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The dielectric properties of lunar soil and rock samples show a systematic character when
carefu! precautions are taken to ensure there is no moisture present during measurement.
The dielectric constant (K) above 10° Hz is directly dependent on density according to the
formula K = (1.93 + 0.17)° where p is the density in g/cc. The dielectric loss tangent is
only slightly dependent on density and has values less than 0.005 for typical soils and
0.005-0.03 for typical rocks. In addition to a density dependence, the loss tangent appears
to be directly related to the metaliic ilmenite content. These resuits are in good agreement
with the results of the ‘Surface Electrical Properties Experiment carried on Apollo 17, it
showed a surface layer of dielectric constant 3.8 and a loss tangent of 0.008. This is pre-
sumed to be a layer of compact soil about 7 m thick, overlying a medium with a dielectric
constant of roughly 7.5 and a joss tangent interpreted to be 0.035. The medium is pre-
sumed to be bedrock. These results are compatible with seismic results.

The magnetic properties of lunar samples can be used to study the distribution of
metallic and ferrous iron which shows systematic variations from soil-type to soil-type and
a general tendency to increasing Fe®/Fe** distribution in the more highly rewelded breccias.
The other magnetic characteristics can also be used to determine the distribution of grain
sizes. There are a number of ways of interpreting the origin of the stable remanent mag-
metization in lunar samples, but several lines of evidence suggest that it is of thermal
origin and was acquired at a time when the igneous rocks and breccias cooled from above

800°C in the presence of an ancient field.

In this paper we review the electrical and
magnetic properties of lunar samples and dis-
cuss the relevance to a number of problems
of lunar interest. These problems include de-
termining the history of the lunar magnetic
field, studying the distribution of iron (me-
tallic and ferrous) on the lunar surface, and
establishing the relevance of magnetic prop-
erties to orbital magnetic mapping and sur-
face electromagnetic sounding.

Dielectric Constant and Loss
Tangent

Radar sounding of the Moon and planets
has been conducted for some years now and

provides a part of the basic data for the
interpretation of planetary surfaces. A re-
cent review paper (ref. 1) summarizes the
results of the large number of measurements
made on lunar samples in a number of labo-
ratories. The results measured at frequencies
above 105 Hz on samples treated with great
care with respect to water content are summa-
rized in figures 1 and 2. Samples which have
only a small amount of moisture have a di-
electric constant that is nearly independent
of frequency and which, to a first approxima-
tion, is dependent only on the packing frac-
tion. Simple equations relating the bulk
density (p) and the dielectric constant (K)
can be derived as illustrated in figure 1
[K = (1.93 == 0.17)"].

417




418 COSMOCHEMISTRY OF THE MOON AND PLANETS

Lg 0 Apaia #1
a Apolto 12 1937
B 9 Apollo 14
& Apatia 1§
& Apata 16
; sl ® Apallo 17
2
w L
2
8
o 6+ SOILS
[3
- -
o
w
@ 4
a T ’ o a1
e
N s¢'s ,3’/
|
5 ]
q SOLIDS
] A1 1 1 1 i L 1 1 ] 1 L L
X } 12 18 20 24 28 32

DENSITY (GM/CM3)

Figure 1.—Dieleciric constant (K) above 10° Hz as
a function of density for lunar samples. Solid line
is a least squares fit to the soil data and is of the
form K = (1.93+0.17)*%, where p is the density in
g/em’. Dasghed lines represent the wuncertainty
limit.

The more difficult measurement is the loss
tangent which was found to be extremely
sensitive to even minute amounts of moisture.
Nevertheless, good results were obtained
when careful measurements using high vac-
uum systems were made, and most results
reported in the literature from lunar mis-
sions beyond Apollo 14 are considered to be
reliable. Again, however, it is possible to fit
this to a simple mixing formula that involves
the volume fraction of material and that of
sample. This given by tan § = [(0.00053
=+ 0.00056) + (0.00025 =+ 0.00009) C] ,
where C is the content of FeO + TiO.. The
fit is remarkably good and implies that for
soils the typical loss tangent (tan §) is less
than 0.005, while solid rocks have somewhat
higher loss tangents with values between
0.005 and 0.03. The range of loss tangents is
dependent then on the content of ilmenite, a
metallic phase, as well as the density.

From the sample studies alone, therefore,
there is an implication that the dielectric
properties and loss tangents of a typical lu-
nar regolith are as illustrated in figure 3.
The density profile used in this model is re-
ported in detail by Olhoeft and Strangway
(ref. 1) and is in general consistent with the
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Figure 2a.—Loss tangent (tan §) measurements as
a function of density for samples which have been
extensively vacuum-dried by heating (symbols as
in fig. 1). Solid line is a least squares fit to the soil
data and is of the form tan 8§ = (0.00058 =+
0.00056) + (0.00025 * 0.00009) C p, where C is
the content of FeO + TiO:. The loss tangent in all
cases represents values above 10° Hz, On dry sam-
ples the values are nearly frequency-independent
at or above this frequency.

results obtained during the lunar program
soil experiments. Where the regolith gives
way to solid bedrock, the dielectric constant
will jump to a value of about 7.7, the in-
trinsic value of the dielectric constant. The
loss tangent will jump to a value ranging
between 0.005 to 0.03, depending upon the
ilmenite content.

Ilmenite is present in varying amounts and
is of course the main metallic conducting
mineral present in lunar samples. Although
this appears to have very little effect on the
dielectric constant, the equation above shows
a direct correlation between the ilmenite con-
tent and the loss tangent. Thus, the loss
tangent can be expected to vary directly with
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Figure 2b.—The equation shown plotted as contours
of loss tangent in a plane showing densily versus
FeO + TiO.. This is roughly equivalent to the il-
menite content.
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Figure 3.—(a) An equation for density as a function
of depth in the lunar soil given as Z = 0.01(~1 +
SA,be'*). (b) The dielectric constant as a function
of depth for the density profile of (a). The sharp
change between soil and rock illustrated by ?

? occurs at an unknown depth. (c)

The loss tangent as a function of depth for the

density profile of (a). The thrce curves correspond

to 5-, 15-, and 30-percent FeQ + TiOs
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the amount of metallic mineral present, at
least up to the limit of about 25 percent
observed in the lunar samples. Figure 3 is
a rather generalized profile of the predicted
dielectric properties from the surface of the
Moon and shows values of the loss tangent
that would be predicted for various ilmenite
contents. Presumably these results are com-
parable to those that would be obtained on
any planetary body totally free of moisture
and having a regolith (rei.1).

There have been a number of experiments
conducted over the years which throw light
on this problem. Remote observations of the
lunar surface, as recently reviewed by Hag-
fors (ref. 2), have shown that the surface of
the Moon has a dielectric constant in the
general range of 1.5 to 3.0. Estimates of the
loss tangent are model-dependent, but, choos- '
ing reasonable models, values in the range of
0.005 seem to be appropriate. More recently
Tyler and Howard (ref. 3) detected Apollo
spacecraft communication signals on Earth
which had been reflected from the Moon. This
permitted them to determine the electrical
properties of the surface of the Moon. These
observations are also in general agreement
with the earlier Earth-based observations, al-
though there is an implication of dielectric
layering in the upper few centimeters of the
Moon,

During the Apollo 17 mission, a specific ex-
periment to measure the dielectric properties
of lunar material in place was carried. This
experiment has been described in the litera-
ture (refs. 4 and 5). The method used is illus-
trated in figure 4 and consists of the measure-
ment of field strength as a function of distance
from a transmitter. The fields transmitted
are from two orthogonal dipole antennas
laid on the lunar surface and operating at 1,
2, 4, 8, 16, and 32 mHz. These signals were
received on the Rover by three orthogonal
coils and recorded on tape together with
navigation information. It was thus possible
to produce plots of field strength versus dis-
tance at each of several frequencies. Some
of these are shown in figure 5. In general,
the information derived from this experi-
ment consists of the interference patterns
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Figure 4.—Sketch illustrating the principle of the
surface electrical properties experiment. Field
strengths were measured on the Rover as a func-
tion of distance from an electric dipole antenna on
the lunar surface. Energy traveling at the speed
of light above the interface interferes with the
energy traveling below the interface to give a
measure of the dielectric constant and loss tangent
of the surface layers. Further interferences are
generated by reflections from dielectric layering
and/or scattering bodies,

resulting from one or more of the following
waves interfering with the surface wave:
(a) subsurface waves, (b) waves reflected
from layered electrical property contrasts,
and (c) waves reflected from irregular, scat-
tering bodies.

From (a) we can derive the dielectric con-
stant and loss tangent at any frequency not
affected by the other interfering effects.

Examining the plots shown in figure 5, a
number of conclusions can be drawn. First of
all, the H¢ component is maximum-coupled,
but the bulk of the energy from the end-fire
antenna represented here travels above the
surface. The result is that this component
is relatively smooth when there is little scat-
tering present either from the surface topog-
raphy or from the subsurface. It can readily
be seen that this component is fairly smooth
at all frequencies from 1 to 82 mHz. This
clearly implies that there are few scattering
bodies in the subsurface. Since the free space
wavelength ranges between 300 and 10 m,
it is implied that there are not many boulders
larger than a few meters present in the soil.
Considering the dielectric constant of the me-
dium, this means that there are few scat-
terers with a scale of 5 m or more. The lack
of scattering bodies is in complete contrast
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Figure 5.—Field strength versus distance (in wave-
length) plots for data recorded at 1, 2, 4, 8, 16,
and 32 mHz. Components shown are the end-fire,
maximum-coupled H, component and broadside,
maximum-coupled H, and H, components where
the coordinates are as illustrated in figure 4. The
field strength is given in db.

to our previous studies on glaciers which we
feel are the nearest available terrestrial ana-
logs (refs. 5 and 6). In temperate glaciers
the scattering is small at 1, 2, and 4 mHz,
but at 8 mHz and above the scattering be-
comes large and dominates the results. The
lack of scattering means that the lunar ob-
servations should be interpretable in terms of
relatively simple models at all frequencies,
The second observation that can be made
by observing figure 5 is that to a rough ap-
proximation the data show a rapid falloff
relative to wavelength at 1 mHz and a slow
falloff relative to wavelength at 32 mHz. This
means simply that at 1 mHz the medium
behaves much like a dielectric halfspace,
and little energy is reflected to the surface,
while at 32 mHz the medium is layered, and
energy is trapped in the layer and reflected.
The third observation that can be made is
that at 1 mHz the frequency of the inter-
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ference corresponds very closely to the case

of a halfspace with a dielectric constant of ‘

7.5 = 0.5 and a loss tangent of roughly 0.035
= 0.025. These values are remarkably similar
to the values reported on solid lunar samples
and imply that at depths below the surface
there is relatively solid rock present. The
situation is analogous to that at the Apollo
15 landing site where bedrock a few meters
below the surface was observed in the walls
of Hadley Rille. This layer probably corre-
sponds to the layer characterized by a seismic
velocity of about 280 m/s (refs. 7 and 8).
This is an extremely low velocity and im-
plies the presence of rock that is strongly
dominated by extensive fracturing, In figure
6, a sketch showing the inferred seismic
structure at the Taurus-Littrow landing site
is given,

At shallow depths (relative to a wave-
length in the medium at 1 mHz) there is,
however, considerable structure present, We
have not yet been able to offer a unique
interpretation of these results. It appears,
however, that at 16 mHz and 32 mHz the
results can be fitted reasonably well with a
two-layer case consisting of a layer T+=1m
thick, with a dielectric constant of 3.8 + 0.2
and a loss tangent of 0.008 == 0.004 as shown

Dislectric Model Seismic Model
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Figure 6.—Cross section at the Tanrus-Littrow land-
ing site determined from the surface electrical
properties cxperiment and from the lunar seismic
profiling experiment.

in figure 6. These dielectric properties are
remarkably similar to those reported for dry
samples of lunar soil. The dielectric constant
is slightly high, which implies that the aver-
age density of the top 7 m is about 2.0 g/ce,
a value not inconsistent with models of the
density of the lunar surface (see fig. 3).

In summary, the measurements of the
dielectric constant and loss tangent of lunar
soils and rocks give values that can be used
to predict the electrical structure of the lunar
surface. Soil samples have a dielectric con-
stant which to a first approximation is de-
pendent only on the density. The loss tangent
is only weakly dependent on the density,
but it is directly proportional to the ilmenite
content. Solid rock samples have a higher
dielectric constant that is typically around
7.7. The values quoted for the soil are in
good agreement with the results of remote
radar and of passive thermal observations of
the lunar surface from Earth-based observa-
tions.

An experiment carried on the Apollo 17
mission to determine the electrical structure
shows that the top 7 m are composed of ma-
terial with a dielectric constant of 3.8, pre-
sumably corresponding to fairly compact soil
of average density 2.0 g/cc. Beneath this,
the dielectric constant jumps to a value of
about 7.5, a value which is typical of lunar
rock samples. This regolith thickness is in
close agreement with the values determined
seismically. Low seismic velocities reported
for the bedrock are in agreement with the
high dielectric constant, provided the low ve-
locity is the result of extensive fracturing of
the bedrock.

Magnetic Properties of Lunar
Samples

There are now a number of review articles
on the subject of lunar magnetism, and no
attempt will be made here to review the sub-
ject in depth. Rather, the reader is referred
to an excellent treatise on the subject by
Fuller (ref. 9) and an earlier paper by
Strangway et al. (ref. 10). In the present
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paper, we will discuss the major points of
lunar magnetic properties and elaborate on
some of the ramifications.

In making measurements on lunar samples,
the magnetic hysteresis loop at room tem-
perature is usually measured and can be uti-
lized to determine a number of important
parameters. The only ferromagnetic material
present in any quantity in lunar materials
is metallic iron, sometimes alloyed with
nickel and/or cobalt. There have been iso-
lated reports of minute amounts of oxidized
phases such as magnetite and goethite, but
these are very limited. It is therefore possible
to make quite accurate magnetic measure-
ments of the content of metallic iron. A his-
togram of observations on lunar samples is
shown in figure 7. In all cases, the mare
basalts have less than 0.1-percent metallic
iron by weight and, in general, there is only
about 0.05 to 0.06 percent. The few samples
of anorthosite that have been measured have
even less metallic iron than this. Thus, the
major lunar igneous rock types are not highly
reduced chemically since they also have con-
siderable amounts of Fe++ present in iron
silicates.

Soils from the various missions have also
been examined, and it is found that the me-
tallic iron content is much higher than that
in any of the igneous rocks. This in itself is
remarkable since the soil is largely derived
from the rocks present. It was thought at
one time that this was the result of excess
iron added by iron meteorites. It is now
known that this is not the case, since most
of the metallic iron present is not nickel-
rich kamacite. '

Breccias which are derived largely as a
result of impacts into soils show spreads of
values of iron content between those of soils
and igneous rocks, and in some cases have
contents higher than the soils. We have some-
what arbitrarily used an additional group,
here referred to as highland crystalline rocks.
These are the highly remelted rocks collected
from the Apollo 16 highland landing site.
Again the range of metallic iron content is
quite large, as with the less severely reworked
breccias.
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Figure 7.—Metallic iron content in lunar samples of
various types. Data represent a fairly complete
compilation up to Apolle 16 from all laboratories
as reported in Pearce et al. (ref. 11) and ampli-
fied with data from our laboratory on Apollo 17,
as reported in Pearce et al. (ref. 12) and from re-
ports in the Proceedings of the fourth Lunar
Science Conference and the Lunar Science V ab-
stract.

It is also possible to determine the ferrous
iron content from magnetic hysteresis stud-
ies by determining the slope of the para-
magnetic portion of the curve. This method
gives a good approximation to the true fer-
rous iron content present in the lunar sili-
cates (refs. 11 and 13) provided there is not
a large amount of superparamagnetic iron
present. Superparamagnetic iron has grain
sizes less than about 150 & and is sufficiently
thermally unstable to be unable to carry a
remanence. In general, particles of about 150
to 300 A are considered to be single domain.
These are extremely stable magnetically and
are able to carry very stable remanence, In
grain sizes over 300 &, iron is presumably































