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ABSTRACT

Lunar powder samples returned by Apollo 1l are remark-
ably similar in their optical properties to those measgured
for a several km2 area surrounding Tranquillity Base, sug-
gesting a ubiguitous covering of the same material in the
region, However, there are minor exceptions to the close
match: the powder sample shows larger polarizations and a
larger opposition effect than would be expected from pre-
vious observations. In the spectrum of the lunar rock
samples, we detected a strong, braod absorption near lu
and a weaker band zluEBu which may be due to orthopyroxenes
in the presence of other iron-bearing silicates. The l-p
band was absent in the powder sample (presumably because
the particle sizes were too small), which suggests that the
spectrophotometer may become a valuable tool in distin-

guishing between rocky and dusty areas on the Moon,



In recent years there has been conslderable interest
in extracting meaning from optical measurements of the Moon
and planets, Several investigatore have suggested thal the
gpectrum, albedo, color, photometric phase functlion and
polarimetric phase function can collectively yield dlag-
noegtlic information about composition, particle silze and
thelir varlation over the lunar of planetary disc, Most of
these studiees are performed by measuring the optical prop-
erties of terrestrial mineral samples until a reasonable
match ig found with Earth-based observations of the planet
in question, For example, Hapke (1) has suggested a close

match between the Moon and basalts irradlated by a simulavcad

golar wind. Moreover, the presence of a weak absorption
band near 1 micron in the lunar spactrum has been suggested
(2); this band may originate from olivine or iron- and cal-
cium-bearing clinopyroxene as major constituente on the
Moon (3).

With the return o lunar samples from Tranguillity
Bage, it has become possible to study the optical properties
of a plece of the Moon itself with the same thorcughness as
a terrestrial sample, Such studies should add a new impor-
tant dimension in the attempts at identifying the composi-
tion and particle sizes and thelr variations over the lunar
surface, The purpoce of this report 1s to present in detail

the optical properties of some of “he Tranquillity Base
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samples and how these properties compare with the Moon as a
whole (4).

For the photometric and polarimetric work, we used a
photometer-polarimeter which has heen described earlier (5),
but with some minor modifications. The zample was illumin-
ated by an Incandescant lamp which can be moved along a
ring at any desired angle of incidence, 1. The detector was
an EMI 9698QB phototube, and it was set at two angles of
viewing, ¢ = 0° (normal) and e = 60°, We define the phase
angle as that angle between the light source and detector
formed at the sample, The detector aperture was reduced to
a half cone angle of < 1/2O in order to improve resolution
for nonlinear effects in the phase function (6). We made
all measurements with one of three broad-band color fil-
ters; the effective wavelengths of the filter-rhototube-
light source combinations were O,44u, 0,56u, and 0.65u,

To obtain the polarizations we measured the components of
intensity orthogonal to and within the plane of vision by
rotating a polaroid filter.

Reflectivity values were derived by measuring a freshly
deposited smoked magnesium surface (MgO) at various inter-
vals during the experiment. We assumed that unity reflec-
tivity could be obtained from measuring MgO at 1 = 10° and
e = 0° from past experience with the reflective properties

of MgO (6). All values were corrected for a projection




factor, cos 1, In view of the fact that the light spot was
larger than the area seen by the phototube.

We used & Cary 14 spectrophotometer with an integrat-
ing sphere coated with Mg0O to obtain the diffuse reflec-
tance of the lunar samples as a function of wevelength (from
0,25 to 1.8u).

Fine-grained material from the bulk sample (hereafter
called powder) and rock ships were studied, All measure-
ments of varioug powder samples repeated very well, with
uncertaintlies of ~ 0,2% in reflectivity in both the photo-
metric and spectrophotometric measurements, and ~ 0,1% In
polarization, These dispersions are somewhat greater at
larger phase angles and at infrared wavelengths in the
spectrophotometry. The limiting factor for the lunar powder
was the low signal-to-noise resulting from its low albedo
rather than intrinsic variations from one part of the sample
to another., On the other hand, intrinsic variations in the
albedoes and phase functions of the rock samples were con-
siderably larger, and resultant uncertainties large. 1In
the spectrophotometry of the rock chips, it was necessary
to measure two samples together (samples 10017.206 and 10017.
28) because of their small size with respect to the slit
length. Measurements taken over various portions of the

two, rocks repeated very well,



Filgure 1 shows the dependence of reflectivity on phase
angle of the Apollo 1l samples at 0,504 wavelcength and at
viewin, angles ¢ = 0° and 60°, For comparison, the soild
lines indicate mean lunar values adopted by Hapke (1),
and normalized in reflectivity to a normal albedo of 00,0996,
as determined for the Apollo 11 slte at the same wavelength
by Apollo photography and Earth-based observations (7).
it 1s immediately apparent that the normal albedo of our
powder sample, estimated to be 0,102 + .002 at 0,56u, is
very close to that derlved for a several km2 area of uni-
form albedo in the region of Tranquillity Base (7). This
suggests that the finely divided material returned by the
Apollo 11 astronauts 1s typical of material ubiguitously
covering an area extending several kilometers from the
landing site, Table 1 lists the normal albedoes of the
ret arned lunar powder for the three colors.

We next congider the photometric functlion of the
powder sample. At normal viewing (e==0°), there is a close
match with mean lunar values and it is again tempting to
conclude that the powder sample is typical of large re-
glons — particularly the maria — over the lunar surfeace.
However, Wildey and Pohn (7) pointed out major differences
between the opposition effects of the Tranquillity Base
area and other lunar regions: they reported a brightness

increase of only 7% between phase angles of 1.5° and 0°,



as compared to a value of 19% for other regions measured
from Apollo orbiter photography (8)., Our measurements on ,
the Apollo 11 puwder show the incr~ase to be 12 + 1%, inter-
mediate between the Tranquilllity Base region and the Moon

a8 a whole, Thus, our measurements provide some evidence
that the photometric properties of the returned powder do
not match precisely those averaged over the surrounding
Moonscape, As more lunar samples are returned from more
sites, it will be interesting to search for correlations
between opposition effects and microstructure (e.g., parti-
cle size distribution, appearance through a microscope,
etc.). Such comparisons should provide a definitive test

of the hypcthesis that the pronounced lunar opposition
effect 1s due to shadowing within an intricate structure

of fibers ("fairy cestles") in the powder (9).

At a viewing angle of 60° and at phase angles greater
than ~ 150, the phase function of the Apollo 11 lunar pow-
der is more gradual than that observed for the Moon as a
whole (fig. 1). However, the comparison is difficult to
interpret, since no observations have been made of Mare
Tranquillitatis inclined 60° to the ohserved and the nor-
malization of the Moon curve 1s arbitrary.

The rock chlp sample in Figure 1 exhibits an appre-
ciably higher albedo, and the phase functions tend to be %i

erratic because of the various facets which come into and




out of view, Moreover, there are mejor differences between
the rocks themselves (only one result is shown here), so

it 1s difficult to draw conclusions about the photometric
behavior of "typical" lunar rocks, unlike the case of the
powder samples,

Figure 2 shows the photometric functions of the powder
sample in three colors, where the normal albedoes in Table
l are determined by slight extrapolation of the curves for
e = 0° Also plotted on Fig. 2 18 the color index B-V =
-2.5 log(Io.uuu/Io.s6u) for the powder sample at ¢ = O°,
where I represents the observed reflectivity at a given
color and phase angle, Also plotted are B-V values of
Earth-based observations of Mare T-anquillitatis by Gehrels,
Coffeen and Owings (8) and corrected for a solar B-V of
0,63, The effective wavelengths of the photometric systems
at the telescope and In the laboratory were close enough
to make reasonable comparisons.

It 1s apparent that the color of the powder sample is
very s.imilar to that of Mare Tranquillitatis as observed
from the Earth. In both cases, the soil 1s essentlially
gray with only a slight reddening at larger phase angles.
However, an interesting effect occurse in the Apollo 11
sample: the powder also reddens toward zero phase, 1.e.
the opposition effect is greater in the red than in the
blue, Although both reddening effects appear subtle as



seen through a photometer, Jt is more obvious to the eye
and color film, For example, the Apollo 12 astronauts re-
marked that the lunar surface was gray auring thelr first
EVA and brown during their second EVA, when the incldence
angle of sunlight became very large. Moreover, Apollo
photography suggests a browner surface at zero phase than
at a few degrees away.

The polarization-phase angle relation at 0,56y (Fig.
3) shows a good match between the powder sample and the
mean lunar curve at phase angles < 40°, However, for larger
phase angles, the sample exhibits much greater polariza-
tions, approaching a maximum value of 23%. The apparent
discrepancy is partially resolved when the results are com-
pared with Earth-based obzervations of the ianar maria (10),
where the :maximum polarization is typically 15-17%, The
Apollo 11 sample therefore exhibits slightly greater polari-
zation than any values previously obtained of the Moon.
To our knowledge, thnere exist no Earth-based or orbiter-
based observations of polarization of the Tranquillity Base
region, so 1t 1s presently impossible to determine whether
our sample or the region is anomalous in polarization. The
rock sample also shows large polarizations, but the negative
branch was considerably smaller than either the powder sam-
ple or the Moon as a whole, This latter property 1is not
surprising, since it is well known that the negative branch
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becomes smaller for coarser and/or higher albedo materiul
(i

Flgure 4 shows the polarization of the powder sample
in ? coleors, The volarizations in the blue are generally
larger thanr those at longer wavelengths; (at 90O phase
angle) the value 1s typically 6 per cent polarization
higher at 0,44y than at 0,56u, This 1s an excellent quan-
titative agreement with recent Earth-based observations
(12) of the lunar maria (the lunar highlands show much
smaller differences). The greater polarizations of the
Junar maria in the blue has been interpreted as a decrease
in translucency of the particles with decreasing wave-
length (12).

We finally turn to the spectrophotometry of the sam-
ples (Fig. 5). The mean lunar curve shows the albedo in-
creasing steadily toward longer wavelengths. The spectrum
ie essentially featureless, except for a suggestion of a
shaellow, very broad feature near 1lu (2). The powder sample
behaves similarly, except that the l-pu feature is absent
and there is a slight hint of an absorption > 1.8u.

The most provocative result is the presence of a
strong band centered between 0.90 and 0.95u in the rock
sample, and another band > 1.8u, Adams (3) found that or-
thopyroxenes have a strong minimum at 0.90u (due to Fe2+ in

sixfold coordination) and one at 1.8 to 1.9u (probably
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caused by F62+ in a highly distorted octahedral state), On
the other hand, basalts bearing olivine or clincpyroxene
show a minimum between 1,00 and 1.05u and no feature at
1.8u, Adams stated, "If .... the lunar minimum is nearer
0.95 than 1.0y, the presence 1s indicated of some ortho-
pyroxene in addition to clivine or clinopyroxene, or both,"
The preliminary modal analysis of the Apollo 11 rocks in-
dicates a high concentration of clinopyroxene, ~ 50% (13),
We suggest that samples 10017.26 and 10017.28 may also con-
tain orthopyvroxene.

The fact that the 1 micron band was absent in the pow-
der but present in the rocks can be easlly explained by the
dominance of small particles (< 10u) in the powder (3,4).
The strong 1l-u band in the rock raises some interesting
questions: Is the soll covering Tranquillity Base — and
perhaps covering mosgt of the lunar suriace — composed pri-
marily of iron-bearing silicates, such as clinopyroxenes and
orthopyroxenes? Do these mirerals give rise to the alleged
l-y4 band observed from Earth? Does the l-u band appear in
all lunar rocks? If so, a spectrophotometer may become a
valuable tool for distinguishing between rocky and dusty
areas on the Moon., Perhaps the weak 1l-u feature suggested
from Earth-based observations can be attributed to rocks
(or large particles) covering small fractional areas of the
lunar surface. These questions awailt further analysis of

the returned Apollo samples (14).
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TABLE 1: Normal Albedoes of the
lunar powder sample from Apollo 11,

Blue Green Red
Filter
Wavelength (u) 0. 44 0.56 0.65

Normal i s
Albedo (+ .002) 0,083 0.102 0,115




n

4,

J.

REFERENCES

Hapke, Science 159, 76 (1968).

I. Moroz, Sovliet Astron. AJ English Transl., 9, 999

(1969); and R, Tull, Icarus 5, 505 (1966) based on
observations by R, Wattson and R. Danielson (Astro-

phys, J. 142, 16 (1965),

B. Adams, Science 159, 1453 (1968),

A summary of the optical results has been presented by

T. Gold, M. J. Campbell and B. O'Leary, Science 167,
(1970).

Hapke and H. Van Horn, J. Geophys. Res. 68, 4545
(1963).

Oeking, J. Geophys. Res. 71, 2502 (1966); B. T.

O'Leary and D. G, Rea, Icarus 9, 405 (1968).
L. Wildey and H. A, Pohn, Astrophys. J. 158, L129

(1969).
A. Pohn, H., W, Radin and R. L. Wildey, Astrophys. J.

157, L193 (1969). Also, Earth-based observations
suggest a strong opposition effect for most lunar
areas, e.g., see R, L, Wildey and H. A. Pohn, Astrorn.
J. 69, 619 (1964); T. Gehrels, T. Coffeen and D.

Owings, Astron, J, 69, 826 (1964); and J. Van Diggelsen,
Planet. Space Sci. 13, 271 (1965).




10,

11,

12.

12,

14,

T. Gold, Monthly Notices Roy. Astron. Soc., 115, 585

(1955); B. Hapke, J. Geophys. Res. 68, 4571 (1963).
B. Lyot, Annales Observatolre de Paris 8, no. 1 (1929);

English translation in NASA TTF-187 (1964); see
also Gehrels et al, in Reference 8.

A. Dollfus, in Planets and Satellites, G. P. Kuilper

and B, M, Middlehurst, Eds. (Univ. of Chicago
Press, 1961), chap. 9.
S. F. Pellicori, Astron. J. 74, 1066 (1969).

The Lunar Sample Preliminary Examination Team, Science
165, 1211 (1969).
This research was supported by the National Aeronautics

and Space Administration under grant NAS9-8018,



nasadea andhie L ace dod o e o ahatlliln o0

Flg. 1,
Yl 8;
Fig. %
Fig. 4.
Pig. 5.

14
FIGURE CAPTIONS

The reflectivity of Apcllo 11 lunar samples ver-
sus phase angle at 0,56y wavelength and viewing

angles ¢ = 0° and 60°,

The reflectivity of the Apollo 11 powder sample
versus phasgse angle at > wavelengths and viewing
angles ¢ = 0° and 60°. (%0p) Color index B-V

of the powder sample versus phase angle at ¢ = 0°,
Also plotted are B-V values derived from Earth-
based observations by Gehrels et al (1964) (see

text).

The polarization of Apollo 11 lunar sampleg ver-
sus phase angle at 0,56y wavelength and viewing

angles ¢ = 0° and 60°,

The polarization of the Apollo )1 lunar sample
versus phase angle at 3 wavelengths and viewing

angles ¢ = 0° and 60°.

Diffuse reflectance versus wavelength of the
Apollo 11 lunar sampleg as obtained ty a Cary 14
spectrophotometer. The Moon curve is derived from
Earth-based observations by Wattson and Danielson
(2) of Mare Tranquillitatis, and normalized ar-
bitrarily in diffuse reflectance.
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