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Abstract. Between 1000 and 2000 infrared (eclipse) and radar anomalies have been mapped on the 
nearside hemisphere of the Moon. A study of 52 of these anomalies indicates that most are related to 
impact craters and that the nature of the infrared and radar responses is compatible with a previously 
developed geologic model of crater aging processes. The youngest craters are pronounced thermal 
and radar anomalies; that is, they have enhanced eclipse temperatures and are strong radar scatterers. 
With increasing crater age, the associated thermal and radar responses become progressively less 
noticeable until they assume values for the average lunar surface. The last type of anomaly to dis- 
appear is radar enhancement at longer wavelengths. A few craters, however, have infrared and 
radar behaviors not predicted by the aging model. One previously unknown feature - a field strewn 
with centimeter-sized rock fragments - has been identified by this technique of comparing maps at 
the infrared, radar, and visual wavelengths. 

1. Introduction 

The previous articles in this series emphasized the measurement  o f  lunar scattering, 

the techniques of  measurements ,  and the results at wavelengths o f  70 and 3.8 cm. 

This article will emphasize the corre la t ion of  the radar  mappings  with other  data sets, 

part icularly the infrared and geologic mapp ing  of  the Moon.  

Remot t e  sensing o f  the M o o n  at infrared and radar  wavelengths has resulted in 

maps with resolutions (1-15 km) comparab le  to those o f  topograph ic  and geologic 

maps produced  f rom visual observations.  However ,  there has been little previous 
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comparison between the behavior of lunar features observed at these different wave- 
lengths (Hafors, 1970). We have attempted to do this by considering the possible lunar 
surface conditions implied by the infrared and radar observations. Only a few of these 
conditions could have remained on a lunar surface composed of fragmental debris 
acted upon by meteoritic bombardment. The rate of occurrence of various combinations 
of infrared and radar behavior and the detailed behavior of particular craters types 
may be predicted. These predictions were tested with 52 lunar craters, which were 
chosen from the radar and infrared maps by various criteria described below. There 
are 1000 to 2000 infrared and radar anomalies; however, we feel that the craters 
selected for study are representative. 

The observables, the eclipse thermal emissions and radar backscatter, are controlled 
in large part by the abundance and size of discrete rock fragments occurring on the 
surface or buried at slight depth. (For reasons of convenience, discrete fragments of 
cohesive material will be referred to as 'rocks'. The term will be applied to all fragments 
1 cm or larger in size, regardless of their shape or composition.) An infrared anomaly, 
an area which maintains an elevated temperature during the umbral phase of an 
eclipse, requires an excess of exposed rocks more than 10 cm in diam (Winter, 1970). 
A radar anomaly, an area of enhanced radar backscatter, requires an excess of wave- 
length-sized rocks exposed on the surface or buried no deeper than 5 wavelengths. 
(This problem has been considered by a number of authors. See, for example, Burns, 
1969; Campbell and Ulbricht, 1969; Hagfors, 1967; Thompson et aL, 1970; Tyler, 
1968.) At the resulution employed, these areas of excess rocks must be at least 1 to 10 
km in diam to be observed. 

Most of the lunar surface is a thin layer of poorly sorted unconsolidated rock debris 
- the regolith - which overlies consolidated bedrock. The origin and modification of 
the regolith by meteoritic bombardment have been discussed in detail by several 
authors (for example, Oberbeck and Quaide, 1968; Quaide and Oberbeck, 1968; 
Shoemaker and Morris, 1970; Shoemaker, et al., 1970a, b; and Gault, 1970). 

Most of the localized infrared and radar anomalies are associated with young 
impact craters. Photogeologic interpretation of visual images has demonstrated that 
young impact craters contain abundant blocks of ejected bedrock on their floors, 
walls, and rims. Further, rock fragments decrease in size and frequency of occurrence 
with increasing age of the parent crater. This relationship is attributed to lunar aging 
processes, due largely to continuing bombardment. 

Our purpose in this paper is to determine if the variation in the radar and infrared 
response of different craters is consistent with the gelogic interpretation of crater age. 
The basic infrared, radar, and geologic mapping data are reviewed in Section 2; in 
Section 3, a truth table for the interpretation of infrared and radar anomalies is 
presented, and in Section 4, the infrared, radar, and geologic characteristics of 52 craters 
are compared. 

2. Infrared, Radar, and Geologic Mapping 

We will compare three data sets - eclipse temperatures at a wavelength of 11 # and 
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radar backscatter at 3.8- and 70-cm wavelengths - with the relative crater ages deduced 
from regional and detailed geologic mapping studies. 

A. I N F R A R E D  M A P P I N G "  A BRIEF R E V I E W  

The thermophysical properties of the lunar surface are studied by measuring the ther- 
mal emission from the Moon at infrared wavelengths. Groundbased measurements 
are limited mainly to wavelengths of 8 to 14 # and 17 to 24 # because of atmospheric 
absorption. Most measurements have been made in the 8-14 p window and in partic- 
ularly narrow bands of this window. 

The brightness temperature of the sunlit lunar surface is controlled by insolation, 
surface roughness, and albedo. The latter two properties are noticeably affected by 
surface rock populations. The thermal response of the lunar nighttime surface is 
difficult to measure from the Earth because of the low brightness temperatures 
(about 100K) of the Moon. At present, Earth-based observation times of hours are 
required to scan an appreciable portion of the surface. The recent Apollo 17 has very 
successfully measured the thermal response of the nighttime surface, showing thermal 
structure that correlates in some cases with the eclipse results. The higher resolution, 
however, results in much fine detail (Low and Mendell, 1973) which is not resolved in 
the Earth-based measurements. 

The thermal response of the lunar surface can be measured easily from the Earth 
during an eclipse when the average surface cools from the full Moon temperature of 
about 400 K to about 150 K. With this higher background temperature, the entire disk 
can be scanned quickly at high resolution. The eclipse measurements of Shorthill and 
Saari, which are used here, have been reviewed by Shorthill (1970). The Moon was 
scanned four times during the penumbral phase of the lunar eclipse of December 19, 
1964, by a mercury-doped germanium photodetector cooled with liquid neon. Each 
scan took 17 min, and a resolution of 10" was achieved. A wavelength of 11 p mini- 
mized the effects of the atmospheric water vapor bands. The necessary equipment was 
mounted at the Newtonian focus of a large-aperture telescope, and the detector was 
moved across the focal plane in a rectangular raster. In the subsequent data reduction, 
selenographic positions of the scans were determined by associated small lunar features 
with observed anomalies. 

In order to compare different areas of the Moon on an equal basis, these data were 
normalized to the average behavior of the terrae (Shorthill et al., 1970; Shorthill, 
1973). This procedure removed the decrease in the temperature toward the limbs 
casued by the initial full-Moon temperature distribution and the asymmetry in the 
cooling time caused by the passage of the Earth's shadow across the disk. This 
normalization produced a 'flattened Moon'  quantity AFM, given by 

(Tob ..... d -  Thane) 
AFM = (1) 

Zfull M o o n 

where Tob ..... d is the observed temperature, Tbase is the expected localised background 
temperature, and Tfull Moon is the localized full Moon temperature. 
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More than 1000 localized anomalies (hot spots) were observed (Shorthill and Saari, 
1965). Entire maria and portions of maria also showed anomalous thermal behavior. 
However, a study has revealed that most hot spots are associated with craters or regions 
of high albedo and a few with areas of small clustered craters. The hot spots are not 
uniformly distributed over the lunar disk. A study of 300 hot spots indicated that two- 
thirds occur in the lunar maria and one-third in the uplands (Shorthill, 1970); the 
largest concentrations are found in Mare Tranquillitatis and in a region of Oceanus 
Procellarum between Kepler and Artistarchus. 

An excess population of bare surface rocks has been suggested as the cause of these 
anomalies. Roelof (1968), Winter (1970) and Allen (1971) have shown that the in- 
creased temperatures of the hot spots can be explained by the thermal behavior of 
surface rocks. These studies show that surface rocks must be 10 cm or larger, and the 
number of surface rocks per unit area must be greater than that observed at the 
Surveyor 1 and 3 landing sites. 

B. R A D A R  MAPPING;  A BRIEF REVIEW 

In contrast to infrared mapping, which measures natural thermal emissions from the 
lunar surface, radar mapping measures the response of the lunar surface to the man- 
made emissions of electromagnetic energy ~tt radio wavelengths. 

The radar scattering behavior of the Moon is examined by illuminating the Moon 
with electromagnetic energy and observing the scattered power in various directions. 
The polarization of the transmitted wave is carefully controlled, and usually two 
orthogonal polarizations are recorded. If the transmitter and receiver are at the same 
location, then the radar method is termed monostatic and only backscattered power is 
measured. Rather complete experiments of this type have been carried out at several 
wavelengths in the centimeter to meter range (Hagfors, 1970). With the advent of 
spacecraft, however, the transmitter and receiver can be widely separated. This method, 
termed bistatic, can be used to measure the forward scattering characteristics of the 
surface. These bistatic measurements are reviewed elsewhere (Tyler, 1968; Tyler and 
Simpson, 1970; Tyler and Howard, 1973). 

Only mappings of backscatter by monostatic radars (described in the previous 
articles) will be considered here. These measurements use the delay-Doppler technique, 
which is described in the first article of this series. To reveal subtle differences in the 
scattering properties of different areas, the observed echoes are normalized to remove 
expected large-scale variations. Variations from both antenna gain and resolution area 
(which both vary with delay and frequency) are removed. Further normalization 
removes the mean scattering behavior, which is strongly dependent on the angle of 
incidence (the angle between the surface normal and the radar line of sight). Typically, 
variations of one order of magnitude result from the antenna and area effects, while 
variations of three to four orders of magnitude result from mean scattering behavior. 

After normalization, the radar echoes are still nonuniform for several important 
physical reasons. Since lunar backscatter always decreases with increasing angle of 
incidence, areas tilted toward the radar exhibit enhancements. Such enhancements are 
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often observed at the rims of craters and on mountain sides and give a vivid illusion 
of highlights and shadows in the radar maps. Besides this tilt effect, radar scattering 
differences are also associated with important physical characteristics such as dielectric 
constant and surface roughness. While the radar signatures for these properties are 
subject to debate, we attribute an increase to radar backscatter to an increase in the 
number of dielectric discontinuities which have sizes on the order of the radar wave- 
length. Rock fragments are an excellent source of such discontinuities. Surface rocks 
will produce stronger enhancements than buried rocks. Rocks in the regolith cause 
enhancements if they are buried no deeper than 10 to 30 wavelengths (Campbell and 
Ulrichs, 1969). Thus if tilt can be eliminated as a source of scattering difference, then 
the enhancement of radar echoes is a measure of the population of wavelength-sized 
fragments lying on the surface or buried no deeper than 10 to 30 wavelengths. 

Differentiation between the effects of tilt and roughness is facilitated by observations 
in different polarizations. The radar maps of  this study were made by transmitting 
circularly polarized radiation of one sense and observing echoes in both left- and right- 
hand circular polarizations. We will follow the usual notation (Hagfors, 1967)and 
call these the polarized and depolarized echoes. (In many radar reports, the term 
'expected' is used instead of the term 'polarized', which we use here.) Polarized echoes 
are in the polarization expected from a plane conducting target. They are strong near 
the subradar point and decrease sharply in strength with an increase in the angle of 
incidence, somewhat analogously to the optical glint of a shiny sphere. Depolarized 
echoes are in the polarization orthogonal to the polarized echoes. The average de- 
polarized echo power per unit surface area varies as the cosine of the angle of incidence. 
Dpolarized backscattering is thought to be due to sharp-featured roughness on the 
scale of the radar wavelength such as the wavelength-sized rocks mentioned above 
(Hagfors, 1967). Only enhancements of depolarized echoes are considered here. 

Rock size is important. Rocks smaller than one-quarter wavelength will be in the 
Rayleigh regime, where backscatter power decreases as the inverse fourth power of 
rock size. Larger rocks will tend to be smooth on the scale of a wavelength and will not 
contribute to depolarized echoes. Although it is difficult to establish a well-defined 
upper limit for rock size, we believe that rocks detected by radar will span the range 
from about one-quarter wavelength to about 10 wavelengths. Only the radar maps 
given in the previous articles, the 3.8 and 70 cm data, will be considered here. Thus, 
our criterion for the detection of rock populations implies that the 3.8-cm radar detects 
rocks which range in size from 1 to 40 cm and are on the surface or buried no deeper 
than about 1 meter. Similarly, the 70-cm radar detects those rocks which range in 
size from 20 cm to 7 m and are on the surface or buried no deeper than about 20 meters. 

C. G E O L O G I C  M A P P I N G ;  A BRIEF REVIEW 

Whereas infrared and radar maps portray physical properties of lunar surface 
materials at nonvisual wavelengths, geologic maps portray a wide variety of features 
and properties observed in the visible part of the spectrum. In further contrast, 
geologic mapping places less emphasis on the direct measurement of physical prop- 
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erties and more emphasis on genetic and historical interpretation. The origin and 
relative age of lunar features and the evolutionary history of the lunar crust are 
deduced - largely by analogy with geologic conditions on Earth and by application of 
superposition and intersection. 

These principles were first applied to the Moon in the southern part  of the Mare 
Imbrium basin. By means of telescopic observation, a stratigraphic sequence was 

deduced by Shoemaker (1961, 1962) and Shoemaker and Hackman (1962) in the 
Copernicus-Eratosthenes area. Later workers, Carr (1964), Hackman,  (1966), McCauley 
(1967), Schmitt et al., (1967 and Wilhelms (1970), have amplified the stratigraphic 
relationships originally proposed. Based largely on considerations of superposition, 
the succession of major events which occurred in or near the southern part  of  the 
Imbrium basin are listed in Table I. Following stratigraphic convention, these events 
are listed from youngest (at the top) to oldest (at the bottom). 

Systematic geologic mapping of most of the lunar nearside has since proven the 
validity of  the original approach and the widespread applicability of the time-strati- 
graphic column originally proposed. The successful extension of the mapping effort 

across most of  the lunar nearside and subsequent refinements in mapping techniques 
were in large part  due to an increased understanding of the morphologic evolution of 
craters under the influence of lunar erosional and aging processes. 

Detailed knowledge of crater form became possible only with the progressively 
improved resolution of the imaginary provided by the successive lunar exploration 
programs. Resolution of the best-Earth-based telescopic photographs ranged from 1 

TABLE I 
Stratigraphic relationship of major lunar events 

Event Stratigraphic relationships Geologic period 

Copernicus impact 

Eratosthenes impact 

Flooding of Imbrium 
basin and vicinity by 
mare materials 

Archimedes impact 

Deposition of Apennine 
Bench Formation - a 
light plains-forming unit 
unit probably composed 
of pyroclastic debris 
Imbrium basic impact 

Formation of ejecta deposits which overlie all 
older units, including those of crater Eratosthenes 
Formation of ejecta deposits which overlie all 
older units, including mare materials 
Mare material inundated a large part of lunar 
surface, embayed (overlap) rim of Imbrium 
basin, and covered most of the rim deposits of 
crater Archimedes 
Formation of ejecta deposits which overlie all 
older units, including Apennine Bench 
Formation 
Blankets part of the rim structure of the Imbrium 
basin; locally overlies the Fra Mauro Formation 

Formation of huge blanket of ejecta (Fra Mauro 
Formation) which overlies pre-Imbrian terrain; 
uplifted rim forms Apennine Mountains; radial 
structures intersect pre-existing structures 

Copernican 

Eratosthenian 

Imbrian 

Pre-Imbrian 
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to 0.25 km. Some Lunar Orbiter photographs are resolvable to 1 m; Ranger pictures 
are resolvable to less than 1 m in very small areas; and Surveyor pictures range down 
to 1 mm in resolution in the immediate vicinity of the camera. The relationships 
between image resolution, limit of detectability, and crater size have been discussed by 
Keene (1965) and Masursky et  al. (1970). 

Many workers have contributed significantly to our concepts of the occurrence, 
origin, and evolution of lunar craters. Among the more significant contributors are 
the following: Gilbert (1893) attributed all craters- including the Imbrium basin-to the 
impact of meteorites, asteroids, and comets. Spurr (1948), on the other hand, proposed 
that all craters were formed by volcanic activity. Most recent students accept both types 
of origin but agree that theimpact craters preponderate. For example, Masursky (1968) 
and Kosofsky and E1-Baz (1970) have demonstrated that both are present. In addition, 
a third type of crater is now recognized (Kuiper, 1965). Called dimple craters, they are 
small in size and commonly thought to form by drainage or collapse of surface 
material into the substrate. Oberbeck, (1970) has recently proposed another origin for 
these dimple craters. Discussions related to the change in crater form with age - a 
process known as 'aging', 'degradation', or 'subdual' - have been presented by Dietz 
(l 946), Baldwin (1949, 1963), Khabakov (1949), Hartmann and Kuiper (1962), Dodd 
et al. (1963), Kuiper et  al. (1966), Quaide and Oberbeck (1967, 1969), Sukhanov et al. 

(1967), Trask (1967), Guest and Murray (1969), Gault (1970). In a definitive treat- 
ment by Pohn and Ottield (1970), crater age and morphology are related within specific 
crater size intervals. These authors demonstrate that continuums of form exist from 
the youngest to the oldest craters before complete degradation. 

The following geologic criteria are most commonly used to identify young impact 
craters, although they are not equally applicable to craters of all sizes. Perhaps most 
obvious is the 'fresh', bright (high albedo) appearance of young craters. Young craters 
are further characterized by sharp, irregular, almost jagged raised rim crests, steep 
interior walls, and a prominent central peak in moderate-sized (25-45 kin) and large 
craters (>45 kin). A prominently patterned, hummocky raised rim composed of 
ejected material is also characteristic. The rim deposits typically extend outward 1 to 
2 crater diameters from the rim crest. Large angular rock fragments (blocks) are 
abundant in the ejecta; they are largest and most numerous near the rim crest but are 
also present on the walls and the floor. The ejecta blanket forming the rim thins 
outward and grades imperceptibly into a broad annular belt composed or bright rays 
and numerous loops and lines of secondary craters formed by the impact of large clots 
of ejected material. The rays may extend 30-35 diameters outward from the rim crest. 

Immediately after an impact event, lunar erosional processes - largely in response 
to the continued bombardment of projectiles (meteorites and micrometeorites)- begin 
to operate. Given sufficient time, the crater features described above are destroyed or 
buried in approximately the following order. First to disappear are the bright rays, 
which assume the albedo of the underlying strata. Next are the clusters of secondary 
craters, which are leveled by subdual of their rims and filling of their interiors. 
Continued meteorite and micrometeorite bombardment and mass wasting triggered 
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by seismic shaking subdue the rim deposits. The characteristic hummocky texture 
disappears and the rim becomes progressively more subdued and the rim crest more 
rounded as the crater is gradually filled by material slumping off the rim and by 
ballistically transported ejecta from subsequent impact craters. Blanketing by volcanic 
debris is another process that tends to degrade craters. 

Pertinent to this discussion is the aging history of the blocks of cohesive rock that 
constitute much of the ejecta of young impact craters. Study of Lunar Orbiter, 
Ranger, and Surveyor photographs has shown that rocks are normally inconspicuous 
around old craters. Where angular rock fragments are abundant around old craters, 
it can be shown that they are ballistically transported debris from younger craters or 
that they are previously buried fragments that have been exhumed by local winnowing 
processes. Morris et al. (1968) and Shoemaker and Morris (1970) analyzed in detail the 
shapes and sizes of rocks at several Surveyor sites. They concluded that erosional 
processes - largely the continued bombardment by meteorite and lunar debris - 
caused rounding of originally angular fragments, reduced them to size, and buried 
them to varying depths. 

Fig. 1. (a) A small (500-m-diam), young, impact crater surrounded by blocky ejecta (43.9°W, 
2.5°S; Lunar Orbiter III photograph H-189). (b) Enlargement of Figure l a showing some of the 

ejecta southwest of the crater. 

Fig. 2. Blocky ejecta on and near the rim of a crater near Surveyor 1 landing site. 
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Rocks have been observed in many Orbiter, Surveyor, and Apollo photographs. 
For example, a profusion of rocks occurs in the ejecta surrounding the young impact 
crater shown in Figure 1. This crater is only 400 m in diam, so it is too small to be 
detected as an infrared anomaly or a 70-cm radar enhancement. This crater is detected 
but not resolved in the 3.8-cm radar maps. Rocky ejecta also surrounds another young 
crater shown in the Surveyor 1 photograph of Figure 2. We believe that the craters 
shown in Figures 1 and 2 are smaller versions of the types of craters detected as infrared 
and radar anomalies. The radar aboard the Surveyor 1 spacecraft showed an enhanced 
echo when the radar beam crossed young craters which were surrounded by blocky 
ejecta (Muhleman et al., 1968). 

The effects of aging on rocks are shown in Figure 3, two photographs taken by 
Apollo 12 astronauts. The fresh, angular blocks (Figure 3a) would be detected as an 
infrared and radar anomaly if these rocks occupied a large enough area to be detected. 
In contrast, the older rock shown in Figure 3b is much more pitted and much less 
angular. A large number of these rocks distributed over a large enough area would also 
be detected as an infrared and radar anomaly. But the concentration of older rocks 
would probably be a weaker anomaly than a similar concentration of fresh angular 
rocks. 

3. Infrared and Radar Behavior Predicted by the Geologic Model 

The previous review indicated that erosional processes will reduce the size and number 
of rocks associated with craters. In this section we will study the expected combinations 
of infrared and radar behavior during the aging of a lunar crater, based on the responses 
of the infrared and radar sensors as described above (see Sections 2A and 2B). For an 
overall view, Figure 4 shows the qualitative responses of these sensors to various rock 
sizes. In addition, Figure 4 shows how these responses will be modified as the rocks are 
buried at various depths in a fine-grained soil. The figure is a qualitative picture of the 
effects of rocks on the remote-sensed data. The 'relative response' scale may be thought 
of as the brightness of the IR or radar photomaps, where a fixed percentage area of the 
finely divided soil surface appears to be covered by rocks of the indicated size, under a 
soil layer of the indicated depth. In the case of the radar maps, a volume distribution 
of the same number of rocks is also possible if allowance is made for the electromagnetic 
attenuation through the soil material. 

The lunar regolith layer becomes deeper and more fine grained with increasing age. 
However, some surface rocks will always be present ,as shallow cratering will exhume 
buried rocks from within the regolith and deep cratering will produce new rock frag- 
ments from the underlying bedrock and from shock lithification. Occasionally, very 
large impact events will excavate so much bedrock that the ejecta in the immediate 
vicinity of the crater will constitute a strewn field of rock fragments ranging in sizes up 
to several tens of meters. In time, this excess population of rocks will disappear. 

Before considering the anomalous infrared and radar behavior, the average behavior 
of the Moon will be considered. Aside from small differences between mare and high- 
lands, more than 90~ of the lunar surface has remarkably similar behavior in the 
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Fig. 4. Representative infrared and radar responses for lunar rocks with various burial conditions. 
These curves show the qualitative response of a unit area of lunar surface when a fixed small percentage 
of surface is covered by rocks of the indicated size. Horizontal and vertical scales are logarithmic. Our 

study indicates that dust covered rocks are improbable. 

infrared and radar measurements. This 'average' behavior of the surface is typified by 
the fragmental debris layer observed at the Apollo landing sites and all Surveyor sites 
except Surveyor 7. For example, radar measurements indicate that the average lunar 
surface has a relative dielectric constant near 3 (Hagfors, 1970), which is consistent 
with a rock dust (Campbell and Ulrichs, 1969). Also, rocks observed on and near the 
surface probably cause the observed average background of depolarized radar scatter 
(Thompson et al., 1970). 

At infrared wavelengths, the average behavior of the surface is consistent with a 
porous dust. During the penumbral phase of an eclipse, the average surface cools 
rapidly with a temperature drop of 200 K in the first hour. Then, during the first hour of 
totality the temperature drop is only 10 K. A measure of the thermal properties of the 
lunar surface is the thermal parameter (the inverse of the thermal inertia) ~ = (kQC)- 1/2, 
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where k is the thermal conductivity, ~ is the density, and C is the specific heat. 

Analysis of  eclipse cooling indicates that the lunar surface has a 7 of  1000 to 1300, 
but nighttime cooling indicates a ~ of 800. This apparent contradiction was resolved 
by Winter and Saari (1969), who developed a particulate soil model for eclipse and 
nighttime cooling. This model consists of  an array of opaque and approximately 
isothermal cubes. These cubes are in contact only along their edges; thus the porosity 
is one-half. 

Here we are concerned more with departures from average behavior than with the 
average itself. I f  we characterized each area of  the lunar surface as having a below 
average, average, or above average behavior in either eclipse temperature at 11 /~ or 
radar backscatter at 3.8 and 70 cm, there would be 27 possible combinations of  behavior 
among the three maps. However, areas with depressed temperatures or depressed 
radar backscatter response are less common and larger in size than areas with 
enhanced response. Thus we shall consider areas as being either average or anomalous 
according to our previous definitions (increased eclipse temperature or radar back- 
scatter). This defines eight possible combinations of  behavior, which are listed in 
Table II. The first entry in this table is called a type 0 anomaly and represents the 
average surface, which has no infrared or radar anomaly. Succeeding combinations 
or anomalies are called types I through VII. For  each of these eight combinations, 

Table I I  lists the following items: the infrared and radar behaviors, our estimate of the 
inferred surface with the geologic model of the inferred surface, and our estimate of 
the frequency with which this combination occurs. 

A. THE C O M M O N  ANOMALIES,  TYPES I, II ,  A N D  III 

Anomaly types I, II, and I I I  were encountered often. The type I anomaly, an infrared 
hot spot with a radar enhancement at 3.8 and 70 cm, appears most frequently. This is 
consistent with the model, since a cratering event karge enough to create a stewn field 
over many square kilometers should produce an excess of  both centimeter- and meter- 
sized ejecta. 

The type H anomaly is a definite hot spot and 3.8-cm radar enhancement with little 
no 70-cm radar enhancement. This combination of behaviors was unexpected on the 
basis of our model, since the infrared hot spot indicates an excess of  surface rocks, 
yet the radar behavior indicates that surface rocks are predominately less that meter 
size. However, this type of anomaly occurs often; and, as mentioned before, we believe 
this is a distinct class of  lunar feature. It  must be young since meteoritic erosion will 
cause smaller rocks to disappear in a short time. 

The type I I I  anomaly is a definite 70-cm radar enhancement with near-average 
thermal and 3.8-cm radar behaviors. This type of anomaly would be expected for a 
crater which was originally a type of I anomaly but is now old enough to be covered 
with 0.5 to 5 m of regolith. This regolith is thick enough to give an average response 
for the 3.8-cm radar and infrared measurements but not thick enough to mask the 
diffuse scattering of buried meter-sized rocks. However, the 70-era radar enhancement 
will be diminished. 
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B. THE RARE ANOMALIES, TYPES IV, V, VI, AND VII 

Nearly all of  the lunar surface has combinations of behavior described as anomaly 
types 0, I, II, and III (Zisk et al., 1971; Shorthill et al., 1972; Zisk et al., 1972). The 
rare anomaly types (IV, V, VI, and VII) are either infrared hot spots or 3.8-cm radar 
enhancement, but not both. Thus the observations indicate that the infrared and 3.8-cm 
radar have similar behavior regardless of the 70-cm radar behavior. This is not surprising. 
An infrared hot spots results from an excess of surface rocks, which would appear at 
least as a 3.8-cm radar enhancement. Also, a 3.8-cm enhancement implies an excess of 
centimeter-sized rocks lying on the surface or buried no deeper than a meter. An excess 
of surface rocks is rejected, since they would appear as an infrared anomaly. The 
alternative surface condition required buried rocks, but these buried rocks would be 
quickly exhumed by cratering. 

Because of their rarity, anomaly types IV, V, VI, and VII are extremely interesting 
features. Thus surface properties implied by these combinations of behavior are re- 
viewed in the following paragraphs. 

The type IV anomaly, an infrared anomaly with a 70-cm radar enhancement and 
average 3.8-cm radar backscattering, indicates an excess of surface rocks greater than 
a quarter-meter in size. It is doubtful whether a single natural event would selectively 
create an excess of only large rocks. However, this type of anomaly might be a crater 
which was originally a type I anomaly but which has aged so that small rocks have 
disappeared and larger rocks are left. This condition suggests that nearly all rocks 
would be eroded by impacts of particles very much smaller than centimeter size. 
Any large rock impacted by a particle smaller than centimeter size will be pitted on the 
centimeter scale. Furthermore, the spallation of the large rock would create centimeter- 
sized fragments. Thus we feel that this disruption by larger-particle bombardment is at 
least as important as erosion by small-particle bombardment in the destruction of 
lunar rocks. 

The type Vanomaly, an infrared hot spot with no radar enhancements, indicates a 
large area of bare rock surface which is smooth on both the centimeter and meter 
scale. We consider this unlikely for the reasons outlined in the previous paragraph. 
That is, impacts of centimeter- and meter-sized particles would create centimeter- 
and meter-sized pits in the bare rock and would spall centimeter- and meter-sized 
fragments. Both the pits and fragments would cause radar enhancements. 

The type VI and VII anomalies have radar enhancements with average thermal 
behavior, the expected response of dust-covered rocks. However, rocks observed at 
the Apollo and Surveyor landing sites were not dusty. Radar enhancements with no 
infrared anomaly could also result from an average distribution of surface rocks in a 
regolith which is rough on the centimeter or meter scale. This special surface would 
probably be destroyed by meteoritic bombardment. Another special surface condition, 
a scaled-down version of the type II anomaly, could create a type VI anomaly - a 
3.8-cm radar enhancement with no infrared anomaly and no 70-cm radar enhance- 
ment. This requires ejecta in the size range of 3.8-cm radar enhancement yet small 
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enough to remain in thermal equilibrium with the lunar surface during an eclipse. 

In summary, we have considered the eight possible combinations of average or 
anomalous behavior for eclipse temperatures at 11 # and radar backscatter at 3.8- 
and 70-cm wavelength. These combinations, which are listed in Table II, are called 
anomaly types 0 through VII. Anomaly type 0 typifies the average surface, which has 
behavior consistent with regolith of lunar soil observed at the Surveyor and Apollo 
landing sites. Two common anomalies, type I and III, are younger and older versions 
of large cratering events which have modified many square kilometers of lunar surface. 
The type II anomaly is also common, but was considered unlikely in our prediction 
of the lunar surface conditions. We predicted that anomaly types IV, V, VI, and VII 
indicate improbable surface conditions, and, indeed, they are rarely observed. This 
implies that spallation of larger rocks by larger meteoritic particles occurs at least 
as often as the erosion of rocks by micrometeorites and that dust covered rocks do 
not form a significant portion of surface rock populations. 

4. Behavior of  52 Craters 

In the previous section, we hypothesized that the infrared and radar behavior of a 
crater is related to its geologic age. Of the 1000 to 2000 anomalies that appear in the 
infrared and radar maps, 52 craters were studied, chosen primarily from lists published 
in earlier reports of the most obvious infrared and radar enhancements. 

Table III presents the 30 most prominent infrared anomalies reported by Shorthill 
and Saari (1965). The 18 features in Table IV were reported to be bright, diffuse 
areas in a 3.8-cm radar mapping of the Moon's equatorial belt (Lincoln Laboratory, 
1968). (One crater, Messier A, appears in both of these lists.) Since the 47 craters 
given in Tables III and IV are young, we searched for anomalies associated with older 
craters. Although several examples were found, we will report on only four (Table V). 
In our search, we also discovered that the crater Encke had an unusual combination 
of infrared and radar behavior. In addition, a few craters from lists of prominent hot 
spots and bright, diffuse areas in the 3.8-cm maps also had unusual combinations of 
behavior. All craters with the unusual combinations of behavior are listed in Table VI. 
Each table is discussed separately below; the position of the selected craters, shown 
in Figure 5, is a near-global distribution. 

The infrared and radar behavior for each crater in Tables III through VI is indicated 
by a three-digit enhancement number. The first digit gives the infrared behavior, the 
second digit gives the 3.8-cm radar behavior, and the third digit gives the 70-cm 
radar behavior. Since anomaly temperatures or backscatter vary by 2 orders of mag- 
nitude, the digits of the enhancement number were chosen by the logarithmic criteria 
listed in Table VII. Using this system, digits near 2 represent near-average behavior, 
while numbers of 6 or 7 are strong anomalies. In addition to the enhancement number, 
Tables III through VI give the full-Moon appearance, crater diameter, and the dia- 
meter of the 3.8-cm radar image. (In general, the halos seen in the 3.8-cm radar are 
not resolved in the infrared and 70-cm images). Also, geologic age is given in Table III. 
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Fig. 5. Location of the 52 lunar craters selected for study. Solid circles are prominent infrared 
anomalies; open circles are bright, diffuse areas in 3.8-cm radar map; squares are older craters; 
triangles are craters showing unexpected infrared and radar behaviors. Crater Messier A (21 and  46) 

occurred on two different lists. Note  the near-global distribution of these craters. 

A. TABLE III: THIRTY PROMINENT INFRARED ANOMALIES 

The 30 craters were chosen for study because they were the strongest infrared anom- 
alies after being areally corrected (Shorthill and Saari, 1965). The infrared behavior 
indicates that these craters have an excess of  exposed rocks greater than 10 cm in size. 
The rocks would be expected to create an increased radar backscatter. An excess of  
rocks from 1 to 40 cm in size would create a 3.8-cm enhancement; an excess of  rocks 
from 20 cm to 7 m in size would create a 70-cm radar enhancement. 

With reference to the crater againg model inferred from geologic studies, the 
strong infrared anomalies should be young craters with strewn fields of rocks. These 
craters should have sharp rims, hummocky ejecta, a bright appearance, and pro- 
minent rays. Table III shows that these conditions do exist for most of  these craters 
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TABLE VII 

Criteria for choosing the infrared/radar enhancement  number  

A, B, C a A = t h e r m a l  behavior b B, C = r a d a r  behavior ° 

0 -- 1 < .AFM<O 0 <.% S <  ¼ 
1 O < ~ A F M < I  ¼<<.S<½ 
2 1 <.% A F M < 2  ½<~ S <  1 
3 2 <~ A F M < 4  1% S <  2 
4 4 < ~ A F M < 8  2<~S 4 
5 8 <-% A F M <  16 4 ~< S <  8 
6 16~< A F M < 3 2  8 ~< S <  16 
7 32 -%< A F M  16 <~ S 

a Infrared/radar  enhancement  number  = A B C  
where A = indication of  thermal behavior at 11/x 

B = indication of  3.8-cm radar  scattering 
C = indication of  70-cm radar  scattering 

b F M =  flattened M o o n  contour  described in equation 1 ( A F M =  1 is 
nominal  upland behavior). 
e S =  normalized radar  cross-section for depolarized echoes (5' = 1 is 
average over lunar disk for 3.8-cm map and average over a LAC chart  
for 70-cm map). 

Fig. 6. (a) Crater M6sting C (3.8-km diam, 8.1°W, 8°S; Lunar  Orbiter I l I  photograph  M-113). 
M6sting C is a young Copernican crater, probably one of  the youngest  craters on the Moon.  It has 
hummocky  ejects; large rocks are exposed on its rim. The 3.8-cm radar  enhancement,  which extends 
beyond the crater by 7 crater radii, encompasses all o f  the area shown in (a). (b) Some of  the exposed 

rocks on the rim o f  crater Mbst ing C (Lunar Orbiter III photograph H-113) 
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Fig. 7. (a) Crater Marius A (16.0-km diam, 46°W, 12.6°N; Lunar Orbiter IV photograph H-144). 
(b) Crater M6sting C (3.8-km diam, 8.1°W, 1.8°S, Lunar Orbiter IV photograph H-113). M6sting C 
is a young Copernican crater also shown in Figure 1. Marius A is a middle Copernican crater, having 
a more subdued ejecta blanket than M6sting C. Marius A has no rays. However, Marius A is a 

prominent infrared and radar anomaly. 

with pronounced infrared anomalies. An example of a young crater of Copernican 
age is M6sting C (Figure 6 and 7b). The hummocky ejecta which surrounds this 
crater has enhanced 3.8-cm radar scatter. In fact, the 3.8-cm radar enhancement for 
this cater extends beyond the crater by 7 crater radii and encompasses all of the area 
of  Figure 6a. Some of the exposed rocks associated with this crater are shown in the 
high-resolution photograph (Figure 6b). 

Twenty-five of the prominent infrared anomalies are of Copernican age, although 
some of these 25 craters are noticeably older than M6sting C. Marius A (Figure 7a) 

is one example of  a middle-Copernican crater. Both M6sting C and Marius A have 
sharp rims and hummocky ejecta; however, M6sting C has rays, whereas Marius A 
does not. Only five of the prominent infrared anomalies - Maraldi B, Hesiodus B, 
Pico B, Taruntius H, and Torricelli B - are as old as Eratosthenian. Two older craters, 
Maraldi B and Torricelli B, show only a slight 3.8-cm enhancement. Another in- 
teresting crater is Nicollet (Figure 8), which displays strong thermal and 70-cm radar 
enhancement. However, a 3.8-cm radar enhancement and full-Moon brightening occur 
only on its rim. Its subdued appearance and lack of an extended ejecta suggest that 
Nicollet may be a volcanic crater or an older (Eratosthenian) impact crater. One 
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Fig. 8. Crater Nicollet (15.2-km diam, 12.4°W, 21.9°S, Lunar Orbiter IV photograph H-120). 
Nicollet is either a degraded Erastothenian impact crater or a volcanic crater of uncertain age. The 
floor is dark in full Moon illumination and has no 3.8-cm radar enhancement. The rim is bright and 
has a definite 3.8-cm radar enhancement. However, this crater is a strong infrared hot spot and 

70-cm radar enhancement. 

crater, Moltke, has no 70-cm radar enhancement, is a type I I  anomaly, and resembles 

the craters of Table IV. 

B. TABLE IV: BRIGHT DIFFUSE AREAS IN 3.8-CM RADAR MAPS 

In addition to the 30 prominent infrared anomalies, we studied 18 features which 
appear as bright, diffuse areas in the 3.8-cm radar maps. Most of  these features are 
the type I I  anomalies, which were not predicted on our geologic model. 

The 18 features in Table IV were reported in an earlier mapping of polarized echoes 

from the equatorial region (16°N to 16°8) of  the Moon (Lincoln Laboratory, 1968). 
Since polarized echoes are not altered significantly by roughness within 25 ° of the 
subradar point, the anomalies in Table IV lie beyond 25 ° of  longitude. However, later 
maps of depolarized echoes indicate that these bright, diffuse areas are common 
features throughout the earthside hemisphere. Particularly striking examples of  the 
Type I I  anomalies are the crater Linn6 in Mare Serenitatis and the crater Hell QA 
on the floor of the larger, older crater Deslandres, southwest of  Mare Nubium. 

These bright, diffuse areas have several interesting properties. Most of them sur- 
round small, fresh-looking craters with diameters of only a few kilometers. Two of 
these areas are associated with clusters of craters whose individual diameters are only 
a few hundred meters. Nevertheless, all of  the 3.8-cm radar enhancements are tens 
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of  kilometers in diameter. Generally, the 3.8-cm radar  enhancements are accompanied 

by infrared anomalies, which are probably  fields o f  surface rocks. Also these areas 

generally have little or no 70-cm radar  enhancement,  indicating that the surface rocks 
are no more  than a few tens of  centimeters in size. It is surprising that  a natural  event 

created a strewn field several hundred square kilometers in area which is devoid o f  
meter-sized rocks. As meteoritic bombardment  erodes centimeter-sized rocks faster 

than meter-sized rocks, these areas must  be young features. Therefore, it is not  sur- 

prising that  these features are visual bright spots during the full Moon.  

Most  of  the features in Table IV are craters classed as type I I  anomalies - definite 

infrared and 3.8-cm radar  anomalies but with little or no 70-cm radar  enhancement.  

Fig. 9. Crater Flamsteed Gc (5.0-kin diam, 52.5°W, 3.2°S, Lunar Orbiter IV photograph H-149). 
Flamsteed Gc is a typical Type II anomaly - an infrared hot spot and 3.8-cm radar enhancement with 
a 70-cm radar echo strength of only 1.5 times the average. The Y8-cm radar enhancement extends to 
5 crater radii beyond the crater. The rays, which are apparent even in the low-sun illumination of this 

picture, indicate that this is a very young feature. 

A typical type I I  anomaly  is the crater Flamsteed Gc  (Figure 9). The bright rays, 

which appear  even in the low Sun illumination o f  this photograph,  indicate that  
Flamsteed Gc  is very young. 

However  a few type I I  anomalies are not  associated with a single crater. For  

example, the feature called 'cluster o f  small craters '  in Table IV is the large, diffuse 
area about  40 km in diam, whose 3.8-cm (depolarized) radar  image is shown in 

Figure 10a. At  the level o f  exposure for the radar  image, three bright nuclei are ira- 
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Fig.10. The 3.8-cm (depolarized) radar image (a), and Lunar Orbiter photograph (b) of an area in 
Oceanus Procellarum (west of crater Kepler) which has a 3.8-cm enhancement not associated with a 
crater. The 3.8-cm radar image is taken from map area ZAC 5.24 (Lincoln Laboratory, 1970) and 
is underexposed to show the nuclei in enhanced area. The photograph is Lunar Orbiter IV, H-144, 
and the framelet width is approx. 10 km. The diffuse, enhanced area in the radar map is called 'Cluster 
of Small Craters' in Table V, and is a type II anomaly (see Table II). However, two of the bright 

nuclei of the 3.8-cm radar enhanced areas are not associated with sizeable craters 
(diam. greater than 1 km). 

bedded in the enhanced area. Only one of these nuclei is identified with a crater - the 
eastermost 3-km crater shown in Figure 10b. The other two nuclei may be centered 

on the smaller craters in the enhanced area, but no identification is possible. 
A few craters in Table IV are not type I I  anomalies. For example, Reinhold NA 

and a crater near Rocca Fa have no thermal anomaly but do display significant radar 
enhancements at both 3.8- and 70-cm wavelengths. Furthermore, Reinhold NA does 
not show any brightening during the full Moon. Another crater, Encke X, shows a 
strong thermal anomaly but only slightly enhanced radar scattering at both 3.8 and 
70 cm. Also, an unnamed crater located on the east rim of Lick shows an extremely 
strong 3.8-cm enhancement, no radar enhancement at 70-cm, and only a weak in- 
frared anomaly. 

C. TABLE V" OLDER CRATERS 

In addition to the young craters listed in the preceding tables, four older craters 
(Table V) were studied. One crater, Descartes A, has characteristics of an intermediate 
age crater. Its rim is clearly enhanced in 3.8-cm return, but its floor is only moderately 
enhanced. Radar  characteristics for all these older craters are similar to the full Moon 
albedo in that the rims are bright whereas the floors have average values. The other 
craters in Table V - Gassendi, Kant,  and Reinhold - are probably older than Des- 
cartes A because their floors have near average scattering values at 3.8 cm. However, 
each has a bright rim at the same wavelength and a definitely enhanced rim and floor 
at 70-cm wavelengths. Thus Gassendi, Kant,  and Reinhold are type I I I  anomalies. 
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Fig. 11. Crater  Gassend i  ( l l 0 - k m  diam, 39.8°W, 17.5°S, Luna r  Orbiter  IV pho tog raph  H-143), 
Gassend i  is a type III anoma l y  - a definite (2:1) 70-cm radar  enhancemen t  with no  infrared a n o m a l y  
and  no  3.8-cm radar  enhancement .  The  presence o f  mare  material  at the sou the rn  r im of  Gassend i  
dates  this crater  as p re -mare  (Imbrian) .  In  contrast ,  the  younger  Gassendi  A on the  nor thern  r im of  

Gassend i  is a type I a n o m a l y  - definite infrared ho t  spot  hav ing  p ronounced  3.8- and  
70-cm radar  enhancements .  

Gassendi (Figure 11), which is partly flooded by mare material, is Imbrian in age and 
therefore older than the other craters in Tables IV and V. 

D. TABLE VI:  UNEXPECTED INFRARED AND RADAR BEHAVIOR 

Table VI lists the craters with unexpected combinations of  infrared and radar be- 
haviors - anomaly types IV through VII. Several of  these craters are found in Tables IV 
and V and are described above. Also, crater Encke has definite (2: 1) radar enhance- 
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Fig. 12. Crater Encke (16.9-km diam, 36.6°W, 2.3°N, Lunar Orbiter IV photograph H-138). 
Encke has the unexpected combination of a pronounced 3.8- and 70-cm radar enhancements but no 

thermal anomaly. This crater may be a volcanic caldera. 

ment at both  3.8- and 70-cm wavelengths but  no infrared anomaly.  This crater, which 

is shown in Figure 12, appears to be one of  the few examples of  volcanic caldera on 
the Moon.  Regardless of  its origin, it does have a special combinat ion of  surface 

properties. 

5. Summary and Concluding Remarks 

This study relates the radar  and infrared responses of  the lunar surface to geologic 
inferences based on analyses o f  visual images. We have assumed that  the lunar 
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surface consists of regolith - a layer of fragmental debris overlying a coherent bedrock. 
Furthermore, we have assumed that most infrared and radar anomalies result from 
excess rock populations caused by large cratering events which have penetrated the 
regolith and excavated large quantities of bedrock and redeposited these rocks in 
strew fields which are many kilometers across. 

These rock fields are modified with time by meteoritic bombardment which grinds 
them into the fine-grained debris observed at the lunar landing sites. The data pre- 
sented for the prominent infrared anomalies (Table III) indicate that these strewn 
fields are young features; most are Copernican in age but a few are Eratosthenian. 
Nearly all of the Eratosthenian craters have definite 3.8-cm radar enhancements, 
indicating that centimeter-sized rocks and roughness are still present. Thus, spallation 
of rocks by impacts with enough energy to fracture centimeter-sized and larger rocks 
is common lunar process. The aging of older craters is expected to create a debris 
layer shallow enough to be penetrated by radar waves of meter wavelengths but deep 
enough to be average or near average at infrared and centimeter-radar wavelengths. 
These anomalies are of late Imbrian or early Eratosthenian age. Also, the rims of 
these older craters tend to remain anomalous while the floors tend toward average 
behavior. 

Besides these anomalies, which are consistent with our model, another type of lunar 
feature is quite common. These areas are bright in the 3.8-cm radar maps, are in- 
frared hot spots, but have only average radar scattering at 70-cm. The combination 
of the infrared and radar behaviors indicates that these areas are strewn fields of 
predominantly centimeter-sized fragments. These strewn fields are often tens of 
kilometers in diameter surrounding a crater whose diameter is only few kilometers. 
Since the ejecta is primarily centimeter-sized, these must be young features. However, 
it is surprising that these events do not produce an excess of meter-sized rocks. 

A few other craters have behaviors which indicate surface conditions not predicted 
by our model. However, the infrared, radar, and geologic maps do complement each 
other and, for the most part, these maps are consistent with our present understanding 
of lunar surface processes. 
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