations of only
magmatic origin.

3. Start development of sensors to detect
and possibly measure these gases in vol-
canic gas streams and chambers.

4. Develop apparatus to collect and purify
the gases for use; couple work with A3
and A4.

. Assemble nomenclature for space geology

communication:

Work out a short, but useful, geological
nomenclature for space exploration com-
munication as proposed by Green (ref. 4).
This nomenclature could be an example for
the other sciences, such as geophysics and
mining, to follow.

. Locate lunar mineral deposits other than

water in volcanic rocks:

Improve geophysical techniques and
equipment to detect and locate materials
(both surface and subsurface) selected on
a needs priority for lunar basing operations.
Consider both remote- and near-source sen-
sing. Both geology and geophysics would
be needed to improve upon and test tech-
niques and equipment.

. Compile information on volcanism and ore

deposits:

Stimulate research by industry, univer-
sities, and Government agencies on some of
the problems outlined previously by pro-
viding the information and the gaps in it
as the body of knowledge in the objective
is developed. Some interesting geological
areas of study would be:

1. Can volcanic explosions form shatter

10.

11.
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cones in rocks? Shatter cones are struc-
tures that some investigators regard as
positive criteria for meteorite impact.

2. Examine rocks for evidence of volcanic
explosion effects. Compare these effects
with those caused by meteorite impacts.
Try to determine ecriteria unique to
volcanic explosions and to meteorite
impacts.

3. Can impact trigger volcanism?

4, Can impact trigger formation of ore
deposits?

5. Are rare-earth materials or other valu-

able mineral resources ever associated
with the volcanic carbonatites? What
is the likelihood of their lunar existence?
Can carbonatite activity be triggered by
meteorite impact? (On Earth, carbon-
atites are formed mostly by intrusive
activity, although a small number are
formed by extrusive volcanic activity.)

REFERENCES

GREEN, Jack: Tidal and Gravity Effects Intensify-
ing Lunar Defluidization and Volcanism. Proe.
N.Y. Acad. Sei.,, vol. 123, no. 2, 1965a, pp.
403-469.

GreEN, Jack: The Moon’s Surface.
Tech., Sept. 1966, pp. 59-67, 82, 84.

FieupER, GueerT: Lunar Geology. DuFour
Editions (Chester Springs, Pa.), 1965.

GREEN, Jack: Calderas as Related to Lunar
Exploration. Rept. DAC 61305, U.S. Bur.
Mines, Apr. 1967.

Int. Sci.

. CrarkE, F. W.; aAND WasHINGTON, H. 8.: The

Composition of the Earth’s Crust. Prof. Paper
127, U.S. Geol. Surv., 1924.

. Dawson, J. B.: Sodium Carbonate Lavas From

Oldoinyo Lengai, Tanganyika. Nature, vol. 195,

1962, pp. 1075-1076.

. WissER, E.: Relation of Ore Deposition to Doming

in the North American Cordillera.
Bull. Geol. Soc. Amer., 1960, p. 117.

Memoir 77,

. Goopwin, A. M.: Mineralized Volcanic Complexes

in the Porcupine-Kirkland Lake-Noranda Re-

gion, Canada. Econ. Geol., vol. 60, no. 5, 1965,

pp. 955-971.

WarLpEMAR: Mineral Deposits.
MeGraw-Hill Book Co., Inc., 1933.

Bareman, ALan M.: Economic Mineral Deposits.
John Wiley & Sons, Ine., 1950.

RirrmMaNN, A.: Volecanoes and Their Activity.
Transl. from the 1960 2d German ed. by E. A.
Vincent. Interscience Publishers, 1962.



1

12

13.

14.

15.

16.

17.

18.

19.

20.

06 EXTRATERRESTRIAL
. Burrarp, F. M.: Voleanoes in History, in Theory, 21.
in Eruption. Univ. Texas Press, 1962.

Ripee, J. D.: Suggested Volcanic Syngenetic
Origin for Certain European Massive Sulphide 22.
Deposits. Trans. Soc. Min. Eng., AIME, vol.

226, pp. 28-41.

Kinker, A. R., Jr.: Massive Pyritic Deposits 23.
Related to Volcanism, and Possible Methods of
Emplacement. Econ. Geol, vol. 61, no. 4,

1966, pp. 673-694.
WaranaBg, T.: Eruptions of Molten Sulphur 24

From Siretoko-Iésan Voleano, Japan. Jap. J.
Geol. Geog., vol. 17, 1940, pp. 289-310.

Waters, A. C.: Voleanic Rocks and the Tectonic
Cycle. Spec. Paper 62, Geol. Soe. Amer.,
1955, pp. 703-722.

Park, C. F.: A Magnetite “Flow” in Northern
Chile. Econ. Geol., vol. 56, 1961, pp. 431-436.

Jenks, W. F.: Some Relations Between Cenozoic
Voleanism and Ore Deposits in Northern Japan.
Trans. N.Y. Acad. Seci., vol: 28, 1966, pp. 463—
747.

GreeN, Jack: The Geosciences Applied to Lunar
Exploration. The Moon, Z. Xopal and Z.
Mikhailov, eds., Academic Press Inc. (New
York), 1962, pp. 169-257. Proe. 14th Symp.
Int. Astron. Union (Leningrad, Dec. 1960).

Braus, C. 8.: The Identifieation of Ancient
Craters. - Ann. N.Y. Acad. Sei, vol. 123,

~ art. 2, 1965, pp. 904-914.

25.

26.

27.

28.

RESOURCES

FrENcH, BEvan M.: Sudbury Structure, Ontario:
Some Petrographic Evidence for an Origin by
Meteorite Impact. NASA TM X-55789, 1967.

Proc. 1966 Conf. of Shock Metamorphism of
Natural Materials, Goddard Space Flight
Center (Greenbelt, Md., Apr. 14-19, 1966).

Lowman, P. D., Jr.: Lunar Resources: Their
Value in Lunar and Planetary Exploration.
Astronaut. Acta 2, vol. 12, nos. 5-6, 1966,
PpP. 384-393. .

PrnN, S. H.: A Preliminary Look at Lunar Natural
Resources. Trans. Soc. Min. Eng., vol. 235,
Mar. 1966, pp. 66-70.

GrEEN, Jack: A 8tudy of the Feasibility of Using
Nuclear Versus Solar Power in Water Extractign
From Rocks. Fipal Rept., Contract no. AF
19(628)-3292, Proj. No. 000, Task No. 000011,
North American Aviation, Ine. (Downey, Calif.),
Sept. 30, 1965.

WecnsLEr, A. E.; Graser, P. E.; AND GERMELES,
A. E.: Investigation of Water Extraction Proc-
esses for Use on the Moon. Ann, N.Y. Acad.
Sei., vol. 123, art. 2, 1965, pp. 1148-1159.

Bensgo, JouN; AND SHOTTS, REYNOLD Q.: Lunar
Resources. Advances in Space Science and
Technology, vol. 7, c¢h. 2, Academic Press Inc.
(New York), 1965, pp. 147-214.

RosenBErG, 8. D.; GUTER, G. A.; AND MILLER,
F. E.: Manufacture of Oxygen From Lunar
Materials. Ann. N.Y. Acad. Seci., vol. 123,
art. 2, 1965, pp. 1106-1122.



JAMES PAONE and R. L. SCHMIDT
Bureau of Mines

Twin Cities Mining Research Center
Minneapolis, Minn.

Lunar Drilling

The association of the Bureau of Mines with lunar-drill programs since 1964 includes:
(1) advising and consulting with NASA and with contractors making prototype drills, and
(2) conducting laboratory investigations of problems related to drilling in ultrahigh vacuum,
at lunar temperature extremes, and in reduced gravity. This paper reviews problems re-
lated to lunar drilling, data from Bureau drilling tests for lunar applications, and possible
methods for predicting drillability of lunar materials from their engineering properties.

INTRODUCTION AND BACKGROUND

In his quest for knowledge of the Moon, man
will need to examine lunar-subsurface phe-
nomena. In order to obtain data on these
phenomena, he will require adequate drilling
systems. NASA has been conducting two
lunar-drill programs to complement the manned
spaceflight program. The Apollo Lunar Sur-
face Drill (ALSD) Program is developing a
lightweight, hand-held, rotary-percussive drill
capable of boring a 1l-inch-diameter hole to a
depth of 10 feet in the Moon’s surface. The
other program is developing a moderate-depth
drill for post-Apollo applications and includes
two different models, each designed to bore a
2-inch-diameter hole to a depth of 100 feet.

Developing a lunar drill is a necessary first
step in the exploration of the Moon because
it provides the key to the subsurface geology.
All drills being developed for this purpose are
core drills; that is, they cut a solid cylindrical
core which can be transported back to Earth
for subsequent analysis. The extraction of this
core sample, however, is not the sole objective
of the lunar drills, for after the core is taken the
hole will be available for the emplacement of
geophysical instruments such as heat probes,
radiation detectors, and seismic devices.

Drilling a hole on the Moon does not, at first
glance, appear extraordinarily difficult. We
have, after all, mechanically drilled rock on
Earth for more than a century, although the
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greatest advances did not occur until the last
20 years (tungsten-carbide insert bits for per-
cussive drilling and the wire-line system for
diamond drilling). When all factors of lunar
drilling are considered, however, they combine
into an intricate and complex problem involving
the environmental effects of high vacuum,
reduced gravity, and temperature extremes not
encountered on Earth (ref. 1).

To drill a hole on Earth to a predetermined
depth within a rigid time schedule, while col-
lecting good samples, requires a certain amount
of skill. The Earth driller uses a machine which
has been thoroughly tested, and, in addition,
he probably has access to an unlimited supply
of replacement parts. Although the compo-
nents of the lunar drills will have been rigorously
tested, it is extremely difficult to test-run the
complete drilling system in the temperature-
vacuum-gravity environment to be encountered
on the Moon.

The lunar environment, the most hostile yet
encountered by man, will have a significant
effect on the design and operation of a drill.
Systems for drilling deep holes on Earth depend
on water or air as the flushing medium to re-
move cuttings and cool the bit. Normally the
flushing medium flows down through the hollow
drill rods, across the face of the bit, and then
out of the hole in the annular space between
the drill Tod and hole wall. A liquid flushing
medium probably accounts for some lubricating
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action at the bit-rock interface; soap or glycer-
ine additives are sometimes used to enhance
this action (rvef. 2).

Lack of water and the ultrahigh vacuum
necessitate that drilling on the Moon must be
accomplished dry; that is, without any flushing
medium. Although liquids could be used in
lunar drilling, spacecraft weight limitations
prohibit transport of the required quantity from
Earth. The possibility that Earth-produced
media used on the Moon may contaminate
lunar samples also bars their use. Conse-
quently, all lunar-drill systems under devel-
opment use an augering action to remove
cuttings from the bottom of the hole mechani-
cally.

Cooling the drill bit without a flushing me-
dium is a significant problem, especially in
rotary systems which convert a high percent
of the available energy into heat at the bit.
One approach to the problem is an internally
cooled diamond bit that uses a closed-loop
cooling system and a highly conductive matrix
material that will conduct bit heat through
the drill string rapidly. Removal of heat
through the cuttings which serve as a heat
sink is another possibility.

Another possible difficulty in lunar drilling
is that lunar vacuum may cause rock cuttings
to adhere to each other or to the drill steel
(ref. 3). Drilling tests have been conducted
in vacuum chambers in the range of 107% to
1077 torr and, at these pressures, there do not
appear to be any adhesion problems with the
proposed cutting-removal systems. No drilling
under simulated lunar vacuum conditions has
been performed. Bottom-hole pressures caused
by outgassing of rock as it is being drilled may
also inhibit particle adhesion or welding in
these tests. Whether outgassing will occur in
lunar rocks is not known, although information
on the outgassing characteristics of simulated
lunar rocks being developed by the Bureau of
Mines may help to answer this question (ref.
4).

The other difficulties that lunar temperature
and gravity impose on drilling systems and
techniques can probably be overcome by our
present technology. Suitable design -criteria
should be adequate to cope with the tempera-

ture range of —250° to +250° F to be en-
countered on the Moon. Thrust, an important
parameter in drilling, will be affected by lunar
gravity, which is approximately one-sixth that
of Earth. For example, the ALSD, which will
be hand-held by the astronaut, must operate
under an axial thrust of somewhat less than
20 pounds. This thrust will be adequate for
unconsolidated material or soft rock, but will
be insufficient for drilling harder rocks. The
moderate-depth lunar drill attached to the
lunar module (LM) should provide adequate
thrust for drilling hard rock.

Other constraints that are placed on lunar-
drill systems are total weight and available power.
Since the volume of rock removed is directly
proportional to power input, the energy source
powering the drill becomes a critical factor in
its performance. The Bureau of Mines is
studying the ability of both drilling systems to
operate effectively within existing power and
weight limitations.

DESCRIPTION OF SYSTEMS

Apollo Lunar-Surface Drill (ALSD)

Figure 1 shows the development model of the
ALSD. This drill is being developed by the
Martin Co. under a contract awarded by
NASA’s Manned Spacecraft Center, Houston,
Tex., in November 1966.

The complete drill system will weigh about
25 Earth-pounds and will be operated by one
astronaut. The drill is battery powered, with
the power pack located above the drill motor.
This electric rotary-percussive system is de-
signed to drill a l-inch-diameter hole 10 feet
deep and to take a core sample approximately
three-fourths inch in diameter. Helical auger
flights (flutes) on the drill steel remove the
cuttings.

Figure 2 shows three test bits of different
configurations for the ALSD ; the bits illustrated
have, respectively, three, four, and five tung-
sten-carbide inserts as cutting elements. Com-
parative laboratory tests of the bits in several
simulated lunar rocks at the Twin Cities
Mining Research Center have determined the
optimum bit configuration to be the one with
five inserts. Scientists at the NASA Marshall
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F1eure 1.—Development model of Apollo lunar surface
: drill,

Space Flight Center have recently completed
tests in which the ALSD drilled two holes in
vesicular basalt in a vacuum chamber at a
pressure of 107% to 1077 torr. These test
results are presently being analyzed.

Moderate-Depth Lunar Drill

Two parallel contracts were awarded in mid-
1965 by the NASA Marshall Space Flight Cen-
ter for developing a drill capable of drilling a
2-inch-diameter hole to a depth of 100 feet
while taking a solid core sample. Specifica~
tions for the drills included a system weight of
200 Earth-pounds (exclusive of power supply),
a power draw of 5 kilowatts from the space-
craft, and the capability of removing cuttings
mechanically.

Under one contract, a gas-operated, down-
hole percussive drill (figs. 3 and 4) was devel-

FI1GURE 2.—Apollo lunar surface drill test bits.

oped by Northrop Space Laboratories. In this
system, nitrogen gas is compressed in the sur-
face unit located inside the revolving drum.
A flexible concentric steel hose wrapped on the
drum advances and retracts the down-hole drill
and conveys the operating and exhaust gases
to the down-hole hammer. The down-hole
portion consists of a core-type tungsten-carbide
button bit; a reciprocating piston to provide
the necessary blow intensity; a hollow, teflon-
coated core barrel; and a cuttings container or
chip basket.

Spiral flutes on the outside of the down-hole
section auger the cuttings from the bit face, up
past the core barrel, and into the top of the
chip basket. After each 3%-foot drill advance,
the drill is retracted from the hole by the
flexible drill string. The core barrel and chip
basket are then emptied, and the cycle is
repeated.

The other moderate-depth lunar-drill system
was developed by the Westinghouse Defense
and Space Center. This system (figs. 5 and 6)
is like conventional wire-line diamond drills ex-
cept for the cuttings-removal mechanism. The
down-hole portion consists of a surface-set dia-
mond coring bit, a core barrel, and a chip
basket. As with the percussive moderate-depth
drill, spiral flutes on the outside of the down-
hole portion transport the rock cuttings to the
chip basket. The rotary mechanism is housed
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FigureE 4.—Schematic of percussive drill.

in the surface unit attached to the lunar
module.

The down-hole portion contains a rotating
outer barrel, to which the bit is attached, and
a stationary inner tube containing the core
barrel and the chip basket. After drilling has
progressed 5 feet, an ‘‘overshot’” assembly is
lowered on the end of a line inside the drill

type.

Drill rod storage

|
|
| Wireline hoist
| Drill rotational mechanism
|
I

Drill feed mechanism

SURFACE UNIT

[<—DDrill rod

Wireline for retrieving
core barrel and chip
basket

3

<———Chip basket

Outer core barrel——

MR

Inner core barrel

Bit

Fraure 6.—Schematic of diamond rotary drill.

pipe and attached to the inner tube assembly;
the core barrel and chip basket are then pulled
to the surface, while the bit and drill string
remain in the hole. After the inner tube as-
sembly has been replaced, another 5-foot sec-
tion of drill pipe is added and the cycle is
repeated. If the bit life is adequate, the entire
100 feet can thus be drilled without removing
the drill string from the hole. The diamond
bit is one of the most critical components of
this system.
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BUREAU OF MINES PARTICIPATION
Testing Lunar-Drill Hardware

The Bureau of Mines has provided both con-
sulting services and laboratory support ever
since the moderate-depth lunar-drill develop-
ment program was initiated in 1964. Labora-
tory drilling tests with the down-hole assembly
of the percussive-type drill have been started
at the Bureau’s Twin Cities Mining Research
Center laboratories. The apparatus being
tested includes a core barrel and bit from the
Northrop system attached to a percussive drill
‘that provides the same blow intensity as does
the engineering model (fig. 7). A range of
simulated lunar materials has been drilled to
study penetration rates and cuttings-removal
characteristics.

Bureau support for the diamond rotary unar
drill has included dry drilling tests of bits to
study cuttings removal, bit life, and bit heat
generation (fig. 8). The studies show that, if
the cuttings are not removed rapidly enough,
drilling efficiency falls off because the energy
lost in attrition of the cuttings creates sufficient
heat to damage both the drill bit and the core
sample.

In a series of tests with the diamond-drill bit,
we were able to drill more than 10 feet into
Dresser basalt without a flushing medium
(fig. 9). A similar bit has been tested by West-
inghouse in a vacuum chamber at pressures of
107% to 1077 torr. When the drilling was done
in vacuum, the cuttings appeared to be ejected
from the hole at & much greater velocity than
that which occurred when the drilling was done
in atmosphere; this is probably a result of
outgassing of the rock at the bit-rock interface.
This, the first of the vacuum drilling tests,
indicated that a vacuum of this magnitude

had no adverse effect on drill performance
(ref. 5).

Other Laboratory Experiments

In addition to testing lunar-drill hardware,
the Bureau has been studying the fundamental
problems associated with drilling in a lunar
environment. Since drilling without a flushing
medium represents a critical problem, a series
of experiments has been conducted to investi-

FigURE 7.—Laboratory simulation of moderate-depth
percussive drill.

gate the effects of flushing media on drilling
efficiency and penetration rate. In these ex-
periments a laboratory diamond drill and a
rotary-percussive drill were tested on several
simulated lunar rocks selected to represent a
wide range of physical properties. The rocks
included flow (tholeiitic) basalt, fresh rhyolite,
vesicular basalt, and dacite. Dresser basalt, a
hard, dense, intrusive basalt, was also included.

The bench-mounted diamond drill was in-
strumented to record penetration rate, power
consumption, bit rotational speed, and bit
temperature while drilling in a block of rock.
These tests were run: (@) with water flush, (b)
with air flush, and (¢) with no flushing medium.
When there was no flushing medium, the drill
hole was alined on the edge of a square block
with a segment of the hole exposed to allow
cuttings to spin out.
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Fi1aure 8.—Dry drilling in basalt with lunar test bit.

Figures 10 to 14 show relative penetration
rates with diamond bits in five rock types using
water flush, air flush, and no flushing medium.
In general, highest penetration rates were
obtained with water flush, followed by air flush
and no flushing medium in that order. How-
ever, for vesicular basalt and dacite (figs. 13
and 14), drilling without any flushing medium
produced higher rates than did air flush.

In addition to the effects of the flushing
medium on diamond drilling, other factors such
as bit ecrown design, diamond count, and
diamond size influence bit performance. Fig-
ure 15 compares the performance of three
%-inch-diameter diamond bits in a soft and a
hard rock with water flush. The highest
penetration rate in hard rock (basalt) was
obtained with the small diamonds, while the

highest rate in soft rock (rhyolite) was with
the largest diamonds.

Experiments were then conducted on the
same rock samples with a bench-mounted
electric rotary-percussive drill with the same
parameters recorded. Figure 16 compares pene-
tration rates for the laboratory rotary-percus-
sive drill in the five rocks drilled. Since the
penetration rate-thrust curve ‘“tops out” at a
different thrust level for each rock drilled, each
rock has its own point of optimum thrust with
a specific drill.

Since optimum thrust is important in lunar
drilling, where thrust is severely limited by
the low lunar gravity, a separate study was
made of this phenomenon. Figure 17 shows a
direct relationship between optimum thrust
and coefficient of rock strength. This strength
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F16uRE 9.—Penetration rate against distance drilled with a prototype lunar diamond bit.

Material drilled, basalt;

thrust, 300 to 400 pounds; speed, 823 to 1140 rpm.

100 I i I
A Water flush
o 80 |- @—— Air flush —
2 @ — — No flushing medium
E
3
(=%
H -
2 60—
]
£
m
=
<
4
Zz 40 |~ —
=3
=
<
@
[
w
i
@ .20 —
|
o] 50 100 150 200 250

THRUST, pounds

Fieure 10.—Effects of flushing methods on penetra-
tion rate in Dresser basalt with 14-inch diamond
rotary bit.

measurement is a simple test of the energy
involved in breaking a unit volume of rock to a
given size. It is performed by placing a rock
sample in a tube, dropping a standard weight
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Figure 11.—Effects of flushing methods on penetra-
tion rate in flow hasalt with 14-inch diamond rotary
bit.

from a standard height, and measuring the
volume of minus 35-mesh material produced.

Another important drilling problem that
was investigated in the Bureau laboratories
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Fiaure 12.—Effects of flushing methods on penetra-
tion rate in rhyolite with Y4-inch diamond rotary bit.
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Fieure 13.—Effects of flushing methods on penetration
rate in vesicular basalt with %-inch diamond rotary
bit.

was bit heat generated by a drill with no
flushing medium. Figures 18 and 19 show the
effects of thrust and drilling time on the bit
temperature of a laboratory rotary-percussive
drill. Increased thrust and increased drilling
time do not increase bit temperature signifi-
cantly as long as cuttings are removed promptly.
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F1cUurE 14.—Effects of flushing methods on penetra-
tion rate in dacite with 14-inch diamond rotary bit.

In an effort to find a substitute for liquid
and gaseous flushing media for the lunar
diamond drill, the Bureau experimented with
solid lubricants introduced to the bit-rock
interface. Preliminary experiments show that
these lubricants improved the efficiency of a
bench-mounted diamond rotary drill. It ap-
pears that a solid lubricant, if properly used,
can reduce side-hole and matrix friction without
impairing the cutting capability of the dia-
monds. Further drilling tests with dry lubri-
cants are underway at the Twin Cities Mining
Research Center, along with efforts to design
a reliable system to introduce these lubricants
to the bit-rock interface.

Studies of cuttings removal by mechanical
means are also underway; the down-hole
assembly of the percussive-type lunar drill
and a transparent tube to simulate the drill
hole are being used in these studies.

Discussion of Laboratory Resuits

Analysis of the data in figures 10 to 14 shows
that water flush yields a higher penetration
rate in diamond drilling than does either air
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Freure 15.—Comparison of three different 14-inch
rotary diamond bits in basalt and rhyolite with water
flush.

Bit no. 1| Bit no. 2 |Bit no. 3
Kerf area, sq. in_______ 0. 178 0. 187 0. 151
Matrix hardness, RC.. 30-40 35-40 30-35
Diamond weight, kt___ 111 0. 48 0. 83

Diamond count__._____ 40 52 84
Diamond grade AAA A AAA

flush or no flushing. Therefore, in diamond
drilling on the Moon when mechanical means
are used for removing cuttings, lower penetra-
tion rates would be expected than those obtain-
able on the same rocks when a liquid flush is
used.

Comparative studies of different bits show
that matching diamond bit crown design to
rock type is an important consideration in
lunar drilling. A hard rock, such as basalt,
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F1gURE 16.—Penetration rate against thrust in simu-
lated lunar rocks for laboratory rotary-percussive
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X
200 — ]
L
=
[l
2 —
e 150 —
=
1%
=2 [od
o
T
- A
= 100 |— 7
=)
= a
- /
o
o L) a Vesicular basalt
¢ Dacite |
50 — o Rhyolite
x Dresser basalt
¢ Flow basalf
! L |
o] I 2 3 4

COEFFICIENT (f') OF ROCK STRENGTH

FIgURE 17.—Optimum thrust for each rock type
against coefficient of rock strength for laboratory
rotary-percussive drill with 1-inch core bit.

is best drilled with a bit consisting of a large
number of small, close-set stones, and a soft
rock is more vulnerable to a bit with fewer,
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larger stones. Carat weight alone does not
appear to be an important criterion, except
possibly to increase the reliability of the bit.
As more information is obtained about the
stratigraphy of the Moon, we will be better
able to specify bit-design ecriteria for lunar
drills.

The optimum thrust for a rotary-percussive
drill shows a linear relationship with the
coefficient of rock strength. The results of
similar studies in a range of simulated lunar
rocks should predict optimum thrust values for
any percussive or rotary-percussive drill in any
specific rock expected to be encountered on
the Moon. This comparison shows the value
of physical properties of materials as an
engineering tool used to predict drillability.

Bit-temperature studies of an uncooled rotary-
percussive drill bit show that temperatures
tend to stabilize after a sharp rise with in-
creased thrust or drilling time as long as cuttings
are removed promptly. Further tests of longer
drilling times and in deeper holes will be
necessary. As mentioned earlier, vacuum drill-
ing tests conducted to date have been in the
pressure range of 107 to 1077 torr. Further
drill tests in higher vacuum should be
conducted.

SUMMARY

Drilling on the Moon, according to studies
performed to date, will be affected by lack of
atmosphere which necessitates drilling dry, by
reduced gravity which means drills will have
to be carefully designed to take advantage of
available thrust, and, possibly, by temperature
extremes when bit cooling may be a problem.

Experimental work conducted by the Bureau
of Mines, by NASA, and by contractors has
demonstrated that rock can be drilled dry,
that is, without the use of flushing media, with
adequate mechanical cuttings-removal systems.
With further work, it should be possible,
within the framework of our present technology,
to raise the efficiency of dry drilling to a
point where it approaches that of drilling with
a flushing medium.

" Thrust, or force required to hold the bit on
the bottom of the hole, is usually obtained
through use of the weight of the drill system.
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Optimum drilling rates in specific rocks require
an optimum thrust with a particular drill
system; therefore, appropriate design features
should be incorporated in a lunar-drill system
to offset the effects of the reduced lunar gravity.

Initial studies and experiments were made to
predict drilling rates with a specific drill in
some simulated lunar rocks on the basis of
their physical properties. Further work on
drillability of a range of materials with proto-
type lunar drills would eliminate uncertainty
about the performance of the drills.

A full understanding of the effects of vacuum
on bit temperature and material adhesion in a
lunar environment will require further tests in
ultrahigh vacuum with particular attention
given to drill instrumentation and sample

preparation. The solutions to these problems

will contribute to terrestrial drilling problems,
just as our present drill technology has provided
a foundation for the lunar drill.
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Lunar Exploration for Water
Deposits by Electrical Methods

Several electrical techniques employed in terrestrial exploration geophysics appear to
show considerable promise for lunar-surface applications, particularly in the search for
water in the upper 100 meters of the surface. All of these methods rely primarily on the
degree and extent of contrasts in the electrical properties of materials which lend themselves
quantitatively to the interpretation process. The ehoice of scientific methods depends largely
on the properties suspected to exist; the choice of operational methods influences the choice
of scientific methods by limitations imposed by mission constraints. The selection of
frequency (or frequency spectrum) in orbital or surface electromagnetic methods requires
considerably different analyses than do the LF-DC (low frequency-~direct current) resistivity
techniques.

Since there may be subsurface water as well ag ice in some cases, the various kinds
of ice, impurities (such as minerals, debris, and chemical contaminants), and multiphase
systems and the effects on the conductivities of these water deposits are investigated primarily

from the familiar resistivity viewpoint.

INTRODUCTION

Numerous geophysical techniques have been
suggested in the exploration for lunar water
deposits, be they liquid, ice, or in the form of
hydrated rocks. Seismic and electrical tech-
niques have logically received the most serious
attention, although magnetic and even gravity
methods have been proposed. (See, e.g., the
work of Speed (ref. 1) and Westhusing and
Crowe (ref. 2).) Obviously, the parameters
on which the interpretation of gravimetric,
magnetic, and, to an extent, seismic data depend
do not readily lend themselves to such purposes
on early missions.

Variations in the magnitude and extent of
density contrasts are the basis for gravimetric
exploration; besides the stringent survey re-
quirements for meaningful exploration by
gravimetry (ref. 3), the number of models
relating density contrasts to water deposits is
infinite. Even if a very sizable body of ice
were present, the inherent ambiguity of gravity
data necessitates reliance on other types of

information in the process of interpretation.
Essentially the same can be said for magnetic
prospecting, except for the possibility of lo-
cating likely zones of volcanics (which may
stand out even in the weak magnetic field of
the Moon), thereby allowing one to suspect a
greater likelihood of water association in that
particular locale. Seismic methods, one of the
most powerful tools in exploration geophysics,
may be a rewarding means to determine the
presence of bulk ice (or water) in early missions
(vef. 4), but again the nature of velocity dis-
continuities, related parameters, and environ-
mental conditions may limit the early utility of
these methods for this purpose. A good knowl-
edge of the lunar subsurface is necessary to the
choice of: method(s) (refraction and/or re-
flection); the technique(s) (profiling, fan shoot-
ing, ete.); instrumentation (seismic energy
source, filters, amplifiers, telemetry, etc.);
and, of course, interpretation (ref. 5).

The principal method of geophysical pros-
pecting for water on Earth, the electrical
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method, appears to be as potentially useful,
if not more so, on the Moon, providing the
pertinent parametric factors relating to such
experiments are ascertained. Mathematical
treatments and case histories of electrical
methods are amply described in the literature
and so are not presented here. A brief bibliog-
raphy is included with this paper to give the
reader a fair sampling of available literature
on the subject.

LUNAR WATER SOURCES

It is probably incorrect to assume that
much, if any, water beneath the Moon’s
surface is in the liquid state. Such a case would
require an impervious interface to prevent
migration of liquid or vapor to the surface and,
of course, a temperature sufficiently high to
prevent solidification. However, in heated
zones, electrolytic action might feasibly result
from “ground water”” in the presence of certain
minerals (sulfides, for example); this might
create a self-potential field in the vicinity of
contact. It appears, for early missions, that
the possibility of useful water resources is
probably limited to subsurface ice in the maria.

If the original source of the ice is accepted to
be of volcanic origin, that is, condensates
of vent or fumarole vapor trapped in ground
fissures, veins, or porous material, it can also be
assumed that the ice is contaminated to -a
degree and is more conductive than if it were
pure. At standard atmospheric pressure, con-
ductivities range from about 2.3X10~% (ohm-
cm)™ for pure water at 10° C to 5X107'°
(ohm-cm)™! for certain pure ices at low temper-
atures (—70° C or so). A method of deter-
mining the direct-current values is described
by Bradley (ref. 6). For near-surface (about
1 meter) temperatures of —23° to —53° C
(vef. 7), the vapor pressure of ice ranges from
about 7.5X 107! torr to approximately 4 1072
torr (ref. 8); therefore, the base of the surface
layer must be impervious if it contains the ice
or water for any appreciable period of time.

Bernett and others (ref. 9) noted that pul-
verized olivine basalt, material apparently
analogous to the lunar-surface covering, has a
thermal conductivity about 2 orders of magni-
tude less in a vacuum of 5X107° torr than at
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1 atmosphere. Moreover, they observed that the
variation of the particle sizes tested had more
effect on the thermal conductivity in a vacuum
than in air and that compaction markedly
increased these values.

The various forms of ice (see Dorsey, ref. 8)
may affect the interpretation of electrical
exploration data because of the crystalline
structure system associated with the circum-
stances under which it formed and the nature of
the present environment. For example, the
intercrystalline material existing between the
surfaces of crystals becomes more concentrated
by repeated fractional freezing, with the result
that the ice itself becomes more pure and is
composed of larger grains, perhaps in a different
crystallographic system. For bulk ice (essen-
tially homogeneous as a body compared with
that filling pore spaces in rock), effective inter-
stitial material may eventually migrate to the
outer periphery of the mass, thereby emphasiz-
ing the conductivity contrast. The more rap-
idly the transition from vapor (if any) to water
toice occurs, the more likely itis that conducting
and/or resistive materials are entrapped in the
body of ice.

Dorsey (ref. 8) proposes that no type other
than ice-I exists at pressures less than 2000
atmospheres unless the temperature is very low;
he also states that both ice-II and ice-III types
proceed very slowly to ice-I. All known varie-
ties of ice, except ice-I, are denser than water
under identical conditions of temperature and
pressure; however, to the writer’s knowledge,
this has not been verified for a vacuum and
low-temperature environment such as that
found on the Moon.

Under the action of an induced electric field,
a space charge will be acquired by the ice unless
it is extremely pure. A sort of polarization
will result from a direct-current field, and an
alternating-current field will cause a varying
concentration of the field, the end result being
a reasonable probability of misinterpretation
unless proof of the existence of the ice is estab-
lished by other means (visible exposure or
coring). The relationship of field frequency
to the measured variation of the dielectric
constant of ice is given in figure 1(a); the
thermal variations of the dielectric constant of
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ice are shown in figure 1(5). A compilation of
observed laboratory data on the apparent
resistivity of ice at various frequencies is shown
in figure 2. The primary point to be made here
is that some preknowledge of the temperatures
of the ice and the overlying material greatly
reduces the probability of misinterpreting the
data from electrical methods.

Various factors are related to the wide range
of resistivities encountered in Earth materials.
Some of these may be more pronounced for
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constant of ice. (b)) Temperature versus the dielectric
constant of ice at 120 charges and discharges per
second.
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FiaUure 2.—A compilation of observed apparent con-
ductivities of ice versus temperature at various
frequencies (frequency data from ref. 8, p. 506;
direct current data from ref. 6).

water exploration on the Moon. Not neces-
sarily in order of importance, these are—

(1) Temperature of the ice and thermal
gradients of the surrounding materials

(2) Inhomogeneity of the ice and the sur-
rounding materials

(8) Degree and type of hydration of the
surrounding materials

(4) Particle size and degree of compaction of
unconsolidated materials surrounding a body
of ice

(5) Choice of electrical method, configura-
tion, and frequency

(6) Degree of polarization in connection
with associated fluids or ionized gases (if any)

(7) Magnitude of lithostatic pressure

(8) Lunar-surface state and topography

It would appear that a real requirement
exists, regardless of the intended method of
geophysical exploration, that one acquire some
borehole data before one attempts a surface
reconnaissance for bulk water deposits. Al-
though the probability of drilling into ice or
water-bearing strata by chance cannot be deter-
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mined at this time, it seems that it would be
very low. A useful accumulation of subsurface
data would act as a guide for planning surface
exploration.

GENERAL ELECTRICAL METHODS

Electrical methods in exploration geophysics
may be broadly categorized as self-potential
(SP), induced potential (IP), magnetotelluric
(and telluric), electromagnetic (EM), resis-
tivity, and borehole logging, which may involve
any one or a combination of these methods.
Interpretation processes of the SP and IP
methods are dependent on polarization phe-
nomena associated with electrochemical reac-
tions between the different subsurface con-
stituents. Although such phenomena may
occur on the Moon, the likelihood seems suffi-
ciently small to the author to exclude these
methods from this discussion. Magnetose-
lenics is not discussed here because the prob-
ability of locating recoverable deposits of ice by
this method in early missions seems unlikely.

Omne of the most attractive aspects of electro-
magnetic exploration is that of being amenable
to remote (orbital altitude) or surface (roving
vehicle or contact) operations. In the pre-
ceding discussion of lunar water, it was noted
that the effects of material temperature and
sensing frequency lead to possibilities of misin-
terpretation. Ward and others (ref. 10) report
a study on electromagnetic reflections in the
10~% to 10%hertz range in which they describe
a method of the “possibility of uniquely deter-
mining the presence of water, in solid or pore
liquid form, from electromagnetic soundings
made on or above the lunar surface.” They
detail the distribution and sequential variations
of electrical parameters of several models to
determine responses for each range and com-
bination they selected.

Because of the promise of remote sensing,
considerable emphasis has been placed on
electromagnetic methods. This is particularly
true in terrestrial applications, as evidenced by
the numerous applications and investigations on
the subject. Since the primary purpose here
is to discuss electrical resistivity techniques of
water exploration, let it suffice to refer the

reader to publications listed in the bibliography
at the end of this paper.

SURFACE RESISTIVITY METHODS

The classical resistivity methods of measur-
ing irregularities in the conductivity of sub-
surface materials depend on the determination
of the magnitude and extent of the potential
gradient on the surface caused by the
asymmetric flow of current introduced into
the subsurface. The measurements made on
the surface result in quantitative values of the
apparent resistivity caused by conductivity
contrasts in the subsurface.

Various electrode configurations exist for
resistivity surveying along the surface; these
are used to determine the approximate depth,
shape, and anomalous resistivity of discrete
bodies or features. A simple illustration of the
concept, using the common Wenner configura-
tion, is shown in figure 3. Since potential lines
are by definition perpendicular to current flow
lines, any distortion of the current lines by
material of anomalous conductivity is expressed
on the surface by a distortion of the potential
field. In practice, two general field techniques
are employed: (1) maintaining fixed electrode
separation and moving the array along a profile
line, then plotting resistivity values at the
midpoint of the array, that is, resistivity
profiling at a given electrode separation a
approximately equivalent to the maximum
depth of effective penetration; or (2) systema-
tically varying @ for successively greater depths
of effective penetration and repeating this
process at points along a line, that is, resistivity
sounding. Often both techniques are used in
the same area and parallel profiles must be
employed to ascertain the lateral extent of an
anomalous body.

Theoretical studies of the mathematical
modeling of various resistivity systems have
been pursued for many decades and are for
the most part very straightforward; however,
the quantitative interpretation of these data
seems to be as much an art as a science because
of several complicating factors. For example,
Earth ground water and moisture in the
weathered zone cause some difficulties, pri-
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Figure 3.—The Wenner electrode configuration.

marily because of a wide range of mineral
content affecting conductivity, as well as gross
irregularities in their extent. In some areal
surveys, fences, railroad tracks, underground
cables, etc., cause distortions in the potential
field. Coupling of the electrodes to the surface
layer is often inconsistent as a result of several
factors (variability of surface materials, vari-
ability of the degree and type of surface
moisture, improper implacement and/or care
of the electrodes, etc.). The Moon may be 2
or 3 orders of magnitude more amenable to
such surveys than are terrestrial sites because
of the obvious lack of some of these trouble-
some features. A few of the more subtle impli-
cations presently suspected may enhance the
attractiveness of resistivity techniques. For
instance, if discrete layering of near-surface
materials is prevalent in the maria, we approach
the ideal case and thereby may rely more on
scientific than on ‘“analogy-type”’ interpre-
tations.

Several model studies of geophysical methods
for lunar water exploration have been reported
by Westhusing and Crowe (see, in particular,
PP. 278-279 and 348-351 of ref. 2). In most
cases reported by them, apparent resistivity
measurements yield significant responses for the
resistivity contrasts they considered (assuming,
of course, that high resistivities may be
measured with the lunar system). Their con-
clusions are summarized in reference 2 in tables,
all of which are worthy of the reader’s review.
(Methods in orbital mode, pp. 337-339; instru-
mentation in orbital mode, p. 340; methods in

324-954 0—69—9

surface mode, pp. 343-346; and instrumenta-
tion in surface mode, pp. 355-357.)

Preliminary tests with resistivity models in
a vacuum chamber have been initiated using
olivine basalt. Temperature ranges of 150° to
100° C have been employed in a vacuum of 4 to
8% 10° torr with two parallel Wenner electrode
configurations. A thermally and electrically
isolated ceramic container is used to house the
model. (See fig. 4.) Preliminary studies were
performed with a mechanical-diffusion pump
system, the results of which were inconclusive;
the suspected cause was oil contamination of
the sample material. Sorbent roughing pumps
and ion pumps have been installed on the
chamber, and models are currently being pre-
pared to conduct a more complete series of
measurements. Materials with electrical prop-
erties similar to those of ice are placed in various
subsurface positions in the model. To date,
samples of granite, rock salt, limestone, Bakelite
140, and marble (for high resistivity) have
been studied as model substitutes for ice.
The two electrode arrangements are alternately
activated at given model temperatures for a
certain electrode separation a. Then the proc-
ess is repeated for different values of a. Re-
sults obtained with the new system are not
presently available; however, it is reasonable to
say at this time that the method appears
promising.

Probably the greatest operational disadvan-
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TreurE 4.—Schematic of the model arrangement of
the resistivity tests in the vacuum chamber. A, B,
C, and D are test materials.
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tages to resistivity methods are (1) the time-
consuming, cumbersome handling of the electric
cables; and (2) the power required for high-
resistivity measurements and widespread elec-
trodes. On Earth, vegetation, creeks, large
rocks, hills, etc., aggravate the problem, but
in the lunar maria, and considering the early,
limited profiles, the resistivity method may be
comparatively quite rapid. Of course the
restrictions on the astronauts’ dexterity and
mobility caused by their space suits will be a
handicap and must be considered in planning
experiments of this type.

SUBSURFACE ELECTRICAL METHODS

Early lunar missions preclude any in situ
subsurface techniques other than borehole
logging, unless tunnels or accessible fissures are
found and explored. The more advanced
missions may employ tunnel and shaft applica-
tions of electrical methods.

Borehole logging by electrical methods con-
sists essentially of recording the resistivities
and potentials of subsurface formations by
down-hole instruments applied throughout the
depth of the borehole. Discussion of potential
measurements is excluded in this section because
of the assumed lack of fluids in the lunar
subsurface.

Common electric logging techniques are des-
ignated as standard, or conventional (lateral,
normal, induction, micro, etc.). However,
these are usually employed in the fluid medium
of the water or oil well; therefore, there are
necessary modifications to terrestrial practices
in electric logging for lunar applications. (See,
e.g., the work of Tixier, ref. 11.; Stratton and
Ford, ref. 12; Dieter and Paterson, ref. 13; and
Guyod, ref. 14.)

Several resistivity-measuring systems exist for
logging purposes, but the most adaptable for
lunar logging appear to be the multielectrode
normal techniques. Logging electrode config-
urations are basically those used in surface
methods. With contact electrodes rather than
insertion electrodes, continuous recording is
possible by pulling the sonde from the bottom
to the top of the hole.

Induction logging measures formation resis-
tivity by electromagnetic means. Where con-

ductivity contrasts exist, induction logging
vields a sharper delineation of interfaces than
do conventional means and may be more
feasible in lunar logging than are conventional
resisitivity logs, since no contact with the hole
wall is necessary. Definition of thin beds is
better with induction logs. One reason for
this difference is that eddy currents induced in
the formation tend to circulate through the less
resistive formations, and thereby sharpen the
record response.

Lateral logging forces current to flow radially
through beds as a ‘“‘sheet” of predetermined
thickness by placing electrode contacts in such
a way as to allow continuous adjustment of
potential differences between them. However,
fluid is required for this otherwise desirable
method.

Combination logging tools are in use and are
worthy of consideration in early lunar missions
in prospecting for water. They have advan-
tages in terms of simplicity, ease of adaptation
for lunar missions, and low power/size/weight
specifications; however, logging tools are charac-
teristically cumbersome and, in the case of lunar
work, may require severe operational modifica-
tions to alleviate excessive astronaut par-
ticipation.

Where lunar boreholes are not widely sepa-
rated, resistivity measurements between holes
may be performed in addition to standard log-
ging. Equipotential points may be mapped
locally when identical logging tools are used
simultaneously. It is sufficient to say that the
subject should have much more study.
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Developments in Quantitative Luminescence Techniques

In conjunction with the use of lumineseence for the identification of lunar materials, a
basic laboratory study has demonstrated the feasibility of obtaining useful correlations of
mineral luminescent phenomena. Two monochromator-photomultiplier attachments to an
electron microprobe have been developed which permit the study of cathodoluminescence
phenomena on a micron scale. The attachments extend the analytical capabilities of the
instrument and facilitate: (1) recording of luminescence spectra, (2) obtaining the distribu-
tion of luminescent phases in microspecimens and bulk specimens, (3) evaluating and record-
ing the relationships between fluorescence patterns and conventional X-ray representation
of an area scan, (4) studying radiation influence on fluorescence decay, and (5) relating
luminescence intensity to composition within a phase. This information provides a basis
more reasonable than that formerly used for interpreting recent observations of lunar

luminescence.

INTRODUCTION

The use of luminescence to characterize
lunar-surface materials was prompted by ob-
servations of lunar luminescence reported by
Kopal (ref. 1), Rackham (ref. 2), and Cameron
and Gilheany (ref. 3). An investigation of
terrestrial minerals likely to occur on the Moon
has demonstrated the feasibility of obtaining
quantitative measurements of mineral lumines-
cence. It has also indicated striking variations
of spectral energy distributions and excitation
efficiencies within the individual specimen
grains and thus emphasized the importance of
a precise localized investigation of a multiphase
assemblage to provide an understanding of the
bulk luminescent response of the material.

In order to achieve the level of precision and
discrimination necessary for evaluating the
interrelations of wavelength and intensity with
various elements, compositions, structures, and
degree of recrystallization, two equipment
modifications were developed for use with an
electron-microprobe X-ray analyzer. The work
reported here describes the development and
application of two basic cathodoluminescence
detector units: (1) an -electron-microprobe,
interference filter attachment; and (2) an

electron-microprobe, light-wire grating mono-
chromator assembly. Although other equip-
ment units are available for observing lumines-
cence phenomena (refs. 4 to 9), the microprobe
and cathodoluminescence detector units offer a
comprehensive analytical system for detailed
investigations.

Some of the electron-excited luminescence
information obtained in this study may be
used to predict the physical, and to some
extent the chemical, properties of minerals
which may be present on the lunar surface and
which have been exposed to various forms of
radiation. This may then lead to the de-
termination of the spatial distribution or
availability of specific indigenous lunar or
planetary surface resources.

Research reported in this paper was spon-
sored by the National Aeronautics and Space
Administration. The authors wish to thank
Dr. Brian Mason, Curator of Meteorites,
Smithsonian Institution, for his help in secur-
ing subsamples of meteorite specimens.

EXPERIMENTAL
Luminescence Display System

The two' cathodoluminescence units are used
127
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for the identification and distinction of phase
assemblages, for the determination of the dis-
tribution of reaction products, and for the
quantitative evaluation of the luminescent
properties for specimens of microscopic size.
The two units facilitate the study of cathodo-
luminescence phenomena on a micron scale of
the specimen without disturbing the normal
function of the microprobe. Either detector
unit replaces the ocular tube on the microscope
of an Applied Research Laboratories model
EMX microprobe. Most nonmetallic materi-
als luminesce in the visible region when bom-
barded by relatively high energy electrons (5 to
50 keV). Since the intensity and spectral dis-
tribution of the luminescence can vary even
with small changes in impurity content, the
luminescence characteristics give important in-
formation concerning the trace composition and
growth characteristics of a given phase. With
these detection units, quantitative measure-
ments of the luminescence spectra are obtained
without impeding the inherent use of the micro-
probe as an analytical tool. -

The monochromator (interference filter) at-
tachment consists of a housing, a mono-
chromator, an ocular tube, a selection of
interchangeable slits, and interchangeable pho-
tomultiplier detectors. A diagram of this
attachment is shown in figure 1. The attach-

WAVELENGTH (mu} MICROSCOPE ADAPTOR

MONOCHROMATOR
HOUSING

INTERFERENCE FILTER

INTERCHANGEABLE
OCULARS AND SLITS

COVER PLATE

P M. TUBE HOUSING

Fieure 1.—Cathodoluminescence interference filter
attachment.

ment replaces the ocular tube of the optical
microscope on the microprobe. The inter-
changeable components are readily permuted
so that the operator can perform a variety of
experiments or use the microscope in the normal
manner without having to remove the attach-
ment. For visual microscopic examination, the
ocular is inserted in the attachment. Then the
specimen can be viewed through the monochro-
mator, in which case the specimen is seen in a
given colored light, or, alternatively, the mono-
chromator can be bypassed for normal micro-
scopic observation. Defining slits for the
monochromator are inserted in place of the
ocular, and then photomultiplier tubes in light-
tight housings are slipped onto the attachment
for electronic detection of light intensities.

The monochromator within the attachment
is a Bausch & Lomb wedge interference filter of
narrow bandwidth (10 nanometers (nm)) and
35 percent transmission. The linear dispersion
is 5.5 nm/mm with a useful wavelength range
of 400 to 700 nanometers. An odometer is used
to read wavelength directly to the nearest 1.0.
The visible spectrum is scanned by use of a syn-
chronous motor drive on the monochromator
with strip-chart recording of the signal. In
this manner the complete visible emission
spectrum of a luminescent area on the surface
of the sample can be obtained. The amplified
photomultiplier signal can also be displayed on
the oscilloscope in a way analogous to the con-
ventional electron-backscatter image or X-ray
images as described earlier by Heinrich (refs. 10
and 11). Recently, infrared microprobe dis-
play capabilities have been developed (refs. 12
to 15); however, with this attachment, light
intensity displays at a particular wavelength in
the visible spectrum can be photographically
recorded.

A second cathodoluminescence detection unit
is a light-wire grating monochromator assembly.
The light generated by the action of the electron
beam’ (typically, 30 keV and 0.03 micro-
ampere) on the specimen is collected by replac-
ing the ocular of the -electron-microprobe
optical microscope with a flexible, J-inch
Bausch & Lomb noncoherent light wire.
Typical incident light-gathering efficiency of
the fiber optic rod is 60 percent at the receiving
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end, with a light-transmitting efficiency of
5 percent absorbance loss per foot and a trans-
mittance capability in the visible and near-
infrared zones. A variety of signal readouts,
such as Teletype printout, strip-chart recording,
and oscillographic display, are available.

A Bausch & Lomb 500-millimeter-focal-
length monochromator with two interchangeable
diffraction gratings, one blazed at 7500 A with
600 grooves/mm and one blazed at 3000 A
with 1200 grooves/mm, permits narrowband
spectra to be obtained when necessary.

Experimental Procedure

As one part of a systematic study of lumines-
cence of natural materials likely to occur on
lunar and planetary surfaces, a variety of
meteorite specimens were examined under
electron bombardment. Detailed examination
of what at first appeared to be homogeneous
material, free from obvious inclusions of
extraneous phases (i.e., metals, sulfides, and
silicates other than enstatite), revealed striking
variation in fluorescence and chemical compo-
sition between meteorites. In order to charac-
terize the extent of such variation, an electron
microprobe was utilized to examine enstatite
(MgSiO;) grains derived from the following
meteorite specimens: (1) enstatite chondrites:
Abee, Adhi Kot, Atlanta, Blithfield, Khairpur,
Jajh deh Kot Lalu, and Hvittis; and (2)
enstatite achondrites: Bishopville, Cumberland
Falls, Khor Temiki, Pesyanoe, and Shallo-
water. Individual grains, 10 to 200 microns in
diameter, were selected for analysis, and these
samples were embedded in ¥-inch-diameter
plastic rods. Polishing was done by the
sequential use of 6-, 3-, and 1-micron diamond
paste and }-micron Gamol polishing suspen-
sion. The samples were carbon coated to a
thickness of about 200 to 400 A to provide a
conducting path for absorbed electrons and
were placed in a brass holder in the microprobe
chamber for analysis.

Intensity of luminescence was recorded on a
dual-pen strip recorder. The wavelength range
from 400 to 700 nanometers was investigated in
two ways: At monochromator settings to
monitor and compare the blue and the red

portion of the spectrum (for enstatite, the host
crystal luminescence emission is in the blue,
and the activator-induced luminescence emis-
sion is in the red, portion of the spectrum), and
at a variety of settings to obtain oscillographic
displays of the luminescence for comparison
with conventional electron-backscatter and X-
ray images.

All the X-ray measurements were made on
an Applied Research Laboratories model EMX
microprobe equipped with three dispersive
channels. X-ray intensities were read from
Hamner 6-decade scalers or printed by a Tele-
type machine. The probe was operated with
& l-micron spot size. The majority of the
intensities were measured on a 4-inch LiF
spectrometer using a sealed 0.001l-inch beryl-
livm-window argon detector (argon Exatron);
silicon intensities were measured using a 4-inch
ADP (ammonium dihydrogen phosphate) spec-~
trometer with a 0.004-mm-thick, carbon-coated,
nonsupported, Mylar window and a flow pro-~
portional counter with P~10 gas at atmospheric
pressure.

The procedure for making X-ray intensity
measurements was to select a grain using
reflected light optics and simultaneously record
the luminescence signal from the instant the
electron beam impinged on the specimen and
the X-ray signals. For individual grains de-
rived from the larger samples, iron (Fe),
manganese (Mn), chromium (Cr), calcium (Ca),
and silicon (Si) were determined. The in-
tensity of the SiK, X-ray emission line signal
was utilized to monitor the phase (in this case,
enstatite, MgSiO;). The Fe, Ca, and Cr were
monitored so as to determine their influence on
the optical fluorescence response of the enstatite
host crystal. The Mn was monitored to deter--
mine its contribution to the activator-induced
red luminescence band for an enstatite host.
Although group IVB oxides can increase the
host luminescence (in the blue), they were not
monitored since-their presence in these meteor-
ite grains is well below the 1 weight-percent
necessary to enhance the enstatite blue emission
band. The LiF spectrometer was used to scan
for the K, X-ray emission lines of the elements
Ca, Fe, Mn, and Cr; the ADP spectrometer
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was used to identify the K, X-ray emission
lines for Si.

Operational technique was as follows: (1)
obtain the luminescence intensity measure-
ments; (2) record five replications at each
element odometer setting and at the back-
ground odometer setting for that element for
a series of points within a grain or grains (ref.
16); and (3) photograph luminescence oscillo-
graphic displays and the conventional cathode-
ray-tube electron-backscatter image and X-ray
images.

Procedure for Analysis of Experimental Data

Multivariate statistical analytical techniques
(vefs. 17 and 18) were utilized to process the
data. From this information it was possible to
determine to what extent fluorescence spectra
of the meteorites vary from sample to sample
and to correlate the intensity and wavelength
of fluorescence with chemical composition.
Since some zero values for the elements were
present (corresponding to the probe analysis
detection limit for the element), the data trans-
formation log (X-+1) was appropriate for the
statistical analysis.

RESULTS AND DISCUSSION

When the samples were observed micro-
scopically during electron bombardment, large
differences in both the intensity and wave-
length of the resulting luminescence were
evident. Different portions of a single mineral
sample emitted at wavelengths ranging to both
limits of the visible spectrum. Within an
individual specimen the variation in intensity
and/or wavelength of fluorescence appears to
be accounted for by corresponding variation in
chemical composition. Higher concentrations
of Fe, Ca, and Cr tend to suppress fluorescence.
In many cases, exsolution phenomena (refs. 19
and 20) representing areas of high Ca and low
Ca pyroxene are sharply contrasted by moni-
toring the optical fluorescent emission intensity
with the monochromator set in the red portion
of the visible spectrum. Both the high and
low Ca pyroxene luminesce in the blue; however,
the high Ca quenches strong luminescence in

the red, and consequently the oscillographic
displays clearly show the location of each.

Fluorescence is most intense in the red portion
of the spectrum. Almost all of the strong
luminescent samples contain very little Fe or
Ca, and the achondrite enstatite specimens
luminesce stronger than do the chondrites
throughout the visible spectrum.

The clinoenstatite specimens luminesce with
relatively low efficiency and primarily in the
blue, and the orthorhombic enstatite specimens
luminesce with relatively higher efficiency both
in the blue and in the red part of the visible
spectrum. Fe readily substitutes for Mg in
enstatite and diopside and is in larger concentra-
tions in the clinoenstatite specimens. The
presence of Fe quenches luminescence and also
can effectively reduce the Mn luminescent
emission contribution to red emission. (Man-
ganese in MgSi0O; produces new emission bands
at the expense of the original bands of the host
crystal; the Mn activator would normally be
responsible for the long-wavelength emission
band in this case.) In numerous measurements
the Mn and Fe indicated a significant positive
correlation, and this association usually de-
creased the red contribution to the luminescent
response for the specimens. In addition, the
observed decrease in luminescent efficiency in
going from an orthorhombic enstatite to a
monoclinic enstatite specimen is consistent with
the crystal-field-theory explanation concerning
the environment of the atoms when the lattice
spacing is altered and also when there is a
reduction in site symmetry.

An examination of selected mineral grains by
the electron microprobe revealed that the
dispersion of concentrations of Fe, Mn, Cr, and
Ca in these samples is also large. This vari-
ability indicates why a variety of intensity and
wavelength responses may be possible within a
specimen. These chemical peculiarities effec-
tively define the two groups (enstatite chon-
drites” and enstatite achondrites) (refs. 21 to
27), as well as tend to delineate the enstatite
polymorph present. The enstatite chondrites
are characterized by a high degree of reduction.
The principal mineral is pure or nearly pure
MgSiO; as rhombic enstatite, or clinoenstatite
in part. Some chondrites show well-developed
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chondritic structure; others are primarily gran-
ular aggregates of enstatite. The luminescence
efficiency tends to follow the textural relation-
ships in terms of the sample purity represented
by coarse grains and, consequently, the slow
crystallization of the granular aggregates (poor
chondrules) compared with the lower intensity
registered for the good chondrule types. Also,
the degree of recrystallization results in minor
chemical and mineralogical changes which can
influence unique luminescent response. For
example, the Blithfield specimen lacks chon-
dritic structure, and the recrystallization is
clearly indicated by red luminescent rings
corresponding to areas depleted in impurities by
the recrystallization process. The enstatite
achondrites represent an even higher degree of
reduction than the chondrites, and the achon-
drite pyroxene is essentially Fe free. This
purity is mirrored by the greater luminescence
intensity shown by the enstatite achondrites for
both the range of 400 to 500 and 600 to 700
nanometers.

Constant exposure of the enstatite specimen
point to the electron beam causes a fatigue of
the phosphor which is described by power-law
decay relating intensity and time:

I=t—"

where I is the intensity at a time, n is a constant
evaluated for the particular curve, and ¢ is the
time in seconds. Young (ref. 28), Massey and
Burhop (ref. 29), Leverenz (refs. 30 and 31),
and others (refs. 32 to 34) provide appropriate
discussions of electronic and ionic impact,
penetration, and reaction phenomena.

CONCLUDING REMARKS

Quantitative optical fluorescence spectra and
color pattern displays have application in the
characterization of inorganic solids as demon-
strated by newly developed, nondestructive,
analytical techniques. By conveniently uti-
lizing the analytical capabilities of an electron-
microprobe X-ray analyzer and specialized
monochromator-photomultiplier cathodolumi-
nescence detection units, spectral data of
micron-size particles and of preselected micron-
size areas of larger mineral grains can be col-

lected, and the variations in the optical fluo-
rescence response of the specimens can be
correlated with chemical composition and
structure. The scheme of successive operations
permits the investigation of natural phosphors
singly or in mixtures, with the luminescence
emphasized as a complementary diagnostic
tool. -

By demonstrating the influence and inter-
relations of such system parameters as crystal
host, activator, purity, and chemical composi-
tion, luminescence may eventually be used as a
satisfactory remote sensing technique similar
to the statistical air-survey evaluations of
various sand deposits accomplished by Ro-
manova (ref. 35) and the variety of natural
resources by Colwell (ref. 36).
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HUBERTUS STRUGHOLD
Aerospace Medical Division
Brooks Air Force Base, Tex.

Unorthodoxies and Controversies
in Planetary and Space Science

I feel very honored to have been invited to
speak at the fifth annual meeting of the Working
Group on Extraterrestrial Resources. It isnot
only a great privilege but also a very difficult
task to select a suitable topic for this audience
of experts in the fields of geology, selenology,
and planetology. I have decided to talk about
theories which are not in accord with the present
generally accepted ones, but which should not
be ignored because they might, after all, be
correct. 1 shall discuss some freely selected
examples of unorthodoxies and controversies
with special reference to the space-life sciences.

I would like to begin with a theory proposed
in 1937 by Prof. P. A. M. Dirac of London, a
Nobel Prize winner in physics (ref. 1). He
suggested that Newton’s constant of gravitation
is actually not a constant but has decreased
slightly during the lifetime of the solar system
and continues to decrease in correlation with
the expanding universe. This idea was not
accepted in physical science, and 2 years ago,
when I had the opportunity to talk with Prof.
Dirac about his theory, he emphasized that
most physicists are hostile to it. But 5 years
ago Prof. R. H. Dicke, physicist at Cornell
University, came to the same conclusion (ref.
2), and, at about the same time, Pascual
Jordan, physicist at the University of Hamburg,
published several papers in favor of Dirac’s
theory (ref. 3).

An acceptance of Dirac’s theory leads to
interesting conclusions. Generally, it is as-
sumed that the Earth is contracting like a
“shrinking apple.” This probably was the
case during the time when the protoearth
cooled off from a much higher temperature.
But after it had reached a temperature equilib-
rium, about 1 billion years ago, the decrease

of the gravitational constant might have be-
come the dominant factor in shaping the volume
and surface of the Earth by causing the oppo-
site of shrinking; namely, expansion. It has
been calculated that the radius of our globe
during the past half billion years has increased
by 37 meters, and its circumference, by 600
kilometers. This tendency to expand has led,
and still leads, to tension cracks in its crust.
This explains why the primordial supercon-
tinents, Gondwanaland and Laurasia, were
split into a number of secondary continents,
which then drifted apart (continental drift).
Formerly, the African Continent was con-
nected with the South American Continent,
and the North American Continent, Green-
land, and Iceland were part of the Eurasian
Continent. The islands off the east and west
coasts of the United States and Canada have
been split off from the continent by tension
cracks, and there are numerous faults on the
continents; for example, the San Andreas
Fault in California.

Recently, explorers working in oceanog-
raphy have discovered fissures of several thou-
sand kilometers in length at the bottoms of the
Atlantic and Pacific Oceans. These, too, have
been interpreted as expansion tension cracks.
Thus the Earth can no longer be compared
with a shrinking apple; rather, it seems to be
an expanding planetary body. Its tendency
to expand may be a factor in making earth-
quakes produced by volcanic activities more
destructive. :

The phenomenon of gravitational decrease
is not restricted to our planet; it includes the
whole universe. However, I would like to
confine myself to our local universe, the solar
system, and specifically to Mars. (See ref. 4.)
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In contrast with the surface of Earth, the
surface of Mars is a stony solid with no open
waters. The generally accepted theory is that
Mars formerly had oceans, but, because of its
lower gravity, most of the water molecules have
escaped into space. However, around 1910,
Baumann of Zurich (ref. 5) suggested that
parts of the Martian ancient oceans are now
frozen and covered with dust which has be-
come solidified in the course of millions of years.
In Urey’s book (ref. 6), H. E. Suess, at that
time at the University of Chicago, is quoted as
stating that ‘‘substantial quantities of water
may be buried under dust and never become
volatile at the low temperature of parts of the
planet.” As you know, the average temperature
on Mars is about 15° C lower than that on
Earth. This somewhat forgotten, unorthodox,
frozen-ocean theory has been recently revived
and developed in more detail in references 7 and
8 by V. D. Davydov, an astronomer at the
Sternberg Astronomical Institute in Moscow.
He theorizes that there may be a subsurface
ice layer 500 meters thick in the equatorial
regions now covered by a 100-meter-thick layer
of solidified dust. He even expressed the
opinion that beneath this frozen conglomerate,
or- ‘‘cryosphere,” as he called it, water might
be found in the liquid state because of an
increase of temperature in the interior of Mars.

If we combine this unorthodox hypothesis of
the existence of a hydrocryosphere below the
surface of Mars with Dirac’s unorthodox theory
of the gravitational constant, we get an interest-
ing picture. The gravitational decrease would
cause on Mars, too, a volume expansion and
tension cracks. Their appearance might be
triggered by the impact of meteorites and
asteroids which should produce fissures of
tremendous length in a crust of nonuniform
composition. This threefold environmental
combination—planetary volume expansion,
subsurface ice layer, and meteoroid impacts—
might well be the mechanism producing the
dark spots called oases and the dark linear
markings, or canali, which generally originate
in the dark spots and radiate over tremendous
distances.

The existence of a subsurface ice and water
table on Mars would increase the humidity in
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and around the meteoritic impact craters and
along the fissures, and make them more suitable
ecologically for the growth of vegetation.
Actually, it might be the soil’s humidity and
vegetation that make these surface features
visible to Earth-based optical astronomy.

The theory of the existence of a subsurface
hydrocryosphere on Mars is unorthodox, but
there are some astronomical arguments and
indications that speak for it. For instance,
according to Barabashov (ref. 9), without
such a subsurface ice table all the water mole-
cules might have disappeared into space in
the course of millions of years. Furthermore,
when cracks caused by Mars quakes occur in
this kind of crust, water may reach the surface
and produce localized giant clouds and white
streaks of fog; such clouds, visible for days,
have been described by Lowell (ref. 10) and
Slipher (ref. 11). White spots glittering like
ice have been observed in the equatorial
regions by Saheki of Tokyo (ref. 12).

How does this combination of theories look
in the light of the Mariner IV pictures? Their
initial interpretation was that the visible
Martian surface is extremely old and that
neither a dense atmosphere nor oceans have
been present on the planet since the cratered
surface was formed. But later evaluations of
Mariner IV photographs led to the considera-
tion that the surface of Mars was only 300
to 500 million years old and to the statement
that: ‘“The crater density on Mars no longer
precludes the possibility that liquid water and
a denser atmosphere were present on Mars
during the first 3.5 billion years of its existence.”
(See ref. 13.) Thus, the ancient ocean theory
might be correct after all. It might be that
some 300 million years ago, after Mars had
lost most of its water into space, it entered
a permanent ice age; the remaining frozen
water in the course of millions of years became
covered with a deep layer of dust that became
solidified and was bombarded by numerous
asteroidal meteoroids, starting some 300 mil-
lion years ago with the disruption of Planet X,
the matrix planet of the asteroids. This
might indeed be the history of the features
on the red planet as we see it today.

Now, I would like to go into a little more
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detail about some controversies concerning life
on Mars. The dark areas, according to most
observers, show seasonal color changes from
dark to bluish-green, to yellow-gold, to brown,
and back to dark, which is interpreted as an
indication of green vegetation on Mars. But
to some observers these regions always appear
to be dark gray. These observations can be
accepted only from persons with normal
color vision, as confirmed by an ophthal-
mologist (ref. 14). As you know, 7 percent
of human males are color defective.

The bluish-green color is also interpreted
as a visual contrast phenomenon against the
ocher-reddish surroundings. Visual contrast
effects certainly occur, especially if the areas
are small, but the bluish-green coloration of
large areas, such as Syrtis Major, which is
about’ the size and shape of Texas, is in all
probability real. This is also supported by
the observation of Tombaugh (ref. 15), accord-
ing to whom certain areas occasionally look
dark when others look green, despite the fact
that both are surrounded by reddish areas.
The final answer in this color dispute might
come from color photographs made by future
flyby probes. But, of course, the green color
is not decisive of the existence of life on Mars.

Fifty years ago, Arrhenius (ref. 16) advanced
the theory that the dark areas are salt beds of
dried-out oceans and concluded that “Mars is
indubitably a dead world.” But on Earth the
Dead Sea, in Palestine, which is an extremely
salty medium, was for thousands of years con-
sidered to be without life, whence its name.
Recently, however, numerous species of micro-
organisms, bacteria, and algae have been
detected therein. The Dead Sea, therefore, is
not so dead as was believed, and the red planet,
Mars, might not be so dead either.

Recent spectroscopic studies indicate that
carbon dioxide pressure in the Martian air
might amount to 3 millibars; that is, 10 times
as high as that on Earth. The opinion has been
expressed that this would exclude life; but,
actually, it would even be an advantage for the
growth of green vegetation, because carbon
dioxide in this pressure range increases photo-
synthesis; although beyond 22 mm Hg it has an
inhibiting effect on this process.

It has been argued that the low density of a
10-millibar-pressure atmosphere, as revealed by
Mariner IV, might not provide effective pro-
tection from harmful solar ultraviolet and
X-rays. But, first of all, the intensity of solar
irradiation at Mars’ distance from the Sun is
less than one-half of that at the Earth’s solar
distance. Furthermore, a certain amount of
these rays is certainly absorbed within the
atmosphere. It is, of course, well known that
ultraviolet rays, particularly in the range from
2500 to 2800 A, are indeed very destructive to
most terrestrial micro-organisms. For this
reason they are used for sterilization of food and
of lunar and planetary probes to prevent inter-
planetary contamination. But there are
various degrees of resistance to ultraviolet
rays and X-rays. Moreover, certain micro-
organisms are even stimulated in growth when
exposed to low-intensity ultraviolet rays and
X-rays, as was found in bacteriological experi-
ments around 1930.

The temperature on the Martian surface
during the night is always and everywhere
below the freezing point of water. This is con-
sidered to be particularly prohibitive for life;
but experiments in Mars environmental simu-
lators have shown that many organisms survive
the freeze-thaw cycle for some time. If there is a
Mars biology, during the night it is always a
cryobiology; that is, a low-temperature biology.

All in all, the question of life on the Martian
surface is still more a matter of probability than
possibility. If there is life on the Martian
surface, & precondition for it would have been
the existence of open waters for its origin and
development. Furthermore, if there is a water
table below the ice layer, as mentioned earlier,
this water table could be a second habitat for life
based on chemosynthesis. This, of course, sounds
ultraunorthodox; but on Earth the water of
the geysers contain micro-organisms, and there
are microbes even in oilwells and jet-fuel con-
tainers. This has led to the establishment of a
new branch of bacteriology called petroleum
bacteriology.

Finally, I would like to touch upon some con-
troversial points concerning human physiology
in space flight. In all space medical discussions
the duration of the flight plays an important
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role. What might be the time limit in this
respect? A flight to the Moon is no problem
because this takes only about 3 days, but a
flight to Mars, based on a minimum energy
trajectory, lasts more than 8 months. This is,
of course, the simplest and- most economic
method for unmanned automated planetary
probes, such as Mariner IV.

But is such a long duration also acceptable
for a manned planetary mission? To get a
realistic judgment in this respect, we must con-
sider the whole complexity of life of the mission
crew, a team of perhaps six or more, living in a
cramped, closed ecological world with its own
economy and autonomy. The activities of this
“capsule society,” as Sells calls it (ref. 17), in-
clude power control, navigation, exploration,
telecommunication, control of the life-support
system, hygiene, housekeeping, and so forth.
Weightlessness complicates some of these ac-
tivities and facilitates others.

The astronauts, after some 20 hours of flight,
should be in a state of “relatively stable adapta-
tion to weightlessness,” as has been concluded
from the medical observations taken in orbital
flight. Anthropometric comfort, appropriate
exercise, and a well-regulated sleep-duty regime
might enable them to endure space flight lasting
formonths. Artificial gravity might not be re-
quired. Be that as it may, it seems to me
advisable, if not even a requirement, to base a
flight plan to Mars on a high-energy trajectory
so that the duration of the minimum-energy
trajectory of about 8 months can be shortened
to 20 to 30 percent of this time. This can be
achieved by novel methods of propulsion.

In addition to the man-machine-intracabin
environment complex, the external space en-
vironment also must be taken into account. A
shorter time reduces the possibility of meteoritic
incidents and the radiation hazards after solar
flares.

In brief, 8 minimum in time and an optimum
in comfort is the prescription for achieving a
maximum of success of any manned planetary
landing mission (ref. 18). Of course, astro-
nauts with week-long experiences in orbital
flight and the space medical practitioners who
have controlled these flights will have a decisive
voice in this respect.

In the case of long-range manned space opera-
tions, as, for instance, a flight to Mars, preflight
prophylactic surgical measures in addition to
preventive dentistry must be considered. Ap-
pendectomy and even cholecystectomy would
certainly be advisable; the latter may be nec-
essary only if there is some doubt that the
astronaut is completely free of positive and
negative gall-bladder stones. This much, ac-
cording to my opinion, makes sense. But the
suggestion to transform astronauts into cyborgs,
that is, persons with artificial organs, which hit
the headlines of the press some 10 years ago
and might be revived since the successful trans-
plantation of organs, will probably remain s
matter of wild imagination; for it is not the
task of space bioengineering to adapt the human
body artificially to the extraterrestrial envi-
ronment. Rather, it is our aim to make the
extraterrestrial environment artificially as phys-
iologically suitable as possible. This is the
challenging task of the Working Group on
Extraterrestrial Resources.

The present main object of your working
group is the Moon. I would like to conclude
this discussion with.a brief remark about the
controversial question: How should selenonauts,
the Moon explorers, walk on the Moon? At
the 1966 meeting of the Lunar International
Laboratory Committee in Madrid, Margaria of
Milano suggested that the selenonauts should
take advantage of the Moon’s low gravity by
jumping some 5 meters, like grasshoppers (ref.
19). This might be acceptable if the surface is
smooth, but if the “moonhoppers” should lose
their balance and hit the ground on a rough
surface, they might risk a leak in their pressure
suits. In contrast, at the same meeting, I sug-
gested that the selenonauts should increase
their weight by carrying, in addition to the
life-support equipment, some 30 kilopounds of
material, maybe moonpebbles, in pockets around
their waist or shoulders (ref. 20). This would
increase-stimulation of the peripheral mechano-
receptors in the skin and muscles of the legs
and would help them to keep their balance. It
would make the stimulation of these mechano-
receptors more Earth-gravity equivalent, but it
will not, of course, affect the otolith apparatus.

In conclusion, there are many more contro-



UNORTHODOXIES AND CONTROVERSIES IN SPACE SCIENCE

versies in space medicine, lunar and Martian
medicine, and Martian biology that will be a
stimulus for further theorization and experi-
mentation. The technological and scientific
achievements in man’s advance on the space
frontier have so far been spectacular and will
be even more fantastic in the years to come.
Nevertheless, despite the possibility of some of
the unorthodox theories I have presented, in
the area of space medicine we must be realistic
and sensible, particularly in our extrapolations
for long-range, manned missions such as a
flight to Mars.
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STUDY OBJECTIVES

The study of the application of reactor power
systems to manned lunar missions upon which
the present paper is based was instituted with
the following principal objectives:

(1) To evaluate the capabilities of the hard-
ware and technology under development by the
SNAP-8 and associated programs.

(2) Toidentify and evaluate the major opera-
tional interfaces between a manned lunar-sur-
face mission and the reactor power systems and
to determine the influence of each upon the
other.

(8) To determine desirable modifications to
the SNAP-8 and other reactor power systems
to enhance their applicability to manned lunar-
surface missions.
 (4) To develop guidelines and design criteria
for ongoing reactor power technology develop-
ment programs.

In order to attain the study objectives, con-
cepts were developed and evaluated for integra-
tion into the manned lunar mission of a SNAP-8
reactor, Rankine cycle system; a SNAP-8
reactor, thermoelectric system; and a SNAP-8
reactor, Brayton cycle system. The major em-
phasis was on the SNAP-8 reactor, Rankine
cycle system. Although less emphasis was
placed on the thermoelectric and Brayton sys-
tems, many results of the Rankine cycle work
are applicable to lunar-surface reactor power
systems in general.
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Results of these studies have been reported in references 1

BACKGROUND

Over the past several years NASA and other
organizations have conducted studies of con-
cepts for extension of manned lunar exploration
beyond Apollo (refs. 3 to 7). These concepts
have ranged from minor extensions of Apollo
systems to concepts for semipermanent lunar
bases. Lunar bases that can support about 12
men appear feasible from the logistics standpoint
with uprated versions of the present Saturn V
and reasonable extensions of Apollo spacecraft
technology. Apollo Applications Program (AAP)
missions currently under study are quite modest
extensions of the existing Apollo systems aimed
at attaining staytimes on the lunar surface of
up to about 12 days, and these concepts project
only a very few years beyond the Apollo
missions.

A AP-class missions are expected to employ a
combination of solar cells and batteries for
power. Power requirements on the lunar surface
are on the order of 1 to 2 kilowatts, durations
are up to 12 days, and operations on the surface
will be restricted to daytime. Studies of small

- expendable bases (two to six men with durations

of up to 2 or 3.months) have indicated that for
this level of activity, fuel-cell power is the best
choice. Larger semipermanent bases are ex-
pected to require nuclear reactor power.

Prior studies of nuclear reactor power sys-
tems for lunar-base operations have established
the basic feasibility of lunar surface reactor
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power (rvef. 8). The study in reference 8 is a
conceptual design of an optimized system not
based on technology presently in development,
and it assumed a requirement for power levels
in excess of the capabilities of current tech-
nology such as SNAP-8. However, more recent
estimates of the power requirements for lunar-
base operations have indicated that the previous
power requirement estimates were too high.

NASA and the AEC currently have under
technology development several systems which
could be utilized for nuclear power production
on the lunar surface or in other space environ-
ments. These include the SNAP-10A and
SNAP-8 family of zirconium-uranium hydride
reactors, the SNAP-2 and SNAP-8 mercury
Rankine turbo generator systems, the Brayton
cycle turbo generator systems, and direct
radiator and compact converter thermoelectric
systems. A recent study directed by the
NASA Langley Research Center carried out
an investigation of the use of this technology
for providing power to a manned orbital
laboratory (ref. 9). The study here reported
was undertaken to examine the capability of
this technology base as support for possible
future lunar missions. Whereas no such mis-
sions as those postulated for this study are
presently planned, the lead time required for
development of nuclear technology is quite long,
and the study therefore was timely in providing
missions application information to the tech-
nology development programs. The NASA
and AEC space reactor power system tech-
nology programs have utilized development
guidelines and criteria established primarily
for unmanned applications. The presence of
man in a mission application will have a
substantial impact on reactor power system
design criteria, operation techniques, and devel-
opment requirements. Reliability, operating
modes, radiation levels, repair and maintenance
capability, and mission integration considera-
tions of unmanned mission cases will be
altered.

ESTABLISHMENT OF MISSION MODEL

Lunar-base concepts are generally associated
with the idea of extensive scientific mission

activity on the lunar surface. Deep geologic
core drilling, special laboratories utilizing the
“hard” lunar vacuum, and large radio or
optical telescopes are typical postulated scien-
tific activities. The referenced advanced
studies have indicated that these classes of
missions could be conducted on the lunar
surface with a base crew of about 12 men.

The mission model was formulated around
concepts of a 6-to-12-man semipermanent lunar
base developed by the aforementioned and
contemporary advanced mission studies. These
studies have assumed use of the Saturn V
launch vehicle and appropriate spacecraft hard-
ware for crew and logistics transport. Esti-
mates of required electric power for such base
operations range from about 15 kWe to more
than 100 kWe, with estimates above 30 kWe
generally associated with assumption of some
sort of natural resources processing (e.g., pro-
pellant production) on_ the lunar surface.
Although resources processing ultimately may
be of importance for lunar operations, it is
our opinion that this will not be the case for
the first lunar activities extensive enough to
require nuclear power. Therefore, for the
purpose of the subject study, resources proc-
essing was not assumed, and the range of
power requirement considered was 20 to 35
kWe. However, a brief examination was
made of the capability of the SNAP-8 mercury
Rankine system to provide higher power levels.

Before outlining power requirenients in some-
what more detail, it is pertinent to summarize
the motivation for nuclear power for lunar
surface operations. A design for a power system
for a lunar base must take into consideration
the problem of supplying power during the
lunar night; therefore, systems employing solar
cells as the primary source of power must
provide an alternate source for the night
period. The alternate source could employ
rechargeable batteries or fuel cells with a
regeneration plant powered by the solar cells
during the day in order to regenerate the fuel
expended at night. Clearly, a battery system
which will supply several kilowatts of power
for 2 weeks would be quite heavy. The fuel
regeneration concept sounds better but becomes
unattractive upon examination, principally
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TaBLE 1.—Gross Systems Characteristics for Delivery of 30 kWe for 1 Year on Lunar Surface

Hardware Expendables Total radiator
Power system mass, b mass, 1b plus solar array
area, sq ft
Solar plus recharged batteries. .. _____________________ 140 000 0 10 000
Solar plus fuel eells_______________________________._ 6 500 60 000 6 000
Solar plus fuel cells with regeneration. . ______________ 50 000 0 31 000
- Nuclear (SNAP-8) . ____ ... 28 000 0 1700

because the regeneration process (electrolysis
plus liquefaction of reactants) is rather ineffi-
cient and the required solar array becomes very
large. Also, the regeneration plant itself is
very complex and is more complex than some
of the nuclear powerplant concepts investigated
in this study. As indicated by table 1, other
power concepts investigated to date are not
competitive in performance with nuclear power
for production of electricity for a lunar-base
operation.

Housekeeping functions for support of a lunar
base require roughly 1 kilowatt of electric power
for each man supported (ref. 10). This value
is to some extent dependent on the source of
electric power. With a nuclear source, it is
economical to expend electric energy in order to
regenerate life-support expendables (e.g., water
and air). With a chemical source of electric
power, this is not necessarily true, and some-
what less electric power per man will be re-
quired. Experiment programs and surface
operations will require additional power. The
electric power requirements assumed for this
study are summarized in table 2.

Logistics delivery to the lunar surface was
postulated as being accomplished by an un-
manned flight mode of a hypothetical propulsive
spacecraft called lunar landing vehicle (LLYV),
launched to translunar trajectory by Saturn V.
Figure 1 shows a typical LLV concept. (This
concept is typical of those under study; NASA
has no plans at present for initiating develop-

ment of an LLV.) The LLV flight mode is

entry into a lunar orbit, followed by descent and
landing.

For the purposes of this study a gross lunar
landed payload capability of 29 475 pounds
was assumed for the LLV. Mass required for

TaBLe 2.—Typical Power Requirements for

12-Man Lunar Base
Load Average
power, kWe
Housekeeping »_ _ ___________________. 12
Deep drilling and trenching_.__________ 4.5
External lighting_ . ___________________ 5
Battery charging for various portable
equipment.______ ... __________ 2
Miscellaneous experiments__________.__ 2
Subtotal - _____________________ 25.5
10 percent design margin______________ 2.6
Total . ________ . _____ 28.1

= Includes life support, communications, and shelter
internal lighting.

payload support structure must be subtracted
from this figure in order to determine net pay-
load capability. Continued study of LLV
concepts has indicated that the above payload
figure is quite conservative.

The lunar-base crew was assumed to occupy
one or two six-man shelters delivered from
Earth by Saturn V/LLV. It was assumed that
necessary control panel space for control and
monitoring of the powerplant would be available
within the shelter. It was also assumed that no
advantage could be taken of lunar terrain for
shielding between the powerplant and the
shelters and that the base would be located at a

place near the lunar equator, this area being

the most severe thermal environment. An ex-
cursion area around the powerplant was
assumed permissible. The major emphasis for
this study was placed on a 12-man base for
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L |AV (propellant) | 2

20000-1Ib thrust
RL~10 derivative

Unified
instrument unit
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Liquid hydrogen
10000 Ib
(AV propellant)

Fieure 1.—Early cargo stage lunar landing vehicle concept.

10 000 hours or more of continuous operation.
The base crew staytime was fixed at & maximum
of 1 year for the purpose of analysis of shielding
and calculation of crew exposure to radiation
from all sources.

The radiation dose allowable to each astro-
naut on the lunar surface was based upon
criteria suggested by the NASA Manned Space-
craft Center. These criteria allow a maximum,
fractionated, annual, whole-body dose to the
astronaut of 100 rem and a single, acute dose of
50 rem. These criteria are reasonable extrap-
olations of the Apollo criteria for longer
duration missions.

The total dose to the astronaut is the summa-
tion of the doses from the reactor sources and
from solar flares and other natural sources.
The solar-flare dose was selected on the basis

of a tradeoff analysis of base separation distance
from the powerplant when the total astronaut
dose from all sources is maintained at 100 rem.
A solar-flare dose of 30 rem was selected, since
the separation distance from the power system
to the base sharply increases for larger solar-
flare dosages. The maximum allowable dose
from the reactor sources is 70 rem. This ex-
posure allowance is allocated as: normal opera-
tion, 46 rem; maintenance and repair on the
powerplant, 24 rem. Additional shielding on
the outer airlock of the lunar shelter (about
3000 pounds) may be added in order to reduce
the solar flare dose to 30 rem; it is assumed that
this outer airlock will be used as a storm
shelter in the event of a hazardous solar flare.
A problem arises in the probabilities of incurring
exposure from various sources. The probabil-
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ity of incurring the dose within the shelter from
the operating reactor is essentially 100 percent.
The probability of incurring a radiation dose
during maintenance and repair will be smaller,
while the probability associated with the 30-rem
solar flare dose is in the 1-percent range.
Therefore, the expected dose will be well below
the 100-rem limit. It could be reasonably
argued that the solar-flare dose allocation
could be set at approximately 100 rem at a
1-percent probability, thus avoiding the added
shielding in the shelter which this mission model
requires. However, a generally conservative
approach was used for this study.

Further contribution to the problem of
exposure criteria comes from the disagreement
in the technical community regarding allowed
dose. Arguments have been voiced ranging
from use of industrial standards to allowing
doses as high as 1000 rem per year. No
universally accepted set of criteria exists.
In this study, as in many others dealing with
nuclear systems, shielding mass is highly
significant and the establishment of firm criteria
substantially at variance with those used herein
would change results and alter conclusions.

The power system may be landed on the lunar
surface up to 6 months before it is brought into
operational status. During the preoperational
storage period, the lunar base presumably will
be unoccupied and the crew will arrive at the
base prior to the power system’s being brought
to full power. The initial startup of the
powerplant will be scheduled for the lunar day
in order to minimize problems with thermal
conditioning of the system.

For the purpose of maintenance, repair, and
redundancy studies, it was assumed that, if the
nuclear power system fails, there will be a
backup emergency power system to permit
withholding a decision for 14 days as to aborting
the lunar-base mission. The backup power
system will have the capability of assuring
survival of the crew but will not necessarily
permit continuance of any experiments. There-
fore, the maximum allowable downtime of the
power system is 14 days. The power system
should have the capability for restart during
the lunar night. It was further assumed that
a 2-day cooldown period with the reactor sub-

critical would be employed prior to manned
repair activities. This procedure substantially
reduces gamma-shielding requirements.

Surface mobility vehicles are assumed to be
available at the lunar base for purposes of
exploration, experimentation, aid in wvarious
maintenance and repair tasks, aiding an as-
tronaut in distress should he become stranded
somewhere on the lunar surface, and other
purposes. Two lunar scientific survey modules
(LSSM) (ref. 11) and one large mobile explora-
tion vehicle (ref. 12) were assumed. For
off-loading and radiator deployment tasks, the
large vehicle can be modified by mounting an
onboard crane or other device.

In the absence of any measurements or other
available data concerning the density and
composition of the lunar surface material, it
was assumed that the material is an anhydrous?
sandstone, rocklike surface constituted mainly
of silicon dioxide. A density of 1.6 gm/ecm?
was assumed when the lunar material is used
in the form of block or bricks.

The evidence obtained from approximately 3
weeks of operation with the Surveyor I space-
craft indicates that the visible spacecraft sur-
faces show no noticeable covering of dust that
might be caused by either lunar surface ejecta
or electrostatic charges on the lunar surface.
Consequently, it was assumed that no significant
covering of lunar material will collect on any
external surfaces of the power system or on any
of its auxiliary structures during the mission.

The lunar thermal environment used as a
guideline for this study is specified in reference
13. The basis for the meteoroid environment
is given in reference 14. This reference was
used to obtain a working curve of single-thick-
ness aluminum for various probabilities of no
puncture. For application to the lunar mission,
the product of area to be protected and time is
multiplied by 0.5 to account for shielding by
the Moon.

REACTOR AND SHIELD

The present SNAP-8 S8-DR core with 211
elements has been operated for a 10 000-hour

! The shielding effectiveness of soil is sensitive to
hydrogen content; for conservatism, none was assumed.
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test at power levels up to 600 kilowatts and
would be adequate for a 1-year lifetime for
reactor power levels up to about 800 kWt.

A reactor core larger than the S8-DR would
provide greater capability. The larger core can
be achieved by increasing the number of fuel-
moderator elements and the length of the
S8-DR core. A 20-inch-long core made up of
241 fuel-moderator elements, which could be
produced by a minimal design change from the
present S8-DR core, provides a significant
increase in performance margins of the reactor
system. The reflector thickness and control
drum diameter have been reduced in order to
reduce the shielded volume. The design and
performance characteristics of the reference
reactor are shown in table 8. This reactor core

EXTRATERRESTRIAL RESOURCES

design was approved by the AEC as the reactor
design for the lunar-base reactor power systems
for the purposes of the subject study. The
outlet NaK temperature from this core is
approximately 1300° F, and at 600 kWt the
reactor has a design lifetime of approximately
20 000 hours.

Two shielding concepts were investigated for
the power system integration concepts studied.
The baseline concept was a 4r shield design
integral with and completely surrounding the
reactor (fig. 2). The gamma-ray shield is com-
posed of tungsten and the neutron shield of LiH.
A tungsten shield in the shape of a hat was
placed around the power conversion system
containing the primary loop. The purpose of
this shield was attenuation of the gamma-ray

TABLE 3.—Reference Reactor Design and Performance Characteristics

Design characteristics

Ttem Value
Number of fuel elements.. ~ - - e 241
Active fuel length, in_ ___ . ___ . 20.2
Vessel outside diameter, in_ ______________ . 10.2
Fuel material .. ___________ . __. e e e U-ZrH,
Uranium loading, wt pereent. . _ . 10.5
Hydrogen content, NgX 102 ___ _ e 6.3
Fuel element diameter, in___ . ____ . 0.560
Element separation, mils_.____ . __ e ___ 30
Hydrogen barrier material _____ e SCB-1
Cladding material . __ _ e Hastelloy N
Core vessel material . __ e 316 S8
Coolantb. o . e NaK-78
Control drum diameter, in-_ ______ . ______ . 4.0
Reflector material ________ e BeO
Poison material ___ e B.C
Performance charaecteristics

Item Value
Power, kW _ e 400 600 1000
Outlet temperature, °F __ o 1300 1300 1300
Coolant temperature rise, °¥F___ ____________ .. 200 200 200
Design lifetime, hr____ L ____ ~26 000 ~20 000 ~12 000
Coolant flow rate, Ibfsee_. o o 9.0 13.5 22. 5
Pressure drop, Psl- o . e 0.34 0.75 2. 08
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FiGure 2.—Lunar-base reactor shield assembly. SNAP-8 mercury Rankine systerm.

radiation from the radioactive NaK and from
possible fission products in the primary NaK
loop, both during operation and during main-
tenance and repair after shutdown. Figure 2
shows the design concept.

The other concept was an “off-loaded”” mode,
with the reactor assembly removed from the
LLV and buried in a hole prepared in the lunar
surface. Reactor burial to a sufficient depth
reduces the radiation dose rate at the surface to
acceptable levels for the power conversion sys-
tem during reactor operation and for the
astronauts after power system shutdown by
virtue of the shielding effect of the lunar soil.
However, additional shielding is required be-

tween the reactor and primary loop to reduce
the radiation to the primary loop components to
acceptable levels. The design for the off-loaded
concept provided this added shielding as part
of the reactor and primary loop package.

INTEGRATION CONCEPTS

Three concepts for integration of the SNAP-8
mercury Rankine system were developed:
integral, deployed radiator, and off-loaded.
Al concepts employed the SNAP-8 cycle
shown in figure 3. For the mercury Rankine
system there was no advantage in radiator
deployment, since adequate radiator area was
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PARASITIC
LOAD RESISTOR REACTOR
404 kw(t)
PRIMARY /  1,140°F — 1,330°F
NaK &7
PMA PRIMARY NaK LOOP |34,500 Ib/hr
E 31.3 psi ELECTRICAL
. T296°F SYSTEM
.5 psi B .
. 240 psi
AUXILIARY BOILER P
?)EéLAN ER - [;D 670°F ]4.5 pSi
G CONTROL > 660°F
VALVE — Hg LOOP CONDENSER
A A § S S - <p——--| TEMPERATURE
: L1 CONTROL
_________________________________________________________________________ S
9,770 Ib/hr HEAT ALVE
REJECTION
4,970 Tl PMA [34.1 I:OOP
lb/hr .1 psi .
210°F 10 psi
L/C LOoP 488°F 32,100 ib/hr
243°F
. HRL RADIATOR

L/C
PMA

0]

L/C RADIATOR 18.5 kw(t)

338 kw(t)

Fi1gURE 3.—Baseline SNAP-8 power system.

Performance summary

Net reactor input to PCS, kWt ______________ 404
Net electrical output (BOL), kWe____.________ 40
Net electrical output (EOL), kWe. . _.________ 35
HRL radiator heat rejected, kWt .. _________ 338

available with the integral mode in accordance
with payload envelope dimensions employed.
Radiator deployment was studied in view of
its potential application to a high-output
SNAP-8 and the thermoelectric and Brayton
systems. Two techniques were considered:
flexible tubing and assembly and welding of
radiator panels. Investigation of potential
techniques for semiautomatic welding of tubing
and pipe joints by astronauts on the lunar
surface indicated that highly reliable welding
probably could be perfected. There is com-
paratively little experience with flexible tubing
in liquid metal systems; it was felt that the
thin-wall nature of flexible-tubing designs
would present leak hazards, and therefore the
welding approach was selected. This selection
was conditional, since integral concepts were
chosen as preferred modes for all systems.

L/C radiator heat rejected, kWt______________ 18.5
Available pressure drops

HRL radiator, psi- - - oo oo 18

L/C radiator, psio . oo oo 15

The off-loaded SNAP-8 concept allows
delivery of two complete systems (two reactors,
etc.) on one Saturn V logistics flight, as a result
of greatly reduced shielding mass and reduced
separation distance. However, the estimated
assembly and setup work required three suited
astronauts working 6 hours a day for 17 days.
Therefore, the off-loaded concept was rejected
in spite of its attractive mass characteristics.

The selected SNAP-8 integral configuration
is shown in figure 4. To increase the assurance
of mission success, redundancy is incorporated
by connection of two complete power conversion
systems to the primary loop. The boilers are
in series in the primary loop, and this loop
contains a standby NaK pump. There are
two lubrication and coolant loops; each can
cool both pumps in the primary loop and can
operate with either power conversion system.
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Figure 4.—Detailed configuration of SNAP-8 concept selected.

1. Reactor and shielding 15. NaK-pump motor assembly
2. Reactor control motors 16. Mercury pump
3. Lower walkway 17. Flow control valve
4. Primary loop and shielding 18. Pump, oil (L/C loop)
5. Tubular structure integral with HRL radiator 19. Pressure sphere (L/C and HRL loop)
6. Upper floor 20. Reservoir assembly (NaK)
7. HRL radiator 21. Reservoir assembly (oil)
8. Tubular truss structure 22. Injection system (mercury)
9. Sheet metal structure 23. Basket
10. Pole for basket 24, Insulation
11. L/C radiator integral with strueture 25. Thermal blanket
12. Turbine alternator assembly 26. Aluminum sheet
13. Condenser 27. AL extrusion with STL tube insert
14. Electrical equipment 28. Weld
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The two independent heat-rejection loops share
the same radiator fins. Crew access and a
movable basket are provided in order to
facilitate manned maintenance and repair
during down periods.

The electrical control subsystem would be
transported to the lunar surface in one of the
crew shelters. Since the shelter must be
environmentally controlled during storage, this
arrangement avoids providing environmental
control for this equipment in the powerplant
during a storage period. During setup opera-
tions, the electrical package is placed on the
lunar surface about 75 feet from the powerplant.
This distance satisfies thermal control require-
ments and locates the package conveniently
for maintenance access.

The compact converter thermoelectric reactor
power system is schematically shown in figure
5. Before the configuration of this powerplant
was determined, parametric studies were made
of weight and radiator area required versus
power delivered for a compact converter (lead-
telluride) version and a direct-radiating (silicon-
germanium) version. Both systems were limited
by available radiator area (integral design) to
about 20 kWe delivered to the base. Deployed

SHIELDEDJ\
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radiators would increase the power capability
by about 5 kWe, but the added power was
believed not justified because of the reduction
in mission success assurance which would be
incurred by the use of deployed radiators;
therefore, an early choice of integral design
was made. The compact converter system was
selected by the AEC in preference to the direct
radiating system largely because its greater ma-
terials efficiency required 40 percent less reactor
power than did the latter at a slightly reduced
temperature; this former system thereby pro-
vided much greater reactor lifetime potential.
The thermoelectric system design is shown in
figure 6. A high degree of inherent redundancy
is provided by eight independent converter
and heat-rejection loops; therefore, manned
access is provided only to reactor control
devices and control electronics located around
the periphery of the base of the system (fig. 7).

The Brayton system schematic is shown in
figure 8 and the integrated design in figure 9.
Again, an integral design was chosen, although
deployed radiators could have provided addi-
tional power capability. Two power conversion
loops are provided for redundancy. The
working fluid is a helium-xenon mixture and
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Fiaure 6.—Integral compact converter configuration.

the system employs a gas flow radiator and
thus avoids the thermal control problems of a
liquid metal radiator. A radiator bypass con-
trol valve is used for regulating power. The
Brayton cycle runs with comparatively low
radiator temperatures and the result is high
sensitivity to the lunar thermal environment;
power output would increase about 100 percent
during the lunar night without this control.

WEIGHT AND PERFORMANCE

Performance parameters and weights of the
powerplants are summarized in table 4. Per-
formance parameters for the deployed-radiator
and off-loaded version of the mercury Rankine
system were the same as those for the integral
design, except for masses, which were 31 600
pounds and 29 030 pounds, respectively, and
separation distance for the off-loaded system,



150 EXTRATERRESTRIAL RESOURCES

373.0

fe— 185.0 —=

249.0
=
——

N PP

poo
2

B

—

f ; /— Shroud envelope
. '

Work basket

647.0

Ladder

Lunar landing
vehicle (LLV)

Lunar surface

L 260. 0 diam —=]

Ficgure 7.— Maintenance and repair access to thermo-
electric system.

which is 900 feet. Note that the mass of the
off-loaded system includes two complete power-
plants; each powerplant includes only one power
conversion system.

REDUNDANCY AND MAINTENANCE AND
REPAIR

The technology with which this study dealt
is not sufficiently mature to allow meaningful
reliability analyses of the conventional nature.
‘Nonetheless, reliability considerations were
necessary in order to attain appropriate con-
cepts for system redundancy. The technique
applied was a combination of engineering
judgment and comparative analysis. For ex-
ample, it was decided to provide two power
conversion systems connected to a single pri-
mary loop for the mercury Rankine system.
The interface between the primary (reactor
heat removal) loop and the secondary (power)
loop is the boiler. Hot NaK from the reactor
transfers heat to boiling mercury in a shell-
and-tube boiler. One potential failure mode
is a boiler leak, wherein the primary loop could
become contaminated with mercury and cause
permanent reactor shutdown (mercury is a

strong neutron absorber). A potential solu-
tion would be placement of the boilers in
parallel in the primary loop, with shutoff
valves. However, this would require a sensor
in order to detect very low levels of mercury
contamination and zero-leak NaK valves,
neither of which is considered to be within the
near-term state of the art. Therefore, this
solution was rejected and the boilers were
placed in series; the result is a simpler system
but one requiring a high-integrity boiler, such
as 8 double-containment design.

This approach also led to selection of two
power conversion systems connected to a
single primary loop for the Brayton system
and to eight power conversion modules and
heat-rejection loops for the thermoelectric
system. For the mercury Rankine system,
substantial effort was also invested in analysis
of the switchover problem which arises in the
event of an unexpected failure of one of the
power conversion systems. The normal startup
procedure for the mercury Rankine system is
fairly complex and occupies several hours.
The principal tradeoff was between a ‘“‘quick
restart”’ in which an immediate startup of the
standby system would be employed, with no
change in reactor power level, and a shutdown
and subsequent restart of the standby system.
This is a very complex problem which would
require a transient thermal and dynamic anal-
ysis for proper resolution. No definitive final
conclusions were drawn. However, the follow-
ing factors were considered important:

(1) Certain kinds of failure can cause a rapid
loss of capability of removing heat from the
reactor. Probably the worst case is a failure of
the operating primary loop NaK pump or of
the turboalternator which provides its drive
power. Somewhat less severe would be loss of
the mercury pump.

(2) In the event of such failures, the reactor
must be protected from overheating. Some
combination of auxiliary heat removal, quick
response startup of the standby primary loop
NaK pump (if required) on auxiliary power
and reactor power reduction, will be necessary
to provide adequate protection.

(3) It may be necessary to provide a reactor
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Figure 8.—SNAP-8 Brayton system flow diagram.

scram capability. However, this should be
avoided (in favor of use of the normal control
drum drive), if possible, since scram -circuits
and controls are responsible for a large propor-
tion of inadvertent shutdowns of operating
reactor systems.

(4) If restart is to be delayed, thermal pro-
tection for the heat-rejection and lube-coolant
loops must be provided in the event that
shutdown occurs during the lunar night.

The conclusion was reached early in the
study that manned maintenance and repair of
minor maintenance items would be mandatory
for maximum mission success assurance. This
requires provision of manned access to the
system (after a 2-day cooldown period). Once
manned access has been provided, the additional
provisions required for major maintenance and
repair are relatively minor. Major mainte-~
nance of repair implies replacement of a com-

ponent, which would require opening a liquid
or gas flow loop. Although assurance of success
of such an operation is somewhat doubtful, it
serves as a backup to a backup (redundancy of
design) and is therefore justifiable. Some
specific points are:

(1) Maintenance or repair involving opening
the primary loop or removing any reactor
shielding is considered unfeasible.

(2) Investigation of potential welding tech-
niques indicated that semiautomatic techniques
employing either TIG or EB welding attach-
ments, which would be set up in position by
the astronaut, could be developed with a high
assurance of producing good welds.

(3) Maintenance and repair operations would
be restricted to the lunar day. In the event of
a shutdown during the lunar night, an attempt
would be made to start the backup system and
program a repair activity later.
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TaBrLe 4.—Powerplant Performance Summary
SNAP-8 Compact Direct-
Parameter Rankine converter radiating Brayton
T/E T/E

Electric power at base, EOLs, kW_____________________ 33 20. 4 20. 0 25. 6
Reactor thermal power, kW..________________________ 404 541 907 182
Total system mass, Ib_________________________.__.__ b32 880 ©27 135 25 836 421 440
Shield mass, Yb_____ . 14 000 13 900 13 900 12 500
Total radiator area, ft2__ . __ . ________________ 1390 1500 1527 1400
Reactor outlet temperature, °F_______________________ 1330 1227 1300 1300
Mean radiator temperature (high-temperature radiator),

S T 574 498 670 345
Overall thermal efficiency, EOLs, percent______________ 8. 17 3.77 2.2 141
Power-to-mass ratio W/lb_ . _______ . _______________ 1.0 0.75 0. 775 1. 10
Total radiator area, ft2 per eleetrical kW _______________ 43.5 73.5 76.5 54. 7
Separation distance, fte_ ... __ . ______________ 2500 3000 3750 2500

= BEOL, end of life.

b Includes 3723 b transported with lunar shelter.
¢ Includes 1820 lb transported with shelter.

d Includes 1240 1b transported with shelter.

e For buried reactor concepts the separation distance is about 900 ft.

(4) Because of the high degree of redundancy
provided in the thermoelectric system, provi-
sions were made only for manned access to
electrical subsystems and reactor control drum
drives; these would not require opening flow
loops.

(5) In most cases repair of failed components
would be impractical; these components would
be discarded and replaced by spares. Inno case
would a liquid-metal component be taken into a
lunar crew shelter.

(6) Time-line estimates indicate that two
astronauts could replace a typical failed com-
ponent, the task including opening the loop and
welding in place the spare, in a 6-hour work
shift. These time lines are, however, rather un-
certain at present, since they have not been
confirmed by task simulations.

Potential Modifications to SNAP-8

A number of modifications to the SNAP-8
Rankine cycle system, which are potentially
desirable for the manned lunar surface applica-
tion, were studied. Replacing both NaK pumps
in the primary loop with thermoelectric-mag-
netic pumps or cooling all NaK pumps with NaK
rather than with lube oil are desirable modifica-
tions. Further study is required in order to

determine which of these two modifications is
preferred.

OPERATIONAL INTERFACES

One of the most significant operational inter-
faces is that between the reactor power system
and the lunar environment. The principal prob-
lem arises during the lunar night when the
ambient temperature drops to roughly —250°
F. 1If the powerplant is operating, the waste
thermal energy produced suppresses this prob-
lem. For the Rankine and thermoelectric
systems the heat-rejection temperature is suffi-
ciently high so that changes in the ambient
temperature have only a minor effect. Asnoted,
the environmental day-night cycle poses a con-
trol problem for the Brayton system.

During storage or downtime periods the
night environment (which lasts about 14 days)
is cold enough to cause freezing of liquid metal
heat transfer agents. Ordinary NaK freezes at
10° F; mercury at, —39° F; and a special
NaK-cesium eutectic recently investigated for
low-temperature service freezes at about —100°
F. TItis anticipated, on the basis of laboratory
experience, that freezing and subsequent thaw-
ing of liquid metals in fluid systems could result
in damage, leaks, or burst lines, and therefore
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such occurrences must be prevented. Several
methods were studied ; these are listed as follows:

(1) During storage or extended downtime for
the Rankine system, liguid metal in the power
and heat-rejection loops must be drained into
thermally insulated storage vessels, where a
few watls of radioisotope heat will prevent
freezing.

(2) For all systems, the primary loop can be
thermally insulated and maintained liquid by a
small radioisotope heater (or by reactor after-
heat following a power period). Thermal in-
sulation around the reactor shield must be re-
moved prior to initial startup by an astronaut
since the shield is radiatively cooled.

(3) An articulated thermal shroud, remotely
actuated, can protect the radiator for short
night-down periods of a few hours to a day or so.

(4) The Brayton system concept employed a
gas-cooled radiator so that only the primary
loop contains liquid metals.

(5) The thermoelectric system could be op-
erated at very low power with the radiator
shroud in place during the storage period. This

.is possible because the liquid metals are cir-
culated by thermoelectric pumps rather than by
dynamic pumps (which require electric power)
as in the Rankine system.

Crew participation during startup and op-
eration of these systems would be minimal.
Some initial installation tasks, such as laying
the power cable from the plant to the base and
emplacing the power conditioning and control
electronics package, is required. These re-
actor systems have been designed for remote
automatic startup and operation and there is
no compelling reason for changing this method.
Monitoring of key red-line parameéters by the
crew would be desirable, with override capa-
bility provided. Most system measurements
would be telemetered directly to Earth.

Crew activities for maintenance and repair
were previously discussed in terms of system
design and reliability philosophy. Some famili-
arity with the system by the crew would be
necessary. It is likely that most skills required
for maintenance and repair would be of a gen-
eral utility nature applicable to much of the
mission equipment for lunar exploration. In
the event of a failure, it seems likely that the

best approach would be to rely heavily on con-
sultation with appropriate specialists in mission
control on Earth. Attempting to give crew
members special training in coping with failures,
the nature of which is not accurately predictable
and the time of which would probably occur
many months after the training period, is of
dubious value at best. ,

A variety of methods of simplifying power
system operations during preoperational stor-
age, startup, shutdown, and switching to a
redundant power conversion system were
studied. Within the relatively small effort
allotted, the results showed few methods that
were significant. More detailed study will be
required in order to determine whether the
degree of simplification obtainable from po--
tentially desirable modifications is significant.

The only modification considered absolutely
essential is the use of a 47 shield around the
reactor.

Growth

The SNAP-8 mercury Rankine system
appears capable of substantial uprating, should
requirements materialize for more power for
lunar operations (e.g., processing of lunar
resources). Radiator area increases slightly,
from 1390 to 1450 ft?, a size still within the
nominal payload envelope. System mass is
increased by about 4000 pounds. The power
increase comes primarily from increased com-
ponent efficiency and reductions of parasitic loads.

The other systems are limited with respect to
radiator area. The payload envelope employed
for this study is not a rigid limit, and more
radiator area could be provided for integral
system designs. The penalty for doing so is
increased sensitivity of the launch vehicle to
ascent wind loads and corresponding reductions
in launch probability (probably not significant
for this mission). The largest payload envelope
which has been studied in detail for the standard
Saturn -V is the Voyager shroud, which was
analyzed in connection with Voyager-Saturn V
studies. This envelope would increase available
radiator area by roughly 1000 ft>. For the
compact converter thermoelectric system, net
power could be increased to about 30 kWe,
with reactor power of 870 kilowatts and total
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system mass of 36000 pounds. For the
Brayton system, increased radiator area could
be used in order to improve cycle efficiency at
constant reactor power and thus provide about
34 kWe; or the system could be scaled up in
proportion to the increased radiator area,
thereby providing about 45 kWe at a reactor
power of 300 kilowatts. System mass does not
appear to be a problem, but detailed estimates
were not made.

CONCLUDING REMARKS

A related type of nuclear power, radio-
isotopes, has not been discussed in the present
paper. Isotope power (about 70 watts electric)
will be used on the Moon to power the Apollo
lunar science experiment package which will be
emplaced on the Moon by astronauts during
Apollo missions. However, isotope power is
not likely to be used at the 20-t0-30-kWe level
because of limitations in the available supply.
At this power level, reactor power has another
significant advantage over isotope power; the
nuclear fuel in a reactor is essentially non-
radioactive prior to startup. Isotope heat
sources, although much easier to shield than is a
reactor, are highly radioactive and present
launch hazards. These hazards are quite
manageable at power levels in use today but
become more difficult at high power.

There seems little doubt that reactor power
systems based on technology under development
today could be developed for practical operation
as the electric generating plant of a Iunar
outpost. Packaged reactor power is used today
in remote regions such as the Antarctic. The
expense of conducting lunar operations will
place a great premium on powerplant reliability
and lifetime. A year of operational life is about
the minimum usable, and 3 to 5 years would be
desirable. The lunar crew can contribute to
this goal by maintenance and repair activities,
but a mature technology base is required.

The following conclusions can be derived
from this study: ’

(1) Reactor power is the preferred energy
source for lunar exploration missions wherein
extended (more than 6-month) operations on
the lunar surface will require power levels of
15 kWe or greater.
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(2) Missions can be designed so that failure
of the power system will not cause loss of
crews, but termination of the missions after
such failure is implied. The cost of such
missions will place & great premium on assur-
ance of power system operation for its design
life. This assurance can best be provided by
combination of technology maturity, redun-
dancy, and provision for manned maintenance
and repair.

(3) Technology presently under develop-
ment—the SNAP-8 reactor and any of the
three power conversion systems analyzed—
is capable of meeting presently visualized
mission requirements for lunar surface
operations.

(4) It would be premature to make a choice
now or in the near future as to the preferred
power conversion concept. The thermoelec-
tric concept at present appears to offer the
greatest assurance of success, but this is partly
due to its comparatively greater technological
maturity. The thermoelectric system’s great-
est weakness is its relative inability to provide
growth to higher power levels. In this regard,
the Rankine system excels. Although it is not
anticipated at present that power levels much
in excess of 25 kWe will be demanded by
lunar surface operations, some missions an-
alysts (but not the authors of the present
paper) are enthusiastic about the eventual
potential of lunar resource utilization. If they
are proven correct, power demands in the
neighborhood of 100 kWe will occur.

(5) In the case of the SNAP-8 mercury
Rankine system, several modifications were
identified (some only tentatively) which would
improve mission success assurance. Notable
among these was a double-containment boiler.
The use of thermoelectric-magnetic TEM
pumps in the primary loop also appears
promising.

(6) Design concepts employing deployed
radiators, or off loading of the system with
attendant manned surface operations burdens,
do not provide performance gains commensu-
rate with their operational problems and deg-
radation of mission success assurance. Integral
designs are therefore strongly favored.

This last conclusion is somewhat dependent
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upon a ground rule of this study, that shielding
advantage of local lunar terrain was not to
be available. In the writers’ opinion this is
a valid ground rule; however, it is a disputable
point. If the powerplant were to be located
in a local depression (i.e., small crater),
radiation dose to the base crew and perhaps
shield mass could be reduced. Off loading
of an integral system (this does not imply
construction and assembly as did the buried-
reactor off-loaded system) would make possible
the use of a smaller depression than otherwise
and might be advantageous. Note, however,
that: (@) this implies an off-loading system
capable of handling the entire powerplant
mass and (b) use of a depression will worsen
the daytime thermal environment experienced
by the radiators.
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A Planning Logic for Exploration and Utilization of the Moon

The present paper presents a methodology for the design of a lunar exploration program.
The logic is based upon (1) the recognition of the scientific objectives of lunar exploration
as presently identified and (2) the critical and variable staytime requirements for lunar
exploration missions. Systems ranging from orbital space flights, limited surface staytime
exploration modes, and extended mobility missions to temporary stations and bases are
included in the development of the analysis.

The technique is based upon the assumption that, although the program planner
cannot quantify either the scientific objectives or the output of a lunar exploration program,
it is nonetheless possible to employ quasianalytical techniques to derive semiclosed-form
solutions to a mathematical model of a lunar exploration program. This is done by break-
ing down the scientific objectives and total scientific product of a lunar exploration program
into percentages assigned to various exploration systems such as orbital, mobile, and fixed-
base systems. Each system is designed to produce a given, assigned output of scientific
product for each of the missions making up the flight program. In this manner a payload
requirement (weight, volume, or power) can be developed for each mission within each
system, and the experiment (and, hence, instrument) requirements can be identified as a
function of the scientific questions requiring answers during the exploration program.

By appropriate manipulation of the various parameters making up the model, a series
of mathematical expressions are derived which present the elements of the explora-
tion program in a simplified analytical relationship. These expressions are plotted in vari-
ous forms to depict the significance and interdependence of the variables. Some of the
significant results and conclusions of the paper are:

(1) A semianalytical mathematical model of a lunar exploration program can be
derived if some rather bold assumptions are made.

(2) The mathematical model can be a useful tool to the program planner in structur-
ing and analyzing various lunar exploration systems designed to accomplish certain fixed
scientific objectives. ’

(3) Problem areas in the development of long-range plans for total lunar exploration
can be identified for management using this tool.

(4) Technology development requirements can be identified in broad terms in advance
of random detailed studies of various systems and subsystem elements.

The paper concludes that if sophisticated management and organizational methods
and techniques are vital to the success of space operations, they are also equally vital to
successful planning for space systems and operations. Thus the approach deseribed can
be very useful in long-range lunar planning activities.

INTRODUCTION

Perhaps as a consequence of TU.S. con-
tinued success in space, increased interest in
lunar exploration and exploitation is developing
and is being stimulated anew by the impending
project Apollo, a manned landing on the Moon.
Thoughtful persons, Government agencies, and
industrial organizations are looking toward the

Moon as an object of potentially large oppor-
tunity for mankind, that is, an opportunity for
improving man’s understanding of himself, his
Earth-Moon environment, and the universe in
general. Thus the manned Apollo landing will
not mark the conclusion of another space pro-
gram, but rather will mark the beginning of a
period in which the full potential of the Apollo
157
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system to support lunar exploration will be
realized.

Interest in lunar exploration, including means
and scientific results, leads inevitably to a
related interest in lunar bases even though the
need and justification for lunar bases is not
readily apparent. Space exploration is an
expensive enterprise, and the benefits, though
real, are not entirely tangible or visible. The
most successful space programs are those that
are motivated by a demonstrated scientific
need within technical and economic constraints.

Such an imperative has not yet been firmly
established for lunar bases, and though con-
sidered opinion reflects an intuitive conclusion
that bases on the Moon will be a justifiable
and inevitable end product of our Apollo
capability, a reasonable logic for such bases
has been slow in developing. The fundamental
question, of course, is: How can one determine
in advance of the first manned landing if a
base will ultimately be necessary or even
desirable later in the exploration program, when
definitive scientific results upon which to
support such a decision are lacking? At the
same time, the planner realizes that long lead-
times are necessary in order to develop mission
and support equipment for a base and that
those planning and design factors evolving as
logical consequences of the environment should
be incorporated into all stages of planning and
execution of the project.

This paper is addressed to the problem of
planning lunar exploration missions and pro-
grams up to and including the establishment of
lunar bases. For the analysis presented here,
an arbitrary time period of 20 years’ active
life has been chosen. Other major assumptions
are presented in the paper as need for them
develops. The planning problem is composed
of a number of elements which interact with
one another. A somewhat incomplete expres-
sion of this problem can be phrased as follows:
How should a lunar exploration program com-
prising a number of discrete systems, each of
which must accomplish a finite but indefinite
amount of ‘“science,” be developed? How
long should the system continue to be used,
how many missions should be flown within
it, and when should it be terminated or up-
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graded to one having greater capability?
Articulated in another way, we want to maxi-
mize the efficiency of each system in the pro-
posed program and yet anticipate the required
efficiency of each system prior to obtaining a
good understanding of what we want to do on
the Moon and what the products of our ex-
ploratory efforts might be.

Answers to all these questions cannot be pre-
sented in this short paper, but it is intended
that some insight will be provided into the
type, nature, and magnitude of the problems
constituting the planning process which will be
of significant value during future planning and
efforts, and which, if left unanswered, could
result in losses of efficiency and scientific re-
turn as well as national prestige and resources.

The concepts presented in several of the illus-
trations were developed by the author during
his association with the Missile and Space
Division, General Electric Co. As such, per-
mission to use these illustrations is gratefully
acknowledged. The reader should understand
that they do not represent official or even
necessarily current thinking of the National

" Aeronautics and Space Administration and are

used only as representative concepts to support
the discussion herein.

WHAT IS LUNAR EXPLORATION?

Exploration can be defined in several ways,
though a commonly accepted definition is the
survey of new areas or regions, usually pre-
viously unexplored, with a desire to determine
the environment, map or survey the terrain,
and establish references for later missions or
surveys. Exploration of the Antarctic regions
is a good terrestrial example of this procedure.
Lunar exploration differs from terrestrial ex-
ploration, however, in that visual and photo-
graphic orbital surveys will have been made to
some degree prior to surface exploration. Fur-
thermore, sophisticated scientifie instruments
will bé used to supplement visual and photo-
graphic data and sample acquisition on the
Moon. Early terrestrial explorers were limited
by the scientific instruments then available.
Expressed in precise terms, orbital and remote
sensor surveys of the surface must be included
in the term “exploration’” when it is applied to
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the lunar case; thus, manned exploration of -

the lunar surface will produce fewer of the un-
expected elements which marked terrestrial
exploration.

Exploration missions involve scientific objec-
tives which can be interpreted as:

(1) Broad, involving

(@) Broad areas

(b) Broad phenomena
(2) Limited, involving

(@) Limited areas

(0) Selected phenomena
(3) Restricted, involving

(a) Specific areas

(b) Specific phenomena

It is emphasized that exploration seeks to
extend man’s knowledge, primarily in the
scientific disciplines. Thus, in order to accom-
plish exploration, the mission objectives should
be directed toward rather well-defined scientific
goals involving the testing of hypotheses, spe-
cific experiments supporting specific phenom-
ena, and some general experiments involving
interrelated phenomena or processes. Cer-
tainly one could assemble a polyglot of scientific
experiments, totally unrelated and uncorrelated
to any scientific goal, but such a matrix would
not constitute a balanced and thoughtful pro-
gram of exploration.

Science is not the only imperative for lunar
exploration, however, since space exploration,
in general, carries and supports other direct
and indirect benefits. It is important to con-
sider the relative importance of science in the
total lunar exploration program and to under-
stand what the other elements supporting the
program and benefiting from it might be. To
the degree that it is possible to define the total
benefits deriving from lunar programs, it will
be possible to consider them in the total context
of the program and thus include them in the
planning effort, if not directly at least to some
degree indirectly.

The major measures of lunar program effec-
tiveness can be considered to be its contribution
to or improvement in—

(1) Scientific product

(2) Military posture

(3) Economic value
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(4) Technology development
- (5) National prestige

Detailed discussion of the relevance of these
factors can be found in appropriate literature;
for the immediate purposes it is sufficient to
inquire into the question of how these factors
can be quantized, and, particularly, to inquire
into the magnitude of the scientific product.
Informal surveys within NASA indicate that
the contributions to total lunar program
effectiveness by each of the above factors are
approximately as given in table 1. Though
it is obvious that an individual may disagree
by at least +5 percent with these indices of
effectiveness, they can be used to measure
system effectiveness in planning analyses.

TaBLE 1.—Relative Contributions to
Program Effectiveness

Factor Percent
contribution
Seientifie produet. ... ____________ 45
Military posture_ . ____________.____ 15
Eeonomic value_______ ______________ 10
Technology development. . ______..__.___ 10
National prestige___ . ________ 20

We have established that scientific goals
motivate lunar exploration; therefore, we can
call this body of knowledge that we seek Q.
The quantity @ can be considered to comprise
scientific inquiry into the geologic processes on
the Moon, a deeper understanding of the
Earth-Moon system, and a look at questions
involving the solar system or universe as a
whole from the surface of the Moon. Further,
since @ is defined some years in advance of the
actual missions being accomplished, in par-
ticular surface missions, it can be expected
that new information regarding the Moon will
be derived from-unmanned probes and space-
craft during this period. As a result new
questions will be posed, and these will con-
stitute ' an additional increment of inquiry
which can be designated A.

For the purposes of this analysis, ¢ is con-
sidered to be the 15 questions posed at Woods
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Hole plus the 10 additional questions posed in
the MIMOSA study.! Since @ is not constant
with time, dQ is considered to be the increase
in @ with time; it should be recognized that the
rate of change is probably not linear.

In the same manner, A reflects the scientific
questions involved in disciplines other than
those that are predominantly geosciences and
includes astronomy, the biosciences, and phys-
ics. Again, dA is defined as the time rate of
change of increase in A; dA is probably linear
and together with A reflects the emphasis
resulting primarily from the manned com-
ponents of the lunar program.

Similarly, « and da are defined as other inter-
disciplinary questions and research which are
directed toward science performed primarily
by the unmanned components of the space
program.

Lastly, a term R is introduced which reflects
the emphasis of lunar resources in the total
program and the contribution made by lunar
resources to both mission operations and
scientific knowledge.

For our purposes, then, we can say that lunar
exploration must produce a body of knowledge
k as the scientific product of the program equal
to the sum of the above subelements:

k=Q+dQ+A+dA+a+da+t+R

The total lunar exploration program must in
turn be supported by (1) scientific equipment
and (2) mission equipment. These equipments,
of course, require transportation to the Moon
and involve (3) logistic systems which are also
closely related to and considered a part of the
total program. The sum of (1), (2), and (3)
defines a general lunar exploration system.

If the foregoing is a valid assumption, then

1 The 15 Basic Science Questions referred to in this
paper are those enunciated by the Space Science
Board, National Academy of Sciences, which convened
a summer study at Woods Hole during June and
July 1965. Reference 1 is the report of that study
and contains the 15 questions. During the conduet
of a NASA study entitled “Mission Modes and System
Analysis for Lunar Exploration” by the Lockheed
Missiles & Space Co. (ref. 2), an additional 10 scientific
questions were posed. Together, these 25 questions
have been expressed as  in this paper.

EXTRATERRESTRTAL RESQURCES

we can also assume that the accomplishment
of the lunar exploration program could involve
a number of rather distinet phases, each
reflecting a different system or combination of
mission equipments. We must recognize at
the same time that the equipments involved in
each system will be composed of new develop-
ments, improved versions of earlier models,
and possibly hybrid combinations.

HOW CAN A LUNAR PROGRAM BE
OPTIMIZED?

The analysis presented in this paper assumes
a planning period of 20 years during which
time the maximum number of systems which
could be developed and flown is taken as five.
The systems are designated by the letters
L, M, N, O, and P, and each system will be
designed to contribute to the total scientific
product k. Figure 1 shows how these system
alternatives could relate to each other in an
ideal program, though it is recognized in the
diagram that considerable variation and lati-
tude in system cost, staytime, scientific scope,
and time duration of use could and probably
will exist.

From the foregoing variables, one can
designate a simple lunar exploration program
p equal to the sum of all the component systems
with each performing (or contributing) a
certain percent of k:

p=L+M-+N-+O+P

Since the components of k (Q, d@, A, etec:)
vary with time, k also varies and L, M, N, O,
and P can be defined as operators acting on &
with each extracting a certain percent of k.
Thus, for time ¢,

Lk () =o(t)
My (t) =w(ts)
Nk (ts) =2(t5)
Oko(ts) =y (ts)
Pkp(ts) =2(ts)

where ti=t, <t £t <t and 0, w, 2, ¥, and 2 are
values strongly dependent upon the scientific and
mission equipment payload capability of each
system. Required in this simple case are
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FigurE 1.—Lunar space exploration mode alternatives.

definition of such considerations as total num-
ber of missions in each system, number of
missions per year, and the mix of @ and 4, a,
and so on, in each mission.

The central problem in an analysis of this
kind is to determine how the various systems
should (or could) be individually optimized
in terms of cost benefits (effectiveness) so that
the total program, whether reflecting a period
of 10, 20, or more years’ duration, can be
similarly optimized with respect to cost benefits.
As table 1 demonstrates, the scientific product
constitutes close to 50 percent of the program
contribution, with the other factors making
up the remaining 50 percent. The only valid
approach which can be taken in asdvance of the
manned landing is to assume that by optimizing
the constituent systems and hence the total
lunar program for the benefit of science, the
other factors (technology, prestige, economic,
and military) will also be benefited to an

unknown degree which will be large, though
quite probably less than optimum.

By adopting this premise and stressing its
essentially intuitive justification, it is possible
to design a program which can be used to
identify the parameters for the spacecraft,
migsion, payload, and landing site which bear
on and influence the success or failure of the
program and which serve to provide insight
into the possible payload composition, in-
cluding experiment and instrument require-
ments. Figure 1 indicates that each system
should reflect an increasing level of scientific
scope and staytime capability as the program
progresses. These requirements will, in turn,
demand increasing program budgetary levels.

In order to permit time structuring of the
missions and payloads in the program, it is
necessary to establish a relationship between k
and the major scientific disciplines of which it
is comprised. This was done by an informal
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survey within NASA from which table 2 was
derived. By relating the time sequence of the
ordered disciplines to the components compris-
ing k, it is possible to establish a framework
upon which to base a program design which
includes the percent of & which must be satisfied
by each system in the program and the number
of missions (flights) necessary to produce the
total k for each system. This has been done;
the results are shown in. table 3.

In this idealized analysis, several assumptions
are again apparent. One, the percent k& con-
tributed by each system becomes significantly
larger as each system is upgraded to a more
sophisticated level of capability; and, second,
the payload carried per mission is capable of
extracting an increasingly larger percent of k.
This approach is consistent with the evolu-
tionary growth expected in the spacecraft and

EXTRATERRESTRIAL RESOURCES

launch systems during the lifetime of the
program.

Studies directed toward the science to be
performed on the Moon from which the defini-
tion of the elements composing k, the scientific
product, were derived show that the trends

‘indicated by table 2 are consistent with the

probable course and scope of lunar science and
exploration and can be used to define the sys-
tems necessary to support the scientific mis-
sions. Candidate-system concepts supporting
each system are presented in the subsequent
discussion.

A SYSTEM L POSIT

System L is considered to be the Apollo and
unmanned spacecraft systems which perform
missions whose scientific capabilities are pri-
marily directed toward @, the basic 15 Woods

TaBLE 2.—Ordered Lunar Scientific Disciplines

Subjective— Numerical—
Scientifie diseipline
Value Priority Value Priority
Astronomy__ ________________.__ Medivm-low_____.______ Late oo ______ 3 3
Atmospherie physies_....____..___ Medium-low___________. Barly . ___ 2 1
Bioseience______________________ Medium-high___________ Early-middle....________ 2 2
Particles and fields. .. _________ Medium.._.__._____...__ Middle-late . ... ___ 3 3
Geology oo ool Very high_ ______.______ Early-middle_....____.__ 1 1
Geochemistry. ... _________ Very high_ _____.________ Barly_ . 1 1
Geodesy . oo Medium-high. . __._.___. Rarly ... 2 2
Geophysies_ o __ Very high_ __ .. _._______ Early-middle....________ 1 1

s “Priority’’ refers to time framein exploration period in which major accomplishments could be anticipated.

TaBLE 3.—Idealized Lunar Program Analysis

Years, cumulative. - ______________ 4 8 12 16 20

Years, incremental ________________ 4 4 4 4 4

System-__ .. L M N o P

System deseription.._..____________ Apollo and SAA Mobile ex- Temporary Semiperma-
unmanned ploration station nent base

Percent b _______________________ 10 12 20 25 33

Cumulative ko _ . . _____________ 10 22 42 67 100

Payload per mission, percent k- ... 2 3 5 5 11

Number of migsions_______________ 5 4 4 5 3
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Hole questions and the MIMOSA questions.
Here, the amount of % capable of being pro-
duced by each mission is small (2 percent) as
shown in table 3. If a total of five missions of
Apollo or Apollo equivalence in the case of
unmanned or manned orbiter flights is assumed,
it can be expected that sample return, remote
sensing, and imaging experiments will dominate
the payload composition. Staytimes in this
case are short, on the order of a few hours for
Apollo to a few days for manned orbiter and
unmanned systems.

A SYSTEM M POSIT

System M can be conceived as a logical exten-
sion of the Apollo system whose elements are
composed of Apollo and Apollo derivatives. Its
mission is envisioned as comprising broad sur-
veys and exploration with time-independent
experiments over widely separated areas. The
percentage of @ covered in this mission is prob-
ably quite large, A is probably rather small,
and the span of time over which the useful
effective lifetime of M is extended is also as
long as possible, probably several years or more.
The studies conducted with M are directed
toward an understanding of the whole body of
the Moon and involve such disciplines as geol-
ogy, geophysics, and geochemistry. Lunar
staytimes are also probably quite short, on the
order of a few days to a few weeks.

Figure 2 shows an artist’s concept of such a
system, which might be described as an early
lunar pair. Studies show that two Saturn V
launches might be required for this system; one
launch would land an unmanned shelter carried
by the LM truck and would be followed by
another launch carrying an Apollo LM taxi
which lands the astronauts on the lunar surface.
Mission equipments would include a drill capa-
ble of drilling to depths of 100 feet and recover-
ing cores for return to Earth. Also carried on
the LM taxi would be a small one-man roving
vehicle, currently under study, known as a local
scientific survey module (LSSM). This roving
vehicle would operate within a range of per-
haps 5 miles beyond the initial landing point.
It will be noted that the vehicle would not
contain either environmental control or life-

support systems. Portable backpacks are the
sole provision for life support with this mobility
mode.

Significant contributions to Q can be obtained
with this system. These include advancing our
understanding of the structure and internal
composition of the Moon, learning more of the
internal energy regime of the Moon, and studies
involving the composition of the lunar surface
and processes which act to alter its shape and
composition. Missions conducted with this
system would involve the placement of fixed
instruments at specific sites where time-
dependent data are desired and can be obtained
by fully automatic instruments. These data
might include measurements of heat flow,
seismism, gravity, and atmospheric phenomena.

A SYSTEM N POSIT

Planning for system N is not as simple as for
M, since the mission objectives and scientific
studies which are required for this system are
constrained by the accomplishments of M in
terms of the amount of @ remaining as well as
probable increased requirements of A on the
system.

The mission objectives involve greater areal
coverage and are directed toward both selected
areas and rather selective phenomena for in-
vestigation. As a result, it is not unrealistic
to assume that this system will involve a large
mix of new developments and second-generation
mission equipments. The scientific phenomena
of interest during this period, visualized to ex-
tend over several years with one or more mis-
sions per year, are more time dependent and
involve studies in disciplines in addition to the
geosciences. These might include the bio-
sciences and supporting studies in astronomy,
for instance.

Conceptual studies indicate that this system
might also involve two launches of a Saturn V
booster per mission. One launch would land
an unmanned mobile laboratory and would be
followed by an LM taxi carrying two and pos-
sibly three astronauts to the lunar surface as
shown in figure 3. An additional shelter devel-
oped for system M might be available as well
in the event that system /V spacecraft are landed
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Fi1GURE 2.—Artist’s concept of system M.

near a site explored briefly during the lifetime
of system M. In this case we might be think-
ing in terms of staytimes of several weeks to
several months, during which the mobile
laboratory would make extended traverses over
the lunar surface. In addition to conducting
scientific studies and emplacing scientific equip-
ment, the team would also conduct engineering
experiments in sifu to determine the require-
ments for more permanent base facilities and
to obtain data upon which to base the design
of these facilities.

During the lifetime of system N, one could
reasonably expect that requirements for as-

tronomy and biomedical research would be
identified, as would possible lunar resources,
and applied science and engineering research
needs,

A SYSTEM O POSIT

By the time the requirements for system O
have been identified, the major early require-
ments involved in @ will have been largely
satisfied and a rather comprehensive under-
standing of the Moon, the relationship of the
Earth-Moon system, and the history and
evolutionary events in the Moon’s progression
to its present form will have been obtained.
Thus the major scientific objectives of this



PLANNING LOGIC FOR LUNAR EXPLORATION AND USE 165

Figure 3.—Artist’s concept of system N.

system are associated with more restricted
areas involving specific sites and specific phe-
nomena which are associated with very time-
dependent studies. The scientific experimen-
tation includes a large remaining percentage
of @ and a larger percentage of A and dA
which include small percentages of astronomy
and biomedical experiments. In addition, Iu-
nar resources R first investigated by system
N are given increasing emphasis. These require-
ments derive from the conclusions reached
from £ up to this time. Even though systems
M and N could be extended and uprated, they
are inefficient and inadequate to support the
expanded scientific program at this point. As

a result, the development of a system com-
posed entirely of newly developed components
is needed.

A concept for this system is shown in figure
4. In the left background is a shelter-labora-
tory for four to six men which has been landed
directly on the lunar surface from Earth, and
was followed by an improved personnel delivery
system lander which transported the astronauts
to the site. The manned delivery system
might be either direct flight or lunar orbit
rendezvous (LOR) depending upon the results
of studies - currently underway. Later cargo
trips have provided additional scientific and
mission equipment and an expandable shelter



166 . EXTRATERRESTRIAL RESOURCES

F1cURE 4.—Artist’s concept of system O.

and maintenance module. Since preceding
missions have established that the development
of a lunar-base facility at this location is an
economically and scientifically worthwhile proj-
ect, eventual buildup to a large base facility
has begun. Stations of this type are envisioned
to become practical after development of an
efficient unmanned method of landing large
payloads directly on the surface. This is
considered to be an elementary form of a lunar
base. As can be seen, requirements have
dictated that it be developed. These require-
ments are strongly dependent upon man’s

participation in the effective accomplishment
of the mission tasks. Further, these tasks
during this phase are strongly time dependent,
are varied in scope and complexity, and are
relatively immune to preprograming. A fixed
base at this site is indicated where man can
exploit his advantage on the Moon.

A SYSTEM P POSIT

"As the requirements for surface staytimes
promulgated by increasing emphasis on A
(astronomy, biosciences, physics) and dA in-
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Ficure 5.—Artist’s concept of system P.

crease, long-range planning must include
studies of concepts similar to that shown in
figure 5. This large semipermanent base can
accommodate 12 men for periods of a year or
more. Furthermore, requirements for exploita-
tion of lunar resources may by this time have
been identified, with a parallel impact on
increased surface operations capability, stay-
times, and manpower levels. At the present
time it is difficult to anticipate the evolutionary
trend of spacecraft systems which might
support a lunar base or to anticipate to what
degree there might be new or modified versions
of precursor systems,

MISSION PAYLOAD COMPOSITION

As pointed out earlier in this paper, the
final step in the analysis is to determine, in
terms of the factors making up %, the scientific
product, the payload composition for each
mission which supports systems L, M, N, O,
and P. For the purposes of this analysis,
which is an example only, the subdivision of
these factors shown in table 4 has been adopted.

If the assumed composition of £ is known, the
individual payload composition can be defined.
In the example used in this paper, this was done
on an iterative basis by using a simple proce-
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TABLE 4.—Percentage Composition of k

Component Percent
composition
Qe 46
A 6
A 22
A 7
Qe 7
A e e 2
R 10

dure. The procedure was based on the expecta-
tion that, within each system, the early science
would extend and expand that which had pre-
ceded it and that science conducted toward the
planned useful end of the same system would
support more sophisticated systems and science
to follow. From a total program standpoint, the
priorities of table 2 were followed.

EXTRATERRESTRIAL RESOURCES

The results are displayed in table 5, where the
components of £ making up each mission are
presented. Note the attempt to introduce
more complex science (in terms of £ compo-
nents) during the last phases of each system and
the emphasis away from @ late in the program.
These expected results are based on the indi-
cated assumptions for the analysis. Having
these data at hand makes it possible to plot a
graph of the scientific accomplishment of each
system in terms of percent of k£ and its compo-
nents. Such a graph isshowninfigure6. Notice
the emphasis on @ and d@, the basic scientific
questions. This graph demonstrates in a visual
way the original premise of this paper, namely,
that the logic for the ultimate system, a lunar
base (system P), appears at this time to be
related solely to the needs of scientific mission
objectives which cannot be met by any other
system. From a solely scientific view, a lunar
base is a requirement only if it is determined

TABLE 5.—Mission Science Payload Composition

System
Variable
L M N 0 P
Components of k:
Qo 8 8 10 12 8
A0 e 2 3 1
Ao 1 2 3 4 12
dA- e 1 2 4
O e e 1 2 2 1 1
Aove e e 1 )
R e e 1 2 7
Percent k per system. 10 12 20 25 33
Number of missions 5 4 4 5 3
@ per mission. . _.___._____ 22121 |1}3|3|1|1|3|2[|32]1{3|3}]2({3] 2| 3 3
d@ per mission_ _ . __.___ [N DU FRUPUY N [ FUUUNY PR JUPUES B N S DU [ A DU I A e A T OO DO I N FOUNPIO PR
Apermission.__._._.______._ JRUROR (RPN RPN FRUUUY B A PUUPR PR A A T A A T VO I A A A T U " * 4 4
dA per mission.._...._._____ SUPUO)R ESy F F R u Ry JO FP [SUR: A U g s I A I | 2 1 1
o per mission. . ________._ JUUPRN RPN FRVRE PUPUORY PUOUIUE PUPRPRY (SN PRV FRpvns I SN N N PUEURS SRR N AL RPN FUNN SN SN R (N FUURPUPN M
de per mission_ . ...____ JUPUUY RPN FRU PUPRDRS FRURUEY JRPRUY [RPUURS FUURUY FRUNORS ORI RS B N RN N R AN SRR NUUS RN B | 3 3
R per mission_____________ SN UV SNSRN PRVUVR RPN FRPUN FRUUN (SRR SN RDUPE SR FRVUPEN B A FEORORS [V (EE i A A A PRV RPN AR
Total k permission..| 2 {22212 |8|3|3|3|5|5,5|5|5|5|5]|515 1111 11
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F1GURE 6.—Lunar exploration mode science capability.

that long staytimes at some point on the lunar
surface are required to accomplish complex
research involving man, time-dependent phe-
nomena, and very sophisticated mission and
experiment equipments. It is premature to
attempt to define the operational requirements
for the base and no attempt has been made in
this apalysis to do so. If we can sustain the
conclusion, however, that a semipermanent
base reflects considerably greater scientific
contribution, we can at the same time stress
that its contribution to technology development
is correspondingly greater than that of most
other spacecraft systems supporting lunar
science and exploration. Many subsystems are
involved in the development of a base which
may or may not be characteristic of other modes
of exploration. Among these are power genera-
tion and transmission, communication, and
data management.

Power requirements for a base are expected
to be much higher than those for systems simi-

lar to N and 0. They will probably be met most
efficiently by nuclear systems, though missions
up to several months or even a year could be
supported by solar thermoelectric and solar
thermionic power units. .
Requirements for communications and data
transmission will be very extensive, since the
missions will certainly involve links beyond the
line of sight. Thus ground and space-based
repeaters and groundwave propagation tech-
niques will probably be employed. Sincethe com-
munication and data systems required for base
operations are directly and importantly related
to the missions to be performed, the require-
ments for them must be established on the basis
of an integrated exploration and exploitation
system. Thus, they must be designed to permit
expansion and modification to reflect growth
from early systems to the more advanced bases.
Furthermore, the load levels will be determined
directly by the scientific equipments, both type
and number, the data output from them, and
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the degree of automation of the experiments.
Data recording, storage, and transmission, or,
in sum, the data management problem looms
as one which will require much study and
definition in the period of preparation for a base.

SUMMARY AND CONCLUSIONS

An analysis of this kind does not solve
problems so much as it serves to make prob-
lems more visible. Several of these problems
are discussed in the following paragraphs.

The fact that a mission may have to be
aborted at any time after its initiation must be
recognized. This requires that the more im-
portant experiments should be scheduled and
flown as early as possible, if all other constraints
and considerations are equal. Again, a situ-
ation in which the experiment-conducting
phase of the mission must be terminated pre-
maturely is a real possibility. In either case,
the impact on the program would be either an
attempt to repeat the mission, to cancel the
_ payload (and hence its potential contribution
to k), or to carry over the payload to subsequent
systems in the program. For example, as-
sume & mission failure for one mission in each
of systems L, M, and N. If the carryover mode
is followed, it derives from figure 2 that a cum-
ulative payload carryover of 10 percent k must
be designed into systems O and P to accom-
modate the loss.

Another vexing problem involves the compo-
sition of experiments and instruments in each
payload and a determination of what each might
contribute to the components of k. Expressed
in another way, we must determine the ex-
periments and their related instruments which
support the science related to @, A, R, and so
on. Again, which experiments and instru-
ments have commonality and what are the
common elements? Implications of these con-
siderations on the spacecraft subsystems and
on data management are evident.

These problems notwithstanding, a program
of systems and missions must be planned and
selected together with payloads, experiments,
and instruments. This requires that the qual-
itative objectives of the scientific community
be quantified and divided down to a level at

which engineering alternatives can be de-
termined and evaluated. Evidently the scien-
tific community will eventually be required to
exercise its collective judgment at a more pre-
cise level than that of the basic scientific
questions. The process of development of a
program plan attempts to relate the require-
ments on the program to the means by which
they are accomplished. Considerable study
within NASA has produced a much clearer
understanding of the means than it has of the
specific requirements (as opposed to general
requirements), with the result that optimiza-
tion of the system elements has not been
possible. It is evident that, in optimizing
for science, mission definition, and payload
definition which impact on the systems design
must progress much more rapidly than the
current trend supposes. ,

A further remark should be addressed to the
components of k, the scientific product of
lunar exploration. At the present time the
component @ and the influence of these ques-
tions in terms of experiments and instruments
is quite well understood, as is the time ordering
of the experiments continued in Q. This is not
true for the other components which relate to
such disciplines as astronomy, biosciences,
physics, and so forth. Since they, too, will
provide a contribution to %k (approximsately
50 percent according to table 4), they must be
defined sufficiently well in terms of basic
questions, experiments, and instruments to
permit their timely incorporation into the
payloads so that their anticipated % value can
be extracted from both the individual systems
and the total program.

How these other components might impact
on the program is displayed by table 6. Note
that even during phase I of a total program
period, a number of experiments, operations,
and engineering tests must be performed to
support both operations and science during
lIater phases. Unless the requirements in disci-
plines such as astronomy and bioscience are
defined early in the planning period and in-
corporated into the early phases of the oper-
ational period, those activities required to
support more involved and complex missions
later in the program will not be done and
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TaBLE 6.—Lunar Science Program Trends

Component Scientific-economic benefits | Socio-humanistic benefits Scientific benefits
Phase_ . ._._____ I—Early II—Intermediate ITI—Optimum
Major emphasis__ . _| Geosciences Biosciences Astrosciences
Disciplines_________ Geological Biologieal Astronomy
Geophysical Biomedical Applied science
Geochemical Physiological Engineering science
Experimentation 2
program.
Phase I Phase IT Phase IIT support
support support
Phase II Phase IIT
support support
Phase I1I
support
Purpose. ... __ Directed toward Directed toward Directed toward
understanding understanding man understanding
Earth-Moon system man’s environment

delays, possible fractional payloads, and sub-
optimum utilization of the spacecraft systems
will result. That the simple version of & lunar
exploration - planning logic presented here is
only one of many possible forms and directions
which the exploration of the Moon may take
is acknowledged. Those interested in par-
ticipating in this type of analysis may wish to
insert their own numbers into the mission
variables and may also choose to define the
systems in a variety of alternate ways. One
caution should be expressed, however: The plan
should be structured to permit maximum
effective utilization of the Apollo system
derivatives and should be consistent with
sound scientific objectives and reasonable
measures of cost effectiveness.

Last, it must be emphasized that the analysis
presented here is empirical in nature. It is

324-954 0—69——12

hoped that it will prove possible to develop a
generalized closed-form mathematical program
planning model having application to programs
other than lunar exploration. :

If sophisticated management and organiza-
tional methods and techniques are vital to the
success of space operations, they are also
eql\;aﬂy vital to successful planning for space
systems and operations. Thus the approach
described can be very useful in long-range
planning activities such as lunar exploration
and orbital space stations.
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Improved Lunar Cargo and
Personnel Delivery Systems

INTRODUCTION

Lunar research and exploitation will require
larger quantities of cargo and more available
manhours than will be required by early explora-
tion. Freedom of movement of personnel to and
from the lunar surface and maximum cargo
delivery per launch are required to main-
tain necessary economies. These requirements
coupled with the large area of the lunar surface
make landings anywhere on the surface very
desirable.

In order to define the optimum candidate
transportation systems, NASA has directed
studies through the “Improved Lunar Cargo
and Personnel Delivery System Study” (ref. 1),
which has the objective of detailed conceptual
design of two pairs of transportation systems:
early and advanced. Each pair consists of a
personnel delivery system and a cargo delivery
system.

In this study two principal flight modes for
personnel delivery were investigated: Lunar
orbit rendezvous (LOR) and direct flight. The
LOR mode, as shown on the left in figure 1,
is basically the same as the Apollo flight mode,
with the exception that surface staytimes of up
to 90 days were investigated. Staytimes in this
range require that the command and service

module (CSM) remain unmanned and dormant

in lunar orbit for 90 days and that the lunar
module (LM) remain unmanned and dormant
on the lunar surface for 90 days. The delivery
of three men can be achieved with this system.

The other principal personnel delivery mode

under consideration has been termed ‘‘direct
flight.” In this mode the Earth return stage,
with a command module and its service support,
is landed on the lunar surface for direct return
to Earth. This latter flight mode can be seen
to be of considerable merit when we consider
the significance of the illustration in the center
of figure 1. When a landing site is located at
latitudes off the lunar equator, an extended
staytime results in the landing site moving out
of the plane of the orbit; this requires a plane
change for pickup of the LM ascent stage except
at the times of intersection of the landing site
and the orbit plane. The direct-flight mode
eliminates the requirement for large plane
changes and, hence, fuel expenditures in accom-
plishing the rendezvous and docking maneuvers.
Another mode of personnel delivery considered
was the ‘“‘pickup’” method. In the pickup mode
four men make the translunar flight; three men
land in the LM, and one man returns to Earth.
The return of the three men is accomplished by
a subsequent launch, with one man performing
the translunar flight and landing of an un-
manned LM followed by pickup of the three
men and Earth return. This personnel delivery
system was not included in the final phases of
the study since its advantages were outweighed
by its disadvantages. :
Large-cargo delivery must be accomplished
by unmanned direct flight. The direct-flight
mode selected was initial brake into a lunar
orbit followed by descent to the landing site.
The lunar parking orbit is utilized to increase
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FigurE 1.—Personnel delivery flight modes.

the accuracy of landing and safety and reliability
of delivery.

Possible modes of evolution of lunar transpor-
tation systems are shown in figure 2. 'The
development of a single-stage cargo vehicle
allows evolutionary use of the stage over a long
time period. This stage could be utilized for
early missions by combining with an intermedi-
ate launch vehicle as the third stage, and later
with the Saturn V as a fourth stage. This
same stage may be stacked using one stage as
a lunar-orbit braking stage and one as a landing
stage for direct delivery of personnel or cargo
with a 180-day dormancy capability.

The initial phases of the study program,
shown in table 1, included consideration of six
propellants, N:0,/50-50, LO,/LH,, LF,/LH,,
FLOX/CH,, OF,/MMH, and LF,/NHj,, in para-
metric investigations of LOR, direct-flight per-
sonnel delivery, and direct cargo delivery. A ma-
trix of transportation systems was established and
individual stages were configured and sized for
applicable propellant loadings. Mass summa-
ries were compiled by selecting point designs,

utilizing applicable design loads, and perform-
ing relatively detailed analyses.

By use of these stage point designs, launch
vehicle requirements were determined for the
delivery of three, four, and six men by the LOR
flight mode for staytimes of 14, 28, and 90 days.
A standard velocity budget was used in these
evaluations. All of the stages in set A employ
the same propellants. In set B, the service
module and LM descent stage were modified
to correspond with the indicated propellants.
For set C, only the descent stage was modified.
The change in propellants for the service
module, set D, represents the less difficult
modification in that only one stage is affected,
and structural envelopes are compatible.

The direct-flight personnel systems were
evaludted for single-stage and two-stage de-
livery to the lunar surface. Here, too, all the
stages in set A employ the same propellants.
The stages making up set B have the indicated
propellants in the Earth-return stages. These
Earth-return stages are delivered by LO./LH;-
powered lower stages.
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SUBSYSTEMS

CRYOGENIC
LM DESCENT 4 LUNAR CARGO

VEH ICLE

Figure 2.—Evolutionary usage of a multiapplication stage.

TaBLE 1.—Parametric Study Candidates

Candidate Transportation Resulting Total number
propellants system Set Stage number Variations cases
examined
A .| Allstages______ | ________
B.._..| Service module LM 2 113, 4, 6 men
N204/50-50____| LOR personnel...._ descent, 14, 28, 90 {108
C....] LM descent. . ...._..___ 1 days.
D___| Service module_.._______ 5
. 3, 4, 6 men
LO,/LH,, Direct personnel___ {g"“ gn it];lage:, 3 'stzag: """"" ﬁ } 14, 28, 90 }198
LF,/LH,. —---| BEarth return; 2 stage. ... days.
FLOX/CH,, A .| 2stage o _____ 6
OF;/MMH, | Direct cargo___.__ B___|lstage. . __._.______ 6 |3 ELV_____ 38
LF,/NH;. C____| LM truek_ _____._..___ 2

The parametric data for the direct-flight

studies are shown in table 2.

Note that the

cargo stage were iterated by assuming launch-
vehicle capabilities and determining the result-
ant cargo delivery by use of a standard velocity
budget.

The conclusions drawn from these parametric

delivery of three men with 90-day dormancy
by the LOR method may be accomplished with
the present Saturn V if all of the current
Apollo stages are changed to space-storable
propellants or if the service module (SM) and
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TasBLe 2.—Conclusions From Parametric Stdd’ies

LOR personnel delivery—3 men, 90-day dormancy

Within Saturn V capabilities if—
All stages: space-storable propellants

Service module and LM desecent: cryogenic propellants

Saturn V upratings required: ,
All stages N,04/50-50, ~15 percent uprating

SM space-storable or cryogenic: max. 10 percent uprating

Direct personnel delivery—6 men, 180-day dormancy

All stages: N,0,/50-50, ~100 percent uprating

LO,/LH, braking and landing stage: satisfactory (~60 percent)

Earth-return stages: LF,/LH, or space storable

Direct cargo delivery

Single-stage cargo-delivery capabilities are only approximately 5 percent less than those of two-stage

LM descent are changed to cryogenic pro-
pellants. If the existing Apollo LM propellants
(N;0,/50-50) are employed, a Saturn V uprat-
ing of approximately 15 percent is required.
Changing the service module propellants results
in a lesser launch-vehicle requirement.

Retaining the propellants in the present
Apollo LM systems in direct-flight stages re-
quires at least a 75-percent uprating of the
Saturn V capability to deliver six men with 90
days’ dormancy. The combination LO,/LH,
for the braking and landing stages greatly
improves - performance and appears to give
results comparable to those of other propellant
combinations. Earth-return stages require very
good mass fractions, and LF.;/LH, or space-
storable propellants appear to be attractive for
this purpose.

Evaluation of the direct cargo delivery also
indicated comparable performance - between
space-storable propellants and 1.Ox/LH,. This
appears to result principally from the attrac-
tive mass fractions of space-storable propellants,
accornpanied with moderately good specific
impulses, and the excellent specific impulse of
LO,/LH, with less attractive mass fractions.
Earth-storable propellants (N,0,/50—50) result in
much poorer performance. An unexpected and
very significant finding was that single-stage
cargo delivery was comparable with two-stage
delivery, which indicates that only one stage
needs to be developed with only minor payload
penalty (approximately 5 percent).

On the basis of these results, 14 transporta-
tion systems were selected for refined analysis,

asindicated in figure 3. The selected stages and
spacecraft design concepts were refined by in-
creasing the depth of the subsystem analyses
and by considering all factors influencing the
masses and subsequent performance indices.

A number of factors were considered in the
selection of the candidate systems for detailed
analysis. An evolutionary development anal-
ysis was used to reduce the number of candi-
dates by identifying promising “building-block”’
stages which exhibited the maximum potential
for evolutionary growth. A propellant selection
analysis was conducted to determine the most
suitable fuel/oxidizer combinations for the se-
lected building-block stages. For each poten-
tial stage, two factors were considered: (1) how
the stage would be used in the early system and
(2) how it could be used, within the imposed
limitations, in an improved system.

The selection of propellants for the systems
studied was the result of investigation of the
status of engine programs, availability of pro-
pellants, safety considerations, and a number
of other related factors. As a result of these
investigations, the following propellants (other
than present Apollo LM propellants) were se-
lected: LO,/LH, and FLLOX/CH,, both a cryo-
genic and a space-storable propellant. LF,/L.H,
was examined in the Earth-return stage for
advanced personnel delivery. From these refined
analyses and a reconsideration of related factors
such as engine availability, four systems were
selected for conceptual design. These are en-
closed in boxes in figure 3 and consist of :

(1) LOR systems for delivery of three men
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Ficure 3.—Transportation systems selected for refined analysis.

with 90-day dormancy using N;O,/50-50 pro-
pellant in all stages and utilizing present Apollo
LM derivatives.

(2) Direct lunar cargo stage consisting of a
single LO,/LLH, stage.

(3) Direct personnel system for the delivery
of six men with & dormancy of 180 days.

(4) Direct cargo system utilizing the braking
and landing stage of the direct personnel system.

PERSONNEL DELIVERY—OPERATIONAL
1975

The primary purpose of the detailed investi-
gation of personnel delivery systems was to
establish launch-vehicle requirements to permit
sizing of the direct cargo stages. Baseline
weight stagements and design data for the
standard Apollo system were provided by
NASA. The CSM was examined for configura-
tion changes required to allow for an unmanned
90-day dormancy in lunar orbit and for delivery
of a three-man LM.

A basic assumption in achieving the 90-day
dormancy was that the subsystems could be

developed to satisfy the required lifetime with
no appreciable increase in present equipment
weight. This appears feasible, since there is a
minimum of rotating equipment in the CSM.
Modifications to the command module are
relatively minor as shown in figure 4. The
major factor is qualification of equipment for
the 90-day operating period. The command-
module internal pressure is maintained at 0.5
psia during the dormant period.

The major modification to the service module
is in the electrical power system. The fuel-cell
reactant requirement of 2150 pounds requires
utilization of bay 1 for the storage of hydrogen.
Development programs are in progress to
increase the lifetime of fuel cells and to allow
shutdown and restart. For these reasons, only
three fuel cells were considered necessary, with
one operating at reduced power during the
dormancy period.

The primary propulsion propellants are in-
creased by the mission requirements, and storage
can be accomplished by increasing the length of
the propellant tanks. The plumbing arrange-
ment remains basically unchanged. During the
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- SERVICE MODULE TOTAL (LB) AV PROP. (LB

BASELINE - 51, 2890

S MODIFIED =

39, 770
42, 1220

F16URE 4.—Summary of modifications to CSM.

90-day orbital dormancy of the CSM, the sys-
tems essentially constitute an unmanned lunar
satellite; it is required only that the vehicle
subsystems be protected. The approach is
summarized in figure 5.

Spin stabilization was found to be the best
method of assuring maintenance of required
radiator temperatures. The selected mode at
this time entails maintaining the vehicle longi-
tudinal axis nominally perpendicular to the
vehicle sunline and allows a deviation of up to
a 20°, half-cone angle. Nulling the 20°, half-
cone angle is accomplished by a two-impulse
maneuver that restores the vehicle centerline
to the original angular momentum vector.
Since the deviation is principally a result of fuel
sloshing, the analyses indicated that, at the
low spin rates examined, the propellant required
for 90 days increases as the spin rate is increased.
A spin rate of 0.3 to 0.5 rpm has tentatively
been selected which requires some 150 pounds
of reaction-control propellant.

With the exception of the thermal-control

system, the internal measuring unit is shut
down during the dormancy period. Gyros are
employed for attitude determination. The
S-band command receiver is left on, together
with the antenna steering circuit. Earth
communications and/or control are established
on command or by programmer.

Attitude control would be required only for
correction of spin stabilization. Heater power
can be supplied continually. In the event of
a nozzle freezeup, heater power can be increased
to restore the nozzle prior to use.

As previously mentioned, only one fuel cell
is required during the dormant period. This
allows switching of cells, and therefore lower
lifetime requirement per cell. Freezing of
radiators is marginal in the lunar shadow, and
some deliberate heat addition could be
necessary.

Modifications required for the LM ascent
stage are principally related to provisions for
the third man, as shown in figure 6. They are:

(1) Crew provisions.—An additional suit,
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Fraure 5.—Orbital dormancy of CSM.

3 MEN/90 DAYS PRESSURE SYSTEMS INCREASE
ENVIRONMENTAL CONTROL HEAT TRANSPORT RELOGATLD WATER TANK
CREW PROVISIONS B DISTRIBUTION S /.0 STRUCTURE
INCREASED INCREASE
PROGRAM (Rac svf‘aﬁtgstf : PGPLLAT ;?l?sfru;;xga%z{ :
READER ==Y ey :

L0, SUBCRITICAL

HEAT-REJECTION
DEWAR ‘

- RADIATOR
(DAY & NIGHT}

sy 3

ENGIRE
PROGRAM MODIFICATIONS
COUPLER REMaE
ASSEMBLY
&) BATTERY ERECTABLE
it ; REDUCTION ANTENHAS
Lo ; B CABLES
FHD PROPELLANT : I;VIB ' L
TANKAGE , :
LM ASCENT LM DESCENT
FreurE 6.—Summary of modifications to LM for three men v;rith 90-day dormancy.
planetary life-support system, restraints, and (2) Enwvironmental control subsystem.—A. con-

other equipment must be provided for the third  trolled cabin pressure of 0.5 psia must be main-

crewman.

tained during the quiescent period to reduce
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deterioration of materials. Heat rejection can
be accomplished with a radiator during the
quiescent period. The radiator would be
relatively small (15 ft?), being sized to prevent
freezing during lunar night. The water evap-
orator would be used for heat rejection during
occupancy. Water and oxygen requirements
are not significantly affected.

(8) Electrical power subsystem.—The ascent
energy requirements should not require signifi-
cant change. Batteries would be used.

(4) Reaction control subsystem.—The existing
subsystem can be used; propellant lines near
the nozzles will freeze unless purged. Heaters
should be provided for this region for warmup
prior to use.

(56) Structures and propulsion.—Additional
meteoroid shielding may be necessary. The
propellant loading must be increased to
approximately 5700 pounds.

The modifications of the LM descent stage
are also indicated in figure 6 and consist
principally of :

(1) Electrical subsystem.—Batteries would be
used for descent. Fuel cells must be added for
the quiescent period. Only one is required,
since the power requirements are lower than
the capacity of single cell; however, two were
included for redundancy. The cabin can be
heated by a reflux condenser that draws heat
from the fuel cells.

(2) Structures and propulsion.—The propel-
lant loading must be increased to approximately
20 600 pounds. This could be accomplished
by employing ellipsoidal tank bulkheads and
increasing the length of the cylindrical section
of the tank.

The launch-vehicle capability requirements
were established by use of a standard velocity
budget supplied by NASA Marshall Space
Flight Center; the composition is shown in
table 3. All expendables necessary for a nor-
mal 14-day lunar mission were considered left
on board the CSM in all performance evalua-
tions. However, it was considered realistic to
assume that expendables associated with the
90-day dormancy would be either consumed or
dropped prior to leaving lunar orbit, and this
was considered in the evaluation of the launch-
vehicle requirement.

TasBLe 3.—Summary of LOR Personnel Delivery
Mission Requirements for Operational 1975
Personnel System

Requirement Weight, 1b
Translunar injected weight.. .- ________ 112 200
SLA jettison.... . ______________ 3 850
Midcourse propellant. . .. ._._.__ 730
Lunar orbit insert propellant.._____ 29 318
Total weight in lunar orbit_ . __________ 78 300
Total weight LM withmen________ 38 380
LM rescue propellant_____________ 2489
Weight at Iunar departure..___________ 35 660
Injeet propellant_ ________________ 9578
Midcourse propellant._ . _______.__ 103
Final burnout weight_ . __________.._ 25 980

CARGO DELIVERY—OPERATIONAL 1975

The early cargo stage was designed in con-
siderable detail. Maximum use was made of
existing hardware and techniques that are
within the present state of the art. Minor
sacrifices in performance were made where neces-
sary to utilize proven systems and techniques
to keep development costs minimal. The
availability of the RI—10 engine, which could
be modified to provide a suitable engine for -
direct cargo delivery, makes LO,/LLH, stages
very attractive.

In developing the mission profile for the
time period contemplated, achievement of the
highest possible landing accuracy with mini-
mum degradation of payload was considered
to be of prime importance. Use of a lunar
parking orbit contributes appreciably to the
accuracy of a landing; FEarth tracking is of
maximum effectiveness when several orbits are
made prior to lunar descent. The Apollo flight
mode involves braking into a lunar orbit at
approximately 80 mnautical miles. The LM
then performs a Hohmann transfer down to
an elevation of approximately 50 000 feet,
where the engines are restarted for final descent.

Several objectives were considered in select-
ing a flight mode. These include:

(1) Use of a lunar orbit

(2) A velocity budget not differing greatly
from that of Apollo
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(3) Minimizing number of burns
(4) Effective line of sight to landing point
at initiation of burn or shortly thereafter

Minimizing the number of burns results in a
significant weight saving of propellant. In
addition, a number of operationsl problems
could be eliminated if the 1l-hour Hohmann
transfer were omitted.

The selected flight mode is indicated in
figure 7. Lunar-orbit injeetion is into a
100 000-foot orbit. Error analyses indicate
that this maneuver can be performed with a
maximum altitude error (3 sigma) of approxi-
mately 16 000 feet. Descent from 100 000 feet
after several orbits is accomplished by use of a
single burn. The early cargo stage is above the
horizon at initiation of burn. A 10° line of
sight to the landing point is achieved at an
altitude of approximately 85 000 feet (using
the two 20 000-pound-thrust RL—10 engines).
The resulting velocity budget is slightly lower

than the Apollo budget and produces com-
parable performance.

The selected early cargo stage concept as
shown in figure 8 presents several attractive
features:

(1) Maximum utilization of existing hard-
ware

(2) Structural efficiency

(3) Simplicity

(4) Accessibility

(5) Flexibility

The stage has been designed to utilize a modi-
fied R1~10 engine with either a 57:1 area ratio
or a 150:1 area ratio to allow growth in engine
performance.

The external shell is made of eight honey-
comb panels of equal size. The shell is rein-
forced with internal rings which serve the
multipurposes of external shell stiffening, assist-
ance in propellant tank support, and landing-
gear backup. The meteoroid shield is located

| stanDARD ,
- APOLLO SELECTED
m/sec m/sec

{ft/sec) {(f/sec)

21 (68) 21 (68)

972 (3,189)
80 NM

984 (3,227
100,000 FT |

2,203(7,228)} 2171 (7,121
FINAL
 DESCENT

Fieure 7.—Selected direct cargo delivery flight mode.
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Figure 8.—Early direct cargo stage concept.

inside the shell and is attached to the inner
edge of the rings.

The liquid-hydrogen and liquid-oxygen tanks
are of 2219 aluminum and are supported with
fiber-glass struts. The struts are attached to
Y-rings in the tanks with most of the weight
in the system concentrated in the liquid-
oxygen tanks. The selected support system
distributes the load effectively and efficiently
to the shell.

Each propellant tank is insulated with multi-
layer insulation consisting of thin, crinkled,
double-aluminized Mylar radiation shields with
Tissuglas spacers and is applied in blankets.
Areas which might leak gas into the insulation
are covered with fiber-glass structure which is
vented past the insulation. The thermal pro-
tection system is sufficiently effective to permit

an entire translunar flight without propellant
boiloff.
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The reaction control system is located in
four modules in the region between the liquid-
hydrogen and liquid-oxygen tanks. The space-
qualified modules from the Apollo service
module are used.

The Saturn V instrument unit is capable of
providing the major portion of the astrionic
functions if it is attached to the cargo stage and
taken to the lunar surface. The alternative to
this is integrated stage astrionics. By using
the Saturn V instrument unit, however, costs
can be appreciably reduced, though the payload
loss is approximately 1000 pounds more than
with integrated astrionics. Additional equip-
ment. must be added to supplement the instru-
ment unit. The landing radar is the same as
that used on the LM and is located in the aft
region.

The landing gear is relatively small, con-
sidering the vehicle size. It is folded on the
exterior of the vehicle during launch and is
covered by a fairing.

In figure 9, some of the existing hardware
applications are shown:

(1) The current RL—~10 engine can be modi-

fied to the required capabilities. This was a
major factor in the selection of LO,/LH, as
propellant.

(2) As previously discussed, the modification
and use of the Saturn instrument unit is attrac-
tive, since no major developments are necessary.
The Apollo fuel cells and reactant storage
tankage could be utilized.

(8) The flow-rate and pressure requirements
of the components in the pressurization system
and the propellant feed system are compatible
with valves and regulators that have been used
on other stages utilizing the RL—-10 engine.

(4) The thermal-protection system has been
tested on full-size tanks and found to be satis-
factory. Lockheed has made sufficient tests to
assure that the insulation system is flight
qualified.

Typical results from the landing-gear sta-
bility studies are presented in figure 10. The
stability angle is defined in the illustration as
the point where the overturning moment ex-
ceeds the restoring moment. Note that the
vehicles become unstable rather rapidly with
decreasing landing-gear radius.

Freure 9.—Existing hardware utilization.
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Fraure 10.—Typical landing gear stability results.

The landing-gear radius selected during the
study was 280 inches. The design incorporates
a self-alining gear that strokes with almost zero
load if only one leg touches until two opposing
legs touch; all legs are then stiffened, and honey-
comb crushing begins. The addition of reaction
control thrusting downward after primary-en-
gine cutoff assists in assuring stability. These
active methods could result in additional reduc-
tion in landing-gear weight and radius in future
stages.

Several observations from the studies made
to date are of interest:

(1) An increase in the height of the center of
gravity does not rapidly affect the stability.
(Example: for an increase of 20 inches, stability
angle increases by only 3°.)

(2) The lower the crushing g in the main
strut, the greater the stability for a given radius.

(3) Increasing the tension-carrying capacity
of the secondary struts appears to decrease
stability.

(4) Horizontal velocity may be the largest
contributor to instability.

Experience in evaluating thermal-protection

e

systems and pressurization has indicated that
simplified methods (such as summing insula-
tion and boiloff to obtain minimum weight)
are not sufficient for the evaluation of a high-
performance insulation system for multiburn
missions. An evaluation technique was tail-
ored for this particular mission.

Detailed thermal analyses have been per-
formed on the stage design by using computer
techniques to obtain the heat input as a func-
tion of the insulation weight and throughout
the mission time. Nominal thermal insulation
conductivities were varied; in addition, the
computer program considered variation with
temperature. The resulting information is
used to produce a weight index (or weight
penalty) which consists of-—

(1) Insulation weight

(2) Vented propellant

(3) Tank weight

(4) Pressure gas quantity

(5) Pressure gas subsystem

(6) Residual gas

An example of the information which was
obtained is shown in figure 11. In the illustra-
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Fieure 11.—Typieal insulation/pressurization optimization results for LH; propellant tank.

tion, helium is used to prepressurize the liquid-
hydrogen tank, and gaseous-hydrogen engine
bleed is used for run pressurization of the liquid
hydrogen. Estimates of stratification during
ground hold and ascent have indicated that a
minimum tank pressure of 35 to 40 psia may
be required during the period when ullage
pressure relief is not possible. Also, using the
tankhead start of the RL—~10 makes it desirable
to have a higher tank pressure for better per-
formance. These factors force the tank pres-
sure up so that minimums do not occur in the
curves; in addition, the effects of insulation
thermal conductivity are relatively small.
Heat input to the propellant from pressuri-
zation gas is on the same order of magnitude
as heat input through the insulation. Pres-
surization gas weight is reduced by an increase
in tank vapor pressure because the required
pressurant weight is only the amount necessary
to increase the pressure from the vapor pressure
to the operating pressure.

As a result, an insulation thickness of approx-
imately 0.3 inch is now considered to be a
reasonable value. Subsequent evaluations and
possibly a different pressurization system may

increase this thickness. If the engine NPSP
could be held from 2 to 4 psia, the insulation
thermal conductivity can be degraded and still
give satisfactory performance with the pres-
surization system under the ground rules for
the data shown here.

A number of terminal guidance poss1b1]1tles
exist; these include:

(1) Lunar surface beacon

(2) Optical comparison (area correlation)

(3) Radar comparison (area correlation)

(4) Tracking and updating

A beacon-assisted landing is most advan-
tageous, but the questions concerning delivery
and placement of the beacon raise difficulties.
If the beacon is not available from a previous
landing, it may be delivered by a separate
launch or by being landed from the orbiting
early cargo stage. The location of the beacon

" must be established from Earth tracking. A

beacon tracker will be added to the guidance
and navigation system of the early cargo stage
and will furnish relative range, range rate, and
angular rate of the line of sight to the beacon.
This information would be used to update the
inertial system. Altitude and lunar-surface
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velocity data from landing radar will complete
the system.
The use of automatic image (area) correlation

offers a possible technique for precision landing. .

This guidance technique requires previously
obtained photographs of the lunar surface sur-
rounding the selected landing site. The refer-
ence photographs are stored in the correlator,
and during final descent optical images are ob-
tained in real time and compared with the ref-
erence images to determine vehicle position.
Vehicle guidance would be inertial, with position
correction used to improve terminal accuracy.

The same area correlation technique may also
be used with a radar imaging sensor. Refer-
ence images would be constructed from previous
radar mappings of the lunar surface. Two
problems accompany this approach: (1) radar
reference images may not be available, and (2)
low resolution and low frame rates inherent in
the radar system would reduce guidance
accuracy.

The reduction in landing-point dispersion
through the use of an altimeter and beacon
tracker is clearly indicated by the 3-sigma dis-
persion shown in table 4. The altimeter func-
tion would be provided by the landing-radar
FM/CW beam, which has an altitude-measur-
ing capability of from 10 to 25000 feet. As
shown, the beacon tracker may be used to
provide high-accuracy location guidance. How-
ever, a lunar-surface velocity sensor is necessary
to insure a soft and stable landing. This sensor

is provided by the landing radar FM/CM
three-beam velocity sensor.

The unified instrumentation unit (UI'U) will
be located atop the early cargo stage as shown
in figure 12. It will consist of the basic instru-
ment unit (in operational configuration) with
modifications and additions of existing, flight-
proven components. The UIU will be capable
of performing all required astrionics functions
from Earth launch to soft lunar landing. Thus,
the UIU will perform all guidance and naviga-
tion, stabilization and control, measurements
and telemetry, command and communications,
sequencing, and inflight checkout functions
during all phases of the mission; that is, during
launch, injection, midcourse corrections, brak-
ing, and soft lunar landing. The philosophy is
to use the basic set of inertial sensing and com-
puting equipment provided by the operational
instrument unit, and to add auxiliary sensing
equipment as required by the various phases of
the mission.

The additional equipment shown in figure 12
would be utilized as follows:

(1) Guidance and control:

(@) Solar sensor: OAQO or Surveyor type—
provides a vehicle inertial reference
direction.

(b) Star tracker: OAQO or Surveyor type—
provides a second vehicle inertial
reference direction.

(¢) Horizon sensor (lunar): determines
direction of lunar local vertical as the

TasLE 4.—Terminal Guidance Error Comparison

3o landing dispersion,® m (ft)
Mode
Downrange Cross-range Altitude
IMU only_ . 820 1460 1400
(2700) (4800) (4600)
IMU with altimeter_.__. .. e .. 820 1460 ~0
(2700) (4800)
IMU with altimeter and beacon. ... _____ . ______ b ~150 b ~150 ~0
(~500) (~500)

» Top value given in meters; bottom value in parentheses, in feet.

b Principally error in beacon location from Earth tracking.
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Fi1GURE 12.—Selected astrionic approach.

vehicle approaches the Moon. This is
required for position updating using
either a beacon tracker, derived data,
or area correlation data.

(d) Body-mounted attitude gyros
(BMAG): SCM type—provides an
attitude reference for midcourse and
terminal attitude orientation when the
ST-124 inertial platform is caged.

(¢) Auxiliary memory unit (AMU): used
to provide additional program storage
for the launch-vehicle digital computer.

(f) Landing radar (LR): Ryan LM type—
provides altitude and velocity inputs
to the LVDC for the terminal descent
phase from about 50,000 feet to touch-
down.

(2) Telemetry and measurements.—Measuring
racks, a multiplexer and a remote submulti-
plexer are required to accommodate the increase
in the number of measurements to be made,
specifically of the parameters that would be
monitored on the early cargo stage. These
items are used on the basic Saturn instrument
unit.

324-954 0—69——13

(3) Communications.—A high-gain, steerable
S-band antenna is required for communication
with Earth at midcourse and lunar distances.
A Lockheed 6-foot parabolic reflector antenna
that is furlable, with two-axis steering, is the
recommended antenna.

PERSONNEL AND CARGO DELIVERY—-1980;

In the time period of 1980 and beyond, it is
a reasonable assumption that Earth-launch-
vehicle capabilities will have appreciably in-
creased, and delivery of personnel by the direct-
flight mode should be possible.

The direct personnel mode, shown in figure
13, employs the command module and an
Earth-return stage which can be supported by
a service adapter. The Earth-return stage has
been designed to employ LF,/LH, propellant.

For comparison purposes, two approaches
were taken. An optimized system was evalu-
ated on the basis of minimum launch-vehicle
capability, as shown in the illustration. The
second mode considered was based on using
the early cargo stage as a braking and landing
stage. Since the stage is required to sustain
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Figure 13.—Direct personnel delivery concepts.

more axial loading and larger bending moments,
the shell weight is increased, even though atti-
tude control can be removed from the breaking
stage.
- The studies indicate that the direct command
module, which must accommodate six men, can
be constructed from the components of the
present Apollo command module. Further,
Lockheed-sponsored studies indicate that this
could be accomplished using refurbished com-
mand modules. In order to provide volume for
the extra three men, the approach was to
lengthen the pressurized cabin, thus increasing
the diameter of the command module. The
service adapter between the Earth-return stage
and the command module houses the fuel cells
and reactant supply, environmental control
system (including radiators and expendables),
S-band deployable antenna with associated
electronics, and vehicle status sensing instru-
mentation,
The Earth-return stage remains on the lunar
surface from the time of touchdown to time of
“departure. Its function is to provide direct
return to Earth, with or without an intermediate
lunar parking orbit. A lunar parking orbit

was assumed in the studies reported here. The
basic stage design adopted was identical with
that previously discussed for the early cargo
systems. The vehicle has been designed with
two liquid-fluorine tanks and two liquid-hydro-
gen tanks., The tanks are supported between
the shell and honeycomb shear panel cross-
beams by fiber-glass struts. Since thermal pro-
tection is of major importance, the tanks are
insulated with multilayer insulation in the
same manner as for the early cargo stage.
The thermal protection system should be op-
timized so as to contribute to inereasing the net
vehicle performance capability. Propellant
boiloff, a component of the thermal protection
system, is a weight that must be landed on the
lunar surface, but does not have to be lifted
off from the surface. Therefore, in tradeoff
studies, optimum insulation thickness trades
off in a different manner than does boiloff, and
a seemingly large boiloff does not cause penalties
as large as might be indicated. In the case of

fluorine, used in this particular mission, no

venting is required if the bulk liquid is oc-
casionally mixed.



IMPROVED LUNAR CARGO AND PERSONNEL DELIVERY SYSTEMS 189

One concept for achieving lower heat rates  The thermal-analyzer program was run with
by utilizing a solar reflective shield is illustrated =~ and without the shield. An «/e=0.36/0.94 of
in figure 14. The shield was designed to be  the vehicle surface without the shield was
placed at an angle of 45° to the vertical vehicle.  utilized; this corresponded to that of an ultra-

HIELDING EF

FicUre 14.—Thermal analysis of Earth-return stage.

TOTAL HEAT FLUX

BASED  ON 3-IN. INSULATION
WITHOUT SHIELD CiL WITH SHIELD

HEAT FLUX (BTU/HR)
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Freure 15.—Earth-return stage heat flux variation on lunar surface.
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F1curE 16.—Advanced two-stage cargo delivery.

violet degraded thermal point. With the shield,
a value of a=0.94 was used on the vehicle, and
an a/e=0.06/0.4 was used for the shield. Use
of the shield would result in a reduction of the
total heat flux by more than 20 percent. The
effects on the heat flux produced by a shield on
the Earth-return stage are shown in figure 15.
The shield tends to dampen the amplitude of
‘the heat flux, but the integrated total heat input
is Jowered by only about 20 percent.

In this study the personnel delivery system
launch-vehicle capability has been used as the
basis for determination of the cargo delivery
launch-vehicle capability; when this is done
these capabilities may be adjusted, depending
on the location of the instrument unit. In
the evaluation of the advanced cargo delivery,
the instrument unit was moved to the forward
end of the cargo stage, and a corresponding
adjustment in capability was made as presented
in figure 16.

As explained in the discussion of the advanced
personnel delivery systems, the optimized-
system and evolutionary-system approaches
were taken in the evaluation.

TasLe 5.—Summary of Transportation System
Performance

Ttem Weight, 1b

Personnel (operational 1975); 3 men, 90-day dormancy

Launch-vehicle requirement_____._________ 112 200
Cargo (operational 1975); single stage

Based on ELV__ oo _________ 112200

Delivered payload_ __ . _____ 35140

AV propellant_ . ___ . ________________ 60000

Personnel (operational 1980); 6 men, 180-day dormancy

Launch-vehicle requirement:

Optimized . ... _____ 149700
Evolutionary____ . ____ ... 162 600
Cargo (operational 1980)
Delivered payload:
Optimized .. ______________________ 52 850
Evolutionary. . ___ . _____________ 52750
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SUMMARY

The performances of the transportation
systems are presented in table 5. The early
personnel delivery requirement appears to be
consistent with expected capabilities of early
Saturn V product improvement. The resulting
cargo delivery capability is very significant.
Each of these results may be considered to be
conservative, and performance in excess of that
shown can be expected.

One of the most important considerations
shown by the study is that of the simplicity
and ease of development of the early cargo
stage. This follows primarily from the fact
that the subsystems previously discussed are

developed or are in an advanced state of
development,

Finally, the study has provided a logical
approach to obtaining a direct cargo delivery
capability by 1975, with growth potential to
a direct personnel delivery system. The pay-
load and volume requirements for lunar explo-
ration and exploitation can be supplied by an
economical upper stage for which existing
hardware and technology are available at very
modest cost.

REFERENCE

ANox.: Improved Lunar Cargo and Personnel Delivery
System Study. Contract NAS 8-21006, Lockheed
Missiles & Space Co.



Page intentionally left blank



ROBERT S. NOVOSAD
Martin Marietta Corp.
Denver, Colo.

Integration of Expected Extraterrestrial Resources Into the
Design of Space Transportation Systems

An evaluation of the benefits derived from the utilization of lunar materials as pro-
pellants for space systems is based on a logistics study. Various methods and opportunities
to supply the materials required by a space program at various locations in space are ex-
amined. These include a number of different propellants with several sources and manu-
facturing processes as well as modes of delivery. The requirements are resolved into launch
requirements from Earth and are used as a basis for comparing the alternatives that may be

available.

The paper integrates the results of previous mission analyses with logistics

studies and treats a number of cases, some of which are shown to be promising.

INTRODUCTION

Potential value of lunar material as a source
of propellant for space transportation systems
is a function of three unknowns:

(1) The resources available on the Moon.

(2) The transportation system that will use
the propellant.

(8) The space program of the era during
which it first becomes feasible to use lunar
material.

In view of the unknowns, any plan made
today to exploit lunar material will probably
be wide of the mark. However, it is not too
early to explore the possibilities, because these
can justify and guide the exploratory phase of
the lunar program in which we find ourselves
today. The Moon’s geological history is quite
different from that of the Earth, and as a
consequence materials suitable for propellant
manufacture are apt to differ greatly from
material from Earth. Some possibilities are:

(1) Crater bottoms and caves near the poles
of the Moon could be very cold, and deposits of
ice, solid carbon dioxide, ammonia, etc., could
have collected there. There is also the pos-
sibility of large permafrost areas containing
subsurface ice.

(2) Pockets of helium produced as a radio-
active decay product could occur in the interior.

(3) Water of crystallization might be present
in certain materials.

(4) Volcanos may still be active, and emis-
sions of water, ammonia, hydrogen sulfide, etc.,
could supply needed raw materials.

(5) Minerals that do not occur naturally on
the Earth might be a suitable propellant source.
Metallic compounds, for example, could be
better than water as a source of hydrogen.

(6) Basaltic-type materials, whose presence
is indicated, could be processed.

(7) Many surface rocks appear highly porous,
and the voids are most likely filled with gases
(ref. 1).

In view of the uncertainties, this paper will
treat many possibilities and will indicate the
circumstances under which use of lunar propel-
lant sources will become profitable. In making
effectiveness evaluations of propulsion systems
based on exfraterrestrial resources, one must
account for—

(1) Propulsion performance as calculated
from specific impulse, structure factors, boiloff,
and fuel transfer requirements.

(2) Materiel requirements that support man-~
ufacture, storage, and transportation of the pro-
pellant to the point in space where it will be
used. Production efficiency will depend heavily
on the quantities produced.

193
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(8) Facilities to support personnel that in-
clude materials, transport, and erection.

(4) Cost of recovery of the propulsion system
and the propellant tanks used in delivery from
lunar sources.

Methods for evaluating Earth-based systems
treat these items independently. This cannot
be done here because the most likely benefit
comes from lowering the transportation cost
listed under (2) above. This must be traded off
against degraded values in almost all the other
categories. It will also be seen that the possible
benefits are highly dependent on the types and
numbers of space flights. Therefore the evalua-
tion will be done in the context of a number of
scenarios depicting possible space programs of
the future.

Much background information on the subject
is given in references 1 to 9.

MISSION DESCRIPTIONS

The analysis will be made in the context of
two basic space missions with variations given
of each. The first is a manned planetary
voyage with the spacecraft assembled in Earth
orbit. We are not too concerned with what
happens at the destination planet or with the
details of the spacecraft or its payload. We
are concerned with—

(1) The weight breakdown of the space
transportation system

(2) Propellants that can be provided from
lunar sources and the associated operations.

(3) Assembly and logistic weight burdens.

The other basic mission is the establishment
of a lunar base and its resupply. The possi-
bility of using lunar resources for the propul-
sion of a shuttle is to be investigated and
compared with a wholly Earth-based propellant
supply. _

Much attention will be paid to the method
of analysis, and it is convenient to treat both
missions in terms of a single framework. There-
fore, consider a mission composed of the fol-
lowing maneuvers (see fig. 1):

1. A launch from the Earth’s surface E de-
livering a payload to a rendezvous point R.

2. A launch from the Earth’s surface E to the
lunar surface L.

Figure 1.—Schematic of maneuvers.

3. Transportation of supplies (propellant)
from the lunar surface L to the rendezvous
point R.

4. Return from the rendezvous point R to the
lunar surface L. o

5. A flight from the rendezvous point E to
the destination D, which would be either the
vicinity of the planet or a return to Earth.

6. A further maneuver (possibly capture by
the planet).

In reference 2, it was shown that the cislunar
libration point is well suited for the rendezvous
point R, and the high-orbit rendezvous to be
treated herein can be considered to take place
at this point.

The following notation will be used:

N The maneuver number, N=1, 2,
3,4,5,6

Weny  Weight of payload on maneuver N

Weey  Weight of propellant on maneuver
N

Wyx  Weight of vehicle (dry) on maneu-
ver N

Wrx  Weight of propellant tanks (dry)
on maneuver N

Wsnw  Weight of burden on maneuver N;
a part of Wpy (the burden consists
of tools and supplies needed for
an assembly operation performed
after the maneuver)

Wexy  The final weight of system after

maneuver N; Wey+ Wy

KN The ratio WVN/WPRN= (WFN'—'
WPN) /WPRN

Ky Ratio Won/Weew
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H1,5 R&f;iO WBI/WPR5

a Rate of propellant manufacture
needed to supply this mission di-
vided by the rate of propellant
manufacture needed to supply all
users

M Weight of mining and processing
equipment needed to produce pro-
pellant

b Logistic requirements needed for
propellant manufacture divided by
logistic requirements needed for all
activities of the base

L Weight of all logistic requirements
of the lunar base (so bL is the
weight prorated to propellant
manufacture)

AV, Change in. velocity requirement by
maneuver N
Iy Specific impulse of propulsion sys-

tem used in maneuver 4.

We shall use set theoretic notation as follows:

P3NPR5 that part of the payload P of
maneuver 3 that is propellant
PR for maneuver 5.

Then the compositions of the transportation
systems used on the maneuvers have the ap-
pearance shown in figure 2.

The payload weights to be delivered are:

Type Frequency, Payload, 1b
mo/yr
Planetary.. ... ... 1 | 200,000.
Lunar shuttle. ... ___ 12 | 28,000 to Moon.
3,000 to Earth.

The planetary payload is an average derived
from many studies of a Mars capture mission,
and the lunar shuttle is intended to supply a
30-man base.

In figure 2, note that the payload for maneu-
ver 1 is composed of-—

(1) Part of the payload P4 for maneuver 4

(2) The burden B1 (assembly expendables)

(3) The vehicle (dry) for maneuver 5

(4) The payload for maneuver 5

The horizontal separation of the payload of
maneuver 2 indicates that the vehicles V3 and
V4, the mining and processing equipment A,
and the logistic resupplies L are to be shared
with missions other than the one under
consideration.

We are faced with some 77 parameters or
variables, of which 16 are input parameters
and the others are to be calculated. In view
of the uncertainty as to resource availability,
the many alternative routes that the national
space program may follow, and the technology
of the era, a narrative encompassing all the
situations worthy of analysis would fill a book.
Instead of this, table 1 is presented as an
overview of the factors influencing the missions
(and, hence, influencing the input parameters,
which for present purposes describe the
mission).

In the same way, table 2 takes the place of a
description of all the parameters, their signifi-
cance, and how their values may be influenced
by the inputs.

The analytic methods are a combination of
straightforward space flight mechanics, some
algebra, and logistic computations. Consider-
able use was made of the relations derived in
reference 2 for the flight mechanies and in
reference 3 for the logistics.

Maneuvers 3, 4, 5, and 6 are analyzed with
the use of the rocket equation. For maneuver
5, for example, the weight of the initial system

Wis=Wgs exp (AVs/glsps) 1
Then

W prs+ KW prs~+W ps= (KW pgs
+Wes) exp (AVi/glsps)

N— (WFN'“WPN) / WPRN (2)
WP35=<I’(5)WP5 3

where

and so

where one uses the abbreviated notation

- exp (AVy/glsen)—1
@(N)——l_l_KN_KN exp (AVy/glsen)

Requirements for maneuver 6 are calculated in
exactly the same way. When velocity require-
ments are given in terms of hyperbolic excess
speeds, the charts in reference 2 can be used.
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TaBLE 1.—Input Parameters

Uncertainty Parameters Symbols Remarks

Space program level | Mission-dependent Wes Large value for ambitious manned planetary mis-

of activity. factors. sion, additional maneuvers.
AV; 10 AV, Depends on rendezvous point, destination, lunar
launch site, etc. Large for fast missions.
Space-program- a Small if resource is used widely in addition to use
dependent factors. for propellant by this mission.
b Small if propellant manufacture is small part of
total lunar effort.
M Increases with rate of propellant  production.
Large for difficult or inefficient processes. (Sili-
cate reduction).
L Increases with size of lunar base.
Wei, Wes Increases with size of lunar base.

Era during which Propulsion tech- Igpy to Igps Large for a variety of nuclear developments.
mission takes nology. Small for low-performance propellants such as H,0,
place. NH;,.

Design_______.___. Ky to Ky; K., | Small for efficient design, advanced materials.

Resource avail-

Mining and process-
ing technology.

Space operations_____
Mining and process-

K, K

Large for nuclear systems, artificial gravity.
Small for efficient processes of fluid handling as
opposed to solids. Make use of vacuum. De-
pends strongly on resource availability.
Small for automated processes.
Small for efficient assembly, propellant transfer.
Small for readily available, readily usable materials.

ability. ing technology.
TaBLE 2.—Mission Parameters
Symbol Represents— Maneuver Significance Influenced by— Equation
Wepeeeee o Payload weight. _ . __ 1 | Relates to number Choice of R, Wpy, assembly (15)
of space vehicle needs.
launches required.
Wereeoee o Payload weight. .. ._ 2 | Relates to number Prorating among lunar base (13)
of space vehicle activities; processing and
launches required. mining weight M.
Weseeee - Payload weight......_._ 3 | Focus of study__._.__ Propellant needs at RB; Moon- | (4)
to-Earth traffic rate.
Weteea oo Payload weight..___ 4 | Tank recovery lunar | Structural efficiency; base (5)
transport. resupply rate.
Wegemeee o Payload weight..___ 5 | Scopes mission.._.___ Mission objectives; payload Input
delivered to destination.
Werseeeo - Propellant weight.____ 3 | Tradeoff variable..__| Transportation system Igp, (8)
AV,.boiloff, leakage, cool-
down.
43 TI—— Propellant weight..._. 4 | Recovery penalty._ _| Transportation system Igp, (N
AV, boiloff, leakage, cool-
down.
WeRsee - - - - Propellant weight__._ 5 | Focus of study._...__ Transportation system Isp, (3)
AV, boiloff, leakage, cool-
down.
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TABLE 2.—Massion Parameters—Continued

Symbol Represents— Maneuver Significance Influenced by— Equation
Wegeo o Final weight (dry). . 3 | Weight delivered to | Degree of automation, pro-
R from Moon. pellant transfer methods.
Wegeo oo Final weight (dry) - - 4 | Shuttle system Degree of automation, pro-
weight landed on pellant transfer methods,
Moon. tank structure. '
Wese oo Final weight (dry).__ 5 | Mission effort....._. Payload, structural effi-
ciency, propellant density,
insulation.
Wiae e Initial system weight._ 3 | Launch weight from | Propellant requirements of (1)
Moon. final mission manuevers.
Wite oo Initial system weight.. 4 | Moves back to Lunar shuttle, tank recovery | (1)
Moon. scheme.
4T T— Initial system weight. 5 | Orbital launch Fixed by mission and choice @)
weight. of transportation system,
boiloff.
Ky Empty vehicle to 3 | Accounts for struc- Design efficiency, propellant 2)
propellant ratio. tural weight. density, mazx. acceleration,
insulation engine size.
Ky _____. Empty vehicle to 4 | Accounts for struc- Design efficiency, propellant
propellant ratio. tural weight. density, max. acceleration,
insulation engine size.
Ky . ____. Empty vehicle to 5 | Accounts for struc- Design efficiency, propellant )]
propellant ratio. tural weight. density, max. acceleration,
insulation engine size.
Weteee o= Weight used in 1 | Part of Earth lift- Assembly methods, degree of
assembly at R. off weight. modularity.
Ky ... Ratio of propellant 4 | Determines payload | Design, propellant density, €]
tank weight to for maneuver 3. insulation.
. propellant weight.
Koo Ratio of propellant 5 | Determines payload | oo 4
tank weight to for maneuver 3.
propellant weight.
Hygooo__. The ratio Wp, to 1 | Payload on 1 can be | Assembly operations at R____| (15)
W prs. related to pro-
pellant on 5.
O - The ratio of pro-  |_________. Prorates mining Level of lunar-base activity (13)
pellant used in and processing using resource, other mis-
this mission to all equipment. sions using resource.
propellant pro-
duced by the
base.
O Logistic require- | ________. Prorates logistic Overall lunar activity; man- (13)
ments ratio pro- weights trans- power required for pro-
pellant produe- ported to Moon. pellant production.
tion to total.
M. ___ Weight of supplies 2 | Weight delivered to | Type of production process, (12)
sent to Moon. Moon. . rate of production.
Lo ... Weight of supplies |._.______. Weight delivered to | Lunar-base activity ... _.---- (13)
sent to Moon. Moon.
AV .. Change in velocity... 1 | Energy requirement..| Assembly point R_ ... __
AV, .. Change in velocity__. 2 | Energy requirement__| Location of lunar base L. _.__
AVy . Change in veloeity___ 3 | Energy requirement..| Rand Lo oo oooooono- Inpub
R R X pu
AVy .. Change in velocity___ 4 | Energy requirement..| Rand Lo .. ...
AVs Change in velocity..- 5 | Energy requirement..| R and mission final destina-

tion D.




INTEGRATION OF EXPECTED EXTRATERRESTRIAL RESOURCES 199

TaBLE 2.—Mission Parameters—Continued

Symbol Represents— Maneuver Significance Influenced by— Equation
Igpyoo_ . Specific impulse...___ 1 | Determine propel- Propulsion system
lant weight. technology.
Igppo____ Specific impulse_ __... 2 | Determine propel- Propulsion system
lant weight. technology.
Tgpg oo ___ Specific impulse___.. 3 | Determine propel- Type of resource available.____ ;
N t*Input
lant weight.
Tgpge oo . Specific impulse._.__ 4 | Determine propel- Type of resource available_.._.
lant weight.
Tgpfc e Specific impulse___.. 5 | Determine propel- Type of resource available.___
lant weight.
The payload for maneuver 4 includes the W 2@U+KY)
vehicle for maneuver 3 and the payload of PET1—-(1+K) K;2(3)8(4)
maneuver 3 contains the tanks and propellant - (1+K)®(3)3(5) - g
for maneuver 4. Consequently a pair of PR I+ K)K@(3)3(4) ' ©° @)

simultaneous equations must be solved. Con-
sider first the case where the tanks carrying
propellant for maneuver 5 are not returned to
the Moon but become part of vehicle V5.

WP3= WPR4+ WT4+ WPR5+ WT5= (1 jl‘K;) Wt’m
+(A+K)Wers (4)

K; WPR4 = Wm

where

Also
WP= Wra (5)

Using the rocket equation again

WPR3= ‘I’(3) WP3= ‘I’(3) [(1 +K;) me
+ (1K) Wezi

and assuming K,=Kj (i.e., the same structure
factor for the two maneuvers)!

PR3™ @(3) (1 ‘|‘K;) (WPR4+ WPR5) (6)

and if the tanks carrying propellant for maneu-
ver 5 become part of vehicle 5

WPR4= ‘I’(4) WT3= K.;,‘I’(‘i) WPR3 (7)

Then substituting equation (7) into equation
(6) and setting Kz=K,.!

! This assumes that the ratios of tank to propellant
weights are the same for maneuvers 3, 4, and 5; this is
not a bad assumption since the propellants are the
same in each case.

If the tanks carrying propellant for maneuver
5 are returned to the Moon (and the propellant
is transferred to other tanks), instead of equa-
tion (5), we have Why=Wp+ Wy, and, in-
stead of equation (7), we have, using Wpgs as
the new propellant for maneuver 3,
W;’R4=‘I’(4) (W:t's +W1'5)
=&(4) (KQWIDRs‘{"KQWPRs)
=K (4) (Wers+Wers) 9

Setting K;=K; and ®(3)=%®(4) (the return
trip has the same AV, I, and K factor), we get
instead of equation (8)

1+ K;3(3)
1—(14+K3) K:3(3)
WPR5=[1 +K§!I’(3)]Wp33 (10)

W r=2(3) (1+K5) 2

which is a convenient form because we intend
to calculate Wegs prior to Whgs.

If additional payload Wy, is delivered on
maneuver 4 in addition to the return of tanks
W s and the shuttle Wy, equation (10) becomes

o
PR3

®(3){(1+K3)[2(4) (KsWers+Wes) +Wers]+Wes}
1—&(3)®(4) K;(1+ K5) a1

The propellant requirements for maneuvers
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3, 4, and 5 can now be expressed in terms of
the payloads to the destinations. Relations
between propellant manufacturing rates and
mining, basing, and processing weights are
given in reference 3. In order to use these
charts to calculate the weight of material to be
delivered to the Moon, two things must be
done:

(1) Total requirements for propellant must
be translated into rates of production.

(2) Production rates must be prorated to
various requirements.

These depend on the ability and cost of storing
propellant and the total activity at the lunar
base. Instead of attempting to solve these
problems, we introduct the notation a, M, b,
and L listed in table 2 and then treat these
terms parametrically.

Then the payload for maneuver 2 becomes

We=aM-+abL+c(Wys+ W)
where

¢=1-the number of uses of the vehicle used in
maneuver 3

The relations in reference 3 are linear, so by
introducing a proportionality constant J to
relate propellant production to weight of equip-
ment used to produce that propellant and by
introducing a constant K to relate propellant
production to logistics requirements, we get

J (—WPRa + —WPRA + ana) =M

—_ — — 12

K(Wers+ Were+ Wers) =bL (12)
where Wxz; denotes the yearly rate of propellant
consumed by maneuver 3. Then

po=0(J4bL) (Wrrs+ Wers+ Weozs) (13)
+ C(st‘f‘ WT4)

Instead of using the rocket equation to deter-
mine the initial weight (weight at launch), we
use performance curves for the launch vehicle,
in this case the Saturn V, to determine the
number of launches required. Using the lunar
logistics vehicle on top of the Saturn V, 28 500
pounds can be landed on the Moon (ref. 4).
Therefore dividing Wy by 28 500 gives the
number of launches required. Fractional

EXTRATERRESTRIAL RESOURCES

launches make sense in this context because we
assume other lunar activities that would use
up the additional payload -capacity. The
number of Saturn V launches used on maneuvers
1 and 2 to be ascribed to the missions are:

Ny=Wp,/28 500 (14)

A lunar landing vehicle other than the one
envisioned gives a different constant as a
divisor. The consequence will be discussed
later.

The payload of maneuver 1 consists of the
mission payload, the vehicle used in maneuver 5,
and the weight burden needed to carry out the
assembly operations at the rendezvous point E.
This is given by

Wei=Waes+Wys+ Wm +Wei=Wips
— Weas+Wai+ Wha,
= WP5+K5WPR5+HI,5WPR5+ Wes

= [1 + (K5+H1,5)‘I>(5)] WP5+ WP4

The Saturn V can deliver about 100 000
pounds to the cislunar libration point. If this
point is chosen for the rendezvous point E, the
number of Saturn V launches required for
maneuver 1 is

(15)

N1= Wpl/lf)O 000

However, Wp, should not be ascribed to the
planetary mission, so that the number of
Saturn V launches to be assigned to this mission
is

N1= (Wpl— Wp4)/100 OOO

SCOPE

Omne purpose of this paper was to treat cases
other than those already appearing in the
literature and to give something more specific
than a parametric treatment. Therefore these
propellants were considered:

Liquid hydrogen-oxygen-chemical:

Ip=444 sec
Methane-nuclear:

Isp=400 sec
Ammonia-nuclear:

Isp=400 sec
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Water-nuclear:
Isp=300 sec

Helium-nuclear:
Isp=600 sec

Hydrogen-nuclear:
Ip=830 sec

The methane and ammonia yield values of
Igp that are close and overlap in some cases
depending on the temperature of the reactor
(vef. 5); therefore, they were treated as one
case. The water-nuclear system proved to be
inferior for the planetary mission and was not
investigated in depth.

The planetary mission had two versions, a
slow and a fast trip with the following velocity
requirements:

(1) Slow: two impulses with V. of 0.1 EMOS
each

(2) Fast: two impulses with V. of 0.15
EMOS each

The propellant for the return trip was con-
sidered part of the payload of the final maneu-
ver. No essential difference would occur if the
total excess velocity V. (0.2 EMOS, slow, and
0.3 EMOS) were partitioned in different ratios
between the two impulses.

The departure from Earth was considered in
three modes:

(1) HO, departure from a high orbit, specifi-
cally the cislunar libration point,

(2) LO, departure from a low circular orbit,
specifically a 250-kilometer altitude.

(3) EO, departure from an eccentric orbit,
specifically a 601.1 Earth radii ellipse.

Rendezvous of the lunar and Earth originating
stages was assumed to take place in the depar-
ture orbits. This poses operational difficulties
in the EO case. However, the penalty paid
for rendezvous at the cislunar libration point
and transferring the entire transportation sys-
tem into the elliptic orbit is not too large.
Figure 3 illustrates the three alternate Earth
departure orbits.

The lunar mission was treated in three
versions in which—

(1) The lunar shuttlé and Earth shuttle
rendezvous at the cislunar libration point

(2) The shuttles rendezvous in low Earth
orbit

b

Figure 3.—Orbital launch modes.

(3) One shuttle operates between the Moon’s
surface and the Earth’s surface

Version (2) was ruled out as too wasteful of
propellant and version (3) was used mainly with
the no-lunar-material baseline mode.

Four processes for obtaining propellant were
considered :

(1) Oxygen by silicate reduction (refs. 3 and
8).
(2) Hydrogen and oxygen from electrolysis
of permafrost water (rvef. 3)..

(3) Hydrogen and oxygen from pure water
(ref. 3).

(4) Ammonia, methane, water, or helium
from a gas drilling operation perhaps supple-
mented with a nuclear underground blast to
open up the rock.

In order to carry out the analysis outlined in
the previous section, values of J and L are
needed. These were derived from 1-, 2-, and
5-year equipment lifetime from charts given
in reference 3 as shown in table 3.

Benefits from the 5-year life of equipment
are limited by a maximum of 2-year life of the
powerplant fuel elements. Figures 4 to 6 give
the processing equipment weight as a function
of propellant production rates. If the pro-
pellant is used.at the production, the process
must be represented by a point below the
broken 45° line shown in these figures. If the
propellant must be transported prior to use,
the point must lie considerably below the 45°
line. The wvalues for L in table 3 represent
the resupply requirements for 1 year, in pounds.
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TaBLE 3.—Processing Coefficients

Coefficient, 1b/lb/yr, for—
Process s L, 1b
J J J

1y | @y») | Gyp
1o 1. 06 0. 51 0. 48 27 000X NM=
2. .78 . 40 .33 | 27000
b S . 45 .22 .19 27 000
4 .31 . 16 .13 27 000
[ SO, . 017 . 008 . 003 | 27 000

a NM=number of men used in process.

RESULTS

Table 4 shows the propellant requirements
for different versions of the planetary mission.
Weight is given in kilopounds. The departure

POUNDS - EQUIPMENT

I YEAR LIFE

EXTRATERRESTRIAL RESOURCES

from low orbit was set up to calculate direct
Earth supply only and has been omitted from
several of the versions which apply to lunar
refueling. As expected, the hydrogen-nuclear
system provides the best performance.

By using totals given in table 4 and the
relations in figures 4 to 6, we can calculate
equipment weights that must be delivered to
the Moon if we use the various propellant
manufacturing processes. Results are shown
in table 5 with the equipment sized to take care
of the mission versions indicated.

A summary of the lunar-shuttle mission
propellant weights is given in table 6 for the
cislunar rendezvous mode only when this
proved superior to the other modes. Again the
hydrogen-nuclear propulsion is superior, but,
of course, the processing penalties have not

PROCESS
(SEE TABLE)

2

POUNDS-PROPELLANT PER YEAR

Ficure 4.—Processing equipment weight against propellant weight for l-year equipment

life.
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2 YEAR LIFE 4

2

PROCESS
(SEE TABLE)

3

4

POUNDS - EQUIPMENT

POUNDS~PROPELLANT PER YEAR

Ficure 5.—Processing equipment weight against propellant weight for 2-year equipment
life.

5 YR. LIFE ~ EQUIPMENT y
2YR. LIFE - POWER PLANT /

PROCESS
(SEE TABLE)

2

POUNDS -~ EQUIPMENT

POUNDS - PROPELLANT PER YEAR

Fiacure 6.—Processing equipment weight against propellant weight for 5-year equipment
life.

yet been included. Using figures 4 to 6, we get  addition to the number needed for delivery of
the equipment weights shown in table 7. The  equipment, 4.6 Saturn V flights are needed per
figures in parentheses under the column labeled  year to deliver payload from the Earth to the
“5-yr life”” represent the number of Saturn V  rendezvous point .

flights needed to deliver the equipment. In Lunar supply is most beneficial to large-scale

324954 0—69—-—14
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TaBLE 4.—Propellant Consumption for Different Versions of the Planetary Mission

Consumption, kib
Version Propulsion Trip Orbit
Wrrs Wers Wers Wpers | Total
lao o ___.. Slow._.__._.. HO 143 267 309 21 740
1ol LO 143 520 ||
leo o ___ H,-O. chemical EO 143 40 231 23 437
| I A R R s e Fast_..______ HO 278 812 867 50 2006
leo o __._ LO 985 | e
| EO 130 515 51 974 |________
20 . HO 171 330 500 42 1053
% }CH4 nuclear....._. SO EO 171 54| 362 36 623
30 _____ Slow._____.__ HO 106 305 214 30 645
3b_ .- He nuclear EO 106 33 112 17 225
L1 | Fast. ___...__ HO 172 390 296 38 887
3d_ . EO 172 83 211 31 499
da___________ Slow._ ... HO 72 97 63 3 256
4b_ .. EO 72 16 47 2 I P
dc . ___ H, nuclear.._.________ Fast_ . _.___ HO 108 215 116 6 445
4d . LO 108 258 |||l
de o EO 108 41 50 5 204
Tasre 5.—Equipment Weights Needed To Supply Planetary Mission Propellant
Equipment weight per year, Wpy, 1b @
Mission Propellant Propellant process
version used, 1b
1-yr life 2-yr life 5-yr life

la_______. 0. 740 108 1. Si reduetion_ . _ . ________ 0. 90108 (31) 0. 48X 108 (17) 0. 44108 (15)

2. 25 perecent H,Oo.._._____| .65 .34 .28

3. 50 percent HyO..._______ .38 .22 .18

4. 100 percent HoO...______ .27 .16 . 13 (4.5)
lewao . . 437 4. 100 percent H,O.________ .17 .10 . 08
1doooo____ 2. 006 4. 100 percent H,0_________ .63 (22) .33 (12 .27
) A . 974 4. 100 percent H,O__.______ .33 .18 .14
20 _____ 1. 053 5 Gasdrill. . ____.______ . 045 (1.6) . 030 . 024
3a._ . ____. . 645 5. Gasdrill____ . __________ . 037 . 026 (1) . 022
3C . 877 5. Gasdrill.______________ . 041 . 029 . 023

& Numbers shown in parentheses in selected cases give the number of Saturn V flights needed to move the indicated

weight.

operations and in particular is not too favorable
to the planetary mission when no lunar shuttle

mission is flown.

Therefore, combining the

monthly lunar shuttle flight with a yearly
planetary flight, the propellant consumption is
given in table 8 by combining the totals from

tables 4 and 6. The version le+1 shown in
table 8 combines totals from mission version
la from table 4 with totals in line 1 from table

6, etc.

Again equipment weights are calcu-

lated with the aid of figures 4 to 6.
In order to point up the relative merits of
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TaBLE 6.—Lunar Shuttle Propellant Consumption
Consumption, klb
Mission version Propulsion
Wers Wers Wers Total Total X 12
| H;-0; chemical _______________ 6.5 20. 4 20. 9 47.8 574
b J RN CHynuelear_..__.______._.____ 7.1 25.3 314 63. 8 . 765
b SN Henuclear_ . ________.________ 53 13.6 10. 6 29. 5 354
4 .. Hy;nuelear____________________ 3.4 8 8 2.9 15.1 181
TaBLE 7.—Equipment Weights for Propellant Used by Lunar Shuttle
Propellant Equipment weight per yr, W, 1b
Mission version used per yr, | Propellant
1b process
1-yr life 2-yr life 5-yr life

1o .. 0. 574108 1 0. 71108 - 0.38X108 0. 34108 (28.7)
2 . 50 .27 .22 (=5. 6)
3 .30 .17 .16 (#4. 1)
4 .21 .12 .10 (#2. 5)
2 5 . 040 . 027 . 023 (= 59)

B i 5 . 032 . 024 . 022

4 e 4 . 029 . 022 . 021

a Number of Saturn V flights per year needed to deliver equipment.

selected mission-propellant manufacture com-
binations, the number of Saturn V flights re-
quired for the missions has been plotted in
figure 7. The labels on the bars in figure 7
are explained below. The first number indi-
cates the production process as given in table
3. Thesecond numberin a pair below indicates
equipment life; for example, (4,5) connotes
5-year life for 100 percent H,O propellant
process.
Slow planetary:
(0,-) Earth supply, LH;, LOX chemical
propulsion
(1,1) Silicate reduction
(4,5) Electrolysis of water, 100 percent
water
(5,2) Gas drill, helium nuclear propulsion
Fast planetary:
(0,-) Earth supply, LH;, LOX chemical
propulsion

(Oy_)
(4,1)

(4,2)

(5,2)

Earth supply, H, nuclear propulsion

Electrolysis of water, 100 percent
water

Electrolysis of water, 100 percent
water

Gas drill, helium nuclear

Lunar supply:

(07_)
(07_)

(1,5)
(2,5)

3,5)
(4,5)

(5,5)

Earth supply, lunar lander, LH,,
LOX

Earth supply, lunar shuttle, LHo,,
LOX

Silicate reduction

Electrolysis of , water, 25 percent
permafrost

Electrolysis of water, 50 percent
permafrost

Electrolysis of water, 100 percent
water

Methane, nuclear, gas drill

Lunar supply plus slow planetary:
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Tasre 8.—Total Propellant Consumption and Process Equipment Weight

Equipment weight per year, Wpq, Ib
Mission Propellant Propellant process
versions used, 1b
1-yr life 2-yr life 5-yr life
la+1 ... 1. 31X108 1. Sireduection-_____________ 1. 5108 0. 76X 10° 0. 70X 108
2. 25 percent H,O.__________ 1.1 . 56 i .46
8. 50 percent HyO_ __________ .64 .34 .29
4, 100 percent H,O_ . _.______ .43 .23 .19
le+1. . ____ 1. 01 1. Sireduetion.___......_.__ 1.6 . 60 . 54
2. 25 percent HoO_ ... . .84 .43 . 36
8. 50 percent H,O.__________ . 50 . 28 .23
4. 100 percent HoO__________ .34 .19 .15
d+1_ . ______ 2. 58 1. Sireduetion._.________.__ 3.0 1.5 1.4
2. 25 percent HoO_ _______... 2.2 1.1 .92
3. 50 percent H,O.__________ 1.3 . 67 . 57
4. 100 percent H,O__________ .85 .45 .37
4+l 1. 55 1. Sireduction_____.__.__.__.__ 1.75 . 88 . 80
2. 25 percent HoO________._.. 1.3 . 66 . 53
3. 50 perecent H,O.__________ .75 . 40 .34
4. 100 percent H,O_.________ . 50 .27 .21
204+2._______ 1. 82 5 Gasdrill.________.__._.._ . 061 . 038 . 027
204+2 1. 39 5. Gasdrill________________ . 053 . 035 . 026
3a+3- ... 1.0 5. Gasdrill._.______________ . 045 . 030 . 024
3b+3 oo . 58 5, Gasdrill .. ______________ . 037 . 026 . 022
3¢4-8c o 1.25 5 Gasdrill ________________ . 050 . 032 . 025
3d+-8. . . 85 5 Gasdrill.________.____.__ . 042 . 028 . 023
dat+4_ .. .44 (23.9)| 4. 100 percent HoO_______... 1. 36 .76 . 60

s Water processed to get required Ho.

(0,-) Earth supply, lunar lander, L.H,,

LOX

(0,-) Earth supply, lunar shuttle, I.Hj,,
LOX

3,5) LH, LOX 50 percent permafrost,
shuttle, libration rendezvous

(3,5) LH, LOX 50 percent permafrost,
shuttle, eccentric rendezvous

(1,5) LH, LOX silicate reduction, shuttle,
eccentric rendezvous

(1,56) LH, LOX silicate reduction, shuttle,
eccentric rendezvous

(2,5) Methane, nuclear, libration rendez-
vous

(4,5) H, nuclear, 100 percent water, libra-

tion rendezvous
It can be seen that some lunar propellant
schemes compare favorably with a direct Earth
supply, and some unfavorably. If a nuclear
propulsion system using liquid hydrogen as a

propellant is developed, no advantage can be
seen for lunar propellant, at least for a one-
shot planetary mission similar to that which
has been considered here. If the planetary
craft is recoverable and can be resupplied
with resources from the destination planet,
the situation may reverse itself (see ref. 2).
The most favorable cases using helium or
methane should be compared to an Earth-
based nuclear system using hydrogen as a
propellant inasmuch as the technology is the
same. Here, as can be seen from figure 7,
the comparison is slightly favorable to the
lunar source of propellant for the fast planetary
mission.

For the lunar supply mission and the com-
bined lunar supply and slow planetary missions,
the comparison is much more favorable to
the lunar propellant schemes. This is due to
the use of much of the propellant at the Moon
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F1cure 7.—Chart of Saturn V launches required.

and the resulting savings over transporting
propellant from the Earth.

In conclusion, we return to the position
stated in the introduction; namely, that too
many uncertainties exist to decide at this
time for or against the use of lunar resources
for propellants. However, there are promising
situations that could evolve as shown by the
preceding analysis. Future planning for lunar
exploration and exploitation should keep these
situations in mind.
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indicates that a significant increase in fuel
savings is generally realized by flight inception
from cislunar space, remote from the Earth’s
surface, after refueling so that the interplane-
tary vehicle swings close past the Earth for
injection then into heliocentric orbit. Aside
from the increased efficiency of the rocket
energetics, the attendant flight characteristics
and subsequent system-design objectives ap-
pear quite favorable in several major aspects.
This cislunar (or Earth) swingby for inter-
planetary missions is explored briefly in this
paper by description and discussion of its
outstanding performance characteristics. The
realizable fuel savings are estimated as a
function of the alternative and selectable classes
of flight inception point, which may be located
at various stable dynamic sites in cislunar space.

Cislunar swingby past Earth for launch into
heliocentric orbit may be provided, as shown
schematically in figure 1, from any one of
four options of flight inception points:

(1) Perigee of a highly eccentric Earth orbit

(2) Cislunar libration point

(3) Lunar orbit

(4) Lunar surface

Refueling at the cislunar libration point or
_in lunar orbit might be provided from Earth
or the Moon. Flight from the lunar surface
would best utilize refueling from Ilunar re-
sources, whereas refueling on the highly ec-
centric Earth orbit could be provided from
Earth, from a cislunar-libration-point station,
or even from the Moon.

The subsequent heliocentric flight in inter-
planetary space after cislunar swingby may be
either direct to the target planet (or asteroid)
or by extraterrestrial planetary swingby.

The assistance of my colleague, Josef S.
Pistiner, in the preparation of this paper is
gratefully acknowledged.

ROCKET ENERGETICS

The study of the complete interplanetary
flight may be conducted in two discrete and
successive ‘legs’”: outbound to the target
planet (or planets) and return, if required.
In this paper, for brevity, only the outbound
leg is discussed, so that the available para-

metric tradeoffs are demonstrated. The out-
bound leg can be considered in two discrete
steps:

(1) The rocket energetics within the Earth-
Moon system until transition into the desired
heliocentric orbit.

(2) The heliocentric transfer energetics from
the point of Earth-Moon system injection into
heliocentric orbit, until capture (propulsive or
atmospheric), or fly by the target planet.

The rocket energetics for cislunar swingby
out of the Earth-Moon system (step (1) above)
from each of the four alternative inception
points are presented in figures 2 and 3, in
parametric form, for specific impulse I,,=444
seconds. Comparable sets of parametric curves
may be generated for other realizable values
of specific impulse. The parametric format
for mass-ratio tradeoff used in figure 3 is
Gillespie’s concise method (ref. 2) of presenting
energetics working curves for system synthesis
and evaluation.

With all four cases, the required velocity
increment and the remaining mass (expressed
in percent of initial mass) are plotted against
hyperbolic excess speed in EMOS (i.e., units
of Earth-mean-orbital-speed), where 1 EMOS
=29.8 km/sec. Note that these working curves
are dissociated from staging design variations,
since the remaining mass includes the onboard
fuel left after injection into heliocentric orbit,
the basic rocket staging, and the payload.
Tradeoff between fuel, staging, and payload of
the remaining mass can then be separately
evaluated and optimized.

The total velocity increment for each alter-
native inception of cislunar swingby was deter-
mined in accordance with the equations given
below:

(1) From Earth-orbit perigee:

AV= AV@@=\/V82+ Vasev?— Viawby 1

where
" Ve parabolic escape
Earth=(2rg/Rg)'/?

velocity from

Vaesy hyperbolic excess velocity= (helio-
centric transfer injection velocity)—
(Earth’s mean heliocentric velocity)

Veny Earth swingby velocity =V,

Rg Earth’s spherical radius
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53 MOON @ MOON

MOON

Freure 1.—Options of cislunar swingby inception (schematic only).

(@) Departure from perigee of highly eccentric orbit about Earth.
(b) Departure from cislunar libration point L;.

(¢) Departure from lunar orbit.

(d) Departure from lunar surface.

(2) From cislunar libration point L,: AVy=AV¢+AVga 3)
AV, =AVipr+AVg 4 (2)  where )
where AV velocity increment needed to leave
AVy—pr velocity increment to leave L, to lunar orbit to swing by Earth, approxi-
swing by Earth, approximated by mated by the difference between the
the apogee velocity V, of the lunar escape velocity and the lunar
highly eccentric Earth orbit orbital velocity=V¢.—V¢.

(3) From lunar orbit: (4) From lunar surface:
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Fiaure 2.—Required velocity increments for alternative
cislunar swingby options. I,,=444 seconds.

AV, =AV Oy + AV s 4)

where
AV s  velocity increment to ascend from
. the lunar surface to swing by Earth,
approximated by the lunar escape

velocity V¢,

These velocity increment equations approxi-
mate the actual fuel expenditure, by use of the
conventional conic approximation of impulsive
transition of a spacecraft from the gravisphere
domain of one force center into that of a second
force center. The Earth orbit for perigee incep-
tion (case (1)) was selected as a highly eccentric
orbit which lies realistically within the terres-
trial gravisphere. The definitive orbital data
are as follows:

T4 orbit apogee, 300} 10® km
rp orbit perigee, 6.7} 10% km"
orbit semimajor axis, 153.35X 10 km
e orbit eccentricity, 0.956

In swingby inception from the cislunar libration
point L, (case 2), the velocity increment to
leave the libration point was approximated by

100

’ \\
) \\
) \ \
\ /‘-DEPARTURE FROM LUNAR
ORBIT (OPTION 3)
50

| —DEPARTURE FROM LUNAR
SURFACE (OPTION 4)

% ‘\ \
30 \

N \N
\\
AN

DEPARTURE FROM EARTH
”  ORBIT (OPTION 1)

|~ DEPARTURE FROM LIBRATION
PONT L, (OPTION 2)

REMAINING MASS (PERCENT OF INITIAL MASS)

m A\
N
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[1]

N\
~

0 0.1 0.2 0.3 0.4 0. N}

HYPERBOLIC EXCESS SPEED (EMOS)

Froure 3.—Remaining mass ratio for alternative
cislunar swingby options. I,,=444 seconds.

the apogee velocity (V,=0.24 km/sec) of the
highly eccentric Earth orbit, in order to assure
a reasonable transit time from inception until
swingby. In cases (3) and (4), the velocity
increments for injection into cislunar flight to
Earth swingby were approximated by use of the
lunar escape velocity, since the hyperbolic
velocity may vary for different lunar orbital
altitudes and Earth swingby altitudes. In
general, the actual additional velocity will vary
from about 0.21 to 0.25 km/sec, depending upon
the hyperbolic velocity to be attained on
cislunar departure.

Nonideal losses such as with finite-time

‘thrust or with nonoptimal deviations from

ideal flight parameter values will entail added
losses which characterize the attainable effi-
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ciency of a given spacecraft system design.
However, these losses and the above approxi-
mations do not affect the basic parametric
variation of the energetics for the various Earth
swingby modes available.

Obviously, departure from the highly eccen-
tric Earth orbit is most advantageous and
necessitates the smallest velocity increment to
enter heliocentric orbit (fig. 2) so that the
remaining mass is maximum (fig. 3). At zero
hyperbolic excess speed, the relative ratios of
remaining mass fractions are

myimgimsim,—1.75:1.65:1.45:1

These relative ratios are valid over the com-
plete range of hyperbolic excess speed shown.
Two salient features are evident:

(1) A very large penalty is imposed for lunar-
surface launch, whereas all other inception
point profiles lie within a much narrower
envelope.

(2) The mass expenditure for Earth-orbit
departure is only 0.64 of that for libration
point departure.

The heliocentric velocity required upon exit
from the Earth-Moon system will be determined
by the transfer orbit for rendezvous with the
target planet. In general, the heliocentric
transfer orbit which requires the least total
fuel expenditure between given endpoints (i.e.,
Earth at the time of departure and the target
planet at the time of spacecraft arrival) is deter-
mined as the smallest positive real root of an
eighth-order polynomial with constant coeffi-
cients (refs. 3 and 4). That is, all possible
solutions of minimum-fuel heliocentric transfer
orbits can be presented in parametric form.
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It can be visualized that Earth swingby will
enable a lower total fuel expenditure than that
of the corresponding direct transfer provided
by heliocentric transfer from a terrestrial close
circular orbit. Moreover, Earth swingby
enables even a smaller fuel requirement than
that with planetary swingby. As a simple
example indicative of this favorable tradeoff,
let us consider the corresponding velocity
increments required for outbound flight by
direct, planetary swingby and cislunar swingby
(from lunar orbit) modes for transit to and
propulsive capture by Mars. Direct and cis-
lunar swingby are based upon standard opposi-
tion conditions of heliocentric transfer, whereas
planetary swingby utilizes Venus en route to
obtain the representative results reported in
reference 5. All other definitive conditions are
as follows:

Lunar circular orbit altitude =161 km (100
miles)

Terrestrial circular orbit altitude=300 km (186
miles)

Martian circular orbit altitude =800 km (496
miles)

The outbound transit data are as shown in
table 1. Note that two different sets of stand-
ard opposition and Venus swingby are presented;
these illustrate the tradeoff between trip time
and total velocity increment (£AV). In gen-
eral, cislunar swingby requires about 50 per-
cent of the velocity increment for either direct
or Venus swingby, with a trip time almost the
same as for direct transfer. Note that this
heliocentric transfer requires about 0.1 EMOS
to enter heliocentric space, as indicated by the
broken vertical lines in figures 2 and 3.

TasLE 1.—Velocity Increments for Alternative Basic Trajectory Profiles

]
Flight mode Trip time, AVive, AV aray AV outbounds
) "~ days fps fps fps
Direet oo 460 _ . __._ 12 365 11 555 23 920
Outward Venus swingby. ___._.________ 680 . 14 095 11 165 25 260
Direet . - oo . 420 . 13 200 15 240 28 440
Outward Venus swingby_.____.____.____ 500 - . " 14 090 13 760 27 850
Cislunar swingby . ______._____ Standard +3___..__ 3 444 11 395 14 839
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Of course, the Earth and planetary swingbys
could be combined to provide remarkable total
fuel savings with almost the same trip time as
for planetary swingby alone. It is noteworthy
that computer study of planetary swingby
solutions can be expedited by analytic approxi-
mation of this flight mode by a three-impulse
orbital transfer optimization as shown in
reference 6. In thisreference, analytic formula-
tion and partial reduction for solution of the
three-impulse transfer optimization was accom-
plished. In planetary swingby, the gravity
potential influence of the swingby planet (such
as Venus) could be effectively approximated as
the intermediate (or second) impulse. This
analytic aid to mapping of the solution field
can expedite future swingby studies, especially
of hybrid swingby profiles (i.e., cislunar followed
by planetary swingby). Significant reductions
in solution running time can be expected.

INFLUENCE OF ORBITAL PLANE
INCLINATION

Since the planets and other major bodies
within the solar system lie in different orbital
planes inclined to the ecliptic, the nonplanar
(or three-dimensional) nature of the actual
interplanetary transfer must be considered in
evaluation of the energetics for heliocentric
trajectories. The inclination to the ecliptic of
the major bodies of immediate interest are as
follows:

Orbital plane
Body inclination,
deg

Mereury_ . _____.... 7. 00
Venus__.___.______________________.. 3. 38
Barth _____ L ____ 0
Mars_ o ___ 1. 85
Jupiter- . ________________________.__ 1.31
Saturn_ .. ________________________. 2. 49
Earth’s Moon________________________ 5.15

In view of the relatively large scalars of inter-
planetary transfer velocities, these inclinations
can cause significant differences in fuel expendi-
ture for accommodating maneuvers, even though

the inclination angles appear to be small. How-
ever, the orbital inclination of the Moon may
be employed to advantage in reducing or elimi-
nating the nonplanar fuel penalty. Of course,
the time of trajectory inception must be prop-
erly selected in order to utilize this inherent
capability of cislunar transit within the Earth-
Moon system in the course of Earth swingby.

Note that Earth swingby by inception from
a highly eccentric Earth orbit need not neces-
sarily occur within the plane of Earth-Moon
system rotation, since the Earth orbit could be
inclined to it, if desirable or realizable from the
available launch and range facilities.

LAUNCH WINDOW AND FLIGHT
OPPORTUNITIES

In general, spacecraft mass limitations upon
the permissible fuel expenditure impose a severe
operational constraint upon the launch window.
This critical constraint results in the restric-
tion, for current system capabilities, of inter-
planetary missions to a few crucial “opportunity
years.” It is eminently desirable to be able to
“open the launch window’’ for mission launch
from the Earth (or Earth-Moon system).

The cislunar swingby would obviously enable
this launch window problem to be alleviated
by virtue of the fuel savings indicated by the
parametric curves and examples of the preced-
ing sections. However, the cislunar swingby has
another effect upon the launch window be-
cause of the recurrence of launch opportunity
with lunar period. That is, direct and plane-
tary swingby launch windows are principally
determined by the Earth-orbit period and the
relative phasing between planetary ephemerides,
whereas the cislunar swingby window is de-
termined principally by the lunar period and the
relative phasing between planetary ephemerides.
The structure of the launch window is shown
schematically in figure 4, which presents the

.tolerance in delay time at any given launch

opportunity as a function of the launch time.
That is, a characteristic tolerance band for
timing of launch into heliocentric orbit is
available at each launch opportunity. Note

“that the delay tolerance is of the order of

minutes, whereas the total width of the ap-
parent launch window is of the order of months.
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Ficure 4.—Structure of launch window (schematic only).

(@) Apparent launch window; direct or planetary swingby.
(6) Actual launch window; direct or planetary swingby.
(¢) Actual launch window; eislunar swingby, cases 2 to 4.
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Figures 4(a) and 4(b) describe the launch
windows for direct and planetary swingby in
schematic form. As shown in figure 4(a), the
“apparent” launch window is defined by the
envelope of actual launch opportunities. The
actual opportunities will recur with Earth-
orbit period, as shown in figure 4(b); that is,
the launch opportunities (presented discretely
along the abscissa) are separated from one
another by the period of the Earth orbit from
which launch occurs, in the order of hours.
The launch window for cislunar swingby is
shown schematically in figure 4(c) to the same
relative scale of launch time. The major
“sidebands’ of launch opportunities recur with
the lunar period, whereas the discrete oppor-
tunities may occur at any time within them.
Itis estimated that the cislunar swingby spreads
the envelope or timespan of launch opportunities
in the relative ratio of T,:T, as shown sche-~
matically in figure 4, and with the periodic
recurrence pattern indicated in figure 4(c).

The delay tolerance for cislunar swingby
appears to be about that for direct and plane-
tary swingby, as indicated by the ordinate
values of figure4. However, brief consideration
suggests that the cislunar swingby delay
‘tolerance might be significantly larger. Of
course, the dynamic model is more complex
and analytical knowledge of the variational
characteristics of the useful classes of cislunar
orbits must be extended in order to determine
this trajectory characteristic conclusively.

SYSTEM DESIGN AND MISSION
OPERATIONS

The flight performance characteristics of a
trajectory profile must fulfill the requirements
of the available space system designs and
mission operations. In addition to favorable
energetics, flight time, and launch windows,
Earth swingby has several other attractive
aspects.

Earth approach and swingby for subsequent
injection into heliocentric orbit will occur
within Earth’s planetary test range, which
consists of the extremely accurate command
and operations complexes (tracking stations,
operations control center, etc.) used for space
missions. The solid base of the space program
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is the Apollo system complex and missions. In
general, the Apollo system and operations
will be available and proven for hyperbolic
approach phases within the near future.

In particular, the most sensitive system
design performance and operations problems
encountered in cislunar swingby will necessarily
have been solved in the Apollo mission. More-
over, the operational experience and procedures
will be almost directly applicable to the inter-
planetary mission with the cislunar swingby
profile. The Apollo guidance and control sys-
tem will solve the critical guidance and control
requirements of swingby around Earth. Al-
though the high approach velocity requires
great control accuracy, swingby will be extra-
atmospheric and can be carried out under
optimum system conditions of ground tracking
and joint onboard/ground control of injection
into heliocentric orbit. Moreover, a number
of alternative abort options would be available
well at the start of the complete trajectory so
that system and crew recovery will be possible
with minimal risk or hardware loss.

The transport system, payload instruments,
and tests can be exercised as the spacecraft ap-
proaches Earth for subsequent swingby and
injection into heliocentric orbit. Consequently,
prior calibration of all onboard subsystems with
the actual working instruments is possible at
the beginning of the long interplanetary flight.
Any observed deficiencies can then be corrected
by the operations team (on the Earth and/or
onboard) prior to arrival at the target planet.
In particular, the experiment scenario of the
Earth swingby test exercise of payload opera-
tions can yield invaluable evaluation criteria
for subsequent data processing and reduction
of the target-planet observational data.

The selection of the inception point for the
interplanetary flight leg will be determined by
the costs, risks, and many design considera-
tions for the given mission. The spectrum of
design characteristics implied by each of the
four alternative options is sufficiently broad to
enable the selection and optimization of an
effective system for various missions.

SUMMARY

The four alternative options of the cislunar
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(or Earth) swingby trajectory profile for inter-
planetary flight have been compared briefly by
means of parametric curves of the energetics
for departure from the Earth-Moon system.
While the fuel expenditure for flight inception
from the lunar surface is significantly greater
than for the other three inception options, the
use of perigee departure from a highly eccentric
elliptic orbit about the Earth is most favorable.
Refueling may be accomplished in the neighbor-
hood of apogee, either from the Earth, a cislunar
libration station, or the Moon.

Fuel savings of about 50 percent over direct
transfer or planetary swingby alone are indi-
cated with cislunar swingby from lunar orbit
(option 3) and subsequent direct heliocentric
flight. Additional savings by the combined use
of cislunar and planetary swingby profiles could
be realized.

The inclination of the orbital plane of the
Earth-Moon system to the ecliptic may be
advantageous in minimizing the spacecraft
energetics, provided the required endpoint con-
ditions for heliocentric transfer in three-dimen-
sional space can be realized.

The launch-window envelope and opportuni-
ties have been described as functions not only
of the relative phasing between the planetary
ephemerides (of the Earth and target planet),
but also of the period of the Moon about the
Earth. In general, the timespan of the Earth
swingby window will be significantly greater
(than that of direct or planetary swingby
flight) with more frequent discrete launch
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opportunities, although they occur only within
sidebands of lunar periodic frequency. How-
ever, heliocentric injection from a highly
eccentric terrestrial orbit will depend upon the
spacecraft’s orbital period rather than on the
lunar period about the Earth.
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Importance of the Use of Extraterrestrial Resources to
the Economy of Space Flight Beyond Near-Earth Orhit

INTRODUCTION

During the 1961-t0-1966 period, the Working
Group on Extraterrestrial Resources devoted
its main efforts to analyzing the economy of
space flight with the use of extraterrestrial
resources, and during the last 2 years the
American Astronautical Society as well as the
Institute of Aeronautics and Astronautics have
begun to devote special sessions to problems
associated with the potential use of extra-
terrestrial resources and/or dealing directly with
the subject. In October 1968, the XIXth
International Congress of Astronautics will hold
special sessions in New York, N.Y., which also
will deal with this timely subject.

During the XVIIIth International Congress
of Astronautics, Prof. Fritz Zwicky of the
California Institute of Technology presented a
very impressive lecture on this subject, and,
more recently, Prof. Donald Menzel, Director
Emeriti of the Harvard Astronomical Observa-
tory, called the attention of the scientific com-
munity to apparently obvious indications of
water action having taken place in the remote
past on several locations on the Moon. These
described phenomena can be clearly seen on
recent lunar orbiter pictures. In a recent
private communication, Prof. Harold C. Urey
of the University of California at San Diego
also supports this view. These interpretations
can have considerable bearing on the work done
by the Working Group and could be of far-
reaching influence on the future course of space
flight. Those who have followed the work of
this group will remember the frequently stated
fact that support of extraterrestrial space flight
and the logistics of manned stations on the
Moon or in interstellar space will require that

324-954 0—69——15

more than 90 percent in weight of all vital
logistic supplies will consist of water or its
derivations, if we plan to use oxygen and
hydrogen as fuels.

Another subject recently discussed more
frequently in space-flight-related meetings is the
quest for utilization of the extraterrestrial
environment for commercial and industrial uses
in addition to research objectives. Many
processes performed on Earth are subject to
limitations as a consequence of our particular
Earth environment. To achieve particular
objectives, man has artificially changed his en-
vironment, for instance, to make these commer-
cial objectives more efficient or more economic
at a cost. However, our state of technology
and the celestial body we happen to live on
sometimes do not permit us to duplicate
environments on Earth with great economy; we
could achieve them more easily in space or on
the surface of celestial bodies within reach of
our Earth by space flight. '

A third observation I would like to make is
that space flight at the present cost level will
not become attractive to many of the proposed
uses, particularly those which entail commercial
uses, much beyond the ones recognized as
economically feasible. Substantial reduction in
space flight cost would attract many new uses
into the “orbit” of commercial utilization of
space flight. These uses in themselves would
tend to reduce space-flight cost because of the
increased volume of space flight and the factors
involving reaction to cost as a function of
volume and time.

The following remarks will be devoted to the
various possibilities and factors which could
involve, or-result in, increased economy of
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space flight and the promotion of commercial
ventures making industrial or other use of
extraterrestrial resources and environments.
These remarks are based on my own past work,
on work of members of the Working Group or
of contributors to it, and on more recent
independent observations and contributions,
which have resulted as a consequence of our
growing storehouse of knowledge of the cislunar
and lunar environment.

DEFINITION OF EXTRATERRESTRIAL
RESOURCES

Extraterrestrial resources can be considered
resources which can maintain space flight and
human life in space and on extraterrestrial
bodies without Earth-derived logistics. In
other words, self-contained exploration, opera-
tion, and settlements, as, for example, on the
Moon, and maintenance of traffic and logistics
between different extraterrestrial bodies without
continuing logistics from Earth, would require
extraterrestrial resources. But we can define
this term even more broadly. Physical phe-
nomena can be considered extraterrestrial
resources, too, if they permit us to conduct
processes or operations which would be more
difficult or less economical to achieve in the
natural Earth and Earth atmosphere environ-
ment, such as lowered or disappearing gravity,
wide spectrum of radiation level, varying degree
of vacuum, extreme temperature environment,
or potential or kinetic energy levels difficult
to achieve from Earth.

These resources could be: ,

(1) Indigenous raw materials to produce fuel
and life support.

(2) Indigenous raw materials to support con-
struction and operation on the Moon.

(3) Raw materials of value and qualities to
be furnished from extraterrestrial resources to
the Earth.

(4) Environmental conditions difficult to
achieve on Earth as, for example, lack of
gravity, different radiations or lack of radia-
tions, and degree of achievable vacuum.

(6) Natural radiation spectra and propaga-
tion phenomena not directly available on Earth.

Of the consumables, water and oxygenrequire
the highest support level in weight to maintain

human life in extraterrestrial space. Since
oxygen is the major weight component of
water (approximately 87.5 percent), availability
of water alone could reduce logistic require-
ments to support life by almost 90 percent.
Oxygen and hydrogen, a highly effective fuel
and oxidizer combination for chemical rocket
motors, could be supplied from water and thus
this logistic percentage would be increased far
above the 90-percent point.

More recently, many proposals have been
made to use extraterrestrial environment for
manufacture of products which would be diffi-
cult to produce on Earth because of high-gravity
effects, not low enough vacuum, the need to
add or remove heat at high rates economically,
or the need to provide conditions of peculiar
radiation or absence of it. If the product is of
sufficiently high value with respect to its weight
or volume when the cost of transportation is
included, it may pay to have it produced outside
the terrestrial environment. In turn, if trans-
portation cost to extraterrestrial space is low
enough, the candidates potentially capable of
taking advantage of this environment may
increase to such a magnitude that use of space
for commercial purposes may become increas-
ingly attractive and eventually self-supporting.
Prof. Zwicky, in his paper given during the
XVIIIth International Astronautical Congress,
made an eloquent case for using the Moon as a
resource for fuel and life support by using
minerals of expected high abundance to produce
fuel and life-supporting oxygen.

THE CASE FOR THE PRESENCE OF WATER
IN THE MOON AND THE INNER PLANETS

Prior to unmanned lunar landings and lunar
orbital flights, the prevailing theory of the
composition of the lunar crust and the lunar
interior was based mainly on the assumption
that the Moon, being a part of the system of the
inner planets of the solar system, would have to
have a distribution of elements similar to that
found on Earth. If this is true, one then could
expect that water, which is not now observable
on the surface of the Moon, could possibly

- have played a role in the lunar past or could be

expected to be found in the form of water of
crystallization or hydration within the rocky
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material of the surface and interior of the
Moon and even might be found in underground
lunar deposits in the form of liquid water or as
permafrost, particularly in areas which have
surface temperatures permanently below freez-
ing level. Presence of liquid water could be
particularly expected if volcanism has been
active in the lunar past or is present even at
this time, or if interior temperatures, due to
compression and possibly radioactivity, reach
levels required to start dehydration of the rock
material (300° to 1400° C).

Analysis of the alpha-scattering experiment
used on Surveyor V after its lunar landings, as
recently reported by Dr. Newell of NASA and
his team and, particularly, by Dr. Anthony
Turkevich of the University of Chicago,
shows preliminary results of composition of
surface rocks (table 1) similar to that observed
on rock samples of the Earth. This confirms
the expectation of there being approximately
the same relative abundance of elements as
there are on Earth. This scientific achieve-
ment can be considered as one of the greatest
in human history. Even if this fundamental
experiment to obtain the chemical composition
of the lunar surface material reflects the com-
position of only a very thin surface layer and
does not give insight into the composition of
the rocks of the crust below, in which case
much of the information might be based on
meteoritic dust spread over the Moon’s surface,

TaBLe 1.—Chemical Composition of the Lunar
Surface at Surveyor V and VI Sites (Pre-
liminary Results)

Atoms, percent, found by—
Element
Surveyor V | Surveyor VI

Carbon.._.___._________ <3 <2
Oxygen. . _.._____ 58 +5 57 45
Sodium_________________ <2 <2
Magnesium. . ___________ 3 +3 3 &3
Aluminum_ _____________ 6.5+2 6.5+2
Silicon_._ .. _________ 18. 543 22 44
Caleium._.__.___________ 6 +2
Iron .. 13 +3 t 5 2

but not originally from the Moon, this achieve-
ment loses none of its significance. Another
characteristic of this experiment is that it
cannot disclose or detect the presence of hydro-
gen, which is necessary to prove presence or
certainty of water within the Moon. A de-
termination of the relative abundance of water
has to be derived by indirect means of rather
high uncertainty.

Before I come to another observation, which
may point to presence of water at some point
of time in the history of the Moon, I would
like to present two figures originally published
by NASA which compare abundances of ele-
ments represented in terrestrial rocks to that
obtained on the surface of the Moon as ex-
hibited by the alpha-scattering experiment of
the Surveyor V (figs. 1 and 2). Dr. Gault’s
interpretation, as published in the preliminary
results of the Surveyor mission, postulates that
the lunar-surface material as presented by the
alpha-scattering experiment is best interpreted
to consist of a general basaltic composition.
This confirms the prediction of Dr. Jack Green,
who has been a distinguished speaker to the
Working Group in the past. Proof of presence
of basaltic material, confirmed in parallel to
the alpha-scattering experiment by a magnetic
properties test and a proton-scattering test,
points to the fact that, within the interior of
the Moon, rock material of ultrabasic type has
reached temperatures necessary to drive water
of erystallization or hydration out, but in some
cases or locations the temperature was not
sufficient to melt the original rock material. I
would not postulate at this time whether such
melting took place as a result of mechanical
heat generation caused by impact of large me-
teors (which possibly resulted in the existing
maria), whether it is a direct consequence of
internal heat generation (independent of heat
of impact), or whether it was a consequence of
the original source of the material not being of
the Moon at all. -

Prof. Donald Menzel, in his paper presented
to the last technical conference of the ATAA
at Anaheim, Calif., in October 1967, showed
a number of specific surface features of the
Moon, which, according to his interpretation,
can only be caused by liquid erosion by water
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or by a medium having similar properties.
These erosion features are distinguished by their
meandering tracks, which begin mostly near a
crater’s fractured wall and continue toward
lower territory as they gradually fade out.
Figure 3 is a picture of such a case taken by
Lunar Orbiter V. Pictures obtained from
Gemini missions show similar erosion features
on the surface of the Earth caused by water
erosion in desert areas (fig. 4). Both Dr. Urey
and Dr. Menzel agree that these features point

toward active water erosion sometime in past
lunar history and to the distinct possibility
that, in spite of the apparent barrenness of the
surface, underground liquid water storage
exists. Dr. Menzel goes even further in his
conclusions and postulates that, under the
assumption of relative abundances of cosmic
elements on the Moon, the Moon ought to
have had an atmosphere in its distant past
and evidence of this should turn up in future
observations on the Moon itself. These

Ficure 3.—Lunar Orbiter V picture showing erosion on surface of the Moon.
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F1aure 4.—Gemini picture showing erosion on surface of the Earth.
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thoughts and conclusions are not too much
different from those presented in the past years
by Dr. H. Strughold and this author.

EFFECT OF INDIGENOUS FUEL SOURCES
ON SPACE TRANSPORTATION

The problem of producing fuel and oxidizer
on the lunar surface or on a planetary surface
from the indigenous raw materials has been
studied in the past, and a number of processes
have been developed or proposed as concep-
tional approaches, which are derivatives of
industrially known processes, but take into
account the particular operational and environ-
mental peculiarities of extraterrestrial appli-
cation.

Since transportation costs to a lunar or
planetary location are very high as compared
with the specific cost of establishment, opera-
tion, and maintenance of an industrial chemical
plant and its manpower for conventional Earth
use, the design has to reflect extremely low-
weight construction, long life, minimum-type
preventive maintenance, resistance to wear,
and a very high degree of automation to save
operating manpower. Installation and assem-
bly are other areas requiring a very high degree
of sophisticated engineering, so that final
assembly can be accomplished at the extra-
terrestrial destination with & minimum of
manpower and equipment. Use of construc-
tion materials with properties now on the
fringes of our technology may be cheaper in
total cost, including transportation, emplace-
ment, and long-term operation, than those that
current chemical-plant construction technology
and practices may be able to provide; therefore,
a considerable amount of advanced engineering
and fabrication research will be required.
Waste disposal from the manufacturing site
may also cause problems which in the case of
fabrication on the Earth are easily surmount-
able although frequently bothersome, but under
extraterrestrial environment and extreme short-
age of manpower may become important
factors to deal with. Here, the magnitude of
the problem is directly proportional to the
yield of waste as compared with the useful
yield and, in the case of fuel, to the inverse
specific impulse produced per pound of fuel.

If pure water is the raw material, the case
of no waste would be the optimum case, while
for a raw material of 1 percent extractable
water content, the waste would have 100 times
the weight of the product and possibly between
30 and 100 times the volume of the useful yield.
This ratio can become a problem as to waste
disposal, difficult to handle with a minimum of
physical labor, and requiring considerable analy-
sis of engineering solutions and many other
aspects, as, for example, the cost per construc-
tion man-hour or assembly man-hour involved
to complete the plant to turnkey conditions.
A value of $15,000 per man-hour was arrived
at from studies of one such example. De-
pending on the details of the assembly and
duration of the job, this number may fluctuate
in a wide range around this value. Studies
done in my office by members of my staff
indicate that, given a lunar source for fuel, the
amount of fuel needed to maintain a certain
level of space-flight activity between Earth
orbit and lunar surface, broken down into
two traffic sections (Harth orbit to lunar
orbit and lunar orbit to lunar surface), shows
advantages for lunar-based systems (fig. 5).
One can see immediately that a substantial
advantage for the lunar-based system extends
in the case of the round-trip-payload mode to
between 1000 and 2000 nautical miles above
the Earth, and in the case of the one-way-
payload empty-return mode down to 300
nautical miles. In this mode, it appears that
Earth-launch payload fractions never show an
advantage. For example, assume that 1-
million-pound vehicles are launched from the
surface of the Barth and from the lunar surface.
The Earth-based system will deliver approxi-
mately 3.9 percent of its launch weight as
payload, or 39 000 pounds. Using the same
level of technology, the lunar-based system on
the other hand will deliver 6.5 percent, or
65 000 pounds, to the 300-nautical-mile Earth
orbit. :

While fuel per pound produced on the Moon
will be more expensive than that produced on
the Earth, the implication of the lunar supply
permits one to break down operations into
individual traffic sections and achieve an
optimum traffic pattern so that the space-
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flight system can be designed as a fully reusable
system permitting hundreds or thousands of
round trips with little cost of maintenance and
spare parts, as soon as the used powerplants
are designed for a high reuse level. In such a
use pattern, currently employed stages, as,
for example, the Saturn S-IVB and S-II,
show spectacular payload weight fractions,
even unmodified from their standard configura-
tion. Since thrust-to-weight fractions for the
Earth-orbit-to-lunar-orbit shuttle can be con-
siderably smaller than 1 and, meantime, the
failure caused by reduced power setting can
already provide considerable extension of life-

time without major engine redesign, an ap-
proach to using already existing hardware,
modified in orbit, may be the easiest way to
convert space-flight operations using fully
expendable components gradually to a pattern
of increasing reuse of components.

Such a space-flight pattern, when introduced,
could be supplied with fuel from lunar re-
sources and could provide an extraterrestrial
transportation system of potential economic

~ superiority as a function of productive plant

sophistication. Whensuch asystemisanalyzed,
the yield of the extraterrestrial raw material
and plant operating cost associated with this



IMPORTANCE OF THE USE OF EXTRATERRESTRIAL RESOURCES

yield become tradeoff factors. To obtain a
complete Earth surface to lunar surface round-
trip system, the transportation system’s final
link from Earth surface to Earth orbit and
return to Earth surface has to be considered
and its operating cost determined. If the Earth-
lunar section cost level is low as compared with-
the per pound cost of transportation from
Earth surface to Earth orbit, design and de-
velopment of a reusable link between Earth
surface and Earth orbit terminal system of
improved economy may eventually lead to a
trend of increasing space-flight economy and
would eventually result in an increased use of
space traffic to Earth orbit and to the Moon
for research, industrial, and commercial reasons.
Although achievement of space operations for
commercial purposes beyond the current prac-
tical cases (Comsat, Intelsat, weather satellites,
possibly navigation satellite use for commercial
air and ship traffic use, conventional TV
satellites, and near-future educational satellites
for transcontinental TV transmission) may
take decades, introduction and increased use
of more economic reusable sections in our
space traffic pattern may accelerate com-
mercial uses to Jess than a decade if systemati-
cally made the objective of our military and
civilian space plans.

If one, for instance, would salvage S-T and
S-IVB stages in orbit and perform overhaul
and preventive maintenance on these from an
orbital space station, these stages could be
refueled in Earth orbit and Tunar orbit and fly
back and forth between these two terminals.
The lunar-orbit terminal (a second orbital space
station such as these have been proposed for
the Apollo Applications Program) could be
established and serve as a support base for
vehiclesreturning from the Moon. These could
be parked on the lunar-orbit terminal, receive
preventive maintenance, and be reused; this
would obviate the need to bring in new ones
from Earth for every lunar landing. Tn this
case, only the lunar landing module would need
to be brought from Earth.

With the establishment of a small fuel-
generation plant, supplied with electric energy
from nuclear electric plants, as, for example,
SNAP-50, fuel could be produced first for the
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sole purpose of returning lunar excursion
modules (LEM’s) to lunar orbit, and obviate
the need to bring new LEM’s from the Earth
to the Moon. Since the LEM has a greater
payload capability than has the lunar return
vehicle, a new capability of return payloads
begins to take shape. Increasing the fuel-plant
capacity further could then lead it to provide
an increasing percentage of the return fuel for
S-IT and S-IVB stages from lunar orbit to
Earthorbit. Excessfuel arriving from the Moon
in Earth orbit could be stored at the Earth-
orbit terminal and be used to refuel outbound
trips whenever possible; the need to bring fuel
to Earth orbit from the Earth itself would be
further reduced and the payload capability of
the Earth surface to Earth orbit transportation
system would be further increased.

Before this stage of operation is achieved,
there could be an interim case in which instead
of fuel and oxidizer, only water would be
brought from Earth to the Earth orbit terminal,
and there the water would be dissociated and
liquefied for use as fuel by using spent S-II
stages attached to the Earth orbit terminal as
fuel storage tanks. Only a minimum of
conversion equipment, including a space nuclear
electric plant, would be required. The lunar
orbit terminal could be similarly equipped,
thus the operation could first start with water
brought in from Earth and later, with water
extracted or mined from the Moon. The next
step would be to dissociate water directly on the
Moon and thereby supply the fuel for the re-
turn to orbit of LEM’s and lunar return
vehicles. Payload of the LEM’s could be
lunar water to be converted to fuel in lunar
orbit. Those familiar with the components
of the Apollo system will agree that such a
bootstrap-type expansion of our space-flight
capability would considerably widen our space-
flight horizon.

Work done by and for the NASA Marshall
Space Flight Center under the Mimosa Study
and work done by Dr. Howard Segal deals with
the use of Apollo components beyond that of
the original Apollo concept and is extremely
promising as to increasing economy of space
flight. Some of the thinking of Dr. Segal
should be reviewed here. In the lunar orbit
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rendezvous mode, this combination can deliver
5750 pounds of return fuel and 2410 pounds of
cargo to the lunar surface from lunar orbit.
If fuel were available from sources on the Moon,
the 5750 pounds of fuel could be replaced by
payload (total payload, 8160 pounds). One
could return not only the ascent portion of the
LEM to lunar orbit, but also the complete
original landing vehicle, which carried the
LEM; it would carry not only payload on its
return flight, but also fuel for the next landing
on the Moon. Dr. Segal has investigated
the possibility of returning it to Earth orbit
along with the command module. With these
two vehicles, one could maintain two levels of
shuttle operation between lunar surface and
orbit. Figures 6 and 7, which describe the
Segal case, show a 2- to 3-man-crew rotation
case and a 5- to 6-man-crew rotation case,
respectively, with the associated objectives of
a return to lunar orbit or to Earth orbit.

One interim approach which could be expected
to reduce Earth logistics by a factor of approxi-
mately 2.3 would be an approach which would
use lunar rocks which were recently proven to
exist on the Moon by Surveyor V. Dr. Rosen-
berg in 1964 investigated the use of silicate
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rocks, which are rich in oxygen (e.g., MgSiOy)
and which were expected to be abundant on
the Moon, to provide oxygen for life support
and as oxidizer for use in rocket and extra-
terrestrial surface vehicle propulsion. Figures
8 to 10 describe the process he used, which is
within the state of the art of chemical manufac-
turing. In order to get the process started, an
initial supply of methane is needed, which is
recycled in the process. The product is water,
but this water needs to be dissociated to recycle
the hydrogen into the process. If methane,
hydrogen, acetylene, ammonia, or other fuels
could be found on the Moon and can be easily
collected, dissociated to H,, and liquefied, no
further resupply from Earth would be needed.

As an insight into the yield of the process,
it takes 29 pounds of lunar rock to produce 8.33
pounds of oxygen, a yield of approximately
28.8 percent. However, at the site of the first
lunar base, where according to recent surface
material analysis (fig. 2) rocks rich in Q,, Si,,
and Mg should be found, one cannot expect
that raw materials providing the above fuels or
similar fuels to go with the oxygen would also
be available. A long time may pass before
raw materials for these companion fuels may be
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Ficure 6.—Return fuel requirements for 2- and 3-man-crew rotations.
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Fraure 7.—Return fuel requirements for 5- and 6-man-crew rotations.
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found. I think that the prospect of finding
water in minable form may be better.
However, this process could be the second
step in a bootstrap buildup of space-flight
capabilities. The first step would not be to
bring oxygen and hydrogen separately as fuels,
but would be to bring water to Earth and lunar
orbit and eventually to the lunar surface and
to dissociate and liquefy it there. Packaged

nuclear electric powerplants could be used to,

dissociate it and radiators could be used to

reject excess heat to cosmic background in
order to liquefy its components. After starting
Rosenberg’s process, one need bring only half
the amount of weight in methane instead of
water to the lunar location. Methane packs
more than twice as much H, per pound than
water does and one would dissociate hydrogen
from methane instead of from water. This
means that for return flights from the Moon,
if there is an oxygen supply there, a weight
only half that of water would have to be ferried in
from Earth; and carbon gas would be left on
the Moon as an extra bonus for further use as
a fuel. One can see that this approach has the
potential of cutting fuel logistics on the lunar
base by better than half. This possibility
points up the need for further analysis of other
possibilities of processes and compounds which
have still higher H, yields but have a high
enough specific density to reduce the transport
volume further.

While the weight factor of 1 to 9 between
hydrogen and water is attractive, the low
density of even liquefied hydrogen gas requires
storage volumes and structural tank weight
fractions which might be impractical as an
avenue toward the final goal of independence
from Earth logistics with current space system
components used as reusable carriers. Then,
if water as a compound is found in minable



230 EXTRATERRESTRIAL RESOURCES

[=]
PRODUCT GAS: 1399° C 25" C REACTANT GAS: ,
CO, 14,58 LB/HR (31.5 V®% =% | { CHy, 8.33 LB/HR (84.4 V%
H, 2.236 LB/HR (67,3 V% Hs, 0,156 LB/HR (12,5 V%
H,0, 0.35 LB/HR (.2 V% HEAT H,0, 0,35 LB/HR (3.1 V7
EXCHANGER
1627°C 500°C
!
LLUNAR ROCK:
MG SI0., 29,0 LB/HR
SILICATE 3
56.4 KW REDUCTION 13.0 KW
REACTOR (HEAT LOSS THRU
{1627°C, 1.0 ATM) REACTOR
INSULATION)
INSULATION

SLAG:
Si, 7.30 LB/HR
MGO, 10,48 LB/HR
MGSI0;, 2.9 LB/HR

Frgure 9.—Silicate reduction reactor section; values based on oxygen production of 6000
pounds per month.

7.1 KW
250°C PRODUCT GAS:
CH,, 8.33 LB/HR (84.4 V%)
H,, 0.156 LB/HR (2.5 V%
2!
RADIATCR H0, 0,35 LB/HR (3.1 V%
(3.5 FT9) 14,2 KW — 3.3 KW
’ ’ HEAT
EXCHANGER
1337° C g—
25°C CARBON WITH
HEAT MONOXIDE REFRIGERANT)|
EXCHANGER REDUCTION |RADIATOR P &c
REACTOR | (250°C, 5°C ]
O
250°C (250°C,1 ATM)| 68,5 FT") PHASE
100° ¢ SEPARATOR
REACTANT GAS:
1399° C |  H,, 1.04 LB/ HR 25°CY
(96,9 V%) 0.skw PRODUCT LIQUID:
H,0, 0,30 LB/ HR y H,0, 9. 67 LB/HR
1 @1 v PRODUCT GAS: %
REACTANT GAS: CHy, 8,33 LB/ HR (45.1V%
CO, 14,58 LB/ HR (31.5 V%) Hy, 0,156 LB/ HR (6. 7V
Hy, 2.236 LB/ HR (67.3 V% H,0, 10,02 LB/HR (48, 2V RADIATOR
H,0, 0,35 LB/ HR (1.2 V% (8.8FT*)
250°C

F1gure 10.—Carbon dioxide reduction reactor section; figures based on oxygen production of
6000 pounds per month.



IMPORTANCE OF THE USE OF EXTRATERRESTRIAL RESOURCES 231

and processable qualities, the Rosenberg proc-
ess could be replaced by more efficient processes
involving extraction and dissociation to obtain
LO, and LH,. Every one of the described
steps would reduce the logistic requirement and
lead to a higher degree of economy and in-
dependence from Earth. For a while, these
processes could be used parallel to each other
until the less efficient one can be replaced by
a proven and more efficient process.

A next step could be the establishment of
a third space terminal at one of the lunar libra-
tion points which would serve as a point of
departure for interplanetary missions which
would be supplied with fuel first from Earth
and later from the Moon.

RECOMMENDATIONS FOR AND MODEL
OF A SPACE TRANSPORTATION SYSTEM

From the preceding discussion, we can con-
clude that a partly reusable transportation
systemn which should include landing at and
establishment of a lunar orbital terminal as
well as a surface terminal can be considered
well within the realm of possibilities of current
technology and planned vehicles. If this
proposed approach is to be used, however, it
must be included in our national space plans
and implemented as we go along in using the
Saturn V system to expand our space capa-
bilities. The real step forward toward a highly
economic Earth-surface to Earth-orbit system
would come when this part of the space trans-
portation link would be made at least partly
recoverable and would use components which
are part of existing or near-future aerospace
systems, as far as either components or tech-
nology of these systems are concerned. The
current limited number of annual space launches
of NASA and the Department of Defense
does not justify the early replacement of the
current nonreusable space launch systems,
and a desire for their replacement would not
find strong support in either camp. However,
thoughts have been advanced throughout the
scientific community for gradually improving
subsystems which eventually would prepare
the way toward more economic space flight,
including at least partial reusability of space

vehicles. One item that could pave the way
is a fully recoverable reentry vehicle with
a capability of launching and returning from
orbit a large payload weight (40 000 to 60 000
pounds per flight). The other possibility would
be to develop a mobile reusable space-launch
platform, using horizontal takeoff and landing
on existing military runways as needed.
Several approaches for such a launch platform,
good for the range from subsonic launch speed
to hypersonic launch speed, have been advanced
by the scientific community and by industry.
Although one can obtain higher payloads per
pound of takeoff weight by going to high
separation speeds, there is much indication
that degree of reusability, level of preventive
maintenance, cost of initial development, test,
and procurement, and the technological risks
and uncertainty involved would make such
an approach a long-leadtime approach and could
be detrimental to the level of cost effectiveness
needed to effect space-launch cost favorably
even with high launch numbers. TUse of the
lower speed spectrum from the range of high
subsonic to low supersonic transport speeds
provides interesting possibilities besides fur-
nishing a reduction in technological risk, and
could turn out to be economically superior to
other advanced solutions. Further scrutiny,
however, may place a higher AV burden on the
upper stage or stages or require the reentry
vehicle to have a limited AV capability of
its own. The interim stage or stages would
use conventional space launch systems
technology.

This approach, if jointly undertaken by
DOD and NASA, could first lead to a space
rescue system which would be desirable as a
point of departure and as a means of rapid
access to low Earth-orbit targets, independent
of inclination and ephemeris, as well as to
space stations. For the latter, the space rescue
system could serve as a crew rotation vehicle.
Since it initially uses a subsonic space-launch
platform, it would not involve major advances
in space technology and would require only
the typical leadtime of a development within
current state of the art for design and con-
struction or modification of aircraft and rocket
boosters. It, therefore, could be available
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within less than a decade, if such an approach
would become part of a national program.

Even if the military side of our national
space effort would gain only a rescue, crew
rotation, and in-space maintenance capability
out of this approach, since the takeoff site
would be independent of the ephemeris data
of the target orbit and could be land based on
one of our military bases—a big step forward
in enhancing industrial and research utilization
of space might possibly result. Increased
industrial utilization of space then would tend
to increase progressively the annual number of
space launches, and so, in turn, make reusable
space systems increasingly more attractive as
compared with currently uneconomic systems.

One may witness a similar situation in early
air transportation, where improvements in
military aircraft spawned greater commercial
use and, in turn, produced other military air-
craft improvements. If this element of mutual
interaction had been missing, the progress of
aviation would have been less dramatic than
it has been. This story may be repeated again
in space flight if we as a nation look at those
elements of progress which are affected by a
high degree of mutual support between com-
mercial and military use aspects.

On the basis of the preceding discussion, one
could recommend that a vigorous national
program be established to study the adapta-
bility of the subsystems of all of our current
space-launch and spacecraft systems from the
aspect of their usefulness as reusable compo-
nents of a new system. The study should
include:

(1) Establishment of Earth- and lunar-orbit
terminals made up mainly of spent S-IVB and
S-IT stages and equipped so that they can be
used to house personnel, shop facilities, and
fuel storage appendices.

(2) Reuse of lunar landing and rendezvous
modules as reusable shuttles between lunar
surface and lunar orbit.

(8) Use of S-II and S-IVB’s which have
been modified so that they become optimum
for shuttles between Earth orbit and lunar
orbit on a reusable basis.

(4) Augmentation of the current space-
launch vehicles by an Earth-surface to low-
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Earth-orbit partially reusable system, in which
the first stage would be a horizontal-take-
off, horizontal-landing aircraft of subsonic
(M==0.9) or low-supersonic second-stage
launch speed (M=2.7 to 3.0). The second
stage should be a hydrogen-oxygen-fueled
expendable rocket stage and should be aug-
mented by the already proposed moderate
AV (approximately 5.0 fps) fully recoverable
upper (third) stage of a 40000- to 60000-pound
payload capability. In the event a mach 2.7
to 3.0 first stage is used, it could be possible
to lay out the third-stage capability so that all
of the second stage reaches orbit and all
expensive major components could be recovered
again with the third, fully land-recoverable,
stage after disassembly of the second stage at
the orbital terminal. The tanks of the second
stage could be salvaged for orbital fuel storage
and other purposes. This possibility is based
on LH,~LO, as standard fuel for these missions
and would be more difficult to achieve if use
of LH;~LF, were planned.

With liquefaction and dissociation capabilities
for water, it is visualized that by equipping
these terminals with nuclear electric power-
plants, water rather than fuel could be brought
to orbit and converted to fuel there; this would
save transport volume and insulation during
ascent through the dense Earth atmosphere.
With this capability, return fuel should be dis-
sociated in lunar orbit, and the lunar reusable
shuttle system inaugurated to establish service
between the lunar-orbit terminal and lunar
surface.

The next step could be the establishment of a
lunar oxygen extraction plant, as proposed by
Dr. Rosenberg, which provides interim oxygen
supply. If now the water is replaced by CH,
to be brought in from Earth, the S-II and
S-IVB stages could be flown back to Earth
orbit using H, fuel derived from CH, and
oxygen supplied from theé Moon. It is quite
obvious that this approach increases cargo
capabilities both ways and could lead to
industrial exploration and possibly exploita-
tion of commercial uses in Earth and lunar

"orbits as well as on the lunar surface.

With progressing lunar-surface exploration
and growth of our selenographical knowledge,
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sources for lunar water may now be established
and the mining technology projected which
will be needed to convert it from either water
of hydration, permafrost, or subselenian water
to liquid oxygen and hydrogen. I have pre-
sented only a gross layout of these possibilities.
By a closer analysis, one will find that there
exist a number of interim steps, in which
newly achieved capabilities will, as they reach
their eventual maturity and capacity, gradually
relieve the earlier modes of operation.
Contributions of the members of the Work-
ing Group toward the approaches sketched
in this treatise may go a long way toward
increasing U.S. space-flight capabilities and
space-flight contributions to this Nation’s
welfare and future stature. Some of the recent

spectacular findings of U.S. lunar landers and
orbiters have confirmed earlier postulations of
our group and brought many of the technical
thoughts advanced by its members closer to
reality than the majority of the scientific
community would have believed possible. The
fact that the major professional societies pay
increasing attention to this area by including
it in their session programs testifies to the
importance which our work may achieve in our
Nation’s space operation and exploration ob-
jectives. Timely inclusion of these presented
possibilities in advanced technology plans
would aid this work in remaining in the fore-
front of progressive space technology and
provide the means to advances which would
otherwise be difficult to achieve.
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FRITZ M. G. HOLMSTROM
School of Aerospace Medicine
Brooks Air Force Base, Tex.

Observations Made at a High-Altitude
High-Latitude Manned Facility

INTRODUCTION
From 1963 to 1965 the Arctic Aeromedical

Geophysical Institute of the University of
Alaska and the U.S. Army Arctic Test Center
o - which resulted in the establishment and opera-
Laboratory, a facility of the U.S. Air Force  tjon of a small field station at 4 160 meters
Systems Command’s Aerospace Medical Divi-

(13650 feet) mnear the summit of Mount
sion, conducted an active research and devel-

Wrangell, Alaska. Mount Wrangell, located
opment program in conjunction with the

at 62° N, 144° W, is a minimally active vol-
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Fieure 1.—Contour map of Mount Wrangell area showing location of base camp, temporary high camp site,

summit, and connecting air route.
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cano with a large, relatively flat, plateaulike
top which measures about 5 by 3.5 kilometers
(figs. 1, 2, and 3). It is covered with a peren-
nial snow and icefield at an altitude high
enough to be approximately at the dry-snow
line. The icefield is essentially unbroken ex-
cept for a small crater, which produces modest
amounts of steam and hydrogen sulfide, and
for several ridges, some of which are kept ice
free by the presence of volcanic heat. In the
summer of 1964, a specially insulated, pre-
fabricated shelter measuring 16 by 24 feet was
assembled on the largest of these ice-free
ridges (figs. 4 and 5). The structure was
designed to trap and hold heat from the
underlying warm ground. Since its erection
the structure has remained comfortably warm
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without the use of supplemental heat regard-
less of outside temperatures. This building
was utilized for several weeks as the living
quarters for a working party in the late summer -
of 1964 and served as the laboratory work and
support area for several research and work
teams who used the facility in the spring and
summer of 1965 (figs. 6 and 7). The present
paper reports on certain psychophysiological
responses observed in station personnel and
on selected temperature and barometric pres-
sure measurements made during this period.
Sincere thanks are expressed to Dr. C. S.
Benson for his suggestions concerning the
feasibility of using trapped volcanic heat; to
D. L. Chauvin, the supervising construction
engineer; and his fine team of Geophysical
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Figure 2.—Contour map of summit area, Mount Wrangell, Alaska.
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FieurE 3.—Contour map of research facility area on Mount Wrangell.
1. Storage and generator building.

2. Main building.

3 and 4. Huts from 1953-54 (of possible use in emergency).

Institute personnel; to Dr. C. J. Eagen, Capt.
J. Ray, J. Schuman, and the others of the
Arctic Aeromedical Laboratory staff who par-
ticipated both as subjects and observers; and
to the outstanding airlift support provided by
the U.S. Army Arctic Test Center, the U.S.
Air Force Alaskan Air Command, and J.
Wilson, owner of the Wilson Air Service in
Gulkana, Alaska.

ADAPTATION OF PERSONNEL

A total of 37 different individuals partici-
pated in the establishment and initial operation
of the facility and in the follow-on research
program. Of this number, 28 individuals,
varying in age from 20 to 53 years, remained
on location for more than 1 day and are in-
cluded in the analysis. Their average stay
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Ficure 4.—Schematic of laboratory structure.

F1GURE 5.—Aerial view of ice-free ridge with laboratory facility in foreground. Small structures visible at far end of
ridge are Jamesway huts erected by Geophysical Institute in 1953-54 to support a cosmic-ray research program.
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F1gUrEe 6.—Mount Wrangell research facility showing laboratory facility on the left, generator hut on the right, and
bivouac area in left foreground.

Fraure 7.—Interior view of laboratory building. Special egress window is open.
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was 14 days, so they received a protracted
exposure to the combined stress of altitude,
cold, and work. Because the remoteness of
the site and an aggressive work program placed
a premium on maintaining physical fitness,
the health and operational effectiveness of all
personnel were observed and recorded. These
observations are of practical interest inasmuch
as they offer substantial evidence that, con-
trary to popular belief, it is the older, more
mature male and not necessarily the young
individual who is better able to adapt effec-
tively to the rigors of life in the Arectic at an
altitude of 4160 meters.

Physiological Environment

Table 1 summarizes the physiologically sig-
nificant environment data. Like all high
mountains, Mount Wrangell exhibits reduced
barometric pressures, low temperatures, high
winds, and capricious storms. During the pe-
riod of this study the barometric pressure as
measured at the facility (altitude, 4160 meters)
was most frequently observed to be at or about
450 mm Hg, with variations from a high of 457
to a low of 429 mm Hg. Since most of the site
activities reported were conducted from July

- to August 1964 and March to June 1965, the
very low temperatures associated with the long
arctic night were not observed. Daytime en-
vironmental temperatures varied from a high
of —5° C on the warmest days to —25° C on
the coldest. Nighttime temperatures generally
averaged 1° to 6° C colder. High winds and
severe storms with blowing snow were common
and wind velocities were estimated to be in
excess of 75 knots on several occasions.

Participants

The participants were divided into three
teams as described in table 2. The construc-
tion group, team A, consisted of civilian con-
" tract employees from the Geophysical Institute
of the University of Alaska. Team B, the
research group, was comprised solely of U.S.
Air Force personnel. All individuals in teams
A and B worked hard at altitude. Team C
was a research and support group whose mem-
bers generally engaged only in light work. It
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included U.S. Air Force personnel and person-
nel from the Geophysical Institute as well as
one participant from the U.S. Army, one from
the University of Hawaii, and one from Oxford

University in the United Kingdom.

TasLe 1.—Environment Characteristics Observed
at Mount Wrangell Research Facility

. Value
Characteristic
Max Min Av
Altitude:
Meters. oo | 4 160
Feet_ .| 13 650
Barometric pressure:
MB_ . 608 572 600
mmHg. . _____ 457 429 450
Daytime temperature: ] )
OC e e —5 —25 —18
F . 23 —13 0
Wind, knots_ ___________ 75+ 0 10
Length of day, hr_______ 22 12 19

TasLE 2.—Age Distribution of Participants as a
Function of Activity

Number of subjects with
primary activity of—
Age Hard work Light Total
work
Team A | Team B | Team C

20to24_______ 1 3 2 6
25t029_______ 2 1 4 7
30to34_______ 1 0 4 5
35t039___.___ 2 2 1 5
40 plus.__._____ 1 1 3 5
Total..__ 7 7 14 28

All participants underwent baseline physical
examinations including chest X-ray, 12 lead
electrocardiograms, and blood indices. No ab-
normalities were noted. None of the partici-

- pants were altitude acclimatized at the time of

their ascent to Mount Wrangell. As a matter
of fact, only 3 of the 28 had ever lived previously
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at altitude long enough to acclimatize. For
the rest, the present experience was their first.
Only seven individuals, the members of team
B, were known to be in excellent physical con-
dition. They had trained daily in cross-country
runs, ski reconnaissance patrols, and other
types of graded exercise for 5 months prior to
ascent. - Repeated testing using the method of
Johnson et al. (vef. 1) as described by Consola~
zio, Johnson, and Pecora (ref. 2) classified all
of them as highly fit. The rest of the partici-
pants made no special effort to train or other-
wise improve their fitness. The military mem-
bers of group C, when tested in the same way,
all fell into the lowest category of fitness.
Group A was not tested. (The foregoing
information was obtained from a personal
communication from Dr. C. J. Eagen.)

Quality of the Experience

Nearly everyone spent a substantial number
of waking hours in the open. With the excep-
tion of a few members of the support groups
who slept in the facility structure where the
temperature averaged from 23° C (70° F) to
29° C (80° F), all personnel lived in standard
four-man mountain tents and slept in arctic
sleeping bags placed on air mattresses. Clothing
was the standard arctic military issue supple-
mented by lightweight down-filled parkas and
pants. The basic diet, unrestricted with re-
spect to quantity, was the standard military
K-ration supplemented, when logistically feasi-
ble, by fresh bread, meat, fruits, and vegetables.

Transportation between base camp and the
summit was accomplished by aircraft, the total
ascent usually taking less than an hour. Imme-
diately on arriving, the participants undertook
a full work schedule. In the case of the
construction crew, team A, the initial task
was to excavate a foundation for the laboratory
building and also unload incoming materials
as they arrived. For example, six men working
almost continuously were able to excavate and
move an estimated 4.6 cu m (cu yd) of voleanic
ash and sand weighing about 7250 kilograms
(8 British tons) in the first 15 hours on location,
in addition to unloading several tons of supplies
and materials from incoming aircraft. They

continued their heavy work at a lesser rate for
the next 4 days until all major assembly activi-
ties had been completed. Similarly, the seven
men in the physically fit team B worked hard
from the onset; they set up a bivouac area on
their first day and initiated a preplanned pro-
gram of ski patrols, climbing activities, and
calisthenics on the following day. By way of
contrast, most members of group A engaged
in a comparatively undemanding work regimen;
they limited their activity to setting up and
operating research equipment and conducting
general station-keeping tasks.

The close presence of a volcanic crater inter-
mittently venting modest quantities of visible
steam and small amounts of hydrogen sulfide
gas, which was also the source of occasional
tremors as masses of snow and ice on the crater
rim would melt, loosen, and audibly tumble to
the bottom of the cone, continually reminded
each participant that he was indeed living on
the edge of a volcano. Although the probability
of a substantial unheralded eruption was judged
to be negligible, the possibility of such an
event could not be completely discounted (ref.
3). Thus, the participants were subjected to a
unique whole-body stress based not only on a
physiologically demanding environment but
also on a series of psychological loads which
included the problems of small-group living in
a location remote from outside help, where
work and exercise schedules had to be tailored
to fit the immediate weather, and a quiet
volcano exerting its own background effect.

Observations

For the first several hours after arrival at
13650 feet, nearly all subjects reported a
transient sense of elation. Within 4 to 24
hours slightly more than one-half of the indi-
viduals were affected by symptoms of altitude
sickness occurring in varying degrees of severity:
Headache, shortness of breath, general weak-
ness, loss of appetite, nausea, and sometimes
vomiting. However, only a few were disabled
enough to restrict job performance.

A rating scale of from 1 to 4 is used to assess
the operational effectiveness of each of the 28
individual participants, the assessment being
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based on general work performance rather than
on the degree of symptomatology. (See table
3.) A subject is judged fully effective and

TaBLE 3.—Classification of Operational

Effectiveness
Classification Degree of effectiveness
| Fully effective.
b SR Marginally effective.
. RN Temporarily ineffective.
4 e __ Ineffective.

rated as 1 if no symptoms were reported, if
activity was not consciously limited by dyspnea
or weakness, and if assigned tasks were per-
formed appropriately. A rating of 2 suggests
marginal effectiveness and indicates that the
subject had overt signs and symptoms of acute
altitude disease perhaps for as long as several
days, but the capacity to work, exercise, and
perform general duties as assigned was not
noticeably compromised. Group 3 is composed
of subjects probably best described as tem-
porarily ineffective because they required inter-
mittent bedrest for time periods ranging from
hours to days. Although these subjects were
not a major burden since they could take care
of their personal needs, they were physically
unable to perform part of their assigned duties
in a predictable manner. However, all recov-
ered in place and became effective within a
week. Subjects rated as 4 are termed ineffec-
tive because they were so severely incapacitated
by nausea, vomiting, headache, and weakness
that immediate evacuation to base camp was
clearly indicated.

Tables 4 and 5 show the variation in opera-
tional effectiveness of the Wrangell subjects.
On inspection it is evident that the maintenance
of operational effectiveness is somewhat pro-
portional to age with young men under 25
years of age being most vulnerable to significant
impairment and failure, while similarly exposed
men in their thirties and forties remained
comparatively effective. As a matter of fact,
the data might even be interpreted as sug-
gesting that it is the combination of youth and
hard work that is most likely to cause dis-
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TaBLE 4.—Operational Effectiveness at 4160
Metexs Shown as a Function of Age

Number of subjeets for

effectiveness rating—
Age Total

1 2 3 4
204024 ________ I 3 2 6
25t029_ ... ___ 2 1 3 1 7
30to 34 _____.__ 1 4 | | 5
35t039_ __...__. L5 2 DU PURIOR A 5
40 4 3 1 1. 5
Total .- .. 12 6 7 3 28

ability, while in the more mature subjects
physical work at altitude seems therapeutic.

Effective Performance at Altitude
Thresholds for Altitude Tolerance

Tt is believed that the observed decreases in
operational effectiveness were primarily related
to acute altitude sickness in most instances.
Altitude sickness derives from hypoxia which
in turn is a function of the decreased partial
pressure of oxygen found at altitude. Table 6
presents a spectrum of operationally applicable
hypoxic thresholds as a function of altitude.
The performance of athletes such as long-
distance runners is reduced by 5 to 7 percent at
2134 meters (7000 feet) (vef. 4). Psychomotor
function is impaired by acute exposure to
altitudes above 3048 meters (10 000 feet), and
for this reason military fliers are required to
breathe supplementary oxygen when that alti-
tude is exceeded during flight. However, given
time, complete acclimatization appears possible
in most healthy individuals up to an altitude of
4752 meters (15 000 feet). Above that altitude,
sometimes termed the ‘“‘threshold of incomplete
compensation,” men born at sea level fail in
substantial numbers to adapt successfully to
prolonged exposures. The maximum threshold
for permanent residence is very well defined at
5334 meters (17 500 feet) (ref. 5). The Mount

‘Wrangell field station strategically located at

4150 meters (13 615 feet) is thus within the
range that should be fully compensable for most
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TaBLE 5.—Operational Effectiveness at 4160 Meters as a Function of Age

Number of subjects for
effectiveness rating 2
Age Fitness Total
1 2 3 4

2060 24 e it e e (1) [©) ]
Less fit o e | e 2(4)

Unknown_ . ____.__. (@) F— 2 I I

25t029 .. it e oo (@5 ] P A
Less fibe oo oo ) R 2 4(3)

UnKnown e oo (1) 1 |- (€ ] I

30to34. . ___ | 5 1 U PRI FUUURUUPIS ANPUPEHOR U UORY NINPUPUY IR,
Liess fite e oo e b O S 4(1)

Unknown. - o oo oeoo (1) 2 VU EIEON I

354039 Fito e (02 ) IR EU U R NI
Less fite oo oo e e 1(4)

Unknown. o oo 1(2) oo

404+ . Fite e (@) ) U EURTUIIN RPN PN
Tiess fib oo e | e 3(2)

Unknown. o e ____. 1(1) 1 ) A RN P

Total subjects - - - - - |- 3(9) 6(0) 5(2) 0(8)] 14(14)

& Numbers in parentheses indicate subjects who engaged in hard labor; others refer to subjects engaged in light

work,

b 4 of the 5 subjects in the 404 group were younger than 44; the fifth was a hard-working, 53-year-old member

of team A.

healthy people but is nevertheless high enough
to provide a severe degree of hypoxic stress.

Effect of Age

The effect of aging on changing the respon-
siveness of man to physical stress usually takes
the form of a gradual and progressive loss of
physiological reserves. It becomes evident in
the third or fourth decade of life to a degree
sufficient to compromise performance in those
physical activities which require both reason-
ably long-term, high-energy outputs and quick
reaction times. By analogy, it would seem
that the most fundamental of the physiological
stresses—namely, exposure to high terrestrial
altitudes with its reduction in inspired oxygen—
should be tolerated better by the young adult
than by an older person. This viewpoint is
probably accepted a priori by most individuals
and hag support in the literature. For example,
it has been reported that at 4000 meters
(13 120 feet), younger subjects acclimatize

better and sooner (ref. 6) and at 2896 meters
(9500 feet) older people are more severely
affected by symptoms of altitude sickness than
is the average fit young man (ref. 7).

Insofar as the 28 subjects in this study rep-
resent a reasonable sample of the general Amer-
ican population of military age, the data in
table 4 indicated that probably the reverse is
true; namely, a man in his late twenties,
thirties, and early forties performs more effec-
tively at altitude than does a younger person.
This is not an anomalous finding but has been
substantiated to some degree by the observa-
tions of others. Mountaineers have long ap-
preciated the fact that it is the person in his
thirties, and not necessarily the very fit young
man in his late teens or early twenties, who
makes the best high-altitude climber. Nevison
(ref. 8), in reporting on the Hidden Peak ex-
pedition in the Himalayas in 1958, observed
that it was the two oldest members of the party
who were able to make the highest ascent.
Hellriegel, medical director of the Cuero del
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TaBLE 6.—Operationally Stgnificant Reaction Thresholds to Altitude Showing Critical Location of
Mownt Wrangell

Altitude Atmospheric
Threshold pressure, Pos,2 PAg,,?
mm Hg mm H mm Hg
Meters Feet
Normal funetion__.._____._. e ———— 0 0 760 -~ 159 102
Significant reaction_ _ . . __ .. 3048 10 000 523 110 61
Mount Wrangell:

Average .o e 4160 13 650 450 94 51
Max e e 457 95 52
Min. oo e 429 90 46
Incomplete compensation__ ... . _____.....___ 4572 15 000 429 90 46
Highest permanent residence_ . ________________._._ 5334 17 500 387 81 43
Acute exposure, lethal.______ . _________.________. 6706 22 000 321 67 : 30

8Pgs, partial pressure of atmospheric oxygen.
bP Ao, partial pressure of alveolar oxygen.

Pasco Corp., which conducts mining operations
in the high mountains of South America, has
noted, in a personal communication, that the
degree of disability suffered by miners re-
cruited from the lowlands and newly arrived at
altitudes of 3658 to 4663 meters (12 000 to
15 300 feet) appears to be age specific and
closely parallels the Wrangell experience as
presented in table 4. Bowerman (ref. 9) stated
that among track athletes training at 2133
meters (7000 feet), the more youthful the
competitor, the less adjustment in 15 to 20
days. McFarland, in a study of more than 200
men varying from 18 to 70 years of age who
were acutely exposed for 2 hours to a 4267-
meter (14 000-foot) altitude in a low-pressure
chamber (rvef. 10), found heart rates of older
men to be slower than those of the younger. In
addition, the older subjects appeared to have
fewer complaints and were less susceptible to
fainting and collapse. Folk (ref. 11), using
Mosso’s original data, showed that young men
aged 18 to 19 years exposed for 3 days to 4559
meters (14 957 feet) at the Regina Margherita
Hut in the Italian Alps had substantially
higher heart rates than did older men between
22 to 50 years, but that the older men had
higher respiratory rates. Hall et al. (ref. 12),
in evaluating the effectiveness of potassium
chloride to modify altitude sickness, transported

20 Indian Army soldiers varying in age from
18 to 30 years from a sea-level location to 5782
meters (17 000 feet) within a 24-hour period.
None had a history of previous altitude accli-
matization. All subjects suffered to some
degree from acute altitude sickness during the
4 days at altitude, and it was concluded that
the drug was ineffective. However, when Hall’s
original data are evaluated in terms of the degree
of disability as determined by incapacitation
requiring bedrest (see table 7), an age effect is
uncovered which shows that men over 20 years
of age apparently are less affected than are
younger men. Luft (ref. 13), in a series of low-
pressure-chamber studies, found a remarkable
age-related difference in tolerance to acute
exposures of 7500 meters (24 600 feet) with
men between the ages of 25 and 40 years
having a time of useful consciousness about 2
minutes longer than the average time of 6
minutes 8 seconds recorded for subjects between
the ages of 20 and 25 years. Finally, the ob-
servation that high-altitude pulmonary edema,
an uncommon but serious complication of acute
sickness, seems to have a higher incidence in
young people is not inconsistent with the
general thesis that performance at altitude

“improves with age (ref. 14).

There is no convincing explanation for the
age-related altitude effect. In the case of
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TaABLE 7.—Estimated Effectiveness of 20 Indian
Army Soldiers Ezposed for 5 Days to 5782
Meters in the Himalayas

[Estimates based on a review of Hall’s original data
to determine length of time subjects in each age
category were confined to bed because of illness]

Number of subjects requiring—
Age
No Bed Bed Total
bed <lday|>1day
20 0 4 1 5
20t024_______ 3 2 5 10
251030 ._____ 2 2 1 5
Total____ 5 8 7 20

mountaineers, part of the answer may be
found in previous training and motivation.
The older man is presumably willing to accept
the discomfort and anxiety associated with
exposure and work at altitude secure in the
knowledge, based on the firsthand experience
of the past, that the situation is tolerable.
On the other hand, one cannot completely
discount the possibility that the older moun-
taineer does better because his acclimatization
processes, having been previously exercised,
are more effectively mobilized and thus mini-
mize the severity of altitude sickness. The
observation of Pugh (rvef. 7), when he was
referring to successive ascents to altitude, is
very much to the point because he notes that
most of the people he knows who have personal
experience would say they had less trouble the
second time. He said he would certainly claim
for himself that he had less trouble, although
his ceiling is lower now that he is getting older.
Perhaps this phenomenon can be considered
evidence of a biological memory which, once
established, promotes successful patterns of
acclimatization to subsequent exposures. Con-
siderations of previous training and exposure,
important though they may be to mountaineers,
are not believed to be important factors in the
present study, since only 3 of the 28 subjects
had previously lived at altitude. However, it
is interesting that one of these, a 33-year-old
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member of team A, volunteered the information
that his second exposure, which followed his
first by about 9 months, was much more
tolerable.

The possibility of a relationship between
maturity and the qualities that promote opera-
tional effectiveness cannot be discounted. Ma-~
turity in a physiological sense occurs at about
age 26 in males and age 21 in women (ref. 15).
With respect to altitude tolerance, the Wrangell
data suggest that males have a critical point
(perhaps a kind of “setpoint’”) at about age 25
which tends to divide the ineffectives from the
more effective. The observations of Luft and
the analysis of Hall’'s data as presented in
table 7 seem comsistent with such a conclusion.
Although the temporal coincidence observed
between physiological maturity and setpoint
age cannot be considered cause and effect,
evidence of a setpoint phenomenon in females
of an appropriate age would tend to be con-
firmatory. Unfortunately, few references are
to be found on this matter. Harris et al. (vef.
16) observed that girls of college age when
compared with men experienced less shortness
of breath, chest tightness, and so forth, at 4300
meters (14 110 feet) and Ravenhill (ref. 17) in
referring to altitude sickness felt that women
suffer less than men.

Physical Fitness

Fitness refers to the efficiency with which-
physical work can be performed. A highly fit
person requires less energy to perform a phys-
ical task than does someone in poor condition.
Presumably the fit person, because of training,
has not only greater skill and dexterity but also
more efficient metabolic processes and should
be better able to tolerate altitude. Our data
on fitness are inadequate since the status of less
than one-half of the subjects is defined. In
even those the applicability of the fitness test
used is open to question. Table 5 presents the
available evidence which compares operational
effectiveness as a function of fitness and age.
In this connection, Dr. C. J. Eagen, resident
scientist for the Wrangell effort, found no sig-
pificant differences between the fit and less fit
as a result of their exposure in his report on
body weight changes in teams B and C (ref. 18).
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Cold Exposure

The possibility that living and working in
subfreezing temperatures may affect altitude
adaptation deserves consideration. Exposure
to cold induces a diuresis with loss of fluids and
electrolytes to cause a reduction in plasma
volume and hemoconcentration. However, cold
also causes a general peripheral vasoconstriction
which not only serves to insulate against heat
loss but also reduces the size of the vascular
bed and thus adjusts one to the reduced blood
volume. The extent to which such physio-
logical changes altered the adaptability of our
subjects is not known. However, since no
pertinent evidence implicating age as a factor
in cold tolerance has been found in the litera-
ture, it is assumed that the impact of cold, if
any, should fall equally on all participants.

Day-Night Cycle

The long summer day is one of the most
striking characteristics of the Earth’s polar
regions. At the latitude of Mount Wrangell
there is little or no darkness for the best part
of several weeks before and after the summer
solstice. Although a long day of this kind has a
potential for disturbing the inborn circadian
cycle and thus affecting health and efficiency,
it was not an important factor in this study.
Each of the subjects had been at the same or
at higher latitudes for weeks to years before
‘moving to the summit and had already adopted
his activities to the usual 24-hour day inde-
pendent of the hours of daylight. There was
no essential change in work and sleep schedules
at the laboratory station.

Psychological Factors

Of all the variables that influence behavior in
a practical situation, only a few can ever be
incorporated in any series of laboratory tests.
At best then, laboratory experiments only
approximate real life and incorporate a potential
for error since important interactions may not
be observed. The Wrangell location is not a
structured laboratory setting. The knowledge
that unpredictable, potentially destructive, un-
restrainable natural forces are underfoot and
operative provides an emotional test bed that
cannot be duplicated in any laboratory and

_evacuated a day and a half later.
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may represent a reasonable terrestrial approxi-
imation to the kind of psychological stress
implcit in an extraterrestrial location.

Reactions to stress include fear, anxiety,
depression, tremors, speech disturbances,
increased muscle tension, altered cognition
which can impair performance, and physiological
changes related to autonomic nervous-system
stimulation. Because stress reactions may also
mimic the symptoms of altitude sickness, the
degree to which the Wrangell subjects were
stressed by location, independent of altitude,
cannot be accurately determined. That such
a stress was operative and caused the evacua-
tion of at least one subject is quite clear.
The subject, a motivated, physically fit,
21-year-old man, had been an unofficial leader
during the months of preascent training;
he had consistently tried to improve his own
performance and had urged the rest of the
group to do the same. Several days before
ascent he underwent an obvious change in
mood and became depressed and -anxious.
He was allowed to ascend with his group.
His first action upon arrival at the summit
was to walk to the laboratory building, spread
out, his sleeping bag, lie down, and immediately
complain of headache, weakness, nausea, and
anorexia. He resisted all offers of assistance
and refused to be encouraged until he was
He recovered
quickly on returning to base camp.

In spite of this instance, the general per-
formance of most subjects exceeded expecta-
tions. Living in isolated togetherness, the
subjects maintained good individual and group
discipline, remained strongly motivated to
perform well, and were responsive to broad
general guidance from base camp. There was
no evidence of the so-called ‘‘breakaway”’
phenomenon that has been reported in certain
long-term underwater habitation studies which
feature a strong control and command function
from the surface (ref. 19), perhaps because
our groups had the primary responsibility of
scheduling their own activities on location
so that they could take advantage of weather

‘and events so as best to accomplish their

established objectives in the time which had
been allotted.
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Summary of Adaptation Data

The Wrangell data strongly suggest that
altitude tolerance in males when measured in
terms of the effective performance of physical
labor, reconnaissance ski patrolling, and gen-
eral responsiveness to a disciplined group
regimen is related to age. Others have made
observations consistent with such a conclusion
at altitudes as low as 2133 meters (7000 feet)
(ref. 9) and as high as 7500 meters (24 600 feet)
(ref. 13). An age effect has been observed
in people of different ethnic origins; for
example, European and American Caucasian
mountaineers (refs. 7 and 8), Indian soldiers,
and Latin American miners. The effect seems
to be essentially independent of cold, of prior
altitude acclimatization, and possibly of physi-
cal fitness. Psychological stresses enhanced
by the essential autonomic nervous instability
of the young are undoubtedly important.

ENVIRONMENTAL VARIABILITY
Barometric Pressure

Changes in barometric pressure with pressures
ranging from 572 to 608 millibars have been
observed on Mount Wrangell. While part of
this variability is attributable to local meteoro-
logical conditions, by far the major influence is
seasonal as shown in figures 8 and 9. Pressure
changes of this magnitude, particularly at
altitude, are physiologically significant. For
example, a subject at the Wrangell station who
is at a tapeline altitude of 4160 meters (13 650
feet) and therefore assumes that he is at a
pressure altitude of 604 millibars may, in the
worst case, be exposed to a pressure altitude of
only 572 millibars. Thus, from a physiological
viewpoint, he is really exposed to an altitude of
4572 meters (15000 feet). The effect of
barometric pressure changes primarily related
to latitude becomes evident if the situation at
4160 meters (13 650 feet) on Mount Wrangell
is compared with that at the same tapeline
altitude at 28° N on Mount Everest. In the
worst case, calculated on the basis of the data
extrapolated from figure 8, an Everest subject
would be at a pressure altitude of 606 millibars
or 4136 meters (13 570 feet) and, by compari-

324-954 0—69——17

us STANDARD ATMOSPHERE
720 — @ 10,000
§ JULY
00— e guoooort L
680
660 SANUARY
F @ 10,000 FT.

500 us STANDARD ATMOSPHERE
3 JuLy

480 € 20,000 FT. /

460 JANUARY

+ 4
MT. EVEREST MY WRANGELL
1

400 L 1 v L |
30 40 50 60 70 80

/
Q

BAROMETRIC PRESSURE {MB)

440

T T 7T

420

LATITUDE IN °N

Figure 8.—Variation in barometric pressure as a
function of altitude, latitude, and season compared
with U.S. standard atmosphere (ref. 21). Latitudes of
Mount Wrangell and Mount Everest are shown.
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Ficure 9.—Range of barometric pressures observed at
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range based on an extrapolation from figure 8. Data
from Bingham and Benson (ref. 23) and unpublished
Arctic Aeromedical Laboratory observations.

son, would enjoy a substantial physiological
advantage.

The reasons for the seasonal and latitude
barometric pressure effects have been discussed
by others (ref. 20). The latitude effect is
related to the axial rotation of the Earth which
produces an equatorial bulging and polar
flattening of the Earth’s atmospheric envelope
as a function of angular velocity and the
Earth’s diameter. The seasonal effects are
related to the changes in thermal inputs to the
atmosphere from solar radiation as a function
of the 22° axial inclination of the Earth.
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Air Temperature

The mean average temperature at the
Wrangell station is —20° C (ref. 21). Figure 10
shows the temperature lapse rate as a function
of season. These readings are free-air tempera-
tures recorded from an aircraft during ascent
from the base camp. It is evident that tem-
peratures at the summit have a relatively
narrow range when compared with the wide
seasonal excursions seen near sea level only a
short distance away.
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Fraure 10.—Temperature profiles as a function of
altitude and season in the Wrangell area. Measure-
ments made from an aircraft flying from Gulkana,
Alaska (altitude, 1500 meters), to the Wrangell sum-
mit 50 miles away. Temperature lapse rate accord-
ing to the U.S. standard atmosphere is shown for
comparison. Data collected by Benson, Wilson,
and Holmstrom.

Ground Temperature

Mount Wrangell’s attractiveness as a location
for an arctic altitude station is related in part
to the availability of usable ground heat in the
region of the ice-free ridge. A reconnaissance
study performed in 1961 by Benson (ref. 21)
provided the basic data. (See fig. 11.) The
ash comprising the main body of the ridge was
identified as typical Pacific rim andesites. The

thermal gradient in the ridge was found to be

0.30° cm™! down to a depth of 1 meter. Calcu-
lations performed in 1963 (ref. 22) showed the
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heat flux to be sufficient to maintain a 16- by
24- by 8-foot structure with an uninsulated
floor and 4-1/2-inch-thick insulated walls and
roof at an interior temperature of 20° C in the
face of an external temperature of —40° C.
Since its erection in 1964 the present structure
has, in fact, remained warm, fairly dry, and
stably located in its original position. The
enormous logistical advantage of being able to
draw on an unlimited thermal source for
warming an arctic building in a remote location
can be best appreciated by those with some
experience in the polar regions.

During construction, three dial thermometers
reading from 0° to 100° C were mounted in the
plywood floor to measure ash temperatures be-
low the building as shown in figure 12. During
the period of occupancy substantial temperature
variations were seen; they rose on occasion to
the boiling point of water (84.7° to 86.4° C,
depending on barometric pressure) at rates as
high as 4.5° C hr™*. (See fig. 13.) Bingham
and Benson (ref. 23) have observed that the
temperature rises correlate well with decreases
in barometric pressure and explain it on the
basis of Elder’s steaming ground model. They
feel that the temperature effect, although opera-
tive in the whole ridge, is accentuated in the
ash under the structure probably because the
hut, acting as a seal, prevents the free escape
of water vapor to the outside.

In addition to the main ice-free ridge, there
are other evidences of volcanic heat such as a
modest crater, several small, hot areas scattered
around the rim of the caldera, and one area of
several hundred square meters of red clay
formed by the hydrothermal alteration of the
rock in the area. The temperature of the clay
surface ranges from warm to hot to the touch,
with temperatures as high as 86° C having been
measured. Blue-green algae tentatively identi-
fied as a Phormidium have been observed grow-
ing on the warm surface. Unfortunately, no
systematic biological study of this or any of the
other .ridges has been undertaken, although
such an effort might prove very interesting,
particularly if the results could be compared
with similar studies from other mountainous
areas such as the warm spots on Mount Erebus
(altitude 4023 meters (13 200 feet)) at 77° S.
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Freure 11.—Temperature gradient in ice-free ridge.
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Ficure 12.—Floor plan showing location of thermo-
couples used to measure ground-floor temperatures.
Thermocouple 3 was located outside, next to wall of
hut, and measured free-air temperature.

APPLICATION TO EXTRATERRESTRIAL
ACTIVITIES

The Wrangell summit is one of the world’s
unique locations. It has the polar day; tem-

ULKANA FAA STA. OBSERVATIONS
BAROME TRIC PRESSURE, INCHES Hg
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Ficure 13.—Comparison of barometric pressures.
Data collected by personnel from Geophysical Insti-
tute, U.S. Army, and U.S. Air Force. (@) Compari-
son of barometric pressures as measured at Gulkana
with subfloor ground temperatures at laboratory
building. Mount Wrangell pressures were not made
during this time. (b) Comparison of barometric pres-
sures at Gulkana and at Mount Wrangell showing
the close correspondence in direction and extent of
changes. ’

peratures well below freezing; a massive, rela-
tively flat, permanent snow field and icefield;
a small volcanic crater; and an ice-free ridge
productive of ground heat which can be trapped
in useful quantities with a minimum of effort.
The yearly ambient temperature range is about
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half as great as that in the valley lowlands 50
miles away. Barometric pressures are much
lower than those ordinarily expected at such an
altitude. Itisremoteyetlogistically acceptable.

The establishment of a small facility on the
Wrangell summit provided an unusual op-
portunity to observe several fundamental
interactions of man and his environment.
In the first of these, the impact of the multiple
environmental and psychological stresses on
the subjects appeared to have been greater
than a simple sum of the parts. Thus, the
Wrangell experience accentuated and uncovered
a naturally occurring age-specific relationship
to altitude tolerance. This is an important
observation which relates to the selection and
training of planetary pioneers as well as to lunar
and planetary station operations. It suggests
that a man in his thirties is innately superior
to a younger man, a superiority probably
related, at least in part, to physiological
factors and independent of the processes of
self-selection incidental to time. It also pro-
vides a model for the broad human response
that might be seen should a degradation in the
station life-support system result in a modest
reduction in internal pressure and oxygen
_tension. Second, the significance of certain
physical phenomena becomes evident only
after the environment has been ‘“‘stressed’” by
the works of man. Figure 10 shows the ground-
temperature gradient as measured February 28,
1964, to be very steep when compared to
earlier measurements. It was incidentally
observed at the time that a thin surface layer
of ash was frozen in the area. However, it was
only after the ground-temperature effect under
the shelter had been observed and evaluated
that the abnormally steep gradient noted in
1964 could be appreciated as a variation having
meteorological rather than volcanological sig-
nificance. Finally, the Wrangell observations
focus attention on season and latitude in
determining physiologically important atmos-
pheric characteristics in the world’s high
places, considerations which might also be
important should an extraterrestrial location
be found which possesses a sensible atmosphere.

From a logistic point of view, the use of
ground heat proved to be a major operational
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asset. The same general principle may well
apply in long-term manned extraterrestrial
efforts as applies to the utilization of locally .
available natural resources. Although the
Wrangell ridge is only a small thermal island
in a vast, lifeless desert of snow on an Arctic
mountaintop, when compared with other Arctic
mountain sites it represents a preferred location
for a manned station because of its usable heat
stores. Preferred locations may also exist on
otherwise forbidding extraterrestrial bodies.
In defining them, the availability of local
energy sources such as ground heat may well
be an important criterion, in which case the
observations already made at Wrangell repre-
sent only a beginning.
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MARVIN F. CLARKE
General Electric Co.
Philadelphia, Pa.

Underwater_ Simulation of a Lunar-Surface Traverse

This paper is a summary presentation of some of the work accomplished by the Missile
and Space Division of the General Electric Co. during the past 18 months. Particular empha-
sis is placed upon its possible significance with respect to man’s capabilities and limitations
when he first attempts to walk on the lunar surface.

As a supplement to the basic analytical approach toward determining the problems
which man will encounter when he makes this first lunar walk, the General Electric Co.
has developed underwater simulation techniques which provide insight into some of the
specific problems to be expected and potential means to resolve or ameliorate such problems.
The underwater simulation techniques are based upon the erew performance of simulated
mission tasks in a partial-gravity or zero-gravity condition when a specially designed back-
pack is used to provide life support and space-suit pressurization and to maintain constant
volume displacement of the underwater subject. The backpack also provides recorded
measurements of key biophysical parameters.

A simulated lunar traverse was made over an 80-foot course on the bottom of the bay at
the General Electric Co. Underwater Test Facility. Two different subjects in pressurized
space suits in a simulated Y-gravity condition were used. Both subjects demonstrated
their inability to walk purposefully under these conditions. The addition of a walking
staff as a mobility aid made traverse of the simulated lunar terrain possible though still

difficult.

INTRODUCTION

When man first lands upon the Moon and
leaves his spacecraft to explore the lunar
surface, he will be faced with many conditions
never before experienced. Omne of the most
significant of these new conditions will be the
reduced gravity field on the lunar surface.
Because of the smaller size of the Moon with
respect to the Earth, the gravity field at the
lunar surface is only 0.165 of that field present
at the Earth’s surface. Thus a man’s weight
on the surface of the Moon will be approxi-
mately one-sixth of his weight on Earth. This
is also true for his spacecraft and for all of the
equipment and experiments which he brought
with him.

This apparent reduction in weight on the
Moon as compared with similar weights on
Earth has led to many interesting speculations
as to man’s potential physical capabilities on
the lunar surface. In general, it has been

assumed that since man developed his muscles
in an Earth environment he would be capable
of a greatly increased physical performance
on the Moon where his weight would be much
less than that which he normally experienced
on Earth.

Since man is so adaptable to new situations
and environments, it is quite possible that he
will eventually move across the lunar surface
in great leaping strides, but it appears likely
that he will first have to learn to walk. The
reasons for this become apparent when one
considers the physical parameters involved.
Although a man’s weight appears to be less on
the surface of the Moon, his absolute mass
has not changed. Thus, if we consider a man
who is trying to move in a horizontal line on
the lunar surface, it will require just as much
force to start, stop, or turn at a given rate as
it did on Earth. Similarly, the momentum he
will develop (and the velocity, since his mass
is constant) is a function of the force times the
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time applied, or the total impulse. Thus, if
he jumped straight up, he would leave the
surface at a velocity similar to that on Earth,
but, because of the lower gravity on the
Moon, he would go much higher and would
remain in the air much longer than he would
on Earth. This timing change is one of the
factors which will make it difficult at first for
an astronaut to walk on the Moon.

When a man walks on the Earth, he not only
leans forward but also rocks from side to
side as he swings one leg after the other and
shifts his weight from one to the other. The
combination of these movements, properly
timed in a coordinated sequence, takes a
while to learn. Tt is reasonable to assume that,
if the time constants varied significantly, as
they would if the man were trying to walk

on the lunar surface instead of on Earth,

man may, and probably will, have difficulty
when he first tries to walk on the Moon.

The above analogy is a greatly oversimplified
case, but 't serves a useful purpose by high-
lighting a particular part of the total problem
which may be a potential source of trouble
when man first tries to walk on the Moon.
There are obviously many such potential
trouble sources involved in the physical loco-
motion of a space-suited astronaut over the
lunar surface and his performance of all the
varied man/machine tasks involved in space
voyage and lunar exploration and experiment
activities.

Crew/system performance in manned space
systems under partial-gravity and zero-gravity
conditions can be investigated using an under-
water simulation technique. It provides one
of the more useful and cost-effective methods
of empirically answering fundamental questions
related to human performance and the de-
velopment of equipment needed to optimize
man’s performance in space.

FACILITIES

In order for the General Electric Co. to
put into operation a facility to accommodate
large existing structures (such as the Saturn
S-IVB  workshop) on a timely economic
basis, it was imperative that a natural site
be selected. High capital expenditures and

_year-round operations with
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long leadtimes ruled out the possibility of
constructing a large tank facility. Further-
more, a natural site was desired which would
provide a relatively unlimited growth
possibility.

Mandatory requirements for the facility were:

(1) Adequate space for whole task simulation
which would accept a minimum 55-foot-long
by 22foot-diameter structure with growth
possibilities.

(2) Clear water for ease of vision and to
facilitate underwater photography.

(3) Calm water to facilitate surface opera-
tions and to minimize underwater currents and
disturbances.

(4) Warm water (minimum 78° F) to permit
efficiency and
comfort.

(5) Ready access to aerospace and industry
centers and to support services. '

After a careful review of available locations,
Buck Island, the site of a former U.S. Navy
UDT training area near St. Thomas, V.I., was
chosen. Buck Island provides a cove approxi-
mately 700 feet in diameter with a sandy
bottom. The cove is sheltered on the lee side
of the island from the predictable easterly trade
winds. The water is warm and clear through-
out the year, and sufficient light is available for
good underwater photography. The maximum
tidal variation is less than 1 foot. The Buck
Island site is sufficiently remote from St.
Thomas to discourage curiosity seekers but
still not so far away as to cause operational
problems.

The underwater test area of the General
Electric Co. is located within a sheltered cove
of approximately 10 acres on the western side
of Buck Island. This island is located 4 miles
off the south coast of St. Thomas, the most
populous of the Virgin Islands, and near the
entrance to the harbor of Charlotte Amalie,
the largest city in the islands.

As shown in figure 1, the water depth in the
primary simulation area is 28 to 29 feet and
there are additional test areas surveyed in the
15- and 20-foot ranges. The cove floor in
these testing areas is composed of white sand.
It is quite level and relatively free of rocks
and marine life. Water temperature is a rela-
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Fraure 1.—Schematic diagram of the General Electric
Co. underwater test facility at Buck Island, V.I.
A, 28-foot test area; B, 20-foot test area; C, 15-foot
test area.

tively constant 78° to 82° F. Underwater
visibility " approaches 100 feet permitting de-
tailed underwater photography without the
need of artificial light under most conditions.

An operations building has been constructed
on the foundation of an old concrete pier
approximately 300 feet from the primary
underwater test area. This structure, with
dimensions of 12 by 20 feet, contains the
monitoring, recording, diving, and medicsl
equipments, general office space, and comfort
facilities. A covered access deck extends
around three sides of the building with a boat
dock attached to the west side facing the
testing areas. A platform extends into the
water from the dock to permit ready access
to the water for both test personnel and pres-
sure-suited test subjects. The building is
lighted and air conditioned and draws its power
from two 3000-watt gasoline generators located
on the roof.

A hexagonal observation platform located 40
feet from the primary simulation area permits
direct viewing of test operations and provides
for above-water photography through its six
Plexiglas windows located below the waterline.
A safety work platform was installed over the
primary simulation area. Figure 2 shows the

underwater test

Fieure 2.—General Electric Co.
facility site.

relative locations of the operations building, the
observation platform, and the primary test area.

Boats are available as required to transport
personnel and equipment to and from the site.
A close working relationship has been estab-
lished with a local machine shop which is capable
of providing speedy fabrication of experimental
hardware.

Continuous communications are maintained
with the main island of St. Thomas through
leased radiotelephone lines provided through
the Virgin Islands Communications Corpora-
tion. Onsite communications are provided by
walkie-talkie units as required.

Although present experimental plans do not
require the use of extensive quantities of classi-
fied material, arrangements have been made for
the protection and safeguarding of any such
material that may be required. Arrangements
have been made for storage of classified items
at the U.S. Coast Guard Station, Charlotte
Amalie, St. Thomas.

UNIQUE SUPPORT EQUIPMENT

The changes in lung volumes when a diver
inhales and exhales result in changes in his
total water displacement and hence in his buoy-
ancy. In order to maintain a constant partial-
gravity simulation and, even more important,’ to
maintain a neutral buoyancy to simulate zero-
gravity conditions, it was necessary to develop
a compensatory breathing apparatus to elim-
inate these changes.
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The General Electric backpack shown in fig-
ure 3 was developed for this use. In addition,
it also provides the following functions:

(1) Closed respiratory system with carbon
dioxide removal and automatic replacement of
oxygen consumed.

(2) Space-suit pressurization at selected pres-
sures from 0 to 4 psig above ambient.

(3) Sensing and recording of physiological
data such as—

Electrocardiogram
Respiratory rate
Respiratory volume
Oxygen consumption
Deep body temperature

The closed respiratory system has three ma-
jor advantages over an open-type system:

(1) It eliminates bubbles.

FiaurRE 3.—General Electric Co. neutral buoyancy
and life-support backpack for underwater simulation
of zero-gravity conditions.

(2) It eliminates the cyclic rise and fall of
the test subject as a result of inspiration and
expiration.

(8) It provides a larger test time between '
bottle changes, since only the oxygen consumed
metabolically need be carried.

Physiological data recorded in the backpack
provides a basis for estimating the energy out-
put required to accomplish a given task. The
data to be taken include respiration rate, tidal
volume, body temperature, electrocardiogram,
and oxygen consumption; of these, oxygen con-
sumption is considered to be of primary im-
portance. The signals from these physiologi-
cal transducers are recorded directly on a
Gemini-type biomedical tape recorder which
is incorporated into the backpack.

The backpack incorporated a system for
pressurizing the space suit so that tests could
be conducted with a pressure-suited subject.
A water pressurization system was selected for
space-suit use in underwater simulation for
the following reasons:

(1) An air-pressurized suit must be brought
to neutral buoyancy by distributing weights
over the suit surface. These weights (of the
order of 100 to 200 pounds, depending on the
subject and suit size) are difficult to install so
that the test subject is truly neutrally buoyant
in any orientation and impose a safety hazard
should the suit lose its pressure.

(2) Air leaks from air-pressurized suits cause
distracting bubbles and provide orientation
cues to the test subject.

(3) If the test subject, in water, works in
an inverted position (head down) in an air-
pressurized suit, he will experience the same
effect as if he were hanging by his feet on land

‘because the air pressurization level is constant

throughout the suit.

(4) Changes of depth will cause variations
in an air-pressurized suit delta pressure and
will require the addition or venting of air from
the suit.

ORBITAL WORKSHOP SIMULATION

Operation of the presently conceived Apollo
Applications Program (AAP) orbital workshop
requires extended and complex astronaut per-
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formance after orbit insertion. The astronauts’
tasks will include passivation of the Saturn
S-IVB spent stage, transfer of equipment
from its launch location through an airlock
and into the spent-stage hydrogen tank, and
erection and operation of this equipment.
Implicit in these tasks are basic requirements
for electrical, hydraulic, and mechanical con-
nection; operation of controls, hatches,
fasteners, and restraint systems; and the
controlled transport of large pieces of equipment
through relatively long distances and large
volumes.

The tests conducted by General Electric Co.
in the winter of 1966-67 were primarily ex-
ploratory and attempted to develop guidelines
for crew performance and equipment design.
They did identify basic problems, either of a
human or an equipment performance nature,
which need further understanding and which
must therefore be simulated more completely
in the future. The exploratory tests conducted
included the following:

(1) Hydrogen tank cover removal

(2) Installation and evaluation of mobility
aids

(3) Transfer of large bulky equipment
(4) Erection of an experiment console
(5) Erection of primary partitions

At the time these tests were being planned, the
AAP orbital workshop configuration in orbit
was similar to that shown in figure 4. A
cutaway of this configuration model is shown
in figure 5. An underwater test structure with
this configuration was built of aluminum rings
and screen wire, in full scale, and implanted at
the Buck Island test facility. Mounted on a
supporting bed which rests directly on the level
sandy cove bottom, the underwater test
structure (fig. 6) is a full-scale geometric
duplicate of the—

(1) Saturn S-IVB spent stage

(2) Equipment section (forward of the LH,
tank)

(8) Adapter section (to the SLA panel joint)

(4) Airlock and docking adapter

(5) Pertinent task equipment and mobility
aids
Measuring 22 feet in diameter by 52 feet in
overall length, the simulator shell is a skeleton

Freure 4.—AAP orbital workshop (late 1966 orbital configuration).
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Fieure 5.—Cutaway view of the AAP orbital workshop (1966 orbital configuration).

Ficure 6.—Underwater simulation mockup of the AAP orbital workshop as used by General Electric Co. in
1966-67 tests.

framework of aluminum rings and stiffeners
covered with a 4-Dby 4-inch grid of wire mesh
protected from corrosion by a high-visibility,
yellow-plastic-base marine paint. Total weight
is 7500 pounds. The open design was dictated
by the nature of the work, which required
maximum exposure for photographic records,
test direction, observation by safety divers,

‘solar illumination, and minimum resistance to

water motion in the event of turbulence.
The task simulations were planned around the
actual tasks which will have to be performed
in order to passivate the Saturn S-IVB spent
stage and to activate and inhabit the orbital
workshop after it is in orbit. Specific tasks
were devised around the equipment involved.
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Saturn S-IVB Spent Stage

The hydrogen tank, enclosing a volume in
excess of 10 000 ft?, constitutes a major portion
of the structure. Included in this item are the
three largest internal items which would help
or hinder test subject activity within this
chamber:

(1) A 34-foot-long propellant utilization
probe

(2) An LH, vent pipe

(3) Six 23-inch-diameter
spheres

helium storage

Also included for use in attaching mobility aids,
compartmentizing partitions, and consoles are
the 112 NASA-type equipment attachment
fittings preinstalled in the liquid hydrogen tank
of this S-IVB.

In the compound curvature area, where the
LH, and liquid-oxygen tanks join, are four
boattail extensions on which are mounted hard-
ware simulating:

(1) Chilldown purmp

(2) LH; feed line and antivortex screen

(3) LH; chill return

(4) LH. fill line and diffuser

As part of the experimental task sequence,
these units must be sealed before final pres-
surization and habitation in the spent-stage
LH2 tank.

Airlock

The airlock is basically a tunnel connecting
the Apollo command module to the S-IVB
spent stage (SA 209 configuration). This unit
measures 65 inches in diameter by 15% feet
long, and follows the design originally proposed
by McDonnell Aircraft Co.

Mobility Aids and Task Equipment

The mobility aids provided were, in general,
polypropylene rope with quick-connecting clips
located at predetermined intervals. Poly-
propylene, being less dense than water, tended
to overcome the clip weight and thus effectively
made these aids neutrally buoyant to transport
to their positions.

In addition, a three-section telescoping rod
was constructed to traverse the distance between
the forward-dome manhole and the closest
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attachment points. After it is extended to its
15-foot length, it is locked in position, and a
clip mounted at the forward end secures it to
one of the equipment attachment fittings.

The console was simulatéed by a skeleton
framework of aluminum to minimize drag,
polyurethane was bonded to the inside of the
framework to provide neutral buoyancy, and
a Plexiglas sphere of appropriate size was
suspended within the framework and allowed
to fill with water to provide the necessary
mass equivalent.

For tasks such as fastening the console and
removing the chilldown pump, appropriate
tools are provided, including blade- or socket-
type drivers, a ratchet wrench, cam-actuated
sealing plugs, blind flanges, and numerous other
items. Several types of tethers are provided
to determine their usefulness. These included
wrist or waist attachment loops and Velcro
loop and pile on the tool belt. An equipment
storage container was also provided.

The Saturn S-IVB stage was chosen as a
basic simulation tool when the Buck Island
program was first conceived. The rationale
behind this decision was twofold: (1) by using
the S-IVB, whole task simulation of a large
structure could be demonstrated for the first
time; and (2) realistic operations and task
ground rules concerning an established ongoing
space project could be provided. The require-
ments for crew operations in the S-IVB orbital
workshop are far more complex than those
established for space missions to date. For
the first time, the astronaut is required to
perform assembly, erection, checkout, and
maintenance and repair tasks which will have
long-range applications to the future develop-
ment of the U.S. space-flicht program.

In order to prepare the S-IVB spent-stage
hydrogen tank for shirt§leeve occupation, a
passivation sequence must be accomplished
which includes the sealing of potential leak
points at the common bulkhead. The astronaut
must translate from the airlock down into the
hydrogen tank and thence to the LH, chill
pump inlét. The top portion of the pump
inlet must be removed and replaced with a
blind flange which is bolted in place. The
astronaut must then translate to the fuel feed
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line, remove the antivortex screen, and install
an expandable plug in the feed-line opening.
He must then translate to the LH, chill return
line, install an expandable plug, and then
translate to the LH, fill line and diffuser, unbolt
the diffuser, and insert an expandable plug in
the fill line, and then return to the airlock.
The task is accomplished with the astronaut
In a pressure suit and with the use of ordinary
handtools.

The elemental task steps and times to
complete are shown in table 1.

TaBLE 1.—Stage Passivation Task Results

Measured
times for
simulated
task, min

Projected
times for
actual
task, min

Subtask

Insert plug in LH, feedline,
actuate and lock handle___. 0.5 1
Realine cover over opening in
antivortex sereen and secure

with 3 serews________.___... 5 5
Translate to LH, chill return__ .5 .5
Remove expandable plug from

stowage container-_._______ .5 1.5

 Insert expandable plug in LH,
chill return, actuate handle,

andloek_ .. ___________ 5 1
Translate to LH, fill line and

diffuser_ . ___________ .5 .5
Remove 4 bolts holding

diffuser in position_________ 3 3
Remove diffuser and place in

stowage container...___..__ .5 .5
Remove expandable plug from

stowage package___________ .5 1.5
Insert expandable plug into

fill line, actuate handle, and

loeke .. 5 1
Translate to airlock via mobil-

ity aid- . _ . ___________ 5 1.5

35.5 70

Total task time.

The following conclusions were derived from
observations of subjects, safety divers, and the
test conductor:

(1) The task elements proved to be quite
repetitious and, as a result, boring.

(2) Reactionless power tools or ordinary
power tools would have cut down the time
needed to perform the tasks but could in no
way be considered mandatory. '

(8) Some form of quick-release tether system
is mandatory at each work site.

(4) Fixed mobility aids are required for per-
sonnel transfer. ,

(5) The task was accomplished with reason-
able ease and resulted in little fatigue. Access
to all fasteners was adequate.

(6) Properly designed tool and equipment
restraints and containers are mandatory.

(7) Projected time to complete task in orbit
without using power tools is 70 minutes. The
use of power tools to remove the 46 bolts on
the antivortex screen cover would probably cut
this time to 42 minutes. (The simulator had
only six bolts.)

(8) Optimum translational velocity appeared
to be on the order of 1 ft/sec or less.

LUNAR-SURFACE TRAVERSE

An underwater simulation of a lunar-surface
traverse was accomplished at the Buck Island
test facility in early 1967. An 80-foot-long
course was selected at the bottom of the bay
which included various degrees of surface
roughness, slope, and texture such as might be
encountered on the Moon. In addition, the
course included a fixed ladder which the astro-
naut must ascend and descend as a part of the
course to simulate his exit and reentrance to
the Lunar Excursion Module. The simulated
lunar traverse task included moving 80 feet
over the different types of surface, climbing up
the ladder and descending again, and return
to the starting point.

The test subjects were ballasted by the
addition of lead weights to simulate the 1/6 g
on the Moon. This was accomplished by
weighing them, fully equipped, in air, then
weighing them again immersed in the sea, and
adding weights to their harness until the 1/6 g
negative buoyancy was achieved.

The two primary test subjects used for these
tests were a test pilot and an athlete. Both

- were experienced scuba divers and both had had

extensive previous experience in underwater
simulation both with and without the backpack.
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The lunar-traverse task was first performed
using the backpack but no space suit. The
test subjects were suitably weighted. Under
these conditions, the test subjects were able to
traverse the course without undue difficulty.

The lunar-traverse task was then attempted
with the test subjects using the state-of-the-art
space suit pressurized with water to 3.7 psig
and the backpack, as shown in figure 7. The
test subjects were ballasted to achieve a nega-
tive buoyancy of 1/6 g.

Surprisingly, when the astronauts tried to
walk on the bottom of the bay in the pressurized
space suit, they fell over to the side. Neither
test subject was able to maintain his balance
and walk purposefully in this fully suited 1/6 g
condition. The problem appeared to be a
strong tendency of the subjects to overcontrol
when they were shifting weight from one leg to
the other in order to take the next step. Ham-
pered by the resistance of the pressurized space-
suit joints, the test subjects were unable to
maintain the fine positional control and muscu-
lar coordination necessary to walk purposefully
under these conditions, particularly upgrade.
The difficulty in rising in a pressurized space
suit after a fall presented another problem area.

It was found that the use of a walking staff
provided the test subjects with a mobility aid
which did make it possible for them to traverse
the lunar course and return. The average
time to traverse the course, climb and descend
the ladder, and return to the starting point was
4 minutes and 45 seconds. Thus the average

Fiaure 7.—Simulated lunar traverse.

velocity was approximately 0.6 ft/sec, or 1/3
mph.

Both test subjects found walking somewhat
hampered by the reduced downward visibility
in the space suit. It was difficult for a subject
to look down at his own feet and see the next
place where a foot would be planted. This
resulted in some stumbling over small objects
which would normally be avoided.

The reduced-gravity simulation resulted in
a marked decrease of pressure between the
test subject’s boots and the ground surface.
This was expected, and it had the expected
result of reducing the traction by reducing
friction between the boot and the ground.
Similar experience was had during 1/6 g Kep-
lerian flights. At 1/6 g, the lower limit for sur-
face traction for walking is approached. This
may be compared to the feeling one gets when
he tries to walk on ice. The test subjects did
notice this effect during the Ilunar-traverse
simulation. The selected traverse path in-
cluded a long slope of approximately 10° which
they covered; however, a 2-foot-high boulder
was an object to be avoided rather than sur-
mounted.

One of the significant factors noted during
the simulation was the tendency of the test
subject to overshoot his target if he tried to
hurry. This is not surprising if one considers
that the test subject’s apparent mass, caused
by his backpack, his space suit, the pressuriza-
tion water in his space suit, and the ballast, is
much higher than that he is used to normally
and his traction is much less than normal
Consequently, when he does get up to reason-
able speed, he finds it difficult to stop again.

Although both test subjects were in excellent
physical condition, they both found the lunar-
traverse task to be very tiring. Of course,
this physical tiring was partially due to the
exertions in donning the equipment, checking
it out, and getting ready to perform the task.

CONCLUDING REMARKS

The lunar-traverse task was performed to
investigate the underwater simulation tech-
niques for astronaut mobility under lunar
gravity conditions. It proved to be a useful
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tool in highlighting potential trouble areas
when an astronaut first tries to walk on the
Moon. It has aided in the understanding of
his physical problems in a way that can seldom
be achieved analytically. The results achieved
clearly indicate that the astronaut may have

to do some relearning before he can walk on
the Moon with any ease. The test subjects
in our simulation task considered the walking
staff to be a mandatory mobility aid. Subjec-
tive comparison to 1/6 ¢ Keplerian flights was
stated to be excellent.
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Man as a Resource on the Moon

INTRODUCTION

All of the objectives for the maximum
utilization of extraterrestrial resources will
depend upon the performance capability of
man under the environmental conditions on
the lunar surface. Any discussion of man as
a resource must of necessity consider what he
will be required to do. In this paper man is
viewed as the primary integrator performing
those functions for which there is no substitute.
These integrator functions fall under the in-
terpretation, judgment, and decisionmaking
requ'red to keep a closed loop between man
and equipment.

This paper is predicated upon the assumption
that the initial Apollo missions have completed
the preliminary exploration and geological
survey of parts of the lunar surface and have
‘dentified a good site for a permanent base
installation for exploiting extraterrestrial re-
sources. The timespan for the activities de-
scribed may begin in 1975 to 1978 and extend
over g period of 10 years. This hypothetical
base will be used to describe the role of man as
a resource and to highlight his areas of activity.

‘Acknowledgment is made to the members of
the Working Group on Extraterrestrial Re-
sources who contributed technical papers to
the Proceedings of the Fourth Annual Meeting,
which provided much useful information for
defining the role of man on the Moon, and to
the Goddard Space Flight Center for copies of
Orbiter photographs of the lunar surface and
for advanced data of lunar soil analysis from
Surveyor VI.

PROGRAM AREAS OF INTEREST

In considering the resourcefulness of man in
the exploitation of lunar resources, 15 major

program areas of interest can be identified
where man’s performance capability can be
clearly defined on the basis of known Earth
technology (table 1). Each of these areas
can be identified with an anticipated work
level. Metabolic work levels may be consid-
ered to be as follows: light work represents
800 to 1000 Btu/hr; moderate work, 1000 to
1800 Btu/hr; and heavy work, 1800 Btu/hr or
more. Many subdivisions of the tasks and
each respective task performance capability
can be predicted. A complete description can
be obtained by detailed functional task analy-
sis. A description of the scope of these areas
of interest will assist in obtaining a perspective
of the extent of man as a resource and his
performance capability for various tasks.

TaBLE 1.—Program Areas of Interest

Area Work level

Exploring Light-moderate
Surveying Light-moderate
Experimenting Light-moderate
Mining Moderate-heavy
Tunneling Moderate-heavy
Processing Light-moderate
Excavating Moderate-heavy
Building Moderate-heavy
Farming Light-moderate
Unloading Moderate-heavy
Hauling Light-moderate
Launching Light-moderate
Physical conditioning Moderate
Playing Light-moderate
Maintaining Light-moderate

Exploring

The area of exploring is considered to be a
continuous activity, because man has never
263
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stopped exploring Earth. He will continue to
search for additional lunar resources that will
be essential in making a fixed lunar base as
self-sufficient as science and technology ecan
make it. It is assumed that most of the ex-
ploring will be conducted from a rover-type
vehicle with a self-contained life-support sys-
tem: Sorties will be conducted from this
vehicle by space-suited men. The overall work
level for these activities will be light to moder-
ate. The highest level of activity will occur
while they are climbing crater walls and lunar
mountains.
Surveying

Surveying is an activity essential to the site
layout and construction. It will also be re-
quired in support of lunar mapping activities.
This task area will probably require the full
time of at least two or three men. Some sur-
veying will probably occur concurrently with
exploring activities of other lunar areas. The
work level will be light to moderate.

Experimenting

Experimenting is another activity that will
oceur as long as man is on the Moon. It will
. extend across all scientific areas as man seeks
further knowledge and solves problems of
living, working, and operating equipment in
the lunar environment. All scientific knowl-
edge that will be obtained about the Moon is
considered essential to successful exploration
of other planets in the solar system. Work
level in performing experiments outside life-
support shelters will not exceed light to mod-
erate metabolic activity.

Mining

Once proper mineral resources are located,
man’s performance in initial mining operations
may require moderate to heavy work levels.
It may be possible, however, by proper man-
equipment design, with automation and remote
control of various types of mining equipment,
to reduce the work level from heavy work to
light or moderate. It is estimated that ap-
proximately 50 percent of man’s time will be
spent in life-support cabs, while the rest of the

time will be involved in surface tasks such as
loading & drill hole for blasting; adjusting,
servicing, and maintaining mining equipment;
and recovering drill cores for analysis. Logging
may be a standard activity of all drilling
operations in support of geophysical studies of
the lunar crust.
Tunneling

Tunneling was considered a potential part
of three base activities. It may be necessary
in mining operations in order to exploit a
particular vein of high-grade minerals. Tun-
neling into a crater wall may be required to
provide protection for cryogenic storage tanks.
Lastly, tunneling into a crater wall may be a
more economical means of constructing well-
protected life-support shelters. As is true for
mining operations, the work level for initial
tunneling operations may be moderate to
heavy. Again this will depend to alarge degree
upon the equipment design.

Processing

The processing of ore and its reduction to
usable products encompass a large number of
subtasks that will require man to operate in
the external lunar environment. Many of the
activities can be identified as being at the
location of surface mining equipment, rock
crushers, and the ore-conveying systems where
service and maintenance activities will be
required to maintain a steady flow of ore into
the processing facility. Once the ore has been
graded, the extraction process may take place
in a semivacuum by use of a large solar furnace
or in a special pressurized building or frac-
tionating unit.

Excavating

Various types of excavating activities are
considered fundamental to all lunar building
construction. Many concepts have been pro-
posed such as surface shelters, buried structures,
and structures installed in tunnels made in
crater walls. - In this analysis it is assumed that

. Iany permanent structures will require excava-

tion in order to obtain a firm foundation for
buildings. The type of excavating considered
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requires vehicles related to present bulldozers
and earthmovers. In some instances, surface
mining equipment might be used to prepare
construction sites. Another type of required
excavation is ditching, which will be primarily
for the purpose of burying power cables running
from remotely located powerplants. Man will
perform these tasks in much the same manner
as he does on Earth. The work level will
range from light activity while driving to
moderate activity while performing equipment
maintenance.
Building

Initial building construction was considered
to be primarily an assembly task. Prefabrica-
tion of various types of buildings on Earth is
considered the most feasible means of establish-
ing theinitial base capability. Erection of these
structures was considered on a modular concept.
In all probability the base layout will evolve
from scale models on Earth with each step well
planned in advance. Eventually, the base
should reach a capability of manufacturing
additional buildings from lunar materials as
well as interplanetary exploration vehicles and
other supporting equipment. The work level
will be moderate to heavy when muscular
effect is required in alinement and joining tasks.

Farming

As the capabilities of the lunar base are
extended, farming will become an essential
activity. A farm and food-processing facility
will probably begin in a module separate from
the main life-support shelter. It will initially
provide staple vegetables to supplement the
basic food supplies. As the base grows in size,
the farming facility will gradually grow until
it reaches the level of a balanced closed ecology.
At this point, selected animals will be raised
within the complex for dietary protein. The
work level will range from light to moderate.
No lunar-surface activities are visualized
for this area except for external building
maintenance.

Unloading

This activity is associated with unloading
logistic supply vehicles. The operation may

initially consist of placing an unloading ramp
in position and pulling the supply modules from
the vehicle. Eventually the launch site will
have mobile service towers that will reduce the
turnaround time for supply vehicles consider-
ably. The workload for man can range from
light to heavy and will depend upon the type of
support vehicle equipment and its multipurpose
capability.
Hauling

Numerous hauling activities will move
throughout the entire base from the launch
complex. Several types of personnel and
equipment carriers will be required. Move-
ment of ore from mining sites to processing
facilities will depend upon the multiplicity of
mining operations. Hauling and erecting nu-
merous communication antennas around the
crater rim will be required to provide maximum
coverage for exploration and landing and launch
control. Specialized experimental instrumen-
tation will probably be placed at preselected
sites for geophysical studies on a continuing
basis.

Launching

The launching of logistic vehicles and even-
tually manned interplanetary exploration ve-
hicles will certainly be one of the major facility
requirements for a permanent lunar base. Up
to the time that the service towers and landing
pads are constructed, the major launch opera-
tion is viewed as primarily a refueling activity.
Later capability will include maintenance and
checkout of entire vehicles much as is accom-
plished at Cape Kennedy today. When the
full capability of the launch complex is attained,
interplanetary vehicles will be assembled and
launched to explore the solar system further.

Physical Conditioning

Long periods of living in a 1/6 g environment
represent an unknown in human physiological
adaptation. The greatest physiological area of
concern is centered around the body muscle and
cardiovascular system. Maintenance of body
muscle tone by a prescribed series of physical
exercises will probably be necessary at least
three times a week for all lunar-base personnel.
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Playing

Various types of light recreation should be
provided as a means of relaxation. All work
and no play will eventually make sluggish men.
As we learn more about the prolonged effects
of lunar gravity, a recreational program will
evolve that will provide body conditioning as
well as relaxation. Games and competitive
sports may evolve that are peculiar to the 1/6
lunar gravity.

Maintenance

Maintaining and repairing equipment is con-
sidered to be the second largest area of
activity in the entire lunar-base operation.
The base complex is visualized as growing via
the “bootstrapping’” technique beginning with
the initisl landing of equipment. It will be
absolutely essential, in the interests of self-
sufficiency and minimum logistical support, for
the lunar-base personnel to develop the capa-
bility for maintainability. Initially, equipment
may have to be serviced and maintained in a
vacuum by space-suited mechanics. It may
be good design philosophy to consider replace-
ment of major modular components; the
modular units could be replaced and taken into
a small pressurized shelter for maintenance and
repair. Maintenance of full-size vehicles inside
a pressurized facility will be an early objective
in construction the base complex. The organi-
zation of a fabrication facility should consider
the requirements of repairing existing equip-
ment as well as the manufacture of replacement
parts and new equipment assemblies. Main-
tenance logs and component failure identifica-
tion for all lunar equipment items throughout
the program for lunar exploitation will be
essential in planning for maximum self-suffici-
ency. Space-suit workload will be moderate
and maintenance workload in the shelter will
be light to moderate.

OPERATIONAL LUNAR BASE

Concept

A concept for a fully operational lunar base
is shown in figure 1. The site chosen for
this base is representative of numerous lunar
craters observed on Orbiter photographs. The
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crater as shown is approximately 20 miles
across and about 2500 feet deep. The min-
erals in this area are located in accessible sur-
face deposits along the walls of the crater.
This mining site contains minerals with abun-
dant quantities of oxygen, magnesium, alumi-
num, silicane, and iron. Previous core analyses
have indicated that the mineral deposits extend
to 50 meters or more into the crater wall. It
is economical to consider extensive exploitation
of these lunar resources by use of surface
mining techniques. A study of this facility will
indicate the following types of installations and
equipment erected by man:

(1) Living shelters

(2) Powerplants

(3) Landing pads

(4) Equipment sheds

(5) Launch control center ‘

(6) Surface vehicles and support equipment

(7) Mining equipment

(8) Cryogenic storage tanks

(9) Processing plant

(10) Communication and radar antennas

(11) Launch towers and equipment

(12) Farming shelter and equipment

(13) Telescopes '

(14) Maintenance shop

(15) Fabrication plant

(16) Recreation area

(17) Research laboratory

(18) Sewage and waste disposal plant

Note that the units are modularized, for
growth and flexibility. As a result of integrated

~functional planning, a stepwise programed

increase in lunar-base capability can occur.
In figure 2, the site is shown during the initial
stages of construction.

General Construction Tasks

Site Preparation

After the landing of the first logistic vehicles,
civil engineers will begin the specific activities
in preparation of the site:

(1) Surveying.—The entire crater will be

- surveyed and the location of each permanent

facility marked out.
(2) Mapping.—Concurrent with the survey-
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Ficure 2.—Concept of lunar base site during initial stages of construction (exploring and surveying).

ing activity, maps will be prepared to facilitate
building construction. These maps will include
pertinent data describing terrain composition
and geological structure for the site of each
major facility.

(3) Excavating and/or tunneling.—Some ex-
cavating may be required to provide a level

site for each building; this will depend upon
the nature and depth of lunar soil. Excavating
or tunneling may be required for protection of
cryogenic storage tanks because the frequency
of meteor fall on the lunar surface is unknown.

(4) Hauling.—The movement of equipment
of all types from logistic vehicles to all parts
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of the lunar base is considered to be a continuous
activity. Multipurpose vehicles will be re-
quired so that maximum flexibility can be
obtained.

(5) Drilling and blasting.—Although these
activities are primarily associated with mining
operations, some drilling and blasting may be
required in the preparation of building founda-
tions and access roads.

Assembly and Erection of Building Forms

In the foreground of figure 3, two space-
suited workmen are shown fastening an anchor
cable on-the research laboratory located on
the crater rim. In the background various
assembly activities can be seen. In the fore-
ground on the crater floor can be seen the
primary life-support shelter. This unit has
been assembled from eight prefabricated units.
The adjacent farming dome is provided with
shutters to control solar energy for optimal
photosynthesis. The cryogenic tanks of life-
support gases are being buried by the bulldozer
to the right of the main building. In the
center of the crater is located the beginning
construction of the launch and landing complex.
One supply vehicle is seen being unloaded
‘while another is landing. A third pad is
unoccupied. A centrally located service tower
is being assembled in the launch complex.
Note the vehicles with telescoping erection
devices supporting major structure during
joining and mating activities. To the right
are located three maintenance sheds. These
have been erected from nine prefabricated unit
modules. Specific task areas for building
construction will include:

(1) Hauling

(2) Lifting or erecting

(3) Bolting and joining

(4) Welding

(5) Cutting

(6) Plastic spraying
Plastic spraying to achieve pressurized joint
integrity is considered a feasible lightweight
technique for sealing these pressurized units
once physical joining is completed. The plas-
tics industry has the capability of developing
a technique for spraying plastics in 2 vacuum.

Powerplant Assembly

The power supply for this lunar base is
visualized as coming from three possible
sources: solar, nuclear, and geothermal. The
initial powerplant will probably be a nuclear
unit or units. As the base capability grows,
these will be augmented by batteries of solar

- cells to generate power during the lunar day.

It may be necessary to locate a nuclear power
plant adjacent to each major facility. In any
event, all power cables will be laid in under-
ground ditches for maximum protection. This
will require that at least one of the multipurpose
vehicles have a unit attachment, much like
a ditcher for laying drain tile, that will dig
ditches 3 to 4 feet deep.

Exploitation of lunar geothermal power based
upon the increasing evidence for volcanic
activity on the Moon provides a fertile area
in which man can exercise his resourcefulness
in the hostile lunar environment. It will be
assumed for this discussion that a geothermal
deposit has been identified and will be exploited.
This was accomplished during the initial sur-
veying and mapping for the base complex and
is the result of geophysical analysis of the
lunar-surface strata within the crater. The
first plans call for drilling and capping a test
well in order to determine the content of the
geothermal fluid and to establish the “in-the-
well” pressure. This phase of the operation
is viewed as a two-man job. Once this task
is accomplished, the operating pressure of the
geothermal fluid will be utilized as a power
source to drill a larger and deeper well. It
is assumed that processing equipment will be
provided to recover all essential minerals and
gases from the geothermal fluid. At this
point in the exploitation of lunar geothermal
power, the operational feasibility should be
established. Further expansion will depend
upon lunar-base demands and the nature of
the geothermal fluid.

Service Area and Support Equipment

The equipment and maintenance area for
the lunar base is shown on the right in figure 3.
The small units are among the first permanent
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Fraure 3.—Concept of lunar base site during construction.

facilities established. Initially, only two units
comprised a small workshop where equipment
components were maintained and repaired,
while the other served as a life-support shelter
until the main shelter was completed. Grad-
ually, the facility grew to nine prefabricated
modular units. The workshop would then
provide service and maintenance for all heavy
work equipment such as bulldozers, drills,
cranes, trucks, rovers, and service and mainte-
nance space suits. This facility may contain a
small concrete-processing plant. The power
supply for the lunar vehicles will be provided
by fuel cells. The water produced by these
fuel cells would be removed from storage tanks
on each vehicle and stored in the service area
for use by the base complex.

Life-Support Station

The main life-support station will contain the
following activity areas:

(1) Emergency safety areas.—Such areas will
be provided to isolate modules in the event one
is penetrated by a meteor.

(2) Living quarters will combine the recre-
ation area, sleeping area, rest area, and food
preparation and dining areas. It is possible
that each major facility will also contain a
smaller life-support station for use of each
respective work crew.

(8) Adjacent to the living quarters will be a
hospital and dispensary.

(4) Communications will be a very important
function for work integration throughout the
lunar base. It is visualized that the main life-
support station will contain a central work site
control center. Eventually this will become
the base operating control center.

MINING AND PROCESSING OPERATIONS
ON THE MOON

Exploitation of lunar mineral resources will
be in progress concurrently with the activities
which have just been described. Figure 4
shows a concept for open-pit mining of minerals
located on the crater rim. The mining vehicles
shown are multipurpose units containing life-
support cabs. The vehicles perform the inte-



270

EXTRATERRESTRIAL RESOURCES

Figure 4.—Concept of open-pit mining for minerals located on crater rim.

grated functions of drilling and loosening the
ore, grading and conveying it into a crusher,
and then loading the ore into a transport
carrier. The ore-processing facility can be
seen on the left side of figure 4. Other mining-
site tasks not shown in the figure that may be
required are outlined as follows:
(1) Drill rigs:

(@) Setup and assembly

() Drill monitoring

(¢) Geological survey

(d) Drill core recovery

(e) Logging and data recovery

(f) Blast preparation

(9) Blasting

(2) Additional mining support or excavating
equipment:

(@) Bulldozers

(b) Scoop shovels or diggers

(¢) Earthmovers

(d) Conveyor belts and/or buckets

(¢) Rock crushers

(f) Mineral hoppers
(9) Trucks and trailers

From time to time, ore samples for mineral
assay will be collected at the mining site to
assure that mining operations are concentrated
on the highest grade ore deposits. A space-
suited geologist is shown in the right corner of
the figure performing this task.

After the ore has been mined, it is transported
to the processing and extraction facility.
Figure 5 shows a processing and extraction
facility primarily concerned with the recovery
of oxygen and hydrogen for use as rocket engine
fuel and life support. Other types of extrac-
tion processes will be required to reduce ore to
basi¢ minerals such as iron, aluminum, and
magnesium. Extraction of gases from minerals
was considered to be a process similar to that
used by the oil industry to fractionate petroleum.

“The gas mixture is collected in the storage

tanks, which may be either fixed or mobile.
The space-suited workmen seen in the fore-



MAN AS A RESOURCE ON THE MOON 271

Fieure 5.—Conecept of extraction site.

ground may be completing the connections of
a high-pressure gasline leading to a cryogenic
facility where the gas is liquefied and stored in
underground storage tanks. The portable
tanks seen may be used for the purpose of
collecting precipitates and sublimates, which
will be reduced by other extraction processes
to useful minerals. An operation of this type
will require three to four men.

When the mining and mineral extraction
capabilities reach a level where pure metals
are available, then a fabrication facility for the
manufacture of all types of equipment will be
required. Such a facility is shown in figure 6.
The activity emphasized in this figure is the
fabrication and assembly of rocket vehicles for
further scientific exploration of the solar system.
In addition to this important activity, the

fabrication facility will be capable of manu-
facturing new pressurized shelters as well as
replacement components for base equipment.
In many respects, the manufacturing facility
might be considered as a supermodel shop,
because many new equipment items could be
one-of-a-kind special-purpose units. This is the
last step in maximizing the self-sufficiency of
the lunar base complex.

CONCLUDING REMARKS

In conducting the analysis of all activities
that man will perform on the Moon, no task
could be found that could not be performed by
the proper man-equipment relationships. This
can be assured by extensive planning and sound
engineering design of equipment. As a sum-
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Freure 6.—Concept of fabrication plant.

mary of man-equipment requirements, six major
areas concerned with the safety of man in the
lunar environment are:

(1) Space suits

(2) Life support

(3) Tools, vehicles, and support equipment

(4) Radiation warning system

(5) Integrated communications:

(@) Work frequencies
(b) Emergency frequencies

(6) Performance capability

In the next 20 years, space suits will evolve
into well-engineered functional units with
integrated life-support systems having a mini-
mum of 8 hours’ capability. Man will readily
adapt to the working environment using this
equipment.

Tools, vehicles, and support equipment will
be initially designed to maximize their utility
on the lunar surface. Yet, knowing man, he
will find means of using them effectively for
purposes for which they were not intended, so
that he can accomplish maximum mission
effectiveness. Man’s inherent ability to im-
provise spot solutions for the unexpected is
man’s greatest attribute.

The lunar research laboratory shown on the
crater rim in figure 1 in conjunction with

Earth-based observatories will have the primary
responsibility of operating and maintaining a
radiation warning system. This warning system
will be keyed into the integrated communica-
tions network. Through assigned emergency
frequencies, all base personnel will be informed
of anticipated increases in radiation levels that
may require temporary cessation of external
base operations.

An integrated communications network is
considered essential to safe lunar-surface opera-
tions. In addition to emergencies mentioned
above, all major work parties should be moni-
tored in the base central control. As man
extends exploration activities over the lunar
surface, communication with these exploring
parties may be maintained first via Earth
relay and later by lunar-orbiting communication
satellites. It is visualized that man will
service and maintain these satellites by service
vehicles launched from and returned to the
lunar-base complex.

What is meant by performance capability?
This is a term that means different things to
each scientific discipline. When applied to

" man, it means the capability of accomplishing

the general performance functions of walking,
running, jumping, climbing, standing, driving,
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TasLE 2.—Space-Suit Performance Capability

Range of movement, deg Mazx torque, ft-1b
Joint system Movement,
if nude, deg
Present Future Present Future
Shoulder— . _ . 180 165 180 20 5
BIDOW. o oo e 140 140 140 5 2
WSt o e e e 135 135 135 .75 .75
Waist-hip.. . oo 120 110 120 40 20
Knee. oo 135 130 135 10 5
Ankle_ . ... 35 20 35 2 1
Suited metabolic
Unsuited cost, Btu/hr
Task cost,
Btu/hr
Present Future
Standing.. - — e 440 500 450
Walking slow._ _ _ . 900 1200 1000
Walking fast_ _ e 1100 1600 1200
Assembling . _ e 680 1600 900

and flying, and the specific performance func-
tions of—

Reaching Pulling
Grasping Pushing
Holding Turning
Transferring Inspecting
Opening Probing
Connecting Squeezing
Locking Sighting
Stowing

in any combination. When man is considered
as a resource in the accomplishment of a mission,
all his tasks and equipment relationships can be
detailed in a functional task analysis. These
data are then useful in establishing man-
equipment requirements for use as design
criteria. Depending upon the detail required,
each task can be reduced to a range of motion
for each one of man’s joints. Such data can

then be applied in space-suit design, in work-
space layout, and providing accessibility for
equipment repair and maintenance. We have
obtained such data for a man-space-suit
system by establishing an overall performance
level for the use of the equipment design.

Many of the tasks that have been discussed
will require extravehicular performance by
man. Table 2 summarizes the present space-
suit performance capability for both range of
motion and metabolic cost of suited perform-
ance. These data lend credibility to the
estimates outlined for man as a resource on the
Moon. On the basis of improvements in
pressurized performance achieved in the last
2 years, it is predicted that the nude range of
motion for all suit joints with fairly low force
levels and metabolic cost will be accomplished
in the next 5 years.
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