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On June 5, 1969 the Institute for Space Studies of the
Goddard Space Flight Center, the Lamont<Doherty Geological
Observatory of Columbia University, and the Space Science and
'Applications Division 6f the Manned Spacecraft Center held a
conference in New York on current problems in lunar science,
with participants drawn from the earth sciences, astronomy and
physics, and representing various schools of thought on the
origin and history of the moon. The conference organizers
felt that the scientific returns from the lunar landing would
yield greater scientific returns if the major issues and the
principal items of evidence relating to lunar science could

be freshly reviewed immediately prior to the landing.

.

The spirited discussion that took place during the con-
ference failed to producefa consensus on any of the major
controversies in the field. However, the conference succeeded

in exhibiting and clarifying the central issues in lunar



s

science, and in identifying much of the primary pre-Apollo
3

observational material.

Part'F of the present report has been prepared in lieu
of a conference summary. We hope that it will be useful to
the person without a speqialized knowledge of lunar science,
as an introductory review and preliminary guide to the

literature.

Because the ideas and issues in lunar science are drawn
from a wide variety of fields, papers containing pertinent
evidence and calculations are scattered throughout the
periodical literature, and are not available, to our know-
ledge, in any one place. Part II consists of papers con-
taining observational evidence and theoretical interpretations,
offered as a representative selection rather than a complete
bibliography. The selection includes descriptive accounts
written in'general language as well as papers from the technical

literature.
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A. - PRINCIPAL ISSUES IN LUNAR EXPLORATION

5

Two echools of thought exist regarding the history Of,
the moon and the forces that have shaped its surface, One
school of thought believes that the moon passed .through a
4period of partial or complete melting at one point in its
history and probably is Stlll partly molten today. This view
holds that the moon is a dlfferentlated body llke the earth,
with a dense core, presumably of molten 1r0n, sorrounded by |
a magnesium-rich mantle and a crust low in nagnesium and ironl
This school sees evidence of extensive ano continuing vol-
canism on the moon's sunfaoe.today,tand quotes‘"strong cirfA
cumstantiallevidence that melting hasAoccunred on the moon,
and ... that this may have heen true over a major.fraction

of the moon's history" (Gault, et. al, this report, II-45).

According to this view, the scientific value of lunar
exploration is enhanced because the moon and the earth are
ba31cally similar planetary bodles. Thelr similarity permits

the geologist to apply hlS knowledge of the earth's history,

-1 - i
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and the forces that have shaped its surface features, directly

1)

e

to the unravelling of the history of the moon.

The .differences between earth and moon, although minor,
are also iﬁportant ih this view, because they make the moon

a showcase of geological events. Several circumstances tend
to conceal the surface of the earth from the eyes of the geolo-
gist: three-quarters of the surface‘is covéred by)deep ;
bodies of water; large areas of the land are covered by plant
life, which concéals and transforms surface features; and; 
land forms are’rapidly ﬁodified and worn awa? by ruphing |
water, and to a lesser extent, by wind. The surface of the .
moon, on the other hand,‘ié bone-dry, lifeless, and fﬁe rate

i

of erosion of its iandférms is hundreds to thousands of )
times less than on the earth, because of’the absénce‘éf watery
and winds;w Asia‘resﬁl£, suffécé manifestations of internal
-activity, such as volcaﬁiéthmes, tension crackétiﬁ the crgst,
lava flows,(ahd also the magks of external bombardment bf

meteorites and asteroids, stand out clearly on the moon and

make it a fascinating source of planetary information.

The second school of thought in lunar science cites evi-
dence to prbve that "the moon was accumulated at low temperatures

with only local or temporary melting, (and) that the s

i

urface

b
o



features were mostly formed by collisions of objects with its

3
surface" (Urey and MacDonald, I-14). This school believes

-

P

that the moon is an exceedingly different kind of planet from

the earth, with a surface shaped by forces entirely different

from those that have molded the surface of the earth.

Its proponents often cite the'density of the moon as
clear evidénce of g?oss differences between the earth and
the moon. The.earth, if the compression produced by its own
pressure field were not present, would have a mean density of
4.7, whereas the mean density of the moon is 3.3. lThe most
plausible explanation of the difference is that the moon has
a deficiency of iron relative to the earth as a whole. Because
_of this difference in bulk composition{ it is suggested, direct
application of terrestrial geology t§ the moon can be attempted'

only with great caution.*

In this view, it is the fact of major differences between

the earth and the moon that make the moon scientifically

-

interesting. The moon is believed to be a felatively cold,

rigid, mechanically strong body, undifferentiated, with lumps

s Gt s e et ) VD i kD s

* It is interesting to note that the same facts regarding the
density of the earth and the moon are sometimes cited as evidence
for the opposing view. That is, the fact that the moon and the
earth's mantle have similar densities is taken as evidence that
the composition of the moon is similar to the composition of the
earth's mantle and, therefore, that the terrestrial experience

of geolr gists, based on the study of mantle and crustal rocks, is
directly applicable to lunar problems.
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of iron distributed throughout the silicate minerals of its."

EEN

3
interior. The mass movements within the earth's mantle,
accompanied by tectonic and orogenic processes on the surface --
processes which, together with erosion, control the earth's

surface features -- are missing from the moon, if it is a cold

planet.

These beliefs lead to the conclusion that the moon's
surface has changed little since the time of its formation,
that the materials on the surface are on the average far older
than the surface materials of the earth, and that some parts
of the moon's surface, unlike any parts of the surface of the

earth, may date back to the beginning of the solar systém.

Thus, for entirely different reasons, both groups enter-
tain high hopes regarding the .scientific value of lunar

exploration.
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1. THE CASE FOR VOLCANISM

Appearance of the Maria

The evidence favoring a geologically active moon, with a
structure and history similar to that of the earth, is derived
principally from the examination of the moon's surface features.
The dark,., irregularly shpaed regions, in particular Mare Tran-
~quillitatis and Oceanus Procellarum, immediately strike the
éye as extensive flows of lava,'presumably from a molten or
‘near—molten interior. These regions resemble large lava flows
on the earéh such as the Columbia River plateau, the Prihana

field in Brazil, or the Deccan lava field in India.

On the eafth, such large lava flows, covering areas on
the order of millions of square kilometers, and with a maxi-
mum thickness of two or three kilometers, are formed as a
result of repeated flows of lava through ﬁultiple cracks or
fissures in the crust, each flow spreading out over a portion
of thevfield with a thickness of five or ten meters. The
lava field builds up steadily to its final extent and thickness

over the coursé of tens of millions of years.

-
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Other Explanations of the Maria

+
v

Impact Melting. Other explanations have been offered for

the origip of the dark material in the maria. It has been
.suggested that the material filling‘theAringed maria, such as
Imbrium, consists of lava that melted as a result of the
energy released in the impact of the Imbrium object with the
modn‘s surface (Urey and MacDonald, I-14). This hypothesis
disagrees with the observed fact that when a high speed pro-
jectile penetrates a surface and explodes, most of the enerqgy
of the explosion goes into ejecting debris from the explosion

crater, and very little goes into the melting of material.

However, the last remark is based on terrestrial bomb
explosions and iaboratory scale experiments whose scaling up
to Inbrium-sized craters may not be reliable, particularl§
if the surface or upper mantle temperatures are already close
to the melting.point. The alternative of impact melting can-
not be excluded on the basis of terrestrial cratering expefi—

ments alone. There is stronger evidence against impact

melting in the chemical analysis of the lunar samples.
¢

It is also possible that a deep subsurface layer directly
under the impact zone was close to the melting point at the

time ©f collision, and that the temperature increase produced



L e

by the shock of the collision would be sufficient to bring

LY

this material above the melting point.

!

3

Sediments. It has also been suggésted that the maria are
filled with thick sedimentary deposits, consisting of material
transported to the mare basins from the surrounding ‘highlands,

either by water or by dry transport mechanisms (Gilvarry, III-39).

Rubble-Covered Ice. Finally, it has been suggested that

the maria are sheets of ice covered by rubble (Gold, in "Nature
of the Lunar Surface", 1966). There are strong objections

to this hypothesis. First, if the maria contained beds of

ice or even permafrost, under a few meters of rubble, the
blocks of material ejected from meteorite craters would con-
sist in part of ice fragments or mixtures of rock and ice.

When the ice evaporated the fragments would crumble ard disin-
tegrate in an easily recognizab;elway. Such piles of rubble,
suggesting the decayed remains of blocks of rocky ice, have

not been noticed in the Orbiter and Apollo photographs, and

if they exist at all, they must be extremely uncommon.



Second, whatever water the moon contained initially would ,
‘have been chemically combined into hydrated minerals. This
.combined water must be extracted by some process, in‘orA;r to
form ﬁhe necessary ice layer. On earth, the only known
natural pr0céss of separating the combined water from silicates
is by an igneous process -- melting of the rocks and release
of contained volatiles -- "degassing." If a similar gechapism
has operated on the moon, the w;ter would emerge on the lunar
surface as steam. While it’would freeze during lunar nights,

it would vaporize during days, and would not last long enough

to build up into ice sheets.

Surveyor Chemical Analysis

The theorv of a volcanic origin for the mare material is
supported by the chemical analysis carried out on the Surveyor
spacecraft, using alpha particle back-scattering as the anal-
ytical tool. The analysis yielded a composition resembling

that of terrestrial basalts.

The final results of the data analysis for Surveyor 5
recently have been publishéd by Turkevich (this paper, II-30).
The data agree with the oceanic basalts within the probable
errors for all major constituents with the exception of

sodium and titanium. According to the Surveyor 5 data, the



abundance of sodium in the mare material is haif that of the

basalts and the abundance of titanium is 60'percent gréater.

T T S

Morphological Evidence for Volcanism. s

]

The Lunar'Orbiter photographs show surface features which
resemble structures produced by volcanism on the earth, and

have apparently been internally generated. These Ffeatures

include:

(1) a subStantial number of domes resembling terrestrial

volcanic domes, as, for example in Oceanus Procellarum.

(Fig. l)w

(2) Craters arranged in rows rather than the random

pattern characteristic of impact features. Such rows of

Ceratensgappgarfgn?;hemgqr?hﬁqs yglganoas which are}locateé
over zones of weakness extending into the mantle, and the
presumption is that crater rows on the moon also represen;
fissures. or zones of weakness extending in?o the lunar in-
terior. Sometimes the rows of craters are located within a
rille and provide a pérticularly c}ear demonstration of internal
origin;'thé Hyginus Rille, located almost precisly in the
center of the moon's near side, is a conspicuous example;

another example is a .row:of craters nearer to Gruithuisen.

(Figs. Z,. IP



(3) Lunar Orbiter photographs showing features that
look like flow fronts, apparently marking the edges of‘ind}-
vidual lava flows; these flow- fronts are five to ten meters
in height; gnd have a slope, at the innt of contact with the

flat mere floor, that corresponds to the viscosity of some

types of terrestrial lava. (Fig. 4)

B

(4) Photographs showing rilles originating in craters, -
for example( Cobra Head (also known as Schrdter's Valley)
and Marius Hills Rille. Thesevfeatures;ére ambiguous;:they
resemble!dried out river beds, but the& also reéemble channels

“eroded by lava flows on earth. (Figs. 5, 6)

(5) Some.wrinkle ridges look as though they were originally
rilles out of which lava welled in sufficient amounts to
convert th; rille to a ridge; ‘A'striking example is found
again in the Marius Hills‘fegion in which what appears to be

a single feature is converted gradually from a rille to a

ridge. (Fig. 6)

-

(6) Finally, outgassing has been observed from some
lunar craters, and other craters, while not emitting gases
at the present time, are visibly blackened for some distance
around the crater rims, as if by wvolcanic gases. The degree
of outgassing is modest and not an indication of extensive
volcanism, but offers some aupport for the hypothesis of a

volcanic moon.
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Vertical view of domes in Marius Hills region
(Following p. 9.)

Figure 1.
of Oceanus Procellarum.
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In summary, the pre~Apollo arguments in support of lunar
volcanism are (1) resemblance of the maria to extensive
}
terrestrial lava flows; (2) surface forms closely resembling

terrestrial volcanic forms; and (3) Surveyor analysis of

chemical composition indicating basaltic composition,

This evidence for volcanism indicates that at some point
in the moon's history its interior has been molten or partially
molten. Thus, some degree of differentiation must have occurred:;
the moon cannot be homogeneous and entirely undifferentiated.
Thié is not to say that the differentiation has proceeded as
far as on the earth, i.e., to the point of an iron-nickel core
at the center, surrounded by a magnesium silicate mantle, and
capped by a granitic crust with a very low iron—magnesium

content. That guestion is still open.

- 11 -



2. THE CASE AGAINST VOLCANISM

The evidence usually cited for lunar volcanism is balanced
by other information indicating that the entire moon, or a large.

fraction of it, has always been at a relatively low temperature.

Moment of Inertia

Recent determinations of the moon's moment of inertia have
been cited as evidence for a homogeneous, undifferentiated
structure, implying that the moon has never been melted. Two
recent determinations for the moon's moment of inertia give
values which are within one percent of.é'MRz, the Yalue for a
homogeneous sphere. However, thé reasoning is based on the
unstated premise that the moon has a substantial amount of iron.
If that were so, ahd extensive melting occurred, the iron would
collect at the center to form a dense core, as in the case of
the earth, substantially reducing the moment of inertia below
% MR2. The argument is weakened by the fact that the density
of the moon is very low in comparison with the density of the

earth, indicating that the moon has relatiVely little iron,

amounting to perhaps 10 percent of its mass. This amount of

- 12 -



iron, even if collected at the center in a dense core, would

, '
not appreciably reduce the moon's moment of inertia below .the
homogeneous value.

A

Figure of the Moon

More substantial evidence for a low~temperature history is
provided by the figure of the moon. (Urey and MacDonald, this
paper, p. I-14) If the moon has a warm and plastic interior,
it must assume a shape dictated by hydrostatic equilibrium. In
hydrostatic equilibrium, the moon will bulge to é slight degree
‘at the equator as a result of the rotation about its axis every
27.3 days. There will also be a bulge along the earth-moon line

as a result of the earth's gravitational attraction.

The calculated bulge at the equator is 16 meters, and %he
magnitude of the:bulge produced by the earth's tidal pull is
48 meters. The magnitude of the equatoriai bulge can be deter-
mined separately from observations of the rate of precession of
the moon's orbit plane which is proportional. The result is an
eqnatoriai bulge of  about 1 ﬁm. The tidal bulge can be deter-
mined from the ﬁoén's physical lib;ation'in longitude, which is
proportional to the height of the tidal bulge. Tﬁe'result of
this determ;nation is a tidal Sulge again equal ﬁo abéut 1 km.

These values deduced from observation, which are two orders of

- 13 -



H

magnitude greater than the calculated values, indicate majof
departures from hydrostatic equilibrium within the moon.
Assuming a uniform distribution of density varying only with

distance from the center, the "observed" values of the equatoriaf

bulge and the tidal bulge imply that stress differences of 10 toé

¥
¥
k)

20 bars are being supported over large regions of the moon's

interior. According to Urey and MacDonald, "For a body as large%
as the moon not to have adjusted in shape by one kilometer to
relieve these stresses indicates that remarkable strength has
existed in the deep interior since the present irregular shape
was formed. No general melting of the moon can therefore have
occurred since then." - (Urey and MacDohald,‘Geophysics of the %

‘Moon, Science Journal, May 1969) o ‘

Mascons

Mascons provide evidence for a mechanically strong and
therefore cold moon. Twelve of these gravitational anomalies
have been discovered, distributed on the near side of the moon,
océurring with both signs and with magnitudes ranging up to
approximately 750 milligals when extrapolated to the lunar
surface, (Muller and Sjogren, III-1l) Additional mascons may
exist on theAfarvside of the moon bﬁt’the tracking data, whose

analysis led to the discovery of the near-side mascons, are not

- 14. -
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yet adequate to settle this point. Each of the six circular
4

maria on the near side contains a large, positive mascon.

These mascons represent localized departures from hydrostatic

equilibrium, i.e., departures from isostasy, that would produce

stress differences‘of 10 to 20 bars in the moon's interior.

If the interior of the moon were warm enough to be near the
melting point,'it would yield unaer the weight of these mascons.
The material of the moon's mantlé wouid slowlyAflow out to
either side until the number of grams’per square centimeter
over a mascon is the same number of gramé’per sguare centimeter
over adjoining regions, i.e;; until the gravitational'effect was
no longer detectable on thé surface. The fact that they still
exist indicates that the outer layers of tﬁe moon have been‘

strong and cold since the time of their initial formation.

Several theories have been advanced to account for the
mascons. One view holds that they are accumulations of lava
that have come up partly through fissures and pipes from below
the impact basin. (Wise and Yates, III~15) Ure§ believes that
the mascons in the ringed maria are the remains of the meteorites
or asteroids that created the basins of these maria. (Urey,
III-12) Whatever the origin of the mascons may be, the most

significant fact aboutdthem is their continued existence, which

.= 15 =



offers additional evidence that the moon's interior is strong
'
and therefore cold.

)
1

Evidence from Conductivity

Additional evidence for a cold moon comes from an analysis
of the effect of phe moon on the interplanetary mediumain its
vicinity. (Ness, IV-20) The interplahetary medium consists
"of the solar wind and an accompanying interplanetary magnetic
field. The moon has no detéctable magnetic field of its own
and therefore has no magnetic effect on the solar wind. However,
as a conducting body it does have an effect on the interplanetary
magnetic field. If the moon's electricallconductivity were
infinite, the inferplanetary magnetic field would be unable

to penetrate it, and the lines of force in this field would pile

up against the side facing the sun, leading to the development ofi
a pseudo-magnetosphere and a bow shock wave. There is no sign
of these phenomena in the magnetic field data from a number of

-~ ¥

spacecraft that have probed the magnetic field in the moon's

S Bt . i ¢ A

“vicinity. This means that the lines of force of the inter-
. planetary magnetic field pass through the moon as though it

were magnetically transparent.

That fact, by iﬁself, however, does not indicate anything

about the value of the moon's conductivity except that it is

- 16 -



finite and not infinitely high. Given sufficient time, a
magnetic £ield will penetrate into and pass through any body .

@

of finite conductivity.

In order to measure the moon's conductivity, it is

necessary to follow a pulse or disturbance in the inter-

planetary magnetic field as this pulse approaches the moon,
obsefve when the pulse enters the surface of the moon, and
finally observe when the pulse reappears on the other side of

the moon. The time required for the pulse to travel through

the moon is the dispersion time of a magnetic field in the

moon's interior, which is proportional to its average conduc£ivity.
Ness reports that such disturbances take 60 seconds to travel
through the mboﬁ; from which he concludes that the main tﬁérmal
conductivity of the moon's;core ~~ the region of radius 1300 km,
lying inside the insulating shell of aﬁpfoximately 400 km --

is 10™% mhos per meter. According to calculations of the
electrical conductivity of the moon, 10~4 mhos per meter corres-
ponds to a temperature of 1000o k.j4Ness estimates a pfobable

error of i 200° on this value.
s

Ness's analysis leading to a value of 1000° K for the

average temperature of the inner 1300 km of the moon, seems to

- 17 =



be very strong evidence against melting or partial melting.

3

The probable range of melting point temperatures for lunar material

at a depth of 400 km is 1300 ¥ 100° K, well outside the error
limits of Ness's result. (The quoted uncertainty is a result

of uncertainties invthe mineral content and water content of

the hypothetical lunar material.)

fince this conductivity-derived temperature refers to the
inner part of the moon, it is even stronger evidence for a

80lid moon than the evidence provided by the existence of mas-

cons on its surface.

\

However, some faqtors weaken the force of the.argument. Firﬁ
if the temperature of the moon rises during its history, local hot
. spots will appear and lead to the formation of pockets of maéma |
before a large parﬁ of the mooﬁ's interior is at the melting
point. Thus, these pockets of magma may develop when the
average internal temperature of the moon is 100° to 200° below
'the>melting point,'i.e., 1200° or 1300° X. .Th}s circumstance
brings the minimum temperature required for partial melting
nearly within the limits of Ness's value. Second, Ness's
determination of the diffusion magnetic time through the moon,
and the corresponding electric conductivity of its interior,

may be accuréte to within the 20 percent probable error quoted,

but uncertainties are introduced by calculations connecting

- 18 -



conductivity and temperature, whose accuracy is unknown. It
seems reasonable to allow for these uncertainties by adding a
few hundred degrees to the error limits assigned by Negs,

bringing the final result well within the temperature range

needed for‘ﬁartial melting.

In summary, Ness' data are evidence for cold moon, but
if allowance is made for uncertainties and the connection
between conductivity and temperature, the results may be

compatible with a partially molten interior.



3. THE HEAT FLOW MEASUREMENT: A CRITICAL EXPERIMENT

The Sufveyor cheqical analysis suggests an igneous
origin for at least some lunar surface rocks. The question
still remains whether these rocks were melted by the heat
released in a major collision, or were the result of internal
melting. The critical factor in determining this issue is the
concentration and distribution of the radioactive elements
thch provide the internal heat sources. Are these limited
to a thin surface layer, or are they representative of the
moon's bulk composition? How far into the interior does the
surface concentration of radioactive elements extend? This
question can be answered by measurements of the flow of heat

through the lunar surface.

One heat flow measurement will not suffice. ThevSurveyor
data suggest that the su;face of the moon, like the surfaée
of the earth, isAchemical heterogeneous and may be expected
to have different concentrations of radioactive elements and
therefore different heat fluxes in different reqions. Measure=-
ments of the heat flow in a typical maria area and in a typical

highland area are an essential minimum.
' ‘
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Why are beat flow measurements so important? These
measurements indicate the amount of energy available for °
volcan?sm and also for every other internally generated lunar
process. ﬂost'of‘the basic issues in lunar science depend
on the moon}é supply of internal energy. Are its internal
energy sources as large as those within the earth, or larger?
If so, the moon has had a geologically active history, with’
surface features molded by forces similar to those that mold
_the face of the earth. Are its internal energ? sources con-
siderably smaller than those of the earth? If this is the
case, the mooﬂ has surely been a geologically inactive body
throughout most of its history, with its surface features
determined largely by high-energy collisions,and not by sub-
“surface melting. In that evgnt, the moon is a very different

body from the earth, and the ekperience of terrestrial geol-

ogists is not directly applicable.

Moreover, the outgassing from the interior -- which is
generally considered to be the source of the eafth'svoceans
and atmosphere, and the'afmospheres of MarsAand Venus == is
controlled by the rate of.internai heat generation. While the
origin and evolution of the moon's exceedingly thin atmosphere

are not problems of major interest, the understanding of the

origin and evolution of the atmospheres of Mars and Venus are
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problems that stand in the foréfront of objectives, of planetary
exploration. Because of these considerations, involvihg vol-
canism and outgassing, heat flow measurements must be placed
alongsiae seismic measuremenfs as the two most significant
geophysichl expefiments that can be performed on any terrestrialé

planet.
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B. GEOLOGICAL STUDY OF THE LUNAR SURFACE

LUNAR STRATIGRAPHY

The principle of superposition provides a meaningful frame-

work for correlating information acquired at the various lunar
sxploration sites. That is,“it is assumed that younger lunar
formations ove:lie older ones or overlap against‘them. This
reasoning has already beeﬁ épplied to the moon, using earth-based
photographs, to establish a sequence of events in lunar history
which form the elements of a stratigraphic‘column. The aim is to
establish a relative time sca;e for the entire front face of the

woon.

Inspection of the photographs makeé it clear that the maria
are younger than the highlands since they encroacg on the edges of
the highlands and also partly submerge many craters near the high-
iand boundaries. For example, Sinis Iridum, Plato and Archimedes

are older than Mare Imbrium, because they are flooded by the mare

=aterial., Similarly,‘Copernicus is younger than the mare material

- 23 -



on which it rests, since its rays cover the adjacent areas and
3

indeed extend for hundreds of miles over the moon's surface.

Tycho is even younger than Copernicus, because its ray system

overlaps that of Copernicus.

In this way, Shoemaker (V-I) has constructed a luna;
stratigraphy, or relative geological time scale, for the area
around Coperpicug. fHé'has grouped the deposits into five classes;
(1) pre—Imbriaq,'(Z) Imbrian, (3) Procellarian, (4) Eratostheniami

¢

and (5) Copernican,  which correspond to’ five intervals of time..

The Imbrian system: the>stratigraphically lowest and
~oldest exposed system consists of those structures which
pre-date the maria filling. These include material deposited
,on old‘craters and thevCarpathian and Apennine Mountains._
" The Procellarian system is made up of the smooth, dark
material filling the Oceanus Procellarum, Mare Imbrium and
Sinus Aestuum, as well as domes resembling basaltic shield
'yolcanoes. This has been succeeded by old,'rayléss craters
otherwise reéembling Copernicus but covered by its rays.
Examples includé Erétosthenes,-Reinhold and Lansberg.

These éomprise the Eratosthenian system. The stratigraphi-
cally‘youngést Copernican‘system includes the réys and

ejecta of Copernicus, Hortehsius and a bright ray‘crater east
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of Gambart. Among the youngest features are the deposits of
dark halo craters, superposed upon the ejecta and ray$ of

Copernicus. These have also been included in the Copernican

system.

The second criterion of relative age is the crater density;
Assuming that craters are formed by a random impacting process
of uniform rate, then. the more heavily cratered a given area,
the older it is. The lower crater density of the maria indicates
that the marié are younger than the highlands -~ a conclusion

consistent with the principle of superposition.

.Finally, the general appearance.of the crater is a guide
to its relative age. The younger the crater, the brighter it is,
the more sharply defined its rims and rays. Some slow erosional
process on the moon gradually wears down craters with time,_

‘making them dull and fuzzy in outline.

The_foregoing arguments give relative ages, but not absolute
ages. It is impossible to tell whether the heavily cratered
highlands, in particular, represent a continuum of ages ranging
up to a relatively recent point of time in the moon's history,
or have, instead been formed by a brief and(intensive bombard-
ment early in the history of the moon.. ...

Lo B VL I
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2. RELATION OF SPECIFIC EXPLORATION SITES TO MAJOR
LUNAR PROBLEMS*

Landing sites near the Hyginus Rille and in the Marius
Hills region will provide information directly bearing on
the question of lunar volcanism. Censorinus, Tycho and
‘Copernicus are relatively new craters in the stratigraphic
sequence of lunar features. Absolute age measuremehts of the
materials collected from these sites will establish a marker
in the lunar time scaie towards the end of the process of
bombardment. Censorinus and Tycho in addition are located in
the highlands area and offer the‘opportuniti to study the
composition and ages of highlands material and the marih
su;faces.

The Apennine Mountains are of broad geological interest
because of the fac£ that they formthe border between Mare
Inbrium and the highest regions of the lunar highlands and
they‘present an opportunity to study a border between two of
* the major lunar features. This is somewhat analogous to the
borders between continents and oceans on the earth, for example,

the Andean trench between the Pacific and South America.

—a e g G o g S —

*This material is adapted from an article prepared by Gast
Hess, Kovach and Simmons for SCIENTIFIC AMERICAN.,

£
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Figure 7.

Oblique view of domes in Marius Hills region of

Oceanus Procellarum. (Following p. 26.)
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Finally, an extended lunar transverse starting in the Apennine
Mountains and going across Mare Imbrium would indicaté the
magnitude and extent of large-scale variations in composition

and structure on the moon and might possibly determine the

nature of the mascons.

Marius Hills

Marius Hills is one of the several regions in which con-
structional features, i.e., domes and built-up cones, predominate
over impact craters. It is associated with one of the longest
ridge systeSm observed on the moon, which in turn crosses a
very large expanse of Oceanus Procellarum‘in the eastern half of
sthe near side of the moon. The tectonic setting and morphology
of this region are in fact similar to that of ferrestrial vol-
canic fields like Icéland and the Azores. This suggests that
it.is a region of volcanic activit? in which igneous material

has been addéd to the surface through localized vents.

Lunar Orbiters II, IV and V obtained excellent photographs
of this region. Vertical and oblique pictures from these missions
are shown in Figs. 1, 6 and 7. The small domes comparable in

size to common terrestrial volcanoes are easily seen here
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(see Fig. 7). The origin and age of these features are of gen-
3

eral importance in understandina the evolution of the lunar surfy

o

i

Terrestrial volcanic features arelbuilﬁ up in very short times
compared éo the entire history of thé earth.” Even an extensive
region like the entire Hawaiian Islands vélcanic chain covers
a time less than 10 million years. The absolute age and length

of time involved in building up the domes seen here will be

of great interest in characterization of lunar volcanism.

The Marius Hills region is much more extensive than the
area that can be covered in a single Apollo mission. Fortuna-
tely, a number of characteristic smaller scale features can be
visited within a region as small as 5 to 10 km in diameter. A
mission in this area would be able to sample and study (1)
impact cratered plains areas similar ta maria regions, (2) a
number of small domes 50 to 100 meters in elevation with convex
upward slopes, (3) steep-sided domes with rough intriﬁate
surfaces, (4) steeply convex upward or bulbous domes that
are smooth and generally equidimensional in plén, (5) steep-
sided cones with circula? depressions, (6) narrow steep-
sided ridges, (7) a variety of impact features similar to those
seen in this region are not exposed within 5 km of areas chosen

for study.

- 28 -



Figure 8. Earth-based photograph of full moon,
prominent ray system of Copernicus and Tycho.
(Following p. 28.)
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. Figure 9. Close~up of Tycho from Orbiter V. (Following p. 28.)




Tycho and Copernicus

'
A much more ambitious exploration goal is the'explorétion
of one of the major craters on the lunar surface. Two of the
most prominent craters, both relatively young, are Copernicus
and Tycho. Both are about 70 km in diameter and have a central
peak within the crater. Copernicus is on the southern edge of
Mare Imbrium, in the Oceanus Procellarum. The ejecta from
Copernicus cover a significant fraction of the earth facing
_gide of the moon. This is well illustrated in the earth-based
full moon telescopic pictures (Fig. 8). The ejecta from this
crater cover more thaﬂ one tenth of the front face of the moon.
The ejecta blanket marks a major horizon in the upper part of
the lunar stratigraphic column. Tycho is located in the middle
of the southern highlands and forms the center of the prominent
ray system (and ejecta blankets) seen on most whole moon photo-
graphs (Figs. 8,‘9) The relief within the Copernicus crater is
greater than 15,000 feet +, i.e., comparable to the height of-
most mountainous regions on earqh. These large.craters are of
interest not only beéause they represen£ major events in the
history of the moon, but because by'anaiogy with much smaller
terrestrial crater;,;they‘should expose haterials from a fénge

of depths as great as 10 or more km. It has been suggested that

T
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the central peakg in these craters may consist of material

from 10 to 15 km or more. Thus, even though the§ may be very
jumbled and broken and badly deformed by shock processes, the
materials in a major crater may provide a quite varied and
diverge sample of the lunar crust and the history that formed
it. A landing site and a variety of possible excurisons in

the Copernicus crater are shown in a medium aﬁd.high resolufion
Orbiter photograph (Figs. 10A, 1l0B). Clearly it is not possible
to accomplish even a small f raction of the exploration of this

kind of lunar feature without mobility devices on the lunar

LA i Ve ¢

surface.

Censorinus

Censorinus crater and also MYsting C are extremely fresh

craters, as evidenced by their brightness in the infrared study

3

of Shorthill and Saari and by the high resolution Orbiter
pictures which show many abundant angular blocks in the ejecta
blanket of these two craters. The major objectives of a landing%

on the rim of this crater are (1) to establish the age of an %
apparently young feature on the lunar surface, (2) to investigatd

!

and characterize an ungeustioned impact feature of modest size, !
. . . t

and (3)'t6'obtain a sample of materials from a region in the

highlands. A possible landing site and approach path to this
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Close-up of Copernicus (medium resolution).

29.)

ifollow

il
A

ing p.



" g
o U N
DR e
r;"-:'fb:.'/vd.-’ ."(‘1?3”7%

Fro oy

WITEL

F.Y
‘

‘ Figure 10 (b). Copernicus- an oblique view. (Following p.29.)
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gite is shown in the Apollo 10 photographs of this area shown
in Fig. 11, which is a high-resolution Orbiter photogrébh of

~

censorinus and contains several possible exploration sites.

Apennine Mountains

The Apennine Mountains, which roughly mark the southeastern
boundary of Mare Imbrium, are the most impressive of all the
lunar mountain ranges. These mountains also form the north-
western leg of a triangular shaped elevated highland area
bounded by Mare Imbrium, the southwestern boundary of Mare
Sereri:tatis and the northern part of Mare Humorum. The Apennine
Front rises 1,280 meters above the adjacent mare level to the

west.

Two landing sites have been proposed near the Apennine
Front which are within 5 km of some important lunar features.
Figure 12 is a closeup Lunar Orbiter photograph showing the

Apennine Mountain front. .

Examination of this photograph reveals several interesting
features. Notice the V-shaped serpentine feature running in a
northeasterly direction parallel with the Apennine Front. Such

winding (or meandering) lunar features, reminding one of stream
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channels are termed sinuous rilles. This particulgr rille is
Rima Hadley. 1In the vicinity of the proposed landing Sites
one can also see a small, but conspicuously sharp and round

crater which appears to cover part of the rille.

What can we learn about the moon by visiting this location;

The Apennine Front is a major physical feature of the moon's

sul face and an extensive vertical section, 1,280 meters thick,
is exposed for sampling and examination. Here is an opportunﬁwl
to sample perhaps an extensive portion of lunar history. Are

the rocks in this area uniform or physically and chemically

heterogeneous? How old are they? Are they stratified? are

'they fresh or altered? - and so on., Answers to such questions
as these, obtained from examination of samples collected over
such a range of depths in ‘the moon can have a profound impact

on our thoughts concerning lunar history.

The sinuous rille, Rima Hadley (see Fig. 13) also holds
some clues for’understanding the moon's history. Broadly é
speaking this feature looks as if it has been worn by erosion*-é
but is it a near surface flow channel or a collapsed lava tubeZE
It has been speculated that this flow channel has been formed
by water. If erosion by water has occurred on the moon, where
did the water come from and what prevented its immediate evapmﬁE

j
tion from the lunar environment?



Rima Hadley is a beautiful example of a sinuous

Figure 13.

influenced by topography, avoiding

18

Note how rille

rille.

(Following p. 31.)

the crater and mountain base.



Closer examination of the Lunar Orbiter photos of Fhis
rille reveals that fresh outcrops of rocks are visible along
its walls and that blocks have rolled down the rims to settle
on the floor of the rille. Rima Hadley cuts into the floor of
a mare and thus exposes a depth and perhaps a cross section of

the history of a major lunar feature. Examination of these

gxposures might yield their share of surprises. Are the lunar
maria bedded deposits of lava or ash flows, or sedimentary

deposits that contain a sequential history'of formation, or are
the maria simply the result of an agglomoration of cold parti-

culate matter accreted from space?

'As mentioned above, the proposed landing site is located
at the boundary between a lunar highland and a mare region.
Deployment of a tﬁree-axis seismometer and the subsequent
recording of seismic waves from different azimuths of approach
should tell us something about any deep structural differences
between the maria and the highlands. Are the maria and high-~
- lands truly analogpus‘to the oceans and continénts on the earth

in which there are deep-seated structural differences?

- 33 =



Discussion of Lunar Traverse

3

After the early fixed station lunar landings at-a wide
variety of sites, some form of long-range mobile surface
explo;ation will be necessary ta‘greafly increase our scien-
tific knowledge of the ﬁoon. Without the provision of addi-
tional mobility on the moon's surface, continued repetition
of single-station exploration is scientifically unjustifiable.
On the other hand, traverses give us the ability to study
lateral variations and thus form the bridge between the inten-

sive observations that are made in the vicinity of specific

individual landing sites and the extensive averaging observa-

tions that can be made from orbit.

There are many excitihg possibilities for increasing
our mobility on the moon but one technique:is of particular
interest to lunar scientists. This technique is termed a
dual-mode lunar surface roving vehicle system. The term dual~
mode is used here because we are considering two separate
lunar landings which are some 500 km away from each other but

which are located to maximize the scientific return. The dual-

mode system would operate in the following manner.

At the initial manned landing, an unmanned roving vehicle

is started on an automated traverse. This vehicle proceeds
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Figure 14. Lunar traverse extending from Rima Hadley via
the Crater Archimedes into Mare Imbrium. (Following p. 34.)



to move across the surface of the moon to rendezvous at a
distant designated point with the second manned Iandi;g several
months later. At present; it is not clear what the capabilities
of this roving vehicle will be, but the mechanical details are
unimportant for this discussion. During this unmanned traverse
the roving vehicle would collect samples of rocks and conduct
important geophysical experiments. The collected information
will then be retrieved at the rendezvous point by the astro-

nauts who can either abandon the vehicle or sénd it on another

" automated traverse.

With this mobility capability on the moon where should
we go and what do we hope to find out? A successful lunar
traverse can provide data which have a bearing on the following
questions. What is the magnitude and extent of iaterai‘vari?
ations in composition and structure on the moon? What are the

lunar "mascons?"

Other important questions can be posed but these will
serve to focus out thoughts on one possibletlong traverse., .
This traverse goes from Rima Hadley via the Crater Archimedes

into Mare Imbrium (see Fig. 14).

As we mentioned earlier a visit to the Apennine Front -

Rima Hadley area would give us a chance to sample an extensive
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portion of lunar history. From this point a traversing vehicle
would proceed into the center of Mare’Imbrium. The traverse
~capability will allow continuous profiling for the monitoring

of the variations in gravity, maénetic,'electrical and seismic
properties at a scale commensurate with the lunar features

that are being investigated. This particular traverse crosses %
into one of the largest of the lunar mascons and_provides enouﬁﬁ

spatial coverage to adequately explore this feature with geo-

physical techniques.

The continuous monitoring of gravity along this profile

will provide information concerning the regional isostatic

‘balance in the moon, that is, are the higher topographic
_ features on the moon compensated by a deficiency of mass at depﬂ?
or do these features merely represent superincumbent loads »
p}aced on the lunar surface? An answer to this question would

tell us a great deal about their mechanism of formation. ;

Gravity information will also give us clues about the
maximum depth to which lateral density variations in the moon
can exist., If the moon has a crust, analogous to that of the

earth, how does it vary between the lunar highlands near Rima

Hadley and the center of the Imb;ium basin?

IEE
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Whereas gravity measurements are valuable for regional
reconnaissance their value is augmented if they can be combined
with seismic information. Seismic measurements can readil;
resolve details of any layering in the lunar substrata and a
properly executed seismic experimenﬁ along this particulaf

traverse could quickly tell us if fragments of giant iron

asteroids are buried beneath the lunar mascons.
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