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FOREWORD

Electromagnetic explorations of the moon represent useful methods
for determining subsurface characteristics. The freguency range of DC
to lOll Hz, can be conside?ed +0 be available for passive and sctive
systems, in the monostatic, bistatic and even more elaborate forms .

The wide variety of experimental means for ubilization of electro-
magnetic technigues suggests that & uvnifying analysis be made of the
basic characteristics that are assoclated with selected Ifrequency bands.
For example, how can the DC response of a magnetometer surface system
complement the RF reflection.measurements'from an orbiting satellite?
An equally important consideration is the effect of the elechbrical
parameters of the moon itself on the choice of observational system.
Thus a literature review and critical evaluation must be made of in-
formation to date regarding lunar properties and models before a meaning-
ful assessment can be made of the exploration means.

These and relsted considerations prompted a study by Professor
Stanley H. Ward, supported by NASA-Ames Research Center, to bring to-
gether in a single volume the elements of elecitromagnetic theory tThat
have special relevance to the problem of lunar subsurface exploration.
BElectrical properties of matter together with known or "best-guess"”
lunar parameters are summarized. Possible electromagnetic sysbems are
identified and analyzed; then inter-related in an exploration sequence.
Finally, in thig "Conbractor Report” recommendations of Professor Ward
are given for programs for the immediate fubure, based on his scientific

judgment.

William I. TLinlor
NASA-Ames Research Center
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1. Introduction

This document attempts to portray a comprehensive review of

factors affecting the experimental determination of the electrical

parameters of the Moon. The purposes of the study upon which this

manuscript is based are:

()

(b)

(c)

(d)

to note the-relevance of electrieai experiments in coniri-
buting to our knowledge of the origim, history, compositien,
thermal state, and electrical state of the lunar interior
and surface; .

to review proposed means for measuring lunar electrical
pérameters from earth observatories, from orbiting space-
craft, from emplaced scientific stations, from lunar
surface travérses, or from combinations of these opera-
tional mo&es;

to recommend for experiment that method or those methods
which seem to offer the most promise of contributing
éignificant information about the Moons

to define problems and problem areas on vhich theoretical,
1aborato¥y, or fieid research is required before lunar
experiments can be conducted within a framework of

reasonable knowledge of scientific constraints,

Initially, assumptions are made of the expected ranges of the

three electrical parameters: conductivity O, relative dielectric

constant K., and relative magnetic permeability K,, Based on these

values, possible electromagnetic experimental configurations are



discussed, Only a preliminary attempt has been made herein to con-
clude which of the possible configurations are apt to be the'most
suitable, Such conclusions can be more definitive when systems and
feasibility analyses, relying on firmer estimates of the expected
ranges of electrical parameters, have been completed.

Some of the experiments considered herein are of interest to
scientists from several disciplines Including fields and particles,
geology, geophysics, and geochemistry, However, the viewpoint taken
is that of a geophysicist concerned with answers to the important
geological and geophysical problems of the Moon and planets. The
frequency band treated is D,C, to 1011 hz so that the experiments
considered range from surface geologic mapping to deep interior probing.

The starting poiﬁt for development of the report is a statement
of the objectives of lumar electrical experiments as we visualize
these objectives now., A number of lunar electrical models has been
assamed and. theory pertinent to experimental verification of such
models has been sketched; a substantial bibliography of such theory
has been assembled,

This report, then, is intended to serve as a reference manual
for future more detailed analyses of lunar electrical experiments,

There are numerous standard geophysical methods for measuring
electrical parameters on earth, All such methods have been con-
sidered in preparation of this report; as have logical-extensions

of these methods,



2. Objectives and relevance of lunar electromagnetic experiments

(a) Specific physical objectives

We visualize the following physical objectives for lunar
electrical experiments,

1) Determination of the three dimensional distributions of )
the conductivity ¢, the relative dielectric comstant Ke» and the
relative magnetic permeability, K, .

S

2) Determination of the pfesence or absence of radial
layering of any one ;r all of the three electrical parameters.

3) Determination of the presence or absence of angular

\
variation of any one or all of the three electrical parameters, at
any depth range, over the lunar globe,

4) . Determination of the apparent conductivity, the apparent
dielectric comstant, and the apparent permeability for an equivalent
h omogenecus sphere, -

5) Determination of the frequency dependencies of the
three electrical parameters over any given depth range or dngular
segment,

6) Provide an explanation for the observations

a) that interplanetary magnetic field lines appear to
sweep through the Moon without arrest (Ness et al.,
1967; Sonett et al., 1967) and

b) that transients in the interplanetary field evidently

do not produce measurable secondary magnetic fields

due to induction in the Moon (Ness, 1968).



(b} Geological objectives

The three-dimensional mapping of the electrical parameters
o, Ke and Km can be expected to provide information on the mineralogical
and chemical composition, temperatpre distribution, and interstitial
water distribution within the lunar interior. "Thus, any major layering
within the Moon, such as the known debris layer, postulated permafrost
layer, and differentiated internal layers which might exist, as well
as any gross lateral changes associated with faulting, shearing, vol-
c anism, igneous intrusion, mare-highlands contacts, meteorite impacts,
etc., may be evident in the data from electrical profiling and soundiné.
Any lateral or vertical change so detected is of importance to deduc-
tions concerning the initial conditions of formation and subsequent
evolution of the Moon.

(¢} Technological objectives

The location of accumulations of such potential natural
resources as water, hydrocarbons, and metallic minerals might be con-
sidered as secondary geologic objectives, or as technological objectives,
of lunar electrical experiments, which will rise in importance if life
support on the lunar surface becomes dependent upon the use of lunar
materials, Detection of voids in the lunar surface and of the strength
of debris are additional geological objectives,

(d) Ceneral

Not all of the above objectives will necessarily be met by

any single experiment, or even any limited group of experiments. How-

ever, they are objectives to be kept in mind in considering the merits

of the possible experiments considered herein,



Some of the possible experiments described later could have a
multiple purpose insofar as they provide information on the spatial
and time variations of some of the parameters of the plasma flow
around the Moon.

(e) The relevance of lunar electromagnetic experiments

The geophysical methods which can be expected to yield
useful information on the lunar surface and interior include passive
and active seismic, heat flow, gravity, passive and active radio-
activify plus passive and active electromagnetic., (The word electro=
magnetic is here used in its broadest sense so that it is meant to
include studies of static electric and hagnetic fields.)

On Earth the seismic methods are of fundamental importance in
obtaining the density and velocity profiles so necessary to estab~
lishing an earth model, On the Moon,density is nof a major variable
whereas temperature and hence electrical properties are expected to
be. TFor this reason the electromagnetic methods may very well yield
more useful information omn the physical state of the lunar interior
than will the seismic methods.,

Problems face most methads in application to the Moon as the

following list sugpests.



Method Major Problems
Active Seismic - coupling through debris

- noise level unknown

Pagsive Seismic -~ level of moonquakes unknown

Active Electromagnetic - noise level unknown

- attenuation in Moon

Passive Electromagnetic - level of signals imperfectly known

- sources of signals difficult to

treat and anmalyse theoretically

The report of the Program Evaluation Committee for the Conference

on Electromagnetic Exploration of the Moon (Ames Research Center, June

11-13, 1968) lists the following characteristics of electromagnetic

methods which make these methods appear promising for lunar exploration:

(a)

(b)

(c)

(@)

(e

It is possible to obtain vertical and horizontal profiles
of the electrical conductiﬁity.

It is possible to obtain vertical and horizontal profiles
of the dielectric constant,

There is available a wide range of frequencies and source
types for both active and passive experiments,

There is a well established technology for the éetection
and processing of the electromagnetic signals,

Some electromagnetic experiments may be conducted from

lunar orbit to provide global coverage, thereby effecting

compléte geologic mapping of the Moon's surface,



(£) The useful comnection betweeﬁ electrical conductivity.and
elevated tgmperature permits deduction of the physical
sFate oﬁ the lumar interior.

(g) 'The useful.conneétions between electrical conductivity
plus dielectric constant and water content permits ready
deducFiop of pear-surface‘conditions (such as volcanism,

permafrost, water, etc.).

References, Chapter 2

Ness, N, F., K. W. Behannon, C. S. Scearce, and S, C, Cantarano, 1967, Early
results from the magnetic field experiment on lunar Explorer 35,
J. Geophys. Res., 72, 23, 5769-5778,

Ness, N. F., 1968, The electrical conductivity of the moon, (abstract)

Trans. A.G.U., 49, 1.

Sonett, C. P,, D, S. Colburn, and R. G, Currie, 1967, The intrinsic magnetic

field of the Moon, J. Geophys, Res,, 72, 21, 5503-5507.



3. Elements of electromagnetic theory

So that the reader may evaluate subsequent theoretical develop-
ments, the elements of electromagnetic theory employed are listed here
for reference. Throughout this report we shall use the rationalized

MKS system of units and shall assume a time dependency of the form

4
—

(4 uﬁnless otherwise noted, For convenience the report has been
-prepared assuming measurements are made in the frequency domain of
the discrete spectral component (A} , Deductions in the time domain
are then readily made by transformation. References used in preparing
Chapter 3 are listed at the end of the chapter.

(a) Maxwell's equations

Maxwell's equations are:

%

. —ire, —— "T"é"' . o
Vx = + 3—5? =C <\/X 2 - H=o > -

.

4

UxH — 3B - T (ol few-mE=0)

3-2

VB =0 3-3

VoD =f 34



0i~-¢
(b) Constitutive relations

We shall assume for lunar materials that all media are
linear, Thus, we may write
—_— —_—

D = 8&}; By

3-5

:(T‘&Evﬁ 3.7

[
L~

Usually we are prepared to assume on earth that both permeabilitx/zz?é
and permittivity é}éi are isotropic, but the conductivityiqlélis

sometimes assumed to be anisotropic in the crust and possibly in the
-mantle, For most developments we shall use the isotropic forms & ,

//LJ y and CS—. "

The dielectric constant is defined as the dimensionless quantity
Ke— g/‘ga 3-8

and the relative magnetic permeability as the dimensionless quanktity

\(m = /’Zt/o 3-9

where é% = 8.854 x 10712 farad/meter (free space value) and

//Vo = 47T x 1077 henry/méter kfree space value),

_ Dielectrics frequently exhibit losses, particularly near atomic
and molecular reéonances. Hence, it has become customary to consider

a complex permittivity



0

S -
€= ¢ +L& °-10

or a complex dielectric comstant
- I /i
Ko = ke +ilG 3-11

where division of 3-10 by &, has been effected,
Similarly, magnetic materials exhibit emergy dissipation during
the magnetization cycle and to allow for this, we may introduce a com-

plex permeability

7 . /4
// '—“-/é/ 4 3-12

and a complex relative permeability

i
H,, = Hm +t K., 3-13

obtained through division of 3-12 by’/ég . Any of the gquantities in
equations 3-10 through 3-13 may be functions of frequency,
To describe the state of polarization of a medium, we introduce

_:g
the polarization vectors TD via the defining relations

,._:s.____ —_—
= - &k 3-14
_—_

™M

r)}

i

i —n -——A__

A R® X ‘ 3-15
/”0 .

The polarization vectors are thus associated with matter and vanish

in free space. In isotropic media, the polarization vectors are paral-

lel to the corresponding field vectors and are found experimentally to

be proportional to them, implying linear media, The isotropic electric
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and magnetic susceptibilities ‘XE and 7(}01 are defined by the

relations
e >
’P::v(eé'al: 3-16

N

© o —
&= L, H
b
so that we may write

j(é, = Ko — | 3-18
YM__ KM — | 3-19

For non-linear media we must generalize the definitions 3-16 and 3-17 to

i :::"._l_':;iﬁér
Ye' & 5? 320

= = 3-21

Footnote 1 - Tt is customary to express the susceptibilities of rocks
’ ¢
in the cgs system, and therefore as ,Jg - A =1
e S T ’fg
Upon comparison with equation 3-19, we observe that ¥m=4'ﬁ‘
c ) -
and that /M "—"-I'(M where /M is the cgs permeability and /£
is the cgs susceptibility.
. SRV N
Footnote 2 - The symbol J = kKH is used for magnetic polarization
in most literature on rock magnetism, However, we have retained

—
the symbol M throughout this text in order to avoid confusion with

Y
the symbol J customarily used for current density,



The wave number, or propagation constant, k is defined by

2. ' 1o -
/E. = X (',E = ({-’%fw + L UJT) 3-22

where - — | /
e (e -
= g 3-23
o W "z "42;5'; +1 (phase constant)
- oW
r\ .
3-24
6 = W /ff_ﬁ J , + Q_ (attenuation constant)
) 2.

Yor a perfectly general treatment we should include the concept

of complex conductivity
o y
Q=0 +: 0 3-25

so that the wave number of equation 3-22 may be written
; i | "
' /)

Clearly, this last equation can be ‘rearranged to yield

g (6 G‘)w +L(Q‘+ EM)Z/J]

bn

—

indicating that all dissipative factors may be lumped under one term

% { i
Q =G +2 W 3-28



13

and all non-dissipative factors under another

],
SQF: g - ._.C._T._I 3-29
129
This is the most straightforward of the possible representations but
it does not allow identification of all of the sources of {3 or (_C,#.
When a representation employing only a complex permittivity is required,
we are treating the medium as a lossy dielectric such that the wave

number 3-22 becomes '/?_ /7_-
’,g {:/”w (6w+LG‘ )] Lmu (g *e 8”] 3-30

where now E; 3-31
MJ

and hence § = - 8 t'-d is given the name dielectric conductivity

and is assumed to be a real quantity. ZPortrayal of losses in a dielec-

tric is aided by use of the loss tangent defined by

tand= & 3-32
5:
and if this is extended to the general representation described by

3-27, we may write -

cg
tan % 3-33
W a‘*

Footnote - The expression 3-27 then has two additional convenient forms:

/£= [Eia.wi(I + L\/&-\,g*) -

b= [z;hcr'”’w(\ - Eb:g@)

ayYy
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When a representation involving only a complex conductivity is

required, the wave number 3-22 becomes

B[ leioried] ™ [ oo

where
i o
g =—-gw
is referred to as the imaginary component of conductivity,

tivity phase angle 4} may then be defined by

: g /

_ __ £
i‘ﬂwcb-—g-,— =
G- N}

3-35

A corfduc-

3-36

Note that Ci) is the complement of 5 . Then the conductivity may

be written in the form.
) = |sw)

{c) The wave potentials

3-37

We may find it convenient to use any or all of the following

scalar or vector potentials

5 .
A  defined by
d) defined by
—=c i

A™ defined by
@* defined by
—

i1 defined by

= U7+ A5

wl omfowl UL ml o

e, .
= WX A (electric sources)

= -7 x A (magnet:.c a Qrces)

3-38

é,-vd)+écdff (electric sources) 3-39

3-40

=-V¢>*+LNA (magnetic sources) 3-41

=CG:-3L~.£)VX‘TI" (electric sources) 3-42
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e~
"{Ti defined by =¥y, T & -}—,g 2‘71_ (magnetic sources) 3-43
+ __‘A-
o=t - CHw XTI
Y ) =3 .
G defined by = Yx G (electric sources)  3-44

V defined by

X7 V -+ 9//&1-@\ {electric sources) 3-45

“F defined by ‘-'V‘ X ¥ (magnetic sources) 3-46

ml =l =) m) =Y .

I

U defined by —<7 U +HLWEDF (magnetic sources)  3-47

(d) The homogeneous wave equation

For an harmonic time dependency, the homogeneous

e-.éwl’:

wave equation for fields or potentials assumes the form
it z -
67 + 4 >/‘~P =0 3-48

where "-P represents any one of the potentials listed above or any

e e _—
one of the four field vectors B, D, E, or H,

(e) The inhomogeneous wave equation

Similarly, the inhomogeneocus wave equations are:
LV.L-P%) 2) 7—? = - /I/IS} 3-49
672"“ ,ﬁz) ¢‘: - Q/ £ 3-50
(v%.j}) Nt = guﬁwﬁf\_/lk 3-51
&71-!-/@7’) va*t = v. ™ 3-52
——ty,
@'L_}_/ﬁl_)? - L w P 3.53

I~LE0
— —_—
67?—‘*‘£7-)7T* - -M 3-54
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(¢"+4*)C = =T | 355

® 1—4@1) V
&™) F == -7
67 +£)U“—“—*Z/i§"‘ 3-58

~S
where P M are the eléctric and magnetic polarization vectors and J

I
<
|

is magnetic current, These equations are employed, as expected, when
including sources in the propagation problem,

(£) Plane waves (soluitions of the homogeneous wave equation in

one dimension in rectangular coordinates)

A solution of the wave equation 3-48 for waves propagated in

a direction z is

{ -w"b) (#2+w :
A = A e 4= 4+ A, e_aég o) 3-59

where A; and A. are the amplitudes of the incident and reflected waves
respectively,

The phase velocity is defined by

N, = dz - w 3-60
P b

while the group velocity is defined by

G- gbi 3-61

We shall, in general, be dealing with dispersive media wherein A-

P'.LS

a function of frequency. Two extreme cases will arise:
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(i) tanzg = 9 gy ‘ displacement currents predominate

("high frequency phenomenon')

— 3-62
w2 =
(ii) tan é = O >3 ] displacement currents ignored
£ {"low frequency phenomenon’')
3-63
Al

For case (ii), appropriate to high values of (24? or low values
of 44 , we define the depth of penetration as the depth at which the

1-0.368 of its value at the surface

electric field has fallen to N

of the medium

d: U.)/utr

The wave length in a medium is

Il

depth of penetration 3-64

A= "?;‘(E 3-65

$&e'phase vélocity and the wavelength are given as functions of fre-
quency and conductivity in the nomogram of Figure 1, for media in which
displacement currents may be neglecte&.' The depth of penetration is
given as a function of conductivity and frequency for similar media in
Figure 2. (The relation §’= 500 (Qrf)'llz is useful for quick cal-
culation of depthlof peﬁetration.}

For case (i), appropriate to low wvalues of (3723 or high Valﬁes

of W , a depth of penetration }éa at which the electric field has
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fallen to - 0.368 or its value at the surface of the medium is:
e

c‘z'l' =g | 3-66
R~ T

This equation reduces to the useful form

A: Xa ‘ 2, —]'/'L
K ez 1)

when the permeability is given the free space value /{a 3 )\Ois the

3-67

free space wavelength, All loss is assumed to occur via the dielec-
tric conductivity gﬁ,\ . One can, of course, use equation 3-64 with
g“w substituted for § and obtain the depth of penetration in that
manner,

Equation 3-67 has.beer‘z used to compute depth of penetration in
lossy dielectrics of three types: (a) low loss dielectrics in which
tand < < 1, specificaily tan 8 = 0.0001 to 0.05, (b) medium loss
dielectrics in which tan ~ 1, specifically tan. 5 = 0,05 to 50,
and (c) high loss dielectrics in which tan § >7 1, specifically tan $
= 50 to 100, The three nomograms of Figures 3, 4, and 5 result.

If we wish to allow for arbitrary and complex values of & ,
O, and allow for real values of/CI s 1t is best to obtain the

depth of penetration directly from 3-24

l

- l
S
L&)
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where we have generalized the conductivity and the inductive capacity.

We shall require expressions for the plane wave amplitude reflec~
tion coefficient for two linear polarizations of a wave incident on a
plane surface, If the wave originates‘in medium 1 and is reflected by
medium 2, the amplitude reflection coefficient for the electrie vector

normal to the plane of incidence is

200?21 -Fp e

/ALL': - 3-69
2
Z, 0% + 2| - (flp)ale
o
while for the electric vector in the plane of incidence it is
: 1

- -_;?ZJI“<%§EL)AQJQV - ziéifiﬁﬁ ?;-

- 3-70

J P 1 "
Zz\h-—(*%),)@f% o+ Z o0 P
where jzgr and EEZ‘ are the characteristic impedances of media I

and 2 respectively, and where C%} i1s the angle of incidence., The

quantities and are defined b
a 2 7

Z, = _%_)f_i Z,zf Oj{’-’- 3-71

For normal incidence, CZ} = 0, the two reflection coefficients are

identical and equal to
‘ZL"‘";_Z(

The energy reflection coefficients are then

/QM =

3-72
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Ri = lﬂ."" )1 3-73

i 2.
K, = |2
/4 4
Two special limiting cases of the electrical parameters are of
particular interest to us-now. In the first, displacement currents
predominate, as in dielectrics at high frequencies. Then we find O/é'éc

of 3-23 and 3-24 is very much less than unity so that there results

A= CU\’ 5 and é = 0. The other case pertalns to O/ > ' )
d:.sPlacement currents are negligible, and we find o = @ 1‘ tU3J . :

Under these limiting conditions, the expressions 3-692, 3-70, and 3-72

| become ’

| S =S 24| l-,.mgr_i-_l}w-t
&3

_..._.....I_.__ —_— e emm mm—

T 75 %
/11:\!?77“"% \ .. Fﬂw@ #a \/' //z'f’d &

irj,cea?—+[?:'/{-5r%;y-ir /tw@-rj"/h/" e
Ll_v, »/’/ Ay 2| J/q,,

| _‘é?i' £ ,@-«.%f" jf‘z_, &aq‘ | 1/ /;{& 2€‘ ‘T}.i @_
St .&t —_— ] 7 o | AU A [ —=
} |4}’:;{, SV N Ao | L{L 7 i 3-75
! -—-—1 -1 T
13 /. gl +1L as! /a/,._/wi . 4_/9;/&%@
I { EE%/L ! > [ L /{}.‘)1%2% ,/J')‘

| ——1
If_'. — ’ &y ! S 9.
LA A | NA A 3-76
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However, for the general case of reflection, without constraints

on C%%a: , then we should use equatioms 3-69, 3-70, or 3-72, Equa-
I

tion 3-72 may be written in the convenient form, for propagation from

3,
free space ( :.Eﬁiﬁ into another medium
P ¢

o

= ’"‘L/G{}: g

I -1—!5.(, Lo o 3-77
’[}f z " we,

B

“hyn

(32

which reduces to

| -\
I

(g) Arbitrary two-dimensional wave structure

JL= when ]~ Ay and §Ey G 3-78

By a two-dimensional wave structure we imply no change in
. D e e .
the field vectors E, H, B, D with respect to one orthogonal .axis,

Let this axis be y. Then the wave equation is, assuming that the

electric vector is oriented along v,

g——-’é )E"Jr ,ﬁil&_’a:o 3-79
SELL' Q=

This is a simple, two-dimensional second order partial differen-

tial equation which is easily solved by separation of variables, Tet

EY X(x)*Z(z), then
LK L\ .
Y
Ix" . ng_) —:/Z 3-80
. Z o

X
!
Z d
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and

AX " AZ)( —u ; (Q i~ =0 3-81
&'Z;(/” ’ dt{a?z

A general solution can then be expressed as a linear combination

of the separated solutions for varicus values of the parameter )\ .

In fact, the general solution will be the integral
. A . <
F _ )\ cYE 5\:(, L)\
-7 JC( Je et 3-82
TS -

A particular separated solution is a plane wave; for example,
2
when Q_ is zero, we have a one-dimensional propagating solution

R it
L
e

. More generally, a plane wave propagating in an ar%:iitrary
— ¢ -E
direction, defined by the unit vector ) , may be written &

n =4 N
where Jt is a position vector in the xz plane and =N, If 11
makes an angle (@, with the z axis (Figure 6), we may write

GLXA:GLZ(X.WL@‘ + Z Al ) 5-83

. AVEEE
Thus, for a plane wave propagating at the angle ?{x in any layer
of an n-layered structure, the separation constants 4 and z\ in the

‘general solution are easily related to this angle as follows:

%:"é/ﬂ‘%a >\5:J’£'1" 2 ’“‘"é’a"'ﬂ— & 3-84
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A particular solution for a single spectral component of the general

integral is
P L) i AX
((L e =+ be e 3-85

where the two terms in brackets indicate that waves can propagate in
two directions on the z axis but because of the infinite extent of the
model there will only be propagation in one direction om the x axis.
Where the &4 are identified with the plane wave equivalents of equa-
tion 3-84, this solution represents a single plane wave obliquely imci-
dent on the layered structuré.

At the top interface of Figure 6, the continuity of tangential

electric field may be Written‘
—0 T —C ik\%’ o el L'X e
( E\,- ¥ E_\i )G’, 2 :( t"& + l:’j e 3-86

.+ o

and the only way this can be true for all x, since the -t:% are con-

stant coefficients, is for )”:z.)a . (In the plane wave case where
>\=tg,a4,‘_.¢@-, this is the statement of Snell's law, &W%—"ﬁ/@&u@’;)

This will hold true for all interfaces and hence we shall replace Ab'

by A -

The continuity of tangential H, i.e,, H,, is obtained from

o QE;{ _ L 2Ey .
clhtd 3z Epiptd QE’—: 3-87



2k

or

iy .o (dZ - o U2 rl" 4 / s "_I -z )J(,
-—(E e - ~ /= ;
e | G € E’fj € 7 E"l ] € 388

The ratie
L B
Eﬁ- - % - }(t 3-89
"Hy &,

we define as the characteristic impedance of layer i and the ratio

3/¢£j s where the lack of a left hand superscript indicates total
field quantities measured on the ith interface, is called the surface
impedance Zi. For a homogeneous half-space, the surface impedance is
equal to the characteristic impedance of the half-space since then the
-t

’:‘ 4 quantity is zero,

It is convenient now to write
/\\: lgcs 3-90

and compute the surface impedance as a function s;'. For a homogeneous

half-space

_ -

e NIRRT

3-91
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Now _szi is the impedance for a plane wave normally incident
£ :
since >\ :&M@re will then be zero and consequently, from 3-84,
2 2
L, will equal 452.. Thus, the term (] — jﬁ%&fg)'llz is. a factor
i
which measures how much the impedance for a general }\ is different
from the normally incident plane wave impedance,
if )\7.[0 or )\z_-»ﬂo P then from /\:gosin@é we see that
sincag must be greater than unity or less than negative unity. This
state can be interpreted physically in terms of inhomogeneous incident
waves (planes of constant phase do not correspond .to planes of constant
amplitude) and complex angles of incidence, It is not necessary to
make this particular physical identification and, in fact, at times
it leads to confusion,

Y

Now assume thatf/&f T;/&b and that 9~ - - | , then 3-91 reduces

Eus

N\
3-92

If we next consider an .obliquely incident plane wave, for which

to

>\= ’ﬁa sin CBD = )BQS , and realizing that sin %(’1 can never exceed

unity for plane waves, we find

L 7_-

3-93
4,

Thus, for plane waves incident at any angle on a conducting half-space,
the surface impedance will be ‘independent of CE} and equal to the im-
pedance for normal incidence, This conclusion is not nescessarily true

for non-planar waves arising in finite sources,
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Now let us write down the boundary conditions for continuity

of the EY and Hy components at the surface of a half-space,

E + E Y -3-94

Uy * -0 - o Fed -
lo E, - 7R r, = 4, 3-95
a;ue 2 Sy Ly,

The amplitude reflection coefficient /2. , for normal incidence, is

. 7
E Upply —hlly . A ;/’ S Ll -5

*-EYO Gl + 4 Hy // / + M1 - 2 g

For plane waves ES is restricted to the range zero to unlty, so that

. -

if ;f;; « £ 1, then the reflection coefficient for normal incidence
] i

reduces to

St =
indicating almost perfect anti-phase reflection of the tangential elec-
tric field, On the other hand, the tangential magnetic field is doubled

near any surface where ”éi L L1, for

i
-.M“

C

. b -

Ey _ —w I 3-97
e oo THS

and hence
— ¢
Hx
F
Hy
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if fs; is not restricted to the range zero to unity, even if

JQL £ L1 then the reflection coefficient may be complex; phése
shf%ts may occur, Further, the amplitude of the reflecéion coefficient
then need not be unity. That 1s, for finite sources, we should expect
JU to be other than unity and to invoke a phase shift., This is a
most importané conclusion because it says that under some circumstances
measurements of the magnetic field of a plane wave source will be wvery
insensitive to the electrical parameéers beneath a surface, but that
measurements of the magnetic field of a finite source can be very

sensitive to the same electrical parameters.

(h) OCylindrical waves

The scalar wave equation in ecylindrical coordinates may be

written

7 ) J_Q/Ié4) ét/)/,{)g )4 T

JfL E)fL c)

which may be separated using

+ o hz il
- - ) — ¢ ~L 3-99
/ﬁ% - 5;&?) '7¥LG;€> =
where h is the separation constant, to obtain elementary harmonic

solutions. The resulting-J; and 4;L_equations are

AP e VL
sy

3-101
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Equation 3-100 is Bessel's equation and has solutions in terms
of cylinder functions, while equation 3-101 has a harmonic solution.
The separation variable )P is limited to integers n = 0, %1, +2, etc,,
if radial boundaries are exc].{lded.

Hence, an integral solution of the homogenecus wave equation in

cylindrical coordinates for axially symmetric media is

] —iu - n I i —Li b= I\}I)C(A
”f///b%%f)':e %6 @ﬁ (\)ec £/ z+ (\6 ¥ Zn% 102
oo

——

o

where Zh(_}\h) is a cylinder function, e.g. J_, N, %(1), H.n(z), I,
Kp-

The structu.re of this solution is such that (;‘é AR and
ehhw'zrepresent, respectively, elementary plane waves propa'gated
in the positive and negative z directions, the incident wavelets weighted
by ,F [}\) and the positive wavelets weighted by Cdn@\x This wave
structure is modified by an /L -dependent wave structure Z,,C\/‘L) con-
stituting either radially outward or radially inward travelling waves
representing standing waves or representing evanescent W;Wes » depending
upon the particular cylinder function required to satisfy the boundary
condifions, —

Sometimes we may treat a u;ediuﬁz in which k ~ Q so that the wave
equation reduces to Laplace's equation
VA= --[—5; (fl.é_’% —L 9"// DY 3-103

2 T n 5 TN
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An integral solution of 3-103 is given by 3-102 with k set equal to
zero. When there is no z dependency the solution simplifies toc either

of:

7o, -
= Z.(A &édﬁ@ + b,}M’i?‘)(Cﬁ‘Q 7+PDKJ 2 PJ) )' n+o 3-104

=y
_,'LI = {Ab?~+ Eu)(C61 E’PL fl‘]’ -)e) )‘ 1)1= o 3-105

(i) Spherical coordinates

The scalar wave equation in spherical coordinates is

1:1 3’}2( hg_f[) —-:%gg afu»»‘i‘}a"L)% Jiu@ 34{ t[z/~ 3 3-106

which separates, via /(71/::/‘1("<R) : (/12(@:{3 (Cl) into the three equations

?2(_;_% +2Qf4/ 1_@ Rl })gl = 3-107

dm@’ (ﬂf gl{fg) +($7 7—;7;{% ) ’(/2_ =0 3-108
—(C—L-é 14" =

and if we substitute .pz =n(n + 1), where n=0, 1, 2, . . ., then

the solution may be written

/7% zi w/c >+ Z:q+y(él))o‘ggg@)eanaé ~tut

3-110
.._Gm (;
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and of Laplace's equation is

=t M=y

= ...(f’? 1 M 3
/5{/: 2_ = (&, ""_bl'rm)'?? @M@@m¢
. _/&ﬂ#r

3-111

Solution of the vector wave equation is not so simple and will

be treated in detail in a subsequent section,

(i) Solutions of the inhomogeneous wave equation

These solutions are obtained directly from the Green's

Ffunction CEC' as follows:

L__ -.aanjhu &t{,u-'

73
et J
d)‘q-"ﬂ“ee Vﬁg,_._

1

R fusw oot »—Ma-ee,&&&f

AT V T

G
..L Cui— "
V= ‘]TQ—_”;E) j ”@E_ /é‘r

3-112

3-113

3-114

3-115

3-116

3-117

3-118

3-119
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(k) The quasi-static approximation

In many electromagnetic problems concexrning the earth-air
interfacé, we neglect the displacement currents in tge ground and
hence, neglect them also in the air, Further, we assume the conduc-
tivity of air is negligible. Then we can say the propagation ccnstant
of air,~ﬁél y 18 approximate}y Zero.

This leéds us to.use Laplaqe’s equation in air and the wave equa-
tion in the ground. This approach to practical boundary value problems
is referred to as the quasi-static approximation, Note that it only
holds for.Si::f7 l in the ground, When (§ is low or «J is high,

s
then this‘izﬁroximation may not be valid, Other subtle limitations of

the quasi-static solution are discussed subsequently.

(1) The fields of an electric dipole in an infinite medium

The electric and magnetic fields of an electric dipole in an

infinite non-conducting medium are

l . .
o .P___ L/g )m@_%eiaﬂf— st2

R ore

| % /é LG w?F
= AL & -

H¢~— —tw /1 _ té)/@m@- (P@*‘/‘wi_ 3-124

4N
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where (%? is the polar angle to the point of observation, measured
from the axis of the dipole and (ﬁ} is the azimuthal angle. 7fjt=
f—’%. , the retarded time, and R is the radial distance to the point of

observation, *3 is the electric dipole moment, which for a linear cur-

rent element is given by
b= ,__%_I,;{S ' 3-125
A
The term in-al—- is the quasi-static field, that in wiéEL_is the
inductive field, and that in Eé? is the radiation field. For.J%Q<4J}
the induction field predominates while for ,,én, > | , the

radiation field predominates,.

{m) The fields of a magnetic dipole in an infinite medium

Closed loops of wires behave as magnetic dipoles for which
the field expressions are

"élr——} ___’_ _;___L OS[?— “‘i’w‘.fd
zm‘\% R L& dedme 3-126

3-127

Hq‘-_, A »—l— - ‘\g *_'g._?) 0B QJU{_ 3-128
am\rR ' R ,

where m is the magnetic dipole moment given by

m = NAT 3-129
and N is the number of turms, A is the area of the loop, while I is

the current in the loop.
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(n) The diffusion equation
If, in equation 3-2 we neglect displacement currents, and

use Ohm's law for moving media
-__:-.b_. i /e Y _
T‘"G_(E + FAB 3-130

(where <Y ! is real)

we obtain
. [ /— .
VxH=< (E +/'177':x‘€> 3-131

_—
We now take the curl of 3-131 and substitute for VX [= from 3~1

with the result
: S PN = / S,
VXVX B =7£{q-;_a__z_]§ _}__/4“‘) VX (/U“‘)& }3) 3-132

Expansion of the left side of 3-132, upon use of 3-3, yields
dF
_ =\ 222
S Vxéb XB’) + 16,V B 3-133
/

where rZM = is the magnetic viscosity.

Equation 3-133 reduces to the magnetic diffusion equation when the

second term on the right predominates

—

NG =

= 2.V B .

— b 3-134
>t

The induction in a body decays exponentially with a time constant

f, 2
= 3 -
ﬂ’b O / 3-135
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where I is a characteristic length of the body te.g., radius of the
moon if the interplanetary field is diffusing through the moon),
if it is not permissible to ignore displacement currents then

we must rewrite 3-131 in the form

Vx H = (6“ - &’a)) (E + B ) 3-136

— -, ;__:3;_
=8 ( E 4+~ x b)
where ) 1is complex. The conventional Cowling time then is not

descriptive of the problem,
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4, Electrical conduction and dielectric constants in rocks

A description is presented here of the factors affecting elec-
trical conduction and dielectric constant of earth materials., Presum-
ably, the same general factors require consideration for lunar materials,

(@) Normal mode of conduction in rocks at the earth's surface

Conduction in most rocks at the earth's surface is largely
electrolytic, taking place in the pore spaces and not significantly
through the mineral grains. The ions which conduct the current result
from the dissociation of salts, such dissociation occurring when salts
are dissolved in water. Since saline water contains more charge carriers
than fresh water, it will possess higher electrical conductivity. An
increase in salinity {activity) will increase the conductivity since
more charge carriers are then available, An increase in temperature
lowers the viscosity o£ water, with the result that ions in the water

- become more mobile. The increased mobility of the'ions results in an
observed resistivity decreasé with increase in temperature, The resis-
tivity in a wet rock above 0°C may be expected to follow a relation of
the form

PT = ()‘ LI 41
- Xy (’Emlé"‘) '

according to Keller and Frischknecht (1966) where {27. is the resis-

tivity at a temperature T and {?g is the resistivity at 18°C, The co-
efficient ©( has a value of about 0.025. This relationship assumes

no conduction through the solid framework,
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(b) Dependence of wer rock resistivity upon rock texture

Even though most rock-forming minerals are essentially
non-conductive, they dictate the porosity and pore distribution and,
hence, the lengths and -cross-sectional areas of the electrolytic paths
through a specimen, Three basic pore geometries are found in
rocks., Sediments of chemical, detrital, or volcanic origin exhibit

intergranular porosity as might be typical of the pore space between

sphere packs. In igneous and metamorphic rocks the porosity cccurs
primarily in joints, fractures, and to some extent, in linear inter-
granular spaces. Extrusive rocks exhibit porosity by virtue or either
connected or non-connected chambers originally created by gas bubbles,
Various models of a rock may be used, including sphere packs and
the "bundle of capillaries” model. We shall consider only the latter
and assume that the capillaries are not interconnected, are of uniform
cross-section, and may be replaced by a single electrolyte path of
length Le and cross-secticnal area Ae (Figure 7). We do not assume
that this equivalent electrolyte path is straight., Thus, its length
is greater than the length L of the rock sample to which it- pertains.
Obviously, thé conducting cross-section Ae is but a fraction of the
overall cross-section A of the rock sample. The excess length of the
equivalent electrolyte path is a result of contortion caused by the
solid framework of the rock system., We define the tortuosity coefficient

t as (Pirson, 1938)

= .jéﬁL 4=2
fﬂZ_
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The surface porosity Cbs is determined as the fraction pore

area to sample area

An increase in porosity or a decrease in tortuosity will both con-
tribute to an increase in conductivity as may be seen from the fol-
lowing development, The resistance between opposite ends of a rock
sample is
"EE?:::_l_._ZZL_ = ——Lw é:fi
: S A Te Ae

where (37 and Czé are the conductivities of rock and eleétrolyte

b4-4

respectively, Then, from 4-2, 4-3, and 4-4 we find

q = L & 45
,.t -

We have employed a very elementary model of a rock to arrive at
4-5, More sophisticated models allow for, among other tﬁings, inter-
connection between adjacent capillaries and ''dead-end" pore volume,

The volume porosity (im,is measured more frequently than the

surface porosity., From Figure 7 we see that the volume porosity is

identical to the surface porosity

A Je  d
(i%f = iZfi j%ji_ i Cﬁs: . b-6

and represents the fractional volume of voids in a specimen,

(c) Partial saturation

When the pores in a rock are only partially filled with
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solution, conduction is less than when the rock is 100 percent
saturated. The percent water saturation ESQJ controls the con-

ductivity through the relations

", , ,
Q=Y S‘v\/ > Sw 7 Sv\fc 4-7

N e
Q= @ngsw 3 Sw g * 48

-

where (L , 1N, , and 1. are experimentally determined parameters.
fidf is a critical water saturation value, Above E;;ﬂz , water is
lost from the centers of the pore spaces, but a thin film of water coats
all rock frame surfaces, Once the critical saturation has been reached,
further desaturation will break the film of water over the grains and a
large decrease in conductivity is noted., Values of I} and M, are
observed to be about 2 and 5 respectively. The parameter 1. varies
from about .05 for sandstones te about 0,5 for igneous rocks. The
critical water saturation is about 25 percent for sandstomes and other
rocks of similar pore structure, but it may be as large as 80 percent
in igneous rocks,

(d) Solid conduction in surface rocks

While in general the framework of a rock does not contribute
to conduction, the presence of certain metallic minerals will alter
this condition. In Table I we list a number of common metallic minerals
and their typical conductivities, These minerals, with the exception
of magnetite, are anomalous constituents of rocks, However, if they
occur in abundance of orxrder 10 percent in rocks, they can increase

the conductivity by one to three orders of magnitude, In amounts less
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ARSENOPYRITE

BORNITE

CHALCOCITE

CHALCOPYRITE

GALENA

MAGNETITE

MARCASITE

MOLYBEDENITE

PENTLANDITE

PYRRHOTITE

PYRITE

TABLE I

FeAsS
Fe253-nCu25
CuZS

F6253 'CuZS
PbS

Fe304
Fe282

Mb82
(Fe,Ni)QS8
Fe788

FeS2

104 -

102 -
()
102 -

10 -

R~ T
o o . [=]
Th
' 1 1 s

-
!

10°

108 whos/m
104 mhos/m

10% mhos/m

5

10~ mhos/m

10%

mhos/m
10° mhos/m

1 mhos/m
10% mhos/m
108 whos/m

103 mhos/m

mhos/m
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than 5 percent, they seldom materially alter the electrical conduc-

tivity of rocks. Magnetite is by far the most abundant of these semi-
4

conducting minerals,

(e) Effects of surface chemistry
Some minerals, and especially the clay minerals such as

kaolinite, montmorilionite, vermicullite, illite, and chlorite, adsorb
‘anions and/or cations, retaining these in an exchangeable state, A
clay particle acts as a separate conducting path additional to the
solution path., Usually the conductance of this path is substantially
greater than the mineral grain conductance, The origin of this abnor-
mally high clay mineral conductivity lies in the double layer of adsorbed
cations as shown in Figure 8. The cations are required to balance the
charge due to substitutions within the crystal lattice, and due to broken
bands., The finite size of the cations prevents the formation of a single
layer. Rather, a '"double layer" is formed; it consists of a "fixed layer"
immediately adjacent to the clay surface and a "diffuse layer' which
drops off in density exponentially with distance from the fixed layer.
The diffuse layex, in contrast to the fixed layer, is free to move under
the influence of an zpplied electric field, The cations of the diffuse
layer add to the normal ion concentration and thus increase the density
of charge carriers., 'The net result is an increased "surface conductivity".
Although clay minerals exhibit this property to a high degree because of
their large ion exchangé capacity, all minerals exhibit it to some extent,
All rocks containing clay minerals possess an abnormally high conductiLity

on this account,
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The effect of disseminated clay on rock resistivities hecomes
increasingly important as the conductance through the pores diminishes,
Increased alteration such as chloritization, kaolinitization, and ser-
pentinization gives rise to increased surface conductivity, This is
particularly evident in sheared serpentinite and other ultrabasic rocks,
but is rarely evident in granitoid rocks which, when sheared, suffer
mylonitization, i.,e., production of minimum surface area per unit volume
of mineral grains,

The conductivity of clay minerals is dependent omn both solution
composition and normality (Berg, 1952; Wyllie, 1955). However, above
a certain normality characteristic of the rock specimen, the conductivity
of the clay minerals apparently becomes constant; this value represents
the maximum conductivity of the clay minerals.

(f) Frequency-dependence of conductivity, dielectric constant in

wet rocks

In wet igneous, metamorphic, and sedimentary rocks, and espe-
¢ially those containing clay or metallic minerals, the conductivity is
observed to increase slightly with frequency and dielectric constant to
decrease markedly with frequency. The causes of this frequency depen-
dence or dispersion include normal dielectric effect, electrokinetic
phenomena, electrode polariéation, and membrane polarizatiom (Mhyper,
1959),

(i) normal dielectric effect (von Hippel, 1954)

Under normal dielectric effect we would include polari-

zation brought about by induced separation of nuclei and electrons,
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Displacement of an electron orbit takes place in a very short period
of time, usually less than 10—9 seconds, so that at any frequency less

than 109 hz, electronic polarization has time to take place. Displace-

ment of one atomic nucleus relative to another produces atomic polariza-

tion. If permanent electric dipoles exist in the medium, these dipoles

may rotate under application of a field so that orientation polarization

may occur. While interfacial polarization .contributes to the normal
dielectric effect, we shall treat it separately since it usually pre-
dominates over all other polarization forms at frequencies below 104 he.,
- We generally observe that for wet rocks the conductivity is a slowly
varying function of frequency while the dielectric constant is a rapidly
varying function of frequency. However, at very low and very high fre~
quencies, usually\less than 10"2 hz and greater.than 105 hz, both the
conductivity and the dielectric constant will become independent of
frequency, By contrast, rocks without moisture usually exhibit a rapidly
varying conductivity and a slowly varying dielectric constant over the
10"1 hz to 105 hz interval. Reference to these functional.dependencies
will appear again later.

(ii) electrokinetic phenomena (Keller and Frischknecht, 1966)

Charge is separated due to the motion of an electrolyte
through a rock pore structure, The free liquid in the centersof rock
pores is usually enriched in ioms of one sign, while the water adsorbed
at the surfaces of the pores is enriched in ions of the opposite sign.
If current passes through the pore structﬁre, the mobile cations in the
centexr of the pore structures carry along many molecules of water, so

that electrical current flow causes a simultaneous fluid flow and wvice
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versa. This is the electrokinetic effect, When the applied potential
is reversed, inertia will cause the fluid flow to lag behind the im-
pressed voltage and hence tbe capacitive behavior of a lossy dielectric
is simulated. No induced polarization effects have been attributable
to.electrokinetic phenomena in rocks, presumably because it is diffi-
cult to identify and probably is much smaller than interfacial polariza-
tion,

(iii) electrode polarization

Whenever there is a change in the mode of current con-
dubtion, e.g. from ionic to electronic, energy is required to cause the
current to flow across the interface, This energy barrier constitutes
an impedance which is ffequency dependent (Madden and Marshall, 1959;
Ward and Fraser, 1967).

The surfaces of most solids possessa very small net attraction for
either cations or anions, as mentioned earlier for clay minerals. Imme-
diately adjacent to the outermost solid layer is adsorbed a layer of
essentially fixed ions, one or a few molecular layers in thickness
_(Figure 9). These are not truly exchangeable and hence constitute éhe
"fixed layer,” although they can often be removed upon application of a
strong physical force,

Adjacent to the fixed iayer of adsorbed ions there is a group of
relatively mobile ions, either ;f the same or opposite charge, known
as the diffuse layer. fhe anomalous number of ions in this zone decreases
exponentially, from the fixed layer outward, to the normal ion corncentra-
tion of the liquid, (The normal balanced distribution of anions and

cations has been deleted from Figure 9 for clarity.) The particular
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distribution of ions shown is only one of several possible distri-
butions, but it is the most common, The electrical potential across
the double layer has been plotted also; the potential drop across the
diffuse layer‘is known.as the Zeta potential, Z.

While the fixed layer is relatively stable, the diffuse layer
thickness is a function of temperature, ion concentration in the "normal'!
electrolyte, valency of the ions, and the dielectric constant of the
medium, Most of the anomalous charge is contained within a plane dis-

tance d from the surface, where (/Grahame, 1947)
Ha-
_
gmneVe

n = normal ion concentration of the electrolyte

v = valence of the normal ions

]
Il

elementary charge

éﬂ
1

the dielectric constant of the medium
k = Boltzman's constant

T

It

temperature

The thickness is therefore governed by the balance between the
attraction of unlike charges at the solid surface and the thermal re-
distribution of ions. Obviously, increasing n, the salinity, or v,
the valence, decreases the double layer thickness.

Returning now to polarization at electrodes, it may be stated that
there are two paths by which current may be carried across an interface
between an electrolyte and a metal (Figure 10), These are called the
faradaic and non-faradaic paths. Current passage in the faradaic path
is the result of an electrochemical reaction such as the oxidation oxr

reduction of some ion, and involves diffusion of the ioms toward or
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away froﬁ the interface, The charge is carried physically across
the interface by conversion of atom to ion or vice versa, In the
latter (non-faradaic) case, charged particles dé not cross the inter-
face; rather, current is carried by the charging and discharging of
the double layer, (Recall that the diffuse layer is mobile and may
be '"thinned" out momentarily by the application of an electric field,)
The double layer then behaves as a condenser in series with the resis~
tance of the solution, The non-faradaic component thus may be reﬁre-
sented by a simple capacitance insofar as the variation of its impedance
with frequency is concerned. However, the non-faradaié path may become
frequency-independent at very high frequencies, when the inertia of the
ions inhibits their sympathetic oscillation with frequency.

gn the faradaic path, the ion diffusion impedance is not represent-
able in so simple a fashion and, in fact, may not be adequately repre-
sented by any combination of fixed capacitors and resistors. It is
customarily referred to as the Warburg impedance, 'XVVL; , and its
magnitude varies inversely with the square root of the electrical fre-
quency,

The interfacial impedances of many metal-electrolyte interfaces
may be described roughly as follows, Above 1000 hz, the major part
of the electric current is carried across the interface by means of
the non-faradaic path; hence, the interfacial impedance varies with
frequency as approximately f"l. As the frequency is lowered, more
and more current is carried via the faradaic path, and so the low fre-

1/2

quency impedance varies with frequency in the range £ to fo depending

on the magnitude of the impedance ratio
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Note that the impedance of the circuit of Figure 10 is infinite
at zero frequency because the Warburg impedance is expressed as
k(L + i)f'llz, where k is a constant, and the capacitive reactance,
of course, as.i%z (fc)~1. It is important not to confuse zerc fre-
quency with direct current in this circuit, since its resistance to
D.C, is not infinite, but is finite and indeterminate, The awbiguity
lies in the derivation (Grahame, 1952) of the Warburg impedance, wherein
it is assumed that the reaction products at the interface have no effect
on the diffusion impedance and so can be omitted from the derivation,
The derivation assumes that it is impossible to carry on such a reac-
tion indefinitely in the same direction because the products of the
reaction will accumulate and stop the reaction, Therefore, the inter-
facial impedance is not defined for direct current by the circuit of
Figure 10,

1t is frequently suggested that the above process may occur in
rocks at the surfaces between metallic mineral grains and the pore
water, A phenomenological explanation for digpersion of the conduc-
tivity of a vock is obtained in this manner, ZElectrode and membrane
polarization may be lumped under the term "interfacial polarization
in subsequent discussion, '

Bocks containing grains of the minerals of Table T disseminated
throughaut may have another phenomenon superimposed on the above, i.e.,
that of an intergranular capacitance which may result from capacitive
coupling between the discrete metallic particles. This capacitive coup-
ling may become important at high frequencies. No experimental evidence

is available with which to confirm this speculation,
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Other models of a rock can be and have been employed to explain
the frequency dependence of rock con&uctivity. However, all models
are based upon similar reasoning, Most of the particles contributing
to electrode polarization are listed in Table I; graphite and carbon
also yield an appreciable frequency-dependent conductivity.

The variation with frequency of the real part of the interfacial
impedance, as described above, is accompanied by a variation with fre-
quency of the imaéinary part, The complex conductivity of the rock is
given, in phase and amplitude, for an andesite-pyrite particle mix in
Figure 11, It appears that at frequencies above 105 hz the conductivity
and dielectric constant approach their asymptotic constant limits,

(iv) membrane polarization (Madden and Marshall, 1959;

Ward and Fraser, 1967)

In rocks containing a few percent clay minerals distri-
buted throughout the rock matrix, membrane polarizgtion is of importance,
Membrane polarization arises chiefly in porous rocks in which clay parti-
cles (membranes) partially block ionic solution paths (Figure 12(a)).

The diffuge "eloud" of cations {double layer) in the vicinity of a

clay surface is gharacteristic of clay-electrolyte systems. On appli-
cation of an electrical potential, positive charge carriers easily pass
through the cationic cloud but negative charge carriers accumulate*
(Figure 12(b)); an ion-selecyifé membrane therefore exists. Consequently,
a surplus of both cations and anions occurs at one end of the membrane

zone, while a deficiency occurs at the other emd, This is because the

ke

" In geologic materials, we do not expect zones of cation-blocking
properties to exist,
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number of positive charges cannot deviate significantly from the

number of negative charges at _any one point in space due to the large

electric fields which would result if they did so deviate, These ion
concentration gradients oppose the flow of current. The overall mobil-.
ity of anions is reduced by this process, This reduction in mobility
is most effective for potential variations which are slow (e.g., 0.1 hz)
with respect to the time of diffusion of anions between adjaceunt mem-
brane zones, For potential variations which are fast (e.g., 1000 hz)
with respect to the diffusion time, the mobility of anions is not sub-
stantially reduced. Hence, the conductivity of a membrane system in~
creases as electrical frequency increases, HNote that this model puts
a limit on the quantity of polarization that can occur in membrane sys-
tems. Since the unrestricted cations can carry only a fixed quantity
of current, then the maximum D.C, impedance of an NaCl-saturated speci-
men, for example, can be only approximately 2-1/2 times that of the high
frequency impedance.’s This maximum will occur only if all the anions
are blocked completely by membranes at D,C. In natural membrane sys-
tems, however, we can expect some leakage of anions through the cat-
iomnic clouds, especially where the pore capillary paths are of large
diameter,

Membrane polarization due to clays decreases as salinity of the
pore electrolyte increases. The cationic clouds ;f Figure 12(a) are
of smaller dimensions as electrolyte salinity increases and, hence,

block fewer anions, Examples of membrane polarization in a saturated

* This figure is calculated from the equivalent conductances of
Nat (50.9) and C1- (75.5).
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clay-containing sandstone are shown in Figure 13; two different solu-
tion normalities yielded the two curves presented.

A large quantity of clay in a rock (e.g., > 30 pefcent) generally
results in less polarization than if a smaller quantity (say, 10 percent)
were present, This is because the clay membrane zones have to be separated
by purely resistive zones in order to yield a significant frequency effect.

For a given percentage of clays, the quantity of polarization will
depend partly on the type of clay present. Since kaolinite particles
produce diffuse layers only at their surfaces, these clay particles
must occur in very nmarrow rock pore capillaries in ovder éhat their
membrane effect be significant, Otherwise, the membranes will be by-
passed by purely resistive paths, For montmorillonite particles, elec-
trolyte exists between the aluminosilicate layers. Conduction through
this interior electrolyte, which is cation-selective, thus is less de-
pendent on the geometry of the pores or capillaries within the sandstone,
This, in conjunction with the large surface effects also present in mont-
morillonite, implies that the existence of montmorillomnite clay particles
in a rock may produce a larger polarization than a like amount of other
clay materials,

The ‘clay particles must be fixed in position, otherwise their
drift will permit ready movément of all ions and no polarization will
result, Broken bonds on silica,‘ and other mineral grains may also pro-
duce minor membrane polérization.

The quantity of membrane polarization has been correlated with the
permeability of clay-containing sandstones (Dakhnov, 1959). The purﬁose

of attempting such a correlation is based on the fact that permeability
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tends to vary inversely with specific surface (which is the quantity
of grain-void interfaces per cms of rock) while membrane polarization
tends to vary directly with it, The dependence of both permeability
and polarization on specific surface is not exact; rather, it must be
considered ounly as a general trend. Hence,we find that laboratory
polarization measurements on a wide variety of sandstones may yield
only an order-of-magnitude estimate of permeability, Induced polari-
zation measurements have to date not been used in the field as a method
of permeability estimatrion,

(g) Frequency dependence of conductivity and dielectric constant

in "drvy" rocks

The word "d¥y" requires definition in this use since it is
extremely difficult to drive out water adsorbed to the surfaces of
mineral grains. The presence of a small water content, say less than
1% of the saturation value, could still lead to some of the elements of
electrode or membrane polarization., If this occurs, then one might ex-
pect a dielectric.constant which was a slowly varying function of fre-
quency and a conduectivity which was a rapidly varying function of fre-
quency, While the latter frequency dependencies are typically observed
in "dry" rocks, the explanation for them can bé explained without re-
quiring the presence of any ﬁoisture. The explanation lies in extrinsic
ionic conduction through the solid mineral grains as will be explained
later. At this juncture it is important to summarize the §' and Ke'
spectral characteristics for wet and dry rocks.

WATER SATURATED ROCKS  10°2 hz to 10° hz
]

) ’ slowly varying function ~ f£°

1
K,' X £



52

"DRY™ ROCKS  10™2 hz to 10° hz
SIS
K,' slowly varying function -~ £0
PARTTALLY SATURATED ROCKS 10~2 hz to 10° hz
o 1
N ! o= £ - f
10
' -
K, X £ £

Numerous examples of rocks exhibiting these spectral characteristics
appear in the literature (Smith~Rose, 1934; Tarkhov, 1948; Keller and
Licastro, 1959; Charles, Rao, and Westphal, 1966; Parkhomenko, 1967;
Scott, Carroll, and Cunningham, 1967; Madden and Mawrshall, 1959; Collett,
1959; Keevil and Ward, 1962; Troitsky, 1960; Ward, Jiracek, and Linlor,
1968).

Above and below the frequency window 107 hz to 10° hz, the dielec-
tric constants and conductivities are expected to #end asymptotiéally to
constant values, However, a definition of the completeCjJ aﬁa_fé' spectra
has yet to appear in the literature,

(h) Lumped circuit representation of lossy dielectrics (vom Hippel,

1954)

(1) relaxation spectra

We shall draw an analogy between a lossy dielectric and
a two-terminal network of 1umpe& circuit components. When we have se-
lected an analog which produces the same frequency dependence of Ke'
and tan‘§ , then we shall use that analog as a means of description
of the medium, Dielectric spectra that can be represented by combina-

tions of RC circuits are called relaxation spectra. In such spectra

the dielectric constant Ke' stays constant or decreases with frequency
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whereas the loss tangent reaches a maximum. A simple metwork which
canserve as an analog for such a material is illustrated in Figure 14.
The admittance of such a network is
2 . N .
Y = W CZE/Z — LW Ci - dw C-z. “4=-10
I+ R I+

where /57,: ‘}?2. C-z_ ‘
Now the admittance of a capacitor containing a dielectric is (von Hip-

pel, 1954)
| . f ' i
thcwco(l\/e 4—¢Ke) 411

where C, is the capacitance of free space,
Hence, if we equate 4-10 and 4-11, we obtain the real and imaginary

parts of the relative dielectric constant

KE: = _C_' ~+ C‘l/co

4-12
P (- w Te 4-13
e = .

Co /4w ?’_

and the loss ‘tangent is. given by

. whk |
,/t’Lb‘g B 41k

/+-—-—/~;w 2,2

If we now introduce the limiting values of dielectric constant, mKo'

T

at zero frequen-cy and K . ' at some very high frequéncy, we find

- | HS '
We = K‘,;; + W E - 415
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]@ = S W /fz_ 4-16

! -+u:7’2/—:‘
b ! 4-17
}\/*= ]’(6-+L,/{3 = KDQ L —-§—-—-
}—-:wﬁ_
where § = Kb' - th'

The functions 4-15 and 4-16 will have the forms depicted in Figure 15,

(ii) resonance specktra

Resonance spectra may also occur and they can be dis-

tinguished from relaxation spectra by anomalous dispersion of the di-

electric constant, TFor example, the circuit of Figure 16 often is
found to serve as an adequate analogy for materials, The admittance

of this circuit is

St

~ « ; C . % 2.
. (:" —t L) } + 4
} z "2.- i -18
\ FAR NI 7 £ b 2l
Y j.3 = I
where O( A=t and i~ -
1
If [a is the geometrical capacitance of a simple capa-

citor equivalent in admittance to 4-18, but with a complex dielectric

constant given by )
. 5 & 4-19
Y=k (-1

3
then we find K, to be

ki " : Vo
Kc = K -J—i’@ Sy~ /Lo 420
LL}:Z""'{.U-&-"L‘MZO(‘
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from which we deduce that

, .
F{’ = Baw _
’ @@Zhﬂ'

K - Bot 4-22

4=-21

& [A w)?”qh D{?_.
. 4-23
Aiw § = AU

i
G2l 4

The spectra of K. ', K,'' and S for a resonating dielectric are

where B = and where it is assumed that lbbt/ébé .

given in Figure 17, The above formulation for a rescnating dielectric

is consistent with the dispersion formula of classical physics:

Z z
Ke =1 + = Ny E%é‘ s 4-24
> u)s.l- (0 2002
where u}s is the resonant frequency of the sth gscillator in a popula-
tion of Ng dipoles for which the frictional loss is °<$ ; e and. m are
the electronic charge and mass, respectively, The dispersiég formula
of classical physics and its electrical analog portray the behavior of
resonating atoms or molecules in the gaseous 'state. The analog requires
L, R and C components in series, the whole shunted by a capacitance.
The classical approach to the treatment of dipole molecules in the con-
densed phases of liquids and solids is to consider'the polar molecules
as rotating in a medium of dominating friction, The frictional term
in 4-18 is ( -—iLdZo{l_z_ ). .This term will predominate over the reso-
iy .

nance térm, depicted by L_zja) if lni?"? O . Thus, the resonance

spectra degenerate to relaxation spectra when frictional terms predominate,
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This is the usual case in liquids and solids, In water, at room
temperature for example, we find a relaxation spectrum with a peak
of Ko'' about 1010 hz and with constant_Ke' up to about 10° bz after
which it decreases,

For convenience we can write the relaxation spectra for Kp', Ke'',

tan g and <J~ in the forms following:

/
e o !

e 1w
K- K. 1wt

425

Ly
I\fa Ld’f 4-26

I’(“-‘h./_;c! I‘]—{.:.‘ /Z/L
R A (o V)m—' 427
Kﬁ K e KL wtEr
. 4-28
Or - - &uw T
T T T e
f(c "hutn [+ w7

These expressions have been used to compute the curves of Figure 15;
the conductivity curve b is the mirror image of the dielectric constant
curve a. The frequency spreads for significant changes ére one decade
‘for Ke' and two decades for K.'' above and below the center frequency,

(iii) spectra for electrode polarization

For 'interfacial polarization in a rock in which electrode
reaciions or membranes can exisf, circuit aﬁalogs may also be developed,
However, they are more éomplicated than the analogs used above to de-
scribe simple relaxation spectra,

For a rock in which electrode polarization predominates, the rock

system may be pictorally described in a simplified form by Figure 18,
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The analagous circuit, given in Figure 19, has the following components:
MI = k@ + 0)F Y2 and is the Warburg impedance,
¢ is the double layer capacitance,
Ry is the resistance representing dissipation in oxidation
or reduction at surface ;af metallic particle,
Ry and R3 are the ohmic resistance of.solution paths and
mineral grains in the interstices of the rocks.

The admittance of the circult of Figure 19 is given by the expression

Y= [K ~G-OmeS L Ecaﬂé- AL
RZ’ [f‘é?hf?l)d"é )76 FO20 f(_'cf;ézuc?@at(y&ﬁﬁ -29

where (1. = 55@?

If this expression represents the admittance of a rock sample of length ~é7

and cross-sectional area A, the conductivity of the rock of the sample is

AY

Q—'*-"—\f‘%‘ 4-30

b

#* 0 ,Q [4)0(" ;-LZ’:TL‘JC%-U?Z”C&( )JC -

- .

Rz A- A If-@"i‘f%)é;[ ){ +L2ncl?-a“'ﬂ5@1"€¢[f P

Now the frequency dependence of the complex conductivity will be inde-

pendent of the dimensions of the samples so that a general expréssion

%«
for O should be of the form
2%
g¥=q; +. Al ¢ BE+ Clui)f
1+D0-2)f e E5 + Fld) £
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Values of the constants A through F can only be obtained by empirically
fitting observed conductivity spectra with the function of equation 4-32,

The low and high frequency limits of equation 4-32 are real, being

T, = 0, ~ &
2 o > /; A 4-33

K3

¢ . Lfd L
o +"—___.' = ‘A‘—[ s T2, 4-34
The conductivity.spectrum presented in Figure 11 suggests that the high
frequency resistive limit is reached somewhere above 10° hz and that the
low frequency limit is well below 10-1 hz, The range over which signifi-
cant ;hange of 0 takes place is then at least 100 hz, The data of
Figures 25 through 30 confirms such a broad range, even though this
data relates to other rocks and soils. Evidently interfacial polari-
zation leads to relaxation spectra with a very extended range of change
and some unusually large ranges for Kg' and (F ', A publication by
Inglesias and Westphal (1967) provides additiomal evidence for the ranges
of K.' and <3 to be expected in rocks, soils, and ice.

(iv) spectra for membrane polarization

An equivalent circuit used to describe membrane polari-
zation in a rock is illustrated in Figure 20 and the rock model to which
it pertains is illustrated in Figure 21, 1t may be established readily
that equation 4-35 adequately describes the complex conductivity of such

a rock,

. . i/
(\T’F: w; 1 ‘/J-?-g(i»:,’)-:‘: = \ss
[ +C(1-¢) ">
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The Warburg impedance in this rock model describes the frequency-depen-
dent diffusion impedance resulting from the presence of the membrane
zones, The resistance Ry represents leakage of charge carriers around
or through membrane zones; the leakage decreases as the thickness of
the double layer approacﬂes the diameter of the pore, Resistances R,
and R3 simulate series and parallel unblocked ionic paths, The low

frequency and high frequency resistive limits of 4-35 are
i

T =T, + A 4-36

A

1

_— 4-37
T = O, + B

Membrane zones, we conclude, also give rise to relaxation spectra.

(v) Cole-Cole diagrams and the general material

Equation 4-17 presents a relation which is referved to

as the Debye equation, It may be written in the form
X p x i ! !
Q(ngan)_d(i(e-Kﬁ)w'f:%‘}Q 4-38

The terms of the left of 4.38 correspond to a pair of orthogonal vari-
- oo {

able vectors whose vector sum is always a constant ( }{; —-hi; ) .
i j

Thus, equation 4-38 describes a circle with the quantity }(;- k:;

as diameter, - If we plot K.'' versus K.' in the complex plane, a semi-

i i
circle with its center at f(; 4“h;= will result; this is the

2
Cole-Cole diagram and is depicted im Figure 22, The loss factor K''

reaches its maximum at the critical frequency

DOG = 4 439



60

so that the single relaxation time of a material obeying the Debye

4 + - - / I ’
equation can be obtained in this fashion. The quantity hc:'*}ﬂﬁ
is a measure of the polarizability of the material. We have demon-
strated that interfacial polarization spectra are broader and flatter
than those predicted by the Debye equation, In general, this is true
for all forms of polarization. To account for this broadening, powers
of f¢ other than unity must be used in the expression for complex

dielectric constant. Thus, for example, the following expression is

used:
i i

P{f*':: }f/: -+—.__EEZiZZL£E£L__ P
c o i *‘(i—blﬁ}?)i_CK -

where = is an empirical constant which may vary between 0 and 1. On
a Cole~Cole diagram, equation 4-40 plots as a circle with its center
below the K.' axis, The angle between the K,' .axis and a line joining
the center to K__' is the angle c(ﬂ“;a , so that ©{ may be deter-
mined from the diagram. It may be demomstrated (Dévidson and Cole,
1950) that equation 4-40 requires that ’Zf;is a mean time constant around
which other time constants are spread in a symmetrical log normal fashion,
Keller and Licastro (1959) and Keller (1959) have discussed 'itj digtri-
bution functions for rocks. We have seen, however, that even the modi-
fied Debye equation (4-40) is inadequate to explain interfacial polari-
zation and this is not too surprising since the Debye model predicts a
zero value for (' ' at zero frequency, which is not confirmed by experi-
ment. A simple model for conductivity which would be analogous to the
Debye model for dielectric constant is illustrated in Figure 23, The

admittance of this circuit is
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Y = 4, dwl
- 7 4atil

K, fwits O~

which we may convert to conductivity via the relation
&

Hence, we find

—«é‘ ___ e'w??,,cz.
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4-43

g
A
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where '4F)= RZCZ

i / i
d - C -
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Equation 4-43 may be written
r g+ @) D ! e
= Neo ~0,
W '

. . . . . { i
which is also the equation of a circle of diameter Qjog ~_CTE
i :
centered on the 3~ axis. A Cole-~Cole diagram for equation 4-45 is
illustrated in Figure 24.

(i) Normal values of dielectric constant for earth materials

Since the dielectric constant is frequency dependent, it is
necessary to specify the frequency or frequency range at which it is
measured, For example; below 109 hz we may observe electroﬁic polari-
zation, while Eelow 10% hz we may observe interfacial polarization.
1f measurements of the real part K,' of the dielectric constant is

made well above 105 hz or is a rock is dry, then the contribution of
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interfacial polarization is minimal and we refer to normal values

of dielectric comstant. Table II contains K,' values for some typical
earth materials, measured in materials for which interfacial polarization
was negligible (Keller, 1966).

(i) Abnormal values of dielectric constant for earth materials

If a rock or soil is partially or fully water saturated, and
if measurements of X ' are made at sufficiently low frequencies, then
the values of dielectric constant may be manﬁ orders of magnitude higher
than those observed at higher frequencies on dry rocks and soils, Xeller
(1959, 1966) has given some representative values of Kg' pertinent to the
frequency range 0.0l to 10 hz and these values are reproduced in Table IITI,

(k) Abnormal attenuation of plane waves in polarizable materials

Values of the observed ratio é%Zf' of a few rock types are
listed in Table IV (aféer Keller, 1959). It may be noted that Sz;érl
is relatively constant for any given rock type, but that the range varies
from one rock to another. if this ratio could be anomalously large, then
the depth of penetration would be anomalously great, even at frequencies
as high as 104 hz, We have computed the depth of penetration for the
rhyolite tuff at a frequency of 10 hz, using both equation 3-64 and equa-
tion 3-67, The first computation ignores the dielectric constant while
the second computation utilizes a loss tangent, tan :S , defined by

CY;QJE; . We assume a typicai conductivity of 10~3 mhos per meter
for the tuff. The dielectric constant K.' then is 7 x 107 and the loss
tangent has the value 2,53 x 102, The free space wavelength of a wave

of 10 hz is 3 x 10 meters.



Normal dielectric constants for earth materials (20°C)

TABLE IL

10%hz

7

65

Material 10%hz  10%hz 10°hz  10%2  107hs
distilled water 8l.1 8l.1 81.1 81.1 8.1 81.1
ice (-1°C) 72.5 £ 4,3

limestone, dry 10.4 9.35 9.01 8.86 8.69 8.56
arkose sandstone, 5.94 5.78 5.60 5.39 5.34 5.31
dry

graywacke sand- 1i.6 8.78 7.37 6.59 6,12 5.87
stone, dry

sandy soil, dry 3.41 2,90 2.75 2.65 2.59 2.56
loamy soil, dry 3.06 2,83 2,69 2,60 2,53 2.43
clayey soil, dry  4.72  3.93  3.26 2,79  2.56  2.44
diabase, dry C13.4 11,2 9.95 9.10 8.31 7.76
diorite, dry 7.21 6.61 6.27 6.05

dunite, dry 10.0 8.47 7.83 7.60 7.37 7,18
gabbro, dry 15.0 11,5  10.2 9.65 9.1z  8.78
granite, dry 9.63 8.00 6.86 6.11 5.57 5.23
obsidian 7.31 7.09 6.90 6.80 6.69 6.59
argillite, dry 11.9 10.4 9.22 8.65 8.30 7.97
talkschis?, dry 31.5 22,7 15.7 10.8 8.46 7.57
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TABLE ITT

Abnormal walues of dielectric constants for_earth materials

Rock K'
sedimentary rocks
graywacke sandstone 3.45 108
sandstone with galena 5,9 - 9.2 x 107
quartzitic sandstone 2,68 x 108
shale 5.4 - 15,2 x 107
ilimestone 4.9 - 620 x 10°
dolomite 9.6 - 860 x 10°

igneous phanerites and micropﬁanerites

- granite 1.34 - 1.68 x 10°
quartz poxrphyry 9.9 -~ 67 x 104
monzonite 8.8 - 45 x 106
diorite 10.8 - 940 x 10%
feléspar porphyry 4 x 10°
hornblendite 6.5 - 25.4 % 10°

mhos/meter

1.1 x 1072

0.78 - 1.2 x 10
2.6 x 1073

0.24 - 7.2 x 107>
0.034 - 3.4 x 107
0.11 - 0.70x 1073
0.043 - 0.051 x 107>
0.007 - 0,021 x 1073
0.182 - 1.35 x 1073
0.013 - 0.42 x 107>
0.14 x 107>

0.12 - 0.41 x 1073



Rock

pyritic rhyolite
felsite

mineralized andesite
basalt

mineralized tuff

gnelss
granulite

greenstone

TABLE III (continued)

Ke!
igneous aphanites
1.66 - 12.7 x 107

5

2.52 - 3.96 x 10

1.22 - 10.0 x 10°

7.5 - 213 =z 107

2.87 - 7.9 x 108

metamorphic rocks

5.9 - 480 x 10°
1,03 - 100 x 10°

2,02 - 2,56 x 10

65

mhos/meter

1.2 - 71 x 1072

0.13. - 0.14 x 107>
0.031 - 0.10 x 103
0.89 - 12 x 1073

17 - 18 x 1073

0.037 - 1.5 x 1072

0.0051 - 0.28 x 107>

0.085 - 0.10 x 107>
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TABLE IV

- No. of f_;.’/ iy 6/’6__1
Rock Type Measurements Average g‘ Range
glacial ¢ill 9 0.80 0.30 - 3.0
rhyolite tuff 19 0,63 0.25 - 2.6
sandstone 306 0.18 0.015 -'4.0
greenstone 10 0.17 0.022 - 0:36
granite, quartz, 8 0.16 0.030 =~ 0,57

porphyry

limestone, dolomite 18 0.10 0.030 =~ 0.25
diorite, monzonite 19 0.085 0.026 - 0,23
gabbro, chromite, 15 0.0014 0.00033 - 0.033

troctolite
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These values lead to the following values of depth of penetration:

(a) ignoring dielectric constant d 5 Im

45 km

(b) assuming a lossy dielecpric ]
Evidently the abnormal dielectric constant leads to an order of mag-
nitude increase in depth of penetration.
Actually, the tan S value of 2,53 x 10-2 places this material
in the low loss dielectric category despite a conductivity as high as
10'3 mhos/meter, The depth of penetration for a lossy &ielegtric is

"most readily obtained with the aid of the nomogram of Figure 5.

(1) Conductivities, dielectric constants, and attenvation for

earth materials as functions of percent saturation and of

frequency

1f we are to provide geological interpretation of measurements

of lunar electrical parameters, then we must have studied the variation
with frequency, water saturation, salinity, and temperature of lunar-
like rocks, Jiracek (1967) has made a study of dielectric constant,
conductivity, and attenuation of one soil and two basalts from Hawaii,
with both frequency and percent water saturation as variables, Figures
25, 27, and 29 portray the (real) dielectric constant and (real) con-
ductivity as functions of frequency and percent water saturation (Sw)
for one soil and two basalts, Figures 26, 28, and 30 portray the ab-
sorption A and depth of penetration d as functions of fredquency and
percent water saturation,

Figures 25 and 26 pertain to the electrical parameters of the soil
when dry (circles), containing 20% by weight of water (triangles), and

containing 737% by weight of water (squares). The dry demsity of the
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soil was 0,763 gms/cc. It exhibits normal values of dielectric con-
stant at all frequencies as might be expected from earlier discussions.
The wet soil (20% H,0) exhibits abnormal dielectric coustants below
-104 hz, while the wet samplé (73% HZO) exhibits abnormal polarization
at all frequencies, but especially below 10° hz. The depth of pene-
tration increases by 1 to 3 orders of magnitude, depending upon fre-
quency, as the moisture content decrezses from 20% to zero, At 100 hz
and 207% water saturation, the depth of penetration is about 10 ko,

Figures 27 and 28 pertain to a porous basalt of dry demsity 1.40
gms/cec, The water content is varied from zero (circles) to 0.044% by
weight (triangles), and to 2,71% by weight (squares). The dielectric
constant is normal at all frequencies for the dry rock and for the same
rock with 0,044% water, but is abnormally high below 10% hz when the
moisture content is 2.71%. Note, however, that the dielectric constant
is normal at all saturations above about 10° hz. ihe conductivity in-
creases by one or more orders of magnitude as the frequency is varied
from 102 bz to 107 hz for all saturations, The depth of penetration
increases by one to three orders of magnitude, depending upon frequency,
as the moisture content decreases from 2.71% to zero. At 100 hz and
2.71% water saturation, the depth of penetration is about 4 km,

Figures 29 and 30 pertain to a basalt of dry density 2.559 gms/cc,
The water content is varied from zero (circles) to 0.358% (triangles)
to 0,377% (squares), ‘The dielectric constant is normal at all Erequen~
cies for the dry rock, but it is higher than the other basalt., It is
only slightly abnormal at 102 hz when the water content is 0,377% by

weight, The conductivity increases by two or more orders of magnitude
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as the frequency is wvaried from 102 hz to 107 hz for all saturatioms,
The depth of penetration increases by an average of one order of mag-
nitude, for all frequencies, as the moisture content decreases from
0.377% water saturation, The depth of penetration is about 4 km at
102 hz -for the rock with 0.377% water saturation.

{(m) Reflection coefficients for earth materials

We established in Sectiom 3 that if %’v O ; and 'ng v'z;l{,'o;udt/b
the quasi-static approximation may be used. That is, if displacenent
currents may be ignored in the ground, then they may be ignored in air,
For this condition we found that the plane wave amplitude reflection
coefficient for electric fields reduced to r = -1 and for magnetic
fields it reduced to r = 441 regardless of the angle of incidence,
. This is a result applicable to very low frequencies and typical earth
conductivities such that ;iﬁhmtg 77 { as is evident from equations
3-74, 3-75, and 3-76,
For higher frequencies, even where 7éZLb4£ S } as before bhut

not neglecting displgcegent currents in air, we may use equatioms 3-73,
3-74, 3-75, and 3-76 to compute the power reflection coefficients for E
vector polaiization parallel and perpendicular to the plane of incidence,
?23_ and (E;y respectively, A 600 khz signal incident on sea water,
g, =3 mhos/meter with Kom =i{;b = 1, the reflection coefficients kK,
and 'sz are given in Figure 31 (after Stratton, 1941), Note that
Fil>>?§f , and that at 86,2 degrees the coefficient ?i; reaches a mini-
mum, Hence, if the electric vector of the incident wave is linearly
polarized in a direction that is neither normal nor parallel to the plane
of incidence, ‘the wave reflected from sea water will be elliptically

polarized.
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If now the electrical parameters of the earth and the frequency
are such that;Z%Ltéﬂ‘Lx{, then the reflection coefficients have a
different dependence upon the angle of incidence, Figure 32 illus-
trates TELL and ?iy as functions of the angle of incidence over
fresh water (Keo = 1, Kei = 81,<Sﬁ = 2 x 10~% mhos/meter) and over a
resistive rock (Kei = 6,(3] v 10"5) at frequencies in excess of 106 hz.

(n) The effect of pressure on water-saturated rocks

Parkhomenko and Bondarenko (1963) found that a dry diabase

or amphibolite at 10 kb pressure had a conductivity of 1078 to 10'9
mhos per meter and that conductivity increased up to 70 percent in
40 kb pressure. The same rgcks under low confining pressure and satur-
ated with water may have a conductivity of 10'4 or 1077 mhos per meter,

Brace, Orange, and Madden (1965) investigated the electrical con-
ductivity of eight water-saturated igneous rocks and two crystalline
limestones to 10 kb pressure. The pore pressure was maintained near
zero. The dependence of conductivity on temperature, porosity, and
pore fluid salinity suggested that conduction was primarily electrolytic
throughout the entire-pressure range, even with rocks of porosity less
than 0,1 percent, Conductivity decrease with increaéing pressure aver-
aged a factor of 250 over the 10 kb range.

Figure 33 presents the results obtained by Brace, Orange, and
Madden using an NaCl pore solution of 0.30_ochm meters resistivity,
From this data they conclude that the electrical conduction of these
rocks consists of

(a) conduction along cracks, below a few kilobars pressure
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(b) volume and surface conduction along a network of pores
which persist throughout the entire range.
Surface conduction of the rocks saturated with tap -water was 10 to 20
times greater than the volume conduction of the pores,

{0) Rocks at high temperature

Rocks near the surface of the earth's crust conduct elec-
tricity by virtue of the phenomena described in the preceding sections;
ionic conduction is predominant. An expected decrease in ionic conduc-
tivity with depth, due to decrease of porosity, is counterbalanced to
some- extent by an increase in mobility of ioms brought about by in-
creased temperature with depth, However, the increased temperature
probably is first noticeably important when it leads to ionic or elec-
tronic. conduction in the solid framework of the rock, At, or perhaps
considerably before the depth at which this occurs, ionic conduction
through pores becomes negligible,

Conduction in the solid framework of a rock takes place via four
mechanisms; the total conduction is the sum of intrinsic semi;conduction,
extrinsic semiconduction, intrinsic ionic conduction, and extrinsic
ionic conduction, These processes are described below,

{i) intrinsic semiconduction (electronic conduction)

The electronic bands leading to intrinsic semiconduction
are illustrated in Figure 34, At 0°K the conductivity is veryﬁnearly
zero, although with enough field, some electrons still can be ex;ited
.across the gap. 'Then'practically all states in the valence band are
filled and all states in the postulated conduction band are vacant..

As temperature is increased, the conductivity increases because elec-
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trons are thermélly excited part or all of the way up to the conduction
band., In thils state, small fields easily eﬁcite electrons across the
gap, Both holes in the valence band and electrons in the conduction
band will contribute to the electrical conductivity.

The intrinsic conductivity at temperature T is computed from thé

relation

3 = ]El Ne Mg + 1My 446

where 716 p Vh7 are the electron and hole equilibrium concentrations,
and where Hﬁﬁ and VHP‘ are the mobilities of electrons and holes re-
spectively; e is the elemental charge.
Kinetic theory leads us to expect a temperature dependence of the
- . . .
form £ for the concentration of electrons in the conduction
band, Assuming a relatively small variation of mobility with tempera-

ture, we are then led (Kittel, 1953) to predict a conductivity depen~

dence of the form

- B 247
0=G, ¢ : 4ets7

in which Eg is the éap energy, (S; includes the mobility function and,
in this form, is the conductivity at 0°K, k is Boltzmann's constant.
Thermal, electrical, or optical excitation of electrons across the
band of forbidden energy renders the solid conducting,

(ii) extrinsic semiconduction (electronic conduction)

Impurities and crystal imperfections in the material

produce extrinsic conductivity. Above some temperature, impurities
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may be unimportant so that we define the temperature range above
extrinsic conductivity as the intrinsic range in which the previous
mechanism is operative.

However, below the intrimsic range, certain types of impurities
and imperfections markedly alter the electrical properties of a semi-
conductor., Extrinsic semiconduction arisés by thermal excitation of
electrons, occupying intermediate energy levels, in the forbidden gap
and produced by impurities im solid solution, into the unoccupied con-
duction band, or by the excitation of electrons from the occupied
valence band irnto unoccupied impurity levels. In the first case the
current is carried by electrons; in the second case the current is
carried by holes, If the excitation energy between the levels through
which the electrons are excited is E, the electrical conductivity is

given By

- E?Qé?r
q =3g,¢e ' 4-4,8

wheré (YL is proportional to the number of electrons per cm> associated
with the impurity levels,

The difference between extrinsic and intrinsic semiconduction can
be seen from the energy diagrams of Figure 35. Conductivity in the im-
purity semiconductor may be due to an electron which has jumped from
an impurity level b to the conduction band p. This impurity band is
then called a donor, In other cases the céonductivity may be due to
the movement of an electron from the full s band to the impurity level
a; the impurity is than an acceptor. Conduction is due to the motion
of the positive hole in the s band; we then speak of a p-type (posi-

tive~-type) semiconductor; n-type semiconductors are those in which an
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electron is the curremnt carrier,

The conductivity of all semiconductors is extremely sensitive
to pressure, since pressure decreases Eg. A pressure of 20,000 atmos-
pheres increases the conductivity of a semiconductor by about two orders
of magnitude while only increasing the conductivity of a metal by a fac-
tor of about two. The donor and acceptor levels may be due to crystal
imperfections as well as to impurities,

At high temperatures, electrons cross the energy gap of Figure 35
much more readily than at low temperatures, This conduction mechanism
will predominate at high temperatures, even when impurities are present,
because the impurity levels contain far fewer electrons than do the va-

lence bands.

(iii) intrinsic ionic conduction
Tonic cénduction in a solid occurs as a result of mobile
ions moving through the crystal lattice as a result of defects in it,
The simplestimperfection is a missing atom or lattice vacancy (Schottky
defect)., The diffusion of the vacancy through the lattice constitutes
transport of charge,

In the Schottky process, two energies are of importance: i.e.,
half that required to produce a pair of oppositely charged lattice de-
fects ( b?é ), and the height of the potential barrier separating adja-
cent sites occupied by the mobile ions (M/ ). The excitation energy E
of the process is the sum of these two energies ( = :-L%Z-f\n/ ). The

conduci:ivity is given by the equation

G=0; ¢ 4-4:9
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in which (j; is proportional to the number of ions per cms. A Frenkel

defect may also be important in ionic conductivity; its diffusion follows
the same law. Trenkel and Schottky defects are illustrated in Figure 36.
In the Frenkel process, under the influence of thermal fluctrations,
atoms will from time to time undergo such large displacementé that they
become detached from normal lattice positions and find thegselves in
interlattice or interstitial positions. An ion in an interstitial posi-
tion will vibrate about this point in the normal way, until there is
again a large fiuctuatiop in energy when it will be pushed through a gap
in the surrounding atoms tc the next interstitial site., Positive inter-
stitial ioms subject to an electric field will jump more frequently in
the field direction than in the opposite direction. The opposite holds
true for negative ions. An electric current flows on this account, In
the Schottky model, there are no interstitial ions but instead there are
equal numbers of anion and cation charge unbalances. due to vacancies;
the vacancies moving under the influence of an applied electric field
constitute é current,

{iv) extrinsic ionic conduction

Ionic conduction in solids displays two characteristics
when temperature T is varied. First there are two main regions in the
conductivity curve and second in both these regions the logarithm of

the conductivity is réughly a linear function of T'l

. In the high
temperature or intrinsic regioﬁ above the knee of the curve,'measure;
ments are quiﬁe reproducible, TIn the low-temperature region thé nunmber
of vacancies or interstitial ions may be controlled by the impurities

present or by the previous heat treatment of the crystal, so that the

number of charge carriers is independent of temperature and E = W,
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Conduction of this type 1s called extrinsic ionic, The slope of the

G versus T"l curve is smaller than for intrinsic ionic conduction.
The complete solid iomic conductivity curve is a superposition of two

lines

g =9_.€ += 9y € 4-50

where the subscripts H and L refer respectively to the high and low
temperature regions, Typically, we find j_"%z_= 10° and 5#,3;_ = 2.

In general the greater the purity of the specimen the smallexr QFZ
bécomes. For rocks at room temperatures ome ‘might expect the second
term i 4-50 to predominate, but thére is no information available in
the literature with which to clarify this point,

An impurityTvacancy pair, but not an anion vacancy-cation vacancy
pair, will constitute a dipole which will rotate upon application of
an electric field, A dielectric constant and a dielectric lToss will
arise on this account. Losses also arise in the ionic diffusion mechan-

nearly
ism but this conduction mechanism is/frequency independent whereas the
conductivity associated with the dipole oscillator losses follows a
Debye frequency dependence, The presence of more than one contributor
to the dipole sources will introduce a distribution of Debye relaxation
times so that the conductivity spectrum will be much broader than that
arising in the simple Debye model.

Because impurities are not important to conduction in the intrinmsic
range, the Debye relaxation process will not be important in intrinsic

conductivity, Hence, the intrinsic conduetivity and its associated

dielectric constant are frequency independent,
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The transport numbers t+ and £~ for positive and negative vacan-
cies may differ, so that in an inhomogeneous medium a polarization
mechanism analogous to membrane polarlzatlon may occur. Of courée, a
/small part of
the dispersion of extrinsic ionic conduct1v1ty might also be related
to the dispersion of energy dissipated in-small motion of an impurity
about the vacancy with which it is associated. At high frequencies
the motion is small so that tﬁe distance up the '"potential well"
around the vacancy is small., Keller and Frischknecht (1966) and Lidiard
(1957) provide discussions of ionic conduction of interest in the study

of rocks.

(v) metallic conduction

We can reasonably expect the high temperature conduc-
tivity of a metal to be a function of the Debye temperature é%D and
the ambient temperature T, Kittel (1953) gives the conductivity of a

metal in the form

5= e ™ML & . £
2_}{5 [

where e = charge on electron

X SR B QD 4=51

= mass of the lattice oscillators

= Boltzmann constant

= Debye teméerature of lattice

4k = electronic ﬁomentum

= mean scattering cross~section for an isolated ion

= _%5__ where h = Planck's constant

e e &L B
I

J

frequency of lattice oscillators
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In deriving this formula, the wave function for the electron was
taken in a form which neglected modulation by the lattice, Increased
pressure will therefore modify the wave function so presumably we may

follow Elsasser (1950) in writing
L
g = C ,@_P_ 4-52
—r

where G lumps the constants and also assumes a dependency on pressure
to account for modulation of the electronic wave function. The Debye
temperature is found experimentally, and theoretically, to be propor-
tional to the velocity of sound,

{vi) conductivities of rocks at high temperatures within

the earth
Within the deep crust and the mantle of the earth we

may expect intrinsic and extrinsic solid ionic conduction plus intrin-
sic and extrinsic electronic semiconduction to predominate since the
rocks there are compésed of silicates and oxides, .Within the core of
the earth we assume iron or an iron-nickel mixture so that metallic
conduction at elevated temperatures and pressures is an appropriate
mechanism, Runcorn (1956) estimates the conductivity of the core to
be 3 x 106 mhos/m, Tozer (1959) has summarized the methods of esti-
mating the conductivity of the mantle,

Hughes (1955) has estimated E and J7 , for olivime, for each of
total ionic conduction,' intrinsic semiconduction, and extrinsic semi-
conduction, From these estimates.he was able to indicate the tempera-

ture range of importance of each mechanism at ordinary pressures,

Hughes' data is given in Table V,
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TABLE V

Conduction in the Deep Crust and Mantle

; Range of
Type of Conduction (S_o E: Importance
Extrinsic electronic 10-6 mhos/m 1 e,v. 600°C
Intrinsic electronic 10“3 nhos/m 3.3 e,v, 609°C to 1100°C

Total ionic 103 mhos/m 3.0 e,v. 1100°G



Hughes also studied the effect of pressure on the conductivity of
Peridot and his results are indicated in Table VI, Keller (1965) has
illustrated that conduction of rocks at elevated temperatures is fre-
quéncy dependent (see Figurxe 37).

The conduction mechanism above 1100°C has been recognized as in-
trinsic ionic because, when an iron electrode is used in contact with
the magnesium orthosilicate, iron diffuses into the silicate replacing
the magnesium, Hamilton (1965) questions this conclusion.

The application of Hughes' results to the explanation of the dis-
tribution of electrical conductivity in the mantle is clear only in-a
general way, The conductivity for mantle rock can be computed from
laboratory values of Q "and E, assuming the temperature distribution
and the rock composition a;e known. The limits of the temperature dis-
tribution are estimated in one of two ways: (a) by assuming that the
material is everywhere at its melting point except in the outer 700
kilometers for a maximum, and (b) by assuming that the temperature
gradient is adiabatic for a minimuﬁ. The unknowns in rock composition
are apt to be the most serious stumbling block to estimating conductive
ities from known or assumed temperature distributions, As Hamilton
(1965) has demonstrated clearly, a very small percent of impurity
added to MgO will change ‘the conductivity at elevated temperatures
by one or more orders of magniéude. Further, Hamilton was unable to
conclude from his experiments which conduction mechanism predominated
in the temperature range 500°K to 1200°K, He believes that no convin-
cing answer to this latter problem appears in the literature, If we

assume a mantle composed of olivine, then the problem of estimating
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Effect of Pressure on the Conductivity of Peridot

Percent change in .
conductivity per 1000 kg/cm

Temperature Pressure range increase in pressure
1333°K 1000-8500 kg/cm® ~(2.9 £ 0.9)%
1429°K 1000-8500 kg/cm -(3.7 % 0.3)%

1513°K 1000-8500 kg/cm?

-(2.3 + 0.6)%
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the temperature in the upper mantle from conductivity results, depends
critically on the assumed composition,

Estimates of the conductivity profile to depths-of the order of
700 km have been made by the magnetotelluric method (Fournier, 1966;
Srivastava and Jacobs, 1964; Fournier, Morrison, and Ward, 1963; Sri~-
vastava, Douglass, and Ward, 1963; Bostick and Smith, 1962; Cantwell
and Mﬂddén, 1960; Niblett and Sayn-Wittgenstein, 1960; Tikhonov and
Lipskaya, 1952; and others), and some of these studies have suggested
a layer of high conductivity somewﬁere in the vicinity of 100 km, as
shown in Figure 38, However, as shall be indicated later, there now
is coﬁsiderable doubt concerning the validity of the magnetotelluric
method in this application,

The most reliable estimares of electrical conductivity of the
mantle I consider to be those derived from studies of geomagnetic
fluctuations (Eckhardt, Larner, and Madden, 1963; McDonald, 1957;
Rikitake, 1950; Lahiri and frice, 1939; Chapman and Price, 1930),

The gross assumptions involved leave our knowledge of the mantle
temperature and conductiviiy on rather precarious grounds, although
there is general agreement in the literature (Noritomi, 1961; Tozer,
1959; Lubimova, 1958; Jacobs, 1956; Runcorn, 1956; Verhoogen, 19563
Uffen, 1952; Lahiri and Price, 1939), The presently accepted models
of the conductivity distributi&n within the earth are presented in
Figure 338,

(p) Lateral variation in observed surface conductivities

The rocks near the surface of the earth exhibit a wide range

of conductivities as Table VII will indicate (Keller, 1966). There is



Geologic Age

Marine

Quaternary,
tertiary

Mesozolc
Carboniferous

Precarbon,
paleozoic

Precambrian

sand
shale

graywacke
1071 - 100

2x10"L - 5x10°2

101 - 2,5%10~2

2.5x10"2 - 5x1073

1072 - 5x10~%4

TABLE VII

Conductivity Ranges of Water-Bearing Rocks (L-m)

Terrestrial

sand
claystone
arkose

6x107% - 2x10~2

2 -2

4x10°° - 10

2 3

- 3x107

1072 - 2x1073

2x10”

3x10™° - 2x10~%

Volcanic

basalt
rhyolite
tuff

1

1071 - 5x1073

5%107% - 21073

2x10"% - 1073
1072 - 551074
5x1073 - 2x10~%

Intrusive

granite
gabbro
ete,

2x10™> - 5x10™%

3 _ sx107%

4
4

2x10°
10~3 - 2x10”

1073 - 2x10”

2x10™% - 5%10™°

Chemical
Precipitates

9x10~% - 2x10

10

limestone
dolomite
anhydrite

-2

salt

- 10

51073 -

10

10

-4

-4 -

- 10

- 10

-4

10

-5

=3

-5

4

8
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a general increase in conductivity with porosity, salinity of pore

golution, and amount of conductive solids, These factors then are

manifested in an observed dependence of conductivities on rock type
and age as Table VIE indicates,

While crustal conductivities as measured in situ may vary by
‘several orders of magnitude over very short lateral or vertical dis-
tances, there are some obéervable patterns to average resistivities
measured over large areas, For example, the National Bureau of Stand-
ards (NBS Circular 546) estimated average earth resistivities from the
spatial rate of decay in field stremgth about a radio transmitter. Re-
sistivities so estimated represent the average values for rocks over an
area of a few square miles about the broadcasting station to a depth of
about a hundred feet. Figure 39, after Keller and Frischknecht (1966),
shows the general distribution of high; low, and moderate near-surface
conductivities in the United States.

Mgst rocks are electri;ally anisotropic, with the conductivity
measured along the bedding being greater than the conductivity normal
to bedding, The coefficient of anisotropy, computed as the square root
of the ratio of the longitudinal to the transverse conductivities, may
vary froﬁ 1to 3 in sedimentary rocks according to Reller (1966). Ani-
sotropy in a horizoﬁtal plane is common in the older metamorphosed rocks.

(q) Conductivities of rocks at low temperatures

The behavior of the conductivity or rocks below 0°C is gaverned
to a considerable extent by the conductivity of ice formed in the inter-
stices, Figure 40 (after Keller and Frischknecht, 1966) shows the elec-

trical conductivity of pure ice as a function of temperature and frequeacy.
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Freezing has only a moderate effect on conductivity of rocks
because (Kellexr and Frischknecht, 1966),

(a) '"Most ground water is moderately salime, and the presence of
salts in solution lowers the freezing point, Moreover, 1f electrolytes
are frozen slowly, they do nmot freeze uniformly, Salt ions migrate from
the solidifying phase to the still-liquid phase, increasing the salinity
of this fraction and further lowering its freezing point. As a result,
pockets of liquid brine remain in ice at temperatures down to -60°C.
¥reezing can be considered then as merely a reduction in the fraction of
pore space which is saturated with water,

(b) 'Pressure also lowers the freezing point. Water adsorbed on
grain surfaces is under great pressure and will not reorient into ice
crystals until the temperature is considerably below the normal freezing
point. Also, as some water does freeze, it attempts to occupy a greater
volume than it has in the liquid state, further increasing the pressure
on the unfrozen water, Surface adsorption pressures would be expected
to be greatest in fine-grained rocks with large surface areas exposed
in the pore structure,

"These two factors cause the freezing process in rocks to take
place over an extended temperature range rather than at a single tem-
perature, The higher the salinity of the pore water, the lower will be
the temperature at which freezing first starts to take place, and the
finer the grain size, the broader will be the temperature range through
which freezing continues."

In Figure 41, there is displayed the behavior of conductivity in

granular rocks as a function of temperature in the range -40°C to 60°C.
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No experimental information is available on the conductivity of
rocks below -40°C.

(r) Dielectric constants of rocks at low temperatures

Few measuremeénts of thé dielectric constants of rocks at
temperatures below freezing have been made. Eder (1947) presented
the variation of the dielectric constént and loss tangenf of ice as
functions of temperature and frequency. His illustrations are repro-
duced in Figures 42 and 43, Water molecules in ice take longer to
align with a polarizing field than the same molecules in liquid, and
as a result, molecular polarization is apparent only at relatively
low frequencies, The lower the temperature, the more rigid the ice
structure and ﬁence, the lower the rate at which molecules rotate.

(s) Dielectric constants of rocks at elevated temperatures

Keller (1966) presented the dielectric comstants of three
rocks as functions of temperature and frequency. We have reproduced
in Figure 44 his diagram pertaining to granodiorite. Evidently K.'
increases with temperature to 1000°C and decreases with frequency from
102 hz to 10° hz. Zablocki (1964) has given values of dielectric con-

stant of serpentinite at elevated temperatures.
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5. Magnetic properties of rocks (Nagata, 1961: Chikazumi, 1964:

Grant and West, 19653 Lindsley et al., 1966)

{(a) Types of magnetism

There are two possible atomic origins of magnetism which
lead to the magnetization of magnetic substances - orbital motion
and spin of electrons, Spin moments usually predominate in strongly
magnetic materials,

All materials exhibit diamagnetism (Km<1), i,e,, when placed

in a magnetic field they acquire a small moment which is in a direc-
tion opposing the field (Figure 45). The cause of diamagnetism lies
in th; Larmor precession of electron orbits; the effect is a very
weak one and may be neglected in relation to other forms of magnetism
in earth materials, The susceptibility is negative and of the order
of 1070 cgs units.

Many materials are also paramagnetic (Xm1}, i.e., when placed

in a magnetic field they acquire a magnetism which is proportiomal to,
and in the same directiom as, the external field (Figure 46). Para-
magnetism originates in the intrinsic magnetic moments of individual
ions and, while usually much stronger than the diamagnetic effect, it
may for man& purposes be disregarded in geological materials in situ,
The susceptibility is of the order of 10”4 to 1076 cgs units and is
inversely proportional to the aﬁsolute temperature, At finite tem-
peratures, the ion spins are thermally agitated and assume random ore
ientations, but upon application of a magnetic field, the average orien-
tations of the spins are slightly changed so as to produce a weak mag-

netization parallel to the applied magnetic £ield,
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Both of the above forms of magnetism are exhibited only in the
presence of a magnetic field, i,e,, they are induced,

Ferromagnets are characterized by the fact that they exhibit spon-

taneous magnetization, i,e.,, they possess a magnetization even in the
absence of external magnetic fields. As mentioned above, the intrinsic
magnetic moments of the individual ions, which give rise to paramagnetism,
are normally randomly oriented because of thermal agitation. 1If, however,
the bonding between the atoms of a Erystal is of such a nature that it
affects the orientation of the electron orbits and spins, an alignment
of the magnetic moments may take place, Interaction forces tend to
make each elementary magnetic moment parallel to its neighbors but the
alignment is maintained only over fairly small regioms or demains. The
directions of magnetization of the domains may differ so that, in the
absence of an externalifield, there can be magnetization on a micro-
scopic scale. The alignment forces are opposed by thermal agitation,
but below a certain temperature, the Curie temperature,_spontaneous
magnetization will occur, Figure 47 illustrates the aligmment of mag-
netic moments. As the temperature increases, the arrangement of the
moments is disturbed by thermal agitation, resulting in a temperature
dependence of spontaneous magnetization as Figure 47 shows; Above the
Curie point, the susceptibility obeys the Curie-Weiss law, which states
that }%Maﬁses from zero at the Curie point and increases lineariy
with temperature,

There are alsc substances in which the interaction forces tend
to make neighboring moments anti~parallel., 1In general, this will pro~
duce no spontaneous magnetization because the neighbsring moments will

cancel, This is referred to as antiferromagnetism, The temperature




ok

dependence of the susceptibility of this magnetism is characterized
by a kink in the ’jnﬂmefcurve at the Néel temperature Tn., Above
the Neel temperature the induced moments become random, so that the
susceptibility decreases with an increase in temperature, Figure 48
illustrates the behavior of this type of substance,.

In other substances a number of moments are not cancelled and
point in the same direction. Spontaneous magnetism of this type is

called ferrimagnetism and occurs in oxides and ferrites, A ferrite

has the chemical constitution Fe,03 MO where M is a bivalent metallic
idn. yagnetite is a natural ferrite. "In these substances magnefic

ions occupy two kinds of lattice sites, A and B, and spins on A sites
point in the plus direction, while those on B sites point in the minus
direction because of a strong negative interaction acting between the two
spin systems on A and B, Since the number of magnetic ions and also the
magnitude of spins of individual ions are different om the A and B sites,
such an ordered arrangement of spins gives rise to a resultaégggégneti-
zation," (Chikazumi, 1964) As the temperature increases, the spin mo-
ments tend to become random and a decrease of spontaneous magnetization
occurs as in PFigure 49, At the Curie temperature the spin moments be-
come completely random and the spontaneous magnetization vanishes,

There are several types of temperature dependence of the spontaneous
magnetization, depending on thé relative intensity of the interactiomns
between A-A, B-B, and A-B sites, Figure 49 shows one common type of
temperature dependence, Above the Curie point, the substance exhibits

paramagnetism and the éusceptibility decreases with increase of tempera-

ture ag shown in Figure 49,
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Metamagnetism is the name given to the phenomenon which is inter-

preted as a transition from antiferromagnetism to ferromagnetism and
vice-versa, caused by the application oé a strong field or by a change
of temperature, A reversal of spins from minus to plus directions
occurs so that the intensity of magnetization increases abruptly as

in Figure 50,

Parasitic ferromagnetism is the name of a weak ferromagnetism

which accompanies antiferromagnetism such as is observed for hematite
o{ Fe,03. Spontaneous magnetism of this type disappears at the Neel
temperature, where the antiferromagnetic arrangement of spins dis-
appears, Figure 51 illustrates some possible spin-configurations capa-
ble of explaining this type of magnetism,

Table VIII lists some geologic substances and indicates the type
of magnetism they exhibit,

(b) Hysteresis and the B-H diagram

In ferromagnetic materials,’ﬁ'and‘ﬁ'are related via

ey —~

B= 4H 5-1
Where/ig is dependent upon field strength. A representative magneti-
zation curve and a hysteresis loop are shown in Figure 52, The magneti-
zation curve can be divided into three parts. In the initial portion,
OA, of the curve, the magnetization increases by means of reversible
domain wall displacements which result in the growth of the favorably
oriented domains. The steep portion, AB, of the curve results from
the sudden irreversible movement of a domain wall from ope stable po-

sition to another, with these points of stability being determined by

the location of crystal imperfections and inclusions, Therefore the
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TABLE VIIT

Substance

irom, nickel
magneéite (Fe304)
pyrrhotite (Fe758)
pyrite (FeS,)
maghemite (}f%e203)
hematite & Fe,04q)
ilmenite (FeTil3)
ulvospinel (Fe,Ti0)

hematite )

ilmenite )~ solid solutions

Type of magnetism

ferromagnetism
ferrimagnetism
ferrimagnetism
paramagnetism
ferrimagnetism
parasitic ferrvomagnetism
parasitic ferromagnetism

ferrimagnetism

ferrimagnetism
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magnetization in this steep part proceeds discontinuously, resulting

in the Barkhausen effect, Finally, in strong fields the magnetization
usually changes by rotation of the magnetization of wﬁole domzins until
saturation is reached,

If the magnetic field, H, is reduced from its saturation value,
the flux density, B, follows the hysteresis curve shown dashed in
Figure 52 and always lags behind the change in applied H., With H re-
duced to zero, the flux demsity is still near its saturation value and

is equal to Br, the residual flux density or remanence., In order to re-

duce B to zerc, the negative field, Hc, called the coercive force, must

be applied.

The B-H curve is characterized by an initial permeability’//zr s

applicable in the region 0A, maximum permeabilitxflﬂqﬂx , the incremen-

tal permeability ,/bz = éin as well as the coercive force and
8 AH [H= &

the remanence, Beyond the range of initial permeability, the processes

of magnetization are no longer reversible as the hysteresis loop would

indicate, If the field is oscillated about its value at point B, the

induction follows the small loop B-B! and it is the slope of 8-l that

defines the incremental permeability; this permeability is reversible if °

the field oscillation is small, The slope of each portion of the ini-

tial magnetization curve OABC is called the differential permeability

/bg and the slope of the line which joins the origin O and each point

on the initial magnetization curve is called the total permeabilit?/ziw R
s

The maximum permeabllity is that value of total permeability which is

obtained by drawing a tangent to the initial magnetization curve from

the origin,
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The area enclosed by a hysteresis loop is proportional to the

energy lost as heat during the traversal of the loop.

W = 56 Hd %

In rocks the hysteresis losses W are relatively small while the
saturation magnetization takes place at values of H much in excess of
the value for the ambient earth's field, Hence, the hysteresis loops
of Figures - 53 and 54 are typical for igneous intrusives, One may note
from these latter curves that the incremental permeability is relatively
insensitive to field strength, over the range of field strengths consid-
ered in the figures, Examples of magnetization curves for_volcanic

rocks are given in Figures 55 and 56. Some rocks are magnetically soft,

the coercive force being but a few tens of Oersted, while others are
magnetically hard, the coercive force reaching values greater than 300
Oersted, Typically, volcanic rocks are hard and igneous rocks are soft,
as a result of different rates of cooling, Evidenély both chemical com~
position and grain size of the ferrimagnetic minerals are affected by
the rate of cooling, Further reference to these differences will be
made when we discuss the effect of grain size on magnetic parameters,

{(c) Remanent magnetism in rocks

The remanent magnetism in rocks depends upon the amount and
chemical composition of the ferrimagnetic minerals they contain, and
the history of heat and pressure to which the rocks have been subjected,

The total remanent magnetism of a rock is termed its natural remanent

magnetism (NRM),

Thermoremanent magnetization (TRM) is that magnetization acquired

by a rock upon cooling at temperatures below the Curie point in a magnetic
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field, This magnetization typically has a high coercive force and is
usually more intense than the magnetization induced by the same field
at room temperature. A partial TRM is a magnetization produced by cool-
ing a material from its Curie temperature to room temperature, while the
magnetizing field has been applied only over a limited temperature inter-
val; partial TRM's are additive, yielding a total TRM if the temperature
range covered is from the Curie point to room temperature,

In some instances, TRM becomes reversed, i.e., directed oppositely
to the ambient magnetizing field, A variety of causes has been suggested
for this effect,

Chemical remanent magnetization (CRYM) takes place whenever ferro-

magnetic grains grow or are transformed from one form to another at a
temperature below their Curie point, During recrystallization, new
domains are formed whose moments are aligned by the external field,

It is probably the most important mechanism leading to remanence in
sedimentary and metamorphic rocks; it is acquired by rocks upon oxida-
tion or reduction, recrystallization, chemical precipitation, or exso-
lution of ferrimagnetic minerals at temperatures below their respective
Curie points, It exhibits a high coercive force.

Detrital remanent magnetization (DRM) occurs during the sedimen-

tation of previously magnetized fine-grained particles. These particles
tend to become aligned parallel to an external magnetic field. In a low-
turbulence depositional environment, this alignment may be retained in
the deposited sediments and produce a strong remanence, Because ferri-
magnetic grains tend to be magnetized roughly parallel to their long
dimension and because this dimension tends to lie in the bedding plane,
the resulting magnetization may have a lower inclination than that of
the orienting field, The declination of this magnetization is, however,-

apt to be in the direction of the external field.
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Isothermal remanent magnetization (IRM) may be acquired by ferri~

magnetic material at constant temperature when placed in a field greater
than the smallest coercive force of any domain in the material, It de-
pends upon the occurrence of a very strong magnetizing field such as
those arising in lightning strokes, Such magnetization is usually of
irregular orientation over a large outcrop and is soft.

Viscous remanent magnetization (VRM) is that form of IRM which

arises because lomg exposure to the geomagnetic field may bias a Boltz-~
mann~type fluctuation of domain walls,

(d) Complex permeability and magnetic. losses

If a magnetic material is magnetized by an alternating mag-
netic field }l:.fieefb&nf the induction B is generally delayed by
the phase angle_:é because of the presence of loss and is thus ex-
pressed as

I = ——c'[uﬂL'é)

5 = TSO e 5-3
which becomes evident upon a study of Figure 52, The permeability is

then

- t§)

S
= ..._8__., = BO e - gé GL - /’_’L L' “
/// i i, et 1, Vel 5mts

f = ..._B.E_ B 'g} 5-5
//Lj 540 .

d . Bc-—- _,/@i&b— é 5-6

A=
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The quantity /14’ expresses the component of B which is in phase with
H, so it corresponds to the normal permeability; if there are nc losses,
we should have’/dy;;ﬁgf. On the other hand,‘/;gifexpresses the component
of B which is in quadrature with H, The ratio
W g

/fél - ,XEELc; 5-7

//¢1
is the loss factor,

The most important loss in ferromagnetic’substances is the hysteresis
loss, 1If the amplitude of magnetization is,very small, the hysteresis
loss, as expressed by 5-7, depends on the amplitude of the magnetic field,
The hysteresis loss becomes less important in the high frequency range,
because the wall displacement, which is the main origin of the hysteresis,
is mostly damped in this range and is replaced by rotation magnetization
(Chikazumi, 1964).

Eddy current loss ig not apt to be large, except at high frequencies,
in natural ferrites, These losses decrease with grain size,

A delayed change in magnetf zation accompanying a change in magnetic
field, the magnetic aftereffect, or magnetic viscosity, discussed by
Chikazumi (1964) will also contribute to losses at high frequencies,

(e) Dispersion in ferrites

von Hippel (1959) provides an illustration of dispersion character-
istics of two artificial ferrites. We have reproduced his diagram in
Figure 57, Evidently dispersion, due to resonance phenomena, becomes
important in ferrite above 106 cycles per second, Very little infor-
mation is available on this type of dispersion as it relates to natural’
4

ferrites., Obviously, the imaginary part of the permeability{/AV , will

reach maxima in the vicinity of the resonances,



102

(f) Magnetic anisotropy

Ferromagnetic substances are crystalline with a number of
atoms composing a regular crystal lattice in each domain. Consequently,
the polarization diagrams of magnetite, for example, are dependent on
crystallographic axes, 1In Figure 58 we have shown the M-H curves for
the three crystallographic axes of magnetite., This is anisotropy on
a "microscopic' scale,

On a "macroscopic" scale, the individual grains of magnetite will
usually be polarized in the direction of their long dimensions. Hence,
in an assemblage of grains, as in a rock, there may be three orthogonal
axes along which both susceptibility and remanence will differ, Aniso-
tropy of this type is common, especially in sedimentary rocks,

(g) Magnetic minerals

As mentioned earlier, the general formula of the ferrites
can be expressed by MO Fe,05, where M is a divalent metal iom, such as
2+

, Fe2t, co?t, mi2t, cu?t, zn?*, Me?, or cd2F. Magnetite, FeO Fe,0s,

Mn L

is the most common ferrite ;n rocks, Ferrites have the spinel crystal
structure shown in Figure 59, "The white circles in this figure repre-
sent the oxygen ions, and the black and hatched circlés represent the
metal ions, The radius of the oxygen ions is about 1,32 E, which is
much larger than that of the metal ions (0.6 - 0.8 A); hence, the oxy-
gen ions in this lattice touch each other and form a close-packed, face-
centered cubic lattice. In this oxygen lattice the metal ions take
interstitial positions vwhich camn be classifi#d into two groups. One is

a group of lattice sites called tetrahedral or 8a sites, each of which

is surrounded by four oxygens as shown by the hatched circles in the
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figure. The other is a group of sites called octahedral or 16d sites,
each of which is surrounded by six oxygens as shown by the black cir-
cles, From the point of view of valence, it seems reasonable to have

3+ jons on the 16d sites, because the

M2t ions on the 8a sites and Fe
number of oxygen ions which surround the 8a-and 16d sites are in the
ratio of 2:3, We call this structure a normal spinel, It turns out,

5+ ions on 8a

however, that the magnetic ferrites have half of the Fe
sites and the remaining half of the Fe-T and all of the M2t ions on

the 16d sites, We call this structure an inverse spinel, The spin
moments of the 8a and 16d sites are aligned anti-parallel to each other
by the negative exchange interaction," (Chikazumi, 1964).

Magnetite, Fe30;, and maghemite, 3’Fe203, are common natural oxides
of inverse spinel structure, Hematite, o Fe;03, and ilmenite, FeTiOs,
crystallize in a lattice having rhombohedral-symmetry. Both hematite
and ilmenite show parasitic ferromagnetism. The solid solutions of
both oxides, however, show ferrimagnetigﬁ.

"The minerals which have magnetic properties that are important
in geology may for the most part be put into two geochemical groups,
viz,, the iron-titanium-oxygen group (mentioned above) and the iron-
sulfur group. The geochemical and magnetic properties of the iron-
titanium-oxide system have been carefully and intensively studied, but
they are not by any means fully known." (Grant and West, 1965).

Figure 60 indicates some of the two-comporent systems of the Fel-
TiOZ-FeO3 group which have been investigated geochemcially, Also appear-~
ing on the drawing are areas of composition commonly associated with

basic igneous rocks, acid igneous rocks, and metamorphic rocks, Solid

solutions of the pure minerals, then, occur in nature, but there are
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regions in this diagram where stable solid solutions are not possible,
Thus if time and temperature permit, the oxides commonly found in ig-
neous rocks are apt to separate into two-component intergrowths, The
properties of pure minerals of this group are as follows (Table VIII
lists the type of magnetism associated with each):
(i) Magnetite (Fe304) crystallizes in the cubic system with the
inverse spinel structure indicated in Figure 61, It is ferrimag-
netic. It has a Curie temperature of 580°C and an easy direction
of magnetization along the [III] axis., "At low temperature it has
fairly complete solubility with ulvospinel but only limited solu-
bility with ilmenite or hematite," (Grant and West, 1965).
(ii) Ulvospinel (FezTi04) has the same structure as magnetite
and is ferrimagnetic, However, it is paramagnetic at room tem-
perature, indicating that the Curie temperature of this structural
group falls rapidly as the composition moves from pure magnetite
toward ulvospinel,
(iii) Ilmenite (FeTiO3) crystallizes in a rhombohedral structure.
it exhibits parasitic ferromagnetism,
(iv) Hematite (¢ Fe,03) has a rhombohedral structure and exhibits
parasitic ferromagnetism,
(v) Maghemite (3’Fe203) is ferrimagnetic and of inverse spinel
structure.
(vi) The iron sulfide group has the general composition FeS; -
When x = 1, the mineral is pyrite which has a cubic structure and
is paramagnetic, When x = 0, the mineral is the relatively rare

troilite which has a hexagonal structure and is antiferromagnetic.
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When x falls in the range Q0x£1,0, the minerals are referred

to as pyrrhotites, with "pure" pyrrhotite having the composition
Fe,Sg. Between x = 0.1 and x = 0,94, pyrrhotites are ferrimagnetic
with a Curie femperature of 300°C to 325°C,

(h) The influence of grain size

When magnetite grains are smaller than about 10 microns in
diameter, the magnetic properties of a rock are altered. As grain size
decreases, the domain boundaries find themselves more deeply trapped.
Thus the magnetization induced by a given external field in a material
containing fine-grained ferromagnetic constituents is less than would
be induced in a coarse-grained material having the equivalent concen-
tration, Moreover, when the field is removed, a stronger residual mag-
netization remains,

The hysteresis effect continues to increase with decreasing grain
size until the material contains only monodomain grains, Obviously,
domain wall movement then ceases to be a factor in determining mag-
netic properties, and magnétization occurs only by rotation or inversion
of the spontaneous moment of those grains which are not magnetized in
the direction of the field,

Thus we find that fine-grained magnetite produces lower values of
susceptibility, or permeability, than coarse-grained magnetite of the
same volume percentage in a rock, The effect of grain size‘on the sus-
ceptibilities of rock forming titaniferous magnetifes is illustrated in
Figure 62,

Rocks which have cooled quickly (igneous extrusives) will have a
smaller grain size, and quite possible a lower susceptibility, than

rocks which have cooled slowly (igneous intrusives), Remanence is
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also to be higher in volcanic rocks than in igneous intrusives as

a comparison of Figures 53 and 56 will attest. The chemical composition
also controls the remanence and susceptibility. However, even within a

single rock unit, the susceptibility and remanence may change markedly.

(i) Effect of pressure and stress

Differential stress of up to 2000 psi produces appreciable .
shifts of the direction of remanent magnetization of rocks containing
magnetite, but has no gffect on rocks containing members of the hematite-
ilmenite series, The source of the shift lies in inverse magnetostric-
tion, For the same reason, compression of rock specimens produces a
decrease in susceptibility measured in a field parallel to the direc-
tion of stress, Suscepéibility measured perpendicular to the com-
pression axis may increase or decrease with compression,

The magnetization of ferromagnetics is wusually accompanied by
their mechanical deformation; this is magnetostriction, It is inter-
preted as strain of the crystal form due to the magnetic interaction
among the atoms forming the crystal lattice. The inverse interaction
is, of course, inverse magnetostriction, Hence, if an internal stress
exists in a crystal, as might occur due to the presence of an impurity, the
magnetization curve will change. Similarly, applied stress will change
.the magnetization curve and hence affect both remanence and susceptibility.
These processes are related to crystal anisotropy for single crystals,
Mechanical rotation of mineral grains, in a polycrystalline sub-
stance, will.lead to rather obvious stress induced changes in remanence
and susceptibility,

(j) ZEffect of temperature

For many igneous, metamorphic, and sedimentary rocks, the
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susceptibility first increases slowly with increasing temperature up
to some temperature roughly within the range 200°C to 400°C., There-
after the susceptibility decreases rapidly to zero as the Curie point
is approached, In the absence of physical or chemical changes caused
by the heating, the curve %s reversible upon cooling,

Heating to 200°G to 300°C may destroy viscous and isothermal rem-

anent magnetization,

(k) Relationships between percent magnetite and susceptibility

The magnetic susceptibility of most rocks is proportional

to magnetite content, Balsley and Buddingtom (1958) from a suite of
Adirondack rocks and ores, obtained the following relationship:

k = 2.6 x 10~3y%33

5-8
where V is the volume percentage of magnetite. Mooney and Bleifuss
(1953) measured the susceptibilities of a suite of Precambrian rocks
from Mimmesota and thereby derived the following formula:
k = 2.89 x 107ovi-0% 5-9
Another formula was determined by Bath (1962) from analyses cf magne-
tite~bearing iron ores, His formula is
k = 1.16 x 1079y1.39 5-10
Jahren (1963) confirmed the relation of 5~10 for a bedded ircn formetion.
The non-linearity of equations 5-8 and 5-10 possibly may be attri-
buted to a diminishing grain size as V becomes much less than 1 percent,
and a decrease in the effective demagnetizing factor when the concentra-
tion is relatively large (Grant and West, 1965).
Evidently there is no universal statistical relationship that will

cover all rocks, For most practical purposes, a very simple formula of

the form
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k = 3x107% 5-11
will suffice for a crude estimate of susceptibility of rocks containing
from 0.1% to 10% magnetite by wvolume,

(1) The Koenigsherger ratio

The intensity of natural remanent magnetization Mn of igneous
rocks is fairly large compared with induced magnetism jxﬁ [~ of the same

rocks in the earth's magnetic field F,

The Koenigsberger ratio Qn is introduced as a measure of the rela-

tive importance of the fwo,

Qn = My 5-12

kF . 5«13
in the c¢gs system, but it is dimensionless, Qn ranges from 1 to 10 in
most rocks but may exceed 100 for some basalt effusive rocks, while in
others it is less than unity,

Because of relaxation processes wherein rocks naturally demagne=
tize with time, older rocks are usually found to have smaller values
of Qn than younger rocks,

(m) Tyvpical values of the magnetic parameters of rocks

(i) susceptibility

Susceptibilities of zrocks are extremely variable because
of extreme variation in content of magnetic minerals, Table IX, from
Lindsley et al. (1966) shows the trend and ranges associated with broad

rock classification,
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TABLE IX

Number of
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Rock type samples  k2107¢ 107% 11073 1073 kedx10™3 Lk >4x10”2

Mafic effusive 97 5 29 47 19
rocks .

Mafic plutonic 53 24 27 28 21
rocks

Granites and 74 60 23 16 1

allied rocks

Gneisses, 45 71 22 7 0

schists,

slates

Sedimentary 48 73 19 4 &

rocks
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The main trend in these data is evident; mafic igneous rocks
have higher susceptibilities than do the more silicic igneous rocks,
and sediments are notably of low susceptibility.

Unfortunately, the field strength at which these measurements
were made is not always stated, but presumably it is close to 0.5 oersted,

Based upon the simple relation 5-11, we have presented the cgs sus-
ceptibility k and the permeability Ky as functions of magnetite content
in Figure 63. Typical ranges of k and K; for a number of rock types
are also shown, but these should not be considered as limiting ranges.
Magnetite contents of 5-8% are not unusual in intermediate to basic
rocks and hence, permeabilities as high as 1.25are frequently observed.

(ii) =remanence
For reasons described in previous parts of Section 5,

natural remanent magnetism of rocks is exiremely variable., Rather
than list observed Jn, we choose to tabulate a few Qn, to provide some
.measure of the relative importance of remanence in igneous rocks on
earth; Table X contains such information, extracted from Nagata (1953),

(n) Effect of permeability on reflection coefficients

For normal incidence of a plane electromagnetic wave, the
amplitude coefficient is given by equation 3-77, repeated here for con-

venience

j (;Z/G é’ j.L J
- & wél

/b= /f\//é,/—( Hﬁ; = 5-14




Rock type
basalt

olivene basalt
olivene basalt
olivene basalt
basalt

basalt

basalt

basalt

basalt

basalt

olivene basalt dike
diabase
quartz-porphyry
gabbro

gabbro

TABLE X

Locality

Meizi-Taisyo lava, Volc, Mihara,
Japan

An'ei lava, Volc, Mihara, Japan
Huzi, Hoei Crater, Japan

Amagi, Zizodo, Japan

Vole, Mihara, Japan

Munsterberg, Germany

Kassel, Germany

St, Flour, Auvergne, France
Murat, Auvergne, France

St. Sauves, Auvergne, France
Astano, Ticino, Switzerland
Angermanland, Sweden

Kollmen, Wurtzen, Saxony, Germany
Cuillin Hills, Skye, Great Britain

Loftahammar, Kalmar, Lan, Smaland,
Sweden
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Qe

" 106-135

99-118
3.7

1.0
40-99
3.5
0,55
13.4
3.3-3.8
1.2-5,3
1.5

2.7
0.43

29

9.5
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4
From Figure 63 we may conclude that 6;‘=§é' may reach values as high
as 1,25 for igneous rocks, but this high value would be unusual, Assum-
ing _ES: Py , then this can contribute only a 25% error in mea-

i,:./’ E:L_, & .

surement of E}@g if it is ignored., For the same condition of negli-

gible conductivi;y, and assuming K. = %%é to be 2, the amplifude re~
flection coefficient changes from -0,171 when X 3 = 1.25 is inserted,

to -0,225 when K, = 1.0 is inserted in 5-14, Similarly; for K, = 5,
the values of r are -0,333 and -0,382 with K, = 1.25 and K, = 1.0
respectively, Thus in dealing with dielectric reflection from the lunar
surface, the reflection coefficients will be decreased due to the pres-
ence of a permeability K; in excess of unity, but the determipation of
dielectric constant will only be in error by a maximum of 25% if we ig-
nore the permeability. These deductions, of course, assume that iunar
surface rocks are similar to basic effusives on earth, Note that the
presence of a permeability greater tham unity will lead to an estimate

of Ke lower than actually exists, if this permeability is ignored,

{0} Effect of permeability on depth of penetration

From equation 3-68 we conclude that the depth of penetration
is inversely proportional to the square root of the real part of per-
meability, The depth of penetration is reduced whenever the permea-
bility exceeds that of free space, but this reduction has a maximum

value of about 11% for earth materials,
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6., The electromagnetic spectrum

Electromagnetic energy arriving at the moon from the sun'will
be carried by radiation and by the supersonic solar wind, Referring
to Figure 64, mﬁch of the electromagnetic spectrum from 1079 hz to 1020 bz
will be incident upon, reflected from, or emitted by the moon.

In subsequent sections of this report we will limit our attention
to frequencies less than 108 hz (> 3 meters) with particular emphasis
on lower frequencies. Radar observations of the lunar surface have ex-
tended from 0.86 cm to 19.2 meters {Hagfers, 1966) and we have purposely
overlapped this range in our discussion so that the electrical parameters
measured by earth based and lunar orbiter radar scattering from the moon
may be related to the electrical parameters which presumably are to be
made at lower frequencies,

We thus encompass the following bands in our discussion:

VHF 3% 107 - 3 x 10° hz
HF 3 % 10% - 3 x 107
MF 3 x10° - 3 x 10°
LF 3 x 104 - 3 x 10°
VLF 3 x 102 - 3 x 10
FLF 100 - 3 x 102

ULF < 10°
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7. EKnown and assumed lunar parameters

(a) dynamical parameters
The fellowing parameters are considered reliable:
radius = 1737.9 km = 0.2725 earth radius
mass = 7.349 x 102° grams
volume = 2,199 x 1025 cm?
mean density = 3,34 gm/ cm3
surface gravity = 162,0 gals
atmospheric density £ 10~12 of the Earth's
at sea level
sidereal period '27.32 days
distance from Earth 356,400 to 406,700 km;
mean 384,404 km
surface escape velocity 2,38 km/sec.

The physical libration of the Moon consists of small oscillations

performed by the Moon about its mean position and results from differ-
ences between its moments of inertia about its polar and equaterial

a;es. These oscillations are mainly due to the irregularities in the
Moon's orbital motion, MacDonald, (1961}, Caputo, (1965) and others
have considered an interpretation of the Mbén's irregular shape in

terms of internal strength. For a largely mclten Moon the figure shouild
be in hydrostatic equilibrium, A cold outer shell may be able to support
the stress difference according to Caputo (1965), or alternatively, the
bulk of the Moon is sufficiently rigid to support the nonrequiiibrium
shape. '

The mean density of 3.34 gms/ce is consistent with a composition
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approximately that of the Mantle and would infer only silicate mineralogy.
However, Caputo (1965) suggests that a denser core might exist. A radially
layered lunar model seems probable, although obviously this layering is -
not as well developed as in Earth, Tt could be at least partially obscured
by angular variations, Runcorn (1968) reports that the Moon's gravitational
field indicates an angular variation in deunsity.

(b) TInternal temperature distributions

Urey (1952, 1957, 1962}, MacDonald (1959, 1962, 1963), Levin (1962), Kopal
(1962,1966), Phinney and Andersom, (1965,1966), Fricker, Reynolds, Summers (1967
and others have computed a number of possible temperature distributions
in the Moon, based on chondritic and terrestrial models for the wvadio-
active abundances together with several limiting distributions of the
initial temperature in a solid Moon, "The results indicate that melting
and, consequently, differentiation have occurred in the Moon. It is
demonstrated that, for a wide range of assumed conditions, the redistri-
bution of radicactive elements is achieved by partial melting. The extent
of the partially molten regions through time suggests that volcanic
activity, possibly on a large scale, has taken place. . . . Although
partially molten matter may exist in the interior, the present study
indicates that the bulk of the Moon is solid at the present time. Such
a largely solid body would be consistent with an explanation of the
inequalities in the Moon's figure on the basis of intermal strength.”
(Fricker, Reynolds, and Summers, 1967) Their results of thermal calcu-
lations for a solid Moon are given in Figure 65 for various initial
conditions as indicated in the legend, These models do not allow for
some heat being utilized in the heat of fusion, Hence, most curves

indicate temperatures in excess of the melting temperatures for common



118

Mantle silicates below depths of the oxder of 300 to 500 km. depth,
When these models are refined to allow for the heat of fusion, fluid
convection, differentiation, and subsequent upward movement of the
radioactive isotopes, they suggest that the interior of the Moon, below
about 400 km, is partially molten at the present time, No completely
molten part seems likely to exist. Yet the partially molten material
is sufficiently near surface that tectonism, resulting in relief of
pressure, can readily lead to volcanism,

These tentative conclusions on the temperature distribution are
extremely important in estimating the possible comnductivity distributions
in the interior of the Moon. If one assumes a Moon that has accreted
from 0°C and of basaltic composition, then curve 4 of Figure 65 would
appear to be applicable. For convenience, we shall adopt this curve in
subsequent discussion with full realization that it is only the most
likely profile, mot a necessary profile, on the basis of current
information,

(¢) Surface temperature variation

The temperature at and near the surface of the Moon is of importance
in measurement of electrical parameters since these parameters could be
functions of temperature,

We thus wish to record the observations and theoretical calculations
of the lunar surface brightness temperature and to record the expected
penetration of the cyclic solar heating wave into the lunar surface,

Kopal (1966) has provided a comprehensive review of thermal emission
from the lunar surface. For theoretical calculations the model of the
Moon most commonly employed is that of a smooth homogeneocus sphere of

dielectric material of demsity e (gms/ce), thermal conductivity X
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(cal/sec- cm? -deg C/cm), heat capacity C (cal/gm - deg C), and dielectric
constant K,. The model Moon is warmed by radiation from the sun, and the
pole of rotation is so oriented that the subsolar point always lies on

the lunar equator, The addition of a surface roughness and conversion

of the model to a two-layer sphere are common modifications of the simple
model described,

In Figure 56 appear Low and Davidson's (1965) observations of the
8 to 12y infrared lunar surface temperature throughout a lunation., This
data (curve A, Figure 66) may be fitted by a theoretical curve with the
thermal inertia, (K%M:)llz, given the value 0,001 cal/cm2 deg secljz.

Note that the temperature ranges from about 3§0° X during the lunar day
to about 90° R at lunar midnight.

Jaeger's (1953) theoretical computations of the surface temperatures
of a homogeneous solid Moon are shown in Figure 67 for comparison.

There are, of course, many local thermal anomalies on the lunar
surface; hot spots occur in coincidence with many young craters, presumably
indicating different thermal conductivities for the material of the craters,
Tycho, for example, is 40° K warmer than its surroundings during a lunar
eclipse,

Saari and Shorthill (1963, 1965) and Shorthill and Saari (1965a,b)
have provided extensive discussions of thermal anomalies on the Moon,

Beneath the surface a thermal wave is propagated downward, If

the surface temperature variation is expressed as

=
TlH)=ZT, oo (€,
N=¢

then at any depth M below the surface, the temperature is
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. < .y 'zth’ ' e, .
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71=p P

where é?*=%§f and l? is the wavelength of the fundamental wave given
by_j? = ZCﬁzégﬁ)and P iz the period of rotation of the Moon, The quantity
) =k isethe thermal diffusivity. Each component wave of 7-2 is propa-
el ' ' s
gated into the Moon with a strong attenuation coefficient given by2m¥l |,
While the temperature variation is & 150° C at the lumar surface, this
amplitude of temperature variation probably is reduced to * 6° C within
a foot or two (Kopal, 1966). The mean temperature is about - 35° C,
Monitoring of the lunar brightness temperature is done aé microwave
frequencies as well as in the infrared and the comparison between infrared
and microwave temperatures yields direct evidence of the decrease in
amplitude of the thermal wave with depth into the lumar interior, Gurves
B and C of Figure 66 pertain to microwave measurements at 1 mm and 3 mm
wavelengths respectively,

(d) The physical nature of the lumar surface

Earth based observations, the Ranger photographic missions, Luna 9,
Surveyors I, II, V, VI, and VII, and the lunar orbiters have all contri-
buted to our knowledge of the lumar surface,

In summarizing conclusions based upon Ranger photographs, Whitaker
(1966) made the following eight points:

1. The maria and other dark areas appear to be best explained by
fluid flows rather than ash flows, debris deposits, or dust aggregatioms,

There is no reason to think the flows are not of lava,
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2, The maria are not totally covered with a layer of cosmic dust,
and the mixing of the surface layer appears to be local only, say up to
about 3 or 4 lm,

3. The so-called grid system of linear features that is seen parti-
cularly well in the highlands is continued in the maria as isolated bright
mountain ridges, elements of mare ridges, chains of soft-edged craters,
shallow valleys, and Dr. Kuiper's so-called tree-bark structure, ‘

4, The mare ridges appear to be caused by intrusions through fissures;
these intrusions failed to break out at the surface but instead formed
sills at lower levels,

5. 1Isolated mare peaks and mountain ridges appear to be actual ex-
trusions of this sill-forming material,

6. The soft-edged craters seen in the higher resolution Ranger
photographs appear to be better explained as subsidence featrures, somewhat
analogous to terrvestrial karsts, rather than secondary or tertiary impact
features,.

7. The bright crater rays appear to consist of a thin layer of evenly
distributed bright matexial rather than discrete clumps of the same,

8. The average depth of finely divided debris on the lunar surface
may be of the order of 1 meter, although there does not appear to be any
evidence for a sharp line of demarcation.

As a closer look at the lunar surface is taken, more detail is
apparent, as is indicated by the summary of results, of the Surveyor 1
mission according to Jaffe and Shoemaker (1966).

"Surveyor I landed on a dark, relatively smooth mare surface,
encircled by hills and low mountains, . . . Within 1 to 2 km surrounding

the Surveyor landing site, the lunar surface is gently rolling and studded
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with craters frém a few centimeters to several hundred meters in diameter,
. « + The surface is composed of granular material of a wide size range;
coarse blocks of rock and smaller fragments are set in a matrix of fine
particles too small to be resolved, Observed angular fragments occupy
approximately 8% of the‘surface area and have a volumetric median grain
size of 130 mm. The volumetric median graim size of all fragmental materialﬂ
on the surface is much smaller, probably 1 mm or less. . . . Near the
spacecraft, the weakly cohesive material occurs as a layer that extends to
an average depth of about 1 m., as indicated by the rim characteristics of
craters that have been formed in the layer, and of layer craters that have
penetrated the layer, This material is probably composed of fragments of
a wide range of sizes, similar to those observed directly at the surface,"”
The topography éescribed so concisely by these summaries is, evidently,
a result of a number of processes, including:‘ ‘
1. volcanism
2, 1igneous intrusion
3. meteorite impacts and reléted secondary "spraying™
4, fracturing related to tectonism
-5, fracturing and "gardening' related to the change in thermal
enviromment of 390° K of lunar day and 90° K of lunar night
6. _proton-irradiation from the solar wind in the absence of a
lunar atmosphere
There is no reason to believe that the lunar surface materials contain
gignificant moisture,
Inf&fmation on the lunar surface has not only been obtained from
visual and photographic landform observation but also from several other

types of physical measurements, Relying solely upon Earth-based physical
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measurements until the time of Surveyor 1, they presented an image of a
dust or ash covered rock surface, The only electrical parameter of this
surface which could be measured by these techniques was the dielectric
constant, Estimates of KL for a non-layered surface ranged from 1.1 to
2.8 depending upon the method of measurement. We have observed in
Figure 25, values of ﬁe about the upper end of this range for dry soil
exhibiting a density of 0.763 gms/c.c. This low density infers a compaction
factor of order 0.3, i.e., 70% of the sample was void. In fact, 73% water
was required to occupy the voids, The dielectric constant of a loosely
packed material will be less than that of the solid material comstituting
the grains, BSeveral formmlae are available for estimating the dielectric
constant of loosely packed materials, One formula which has been quoted
by Krotikov and Troitsky (1962) is as follows:
(K’ )ﬁ: \{1 l ‘*Zﬁ?’:{é‘f—. 7-3
e = jZk?f— + 0
e’ —1i

*
f i
where (}(& ) is the observed dielectric constant, Ke is the dielectric

constant of the grains, and (P is the porosity. As§umiﬁg a porosity of
0.7, and a value of f; of about 5, the observed dielectric constant should
be about 1.8, The dielectric constant of 5 for the solid material is in
line with values obtained for dry Earth materials at 107 hz and in line
with the dry materials of Figures 25, 27, and 29, for a frequency of
order 107 bz or greater,

Thus it is not too surprising that a two layer model of the lunar
surface was zlso used to explain Earth based observations, Hagfors et al

(1965) have summarized the problems which arose in attempting to elucidate
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the lunar surface by means of Earth-based measurements. We quote:

"Radar measurements of the total backscattered power have previously
been used to infer the reflectivity and hence the dielectric constant of
the moon., For the frequency range of interest . ., . the dielectric constant
has been determined to be about 2.6 to 2.8. Studies of the backscattered
power as a function of range beyond the subterrestrial point on the moon
have led to models of the lunar surface which can be described as gently
undulating, with mean slopes on the order of 10° to 12° on the scale of
about 1 meter., Young craters or rayed craters on the moon have been shown
to be anomalously strong scatterers, and it has been inferred that they are’
rougher and must have a higher intrinsic reflectivity than their surroundings.
Depolarization studies have been carried out to the extent that the two
orthogonal, circularly polarized waves have been observed when a circularly
polarized wave was transmitted, These measurements have shown that a very
appreciable amount of power is béing returned in that circular component
which should contain no power if the reflector were an ideal, properly
oriented, large, surface facet, This has been interpreted to mean that the
surface must contain small-scale structure which backscatters in a manner
akin to that of a collection of randomly oriented dipoles. Randomly
oriented, linear dipoles, should, however, depolarize to the extent that
the two circularly polarized, backscattered waves should have equal power
when i}luminpated with a circularly polarized wave, If the same model were
illuminated by a linearly polarized wave, it could be shown that three-
fourths of the back-scattered energy should be polarized in the same plane
as the incident wave. In view of . ., . [the fact that Evans and Pettingill

(1963) demonstrated (a) that the bulk of the lunar surface appears to be
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smooth and undulating, and (b) that only 14 percent of the surface is
rough at 3.6 cm wavelength while only 8 percent of the surface is rough
at 68 cm wavelength, and that the surface therefore, in bulk is not a
random scatterer] . . . we might therefore conclude that the lunar surface
will largely scatterback in a polarization corresponding to that of the
incident wave, when illuminated with linearly polarized waves., The general
picture of the lunar surface which emergeé from the radar observations alone
is therefore one of a sandy, desert-like surface (for quartz sand, K; 2,6}
of fairly gentle undulations, with a few rocks strewn over it to act as
discrete scatterers at very oblique incidence.

Radiometer studies of the thermal emission from the lunar surface
have centered around the following types of observations, Measuremenis
have been made of the emission temperature of the lunar surface throughout
complete lunations, and t?e thermal cycle of the moon has been obtained
at several wavelengths (see Figure 66). These measurements basically are
sensitive to the ratio of the penetration depths of the thermal wave and
the electromagnetic wave af observation, The results of these measurements
show that the upper layers of the surface must have a very high thermal
inertia, possibly corresponding to an extremely tenuous medium. Another
type of observation consists in the measurement of temperature distribution
across the lunar disk, The amount of limb darkening can be used to deduce
an equivalent dielectric comstant of the surface, The results of such
observations have generally indicated a dielectric constant of K; = 1,1
to 1.7 [a good discussion of the estimation of the electrical parameters,

the thermal parameters, and the porosity from thermal data is presented

by Troitsky (1962)] corresponding to an extremely tenuous medium. The
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most direct method of cobtaining data on the lunar surface material from
radiometric observations appears to be the measurement of the polarization
of the emission as a function of angle of incidence on the surface,”

The polarization of the thermal radiation of the Moon in the microwave
domain was first observed by Soboleva (1962) at >\ = 3.2 cm, and confirmed
by Heiles and Drake (1963) at }\ = 21 cm, The values of the relative
dielectric constants K; proved to be 1,7 by Soboleva and 2,1% 0.3 by
Heiles and Drake. Attempts o reconcile the radiometric and the radar
data by carefully considering the effect of roughness on the thermal
emission properties brought about somewhat closer agreement, but a
very significant discrepancy still persisted, Hagfors et al (1965) then
proceeded to describe an experiment wherein they measured the ratio of
backscattering coefficients of two orthogonal linear polarizations, From
this analysis they deduced that a two layer model of the lunar surface
would explain all radar backscattering information, provided the surface
layer was of dielectric constant EL = 1.8 and that this layer was underlain
by matexrial of ée«mJS. The interface between the two layers would need to
be rough in order that backscattering be contributed by that interface,
Again quoting Hagfors et al (1965), ". . . it was felt that the backscattering
at oblique incidence on the lunar surface might arise from some s&rt of
irregular structure actually buried underneath a tenuous surface layer on
the Moon, If this layer were of sufficient thickness (that is, in excess
of the wavelength of observation), it was argued that the strength of the
backscattering should be systematically different for the two linearly
polarized components in and across the local plane of incidence of the
wave, This systematic effect was thought to arise from the difference

in the transmission coefficients of the two linearly polarized waves
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penetrating the top layer." . . . "We have to reconcile our model with
radar observations of cross section which, when interpreted on the basis
of a single layer model, appears to give a dielectric constant of 2,6 to
2.8. On the assumption of a double layer wmodel, the upper layer being of
random thickness and having a dielectric comstant of 1,8, it is possible
to obtain the right amount of reflection with a base layer with K; = 4,5
to 5. This model, incidentally, could also explain the increase in
[scattering] cross section observed by Davis and Rohlfs (1964) at wavelengths
between 10 and 20 m, 1f the top layer were some 5 to 10 m, deep. The
radiometric determinations of the dielectric constant based on the polari-
zation of the thermal emission might also be brought into line with our
naive two layer model, Calculations show that near grazing angles of
incidence the polarization of the emission will be determined almost
entirely by the top layer, A two layer model of the lunar surface of
the type suggésted thus provides a rather self-consistent explanation of
several different types of observations made of the Moon by radio waves."

The surface layer of this two layer model would need to have a porosity
of about 70%, as we have seen, in order to exhibit a dielectric constant
of 1.8 and to have been derived from the underlying material of dielectric
constant K; A5,

Because Hagfors et al (1965) made their measurements at 23 cm.
wavelength, the overlying layer must be at least 23 cm. thick and the
later optical evidence provided by the Surveyor Series confirms this,

In the vicinity of the lunar crater Tycho, Hagfors, et al discovered
that the overlying layer is either absent or very thin; Later measurements

by Thompson and Dyece (1966) with high resolution radar reflection
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(resolution 20 x 30 km. areas) led to the following results,

"L. The lumar highlands of the southwest quadrant of the Moon
backscatter 1-1/2 to 2 times as effectively per unit area as the mare
regions of the east and northeast quadrants of the Moon.

2. The mountain ranges which surround the circular maria backscatter
1-1/2 to 2 times as much power as the adjacent mare regions,

3. Some craters were found to backscatter as much as 10 times as
mich power as their enviroms, The craters which had enhanced backscattering
were bright under a full moon illumination and were nearly slways young,"

", . . A surface that is rougher than its environs appears to be
responsible for the radar enhancements from the craters. The variation
of backscattering from a rough surface as a function of dielectric constant
is not known, and so it has been assumed that this variation is similar to
the variation of backscattering from a smooth surface at normal incidence."

Once the increase in backscattered power predicted by a rough surface
has been removed, the total return powers in the vicinity of the craters
“Aristilus, Tycho, Copernicus, and Diophantus demand dielectric constants
of the order of 5 to 20 according to Thompson and Dyce, Sﬁch dielectric
constants are right within the range for dry surface rocks at frequencies
in excess of 10 hz according to Table II. .In fact, a dielectric constant
of 20 would even permit the presence of moisture in a rock,

Thus the radar scattering obser%ations, when properly interpreted,
provide a description of the lunar surface which is remarkably consistent
with that described by the Surveyor and Orbiter photographs,

Piddington and Minmet (1949) computed the amplitude and phase of
radio thermal emission from the lunar surface heated during lumatiom.

The phase lag of radio temperature relative to infrared temperature is
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shown to depend upon the ratic of infrared and microwave skin depths.

In cgs units the relation is given by

i
A= de | -
.u
where 13 is the frequency of the thermal source
(> is the density at the lunar surface in gus/cc, .
¢ = specific heat capacity in cal/deg.

o

_ﬂ = thermal copductivity in cal/cm deg sec,
6 = attenuation coefficient when tan $ca {

AFEi
By assuming the following:

thermal inmertia =@€a)'” 2 = 1000
c

{

iQ = lunation frequency

0.2 cal/gn

1 gm/ce

A

Ke = 2.8

fA = constant A~ 643 £ = W/2W
then the conductivity of the surfa;ce at 3 x 108 hz is found to be
3 x 10~% mhos/m., Kopal (1966), Englend et al (1968), Troitsky (1962),
and Pawsey and Bracewell (1955) are references pertaining to this

computation, Three experiments are required to obtain the parameters

entering into &4 the dielectric constant from radar reflectivity, the

thermal inertia from lunation and/or eclipse temperature measurements, and

the ratio of infrared and microwave temperature oscillations during an

eclipse or lunation,
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(e) The elementary basis of radar scattering from the Moon

(i) The radar equation

Because radar cobservations of the lunar surface have extended to
19,2 meters (1.56 x 10‘7 hz) and because we wish to overlap the radar
frequency range in our discussions, it is desirable to set down the
elementary basis of radar scattering from the Moon. We begin with the

development of the radar equation (Evans, 1962).

Consider a transmitter driving a power ?t watts into an antemnna,
which radiates equally in all directions, Then the flux density at a
point F meters distant is
Y 2

& watts per meter”, 7-4

4T
To increase the £lux demnsity at the target, an antemma array may be
employed which directs the signal towards the target, 1If such an
antenna array has a gain G over am isotropic radiator, the flux demsity

at the target becomes

PR

A

2
¢) = ?‘L‘G' watts per meter ., 7-5

When this array takes the form of a reflector having an effective
aperture A, over which the transmitted power is uniformly distributed

in such a way that a plane wave is produced, the gain G is given by

¢ 4TA 7o6

'>\7..

where /\ iz the wavelength,
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We shall assume that the beamwidth is larger than the area presented
by the Moon's disk. Thus, if a is the radius of the Moon, the total

power intercepted by the Moon's disk is

L watts, 7-7
ey 2
P
‘u
The re-~radiated power is dependent upon the power reflection coefficient
R = \riz for normal incidence so that, to the first oxder, the total

re-radiated power is approximately

(,me, A .’Pt G- T as watts. 7-8
A4mp >

The Moon is assumed so far to re-radiate isotropically as for a uniform
sphere, We know, of course, that R is variable over the disk so that
7-8 is indeed a first approximation,

The total power given by 7-8 has been assumed to be scattered equally
in all directiomns, but there may be favorable réflection back toward the
Earth, This will depend upon the size and distribution of the surface
irregularities, and a directivity factor g may be used to denote the
gain of the Moon over an isotropic reflector when viewed from the same
position as the tramsmitter, Possible theoretical values for g range
from 1.0, when all the irregularities on the surface are assumed to be
less than X-IS, to about 6, when the surface is considered to be very
rough with irregularities whose average size is much greater than the
radio wavelength. Hence the flux density of the reflected radio power at

the surface of the Earth is
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2.
¢
¢ - Py b Teq‘—h—.& watts per meter?. 7-9
2
(41‘\"(’1‘)
If the same antenna is used for receiving as for transmitting,

then the power received is

.2
= ’B__G-H'Rﬁ“ 4% watts. 7-10
G

If we insert the expression for gain G given earlier, we obtain

watts, 7-11

P = P Azr{%a"z
Y4t

The noise power Pn at the receiver, upon amalysis, turns out to be
'Ph:, (h-g)_r(; + !G:J'#,b watts, 7-12

where n 1s the receiver noise factor, T, is room temperature ~290° K,
T, is the effective antenna temperature, which is a function of both
the frequency and of the diréction in which the antenna is aimed, k is
Boltzmann's constant and b is the energy bandwidth, of the receiver, The

signal to noise ratic in the receiver is

. PA g Kma”
> _T_Tt b{in—:)f,’ +’E ] ™ 6___—4 7-13

n ¢

This is known as the radar equation, and the product gR‘aTéz = 5 is the

scattering cross~-section of the Moon,
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(ii) The scattering cross-section

The roughness of the lunar surface at radar wavelengths is not
overly great and as a result, about 50% of the echo power arises as
the result of reflections from é region at the centre of the visible
disk having a radius of 1/10th of that of the Moon. Hence, most reflec~
tion is specular, leading to the conclusion that the surface, in an overall
sense, must be smooth and undulating, but since some 8-14% of the reflec-
tion comes from diffuse sources, the surface must be covered with objects
of the ordér of a wavelength in size,

The geometrical cross-section of the Moon is, of course, ﬁT‘az, and
the ratio of the observed scattering cross-section to the geometrical
cross-section is equal to gR. The quantity gR is plotted versus wavelength
in Figure 68 and tabulated in Table XI, While there is a suggestion of a
slight increase of gR with wavelength, it is only just beyond obsérvational
error. The value of 0,065 found by Evans and Hagfors (1966) for 23 cm
wavelength would appear to be the most reliable, and it is near the mean
of all other values,

We note that it takes longer for an echo to return from the 1imbs
of the lunar disk relative to the center of the disk; the delay 1s, in
fact, 11.6 msec, We may then plot the relative power backscattered
versus delay (or range, as it is sometimes called) and learn of the
contribution to total power arising in each incremental annular ring.
Figure 69 shows then the observed reflected power plotted versus range.

A wavelength dependence is clearly seen in the data,

"The scattering near normal incidence decreases markedly with

wavelength, However, as oblique incidence (long delay times) the
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Table XL

Values for the Radar Cross Section of the Moon

As a Function of Wavelength Reported by Various Workers

Author

Lynn et al

Kobrin

Morrow et al

Evans and Pettengill
Hughes

Victor et al

Evans and Hagfors
Blevis and Chapman
¥ricker et al
Trexler

Evans

Byans et al

Evans and Ingalls

Davis and Rohlfs
Davis and Rohlfs

Davis and Rohlfs

Year

1963
1963*
1963%
1963c
1963%
1961
1966
1960
1960
1958
1957
1959
1962

1964

1964

1964

Wavelength

cm
0.86

3.0
3.6
3.6
10.0
12.5
23,0
61.0
73.0
100.0
250.0
300.0
784.0
1130.0

L

1560.0

1920.0

sﬁfaz

0.07
0.07
0.07
0.04
0.05
0.022
0.065
0.05
0,074
0.07
0.10
0.10
0.06

0.19

0,13

0.16 .

Estimated
Error, db

I+

I+

i+

i+

H

I+

-

-

1.

1.
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scatteringlis much more effective at shorter wavelengths, The back-
scattering near normal incidence can be thought of as arisimg from flat
facets tilted with respect to the mean lunar surface so as to be favorably
oriented for reflection. On this basis, a power versus angle of incidence
relationship can be translated to a distribution of surface slopes. The
r.m,s. slopes found in this way typically correspond to the range 10°-15°,
At the shorter wavelengths the slopes observed tend to appear steeper,
This may be understood if it is realized that the shorter wavelength
observations are sensitive to structure of smaller lateral extent than
the longer wavelength omnes," (Hagfors, 1967)

At oblique angles, the concept of reflections from flat facets becomes
invalid and instead we need consider scattering from a collection of rela-
tively small individual objects. The increase in the relative amount of
oblique angle scattering with decreasing wavelength may be understood if
it 1s realized that the shorter wavelengths are sensitive to a wider
range of rock sizes than the longer wavelengths, -

Theoretically, the gain g can be calculated if the complete angular
scattering law P({}(bf@.) is known. This law specifies the scattering
properties of unit area of the surfiace when illuminated at an angle of
incidence i reflecting at an angle qb and where the angle between the
vertical planes containing the incident and reflected rays is <& , as

is shown in Figure 70. The gain g is then given by

y EN

%: 477-']‘; P ,W(.!watfj
h (Tl 20
ng /[‘ PE,6,8) 2in & 2o didfde

7-14

0

which holds where the effects of phase correlation among the surface
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elements can be neglected, i.e,, there is no systematic constructive
or destructive interference which would lead to g being a function of
i, P(i) is the case pertaining to a uniform flat surface for which
i= ¢ and@=o0,
4As mentioned earlier, P(d, ¢I,Q} ) cannot be determined solely
from Earth-based observations, although P(i) can be, since for observa-
tions from Earth, i = qﬁ, and () = 0, Hence, a rigorous solution for g,
and consequently an accurate value of the reflection coefficient R,
cannot be determined, Three pessible values for g are worth noting,
These are,
(a) smooth sphere-isotropic reflection
g=1
(b)Y sphere with smooth undulations
g=1+ o(z, o = r.m,s. slope
{c) Lambert sphere
g = 8/3
Isotropic reflection only occurs when the irregularities of the surface
are less than )\/8. Lambert scattering occurs where the average
irregularity has a size approximately equal to the wavelength and for
a curved surface, this introduces some limb darkening., Hagfors (1964)
examined in detail the scattering from a sphere with a smooth undulating
surface and found the relation g =1 +‘o<2 given above.
1f the Moon is illuminated Py a radar which transmits short pulses
at intervals large enough so that no two pulses ever illuminate parts
of the surface at the same time, then the echo power P(t) observed as

a function of delay t can be converted to the function P(i), This
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follows because the annulus illuminated by the pulse at a delay time ¢t
presents to the incident ray a surface everywhere inclined at an

angle i, That is,
i = cos~1(1-ct/22) 7-15

where a is the lumar radius and ¢ is the velocity of light, (See

Figure 70) The resulting distribution of echo intensity with angle

of incidence, P(i), is called the angular power spectrum, The area of
the surface illuminated by a pulse of duration “} seconds is the area
of an annular ring and hence is 2fac?, It is independent of the delay
t, and hence P(i) states the angular distribution of the echo power per
unit element of the surface, However, the echo intensity—depends on the

projected surface area which varies with 1 as cos i, Thus we should

expect a uniformly bright surface to obey a law

P(t)od 1 - % 7-16
or
P{i) of cos i 7-17

whereas for a Lambert law of re-radiation, one would have
P(i) K cos?i 7-18

When the scattering of the lunar surface is studied with pulses
of 12psecs at 68 cm wavelength, the scattering has been observed, by .

Evans and Pettengill (1963), to indicate a scattering law of the form

3h
-‘ } st d1 i . - .
P A R
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The first férm in 7~19 represents quasi-spécular scattering arising
from a smooth undulating surface, This part of tﬂe echo exhibits a
very rapid fall in echo power with increasing i and becomes less than
the second term when i 7 45gfor 68 cm radiation., The second term is
only a slowly varying function of cos i and hence exhibits little varia-
tion over the lunar disk as does the uniformly bright surface described
by 7-18; this component is referred to as the diffuse component., Evans
and Pettengill (1963) associate this diffuse component éith surface
structure comparable in size with the wavelength, As is evident in
Figure 71, the division of_the total reflected power between the two
terms is 80% quasi-specular and 207 diffuse, The diffuse scattering

cogponent of 7-19

P(i) o¢ cos3/2i 7-20
is not unlike Lambert's law

P(,$,8) X cos?i 7-21

which yields a value g = 8/3. This value of g is usually assumed,

then, to apply to the diffuse component. If we now arbitrarily assign
the same reflection coefficient R to the two components, the total cross-
section becomes (Evans and Hagfors, 1964)

s - X(H_o(’) + G——X)% E 7-22

war

where X is the fraction of the surface area associated with the quasi=-

specular component, Evans and Pettengill (1963) established that
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o ~ 0,1 at 68 cm and hence, we find that at 68 cm wavelength the power
division 80% quasi-specular to 20% diffuse corresponds to an area

division X = 927 and 1-X = 8%, Then equation 7-22 becomeg

= =1.13 R 7-23

1f we now take %é%;— = 0,074, which seems reasonable for 68 cm
according to Figure 68, the value of R comes out as 0,064 and this yields

I
a value Ko = 2,8 for the dielectric constant. Note that Hagfors (1966)

has demonstrated that the accuracy in determination of dielectric- constant

i
ak _
I = i< 7-24
e
and since R is approximately 0.064, then the accuracy in determination

i
of K, at 2.8 is

is

?
K, =2.820,7 7-25

For a model consisting of a lerge smooth sphere made of loss-free
dielectric material, the reflection coefficient should not vary with
frequency unless the equivalent KL does, If a frequency dependence
were in fact to be found, this could be explained in one of several ways,
It might be that the material is conducting and that the ratio of real
and imaginary parts of the complex dielectric constant changes with
frequency. We have no strong evidence for or against this, although
dry lunar surface materials are apt to be loss free and not, therefore,

prone to abnormal dielectric constants which are functions of frequency,



1ko

The lunar surface is evidently of the two layer category, on the average,
and if the two layers have different dielectric constants, as is suspected,
the dielectric constant obtained from thﬁ homogeneous model will evidence
a frequency dependence, Yet another cause of a frequency-dependent
reflection coefficient might arise from the presence of surface rough-
ness; we do not have a means of determining dielectric constant for a
rough surface and the surface roughmess may be a function of wavelength.

(iii) Polarization of backscattered radiation

To avoid polarization problems arising due to Faraday votation in
the Earth's ionosphere, right circularly polarized waves are transmitted
while both right and left Eircularly polarized waves are received, Reflec-
tion from a plane surface leads to a reversal of polarization and hence
the received left circularly polarized signal is normal in this sense,
The received right circularly polarized waves are then referred to as
the depolarized component. As we have mentioned, the presence of a
depolarized component has been interpreted to mean that the surface must
contain small-scale structure which backscatters in a mamner akin to
that of a collection of randomly oriented dipoles.

The depolarized component was recorded as a function of delay time
at a wavelength of 68 em by Evans and Pettengill (1963) and is reproduced
in Figure 72, A cos i dependency evidently describes the mean depolarized
backscatter, but the departures from the mean curve are evidence of
inhomogeneity of the lunar surface. The mean curve displays the behawviour
of a uniformly bright Moon according to 7-17. By comparing the polarized
and depolarized components, the degree of polarization p(i) can be

evaluated as
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PLGS) + 1) 7-26

Pu) =

where the subscripits refer to left and right polarizaéion. The quantity
p{i) has been expressed as a function of delay time t in Figure 73 for

68 cm radiation, As can be seen, the degree of polarization of the
received signal at first declines rather rapidly out to about 3 m sec.

and then more slowly out toward the l1imb where the polarization approaches
about 30 percent. Such depolarization could be caused by scattering from
individual small objects as mentioned and this conclusion is consistent
with the interpretation derived from the angular variation of the
backscattered power.

(iv) Range-Doppler mapping

"The Moon appears to rotate with respect to the observing radar
partly because of the eccentric motion of the Moon in its orbit, but
primarily because of the motion of the radar imparted by the rotation
of the Earth, This motion causes the frequency of the lunar echo to be

8 hZ."

broadened because of the Doppler effect by about 10 hz at 4,30 x 10
(Thompson and Dyce, 1966)

The echo power sampled at a particular delay (Figure 74) comes from
an annular ring which lies in a plane perpendicular to the radar line
of sight, The echo at a particular frequency comes from a second angulus
which is perpendicular to the delay annuli and parallel to the apparent

axis of rotation, The echo having a particular delay and Doppler frequency

comes from the intersection of these two annuli, the points P and Pl. As
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can be seen, this provides a coordinate grid on the Moon which is twofold
ambiguous. This ambiguity can be resolved gy providing a beam sufficiently
narrow to resolve a small fraction of the lunar surface. Using a beanm-
width of 10 minutes of arc, and Range-Doppler coordinates, Thompson and
Dyce (1966) have mapped the lunar surface to a resolution of roughly

20 km by 40 km and our earlier comments on variability of radar scattering
over the lunar disk came from their measurements.

(v) bistatic radar

The electromagnetic radiation from the Lunar Orbiter I spacecraft
was emitted through an ommnidirectional antenna at 2,295 x 10% hz, A
signai reflected from the moonr was received on earth. The first bistatic
radar measurements of this nature were obtained in 1966 by Tyler et al
(1967). This method is capable of resolving small areas on the lunar
surface and has discovered local dielectric constant anomalies of
order 5-10 (Tyler and Peterson, 1968).

(vi) Survevor astatic radar

Two radar systems, radar altimeter and doppler velocity sensor,

i
aboard the Surveyor III spacecraft have yielded estimates of Kg at the

H
Surveyor III landing site of Ko = 3,5 % 0,7, These values apply to
regions external to the crater in which Surveyor III landed,

(Brown, et al, 1967)

(f) Results from Explorer 35

(1) data
Fmphasis has been placed in the literature upon the significance

of the results obtained with the Explorexr 35 magnetometers in deducing

the effective conductivity of the moon, However, there are difficulties
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with quantitatively interpreting this data ag will be revealed subse-
quently. First let us review the observational evidence from this
experiment,

Magnetoneters and plasma probes aboard the Explorer 35 lunar orbiting
spacecraft have obtained data which permit the following early published.
observations:

.1, The intrinsic magnetic field of the moon in the region and at

the altitude of perilune (763 km) of the orbit of Explorer 35 is

no greater than 2¥ and it could be zero (Somett et al., 1967;

Behannon, 1968).

2, The interplanetary magnetic field lines appear to diffuse

rapidly through the moon, from which it has been céncluded either

that
{a) the effective electrical conductivity of the moon has a
maximm value of about 1070 mhos/m (Colburn, et al., 1967) or
10~ mhos/m (Ness et al., 1967), or that
(b) if the interior of the moon pussesses a conductivity orders
of magnitude greater than 10"% mhos/m then this interior would
be surrounded by an insulating layer (Sonett and Colburn, 1967; -
Colburn et al., 1967).

3. The moon carves a void out of the interplanetary plasma (Lyon

et al,, 1967; Colburn et al., 1968),

4. There is a characteristic anomaly in the strength and direction

of the interplanetary field on the leeward side of the moon which

may be interpreted in terms of loss of diamagnetism in the plasma

void (Colburn et al,, 1967; Ness et al,, 1967).

5., There is no evidence for a strong lunar bow shock wave (Ness



Ll

et al,, 1967, Colburmn et al., 1967).

A reexamination of tle magnetic field signatures, on the leeward
side of the moon, for the first 220 orbits led to the discovery that
the leeward signature usually exhibited some or all of the elements
illustrated in Figures 75 and 76, Figure 75 is a plot of magnetic field
intensity versus time for orbit 26, The characteristic features of this
magnetic signature relative to an assumed 'normal field of 6.5 to’
7.0}( are:

1. an initial increase of 1.53/ peak;

2. a subsequent decrease of less than 0,5 3/ just within the in-

bound_edge of the optical shadow;

3. an asymmetrical central positive lying wholly within the

optical shadow and of intensity approaching 1¥°;

4, an outbound negative spanning the edge of the optical shadow

and of 1}(’ peak intensity;

5. an outbound positive, of just under 1.3/ peak intentity,

lying well beyond the Llimits of the optical shadow; and

6. a notch sometimes occurs in the central positive on the sun-

moon line, Although this notch is not well developed in Figure 75,

it is, on the contrary, well developed in the magnetogram for

orbit 12 (see Figure 76). Debate exists as to whether this notch

truly reflects one facet of the reaction between the interplanetary

field and the moon or whether, instead, it is merely an interplametary

field fluctuation which happens to coincide with the sun-moon line.

The geometrical relatiomship of these features to the moon, the sun,

the optical shadow, and orbit 26 are illustrated in Figure 77. The mean
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direction of the interplanetary field vector in the plane of the ecliptic
at the time of orbit 26 is als¢ shown on Figure 77. The symmetry of

the distribution of the pesitive and negative anomalies about the sun-
moon line and the asymmeiry of the shgpe of the central positive anomaly
might indicate that both Ehe direction of the interplanetary field and
the direction of plasma flow control the magnetic field pattern. This
facet of the moon-solar wind interaction has been discussed by Whang

and Taylor (1968).

The fact that the limits of the flanking positives are well forward
of the optical shadow and that these limits move forward with increasing
field strength suggests that a weak shock or discontinuity may, in fact,
be produced by the moon serving as an cbstacle in the interplanetary medium,
Interesting recent discussions of the moon-solar wind interaction include
those by Taylor et al. (1968), Whang (1967), Michel (1967), Johnson and
Midgley (1968), and Sonett and Colburn (1967), However, before the pres-
ence of a weak shock or discontinuity can be accepted one must compute
the effecés of static and transient induction in theAmoon to determine
what influence, if any, these will have on the recorded signatures.

Ness et al. (1967) and Sonett et al, (1967) have indicated that the

moon is transparent to the moving static field and that no measurable
induction occurs on this account. Ness (1968), upon analysis of mag-
netic fields recorded simultaneously by Explorers 33, -34, and 35.at the
time of a step-function field ;hange, concludes that the mean conductivity
of a homogeneous moon must lie between 1074 whos/m and 1072 mhos/m, a
result which is somewhat higher than his earlier estimate, Mihalov et ali

{1968) have also examined this problem.
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(ii) transient induction in the moon

The technique for solving problems of transient induction in the
earth lies in expressing the observed surface magnetic fields in terms
of surface harmonics and separating the resulting expressions into parts
of internal and external origin, This problem will be treated in detail
in section 8b., Those of internal origin must either be generated in the
earth's core by hydromagnetic interaction or be induced in the earth by
external fields, TFor periods shorter than about four years (Currie, 1968)
the induced fields predominate over the core fields and a study of the
relative magnitudes of the induced and inducing fields will yield infor-
mation on the conductivity distribution within the earth.

In such calculations the vector wave equation for electric or magnetic

fields

V\7~ﬁ-‘7’*‘7}< ErAF =0 7-27

applies to the interior of the earth while the vector form of Laplace's

equation

VVE —VRVx F =0 7-28

applies to the exterior region under the quasi;static approximation,

In equations 7-27 and 7-28,-f?is a vector used to represent any field
or potential while,ﬁzq%;gyéfufll+-é/g;g*&d is the wave number for a
harmonic time dependency éﬂ~é10fj The quantities p, & and QTare the
magnetic permeability, the dielectric permittivity, and the conductivity

of the subsurface, while ¢t is the angular frequency,

If we obtain bounded solutioms to both 7-27 and 7-28 and require
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that they satisfy appropriate boundary conditions at the surface of
the earth, we obtain the poloidal magnetic, quasi~static reflection
coefficient for the nth surface harmonic (after Eckharde, 1963).

_n  zZ,. (k) o2yt - I, (ﬂl—dzn%d

L 7-29

N+ 1 Kmn%ﬂé@) + Ey é@‘z) 4+ A 2, Gé‘«)

where z  is a spherical cylinder function of order n, k is the wave

number of the conductive interior of the earth, Km is the relative
magnetic permeability of the conductive interior of the earth, r is
the radius of the conductive portion of the interior of thg earth,
while the prime indicates differentiation with respect to 1. Usually
r is taken to be some large fraction of the radius of the earth, A
uniform inducing field requires only the first order (n = 1) in the

expression 7-29 and for this special case we may write

Pl lln) + i ) — 2K ) Ler) .
i imj ég&)"+‘3|é£&)"F—)L 1€£)‘) )

where we have now substituted the appropriate Bessel function for zn(kr)
(Stratton, 1941, p. 406).
Wait (1951) includes R, in the expressions for the Cartesian com-

ponents of the external magnetic field as follows:

Ho) = Roa’ R 2xog™2" 4 H,
Hyl) = Hor” R, 28
H W = H, » R, 5;;2

4

7-31
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where Ry = - M+ iN]
M = real part of reflection coefﬁicient
N = imaginary part of reflection coefficient
H, = gmplitude of the x-directed inducing field
r = radius of sphere
xz + yz + z2 = coordinate of point of observation

——y
]
L]

relative to origin-centered sphere

This is the quasi-static solution for a dissipative sphere, in a
non~dissipative whole space, in which is embedded a uniform plane al-
ternating magnetic field, To assure a uniform field across the sphere
we must demand that lkor\zizi 1 where k, is the wave number of free
space. This condition is only satisfied, for a sphere of 1740 km radius
in free space, for frequencies less than 10 hz, Note that no inducing
electric field is involved,

For the moon, the analogous boundary value problem should involve
simultaneous solution of two equations of the type given by 7-27, One
solution pertains to the interior of the moon while the second pertains
to the anisotropic plasma exterior to the moon and it requires the intro-
duction of either a dielectric temsor or a conductivity tensor in the
propagation constant k, This is a formidable boundary value problem
which has yet to be solved in general terms., Ness (1968) implicitly
made the following simplifying assumptions:

(1) a homogeneous moon

(2) . free space surrounds the moon

(3) a uniform inducing magnetic field

(4) external electric fields are negligible
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part of the reflection coefficient, versus ¥~. From these diagrams it
is evident that values of tan & < 1.0 result in M and N becoming
oscillatory as functions of @, If we set Re(kr) = XNl g, is evident
that the first resonant absorption peak in Figure 80 occurs when
>\= 2r, Values of K.m greater than unity result in a shift of these
resonant absorption peaks to higher values of D-. The oscillatory
gehavior of the reflection coefficient of a dielectric sphere is discussed
by Jones (1964),

The conductivity within the moon, in addition to being a function
of rock texture and composition, should be a function of frequency,
moisture content, temperature, pressure, and hence, of depth, Since
temperature and moisture content are unknowns within the luna¥ interior,
it is difficult to .estimate a profile of conductivity versus depth at a
single frequency, let alone over a whole range of frequencies, Let us

assume, for purposes of illustration, that the electrical conductivity

of an equivalent cold homogeneous moon can be represented by the spectrum

of curve.Q;; Figure 83, This curve pertains to a sample of nephelite-
melilite basalt of dry density 2.67 gm/cc; the sample contained 1% water
of eonductivity approximately 10-1 mhos/m., The extrapolated portions of
the curves of (3, K:', and tanS in Tigure 83 are consistent with other
rock spectra and consistent within themselves, although they are admittedly
somewhat speculative, The conductivity at 10"1 hz certainly would meet
the upper limits set for the homogeneous model by Colburn et al, (1967)
and Ness (1968).

The relaxation spectra 0f<5—,,-Ke, and tan § evident in Figure 83
can be attributed to interfacial polarization of electrode or membrane

type (Marshall and Madden, 1959) and the frequency dependence of both

% FOOINOTE: 1In subsequent discussion, the symbol K. will replace Ké
for the real part of dielectric constant,
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J§ and KE may be expected to increase as the percent metallic or

clay mineralization increases to about 20%. However, induced electrical
polarization of this type requires the presence of some pore water, The
most probable metallic mineral on fhe moon would presumably be magnetite
(Fe304) in concentrations up to 7%.

The dielectric constant will also be a funetion of rock texture
and composition, frequemcy, moisture content, temperature, pressure,
and hence of depth within the moon, However, for a study of an equivalent
homogeneous moon we shall assume the dielectric constant to be given by
curve K, of Figure 83.

While in our computation of the reflection coefficient we previously
employed values of loss tangent which were independent of frequency, we
obseFve from curve tan 8 of Figure 83 that this is not true for the
basalt with which we now wish to model the cold homogeneous moon, Never-
theless, at any given frequency, we can use the ;alue given by curve
tan.s s Figure 83, to compute the induction number <E’"with which to
estimate the reflection coefficient at that frequency,

If;_in fact, Figure 83 is representative of the electrical parameters
of an equivalent non-magnetic (K, = 1) cold homogeneous moon, then the
induction number 59', for magnetic field perturbations of period 10
seconds, will be about 1.55. Reference to Figures 79 and 81 will reveal
that there is very little reflection for such small induction numbers,
If, on the other hand, the moon is magnetic then the response at‘f} =
1.55 will be that of a static magnetic moment as indicated in Figure 80;

the magnitude of the surface magnetic field has already been.computed

for this case,
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Ness' purpose in selecting such an elementary model evidently is solely
P ]

to obtain some idea of the behavior of the reflection coefficient of
the moon so that in turn one might obtain some idea of the types of
transient induction signatures to be expected. These same four assump-

tions were made implicitly by Ness et al. (1967) in estimating the lunar

conductivity from the Cowling time
e b
L 2/&1(3/1 7-32

Further, we should recall that the Cowling time as given here is'only
defined when displacement currents are negligible (e.g., Landau and
Lifshitz, 1960, p. 186).

If these four assumptions are accepted for transient induction in
the moon, we may caleculate the quantities M and ﬁ as functions of the

induction number - ~

iy

- ] e 3 s
@"‘l’é}”‘"lt W (l—--~—-—— 7-33
M Az S, S
for various values of the loss tangent

Lin§ = ?:i 7-34

and for various values of the relative permeability

Wm = A 7-35

Ao
The dielectric constant is given by
K = £
e 7-36

Ee
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For -tan § 2 10, conduction currents predominate, while for tand £ 6.1,
displacement currents predominate. For a conductivity of 1076 whos /m,
the relationship between dielectric constant and frequency is given in
Figure 78.

Earlier we :noted that for water saturated rocks, within the frequency
band 1072 hz to 104 hz, we typically find that }(Eld*{;lo- while Q7 ~ constant,
and therefore tan— S is approximately independent of fréquency. Values of
dielectric constant in excess of 107 have been measured in laboratory
experiments on water saturated rocks, On the other hand, for dry rocks,
Ké ~ constant while G~ Lq so that again tan S typically is within
about one order of magnitude of being constant. Dielectric constants
of dry'rocks at room temperature seldom exceed 30 for this same frequency
band, Evidence supporting the above statements is available in a number
of sources including Troitsky (1962), Keller and Licastro (1959), Scott,
Carroll, and Cunningham (1967), Ward, Jiracek, and Linlc;r (1968), and
Ward (1968), as diécussed earlier, Although the valldity of extremely
high values of dielectric constant has been the subject of much comtro-
versy and the necessary experiments to resolve the controversy have yet
to be performed, Scott, Carroll, and Cunningham (1967) conclude that
values of K; to 10° at 102 hz are valid; these values, for moist rock,
may then reach 108 at about 107! hz,

For our immediate purposes we shall make the first order assumption
that tanS is independent of frequency for wet or dry rocks,

Figures 79 and 80 contain plots of M, the real part of the reflection
coefficient, versus ¢-, the induction number for various values of K

and tanS . Similarly, Figures 8l and 82 contain plots of N, the imaginary
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The loss tangent described in Figure 83 is greater than unity and
conduction currents predominate up to 10 hz which is the approximate
limit of applicability of the formula upon which the data of Figures 79
through 82 is based. At a frequency of 10 hz the induction number for
the moon is greater than 10. Reference to Figure 79 reveals that approxi-
mate eddy current saturation occurs for @7 10. Thus we conclude that
below 10 hz there can be no oscillatory behavior of the reflection coef~
ficient because tan S > 10, while above 10 hz the sphere has reached
eddy current saturation where again no strong oscillations are permitted
according to Figure 79. Thus the occurrence of dielectric constants as
high as those illustrated in Figure 83 seems unlikely to modify electro-
magnetic reflection from this particular model of the moon, However,
we have selected a very special model which is unlikely to apply. If
it does not, then an oscillatory behavior of the reflection coefficient,
including positive values, may occur, Positive valugs of reflection co~
efficient may also occur when K > 1, as mentioned earlier,

Clearly, then, we must add to the list of original assumptions
necessary to deduce the effective electrical conductivity of a cold homo-
geneous model of the moon from a study of the transient electromagnetic
response. The total required assumptions would appear to be

(1) =2 homogeneous moon

(2) free space surrounds the moon

(3) a uniform inducing magnetic field

(4) external electric fields are negligible

(5) tand » 1

6) K,~1
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Needless to say, one must question the validity of a deduction
based on so many assumptions and upon the use of a questionable model,

The fact that wet rock is used here to model the whole of the con-
ducting portion of the moon is not as bad as it would appear because the
major contribution to an induced dipole moment will come from the outer-
most shells where, in fact, wet rock is most 1ike1y to occcur beneath an
overburden of dry rvock, The effect of a highly conducting, even molten,
core inside the wet shell might not contribute much to the induced dipole
moment depending, of course, upon the conductivity and thickness of the
wet shell. Regardless of what homogeneous or inhomogeneous model is
used to represent the moon, the fact remains that deduction of an appar-
ent or effective conductivity by observations on perturbations in the
interplanetary field at preseunt is subject to a number of completely
unjustified assumptions, Further theoretical analysis of the moon-
solar wind interaction is required,.

Explorer 35 magnetic field data will not contribute detailed knowledge
of the electrical parameters of the moon until some very significant
advances can be made in the solution of the pertinent electromagnetic
boundary value problems,

Neglect of the possibility of values of magnetic permeability Km

010, as has

as large as 1.7 and of dielectric constants Ke as large as 1
become custom in studying the deep interior of the moon, is simply not
justified., Analyses which involve "diffusion" of the interplanetary
field lines through the moon neglect K, and the particles attached to
the field lines. At the very least, the Cowling decay time should be

modified to take account of K. since displacement currents could equal

or even exceed conduction currents in much of the moon's interior.
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Transient induction in the moon by shocks and discontinuities can hardly
be analyzed with any degree of rigour by current techniques because these
techniques invoke at least six unjustified assumptions as discussed
previously.

(g) A preferred chemical and thermal model of the moon

Suggestions have been made in the past for many different models
of the moon (e.g., Phinney and Anderson, 1966). At the present time,
however, there is a reasonable body of evidence which leads me to state
a preferred model, but with full realization that it is just a model
posed for the purpose of designing experiments to test its authenticity.

The o scattering experiments of Surveyors V, VI, and VII have
indicated that the material at the moon's surface is of basaltic com-
position where sampled (Turkevich et al., 1967; Turkevich, 1968). This
conclusion is substantiated by the mean lunar density of 3.34 gm/cm3,
by the magnet experiment on the Surveyor series which has shown a magnetite
content consistent with-that of terrestrial basalts.(de Wys, 1967, 1968),
by studies of lunar albedo and color data which are compatible with
particulate rock of basaltic composition (Adams, 1967), and by the

Xlray spectrometer data of Luna 10 which indicated a low-K rock

(Phinney and Anderson, 1966). The occurrence of basalt implies a hot
moon, as noted by Gault et al, (1967), from whom we quote: 'Important
genetic implications arise from a basaltic composition. Basalt is de-~
rived by chemical fractionation of an ultramafic rock, Thus, it seems
highly probable that differentiation has occurred in the Moon as a result
of partial or fractional melting of lunar material.! '"The heat sources

necessary to melt the lunar material probably originated within the moon
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rather than from an external source. Internal sources include decay of
radicactive elements, gravitational compression, and dissipation of
kinetic energy by mechanical processes,”

The uniform mean density of the moon is consistent with a rock
which is of the a%proximate composition of the earth's mantle, If the
figure of the moon is non-hydrostatic then a solid outer shell greaterxr
than 350 km in thickness is required (Phinney and Anderson, 1966) but
at least partial melting should be expected below this depth if the
required volcanism is to occur. However, Gold (1965) argues that 1f
volcanism has occurred on the moon then most of it took placé in the past
because '"there appears to be no active volcano on the Moon now of a
level of activity such as occurs in hundreds of places on the Earth,"
This argument, if correct, then would cause us to seek a model of 2
moon which is currently cooling.

Following Phinney and Anderson (1965) we shall assume slow accretion
of the moon with an attendant mean initial temperature of about 200° K.
For convenience, we shall make this 273° K or 0° C.

We are thus led to utilize the 0° reduced "terrestrial' model of

Fricker, Reynolds, and Summers (1967) which is based on the following

parameters:
TABLE XII'
initial temperature 0° ¢
K/U ratio 1x 104
" Th/U ratio 3.7
U concentration 3.09 x 1078g/g

age 4,5 b.y.
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surface temperature 0° C

radius, r 1.738 x 106 m

density _ 3.34 g/cm3

heat capacity, Cp 1.2 J/g deg

heat of fusion, He 400 J/g

lattice conductivity, c¢ 7.89 x 105 J/em yr deg
index of refraction, n 1.7

opacity lm -1

The content of radivcactive minerals for this model 1is consistent with
low K tholeiite and ultrabasic rocks., However, as Phinney and Anderson
point out, "Taking the radiocactive abundances from the low-K tholeiites
we find that heat generation can be readily adjusted, within the uncer-
tainties of the model, to provide for early or late lunar melting or
none at all.," With this limitation, Figure 84, a semi-logarithmic version
of curve 4, Figure 65, shows the temperature distribution in a solid moon
without including the effects of melting. Of course we realize that at
depths where significant melting occurs fthe temperature may be held to
the melting temperature by the tendency for the radioactive elements to-
rise in the melt, However, we shall accept the profile of Figure 84 as
our preferred temperature profile insofar as it leads to comsistency
with most current observational evidence, For this model, melting starts
timewise at about 3.1 x 109 years and depthwise at less than 400 km
(Fhinney and Anderson, 1965). The model demands a present-day lunmar
surface heat flow of 8,85 ergs/cm2 sec.

Rubey. (1951), in studying geochemical balances found that the

volatiles H20 and 002 must be continually brought to the surface in
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volecanic activity, A broad definition of volcanic activity, encompassing
basic and ultrabasic intrusion is invoked here. Thus we should expect to
find free pore water at some depth in the moon, although not necessarily
uniformly distributed over the globe., The surface temperature ranges
from a daytime peak of 390° K to a nighttime low of 90° K, hence for the
low thermal conductivities of the surface debris layer on the moon,
temperatures of order -35° C (240° K) may be expected at depths of the
order of one foot according to Kopal (1966). Any water moving upwards

- may thus freeze in the pores of the rock so that permgfrost may develop,
A ‘sufficiently thick layer of overburden would prevent any rapid evapora-
tion from either water or ice in the rock pores, These statements,
however, leave two factors unsettled: what is a sufficient depth of
overburden and can ice exist at that depth. Electromagnetic and seismic
sounding can provide answers to these questions, 1In this region, our
model has very little control at present.

Thus the above discussion leads us to prefer a hot wet moon which
would be expected to exhibii marked radial dependencies in each of the
three electrical parameters (J , Ke, and Km. By analogy with the Earth,
we would -expect the outer regions of the moon to be laterally inhomogeneous,
As Buncorn (1968) notes, these lateral inhomogeneities might extend to
substantial depth in the moon and could tend to obscure radial iayering.

(h) Estimation of ranges of lunar electrical parameters

To facilitate following the arguments given for lumar electrical
models, some of the facts presented earlier are re-referenced to the
original literature in the following presentation. However, the reader

may find much of the documentary evidence for the arguments in the first
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siyx sections of this report.

(i) magnetic permeability and remanence

If we assume that the moon is of basaltic composition tben the
magnetite content, by comparison with earth materials, would be expected
to lie in the range 0.7% to 47 bﬁ volume (Keller and Frischkneﬁht, 1966,
p. 58). However, de Wys (1967, 1968) interprets the Surveyor magnet
experiments as suggesting a magnetite content as high as 7% by volume,

The susceptibility of magnetite ranges from 0.3 to 0.8 cgs units according
to Slichter (1942), and on this basis the ranges of relative permeability

K, indicated in Table XIII may then be anticipated,

TABLE XTIT
magnetite content min K, max K,
0.7% 1.026 1.070
4% 1,151 1,402
7% 1,264 1.704

The remanent magnetization can greatly exceed that of induced
magnetism observed in basalts at the earth's surface, The Koenigsberger
ratic Q= ﬁ% frequently ranges from about 1 to 100 for basalts on
earth (Strangway, 1967) and this ratio could be much larger for rocks in
an interplanetary field of 5 }{ if the remanence was acquired in a
much stronger field, However, we know nothing about the magnetic history
of lunar rocks and hence we are unable to hazard a guess concerning the
relative importance of remanent and induced magnetism for static induecing
fields. However, for tramsient induction in the moom, the remanent mag-~

netization can only be of secondary importance (Goldstein and Ward, 1966).
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The Curie temperature of magnetite is given as 851° K (or 578° C)
by Lindsley et al, (1966) so that the inter&or of a hot moon will not con-
tribute to its magnetic behavior. In the hot model of the moon, adopted
here, such a temperature is probably reached at depths of the order of
150 km. On the other hand, Ness (1968) has 'suggested that the maximum
temperature in the interior of the moon may be only of the order of
1000° C and if this deduction is correct, then the Curie temperature may
not be reached at depths less than several hundred kilometers into the
lunar interior. In Table XIV the maximum polar (x = a, y = z = Q) induced
magnetic field of a spherigal shell of outer radius a = 1740 km and inner
radius b = 1600 km, 1400 km, and 1200 km has been calculated assuming a
5‘3/ inducing field H, directed along the 'magnetic axis," and a per-

meability K = 1.7. The formula used in the calculations is

T = H(@-8) Kzl brlye)Tusegt rax2 T
Ko +2 fs

which gives the three components of the static secondary magnetic field

arising in the static inducing field Hb'

TABLE XIV

Induced Polar Field of Magnetic Shell Moon Model

5% Inducing Field, Ky = 1.7

Quter Radius Inner Radius Polar Surface Field
1740 km 1600 km 0.42 Y
1740 km 1400 km 0.91%
1740, km 1200 km 1.28Y

Solid Sphere 1.90 ¥
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The field strengths given in Table XIV would appear to be maxima
for their respective models, since the maximum estimated value of mag-
netic permeability Kﬁ_has been used in the calculations, More probable
values, based upon an assumption that K ~ 1.25, are_about 407 of those
given in Table III, However, if the interplanetary rocks exhibit strong
remanence, then the’maximum static magnetic field would be considerably
larger than the estimates given in Table XIV. Insofar as we do not
observe an intrinsic field greater than Z'K/ at a distance of 763 km
above the lunar surface, the maximum surface magnetic field due to a
remanent dipole cannot exceed about 6}('. Hence any residual permanent
field of the moon is not apt to exceed greatly any static induced field
which might exist,

(ii) electrical conductivity

A previous analysis establishes that it is exceedingly difficult,
using presently available electromagnetic theory, to estimate the
effective conductivity of the moon from data provided by lunar orbiting
magnetometers, The qﬁestion then arises,. "To what accuracy is it
possible to estimate the conductivity depth profile on the basis of
other information?" As we shall see, estimates can be given'but tﬁey

must assume substantial uncertainty ranges.

conductivity in the outer dry shell

The starting point for the next discussion is Kopai's (1966) estimate
of 3 x 10'4 mhos/m for the conductivity of the first five or ten meters
of the lunar surface, at a frequency of 3 x 108 haz.

The dielectric constants of many dry ceramics aé reported by von
Hippel (1954), are nearly independent of frequency and the loss tangent

is a slowly varying function of frequency. The same general behavior
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has been reported for dry rocks (Femsler, Knott, Olte, and Siegel, 1962,
Troitsky, 1962; Keller and Frischknecht, 1966; Ward, Jiracek, and Lin-
lor, 1968). %hus the conductivity increases nearly linearly with fre-
quency over several decades from, say,lO2 hz to 108 hz. Beyond this
range the conductivity becomes less dependent upon frequency., The con-
duction mechanism may well be extrinsic ionic and the frequency depen-
dence related to the restriction of movement of defects or impurities
in the lattices of the constituent minerals., Alternatively the fre-
guency dependence may arise in surficial polarization due to a very
small amount of water remaining when the rock is "dried," Thus the
conductivity of the lunar surface rocks should decrease from 3 x 1074
mhos/m at 3 x 108 hz to 3 x 10710 mhos/m at 3 x 107 hz, Below 10 hz
the conducti%ity is much less dependent upon frequency so that at D,C.

10 12

the conductivity might be of the order of 10° ™" to 10 ~“ mhos per meter,

This estimate is quite consistent with the D,C. conductivities given by

Fensler, et al., (1962) for dry rocks,

The slightest amount of moisture may raise this conductivity by
several orders of magnitude at D.C. without raising it by more than
one order of magnitude at 108 hz (see Ward, Jiracek, and Linlor, 1968).
Thus we somewhat arbitrarily select an upper bound for the D,C, conduc-
tivity near the lunar surface as 1070 mhos/m, but this should be conser-
vatively high. Fensler et al, (1962) measured a range of D.C. conductivi-
ties from 2.8 x 108 mhos/m to 5.0 x 10712 mhos/m for dry terrestrial
basalts, ' Nash (1967) noted the possibility that a thin film of carbon
might be deposited by the solar wind, and if this is true them a thin

surface layer of conductivity as high as 103 mhos/m might exist; England
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et al. (1968) discredit this hypothesis on the basis that "the amount
of carbon involved would be small and the effect on bulk properties
probably insignificant,"

The near surface condpctivity as defined here is assumed to extend
from surface to 10‘m with little, if any, change, This depth would be
consistent with the maximum depth of ''debris" estimated photographically
and by radar, The bedrock from 10 m to 100 m is most likely dry, as sub-
sequent argument will indicate, so that we shall refer to the outer 100 m
of the moon as the "dry shall,"

conductivity in the wet shell

At some depth between a few tens of meters, say 100 m, and a few
kilometers one would expect sufficient water to be present to begin to
affect the conductivity of the lumar rocks, At 1 kbar pressure, corres-
ponding to 18.5 km depth in the lunar interior, Brace et al, (1965)
discovered that most of the cracks, in a number of samples of igneous
rocks, were closed and that conduction was then through the pores for
a very saline ((3 = 3 mhos/m) pore solution aﬁﬁ along the surface of
the mineral grains for tapwater ((3’«:2 x 1072 whos/m), For natural
waters contained in igneous and metamorphic rocks Reller (1966) gives a
median conductivity of about 10'1 mhos/m and one should still expect
surface conductivity to predominate, for this salinity, above 1 kb
pressure, Figure 33 is a reproduction of the resistivity-pressure
diagram given by Brace et al, From this diagram it is seen‘that the
range of conductivities studied is about 10?2 between the Westerly
Granite (.007) and the Diabase (.001), The pore porosity is given by

the number after the name of fhe rock and it does not include the crack
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volume, All measurements were made at 20° C and 10 hz. These measurements
may then be used to predict a range of conductivities for lunar rocks at
18,5 km depth where water may be expected to fill the pores, The con&uc-
tivity at D,C, may be expected to be lower than those shown at 10 hz

since surface conduction is involved. Hence, we will extend the range
downward by an order of magnitude on this account. The change in conduc-
tivity, of the rocks of Figure 33, when tap water replaces the salt
solution, appears to be about an oxder of magnitude lower at most pressures;
the range is then shifted one order lower on this account., One could, of
course, argue that the pore water of lunar rocks was very saline, but

we choose otherwise here, No correction for temperature has beeq made

even though we assume a temperature of -40° C at 18.5 km; the change in
conductivity would only be a fractiom of an order of magnitude even if

this temperature estimate was 20° C in error. Then upon use of the data
of Figure 33 at 1 kb pressure, after the corrections noted, the expected
range of conductivities is 10™% mhos/m to 10”7 mhos/m at 18.5 km depth,
Note that the addition to dry rocks of as small an amount of water as

0.1% shifts the conductivity higher by several orders of magnitude,

Using the same procedure, the conductivity range at 55 km has been
egtimated to be 10-3 mhos/m to 10-6 mhos/m. The wet shell, where ionic
conduction in pore fluids predominates, probably extends to about 100 km
where semiconduction is expected to dominate,

conductivity in the hot interior

At a depth of 300 km a temperature of about 1000° C exists in the
preferred model of the moon according to Figures 84 and 85, The same

temperature is reached at a depth of 100 km in the earth (Verhoogen, 1956
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and Figure 84) where the conductivity is estimated from geomagnetic

2 mhos/m and 1073 mhos/m (Eckhardt, Larner,

variations to lie between 10~
and Madden, 1963). (See also Figure 38.) If we assume identical composi-
tions for the moon at 300 km and the earth's mantle at 100 km, then the
conductivity-at a depth of 300 ﬁm.in the moon should be 10~% mhos/m to
1073 mhos/m, However, additional uncertainty must exist over this esti-
mate because of the large changes in conductivity associlated with minor
changes in chemical cowposition (Hamilton, 1965). To allow for this
uncertainty, a range of 100 mhos/m to 10"4 mhos/m is suggested, This
range would encompass most of the rock conductivities measured in the
laboratory at this temperature (Hamilton, 1965; Keller, 1966). WNote that
this estimate is based on assuming identical compositions for the upper
mantle and the moon, and on using the conductivity of the earth at 100 km
depth as estimated from geomagnetic variations. We have no? invoked an
ionic conduction formula, as did England et al. (1968), to arrive at the
estimate,

Using the same procedure, the conductivity at depths greater than
1000 km can be estimated to lie within the range 102 mhos/m to 1072 mhos/m.
This range would also be consistent with extrapolations to 1700° C of
laboratory measurements on rocks (Hamilton, 1965},

The conductivity in the hot interior of the preferred lunar medel
would be essentially independent of frequency (Reller, 1966; Keller and

Frischknecht, 1967),

the question of permafrost on the moon

It bas been suggested that the interstices of lunar rocks and soils

may contain ice (Watson et al, 1961la, b; Kopal, 1963; Gold, 1965) since
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the mean temperature a fraction of a meter into the lunar surface is
expected to be about -35° C (Kopal, 1966). One should bear in mind,
however, that there are permanently shaded areas on the moon where the
surface temperature is constant at abogt 100° K or -173°C. Watson

et al, (1961b) calculate that of the order of 0.5% of the lumar surface

is permanently shaded and that wmost of this area occurs between latitudes
78° and 90°, The low thermal conductivity of the debris layer (Wesselink,
1948; Jaeger, 1953) would prevent ice at depth from being heated by verti-
cal conduction during the lunar day and would prevent cold spots from
being heated by lateral conduction from adjacent illuminated areas,

If ice does occur then the evaporation rate of water from the Ilunar
surface would be so slow that most of the water arising in chemical dif-
ferentiation in the lunar interior would be retained, Thus detection of
ice on the moon is considered by some to be positive proof of chemical
differentiation of the moon,

We shall refer to rock with interstitial ice as permafrost, Measure-
ments of water-saturated rocks at temperatures of -35° C show that the
conductivity decreases by one to two orders of magnitude relative to the
conductivity at +20° C (Keller and Frischknecht, 1966). Pockets of brine
exist-in a water saturated rock at temperatures down to -60° C. Thus if
permafrost does exist at the base of the debris layer, its conductivity
should be about one to two orders of magnitude lower than that for water-
saturated basalt at 20° C, If we take the range of 1071 mhos/m to 10'4
mhos/m for wet terrestrial basalts given by Keller (1966), then the hy-
pothetical lunar permafrost should exhibit conductivities in the range

-2 -6
10 mhog/m to 10 6 mhos/m, Thus the presence of. permafrost could cause
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the conductivity beneath the debris layer to be several orders of magni-
tude higher than if this rock was dry. We shail assume a wean debris
thickness of about 10 m for this discussion. It is necessary to point
out that, 1f permafrost occurs, its top surface need ﬁ;t-coincide with
the base of the debris,

Watson et al., (1961b) calculate a removal of ice by evaporation
from cold spots on the moon of about 8 m to 18 m per billion years. We
should thus expect the upper permafrost surface to be today at perhaps
100 m beneath the shaded lunar surface. Gold (1962) suggests a depth
of 30 m to the top of the hypothetical permafrost layer in these regions
where the temperature averages ~ 120° K, Over the rest of the lunar
globe ice may not be pervasive, However, the low permeability of the
lunar crust may inhibit evaporation to the point where permafrost does
exist, One hundred meters is taken as an assumption of the dépth to
pervasive permafrost in our preferred model. Then, if water is to
occur without ice overlying it, diffusion and evaporation'wiil be more
rapid so that the depth to water saturated rock in a "no permafrost"
model should be much greater than 100 m. The thickness of this hypo-
thetical permafrost layer can be estimated by coﬁparison with maximum
thicknesses of terrestrial permafrost; Shumskiy et al, (1964) suggest
a maximum of order 1 km for the earth where the temperature rises at a
rate of about 10° C per km, Near the lunar surface the temperature
should rise, according to our preferred thermal model, at a rate of
about 4° C per km and hence the melting point of ice would be reached at
a depth of about 9 km. However, the effect of salinity and the effect
of increasing pressure oﬁ both the lowering of the freezing point of

ice and on the reduction of pore volume need to be taken into account,
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For these reasons a maximum depth to the bottom of the hypothetical
lunar permafrost of 3 km is suggested and the conductivity should de-
crease from top to bottom., Gold (1962) states that the bottom of the
permafrost layer should occur somewhere between 1 and 10 km,

the conductivity profile.

The above conductivity ranges have been plotted versus depth in
Figure 86 for both "permafrost" and "no permafrost" models. The
conductivity gradually increases by about 7 orders of magnitude from
surface to the center,

Smooth profiles of conductivity for both the permafrost and no

IleX_

permafrost models have been drawn on the diagram to indicate the
_pected” conductivities of the preferred model, The resulting profile

is reasonably consistent with profiles estimated by other authors

(England et al, 1968; Schwartz, 1967; Keller, 1967).

The relatively-high conductivity between 100 m and 10 km exhibited
by the permafrost-model is a consequence of inhibition of diffusion and
evaporation caused by the presence of frozen pore water rather than
liquid pore water. An increased temperature gradient in the outer 10 km
of the moon could readily dissipate this hypothetical permafrost layer

and hence it is not considered a necessary part of this presentation,

(iii) dielectric constant

dielectric constant in the outer dry shell

Astatic radar measurement of the dielectric constant of the first
few meters of the lunar surface have indicated a mean dielectric constani
of 2,8 £ 0.7 (Hagfors et al,, 1965) for a homogeneous model of the moon.

However, Hagfors et al, (1965) carried out an experiment which led to the
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deduction that all radar scattering information could be explained by

a two-~layered model, the upper layer being of random thickness and
having a dielectric constant of 1,8 with the bottom layer exhibiting

a dielectric constant of about 5. Thompson and Dyce (Ll966) using astatic
range-lDoppler radar, found that

1. The lunar highlands of the southwest quadrant of the moon

backscatter 1-1/2 to 2 times as effectively per unit area as the

mare regions of the east and northeast quadrants of the moon,

2. The mountain ranges which surround the circular maria back-

scatter 1-1/2 to 2 times as much power as the adjacent mare regions.,

3. Some craters were found to backscatter as much as 10 times as

much power as their environs. Once the increase in backscattered

power predicted by a rough surface had been removed, the total
return powers in the vicinity of the craters Aristilus, Tycho,

Copernicus, and Diaphontus demand dielectric constants of the

order of 5 to 20.

Iyler and Peterson (1968), interpreting bistatic radar data, find
enhanced power return over very local areas suggesting dielectric con-
stants between 5 and 10,

From the above information we develop a picture of a moon covered
generally with a 5 to 10 meter underdense debris layer of low dielectric
constanp underlain by block& rubble or solid rock.' In places, such as
the floors of young craters, the debris layer thins or is absent (Evans,
1965). Thus the radar scattering observations, when properly interpreted,
provide a description of the lumar surface which is remarkably consistent

with that described by the photographs of the Surveyor and Orbiter series
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(Whitaker, 1966; Jaffe and Shoemaker, 1966; Shoemaker et al,, 1967).
The radar scattering measurements have been wmade in the 22 meter

7 hz to 1011 hz).

to 8 mm wavelength range (approximate frequency range, 10
There is no unambiguous evidence that the dielectric constant is a func-
tion of frequency in this frequency range (Evans, 1965).

As mentioned earlier, radiometric observations of the polarization
of the thermal emission from the lunar surface have indicated a dielec-
tric constant of 1.65 at 3,2 cm (Soboleva, 1962) and of 2.1 at 21 cm
wavelength (Heiles and Drake, 1963). These observations then are con-
sistent with the two layer model deduced from radar observations,
Campbell et al, (1968) deduce, from the radiometriec data, a typical
density of 0.6 gm/cm3 for the uppermost centimeter of the lunar surface
and a typical density of 1.0 gm/cm3 over the next few centimeters, corres-
ponding respectively to 25 percent and 35 percent solid material om the
basis of a formula due to Twersky (1962)., These estimates are some-
what lower than the 1.1 g/cm3 to 1.5 g/cm3 estimated from Surveyor I,
111, and V mechanical experiments (Christensen et al,, 1966; Christen-
sen, et al., 1967a, b; Scott and Roberson, 1967).

Then the general concensus obtained from photographic, radiometric,
radar, and mechanical studies of the top 5 m to 10 m of the lumar surface
is that it is vertically inhomogeneous in any one locality, var:i:es sub=-
stantially with position on the lunar globe, and that it increases in
density and quite probably in content of large fragments, with depth,
until it bottoms in solid rock. The dielectric constant of this medium
should exhibit similar variations, Where comparatively recent volcanism

has taken place or where the surface is permanently shaded, small quan-

tities of water or ice could ocecur in the debris or at shallow depths
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beneath it. 1If this is true, then values of dielectric constant con-
siderably in excess of 20 could arise, However, we shall selec£ the
range 2 to 20 for the mean dielectric constant of the first ten meters
at a frequency of 107 hz, There is evidence that for dry earth méferials
dielectric constants are on1§ slowly varying functions of frequency
down to 102 hz (Ward, Jiracek, and Linlor, 1968; Scott, Carroll, and
Cunningham, 1967; Keller and Licastro, 1959). Thus the debris dielec~
tric constant range of 2 to 20 may be considered as the low fréquency,
or 'D,C," range,

For dry rocks immediately below the debris, some guidance is offered
by the dielectric constant range of 5.5 to 26.7 measured at 103 hz for a
variety of basalts by Fenmsler et al, (1962). It would seem prudent,
however, to extend this range to 5 to 100 to allow for the greater
range exhibited by igneous rocks in gemeral (Keller, 1966) and for
the small increase in dielectric constant with decreasing frequency
expected for dry materials,

dielectric constant in the wet shell

Once again we should hawxrdly ezpect vertical or horizontal homo-
geneity of dielectric constant in the wet shell., Further, the dielectric
constant exhibits a marked dependence on frequency, temperature, pore
volume, percent water saturation, salinity of pore fluid, percent
metallic and/or clay minerals, pressure, and rock composition, We
should therefore anticipate a large range of dielectric constants to
characterize this layer, Dielectric constants as large as 108 at 10-2 hz
were suggested earlier and this is supported by observations by Keller
(1966) who reports values in excess of 109 at frequencies of order 1 h=z
for many igneous rocks, fhis latter figure for the "D.C." value of

dielectric constant is only likely to be reached in wet rocks containing
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at least a few percent magnetite, The effect of pressure and temperature
on wet rocks is to increase the dielectric comstant (Parkhomenko, 1967).
It must be admitted that the laboratory and field measurement of extremely
high values of dielectric constants are suspect (Scott, Carroll, and
Cunningham, 1967) and that a thorough, reliable investigation of rocks
which might simulate the wet shell is demanded, WNevertheless, we shall
adopt an upper limit of 1010 for dielectric constant of the rocks of the
wet shell and thereby feel safe that a substantial margin has been allowed.
This estimate might apply to depths between 1 km and 100 km in the "no
permafrost' model., At depths shallower than this, the hypothetical pore
water should diminish, Hence we shall apply the upper bound at 18.5 km
and 55,5 km where conductiviity estimates were previously made, For a
lower bound, a value of 102 is selected by terrestrial analog since no
other control is available for this estimate,

dielectric constant in the hot interior

Data reported by Keller (1966) and Zablocki (1964) suggest that for
temperatures above 300° C, the dielectric constants of igneous rocks
range from 10 to in excess of 103 at low frequencies, An upper limit
of 105 will be adopted for our purposes, although there is insufficient
experimental evidence to provide much assurance that this is correct,

the dielectric constant profile

The above ranges of dielectric constant have been plotted versus
depth in Figure 87 for both "permafrost" and "no permafrost" models.
Expected values are difficult to assess because of our general lack of
knowledge of dielectric constants of rocks under all conditions,

The gross frequency dependence of K, for wet rocks makes it impera-

tive that we stress that the estimates given are for low frequencies,
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say ./ 102 hz. TFor comparison, reasonable single estimates at 10° hz
are shown on Figure 87 for both "permafrost' and "no permafrost' medels,

—
(iv) Llimitine © and Ke profiles

While sharp concentric boundaries are not nearly as realistic as
graduvual transitions, it is convenieﬁt to represent any radial change
by one or more step-function changes in G, Ky, and K. In the limit,
one could utilize an infinite number of incremental changes to approximate
any smooth change. Figures 86 and 87 contain estimates of the lumar D.C,
conductivity and dielectric constant profiles from which we may recognize
three major electrical divisions of the lunar interioxr: the dry shall,
the wet shell, and the hot interior, Subdivisions of these layers such
as the debris and permafrost layers may also be recognized, again with
the full realization that radial changes in the electrical parameters
may be gradual racher than discontinuous, With tﬁese cautions, the
Mayering™ of the electrical parameters evident in Table XV is suggested
as one reasonable model, In view of the large uncertainties of J and
K, evident in Figures 86 and 87, a more refined model than that of
Table XV is difficult to justify. Step function models of rhe D,C,
conductivity profilé based on Table XV are contained in Figure 88.
At lO6 hz these conductivities are substantially higher as Figure 88
also reveals, and the conductivity contrast between the layers is
reduced, Similarly, possible step function models of dielectric con-
stént are illustrated in Figure 89, The expected frequency dependence
of dielectric constant and electrical conductivity within the frequency
band 1072 hz to 104 hz for each of the layers is given in Table XV,

The model described by Table XV and Figures 88 and 89 we shall
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PABLE XV ‘
Funetional Functicngl
Depth s 6 Dependency : 6 Dependcncy  Min  Max
JLeyer Subdivision  Remge (' (bC)  T(10°hz)  T(107nz) of T Ke(DC)  Ke(20°hz) Ke{20°hz) ofkc ~ Ka Km
Dry Shell Debris o-lom 1073 107 1077 F 5 3 2 : - 1.00 2,00
1

"Dry" Rock 10m=100m 10"8 107 103 FE 20 15 10 - 1.00 2.00

. L
Wet Shell Fermefrost 10%m-3x10%m 1073 1073 10m3 - 10% 103 30 35 0 2.00

Cuter Wet L £ -2

- - - -l -
e n % 10%n-3x20% 1077 1076 107" §2 103 3x10° 10 T2 1,00 2.00

+ - " - 3 _

T 3m10%m 10 " 310~ 1073 Fi 107 10° 10 o~ f Tt 1000 2.00

1
Hot Interior »10%m 107t 1ot 10t - 10° 3%10° 30 ~F-T 1.0 1.00
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refer to as the step function version of our preferred model, Limiting

high S and I1ow<3_ step function models, consistent with Figures 86 and

87 are described in Tables XVI and XVII and in Figures 90 and 91. The
deep conductivity of the low CS_-m.odel has. been dropped to 1072 mhos/m
to allow the possibility that the Ness et al, (1967) estimate is correct.
These two limiting and one preferred model are useful in allowing for |
extremes in designing electromagnetic exploration systems,

(v) conclusion

It is evident that we are grossly ignorant of the electrical
parameters of materials which might be used to model the various shells
of the moon. ZXnowledge of dielectric constants is particularly lacking
under variation of pressure, temperature, moisture content, saliniry,
mineral composition, and frequency, Perhgpé the most important point
brought out in this investigation is demonstration th;t the permissible
ranges for the electrical parameters are very 1argé Qt all depths, The
only convincingly measured quantity is the dielectric constant of the
top few meters of the moon, However, its mean value for a homogeneous
model should be raised to 4.7 * 0.7 if a magnetic permeability of 1.7 is
applicable, or to 3,5 * 0.7 if a magnetic. permeability of 1.25 pertains
as seems probable.

Despite the gross ranges of the parameters, the mere establishment
of them permits us to place limits on the design of lunar orbital or
surface electromagnetic experiments, Then this is as it should be,
for as we said earlier, lunar models are today established on the basis
of inference, theory, and meagre experimental data so that their authen-

ticity may be tested,



TABLE XVI
HIGK & MODEL
Functional Functicrel
i Depth 6 Dependency o 6 Dependerncy  Min  Max
Leyer Subdivision  Range  G(pc) T(10%hz) T (16Pha) of T ¥e(pe) Ke(20%nz) xe(10%nz)  of %e ¥n  m
. w6 -6 -} Fi
Dry Shell Debris 0-10m 10 10 10 3 3 3 - 1.00 2.00
1/
Wet Shell Wet Rock 10m-100m 1073 1073 1073 - 10° 30 10 F78 100 2.00
X
Wom-3m 1073 1073 1073 - 10 103 10 §% 1.00 2.00
Ym-10%m 1077 1673 1073 - 10t 168 10* ¥ 1.00 2.00
Deep 1 1 1 w3 I 2 3
S erior S 10%m 10 10 10 - 10 10 10 5 1.00 1.00

QLT



TABIE XVII

1o O MODEL
Functional , Functional

Depth 2 Dependency s Dependeney Min Max
Layer Subdivision Range J (pc) < (10%hz) T (106hz) of T ke(do) Ke(20hz) Ke(lOGhz) of Ke Km ¥m
Dry Shell  Debris o-lm  107%2 10710 107 F 3 3 3 - 1,00 2.00
"Bry" Rock 10m-3m 10710 109, 10~ § 10 10 10 - 1,00 2.00

Wet Shell 1 Yg

- -7 -7 -5 L F

(ﬂz./ 2% H20> 3len-100km 10 10 10 £ 100 30 10 1.00  2.00
Deep Hot »10%m 107 1078 107 - 100 100 100 - 1.00  1.00
Interio?  yym >10%m 1077 1077 107> - 10 10 . - 100 1.00

JLT
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Any one of the electrical models suggested by Figures 86 through 91,
augmented by the data of Tables XIII and XIV, is quite compatible with
the observations of magnetic field perturbations recorded by Explorer 35.

Correctly-designed orbital or surface electromagnetic experiments
can be expected, on the basis of the models suggested here,.to vield in-
formation on the three-dimensional distribution of G , K, and K, to
depths of several kilometers. By so doing, electromagnetic experiments
can contribute to three-dimensional geologic mapping, detection of pore
water or permafrost, detection of volcanism or its expressions, deter-
mination of the depth of debris, detection of concentric layering and
other information. Many of these pieces of information have a direct

bearing on the origin, history and dynamic behavior of the moon,
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8. Lunar electrical models - theory

(a) Introduction

In interpreting the distribution of natural or artificial electro-
magnetic fields in the vicinity of the surface of the Moon, reference
will need to be made to field distributions obtained with eitﬁer mathe-
matical models or scaled physical models, We thus become concerned with
electromagnetic induction in a spherical body. Rikitake (1966) has
summarized the literature pertaining to induction in the Earth due to
natural electromagnetic fields, while Ward (1967) has provided a similar
summary-pertaining to artificial sources., In this section, our aim is
to set down formulation which would appear to be pertinent to lunar
electrical studies., The theory is divided into two parts, the first of
utility when studying natural fields (passive systems) and the second of
utility when studying artificial fields (active systems),

(b) Induction theorvy for passive systems

(1) 2 homogeneous conducting permeable sphere in a uniform

alternating magnetic field

statement of problem

We wish to consider a sphere of radius R, of conductivity G;,
and inductive capacities o and é;'z embedded in an infinite medium
defined by the parameters <3y, uy, and Eil as in Figure 92. A uniform

alternating magnetic field
_cwt
H=H,e 8-1

is applied in the % -direction. We wish to find the distribution of

secondary magnetic fields exterior to the sphere,
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assumptions

One basic assumption is made to facilitate solution of the problem,
(Wait, 1951; Ward, 1967) This assugption is:

To assure uniformity of‘the inducing field in the vicinity of the

sphere, it is required that l ﬁlf? l.ﬁil where kl is the propaga-
tion constant of the infinite medivm, Since k = -X?ZS, , this state-
ment 1s equivalent to the requirement that the wavelength in the external
medium is much greater than the radius of the sphere, )
solution

The Cartesian components of the extermal magnetic field are

Ho) = RN (M-N) 2i=eZ2™ ol s
A5
Ha@) = Rgl—lo (M-L'N) 37*"?‘,:3’:. g3

8-4

Hole) = RH, (M-cN) 22

where

F“Q-—th;: %7ﬁ&ﬁéﬁbﬁ(~og) _;Aé(;(‘”Zzzélbf-ho{?22;w<
o (o) 20t (o~ AT ot 1ot g |

o s,
and £ = ,é}?:: (E‘)/l{?_w + 4:,{/16”>w> <
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The quantities M and N appi?r in Figure 93 as functions of the induction
number (El :CS‘;_ //z a_,) LR’ for the special case where displacement
currents may be neélected. Figures 79 through 82 pertain when displacement
currents are not negligible.

The geometry of the secondary field is that of an induced alternating
magnetic dipole oriented in the direction of the inducing field, One
could consider the quantity (M - iN) as a reflection coefficient for magnetic

fields scattered by a sphere,

(ii) a conducting permeable sphere in a uniform alternating

magnetic field - radial conductivity distribution

The above solution has been gemeralized by Negi (1962) to permit the
conductivity to be a function of radial distance from the centre; the
solution assumes a constant permeability throughout the sphere., First let

us rewrite 8-5 in the form

. o
~N= & ”?”")I%(m) £, (YR) L, (R)

) Y ~24)I, (7)) +24,(RT,, (YR)

8-6

(Megi, 1962; Grant and West, 1965); where I3/, is a modified Bessel
function of the first kind of half odd integral order and where Y may
be identified with ik,

If we now allow a radial conductivity distribution

— A
Q:_:“o? 87

where r is the radial distance from the centre of the sphere, the
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complex response beccmes

a5 (E YR) + 4RI (/YQ)
2t ) I, (ZYR) +240R) I (2 yR)

Equation 8-8 then permits calculation of the response for the very
P A

special distribution of \J, = D—o F_Z‘
Negi (1967) has given formulae for other radial conductivity

distributions.

(iii) induction in a conducting permeable sphere - inducing

field of arbitrary form, conductivity distribution radially inhomogencous

introduction

Electromagnetic induction in a conducting sphere and its application
to physics of the Earth's interior have been studied by many authors.
(Lamb, 1883, 1889; Chapman, and Whitehead, 1923; Ghapman and Price, 1930;
Price, 1930, 1932; Lahiri and Price, 1939; Terada, 1939, 1948; Rikitake,
1950, 1951; Takeuchi and Saito, 1963; Eckhardt, 1963; Eckhardt, Larner
and Madden, 1963; Srivastava, 1966). Much of this work has been reviewed
by Rikitake (1966). _As noted earlier the technique for solving this
problem lies in expressing the surface magnetic fields in terms of surface
harmonics and separating the resulting expressions into parts of internal
and external origin. Those of internal origin must esither be generated
in the core by hydromagnetic interaction or be induced in the Earth by
external fields, The internally generated fields will have periodicities
in excess of about four years (Currie, 1968), while the exterpal fields

will exhibit mostly shorter periods, However, there is overlap between
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]

the internally and externally generated spectra, For those periodicities
where the externally generated fields predominate, the following analysis
is valid and the intermal part of the field contains inﬁormation on the
conductivity distribution within the Earth.

In the region exterior to the Earth, r > R, Laplace's equation
holds, for fields or potentials, while interior to the Earth, r £ R,
the Helmholtz equation pertains for fields or potentials, Solutions for
each regime are indicated by equations 3-110 and 3-111, but these solutions
apply only to scalar potentials or to the individual rectangular components
of the vector fields,

the vector wave equation and solutions

Tc obtain appropriate solutions for the wvector fields, it is advisable
to start from the vector wave equation so that the physical structure of

the solutions may be visualized, Thus we write

VVrE:-—-VXVx"F? A T =0 8-9

-
where TF represents any vector potential or any vector field, Solutions

to this equation in spherical coordinates for a homogenecus region can
be conveniently represented by a complete set of orthogonal vector

P —_—
solutions which are usually designated as the vectors L, M, and N,
(Stratton, 1941; Morse and Feshbach, 1953,) We define these three

vectors in terms of a scalar

L = 8-10



195

N = 4 VX'F/T 8-12

——
where il is the unit vector in the r direction. Each of these vectors

is a solution of 8-9 provided
- 2
7 A+ 4@ =0 8-13

as verified by direct substitution of 8-10 through 8-12 in 8-9, The
S . —
vector M may be expressed in terms of L by
— ~ =
™M= xy A 8-14
which is readily established by comparing the expanded versions of
-~
8-11 and 8-14, We note from 8-11 that M is tangential to any
spherical surface,
Now if M;, M,, and M3 are the r, ¢ , and Ci) components of '_Fit

we have

\\4 ) =0
8-15

v oo L 2
>" 0n% 9¢ 8-16

M= — O
3 D% 8=17
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3

The divergence of M 1is zero for these components and hence the vector
e
M

wave equation for is

—y L,
Vx¥x M = 47 8-18

Equation 8-18 may be expanded in spherical coordinates as follows:

2 t €2 - Ly
N 0 /100 /2
> Y >

dh >z ¢

|, %%MQ%E(MJ é:@{%(*”' )-2-bas M{%@@i@@

/l?;d&ﬁl ;‘E‘

r L — n —
= ;_é_ 9_7}.. e, + ’g .2:."3_ ’-’3 8-19
it S 2
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—
We note that the radial or il component of this determinant vanishes

e —
when My 1is zero, If we separate the i‘2 and 1‘.3 components in

equation 8~19, either component will yield the equation

32:‘}1 Xb-;— (&m@ ) j Xy *’é"‘zl”ca-zo

A BT /l,dm‘i 3% zmsz Sq

which is, of course, the scalar wave equation for C‘L . Hence the
condition for the vectors L, M, N to be solutions of the vector

wave equation is that 4—}/’ satisfy 8-20. 1In the usual shorthand notation

we may state this condition as
- 5 _
VoA ,ﬁ A =0 , 8-21

Equation 8-10 gives the components of the first solution; equations 8-15
through 8-17 give the components of the second solution; and from the

relation 8-12 we obtain the first component of the third solution as:

. N = 9@(,44 @0t oL 3’4)_

8-22

ﬂ,amca— N &n@” D ¢

and from 8-20 we see that the right hand side of 8-22 has the value

#N, = 2—%’-"; n A%i) bk
lQ?—"IL ) +4£ Z/‘z,{,b | 8-23

Y™

Similarly, the@— and C!, components of N are given by
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N, = o)
ér‘x 0D T 824

and’

N, = E')é\“q B 8-25
3 'L). 04»4.@ m

The scalar wave equation in spherical coordinates, 8-20, is solved
by separation of variables with the general solution
f)
‘ —e -[h
/{/: Z, 1) ‘S\* 8-26
= ]

n-_:.

~

This form is in agreement with that given in 3-110 if it is understood

that Z,, ég)),) is defined by

‘ Z " %2) 8-27
\]_21; n+{.

and where we have written S - to indicate

Sh - é rﬁ,,mé'w@—)eemck ‘ 338

w=co

=) =

¥ \ -
r‘?h éé‘dg’)are the associated Legendre Polynomials and g:,, is a
surface harmonic of order n. The =, @)).) is to he replaced by the

appropriate sphe.rical Bessel function

Jné{h) \]Zﬂ——l m‘l @’2) 8-29
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9 @2)" ) = E}i:: NM*I:. (’&) ‘ 8-30
Wby Ho, @)
- ~= . (2)
‘ﬂgé&) :‘{';Z’—L H wYs égﬁ) 8-32

the choice of which depends upon the physiecs of the problem. The function
Jn@’«) is a standing wave which is finite at the orlg:m, t? Eﬂ‘)t) is a
standing wave which is finite at infinity; whereas, }'} (’_g)),)and Io(} C’gz’z)
represent outward and inward travelling waves suitable for the region

r 7 R where R 1is the radius of the sphere, Substitution of any

member of 8-26 into 8-26 yields the two equations

/Lﬂ%fﬂ +f2/’”§f"l +[.ﬂ,}; HCVH:B]Z” 8-33
)l

and

= 5 (Wq}béa — Dm—zs” +nlnt)y=o0
S‘h‘ah@?,\;‘& % S,i,ﬂ«.f’é— 347 8-34

With the aid of 8-33, we can convert the Ny solution to the simpler form

N, = V’(“"") 8-35
AR &
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L

Some properties of the L, M, and N vectors are of importance

for our subsequent discussions., From equation 8-14 we obtain the result
.- M=o 8-36

ey "
indicating that the L and M vectors are perpendicular, From the

definition of 'f; i.e., equation 8-10, it is evident that

Vx L =0 8-37
The divergence of 8-10 may be computed to yield

v. L =it =~ By 8-38

] —
Finally, the divergence of M and N may be taken, and from 8-11 and

8-12, it is evident that

AL 8-39
V- RT‘ = O 8-40

— S —
Thus we conclude that L is irrotatiomal while M and N are solenoidal.
The orthogonality properties of these functions are discussed by Stratton
(1941, p, 417), Any arbitrary wave function can be represented as a
linear combination of these characteristic vector functions.
r— — R ——
The E and H fields may be completely represented by the M and
—-\ L3 - ;J _‘L' - - -
N solutions since E and H each has zero divergence in a region of
zero free-charge density and since each is ﬁroportional to the curl of
—

"the other, The vector L 1is therefore not required for most electro-

magnetic problems, According to 8-26 the general solutionuzq) of the

scalar wave equation in spherical coordinates is composed of a sum of
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particular solutions ’4inn' Associated with each characteristic function
) R —4 e Y .
Ah%ﬂ? are three vector solutions I,., Mp,, N . Thus, in genera],

we would write the electromagnetic fields in terms of these solutions,

as

T
_éz ,%__ é_@mn Mmﬂ —i= 1 h Mh)
t 44|

n=/ 8-41
and
. n e —a r—
H - 74’ 2 2( mh ’\lmn -+ ‘biom an)
cﬁ;‘u v =y ) 8-42

These two expansions are consistent with Maxwell's equations. For certain
— = )
problems it is not necessary to use both M and N vectors to describe

. —,
E and H., Thus, the two modes described as poloidal magnetic (Transverse

electric) and toroidal magnetic (transverse magnetic), constituting the
general solution, may exist independently., These two modes are as follows:

poloidal magnetic

o S,
E 2/1 i A mn an 843
W A=
- 7} o —
H= - ~’J°'-i—~ = i Ry i Mvwn 8-4k

/Ayaj m n=!
That this mode is indeed transverse electric may be established by noting
——
that the M solution has no radial component, In this mode, then, we
—

have identified the electric field with the vector M,

toroidal mode

E:‘“ém—é bm

n=i n 8-45
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/£ s —
. =z Z b, Mas, 8-46
rvi .

—_—
For convenience, we shall write down the complete form of the M. and

w—a, .
5 Nmn functions,

W, = 7L =l Y o) e

Mh A

o (L AP

- h(n+;) zn@h) ?m@ﬁa@)el’m(} .ZT\
—ér‘/z

L AR d
7 -—-— A né’gﬁ) a‘i@'

m f.é nZ, %1)‘( E@M@) et C/'E; 848

T b O

where by ec.m(" it is understood that we shall substitute /M}%cf

and Alia ¢ so that the coefficient bmh really represents two
coefficients b(:'.m n and bumn corresponding to the even @mm:{: )
and odd (ALM, mcb) parts.

separation of fields into parts of internal and external oxigin

Above the Earth's surface we find k ~ 0 for fregquencies
sufficiently low that we may neglect displacement currents, In that

—
region we may write the vector wave equation 8-9 for H as

—n
VXV x H =0 8-49
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—

since V. H =0

This equation is satisfied if

—
V= =0 8-50

in which case hﬁh is derivable as the gradient of a scalar
—
H o= _V(bﬂ 8-51

as in equation 3-42, The assertion that 8-50 is correct, leads ro
.‘L - ._‘k -

identification of N with H according to 8-11 and 8-12., If we

> - .-A - .A "-A ]
attempted to identify M with H, then N would be zero, Seemingly
then, equation 8-51 is an indication that we are dealing with a poloidal
magnetic mode and electric currents do not flow normal to the Earth's
surface.

However, equation 8-49 may also be solved if

Vxﬁ = — (‘T-—iw E)VCJJ 8-52
for then
VXVXT‘T = ""(G’—- LLUE)V)(VC,L 8-53

and the right hand side of 8§-53 is zero because the curl grad of any

scalar function is zero, Maxwell's equations inform us that
— ) N .
VxH =& -iwe)E §-54

so that the solution 8-52 indicates that the electric vector is derivable

from a secalar potential

J——

==-VC 8-55
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It is readily established that this latter solution leads to toroidal
fields, The question then arises as to which solution is most appropriate,
Lahiri and Price (1939) and most other workers in this field used only
the poloidal mode on the basis of two arguments., First, it is assumed
that vertiqal electric fields do not exist and second, that the "ﬁ? field
in air is virtually irrotational. Eckhardt, Larner, and Madden (1963)
refute these arguments on the grounds that; (a&) the vertical component of
“I‘E:L within the ground, while vanishingly small, is not necessarily zero;
(b) that the vertical component of the electric field for toroidal magnetic
mode (.-E? identified with —Nl) may also be vanishingly small because Nl-—;"" 0
as 4@17'7 1, (c) that by placing ﬁ 1~V¢-’* we really have identified BN
with an "iltype mode, and (d) that in the space above the Earth's surface
some vertical electric field is present for almost any reasonable physical
source, It should be noted that the quasi-static assumption, '{gﬂlCl 3
forces a number of contradictions of this nature, even though it is a very
convenient device for solution of boundary value problems of this type.
Eckhardt, Larner, and Madden (1963) also note some simple arguments from
Stratton (1941) concerning the choice of modes for matching the boundary
conditions at the surface of the sphere. There really is no need to select
only one mode since both may be used simultaneously. However, we shall
confine our subsequent remarks to the poloidal mode for purposes of
illustration,

We then can write for the region above the Earth

(/2 ¢ ¢ ) = Ré é,,,é%‘)m + ﬁn%yn—‘ Sh@%ct)e'tb{—s-ss
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where we have modified the form of the solution given by 3-111 to suit

our immediate purposes, The single index n dis meant to replace two
indices, n for the <¢f- dependency and m for the ‘.i dependency.

In equation 8-55, e, is the complex amplitude of the fields due to the ex-

ternal sources while i is the amplitude of the fields induced in the

7L
|
Earth. The quantity (3,.)@?/_ (!‘ ) is a spherical surface harmonic for

colatitude <f- and longitude 4, and is given by

N

SN N ) (1 ]

317']((2#)4'): ,;':__ ((L (ﬁr‘?}fl(’ 1- {D;”‘ AL -.1,]1! ) ‘" e 8-56

) m=c
—
where the Pn éﬂﬁ@_‘) are the associated Legendre polynomials defined by
”"'/L AP 4 im )
pro (1=x?) a2 8-57
" T e P
h . Kt
2" nl A=

At the Earth's surface where r = R, the three components of the

geomagnetic field, X, ¥, and Z, are computed from the potential

4:_‘4-‘ as

-D-Cf;‘ 8-58

= DS, L ial
Vo= = H Ga) frc‘-‘m--#-iv—,]ﬁ%fgijif « 8-59

' oAa (b\cj n=J

(=]

A= .?jff H (13> < e, (h“)L”JSn il g 40

']-l,
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By analysing the X, Y, and Z components from observatories
distributed over the Earth, it is possible to determine é?m-4-fh and

f}(:’n,_@—l-l) Ly . If then, we define

T, = Ne, ~(h+1) ¢y, oocl
€, +i,
we may express'R17:=__Jj in terms of T, as
ELI
4 T—r— )
?;,, = = N= Iy 8-62
Gr o e+ T,

This is the ratio of the reflected to the external source contributions
and thus is the reflection coefficient for an arbitrary wave structure
impinging upon the Earth,

Our next step is to ?elate R, to the electrical conductivity
distribution in the interior of the Earth, To do this, we determine the
magnetic field components interior to the Earth and match them to the
expressions 8-58, 8-39, and 8-60 at the surface of the Earth,

The internal magnetic field components are obtained from 8-44 with 8-48
substituted for .ﬁ;n' For convenience we will again use the single index
notation and use the symbol S, to denote the surface harmgnic described

Cn1¢

even parts in the following presentation, Thus the a ., of 8-43 have

by 8-56. Note that the & of 8~48 has been decomposed into odd and

been absorbed in §; as in 8-36. The magnetic field components may then

be written, following Eckhardt (1963)

Ho= - Z nln+) z, ) S, @t

s =0 c'///w'/:, 8-63
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T
¥
|
y

[ >

-

[

¢ =< f/iu"/‘z. /'{'2.- -

- ,d-l‘“
P [ n ,5,,(%: —} —t 8-64

i

Hoee e ol A /zznuw) ;S,q e 8-65
¢ n=cipun Ax "»g“

The boundary conditions require that, at r = R normal B continuous

(EZ} «¢ Jrcomponent)

”.(1‘__’,_’_3_2(143\ \ e, - *“*)EHJ Aly 8-66

Lu_)?_ i

tangential H continuous (XQ'LY .,f(‘(éa—,_ (l components)
r

KC azn(é’yy x—(é’n 4-£y,) 8-67

/m))?. zdl

These last two equations may be expressed in terms of the ratios R,

or Tn at r = R,

T = AF ¥ (H-l 1) E45 éfgﬂ)
n
/fd[ M @W_) ot l\ﬁf_ 2, 1)]] N =<

8-68

and
o o iﬁ[hzn(ém)].ﬂ/ ey Zy;(fi)

+ . 8-69
i /H n %, éé"’l) -+ E‘{[‘Z =z, (j/(’/‘))J i@
A =
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and when the differentiations are carried out, a prime used to denote

the derivative of Z, Gﬁ%) with respect to r, and ﬁﬁf replaced by

K, Wwe obtain
Y)(H-I—J)EEV,Q@L .
= Z,r) + Nz, ) [ 2= 7
and

- a0 Znéfmﬂﬁi’n%)— hm(m:)znd) 8-71
noyH-| i/nzn@’l)“"gné&)+ ’13»:6]0’1) 2=1<C

A uniform inducing field may be described by

M= Pon oo?

indicating that only the first order, n = 1, of the potential expansion

of equation 8-55 is required to describe such a primary field. Since
the reflected, or scattered, fields must match the primary field at the
boundary of the sphere, it 'is necessary, for a uniform inducing field,

that n =1 1in 8-71, Thus, for this special case

| ) gl ln) 2K, 0 ()
K @)+ 58wy ) [ A=R

. ; . 4
where we have substituted the appropriate Bessel function for ;%qééél

8-73

K, =

If now we change notation and use the prime to denote differentiation

with respect to the total argument equation 8-73 becomes

K= (—7_11%)3,(@1)& @)\ &)
(24—2KMJJ;@)+6£&>JI@,) P2 8-74
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and in terms of the Bessel function of half odd integral order, this

. relation becomes

—? ( .._Z]Ir;) 3;/ (_L'a\ 3/ (é:“’

--{w—w—* 8-75
(’ + "h!‘q? ‘Bij[‘é‘?) %/C?.‘ (é'} \3 Q...E,::’
and if we use the defining relation
. . —h '~~—
C,0)= i Mo x) 8-76

the expression 8~75 may be cast in the form

]’-‘71 - é‘: -2 K:ﬁ)l—g/L(Y A ) -{—in} I}L‘ G’iﬁ_) 877
(42 )T, 1) + 20N T 60)

which is, of course, identical to the expression 8-6, deduced directly

from consideration of a sphere in a uniform field, As before Y is
to be identified with L£ .
Lahiri and Price (1939) studied electromagnetic induction in a

sphere for which the conductivity distribution is

Q= B (—’2:— ) 8-78
1<K _

where Tu is the conductivity at r = R and }\ is a real constant,
The solution, when substituted into 8-69 provides a theoretical k,} (3: J>\)
which may be compared with observed ratios to infer the required magnitudes
of "'S""c and /\ . To obtain their solution, we substitute for k in

8-33 by (with displacement currents neglected)
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470~ %(%)X -

and obtain

2 z \
j;}ﬁ Zn 4 2)2,{{7—'511 + :é‘f /?«Z+ ~— 7 (}f}—;})i’%’n =0 8-80
An> Adn R? .

We now seek solutions of this equation of the form
iy
=, = J:ém) _ 8-81

whe#eupon 8-80 becomes
z-p2[ 4 1£ * 2H~k z
/2, ﬁ 1_/‘?.% —+ ..._%.-')l —é’i"'"j/l) ; =0 3-82
h* R -

We- now make the substitution

2 A
"a =" 8-83

in order to cast 8«82 in the form of the Bessel equation of half odd

integral order, TFrom 8-83 we obtain

)
D Y W v

I = Zg 8-84
8-85

2.
A:‘/gﬂ

Now, for convenience, we write 8-82 as
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£

./1-.i§ N AL y M'A;“ 1?"“\ 1 ) )7 { -0 8-86

A\ Z

and make the substitutions indicated by 8-83 through 8-85 to find

GG SCTr ()

This is now Bessel's equation of half odd integral order with solutions

£f such that

= hy. RO Pk h

”’”? Ma -88
),Y Ty R H’\/?, 8

(finite inside the sphere)
and

if -
Mo 2 N Py
O A

148,

(finite outside the sphere)

-

where \}a-:k £; as before, The reflection coefficient R, is then
given by 8-71 with 8-88 substituted for zn.'
For a sphere in which the conductivity increases linearly outward
from the center }\1:] , and assuming the inducing field is uniform,
n = 1, the reflection coefficient reduces to that given by 8-8,
If the sphere is immersed‘in a conductive medium, rather than free
space as we have generally assumed, Laplace’s equation exterior to the sphere

must be replaced by the wave equation and hence the exterior solutions are
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of the forms given by 8-31, 8-32, or 8-89, Thus Negi (1962) gives the
reflection coefficient for a sphere in a dissipative whole space, uniform

field, as

L (PR Al R, (339

~ T2 Pl L fo g0 R) ] 850
AR (AR (et e G0
3/ N1

K

where ﬁﬁ::i}l is the propagation constant of the exterior medium,

The choice of the special conductivity distribution given by
8-78 is limitring, Thus Takeuchi and Saito (1963) and Eckhardt (1963)
have solved the differential equation 8-33 by numerical methods so that the
wave number in the sphere can be given any radial dependency.

Srivas;ava (1966) has obtained an expression for the ratios of
orthogonal eleciric and magnetic field pairs for a sphere constituted
of n concentric shells, in each of which there is a constant conductivity,
From his expression, the reflection cocefficient for an arbitrarily concen-
trically stratified sphere can be obtained, We shall refer to this later.

(iv) inhomogeneities in a dissipative sphere

_D'Yakonov (1959)_and Negi (1962) have presented solutions for a
dissipative sphere eccentrically located in another dissipative sphere,
Since two different coordinate systems are involved in this problem,
it is necessary to express spherical waves in one coordinate system in
terms of spherical waves in the second system by means of addition
theorem;. So far no numerical results have been presented, However,
FErskine (1968) has recently overcome some problems concerned with conver-

gence of the expansions of the fields,
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(v) homogeneous half space - uniform field

By equation 3-89, the surface impedance Z, fora plane wave

incident upon a homogeneous half space, and propagating downward in the

positive z direction, is

o By oo

Ad L5

s 8-91
" —r —
! }—\'( ‘é‘) 1“')}
. e, Wy
7. Eo- M e .
! Hy 1o ~92
from which we obtain
€ | = 8-93
= b2 ] e
, Hx
o _.l::g 8-94
P = nz | {_’
\.] N ) '\{

where T is the per;'.od of the wave, and where we have assumed negligible
displacement-currents and that //4’ % :4m;0—7 henrys per meter,
Equations 8-93 and 8-94 are valid for 6 in ohm-metres, f.::c R E;{ in
my [.-[Qw, 2 Hx 3 i—H in gammas, and T in seconds,

(vi) anisotropic half space - uniform field

For a half space of rensor impédance Zﬂ'j , the welationship

between the electric and magnetic field components can in general be

written



o1k

- B . M [
E)( Zii Zr?. “{'3 H&
. - Z2) Zon L | H 7. 89
- . —_ H
,E-% tZ:SJ £, ng—_—_ =

If a uvniform plane wave is incident normally on a plane earth, then the

E; and H, components are lacking so that 8-95 reduces to

Efg 325: ;grL l4x
: - . 896

Ey £, £ Hy

2z

where the 35}1 are the tensor impedance entries, There will be an

orthogonal set of directions (x,y) such that 8-96 reduces to

-

. E‘( O R Zf;_ - ’-'l;(
= » 897
Ey Z,, o Hy

so that Egrz and.EEZI are related to the principal axes of conductivity

anisotropy and hence may be written

i

Z A

~jz_ QS} | 8-98
- _ " w
Z‘?_l - _._./.é: 8-99
<3MZ.—

The principal values (33 and {I;_ of QY?S can thus be determined, In

general, however, the orientation of these axes is not known so that we

write



215

E.= Z, N, + Z H 8-100

n. N

E'\, = A, HA + ZZL H\, 8-101

from which we deduce that

.o x4 £ 8-102

I

Z H N 8-103

z
Hh
The EE;; are functioms of angular rotationm, qu of the measuring axes
£ Fy

and of frequency & , Note th%t the quantities 715‘ and'Ij“' are now
hi =
functions of the polarization iqﬁﬂ of the downcoming wave, Only in the
f

special case where £§1.26> does the polarization become unimpoxtant,
L

(vii) mn-layvered half space - uniform field

Cagniard (1953), Wait (1962a,b), Ward (1967) and others have shown that
the plane wave impedance of an n-layered structure, for normal incidence,

may be written
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T e e -

_J\
Zopss + Z,,,/'iéa'//»%,jgn hn 8-104
" :Egn + é%' ZELW#Zj'fézhn

Fl+¢

N>
!
AN

where the ’éé » h, s and EEZ{ are the propagation constants, thicknesses,

and characteristic impedances of the ith layer, Usually the structure is

terminated at the bottom in a homogencous half space, so that the impedance

AN

. . . . . b = 134

;g;{J_ is equ§1 to the characteristic impedance n+]:zfi:7— of that
& A

layer. If we then compute an apparent resistivity " from ;g} 5, which

is the impedance at the top of the n-~layered structure, we obtain

C A
' 8-105

Figure 94 contains a number of curves of fZL versus { i for theoretical

Earth structures., The models chosen correspond to modifications of the

Fournier«Ward-Morrison models of Figure 38, Model I allows for a 5 km thick-

ness of sedimentary rocks while Model IT assumes that the surface rocks

are crystalline basement,

The development of the formulation of 8-104 is sfraightforward.
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For normal incidence of a uniform plane wave upon a plane layered iso-~
tropic structure, as in Figure 95, the electric and magnetic fields in
the ith layer are

[ /:-4 Az) - f[z‘-z’)

=y = A (:j 5 & 8-106

HJ = A A 'jéé{iz_} =l “:J/g(z iz)

— HE _Be 8-107
LL:,.!/L.

/gc- is the propagation constant in the ith layewx,
/f; 1s the permeability of free space, All layers are assumed
to have this permeability.
2! ig the vertical distance to the bottom of the ith layer.
% 1s any vertical distance at which the field- is measured.
AL is the amplitude of the outgoing electric wave in the ith layer,
B’ is the amplitude of the reflected electric wave in the ith lazver.

-

©) 1is the angular frequency. A harmonic time dependency &

is assumed throughout but has been omitted from the equations
for convenience,

Since we have assumed a form for the electric vector and have computed

the magnetic vector therefrom, we are, in effect, assuming that the

electric vector is normal to the plane of incidence,

At z = z; we find

’____,(, L. a——y l'
L":\f = A + 5 8-108
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Hy [b—.ﬂ]

whereig;?i -;%—3 is the intrinsic impedance of the ith layer.
F; .

8-108 and 8-109 we find

1
B = %[E—j + Z'{H;]

At EE:;%VI, continuity demands that

R
H, = H,

p 4

i

U

U
= E
=y »

Therefore, we may write

i {jAt'ej'aga(Zi »—ZL'__;) + BL'@H'J"&(?‘J'_Z?”’)]

}_Liq’ ;}~Z A 61 (Z —Z f-!) Bb ..J Z (Z; ‘_,v)

Now if we let

8-109

From

8~110

8-111

8-112

8~113

8-114

8-115
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2, ~%,_, = h, 8-116

and substitute in 8-114 and 8-115 for the AT and B given by 8-110

and 8-111, we find

=y

. . . L‘ . (.
£ ek phok, - EM ok ihh oy

[ =] 1 - b' . . , 1
H; = H:/z‘,wﬁj/é; Lxe- - i}‘ E\/-d"’”ﬂ“d 'éa‘ l?; 8-118

1A

where use has been made of the identities

X —X ./ D plie?
+ € gl T €
2

Aeoh X = -

C 2

Equations 8-117 and 8-118 may be written in the matrix form

o [eevihshby - Fandihh B
~ - ) ] :
& L ik, é L ol s d. AETTEY St
=3
oL = L

and symbolically by

E (:"f ‘ E I
k s s Y 8-120

H;ﬂ H:
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The matrix Ti is referred to as the transfer matrix of the layer. For =n
layers we can find a succession of i from T2 through Tn+1, each
transfer matrix permitting us to write the fields in one layer in terms

of the fields in the next layer. Thus we can readily find the matrix
relationship between fields in the (i-1)th layer and those in the- infinite

medium terminating the nth layer,

= v nel ;) By
=TT 8121

Ly Ut N+
Hoo H,
X
o,
. S
The. product Ila.! of n matrices is itself a matrix S so that

8~14 may be written

iy — nf
E. e
. — +1 3-122
LA t—f - SE; Lq_n !
X A
where
b(:l O(ll
S _ 8-123
— Q(L; °(zz

Then the impedance looking into the n layered medium from the surface

of the ith layer is

_ i Nt 2y,
‘ZEET = __‘féilﬁ:; = — :f?f zEzf 7L42;2, /TL(
P i —-‘ﬂ-f-f .
! Hx Y I:\f + oG, me,
o B — < 8-124
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For a model consisting of one layer overlying an infinite half
space, the impedance may be found by making the substitutions forexﬁdv

from equation 8-119, i.e.,
g{’” = ,/'f’&"ﬂ?fl_j 'é}] )1,
— ) 71
o, T él ,ri?«t'.%gj é, }4, 8-125

| ./ % \
"’(2; - w‘—:—Zw -"ddi’ﬂ/tj ’zhz

{
°(;—L = ,«f/ﬁ—fi-ﬁ. N él 1') ;

Thus we obtain from 8-124 the impedance

[
A M
[~

Z{ —_ -'*.’—j"r' 8-126

A

which is defined in terms of the electric and magnetic fields measured

at the surface of the structure

N ~ — .
Z _ z) h_.:Zz- £ Z}u/u{) 4!& 8-127
j Z 1 E Y’Z,nﬁj £ i,

We may now express 8-124 in terms of the known impedanceszgj - ‘EEH(’
2 )
the known propagation constants —lﬁ 9"“‘”é;+li and the kpown layer
thicknesses ‘q, g )qn £ 2 by computing first the impedance at the
top of the first layer above the homogeneous half space. By amnalogy

with 8-127, this impedance will be
% - Z Zﬂ-’-{ T Z n "t&’"%;j %U,_/ln
) " Zh t Zm; ':Z‘Z/”‘/éf ”gn 1/’11

8-128
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Once this impedance is computed, we may use it as the terminating impedance

of an equivalent homogeneous half space and write for the impedance at the

top of the (n-1)th layer

A ' - WY
Z = Zn I Z'”“ 1 z/?:“l Zl‘“’jtf’éﬂ //?f7~f 8-129
n-—i AR ‘ . ]
‘ Zﬂ"f +zrx MJ Zﬂ-i hl’?"/
and so on up to the surface where
Z - Z th + £ ZE A f éf}’h 8-130
1 i

. A 4 ,é:
Z o+ Z Zzd it h
A
We have used the potation EE:; to denote the impedance at the top of
the ith layer and the notation .;Z::{:Eééé to denote the characteristic

L.-

impedance of the ith layer, A succession of n steps is required in

the computation of the impedance at the top of an n-layered medium,

The reflection coefficient of the n-layered structure will be

A
Z, ~Z,
AT

£, + 4

//Q_'::

8-131

(viii) application of plane wave formalism to electromagnetic

reflection from lunar models

introduction

Ward, Jiracek, and Linlor (1968a) have applied 8-131 to studies of
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electromagnetic reflection from plane-layered models of the moon, Using
Ll | . ) ==
an & time dependency they obtained the plane wave impedance -

for a homogeneous half space:

7 = [—Z' 1 CTLSI‘ == i/,{’_/f__a:’ .:- * -5"” 53#% 8-132
| £

where qL is the phase and !EE} the modulus of E; , &t is the angular
frequency, p, is the magnetic permeability of free space, Y~ is the
wave number of the half-space, and Efj 5 L}zi are orthogemal electric
and magnetic intensity pairs. The wave number can be writtem, for our

purposes as
- L ; i o -
Y-.: [;/{0 WT +¢ & tu)j 8-133

in which the dielectric permittivity g:/ and the conductivity (j‘/ are

real functions of frequency, The loss tangent then is defined by
- / :
/ZZ:»L S = Q_/w’éi 8-134

We could replace 8-133 by

1 1
Y = C;,J/C,L'Lifj'" 8-135
where
o — (———_1 : -, A
O =\ +Lg£cww 8-136

is a complex conductivity which can account for both real conductivity

and dielectric constant, This complex conductivity is then, via 8-132,



22k

related to the impedance as follows:

q = f;‘fu"b’ = “/”;‘dd 8-137
(2> [z

a = é/,)a%z)z_ o 2d 8-138

5 / = /%-1 ) g 2 gﬂ» 8-139
=

The phase (# is zero for an electromagnetic wave incident on a loss~free
dielectric half-space and is 45 degrees for an electromagnetic wave inci-
dent on a conductor in which dielectric displacement currents are negligible,
1f the half-sbace is layered and representable by a lossy dielectric, the
phase may range from negative through large positive angles as the frequency
is varied. When the phase passes through zéro degrees, the conductivity
changes sign accordiné to 8-138, whereas, when the phase passes through
45°, the dielectric permittivity 5’ changes sign according to 8-139,

For an n-layered stﬁgcture, the relations 8-137, 8-138, and 8-139 become

when we write ZQ_ for Z,

~ i c2q
3, = :—’4‘25‘—;—} e 8-140
L
' Ay W ,ﬁf,,;,bz,gﬁ
Y = [ & 8-141

Eaf — L___'/é'/a_ Lo Z(éa_‘ 8-142
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where the subscript a refers to the apparent parameters defined as
the parameters for an equivalent homogeneous half-space,
It is counvenient to use dielectric constant rather than permittivity,

so that 8-139 and 8-142 yield

i |
K- = Al 1 g Rsz

8-143
and
1 i, |
— - e ’5 (2] 2 ’)[L.
}\/a; E, !'-ZQ : 8-144

where é} is the dielectric permittivity of free space,

For a three-layered structure, i,e., a layer sandwiched between

-2
two half-spaces, the above formulation simplifies. von Hippel (1954)
shows that the amplitude reflection coefficient for a wave transmitted

from medium O (free space) into medium 1, and subsequently to

medium 2, is given by

Y = 3y, h, 8-145

where

Zp+ Zi

The :Efii @ are the characteristic impedances of the media. Expression

N ‘&

8-145 oscillates as a function of ZLBZ}h , and, when layer 1 is lossless,
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i.e., \( = dzﬁ"/;\’ , it has minima at ]7: :Cli’)—}]) ;}f-h{_ and maxima

at ),-h ::.Q’) A 1)_)'\1 _;H:Dj B2 e e - v 5 A]is the electromagnetic wave-
length in layer 1. The minima are zeros when ﬁ;‘x ngﬂ s i.e,, when

; Mo
éﬁ — c?i E; ) for lossless media, Hagfors (1967) has discussed the

application of this phenomenon to the tenuous first layer on the moon,
Nikodem (1966) studied the effects of soil layering, on earth, in a similar
fashion. Whenever the dielectric constant increases with depth, the
reflection coefficient will oscillate with frequency and with thickness of
the surface layer., The presence of finite conductivity in any of the layers
will decrease the amplitude of the oscillation, and the damping will increase
with frequency, Hagfors (1967) notes that the thickness of the first lunar
layer may be highly variable and that the dielectric constant may gradually
rather than abruptly increase with depth so that the first layer may not
become transparent at any frequency. If, however, Fhe oscillations of the
reflection coefficient do occur, they furnish a means of estimating the
thickness of the first layer, together with the electrical properties of
the layer and of the half-space below.

The minima of the reflection coefficient occur in lossless materials

at frequencies defined by

Sj': é 2 N
G- “ah

where ([ is the velocity of electromagnetic radiation in free space, If

— -... B-145
Y?-u)132}ﬂ

the minima are zeros, there is no reflection from the structure so that
the first layer has been effective in providing impedance matching between

free space and the second layer,
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Without attenuvation the first layer becomes invisible or transparent
at the maxima of the reflection coefficient, for then the reflection

coefficient of the structure becomes

V= LAV Y '%7—”—20 = Ve 8-147
, '+'Ki r;L ,Z{; 4_230

{

At frequencies where this occurs, the reflection coefficient will yield
the dielectric constant of layer 2 uniquely.

From 8-146 we would conclude that, if P}! is increased by an
order of magnitude, the frequency f at which the first minimum of r
o;curs must be decreased an order of magnitude,

results

Model I--frequency independent parameters.

We have chosen one-simple model to illustrate the characteristics

i i
of r’—Eiiﬂ(ﬁQ.) G, » and N, as functions of frequency and of the

parameters of the model., Some variations in this model have been made
for illustration., The model, consisting of three layers that might exist

q—
in the lunar interiox, is described by the following parameters:

Layer 1

1\/":2‘0 h,= [ 1 | ‘\T,’:ionémhus/mfz‘f"er
Layer 2

K}'--ﬂ. 40 h; 6o f)ém- "J';r“— ic‘h4 mJ’JcS/weﬁar
Layer 3 ) ‘2

\,(3‘:]0&‘0 ),]3-: o T, = 1O mJ’)cS/mefer

Figure 96 shows the magnitude of the reflection coefficient ff“l

as a funetion of frequenecy. The minima in the reflection coefficient
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,1
are, in fact, zeros because we have selected Eﬂf:1<§;{é;i) - . The
frequencies at which they occur may be predicted from the simple equation
pertaining to a two-layered mcon., The third 1ayér is not evident in
the reflection coefficient because of attenuation in layer 2. There is
no appréeciable damping of the oscillations of {Y*I because the conduct-
ivity of layer 1 is low,

The real and imaginary components of r are plotted versus frequency
in Figure 98; the oscillatory behavior previously noted for the magnitude
of r is evident above 107.hz in each component,

The conditions under which the first layer effects perfect impedance
matching, alternating with its becoming transparent, are clearly brought
out by plotting the magnitude of the reflection coefficient versus the
numbex ]:lﬁﬂ h,’ , as in Figure 99, Impedance matching occurs in a

bne )T

and transparency occurs when ]7LY}L,1='1(H FI)TT“ , provided that

E;!== (é}‘éii ) o -

Increasing the dielectric constant of the first layer from 2,0 to 3.0

three~layer "loss~free dielectric model when [TL}§}M

decreases the amplitude of the oscillations., When the first two layers
have the same valﬁe of dielectric constant, i,e., 4.0, the reflection
coefficient jr1 is a monotonically decreasing function of frequency
tgending from a real value of 1.00 below 1 hz (Figure 96) to a real
value of (.333 above 107 he (Figure 99) and possessing complex values
between 1 and 10’ hz, Within this frequency range, the behavior of

the simulated lunar surface is in transition from that of a displacement-
free conductor to that of a loss-free dielectric,- The oscillations due

to the dielectric slab effect are superimposed on the monotonic trend.
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If the thickness of the first layer is increased from 1 to 10 meters,
the first minimum in the oscillatory behavior of r i1s shifted downward
in frequency by approximately one decade, This downward shift would be
precisely one decade for a two-layer loss-free dielectric- beneath free
space, The three layer lumar structure we have chosen modifies the
location of the minima slightly; however, to a first approximation, the
@imensionless presentation of Figure99 is applicable for first layer
thicknesses ranging from 1 to 10 meters.

Figures 100 and 101 display the frequency variation of the real
and imaginary parts of the surface impedance 33&, as defined by equation §~136

The surface impedance is extremely small at frequencies less than 10l hz,
although a logaritimic plot would have displayed characteristic variations

L o 107% hz.

within the band 10
Figure 102 contains the mzgnitude of phase Cﬁh,: as a function of

frequency for model 1, The influence of layer 3 is evident from 1074

to about 3 hz, The nearly constant phaée of 45° occurs from 3 to

3 x 103 hz, ﬁhen only the second layer is influential, but above

3 x 103 hz the first layer markedly influences the phase. The oscillatory

behavior of C#d, above 5.3 x 107 is indicative of the dielectric slab pheno-

menonn, Alternate peaks above 167 hz are actually negative walues .of phase,

but we have chosen to plot the absolute values,

t
It is evident from the plot of the magnitude of the real part of

the apparent conductivity (Figure 103) that the conductivity of layer 2
is detected in the entire range 1 to 10® hz, The conductivity of the
third layer (10"2 mhos/meter) is becoming evident in the lowest plotted

frequencies, but the values at high frequencies :Z 10° hz are seldom
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within the range of the actual model values. This behavior is in accordance
with equation ¥4/ ; somewhat above 5 x 107 hz the phase oscillates about
zero degrees and Cg;’ alternates between large positive and negative values.

Figure 104 shows hﬂi versus frequency for the range 101 to 5 x 108 hz.
The apparent dielectr;c constant is negative up teo a frequency of about
6 x 1071 hz, where the phase dEL,decreases below 45° for the first time
(Figure 102), The phase is less than 45° only until the frequency reaches
3 hz, so that positive values of dielectric constant are restricted to a
relatively narrow frequency band., Above 3 x 102 hz, however, the dielectric
constant becomes positive again as the phase drops below 45°, Between

i

104'and about 5 x 106 hz, hiL is nearly constant at slightly less than
the value for layer 2, Above 107 hz, the apparent dielectric constant
oscillates between 1 and 4, The minima occur at frequencies given by
8-146 at which point there is perfect impedance matching between free
space and the lunar model, The maxima of the apparent dielectric constant
coineide with the maxima of the reflection coefficient given in Figure 963
at these frequencies, the first layer is transparent and hence }E;i is
identically equal to fﬂ;} and has the value 4, The fact that }QL‘ has

a lower limit of unity permits us to conclude that there is perfect

impedance matching at the minima, and hence we obtain

K::(KCIK;)'/L:Z

which, of course, is the value inserted in the model, This is also the
t

value about which k;b oscillates when plotted on the logarithmic secale

in Figure 104,

The apparent quantities plotted in Figures 103 and 104 have yielded
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I i
/ j ,J
the actual values of }1) F 3 , and k, directly; however, it

2
! !
remains to determine the value of ‘J, . This value may be determined
after evaluating the firstilayer thickness from 8-146 and by modeling
a two-layered structure with CT; variable, Curves of the apparent
conductivity functions thus cbtained are presented in Figure 105.in
the frequency range 10° to 5 x 107 hz, All wodels with surface layer
l
conductivities £ 107° yield J,, values that are nearly identical
i

with those in model 1, Hence, we can only say that <J, in model 1

2 10-6 - -1
must be 4 107" mhos/meter, In essence we are saying that, once (],

-6 r_" 1 ! 6
drops to 107° mhos/meter, (3| ZLé-dtxéi above 10" hz and any further
!

decrease in (S: is undetectable,

Model 2--frequency-dependent parameters,

To demonstrate the effect of frequency dependence of dielectric constant
and conductivity, we have employed data recently acquired on Hawaiian
s0il and rocks with known moisture contents and over the frequency range
102 to 6 % 107 hz (Jiracek, 1967). The results are from measurements
made at the Massachusetts Institute of Technology Laboratory for Insulation
Research on a sample of loose volcanic ash soil (dry‘density 0.7627 g/cms),
on a low-density sample of pahoehoe tholeiite'basalt.(dry density 1,4001 g/cmS),
and on a high-density sample of nephelite-melilite basalt (dry demsity
2,6671 g/cmB). The dielectric constants and conductivities of the samples
were measured 4t room temperature after the samples were oven dried for
three days at 105° C and at various saturations of water of resistivity
10.55 ohm meters.

The curves in each of Figures 106, 107 and 108 contain the measured

- o~

values of dielectric constant }1 ;, conductivity 1) , and loss tangent
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that we shall use to represent certain layers of the lunar environment.
1t is evident in comparing curves 2 and 3, or 4 and 5 that even small
amounts of moisture (4 and approximately 1% by volume) account for large
changes in the electrical parameters, particularly at the lower frequencies,
This effect 1s largely due to interfacial polarization of either .electrode
or membrane type (Marshall and Madden, 1959). The presence of metallic
minerals, such as magnetite, or of clay minerals -is essential to these
processes,
The parameters for model 2 are
Layer 1: dry-volcanic ash, hy = 10 meters
!
K
3

%

curve 1, Figure 106
|

curve 1, Figure 107

Layer 2: low-density basalt, h2 = 100 km

(a) dry

= curve 2, Figure 106

K
I
(\_)—; = curve 2, Figure 107

(b) wet

,/I
K, = curve 3, Figure 106

1
\),, = curve 3, Figure 107
Layer 3: high-density basalt, }}5T= R

(a) dry
}
\(é = curve &4, Figure 106

i
3, = curve 4, Figure 107

‘-‘3
(b) wet
i
i\/g = curve 5, Figure 106

i .
q‘é = curve 5, Figure 107
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Although one could readily debate the choice of materials to represent
the second and third layers, these materials have been used primarily
because values of P(I and Ej”i were available for them over a broad
frequency range and with the materials both wet and dry,

In Figure 109 we have displayed the modulus of the amplitude reflection
coefficient, as a function of frequency, for (a) a totally dry model and
(b) the same model with layers 2 and 3 containing moisture, Note that
the electrical parameters have only been specified over the frequency
range 102 to 6 x 107 hz, so that the reflection coefficient may only be
computed for this range. Over the frequency range studied, tan.jnfé J
in the three layers of model 2a, i,e., displacement currents predominate
over conduction currents, For this reason we observe an oscillatory
behavior in the reflection coefficient in the frequency range 102 to
3 x 104 hz, These oscillations arise in resomances in layer 2; the

number

'Klﬁh‘ is too small to permit layer 1 to respond at these low

Vi

(o is intermediate between

frequencies, and the dielectric constant }
[
Ko

damped as frequency increases, and between 3 x 10% and 3 x 10° hz the

i
and K; . The oscillations of the reflection coefficient are

reflection coefficient is sensibly constant,

The reflection coefficient for model 2a becomes oscillatory above
3 x 10° hz, where the first layer may resonate because its dielectric,
constant is intermediate between that of free space and that for layer 2.
Damping of the oscillations above 3 x 10 hz is due to a finite conductivity
for layer 1,

For model 2b the reflection coefficient is nearly unity at 102 hz

and decreases without oscillation as frequency increases to about

3 x 10°% hz. The oscillations beyond
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3 x 107 hz are characteristic of resonances of the first-layer-second-layer
complex, The locations of the resonances are only slightly shifted
relative fo model 2a,

The apparent dielectric constant for each of models 2a and 2b appears
in Figure 110 together with the input values for the various layers over
the decades where they influence the response, In the case of the dry

{
model 2a, we see that }T;_ oscillates about the dielectric constant of

4 hz, The first peak at 6.2 x 102 hz

the second layer from 102 to 4 x 10
reaches a value of 10,6, close to that of the bottom layer, 11.5, The
value of the second layer dielectric comstant is closely matched by

4

from 4 % 10% hz to about 3 x 10° hz, where the top layer begins to.

influence the values, Peaks in the first laver resonances ( 25 107 hz)
fall slightly short of the values for layer 2 because of the small attenua-
tion in the first layer. The oscillations sgbove 106 hz are about the
input values of P(I. The thickness of the first layer using 8-146 is
found from tﬁe mean log values of fT;j ; €.g., at 107 hz, to be just less
than the input value of 10 meters,

The high input and apparent dielectric constants plotted for model 2b
are due to the moisture present in layer 2 of this model, WNo estimate of the
dielectric constant of the third layer can be made from the data in frequency
rénge considered; however, the values of ff;f agree quite closely with the
values of layer 2 up to about 104 hz, Also, the péaks of the first layer
resonances approximate the second layer dielectric constants at frequencies

;5 107 hz. Again, these log variationms are centered about the P{[ values
of the first layer., The apparent dielectric constant function decreases

6

to zero and changes sign, e.g., at about 2,15 x 10° hz and 3.65 x 10 hz,

when the phase is 45°,
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f

Values of the apparent conductivity €3, appear in Figure 111 along

with the input values for model 2. Apparent wvalues for dry model 2a
4

exhibit large wvariations below 6 x 10

ot
alternates about 0°, %3,  wvalues above this frequency are not

hz in a region where the phase

directly related to the input values, Hence, no readily cobtainable
conductivity information is evident from the apparent counductivity
function for this model, When layers 2 and 3 have only —~ 4 and 1%
moisture, respectively, added, we see more than 3 orders of magnitude
inerease even in the peak values of CXhi at low frequencies (compare
models 2a and 2b), The apparent values of SI;} closely follow those
of layer 2 from 102 to 10° hz, but, as in model 1, the results rarely
represent the surfiace low-loss layer at high frequencies,

Model 3--frequency-dependent parameters,

In this model we have attempted to select layer parameters, which, on the
basis of information currently available, are apt to constitute a
reasonably good approximation to the moon’s interior, These parameters
are
Layer 1: dry-volcanic ash, hl = 10 meters

K:i= curve 1, Figure 106

(f?i = curve 1, Figure 107
Layer 2: high-density basalt,. h, = 500 km

(a) dry

!
K, = curve &, Figure 106

.
4, = curve 4, Figure 107

(b) wet
A
K;, = curve 5, Figure 106

3 "2 curve 5, Figure 107

2
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Layer 3: hot conductive rock, hg = &7

I
K, = 100
o J "2
Ny = 107 mhos/meter

The reflection coefficients )Y“I for these two versions of model 3
are illustrated in Figure 112. The resonances of layer 2 are only
evident in model 3a and the reflection coefficient is much higher
for model 3b than for model 3a, The gentle downward trend and high
values of the reflection coefficient, for model 3b, as frequency
increases from 102 to 106 hz, are strong evidence for the presence
of moisture,

* The dielectric constants computed from 8-14%4 for model 3a and 3b
are displayed in Figure 113 along with the input values, The gross
character of the results is similar to the results presented in
Figure 110 for models 2a and 2b, A zero in the Kaj functions occurs
only once in Figure 113, near 102 hz for model 3a, The phase remains
below 45° at all frequencies above 1.1 x 102 hz; therefore, the sign
of ]{&i stays positive, Fﬂ;’ functions for both model 3a and model 3b
vield values of K;} throughout the entire frequency range studied,
whereas the magnitude of Pﬂ ! becomes apparent above 106 hz when the
top layer oscillates, 05ci11a£ions in the second layer are restricted
to the dry model only; thus, as little as 1% moisture, model 3b,
completely damps out these resonances, No estimate of }f;' can be made
from tﬁese results; possibly this value would become evident at lower
frequencies,

The apparent conductivity results plotted in Figure 114 yield

direct information ounly on C{;' for both models, Curve matching as
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illustrated in model 1 could be used to determine the upper bounds of (7: .
The frequency variation of the electrical parameters would, however, in-
crease the difficulty in obtaining a representative result,

Model 4~-ice laver,

It is possible that an ice layer may be present at a depth'iq the moon
where the diurnal surface tempeféture fluctuations are sufficiently d%mped.
The temperature on the moon ranges from about 390° K during the lunar day
to about 90° K at lunar midnight., Consequently, "permafrost" at a tempera-
ture of the order of ~35° C could occur below a thin surface insulating
layer, There are insufficient data available for permafrost on earth with
.which to describe the electrical parameters over a wide frequency range.
We have, therefore, used P{J ,CY‘I, and tan S of frozen sea water, of
salinity 33%e at -26° G to represent permafrost, The salt wmigrates to
the ice crystal boundaries on slow freezing, sc that a mipor liquid
phase of relatively high conductivity controls the conductivity of the
sea ice. Such a phenomenon also occurs in permafrost, The electrical
properties of this ice, according to Bogorodski (1963), are as displayed
in curves 6 of Figures 106, 107, and 108. These values of }(i, CY!, and
tan 5 For sea ice are consistent with the more limited measufements
on permafrost at de (Hatherton, 1960; Robertson and Macdonald, 1962)
and at 10° hz (Cook, 1960). Even for sea ice, we only have electrical
data available from 10° to less than 10° hz,

The following model has been used to explore the effect of a 1-km
layer of sea ice buried beneath an insulating blanket of dry rock or
dry rock dust,
Layer 1: dry-volcanic ash, h; = 10 meters

l
K, = curve 1, Figure 106
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(ST‘ = curve 1, Figure 107
Layer 2: sea ice, h2 = 1 km
K;{ = curve 6, Figure 106
(Y;i= curve 6, Figure 107
Layer 3: wet high-density basalt, hg = 499 km
K;’ = curve 5, Figure 106
G§{= curve 5, Figure 107
Layer 4: hot conductive rock, h4 = oo
!\/4[
(z;[

= 102

= 1072 whos/meter

The. thickness of 1 km of lunar permafrost is consistent with a projected
temperature of about -35° C coupled with known thicknesses of permafrost
on earth (Shumskiy et al,, 1964).

The reflection coefficient for this model has been plotted in
Figure 115. The high values of reflection coefficient and the rapid
change of reflection coefficient between 105 and 106 hz, if observed
in field data, would be interpreted as sufficiently high to be diagnostic
of the presence of water, Thus, an impure ice layer produces the same
basic effects as moisture in volcanile rocks. This curve of reflection
coefficient is to be compared with that of model 3b, Figure 112, which
répresents the same lunar layering with the exception of the sea ice,

The apparent dielectric constant and actual 1;yer values for this
model appear in Figure 116. The large values of f(;f at the lowest

/ |
plotted frequencies are close to the values for both fﬂ; and h% .
In each layer, it is the presence of water either in liquid or in impure

frozen form that is responsible for the large wvalues of y{’ . The peaks
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and mid-log values of }{;‘ oscillations above about 107 hz distinguish
the values of HGJ and kﬂ‘ , respectively, Little direct information
about the actual values of conductivity in model 4 is apparent in results
of fx;l (Figure 11}).

We have varied the thickness of the sea ice layer and found no
significant change in reflection coefficient between an ice layer of
1-lm thickness and one of 1l0-meter thickness. This is to be expected
from the formulation of 8-130, which predicts a "saturation' effect
whenever the real part of the induction number \(1JQL exceeds about 10,
For the constants of the ice layer we have chosen, saturation occurs at
a frequency of 106 hz for an ice thickness of about 10 meters,
Discussion

Several elementary models of the electrical parameter distribution
in the lunar interior have heen discussed in this manusecript. Factors
that have not been considered include:

1, The effect of the roughmness of the interfaces in the model.

2. A range of models that would approximate distributions of the
electrical parameters that are slowly varying functions of depth.

3. The effeect of the interplanetary medium.

Despite these omissions and other limitations of the analysis
we have made, the following conclusions can be drawn:

1, The dielectric constant and possibly the thickness of the
first layer could be mapped over the lunar surface from an orbiting
spacecraft by pulse or sweep-frequency sounding in the 10°- to 109~hz
frequency band,

2. The conductivity, dielectric constant, and thickness of the
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second layer in simple models may be estimated by means of the frequencies
in the range 1 to 10° hz. Although the interpretation will not be unique,
a comparison of observed apparent conductivity and apparent dielectric
constant curves with the values obtained from model calculatioms can
yield a reasonable interpretation., Lumar surface traverses would seem
best for the frequency range I to 10° hz, Measurement from orbit in
this band would appear teo be difficult with modest power expenditure
and antenna dimensions; however, this should be analyzed in greater detail,

3. 'To estimate the conductivity and dielectric constant of the
deepest layers in the moon would seem to demand use of frequencies as low
as, or even lower than, 1074 hz. Thus, it may become desirable to consider
passive systems for these measurements., A number of magnetometers deployed
at lun;r emplaced stations conceivably could yield information that would
permit separation of measured magnetic fields into incident and reflected
components, The spectrum of magnetic disturbance in the vicinity of the
moon is incompletely known at present.

4, Although not displayed graphically, the conductivity of.the
surface layer has been varied from 1076 o 108 mhos/meter and this has
not altered our conclusions, The reflection from the first layer is
cgntrolled by the number Q}‘:: Bﬂ h’ .« The modulus of QDI must
exceed 0.1 before the first layer has any appreciable effect on the
reflected fields,

5, A fraction of a per cent of free pore water modifies the reflec-
tion coefficient, the apparent conductivity, and the apparent dielectric
constant in such a manmer as to allow the prediction of the presence of

water from observation of these parameters over broad frequency ranges.
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6. A l-km-thick layer of lunmar "permafrost! beneath a 10-meter
blanket of insulating debris was analyzed in one model, The reflection
coefficient and the apparent dielectric constant were diagnostic in the
frequency rangs 10° to 10° hz, insofar as they indicated dielectric
constants much higher than those found in dry rocks,

7. Although it is not possible to distinguish between a layer of
impure ice and a layer of rock with pore water in the frequency range
105 to 108 hz, the high dielectric constant is uniquely indicative of
the presence of so0lid or liquid water unless temperatures in excess of
about 500° C are present. Available information indicates that dielectric
constants above 10° hz can reach over 200 for serpentinite above 800° C
(Zablocki, 1964) and over 30 for granodiorite above 1000° C (Kellexr, 1966).
Water-free rocks at temperatures f& 500° C do not exhibit dielectric
constants much in excess of 10. Temperatures in excess of 300° C are
not expected at depths shallower than about 125 km in the moon.

{ix) application of plane wave formalism to electromagnetic

detection of lupar subsurface water (from Ward, Jiracek, Linlor, 1968b)

plane sharp boundaries

Qur objective in this present study is evaluation of the physical
feasibility of detecting lunar subsurface pore water (or ice) by means
of active orbital or surface electromagneiic experiments, Forprelim~
inary assessment it is permissible to ignore the curvature of the moon
and to compute the plane wave impedance, the reflection coefficient,
or quantities derived therefromb'as functions of the electrical parameters
and thicknesses of the layers in a plane layered model,

In the previous section, a limited portion of the moon was modelled

by a layered structure with plane boundaries., Effects of lateral



24

inhomogeneities, scattering from discrete objects, and anisotropic
electrical parameters were ignored, This procedure may be justified
provided the wavelengths used are long relative to the dimensions of
the scatterer, provided the depth to an interface is large compared
with the local topographic relief, and provided ‘the moon is radially
layered in the gross sense, in such a manner that the plane wave imped-
ance decreases with depth., For a substantial fractiomn of the lunar
surface it is probable that the above conditions will be met for fre-
quencies less than about 167 hz to 108 hz., 1If these conditions are,
in fact, satisfied then one need only consider plane wave specular
reflection, Such an approach is taken routinely on earth, with full
realization of its limitations, to obtain depths to impedance discon-
tinuities (Vanyan,-1967; Al'pin et al,, 19663 Frischknecht, 1967).

\ 0f course, surface roughness or interface roughness could be .
included in the lunar model, but this degree of model sophistication
has seldom proven to be of value on earth (Mann, 1964),

In addition to & vertical decrease in electrical impedance, it is
expected that there will be significant random lateral changes in surface
impedance to correspond with geologic inhomogeneity expected for the
lunar "erust." Runcorn (1968} notes that current detailed information
on the figure of the moon provides evidence for a possible angular
variation of temperature (and hence of conductivit&) of as much as
100° €. . There -also could be systématic changes of surface impedance
associated with the change in mean temperature over the lunar surface,
That is, there are permanently shaded areas on the moon where the

surface temperature may be constant at about -170° €, Watson et al,
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(1961) calculate that of the order of 0,5% of the lunar surface is
permanently shaded and that most of this area occurs between latitudes
78° and 90°, The young craters Aristilus, Tycho, Copernicus,.and
" Diaphontus were found by earth-based astatic radar to exhibit anomalous
values of dielectric constant. ~ Other examples of anomalous dielectric
constant have been measured by orbital-earth bistatic radar (Tyler and
Peterson, 1968).

Despite the lateral variations of electrical parameters expected
for the region near the lunar surface, we may anticipate mean radial
layering of electrical conductivity (J , relative dielectric constant

K

es and relative magnetic permeability K,. While sharp concentric

boundaries are not nearly as likely as gradual transitions, it is
convenient to represent any radial change by one or more step-fﬁnction
changes in (3 , K,, and K as in Figures 90 and 91 and Tables XVI and
XVIT (Note: we have dropped the primes fvom the real quantities

and K, in this section, for comvenience.).

The quantities Q. Ky, and !ﬁlaf are computed as functions of
frequency for each model treated subsequently. The highest frequency
used is 108 hz since this is a practical upper limit for rendering
discrete scattering unimportant relati;e to specular reflection,

The lowest frequency used in the calculations is 10% hz which yields
agymptotic values of apparent dielectric constant and apparent conduc-
4

tivity. The mean electron plasmé frequency is expected to be 2.8 x 10

in the solar wind and hence this is the lowest frequency for orbiting

hz

measurement, unless measurements are made in the plasma void (Lyon et al.,

1967). While one may be on safer grounds to design for the frequency
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window 3 x 10 hz to 3 x 107 hz for low frequency active electromagnetic
experiments, we shall herein compute over the maximum range 10% hz to
108 bz. A fuller discussion of plasma effects appears later.

.Mbdels 3 and 4 of section 8-(viii) above provide the first informa-
tion on the feasibility of detecting lunar subsurface water (see Figures
112 through 117), 1In many instances the actual values of the conductivi-
ties and dielectric constants can be obtained as asymptotes of the
apparent conductivities and apparent dielectric constants. For example,
Figure 113 shows that the low frequency apparent dielectric constant
asymptote for a two~layer model gives the true dielectric constant of
the second layer, Similarly, the apparent dielectric constant above
10° hz oscillates about a mean log value equal to the true dielectric
constant of the first layer. It may be demonstrated that below 104 hz,
the apparent conductivity of the two~layer structure of Model 3 assumes
the true values for layer 2, In those instances where this type of
analysis is possib;e, knowledge of the true values of both <J and Kq
can be diagnostic of the presence of water if the spectra of Figures

. 106 and 107 are typical, This is the weakest link in the argument,
however, because the number of reliable rock conductivity and dielectric
constant spectra is extremely limited,

An orbital electromagnetic system operating in the frequency range
3 x 104 hz to 3 x 107 hz would ideally record both the phase and modulus
-of the -amplitude-reflection-coefficient and -if so, both <, and K, can
be deduced as demonstrated above, The measured values of these quantities
are readily related to the presence or absence of liquid or solid pore
water via relaxation spectra such as those contained in Figures 106 and

107. However, if only the power reflection coefficient or the modulus
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of the amplitude reflection coefficient is recorded, then the echoes
returned from the lunar surface can still be interpreted in terms of

the presence or absence of pore water, The results of Figure 118

clearly show that for this particular model, values of \ r‘ at fre-
quencies of order‘105 hz and lower are truly diagnostic of the presence

of either ligquid or solid pore water, It is of fundamental importance that
this result pertains whether the depth to water or permafrost is 10 m
or 1 km,

The oscillatory behavior of the reflection coefficient shifts to
lower frequencies by approximately one decade as the top layer thickness

- is increased by an order of magnitude, In loss-free materials these
shifts would be exactly one decade and the amplitudes of the first
oscillation would be identical. The magnitude of lr lin Figure 118
at the peak of the first oscillation is different for each of the three
first layer thicknesses, This.result may be attributed to the dispersion
of the (j-'and K, functions used to simulate the lunar media. The
permafrost model showé the largest increase, in amplitude of the first
oscillatory peak of ]r\, with increase in thickness of the first layer.
The reflection coefficient for the dry model is least affected in this
manner,

The reflection coefficient ‘rl is most affected by the presence of
ice or water in the rock pores as frequency is lowered below 105 hz,
Hence, detecting water fy inductive electromagnetic techhiques would
optimally require frequencies of 104 hz or lower. For
orbital techniques énomalous propagation in the vicinity of the mean

electron plasma frequency at 2,8 x 10% hz may prohibit the use of these
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t
low frequencies, Furthér, the antemna size and power requirements at

o~ 1'04 hz may be prohibitive for orbital experiments. Experience with
the Allouette topside sounder in earth orbit demonstrates that earth
echoes can be obtained with technologically feasible antenna size and
power for orbits about 1000 km above earth surface (Chia, et al,, 1967),
for frequencies in the range 10° hz to 107 hz,

gradational boundaries

As we have noted, the physical and hence the electrical properties
of the assumed major layers of the moon are expected to be gradational
rather than abrupt, To investigate the effect of a gradational boundary,
we have replaced the simple two-layer model used previously by a four-layer
model, in which the abrupt interface between the debris layer and the
subsequent layer is replaced by three interfaces, Any number of layers
might have been used but three was considered sufficient to illustrate
the point, The parameters fox this model, labelled Model 5 here.in, are

given in Table IVIII,

Table XVIIIL
Model 5
Layer 3 v, Frequency
Thicknesses 10” hz 10° hz Dependence
bp=3m K =3.6 G =20x0% ® =22 T, =11x0 EK:L%
) Log 37 )=
= = - - - = -4 ¢
hy = 6 m Ky = 5.4 5 =8.951008 K, =34 cJ,=5.6x10 ¢
_ -7 _y A Tog(£)+B;
h3 =9 m KS = 7.1 ()’5 = 2,0x10 K3 = 4,5 (j’3 = 1,2x10" A and B
determined
by, = o0 K, =280 = 1.1x10 K, =13 37, = 5,0x1073 by end
points

The values given in fable XVIII are consistent with the values given for

the wet model in Table XV and Figures 86 and 87, Figure 119 presents
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the computed values of 'ri, Ka, and (3;, for this model, Oscillations

in the reflection coefficieni of Figure 119 are not nearly as regular

as those corresponding to the simple two layer cases, This result is
consistent with that found by Nikodem (1966), The separate contributions
from each layer amnd coﬁbinations of layers are superimposed .thus reducing
the possibility of uniquely determining any of the thicknesses of the
three outermost layers, A gradational debris layer with no abrupt lower
boundary would result in no oscillations in the parameters plotted in
Figure 119. However, in terms of detecting the presence of water, the
magnitudes of the quantities provide the most direct information, The
value 0.8 for the reflection coefficient at 107 hz, for example, would
be sufficiently large o predict moisture at depth. To estimate the
depth to this layer we may in this instance use the first minimum in ]r,
which oceurs at 2.4 x 106 hz, We estimate KI’ from the plot of Ka Versus
frequency in Figure 119, and using equation 8-~146, to lie between 2 and
3, Thus, using n = 0 we arrive at 18 m L hy £ 22 m, This is the esti~
maée of the sum of the thicknesses-of the top three layers and agrees
reasonably well with input value of 18 m,

The estimation of the depth to the moist layer in the case just
congidered was accomplished using the first minimum in Ir‘, the
as;umption of lossless materials, and an estimation of an equivalent
first layer KI using the Ka information, Actually with the lossless

assumption, an estimate of equivalent K, may be equally well made

1
without requiring Ka information, A mean value of \r‘ in the frequency
vicinity of the first minimum is represented in terms of an equivalent

K, simply by equation 3-78.since we are considering normal incidence
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only, Estimatiﬁg equivalent K; in this manner does not require separation
of ]rl into real and imaginary components and depth estimates are identical
to the other case, Hence, when oscillations in x| occur; reasonable esti-
mates of the depth to the lower discontinuity, in some cases, may be made
using [r] versus frequency data alone, The importaunce of observing the
first minimum in ]rl is evident when multilayer resonances are superim-
posed as in Figure 119, For the case of a single homogeneous surface

layer we nead only observe a successive maximum-minimum pair to determine
h;. However, since x| oscillations in multilayered structures can
resemble those due to a single layer in restricted frequency bands, it

is desirable to observe the first minimum in }r[ in all cases. To
summarize, in order to detect and estimate the depth to a possible lunar
layer containing solid or licuid water it would appear to require nearly
continuous recording of [r] over z frequency range extending from about

10% hz to just beyond where oscillations in {r{ occur. A range of

I x 104 to 3 x 107 hz would be mnecessary to detect water at depths of

10 m to 1000 m,

power loss in reflection

Energy or power loss upon reflection from the layered models is

defined by

P= 10 Leqg lr] ™ 8-148

The reflection coefficient functions of Figure 119 for the h, = 10 m

1
case havé been converted to power loss P in db, using equation 8-148,
The power reflection loss P is plotted versus frequency in Figure 120

for dry, wet, and permafrost substrata beneath a 10 m thick dry debris.
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For example, at 10° hz there is less than 2 db difference between the

dry and wet cases but about 5 db separates the dry model from the
permafrost model, We wish to stress here that the electrical parameters
used in the wet substratum pertain to an unde;saturated (1% pore water)
basalt and reflection would be enhanced if either or both of its cdonducti-
vity and dielectric comstant were made higher by the addition of still
more water, In fact, the values of the electrical parameters of a wet
rock can readily approach or even exceed those given for permafrost in
Figures 88 and 89, We also must acknowledge of course, that lunar perma-
frost may not possess (3 and K, values as high as those adopted. Perma-
frost composed of pure ice and rock would have much lower J and K, values,
depending on the temperature and relative composition of the mixture,
However, the existence of relatively small amounts of impurities in the
ice results in marked inecreases in the electrical parameters, In fact,
the electrical properties of permafrost are thought to be similar to

those of sea ice as mentioned earlier,

The relative reflection losses for the three cases presented in
Figure 120 vary significantly with frequency. The curves pertaining to
the dry énd ﬁet substrata differ at most by 3 db, this occurring at the
lowest frequency plotted, 104 hz; and nearly this value at the first
minimum of \r\ at 5 x 10° hz. Moisture content less than 1% might decrease
the difference between the curves whereas increased water content, higher
saiinity, or the presence of more magnetite would be expected to increase
thelr separation, In any event, it is apparent that an equlpment resclution
of at least 2 to 3 db is probably required to detect liquid water in

amounts of about 1%,
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In any practical experiment it will be necessary to employ at least
13 frequencies over the band from 3 x 10% hz to 3 x 107 hz in order to
trace out the details of oscillatory behavior of ]r[. Swept frequency
CW or pulsed systems, as well as discrete frequency systems, will need
to be considered in order to arrive at the optimum experiment design.
Conclusiong

It is evident that the presence of minor amounts of ligquid or solid
water, in the pores of lumar rocks, will significantly alter the reflection
coefficient over the frequency window 3 x 104 hz to 3 x 107 hz, available
for lunar electromagnetic exploration. However, the power return to an
orbiting antenma, on the pessimistic side, may only differ by 2 to 3 db
(or even less) between a dry and a wet moon and‘this is just within the
limits of current technology. On the other hand, optimistically the
power return between a dry model and either a wet model or a permafrost
model may differ by 5 to 6 db or more.

The lower the frequency-the greater the difference between reflection
coefficients for dry and wet (or permafrost) models,

The mean electron plasma frequency at about 2,8 x 104 hz places a
lower frequency limit based upon our current knowledge of radiation from
an antenna situated in a plasma, Anomalous propagation is anticipated
for frequencies in the vicinity of the electron plasma frequency. Anoma-
lous propagation is also antiéipated near the ion plasma frequency
(£E=6,6% 102 hz), the electron gyro frequency (f = 140 hz), and the
ion gyro frequency (f = 0.08 hz) so that avoidance of frequencies below
about 3 x 104 hz seems prudent at this time for orbital experiments.

Of course, measuremeﬁts can be made at amy frequency in the region

covered by the plasma void.
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An upper frequency limit of about 3 x 107 hz will assure that discrete
scattering from objects smaller than about 10 m in mean dimension will be
negligible, Scatterers larger than this should represent geologically
sigpificant iltems and electromagnetic returns from them will contribute
information useful for three dimensional geological mapping, in addition
to indicating the presence or absence of water or permafrost.

The effect of discrete scattering from surface or buried objects
larger than 10 -m, and the effects of topographic relief of the surface
and of buried interfaces have got been studied in the present investi-
gation, These factors could degrade the performanée of an inductive
electromagnetic system designed to detect subsurface lunar water,
although they are dealt with routinely in geophysical prospecting on
earth, The major difference between earth and moon prospecting is that
dielectric constant is usually ignored on earth (though not always
justifiébly), and that higher frequencies are required for shallow
exploration in the less conductive lunar environment.

The sparsity of reliable spectra of conductivity and dielectric
constant under variation of rock type and composition, percent saturation,
pore water salinity, temperature, and pressure is‘the greatest single
uncertainty in the design of lunar electromagnetic experiments,

(x) n-layered half space-arbitrary angle of incidence

The above development may be generalized for an arbitrary angle of
incidence (Wait, 1962b). Referring to Figure 121, we shall first assume
a plane wave incident at an angle <§t on a stratified medium composed
of n layers with the electric vector normal to the plane of incidence,

Lo
i.e,, a ¥y component only, The wave equation for E in the ith layer is
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then

YY LR ] E\f =C 8-149

This is a two dimensional wave equation which can be solved by the
separation-of-variables technique. Physically, reflections can take
place in the z direction but not in the x direction, Hence, we

seek a plane wave solution of the form, with variables separated,
l: _ ) -uz | -H£Z f:X'><..a-
E\f =\ Q; G- ~- l>,; e ] c 8-150

where the first term in square brackets is meant to represent an
outward travelling wave and the second term a reflected wave,

Equation 8-150 will be a solution of 8-149 provided

2. L 2 = E’ '2‘ 1
I: %‘; — L -
9 4 D + # v T° 8-151
N o=
or
NN A
Thus
. 2 > Kl
M‘:' = X -—-/éc‘ 8-152

where >\ is an arbitrary factor at the moment., There must be
attenuation in the 2z direction, since the media are assumed to be
dissipative, Hence the real part of u, is positive, The iIncident

field is N
___5‘2.: ﬂy)?-iw‘é = zftfa[xldéa Q‘ﬁiécwgc fal™
EIJ\J c' = L_:O - =n 8-153

¥
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By equating 8-150 and 8-153 we find that

a. = =
o O 8-154

iy, =i b, ceat 8-155

/:\ = '£1_ il qc, 8-156

The parameter )\ is then simply defined-in terms of the propagation
constant of the incident medium and of the angle of incidence,

We note, that as far as reflections are concerned, we may ignore
the factor e': %'in the solution 8-150. Hence, by comparison with
¥8-114 and 8-127, we may at once write down the impedance of the
n~layered structure to an obliquely incident wave

N
A Z Zz i Z, /‘Z?E%Aa',l?;

z - { =y 8-157

L+ &, Tanlluh

The wave propagates with an apparent wave number u; in the ith layer

so that the apparent intrinsic impedanée ~Z,j of the ith layer is

¢
G

_ e i
Z // U[/ 8-158

PE

Snell's Law may be written (Stratton, 1941)

\-,é£’§?9 = /;/) &L & _ L @ e 8-159
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where Q%D and q% are the angles of incidence and refraction
respectively. Thus the intrimsic impedance of the first layer may

be written

- Wi
;Egi "z?:iéiw— 8-160
Ay 2

Note that Snell's law alsc informs us that at the air-Earth interface,

)

the angle of refraction is always negligible if displacement currents
may he neglected, TFor then

‘g'77 o

!
so that '4'/99 g", W /
and the impedance of 8-160 reduces to

Z, = Ly 8-161
4

{

(xi) anisotropic n-layered half space~-uniform field
The plane wave impedance at the top of an n-layered structure,
each layer of which is anisotropic, may be shown to be (Ward, 1967;

0'Brien and Morrison, 1967)

71 n
A E,f 1 E. o th
Z,@): By o SuFnt S 453 F s, TR 8 162
T =Y -
Hx S;.l Zh';_szz.. +525§£" F- S;4 \;’7

He

It is ‘a matrix whose elements depend upon the polarization'of the wave

*

n x
¥¥4 , on the direction of measurement CZL. relative to the anisotropy,

M

and on the elements S}:; of a transfer matrix which relates the fields
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in the first layer to the iields in the unth layer. Unless the polariza-
tion is known, a priori, it is not possible o compute the elements of
impedance matrix,

In practical application cf 8-162 we measure iwc orthogonal
electric and magnetic field pairs and compute‘the elements of the

impedance tensor therefrom

1 - - . 7
E . Z, £y P4g
_ - ‘ 8-163
=y Z,, ESNS Flﬂ .

Because of its length and of the tedium involved in it, we shall not
include herein expressions for the EEZB' in terms of the parameters
of the system. Practical application of such a complicated model is

limited,

(xii) the impedance of a concentrically layered sphere

The formulation for the impedance of a planar m-layered structure,
which forms the basis of the magnetotelluric method has been extended
by Srivastava (1966) to a radially layered sphere. (Figure 122) We
need first recognize that the induced electric field is non-radial, for
many practical problems, inside a planet. If we feel safe in making
this assumétion, then we may use the poloidal magnetic (transverse

electric) mode given by
e —

vh = ‘
E: = — f._ éh._ ({:Jmm l\/] 23 1)
24} ‘y‘)‘;;!
1 o —>
. - L2 / »
- — v/ = 2 a0 N 8-164

The orthogonal electric and magnetic field pair EE%F 5 P4q are then
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given by 8-43 and 8-44, Their ratio is defined as the radial impedance

of a spherical wave function, and is

.Zﬂ: ]‘_f_fg__ - L 2% Q/ﬁ) g %) 8-165

—e e

- JZW) 1 ) x
where ’%Hé/&) satisfies the differential equation

-

i

2- .
-/?/éiz'%q PZA@ + /;,2:_.',»1()4-+1) Ep =0

An dr L

as before, but with ,g a function of r., Similarly, we might write

8-166

for the other orthogonal pair

Z = — E4 L suw /’g“‘) ?né@ 8-167
& H, A. }Azm(f&){

If a spherical conductor is divided into a number of spherical
shells in each of which the conductivity is constant, then equation 8-166
holds in each layer, provided we select the appropriate conséant value

2 z"—'-é;{‘?)'l.d for that layer., Since there will be reflections at all
boundaries, one suitable solution of 8-166 for a constant k in a

thin shell is
Z %’2) = A_jn G&t) + BQ;.,@”-) . 8-168

Hence the impedance at a distance r inside the conductor will be

given by
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Z = /Q%’l Jn @h) + b é@;)ﬁn (A; Lo .
~A %[Uwé/&)]'} [ < {;z 7, &%’n)] A

The terms involving iﬂi,é%;;) must drop out in the impedance at the

surface of the central core because [, éé’,q} is not finite at v = 0.

If the central core is referred to as the (m + 1)th layer, then

b+ _’Z'h : C/Ul) .
Z, = L Ll
’ e ; N /é/

At the bottom surface of any spherical shell we would write

8-170

ZL\M fz/-!.t, ﬁ%fz hzg!"z)f‘g‘%ﬁ ‘7(’%/&') 8-171

. Aé[[ T A,Qﬂ i [/Z/Z,éé)z)/

and at the top of the same layer, only the r has changed in the

solution so that we may write

ZH_; ¢ mjﬁla 7 4 fn/j /Zza)‘/) ’7% Aoy ! (/ ,48-172
" Jé’%—_%}l%[ﬁfﬁﬂéﬁﬁ "H‘) 7’&55[’2# [é/szf)]

We may eliminate the AL and D from 8-171 znd 8-172 since these

!

. . . L .
are two equations in the two variables /.} and D . The result is
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Lﬁd R[[ Lf’I)Z “Pé ”H) -—___//cd& ”L/)ZC?‘/ 4{ z,c)
8-173
LRLOZ =T ASEE 66

;‘/f W
where

’Pé-) c) o= % 2 i é’é /pz)
Qley = Hretlhit)
R = i)

S¢E, a) _Z{,L f’c’n(%/z)j

and

?@Jff\i—f) = jg /th J’” (%‘ /a"}!") ete. -

‘ Py
We may then write ZZ/;, in terms of X as follows,

ZL:_. o ( ~)C}él'ﬁ) N e20)64,. ’é{ Z)f+/[><7s 174
- Gl R )R irSE0) 4 Lz X ]
X [RGi) @) ~ 6000 To]

There will be n equations of the type 8-174, the last of which will

|
use the Zb i given by 8-170,

— |
The terminating member ,c’:_z/i is the surface impedance of the sphere.
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(xiii) separation of internal and external field over a plane

or along a line

While it would be highly desirable to obtain a complete spherical harmonic
expansion over a spherical surface, the station density necessary to
calculate the very high order harmonics representative of semi-local
to local magnetic fields may be prohibitive., In such cases it is possible,
however, to treat some small area of the spherical su;face as a plane
surface and make separations in rectangular coord}nates.
Consider a conductor occupying a half-space z £ 0, with its
boundary at % = 0, The overlying medium 2z "> 0 1is non-conductive
and we neglect displacement currents in both media. A vector wave

L '
equation in E may be set down

z o2 — ‘
(V i A ) = —¢ 8-175
where
) J a‘ ’ + +
,&? = LT ingide conductor
rd
» )
ﬂf = (. outgide conductor

Assuming that important time variations only take place in the 2

direc:tionJ we write the separable solution:
—> o .
= = z_Z(z_) L'L;) F:(ch 8-176

Substituting 8-~176 in 8-175 and dividing by ZF:

|

e
FooX™ = 4T

N Y 2, e

7!..

N~
G
M

v
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Letting
= g o
LYE , LYE -
S
yields
e ~ = -
\ L2 N F-c 8-179

).} ’ (% 2'——>\2) £ =0 8-180

Assuming that there is no charge distribution we have that the divergence

N
of E 1is zero.

DI, J 31:’53 +.§E?—‘ S 8-181
D b’,’;) >z

or

Q\——B’& E‘F ]:—CD___E‘Z_ = 8-182
Z(—S’; ” T?) Tz OZ

From 8-182 it follows that either

d— DF; — D’F =0 8-183

/ ;:‘ F QE*L>: ——}-}—2
‘ A 8-184
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we shall use the relationships in equation 8-183 as Price (1950) has
shown that of these two constraints, only the conditions of equation 8-~183

lead to solutions yielding external magnetic fields due to the induced

currents in the conductor,

Now if

2F, + _.;__};J =C

8-185
D= D/cj

—
F may be written in terms of a scalar P such that the components

of F are

Enod . % R ‘
]" - (H%"—ld" 3 %)’Z > ¢ 8-186

and it is seen that equation 8+186 satisfies the condition 8-185

Equation 8-186 can be written in the more compact form

—

= U xVP

8-187
—

where \42 is & unit vector in the Z direction. Thus the E

field may be written:

E= Zlw- UxVP

8-188
and in the conductor we have sclutions
T
¢ C € Len V1 8-189

and above the conductor:
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. \ i '-—>\'Z )\., \

— \ . Z -

| (&‘ E b LE ) UZ <V P 8-190
It is seen from 8-179 that P satisfies

D P 4 )_;L) i NP o=

dx? ij -

8-191

Proposing a separable solutioﬁ of the form "P()(, EJ) X{J) YE'J)

we have that

Ldx, l:\f /N e -
X Ay \/ "j -_

Letting

,_L CH?X = —m*
X A

we have

8-193

%_X_ A=Y 8-194
i}

+ Y e 8-195

_ﬁ,___
J L
where

= I’I
>\ m -i—' 8-196



From 8-194 and 8-195,

)) :"“-

Pl g

T, fj) > / Joteomcs s

=g

) has the general solution:
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Gl 1917 /(ﬁ 469”J¥ B et -197

where for convenience we have taken the eigenvalues as integer numbers

We can thus rewrite 8-189 and 8-190 as

~ Y0 E

1

—
:':C.‘ - é:muq 6

where

A
]
;

Yb‘ = m % n

From 8-186 it follows that [E;; is zero; i.e.,

l-n—.y‘:h"_

LAV T,

v,

lW]

currents flow everywhere paraliel to the interface,

8-198

8-199

8-200

8~201

8-202

that induced

From Faraday's

law and equations 8-198 and 8-199 were set down the following for any

harmonics

m and n

inside £he conductor:
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Cf = \)/C Ct’mﬂ

Lu‘/lf' o

outside the conductor:

- R
H)(: emn e + Lknn € )‘%%n

8-203

8-204

8-205

8-206

8-207

§-208

8-209

8-210
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H_ :'(‘Ti éf}‘llj/]é’ 4—‘ - [”1” - a} i’/'jy?

L “hig

_ L Xl Vi ) O
= = (-2- L fb{/c G-om & + ), L,r & t )k)—:
A . -D,,C v -"D/; ) %

c = : Y Coir

265

8-211

8-212

8-213

8-214

8-215

8-216

3-217
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Note that these new coefficients are in terms of the magnetic field,
To find the ratio of internal to external field we use the two boundary

—tn .
conditions of tangeniial E and normal B continmes:
i f t
v ¥
Cian + = C mn 8218

Y1 14

: | !
A < 5 . v
/—li . + /\?C by = 222 Cmn _ 8-219

A} & [" YE:

which gives the ratio of internal to external magnetic field in terms

of the constants of the internal medium,

e -
T = e [
Sy 2> e ¥ T

B
[‘!11 L
el

My

8-220

If the conductor and the inducing field have no variation in, say,
the y direction, then n can equal zero only, and it suffices to take
observations along a line im the "> divection. In practice, then, the
components of the magnetic field are measured over a limited portion of
the surface of the Earth and the reflection coefficients for the various
harmonics deduced as for the spherical Earth case,

(b) TInduction theory for active systems

(1) general comments

An active system for planetary electrical studies is comprised of a

P

transmitter and receiver placed in proximity to the planet. In free

space, the transfer function of the system, i,e,, ratio of voltage
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fe3

produced in the receiver to current in the transmitter is Zgi . In

the presence of a planet, this transfer f;nction is changed to z< so
that information on the distribution of electriecal parameters in the
planetary interior is contained in the ratio ;g?£§; . The transmitter,
oxr source, may be an electrical dipole, a magnetic dipole, a line current,
an array of electric or magnetic dipoles or loops of wire of such large

" dimensions that they may not sensibly be referred to as magnetic dipoles.
Mathematical calculation of the electric and magnetic fields in the
vicinity of such a source is referred to as a finite source boundary value
problem in electromagnetism,

Measurements of the electric and magnetic fields are typically made
with electric and magnetic dipoles or arrays of dipoles. The electric
dipoles may or may not be grounded for both source and receiver, The
orientation of the source has a bearing on the field calculations and
hence to facilitate subsequent discussion the following abbreviatioms
are introduced,

VMD--vertical magnetic dipole

HMD--horizontal magnetic dipole

VED--vertical electric dipole

HED--horizontal electric dipole

Only one mathematical development will be given below, that of the
vertical magnetic dipole over an n-layered structure, However, the formu-
lation will be listed for all other source types., A complete presentation
of the mathematical physics pertinent to one source type permits the
reader to appreciate the assumptions and approximations made in all

such problems,
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(i1} the magnetic dipole source in free Space

The Schelkunoff electric wave potential for a magnetic dipole source

is given by 3-120 as (Ward, 1967)

3

— »—i,.tut_ S g
E = S/ 8-221
S

|

The magnetic current density 3_:,,, is defined in terms of the

—

polarization M ’

= /’ QM : 8-222

Then for harmonically varying functions, 8~221 may be written

8-223

= = —urw ‘““"JZLJM@E& A
— | AR e | S

<

—d,
The polarization vector M represents the dipole moment per unit volume,

—— 5
= <l 8-224
d- I
— . A-_\. 3
where m 1is the dipole moment and &la. is an element of area of a loop
and L is the current in that loop. If we substitute 8-224 into 8-223

and assume a loop of elemental area, we obtain

"_"f . T e -—C..Ll‘ é’l_ o
L
<FiT ) ./L Ao

where
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—— ] —
¢ = ~ tf// (.L"J,-r-(.’fff’f‘-"Cf‘

L]

s 8-226

Then 8-225 is the primary potential of a magnetic dipole in free space

provided p = Ho and k = k-

(i1i) wvertical magnetic dipole above a disgipative half-space

We wish to locate a magnetic dipole above an interface between a
homogeneous half space of wave number kl and the free space abaove it.
The dipole is to be oriented in the 2z direction at a height h above
the interface and at the origin of the ecylindrical coordinate system
as in Figure 123, Since the normal to the elemental area of the loop
is in the =z direction, then we need only a z component of primary

potential,

FEZ 8-227

P - C Ecé\_

<

[

To this primary potential we must add secondary potentials brought

Cby
into existence by the presence of the half-space. The function E___
T

may be converted to an integral representation using the Sommerfeld

integral.

For the region Z £ C , the expansion is

) ol
¢ —;)l-“a? e TR )4
e LO\ ;f{c‘f-) =

8-228
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while for the region Ll‘?a 2= Z & , the expansion is
dn T
(SR AL s
s AT

and finally for the region X 7= by » we have

l‘,f},_‘ e X _ ;)\'?___ !?,?_?'ig L .
6 7 _ A e ‘JCCA (E\ 8-230
-z c’(’\L""?é: a)/L F) ’

The positive value of the exponential has been used in 8-228 to ensure
proper behaviour of the expansion at £ = — o<« while the nepative
value of the exponential has been used in equations 8-229 and 8-230
to ensure proper behaviour at Z = e .
Consider now the boundary conditions at the interface. TFor continuity
sa, -5
of tangential H we need to start from the expression for the field H

in terms of the potential F

H = _@g—_gwg')‘?:k A E 8-231
f/yu)

——y
For a vector F which has only a = =zomponent 8-231 reduces to

"q:“*/— ble
NS

8-232

so that at the interface we may write

YR, L YA,
L;//,}u) 96;2— ! S HZ |-/, 8-233
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e
Similarly, the electric field expressed in terms of F is

—,

E=—vx 8-234

—
so that continunity of E 1is assured if

SE| L 2F
B”’ z=h B{q 'EZ"—"L)

i

-~

8-235

The conditions 8-234 and 8-235 hold for all F’ and hence can be inte-
grated with respect to 10 , without regard for a constant of integration.

Thus the boundary conditions reduce to

| OE, Ll F

A 8-236
o Sz |zn) Ah 2F |zs)
F, = E;f 8-237
‘2‘"—!’] == !’,

The primary potential has only a = component expressed by 8-227
with 8-228, 8-229, or 8-230 substituted for Qﬁ%" Note that only the
zeroeth. order Bessel function enters these exp‘:’c"{e.Ls:sions, i.e., n=0.
Hence the = components of the secondary potentials can only exist
for n =0 4if the boundary conditions are to be met, Then we may write

the & components of the total potentials 3-102 as

in free space above the dipole

.= B+ G :jﬁ(;@)e“‘ﬂ e |10

=0 o 8-238

‘hé.‘
NEE-Y
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in free space below the dipole

[ ) ..
- S > . s il ’.
' 7 f:;: = Jﬁ[“ﬂ.{f\)c—:%z-ﬁ 3&)) e Z FAQ‘&\ 8-239

; Nz Z70

in the dissipative half space

F, = ':;{S = jo [E(/\)eéé’?—,cg,())fdé—z I:(/\f')/{/\ §-240

27 h

where

L, = O\= £, L) =

" :(,\i,,?, 1)‘/2,

8~-241

and

8-242

We wish to evaluate the four eigenfunctions gi[k) s %é(kj ,—qukj
and 8}(’\) . First we note that fr[X):Q —

tend to zeroc as ¥ tends to infinity.

because f;;l must

Next from the boundary condition
8-236 we find

E " ) . - ‘ . ,A
_4[% (e ugd e ‘ﬂ ) [_a, G & J
e | A 8-243

Also from the boundary condition 8-237 there results

8-244

: ) u
LN gy - ) e

From these last two equations we obtain
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JJ?QO\\ = a// = o \“2% 50@\) 8-245

‘c:’/f'/f 7+ Z{:’///c]

a. D) = A e -4 (‘/)/’36(?\)

&, AR ) Ao 8~246

The function 300\) must now be evaluated in terms of the constants
of the system, This may be accomplished by noting .that 8-239 consists
of a sum of primary and secondary potentials. The orly term in 8-239
which can represent a primary potential is the second term because only
this term has a negative exponential to correspond with the negative

exponential of 8-229. Thus we may make the following identification

We have now cbtained the formal soliation of the problem and need .to
evaluate the integrals of 8-238, 8-239, and 8-240 in order to develop
useful formulae for application,

(iv) an infinitesimal loop lying on a homogenecus half space

Let us assume that py = p,, and that h = 0; the loop lies om a
homogeneous non-permeable ground, Then the potential in the free space

below the dipole, as - given by €quation 8-~239, becomes
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B . e [ =l £l — Ll )\ — V7

M. = aJ P HAN)AX s

j 12,4 22O .
V— Z- ¢

We wish to note for future reference that the expression

o —Ld, 5 ¢

P T = f}ZJ.()) 8249
{e, # L,

ig just the amplitude reflection coefficient for the electric vector

normal to the plane of incidence. Now for =¥ = 0, the potential may

be written

o

= C[)z;c\% 1—0\ P)(Q/\ ' 8-250

If we are prepared to neglect displacement currents in free space, a
reasonable assumption, then k, ~» 0 and we are dealing again with

the quasi-static approximation., Then we alsc conclude that
xz /f 2\
Uy = (N K e /\ 8-251

In effect we are saying; in the integral of equation 8-248 very little
contribution arises from values of )\ of the order of, or less than,

k.. Thus equatien 8-250 comverts to
\ﬁ -
J;O\P & 8-252

F:?% :Coécj-f«}\

O
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This integral has been evaluated by Foster (1931) sc that we may write

directly

Cag = (1=Ap)ethe
26 — 8-253

“He) P

The electric field will have only a - component

= :%Eéz'= 2L 3_5" 3 p Aé? by 8-254
e 5(; f/%,z}&g{- " j ‘

7

and the magnetic field has the components

H, = 1.,._/_ A ((3%0\

8-255

¢ Lnw E‘Y(f 8-256
The vertical magnetic field is readily calculated from 8-254 as

H. :/_:%ZC:Z*FJ; T *(9“‘ 9. ‘4(9"444"?%*1 4{’5)6’24’ 8-257

To compute %&7 we must use f}y in the form given by 8-240

o

F;;:: = fp_a _ >\ 8‘_%%3:&\6)%/\ 8-258

At L,

where once again we have replaced u, by /\ . This last equation can

be written in the following form
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o, = 2 YT 5:;" ([, N+ Eﬂ) 8-259

A | oz 9%’
)
where
. A R £y éé‘/})_.
T -._>\_._ & I V4 (é/\ =&
" = _jb [(/ L,( _,) =S §-260
and

N= [ & ““T00d) = Lol <t o

The functions Io and K0 are the modified Besse] functions of order

zero, We may now carry out the differentiations indicated by 8-256.

Let us reverse the order of differentiation, however:

g =i 'bnag‘f - - < %_% 8-262
Q /c'},’au a%w S 'Q/(—t) € =2 se=g

From 8-259 we obtain
. ) "3 . N -
gf—?@; = —2C 92 o g /\/+c>?/\/)

= Prg £ 227 2 QZL_ Z

8-263

[4]

The first term on the right in 8-263 is zero at z = 0 as may be
b
established by differentiation of 'Cft ! .

_ s
We know, further, that ffé, must satisfy the wave equation in

cylindrical coordinates, and that any integral or derivative of this
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function must also satisfy the same wave equation., Therefore

SN, N L YN AN = o
QQ" ¢ gf’ RES -

This equation permits us to write 8-264, upon change of order of

differentiation,

S '(sl Ly [ﬁ}
Z=0

..é.._z.._ e = 2’; *S-F—: F ap 'Dzz..— 8-265
To compute 8-265 we first note that
N= T(X ] k-]« y=-ck
N = _j_“o = | |z , 1 8-266
‘ b
5*\} = —5}—/ }\/L - LoKa 8-267
DZ | Z=0 “
2 z ot , o4 it ¥ o ;
O N LI E78 W AR L R W A g[/ﬁ_f; +IK)
Yo 220 8-268

whare 'f?=Eﬂ2 and where the prime indicates differentiation with
Z

respect to &, These latter two expressions may be converted to equiva-

lent expressions involving only Bessel functions of zeroeth and first

order, To do this we use the recurrence relations (Watson, 1944, p. 79).
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I,=I, =1, - ",:i'ff =1 8-269
4
_—K _+_-—:‘( K, ==K, 8-270

i

and the Wronskian for modified Bessel functions (Watson, 1944, p. 80),

[ !
ILK -~k = —i'}: 8-271

We £f£ind
él\l | - __.{_
= ):z-=d G
and
AN — _Eg_ 7— T }( 8-272
Q= 5=, 2z |70

Recalling that I, and K, are functions of the variable f

. 3”/-7
2_.
it is a 51mp1e matter to obtain the derivatives of V) /\/ with respect

D’ZL
to () .

]

f_,.l;;( +T kK =-2IkK 8-273
()

and

2
]
)
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Then we f£ind, from 8-262

Il ML S R (]
Lt 17 -

or

H(, = ;{:’; "(;a; ~-€Fﬁ?'ﬂ-—2 *) 4‘£f’{ N4 )Hé-/:ﬁfu 8276

The formulae 8-254, 8~257, and 8-276 are individually useful for
determining the electrical ﬁarameters of the half space., However, we
may-wish to cast fhese in a different form for measurement purposes,

For example, a dimensionless measurement is the tilt o of the magnetic

vector in a radial plane as follows:

oy
oL = ZZ,, — B VB -44¢ 8-277
2 A

~ 2PHe] o (- )
- 2(Hf-1HY) | g2
— 2 ) el -6)

where [OP —"Lié is the relative phase between H, and Hz.

¢



Another dimensionless measurement is the relative mutual impedance

between the source lcop and another horizontal loop,

5_7” = ——[f;?_ f;_('cf"ﬁi'aéf—44{?’ &.;.cs 4/5396(‘4()]8-281

or between the source loop and a radial horizontal dipole

7 - Ayl h:,)--4;&@:4;@#?%-282

where in each of 8-281 and 8-282 we have assumed tﬁat

£ = ‘f'z”wﬂéé%’q 8-283
4‘rr(’

where C(.&. and (£A are the areas of the loops and {9 is the distance
between their centers.

(v} an infinitesimal loop lying on an n-~layered half space

The potential F_ZD for an n-layered half-space is obtained
directly from 8-248 upon substitution of the appropriate reflection

coefficient /*—_;_(X) . for an n-layered half-space, That is {—Z_zc, is

given by
- ¥ @& LZGZ — '.'Jt‘z' \ I
= C ) -
= 2 (Me +e f;: Jo &F)&/\ yRFO e
5 . N
or by

o

e[ RO e
C /

I
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where

22 .
AT = M4 )
L, (A) ) 8-286

and

_L’-( Z"f‘*zgz‘%z ZL}’}I
Z - Z/f‘mJth

Ly

8-287

The latter expression is derived from the impedance of a plane layered
structure to a uniform plane electromagnetic wave, equation 8-157, with

the- following substitutions

Z o= W L WA, Z “hly - P 8-288

! l L[, g""f""’@r £y —ﬁ .ava%,

-In setting down 8~284 we are stating merely that there is a layered
e A
half~space reflection coefficient jl - ( J which would appear, at any
single frequency, as the reflection coefficient for an equivalent
homogeneous half space. This reflection coefficient applies correctly
to each spectral component of the integral of 8§-284 regardless of the

value of >\ . The eigenvalue >\ is given by

where @o is the angle of incidence, For finite sources, @c- can
be complex (see section 3g) so that sin 5@; may exceed uwnity. When
this occurs, cos 9} , and hence cos @a » the cosines of the angle

of refraction,may depart from unity, Thus the integrals of 8-284 and
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§-285 may need to be evaluated numerically,

We should also note that 8-276 is an exact solution regardless of
the relative wvalues of ko and kl’ provided the correct refleciion
coefficient is used, Hence this integral expressicn, and its derivatives
apply whether the half space is dielectric or dissipative,

(vi) the vertical magnetic dipole over a layered lunar model

(after Hohmann and Ward, 1968)
generél

In the inductive electromagnetic depth sounding method, current is
induced in the subsurface by the electromagunetic field of an oscillating
electric or magnetic antenna, With-this method, measurement is made of
the field scattered by dielectric, conductive, or permeable material
in the presence of the source field, In general, the scattered fields
are functions of frequency, and consist of both in-phase and out-of-phase
components., From tﬁe measurements, one can deduce the subsurface distri-
bution and electrical parameters of the scattering material,

We shall consider herein a source consisting of alternating current
flowing through a horizontal coil of wire at the surface of a horizontally
stratified lunar model, The diameter of the loop is small compared to
the distance between source and receiver, so that the loop may be closely
approximated by an oscillating vertical magnetic dipole, The arrange-

ment is shown in Figure 124, where a two-layer model has been assumed,
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The propagation constant of the upper layer is 31 , that of the

substratum EﬁL,, and that of the exterior ¥g

s 5 the propagation
costant of free space, The angular frequency is & , “J is con-
ductivity, & is permittivity, and p is inductivity,

Theoretical solution

Our solution, above, to this problem was obtained by starting
with Maxwell's equations and utilizing the continuity of tangential
electric and magnetic fields across the various boundaries, Maxwell's

equations in the MKS system of units are

— NS —N
-——S7f\EE :://47 %%5% + quﬁ

8~290
3 — N —
VxH= 3 + 5%% -+ 3, 8-291

i, _—
where PJQ and :Sci are the impressed magnetic and electric currents,

respectively,
The time-harmonic Maxwell's equations become, for ei‘dtj
—. . — U Ny
X = o H o+ M 8-292
< ' : —= - -
Ux H = GTJ—L&)&’)E + 3, §-293

The permeability of most rocks is close to ome so that we simplify
the solution by letting the permeability, u/po, of all layers be one,
The solutions to the layered model, derived from 8-284, are in the form

of infinite integrals, given by
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<

H, = M ‘i(/\) Js (f\(’) )\%a'g ) 8-294

3-295

4, = 2L | R T OOV

o

where H, and HP are the vertical and radial components, respectively,
of the magnetic field at a distance,fr, from the transmitter, M is

" the dipole moment of the transmitter, given by the turns, area, current
product, 'Eza CX) and ?a€6X\ are complex functions involving the
propagation constants of the various layers, and JO and Jl are the
Bessel fuﬁctions of order zero and one.

The integrals can be evaluated asymptotically for the far field,
but in the general case the solution must be obtained by numerical
integration, Since the integration covers the entire positive real
line, a convergence accelerating transformation must be applied,
Euler's transformation, along with the Gaussian quadrature method of
integration was used by Frischknecht (1967), We have used a similar
method of evaluation, but have extended to higher frequencies,

Below about 5 x 10% hz, the so-called quasi-static approximation
can be applied to simplify the solution. This approximation assumes
that over the important range of integration }(; is approximately

zero, Wait (1958) has shown that in this case the solutions for the

two-layer model are functions of
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B = {)/S'

D= ZdAS

k= Deriads 8-296
_3.-; 4+ ty 5,

where & is given by

iy
; ]

A (’3,— Fiw &) 5297

4

For frequencies higher than about 5 x 10" hz, the quasi-statie
approximation is mot valid, and the fields are not functions of the
two simple induction numbers B and D and admittivity contrast k, In

addition, both evaluation of the integrals and interpretation of ex-

perimental results are slightly more difficult.

Effect of the Solar Wind

If the Moon's surface ié bath;d in the solar plasma, antennas on
or above the surface will launch several modes of electromagnetic and
acoustic waves, The dispersive behavior of the plasma may be described
in terms of a dielectric temsor, This subject will be discussed in
Chapter 11,

At frequencies significantly above the electron plasma frequency,
say, above 10° hz, the dielectric tensor reduces to a scalar with the
free space wvalue of unity, However, at frequencies below about 105 hz,
the exterior medium is conductive and anisotropic, and the usual solution
for a stratified model is not valid, The existing theory is presently
being modified to account for a plasma above the surface but for the present
study we have used frequencies well above the assumed electron plasma frequency.

Inductive Depth Sounding

Inductive sounding to determine depths and electrical parameters of
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layers can be accomplished either by varying frequency or by varying
separation between source and receiver, As the frequency ‘is lowered
or the separation increased, deeper material has more influence on

the measurements. Variable frequency sounding offers two advantages:
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(1) it is not necessary to move equipment as the sounding is being made,
and (2) geologic noise from lateral inhomogeneities is less because the
transmitter and receiver remain stationary. These advantages may be
outweighed in some applications, however, by the fact that only one
frequency is required for variable distance sounding, so that equipment
is simpler. Alternatively, sounding can be accomplished in the time
domain by using a pulsed energizing current.

The quantity usually méasured in induvctive sounding is the ratio
of the mutual impedance of a pair of loops in the presence of the earth
to the mutual iImpedance of the same loops in free space. Mutual imped-
ance is defined as the voltage induced in the receiver divided by the
current in the transmitter, A sounding curve is a plot of the mutual
impedance rétio versus separation or frequency, The experimental
curve is matched graphically or numerically to the "best-fitting"
theoretical curve for a layered model,

An example of such a sounding made by Frischknecht (1967) on
the Kilauea Tki lava lake, Hawaii, is shown in Figure 125, The absolute
value of the mutual impedance ratio for co-planar loops is plotted versus
the induction pumber B, The circles are measured field data, and the
golid lines are theoretical curves for loops raised above a homogeneous
earth, At the time the sounding was made, the lava lake had a solidified
erust 12,2 meters thick, below which was a molten, high-conductivity lava
lake at least 100 meters thick. By interpolating between curves, one
"finds that the field data fit a reference curve for 2h/r = 0,39, indicating
that the response of the crust is negligible, From the electromagnetic

measurements, the thickness of the crust is inferred to be 11.9 meters,
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and the conductivity of the lava 0,483 mho/meter,

Measurements can also be interpreted in terms of apparent conductiv-
ity and apparent dielectric constant, i,e,, the conductivity énd dielec-
tric constant of a homogeneous half space which would yield the same
field as that measured. Knowledge of the in—phaée and out-of-phase
components of the magnetic field is sufficient to solve for GE;’ and ﬂiL
Figure 126 is an argand diagram showing the variation of the real and
imaginary ‘parts of the vertical field of a vettical magpetic dipole of
moment 1000 over a homogeneous model at a frequency of 10° hz, Note
that for small comductivities the fields vary only slightly with changing
- conductivity because of the dominance of displacement currents, Simi~
larly, when the conductivity becomes iarge, changes in dielectric con-
stant introduce negligible changes in' the fields, In thé intermediate
zone, values of apparent conductivity and apparent permittivity can be
determined, and soundipngs can be interpreted in terms of these quantities,
At high frequencies or short separations, the apparent values approach
Ehe true values for the upper layéf, and at low frequencies or large
separations the apparent values approach the true values of the lower
layer.

tilt angle sounding

general

The commonly used inductive sounding techniques require the precise,
absolute measurement of the magnetic field, However, instrument drift,
time limitations, complexity of operation, and natural noise may make
such a measurement difficult in the harsh lunar environment,

An easier and faster measurement is that of the angle of inclination
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of the major axis of the polarization ellipse of the magnetic field.
Figure 127 shows the field configuration in section and in plan view,
The angle é? is zero for a strictly layered structure, and indicates
the presence of lateral inhomogeneities if it is not zero; o is the
tilt angle, which varies with frequency and separation.

The receiver is a double-coil, phase-~lock device; measurement is
made by rotating the coil pair until a null is obtained., Voltage from
coil R is fed into a phase-lock amplifier as the reference, while the
signal is obtained from coil s, There is no need for accurate cali-
bration as with other inductive methods, and instrument drift is not
important.

The formula for computing the tilt angle is given in 8-277,

Quasi-static Curves

Sets of theoretical curves for tilt angle over two-layer structures
for the quasi-static case are shown in Figures 128, 129, and 130, In these
curves, the tilt angle, X s 1is plotted versus-the induction number,

B, for various ratios of depth to separation., The three sets of
curves are for conductivity contrasts of 10, 100, and 1000,

The major axis of the ellipse is wvertical for low frequencies
and becomes nearly horizontal at high frequencies, As expected, the
curves become more widely separated for larger values of conductivity
contrast,

The curves are very diagnostic, and can be readily interpreted,
as shown in Figure 131, which is an actual field example from near
San Jose, California. TIn this case, the depth to a wet clay horizon

as determined by drilling is about three meters, The clay exhibits a
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higher conductivity than that of the dry overlying gravel. The sounding
was made by varying the separation between source and receiver, at a
constant frequency of 2400 hz, The field data £it the theoretical

curve for a depth of 3 meters, an upper layer conductivity of 0.0025
mho/meter, and a lower layer conductivity of 0,077 mho/meter, While
interpretation is simple for models in which the conductivity increases
with depth, as expected at the lunar surface, it is'nearly impossible
should the conductivity decrease with depth. —

Lunar Models

Assuming the presence of the solar plasma on the sunlit side of
the moon, it will be necessary to operate electromagnetic exploration

5 hz in order to relate the mea-

devices at frequencies greater than 10
surements to electrical parameters of the subsurface using existing
theory, Alternatively, measurements could be made at any frequency in
the plasma void region oﬁ the dark side of the moon. In this study,
we have computed tilt angle curves for the 10° - 107 hz band;‘using
a two layer model constructed according to Table XIX,

The resulting curves for different thicknesses of dry volcanic
ash overlying dry basalt, with a transmitter-recei§e£ separatién of
50 meters, are shown in Figure 132, The curve markeé =< corresponds
to an infinite depth of ash., Again, the ellipse is vertical for the
lower frequencies and tends toward the horizon£a1 at ﬁigher frequencies.
However, rapid oscillations similar to the plane Wave-reflections re~
ported earliér occur at frequencies épproaching 107 hz. As the
depth of the ash layer becomes greater, the dip angle curve approaches

that of an ash layer of infinite depth,
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TABLE XIX

Model 6

hl = 0, sm’ 10m’ 30111, 60m, o
hz = o
Gy = curve 1, Figure 107

K; = curve 1, Figure 106

Sub-Model a (Fig. 132) b (Fig, 133) ¢ (Fig, 134) d (Fig, 135)

G, . curve & curve 5 curve 3 curve 6
Figure 107 Figure 107 Figure 107 Figure 107

Ky curve 4 curve 5 curve 3 curve 6
Figure 106 Figure 106 Figure 106 Figure 106

Figure 133 is for a similar model except that 1% moisture has been‘
added to the bottom layer. Although the addition of water increases
the conductivity by an order of magnitude, the measured dielectric
constant is about the same for the wet and dry basalt, At these high
frequencies, particularly above 108 hz, the loss tangent is small, as
shown in Figure 108, Therefore the curves do not differ greatly from
those for the model possessing a dry underlying layer. A slight dis-
placement of each curve toward the lower féequencies has occurred,

The curves in Figure 134 are for volcanic ash of thickness ranging
from zero to infinity overlying a low~density basalt containing 3,8%
moisture by volume, The conductiviity of the wet basalt is about two

orders of magnitude greater than that of dry basalt, The tilt angle
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curves are significartly different from those for a dry substratum,

In general, the curves differ in shape, are displaced toward lower
frequencies, and the rapid oscillations at higher frequenéies are
somewhat suppressed, The curves suggest that subsurface water present
in this amount would be easily detectable,

* Figure 135 shows tilt angle curves for a layer of volcanic ash on
top of sea ice. The electrical parameters of the sea ice should be
about the same as those of lunan permafrést. The conductivity of the
sea ice is slightly higher than that of basalt with 3.8% moisture, and,
as a result, the curves are even more diagnostic of the presence of water,

For purposes of comparison, Figure 136 shows tilt amgle curves for
‘ten meters of dry volcanic ash overlying infinite substrata of the four
materials, The features that best distinguish a moist from a dry sub-
surface are the position and slope of the curves between 10° and 106 hz.
It would be desirable to measure tilt amgle at short frequency intervals
through the entire two decades of frequency between 10% and 107 hz,
However, if economy of operation is a prime considerétion, it appears
that it would be possible to obtain a good indicaiion of the presence
of subsurface water by making measurements at only four or five fre-
quencies in the 105 - 108 hz band, éraphical or computer interpretation
schemes can be devised to relate the measurements ta subsurface distri-
bution of conductivity and dielectric constant,

This study indicates that the tilt angle electromagnetic method
could find applicability as a simple, efficient tool for detecting sub-
surface water on the moon,

(vii) a horizontal magnetic dipole over homogeneous half space

s

The asymmetry of this problem causes the vector potential F to
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" have two components, one in the vertical and one in the horizontal
along the dipole axis (Figure 137). Analysis of the problem leads
to the following expressions pertinent to a horizontal magnetic dipole over

a homogeneous half space

Ez?ﬁ + I F, 8-299

8-254
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The above statements constitute an exact solution for arbitrary

values of kb and kl'
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If now we specialize the problem with the following assumptions

1 R
h=20

uom/\ (i.e., ko - 0)

then closed form solutions may be given for the fields, These are:

M QM X |
H = =T de;- -/—/w 367 = ] 8-311

= & Mxy _ e M xg
/ /dﬂw E»’s e 9@ s 8-312

L 8-313

Ho= Q‘“j 0 (b -Toh) 4 Aplii k) 1z -
Ex: 2L éﬂ%-—&éﬁ(ﬂ%—no%) 8314

8-315

B, = - [k = gl m,)]

6?4
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F_ = —2¢ o 8~316

where

M 2|5 d sk pradp)ete | e

IM -2

24 AP
Y %?5’

‘"Z/’#Z"éf]’”?@ LZ/F 8-318

The reduced mutual impedance between a pair of coaxial dipoles is

then
;f?/ — -
£,

and for a pair of coplanar coils it is

—Z/Zb {/2 . %/ 3—{?15;4;)654{9

(oAb sih p)e 4

! 8-319

8~320

where Zo = V/‘U(g/‘-&-/'] in 8-319 and is ZO = %%‘fé_ﬂ{/q

2 - =7 3
in 8-320. e g

(viii) 2 horizontal magnetic dipole over an n-layered half space

1f in equations 8-299 through 8-310 we substitute u

2 for Uy where

u, is given by 8-287, then the solutioms represented by this series

of equations pertain to a horizontal magnetic dipole over an n-layered
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half space., The integrals and their derivatives in this series of
'equations may then be solved numerically, Numerical evaluation may
be used, even for a homogeneous half-space, if any dipole is elevated
above the interface, to simplify the computation,

(iz) a_grounded horizontal electric dipole on _a homogenecous

half space

The following assumptions are typically made if a grounded electric
dipolar source is employed:
z =0
h=0
M = Py
ko0 (u e )\)

Then the electric field components are £éund to be

Eo= s |1 (iike)e ™~y

- G-‘(Js o 8-321
= = Lds 34
\’ 27, ¢ > p” 8~322
1

for an electric dipole of length ds oriented in the x direction and
carrying a peak current I (see Figure 138).
The mutual impedance between a pair of grounded electric "dipoles™

of lengths ab and AB is

bs
Z)= %%%) v A0 coa? |dedS

&,A
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where
/
;? (}_ﬁ) = R (resistive coupling term) 8-324
C 27, bﬂ

#m0,0 P> EZEE““g

AN

i | e, ’Cf inductive —
/p{f)): ——— | 1= (/—-Hff)é’[ g o1t 8-325

ds, dS are elements of length along the wires and &~ is the
angle between the wires. The resistive coupling term is the only
one of importance at very low frequencies where /—é 119/ G,

In terms of the distances bétween the ends of the wires it is

R T I N S I
Z(@hmrﬂ“ Gr (’L 63 ’L @ 8-326

!

(x) .a _grounded horizontal electric dipole on an n-layered

half space
The fields above a homogeneous half space are derived from two

components of a Hertz electric vector potential as follows:

JENE.. N, ....L,,____" .
W o= ¢ ix - z Hi”- 8-327

X1 8-528
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8-329

E o= 2T, 2l
Rl 543 D >z

oo

My, =2C ﬁ‘: >\ e_a!;::j;&())ix 8-330
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l‘ié! 8-331

If we wish to genmeralize this solution to allow for an n-layered
half-space, then as before, uy is replaced by u, and the integrals
plus their derivatives evaluated numerically, It is customary to measure
only the surface electric field from a grounded horizontal electric
dipole and so we may set 2z = 0 in the above formulation after the
derivatives have been computed,

(xi) a vertical electric dipole over a layered half space

The electric and magnetic fields above the half space are given by

= = Dy
l:f, 5@52— 8-332

. =0 8-333
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(xii) 2 finite loop lying on an n-layered half space

While the infinitesimal dipole is an adequate representétion for
most electromagnetic induction experiments, we have seen above that
finite 'dipoles' are customarily employed in resistivity surveying
(two horizontal electric dipoles). Similarly when using vertical
magnetic dipoles, a large loop of wire is sometimes laid on the
surface., TFor measurements at distances légdi 10R where R is
the radius of the loop, the infinitesimal dipole approximation is
inadequate. Under those circumstances, it is necessary to employ the

idt
following formulation (Morrison, Phillips, and O'Brien, 1968) e

T _ Cah A .
Lzé'(f; ha%) = —clfya L) | € ?CZ' \),@Q):Y;(XF)M@\._SM
otl% ;%;4~EQ

3, O\aJJ‘ DOMN

l+_2%> 8-342

HP(QJ }7);-7‘>= QIQU) 044

; o. e 2 0a)3; A%\L\
Ha( ) - Tl £

) is given by 8-157, ;EZ is the intrinsic impedance of

N

where j%?

free space, a is the radius of the loop, I(w) is the current in
the loop, u, is the apparent wave number in free space, and h is
the height at which measurement is made, These expressions have been

evaluated numerically by Morrison, Phillips, and O'Brien (1968),
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(d) Catalogues of curves for uniform field and finite source’

problems

There has been substantial application of electrical methods to
geophysical exploration on Earth., As a result some catalogues of model
response curves are available with which to compare field data, These
response curves are of two types:

soundings

In an electriecal sounding, either the frequency of the source

or the geometry of the source~recelver separation is wvaried and a

characteristic rvesponse, such as a mmtual coupling, is expressed as

2 function of the pérameters of the system. An electrical sounding

is intended to give information on the horizontal layering of the

electrical parameters,

lateral search

In lateral search the quest ié detection and delineation of
subsurface inhomogeneities such as faults; dikes; spherical,
ellipsoidal, or cylindrical bodiesj; etc. The source frequency
and/or the configuration may be changed during a survey for
inhomogeneities, but most frequently a plan map or profile is
produced showing the change in some response functiom, such as
mutual coupling, over the area of search.

Listed ‘below are some availlable catalogues of sounding or lateral
search curves, We list these under the headings of the geophysical

methods discussed in section 9,
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soundings

resistivity

1-

Mooney, H. M, and W. W, Wetzel, 1956, The potentials about a
point electroée and apparent resistivity curves for a two, three,
and four layer earth, Univ. of Minnesota Press, Minmeapolis,
Compagnie Generale de Geophysique, 1963, Abaques de sondage
electrique, second revised edition, European Association of
Exploration Geophysicists, The Hague, Netherlands,

Al'pin, L. M., M, N. Berdichevskii, G. A. Vedrintsev, and A, M,
Zagarmistr, 1966, Dipole methods for measuring earth conductivity,

translated by G. V, Keller, Consultants Bureau, New York,

inductive electromagnetic

1. Vanyan, L. L., 1967, Electromagnetic depth soundings, translated
by G. V, Keller, New York, Consultants Bureau,

2,  Frischknecht, F, C., 1967, Fields about an oscillating magnetic
dipole over a two layer earth and application to ground and
airborne electromagnetic surveys, Quarterly Colorado School of
Mines, Vol. 62, No., 1.

Magnetotelluric

1., Cagniard, L,, 1953, Basic theory of the magnetotelluric method
of geophysical prospecting; Geophysics, Vol, 18, pp, 605~635,

2, Yungul, 8, H,, 1961, Magnetotelluric sounding three-layer inter-

pretation curves, Geophysics, Vol, XXVI, No. 4, pp. 465-473.
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lateral search

resistivity
1. Reller, G. V., and F. C. Frischknecht, 1966, Electrical methods in

geophysical prospecting, New York, Pergamman Press.

inductive electromagnetic

1, Stramgway, D, W., 1966, Electromagnetic parameters of some sulfide
ore bodies, Mining Geophysics, Vol, I, Tulsa, Society of Exploration
Geophysicists.

2, Bosschart, R. A.,, 1964, Analytical interpretation of fixed source
electromagnetic prospecting data, Ph,D, Thesis, Delft,
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9, Possible lunar electromagnetic experiments

Eight passive and ten active electromagnetic methods, spanning

the frequency band from D.C, to 1011 hz have been considered., These

methods are as follows:

(a) Passive systems

* (1)
* (ii)

(ii1)

(iv)
)
(vi)
(vii)

(viii)

the interaction between the Moon and the steady solar wind
trensient induction in the Moon

the separation of magnetic fields of origin internal

and external to the Moon

magnetic variation deep.sounding method

AFMAG

static electrical fields

transient electrical fields

the magnetoselenic method

Those exzperiments marked with an asterisk are in progress,

(®)

Active systems

(1)
(ii)
(iii)
(iv)
)
(vi)
(vii)
(viii)
(ix)
(x)

resistivity method

induced electrical polarization method
fixed transmitter inductive method
mobile transmitter inductive method

11

radar reflectivity method 107 hz to 10~ hz

radar reflectivity method 104 hz to 108 hz
capacitive coupling method
focusing of electromagnetic fields by Moon

use of the communication link between Apollo CSM and LM

use of the IM radar altimeter
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The possible experiments listed above have been studied in rela-

tion to the following modes of operation:

@
(b)
(c)
(@)
(e)

(£)

Earth observatories B(v)

combined Earth observatory and lumar orbit B(v), B(viii)
lunar orbit (A(i), A(ii), B(v), B(vi)

combined lunar orbit and lunar surface station B(ix), B(x)
emplaced scientific stations A(L), A(ii), A(iii), A(iv),
A(v), A(vi), A(vii), A(viii), B(i), B(ii), B(iii), B(vi)
lunar traverse A(i), A(ii), A(iii), A@v), A(), B@),

B(ii), B(iii), B(iv), B(v), B(vi), B(vii)

In subsequent pages we shall describe each of these possible

experiments and indicate their advantages and limitations based on

our current knowledge of the lunar environment, As knowledge of the

lunar environment is increased, these proposed advantages and limi-

tations probably will require re-evaluation,
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10, Estimated raﬁges of the lunar electrical parameters

Sources of direct information on the electrical parameters of

the Moon include:

@

(b)

()

(@)
(e)

radar: FEarth based astatic
Earth-satellite bistatic
lunar-lander astatic
temperature cycle - thermal inertia measured during a
lunation or during an eclipse
thermal emission: infrared ?
ratio and polarization
microwave} :

Explorer 35 magnetié field measurements

Surveyor V, Vi, VII, magnetic experiments

To summarize the information obtained by the above direct means,

we note the following, Astatic Earth based radar has indicated a

mean surface dielectric constant, of a homogeneous model of the

Moon, of 2.8 £ 0.7 (Hagfors, 1966), Brown gg_gl.‘(1967) report

an interpreted value of 3.5 % 0,7 obtained with astatic radax

equipment aboard Surveyor IIL, and this value applies-to regions

exterior to the crater in which Surveyor III landed. Local high

values of dielectric constant
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ranging between 5 and 20 have been recorded with Barth based range-

Doppler astatic radar (Thompson and Dyce, 1966) at various points over
the lunar globe. Bistatic radar measurements confirm these loecal
anomaliegs and indicate a mean sﬁrface dielectric constant of 3.0 £ 0.2
(Tyler and Peterson, 1968; Tyler, 1968). The data upon which the
astatic mean value is based may also be interpreted in terms of a two-
layer model; the first tenmuous layer about 5m to 10m deep is given a
dielectric constant of 1.8 and the bottom or terminal layer of this
model is given a dielectric constant of 4.5 to 5. Tyler (1968), in
interpreting the bistatic data, offers evidence against a uniform tenu-
ous layer over the whole lunar surface and suggests that the debris is
gradational into the bedrock so that a sharp discontinuity does not in
general exist at the base of the debris.

Because the power reflection coefficient of the lunar surface is
essentially independent of freguency over much of the radar bgnd, an
upper limit of about 1o“h whos/m for the conductivity of the surface

T

is usually assumed above 1.4 x 10' hz, on the basis of astatic radar

observations alone (Hagfors, 1967). Tyler (1968) makes an independent
observation from the bistatic radar of 2 x 10”7 mhos/m at 1.36 x 102 na.
Troitsky (1962), Lax (1965), Kopal (1966, p. 369), England et al. (1968)
and others combine ‘the radar determined value of dielectric constant,
the infrared lunation and eclipse measurement of thermal intertia, and
the ratio of the thermal and electrical conductivities from radio-
metric measurements abt mierowave and millimeter‘waveiengths to obtain

a frequency dependent surface electrical conductivity; Kopal (1966,

D. 369) gives the values 3 x 10"2 whos/m at 1 em wavelength to
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Ix 10-4 mhos/m at 100 cm wavelength, If the comductivity decreases
linearily with decrease in frequency as is customary for dry rockg
at leust down to 102 hz, thé conductivity at 3 x 102 hz (%QG m wave-
length) would be 3 % 10"10 mhos{m.

The two-layered model-of the lunar surface is consisteqt with

radiometric observations of the pelarization of the thermal emission

from the lunar surface, At a wavelength of 3,2 cm Soboleva (1962)
obtained a dielectric constant of 1,65 while Heiles and Drake.(1963)
obtained a dielectric constant of 2,1 at 21 cm wavelength,

De Wys (1967, 1968) has interpreted the results of thg magnet
experiments aboard Surveyors V, VI, and VII to indicate the pgesencé
of as much as seven percent magnetite by volume at the lunar surface,
‘This estimate ?puld readily be large éf a factor of two. Terrestrial
basalts contain magnetite in amounts ranging from 0,7% to 4% by
volume (Keller and Frischkmecht, 1966). Thus, Whilé a maximum rela-
tive maénetic permeability as high as 1.70 is possible, a more
probably value would be about 1.23 as indicated earlier,

Concerninérthe Explorer 35 magnetic field measurements and their
importance in determining 0, X,, and Ky, we have already in Chapter
7(f) noted the ambiguity in interpretation of theée data, However,

Table XX summarizes the conclusions reported in the literature.
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Table XX
Explorer 35 . DMagnetic Field Measurements
Static Field
Ness ~ Cowling time © 41]0'5 mho/m

Sonett -~ Unipolar generator ¢ 41076 who/m (homogeneous)
or insulating outer layer and conducting core-

Transient Field

-4

Ness . 100 % o 2107

mho/m

Sources providing indirect information and inference re the
) P indiiect

electrical parameters of the Moon include:

() o{ scattering experiments, Surveyors - basaltic rock
(b) - mean density 3,34 GMS/CC - basalt?
(¢) albedo and color data ' - basalt?

V4 -
{(d) .E ray, Luna 10 basic rock?

t

(e) mean surface temperature "35° ¢
(£) veaévum environment - dry surface rocks

hot Meoon?

1

() thérmoﬁynamic argumenis
(h) photographs
(i) grvavity field and éhapa of the Moon
(i) Suyveyor mechanical experiments
(k) terrestrial analogs
The above informatioﬁ has been utilized in Chapter 7(h)
to obtain a preferred wodel of the Moon and two limiting models of

the ¥oon, These models are desevibed by:
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Permeability (1,00 £ ¥m £1.25
?1740 b r> 1600 km
K = 1,00, © £ 1600 km

preferred wodel - Table XV and figufes 86, 88, 90

L]
o]
2
‘::-l
o
ot
e
< .
ﬁ-
<
1

et e e s o

high 0 medel - Table XVI and Figure 90

low 0 model ~ Table XVII and Figure 90

Dielectric Constant

]

preferred model - Table XV and Figures 87, 8%, 91

high ¢ model ~ Table XVI and ¥igure 91

- low 0 model - Table XVIT and Figure 91

The preferred and high O models pertain to a Moon in which "internal
temperatures reach at least 1700° C and in which water or ice fills the
pores of the rocks in the intermediate shells, These models then repre-
sent a hot wet Moon,

The low.G m;del pertains to a Moon in which the internal temperature
does not exceed 1008° C and in which pore water, 1f present, is of minorx
importance relative to temperature in determining .the distributions of

electrical conductivity and dielectric constant’ in the lupar interior,

This model then represents a cold dry moon,
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11. The effects of the solar plasma and solar radiation

The Moon orbits in the solar plasma, a fully ionized, collision-
free supersonic stream of high electrical conductivity, This stream
both bombards the lunar surfaces with electrons and protons and serves
as a compréssible anisotropic dielectric for electromagnetic waves

propagating in it, The particle bombardment can lead to static and
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dynamic electric fields at the lunar surface. However, this is but.
one mechanism for the genevation of electric fields (Ryeroft, 1965).
There Will be a static;ﬁbfiig term arising in inductioq Ey the inper-
planetary field (Sonett, Colburn and Currie, 1967), a dynamic induction
term arising in transients in the interplapetary field (Sonett,_CoIburn
aﬁdhﬁﬁrrie, 1967), a photdﬁ bombardment fleld, and possibly a cosmic
ray bombardment term, All of these processes can lead to the prgduction
of a lunar atmosphere and to ionizalion of the atmosphere and 1?thq—
sphere. According to Rycroft (1965) these procésses compete and it is not
clear (a) whether the Moon reteins o net negative or Eosiﬁive charge or
(b) whether the assumed lunar lonosphere is positively or negatively
charged relative to the lunar surface, Further, very little can yet
be said of the tremsient behavior of these fields, Any charge accumula-
tion on the lunar surface may not be experienced.beyond a Debye length
into the solar piasma and ﬁhis is of order 10 metéys (although an electron
gyro-radius of about 1 km may be a more appropriate number th;n a Debée
length). Pe?schgk (1965) suggests static electric fields of order 0.1
to 100 voits pef meter for the fivst 10 to 100 meters above the lunar
surface, Thus the intensity and direction of the'stafioﬁary or Lransient
:. . - ,
components of electric field at the Moon's surface maylbear no relation-
ship whatsoaver to the electrical ‘conductivity distributioq‘in the in-
terior, 6n the other hand, if messurements are made above thz surface
at heights greater thsn a chgracteristic length such as a Debye length,

then the electric fields guite possibly could be related to the elec-

trical conduetivity of the lunar interior,
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The transient behavior of the sol%r plasma density and magnetic
field, the collisions of solar‘particles with the lunar surface, and
the gyration of the protons and electrons about the field lines all
produce elect‘romagnetic radiation which will comstitute noise for elec-
trical experiments, The spectrun of this noise is unknown,

The mere presence of 2 plasmaswound the Moon leads to the obser-
vation that antemmas situated on or above the lunar surface will launch
several modes of electromagnetic and accustic waves, “The dispersive
behavior of‘eleqtromagnetic waves in a stationary unbounded plasma may

be described in terms of a dielectric tensor (Brandstaﬁter, 1963, p. 157)
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where lubqﬁ {,i“““” is the ratio of the plasua

¢ ul Ff ) and a¢p11ed (2) frequencies for the r-th species in the

plasma;llﬁr-i, = C;"E* is the ratio of the gyro- frequency to
NS

the applied frequency for the r-th species;lﬂﬁ,and Z?r-are the mass

and charge of the r-th species respectively; Ei\ ig the scalar

magnetic field oriented in the Z direction; PJar‘is the number density of

the r-th species; and 51 is the dielectric pevmictivity of free space.
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For the interplanetary medium; we may consider protons and electrons
"as the only spacies present. The glectron plasma frequency is about

2.8 x 10% bz for a particle density of 10 per cc while the proton
plasma freguency is about 6,6 X 102 hz, The electron and proton gyro-
frequencies are 140 hz znd 0.076 hz respectively for a 5 gamma ambient
magneatic f£ield. -

Equation 11-limuediately informs us that the dielectuic behavior
is anisotropic, is a function of frequency, and exhibits resonances.

At any frequency significantly above the electron plasma frequency, say,
about 10° hz, the dielectric tensor reduces to a scalar with the free
space value of unity,

If we now introduce the boundaries between the plasms and the
Moon's surface and between the plasma and the antemna, then the problem
bécomes considelaably more complicated except at frequencies above 105 hz,
Thus we cannot simply relate the antenna pattern to the conductivitcy
distribution within the Mbo; at frequencies less than 105 hz.

However, the problem is even more com,l—;l:f.catedj for description of
both the electromagnetic and the acoustic modes requires the ihtroduction
of a compressibility tensor as well as a dielectric tensor (Philli ps,'
1968). The importance of prequLe gradlents mey be seen in Ampere's

law (Phillips, 1968) fox frequencies ahave the electron plasma frequency
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Ce = compressibility temsor
/' Pe = gradient of perturbation plasma electron pressure
-,
Je = electric sovrce term

Actually, Phillips notes, "The type of pressure wave existing
divides the frequency axis into tbree natural regions. Above the
electron plasma fre.c;[i.iem':y‘at-’u 2,8 x 104 hz we assume, because of
Landau damping, only an electron pressure wave exists, This preésure
wave probablj is damped out approximately one order of magnitude above
the electron plaéma frequency. Also, in this region we assume that we
can neglect ion motion and that the ions exist only to neutralize the
plaswa, In an intermediaté frequency region, perhaps between the
electron plasma frequency and the jon plasma frequency (6.6 x 102 hz),
the eléctron pressure wave is cut off or is at least appreciably below
the ion wave in eneré&, and we consider that only the ion pressure wave
may exist in the lewer part of tlhis region,"

"Below apﬁrox{mately the jon plasma frequency ﬁe consider a MAD
regilon where the ilons and’ electrons ogcillate together as a simgle

sound wave in the gas. Here we consider Alfven waves and the hybrid
- t ~ . b

magneto-acoustic waves,'



‘ Until adequate work on this subject has'been completed, further
detailed discussion, on the propagation of audio frequency electro-
magunetic energy in and below the plasma, would be poorly foﬁﬁdéd.
However, Phillips note; that for an orbiting anteﬂng, the plasma will
igterfere with propagation at frequencies betweon the electron plasma
frequency at 2.8 x ioé‘hz and the frequency where fhe plasma looks like
free space, say, 105 hz, Hovever, below 2.8 x 104 hz and aé&#e, say,
the-elactron gyfo-frequency, there is éffectgvely no electromagnetié
propagation from an 6rbiting antenna, On the other hand, for an antemma
s ituated on the lunar surface, the plasma will sexrve to reflecﬁ all of
the electromagnetic energy below 2.8 x 10* hz and above 1.40 x 102 hz
into the lunar interior. Further analysis of this problem area is re-
quired, especially since we are uz‘lcertain of the mociifics:tion to‘ the

plasma brought about by the lunar surface and the radiation reflected

from it,
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12, Discussion of possible experiments

The following is zn analysis of the advantages and limitations
of the proposed experiments to the limit that 'current information
permits such an evaluation.

{(a) Passive systems

(1) the inberaction between the Moon and the steady solar wind
With the-emplacement in orbit of Explorer 35, this
experiment was in progress. The data from this experi.;nent and their

interpretation were discussed in Chapter T{f). The conclusions
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reached there-may be sumoarized as follows:

1. Conductivities estimated from the Cowling time (Ness el al.,
1967) are meaningless since rthe Cowling analysis is inappropria;g for
the problem at hand,

Basically we are studying the interactioun of a steady
magnetic field which is moving relative to the Moon. The electrodynamic
‘eduation which then applies, dexived from Maxwell's equations in a frame
of reference moving with the Pboq, is given by equation 3-135;
Note that this equation does not include the effects of displacement
currents; Neglect ;f displacenent currents in the Moon is not neces-
sarily justifiable at thé present time as the discus;ion of Chapter

7 (E) brought out, However, with this assumption we are left with

equation 3-133, repeated here for comvenience,

é—‘b J et T / 12-1

If we arbitrarily set the first term on the right equal to zero,

- . o
%}é:vx (::;bx%>+ B v, ——

another assumpltion which is difficult to justify for the Moon-inter-
planetary field interaction, we obtain the diffusion. equation which

predicts that the inéerplanetaﬂy field diffuses through the Moon with

the Cowling time
Y= mr' LT
p = M0 12-2

from which Ness et al. (1967) estiwated the conductivity o', by

further assuming that the permeabiliti//ﬁ has the free space value,

The most secriovs assumpiion, of course, is that involving a finite
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value for S In reality, «ai% is zcro for the steady solar
o

wind as Sonett and Celbuxrp (1967) heve noted, A final Hmitation of
the Cowling time analysis is that the effect of the plasma and electric
fields thereon are both ignoved,

2. The unipolar gencrator analysis of Sonett and Colburn (1967)
leads to a choice of two models: either a homogeneous Mpon with a con-
ductivity no greater than 10'6 who/m, or altermatively, an insulating
outer shell of undefined thickness surrounding a2 core of any conductivity
whatsoever, learly this analysis bas not becn developed to the point
where it is providing useful information on the conductivity distribution
in the inte%ior of the Moom,

We are thus forced to conclude that we have as yet.learned very
little about the body properties of the Moon from this experiment, and
the prospect of improvewsnt in our techniques of data interpretation is
not great, )

(ii) txansient indvction in the Moon

This experiment, also in progress via Explorers 33, 34,
and 35 (Ness, 1968), has somcwhat move promise ‘than experiment (1) but
has yet to yield reliable information abouvt the distribution of the
electrical parvameiers in the interior of the Moon., The difficulties
with the nethod are due to ipappropriate assumptions as described in
Chapter 7(f) and summarized as follows:

1. the Mocon is howogeneous
- 2, free space surrqunds the Moon

3. the inducing maginetic field is uniform



4, external electric fields are negligible

5. conduction currénts predominate over displacement currents
for the frequency range considered in transient induction
(typically 10 sec pericd to 10 hour peripd)‘

6. the magpetic permeability of the Moon equals that of free

space
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These assumptions are di:fficult to justify individually and even

more difficult to justify en masse, There is a possibility that our
ability to amnalyse correctly the pertinent boundary value problem
withoulb recourse to these six assumptions will improve in the near

future. Certainly we need to research such problems aggressively,

For the moment, however, we are forced to conclude that this experiment

has contributed nothing to our knowledge of the electrical parameters

.

of the Moon,

(iii) the separation of magpnetic fields of origin interpal

and externsl to the Moon

This experiment, as it has been app]ied to studies

of the Earth's interior, has been described in Chapter 8 (k) (3ii) and

8(b) (xiii}. If we treat the whole lunar sphere, the pro-

cedure may be summarized as folloys:
. . S
Solutions of the vector wave equation for the electyxic E or
.
magnetic H fields about a sphere may be expressed in terms of two

e J.
vectors M and N as follows (Stratton, 194l; Morse and Feshbach,

4

1953):
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which represents a superposition of poloidal magnetic and toroidal

magnetic modes,  These vectors are defined by
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where .-L,‘e represgents ..h

to the region under study, “1 hfl’q) is the associated Legendle

arical Bessel function appropriate

'. I

- z
polynomial, k is the wave nuber defined by ﬂ /fé (o /,J !
— e " .
while /J, s ¢, and /s are unit vectors in the _/2,. 4 and C/
A .
directions respectively. The terms I” (cos &- ) and & { W({

describe the geometry of .the total fields over the surface of the

moon,
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the choice of which depends upon the physics of the problem, The
function Jl'a (#4h) 1is a standing wave which is finite at the originm;

[? ( [‘z) is a standing wave which is finite at infinity; vhereas

t) / Sy

)f’l £1) aud ” . ») represent outward and inward travelling waves
suitable few the region }) (i where (7 1is the radius of the sphe're
Externcl Lr, (1‘( eon the field shosld Lthen be repiresented b,/.._, 17/ CQ)

- . -

+ /‘(;\ Q.._ ) uuf—*r/ {. and e )_) are functions of freguency and of
the geomciry of the fields, The reflection coefficient. then is given

by the rati?///” . The internal f{ield of the Moon is the ficid
! .

s i

3

transnitted acress its surface () and is cqual to T = 1 - R where R

is the field reflected by the surface, -Thas if ve moosude the componcils
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of the magnetic f£ield at the Moon's suvrface and oﬁtain the reflected
and transmitted fields from.them, we should be able te deduce some-
thing about the Interior of the Moon,

This problem has been solved rather readily for the Barth where
Laplace's equation pertains to the 1eglon exterior to the Earth.

Under these circusstances the reflection coafficient of the Earth,
i.e,, the ratio of the reflected to the lncident field, may be com~
puted rather readily regardless of the.gecmetry of the incident field
(Lahiri and Price, 1939; Eckhardt, 1963; Eckhardt, Larner, aad Madden,
1963; Tokeuchi and Saito, 1963). This situation does not pertain to
the Moon at frequencies less than 107 hz because the region exterior
to the Moon is dispersive and anisotropie., The problem of a dissipative
sphere in a dissipative anisotropic whole space is nct available iun the
literature, although Schwartz (1967) has described the problem. Putzer
(1967) has set down natural modes of oscillation of an isotropic homo-
geneous Moon in an isotropic plasma.

Assuming that this problem could be solved, then the reflection
coefficient of the Hoon, being & function of the interior conductivity
distribution, would yield knowledge of that distribution. One would
study the reflcctlion coefiiclent as a funcijon of frequency in oxdex
to obtaln couductivity estimates, The magnetic pc;meabillty 2nd tho
dieleciric conatant also affcct the roflection cocfficient,

The depsity of siaticons required on the lunsr surface for this

: ' P N—I’: f { f!
+ |’- ¥ “
purpose depends upon the degres of fhe surface hermanlcf%»1= hi(ifjf>fi t

one wishes to define. If we asgume o uniform inducing field, a winimuom
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of stations is required, The experiment might be difficuit to perform
in orbit due to the confusion between time and space dependencies of
the magnetic field as‘fecorded by an orbiting satellite,

A combination of one orbital and two diametrically displaced
magnetoecters on surface has been suggested as the minimum experiment
by the Program Evaluation Committee of the Ames Conference on Electro-
magnetic Exploraticn of the Moon, However," this problem has mot yet
been rigorously analysed,

An analysis pertinent to separation of internal and external fields
over a plane or along a linme has been discussed in Chapter £ (b) (xiii)
~and - 1t could have application to the dark side of the Moon
where the space above the lunax surface is assumed to be fres space in

. the electromagnetic sense. Howaver, again a rigorous analysis of the
method, as it applies to the Moon, is required,

This experiment has great promise and demands a substantial guan-
titative analysis at the earliest moﬁent. - It offers the stroung possi-
bility of yielding information on the electrical conductivity and hence
t he temperature in the deep interior of the Moon.

Av- interesting .added advantage of the low érequcncy three-component
magnetic field measurements at several stations simultancously is that
a check on the validity of the plasma.diamagnetism theory of the dark
side magpetic anomaly would be pro;ided (Colburn, et al,, 1967), Tf
the removal of dismagnetism is the correct theory, tﬁen the amplitude
of the anonaly will be the same on the surface‘of the Moon as at 763 lm

where recorded by Exp]ore} 35.
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(iv) magnetic variation deep-sounding method

Measurement of tie ratio of the vertical magnetic field
!% () as a fraction of the total horizonkal magnetic fleld[}] Q»)?l} CQ;)
at each of two stations simulbansously will yield information on Che
relative conductivity distribuiions beneath the two stations.

Schmucker (1959, 1964), Rikitake (1966), Wiese (19 63) Whitham
(1963 1964), Parkinson (1964}, Goldstein and Ward (1966), and many
others have discussed anomalous earth conductivity and permeability dis-
tributions detected by geomagnetic deep sunding. While the simple
analysis indicated above is all that is norwally carried out on geo-

-magnétic disturbances raﬁging from micropulsations to diurnal variation,
reference really should be made to the ellipscs of polafization in both
the vertical and borizontal planes as illustrated in Figures 139 and 140,
If the major axis of the induciné horizontal ellipse of polarization
rotates relative to the long axis of the anomaly, the recorded ellipses
in the horizontal and vertical planes will change markédly as Ward and
Fraser (1966)'have noted, buther, if the 1nduc1nn field ellipse is
not of comstant area and ellipticity over the r;gion searched, the
accurac? of the intefpretation will be degraded, For this reason it
is customary on Earih to rec;rd at six or more étations 3mu]Laleous]y
gnd to select for analysis geomagﬂetic events which are uniform across
the arvay of statioﬁs.

Interpretation has in the past depended vpon comparing an ob-

*

served profile of

H., o)
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with a numbar of profiles obtained by computation ox by inhomogeneous
scaled models of the planetacry interior, Sometimes a highly conduc-
tive layer is placed bencath a conductive inhomogencity in order to
obtain a good match co available wodel data and in this sense the
depth to the bighly conduciing laver is predicted,

The method should be satisfactory for use on the Moon, especially
vhen the array falls in-the plasma void where local spatial vafiations
in the inducing field arc expected to be minimal, It would employ a
network of three-component magnetometers, the data from which might be
used for the internsl-external separalion experiment (a) (iii) above.
Thus on a 1000 km traverse of the lunar surface, three-component magneto-
neters should be placed at regﬁlar intervals of, say, 100 km. One could
hope to interpret the results in terms of anomalous conductivity or per-
meability distributions and this might shed some light oa anomalous tem-
perature distributions, if such exist, and on the geological environment,
A bandwidth of D.C. to 10 hz‘and a sensitivity at leasi as good as szﬁj
are indicated,

An alternale mode of operation would utiliée one three-cocmponent
nagnetometer at an cmplaced scientific station (ESS) and a second
similar instruwent mounted on a boom attached to a lunar scientific
service module (LSSM) vhich is prégrammed te stop frequently while on
traverse, This latier wode has the advantage that a greater density
of observations can be established but suffers from two Jimitations,

The fﬁrst of these limitdtions arises if the length of stay at a single

station is but a fow minutes; then the longest period of magnetic
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disturbance that may be weasured is short, The second limitation.}s
related; tﬂe short duration of measyrement at the roving station may
preclude measurements which include inducing fields of more than one
direction relative to any subsurface inhomogeneity which might exist.
Purther, the inducing field direction may change from one roving station
to the next. Interpretation therefore couyd‘be unreliable or impossible,

While an upper cutoff frequency of 10 hz has.been suggested, this
is by no means a magic number butlrather a typical arbitrary cutoff for
many three-component magnetometers,

The experiment warrants high priority and should be designed to
couple with future application of experiments (i) through (iii).

(v) APUG
If measurements of the polarization characteristics of

‘natural magnetic fields, discuséed in (iv) above, are made with induction
eoils above 10 hé, then the orientaﬁion‘bf the ellipse of polarization
may be mgas;rcd in one or mo%e p]aqes at cach station and the resuliting
profiles compared with similar measurements on scaledmodels, This is
essentially the basis of the AFMAG method described iv a series of articles
by the writer and associates {Fard et al., 1958; Ward, 1959;.Ward, 1é60;
Ward ev al., 1966; Ward, 19672; Ward, O'Briem, Parry and McKnight, 1958) .
The method is intended to be used on Earth fox rapid search for subsurface
elerctrical inh;mogeneities. The caiditions are such on the Moon that
audio frequencies (10 hz to 104 hz, say,) are very promising for
studying the electricel parameters of mo;L reasonable models 6f thc.

Moon. Thus the method might detect and delineate inhomogeneities
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related either to near-surfacc geologic features or to deeper seated
temperature anomalies, The simplicity of the measurement and equip-
ment plus its compatibility with active .experiments of a similar
nature suggest thal it should be ana]&sad in ‘detail at the earliest
opportunit&. The principal unknovi in the method is the level of
natural fields in the 10 hz to 10% ha range.

(vi) static electrical fields

The static component of the interplanstary magnetic
field (or any interplanetary electric field) may induce an electric
dipole in the conductive portion of the Moon's interior, If the elec-

tric fields at the lunmar surface, dve to this source, are above noise
level, then the electrical conductivity of the iﬁterior may be assessed,
Chemical reactions or thermal comvection within the moon may similarly
‘pfoduce surface electrical potentials,

Sources of noise for this measurement would ineclude the particle
and radiastion indu;ed electric fields mentioned earlier. Coupled with
this ant;cipéted high noise level is the difficﬁlty of making low im-
pedance electrical contact with the assumed dry lumar sunxface, Dark
side measurements should exhibit much lower noise levels than bright
side measurements, but the experiment is not promising for interior

studies and hence is not recommended for that purpose.

(vii) transient electrical fields

Natural transicent elecirvic fields are expected at
the lunar surface, and if thesc arise by induction from the interplanc-
tary magnetic field or by cenduction from the interplanetary electric

field, then they could yield inflormation on the intorior conductivity
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distribution. The method is & relative one insofar as it will yield
the ratic of conductivity-thickness products of a given 1éyer'at loca-
tiones A and B provided the tangeutial electric fields are measuréd at

A and B (Phillips, 1953; Bewdi-hevskii, 1965}, For more than two layers
the ratio of tangeniial eiectréc fields at siati&ns A and B may be
approximated by the ratio of the surface impedances of plane~layered
structures at these two locations, Measurements of the electric field
ratio over a broad frequency spectrum can be interpreted in terms of
relative layering beneath the two stations.

Once again the problem of high noise level due to partiéle and
radiation induced fields, coupled with the difficulty of obtaining low
electrode impedances can render the method of dubious value in a dry,
bright lupar surface enviromment,

(viii} the magnetoselenic method

A

The surface impedance of a plane wave incident upon

a homogeneous half space and propagating downward in the positive z

direction 1is (Cagniard,-l953)
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vhere (7 is the resistivity in ohm-meters, where T is the period of
_\ . a

the vave, and where we have assuned negligible displacemsat currconts

S =7 ’ .
and that /f = 4 = 437 % 10 * henrys per meter., Equations 12-12and
e

12-13are velid for Fx, Ey in mw/lm, Hz, Wy in gawsas, and T in seconds.
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If then we study a small poriion of the Moon and ignore the curva-
ture (Srivastava, 1966) and are prepared to assume that uniform plane
electromagnetic fialds are inecident upon the surface of this portion
of the Moon, then we may thgin the resistivity of an equivalent homo-
gencous half-space. Ve call this equivalent vesistivity the apparent
resistivity 6§J and compute it, from measured values of E, H, and T,

as a function of T, For a truly homogenecous Moon, in which displace-

',/]

ment currents are negligible,{zl

will be independent of T, but for a
layered and/or an electrically polarizable earth (displacement currents

not negligible) then fﬂd will be a characteristic function of the
layering and of the parameters ) (iu) and £ (o ) (Ward, Jiracek, and
Linlor,‘1968). The observed 624 function may be compared with computed
functions based on simple plane-layered structures and a non-unique
'electrical structure deduced for the Moon.

'The apparent conductivity and the phase between electric and
magnetic vectors sre shown as functions of frequency in Figures-lél and 142
for a three-layered styucture which could serve as a hot, wet model of
the Moon, Note that becéuse suitable relaxation spectkra are not avalil-
able we have used values of condﬁctivity and dielec%ric constant which
are independent of frequency so ihat Yigures 141 and 142 should only be
considered indicative of the typetof regults which might be espected
with maguetoselenic sounﬁing. ‘

Viard, Jiracck, and Linloxr (1968) have generalized the magneto-
telluric concept to allov for the diclectric permitéivity and they

derive the expressions (as given in Chapter 8(b) (viii)
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and whgreljaJ and éé, are the real parts of apparent conductivily
and apparent dielectric permittivity respectively, Thus the dielectric
permittivity may also be obtained from magnetotelluric and magneto-
selenic measurements,

The first tio limiting problems with the magnetoselenic method is
that the sources of natural electrowmagnetic waves are always of finite
dimensions go that plane w;yes are not realized; the functions calcu-

lated from the E to H ratios are not then simply the plane wave im-
1
pedances, The second major problem with the method is that the interiors

S

of planets arve more apt to be anisotropic and inhosiogensous than iso-

tropic and homogeneous so that the simple formulaiion of equatioun 12-13

does not apply; In general we may write (Cantﬁell and Madden, 1960;

Bostick and Smith, 1962; O'Brien and Mornison, 1967)

-
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for the matrix relationshin between the electric and magnetic fields
at the surface of an inlicmogeneous and/oxr anisotropic plamet. For a

plane wave the elements Z;. of th2 impedance matrix are independent

J
of time and charactevistic of the subsurface conductivity distribution,
If the source 15 of finite dimemsioys and is moving or changing dimen-
sions or orientation, the mAatrix ciemcnts are functions of time, and
unique determination of the subsurface coaductivity distribution be-
comes ;mpossible. Discussions of these problems as they relate to thé
Earth have been given by Price_(1962), Wait (1962}, Madden and Helson
(1964), and Morrison, Wombwell, and Ward (1567), all of whom note that
the problems are increased if the resistivities are high.

‘ In the lunar environment, orzshould, in general, anticipate both
finite sources plus an inhomogencous and anisotropic interior, The
high resistivities expected at éhe lunac surface will enlarge the
interpretation difficulties, Furthexr, the high expected electric field
noise level aAd the high electrode impedances will cause further scien-
tific aﬁd technological problems., The method could be applicable on
tﬁe dark side of the Moon where the sources (plasma oscillations) are
renote and where the‘poise levels may be lower, However, the method
cannot be recommended at this time, .

Hoffman and Nakamara (1967),-hohnson (1966), and Hodder (1966)

have all commented on the use of the magnetotelluric method on the Moon,

(b) Aciive systems

——— rerr—
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i1t is customary to use a four-electrode array when measuring

the electrical resistivity of a local region of a planetary surface

(Keller and Frischknecht, 1966),. Current is applied via one pair of

grounded electrodes while the potentisl is measured at a second pair
i

of grounded electrodes. The matual conpling between the pair of elec-

trodes is given by the expression (Sunde, 1949}

b ~B N 2m .
Zf ) == ’ 9__(\__(}_) 4 W ) _,g ASds
-"(u_} ) ol D g \ '
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vhere S, s are the lengths of the wires extending fxom A to B and a to

—

12-18.

b respectively. The augle bciwveen the two wires is Q? as illusivated
in Rigure 138

If the two wires are situvaied on the surface of a uniform half-

A

space, then
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where { is the secparation betiween dS and ds,

The expression of 12-19 represents inductive coupling between the

wires while 12-20represents 'conductive™ coupling, The inductive couvpling

f

3 T i
. . AP I . R
texn becomss negligible when i/ %}“~-;'0, i,e,, at low frequencies.
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it is the intent in resistivity surveying that the frequency be
made sufficilently low so that ,I,:A'r/."{”/""\O, and so that displacement
currents may be neglected, If these coustraints may be realized, then

the conductivity is obtained from

j ]

U B —
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?5 vq 12-.21

p—rr—t
wvhere Z/__r -m— 1g the ratio of the potential measured by one electrode

pair to th—é curreni applied to the other and where (O = Ad F = Ba ,
] e

()=Ab,and€}=Bb.
3

For the Moon it is always poseible to se,‘Le.c:t:/Ll?‘-'7 to be negligible

and hence remove the inductive term; both foand f7 are variables for

(

this purpose, However, we suspect that we may not expect to ignore

displacement- currents, al least for frequencies in thoe range 102 to

8

10° hz if wet rocks are present, Thus equationl2-21 should be generalized

to .

l.
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where now Z ig assumed to hc complex.

While we may readily calculate P ((’ )} for a homogeneocus half-
space ox even for a horizontally layered half-space, this will not
suffice for a Moon which is expected to be inhomogeneous and aniso-

trople. Thus, following norwal practice on Earth, onec would lover

the frequency and reduce the electrode separations in order to eliminate
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the inductive Eoupling term, We then oftain, at any frequency, the
apparent conductivity and the apparent permittivity froml2.22, These
values pertain to an equivalent homogeneous Moon at any single fre-
quency regardless of the inhomogeneitics of anisétropies present,

The quantities 0, and E{a way be measured as functions of fre-
quency ox §S'functions of the spacing of the electrodes, Usuall; the
four electrodes are maintained in-line using one of several arrays,
For example, the Wenner array consists of four equally spaced in-line

electrodes, the outside pair of which carries current, Any array may

be used in lateral search for inhomogerneities in which case a constant

electrode spacing array is moved across the area to be surveyed.

Alternatively the electrode spacing may be expanded while the center

of the array is fixed to obtain an electrical sounding of the depths

to interfaces, In a frequency sounding the array geometry and position

are fixeé while the frequency is varied and the horizontal electrical
léyering so deduced,

I1f we decrease the fréquency below ab;ut 105-hz, then the effect
of t-he interplanetary medium would need to be t‘aken into accour;t.-
Alternatively the eléctrode spacing'woui& need to be small, For
example, assuming a homogeneous ﬁgon of tan 5-@'1 and 0,1,10“4 at
105 hz, i,e,, above the electron plas%a frequency, then }kl is of

‘order 1!.0“2 so that must be restricted to lengths less than 10

is to be.of order 0,1, This then sets a limit to

L P
meters if Lgcﬁ
the depth pf-exploration; which decreases with decrcasing f}-(Keller
and Frischknecht; 19606). The skin depth in such material at 10s h#

is of ovdar 100 meters,
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Unfortunately, there_is a capacitive coupling between the trans-
mitting electrode wire and ground. At frequencies of order 105 hz,
and electrode contact resistances as lov as 500 ohms, the potential .
coupled into the ground in this fashion is of the same order as that
conductively coupled, Resistiviiy surveys using frequencies above
the electron plasma {requency thercfore do not appear promising for
th-e Moon,

As mentioned earlier, the presence of the plasma may assist in

gaiding the energy into the Moon at frequencies between.v 1,40 x 102 hz
and 2,8 x }04 hz,

On Earth, electrical resistivity probing ﬁas given information on
the conductivity distribution to depths as great as 20 km {Cantwell
et al., 1964; Cantwell et al., 1965; Cantwell and Orange, 1965), but
this does not appear practical and‘is not recommended for the Moon
because of the high surface resistivity which limits the current that
can be‘injeqted into the Mbo; and because of the very large weight of
eguipmant requireq to ensure adequate signaiwtOnnoise ratio ﬁhen both

the surface impedance and thé noise level are-high.

(ii) induced electrical polarization method

If, in a resistivity survey, measurements of potential
are made at each of two transmittéa ffequencies and the change of con-
ductivity with freduency recorded, then a measure of anomalous induced
elecprical polarization is obtained (Wait, 1959; Marshall and Madden,

19595 Madden and Cantwall; 1967; Ward and Fraser, 1967). This anom2lous

induced electrical polarization arises in electrochemical icactions at
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those surfaces -of metallic minerals or clay minerals which are in contact
with pore solutioms, Oxidation-reduction reactions at the surfaces of
the metallic mineral grains result in zones of frequency-dependent im-
pedance in a rock, élay particles in wicroporces produce ion-selective
membrane zones‘which cause rocks containing wminor clay content also to
exhibit freqLe ey dependent impedance, Boih processes are diffusion
controlled aad nelv for existence upon the presence of pore solution

as noted in Chapter 4 (L),

The freguancy dependent impedance of a rock mass may be inter-
preted in terms of a frequency depandent conductivity and a frequency
dependent dielectric permittivity aeccording to 12-22,

The change in éonductivify with frequency is usually much less
t han an order of magnitude within the frequency range 0,01 hz to 10 h=z
typically employed for induced pbiarization surveys, Hence a paramcter
more sensitive té frequency change than the absolute conductivity is
emploved to portray the prgsénce of anomalous induced electrical polari-

zation, This parameter is the percent freduency effect (PY¥E) defined by

-_ M

. [\(3__‘ (UJ' ) l A
A 4 ¢
VFE = Mf.f- R w6t
Y 12-23
a "L) _
where b (‘—’ ) & L) are the conductivities at the high and low

frequencies respectively, Percent frequency effects from ope to 50

percent are encovntered on Earih, To measurc PFE valucs as low as
N

unity with any reasonable precision requires that the ratio '4~ Nk

Tz G 3

be measured to an accuracy approaching 0.2 percent. This is an
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unusvally siringent requircment on portable field apparatus but is
achieved routinaly,
The dielectric permittiviiy is not normal]f measured via equation
~22 becaude it ig mot required and bocausc:the imaginary paxrt of the

" meteal coupling, 7,7 is frequently very small in the fre-

"conductive
quency range 0,01 bz to 10 hz, This frequency raange is selected to
ensuve that capacitive coupling and inductive couvpliug are both negli-
gible in an Earth enviromeent., On the Moon, where the conductivities
within the 0.01 hz to 10 hz band arve probably low at depths to tens
of meters or more, inductive coupling is of lesser importance, However,
the electrode contact resistauces probably would bdé several orders of
magnitude above those encovntered on Earth and hence, as Madden and
Cantwell (1967) deronstrate, the spurious perceni frequency effect,
ariging from this souxce, could obliterate the effects sought.
The induced pelarization measurements may be made in the tina
domain as well as in the fréquency domain as described above.
For lwar stndies the mzthod is of decided interest since it
could perwit moasurevwent of both g; and ¢ Aﬁy anoimalous frequency
dependence in either of thesce quantities would be indicative of the
" presence of water and might be indicative of the presence of watallic
minerals, As little as cne pcxceﬁt matallic mineralization can b= deiected
by the wmctbed. The metallic oxide magnetite (Fe304) known to be pre-
sent in the luner debris, 3£ present at greater depths whevre watexr
might exwist, wouvld give rise to induced electrical polarization anomalics.

Pevpafvest, with a relexatiss speclr wm simflar to that of wet rock
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according to Figures 106 and 107 would also produce an
S0
X )
induced poltarizalion
N T
liquidtor solid form could be dotected,

anomaly so that the presence of water in either

The limitaticwns of {le method are the same as those given for

resistivity, but the requiremssnis on acenrate measuremcnt are much

more stringont, Hence the mathod cannot be recommanded,

(iii) fixed transwittor inductive method

Active eleciromagnetic techniques may be classified

as inductive 1f the curreni s indvced in the subsurface by the mag-

netic field of a transmittev cousicting of an energized coil of wire,
- e

or as conductive if curvent is transferred to the. ground by means of
a long energized cable grounded at both ends, The .data from the con-

ductive method is difficult to intevprct because multipoles aré induced

—

in subsurface inhomogeneities by both electriec and magnetic fields and

their addition is diffieuli to predict in an inhomogeneous and/or

anisotropic medimm, For this reason the mathod is used infrequently on
S ;

o N = o
Earth, For the Moon it suffgﬁ% from this limitation plus the difficuliy
. \-Y " -
4\

LI M
P . AW L . y .
of injecting curreﬁ% into the subsurfcce via electyodes contactiug dry
debrie, Hence we shall restrict gubscquent discussion to the inductive
electromagnetic method,

The basic principle of active inductive electvomagnetic svstems

Py

is measureweni of tho change, of the putwal jmpadance between a pair
of wire loops or coils; intrpduced by the presence of ncarby dielectrie,
couductive; or permeable'‘material, Both.the in-pbase and quadraiuve

parts of the mutual impedence are recorded either atr a single frocauency
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or at several discrete frequencies, Alternatively the transmitting
coll may be pulsed and the transient decay in the receivipg coil

related to the electrical parameters of the nearby media,

Lateral search ov sounding may be achiewved with induvciive electro-

magnetic nmethods,

Four configurziicos of transmitting and receiving coils are parti-
cularly suited to lunar electrical exploration, The first consists of
a palr of horizontal co-planar coils (vertical axcs), the second of a
vertical co-axial pair of coils (horizonial axes), the third consists
of a horizontal transmitting coil (ventical axis) and a vertical re-
ceiving coil (horizontal axis) whose axis lies along a radius of the
transmitting coil; while the fourtﬁ consists of a pair of vertical co-
planar coils, We shall refer to these three systems as Iz - RZ , .

Tv - By, Ti - Ry , and - RY.reSPectively; the subsceripts refor to

TY
the Z (vertical) and X (radial) and Y (tangential) dirvections of the
axes of the coils, These co%l-pairs may be operated in-one of several
modes, including:

(1) -fixed separation (’ between colls, variable frequency 4l 3

stationary system

(2) fixed seperation ] between coils, fixed frequency or

{

~
L

frequencies, or swept frequancy, mobile system

(3) fixed separation.(’ between coils, transient current in
transwitting coil, statiounary systen

(4} fixed transwitter, moving receiver, transient or Cif

&

energizing at one or more frequencies,
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In this section of this manuscript, discussion will be limited
to the fixed transmitter, moving rccelver, discrete frequency GW’
mode, but from this discusszicn, the mevits of transient excitation
in mode (3) oxr (&) c;r of CW excvitarsion in node (‘1) may be readily
deduced, A discussion of mode (2) appears in the next section,

Figure 93 illustrates the manner in which the real (M)
and imaginary () parts of the reflection coefficient of a conductive,
permeable sphere in a uniform field vary with the induction number

. ",
@ =é,; ';,-u,) i ; displacement currents have been neglected in
this model, We mnote that most of the change of the real or imaginary
pavits of the reflectiom coelficient occurs for values of @- betwean
1 and 30, asguming that the permeability of the sphere is approximately
equal to that of its surroundings (,/5)% = 1), The induction numbers

for various electromagnetic boundary value problems usually may be

written in the form

@ =z Q/;!{' (X% L-‘ /‘“'?.. 12-24:

where Ly and L, are significant lincar dimensiovs of the problem and

4 i g

o .
&= ¢, The following indvcitiom numbers are pertinent in elcocliro-

magnetic exploration (Waxd; 1967a),

(1) sphere, uniform field & ::.;",,/,fwa,'?" : a = radius
(2) infinite horizontal cylinder,
uniform field ‘ és};:,;“;,gw;;-‘l 3  a = radius
(3) “thin disk, uniform ficld é—}.z.f;;,,:{,.;n{"a, s a = radius
. - t = thickness
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(4) a two-coil system above ' éaliighéu@%ﬁéik b = height
a homogeneous earth - p = separation
(5') a thin sheet beneath . g . !dgj‘éﬂ%/.,’-,z)’/z' .
a two-coil system ’ ; t = thickness
(9 = separation
h = height

For a coil systen situated on the debris layer, expression (4)
may be used, or alternatively, following Frischknecht (1967), two

P
induction nuwhers ﬁ%} and‘ﬁ? may be specified where

%]4 = )? @{ cu) 2
%= O(guw)™

We have the freedom to vary [, (’ and h , and measure the real and

12«25

imaginary parts of the mutual impedance Z of the coll pair as a func-
tion ofq%iand €§€ . Givén the forms of Re(?) or Im(2) as functions
of frequency for é ranze of models of the thickpess and conductivity

of the debris layer and of the conductivity of ‘the layer beneath the
debris; then ap interpretation of observed data wmay be made, Electro-
maguet le sounding of this type is generally useful ﬁnly in those situa-
tions where a resistive layer ovéilies a more conductive substraiiun,

An example of a frequency sounding made on the Kilauea Iki lava lake,
Hawaii,; is interpreted in Figure 125 (¥Frischknecht, 1967).
Quoting Frischknecht, "At the time the sounding was made, in April 1962,

the Kilauea Iki lava lake had a crust of solidified wmaterial sbout 12,2
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meters thick beneath which was a body'of'molten lava at least 100

meters thick. The field data fit the family of curves for (hor;zontal
co-planar) loops above z homogencous carth very well, indicating that

the response of the cru;t ir nzgligible, From ianterpolation between
reference curves, A/B + 0,39, Since (7 = 61 meters, h = 11,9 metexs,

At a frequency of 104 hz, B = 8.41, from which O = 0,483 mho/meter e LT
In the nomsnclature used by Frischknecht, A = r—” Ll and B s ~-1 ?23
He measured the magnitude of the mwutual impedance Z as a fractlon of
the free space value Z0 .
If we wish to allow for displacement currents as well as conduction

carrents in the lunar interior, the-induction numbers become

-4
9 AP

E (&u 4 ‘_")j h 12~26

To assure that both types of currents are measured with roughly the

I
same precision requires that the loss tangent (tan §= el ) be
e
subject to the folldwing constraint
0.1 4 tan'$ £ 10 12-27

,Thié constraint vould seem to be satisfied for the wet materials of
Figure 108, but not for the dry materials except perhaps at
frequencies fe]ow 102 hz. A second constraint is introduced if we
wish to measurc both the real and jmaginary parts of the mutual

impedance Z, That this is a necessary constraint may be illustrated
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by* reference to Figure 143. This figure portrays the amplitude and i

pﬁase of the normélized metual impedance resulting from reflectitd_mJ
from a homogencous haif-spaca. The coils are horizountal co-planar

(T - RZ)' We shall assume that the mutual impedance increment can
be measured witﬂ a precision Bf one pzrcent of the primary f;elﬁ. It ‘
is evident from Figure 143 that the mutual coupling amplitude does nnt-
exceed this one percent errcr uﬁtilt%? exceeds about 0,3, Similarly,

it may be shown that the amplitude is essentially zero beyond a

value of 30 (Wait, 1955). The second constraint may then be written .
0.3 £ @(, < 30 12-28

Note that the amplitude and phase of the mutuwal impedance ratio
are independent of the values-of the loss tangent beyond these limits,
Within the limitﬁ, a given value of amplitude and ﬁhase will permit
unique determination of the induction nqﬁber 2%9 and the loss tangent
tan & of the homogeneous gafth. Since (Y and F’ ave known variables,
and if/;; may be assumed to-be approximately that of free space, then
sufficient -information is available with which to measure <J and Ef
uniquely. Dias (1968) has demonérrated how the apparent con&uctivity

ng‘and the appareﬁt dielectric permittivity<ﬁ£’may be cbtained, by
the same procedure, for an inho@oéénequs or layered half-space.

Ve have'iilustrated in Figure 108 that measurement of -
tan S' in %tself is sufficient to defcct the presence of pore water
or ice in the Moon, The curves of Figure 143 pertain to a conéuctivity

and a dielectric perwittivity which are independent of frequency.
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An increase of conductivity with frequency will cause a faster excur-

- . Ve
sion through the full curves of T'igure 143 than the ¢U

dependency of ?f would infer. The variation of tan § with frequency,-

~

expected from Figure 10—8 _would cause the curves of amplitude
and phase of the muinal impedance ratic Lo exhibit shapes slightly
different to those in Figu;re 143, However, it is not anticipated that
this would lead to difficulty in recognizing thé existence of water
in liquid or s;)lid form,

et us assume for the momeni: that ¢ is fixed at 2 x 105 hz and
that(ﬂ is a variable, Then f? will fall within the acceptable window
of 0.3 to 30 if O“IIF falis within the range 0.34 to 34. Assuming a
conductivity o of 10"4 mhos/m at 105 hz, () must lie in the range
34 m to 3.4 km ., It should be recalled that these calculations pertain
to a homogeneous\half space but they should serve as a guide regardless
of.inhomogeneities, anisqtropies, or layering., It would seem advisable
to set a design goal of 10 m to 10 km range for a fixed transmitter
system in which // is the only varisble, Lowering the frequenc,’;r below
3;05 hz may enhance the energy guided into the Moon as noted earlie'r,
but further analysis of this problem is required, Raising the
frequency much above 106 hz probably might intr(-)duce capacitive
coupliné; although this has not been calculated., For the (p;:esent,
a frequency range of 10 hz to 107 hz may be contemp‘lated.

In practice, a square loop of wire of about 300 m to the side
and of ten turns with 100 watts would produce a magnetic field of

X . -3 .
intensity 10  gamma ai a distance of 10 km, 7his would be about
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at noise level on Earth and hence a coherent detection system would
have little difficulty in extracting signal from noise. Possib}y{?.
reduction in power to 10 watts could be tolerated for the Moon.

This method will not only yield the dielectric permittivity and
conductivity of an equivaleat homogeneous Farth, indicate the presence
of water, yield the depth to the bottom of the debris (assuming that
a contrast in 0 oxr § occurs there), and yicld the conductivity of
the substratum below the debris, but it will provide information on
the lateral and vertical distribution of the electrical parameters to
depths of the order of half the maximum coil separation, i.e., to 5
km, say., However, the depth of peneffation of electromagnetic waves
of frequenﬁy 105 hz in a medium of conductivity 10'4 mhos/m, tan 5 =1,
and Ke = 18 is only about 250 m, WNot nuch contribution to surface
fields will come from-below this depth at such a high frequency. Thus
there is good reason to attempt Lo use frequencies below 105 hz if
this does not introduce se;ibus complications. A series of discrete
frequencies at decade intervals from 105 hz down to 10 hz would be
advantageous in separating _t:he lateral from the horizontal variations
in electrical parameters and should aid in detecting a frequency
dependence of O and & for any given layer,

This method avoids many of the problems suggested for the resis-
tivity and induced polarization methods and would seem to be preferable
to them, In faét, the induced electrical polarizat%on phenomena would
be measured inductively by-this technique rather rthan conductively as

is done by the so-called inducced polarization (I,P.) method,
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The magnetic field noise levdls are entirely unknown in the 10 hz
to 105 hz band so that ultimate performance of the system canmnot be
predicted with any degree of certaicty. The precise measurement of
Z/Z0 is dependent upon é negligible drift in a bridge circuit; this
may be difficult to achieve in thz luna:r enviromment., To overcome
this problenb the inclination of the major axis of the ellipse of
polarization and the ratio of the majoxr to the minor axes may be
" recorded in the simple modificarion of the wethod deseribed in Chapter
8(c) (vi),
It is visualized that the transmitting coil would be established
@with or without the aid of astronauts, by using automatic coil ejectors,
at the landing site of the L.M. The receiving coil and electronics
would be a small ~’ 5 1b, package stored on a roving vehicle, Measure-
ments could be m%de every time the roving vehicle stopped or perhapé
could be made continuously,

(iv) mobile transmitter inductive method

A contiﬁuously recording, double coil electromagnetic
system could be rigidly mounted on a roving vehicle with a two to ten
meter coil separation, A noisc level of ten paris per million in
Re(;/Zo) and Im(Z/ZO) should be attainable with power of 1 to 16 watts,
The electyxification noise level oéxthe roving vehicle and the wovement
of the vehicle parts relative to the coil system could degrade this
performancc'slightl&. A vertical coaxial or a vertical co-planar

coil system would be logical for this function, These configuratious

are employed on bhelicopterborne and airborne electromagnetic prospecting
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systems (Ward, 1967a, b). Figure 144 illustrates a helicopterborne
electromagnetic system employing the Ty - RX coil configuvration and )
possessing a noise level of 10 FFM.

At 105 hz and for a coll spacing [5 of 10 meters, the induction
number an is ;f order 0.1, Since the instrument noise level is only
10 PPM, it should be possible Lo measure at this low induction number
and possibiy lower., However, the characteristic shapes of the curves

of Figﬁre 143 then would not be available, This suggests that the fre-
quency should-be raised, If the transwitting and veceiving coils are
raised well above surface, capacifive coupling should pose mno problem
but the higher the frequency the greater the likelihood of a high
noise level arising by induction in metal parts of the vehicle to which
the system is attached, -

-

It is recommended that an analysis be made of the feasibility of

t

combining this method with those of methods A (v) and B (iii) to yield
a passive-active inductive'eiectromagnetic system which will facilitate
both deep (tens of kilometers) and shallow (meters) electrical exploration.

(v) xadar reflectivity method, 107 hz to 1011 hz

The results obtained with Earth-based astatic radar;
Surve%or astatic radar and bistatic.radar employing a lunar satellite
transmitter and an Earth-based receiver have been reviewed earlier,
The next logical developments in radar scattering in the conventional
band of 1.5¢ % 107 hz (19,2 meters) to 3.5 x 1010 h?-(8‘6 mn) is a
bistatic radar reflectivity study employing an Zarth-based transmitter

and zn orbiting recciver (Tyler et al,, 1967). The dark side of the
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Moon would not be covered by this experiment, Beyond this experiment,.
completely orbital systeﬁs will permit radar reflectivity mapping at
high resolution over the whole lunar globe altgough this expcriment

is difficult tojustify.in view of the excellent results of the bistatic
experiments,

The radar measurcments so far completed support the hypothesis
that electromagnetic energy returned at oblique angles of incidence
arises through diffuse scatteving from discrete objects whereas the
enevgy returncd at near normal incidence is dominated by quasi-
specular reflection,

The depth of penetration of electromagnetic waves into the Moon
is probably within the range 102 m to 10”1 m for frequencies of 107 ha
to 1011 hz and for the electrical parameter ranges given earlier, In
the radar scatte;ing band, one can therefore ezpect to map the depth
to shallow interfaces if they exist, to measure the dielectric constant
of the material neax surfacé, and to detect boulders and voids within
the depth of penetration.

Scattering from disc;ete objects and reflgctiou from rough sur-
faces may be separated, to some degreé, from specular reflection at
mearn horizontal interfacces by several procedures including narrowing
the antenna beamwidth, maasuring\ihe depolarization, méasurivg the
Doppler shift, and by applying the techniques of statistical comauni-
cation theory. By these means, one hopes to extract the "ordercd"
specular reflection from-the 'randou' rcflection £rom rough surfaces

and scattering from discreie objeccis.
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Orbital measurements of rada¥ reflectivity then may wap the dis-
tribution of dielectric constant in the near surface, would indicate
the surface roughness in the radar sense, and conceivably could give
some indication of layerify if it cxists within the top several tenms
of meters proGided the "ordered" signal from épecular reflection could
be separated from the "“randow' scattering and reflection from ;ther
sources; CGeleynse and Barringer (1964} and Holdsworth and Barringer
(19665 are among those who have suggested orbital radar.reflectivity
measurements as onc means of mapping the geology of the lunar surface,
Augmentation of the radar reflectivity measurements may be obtained
with the coherent radar imager which is capable of producing a map of
t he lunar surface and/or subsurface at Waveleﬁgths from,3 m £to 3 cm
(Badgley, Childs, and Vest, 1967),

On lunar traverse missiouns, the scattering from boulders on or
in the debris la;er méy obliterate the radar returns from the assumed
base of the debris layer., Thotographs indicate Chat boulders of a
wide range of sizes up to several meters occur with an irregular dis-
tribution in the debxis. These objects constitute scattering centers
which produce a diffuse énd incoherent energy relturn provided Lthey
are of dimensions approximating a wavelength., Success of the radar
reflectivity in mapping the depth of debris on lunar traverses then
.depends upon tﬁé density of tha scattering centers, The probability
of successful use of radar reflectivity, in the 107 hz to 1011 hz

band, as a means of mapping the variability of debris would then appear

to be limited, Theoretical computatlions are required of the characteristic
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polarizations and amplitudes of radar echoes from a substratum under
a debris layer in which various three~dimensional r;ndom distributions
of scattering centers are superimposed, Such calculaéiops should be
the basis for ultimate conclusions concerning the applicability of
this method to the stated problem, Aun extiem=ly narrow antenna beam-
width is possible within this frequency band, and this fact plus
‘others may lead to circumvention of the major problem suggested
(Gold, 1967), The narrow beamwidth also minmimizes the ambiguity
of deéth determinations present if the bottom surface of the debris,
is irregular as expected,

A hypothetical reflection fras an ideal borizontalldebrié-sub—
stratum interface is illustrated in Figurel45, The input, at & = 0,

was a delta function defined by

é;[p} =

L

Escﬂa{z—':;

The first reflection, occurring at t = 0.0?/ﬂ sec, is of reversed

12-29

sign while the second reflection; occurring at t = 0.2%/Zfsec, is of

the same sign as the input pulse. The elecitrical parameters selected
for th; debris Jayer and the substratum were, for this calculation,
given by curve 1 of Figures 106; 107 and 108 > for a 10 n
thick debris layer and by curve 4 of Figures 106, 1Q7 and 108 ‘

for the substratum,
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The dispersion is not appreciable in the debris layer so that
a sharp pulse front is established, The attenvation is 1.45 db/m
between the first and second echoes., From-this calculation we would
concluda that neithe¥ dispgrsion now attenuatioﬁ would be serious
problems for radar sounding of the depih of debris,

Adaptations of ice thickeess radar sounding techniques (EBvans,
1967) mighé be considered for this task if the discrete scattering
problem does not prohibit its use,

It is recommended that until it can be demonstrated either by
theoretical analysis, scaled model experiment, or field testing on
Earth, that the method can produce useful information in a simulated
lunar eavironment, that work on the method be limited to supporting
research studies, The orbital version of this experiment is not
recommended sincg the informati&n it would obtain is essentially
aﬁailable now that bistatic radar experiﬁents have proven their worth.

- 8
(vi) redar reflectivity method, 102 hz to 10 hz

Within this band the scattering from discrete objects is
wunlikely to be a major contributor to lunar electromagnetic reflce-
tions, except for objects of dimensions 30 m to 300 m, Antenna
beamwidth, from.an engineering viewpoint; probably cannot be made
narrow for these longer wavelengtﬁs noy can we expact to minimize
side lobes to the ssme extent, Hence the reflecﬁion from rough
surfaces is aversged over a ;one of substantial awrea; only mean
depths to %rregular interfaces ‘are then determinable, However, in

this band, the loss tangent is likely to be nearver to uunity than ik will
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be at’frequencies in excess of 107 hz (see Figure 108), . Thus
measurement of electrical conductivity as well as dielectrie pewmittivity
is within the realm of possibilitcy., This possibility would ba enhanced
. 4

if frequecucies as low as 10 hz could be used in a radar sounding
system as seoms probable fyom a recent study, The depth of penetra~
tion into the lunar interier in this band probably ranges from tens
of meters to several kilometers. ﬁence deepar layering can be mapped
and the effect of surface roughno;s decreases in relative importance
as an interface is made deeper,

Based upon information such as is contained in Figures 106, 107,
and 108, earth materials do not exhibit dielectric con-
s tants much in excess of 10, but values can be much greater than 10
if moisture is present, If an appavent dielectric constant significantly
in excess of 10 (a2 power refledtion coefficient significantly in excess

L

of 0.25) is obscrved, then we can state with assurance that either water
or impure ice exists within the depth of penetration of the eleckro-
maguetic wave, The only knowa conflict with this statement occurs if
iocks at temperatures in excess of abtout 500° é exist within the same
depth raunge, . Such h§gh tempervatures at shallow depth will be obvious
from-orbital I,R. sensing. Hence it seems that the unique detection
of the presence of water in the outer kilometer is achiecvable from
lunar orbit (See Chapter 8(b) (ix).

An adaptation of the Alouette I satellite system (Chai et al.,

1965; Muldrew.et al., 1967) should be suited to orbital measurewent

of reflection cocfficient in this frequency band.
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It is strongly recommended that this experiment be conducted
from lunar orbit, The objectives of such an experiment include:
(a) three dimensional geoiogicél mapping from sur face to
depths of the order of 10 km
{b) deteétion and wmepping of solid or liquid water in near
surface rocks

(c) detection and wappiug of unusually strong heat flow anomalies

by virtﬁe of the associaéion between temﬁarature and conduc-
t}vity. The consplcuous lack of such features is a con~
cejvable and useful outcowe of this kind of analysis,

() a search for pronounced layering or pronounced large-

scale angular variation of the elecctrical parameters to
depths of the ovder of 10 km,

(e) global mapping of the variation in the depth of the debris

layer,

The above objectives are those stzted by the Progrsm Evaluation
Committec of the Ames Conference on Electromagnetic Exploration of
the Moon, Any or all of them are extremely jmportani -ju studies of
the origin, history, composition, thermal state; and dynamic behavior
of the Moon, l

(vii) capacltive coupling method

Cook (18956, 1957) has described an electrical
crevacse detector Ffor polar cxploration, The system depends upon
measurcment of the ecapacitive coupling of a four-nlecltrode array.

Refersing to Figurc146,vultage may be transferred from cuvrent to
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potential electredes via resistive coupling through the electrodes,

via capacitive coupling through the electrodes or leads, oxr via induc-
tive coupling between the leads, Either conduction or displacement
currents flow in the haif-spece benecath the system so that in the first
approximation thg half-space may be treated as a lossy dielectric,

Cook has made the electrodes sufficiently large in the crevasse
detector that poteniials of,ordér 2 volts are measurad at the receiving
electrode ﬁhen 1000 to 3000 volts r.m,s. at 100 to 400 hz is applied
across the transmitting electrodes, Of order 10 milli-amps of trans-
mitting current flow into dry snow under these conditions provided

all elecirodes are spaced about 20 m apart; Any voié, such as a
crevasse, will reduce this current flow and produce a characteristic
potential signature as the four electrode array is dragged over the
snoy surface,

Adaptation ;f this technique to the lunar_surface has been
suggested (Cook, 1967) as a means for mappiog conductivity and dielec-
tric pérmittivity inhomogeneities énd in estimatiug the dielectric
permittivity and conductivity of the material within the first few
tens of neters of the lumar surface, The reactive and resistive
components of the mutual coupling would be measured in orxdex to
yield both dielectric permittivit§ and conductivity, -

The method ezhibits the advantage that electrode jmpsdances
may be reduced by enlarging the electrodes; 43-inch diameter "dishpan®
electrodes were employed-in erevasse detection and typically led to

2 megohm electrode impedances for frequencies in the 100 hz to 400 hz
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range,” An obvicus disadvantage of the method is that the ratios of

inductive, capscitive, and resistive coupling will chapge with changing

+

values of the dielectric permittivity, conductivity, and roughness of

‘the surface 6ébris.'.Prcsvmab1y this dicadvantage could be minimized
throuvgh judicious instrument design., However, the high electrode
impedance coupled with the high expacred electrical noise level on
the lunar surfacce should lead to low méssﬁge-to-noise ratios for the
modest poiver gxpacted to be available for lunér surface experiments,
Friction; as the electrodes are dragged, has iuniroduced noise in
crevasse detection, but this can be elimated by measuring caly when
the transport vehicle is stopped,

The cffect of the irterplanetary wedivm as a conductor requires
the same consideration for this wethod as for all methods utilizing
frequencies below 105'hz. if thé freéuency of operation was selected
to lie above 105-hz, then the capacitive and inductive coupling betwcen
.the leads and the capacitive couplipg of the lcads to ground would

“seriously compete with the main coupling paths through the electrodes,

The method is not recowmw:nded for luunar exploration,

(viii) focusing of electromagretle fields by the Moom
Salisbury (1967) has proposed that the diffraction
of elactrouzgnetic wavas in the 104 hz.to ]08 hz band by the Moon
will be such that the field of an Forth-based transmitter will be
focused behind the-mson. & receiver on a spacecraft éasaing behind
the Moon can weasure the extent the lMoon acts es é spherical lens,

Toe disisilurion of the eleairiea) parameters of the dMoon can be

deduced from the inforvacion =o ohioincd,
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Salisbury {19¢7) gives Lbe zain of the Moon as 2 spherical-lens

antenna as

L aw T / 2 K "1“'\)
GO\ = T{2EnT

— ..._._-—’\":L.““”""' 12-30
s

where.>\is the wavelength, T is the thichncss of the lunar "erust"

which is assumed to be transparent to electiomagneiic waves, and R

is the lunar radius, According to Salisbtury, a transparent layer

only 10 m thick can proéuce a gain as high as 70 db at 4 x 107 hz,
Salisbury also gives the focal length of a spherical lens by the

approximate formula

[ Rife

e 12-31
21 -1) |

From this relatign ve observe that the focal length is equal to or
less than the radius R of thé Moon when ¥, 7, 4. Under these circum-
'stances the focusing cannot be obse£ved. Referring to Figure 107,

© we obgerve that dry volcanic ash has a ﬁielectric constant of
about 2 at 4 x 107 hz\and that this would lead to a focal length of
1.7 R, . Thus the focal point occurs at about 1200 lm bevond (he ﬁoon‘s
surface, on the Moon~Farth line, for the inserted value of dielectric
constant, If, on the other hand, we assume a dielectrxic coustant of
2.8 as sﬁégestéd by radar reflectivity studies, then the focal point

is 400 km beyond the Moon's far side, Evidently the location of the

focal point is eritically dependent upon the dielectric constant,
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The attenuation must be negligible in the "erust"” so then tan 6 < < 1
is a constraint on this material for this experiment. This constraint
may not be satisfied for rocks and soils of the types expected in the
lunar enviromment. Note that the dielectrie constants of dry basgalt
at b x 107 hz is in excess of L, according to Figure 108, so that
the fbcal point would be interior to the moon if these rocks pre-
ponderate at the lunar surface. If the thickness of the “erust”
is excessive, Then aberration will occur.

The experiment proposed by Salisbury can be reverged, ac;:ording
to the principle of reciprocity. Thus the transmitter of Explorer 35,
how in orbit, will yield information on the electrical parameters of
the exterior layers of the Moon. Data from Explorer 3:05 tranamission
is being analyzed now, so that in effecf;, the focusing experiment is
in progress, although not in an ideal form. No recognizable enhance-
ment of signel due o focusing hag been observed to date. _Note,
however, that Explorer 35 transmission ig only at 1.3 x lO8 hz
whereas Salisbury advocated use of five frequencies within the range
2 x 101!' hz to b x 107 hz. Subsequent lunar o-r'bi'f:.al monitoring plat-
forms may be expected to add to the knowledge of the lmmar elecirical
parameters. Excessive depth of the transparent layer, as deduceq
from the diffraction pattern of the Moon, would be an indication of
low conductivity and hence of low temperatures deep within the Moon.
Obviously, the lower the frequency the more information that can be

derived about the deep interior of the Moon.
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- constant in the regioms external to the crater in which Surveyor 111
landed is presumably an apparent value for an inhomogeneous surface in
which the dielectric constant, with certainty, can be expected to vary
with depth., The quesiion then arises as to what depth éange the
measured value of dielectric constanl applies, It has been suggested
that a radar target be buried in the lunar surface to facilitate in-
vestigation of this question, Alternatively, one might use the IM
radar altimefer to measure an apparent altitude, and photographic
triangulation to measure truc texrrvain clearance., The difference
between the two measurements gives the effective depth of reflection
of the radar altimeter signal. To illustwrate this point, consider
the time for a radar altimeter reflection through a path which is

partially air (a) and partially debris (d),
+= “a 14
“ﬁ-:_ bé‘ ! (J

L .{

)&, }
The quantity Jgﬂ. is measured photographically, while \é{ is obtained

g

12.32

o~

¥’ ’
4 28
from the reflection coefficient:
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If we assume that - %, , then we may obtain hy from 12-32,
12-33, and 12~34,

T.he experiment- depends, obviously, on the availability of a
radar system plus a precision photogrammetric system and hence may

not be feasible, However, a check should be made of the practicality

of the experiment since, again, it is a potential "free wide,"
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For a Moon consisting of many concentric layers, the diffraction
patbtern would be complex for those frequencies which penetrated any
number of layers. .An inhomogeneous moon might not produce an obvious
diffraction pattern.

The orbit‘of Explorer 35 is moving angularly relative to the Sun-
Moon line by about one degree per day. The perilune and apolune of
the Explorer 35 orbit are 763 and 7670 ¥ respectively, and the space-
craft abt some times has been between 763 and about 2000 km above the
Moon's surface along the Eaxrth-Sun line. These distances may be
neaf enough to the foeal point to permit detection of lens galn if
it cceurs.

Ancther means of accomplishing the same experiment would involve

2 hz to‘108 hz band, of solar radio

passive measurement, in the 10
emission.

This experiment, in the opinion of the author, is of borderline
value and hence only the reciprocal experiment now in progress is

recommended as part of the lunar electromagnetic sequence.

(ix) wuse of the communications link between the command and

service module (CSM) and the lunar excursion module (IM)

as a means of measuring lunar electrical paramebers during

Apollo missions.

If the outer shell or crust of the Moon is transparent
to electromagnetic waves of the fregquency used to communicate hetween -

the CSM and the IM {2.968 x 108 hz, 2.597 x 108 hz and higher frequencies),
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then communication will be possible beyond the line of sight, Attenu-
ation-of the translunar communication signals will be less as the
frequency is lower. Measurvement of thie signal amplitude and phase
may be interpreted in terms of the electrical parametérs of the
crust to the depth of penetration, Success of the method is dependent
upon accurate knowledge of anteona fleld patterms,

If the above technique does not yield the required information,
t hen mopitoring of the received communication signal when the CSM and
IM are in line of sight will still yield information on the lunar in-
terior sin;e the received signral contains both a direct wave from the
transmitter plus one reflected from the lunar surface, The reflection
coefficient at a single frequency will yield the apparent dielectric
-permittivity and the apparené conductivity of an equivaleit homogeneous
Moon vhereas the reflection coefficient measured over a range of fre-
quencies will yiéld both the dielectric.permittivity and conductivity
distributions provided the electrical parameters are mnot strongly
dependent upon frequcncy.J

This experiwent ﬁas considera?le promisc and is essentially a -

"free ride." Hence, it is strongly recommnended for inclusion in the
p) v

lunar electromagretic exploration sequence,

e ——r 2

(x) use of the IM raday altimeter

Brown et al. (1967) have dewmonsivated how the raderx

altiwcter and Doppléer velocity sensor aboard the Suxveyor spaccerafi

!

may be used to obtain the dielectric constant of limited portions of

the lunar surface, Their measured value of 3,5 + 0.7 for the dieleciric
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15. An electromagnetic exploration sequence for the Moon

From the sbove disgecussion it iz evident that many methods may
be capable of yielding informa'hipn on the distribution of electrical
parameters in the lunar interior. However, from the eighteen methods
described, -we may extract a sequence of six expe:riments which, based
upon current l;mowledge, provide the greatest assurance of contri-
buting pogitive information. Two of these experiments are already
in progress so that only four new experiments- are recommended, and
one of these ig of the "free ride" type. The suggested exploration
sequence is as shown in Table XXT. It is recommended that the ex-
periments be conducted in the order shown and that the whole se-
guence be completed. However, if fiscal or other reasons force s
reduction ir;. the lunar exploration program, ‘then the experimen:ts
should be trimmed starting at the bottom of the list. In this
sense, then, the recommended exploration sequence may serve also
as a priority list of experiments. Possible experimenits nobt appearing
on this list are not sufficiently promising to warrant a recommendation,
in the opinion of the author. This list differs from that of the

Program Evalustion Committee of the Ames Conference on



Electromagnetic Exploration of the Moon in the following ways:

8 hz) is given

1, The orbital radar reflectivity (104 hz to 10
higher prierity than the magn:=tometer array because it can be accom-
plished in an earlier phase of the Apello ﬁrogram and because it
involves less elemenis. The impor?ance‘of the-magnetometer array
experiment cannot be overstressed, howeven, ¥For this reason, early
emphasis must be placed on theoretical studies of Explorer 35 data
to determine vhether or not solid body parameters can be extracted -
from that data,

2. The use of such "free ride" experiments as. the CSM-IM communi-
cation link and the LM radar altiﬁetry are given the status of formal
experiments; Early attention should be given to the possibilities
of all such experiments where steeraﬁle and omnidirectional antennas
and several frequgncies are avallzble, The communication system
employed by the surface wdlkiﬁg astronaut or by roving vehicle;
should be studied with.the same objectives in mind,

3. A three element audio_thrdugh radio frequency iInductive
electromagnetic system is strongly endorsed if the lunar exploration
program is carried that far, Theoretical analyses and feasibility
studies of this combined system should be funded immediately.

4. High frequency (107 hz.t; 108 hz) radar reflectivit? at
lenax surface or in luna? orbit cannot be recommended gince the basic
inforration to b§ acquired by such experiments Is either being'

acquired now by bistatic radar or would be acquired in a more com-

prenensive wmanper if experiment 6 of Table IIT was completed,

381
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Experiment 6 can yield information ranging from depth of debris
studies, suggested as the prime objective'of high frequency radax
reflectivity, to intermediate depth (tens of kilometers or more)

electrical parameter evaluation,

Table XXI
Suggested.Exploration Seqﬁence Mode Stetus
1. Moon - steady soler wind interaction 0 I.P.
2, Transient induction in Moon 0 I.P,
3. Radar reflectivity 10‘" hz to 10° ha 0o - U.A.
4, CSM-IM communications link 0-8 ceve
IM radar altimetry

5. Magnetometer array - separation over plane S U.A,

t

deep sounding

magnetic anomalies
- sniar wind paramefers
6. Inductive electromagnetic system S U.A,
cowbined - fixed tranmsmitter
mobile transmitler

AVIHEG

¢ orbital ’
s lunar surface
L.P, in progress

U.A, undér analysis
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14, Recommendations for supporting research and technology

While mission planning and £light harduvare snd development should
procezd on the last four experiments listed in Table XXI, it is
essentiai‘ that a substantial amount of supporiing research and techno-
logy be continued at an expanded level or be initiated immediately if
it is not alzxeady stavited., All eleclLroragnetic experiments, including
the first two listed in Table II1 and vhich are in progress, are faced
with a number of problem areas vhich require supporting work, These
problems are central to either or both design of experiment and inter-
.pretation of data. The required supporting research and technology
activities may be subdivided into three main categories as follows:

(2) modeling - Research in mathematical models and scaled laboratory
models of the various experiments under simulated lunar condi-
tions.

(b) physieai property measurewents - laboratory measurement of

the dielectric constant, electrical conductivity, magnelic
permeability, magnetic remanence, and magnetic losses of Earth
materlalyg which are expected to simulate lunar rocks and secils,
These measuremehi:s should be phased into similar measurements

to be made on returned iuvnar sawples.

(c) field tescting on Earth - full scale tests of system prolo-

types in those regions on Earth which most closely simulate
lunar conditions.
Definition of certain specific problems falling under the above

three categories follows, but the Jist should expand as more time is
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spent considering the recommended experiments,

(a) .problem definition - modeling

1. The interaction between the Moon and the solar wind.

conceéntrically layered sphere in free space
- concentrically layered sphére in dissipative isotropic
whole space
- concentrically Jayered sphere in anisotropic compres-
sible stationary plaswa
- conc;ntrically layered sphere in anisotropie compres-
sible moving plasma
- minimum number of magnetomsters
2, Antennas in plasma above and on the lunar surface
~ electric and magnetic dipoles'in anisotropic stationary
plasma
- ;inite electric and magnetic antemnas in anisotropic
stationary plasma
~ dipolar and finite antennas in anisotropic stationary

plaswa above and on a homogeneous half space simulating

the'Mbon

-_dipolar and finite antennas in anisotropic stationary
plasma above and on a concentrically layered spherical
model of the Moon

- the effect of the plaswa sheath on antennas in the

solaxr wind
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- the eifect om antenna patterns of a modification of
the characteristics of the solar plasia near the
Moon's surface, by interaction bétween plésma, solaxr
radiation, and Ehe Moon

3. Models of the Moon's interior

~ continuing analysis of all available data to update
current limiting models of the distribution of the
electrical parame:ers in the Moon

4, Scattering from lunar surface topography, bgried topo-
graphy, and inhomogeneities

- scaled model and theoretical analyses of first

approximations to evident problems in this eclass

(b) problem definition - Ehysi;al property measurements
1. laboratory measurements of O, Ke, Km, remanence and
ana.magnetic losses on terrestrial analogs with pressure
(0-5 kb), temperature (-150° G to 500° C), percent water
saturation (0 to 100%), fluid salinity (107> N to 1 W),
chemical and mineralogical compogition texture, and

11

frequency (D°C° to 107" hz) as variables,.

{(c) probiem definition - field testing on Earth

1. ﬁield testing of active elecﬁromagnet%c systems in high
resistivity, preferably basaltic and preferably perma-
frost enviromments on Earth to demonstrate feasibility
and to dev?]op wethods of interpretation, Both airborne
and ground tests are required. An example of a prelimi- |

nary field test follows for illustrative purposes,
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Figure 147 contains a section of geophysical data obtained over
tholeiite flood basalts in the Canadian Arctic near Coppermine, N, W.T.
In this region soil cover ig ninimal (0-10 feet) and permafrost, while
extending to depths as great as 700 feet, is not pervasive, since it
is noticeably absent where a heat sotvrce such as a lake is present,

The basalts, cver which the weasurements were wade, contained a variable
amount (perhaps up to 5 percent) of fine-grained magnetite and.up to 15
percent chlorxire, In zones of faulting or shearing the magnetite is
converted to hematite and near flov tops the oxidation-reduction condi-
tions were such that hematite formed rather thaﬁ magnetite, In porous
zones such as breccias, faults, shears, fractures; and flow tops,
chalcocite (CuZS), bornite (CusFesé), chalcopyrite (CquSz), and some
native copper has been subsecuently introduced, These latter metallic
minerals may then be expected to alter locally the electrical properties.
The section of fﬁguxe 9, while not tested by drilling, is not expected
to contain concentrations of copper mincrals, and hence the in situ
electrical properties may‘be considered representative of tholelite
basalts in a permafrost area, Water andfor ice could occupy most of

the rock pore space since rainfall in the arca is about 10 inches per

-

year,

The uppax row of data in ¥Figure 9 is & quasi-section plot of
apparent resiétivity obtained with a dipole-dipole array with dipole
spresd of 100 fect.

Figu?e 148 i1lustrates the electrode configurationr, the field

techniquaé used with 1t, and the standard method of plotting the
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resulting data. The current electrode pair is referred to as the
transmitting dipole while the potential measuring electrode pair is
referred to as the receiving dipole. The two dipole 1engths,_4?, remain

constant while their separation  sssumws the values x éz where x = 1,

2, 3, ---. We shall refer to [ a5 the spread and x as the separation

in the subsequent discussion, Tne two dipoles are colinear., Once the
transmitting dipole Is established, the first measurements are made
with the receiving dipole at first separation (x = 1) and subsequent
measurements with the receiving dipole at second, third, fourth, etec,
separations (x = 2, 3, 4, ---), Then tho transwmitting dipole is moved
one dipole length along the traverse and another four measurements are
mede, This procedure is éepeated until the transmittiﬁg dipole has
been moved completely across the required length of traverse, In
effect, n points on a sounding curve are obtained for each location
of the transmi.tt;.ng dipol e,‘ i,e,, n wx-values,

The data ave usually presented in the quasi-section of Figure 10,
A data point appears on ghis plot at the intérsection of lines drawn
from the centers of the dipoles at 45 degrees to the horizontaif The
resulting field of data points may be contoured for comparison with
similar plots obtaiu;d with mathemwatical or physical models,

The second row of data in Figure 147 is the percert frequency
effect (PFE) representing the percent change in apparent resistivity
between 0.3 hz and 5 bz, This quantity is compuied according to the
formula of 6-23, The PFQ data points are plotted in the same manner

as the apparent resistivity data points.
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The third set of data in Figure 147 isa profile of the tilt from
the horizontal, of the major axis of the ellipse of polarization of
a VLF (2 x 104 hz) signal broadcast by the U. S, Na&y at Seattle,
Washington, These tilt angles are plotted with the comwenticn west
tilt below the iiue and east tilt above the line, A erossover from
west tilts on the west to esst tilts on the east represents the loca-
tion of a conductive subsurfacc ivihowogencity in which conduction
currents are concentrated., These crossovers are marked by bars,

The fourth set of data in Figure 147 is the vertical magnetiec inten-
sity measured at 100 foot intervals and plotted in gammas,

The following observations may be made about the data presented
in Figureld7:

(a) The apparent resisiivities range from 1800 ohwm/m to 27,800
ohm/m (conductivities of 5.55 x iOH wmhos/wm to 3,60 x 10“5 mhos/m at
-1 hz),

(b) The resistivity ghangcs at a mean rate of about 10 percent
‘per decade of frequency at v 1 hz, but this is by no means uniform,
This is an exceptionally high rate for Earth materials,

(e) The vertical magnetic intensity varies somevhat erratically
By 2000 }/ over a distance of about 3600 feet.

{d) Pronounced resistivity lows and VLF polarization crossovers
occur in coinci&euce with two mazgnetic intensity lows and presuma?]y
the cause of this association is hemalization of basalts along a fault
or sheatr zone, The PFE values also are locally lower in the vicinitx
of the Lwo-magnctic lows and this observation is in zccordance with the

conversion of magnetile to licwmatite in a shear zone,
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{(e) The resisti&ities generally decrease with increased depth,
and this might be attributed to change of water or ice content, in
the rock pores, with depth.

(£) The physical property environment is quité imhomogenedus and
quite anomalous, Perhaps we should expect similar physical property
- d istril:;utions in the Lumar envivonment, although the curvent or past
presence of liquid of solid water may be essential to .all of the

anomalous properties recorded in Figure 147,
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 92

Figure %

Figure 10

List of Illustrations

Phase velocity and wavelength in conductor as functibng

of conductivity and frequency,

Depth of penetration d as a function of conductivity and

of frequency.

Nomogram giving depth of pemetration d = 1%@ for 15w loss
dielectrics, Tan & = 0.0001 to 0,05,

Nomogram giving depth of pemetration d for medium loss
dielectrics, Tan S 1.

Nomogram giving depth of penetration d for high loss di-
electrie, Tan é?'? 1,

An n-layered structure on which a wave of érbitrary con-
figuration is incident.

Equivalent electrolyte path in "bundle of capillaries"
model of a rock, L and Avére length and cross-sectional
area of rock, Le and Ae are length and cross-sectional area
(as intersected) of equivaleﬁt rock pore (afier Ward and
Fraser, 1967).

Diagrammatic representation of ions adsorbed on clay particle
(after Ward and Fraser, 1967). |
Hypothetical anomalous ion distribution near a solid-=ligunid
interface. .

Corresponding potential distribution (after Ward and Fraser,
1967).

Circuit analog of interfacial impedance (after Ward and

Fraser, 1967).
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Figure 11  Frequency dependence of absolute value /(QI and phase (¢
of resistivity of a rock (after Wait, 1959).

Figure 12 Membrane polarization caused by negatively charged clay
particles along pore paths of a rock; (a) poré path before
application of an electrical potential, (b) pore path after
application of a d.c., potential (after Ward and Fraser, 1967).

Figure 13 Conductivity-frequency spectra of a clay-containing sand-
stone (after Ward and Fraser, 1967).

Figure 14 Simple analog electrical circuit for simulating relaxation
spectra,

Figure 15 Relaxation spectra for reduced dielectric constant, conduc-
tivity, and loss factor,

Figure 16 Simple analog electrical circuit for simulating resonance
spectra,

Figure 17 Resonance spectra for dielectric constant, loss factor, and
loss tangent,

Figure 18 Pictorial representation of rock specimen of length /€ R
cross-sectional area A, by two capillaries, one of which is
blocked by metallic particle,

Figure 19 Simple analog electricaltcircuit for simulating electrode
polarization,

Figure 20 Simple analog electrical circuit for simulating membrane
polarization.

Figure 21 Pictorial representation of rock specimen of length ,éi cross-
sectional area A, by two capillaries, one of which is partially

blocked by membrane zones due to clay particles,
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Figure 22 Cole-Cole diagram for real and imaginary parts of complex
dielectric constant,

Figure 23 Simple analog electrical circuit for simulating polarization,
of any brigin, in a rock, -

Figure 24 Cole-Cole diagram for real and imaginary parts of a complex
conductivity.

Figure 25 Conductivity < ' and dielectric constant Ke' as functions
of frequency and molsture content for a soil, Dry soil -
circles; 207% water by weight - triangles; 73% water by
weight - squares (after Jiracek, 1967).

Figure 26  Absorption A and depth of penetration d as functions of

_frequency and moisture content for a soil,” Dry soil -
circles; 20% water by weight - triangles; 73% water by
weight ~ squares (after Jiracek, 1967),

Figure 27 Conductivity (¥ ' and dielectric constant K,' as functions
of frequency and moisture content for a basalt of dry den-
sity 1.40 gms/cc, Dry rock - circles; 0.0441% water by
weight ~ triangles; 2,.71% water by weight - squares (after
Jiracek, 1967), .

Figure 28  Absorption A and depth of ﬁenetration d as functions of
frequency and moisture content for a basalt of dry density
1.40 gms/ce., Dry rock ~ circles; 0,0441% water by weight -
triangles; 2.71% water by weight - squares (after Jiracek,

1967).
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Figure 29  Conductivity¢y™' and dielectric constant K,' as functions
of frequency and moisture content for a basalt of dry den-~
sity 2.559 gmg/cc. Dry rock - circles; 0,358% water by
weight - triangles; 0.377% water by weight -~ squares (after
Jiracek, 1967).

Figure 30 Absorption A and depth of penetration d as functions of
frequency and moisture content for a basglt of dry density
2,559 gms/ce, Dry rock - circles; 0,358% water by weight -
triangles; 0,377% water by weight - squares (after Jiracek,
1967).

Figure 31 Low frequency reflection from sea water (after Stratton, 1941).

Figure 32 High frequency reflection from (1) fresh water, (2) resistive
rock (after Strattom, 1941).

Figure 33 Resistivity as a function of pressure in WNaCl solution at
20°C. Conductivity of solution, 0.30 {Zm (after Brace,
Orange, and Madden, 1965).

Figure 34 Energy bands in intrinsic semiconduction,

Figure 35 Comparison of energy gaps for intrinsic and extrinsic
semiconduction,

Figure 36  Schottky and Frenkel defects; ion in box is missing in
Schottky defect; ilon in box is displaced in Frenkel defect
(after Kittel, 1953). )

Figure 37 Conductivity of granodiorite as a function of temperature
and frequency (after Keller, 1966).

Figure 38 Conductivity profiles of the earth's interior.



39k

Figure 39

Figure 40

Figure 41

Figure 42
Figure 43
Figure 44
Figure 45a

Figure 46a

Figure 47a

Figure 48a

Areas of high, moderate, and low near-surface conductivity
in the United States, as indicated by resistivity measure-
ments near radio stations (after Keller and Frischknecht, 1966),
The electrical conductivity of pure ice as a function of tem-
perature and frequency (after Keller—and Frischknecht, 1966).
The behavior of resistivity in water-bearing rocks at tem-
peratures in the range -40°C to +60°C (after Keller and
Frischknecht, 1966).

Dielectric constant of ice as a function of temperature

énd frequency (after Eder, 1947),

Loss tangent of ice as a function of temperature and fre-
quency (after Eder, 1947).

Dielectric constant of granodiorite as a function of tem~
peraturée and frequency (after Keller, 1966).

Source of diamagnetism, b) linear M-H diagram for diamag-
netic substance (after Chikazumi, 1964).

Linear M-H diagram for paramagnetic substance, b) source

of paramagnetism, <c¢) behavior of susceptibility as a func-
tion of temperature for a paramagnetic substance (after
Chikazumi, 1964).

Source of ferromagnetism, b) polarization-temperature
diagram for ferromagneti~ substance, Tc is the Curie
temperature (after Chikazumi, 1964).

Source of antiferromagnetism, b) susceptibility-temperature
relationship for an antiferromagnetic substanc; {after Chika-

Zumi, 1 964) .
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Source of ferrimagnetism. b) polarization-temperature
diagram for ferrimagnetic substance (after Chikazumi, 1964).
Source of metamagnetism., b) polarization-field stremgth
diagram for a metamagnetic substance (after Chikazumi, 1964).
and b) Two possible sources of parasitic ferromagnetism,

¢) polarization-temperature, and sﬁsceﬁgibility-témperature
relationships for a parasitic ferromagnet (after Chikazumi,
1964) .

Typical hysteresis loop for a fervomagnetic substance (after
Weiss, 1963).

Magnetization curve for an igneous intrusive (after Nagata,
1953).

Magnetization cuxve for an igneous intrusive (after Nagata,
1953).

An example of a hysteresis loop for a voleanic rock, fD is
the rock density (after Nagata, 1953). ‘

An example of a hysteresis loop for a volcaunic rock, f? is
the rock density (after Nagata, 1953).

Dispexrsion characteristics foxr two ferrites (after von
Hippel, 1959).

Magnetization curves of a single crystal of magnetite (after
Nagata, 1953).

Spinel structure {(after Chikazumi, 1964),

The Fe0-Ti0,-Fe,0; phase diagram (after Grant and West, 1965).
The inverse spinel structure of magnetite showing the spin
magnetic moments associated with the 8a and 164 sites (after

Nagata, 1953).
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Figure 62 The effect of grain size upon the susceptibility of

T

H
magnetite,

Figure 63 The susceptibility k (cgs units) and the relative permea-
bility K; as functions of magnetic content accérding to the
simple relation k¥ = 3 x 1073y,

]

Figure 64 The electromagnetic spectrum,
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List of Illustpations

Temperature distribution within solid moon after 4,5 x 109

vears, GCurve 1 assumes chondritic radic-activity with an
initial temperature of 500° -G, Curve 2 assumes terrestrial
radioactivity with am initial temperature of 500° C, Curve 3
assumes chondritic radicactivity with an initial temperature
of 0% C while Curve 4 assumes terrestrial radicactivity with
an initial temperature of 0° C, (After Fricker, Reynolds,
and Summers, 1967)

Variation of the central temperature of the Moon's surface
versus phase, (After Low and Davidson, 19655 A= 8~12p
infrared, B = 1 mm microwave, C = 3 mm microwave.
Theoretical cooling curves of the moon, (After Jaeger, 1953)
The ratio of the observed scaitering cross-section s to the
geometrical cros;—section‘TT’éz as a function of wavelength
for the Moon. (After Hagfors, 19675

Relative power as a function of -delay time for three different
wavelengths. (After Hagfors, 1967)

Relation between delay and angle of incidence, a is the
radius of the Moon and ¢ is. the velocity of light.

The relative power versus delay time when 12 p sec pulses
are reflected by the Moon at 68 cm wavelength, (After Evans
and Pettengill, 1963)

The average echo intensity versus time delay curve for the

depolarized component at a wavelength of 68 cm, (After
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Evans and Pettengill, 1963)

Figure 73 The polarization p(i) versus delay time for circularly
polarized illumination, ; (After Evans and Pettengill, 1963)

Figure 74 Geometry of lunar radar reflections showing contours of
constant delay and frequency, ‘(After Thompson and Dyce, 1966)

Figure 75 Intensity of interplanetary field near the moon, Orbit 26,
day 214, week 3, Explorer 35, Ames magnetometer,

Figure 76 Intensity of interplanetary field near the moon, Orbit 12,
day 207, week 2, Explorer 35, Ames magnetometer.

Figure 77 Location of positive and negative anomalies on leeward side
of the moon for Orbit 26. Explorer 35, Ames magnetometer,

Figure 78 Dielectric constant K, versus frequency for various values
of frequency, for a conductivity of 107% whos/meter.

Figure 79 Real paft M of the reflection coefficient versus induction
number CH— for a dielectric, permeable, conductive sphere
in a uniform-alternating magnetic field, Permeability
K, = 1.0, loss tangent variable as indicated,

Figure 80 Real part M of the reflection coefficient versus induction
number QQ» for a dielectric, permeable, conductive sphere
in a vniform alternating m;gnetic field, Permeability
K, = 3.16, loss tangent variable as indicated,

Figure 81 Imaginary part N of the reflection coefficient versus induc~
tion number qg"for a dielectric, permeable, conductive
sphere in a uniform alternating magnetic field, Permeability
K, = 1.0, loss tangent variable as indicated,

Figure 82 Imaginary part N of the reflection coefficient éersus induc-

tion number‘%?’ for a dielectric, permeable, conductive sphere



Figure

Figure

Figure

Figure

Figure

Figure

' Figure

Figure

Figure

Figure

83

84

85

86

87

38

89

90

91

92

399

in a uniform alternating magnetic field, Permeability

K, = 3.16, loss tangent variable as indicated.

Relaxation spectra of electrical parameters of a sample of
basalt (after Ward, Jiracek, and Linlor, 1968). Density
2.67 gns/ce, 1% water.

Estimated temperature-depth profiles for the Earth and

Moon., See ca.ption Tigure 85 for deseription of Moon model.
Semi-logarithmic plot of temperature versus depth for the
"reduced terrestrial model" with initial temperature of 0° C
and surface temperature Bf 0° C (after Fricker, Reynolds,
and Summers, 1967).

Conductivity profile of the "preferred" model of the moon.
Estiméted dielectric constant profile of the-”preferred"
model of the moon,’

Discontinuous conductivity profiles which reveal the expected
major layers in the moon., First order approximations to
syreferred' profiles,

Discontinuous‘relative dielectric constant profiles which
reveal the expected major 1ayer$ in the moon. First order
approximations to "preferred" profiles.

Discontinuous low <§ and high U pyofiles of the expected

major conductivity layers in the moon, -

Discontinuous low $J and high{J profiles of the expected

major dielectric constant layers in the moomn,

Conductive permeable sphere in uniform alternating magnetic
, ~tuwit . .
field ¥£,63 . Radius of sphere, R. Electrical parameters

of sphere 5i</ﬁl‘3;, + Electrical parameters of surroundings
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Figure 93 In-phase (M) and quadrature (N) components of induced dipole
moment of a sphere in a uniform altermating magnetic field,
Figure 94  Theoretical magnetotelluric curves over layered structures,
Figure 95 TUniform plane electromagnetic waves normally incident upon
a plane layered structure,
Figure 96 Modulus of amplitude reflection coefficient H/'I versus
frequency for model 1.
Figure 97 Real part of amplitude reflection coefficient )’}?[r) versus
frequency for model 1.
Figure 98 Imaginary part of amplitude reflection coefficient \ﬁm ( /" )
versus frequency for model 1,
Figure 99 Modulus of a1:nplitude reflection coefficient Id versus /'2 5,}1, ,
for the first layer of model 1 and two variants therefrom,
Figure 100 The real part of the appare—nt surface impedance,é? :Z;L) versus
frequency for model 1,
Figure 101 The imaginary part of the apparent surface impedance.
Figure 102 Phase d')a'_ versus frequency for ﬁodel 1,
Figure 103 Apparent conductivity (3&_1 versus frequency for model 1.
Figure 104 Apparent dielectric constant I(a_l versus frequency fo'r model 1,
Figure 105 Apparent conductivity G:; versus frequency for model 1
( 7% " = 10"6) and for three variants of layer 1 conductivity,
Figure 106 Dielectric constant K ‘ versus frequency for a number of
earth materials,
Figure 107 Conductivity QJ versus frequency for a number of earth materials,

Figure 108 Loss tangent tan S versts frequency for a number of earth
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Modulus of amplitude reflection coefficient fr’) versus
frequency for models 2a and 2b,

Apparent dielectric constant I(;! versus frequency for

models 2a and 2b,

Apparent conductivity <3;} versus fredquency for models 2a and 2b,
Modulus of amplitude reflection coefficient /Yi versus frequency
for models 3a and 3b.

Apparent dielectric constant. }(ﬁi versus frequency for models
3a and 3b,

Apparent conductivity C\Ej versus frequency for models 3a and 3b,
Modulus of amplitude reflection coefficient ]r”) versus
frequency for model 4,

Apparent dielectric constant Pﬂ; versus frequency for model &,
Apparent conductivity (Z;lversus frequency for model 4,
Reflection coefficient |Y1 versus frequency for two-layered
lunar Model 3, ‘Upper layer thickness hl = 10 m, 100 m, 1000 m.
Substratum exhibits properties of (a) dry basalt, (bj basalt
with 1% water, (c) permafrost,

Reflection coefficient 1Y1 , apparent dielectric constant K,,
and apparent conductivity. \§J versus frequency for model 5,
Power loss upon reflection for model 3 with the first layer

of thickness h; = 10 m overiying (a) dry rock, (b) wet rock

(1% water), (c) permafrost,

Uniform plane electromagnetic waves incident at angle q%

upont a plane layered structure,
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Concentrically layered sphere,

Vertical magnetic dipole over a homogeneous half space,
Section view of inductive electromagnetic field configuration,
Kilauea Iki sounding interpretation,

Argand diagram, vertical magnetic field at 10° hz,

Plan and section views of tilt angle field configuration,

Tilt angle sounding curves, (iiéj; = 10,
Tilt angle sounding curves, 'TL,3: = 100,

Tilt angle sounding curves, Gl/ﬁ; 1000.

Tilt angle sounding interpretation, San Jose, California.

Tilt angle versus frequency for dry volcanic ash overlying
dry basalt,

Tilt angle versus frequency for dry volcanic ash overlying
basalt with 17 moisture,

Tilt angle versus frequency for dry volcanic ash overlying
basalt with 3,87 moisture,

Tilt angle versus frequency for dry volcanic ash overlying
permafrost,

Tilt angle versus frequency for 10 meters of volcanic ash

overlying different materials,

Horizontal magnetic dipole over a homogeneous half space,

Two adjacent current lines AB and ab on surface of

homogeneous half space.
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elliptically polarizad field, total field solid,

secondary fleld dasted (after Ward and Fraser, 1966).

. ) - '
Real part of &pparent conduclivity G, versus
frequency for a hot wer model of the Moon (after

Ward, Jiracek, and Linlor, 1958),

£ 1 .
Phase ($ versus frequency foxr a hot wet model of

the Moon (after Ward, Jiracek, and Linlor, 19G8),

The phagse and awplitude of the witual impedance ratio
Z/ZO as a function of the induvction number for two
horizontal co-planar loops lying on a homogeneous

&

groud,

Varian Associates~Texas Gul¥ Sulyhur Company heli-

copterborae electromagnetic system,

Pulses reflected from the bottom of a simulated uniform

~

debris layer, delta function input.

Possible coupling paths for the capacitive coupling

method,

Induced elgctrical polarization and resistivity data,

Coppormine River Area, Northwest Terxitorles, Canada,
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Figure 148 .Quasi~section method of pleiting resistivity and

induced polarization data,
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