CHAPTER 2

Energy at the Lunar Surface

Introduction
By its nature a sediment or sedimentary rock represents expended
energy. It is the product, t o a large degree, of its physical environment. On
the earth's surface the physical environment of the planet is dominated by
the atmosphere and the hydrosphere both acting as intermediaries in the
transfer of solar energy for the breakdown and dispersal of sedimentary
materials. The moon by contrast very obviously lacks both an atmosphere
and a hydrosphere. This means that solar energy, which is by far the most
important energy source for the formation of terrestrial sediments, is almost
completely ineffective in this role on the lunar surface. However, the absence
of an atmosphere and hydrosphere on the moon leaves the planetary surface
bared t o the interplanetary environment and kinetic energy in the form of
impacting meteoroids. It also leaves other processes such as volcanism, mass
movement and electrostatic processes unimpeded on rhe lunar surface.
In this chapter the various potential energy sources are evaluated in
terms of their abilities t o erode or transport detrital materials on the lunar
surface. The significance of some energy sources, such as meteoroid flux, is
obvious while others, such as the potential value of solar radiation, are much
debated.

The Meteoroid Flux
The surface of the moon is very obviously cratered and whether one
subscribes t o an impact or volcanic origin for the majority of the craters it is
clear that meteoroid impact has played a major role in sculpturing the lunar
surface.
The meteoroid cloud has a total mass of 2.5 x 10' 9 g within 3 . 5 AU of
the sun and within an inclination of i < 20" of the ecliptic (Whipple, 1967).
This represents a total volume of 2.25 x 1041 cm3 . This cloud produces a
continuous rain of hypervelocity particles on the lunar surface. The rate at
which energy is applied t o the lunar surface is small in terrestrial terms but
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Fig. 2.1. Selected orbits of meteoroid streams.

with the long periods of geologic time available it is a highly effective
mechanism for erosion and transportation on the lunar surface.
Distribution of Meteoroids in Space

Two types of meteor populations can be distinguished according to
their spatial distribution; shower meteors ,and sporadic meteors (Dohnanyi,
1970). Shower meteors move in highly correlated orbits and are distributed
into the volume of an elliptical doughnut with the sun in one of its foci (Fig.
2.1). Close correlation between the orbit of a meteor shower and that of a
known comet has been established for a number of meteor showers, and it is
believed that meteor showers originate from the partial disruption of comets
(Whipple, 1963). Such disruptions occur when the comet is subjected to the
thermal forces caused by the sun's radiation (Whipple, 1963).
Sporadic meteoroids, on the other hand, move in random orbits and
'fill up' the interplanetary space. The populations of sporadic and shower
meteoroids are believed to be closely related (Jacchia, 1963). Sporadic
meteoroids may be shower meteoroids that have gone astray under the
perturbing influence of the planets (Plavec, 1956).
Two gravitational -dispersal processes can be distinguished for meteor
streams. One dispersal effect arises when particles are ejected from the comet
near perihelion with a relatively small and limited ejection velocity (Whipple,

DISTRIBUTION O F METEOROIDS
Heliocentric Distance, A U
I

I

2

3

I

4

I

I

5
I

Pioneer I I - 5 0 ,urn cells
o Pioneer 10 - 2 5 ,urn cells

Asteroid Belt

oO

-0

O-

4
OO

8

-ooO

Jupiter Encounter

Time from Launch, Days

Fig. 2.2. Time history of meteoroid penetrations detected by Pioneer 1 0 and 1 1 (from Humes et al.,
1975, copyright 1975 by The American Association for the Advancement of Science).

1950, 195 1). The result is a distribution of orbital elements for the particles
around a mean value similar t o the orbital elements of the parent comet. The
particles thus assume a spatial distribution of a cloud whose dimension is
defined by the spread in the orbital elements of the particles. However, with
time the distribution in the periods of the particles causes a gradual dispersal
of the cloud along an orbit similar t o that of the parent comeT until the
shower particles are confined into a doughnut-like region of space whose
shape is similar to the orbit of the parent comet.
The second perturbing force acting on the meteor shower is the
influence of planetary encounters. When a particle or group of particles
encounters a planet, they scatter into orbits that are quite different from
their initial orbits. The magnitude of the effect depends on the proximity of
the encounter. The long-range statistical effect is that the particles will
assume a distribution of orbits having an average inclination/eccentricity
p t i o similar t o that of the sporadic meteors (McCrosky and Posen, 1961;
'Opik, 1966).
The most direct evidence for the distribution of meteoroids between
the earth and Jupiter has come from impact detectors on the Pioneer 10 and
11 space probes (Humes et al., 1975) (Fig. 2.2). The distribution of
meteoroids with masses less than 10-8 g is relatively constant out t o a
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distance of almost 6 A.U. There is a slight increase in meteoroids between 1
and 1.15 A.U. and a complete lack of meteoroids, or at least meteoroid
penetrations, between 1.15 and 2.3 A.U. There was no evidence of an
increase of the meteroid density in the asteroid belt which tends t o refute
any therory that the asteroids are the source of s'mall meteoroids. A high
concentration of meteoroids was encountered in the vicinity of Jupiter and
is believed to be due t o gravitational focusing by this planet.
Information on the population of meteoritic objects beyond the orbit
of Jupiter is limited. However, estimates of the spatial distribution of radio
meteors has given some insight into the overall distribution of meteoroids in
the solar system (Southworth, 1967b). The fraction of time each meteor
spends in given regions of space was calculated and in combination with
weighting factors yields an estimate for the spatial distribution (Fig. 2.3).
The distribution is assumed t o be symmetric about an axis through the
ecliptic poles; there is a broad maximum in the ecliptic and a minimum at
the poles. The distribution of radio meteors is flatter than the one based on
the photometry of the zodiacal cloud (Fig. 2.3). Detection of fast meteors
(those in highly eccentric orbits with large semimajor axes) is strongly
favored by radar and, consequently, the emperical distribution of fast
meteors will be greatly exaggerated.
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Fig. 2.3. Relative space densi'ty of radio meteors and of zodiacal particles as a function of their
distance from the sun, and ecliptic latitude (from Dohnanyi, 1972).

0

MEASURING THE METEOROID FLUX

Measuring the Meteoroid Flux
A large volume of data is available for the mass distribution of
rnete~roids.The data have been derived by a variety of methods, some earth
based, others using spacecraft and more recently lunar rocks. Consequently,
the results and interpretations are frequently contradictory and a wide
assortment of meteoritic models and fluxes has been suggested by various
~ o r k e r s (Dohnanyi, 1970, 1972; Gault, et al., 1972; Kerridge, 1970;
Soberman, 197 1, McDonnell, 1970).
The mass distribution of micrometeoroids (particles smaller than lob6
g) has been determined by a variety of methods. The first observation of
micrometeoroids in the solar system was obtained by ground measurements.
Observations of the solar K-corona (Allen, 1946) and the zodiacal light at
greater elongations (Van de Hulst, 1947) suggested that the two phenomena
arise from the scattering of sunlight by cosmic dust. A t the antisolar point,
the brightness of the zodiacal cloud increases and forms a diffuse area of
called the gegenschein. The gegenschein appears t o result from
about
the backscatter of the sun's light by the zodiacal cloud (Siedentopf, 1955)
although there are other views (Roosen, 1970) which suggest that the
gegenschein is due to a particle concentration in the asteroidal belt or
beyond.
With the coming of the space program a number of different detectors
based on particle penetrations were flown on spacecraft (Fechtig, 1971 and
Dohnanyi, 1972 give reviews). These detectors have the advantage of making
direct measurements of the properties of individual micrometeoroids and
therefore provide much more detailed information than can be obtained
optically from the zodiacal cloud. The results of penetration measurements
are of considerable importance because they provide the only direct
measurements of micrometeoroids. Pressurized can detectors were used on
some Explorer and Lunar Orbiter satellites. The Ariel satellites used a thin
aluminum foil detector which permitted the passage of light through holes
produced by micrometeoroid impacts (Jennison et al., 1967). Capacitor
detectors were used on some Pegasus and Pioneer satellites. These detectors
are momentarily discharged by impact ionization as the micrometeoroid
penetrates the detector. Other Pioneer satellites had two parallel detecting
surfaces which allowed the determination of velocity and direction of
motion and allowed the calculation of orbital parameters. These Pioneer
detectors were also backed with a microphone which detects the momentum
of the events.
A certain amount of information concerning the micrometeoroid flux is
available from more direct evidence. For example, possible meteoritic
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particles have been collected by rockets and balloons in the upper
atmosphere (Farlow and Ferry, 1971). Information is also available from
deep ocean sediments and particulate material in polar ice. Information from
these sources is much more difficult t o interpret as it is never clear as to
what fraction of the particulates is extraterrestrial. More promising perhaps
is the use of trace element chemistry to estimate the extraterrestrial
contribution t o deep ocean sediments (Baker and Anders, 1968). Similarly,
several flux estimates are available from trace element studies of lunar soils
(Ganapathy et al., 1970a, 1970b; Keays et al., 1970; Hinners, 1971). These
estimates are discussed in more detail in a following section dealing with the
availability of meteoritic energy at the lunar surface; they providi little
information on the mass distribution of the meteoritic particles.
The surfaces of most lunar rocks are densely pitted by micrometeoroid
impacts. These pits, most of which are glass lined, range in size up t o the
order of millimeters and provide very direct data on the mass distribution of
micrometeoroids (Hb'rz et al., 197 1; Hartung et al., 197 1 , 1972 ; Gault et al.,
1972). At least 95 per cent of the observed pits were the product of
micrometeoroids impacting at velocities in excess of 1 0 km sec-1 (Hb'rz et
al., 1971). Some rocks have an equilibrium distribution of craters (Marcus,
1970; Gault, 1970) but younger glass surfaces of impact melt are not
saturated. Similar but smaller estimates of the present lunar flux were
obtained by examining craters on the surface of parts of the Surveyor 111
spacecraft returned from the moon by Apollo 12 (Cour-Palais et al., 197 1 ) .
A variety of methods af greater and lesser reliability are available for
looking at the small end of the meteoroid mass distribution. In some ways it
is easier t o study larger meteoroids simply because they are large, for
example, they frequently reach the earth's surface so we know much more
about their chemistry than we do about micrometeoroids. However, arriving
at estimates of their pre-atmospheric mass distribution is considerably more
complex largely because the observational methods are indirect and require
difficult calibrations.
Meteoroids entering the earth's atmosphere ionize the air molecules in
their path and create an ionized trail. Intensely ionized trails of long
duration may be detected by radio equipment and are then called radio
meteors. Determination of the distribution of radio meteors as a function of
mass and orbital elements is difficult because of selection effects and because
of the uncertain relation between the mass of a radio meteor and its
observable dynamic parameters. Because of selection effects, radar misses the
fastest and slowest meteors. Fast meteors leave ionized trails at great heights
(above 100 km) and the trail charge density may, at these altitudes, diffuse
into the background before detection. Slow meteors do not leave a
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sufficiently high electron line density that can be detected. Consequently,
radar favors the detection of meteors having an earth entry speed of about
40 km s-1 ; selection effects inhibit the detection of meteors with appreciably
different velocities.
Luminous trails produced by meteoroids entering the earth's atmosphere are bright enough to be photographed. These trails are produced by
meteoroids with masses on the order of milligrams or greater (Dohnanyi,
1972). As with radio meteors the greatest difficulty in determining meteor
masses relates to calibration problems and strong selection effects. The
luminous intensity of a meteor is proportional to the third power of its
velocity over certain velocity ranges. Consequently there is a strong
preference for fast meteors t o be detected because of the higher relative
luminosity. Because of the uncertainties in calibration photometric
data provide
an order of magnitude approximation of the
mass
distribution
(Jacchia and Whipple, 196 1; Hawkins and
and
Posen,
1961; Dohnanyi
Southworth,
1958; McCrosky
1972).
Possibly one of the most promising means of determining the flux of
larger meteoroids is the use of the seismic stations established on the moon
during the Apollo missions (Latham e t al., 1969). The advantage of the
method is that essentially the whole moon is being used as a detector so that
it is possible to obtain large samples of relatively rare events. The method has
not yet reached its full potential, once again because of calibration
difficulties. Estimates of the flux using the short period component of the
seismic data compared favourably with some earth-based observations, but it
implies a considerably higher flux than follows from analyses of long-period
lunar seismic data (Duennebier and Sutton, 1974; Latham e t al., 1972). The
discrepancy is believed to lie in the uncertainty of coupling of impact energy
to seismic waves.
The asteroid belt lies in the region between the planets Mars and Jupiter
at about 2.5 to 3.0 AU from the sun. Several thousand asteroids occur in this
diffuse doughnut shaped region and are readily observed optically (Figure
2.4). The asteroids are important t o the present discussion for two reasons.
First, they provide us with information on the mass distribution of the larger
meteoritic bodies (m < 101 3 g) and second, they figure prominently in many
models of the origin and evolution of the meteoroid flux.
Attempts have been made to use lunar and terrestrial crater counts as a
means of measuring time and correlating cratered surfaces on an interplanetary basis (Shoemaker e t al., 1962). Counts of large craters in the
central United States and on the Canadian shield were used t o determine
cratering rates and hence the flux of large bodies. Numerous similar crater
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Fig. 2.4. Radial distribution of asteroids (from Dohnanyi, 1972).

counts were made of surfaces of different age on the moon. With absolute
ages now available for some lunar surfaces as a result of the Apollo program
the data will undoubtably lead to a considerable refinement of the
large-body flux (Table 2.1 ).
The Mass-Frequency Distribution

The array of available flux data is both complex and confusing. In
almost all cases complex calibrations and corrections are required t o convert
TABLE 2.1
Determinations of post-mare terrestrial and lunar cratering rate (from Dohnanyi,

k972).

Number of craters of diameter >l km
(km2 109 years)
Method

Earth

Meteorite and asteroid observations

21 x 10-4
5 to 23 x 10-4
110 x 10-4

12 x 10-4
2 to 9 x 10-4
45 x 10-4

Astrobleme counts i i central U.S.A.

1 t o 10 x 10-4

0.5 t o 4 x 10-4

Crater counts in Canadian shield

1 to 15 x 10-4

0.4 to 6 x 10-4

Best estimate

12 x 10-4

Moon

-

5 x 10-4
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observational data t o number-frequency equilvalents. In figures 2.5 and 2.6
most of the available data are plottted and it can be seen that in some cases
there are differences of several orders of magnitude. A large number of
writers have reviewed the literature dealing with the statistics of meteoroid
masses (Vedder, 1966 ; Whipple, 1967 ; Bandermann, 1969 ; Bandermann and
Singer, 1969; Kerridge, 1970; Soberman, 197 1; McDonnell. 1970). Few
reviewers have, however, examined the data critically and attempted t o
establish a best estimate of the flux. The most recent attempt t o this end was
~ r o v i d e dby Gault et al. (1972).
All of the micrometeoroid data selected by Gault et al. (1972) were
required t o fulfill three criteria (Kerridge, 1970). First, the original data
must have come from an experiment that gave a positive and unambiguous
signal of an event. Second, it was required that the experiment must have
recorded sufficient micrometeoroid events t o provide a statistically significant result. Third, the response and sensitivity of the sensors must have been
calibrated using hypervelocity impact facilities in order t o provide, as far as
possible, a simulation of micrometeoroid events. Only 10 data points from
Crater Diameter / Particle Mass Calibration
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Fig. 2.5. Comparison of lunar and satellite micrometeoroid flux data (after H6rz et al., 1973).
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Fig. 2 . 6 . Cumulative flux (mm2sec-I12 f l sterad) of meteoroids and related objects into Earth's
atmosphere having a mass of Mp(g) or greater (after Dohnanyi, 1972).
I
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experiments meet all of the requirements (Fig. 2.7).
For larger particles with masses between 10-6 and l g Gault et al. (1972)
found that recent analyses of photographic meteor data (Naumann, 1966,
Lindblad, 1967; Erickson, 1968; Dalton, 1969; Dohnanyi, 1970, 1972) agree
closely with the earlier NASA model (Cour-Palais, 1969). After modification
for the lunar environment the NASA model was adopted. For masses greater
than 1 g Hawkins (1963) earlier model was adopted. The Hawkins model is
in disagreement with the model based on long-period seismic data (Latham
et al., 197 1). However, as pointed out previously, there appear to be serious
calibration problems associated with the seismic model.

Fig. 2.7. The micrometeoroid flux measurements from spacecraft experiments which were selected t o
define the mass-flux distribution. Also shown is the incremental mass flux contained within each
decade of mp (after Gault e t al., 1972, Proc. 3rd Lunar Sci. Conf., Suppl. 3, Vol. 3, MITIPergamon).

VELOCITY DISTRIBUTION

The mass distribution for the lunar meteoritic flux of N particles (per
cm-2 106 yr-1 2n strd-1 ) of mass Mp (g) according to the model is:

for particles with a density of 1 g cm-3 impacting with a root-mean-square
velocity of 20 km s-l . The use of two exponential expressions with a
resultant discontinuity is artificial but was introduced for simplicity. Also
shown in Figure 2.7 is the incremental mass flux in each decade of particle
mass, which shows quite clearly that most of the mass of materials impacting
on the lunar surfacqconsists of particles of the order of 10-6g.

Velocity Distribution
The velocity distribution of meteoroids is bounded on the lower side by
the escape velocity of the earth and on the upper side by the escape velocity
of the solar system (Figure 2.8). The modal velocity of the distribution is
approximately 20 km s-1. This last figure is generally accepted as the
root-mean-square velocity for meteoroids (Gault et a[., 1972). Particles
impacting the moon may have velocities as low as 2.4 km s-1 (the lunar
escape velocity) but the mean is expected to be closer to 20 km s-1 because
of the relatively lower effective cross section of the moon for slower
particles. The velocity-frequency distribution is noticeably skewed towards
the higher velocities with a secondary mode near the escape velocity for the
solar system. The secondary mode undoubtably reflects meteoroids with a
cometary origin. The distribution in Figure 2.8 is based on radio and photo
meteors, however, the curve is generally consistent with inflight velocity
measurements of micron-size particles (Berg and Gerloff, 1970; Berg and
Richardson, 197 1).

Physical Properties
Density
A search of the literature produces a large number of values of the
mean density of the meteoroid flux. Most, however, are just estimates and
have frequently been made t o satisfy the needs of the particular study. A
considerable body of information is also available for terrestrial falls.
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Fig. 2.8. Velocity frequency distribution of meteoroids in relation t o t h e relevant escape velocities
(after Hartung e t al., 1972, Proc. 3rd Lunar Sci. Conf.,Suppl. 3 , V o l . 3, MITIPergamon).

Unfortunately, the survival of a meteorite during entry into the earth's
atmosphere as well as its chances of being found is very dependent upon its
composition. For example, iron and stony meteorites are much more likely
to survive than carbonaceous meteorites or meteorites with a high gas
content. Because density is also composition dependent it is difficult to
assess the statistics of this information. Information from terrestrial finds
does, however, suggest that the iron meteorites provide a useful figure for an
upper density limit approximately 8 g cm-3. Much of the experimental work
suggested that micrometeoroids were "fluffy" and thus of very low density
(eg. <1 g cm-3) (Soberman, 1971). The geometry of microcraters on lunar
rocks has been analysed and compared with experimental data to extract
information on particle density. The ratio of the maximum crater depth
below the original uncratered surface to the mean diameter of the pit rim is a
function of particle density and velocity or impact (Fig. 2.9). The data are
completely inconsistent with micrometeoroid densities being less than unity
and suggest that very few particles have the density of iron (Hijrz et al.,
1973). If it is assumed that the root-mean-square velocity of meteoroids is
20 km s-1 most meteoroids must have densities between 2 and 4 g cm-3.
Approximately 10 per cent of the microcrater population on lunar rock
surfaces appear to be different. Some of these microcraters have no glass
lining which has been interpreted by some to suggest that they are produced
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Fig. 2.9. Experimentally determined depth/diameter ratios using projectiles with densities from 1 to
7.3 g cm73 and impact velocities from 3 to 13 km sec-l. The inserted histogram on'the lunar
depth/diameters is based on 70 craters; an empirical curve accounting for the oblique impact is
indicated (from H'drz et al., 1973).

by low velocity impacts - possibly secondary events. However, there is
evidence to suggest that the craters were initially glass lined and the glass has
been spalled off. Possibly more important is another rare type of crater
which has been called a multiple pit crater (Hb'rz et al., 1973). These
microcraters are produced by aggregate structures with a low density and
non-homogenous mass distribution.
Shape
Direct observation of the shape of meteorites provides little useful
information. Mason (1962) presents photographs of a variety of meteorite
shapes, however, most were determined by ablation during entry into earth's
atmosphere and later by weathering on the gfound. However, crater
symmetry is determined to a large extent by the shape of the projectile and
its angle of incidence (Mandeville and Vedder, 1971; Kerridge and Vedder,
1972; Mandeville and Vedder, 1973). Most noncircular microcraters on lunar
rocks are elongate and shallow which indicates that they were produced by
an oblique impact rather that by irregularly shaped micrometeoroids (Wdrz
et al., 1973). Thus highly nonspherical micrometeoroids such as rods or
platelets are very unlikely. If the particles are modeled as prolate elipsoids
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he ratio a/b is less than 2. As mentioned in the preceding section, multiple

pit craters suggest that a small number of micrometeoroids may have been
complex aggregate particles.

Chemical Composition
The chemistry of terrestrial meteorite finds is well documented in
numerous publications (eg. Mason, 197 1) and is beyond the scope of the
present book. Because of the atmospheric entry conditions, weathering at
h e earth's surface and the unknown statistical parameters connected with
the finding of meteorites, an estimate of the bulk chemistry of the flux on
h e basis of terrestrial finds is at best difficult.
Three types of meteroitic material could be expected on the moon
(Anders et a/., 197 3) :
1. Micrometeoroids and small meteoroids in the soil.
2. Crater forming bodies in ray material and other ejecta.
3. Planetesimals from the early intense bombardment of the
moon in ancient breccias and highland soils.
Few meteoritic particles survive a hypervelocity impact. Consequently a
study of the chemistry of meteoritic materials on the moon must be based
on the bulk properties of lunar rocks and soils in relation to elements which
are distinctive of meteoritic materials. Originally, it appeared the siderophile
elements (Ir, Au, Re, Ni, etc.) would be the most reliable indicators of
meteoritic material (Anders et al., 1973). Because they concentrate in metal
phases during planetary melting, they are strongly depleted on the surfaces
of differentiated planets (e.g. by a factor of 10-4 on Earth). Accordingly,
they had been used as indicators of meteoritic material in oceanic sediments
and polar ice (Barker and Anders, 1968; Hanappe et al., 1968). However, a
number of volatile elements (Ag, Bi, Br, Cd, Ge, Pb, Sb, Se, Te, Zn) turned
out to be so strongly depleted on the lunar surface that it became possible to
use some of them as subsidiary indicator of meteoritic matter.

Micrometeoroid Composition
All lunar soils are enriched in meteoritic indicators-elements compared t o their crystalline source rocks. However, because of lateral mixing
not all of this enrichment can be attributed t o meteoritic materials. Most
soils contain at least small amounts of exotic rock types which are not found
among the large rock fragments collected at the site. Most important are the
alkali rich (granitic and noritic) rocks which result in the soils being enriched
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Fig.' 2.10. All mare soils studied t o date are enriched in 'meteoritic' elements, relative to crystalline
rocks. Net meteoritic component is obtained by subtracting an indigenous lunar contribution,
estimated from crystalline rocks. Numbers above histogram indicate signal-to-noise ratio (i.e. ratio of
net component t o correction). Abundance pattern is flat, with siderophiles and volatiles almost
equally abundant. Apparently the meteoritic component has a primitive composition (cf. Fig. 2.11)
(from Anders et al., 1973).

in alkalis, uranium and thorium. After correcting for this enrichment Anders
et al. (1973) found that the soil at the four sites examined all show
essentially the same picture, with siderophiles enriched to 1.5-2 per cent C1
chondrite equivalent and volatiles enriched to a similar if more variable
extent. In figure 2.10 the data are normalized to C1 chondrites to permit
characterization of the meteoritic component. The abundance patt-~ r isn flat
with siderophile and volatile elements almost equally abundant. This pattern
rules out all fractionated meteoroid classes when compared to the right side
of Figure 2.1 1. Ordinary chondrites, E5-6 chondrites, irons, and stony irons
are too deficient in volatiles (especially Bi) relative to siderophiles, whereas
achondrites are too low in siderophiles. The attention is then focused on
primitive meteorites on the left side of the figure in which all siderophiles
and volatiles occur in comparable abundances. A weak trend in the Apollo
data suggests a slight depletion of volatiles that may be due to a small
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Fig. 2.1 1. Primitive meteorites (left) contain siderophiles and volatiles in comparable abundance.
Fractionated meteorites (right) are depleted in volatiles (from Anders e t al., 1973).

admixture of fractionated material (Anders e t al., 1973). However, the
dominant material appears t o be of C1 composition.
Several workers have taken a different and somewhat less rewarding
approach t o the problem of micrometeoroid composition (Chao e t al., 1970;
Bloch e t al., 1971 ; Schneider e t al., 1973). Glasses lining the pits of
microcraters were analyzed in an attempt t o detect exotic components
which could be identified as part of the original projectile. In general the
results of these studies have been negative. This has been interpreted t o
indicate that most micrometeoroids are in large part silicates which is in
agreement with the density estimates given by H'o'rz e t al. (1973) and with
the findings of Anders e t al. (197 3).

Planetesimals
The older soils exposed in
complex diagnostic meteoritic
et al., 1973) which suggests
compositionally different from

the lunar highlands have a different and more
element pattern than the mare soils (Anders
that the ancient meteoritic component is
the micrometeoroid component. The greatest
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difficulty in dealing with the highland soils is estimating the correction for
indigenous materials.
Siderophile elements, especially Au, are more abundant in highland
than in mare soils (approximately 2-4 per cent of the bulk soil) (Fig. 2..12).
Four volatiles (Sb, Ge, Se, Bi) occur 3s in the mare soils at the 1-2 per cent
level but Zn and Ag are markedly higher at 5-9 per cent C1 chondrite
equivalent. The high Zn and Ag values may relate t o a rare indigenous rock
type but most of the remaining differences are due t o an ancient meteoritic
component.
The ancient component is much more intimately associated with its
host rock than the recent micrometeoroid component. The latter is located
mainly on grain surfaces, as shown by its ready acid leachability (Silver,
1970; Laul et al., 1971) and higher abundance in smaller grain size fractions
(Ganapathy e t al., 1970b). This is expected for material vaporized and
recondensed on impact. The ancient component, on the other hand, is
distributed throughout the interior of massive breccias. This difference may
reflect a major difference in size of the incoming objects. Breccia formation

14321 breccia

Fig. 2.12. Bulk highland soils (top) shok a less regular pattern than mare soils, largely due t o an
'ancient' meteoritic component. This component is seen most clearly in breccias and coarse soil
separates which contain no g c e n t micrometeoroid contribution (bottom). It has a distinctly
fractionated pattern, with volatiles less abundant than siderophiles. In contrast t o the mare data in Fig.
2.10, the highland data have not been corrected for an indigenous contribution (from Anders et al.,
1973).
/
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requires projectiles of at least decimeter size (Anders et al., 1973).
consequently the ancient component shows much more clearly in separates
of coarser materials hand picked from the soils (Figure 2.13). The most
striking feature of the ancient component is the abundance of volatiles
compared to siderophiles. The ancient meteoritic component thus, in
contrast t o the more recent micrometeoroid component, appears t o be
fractionated.
Two types of ancient components may be present and differ in the
proportion of siderophile elements. In Figure 2.13 histograms of Ir/Au and
ReIAu clearly show the two groups. Because the original data from Apollo
14 showed a tendency for light and dark norites t o fall in the lower and
upper groups respectively, the groups have been referred to as LN and DN
(Morgan et al., 1972). Both groups may consist of subgroups although data
are limited. The LN component is the most abundant. The ancient
components d o not match any of the known chondritic meteoroid
components. They are too low in Sb, Se, and Ag and in the case of the LN
component they are too low in Ir and Re. The deficiencies can not be
explained by volatilization either during impact or metamorphism. Similarly
there is no obvious connection with iron meteorites.
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This reflects admixture of the ancient meteoritic component with its characteristically low IrIAu value
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Anders et al., (1973) conclude by suggesting that planetesimals have the
following compositional traits.
1. They apparently contained nearly their cosmic complement of
siderophiles. Thus they must have been independently formed
bodies, not cast-offs of a larger body that had undergone a
'planetary' segregation of metal and silicate. Such segregation
usually depletes siderophiles by factors of 10-3-10-4 (Anders et
al., 1971; Laul e t al., 1972b). Hence the planetesimals cannot
represent material spun off the earth after core formation (Wise
1963, O'Keefe, 1969, 1970), condensates of volatilization residues
from a hot Earth (Ringwood, 1966, 1970), or fragments of a
differentiated proto-moon disrupted during capture (Urey and
MacDonald, 1971). If their Fe content deviated at all from the
cosmic abundances, this must be attributed to a 'nebular'
metal-silicate fractionalization, by analogy with meteorites and
planets (Urey, 1952; Wood, 1962; Larimer and Anders, 1967,
1970; Anders, 197 1). This process, presumably based on the
ferromagnetism of metal grains, has fractionated metal from
silicate by factors of up t o 3 in the inner solar system.
2. Volatile elements were depleted to <0.1 their cosmic abundance, as in the eucrites and the earth and moon as a whole. In
terms of the two-component model of planet formation (Larimer
and Anders, 1967, 1970), the planetesimals thus contained less
than 1 0 per cent of low-temperature, volatile-rich material; the
remainder consisted of high-temperature, volatile-poor material.

3. In the LN (but not the DN) planetesimals, refractory metals
(Ir,Re) were depleted by 60-70 per cent. This raises the possibility
that refractory oxides (CaO, A1203, etc.) were likewise depleted,
because these elements tend to correlate in cosmo-chemical
fractionation processes. No direct evidence on this point is
available from the lunar samples, because lunar surface rocks
themselves are enriched in refractory oxides. However, since the
moon as a whole is strongly enriched in refractories (Gast, 1972),
it would seen that only the DN, not the LN planetesimals can be
important building blocks of the moon. The LN planetesimals are
chemically complementary t o the bulk of the moon; a fact of
profound if obscure significance. I t is most likely that planetesimals comprise two of more meteoritic types which are no longer
represented among present-day meteorite falls.

HISTORY O F METEOROID FLUX

History of the Meteoroid Flux

The marked difference in crater density between the mare and highland
areas of the moon has long suggested that the flux of meteoroids at the lunar
surface has changed with time. Urey (1952), Kuiper (1954), Kuiper et al.
(1966) and Hartmann (1966) had all postulated an early intense bombardment of the moon. However, until the Apollo missions it was not possible to
independently date the cratered surfaces and these arguments remained
purely speculative. The dating of several lunar surfaces upheld the earlier
hypotheses and it was found that the older mare surfaces had in fact caught
the tail-end of the rapidly declining early intense meteoroid bombardment
(Hartmann, 1970) (Fig. 2.14). The decline of the flux in the first 109 years
was very rapid with a half-life of approximately 108 yr. The flux since 3 . 3
aeons has been relatively constant and may be increasing slightly.
The lunar meteoroid flux may have evolved in three phases (Hartmann,
1970):
1. An intense bombardment of low velocity (1.7-2 km s-1)
circumterrestrial particles left over after the formation of the
moon.
2. An intense bombardment of the last planet-forming planetesimals swept up from low-eccentricity solar orbits with
collision half-lives of the order of 108 yr. These produce
medium velocity collisions (2-10 km s-1) and probably
resulted in the formation of the circular mare.
3 . The present cratering phase of high velocity (8-40 km s-1)
sporadic meteorites and cometary materials.
Phase 1 would necessarily be short-lived, since the moon moved under
tidal influence t o half its present distance in less than 108 years, and since
many circumterrestrial particles would escape into circumsolar orbits. Most
low-velocity particles "leading" out of the earth-moon system would
probably be swept up in less than 106 years (Arnold, 1965). Some originally
circumterrestrial particles could, however, be converted by perturbations
into higher velocity particles of phase 2 (Arnold, 1965 ; opik, 1966).
The hypoth.esis of two phases (1 and 2) for the early bombardment
might help explain why some ancient craters and basins suggest low-velocity
impacts, while other more recent ones (Orientale) suggest high-velocity
impacts; different impact velocities might also account for differences
between craters and basins of equal size, some having only a single rim and
some having multiple concentric ring systems.
The major crystalline breccia units such as the Fra Mauro Formation,
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Fig. 2.14. Relative cratering rate (present day = 1 ) as a function of time. T h e curve is based on dated
surfaces in Mare Tranquilitatis (A-11), Mare Procellarum (A-1 2 ) , Fra Mauro (F .M .), Marius Hills (M-H) ,
Copernicbs (COP), and Tycho (Ty) (from Hinners, 1971).

probably formed as a consequence of the excavation of the circular mare
during phase 2. That is, most of the large scale stratigraphy and topography
of the lunar nearside formed during phase 2. Tera et al. (1974) view phase 2
as a cataclysm during which cratering rates increased sharply.
Phase 3 extends from approximately 2.0 or 2.5 aeons t o present and
accounts for the finishing touches t o the surface morphology of the moon
and is responsible for most of the development of the lunar soil particularly
in mare areas. There might have been a slight increase in the flux during
phase 3 as a result of asteroid collisions (Hartmann, 1970). More recently
Hartung and Sidrzer (1974) have presented some evidence t o suggest that
the flux has been increasing over at least the last 104 yr. Their results are
based upon solar flare track densities in impact produced glass lined pits.
Their data indicate that the age distribution of impacts formed during the
last 104 yr can be represented by an exponential curve corresponding t o a
doubling in the microcrater production rate about every 2000-3000 yr.
(Figure 2.15). The present meteoroid flux appears t o be in a quasiequilibrium such that it varies with time in response to the different processes
producing and destroying small particles in the solar system. The present
increase may be due t o the arrival of Comet Encke which has been present in
the solar system for several thousand years (Whipple, 1967).
More direct evidence of fluctuations in the meteoroid flux has come
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Fig. 2.15. Differential and integral age distributions for microcraters on sample 15205. The differential
data indicate directly the instantaneous microcrater production rate (per 1000 yr) as a function of
time in the past (exposure age). The slope of a line from the origin t o any integral data point is the
average microcrater production rate over the corresponding time (exposure age) for that data point.
(from Hartung and St'drzer, 1974, Proc. 5th Lunar Sci. Conf., Suppl. 5, Vol. 3, Pergamon).

from the distribution of complex impact-produced glass particles (agglutinates) in the lunar soil (Lindsay and Srnka, 1975). The slope of the
log-number-flux vs log-mass plot of meteoroids in the mass range 1 0 - 5 - 7 to
10-7.1 g varied in a cyclical fashion with a depth in the lunar soil (time). The
cycles may reflect an increase in the small particle flux due t o the passage of
the solar system through the spiral galactic arms in periods of the order of
108 yr. Phase 3 can thus be regarded as a period during which the meteoroid
flux is, by comparison with phases 1 and 2, relatively small and in a cyclical
quasiequilibrium state.
Meteoroid Energy

It is clear from the preceding section that the energy flux from
meteoroids impacting the lunar surface has changed considerably with time.
Even if we assume that the shape of the mass-frequency distribution has
remained constant the energy flux was at least 2 orders of magnitude greater
during much of the pre-mare time than at present. It is also apparent that
during phases 1 and 2 of the flux history there were greater numbers of
very-large impacts suggesting that the energy flux may have been even
greater and also more effective in shaping the lunar surface than a model
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based on the present mass-frequency distribution shows.
Since phase 3 of the flux history covers most of post-mare time, which
accounts for over 6 0 per cent of lunar history, and the time during which
much of the lunar soil evolved, it is instructive to look at estimates of the
current meteoroid energy flux. Iridium and osmium are rare in terrestrial
sediments and comparatively more abundant in meteorites such that their
concentrations can be used as an index t o the amount of meteoritic material
included in deep-sea sediment (Barker and Anders, 1968). By accepting the
chemical composition of C1 carbonaceous chondrites as being representative
of non-volatile cosmic matter Barker and Anders (1968) found the terrestrial
accretion rate for meteoritic material to be 1.2 (k0.6) x 10-8 g cm-2 yr-1
over the past 105 t o 106 yr. They were also able t o set a stringent upper
limit on the accretion rate by assuming that all 0 s and Ir in the sediments
was cosmic. The upper limit is 2.9 x 10-8g cm-2 yr-1 . The flux on the earth is
enhanced by gravitational focusing (f = 1.8) by comparison with the moon (f
= 1.03) but the difference is well within the uncertainties attached to the
above estimates.
Similarly trace element enrichment in lunar soil and soil breccia samples
from the Apollo 11 site indicated a mass flux of 3.8 x 10-9 grn c-2 yr-1
(Ganapathy et al., 1970a). Subsequently Ganapathy et al. (1970a, b)
estimated the mass flux at 4 x 10-9 g cm-2 yr-1 using similar trace element
studies and soil samples from the Apollo 12 site. The Apollo 11 and 12 sites
are both located on mare areas so that the flux estimates probably represent
estimates of Hartmann's (1970) phase 3 of the flux history.
Dohnanyi (1971) used the estimates of the modern mass frequency
distribution t o arrive at an integrated mass estimate of 2 x 10-9 cm-2 yr-1 for
the moon. Gault et al. (1972) arrived at a similar figure and later refined the
figure t o 1.4 x 10-9 g cm-2 yr-1 (Gault et al., 1974).
From the available information and assuming a root-mean-square
velocity of 20 km s-1 the post-mare energy flux from impacting meteoroids
at the lunar surface has been between 2 t o 8 x 103 ergs cm-2 yr-1. By
comparison with the terrestrial environment this energy flux is extremely
small. However, the lack of an atmosphere and the large amount of geologic
time available make meteoroid impact the most effective sedimentary
process on the lunar surface. The partitioning of the flux energy is complex
and is dealt with in some detail in Chapter 3.
Solar Energy

A t the avarage distance of the earth-moon system from the sun the
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radiant energy flux is 4.4 x 1013 ergs cm-2 yr-1 at a normal angle of
incidence. On the earth this energy fuels a global heat engine which provides
most of the chemical and mechanical energy for producing and transporting
sedimentary materials. Re-direction of radiant energy into sedimentary
processes on the earth is dependent upon fluid intermediaries - the
atmosphere and hydrosphere. Without fluid intermediaries solar energy is
almost totally ineffective - such is the case on the moon.
The radiant-energy flux contributes an average of 1.1 x 101 3 ergs cm-2
~ r - 1to the lunar surface. That is, at least 1 0 orders of magnitude larger than
the meteoroid flux contribution. Most of this energy is simply reradiated
into space during the lunar nights. However, a small, possibly significant,
amount of solar energy is effective in the sedimentary environment.

Electrostatic Transport
Electrostatic transport of lunar surface materials was first suggested by
Gold (195 5). The proposed driving mechanism was transient charge
separation due to photoelectron ejection from fully sunlit surfaces. However,
later theoretical studies suggested that under daytime conditions soil grains
would rise only a few millimeters at most above the surface (Gold, 1962,
1966; Singer and Walker, 1962 ; Heffner, 1965). Subsequently, Surveyor
spacecraft recorded a bright glow along the western lunar horizon for some
time after sunset suggesting that a tenuous cloud of dust particles extends
for up to 30 cm above the lunar surface during and after lunar sunset.
Criswell (1972) and Rennilson and Criswell (1974) suggest that this was due
to the retention of large differences of electrical surface charge across
lightldark boundaries due to the highly resistive nature of the lunar surface.
The dust motion could result in an annual churing rate of 10-3 g cm-2 at the
lunar surface which is about 4 orders of magnitude greater than the rate at
which soil accumulates from meteoroid impact erosion (Criswell, 1972). The
horizon glow observed by the Surveyor spacecraft appears to be produced by
particles with a diameter of 10pm. As discussed in Chapter 6, such particles
form about 1 0 per cent of the soil mass. The concept of electrostatic
transport of lunar materials thus appears t o be very model-dependent, but is
potentially capable of transporting very large volumes of lunar soil.

Thermal Effects
Thermal extremes in the terrestrial environment, particularly in hot or
cold deserts, are important in shattering rock exposures and producing
sedimentary materials. However, despite the dryness of these terrestrial
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environments, it appears that expanding and contracting water, even in small
amounts, is the critical agent in the shattering of terrestrial rocks. McDonnell
e t al. (1972, 1974) found no evidence of any degradation of lunar rocks
cycled from -186°C to +lOO°C in vacuum. The conditions of their
experiments were thermally equivalent to the lunar day-night cycle which
led them to conclude that thermal cycling is at best a very weak erosional
mechanism. In contrast, thermally triggered slumping of lunar soil appears to
be a relatively common occurence on the lunar surface (Duennebier and
Sutton, 1974). Such small scale slumping may be an important erosional
mechanism. However, gravity is the main source of energy for such mass
movements; it is discussed in a following section. Duennebier and Sutton
(1974) have also svggested that thermal moonquakes generated by rock
fracturing could cause a gradual decrease in grain size by grinding on slip
boundaries. However, they were unable to evaluate the importance of the
mechanism.

Solar Wind Sputtering
The small but persistent solar-wind flux on the lunar surface causes
small amounts. of erosion. Hydrogen, with a flux of 2.0 x 10s ions cm-2 s-1,
produces about 70 per cent of the sputtering erosion and helium, with a flux
of 9.0 x 106 ions cm-2 s-1 , the remaining 30 per cent (McDonnell and
Ashworth, 1972). Experimental studies by McDonnell et al. (1972) and
McDonnell and Flavill (1974) simulating solar wind with a velocity of 400
km s-1 show that there is a perferential loss of rock material on the rims of
microcraters and an etching of mineral grain boundaries and spa11 zone faults
caused by hypervelocity impacts. This results in an enhancement of these
features. One of the striking features of solar wind sputtering is the
formation of discrete needles aligned in the direction of the particle source
(Fig. 2.16). McDonnell and Flavill ( 1974) view these features as being the
result of "topology instability" where a flat surface with small irregularities
develops quasistable shapes of high inclination, which propagate themselves
under sputtering.
Computer simulation studies suggests that the observed topologic effect
of solar wind sputtering results mostly from the relatively high angular
dependence of the sputter yield (Fig. 2.17). That is, inclined surfaces recede
faster than those normal to the source direction. On the lunar surface
needles are therefore only likely to develop where the incidence angle of the
solar wind is restricted to a relatively small range such as in the base of a
deep void.
The erosion caused by solar wind sputteringis small; probably of the

GRAVITATIONAL ENERGY

Fig. 2.16. Enlargement of a section of helium sputtered crystalline breccia showing the development
of needles aligned towards the incident sputtering beam (Magnification 2000) (from McDonnell and
Flavill, 1974, Proc. 5th Lunar Sci. Conf, Suppl. 5, Vol. 3 , Pergamon).

order of 0.043 -C 0.010 A yr-1 for lunar crystalling breccia (McDonnell and
Flavill, 1974). A t an average rock density of 3 g cm-3 this corresponds t o a
loss of 1.3 x 10-9 g cm-2 yr-1 which is four orders of magnitude smaller than
the total flux of materials produced by the current meteoroid flux. The
effects of solar wind sputtering are thus not of great importance in terms of
shaping lunar landscape and the stratigraphic record. However, sputtering has
a significant effect in destroying the record of micrometeoroid impacts and
high energy particle tracks. This may have resulted in an underestimate of
the influx of micrometeoroids smaller than 10-6 g (Fig. 2.18).
Gravitational Energy and Mass Wasting
Predictably, evidence of mass movement is abundant on the moon.
Large scale slump structures are visible on the inner walls of most large
craters and in some cases large boulder streams are visible even from lunar
orbit. Similarly on steeper slopes large boulders may be seen lying at the
downslope ends of long trails gouged into the lunar soil (Fig. 2.19) and in
many highland areas "patterned ground" consisting of linear features
nendlng down slope is readily visible.
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Fig. 2.17. Computer simulation of the sputter erosion of a small crater and a Vshaped irregularity.
The instability of this topography, when an appropriate angular dependence of the sputter efficiency
is incorporated, demonstrates the very close approach t o the needle profiles observed in actual
sputtering (from McDonnell and Flavill, 1974, Proc. 5th Lunar Sci. Conf., Suppl. 5, V o l 3 , Pergamon).
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Fig. 2.18. Crater lifetimes for an exposed rock on the lunar surface due t o solar wind sputtering,
impact abrasion by craters smaller than the crater diameter and impact erasure by craters larger than
the crater diameter. A combined lifetime is also shown. The left figure is computed from the current
flux at 1 AU heliocentric distance and the right figure from the "past" flux which is required t o
establish observed lunar equilibrium surfaces. This is deduced without recource t o rock dating
techniques (from McDonnell and Flavill, 1974, Proc. 5th Lunar Sci. Conf., Suppl 5, Vol.. 3,
Pergamon).
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Fig. 2.19. Boulder trails on steep highland slopes at the
AS17-144-21991).

pol lo 17 landing site (N4SA Photo

Mass Wasting of Soil
Considerably more detailed and subtle information concerning mass
wasting was obtained during the Apollo missions. A t the Apollo 15 site it
was found that on steep slopes of the Apennine Front boulders were scarce
on the lower slopes of the mountains but the upper slopes were often
covered by boulders or consisted of blocky exposures (Fig. 2.20) (Swann et
al., 1972). This implies that the soil is preferentially thinned between the
mountain top and the steep face. This zone probably occurs because ejecta
from craters on the flat hill top are distributed randomly around the source
craters, whereas ejecta on the slope are distributed preferentially down slope.
Hence, a zone of disequilibrium exists high on the slope where material is
lost down slope more rapidly than it is replenished by impacts. The effects
of this downslope movement are shown clearly in Figure 2.21 where dark
lmbrian ejecta can be seen streaming down the lighter slopes of the
Apennine Front.
A similar pattern suggesting mass wasting is very clear at Hadley Rille
(Swann et al., 1972). As the rille is approached from the crest of the rim, the
surface slopes gently downwards and the soil thins and becomes coarser.
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Fig. 2.20. The blocky upper slopes of Mount Hadley at the Apollo 15 landing site. Mass wasting has
resulted in thinner soil on the higher steeper mountain slopes (NASA Photo AS15-84-11304).

Fig. 2.21. The Apennine Front near the Apollo 1 5 landing site showing the streaming of dark colored
materials down slope b y mass movement (NASA Photo ~ ~ 1 5 - 9 8 1 4 ) .
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similarly the composition of the soil changes and becomes richer in mineral
gains and deficient in glass fragments (Lindsay, 1972). Within about 25 m
of the lip of the rille, soil is essentially absent so that numerous boulders and
bedrock exposures are t o be seen (Fig. 2.22). This thinning is inferred t o be
the result of near-rim impacts that distributed material in all directions
including into the rille. However, the narrow zone of thin soil along the rille
receives material only from the east because impacts that occur within the
rille to the west d o not eject material up t o the rim (Fig. 2.23). This ejection
pattern results in the loss of material toward the direction of the rille;
therefore, as the rille rim recedes backwards by erosion, so will the zone of
thin regolith recede.
-Rock fragments are more abundant in the vicinity of the Hadley Rille
rim than they are on the mare surface t o the east. The increase becomes
noticeable approximately 200 t o 300 m east of the lip of the rille. Most of
the fragments at a distance of 200 t o 300 m east are a few centimeters
across. The size of the fragments increases markedly as the surface begins t o
slope gently down toward the rille; bedrock is reached at the lip.
The abundance of rocks in the 200- t o 300- m zone along the rim of
adl ley Rille is related t o the nearness t o the surface of outcrops in the

Fig. 2.22. Large blocks and exposures of bedrock at the lip of Hadley Rille, (NASA Photo
AS15-82-11147).
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Fig. 2.23. Diagram t o illustrate winnowing of lunar soil into a rille. Impacts on the rille rim eject
material in all directions but the rim receives ejecta from only one side. This results in a net movement
of soil into the rille (after Swann e t al., 1972).

vicinity of the rim. In the narrow zone along the lip all craters greater than
0.5 m or so in diameter penetrate the fine-grained material, and therefore the
ejecta consist primarily of rock fragments. In the areas of normal soil
thickness, only those craters greater that 20 t o 25 m in diameter penetrate
the regolith, and even then most of the ejecta are fine-grained materials from
craters approximately 100 m in diameter. Therefore, the blocky nature of
the 200 t o 300 m zone along the'rille is due t o the nearby source of rocks in
the area of very thin soil along the rille rim.
At the bottom of Hadley Rille, the fragment-size has a bimodal
distribution (Fig. 2.24). Numerous large boulders have broken from the
outcrops at the rille rim and were large enough to roll over the fines t o the
bottom. The rest of the material is mainly fine grained and has probably
been winnowed into the rille by cratering processes. Where the rille meets
the pre-mare massif, the rille wall is made of fine-grained debris, and the
bottom of the rille is .shallower and flatter than elsewhere. This situation
indicates a considerable fill of fine-grained debris derived from the massif.
Mass movement is thus filling the rille and rounding the v-shape.

Talus Slopes
The Hadley Rille at the Apollo 15 landing site also offers the best
information about talus slopes on the moon. The talus slopes that form the
main walls of the rill& are blocky compared t o most of the lunar surface (Fig.
2.24). Loose debris is approximately at the angle of repose. Boulder tracks
visible on the slope of the rille wall indicate recent instability of the blocks.
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Fig. 2.24. Soil and boulders accumulated in the floor of Hadley Rille. Note the extreme bimodality of
the particle size distribution as a consequence of mass wasting (NASA Photo AS15-84-11287).

The talus is especially blocky where penetrated by fresh craters. The obvious
source of most talus is the outcropping ledges of mare basalt near the top of
the wall. Loose blocks that lie above the level of outcrops can be accounted
for as blocks produced by impact reworking of the lunar surface.
The blocky talus deposits are generally poorly sorted due t o a larger
component of fine-grained debris as compared t o talus slopes on earth. This
difference is undoubtably caused by impact comminution of the lunar talus
and t o the addition of fine-grained ejecta from the mare surface beyond the
outcrops. Many patches of talus in the rille are so recently accumulated,
however, that fine-grained debris does not fill the interstices (Fig. 2.25).
Where aligned with fractured outcrops, some of these block fields appear
jumbled but not moved far from their source, similar t o fields of
frost-heaved blocks that cover outcrops on some terrestrial mountain peaks.
On the northeast wall of Hadley Rille, blocks commonly accumulate on a
bench just below the outcrop scarp; farther down the wall, blocks are in
places concentrated on the steep lower part of convexities in the slope. A
few patches of blocks are elongate down the slope similar t o stone stripes on
earth. Near the top of the rille wall, horizontal lines of blocks underlie finer
regolith in places and represent r o c k s that are apparently close t o their
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Fig. 2.25. A blocky cratered area on the lip o f Hadley Rille (NASA Photo AS15-82-11082).
I
,
,

bedrock source.
Some talus blocks at Hadley Rille are more than 10 m across (Fig.
2.24). The largest blocks are about the same size as, or a little thicker than,
the largest unbroken outcrops. Unbroken blocks of basalt this large are
uncommon on earth, demonstrating that these lunar basaltic flows are both
thick and remarkably unjointed compared t o many terrestrial counterparrs
(Swann et al., 1972).
The talus blocks have a range of shapes and textures which may provide
an understanding of lunar weathering and erosional processes. Many large
talus blocks have split in their present location. Other evidence of lunar
weathering and erosional processes on the blocks include expressions of
layering and rounding of many blocks.
The thickness of the talus deposits is not known, nor is the distance
that the lip of the' rille has receded. The present profile appears t o be a
consequence of wall recession by mass wasting so that the talus aprons of the
two sides coalesce.
Soil Creep
Direct evidence of mass wasting is available from seismic records. M a r y
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of seismic events have been recorded by the ~ h o r t - ~ e r i ~ d
of the Apollo passive seismic network. The majority of these
appear to be small local moonquakes triggered by diurnal temperature
changes. These events, which have been called thermal moonquakes, are
recognized by the repetition of nearly identical signals at the same time each
lunation (Fig. 2.26) (Duennebier and Sutton, 1974). Thermal moonquake
activity begins abruptly about 2 days after the lunar sunrise and decreases
rapidly after sunset. Thermal moonquakes appear to have source energies of
between 7 x 107 and 101 ergs within a 1 t o 4 km range.
There is considerable uncertainty attached t o these estimates of source
Erosion rates and source energies estimates depend largely on the
coupling efficiency which has been estimated from explosions set off on the
lunar surface for the active seismic experiments (Kovach e t al., 1972).
criswell and Lindsay (1974) have argued that the erosion rates implied by
these estimates of the coupling factor are much too large by several orders of
magnitude. Their argument is based on a rare terrestrial phenomenom known
as booming sands (Lindsay, e t al., 1975 ; Criswell et al., 1975). Booming
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Fig. 2.26. Occurence calendar of all thermal moonquakes observed at station 14. This figure is read
like a calendar; each line represents one lunation. Each lunation is broken into terrestrial days, starting
at sunrise. Dots represent the number of thermal moonquakes occuring in each 6-hour period. Note
that activity drops off after sunset and that no thermal moonquakes are observed during the latter part
of the lunation. Solid horizontal lines show periods when the event detection program was not run.
Dotted horizontal lines show periods when analog records are available. Sensitivity of detection
Program was higher during lunations 11 and 12. The recording period starts on February 11, 1971,
and ends on January 10, 1972 (from Duennebier and Sutton, 1974).
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sands emit a low frequency (f-=100. Hz) sound during slumping or
avalanching. Very efficient (1 per cent) conversion of slumping energy to
seismic energy has been observed (Lindsay et al., 1975 ; Criswell et al., 197 5).
Booming efficiently produces seismic signals in the 50 t o 8 0 Hz and less
efficiency in the 1 0 Hz range. Thermal moonquakes have a narrow frequency
distribution much as the booming sands. Some thermal moonquakes occur as
an evolving sequence during the lunar day that is very faithfully repeated
from one day t o the next. In the booming process local slopes would control
the spectral outputs of each event and the very slight displacements required
for each event t o occur would permit the slumping of each element to
continue over many cycles before significant local slope changes occured.
Sound production of booming sands appears t o relate t o the mechanical
coupling between grains. Consequently, in the terrestrial environment,
booming only occurs in sands that are extremely dry and where the surfaces
of the grains are very smooth. The extreme dryness of the moon precludes
the need for preconditioning of the grains and as a consequence booming,
whichcappears t o be rare on the earth, may be very common in the lunar
vacuum. However, considerably more data are required before the mechanism is well enough understood t o apply it to the lunar case.
If Duennnebier and Sutton (1970) are correct and we assume an energy
release of 5 x 108 ergs for an average thermal moonquake, a radius of
detectability of 5 km, and about 50 thermal moonquakes per lunation, then
109 ergs km-2 are released each lunation. This corresponds t o an average of
2.63 x 10-2 erg cm-2 yr-1 .
Clearly a significant amount of potential energy is released each year at
the lunar surface and it must play an important role in the evolution of the
lunar surface. The question is how? Obviously mass wasting is important in
transporting material down slope towards some imaginary base level - perhaps the mean selenoid. Possibly much more important, however, is the role
mass wasting plays in conjunction with the meteoroid flux. The rate at
which mass wasting proceeds is a direct function of slope. That is, the
steeper the slope the more rapidly mass wasting removes soil from its
surface. The lunar soil appears t o be produced largely by meteoroid impact.
However, soil production is a self-damping process. As the thickness of the
soil blanket increases the ability of meteoroids t o penetrate t o bedrock is
reduced. That is, larger and larger meteoroids are necessary t o penetrate the
soil and excavate new bedrock materials. Consequently, more and more
kinetic energy is expended reworking the soil and less and less is expended
on erosion. On steep slopes the effects of blanketing will be, in part,
removed as the soil migrates down slope leaving a thinner soil blanket to
impede erosion. Thus, meteoroid erosion will cause surfaces to migrate at a
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rate proportional to this slope. Ultimately this produces a more subdued
topography as the upper slopes of mountain fronts are eroded while the
lower slopes are buried. The accumulation of soil blankets is treated in
more detail in Chapter 6 .
Internal Energy (The Volcanic Contribution)
The flooding of the lunar mare by basaltic lava flows was one of the
most important late stage lunar events in terms of both the evolution of the
moon and the development of the stratigraphic record. The stratigraphic
of the mare basalts are discussed in more detail in Chapter 4.
The contribution of pyroclastic materials to the lunar sedimentary record is,
however, much more difficult to evaluate. Numerous craters and crater
chains on the moon have at some time been attributed to volcanism (for
example, Green, 1971). In most cases it is difficult or impossible to
substantiate such claims. However, some large conical hills with summit
depressions such as those in the floor of the crater Copernicus are difficult to
explain in any other way except as internal in origin (Fig. 2.27).

Fig. 2.27. Conical hills with summit depressions which suggest an internal or volcanic origin. These
features occur in the floor of crater Copernicus (NASA Photo Lunar Orbiter V-154-HI). Framelets
are 440 m wide.

OTHE~
ENERGY SOURCE,s

In most of the mare, particularly around the edges, there are areas of
low albedo which are generally referred t o as "dark mantle material". In
some of these areas small craters with dark halos can be seen. It had been
suggested that these craters were cinder cones and the dark mantle was a
blanket of dark pyroclastic material presumably relating to the very
youngest stage of mare or post-mare volcanism. One of these areas, the
Taurus-Littrow Valley on the southeastern edge of Mare Serenitatis, was
selected as the Apollo 17 landing site with the express purpose of studying
the dark mantle. As with many albedo changes observed from lunar orbit the
dark mantle proved difficult t o identify on the ground. The dark halo crater
(Shorty Crater) visited at the Apollo 17 site proved t o be an impact crater
and would have been relatively unimportant except for the discovery of a
rusty-orange soil along its rim.
The significance of the orange soil from the Apollo 17 site, and similar
emerald green-glasses from the Apollo 15 site, in relation t o dark mantle
materials is discussed in detail in Chapter 4. Briefly however, the consensus
among research groups at the present time is that both the orange and green
glasses are pyroclastic in origin. The glasses have compositions and ages
similar t o the associated mare basalts and have been interpreted as the
product of lava fountaining (Reid e t al., 1973 ; McKay and Heiken, 1973 ;
Carter et al., 1973). Green glass forms up t o 20 per cent of some Apollo 15
soils and in general increases in abundance towards the Apennine Front
(Reid et al., 1973) (Fig. 2.28). The orange glass forms from 6 t o 26 per cent
of typical soils from the Apollo 17 site (Rhodes e t al., 1974). Overall the
contribution of pyroclastic material does not appear t o be large but locally it
may form a significant proportion of the soil, particularly around the edge of
the mare. Because the pyroclastic materials are of the same age as the
basaltic substrate they may have been exposed t o reworking in the lunar soil
for much of the soil's history. It is thus p o s s i b ' ~that pyroclastic materials
are much more abundant in the soil than we realize and are simply modified
beyond recognition.

Other Energy Sources
During several of the lunar missions and particularly during Apollo 17
the astronauts observed bright streamers accompanying spacecraft sunrise
(Fig. 2.29). The streamers are similar t o those observed at sunset on earth.
Initially the streamers were interpreted as being solar in origin (Bohlin,
1971) but more recently arguments have been presented which suggest that
they were produced by light scattering in the vicinity of the moon (McCoy
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Fig. 2.28. A green glass sphere (390 p m diameter) o f probable pyroclastic origin from an Apollo 1 5
soil sample (NASA Photo S-72-53 599).

and Criswell, 1974). The most reasonable model for the light scattering
involves particles with a diameter of 0.1 p m and a number density of 10-1
cm-3 at 1 km altitude, 10-2 em-3 at 1 0 km altitude and between 10-5 t o
10-6 cm-3 at 100-200 km altitude (Fig. 2.30). Number densities of these
magnitudes are in excess of those predicted for secondary meteoritic
particles (Gault et al., 1963). The number density of particles is apparently
variable over time periods of the order of 6 months as the sunrise streamers
were not seen by all Apollo missions. Local variations in number density are
also suggested by rapid changes in the intensity of the streamers during
transit.
McCoy and Criswell (1974) found no evidence t o suggest an origin for
the particles. However, if the particles are of lunar origin and are in
suborbital ballistic trajectories (70 s flight time) the maximum churning rate
would be 9.5 x 10-5 g em-2 yr-1 . Such small particles could be swept away
from the moon by radiation pressure resulting in a net loss from the moon.
Some of the particles may be in lunar orbit in which case the churning rate
would be much reduced. The evidence that McCoy and Criswell (1974)
present t o suggest dust at high altitude is compelling. However, the
effectiveness of whatever the churning mechanism might be is very model
dependent. If these estimates are correct there may be a mechanism available
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Fig. 2.29. Five sketches drawn by E. A. Cernan of sunrise as viewed from lunar orbit during the Apollo
17 mission. The times in minutes (i.e. T-6, T-3, T-2, and T-1 min) and seconds (i.e. T-5 sec) refer to
the time before first appearance of the sun (NASA Photo S-73-15138. from McCoy and Criswell.
1974).
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on the lunar surface t o transport fine particles at a rate of two orders of

magnitude faster than meteoroid impact produces them.
Concluding Remarks

It is clear from the preceding discussion that the critical difference
between terrestrial and lunar sedimentary processes results from the lack of
fluids on the lunar surface. Without fluid intermediaries solar energy, the
dominant energy source in the terrestrial environment, becomes largely
ineffective as a source of erosive energy in the lunar environment. Meteoritic
energy, a feeble energy source in the terrestrial environment, thus becomes
by default the main source of erosional and transportational energy. The
importance of gravitational energy as an agent of transport is probably small,
but, by moving loose material from steep slopes it improves the erosional
efficiency of smaller meteoroid impacts. The only other obvious source of
l~
materials are important
detrital materials is pyroclastic. ~ o c a l pyrociastic
but it is difficult t o evaluate their overall significance on the lunar surface as
they have probably undergone considerably reworking which may have
rendered much of the pyroclastic material unrecognizable.
Electrostatic transport and an unknown energy source which moves
dust t o orbital altitudes may be important transport mechanisms when
particles smaller than 10 pm are considered. However, ultimately most of the
dastic materials on the lunar surface are eroded and transported by
meteoroid impact. Consequently, the following chapter is devoted entirely
to an analysis of the ways in which meteoroid energy is ~ a r t i t i o n e dt o
produce and transport detrital materials.
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