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LUNAR REMOTE SENSING AND MEASUREMENTS

By H. J. MooRreE, J. M. Bovcg, G. G. SCHABER, and D. H. ScoTt

ABSTRACT

Remote sensing and measurements of the Moon from Apollo orbit-
ing spacecraft and Earth form a basis for extrapolation of Apollo
surface data to regions of the Moon where manned and unmanned
spacecraft have not been and may be used to discover target regions
for future lunar exploration which will produce the highest scientific
yields. Orbital remote sensing and measurements discussed include
(1) relative ages and inferred absolute ages, (2) gravity, (3) mag-
netism, (4) chemical composition, and (5) reflection of radar waves
(bistatic). Earth-based remote sensing and measurements discussed
include (1) reflection of sunlight, (2) reflection and scattering of radar
waves, and (3) infrared eclipse temperatures. Photographs from the
Apollo missions, Lunar Orbiters, and other sources provide a funda-
mental source of data on the geology and topography of the Moon and
a basis for comparing, correlating, and testing the remote sensing
and measurements.

Relative ages obtained from crater statistics and then empirically
correlated with absolute ages indicate that significant lunar vol-
canism continued to 2.5 b.y. (billion years) ago—some 600 m.y. (mil-
lion years) after the youngest volcanic rocks sampled by Apollo—and
that intensive bombardment of the Moon occurred in the interval of
3.84 to 3.9 b.y. ago. Estimated fluxes of crater-producing objects dur-
ing the last 50 m.y. agree fairly well with fluxes measured by the
Apollo passive seismic stations.

Gravity measurements obtained by observing orbiting spacecraft
reveal that mare basins have mass concentrations and that the vol-
ume of material ejected from the Orientale basin is near 2 to 5 mill-
ion km?® depending on whether there has or has not been isostatic
compensation, little or none of which has occurred since 3.84 b.y. ago.
Isostatic compensation may have occurred in some of the old large
lunar basins, but more data are needed to prove it.

Steady fields of remanent magnetism were detected by the Apollo
15 and 16 subsatellites, and the lunar dipole field was revised to no
more than 6x10'" gauss. High-resolution mapping of fields of weak
remanent magnetism (to 0.1 gamma) was made possible by the
Apollo plasma and energetic-particle experiment. Although the
causes of remanent magnetism are poorly understood, correlations
with geologic units suggest the results may ultimately have far-
reaching significance to lunar history. Maria are much less strue-
tured by strong surface magnetic anomalies than the highlands. The
strongest anomalies are associated with ejecta of farside basins,
plains materials filling pre-Imbrian craters, and other old Imbrian to
pre-Imbrian units. The high remanent fields could be due to cooling
of ejecta units in an ancient magnetic field, lunar regolith maturity,
extensive reworking and disruption of a magnetized layer, or simply
surface roughness.

Orbital geochemical experiments have shown that lunar high-

lands have larger Al:Si ratios and smaller Mg : Si ratios than
maria. These two ratios are inversely related on a regional basis.
With the exception of fresh craters, albedo and Al: Si ratios vary
directly, showing that compositional differences as well as exposure
of fresh materials are responsible for high albedos. Statistically
treated data show that geologic contacts and compositional bounda-
ries are concentric and can be roughly matched. Some craters on
mare material have penetrated the mare fill, bringing highland-type
materials to the surface. Natural radioactivity from thorium, potas-
sium, and uranium is inversely correlated with elevation. Mare re-
gions are enriched in iron, titanium, and magnesium relative to the
highlands.

Orbital bistatic-radar results provide estimates of surface rough-
ness at two scale lengths (about 30 m and 250 m), which agree with
visual estimates of roughness. The dielectric constant of the lunar
surface, where sampled, is uniform to 13-cm radar and near 3. Slope
frequency distributions measured by the radar vary and may be
logarithmic, gaussian, or complex in form.

Study of sunlight reflected from the lunar surface proved to be
accurate in predicting the microscale physical properties of the lunar
surface, and also the spectral character of the reflected light reveals
differences in color related to chemical composition and maturation
of the lunar regolith. Color-difference photographs reveal boundaries
between highland and mare units as well as boundaries of units
within the maria and highlands. Spectral reflectance data show that
map units have unique spectral characteristics: (1) fresh mare cra-
ters are different from fresh highland craters, (2) mature maria are
different from mature highlands, and (3) units within the maria
vary. Spectral reflectances of returned samples correlate with those
derived from Earth-based telescopes.

Lunar depolarized echoes of radar signals from Earth are affected
by the physical and chemical properties of the lunar surface. Al-
though the properties affecting the echoes are only partly under-
stood, lunar surfaces can be classified by their echoes. Depolarized
echoes from lunar maria are typically weaker than those from high-
lands. Young craters have echoes that are much stronger than aver-
age. Some areas with low albedos have echoes that are much weaker
than average.

Infrared eclipse temperatures separate the Moon’s features into
two major groups: maria which are relatively warm and highlands
which are relatively cool. Superposed on this general pattern are
“hot spots” which coincide with young craters and “cold spots” which
coincide with dark mare-like materials. With the exception of hot
and cold spots, infrared eclipse temperatures are inversely correlated
with albedo. High eclipse temperatures are the result of blocky and
relatively coarse grained regoliths.
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Extrapolation of remote sensing and measurements indicate five
problems that could be resolved by selecting proper sites and exper-
iments for future exploration: (1) the duration of volcanic activity on
the Moon, (2) early cratering history of the Moon before 3.85 b.y. ago,
(3) the characteristics of multiringed basins and the provenance of
lunar highland samples, (4) high-resolution regional and local chem-
ical variations, and (5) variations of physical properties and rough-
ness of the lunar surface. The first problem can be resolved by collect-
ing samples from western maria where the combined evidence from
remotely measured relative ages, infrared eclipse temperatures, and
photogeologic evidence indicate that very young maria are present.
The second and third problems could be resolved by a landed-sample
return mission to a relatively young lunar basin such as Orientale
where the basin and ejecta units are well preserved. This mission
should be combined with orbital and surface gravity measurements
to determine if isostatic equilibrium was achieved in early lunar
history. The fourth problem can best be resolved with high-
resolution orbital geochemical experiments like those of Apollo com-
bined with spectral reflectances measured from orbit. The last prob-
lem could be resolved with a set of suitably designed experiments on
a polar orbiting spacecraft, such as a bistatic-radar experiment
measuring quasi-specular and diffuse echoes, an infrared experiment
measuring the thermal responses of lunar surfaces under a variety of
insolation conditions, a high-resolution imaging experiment, and a
photometry experiment.

INTRODUCTION

This paper is one of four separate chapters sum-
marizing Apollo 15-17 orbital investigations; it sum-
marizes those data from remote sensing which extend
the results from the Apollo landed missions to other
parts of the Moon and indicates some unresolved lunar
problems. This is done in two parts: (1) results from the
Apollo orbital experiments and photography which are
confined to areas beneath the orbits of the spacecraft
and (2) results from terrestrial observations, which are
confined to the Earth-facing side of the Moon. The re-
sults reported were obtained as part of NASA (Na-
tional Aeronautics and Space Administration) Exper-
iment S-222 (Photogeology-Apollo 15-17), which
started in March 1972 and ended December 1975.

Samples returned by the Apollo missions to the
Moon have shown that the Moon was differentiating in
the interval from 4.55 billion years (b.y.) ago (Papana-
stassiou and Wasserburg, 1975) to 4.35 b.y. ago
(Lugamair and others, 1975). Possibly during this
interval, and subsequently from about 4.0 b.y. ago to
3.84 b.y. ago, the Moon was bombarded by a massive
flux of both large and small bodies producing huge
basins and craters (Turner and Cadogan, 1975; Tera
and others, 1974). Radiometric ages of mare basalts
show that outpourings of lava followed the formation of
the huge basins and craters during the interval from
3.84 to 3.15 b.y. ago (Turner and Cadogan, 1975;
Papanastassiou and Wasserburg, 1971a, b; Wasser-

burg and Papanastassiou, 1971; Nyquist and others,
1975).

This general framework, supplied by the returned
samples, has been expanded using remote meas-
urements from orbiting spacecraft and Earth. Ages of
the outpourings of lava extend to more recent times
than indicated by the returned samples, and lunar sur-
faces not sampled by Apollo can be related to and con-
trasted with the Apollo landing sites using remotely
sensed data, many yielding results that are truly re-
markable. Measured accelerations of spacecraft in
orbit such as Lunar Orbiter, Lunar Module Ascent
Stages, Apollo subsatellites, and Command and Ser-
vice Modules have provided data on the lunar gravity
field, and Apollo laser altimetry and metric quality
photographs have provided data on lunar topography
which, when combined with the orbital results, yield
the relation between the center of mass and center of
figure of the Moon. Information on the lunar magnetic
field has also become available. Apollo orbital
geochemical experiments have produced a wealth of
information on the chemical composition of lunar sur-
faces along the orbital ground tracks.

As remarkable as the other Apollo orbital exper-
iments, although less dramatic, are the bistatic-radar
experiments, which produced estimates of the rough-
ness of lunar surfaces that agree with visual impres-
sions of roughness seen in lunar photographs and im-
ages. The relative dielectric constants of surfaces along
the radar subspecular tracks were also measured. Ter-
restrial observations have been used to predict cor-
rectly some characteristics of the lunar surface; these
observations form a basis for extrapolating Apollo sur-
face results to other areas of the Moon, and for
elucidating problem areas for future lunar exploration.
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APOLLO ORBITAL RESULTS
AGES OF LUNAR PLAINS
By J. M. Boyce and H. J. MoORE

Volcanism and outpourings of volcanic flows on the
Moon continued to at least 2.5 b.y. ago—some 600 m.y.
after the youngest mare basalts sampled by Apollo
(Papanastassiou and Wasserburg, 1971a) were formed,
and two distinct episodes of intensive bombardment of
the lunar surface occurred about 3.84 b.y. and 3.9 b.y.
ago. These results, determined from orbit, represent
important advances in and substantial contributions to
understanding of the geologic history of the Moon.
They are based on a crater-morphology technique of
obtaining relative ages of lunar plains (Soderblom and
Lebofsky, 1972) that were empirically converted to ab-
solute ages from returned samples (Soderblom and
Boyce, 1972).

Apollo photographs taken from orbit (National Space
Science Data Center, 1971a through 1974; Aeronauti-
cal Chart and Information Center, 1971, 1972; and De-
fense Mapping Agency, 1972, 1973) and Lunar Orbiter
images (National Space Science Data Center, 1969)
provide the necessary information to determine rela-
tive ages. Here, results from 472 areas of lunar plains
are discussed along with other results. Previously, rel-
ative ages were correlated with color differences of
mare surfaces (Soderblom and Lebofsky, 1972). This
correlation indicated three stages of mare formation:
(1) an early stage of mare materials with relatively
large blue reflectances and high titanium content, (2)
an intermediate stage of materials with relatively
large red reflectances and low titanium content, and (3)
a late stage of mare materials with relatively large
blue reflectances and high titanium content. Relative
ages of large lunar craters such as Copernicus and
Aristarchus also were determined. Many highland
light plains photographed by Apollo 16 were found to
be the same relative age, older than the maria and
younger than surfaces related to the event that formed
the Imbrium basin. The uniform relative ages were
attributed to the event producing the Orientale basin,
and a curve for converting relative ages to absolute
ages was presented (Soderblom and Boyce, 1972).
Older highland plains corresponding in age to the Imb-
rian event were discovered, and crater frequency dis-
tributions within the Orientale basin and on its ejecta
were found to be the same as those of the extensive
plains photographed by Apollo 16 (Boyce and others,
1974). Relative ages have also substantiated superpos-
ition relations determined for the Imbrian flows
(Schaber, 1973) and flows near Delisle and Diophantus

(Wilhelms, 1980). Maps showing the distribution of
relative ages of lunar maria and highland plains ap-
pear in the literature and later in this section (Boyce
and Dial, 1973; Boyce and others, 1975).

REVIEW OF METHODS OF ESTIMATING RELATIVE AGES
FUNDAMENTAL CONCEPTS

There are three fundamental concepts required to
understand the techniques of estimating relative ages:
(1) Craters are continuously produced by impacts on
the lunar surface with a size-frequency distribution ex-
tending from very small craters to very large craters,
and there are many more small craters than large
ones, (2) craters are eroded and destroyed by sub-
sequent impacts, with the chief effect being erosion of
larger craters by impacts producing smaller craters,
and (3) lunar surfaces reach a steady-state condition in
which craters below a certain size are destroyed as
rapidly as they are produced. In addition, requirements
of measurement and sampling must be met. The con-
cepts, requirements, and a brief description of methods
for estimating relative ages appear belows.

Continuous production of craters by impacts with the
lunar surface producing a frequency distribution of
craters is a fact established by Apollo (Duennebier and
others, 1975; Morrison and others, 1972) as well as
previous studies (see for example, Shoemaker, 1965).
Lunar data indicate that crater frequency distributions
directly reflecting the crater production curve are of
the form

N = KD, (1)

where
N is the cumulative number of craters per unit
area on a surface with diameters equal to or
larger than D,
K is the net accumulated flux, which increases
with relative age of the surface,
D is the crater diameter, and
a is an exponent with a value near —3.0 for the
range of sizes of craters considered here
(Soderblom and Lebofsky, 1972; Neukum and
others, 1975a; Moore, 1964).
Primary craters are produced by objects from space and
secondary craters by ejecta from primary craters. The
relative importance of the two kinds of craters is a
matter of debate. Some authors indicate secondary
craters are dominant over some ranges of sizes
(Soderblom, 1970a; Shoemaker, 1965), and others in-
dicate conditions where primary craters are dominant
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(Gault, 1970; Moore, 1964). Idealized crater frequency
distributions are illustrated in figure 1.

Regardless of the primary or secondary origin of the
craters, young surfaces have fewer craters than older
ones. The net accumulated fluxes for three surfaces (K,
K, K;infig. 1) increase with their relative ages. Crater
frequency distributions reflecting the relative ages of
surfaces have the form of equation (1) and are only
valid for the larger sizes of craters, because theoretical
considerations show that the area occupied by small
craters produced by primary impacts alone exceeds the
area of the surface on which they are produced within a
short time (Moore, 1964; Shoemaker, 1965; Marcus,
1970; and Soderblom, 1970a). Thus, subsequent im-
pacts must destroy previously formed craters. Erosion
of larger craters by smaller ones is the chief mecha-
nism of crater destruction (Soderblom, 1970a), al-
though infilling by deposition of gjecta (Marcus, 1970;
Moore, 1964; Soderblom, 1970a) also occurs. This ero-
sion and infilling destroy small craters as rapidly as
they are produced so that the surface reaches a steady
state (below a limiting crater size) in which the general
appearance of the cratered surface remains the same
although the details are continually changing. Because
the erosion occurs at a fine scale by the production of
craters in the steady-state size range (Shoemaker and
others, 1969a, b), the surface has been saturated with
craters many times over. Thus, statistical errors pro-
duced by swarms of secondary or primary impacts are
averaged out. The erosion model used for most esti-
mates of relative age in this section (Soderblom, 1970a)
is valid for craters with interior slopes of about 8° to
25° Slopes steeper than about 25° erode partly by
slumping and sliding, whereas slopes less than about
8° are degraded by overlap of craters and superposed
ejecta blankets.

Steady-state frequency distributions of craters on
lunar surfaces are well established (Gault, 1970,
Shoemaker and others, 1969b; Trask, 1966.) In gen-
eral, the steady-state distribution for lunar plains can
be represented by an equation of the form

M = CD, (2)
where

M is the cumulative frequency of craters per unit

area with diameters larger than D and
C is a parameter that varies with the manner in
which craters are destroyed and the physical
properties of the surface (Moore, 1964; Marcus,
1970; Soderblom, 1970a; Morrison and others,
1972); its value is near 10'® craters-m?10® km?

for most lunar plains (Trask, 1966; Moore,
1964).
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Frcure 1.—Hypothetical cumulative frequency distributions of cra-
ters for three ages of surfaces. Distribution for each surface is
composed of two parts, a steady-state distribution and a crater
production distribution. Crater production distribution of young
surface joins steady-state distribution at Cy,; largest crater eroded
to an interior slope angle of 1° is D, ;; net accumulated flux (K in
equation 1) is K,. Crater production distribution of middle age
surface joins steady-state distribution at Cj,; largest crater eroded
to an interior slope angle of 1° is Dy,; net accumulated flux is K.
Crater production distribution of old surface joins steady-state dis-
tribution at C,g; largest crater eroded to an interior slope angle of
1° is Dy 3; net accumulated flux is Ks. Note diameters corresponding
to Cy1, Cse, and Cy; increase with age of surface, diameters of Dy,
D,,, D, also increase with age of surface, and cumulative frequen-
cies corresponding to K, K,, and K, increase with age of surface.
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Although the exponent on D is minus two for most
lunar surfaces, other values are possible where crater
destruction is the result of thermal creep on steep
slopes, seismic erosion, and blanketing (see for exam-
ple Marcus, 1970), and the form of the crater produc-
tion frequency distribution may alter this exponent
(Moore, Lugn, and Newman, 1974). The technique is
not applied where there is evidence that the conditions
imposed by equations (1) and (2) are not met.

In any event, for lunar plains, equations (1) and (2)
join at a point with the same frequency and diameter
(fig. 1). The upper limiting crater diameter at which
this join occurs is called C; (Shoemaker and others,
1969a, b). C, increases with the relative age of the sur-
face (Cy,, Cys, Cy3 1n fig. 1) and thus the net accumulated
flux. Below the upper limiting crater diameter (in the
steady state), the relative frequencies of craters of any
given size with the same morphology or state of preser-
vation are the same (Trask, 1971; Moore, 1971a, 1964;
Soderblom and Lebofsky, 1972), and so the cumulative
frequency of craters eroded with a given interior slope
angle (or greater) lies on a line parallel to the steady-
state curve in figure 1. The diameter of craters eroded
to an interior slope angle of 1° has been termed D;,
(Soderblom and Lebofsky, 1972) and intersects the cra-
ter frequency distribution at a diameter larger than C,
(fig. 1). Like C,, D, increases with the relative age (D, ,,
D,,, D;;in fig. 1) of the surface.

RAPID METHOD FOR DETERMINING RELATIVE AGES

One procedure for establishing relative ages of lunar
surfaces is to determine D, . In practice, the maximum
diameter (D,) of craters is estimated from those with
interior slopes eroded to the appropriate sun elevation
angle (S;) by the accumulated flux. All craters larger
than D, have shadows because their interior slope an-
gles are equal to or greater than the sun elevation an-
gle. Craters smaller than this size are shadowed or
unshadowed. The ratio of unshadowed to shadowed
craters is zero for craters larger than D, but finite for
craters smaller than D, and constant within the steady
state. The value of D, may be determined rapidly by
finding the largest unshadowed crater in an image and
the smallest diameter at which all craters are clearly
shadowed (Soderblom and Lebofsky, 1972). This proce-
dure yields lower and upper bounds for D,. The value of
D, is then computed using the crater erosion model of
Soderblom (1970a):

D, - lng Zyss)
ln( i/tan 1°)

1

D, (3)

where S, is the initial interior slope angle of the crater
(taken as 30°). Thus, there are three tests of the va-
lidity of the technique if @=—3: (1) the value of the net
accumulated flux (X in equation 1) should be directly
proportional to the largest crater eroded to an interior
slope angle of 1°(D,) for the same surface, (2) the join
between the steady-state distribution and the crater
frequency distribution, C,, should be directly pro-
portional to D;, and (3) the ratio of shadowed to un-
shadowed craters for different sun elevation angles
should satisfy equation (3). Additionally, K and C;
should be directly proportional to each other. These
tests are reasonably well met. As shown in figure 2 and
table 1, (1) D, and K are directly proportional
(Soderblom and Boyce, 1972, (2) C, and K are directly
proportional, but the values of C, for Surveyor 1 and 6
are too small, and (3) D, and C, are directly pro-
portional, but C, values for Surveyors 1 and 6 are too
small. The deviations for C, values for Surveyors 1 and
6 are the result of the constant for the steady-state
curve used in calculating C; here the value of C in
equation (2) is near 10! rather than 10" (Shoemaker
and others, 1969b). The values of C should be nearer to

LIMITING CRATER SIZE, IN METERS
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TABLE 1.—Comparison of results from relative age measurements
(D), net accumulated flux (K), and upper limiting size (C,)

K
(number of craters)
D, >1.0m C,

Location (m) diameter/10%km?  (m)
Surveyor 7 _____________ __1<20 2101 %8 22.75
Surveyor 1 _ _--'160+20 2101292 256
Surveyor 6 ____________ __-'250=30 2101308 2100
Apollo 11 (Surveyor 5) __ _--'330+40 310130, 410132 3141, %186
Apollo16 ____ __---°540=90 310134 *300-335
Apollo 14 _____ [ ~._--%1400=+400 51013 8 3700-790
North Ray Crater ____. 64 6101 24101138 $2.2 to 2.7

'Soderblom and Lebofsky (1972).

2Shoemaker and others (1969b).

3Shoemaker and others (1970).

‘Swann and others (1971).

5Soderblom and Boyce (1972).

*This report; Apollo panoramic camera photographs will not permit an estimate of D,
because the resolutions of the cameras are too poor; this is also the case for the Lunar
Orbiter images of Surveyor 7 site; D, is approximately 1.7XCs.

94 and 147 for Surveyors 1 and 6 respectively on the
basis of D; values.

Finally, the ratio of unshadowed to shadowed craters
matches the expectations of the crater erosion model
(Soderblom, 1970a) as shown in figures 3 and 4.

The erosion model predicts:

P=0 when D > D (4a)
P :(Ds/D)—l whenD, >D >D. (4b)
P=P:/p)-1 whenD, >D (4c)

where
P is the ratio of unshadowed to shadowed craters,
D, is the diameter of the largest crater with inter-
ior slopes eroded to the sun angle, and
D, is the theoretical diameter of the largest crater
eroded to slope angles beyond recognition; D, is
the same as C,,

PITFALLS IN DETERMINING RELATIVE AGES

Estimates of relative ages of surfaces cannot be made
indiscriminately. Initial surfaces must have been flat
and featureless where the conditions imposed by equa-
tion (1) have been met. Ages in the rugged highlands,
for example, cannot be determined by this method.
Craters in areas that are blanketed by ejecta or other
deposits may have an eroded and degraded appearance
and will give erroneous results. Areas of blanketing
are avoided by using geologic mapping techniques and
recognizing the effect of ejecta blankets on crater
morphology and the size frequency distribution of cra-
ters (Hartmann and Wood, 1971; Boyce and others,
1974).

The assumption that all circular craters from 100 m
to 2,000 m in diameter had the same initial shape de-
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Fircure 3.—Comparison of observed and predicted ratio of
unshadowed to shadowed craters as a function of crater
diameter. The Lunar Orbiter frames V-H171 and III-
H173 cover the same area in Oceanus Procellarum but
were taken at different sun elevation angles (S;): A, sun
angle is 21°% B, sun angle is 15°. The shaded areas repre-
sent the regions of acceptable fit of the theoretical model
to the data. (After Soderblom and Lebofsky, 1972.)
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Ficure 4.—Ratio of unshadowed to shadowed craters as a function of
diameter for floor of Albategnius, A, and floor of Meton, B. Bumps
in observed values at about 1,800 m for Albategnius and 5,000 m
for Meton reflect old partially buried craters. Dashed line repre-
sents best fit of theoretical model of Soderblom and Lebofsky
(1972). S, sun elevation angle; D,, relative ages; D, maximum
diameter. (After Boyce and others, 1974.)

serves some comment. Some support for this assump-
tion is found in the data of Pike (1974), where least-
squares regressions to data on craters indicate that
depths of craters between about 80 m and 10 km across
are directly proportional to crater diameters. On the
other hand, craters deviating from a simple form, such
as concentric craters, flat-floored craters, and craters
with central peaks, do exist in the size range of 10 m to
500 m and are particularly abundant in Oceanus Pro-
cellarum (Quaide and Oberbeck, 1968). Generally
speaking, these craters are smaller than D; and have
little or no effect on the results. Irregularly shaped
craters that may have had initially low slopes, such as
dimple craters (Greeley, 1970; Kuiper, 1965), and
swarms of secondary craters (Oberbeck and others,
1972) are identifiable, and areas where they occur are
avoided.

Proper measurements are essential to the technique
of estimating relative ages. There are four ingredients
for proper measurement: (1) Shadowed and un-
shadowed craters must be distinguished, (2) image res-

olution must be good enough to show clearly craters in
the size range of interest, (3) diameter measurements
must be reasonably accurate, and (4) the area sampled
must be sufficiently large. Photographs used for esti-
mates of relative ages are well processed and present
few problems in identification of shadowed and un-
shadowed craters within the limits of error expressed
in the reported D, values. For the sun elevation angles
(8°-25°) and images used in this study, image contrast
is marked between the shadow and illuminated parts
of clearly shadowed craters. Moderate-resolution
Lunar Orbiter images (about 30 m) are checked
against high-resolution Lunar Orbiter images (1-3 m)
of the same craters to verify that shadowed and un-
shadowed craters are properly identified.

Boyce and others (1975) showed experimentally that
consistent D, values or relative ages can be obtained if
the resolution of the image is 0.15 times D), or better.
(Here, resolution is the size of the smallest crater that
can be identified in the photograph or image. The data
are summarized in Boyce and others, 1975, and in
figure 5.) Thus, it is important that crater frequency
distributions be used for relative age measurements
when the resolution criterion cannot be satisfied. Such
conditions occur at North Ray crater at Apollo 16, the
crater Tycho, and the light mantle at the Apollo 17
site. The results above not only show the relation be-
tween resolution and D, , but they also substantiate the
erosion model (Soderblom, 1970a), because the D, val-
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Ficure 5.—Effects of photograph resolution on determination of
D, (relative age). Dashed line represents approximate location
of critical resolution (=0.15 D,). For resolutions better than
0.15 D, (left of dashed line), relative age measurements for a
particular unit are constant; at lower resolutions (diagonal
lines), measurements become inconsistent. x, Mare
Serenitatis; A, Eastern Mare Cognitum; o, dark mantle west of
Apollo 17 landing site; (1, floor of Fra Mauro. (After Boyce and
others, 1975.)
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ues calculated from D, remain constant over the pre-
dicted range of sun elevation angles.

Diameters of craters reported here have been meas-
ured monoscopically on photographs taken with sun
elevation angles between 8° and 25°. Although some
workers argue that monoscopic measurements may be
as much as 20 percent in error (Young, 1975), our
monoscopic measurements are less than 5 percent off
compared to stereoscopic measurements at these low
sun elevation angles (fig. 6; table 2). Thus, monoscopic
techniques are entirely suitable and well within the
error limits of reported D; values. Furthermore, re-
gional studies require monoscopic measurements be-
cause most of the usable images of the Moon are
monoscopic.

Minimum sizes of sample areas required for a
reasonable estimate of relative ages are a function of
relative ages of the surfaces and sun elevation angles
because the area should include more than ten meas-
ured craters with diameters equal to D, (Soderblom
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FicURe 6.—Errors in measurement of crater diameter as a function
of sun elevation angle (see table 2).

TaBLE 2.—Diameters of craters measured stereoscopically and
monoscopically, and measurement error

Diameter (m) and error (percent) with S-2 as standard

Crater M P Stereoscopic
M-1' M-22 M-3* M-4¢ S-15 S-2°
Henry ______________ 583-1.7 569-4.0 583-1.7 538-9.3 583-1.7 593
Shakespeare _625+19 596-23 667+88 496-19.1 606-1.1 613
Cochise ______ --583-1.7 569-4.0 583-17 496-16.4 583—-1.7 593
Camelot _ -667+2.0 650-0.6 625-4.9 620-52 650—-0.6 654
Steno.____ _.583-1.7 596+0.5 583-1.7 538-9.3 583-1.7 593
Shorty ___ _-112 0.0 108-3.6 113+0.9 108-3.6 107-45 112
Van Serg __________ __87-54 98+65 90-22 81-120 93+1.1 92

'Apollo metric photograph AS17-M-0597, sun 13° above local horizontal.

2Apollo metric photograph AS17-M-1500, sun 28° above local horizontal.

*Apollo metric photograph AS17-M-2086, sun 47° ahove local horizontal.

*Apollo metric photograph AS15-M-1113, sun 54° above local horizontal.

SApollo panoramic photographs AS17-P-9557 and AS17-P-9559 both with sun 53° above
ocal horizontal.

SApollo panoramic photographs AS17-P-2309 and AS17-P-2314 both with sun 15° above
ocal horizontal.
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and Lebofsky, 1972). Large areas are required for high
sun elevation angles and old surfaces (Boyce and
others, 1975, Fig. 7). When large areas are required for
adequate sampling, care must be taken to avoid sam-
pling mixtures of units with different ages by using
careful mapping; otherwise, the tendency is to obtain
the relative age of the oldest unit in the area of the
image (Soderblom and Lebofsky, 1972).

In summary, the crater morphology technique of es-
tablishing relative ages yields good results within the
limits discussed. Problems arising from the presence of
blanketed terrain and mixtures of geologic units can
generally be recognized and solved. Areas with craters
for which the model does not apply can be identified.
When resolution will not permit an estimate of D,, cra-
ter frequency distributions must be obtained. D, can be
calculated as 1.7 times C, from the intersection of the
measured crater frequency distribution (equation 1)
and the empirically determined steady-state distribu-
tion (equation 2).

RELATIVE AGES OF LUNAR PLAINS

Three major subdivisions of relative ages are indi-
cated in a frequency histogram of relative ages for
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2000 -1

T T T I

1000

T T T
1 i

MINIMUM AREA REQUIRED TO ESTABLISH Dg, IN SQUARE KILOMETERS
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FiGURE 7.—Sample area necessary to establish D, (maximum di-
ameter of craters). D,, relative ages. (From Boyce and others,
1975.)
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lunar plains (fig. 8, table 3): (1) young mare plains, (2)
light plains of intermediate age, and (3) old light
plains. The latter two are confined to the highlands. A
fourth group of ages representing very young craters
such as Tycho, Aristarchus, and Copernicus
(Soderblom and Lebofsky, 1972) can be added, and
mare plains can be further subdivided, although
somewhat arbitrarily, into five units corresponding to
troughs and flexures in the histogram. Data on relative
ages are listed in Boyce and others (1975).

From figure 8 it may be seen that a substantial frac-
tion of mare plains have younger relative ages than the
Apollo 12 landing site. Large expanses of mare plains
that are younger than those of Apollo 12 occur in Oceanus
Procellarum. This indicates that mare volcanism con-
tinued to more recent times than at Apollo 12,

The geographic distribution of surfaces with the
same relative ages is substantially the same as that
reported previously (fig. 9; Soderblom and Boyce, 1972;
Boyce and Dial, 1974; Boyce and others, 1974). More
recent work (Boyce and Dial, 1975; Boyce, 1976) gives
a clearer picture. Light plains of intermediate age scat-
tered across the entire lunar highlands have the same
relative age as the ejecta or Hevelius Formation of the
Orientale basin. Old light plains are less frequent than
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FicURe 8. —Histograms of relative ages of lunar plains. Lower
histogram represents frequencies in intervals of 117-127 m,
etc.; upper histogram represents frequencies in interval
122-132 m, etc. Note frequency modes near 210 (mare
plains), 510 (light plains of intermediate age), and 1,100 (old
light plains). Hiatus represents short interval of normal ac-
tivity between the major basin-forming events (Orientale and
Imbrium). Mare plains may be subdivided into five subunits
based on minor modes and flexures in histograms (table 3).

TABLE 3.—Relative ages of lunar plains and some craters

D,

Relative age group (m) Distribution
Young craters _______ S, __-<130 Scattered across the Moon.
Mare plains _____ [ 100-495

_____ - <190 Concentrated in Oceanus Procellarum.
e 192-229
3 --229-260
[ N— [ _.-260-302
> S [ 302-472 Concentrated in Mare Tranquillitatis.
Light plains of

ntermediate age. ___________ _472-642 Scattered throughout the highlands.

Old light plains ________________ 1,030-1,180 Do.

the young light plains, but they are also scattered
across the lunar highlands. The relative ages of mare
plains tend to decrease westward. The youngest mare
plains are concentrated in Oceanus Procellarum and
the oldest in Mare Tranquillitatis. Relative ages of
plains vary within the maria. Relatively young plains
occur within Mare Imbrium and Mare Serenitatis
where they are more or less centrally located.

CORRELATION OF RELATIVE AGES WITH
RADIOMETRIC AGES

TIME SCALE

An approximate time scale for lunar events can be
established by comparing relative ages (D) of the
Apollo and Luna landing sites with ages of returned
rocks and interpretations of the provenance of some
samples collected by Apollo (Shoemaker, 1970;
Soderblom and Lebofsky, 1972; Soderblom and Boyce,
1972; Boyce, 1975). Such a correlation can be made
independently of the erosion model provided the crater
flux has changed in a well-behaved way with time and
has been uniformly distributed across the Moon. Rela-
tive ages (D, values) are plotted against radiometric
ages in figure 10, and values used are listed in table 4
with the appropriate references. Radiometric ages for
the old light plains are taken as 3.9 b.y., and those for
the light plains are taken as 3.85 b.y. (see Tera and
others, 1974). Stratigraphic relations between the
highland plains and mare units (Wilhelms and
McCauley, 1971) indicate these light plains must be
older than the oldest mare basalts, which are about
3.84 b.y. (Nyquist and others, 1975; Turner and Cado-
gan, 1975). Plotted points for the Apollo 17, 11, and 12
sites appear well behaved, but the relative age for
Apollo 15 appears to be too old when compared to the
smooth curve in figure 10. Thus, the relative age re-
ported (Soderblom and Lebofsky, 1972) may represent
an older unit at the Apollo 15 site. A more recent rela-
tive age for Apollo 15 is lower and in agreement (Boyce
and others, 1975). For two of the points shown in figure
10, Copernicus and Tycho, somewhat speculative in-
terpretations are required. Rock 12013 is presumably
from Copernicus because rays from Copernicus streak
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Ficure 9.—Distribution of relative ages D, of lunar plains in the “Apollo zone” (after Boyce, 1976).

TaBLE 4.—Relative ages of Apollo landing sites and radiometric ages of rocks returned from
the Apollo landing site

Relative Radiometric

Location Geologic unit age age References
Apollo 14 __ _____ Fra Mauro 1,4001400 39b.y. Tera and others (1974).
Formation Papanastassiou and Wasserburg (1971b).
______ Soderblom and Boyce (1972).
Apollo 16 ________ Cayley 3.85 b.y. Tera and others (1974).
Formation >3.84+0.12 b.y. Papanastassiou and Wasserburg (1972).
>3.78+0.05 b.y. Turner and Cadogan (1975).
___________ Soderblom and Boyce (1972).
Apollo 17 ________| Mare Material ... _____ 365+30 3.68+0.18 b.y. Nyquist and others (1975); and this report.
Apollo 11 _____ I “do______ e 330+40 3.59+0.05 b.y. P anastassiou and Wasserburg (1970).
,,,,, erblom and Lebofsky (1972).
Apollo 15 ________ ceedom L 2 3.28+0.04 b.y. anastassiou and Wasserburg (1973).
,,,,,, og rblom and Lebofsky (1972).
,,,,,,,,,,,, Boyce and others (1975).
Apollo12 - ______ do._________ e __215+45 3.16+0.09 b.y. Papanastassiou and Wasserburg (1971a)
______ R Soderblom and Lebofsky (1972)
(Apollo 12) ______, Copernicus ___.__________ 100+30 0.85+0.1 b.y. Silver (1971); Soderblom and Lebofsky
(1972).
Apollo 16 ________ NorthRay________________ 37to4.6 489+1.7m.y. Martiandothers(1973); Kirsten and others
and > 30 m.y.  (1973), this report (D, taken as 1.7xC,).
Apollo 17 ________ Light mantle 34t06.8 50-128 m.y. Leich and others (1975, light mantle)
(avalanche interpreted Hutcheon and others (1974; Boulder 2
to have been produced Sta. 2); Muehlberger and others (1973).

by Tycho ejecta).
Tycho _ ____________ =47 Shoe7m%ker and others (1969), D, taken as
1.

5.
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Ficure 10.—A, Comparison of relative age determinations made
from orbital photography and radiometric ages determined from
Apollo samples. Small range of D, for Cayley plains indicates a
short period for their formation. B, Incremental flux of objects
producing small craters estimated from relative ages and
radiometric ages determined from Apollo samples. Error bars on
both relative ages and radiometric ages indicate flux may have
been nearly constant for more than 3.5 b.y., but flux may have
been relatively low during the interval of 0.85 to 3.15 b.y. ago.
Flux was clearly high between 3.85 and 4.0 b.y. ago. Results of
Swann and Reed (1974) included for comparison.

cross the general area of the Apollo 12 landing site
(Silver, 1971). An argument for a genetic and temporal
relation between the light mantle at Apollo 17 and
Tycho has been presented by a number of authors
(Muehlberger and others, 1973; Howard, 1973; Luc-
chitta, 1975). Crater counts on the light mantle yield a
C; of 2-4 and an age of about 100 m.y. for the age of the
light mantle and lend support for the contemporaneity
of Tycho and the light mantle (Muehlberger and
others, 1973). The D, value of 13=5 m reported in
Muehlberger and others (1973) is probably invalid be-
cause the resolution and sun elevation angle of the
photographs used will not permit a reliable estimate of
D;. An estimate of D, compatible with the data and
erosion model is 1.7 times C, or 3.4 to 6.8 m. Such a D,
would reduce the estimate of age to roughly 50 m.y.
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Krypton exposure ages at Boulder 1, Station 2, of 53+3
m.y. (Leich and others, 1975; Arvidson and others,
1975) place a lower boundary on the age of the light
mantle because the boulder is superposed on it. Argon
exposure ages of rocks collected at Station 3 on the
light mantle are 195+5 m.y. (Crozaz and others, 1974)
and 110 to 160 m.y. (Turner and Cadogan, 1975). Luc-
chitta (1977) believes that the crater Camelot with ex-
posure ages of 80 m.y. (Turner and Cadogan, 1975),
118-128 m.y. (Horn and others, 1975), and 71.7+1.8
m.y. (Crozaz and others, 1974) is older than those crat-
ers interpreted to be secondary impact craters from
Tycho, because Camelot is more subdued and eroded
than the secondary craters. This would place the age of
the light mantle and Tycho between 50 and 128 m.y.

Crater counts on the ejecta blanket of North Ray
from the crater rim to roughly one-half crater radius
from the rim, obtained from Apollo 16 Panoramic
Camera photographs, can be fairly well described by
equation (1) (fig. 11), and calculations of K and C; for
North Ray using « = —3 in equation (1) and equation
(2) are 1.72-2.12x 10! craters/10° km? and 2.2 to 2.7 m,
respectively. Again, the resolution of the photograph is
too poor for an estimate of D;, which should be near 3.7
to 4.6 m or 1.7 times C,. The absolute age of North Ray
is widely accepted as 48.9 +1.7 m.y. (Marti and others,
1973), but smaller ages (near 30 m.y.) have been re-
ported (Kirsten and others, 1973).

CRATERING RATE WITH TIME

An incremental impact-flux history (fig. 10B) for rel-
atively small craters can be derived in terms of AD; /At
from the cumulative curve shown in figure 10. The
large flux during the interval from about 3.9 to 3.84
b.y. ago is consistent with previous results (Soderblom
and Boyce, 1972; Shoemaker, 1970; Soderblom and
Lebofsky, 1972; Neukum and others, 1975b) and much
larger than that during the interval from 3.68 to 3.16
b.y. ago. These results when combined with the histo-
grams of figure 8 indicate that two major crater-
forming events, separated by a short hiatus, occurred
early in lunar history. For ages less than 3.15 b.y.
(Apollo 12), the incremental frequency is not well un-
derstood. Computed incremental frequencies using the
error bars yield mixed results (tables 4 and 5), but
best-guess estimates suggest an increase in flux during
the last billion years. When the uncertainties for the
data point represented by Copernicus are considered,
the argument for such an increase in flux seems some-
what weak. Neukum and others (1975b) combine data
on terrestrial craters to indicate an increase in flux of
large craters (in contrast to the small craters consid-
ered here) during the last billion years. This postulate
needs further study using lunar data.
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Ficure 11.—Frequency distribution of craters on flanks of
North Ray crater (Apollo 16) from rim to about one-half crater
radius from rim.

TaBLE 5.—Calculated incremental fluxes for small craters during the
last 3.9 billion years

Incremental flux Values of D; and

Time interval and estimate range age used
North Ray to present__________ e 85 m/b.y. 4.2 m, 49 my.
(76 to 153) (3.7m, 49 m.y. and
i 4.6 m, 30 m.y.)
Tycho-Light Mantle to present __________53 m/b.y. 4.7 m, 89 m.y.
(27 to 136) (3.4 m, 128 m.y.
. and 6.8 m, 50 m.y.)
Copernicus to present __________________ 118 m/.y. 100 m, 0.85 b.y.
(70 to 173) (70 m, 0.95 b.y. and
130 m, 0.75 b.y.)
Apollo 12 to present _.______ [ 68 m/b.y. 215 m, 3.16 b.y.
(52 to 85) (170 m, 3.25 b.y. and
260 m, 3.07 b.y.)
Apollo 17 to Apollo 12 __________________ 288 m/b.y. 215 m, 3.16 b.y. and
(89 to 978) 365 m, 3.68{>AyA
(260 m, 3.07 b.y. and
335 m, 3.86 b.y.;
170 m, 3.27 b.y. and
395 m, 350 b.y.)

An argument for an increase in impact flux in more
recent times has been given by Swann and Reed (1974).
Their increment flux (shown in fig. 10B) may be con-
verted to AD,/At using the relation
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AK = 8AD,, (5)
where 8 = 4.8x10'", and using equation (1) with o =
—3. The results are lower than expected when com-
pared with the other results. This may reflect the fact
that many craters have been destroyed and were not
counted because the craters counted extend well into
the steady-state sizes, and others could have been
missed because of illumination conditions.

COMPARISON OF RELATIVE AGES WITH OTHER REMOTELY
SENSED DATA

Relative ages correlate, with some qualifications,
with other remotely sensed data: (1) geologic map
units, (2) regolith thickness estimates, and (3)
bistatic-radar surface roughness estimates. These are
briefly discussed below.

GEOLOGIC MAP UNITS

In a broad way, the sequence of formation of lunar
plains units determined from relative ages is in
agreement with relative ages based on geologic criteria
such as superposition, intersection, and degree of
modification (Shoemaker and Hackman, 1962;
Wilhelms and McCauley, 1971; Wilhelms, 1980). High-
land geologic plains units are older than mare units by
both relative age dating techniques (D, values) and
geologic techniques. Ejecta from craters such as Tycho,
Copernicus, and Aristarchus are also found to be
younger than the maria using both techniques. Rela-
tive ages of highland plains fall into an older group and
younger group. Generally those mapped as pre-
Imbrian plains (Wilhelms and McCauley, 1971) cor-
respond to the older relative ages, and those mapped as
Imbrian plains (Wilhelms and McCauley, 1971) cor-
respond to younger relative ages. These results are in-
ternally consistent with the hypothesis that the “crater
age clocks” of pre-Imbrian surfaces were reset by the
Imbrian event and that Imbrian surfaces were reset by
the Orientale event if the resetting of the crater age
clocks was accomplished by a nondeposition process
such as seismic erosion (Schultz and Gault, 1974). On
the other hand, the results are inconsistent if thick
deposits of primary ejecta produced the new surfaces
(Chao and others, 1975) or thick deposits of secondary
and tertiary crater ejecta produced the new surfaces
(Oberbeck, Horz, and others, 1975). If this second pos-
tulate is true, both groups of plains are Imbrian.
Within the mare plains, particularly good correlations
between relative ages and geology are found in Mare
Imbrium, Oceanus Procellarum, and Mare Serenitatis.
The Imbrium flows are clearly superposed on other
flows, and their relative ages (D, values) are clearly
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younger than the subjacent flows (Schaber, 1973).
Similar results are found for the young flows inundat-
ing Delisle (Wilhelms, 1980). The mare materials of
Oceanus Procellarum are clearly superposed on those
around Montes Agricola, just north of the Aristarchus
Plateau, and in complete agreement with the D, values
for the two geologic units (Zisk and others, 1975, 1977,
Boyce, 1975). Within Mare Serenitatis, part of the dark
annulus has an older relative age than the material
within the basin—a result consistent with geologic
mapping (Boyce and Dial, 1973; Howard and others,
1973). Finally, both relative crater ages and geologic
mapping show that Copernicus is younger than Eratos-
thenes and both are younger than the surrounding
maria (Shoemaker and Hackman, 1962; Soderblom
and Lebofsky, 1972).

REGOLITH THICKNESS

Regolith thicknesses should increase with net ac-
cumulated flux and D, or relative age (Shoemaker and
others, 1960b; Soderblom and Lebofsky, 1972). Four
methods for estimating regolith thicknesses that are
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independent of crater frequency distributions and rela-
tive ages are (1) analyses of crater morphologies
(Oberbeck and Quaide, 1967, 1968; Moore and others,
1975; Quaide and Oberbeck, 1968, 1969), and their
gjecta (Wolfe and others, 1975), (2) active seismometry
(Kovach and others, 1971, 1972; Duennebier and
others, 1974), (3) excavations in thin regoliths
(Shoemaker and others, 1969a), and (4) bistatic radar
(Tyler, 1968). The crater morphology technique, which
is affected by photographic resolution (Moore and
others, 1975), shows that young mare surfaces in
Oceanus Procellarum tend to have thin regoliths (fig.
12, table 6), but some estimates seem to be at odds with
the expectations. These anomalous estimates are dis-
cussed below. Regolith thicknesses estimated from ac-
tive seismometry indicate that the regolith at the older
Apollo 16 site is thicker than that at the younger
Apollo 17 site, whereas the regolith at the oldest site,
Apollo 14, is relatively thin (fig. 12). Excavations by
the Surveyor 7 surface sampler indicate the regolith on
the flank of Tycho is very thin, as it should be. Al-
though difficult to correlate with relative ages, the Ex-
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Ficure 12.—Correlation between median regolith thickness and relative age of surface.
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TaBLE 6.—Comparison of regolith thickness and relative age of sur-

face (D)
Median
regolith
thickness D,
(m) (m) Reference

Crater morphology*

an
2°N, 34°W 1-3 145x25 Moore and others (1975).
2°N, 43°W 1.5 20525 Do.
3°S, 37°W 15 19535 Do.
4°S, 3T°W 3 190+40 Quaide and Oberbeck (1969).
2°N, 42°W 4-5 170+20 Do.
1°S, 20°W 5.5-6 255+25 Moore and others (1975)
9 355+60 Do.
378, 44°W 3-4 200+30 Quaide and Oberbeck (1968)
1°S, 20°W 4.6 25525 Do.
Sinus Medii:
0.4°N, 1°W 5-6 28020 Do.
0.4°N, 1°W 6-9 275+25 Do.
Mare Tranquillitatus:
0.7°N, 24°E 5-6 32050 Quaide and Oberbeck (1969).
2.6°N, 34°E 6-7 335+45 Do.
Fra Mauro:
Apollo 14 site 10-36 1,400+40 Moore, unpub. data (1970).
5.6-8 1,400+40 Moore and others (1975).
Apollo 17 site 8-12 365+35 Moore, unpub. data (1974).
14 365+35 Wolfe and others (1975).
Active seismometer
Apollo 14 site _________ 8.2 1,400+400  Kovach and others (1971).
Apollo 16 site __________12 55050  Kovach and others (1972).
Apollo 17 site _____ _._..<85 365+35 Duennebier and others (1974).
Excavation
Tycho, Surveyor 7 ______0.02-0.15 =47 Shoemaker and others (1969 a, b).
Imbrium flows”
Older surface
25°N., 25°W. 5 =250 Moore and others (1975),
Onflows___________ __...10 20020
Onflows._ .. ____ ____8 16020
Onflows._______ ____ 15 180+40

1Estimates of regolith thicknesses made using Lunar Orbiters II and III high-resolution
photographs.

2Estimates of regolith thicknesses made using Apollo Panoramic Camera and Lunar
Orbiter IV photographs which have comparable resolutions, These points not plotted in
figure 12 because resolution affects thickness estimates (see Moore and others, 1975).

plorer 35 bistatic-radar experiment indicates consider-
able variation in thickness of the regolith.

Some regolith thickness estimates are puzzling. The
estimates at the Apollo 14 landing site using active
seismometry (8.2 m) and some crater morphology
studies (5.6-8 m) are much lower than that predicted
by the regolith-crater model of Shoemaker (Shoemaker
and others, 1969b). Here a median regolith thickness of
35 m (and a range of about 20-200 m) would be ex-
pected instead of 6 to 8 m. A thick median regolith is in
keeping with buried craters greater than 500 m across
at the Apollo 14 site, South Triplet, a central peak
crater 90 m across, and early estimates of regolith
thickness (10-36 m, H. J. Moore, unpub. data, 1970).
Estimates of the regolith thickness at the Apollo 17
site vary, less than 8.5 m (active seismometry), 8-12 m
(crater morphology), and 14 m (crater ejecta-
morphology). Regolith thicknesses on the Imbrium
flows measured using the crater morphology technique
are greater (8—10 m) than on the surface on which they
are superposed (5 m) and are comparable to the thick-
ness of the flows (Moore and Schaber, 1975) rather
than the regolith on the flows. Indeed, relative age data
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indicate that the regolith on the Imbrium flows should
be near 2-4 m.

BISTATIC RADAR RESULTS

With time, the lunar plains should become rougher
because the number of craters increase with continued
meteoroid impacts. If craters on lunar plains are the
chief factor producing surface roughness, one would
expect a positive correlation between relative age and
independent estimates of surface roughness. This is the
case. The bistatic-radar experiment (Howard and
Tyler, 1971, 1972a, 1972b; and Tyler and Howard,
1973), which is discussed more fully below, provides
independent estimates of surface roughness at two
scale lengths. Two wavelengths were used, 13 cm (S—
band) and 116 cm (VHF), which measure surface
roughness at scale lengths between 10 and 250
wavelengths, or scale lengths comparable to or less
than most D, values reported.

Surface roughness obtained from simple measures of
radar echo broadening are expressed as root-mean-
square (rms) slopes, which increase with increasing
roughness of the surface. Correlations of the rms slopes
with relative ages along and near the bistatic-radar
subspecular tracks for Apollo 14, 15, and 16 (Moore and
others, 1975, 1976) show they are directly related, al-
though there is considerable scatter (fig. 13). The
missions are plotted separately because of differences
in roughness estimates between missions.

The large amount of scatter in the results (fig. 13)
may be the result of experimental error for both the
radar and relative ages, contribution to surface rough-
ness other than craters, and unknown causes.

DISCUSSION

Relative ages of lunar plains and craters yield four
significant results: (1) Two major events, accompanied
by the production of a large number of craters, reset
the crater-age clocks of many surfaces over the entire
Moon prior to 3.84 b.y. ago; (2) the flux of objects pro-
ducing relatively small craters (less than 1 km) was
relatively higher between 3.2 and 3.84 b.y. ago than it
was after 3.2 b.y. ago, and the flux of objects producing
relatively small craters may have increased slightly in
the interval from 1 b.y. ago to the present; (3) outpour-
ings of lava to produce the dark mare plains of the
Moon extended to more recent times than indicated by
samples returned from the Moon; and (4) great ex-
panses of young mare plains are found on the west limb
of the Moon in Oceanus Procellarum and in western
Mare Imbrium, whereas expanses of old plains are
found in Mare Tranquillitatis near the east limb of the
Moon.
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Ficure 13.—Bistatic-radar roughness (root-mean-square
slopes) and relative ages of units along and near the Apollo
14, Apollo 15, and Apollo 16 subspecular tracks.

EARLY MAJOR EVENTS

There are a number of questions related to the two
major events, represented by D, values near 540 m and
above 1,000 m, that occurred before 3.84 b.y. ago. The
first question is in regard to time: Do the relative ages
actually represent two contemporaneous events or two
episodes of penecontemporaneous events? Radiometric
ages representing metamorphism of lunar highland
samples indicate the events occurred within a rela-
tively short interval of time from 4.0 to 3.85 b.y. ago
(Tera and others, 1974, Turner and Cadogan, 1975),
and stratigraphic relations—the superposition of mare
material on light plains—show that the last major
event occurred before the formation of the maria, thus
confirming that the events occurred within a short
interval of time. Within the limits of measurement,
relative ages can be interpreted as representing two
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distinct events occurring at one time within a few
hours or days or so. The hiatus in relative ages between
D, values about 600 m and above 1,000 m indicates a
period of normal, very low activity. On the other hand,
the limits of measurement of relative age are so large
that they may represent episodes lasting tens of mil-
lions of years; but the period of normal activity re-
mains. The time the last episode ceased is fixed to a
small interval between mare formation and the forma-
tion of the formation of the Orientale basin. Additional
evidence for the synchronous occurrences of at least
two major events is found in comparisons of crater fre-
quency distributions obtained by independent observ-
ers (fig. 14). Crater frequency distributions obtained
for basin-related geologic units within the Orientale
basin (Ulrich and Saunders, 1968; Neukum and others,
1975) are the same as those for the ejecta on the flank
of the Orientale basin (Boyce and others, 1974). These
crater frequency distributions for Orientale are nearly
the same as those for light plains of intermediate age
(Cayley plains) far distant from the Orientale basin
and its ejecta (Grudewicz, 1974—light plains near
Hyginus Rille and mantled ones on the Aristarchus
Plateau; Neukum and others, 1975—Ilight plains of the
Apollo 16 site; Boyce and others, 1974—1light plains in
Albategnius, Ptolemaeus, and those of the Apollo 16
site). Frequency distributions of craters smaller than 3
to 5 km on the flanks of the Imbrium basin in the
Montes Apenninus (Neukum and others, 1975a) are
similar to those for Orientale and light plains of inter-
mediate age, and frequencies of craters larger than 3-5
km are relatively higher than those of Orientale. This
suggests that the degraded appearance of parts of the
Imbrium ejecta and local partial resetting of the crater
age clocks in the Montes Apenninus could have been
due to the Orientale event, which destroyed craters
smaller than 3 to 5 km but not the larger ones.

The crater frequency distribution for the Fra Mauro
Formation (Neukum and others, 1975b; Boyce and
others, 1974; Soderblom and Boyce, 1972; Swann and
others, 1971) matches the distributions of the widely
scattered old light plains in Meton (Boyce and others,
1974). Although scarce, they could represent vestiges
of evidence offered by craters for the Imbrium event.

Some crater frequency distributions may indicate
other earlier events on the Moon. The distribution in
Albategnius is one such example (fig. 14). Here, the
frequency distribution of craters greater than 2.3 km
exceeds that for the Fra Mauro Formation and indi-
cates an older surface for which craters smaller than
about 1.4 km were obliterated and the crater-age clock
was reset at the time the Orientale basin formed. Evi-
dence for this older surface and still older ones are seen
in the histograms comparing the ratio of unshadowed
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F1GURE 14.—Size frequency distributions of craters for selected lunar areas: Montes Rook Formation (R),
central light plains material of Orientale (C), Apollo 16 landing site (D, N, A), Vallis Schréteri Formation (S),
Hyginus light plains (H), Fra Mauro Formation at the Apollo 14 site (indicated by leader, F), floor of
Albategnius (A), floor of Ptolemaeus (P), floor of Mendeleev (M), and floor of Meton (indicated by leader). Data
are from Ulrich and Saunders (R, C, 1968), Grudewicz (S, H, 1974), Boyce and others (Fra Mauro, Meton,
1974), and Neukum and others (1975a) (N, A, and F). Steady-state curve after Trask (1966). Curves for
younger Cayley-age light plains (S, H, D, N, A, A, and P) are similar to Orientale (R, C,) and very different
from Imbrium ejecta (F, Fra Mauro) and older light plains (M, Meton). Bends in curves of Albategnius and
Ptolemaeus at about 2-3 km are interpreted to reflect old partially buried craters. Error bars excluded for
clarity.
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to shadowed craters (fig. 4) where, for Albategnius, a
mode occurs at diameters near 1.8 km. Still larger
craters are preserved in Meton (fig. 4 B) and Mendeleev
(Neukum and others, 1975a).

A second question is what caused the major events.
There are a number of possibilities for resetting the
crater age clocks represented by D; values near 540 m
and above 1,000 m in the interval from about 4.0 to
3.84 b.y. ago, some of which are:

A. Exogenic

1. Tidal interactions between the Moon and Earth
giving rise to seismic erosion or tectonism.

2. Anomalously large episodic increases in the
flux of objects producing primary impact
craters.

3. Some unknown cosmic event.

B. Endogenic

1. Lunar seismic erosion or tectonism and vol-

canism.
C. Exo-endogenic

1. Tectonism or seismic erosion generated by the
impacts producing the large basins.

2. Anomalously large momentary increases in
flux of objects ejected from the large basins
producing secondary impact craters that
erode and smooth pre-existing terrain.

3. Dynamic deposition of ejecta from large basins
producing thick deposits that smooth pre-
existing topography—such deposits are
clearly continuous around the basin margins
to, on the average, 2.38 basin radii from the
basin center and are probably discontinuous
beyond.

Of these possibilities, the exo-endogenic ones appear to
be the most likely, and all three possibilities in this
category almost certainly contributed to some degree.
Seismic erosion induced by tidal interactions between
the Moon and Earth seems unlikely because such in-
teractions would probably affect the entire Moon and
would not permit the preservation of the scattered old
light plains in some places but not in others. Anomal-
ously large episodic increases of the flux of objects pro-
ducing primary craters is possible but unlikely because
of the hiatus. Although there is weak evidence for
changes in flux from 3.84 to 3.16 b.y. ago (figs. 8, 10), no
hiatus is observed in this interval. Additionally, the
preservation of the scattered old plains in some places
but not in others is difficult to explain with this pro-
cess. Evidence for extensive endogenic tectonism and
volcanism from about 4.0 to 3.84 b.y. ago is practically
nonexistent. Indeed, evidence for extensive fracturing
and faulting of the Orientale and Imbrium ejecta blan-
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kets is scarce, and most highland rocks sampled by
Apollo are shock-metamorphosed nonvolcanic rocks.
Thus, at this time, exo-endogenic processes are the best
mechanisms to account for the relative-age data.

Exo-endogenic processes offer an explanation for the
data on relative ages and crater frequency distri-
butions that is consistent with other photogeologic evi-
dence. Dynamic deposition of ejecta from basins that
smooth preexisting topography and reset the crater-
age clocks has certainly occurred near the rims of the
larger basins (Moore and others, 1974, Chao and
others, 1973, 1975). It is also demonstrable that ejecta
producing large secondary craters has produced new
surfaces (Oberbeck, Horz, and others, 1975). Less cer-
tain are the roles of seismic erosion (Schultz and Gault,
1974), dynamic deposition of ejecta from the basins
producing continuous layers at very large distances
(Chao and others, 1973, 1975), small secondary impact
craters produced by basin ejecta that form smooth sur-
faces underlain by mixtures of ejecta and local mate-
rials (Oberbeck, Horz, and others, 1975), and fiuting
and furrowing by the impact of concentrations of ejecta
as far distant as the antipodes of the basins (Moore and
others, 1974). The contributions to the formation of
smooth plains cannot be separated at this time. Photo-
geologic evidence does support the hypothesis that
ejecta from Imbrium produced fluting and furrowing at
the antipode of Imbrium near Mare Ingenii, where Im-
brian age furrows and flutes are subparallel to one
another, regardless of the magnitude and orientation
of local slopes. The seismic erosion model may be least
likely because it is difficult to imagine how some areas,
such as in Mendeleev and Meton, could have escaped
the pervasive effects predicted (Schultz and Gault,
1974), whereas nearby plains did not. The known ir-
regular patterns of ejecta from craters and basins per-
mit the survival of local areas.

CRATERING RATE

The flux of objects producing small craters clearly
decreased after 3.15 b.y. ago, and calculations using
the reported D, values and ages (without considering
the error bars) indicate a decrease in flux to the time
the crater Copernicus formed. Subsequently the flux
increased somewhat. The relatively large flux from
3.68 t0 3.16 b.y. ago is probably real because calculated
fluxes are large for smaller intervals throughout that
interval. Assuming the worst possible errors, calcula-
tions indicate that the flux could have been nearly con-
stant from the time of mare formation to the present.
Our estimates of the flux for North Ray are consistent
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with Apollo results from the passive seismic experi-
ment (Dunnebier and others, 1975), for which estimate
errors are just as severe as ours. An order of magnitude
estimate of compatibility between the flux of objects
determined by us for North Ray and the estimate from
the passive seismometer can be calculated. Ranger
VIII struck the lunar surface with a kinetic energy of
about 10'%!* ergs, producing a crater about 13 m across
(Moore, 1968). Assuming diameter is proportional to
the cube root of the energy of the object producing the
crater, neglecting the effect of angle of impact, and
using a velocity of 15 km/s (Zook, 1975), we calculate
the mass of an object producing a crater 1 m across to
be 5.6 g. When the mass is substituted in the preferred
equation derived from the passive seismometer data
(Duennebier and others,1975), the flux becomes 107!-%4
craters/km? yr. Since North Ray is about 50 m.y. old,
the predicted net accumulated flux for North Ray be-
comes 107 craters/10% km? This value is somewhat
larger than the measured values for North Ray of
1011236 to 101326 but it is within a factor of 3. The mass
of a meteor traveling at 15 km/s that is required to
produce a 1 m crater (14 g), estimated from data on
missile impact craters (Moore, 1976, 1971b), and the
same type of calculations as above yield a net accumu-
lated flux of 10'*? craters/10°km?. This is smaller than
the lower value of K for North Ray but is within a
factor of 3. From the foregoing discussion it is apparent
that calculations could be made to yield better agree-
ment between the passive seismic preferred estimates
of the flux and the measured one.

Scaling laws for impact crater formation that result
in crater frequency distributions for which the cumula-
tive frequency is proportional to the inverse cube of the
diameter (equation 1) can be satisified for conditions of
constant projectile velocity by

D3ccm!13

(6)

Such a result suggests that scaling laws developed
from studies of missile impact craters (Moore, 1976)
might be more appropriate for small lunar craters than
those produced by experimental impacts with sand in
the laboratory (Oberbeck, 1970; Cook and Mortensen,
1967).

MARIA

Outpourings of lava to produce the dark mare plains
of the Moon extended to more recent times than indi-
cated by samples returned from the Moon. The exact
duration is difficult to determine because of the errors
in D, values and the general flattening of the D,-time
curve after 3.16 b.y. (see also Neukum and others,
1975b). For example, D, values of 180+30 could repre-
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sent ages of 3.15 to 2.5 b.y., although the midpoint
corresponds to 2.65 b.y. When this error is combined
with the errors in both radiometric age (3.16=0.09 b.y.
and D, (215+45) for Apollo 12, the possibility of overlap
is clear. On the other hand, the consistent repetition of
low relative ages or D, values in Oceanus Procellarum
gives a strong indication that there is, in fact, young
mare material there that may have formed as recently
as about 2.5 b.y. ago, some 0.6 b.y. after the Apollo 12
mare basalts. Other evidence supports this conclusion:
(1) Infrared eclipse temperatures (Shorthill, 1973),
which are discussed below, are uniformly large in
Oceanus Procellarum, suggesting the presence of large
concentrations of rocks and thin regoliths which would
be expected for young maria; (2) Lunar Orbiter images
show a large number of blocky craters in Oceanus Pro-
cellarum; (3) analyses of craters imaged by Surveyor 1
indicate that the regolith is, in fact, thin compared to
that in other maria (Shoemaker and others, 1969b);
and (4) the bistatic-radar results indicate smoother,
less cratered surfaces in Oceanus Procellarum than in
other maria (Moore and others, 1976).

WESTERN MARIA

The occurrence of vast expanses of young mare ma-
terials in Oceanus Procellarum is an important obser-
vation but the reason for their occurrence there is not
understood. The surfaces of the maria in Oceanus Pro-
cellarum are higher than those of earlier formed maria
elsewhere on the Moon (Head, 1976). Larger hydrosta-
tic heads of deeper magma sources would be expected
in a lunar crust that thickens with time, but the reason
why earlier formed maria at lower elevations were not
also flooded by younger lava is not certain. It seems
that some additional factors, perhaps inhomogeneities
in the lunar crust or structural factors, were involved.

LUNAR GRAVITY AND TECTONICS

By D. H. Scorr

Among the most interesting and significant results
of the lunar space program was the discovery of large
positive gravity anomalies on the Moon and their asso-
ciation with circular maria. The mass concentrations
or “mascons” responsible for the gravity anomalies
were first revealed during doppler tracking of space-
craft in the Lunar Orbiter missions by Miiller and Sjo-
gren (1968) of the Jet Propulsion Laboratory. In effect,
the spacecraft acted as an accelerometer, responding to
mass variations on the Moon by changes in velocity
along its orbital path. The orbits, however, did not ap-
proach closer than 100 km to the lunar surface in the
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early missions and consequently afforded inadequate
resolution for the gravitational definition of many
small to moderate-size topographic and geologic fea-
tures. For example, the gravity response of a crater
such as Copernicus showing a negative anomaly of —57
milligals (Sjogren and others, 1974a) at 20 km space-
craft altitude would only have a value of about —8
milligals at 100 km altitude. Moreover, the much
smaller anomaly at the higher altitude would be dis-
persed over a radial distance several times as great.
During the later Apollo missions, nearside perilune al-
titudes were lower, and relatively minor features such
as some small craters, mare ridge systems, and certain
mountain chains appeared as “free-air” gravity
anomalies. The gravity data together with accurate
elevations established by laser and radar altimetry to-
gether with photogrammetric methods have shown
that many structures of basin size and smaller are not
isostatically compensated. The large basins, however,
have probably passed through cycles of combined iso-
static and hydrostatic changes ranging from (1) an un-
compensated negative stage when first formed,
through (2) a period of equilibrium resulting from
updoming of the mantle and basalt flooding, followed
by (3) an overly compensated positive stage as basalt
filling progressed and the crust stiffened enough to
maintain the load. These stages are illustrated by the
Orientale basin. The smooth mare-filled central part of
Orientale basin is a positive anomaly, whereas the
rough outer floor of the basin is strongly negative. In
all other lunar near-side basins the basalt filling has
progressed much farther than at Orientale, and the
negative anomaly associated with the depression has
virtually disappeared. These basins are large mascons.
Yet, for the most part, gravity variations over large
regions of the Moon are relatively mild compared with
Earth, and equilibrium generally prevails (Kaula,
1975).

The following discussion will describe methods used
in the analysis of gravity data, some of the results ob-
tained from these methods, and relations between
gravity anomalies and tectonic features, mostly on the
near side of the Moon.

METHODS OF ANALYSIS AND APPLICATION

The gravity field at any particular point depends
upon the mass distribution around the point. It is a
direct function of the incremental masses and an in-
verse function of the squares of the distances of the
incremental masses from the point. Thus, topography
and rock units with varying densities produce varia-
tions in the gravity field or anomalies. The magnitudes
of the anomalies produced by rock units, neglecting
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topography and distance between observer and the sur-
face, are a function of density, depth, size, and shape of
rock units below the surface. Ambiguities in the in-
terpretation of gravity anomalies result from the in-
numerable variations possible in these characteristics.
In some places, however. the shape of a gravity ano-
maly, revealed either by contours or profile, may pro-
vide constraints on the depth and configuration of the
causative mass. This is true for many of the positive
anomalies associated with the mascon basins. For
example, the flat top of the gravity profile for the Nec-
taris Basin mascon and the break in slope on the grav-
ity profile across Mare Serenitatis together with the
circular outlines of the anomalies indicate near-
surface, disk-shaped structures (Sjogren and others,
1972a, b). Using the shapes of the anomalies, Sjogren
and his co-workers (1972a) have shown that the mass
distribution and hence thickness of the nearside mas-
cons is quite uniform; their thickness may range from
about 2.7 km to 8 km depending on whether the origi-
nal basin was isostatically compensated or not.

In other areas, gravity observations obtained at dif-
ferent spacecraft altitudes have been useful in deter-
mining the size of the source mass with less ambiguity
than from single level data alone (Scott, 1974). The
variables of density, thickness, depth of a thin cylindri-
cal or disk-shaped object such as a mascon, for exam-
ple, are effectively eliminated from the computations
provided differences in orbital altitudes are large rela-
tive to body thickness.

All large craters on the near side as well as the
Orientale basin on the west limb of the Moon are asso-
ciated with negative free-air gravity anomalies (Sjo-
gren and others, 1974b, c). Where topographic control
is poor, as at Orientale, the gravity data can be used to
estimate the mass deficiency of the cavity and thus,
indirectly, obtain an approximation of the amount of
material ejected (Scott, 1974). In areas where topo-
graphic maps are reliable, theoretical or Bouguer grav-
ity values due to the cavity can be calculated from cra-
ter geometry. The difference between the observed
(free-air) and theoretical gravity (Bouguer) values is a
measure of the anomalous gravity (Bouguer anomaly)
attributable to either a mass deficiency or a mass ex-
cess associated with the crater. A negative anomaly
implies a mass deficiency unaccounted for by the crater
void; it might result from a lens of brecciated material
beneath the crater floor having a relatively low bulk
density (Innes, 1961). A positive anomaly indicates a
mass excess and could be caused by basalt flows on the
crater floor or uplift of relatively dense subsurface
material reflecting some degree of isostatic adjust-
ment. Many nearside craters ranging in age from
Copernican to pre-Nectarian show little or no Bouguer
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anomaly; observed and theoretical gravity are nearly
equal (Sjogren and others, 1972a; Scott, 1974). It fol-
lows that these lunar craters, like the mascon basins,
are not in isostatic equilibrium. The lunar crust must
have been sufficiently thick or rigid to support their
negative load since early in lunar history. These stres-
ses amount to more than 800 kg/cm? for the mascons
associated with the circular basins (Sjogren and others,
1974b) and about —900 kg/cm? for a young crater such
as Theophilus, described below.

This type of analysis is presently restricted to areas
covered by the LTO series 1:250,000-scale maps, or to
selected craters whose geometry has been well estab-
lished by photogrammetric studies. An example of the
application of the 1:250,000-scale maps to gravity
studies is shown using the crater Theophilus. Only half
of this crater is presently covered by the large-scale
maps (LT0077D2 and LT078C1), but its total volume is
probably reliably extrapolated as photographs show
Theophilus to be nearly circular in outline and sym-
metrical in shape. A representative schematic topo-
graphic profile across the crater is shown in figure 15.
The cavity has a depth of 3 km with respect to the
terrain beyond the raised crater rim material; its vol-
ume is 13,723 km? after subtraction of the space oc-
cupied by the central peak. In order to determine the
gravity effect of this void, the dimensions of a disk or
cylinder having an equal volume are calculated. The
radius of this disk, having a thickness equal to the
depth of Theophilus (3 km), is 38.2 km. From these
data, and assuming a crustal density of 3.0 g/cm? (War-
ren and Anderson, 1972), a peak gravity value of about
—180 milligals is obtained for the mass deficiency. This
closely compares to an observed (filter corrected) value
of —184 milligals at spacecraft altitudes of 22-23 km
(W. L. Sjogren, oral commun., 1976). Thus, the new,
more accurate and detailed elevation control from the
large-scale topographic maps together with observed
gravity results suggest that Theophilus, like other
lunar craters, has undergone little if any isostatic ad-
Justment.

As previously mentioned, gravity data can be used in
some places to estimate the volume of craters and
basins where topographic control is poor (Scott, 1974).
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Ficure 15.—Topographic profile of Theophilus.
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The Orientale basin on the west limb of the Moon is a
good example of the application of orbital gravity re-
sults to volume and mass estimates in the absence of
adequate topographic data. As Orientale is relatively
young (middle Imbrian) and well preserved
morphologically, it is the prototype of all lunar mul-
tiringed basins. For this reason a large amount of
study has been directed toward the geology of the
basin, the thickness and areal distribution of its ejecta
blanket, and the mechanics of its formation (Head,
1974; Howard and others, 1974, Moore and others,
1974; Scott and others, 1977). Volume estimates are
important to these studies; they were made by calculat-
ing the mass deficiency from gravity data obtained by
Apollo 15 and Apollo 16 subsatellites (Scott, 1974).
Two methods were used for the computations and are
briefly summarized here. The first method employed a
set of surface mass points (Sjogren and others, 1974b)
which were calculated to produce the observed residual
accelerations of the spacecraft. The sum of the negative
mass points was believed to correspond to the
minimum amount of material ejected from the basin.
In the second method, gravity profiles across a part of
the basin were visually adjusted to remove the distort-
ing effect of the central mascon. The negative anomaly
value remaining more nearly reflected the mass (and
volume) deficiency of the present basin, about 2x10¢
km?, than the first method using mass points. Other
approximations of the volume of the basalt plug or dike
swarms intruding the central part of Orientale are
about 3x10° km?. Thus the total volume of the original
cavity, equivalent to the amount of material ejected,
may have been about 5x10% km?,

Sjogren and others (1974a) have developed a more
sophisticated approach in the reduction of Apollo 17
gravity results. This method uses a dynamic solution
in which real data and data simulated from a model are
identically processed. It is an iterative procedure; the
model, an assemblage of point masses, is progressively
improved to obtain a best fit of simulated accelerations
with real accelerations. The method seems to provide
the most accurate estimations of mass as it accounts for
vertical components of gravity, spacecraft altitudes,
and filtering effects. Volume determinations of craters
made from high-quality topographic maps together
with accurate mass estimates obtained from dynamic
solutions of gravity data could provide reliable bulk
densities of the lunar crustal rocks.

Several attempts at lunar gravity data reduction
using a template method to obtain residual gravity
values have been made but without noticeable success.
Residuals were calculated from the difference between
the observed gravity at a point and the average value
of the observed gravity within a large area around the
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point. In effect this is a filtering process which tends to
enhance small gravity deviations that otherwise might
be obscured by large regional variations. When this
method was applied to lunar gravity maps, however, no
significant anomalies were disclosed. This failure
probably results from a combination of the following:
(1) Spacecraft altitudes are so high over most areas
that minor variations in the gravity field due to local or
shallow sources are effectively filtered out. (2) Spacing
of gravity control lines is too great for the effective use
of residual templates having radii less than the line
spacing, that is, small enough to amplify anomalies
associated with such features as rilles, ridges, volcanic
centers, and some craters. Another residual procedure
involves the visual adjustment of observed gravity
profiles to smooth continuous curves approximating
regional slopes. Departures from the regional curve are
due to local effects, and the magnitude of these
anomalies can be measured. This method was used in
the analysis of the gravity profile across Montes Secchi
(fig. 16).

GRAVITY AND GEOLOGICG STRUGCTURE

On a broad scale, the near side of the Moon shows
positive gravity values except for a region extending
around the central highlands in a broad semicircular
arc (Sjogren, 1974, plate I). This generally negative
region consists of large basalt-filled areas within Maria
Fecunditatis, Tranquillitatis, and Nubium as well as
the highlands north of Mare Vaporum including a part
of the Montes Apenninus and the highlands around
Rima Hyginus and Rima Ariadaeus. As the negative
anomalies include both high and low terrain, they are
not simply related to the Bouguer effect, and their
cause is not clear. The largest of these anomalies, in
Mare Nubium, has a value of less than —40 milligals.
It is centered along the northwest extension of Rupes
Recta, a large fault scarp transecting Imbrium mare
materials and having a vertical displacement of 410 m
(Holt, 1974). The present scarp is believed to be rela-
tively young but probably represents recurrent move-
ment along an older fault. Possibly this area has been
undergoing uplift in repeated adjustments toward
equilibrium which it has not yet reached. On a smaller
scale, major mare ridge systems such as those in
Oceanus Procellarum show positive gravity anomalies,
whereas large rilles, except for Hyginus and Ariadaeus
as noted above, have no noticeable gravity response
(Scott and others, 1975). The linear rilles are believed
to be grabens formed by extension of the lunar crust.
The absence of associated gravity anomalies indicates
that these structures have not produced any substan-
tial lateral discontinuities in crustal density distribu-
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tion. Aside from the mascons associated with mul-
tiringed basins, the largest positive anomaly on the
lunar near side occurs over Rupes Altai, the great fault
scarp forming the outer ring of the Nectaris Basin
(Sjogren, 1974, plate I; Rowan, 1971). Although the
scarp rises more than 1,000 m above the basin floor, it
is ridgelike in profile, and its height decreases to about
one-half within about 10-20 km of its crest line. Thus,
the average difference in elevation on either side of
Rupes Altai is estimated to be about 500 m. The mag-
nitude of the positive gravity anomaly attributed to the
uplift is difficult to ascertain because of the large adja-
cent mascon associated with the Nectaris basin. How-
ever, a gravity difference of about 60 milligals appears
to be a reasonable estimate from Sjogren (1974, plate
I). The calculated gravity effect of a fault with 500 m
vertical offset is about 63 milligals, using the formula
Ag = 2 wyot (Nettleton, 1940) and a density (o) of 3.0
g/cm®. If the fault extends to and, in like degree, dis-
places mantle material of density contrast 0.3 g/cm?,
then 6.3 milligals should be added to the calculated
gravity. This would increase the total anomaly to
nearly 70 milligals but well within the probable range
of the measured or observed value. Here again, isosta-
tic adjustment appears to be nil.

Gravity and topographic profiles constructed across
the Montes Secchi, a highland ridge between Mare
Fecunditatis and Mare Tranquillitatis, are shown at
reduced scale in figure 16. Elevations increase to the
northwest about 1,200 m between the two maria, but
local relief of the Montes Secchi is only about 500 m.
Gravity also increases northwest to the Montes Secchi,
which have a residual value of about 15 milligals above
the regional. The anomaly is somewhat oval in outline
(Sjogren and others, 1974b, fig. 7) and so 1nay be ap-
proximated by a disk for theoretical computations. The
dimensions of this disk, having the same volume as
that calculated for the near-spherical segment of the
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Montes Secchi in figure 16, are: radius 30 km, thick-
ness 250 m. Assuming a spacecraft altitude of 15 km
(Sjogren and others, 1974b, fig. 1) and density of 3.0
g/cm?®, no isostatic compensation appears to exist.

Recent studies of long-term perturbations in the or-
bits of lunar satellites has resulted in gravity maps of
the far side (Ferrari, 1975; Ananda, 1975). These maps
generally show negative anomalies to be associated
with multiringed basins; thus they represent mass
deficiencies rather than mascons. This difference is at-
tributed to the topographic asymmetry of the Moon,
with the higher parts of the far side being unfilled by
the hydrostatic flow of mare basalts (Ferrari, 1975).
Although the details of the gravity field on the far side
is known only within broad limits, calculations of the
Bouguer anomaly for the Mendeleev (Ferrari, 1975)
and Hertzsprung basins (Scott and others, 1977) indi-
cate that a large amount of isostatic compensation may
have taken place. As these basins contain little or no
mare basalt, their approach to a state of equilibrium
reflects deep-seated uplift of more dense material,
probably the mantle. This uplift is indicated on the
floor of the Orientale basin by concentric and radial
fissures attributed to updoming before the extrusion of
mare basalts (Scott and others, 1977).

SUMMARY AND CONCLUSION

The first large mass concentrations on the Moon
were discovered during the early Lunar Orbiter flights.
The resolution of these mascons was enhanced by the
lower altitude Apollo missions, and others were found
as well. Aside from the basin-associated mascons,
many other structures on the Moon including large
craters and positive relief features such as Rupes Altai
and Montes Secchi are not isostatically compensated.
Over broad areas, however, lunar gravity relief is
small compared with that of Earth.

Gravity observations obtained at different heights
above the lunar surface have been useful in reducing
the number of assumptions for determining the shape
of buried masses. Also, the large-scale LTO series maps
with their excellent topgraphic control allow accurate
volume calculations of selected features and hence
their probable mass and resulting gravity anomaly
value. Reliable elevations together with a refined
method of reducing gravity data developed after the
last Apollo missions should yield good estimates of
bulk densities of lunar rocks. In those areas where top-
ographic data is poor, such as at Orientale, gravity
results give acceptable estimates of crater volume that
provide constraints for ejecta distribution studies.

Although all large craters on the near side of the
Moon are negative gravity anomalies, some high areas
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are also negative and the cause is not everywhere ap-
parent. Mare ridge systems are generally positive, but
many rilles show no gravity effect.

On the lunar farside, preliminary calculations indi-
cate that isostatic compensation of large basins may be
further advanced, but more accurate data are needed to
pursue these studies. In the future, low-altitude polar
orbiters operating in conjunction with subsatellites
may provide this information.

LUNAR MAGNETISM
By GERALD G. SCHABER

The discovery of stable components of natural rema-
nent magnetization (NRM) in Apollo 11 samples (Doell
and others, 1970; Helsley, 1970; Nagata and others,
1970; Runcorn and others, 1970; Strangway and
others, 1970) was one of the most unexpected and sci-
entifically important findings of the Apollo program.
Before Apollo, magnetometers aboard Luna 10 (Dol-
ginov and others, 1966) and Explorer 35 (Sonett and
others, 1967) obtained no evidence of a global lunar
magnetic field, implying a value of less than 10> gauss
cm?® for the lunar dipole. This value is five orders of
magnitude less than that for the geomagnetic dipole
(Fuller, 1974).

Lunar surface magnetometers placed on the Moon
starting with Apollo 12 monitored surprisingly high
local surface fields of up to several hundreds of gammas
(Dyal and others, 1970, 1972). These high fields are
thought to be caused by remanent magnetization of
local rocks. The size, distribution, and magnitude of
the anomalies were further defined by the mag-
netometers carried on the Apollo 15 and 16 subsatel-
lites. These experiments provided an additional sur-
prise by revealing steady remanent fields associated in
part with surface features and detectable at heights of
approximately 100 km (Coleman and others, 1971,
1972). The Apollo subsatellite magnetometer data also
revised downward the present lunar dipole field to a
maximum of 6x10'? gauss.

An electron scattering technique for high-resolution
mapping of the lunar remanent magnetic field was de-
veloped by Lin and others (1975a, b). Using low-energy
electrons from 14 keV to 0.5 keV, they showed that
extremely weak remanent fields (to 0.1 gamma) can be
mapped with a resolution of about 15 km to 40 km.

In the present discussion, I will concentrate on the
geologic relations of available lunar magnetic data and
will not detail the physics of lunar orbital, lunar sur-
face, or lunar sample magnetic data beyond the point
necessary for a basic geologic comprehension. The
reader is referred to an excellent summary article by
Fuller (1974).
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ORBITAL MAGNETIC DATA

The first indication of geologically important varia-
tions in the lunar magnetic field came from the Apollo
15 and 16 subsatellite magnetometer data that re-
vealed stronger fields and more variability in the rem-
anent magnetic fields over the far-side highlands than
over the near-side maria. In addition, strong magnetic
anomalies were found associated with or near large
far-side craters such as Milne, Gargarin, Pavlov, Van
de Graaff, and old basins such as Korolev and
Hertzsprung (Coleman and others, 1971, 1972). The
strongest and most obvious feature found in the mag-
netic records was correlated reasonably well with the
crater Van de Graaff (fig. 17). Attention has focused on
the Van de Graaff anomaly because of its larger mag-
nitude and the fact that it is the central anomaly of a
group of anomalies distributed somewhat symmetri-
cally about 180° longitude. In addition, this group of
magnetic anomalies correlates well with a topographic
low measured by the Apollo 15 laser altimeter (Rober-
son and Kaula, 1972) and a region of high gamma-ray
emission (Arnold and others, 1972b) (figs. 18, 19). It
was concluded that the Van de Graaff magnetic ano-
maly is related to a major depression centered at 180°
longitude, perhaps representing an old, unfilled basin
of which there is no surface trace.

Lin and others (1975b) have presented preliminary
results of an electron scattering technique to detect
and measure weak and small-scale lunar magnetic
fields. The technique makes use of the fact that solar
and interplanetary charged particles are easily scat-
tered in moving to a region of increased magnetic field
strength as they approach the Moon. The particles, in
effect, provide a probe along the external magnetic
field line down to the lunar surface which is sensitive
to increases in field strength along its path. If no sur-
face magnetization is present, the particles are guided
by the external magnetic field into the lunar surface,
where they are absorbed (except for less than 5 percent
which are Coulomb backscattered from the surface
material). If remanent magnetization is present, the
total field strength increases as the particles enter the
region of remnanent magnetization. A fraction of the
particles scatter back with an intensity that increases
with the strength of the total surface field.

All of the remanent field regions found by the Apollo
subsatellite magnetometers (Coleman and others,
1971, 1972) were found to scatter the electrons strongly
(over 50 percent). In addition, a number of new regions
of remanent magnetization were found using the
higher resolution electron scattering technique. Mag-
netic scattering effects have been observed for elec-
trons by the Apollo 15 and 16 Particles and Field Sub-
satellites, with most observations being made with 14
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keV electrons (Lin and others, 1975b). A limited
amount of high-resolution data were also collected
using the lower energy 0.5 keV electrons (Lin and
others, 1975b) (fig. 20).

LUNAR SURFACE AND SAMPLE MAGNETIC DATA

Starting with the Apollo 12 mission, lunar surface
magnetometers observed surprisingly high NRM (nat-
ural remanent magnetism) ranging from a low of 6
gammas at the Apollo 15 site to a high of 313 gammas
at the Apollo 16 site (Dyal and others, 1970, 1972).
These fields are known to be due to remanent mag-
netism of the lunar crust because as the Moon orbits
the Earth, it encounters a variety of magnetic envi-
ronments, including a zero-source-field region that
permits separation of the induced and remanent fields.

In order to better understand the nature and origin
of the lunar surface NRM, extensive magnetism
studies of the Apollo samples have been reported (Run-
corn and others, 1970; Nagata and others, 1970, 1971,
1972, 1973, 1975; Pearce and others, 1972, 1973, 1974;
Griscom and others, 1972; Collinson and others, 1972).
An NRM of between 102 and 1077 gauss cm® g~ has
been reported in the samples of breccia which carry the
strongest and most stable NRM.

These studies have confirmed that the most impor-
tant ferromagnetic constituent is metallic iron, in some
cases alloyed with a few percent of nickel or cobalt.
Other ferromagnetic and ferrimagnetic phases have
been reported, but iron and iron-nickel alloys predomi-
nate (Duller, 1974). The soils and breccias contain from
a few tenths of a percent to 1 percent by weight metal-
lic iron, but the feldspar-poor mare basalts contain
only about one-tenth this amount. In both the soil and
unmetamorphosed breccia, the iron is predominantly
in the form of extremely fine (about 100 A) single do-
main particles and spherules, which occur in impact-
generated glass. They appear to increase in content
with maturity of the surface (Pearce and others, 1974).
In well-annealed breccia the iron is somewhat coarser
and multidomain. The high abundance of almost pure
iron in breccias and fines is most likely to be the pro-
duct of breakdown of fayalite, ulvospinel, ilmenite, and
other minerals by severe meteoritic impact (Nagata
and others, 1974).

ORIGIN OF LUNAR MAGNETISM

The NRM of the samples strongly argues for the
existence of ancient fields on the order of 103 to 10*
gammas in which they acquired their magnetization,
and the variability of the sample NRM fields (ranging
from hundreds of gammas to an oersted—10,000 gam-
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mas) suggests a complex origin of these fields. The sur-
face fields observed by the Apollo surface magnetome-
ters revealed coherent sources of remanent magnetiza-
tion on the lunar surface, whereas the Apollo subsatel-
lite data give evidence of an at-depth homogeneous
magnetization of the lunar crust on a scale even
greater than that suggested by the surface fields (Ful-
ler, 1974). It is not yet clear whether a single explana-
tion will account for all aspects of these phenomena or
whether multiple explanations will be necessary.
Many theories to date require a planet-wide field
that induced the observe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>