ing where the angle of illumination ¢
-equals the angle of viewing . The
angles were scanned automatically and
the output of the detector was recorded
on a strip chart recorder.

In the fixed § mode, the blockage of
the area of view of the detector by the
primary illuminating mirror was too
large to be acceptable, so the measure-
ments were not available for this paper.
Figure 2 shows the normalized bidirec-
tional reflectance results for the fixed y
mode. For such a presentation a Lam-
bertian surface would be a horizontal
line. The lunar powder shows strong
back-scatter in the direction of illumina-
tion and a much weaker forward-scatter
(if any) in the specular direction. The
spectral measurements obtained show
the same general characteristics but do
indicate a slight dependence on wave-
length.

The thermal conductivity of sample
10084,68,2 was measured with a line
heat source technique. A Teflon cell
was constructed, the sample volume
being approximately 25 by 13 by 13
mm. A Nichrome heating wire 0.203
mm in diameter was used as the line
heat source as well as a resistance ther-
mometer to measure the powder tem-
perature at the wire. An iron-constantan
36-gage thermocouple, placed 0.2 mm
from the wire, was used to monitor the
temperature of the powder as well. The
thermal conductivity cell was placed in
a vacuum chamber and surrounded by a
blackened copper shroud. The shroud
could be heated or cooled so that we
could control the average powder tem-
perature. Pressures of 10-3 torr and
lower were generally used when data
were obtained. The thermal conductivity
of a powder is, in general, independent
of pressure for pressures below 1072
torr.

The general scheme for obtaining data
was to heat or cool the sample to the
desired temperature. When equilibrium
was reached, a steady heat flux from the
wire was started by electrical heating.
A temperature-time recording was then
obtained for the wire. From the heat
input and the temperature-time char-
acteristics the thermal conductivity of
the sample can be calculated (6).

Sample 10084,68,2 was loaded and
settled by tapping lightly onto the cell.
The measured density was 1.265
g/cm3. Only three data points over
the temperature range used are pre-
sented here. The thermal conductivity
in watts per meter per degree Kelvin
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was found to be 1.71 X 10-3 (205°K);
2.07 X 10-3 (299°K); and 2.42 X 10-3
(404°K). The data would seem to in-
dicate a dependency on temperature,
but because of experimental uncertain-
ties in the measurements no comment
can be made at this time concerning
temperature effects.
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Elastic Wave Velocities of Lunar Samples at
High Pressures and Their Geophysical Implications

Abstract.

Ultrasonic measurement of P and S velocities of Apollo 11 lunar

samples 10020, 10057, and 10065 to 5 kilobars pressure at room temperature
shows a pronounced increase of velocity (as much as twofold) for the first 2
kilobars. The travel times predicted from the velocity-depth curve of sample
10057 are consistent with the results of the Apollo 12 seismic experiments. At
pressures below 200 bars, the samples are highly attenuating; for both P and S

waves, the value of Q is about 10.

Measurement of the velocities of elas-
tic waves in lunar samples has two

objectives: to provide the basic data

necessary for interpreting lunar seismo-
grams, and to study properties of rocks
which were formed in extraterrestrial
environments. Seismic data combined
with laboratory data provide the most
direct clues to the understanding of the
lunar interior. In addition, mechanical,
thermal, and chemical processes near
the lunar surface may be inferred from
the properties of the rocks. We present
here the P- and S-wave velocities meas-
ured up to 5 kb pressure on the Apollo
11 samples. Comparison will be made
with the results obtained in the Apollo
12 seismic experiments.

The samples were provided by NASA
in the form of a rectangular cylinder
[1 by 1 by 2 cm; see Table 1 and (I)].
Samples 10020 and 10057 are dense
crystalline rocks with intrinsic densities
of 3.2 to 3.4 g/cm3 (2). Sample 10057
is the largest and the most uniform,
though probably weakly to moderately
shocked, rock returned on Apollo 11
(1); it is similar to basalt. Sample 10020

is a fine-grained igneous rock contain-
ing plagioclase, pyroxene, and minor
amounts of olivine and cristobalite.
Sample 10065 is a fine-grained breccia
(terrestrial analog, microbreccia) and
has a bulk density of 2.35 g/cm3.
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Fig. 1. The P and S velocities of sample
10057 as a function of pressure; p is bulk
density and po is estimated intrinsic density.
The upper scale gives the depth in the
moon converted from the pressure.
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The standard pulse-transmission tech-
nique of Birch (3) with 1-Mhz barium
titanate transducers for both P and S
waves was used. High-pressure measure-
ments were made in a simple piston-cyl-
inder high-pressure cell with petroleum
ether as the pressure medium. Samples
were jacketed by copper foil or rubber
tubing, or encapsulated with Sylgard.
The average values of the results ob-
tained by several runs with different
sample-transducer assemblies are listed
in Table 1. The estimated accuracy is
2 to 3 percent for P waves and 5 percent
for S waves. Because of the small size
of the samples and the high attenuation,
these accuracies are considerably lower
than those normally achieved. The ex-
ample given in Fig. 1 is typical of the
behavior of the velocity with pressure
of lunar rocks. The velocity increase of
about twofold for the first 2 kb pres-
sure increase is much more pronounced
than in earth rocks.

The elastic properties of the Apollo
11 crystalline rocks appear to be repre-
sentative of the material in the Sea of
Tranquillity. A second set of observa-
tions may be obtained from the data of
Surveyor 5, recorded about 25 km
northwest of the Apollo 11 landing site.
Simulated Surveyor 5 lunar rocks were
synthesized (4, 5) with the chemical
composition given by the alpha back-
scattering experiment. Because the ve-
locities of elastic waves measured on
the simulated rocks (p = 2.8, Vp = 6.2,
and Vg = 3.5) closely approximate the
intrinsic properties of the Apollo 11
rocks (extrapolated to zero pressure to
eliminate the effects of microcracks),
neither having been corrected for poros-
ity, we believe that our results apply
to the entire area of the Sea of Tran-
quillity.

The densities and the P-wave veloci-
ties at 10 kb extrapolated from the data
of sample 10057 fall on the curve of
mean atomic weight of about 23 in
Birch’s (6) plot of velocity, density, and
mean atomic weight. This value of mean
atomic weight agrees reasonably well
with that calculated from the chemical
composition (5) of the Apollo 11 sam-
ples, 23.0 to 23.7. This agreement sug-
gests that Birch’s diagram can be used for
the interpretation of the lunar interior.

The extremely low velocities at nor-
mal pressures are probably due to the
presence of microcracks between grains;
these cracks may have formed either by
the large temperature fluctuations of the
lunar surface or by shock metamor-
phism. Microscopic examination of the

30 JANUARY 1970

Table 1. Bulk density and velocity (in km/sec) of samples.
Pressure (kb)

Sample Wave g9 0.5 1.0 2.0 3.0 4.0 5.0
10020 P 3.50 4.80 5.55 6.30 6.80 7.00 7.20
p=318g/cm* S 2.20 2.88 3.25 3.67 3.87 4.00 4.08
10057% P 2.82 3.80 4.65 5.62 6.18 6.52 6.78
p=12.88 g/cm? S 1.70 2.45 2.82 3.20 3.39 3.50 3.62
10065 P 1.50 2.90 3.50 4.05 4.30 4.40 4.50
p=234g/cm* S 1.05 1.70 2.00 2.28 2.42 2.65 2.78

*This sample is densely pitted. The estimated density is 3.38 g/'c:m3 (see 2).

thin sections revealed cleavage fractures
but no through-going fractures.

The lunar samples have a very high
attenuation (low Q) at low pressures
for elastic waves. Although we could
not measure precisely the value of Q, we
estimated jts order of magnitude by
measuring the ratio of the amplitude of
the signal through the sample to that
through a steel test piece having the
same size and shape as the sample. If we
assume that the effect of O dominates
over those of geometrical ray spreading
and internal reflections and that the steel
has a much higher Q than the sample,
then the value of Q can be calculated
approximately from the amplitude ratio
abya =exp [-=ft/Q] where f is fre-
quency and ¢ is travel time through the
sample. At low pressures (P < 200

bars), the values of Q are of the order .

of 10 for both P and S waves for all the
samples. At high pressures, all the sam-
ples, and in particular 10020, showed
an appreciable increase in Q. It was not

possible, however, to determine the
value of Q because the assumptions
made above are not valid for high-Q
samples.

The fact that two of the samples
(10020, 10057) have densities nearly
equal to the bulk density of the moon,
3134 g/cm3, is noteworthy; rock sam-
ples collected, at random, on the earth’s
surface would represent the density of
neither the bulk earth nor the mantle.
One implication of this finding is that
the vertical differentiation process in the
moon may have been much less ex-
tensive than that in the earth; the struc-
ture of the moon may be relatively ho-
mogeneous, without well-defined crust-
al layers. This idea can be tested by
comparing our laboratory data with the
results obtained in the Apollo 12 seis-
mic experiment. If the dense samples
10020 and 10057 are representative of
the lunar material, we can predict, ig-
noring the temperature effect, the depth
variation of seismic waves in the moon
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Fig. 2. The travel-time curve for the moon predicted from the velocity-depth curve of

10057 (Fig. 1),

the most uniform sample. The times of the first and second arrivals in

the qullo 12 seismogram (7) are shown in 4. The numbers on the curve indicate the
depth (in km) of the penetration of the ray. B shows the travel-time curve to a larger

distance.
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(see Fig. 1), from which the travel-
time curve of seismic waves can be
predicted as shown in Fig. 2. In the
Apollo 12 seismogram which recorded
the impact of the ascent module, two
distinct arrivals were detected (7); the
first at 20.1 to 24.1 seconds and the
second at 37.5 seconds after the origin
time. The epicentral distance is 75.9
km. As is shown in Fig. 2, these arrival
times agree remarkably well with the
predicted P and S arrival times. Al-
though the second arrival has not been
confirmed as S, our proposed undiffer-
entiated moon model is at least com-
patible with the seismic results. This
agreement also suggests that the spe-
cial textures (probably microcracks) of
the samples also prevail at depths
down to 20 km or so. These micro-
cracks may have important bearings on
the physical processes that have taken
place on the lunar surface, and there-
fore deserve more extensive investi-
gation.

If the samples 10020 and 10057 are
representative of the lunar material, an
efficient wave guide must exist near the
lunar surface because of the sharp ve-
locity increase with depth. Calculations
of surface-wave dispersion curves made
for the structure predicted from the
velocity-pressure curve of the sample
10057 show a relatively constant group
velocity (velocity, 1.57 km/sec) of
Rayleigh waves over a period range
0 to 5 seconds. If future seismic exper-
iments confirm this dispersion char-
acter, the evidence for an undifferen-
tiated moon will be strengthened. If,
on the other hand, significant devia-
tion from the predicted dispersion

curves is found, it will indicate the ex-
istence of structural heterogeneity at
depths due to temperature, phase
change, and compositional change.
Hiroo KaANAMORI*, AMOs NUR
D. CHuNG, D. WoONES, GENE SIMMONS
Department of Earth and Planetary
Sciences, Massachusetts Institute of
Technology, Cambridge 02139
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Infrared and Thermal Properties of Lunar Rock

Abstract. The infrared absorption properties of lunar rock throughout the range
2 to 2000 micrometers were investigated and, in addition, direct measurements
of specific heat and thermal conductivity of rock samples were made. The results
suggest that pure radiation is an important, if not dominant, process in heat flow
in the lunar surface layer. A new method for determining the mean conductivity
of this layer gives somewhat lower values than earlier earth-based measurements.
There is also evidence to suggest that, at depths of about 10 meters, the rock is

still of a porous and fragmental nature.

There is a strong connection between
the infrared and thermal properties of
the lunar surface layer. The infrared
emissivity is a controlling factor on
the rate at which heat leaves the moon’s
surface. It is also apparent that, within
the regolith, a considerable fraction of
heat transfer takes place by radiation
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rather than by conduction, and mea-
surements of the particle size and in-
frared absorption in the 2- to 200-um
range now make determination of the
relative efficiencies of the two proc-
esses possible. Similar measurements at
longer wavelengths, together with mi-
crowave results from earth-based tele-

scopes, now give the thermal conduc-
tivity of the lunar surface regolith.
Previously the conductivity could be
estimated only from measurements at
8 to 14 pm,

An increase of temperature with
depth in the top few meters of the
lunar surface is implied by the longer-
wavelength (=5 cm) earth-based mi-
crowave measurements; now that we
have direct measurements of the ther-
mal conductivity of the rock, the in-
frared and thermal measurements can
be used to determine the actual thermal
gradient in the layer and to compare
this gradient with that predicted from
internal radioactive heating.

Thermal sintering as well as me-
chanical shock may be involved in the
formation of the breccia; continuous
measurement of the thermal conduc-
tivity of a heated sample should be a
means of watching the breccia forma-
tion process at an enhanced rate.

We describe here infrared and con-
ductivity measurements now in prog-
ress. The infrared transmission through-
out the range 2 to 2000 pm has been
measured for the type D material with
(i) double-beam spectrometers with
Nernst sources and Golay detectors
(range, 2 to 50 pm); (ii) Fourier trans-
form spectrometer with a mercury
source and Golay detector (range, 50
to 1000 um); and (iii) grating spectrom-
eter of the type described by Bloor
et al. (I) with a mercury lamp source
and Golay detector (range, 200 te
2000 pm).

In addition, a check at 1300 pm has
been made with a 1.5-m Cassegrain
telescope with the sun as source and an
InSb photoconducting detector. A simi-
lar spot measurement at 338 pm is
being made with a cyanogen laser with
a Golay cell as a detector. The fines
were compressed to a density of 1.8
g/cm?, In each case we measured the
attenuation or extinction coefficient p
defined by the equation

L — ,-upw

Tn e (1)
where I, is the intensity after passage
through a thickness (x) of material,
I, is the incident intensity, and p is
the sample density. Below 50 pm,
measurements were also made with
crushed fines in a transparent substrate,
and, in this way, the coefficient of pure
absorption K) was determined. Because
of the tendency for the dust to shake
down and form macroscopic cracks,
the far infrared measurements were
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