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We have examined the dielectric constant and loss tangent of a lunar soil sample in the frequency range from
100 Hz to 1 MHz. These results suggest that there is very little dispersion in the dielectric properties and that the loss
tangent values are nearly a factor of 10 less than those measured by earlier studies. The d.c. conductivity is very low,
around 10-'4 to 10-15 n-1/m at room temperature and is strongly temperature-dependent with an activation energy in
the range of 0.4 - 0.9 eV. The introduction of atmospheric air has a profound influence on the electrical properties.
The dielectric constant and loss tangent increase at frequencies below 10 kHz due to the presence of the moisture. The
loss tangent increases by nearly a factor of 50 at the lower frequencies and the d.c. conductivity increases by 4 orders
of magnitude. In order to make measurements on samples that represent lunar conditions it is essential to take great
precautions to remove all residual moisture.

1. Introduction siderable amount of work done on the electrical pro-
perties of lunar samples and additional results are re-

With the return of samples from the moon it has ported in the present paper. Katsube and Collett [10],
,,- become possible to measure directly many of those Chung et al. [2 -4] and Chung et al. (in press) have
'( properties which previously were inferred only from reported on the dielectric constant and loss tangent of
'I :. remote sensing techniques. Among these properties lunar soil and rock samples in the frequency range

., ': are the electrical properties of the materials at the lu- from 100 Hz to about 10 MHz. Some of these results
... ,"! nar surface. A review of these results was published by have been discussed by Rossiter et al. [11]. In addi-

Ward [15] and by Strangway [13], showing typical tion, Campbell and Ulrich [1] and Gold et al. [6 - 8]
penetration depths that might be expected on the lu- have shown that at 450 MHz, the attenuation distance
nar surface by electromagnetic energy at various fre- in lunar samples is in the range from 10 to 70 wave-
quencies. The essential data that contributed to the lengths. Using data from reflections from the commu-
earlier reviews were the following: a) analysis of in- nications systems of the Apollo spacecraft, Howard
frared and microwave thermal emission and radar re- and Tyler [9] have shown that the dielectric constant
flections at frequencies of 1010 Hz and higher [16], of the lunar surface is about 3.0 at 0.13 m. At a wave-
b) study of energy reflected from the moon by the length of 1.16 m the irregular character of the reflec-
communication systems of the Lunar Orbiter at 136 tions suggests subsurface structure. These results are
MHz [14] and c) the study of dried rocks in earth lab- summarized in fig. 1.
oratories [12]. Since that time there has been a con- We wish to report in this paper on a new set of mea-

.
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,2 Measurements of the d.c. resistivity were made using
10 a Hewlett - Packard 4329 high-resistance meter.

2. Experimental results
~ 1..
~ Before examining the results from the lunar sam-
~ pies we show a comparable set of results from an earth
u~ sample. In this case we have examined a sample of gran-
;; 102 ite from Barrie, Vermont. We examined both a powder-
~ ed sample and a piece of the solid granite. The powder
Q was lightly packed but no estimate of the density was
~ made. The measurements of dielectric constant and '.
~ 4 loss tangent for'the powder are shown in fig. 2a and b.'
1-10 1 " 1 db< rutla measur~ments at room temperature an e--

fore evacuating the sample show a strong dispersion at~
low frequency. This behavior is characteristic of sam-
ples containing moisture [12]. After the sample has

10 been evacuated and heated to 250°C the dispersive ef-

fect has been completely eliminated so that the dielec-
tric constant, at room temperature, is essenti61ly fre-
quency-independent, with a value of about 2.5. The

101010101010 .,
loss tangent IS slIghtly frequency-<lependent, and has a

FREQUENCY (Hz)
value of about 0.008 at room temperature.

Fig. 1. Attenuation distance versus frequency for various The d.c. electrical conductivity of this sample was

valuesof..jKtan6.I)[I6];2)[I4];3)[IO]-lunarigne- aI d f " f (f "
)I 4) [10] I b " I 5) [10] .1 6) so measure as a unctIon 0 temperature Ig.2c. Atous samp e; - unar reCCla samp e; - SOl; " " -IS

[7] -lunar fines; 7) Present paper -lunar soil sample. room temperature the conductIvIty approaches 10
n-1 1m. At 200°C, the conductivity has risen to about
10-11 n-l/m showing a very strong temperature de pen-

surements on a soil sample (14 63,131) from the Apol- dence.
10 14 site. This sample was collected on EVA I and A piece of solid granite was also examined in the
returned to earth in Apollo Lunar Sample Return same way and the results are shown in figs. 3a and 3b.
Container (ALSRC) No. 1007 which was vacuum- Because of packing, the dielectric constant is higher
sealed on the moon. On return to the Lunar Receiv- with a value of about 6.0. At room temperature and,

s
ing Laboratory (LRL) it was found that it had not pressure, a strong low-frequency dispersion is also ..
sealed properly, but the sample was processed in the found. However, evacuation of the sample and heating ~
LRL in dry nitrogen and subsequently triple-sealed in of the sample to 250°C, through 2 cycles, almost en- &
teflon bags. It was then stored in dry nitrogen and tirely removed the low-frequency dispersion in the di-
transferred into our measuring system in dry nitrogen electric constant and reduced the loss tangent values to
without exposing the sample to air. about 0.02. This value is somewhat higher than that of

The measurements were made using a three-elec- the powder but it is still low and fairly insensitive to
trode system with a vacuum system capable of pump- frequency, with a similar shape to that of the powder.
ing the sample space down to 10-7 torr or less. A fur- Erratic values found during the first heating probably
nace capable of heating the sample to several hundred represent an intermediate stage when free water was
°c was also available. The dielectric measurements in removed but some adsorbed water was still present. It
the range from 100 Hz to 100 kHz were made with a appears that the low-frequency dispersion which has
General Radio 1615 bridge and the measurements at been reported'on by many investigators (see ref. [12]
I MHz were made with a General Radio 1682 bridge. for example) is largely the resuJt of residual moisture.

.
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~~ Fig. 2. a) Dielectric constant versus frequency for a sample of
::: powdered granite from Barrie, Vermont. 1) 27°C, atmosphere;
9 2) 27°C, 10~ torr; 3) 150°C, 10.s torr; 4) 200°C, 10-s torr; 5)

.01 27°C,2 X 10-7 torr; 6) 200°C, 1.5 X 10-7 torr; 7) 250°C,

8 X 10-7 torr. b) Loss tangent versus frequency (shaded area
represents limit of commercial bridges). 1) 27°C, atmosphere;
2) 27°C, 10.6 torr; 3) 150°C, 10-5 torr; 4) 200°C, 10-5 torr; 5)
27°C, 2 X 10-7 torr; 6) 200°C, 1.5 X 10-7 torr; 7) 250°C,

.001 2 3 . 5 8 X 10-7 torr. c) d.c. conductivity versus temperature after
10 10 10 10 . -7

FREQUENCY, HERTZ evacuatIng to 10 torr.

Evacuation to 10-7 torr and one or more thermal cycles conductivity is higher by a factor of about 10, un-
to 200 or 250°C seems to completely remove these ef. doubtedly due to better grain contacts. The effect is

" fects. The remaining effect in both dielectric constant slightly more strongly dependent on temperature as
I, ~ and loss tangent is nearly independent of frequency at seen in fig. 3c and table 1. The value of d.c. conductiv-

;: room temperature. ity is extremely low and comparable to that of the best
# I. At temperatures of about 200°C after thermal insulators available.

cycling a small dispersion effect is noticeable at low The results from the lunar sample we have examined
frequencies in both the powder and the solid. The ef- are shown in fig. 4. Measurements were made after the
fect is quite small in the powder and fairly small in the sample had been handled in dry nitrogen and then
solid but it is clearly present. We believe that this is the pumped down to 10~ torr. Very little difference was
result of a Maxwell- Wagner effect associated with found when this was done and the dielectric constant
variation in properties from place to place in the sam- of 2.26 is nearly frequency-independent at room tem-
ple. The fact that it is different for solids and powders perature. The loss tangent values are very low and show
suggests that it is associated with differences in grain a decrease with frequency from 100 Hz up to the high-
contacts [12J. est frequencies used. The actual values are very low

The d.c. conductivity of the solid has a behavior and approach 0.001 at 100 kHz, at room temperature.
very much like that of the powder, except that the These values are nearly a factor of 10 less than those

.
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§ Fig. 3. a) Dielectric constant versus frequency for a sample

.01 of solid granite from Barrie, Vermont. I) 27°C, atmosphere;
2) 27°C, 10-6 torr; 3) 200°C, 4 X 10-6 torr; 4) 27°C, 9 X 10-'
torr; 5) 200°C, 10-7 torr; 6) 27°C, 1.2 X 10-7 torr. b) Loss
tangent versus frequency. 1) 27°C, atmosphere; 2) 27°C,
10-6 torr; 3) 200°C, 4 X 10-6 torr; 4) 27°C, 9 X 10-' torr; 5)
200°C, 10-7 torr; 6) 27°C, 1.2 X 10-7 torr. c)d.c. conductivi-

10,2 10 10. 1 ty versus temperature on final heating after evacuating to 10-6
FREQUENCY, HERTZ torr.

measured previously on other lunar samples suggesting terestingly enough, the activation energies for the ter-
that the dryness is an important factor in controlling restrial rock and powder and the lunar soil are all about
the losses. There is a clear temperature dependence of the same (table 1). Values of about 0.5 to 1 eV seem :-
both the dielectric constant and the loss tangent, but to be typical of dry rocks and suggest that this phe- ~

. again there is not a strong frequency dependence. nomenon is not an intrinsic property of material but .I

The d.c. conductivity values are shown in fig. 4c. related to imperfections, impurities and perhaps sur-
The values are quite comparable to those for the pow- face properties.
dered granite and it appears that this type of behavior
may be characteristic of powdered, rock material. In-

3. Effects of moisture
Table 1

Activation energies of d.c.conductivity (eV). We have already seen in the terrestrial samples that
pumping out the atmospheric air and thermal vacuum

Barrie granite, powder 0.50 - 0.84. . .Barrie granite, solid 0.57 - 0.70 cyclmg clearly removes the bulk of the dispersion ef-
Lunar sample)4163, 131 0.43 - 0.91 fects at low frequencies. To test the influence of mois-

. . ture on the lunar sample we conducted a specific set

I
!
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::: pie 14 163,131. 1) 27°C, 3 X 10-7 torr; 2) 100°C, 3 X 10-7
g.OOI torr; 3) 160°C, 4 X 10-7 tor_r; 4) 200°C, 10-6 torr; ~) 240°C..

10-0 torr; 6) 150°C, 3 X 107 torr; 7) 27°C, 2 X 107 torr. b)
Loss tangent versus frequency (shaded represents limits of in-
strumentation). 1) 27°C, 3 X 10-7 torr; 2) 100°C, 3 X 10-7
torr; 3) 160°C, 4 X 10-7 torr; 4) 200°C, 10-6 torr; 5) 240°C,
10-0 torr; 6) 150°C, 3 X 10-7 torr; 7) 27°C, 2 X 10-7 torr. c)

102 103 104 10 d.c. conductivity versus temperature after evacuating to 10-7
FREQUENCY, HERTZ torr (X = value with air present).

"- of experiments. First the sample was exposed to dry affected. At the same time, the d.c. conductivity value
: nitrogen and there was essentially no influence on the increased by four orders of magnitude suggesting that

~ dielectric constant and loss tangent. The sample was moisture has the effect of providing an electrical path,
. then reevacuated, the measurements remade and the through the material, perhaps by providing a surface

sample then exposed to air. The results of these mea- adsorbed layer on the grains. After measurements were
surements are shown in fig. 5. It can be seen that the done at room temperature the sample was sub$equent-
dielectric constant at frequencies less than 10 kHz is lyevacuated to 10-6 torr and the measurements found
strongly affected and shows a strong, characteristic dis- to be almost the same as the original measuremef!ts.
persion. Similarly the loss tangent below 10kHz in- Subsequent heating only reduced these values slightly,
creases drastically, by almost a factor of about 20. suggesting that the moisture effects due tQ exposure to

The sample was then reevacuated and the dielectric air for about one hour were readily removable.
constant and loss tangent returned to nearly their orig-
inal values. It is thus clear that even a small amount of 4. Conclusions
humidity in the sample has a profound influence on the
observations. The loss tangent in particular, is.strongly The dielectric constant and loss tangent of lunar~
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Fig. 5. a) Dielectric constant as a function of frequency for lunar sample 14 163,131 showing the influence of moisture at room ~
temperature. 1) 27°C, 10-5 torr after several thermal cycles; 2) 27°C, 5 X 10-7 torr after exposure to 1 atm of dry nitrogen; 3) 27°C
after heating to 200°C; 4) 27°C, atmospheric pressure, air; 5) 27°C, after pumpdown back to 10-. torr. b) Loss tangent as a func-
tion of frequency for lunar sample 14 163,131. 1) 27°C, 10-5 torr after several thermal cycles; 2) 27°C, 5 X '10-7 torr after exposure
to 1 atm of dry nitrogen; 3) 27°C after heating to 200°C; 4) 27°C, atmospheric pressure, air; 5) 27°C, after pumpdown back to 10-.

torr.

soil samples in the range from 100 Hz to I mHz are Rocks and Their Significance for Lunar Radar Observa-
not strongly dependent on frequency provided con- tions, J. Geophys. Res., 74 (1969)5867.

. .. [2] D.H. Chung, W.B. Westphal and Gene Simmons, Dielec-
slderable care IS taken to avoid exposure of the sample t . P t . f A II 11 1 S I d Th ... . . . flC roper les 0 po 0 unar amp es an elr
to atmosphenc air containing moisture. The loss tan- Comparison with Earth Materials, J. Geophys. Res., 75,
gent turns out to have a surprisingly low value, lower 32 (i970) 6524.
by nearly a factor of 10 than any previously reported [3] D.H. Chung, W.B. Westphal and Gene Simmons, Dielec-
values. The data from this lunar sample are included tric behavior of lunar samples: Electromagnetic Probing
.. . . of the Lunar Interior, Proc. Second Lunar Sci. Conf.
In fig. I, which show that at I mHz, the penetration (MIT Press), 3 (1971) 2381.
depth in lunar soil is expected to be around 10 km. [4] D.H. Chung and W.B. Westphal, Dielectric Properties of
This implies that the surface layers of the moon are Apollo 14 Lunar Samples, in: Lunar Science - III (ed. C.
likely to be extremely transparent to radio waves. At Watkins), p.139 (Lunar Science Institute Contr. no. 88,
the same time, the d.c. conductivity is found to be 1972).
b 10-14 10-15 n-i / d [5] Dae H. Chung, Laboratory Studies on Seismic and Elec- ~

a out to m at room temperature an trical Properties of the Moon, The Moon (in press) to be strongly dependent on temperature. [6] T. Gold, M.J. Campbell and B.X. 0' Leary, Optical and ;:

The influence of atmospheric moisture is to intro- high-frequency Electrical Properties of the Lunar Sam- ~-duce a strong dispersion in the dielectric constant and pie, Proc. Apollo 11 Lunar Sci. Conf. (Pergamon Press). -
loss tangent below about 10 kHz and to increase the 3 (1970)2149.

. . . [7] T.Gold,B.T. O'leary and M. Campbell,Some Physical
d.c. conductivity by four orders of magmtude. Clearly Properties of Apollo 12 Lunar Samples, Proc,Second

great care needs to be taken in making measurements Lunar Sci. Conf., (MIT Press) (1971) 2173.
on returned lunar samples to ensure that moisture does [8] T. Gold, E. Bilson and M. Yerbury, Grain Size Analysis,

not bias the results. Optical Reflectivity Measurements and Determination
of High Frequency Electrical Properties for Apollo 14
Lunar Samples, in: Lunar Science - III (ed. C. Watkins),

References 318 (Lunar Science Institute Contr. No. 88,1972).

[9] H.T. Howard and G.L. Tyler, Bistatic-Radar Observa-
[1] M.H. Campbell and J. Ulrichs, Electrical Properties of tions of the Lunar Surface with Apollos 14 and 15, in

.



D. W. Strangway et al., Electrical properties of lunar soil 281

Lunar Science - III (ed. C. Watkins), 398 (Lunar Science [13] D. W. Strangway, Moon: Electrical Properties of the Up-
Institute Contr. No.88, 1972). permost Layers, Science, 165 (1969) 1012.

[10] T.J. Katsube and L.S. Collett, Electrical Properties of [14] G.L. Tyler, Oblique-Scattering Radar Reflectivity of the

Apollo 11 and Apollo 12 Lunar Samples, Proceeding of Lunar Surface:. Preliminary Results from Explorer 35,

the Second Lunar Science Conference, 3, (MIT Press) J. Geophys. Res. 73 (1968) 7609.

(1971)2367. [15] S.H.Ward,CrossEstimatesoftheConductivity,
[11] J .R. Rossiter, A.P. Annan, G.A. LaTorraca, D. W. Strang- Dielectric Constant, and Magnetic Permeability Distribu-

way and G. Simmons, Radio illterferometry Depth tions in the Moon, Radio Science, 4 (1969) 117.

Sounding, Part II - Experimental Results, Geophysics [16] Harold Weaver, The Interpretation of Thermal Emissivity

(in press). from the Moon, in Solar System Radio Astronomy, ed.

[12] M. Saint-Amant and David W. Strangway, Dielectric Pro- J. Aarons (Plenum Press, New York), (1965) 295.

perties of Dry, Geologic Materials, Geophysics, XXXV,

4 (1970)624.

-
~ -

. ...

,
-

~

\

,-'

~, :

...
., '-

.

,

1.


