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Abstract. Ratiar measurements at 70-cm and 7.5-m wavelengths provide insight into the 
structure and composition of the upper 5-100 m of the lunar regolith and crust. We combine high- 
resoiution (3-5 km) 70-cm radar data for the nearside with earlier calibrated full-disk observations at 
the same wavelength to provide a reasotiabie estimate of the lunar backscatter coefficient. These 
data are tested against models for echoes from a buried substrate and Mie scattering from surface 
and buried rocks. These mechanisms are expected to dominate the 70-cm radar echo, with their 
relative itnportance determined by the rock population, regolith depth, substrate roughness, and the 
loss tangent of the soil.  Results indicate that the 7t)-cm radar echo for the mana comes largely 
from Mic scattering by rocks buried within the fine soil. Radar scattering from a buried substrate 
is not likely to greatly affect the observed return. We also compared the 70-cm and 7.5-m radar 
images to infrared eclipse temperature maps, crater-population age estimates for the maria, and to 
TiOj and FeO abundances inferred from Earth-based telescopic and Clementine multispectral 
observations. These data imply that (1) the TiO; (ilmenile) content of the regolith controls 
variations in 70-cm depolarized echo strength among mare units, with higher titanium abundance 
leading to lower echoes; (2) changes in the average 70-cm return for a given TiOj abundance 
between maria of different ages do occur, but uncertainties in the current radar data do not allow us 
to uniquely disünguish between variations in rock population with age and calibration effects; (3) 
the 7.5-m radar echoes are controlled by the age of the mare basalt flows, with older deposits 
having a greater degree of fracturing and higher backscatter. Future mapping at 12.6-cm and 70-cm 
wavelengths will help to resolve some of the issues raised here. 

Introduction Apollo core samples, seismic data, and the lunar sounder 
experiment provided some information regarding the physical 

The composition  and structure nf the lunar regolith are of bounds on regolith depth and grain size, hut the variability of 
fundamental importance to the geologic study of tht^ Moon. soil properties across the Moon is not well understood.   Most 
The regolith is a mixture of fine soil  particles,  glass-bonded of the compositional information for the regolith comes from 
agglutinates, and a variety of mineral and tithic fragments, all spectral ratio parameters and orbital  geochemistry   data that 
formed by impact bombardment, which overlies   the fractured have been calibrated to measured values for the Apollo  and 
lava llows in the maria and basin- and crater-related deposits in Luna landing sites.   The primary interest in remote mare soil 
the highlands.   The majority of the included rocks are locally studies is a determination of their bulk oxide content, which i.s 
derived from the bedrock underlying the regolith, but some dotniuatetl by SÍO2, FeO, TÍO2, AI2O3, MgO, and CaO [Papike 
fraction  have been transported   from  distant  areas by  large et al., 1991].   These elements are found in minerals such as 
impacts.   The regolith is estimated to be 3-8 m deep in the olivine, pyroxene, and ilmcnite (FeTiO,), and their abundances 
maria [f/orz er ¡3;., 1991;  Moore et al., 1980], and in vertical vary across the maria due to lateral differences in magma source 
section is ñ complex assortment of tiiin  layers prodticed by regions   and  fractionation    histories.       Knowledge   of   the 
impact craters and subsequent micromcteorite gardening.   Over abundance    of   these    elements    thus     provides     important 

large areas, it is expected that these layers are not coherent, information concerning the formational history of the upper 
and that any stratification  in the soil  is localized and highly lunar crust, 
variable. Radar scattering at oblique incidence angles (>20*') from 

the regolith can arise from several sources, whose importance 
Copyright 1997 by the American Geophysical Union ••,:•• ,.,¡ti, ,u 1       .1,   1     i-.•. L- C   t ^•^ * •' '^ ^ vanes with the wavelength, K, ot the probing energy.   Surface 
Paper number 97JE0O858. ""oeks and regolith sculpture will be the primary scatterers at X- 
0148-0227/97/97JE-00858$09.00 band wavelengths (3 cm), while larger blocks and those buried 
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in tlie soil becüirie prügressively more important at S (12 cm) 
and P (70 cm) bands. Finally, any strong dielectric boundary, 
such as between the soil and a rock basement, will make a 
contribution if the radar energy is not attenuated prior to 
encountering the bedrock interface. Imaging radar data for the 
Moon have often been used as a tool for characterizing the 
regolith, particularly in the study of crater ejecla distribution 
and large pyroclastic deposits ie.g., Zisk er al., 1977; 
Thompson el ai., 1979; Moore et al., 1980; Caddis et ai., 
1985]. Much of this work utilized the 3.8-cm radar maps of 
Ziik et al. [1974], whose 2-km resolution and sensitivity to 
surface roughness delineate numerous subtle features. The 70- 
cm data typically were of much lower spatial resolution, but 
several studies have been made of possible echo sources and 
the role of regolith properties. 

Schaber et al. [1975] determined that the lava flows mapped 
in Mare Imbrium, which vary widely in their TÍO2 abundance, 
showed a strong degree of correlation with unit boundaries in 
the 70-cm data available at the time (5-1Ü km resolution), and 
that higher titanium abundances are linked to lower radar echo 
strength. Work by Thompson et al. [1970] and Pollack and 
Whitehill [1972] led to a concensus that the 70-cm radar 
echoes came largely from rocks buried within the fine soil of 
the regolidi, and that changes in the backscatter strength were 
due to shifts in the loss tangent of the fine fraction. The loss 
tangent, in turn, was linked 10 the titanium and iron content of 
the material, and laboratory studies of returned samples 
(summarized by Carrier et al. [1991]) supported these 
hypotheses. To date, however, there have been no efforts to 
test the 70-cm data as a possible nearside compositional 
mapping tool, and question.«; regarding the radar scattering 
mechanisms remain. Tu a large degree Üiis work was hampered 
by a lack of calibrated 70-cm images for the entire nearside, 
but the 3-5 km resolution map of Titompson [1987] overcame 
this problem using a low-resolution beam-swing technique. 
The 7.5-m data have been discussed only in the origma! report 
by Thompson [1978], which presented evidence that the 
primary echoes were coming from rock layers beneath the 
regolith. 

The spectral reflectance of the lunar soil is controlled by 
the mineralogy of the original material, the degree of 
maturation, and by the degree of contamination of the surface 
layer by impact debris from other geologic units. Since the 
depth of penetration for reflected visible/near-IR energy is 
only a few microns, Surficial effects dominate the observed 
spectrum. A number of methodologies have evolved to 
provide estimates of elemental abundance from this type of 
remote sensing data. An early application of color variability 
in soils was carried out by Whitaker [1972]> who showed that a 
red-blue (0.37/0.61 |j,m) ratio image suppressed albedo 
changes and revealed spectral variations within the maria [see 
also Wilhelm.^, 1987]. Charette et aL [1974] found that the 
0.40/0.56 Jim ratio for mature mare units correlated with the 
TÍO2 abundance determined for the returned samples, and 
proposed an empirical model for extending this relationship to 
other mature mare soils. Subsequent analysis by Pieters 
[1978] used four major criteria, including the 0.40/0.56 ^tm 
ratio, to classify and map the distribution of a number of basalt 
units on the lunar nearside. This approach is less reliable at 
lower TÍO2 abundance, where the spectral ratio parameter is 
more sensitive to other regolith components such as iron 
[Pieters, 1978; Johnson ct al., 1991; Pieters et al., 1993; 
Melendrez et ai., 1994].    The constraint   on soil  maturity is 

very strict, since immature mare material or highlands 
contamination will have a major impact on the 0.40/0.56 um 
ratio. Johnson et al. [1991] mapped the TÍO2 values for the 
lunar nearside using the Charette relationship at a resolution of 
-5 km, and the digital versions of these maps are used here. 
Methods for determining FeO and TÍO2 abundances from 
Clementine 0.415, 0.750, and 0.950 ^m data, which include 
the effects of .soil maturity, have been developed by Lucey el 
al. [1995; 1996], and their 7-15 kni-resolution maps will also 
be used as a comparison to the radar data. The Apollo gamma 
ray spectrometer data have also been used to estimate Fe and Ti 
bulk abundances [Da\'is, 1980], but the spatial coverage and 
resolution of these maps is rather low (-100 km). 

An interesting aspect of the radar data is the fact that they 
depth-average the properties of the regolith over a significant 
path length. Where a thin layer of immature soil or highland 
contaminant (a crater ray, for example) can drastically affect 
the spectral reflectance of a surface, to the long-wavelength 
radar this constitutes a small fraction of the total volume 
which contributes to the echo. This difference in sensitivities 
suggests that the optical and radar data can offer 
complementary information. Past work has shown that the 
70-cm observations may be a useful tool for mapping 
compositional changes on the lunar surface, but significant 
issues in the nature of the scattering need to be addressed. In 
this paper, we first examine possible sources for the long- 
wavelength backscatter, and compare the observational data 
with theoretical models to constrain the range of potential 
regolith structure. We then compare the 70-cm and 7.5-m data 
to the results of multispectrai mapping of elemental 
abundances, and consider the implications of these results for 
the couipusilion and structure of the mare regolith. 

IModels for Radar Scattering From the Lunar 
Regolith 

The 70-cm maps used here, which have a spatial resolution 
of 3-5 km, were collected in 1981-1984 at the Arecibo 
Observatory, and are shown in Plate I [Thompson, 1987]. In 
contrast to previous mosaics at this wavelength, which were 
hampered by a lack of calibration between individual images, 
the current image was assembled using a low-resolution beam- 
swing technique to provide a global reference map for radar 
brightness. To compare these data to the results of theoretical 
models, we first calibrated the radar images to values of 
backscatter cross section per unit area (a"). This was done by 
letting the mean polarized (LR; left-circular transmit, right 
circular receive; also called opposite-sense circular or OC) echo 
behavior at 70 cm be characterized by the ftS-cm lunar average 
compiled by Hagfors [1970], The depolarized (LL: left-circular 
transmit, left-circular receive; also called same-sense circular 
or SC) returns were calibrated by letting the average echoes 
near the limb be 1/2 (-3 dB) the strength of the polarized 
component, again as indicated by earlier disk-integrated 
measurements [Hagfors, 1970]. The systematic error in these 
calibrations is difficult to define, but mosaicking offsets 
probably produce error bounds of about 1-2 dB betwe.en sites in 
widely separated locales. 

A cursory comparison of the 70-cm radar data to color ratio 
images [i.e., Whitaker, 1972] shows that abrupt changes in 
backscatter cross section within the mare basins are well 
correlated with spectral-map unit edges indicative of regolith 



CAMPBELL ET AL.: LUNAR MARE REGOLUH COMPOSITEON AND STRUCTURE 19..1(ig 

Plate 1, A 70-cm wavelength depolarized radar map of the Moon [from Thompson, 1987], overlain on a 
U.S. Geological Survey shaded-relief image. Image resolution 3-5 km. The depolarized data have been mapped 
in this figure to six 60"x60" sinusoidal-projection portions of the nearside, and two orthographic maps of the 
north and south polar regions. The figure at lower right is an orthographic view of the full 70-cin map. Color 
scale indicates radar back scat ter cross section relative to the lunar mean. 

chemistry differences [Schaber et al., 1975]. This indicates 
that the radar data are modulated to a significant degree by the 
composition of the regolith, but it is interesting to note that 
the relative echo strength does not simply mirror the spectral 
ratio values; only the contrast changes tend to be highly 
correlated. It is thus important to consider the possible 
sources of radar echoes from the maria, and the way in which 
these returns are affected by different processes. 

The 70-cm radar echoes are influenced to varying degrees by 
the volumetric rock population, regolith depth, substrate 
presence and roughness, and the dielectric properties of the 
rocks and fine soil. To examine the effects of these 
parameters, we study two major sources of radar returns: echoes 
from a buried substrate, and Mie scattering from surface and 
buried rocks. Quasi-specular scattering [Hagfors, 1970] is 
neglected   in   this   analysis   because  (1)   we   are   interested 
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primarily in the diffuse component of the echo, which is not 
produced by large single-scattering facets, and (2) at the angles 
of interest here (>20'^), this mechanism is not the dominant 
component of the polarized (LR) echo from the relatively 
smooth (low rms slope) maria. 

Buried   Substrate   Model 

This model assumes that a significant portion of the echo 
comes from a buried scattering layer, characterized by the 
transition from soil to solid rock, whose depth and roughness 
vary. In this end-member scenario, no scattering rocks are 
present in the soil. A simple interface between fine-grained 
sou and solid rock is, of course, not likely in the lunar 
regolith. The transition between the two regimes is probably 
characterized by succeeding layers of rocky debris, fractured 
and brecciated material, and finally intact lava flows. For our 
purposes, the base of the regolith is the point at which little 
further volume scattering can occur, and the underlying rubble 
behaves as a scattering surface. 

The substrate could have a range of scattering behaviors 
depending upon its roughness, and the measured echo will vary 
with changes in the microwave loss tangent, defined as the 
ratio between the imaginary and real components of the 
complex, dielectric constant: tanô=(e"/e'), of the soil. The 
amount of power, 0°,^,, backscattered by a surface buried 
beneath a layer with a given complex dielectric constant is 

•JA): 

where the loss factor a is 

•'2 •-4 ah /costí 

lO,5 

(1) 

(2) 

o^»^ IS the backscatter cross section of the substrate in the 
absence of any mantling, h is the depth of the soil layer, X is 
the radar wavelength in vacuum, T is a loss factor due to 
transmission effects at the regolith-space interface, Ä is a loss 
factor due to the reduced dielectric contrast at the soil-rock 
interface relative to that between the rock and free space, and 9 
is the incidence angle within the soil 

ô = sin 
sin^ 

(3) 

with the radar incidence angle at the surface given by i|) [Uiaby 
et al., 1987]. Transmission effects at the top of the soil layer 
reduce the observed backscatter, and we estimate the loss factor 
for a circular-polarized wave as the average of Tfi and Ty, the H- 
and V-polarized Fresnel transmission coefficients {i.e., one- 
half the power is present in each of the two linear 
polarizations) [Stiaiton,  1947]; 

^h + ^v _ sin2t)) siu2e 
2sin2(e + <|)) 

1 + 1 
sin2(e + <i))cos2((()-e) 

(4) 

For the two-way case of a buried layer this factor must be 
squared. The polarization effects of the interface due to 
differences in T/^ and Ty are neglected in this treatment.   Given 

the scattering cross-section of a hypothetical substrate, we can 
thus estimate the observed backscatter echo strength after 
allowing for transmission and absorption. 

The electrical properties of rocks have been studied in 
detail by a variety of measurement techniques, with good 
summaries provided by Ulaby et al. [1988] for terrestrial 
samples and by Carrier ei al. [1991] for lunar rocks. In 
general, the real part of the dielectric constant is dependent 
upon rock density, p, with little variation due to chemical 
composition. Lunar soils have real dielectric constants of 2-3, 
while solid rocks may have values of e' from 4-8 depending 
upon their porosity. The imaginary part of the dielectric 
constant for dry samples is affected by bulk chemistry, with 
little influence noted for changes in sample density [Ulaby et 
al,, 1988]- For lunar materials, tanfi is found to vary by an 
order of magnitude, from about 0.002 to 0.02, with increasing 
(FeO+Ti02) values. Oihoefi and Strangway [1975] derived a 
power-law relationship between oxide content, density, and 
loss tangent at 67 cm wavelength: 

tanS= 10(0O33 t%Ti02 + %FeO] + 0.231 p -3.061) 
(5J 

The experimental data have scatter of up to an order of 
magnitude in tanô about the model fit, so the reliability of the 
above equarion is uncertain. For an average mare FeO content 
of 12% (¡Mcey et al. [1995]) and regolith density of 1.7 g/cm\ 
the predicted loss tangent for zero titanium content is about 
0.005. 

The change in backscatter strength for a mantled scattering 
surface is shown in Figure 1 for layer depths of 3-8 m, the 
expected maximum range of lunar loss tangents, and radar 
wavelengths of 70 cm and 7.5 m. From these results, we can 
conclude that the range in 70-cm backscatter echo power for a 
buried layer with changes in either h or tanS is quite large. At 
soi! depths of more than about 3 m, the range in brightness for 
loss  tangents  of 0.005   to 0.02   could exceed that   observed 
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Figure 1, Change in backscatter cross section for a buried 
substrate as a function of layer depth, radar wavelength (70 cm, 
denoted by solid lines, and 7.5 m, denoted by dotted lines), and 
loss tangent for an incidence angle of 45*^. Depth of regolith 
chosen to be 3, 5, and 8 m. Note that the dynamic range of 
substrate echoes for regolith depths >5 m over the possible 
loss tangent range is at least 10 dB, compared to the 8 dB range 
actually observed across the maria. 
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(about 8 dB, or a 6:1 ratio) across all of the nearside maria 
(Plate 1), The resvjUs illustrated in Figure 1 thus rule out 

substrate echoes as the sole contributor to the measured 70-cm 
backscatter, because regolith depths are iikely to be greater 

than 3 m in the older maria [Moore ei at., 1980], and would 
lead to much larger variations in the backscatter strength with 

loss tangent than are observed. In reality, these large dynamic 
ranges will not be observed because some of the echo power 

comes from other mechanisms, such as Mie scattering. For 
deep regoliths, the round-trip 70-cm signal attenuation is 

strong enough to hide all but very rough buried surfaces. 

Losses due to attenuation for 7.5-m wavelength observations 
are <;3 dB even for very high values of tanS, and depend little 
upon regolith depth over the 3-8 m range. 

Mie   Scattering   From   Rocks 

Another end-member model describes the regolith as a 

coHcction of rocks randomly distributed through a soil layer of 
given depth. These rocks are further distributed in size 
according to a power law relationship. A first-order estimate 
of the polarized backscatter cross section can be obtained by 
using Mie theory, assuining that only single scattering is 
important and neglecting shadowing of one rock by others 

[Bohren and Huffman, 1983]. Thompson et al. [1970] and 
Pollack and Whitehill [1972] tested the Mie scattering 
mechanism and concluded that returns from buried rocks were 

likely a major component of the 70-cm radar echoes, but they 

lacked calibrated data to carry the analysis to a local level. 
They further suggested that the primary cause of changes in the 
echoes, assuming a uniform rock population, was chemical 
(i.e., tanô) variations in the regolith and that such changes 

could be used for geological mapping. The Pollack and 

Whitehill study also treated multiple scattering, and found that 
the average radar cross section and degree of polarization for 

the Moon could be modeled by a reasonable rock distribution. 
Their model is rather complicated in assuming that rocks are 

primarily found in concentric regions around parabola-shaped 

fresh young craters, but it ignores any depolarization by 
single scatter from non-spherical objects, docs not treat the 

issue of regolith variations within a crater cavity, and takes a 
single rock population from the Tycho éjecta blanket as its 
test case. In this paper, we will examine just the Mie single- 

scattering model and compare its results to the 70-cm 
observations for the Surveyor landing sites. 

A primary difference between the Mie scattering case and 
the substrate mode! discussed above is in the effect of the loss 
tangent on the echo.   For a population of rocks randomly 

distributed in size throughout the soil layer, the net effect is to 
average the absorption over the total depth rather than to 

integrate along the large total path length from the surface to a 
buried substrate. We can write the total backscatter cross 
section as 

o^ah/cose] j" max^^^^ ^^^j¿^ 

(6) 

a° = X 2 
4a \-e- 

'Rr 

where pfrj is the populadon density of rocks with radius r (in 
number/m-^), o(r) is the scattering cross section (m ) for each 

rock derived from the Mie equations, and Rmin ^^ '^max ^re 
the range of rock sizes likely to produce 70-cm scattering (we 
integrate from 1 cm to 2 m). Note that the effect of /i on cp in 
Eq, 6 is entireSy contained in the exponential term, which 
disappears for large optical depths. 

Rock populations for the lunar regolith are available from 
work done on the Surveyor landing site images by Shoemaker 

and Morris [1968], which were converted to differential 
probability functions by Thompson et al. [1970]. Volumetric 

populations can be obtained by equating the fractional area 
covered by surface rocks and the fracUonal volume occupied by 

buried rocks ("Rosiwal's principle", discussed by Shoemaker 

and Morris- [1968]). From this approach, the differential 
volumetric rock population can be found from the surface 
distribution as 

Pir) •¿C   r n-\ 
(7) 

where Cg is the coefficient of the surface differential rock 

power law and n is the exponent (both parameters vary from 
one landing site to another). Table 1 lists the power law fits 
for the Surveyor sites, showing that regions within the maria 

(aîl but Surveyor 7) can vary significantly in their behavior, 
presumably due to the relative proximity of young craters to 
each landing site. This table also includes the measured cross 
sections for each site from the calibrated 7o-cm map. 

We first calculated the total Mie backscatter cross section 
for just surface rocks at each Surveyor site and found that, even 
with a strong rock/soil dielectric contrast, scattering from 

only these rocks is at least 6 dB weaker than the observed LR 
echo strengths (Table 1). Only if the loss tangent of the 
.surface rocks is allowed to drop to values of -0.001 (where 

internal reflections within the rocks become very efficient) 
can we replicate the observed polarized cross section, and such 
low loss factors are plausible only for pure anorthositic (i.e., 
highlands) material, if we carry out the full volume-scattering 
calculation, considerably more echo power is predicted. Figure 

Table  1.   Volumetric Rock Population, Radar Incidence Angles, 70-cm Radar LR and LL Backscatter Coefficients, 
and Calculated Mie Surface Scattering Cross Sections for the Surveyor Lunar Landing Sites 

Surveyor Rock Population Angle, deg CfoLB, 0"'-L, dB Mie a», dB 

43 -21,6,-29 5 -32, -28 
23 -13.1, -28.2 -34, -30 
23 -14,6,-28,1 -40. -36 

- -3S,-31 
42 -13.8,-16,0 -24, -20 

1400 r""*" 
2700 r' 
9S0r 

2200 r 
4100 r" 

•4.4y 
-4,63 
•4-52 
•3,82 

-Rock population values are in units of number/ni\ with radius in cm. Backscatter coefficients cafcuiated for tOxlO km box surrounding 
each Unidingsile. The .Surveyor 6 site fulls in the central daCi gap of the, 70-i,-tn map The. Mie cross ,secfions assume only a surficial 
layer of rocks, with possible dielectric contrasts shown by the range in values (soil e'=3, rock •=7i-l; rock tanS had little, effect over the 
range 0,004-0,025), See text for discussion of volume scattering cross section. 
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Plate 2. A 7,5-Tn radar image uf ihe Moon [from Ttwmpson. \S)1%\, as a color overlay lo ihe U.S. 
Geological Survey shadcd-relief map. Orthographic projection; image resolution 3Ü-50 km, Colors show 
logarithmic scaling of backscaltered power relative lo Ihe lunar mean. 
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Figure 2. Volume scattering results based on Surveyor III 
rock püpulatioii. Depth of the scattering layer is assumed to be 
5 m (solid lines) and infinity (dotted lines). The higher 
backscatter values correspond to a rock/soil dielectric contrast 
of 4, while the lower values for each depth correspond to a 
contrast of 2. Results for radar wavelengths of (a) 70 cm and 
(b) 7.5 m shown. 

changes in depth on the observed return becomes very large. 
At the same time, low losses within the regolith favor echoes 
from the buried soil-rock interface. We will examine the 
effects of mixmg the substrate and buried-rock returns below. 

Depolarization 

The depolarized (LL) radar echo, which wc use below as a 
measure of diffuse scattering from the Moon, can be attributed 
to some combination of transmission effects through a 
dielectric interface (i.e., the soil surface), single-scattering by 
nonspherical objects, and multiple scattering between rocks 
suspended in the soil [Hagfors, 1967], The first mechanism is 
not very efficient and, at most, produces only a few percent 
ellipticity in the received signal. The latter two mechanisms 
have the potential to produce significant depolarization, with 
the extreme case being that of randomly oriented small linear 
objects, which produce equal LL and LR returns. Polarization 
ratios (LL/LR) in the maria range from O.05 to 0.40, 
increasing with incidence angle as the quasi-specular 
component of the LR return becomes less significant. Near the 
limb, Hagfors [1970] noted that the ratio was about 0.5, a 
value we used for calibration purposes. 

Pollack and Whitehill [1911] showed that multiple-bounce 
radar returns could be a significant part of the total echo if the 
rock population is very high, such as in a crater éjecta blanket. 
It is difficult to judge the relative contributions of single and 
multiple scattering to the depolarized echo, however, since the 
shape of the rocks and the loss tangent of the regolith play a 
major role. We use primarily the LL echo strength to study the 
diffuse radar echo, but the specific mechanism of 
depolarization is not modeled. The Mie scattering mechanism 
discussed above does not predict the amount of depolarization 
for a nonspherical object, but wc will assume that among the 
lunar maria there are no systematic differences in the shape of 
regolith clasts. In general, the total return should be a sum of 
many scattering events whose paths through the regolith and 
single-scattering aibedoes (dependent mostly upon the real 
dielectric contrast) do not change with soil tan5. As such, we 
expect the multiple-scattered component to scale linearly with 
any tanS-induced changes in single-scattered energy. 

2 shows the echoes found for volume scattering from (6) and 
the Surveyor 111 rock population, and demonstrates that even a 
low rock/soil dielectric contrast (e'rock - 5, e'soji = 3) and 
regolith depth of -5 m can produce echoes consistent with the 
70-cm polarized observations. Both results are in accord with 
those of T/jom/JiOfi et al. [1970], but it appears that multiple 
scattering is not necessarily required to produce the measured 
LR echo. A large component of subsurface Mie scattering is 
also consistent with the 12.6-cm lunar radar studies of Stacy 
[19931, who found that the echo from buried objects must be 
stronger in the polarized (LR) sense than in the depolarized 
mode. Mie scattering echoes from this rock population at 7.5- 
m wavelength are at least 5 dB lower than the 70-cm return, 
with greater differences for lower soil loss tangent (Figure 2b). 

For a given rock population and fine-fraction loss tangent, 
the depth of the regolith determines the relative strength of the 
echo for this model (Figure 2). hor example, at loss tangents 
>0.01, the regolith appears to the 70-cm radar to be 
bottomless (essentially infinite optical depth) for thicknesses 
of 5 m or more.    With   lower  loss   tangents,   the  effect  of 

Summary 

The models above show that in all cases, increasing the 
loss tangent of the fine regolith fraction will lower the 
observed radar backscatter. The strength of the echo and its 
sensitivity to changes in tanS are also affected, however, by 
the rock population, substrate roughness, and regolith depth. 
To explore the effects of mixing the substrate and buried-rock 
scattering mechanisms, we carried out a simulation using the 
rock population of the Surveyor III site. The real dielectric 
constant of rock and soil were taken to be 7 and 3, 
respectively, and we varied the regolith depth, tanS, and the 
backscatter cross section of the substrate. Terrestrial lava 
flows have 68-cm LR backscatter coefficients of up to about - 
14 dB for very rough surfaces [Campbell and Shepard, 1996], 
so a value of-12 dB was used as a maximum plausible substrate 
cross section (allowing for potential multiple scattering if the 
substrate is blocky), prior to modification for the change in 
dielectric contrast, attenuation, and transmission losses. 

The total backscatter calculated for this model is shown in 
Figure 3.  The most significant result is that the substrate echo 
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Figure 3, Modeled 70-cm radar echo for a lunar regolîth with 
rock population corresponding to that of the Surveyor III site. 
Substrate radar echo (in the absence of a mantling layer) 
assumed to be -12 dB; rock and soil rea! dielectric constants 
assumed to be 7 and 3. Results for regolith depths of 3 m, 5 ni, 
and infinite depth shown. 

has no more than a 2 dB effect on the observed return, relative 
to the end-member Mie scattering model (Figure 2), even when 
the soil is shallow, the interface is rough, and tanS is low. The 
range in echo strength with depth tends to be reduced by the 

inclusion of the substrate component, since the power lost in 
having a thinner mixed rock/soil layer is partially offset by 
the increasing visibility of the basal interface. Changes in 
regolith depth or substrate roughness are thus unlikely to caiise 
the observed variations in 70-cm backscattering behavior 
between the maria. 

The relative importance of different scattering mechanisms 
may vary frorn one site to another, and the interpretation of the 
radar data depends heavily on the assumed degree of 
heterogeneity in the vertical structure of the regolith over large 
areas. Variations in regolith depth and rock population with 
age are plausible, as are major shifts in the basalt loss tangent 
with varying elemental abundances. Changes of 3 dB or more 
are also possible in the Mie scattering model for reasonable 
shifts in the real dielectric constant (i.e., the density) of the 
buried rocks (e'=5-7), but over the maria we can likely choose a 
single mean value for rock density which will not vary 
systematically from one basalt flow complex to the next. 

Measured variations in rock population are quite large 
among the Surveyor I, III, V, and VI sites, leading to a 5-8 dB 
range in predicted radar volume scattering. The lack of a 
similar large shift in the observed echoes from the various 
sites (Surveyor V is actually slightly brighter relative to the 
lunar mean than Surveyor I) suggests that these local rock 
counts do not necessarily indicate regional differences in 
regolith structure, but rather the proximity of small young 
craters to the landing sites. Infrared eclipse brightness 
temperatures for the maria (Figure 4) show, however, that the 

Figure 4.   Thermal infrared eclipse image of the Moon [from Shorthill, 1973].   Brighter areas have higher 
surface rock abundance or more granular soil. 
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Imbrium and Procellarum basalts have higher eclipse 
temperatures than the older Serenitatis and Tranquiliîatis 
materials, implying a higher surface population of rocks or a 
more granular paniculate surface soil [Shorihill, 1973; Moore 
ct ai, 1980], In the next section, we attempt to further 
constrain the possible scattering mechanisms, and thus 
regolith properties, by comparing the radar data to 
multispectral estimates of mare elemental abundances. 

Comparison of 70-cm Radar and Multispectral 
Data 

We first chose several sample sites within each of six 
nearside maria (Imbrium, Procellarum, Serenitatis, 
Tranquilitatis, Fecundltatis, and Crisium) to illustrate the range 
of echo strengths across these region.?. Each site was selected 
to sample only one type of basaltic unit as defined by Pieters 
[1978] and to avoid the éjecta blankets of large craters. 
Estimates of TÍO2 abundance were taken from the published 
maps QÍ Johnson et al. [1991] and Lucey et al. [1996], who 
derived these values using differing spectral-ratio techniques. 
Tiie FeO iibundance values of Lucey et al. [1995] were also 
averaged for each area. The 7r)-cm depolarized data were 
normalized prior to averaging for the cos([) dependence of 
projected area on incidence angle. The locations of these sites 
are presented in Figure 5, and Figure 6 shows summary plots of 
the mare remote sensing data. 

Comparison of 70-cm depolarized radar backscaller values 
to FeO abundance from Lucey et al. [1995] shows no 
correlation acros.s the maria (Figure 6a). While FeO is a major 
constituent of ilmenite, it is also found in a variety of other 
minerals which do not apparently affect the microwave loss 
tangent; iron content has no systematic correlation with 
ilmenite abundance in lunar basalts [Papike et al., 1991]; 
Small grains of reduced Fe in agglutinates are likewise not a 
major source of tan5 variability. The inferred correlation of 
loss tangent on total FcO+TiO^ abundance from lab studies 
may thus be rellective of just the ilmenite component of the 
samples. 

The comparison of TÍO2 and radar backscatter reveals 
several interesting results. The depolarized echo power is 
anticorrelatcd with titanium abundance for Mare Imbrium 
(Figure 6b), consistent with the observations of Schaber et al. 
[1975]. This relationship is better defined for the Lucey et ai. 
[1996] TÍO2 data (Figure 6b), which appear to provide more 
robust estimates of elemental abundance at very low values 
{<3%) than the ratio method proposed by Charette et al. [1974] 
and used in the Johnson et al. [1991] map (Figure 6d)- A 
similar negative correlation is observed for Oceanus 
Procellarum, Mare Tranquilitatis, and Mare Fecunditatis. 
Maria Serenitatis and Crisium have more narrow ranges of 
TÍO2 abundance at the scales of interest here, which makes the 
analysis of possible trends between backscaller and elemental 
composition difficult (Figure 6c). 

To better characterize any possible dependence of radar 
echo on TiO, content, we created image masks for the six maria 
of interest, which excluded the surrounding highlands and 
many large, radar-bright craters. The average backscatter as a 
function of Lucey et al.'s [1996] TiO; abutidance was then 
calculated (Figure 7). This plot shows that there is a 
consistent negative correlation between 70-cm echo power and 
titanium content across the lunar maria. The echoes for Mare 
Crisium, Mare Imbrium, and Oceanus Procellarum exhibit  a 

more rapid increase at very low TiOj contents than returns from 
the other regions. T'here are also significant offsets in 
absolute echo power between the rnaria, with a total spread of 
~3 dB. For example. Mare Fecunditatis is systematically more 
radar-dark for a given TiO; value than the Mare Imbrium 
deposits, while Mare Tranquilitatis is brighter for any given 
titanium abundance (greater than ~I%) relative to Imbrium. 

How do we reconcile the radar and multispectral 
observations? The radar sample sites (Figures 6 and 7) show 
that the relationship between o" and TiOj can change from one 
basin to another, and perhaps even within any single mare 
complex, We could attribute these differences to several 
possibilities: (1) systematic offsets between the images used 
to create the final radar map, (2) dependence of the radar echo 
on minerals other than ilmenite, (3) age-related variations in 
rock population between the maria, or (4) variations in 
regolith depth with age. 

Some of the brightness change for Mare Tranquilitatis may 
be due to power "folded in" from conjugate regions, due to the 
north-south ambiguity inherent in these radar observations. 
In this case the strong echo is from Tycho, which appears as a 
diffuse bright streak across the central portion of the basin in 
Figure 5c. No similar explanations can be made for the other 
offsets seen in Figure 7, but we cannot rule out some 
component of slight mosaicking offsets or power scattered by 
conjugate areas. The data shown in Figures 6 and 7 have been 
normaliz.ed to a cost)» scattering law, but if the local surface 
behaves differently then we will incur an additional small 
error. Tlie possibility that the microwave loss langent is 
modulated by other minéralogie components unrelated to the 
TÍO2 (i.e., ilmenite) abundance is unsupported at present, 
given laboratory studies and the observed absence of any 
correlation between backscatter and FeO content ¡Carrier et ai, 
1991]. 

The other two alternatives, rock population and depth 
changés, are interrelated and can be tested against the results of 
other remote-sensing studies. Thermal infrared eclipse 
images, geologic mapping, crater morphology analysis, and 
crater population data all imply that, of our study regions, 
Marc Imbrium and Oceanus Procellarum contain the youngest 
mare basalt flows [Shorthili 1973; Boyce and Johnson, 
1978]. These younger surfaces are characterized by a higher 
population of small rocks at the surface, possibly indicating a 
thin regolith which permits smaller impactors to excavate 
competent material (Figure 4). Marc Tranquilitatis contains 
the oldest basalt flows, with Mare Crisium exhibiting a wide 
range in apparent surface age. Maria Fecunditatis and 
Serenitatis represent progressively younger materials, 
intermediate in age between Maria Tranquilitatis and Imbrium 
[Boyce and Johnson, 1978]. Shifts in echo power between 
deposits of the various basins may thus be attributable to 
differences in the rock population with age. For example, if 
the Mare Fecunditatis basalts are indeed older than those of 
Mare Imbrium, then the regolith may be less rocky in this 
area, leading to lower diffuse backscatter. This model docs 
not, however, explain all of the differences between the six 
mare regions we studied (Figure 7). 

Our observations show that, consistent with earlier studies 
of Mare Imbrium, the TÍO2 (ilmenite) content of the regolith 
has a significant effect on the observed backscatter strength, 
with higher ritanium abundance leading to lower radar echoes. 
We expect that the radar return is also controlled by the 
average rock population within the lunar soil, such that 
younger mare units wi|!  have systematically   higher  70-cm 
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Figure 5. Locations of sample boxes for remote sensing data comparison. A¡) maps are simple cylindrical 
projections of 70-cm depolarized radar data, (a) Mare Imbrium. Image area 25"-55"N, 325"-355"E. (b) Oceanus 
Procellarum. Image area 15"-55"N, 285"-315"E. (c) Mare Tranquilitatis. Image area 15°-45"N, 353"-23"E. (d) 
Mare Fecunditatis, Image area 17"S - 13"N, 36"-66°E. (e) Mare Serenitatis. image area 12"-42"N, 5"-35°E. (f) 
Mare Crisium.  Image area 2"-32"N, 43"-73"E. 

returns than older deposits due to a greater number of surface 
and buried rocks. While tfie properties of Mare Fecunditatis are 
possible evidence for such behavior, ihe data shown here 
cannot be used to further test this hypothesis, due to 
uncertainties regarding calibration and N-S image ambiguity. 

Analysis of 7.5-m Radar Data 

The 7.5'm wavelength radar image (LR polarization only) 
was collected in !977 at the Arecibo Observatory, and has a 
resolution of 30-50 km [Thompson, 1978].  Since the original 
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Figure 6. (a) Plot of normalized LL radar echo (dB) versus 
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Figure 7. Plot of average depolarized radar echo strength as a 
function of titanium abundance [Lucey et al., 1996] for six 
mare regions: Mare Tranquilitatis (T), Mare Fecunditatis (F), 
Mare Irnbrium (T), Mare Serenitatis (S), Mare Crisium (C), and 
Oceanus Procellarum (P). Radar echoes normalized to the 
cosine of the incidence angle prior to averaging. 

data were unavailable, the map was recovered by digitally 
scanning a photo negative and putting the image into a 
cartographic framework (Plate 2). The registration of the radar 
¡mage and base map are relatively good near the center of the 
Moon, but there are positional errors near the limbs, so we did 
not attetnpl any reprojectiuiis of the data. The very long radar 
wavelength will penetrate a considerable distance into the 
subregolith basalt, and the paucity of scatterers within the 
regolith at the wavelength scale means that the soil/rock layer 
play.i little role in the tlnai return (Figures 1 and 2b). For the 
maria, these data thus reflect the scattering and absorption 
properties of the basalt layers below the soil. 

The behavior of the 7.5-m radar data for the maria is often 
not well matched with the 70-cm results. Since 70-cm 
backscatter was shown to correlate well with TiO; variations, 
we infer that ilmenite abundance within the regolith and basal 
lava flows does not greatly affect the 7.5-m echoes. Mare 
Serenitatis, seen at 70 cm to be one of the brightest mare 
surfaces, has very low 7.5 returns in the southwestern half of 
the basin. This contrasts with the echoes from Mare 
Tranquilitatis, which despite its high TÍO2 content is the 
brightest mare at 7.5 m. Mare Fecunditatis and Mare Crisium 
have intermediate 7.5-m backscatter, whereas Fecunditatis has 
the lowest 70-cm returns of any large mare. The lowest 7.5 m 
echoes on the Moon are associated with the Imbrium, 
Humorum, and Procellarum mare deposits. 

Infrared eclipse temperature (Figure 4) and 7.5-m 
backscatter power are consistently anticorrelated; the low radar 
returns from the western nearside maria are associated with the 
younger age and greater surface rock abundance of these 
deposits, while the older eastern mare basalts tend to have 
fewer surface rocks and higher 7.5-m backscatter power 
[Shorthill, 1973; Thompson, 1978], If we assume that 
variations in the loss tangent of the fine regolith component 
are not modulating the 7.5-m mare scattering, then what 
properties of the substrate basalts would lead to these 
behaviors?   If the younger flow units on the western nearside 
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have less deveioped regoliths, then the degree of deep 

fracluring and brecciation within the basalt layers may be less 
than that for older mare deposits. This would lead to fewer 
discontinuities within the rock, and consequently less volume 

scattering of energy passing though the stack of lava flows 
beneath the regolith. By analogy, the high 7.5-m radar return 
from the lunar highlands is attributable to scattering from 
large blouks at significant depths within the luw-luss 

anorthositic megaiegolith [Thompson, 1978]. 

Discussion 

These results imply several conclusions. (1) The 70-cm 
radar echo for the maria comes largely from Mie scattering by 
rocks buried within the fine soil. Radar scattering by a buried 
substrate is not likely to greatly affect the observed return, (2) 
The TiOj (ilmenite) content of the regolith controls variations 
in 70-cm depolarized echo strength among mare units of 
similar age. (3) Changes in the absolute value of the 70-crn 
letum between maria of different age.s are expected to reflect 

the variations in surface and buried rock population indicated 
by infrared eclipse maps. Some of our results are consistent 
with this model, but additional calibrated observations are 
necessary for any further analyses, (4) The 7.5-m radar echoes 

are controlled by the age of the mare basalt flows, with older 
deposits having a greater degree of fracturing and higher 

backscatter. 
Figure 8 illustrates a postulated age-progression for the 

lunar mare regolith. Younger basalt units (Figure 8a) have 
thinner fine-grained soil cover, greater volumetric rock 

population, and a smaller degree of shattering and brecciation 
within the underlying stack of flows. This leads to a predicted 

high 70-cm echo, a low 7.5-m return, and high eclipse 

temperatures. With increasing age (Figure 8b), the depth of 
the fine-grained soil increases, and impact gardening reduces 
the size and number of included rocks. The greater number of 
total accumulated impacts for older units leads to a high degree 

of fracturing within the basal flows. The result is tow 70-cm 
echoes, high 7,5-m backscatter, and low eclip.se temperatures. 

Future work will focus on comparing the 70-cm radar 
echoes to local changes in elemental abundance, and on the 
investigation of anomalous regions. Observations at this 

wavelength with resolution as fine as 300 m are possible from 
Arecibo, so new work will be carried out to image areas of 
particular interest and to resolve the issue of age-dependent 

changes in rock population and 70-cm echo. Additionally, 
mapping at 12.6-cm wavelength wil! permit an assessment of 

the Mie scattering model and the possible changes in rock 

populatíon between the maria. These data provide a valuable 
complementary tool to multispectral techniques, and it is 

expected that much can be gained from their synthesis. 
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