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I.

This is a si.-month urogress report covering research on the moon and

its environment by the principal investigator. The specific objectives,

approaches, and statements of work are presented in the body of the proposal

submitted in February 1975• Section II briefly summarizes results in the

primary research areas, and Section III lists publications and verbal papers

submitted during the six-month period. Copies of publications and abstracts

are included in Section IV.

II. SUMMARY OF RESULTS

During the time period 1 September 1975 - 28 February 1.976 our lunar

analysis has expanded to include data from a total of nine lunar magnetome-

ters: three Apollo lunar surface magnetometers, two Apollo sG'lsatellite

magnetometers, two magnetometers aboard Explorer 35, and the Russian Luna-22

orbiter and Lunokhod -2 surface rover. New results have been obtained concern-

ing electromagnetic, compositional, and structural properties of the lunar

interior. In particular, the following tasks were completed during the grant

period.

(1) Lunar Magnetic Permeability and Iron Abundance: Recent research

studying magnetic permeability and iron abundance of the moon has involved

the use of two different analytical techniques and a total of five different

instruments. In the first technique simultaneous data are used from one

Apollo surface magnetometer and. one or both magnetometers aboard the lunar

orbiting Explorer 35. A total of 10 lunations of quiet geomagnetic tail

data have been used, extending over parts of 3 different calendar years.

In the second (more recent) technique we use 5 lunations of simultaneous

data from two Apollo surface magnetometers. This technique uses a differen-

tial method of subtracting out the external magnetizing field and has the
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advantages of (a) using all three vector components in the analysis rather
a

than just the radial component, (b) subtracting out all constant fields

measured out at either site, making its analysis independent of offset

errors and remanent field determination at either site, and (c) making use

of high resolution LSM data only. The table below summarizes magnetic per-

meability results to date.

Magnetometers	 No. Lunations	 Date	 Components Permeability
Used

AP 12 LSM/EX 35	 8	 1969-70	
Roan	 1.012±0.006

AP 15 ISM/EX 35	 2	 1971	
Radial
	 1.019±0.004only

AP 15 ISM/AP 16 LSM	 5	 1972	 all	 1.008±0.005

We are able to calculate iron abundance in the moon from the bulk

lunar permeability by assuming a suitable mineral compositional model of

the moon (olivine or orthopyroxene of density and percentage iron silicate

composition consistent with known global density ) moment of inertia & other

geochemical constraints); and a Curie isotherm depth consistent with lunar

temperature profiles determined by seismic, magnetometer, and geochemical

results. The free iron content is found to be 2.5 t 2.0 parcent by weight

and the total iron in the moon is 9.0 t 4.7 wt %.

(2) Limits on a highly-Conducting Lunar Core: The moon could have a

small highly conducting lunar core which, if having a sufficiently long

Cowling time of the order of a few days or longer, would continually exclude

the external geomagnetic tail field, therefore acting as a "diamagnetic"

region of effective permeability = 0. In this case the field enhancement

of the outer region dominated by ferromagnetic and paramagnetic iron would
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compete with the field decrease of the "diamagnetic" core; magnetometers on

the surface or in lunar orbit would then measure the resultant net field.

Our previously reported results assumed no such diamagnetic core; indeed,

nothing in our permeability or conductivity studies indicates the existence

of such a core.

A preliminary calculation of the upper limits on the size of a highly

conducting (assumed a = m) core has been eompleted for an assumed Curie iso-

therm depth of 250 km (consistent with electrical conductivity results). We

have calculated two cases for lunar compositions of olivine and orthopyroxene,

in each case assuming no iron silicate, so that free iron content is maximized

and therefore size of the hypothetical core is maximized. The upper limit

on an orthopyroxene moon is 535 km and for an olivine moon 385 km. It is

noted that for both lunar models the minimum core radius is zero, that is,

all our measurements to date are consistent with the nonexistence of a highly

conducting core.

(3) Lunar Electrical Conductivity: A new analytical technique has

been recently developed and applied to .lunar electrical conductivity, in

which simultaneous data measured in high-latitude regions of the geomagnetic

tail are used from a. network of three instruments: the Apollo 15 lunar sur-

face magnetometer (ISM), the Apollo 16 ISM, and the Apollo 16 subsatellite

magnetometer, which provides coverage around the entire global circumference.

A numerical analysis program uses measured total fields from the three mag-

netometers to separate the time-varying field from the induced lunar poloidal

eddy current field. Thereafter a conductivity profile for the lunar interior

can be found by an iterative technique.
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Also, a two-instrument technique has been applied which uses Apollo 12

LSM data and simultaneous data from the Goddard magnetometer aboard Explorer

35• All measurements are made when the moon is located in high-latitude
^Fl

Cl

regions of the geomagnetic tail where plasma effects in the lunar environ-

ment ari minimal. Individual magnetic events are superimposed to obtain

a single large transient for analysis. Also, during examination of five

years of data one exceptionally large, well-behaved transient was recorded

when the moon was in the geomagnetic tail. This single event promises sub-

stantial improvement in resolution and sounding depth for conductivity

analysis. Most recent electrical conductivity results are included in

Section IV.

(4) Lunar Internal Structure Inferred from Conductivity and Permeability

Results: Structural implications of conductivity results to date (Dyal et

al., 1976) are as follows: The first 250 km depth has very low electrical

conductivity. No conductivity transition. is seen at the 60 km seismic dis-

continuity reported by Nakamura, Latham and coworkers, but our resolution

to date is limited at such shallow depths. Between 250-300 km depth the con-

ductivity increases dramatically, reaching a "knee" at about 300 km depth.

This change corresponds closely to the seismic discontinuity at that depth.

From 300-900 km depth the conductivity continues increasing, but at a

decreased rate. At about 900 km a slight increase in conductivity is indicated

by the best fit profile at the seismic velocity change in the moon quake region

of the lunar interior, but errors on the conductivity profile are large enough

at these depths to prevent a definite conclusion at this time. A highly con-

ducting core of maximum radius 535 km is found to be possible for the extreme

case of magnesium-silicate dominated orthopyroxene with Curie isotherm depth
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of 250 ka indicated from the temperature profiles inferred from conductivity

calculations. However, there is no positive indication at this time that

any core of conductivity > 10 mho/m need exist in the moon.

III. LIST OF PUBLICATIONS/ABSTRACTS

(1) Dyal P., Parkin C.W., and Daily W.D., "Lunar Electrical Con-

ductivity and Magnetic Permeability." Proc. Lunar Sci. Conf.,

6th, Vol. 3, pp. 2909-2926 , 1975 • Pergamon Press.

(2) Dyal P., Parkin C.W., and Daily W.D., "Structure of the Lunar

Interior from Magnetic Field Measurements," in Lunar Science VII,

part I, 1976.

(3) Daily W.D., Dyal P., and Parkin C.W., "Lunar Electrical Conducti-

vity Profile from Magnetometer Network," (abs.) to be published
s

in EOS, vol. 57, 1976.
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Lunar electrical conductivity and magnetic permeability

PALMER DYAL.

NASA Ames Research Center, Motiett Field, Culifornia^94035

CURTIS W. PARKIN

Department of Physics, University of Santa Clara, Santa Clara, California 95053

WILLIAM D. DAILY

Department of Physics and Astronomy. Brigham Young University, Provo. Utah 84602

Abstract—Improved analytical techniques are applied to a larger Apollo magnetometer data set to
yield values of electrical conductivity, temperature, magnetic permeability. and iron abundance.
Average bulk electrical conductivity of the moon is calculated to be 7x 10"mholm. Allowable
solutions for electrical conductivity indicate a rapid increase with depth to — to- ' mhu/m within
250km. The upper limit on the calculated size of a hypothetical highly conducting core (3a7x
10" mho/m) is 0.57R/R.,.,... The temperature profile, obtained from the electrical conductivity profile
using the Inbora, my data of Duba et at. (1974) for olivine, indicates high lunar temperatures at
relatively shnllow depths. These results imply that the Curie isotherm is at a depth of less than 200 km.
Magnetic permeability of the moon relative to its environment is calculated to be 1.00810.005.
Adjustment of this result to account for a diamagnetic lunar ionosphere yieids a lunar permeability.
relative to free space, of 1.012'%":. Lunar iron abundances corresponding to this permeability value
are 2.5 _t, wt.!'c free iron, and 5.0-13.5 wt.% total iron for a moon composed of a combination of free
iron, olivine, and orthopyroxene.

INTRODUCTION

DATA FROM the network of magnetometers placed on the moon by Apollo
astronauts have allowed investigation of internal lunar properties. The purpose of
this paper is to report our latest results of lunar electrical conductivity, tempera-
ture, magnetic permeability, and iron abundance.

Previous electrical conductivity analyses using a time-dependent transient
response technique have been applied to nightside lunar data with the moon in the
solar %rind (e.g., Dyal and Parkin. 1971a; Dyal et al., 1972), dayside data in the
solar wind (Dyal et al., 1973). and to geomagnetic tail data (Dyal et al.. 1974).
Results to be presented here are calculated using data from deep in the

geomagnetic tail lobes. A new transient-superposition technique is used which
improves the signal-to-noise ratio in the analysis. In addition, amplitude and phase
information are used for all three vector components of magnetic field data.

In our earlier work on magnetic permeability and iron abundance of the moon
(Dyal and Parkin, 1971b; Parkin et al., 1973. 1974), the analytical technique

involved use of simultaneous data from the lunar orbiting Explorer 35 mag-
netometer and the Apollo 12 or 15 surface magnetometer. With the present
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technique, simultaneous data from the Apollo 15 and 16 surface magnetometers
are used, requiring no orbital magnetic field data. This method has the advantages
of using only the hishcr resolution surface magnetometers, and is insensitive to
instrument offsets. The lunar ionosphere in the geomagnetic tail is modeled, and
results arc compared with those of Apollo subsatellite measurements (Russell ct

al., 1974a,b). Values of lunar magnetic permeability and iron abundance are
calculated taking into account effects of the diamagnetic ionosphere.

LUNAR ELECTRICAL CONDUCTIVITY AND TEMPERATURE

Lunar electrical conductivity is calculated using measurements of global eddy
current fields induced by changes in the magnetic field external to the moor.. The
time dependence of the induced field response is a function of the electrical
conductivity distribution in the lunar interior. Simultaneous measurements of the
transient driving field and the lunar response field, by Explorer 35 and Apollo
surface magnetometers, allow calculations of the conductivity. Detailed descrip-
tions of the Apol!o and Explorer 35 instruments are reported in Dyal et al. (1970)
and Scnett et al. (1967).

Analytical technique
Data have been selected from measurements obtained in the lobes of the

geomagnetic tail, during times when there is no indication of plasma effects
(Anderson, 1965). The individual data sets are also subject to the following data
selection criteria: (1) the magnitude of the field external to the moon (measured by
the Explorer 35 magnetometer) is required to be at all times greater than 8
gammas; (2) the external field is directed approximately along the --un-earth line;
(3) main qualitative features of each event are required to appear in both surface
and orbital data in all three vector coordinate axes to minimize use of data with
large field gradients between the two magnetometers; and (4) no plasma data are
measured above the solar-wind spectrometer instrument threshold. Criteria (l)
and (2) c. a used to insure that no neutral sheet crossings are used in the analysis.
Therefore, we have chosen data for times when the lunar response can be
modeled by that of a conducting sphere in a vacuum. Details of the vacuum theory
are reported in Dyal et al. (1972, 1974).

Since the field equations governing the electromagnetic response of a sphere in
a vacuum are linear, the sum of any two solutions is itself a solution. We take
advantage of this principle by superimposing many driving functions (measured
by the Explorer 35 orbiting magnetometer) to form an aggregate data event, and
comparing this with the aggregate formed by superposition of the corresponding
response functions (measured by an Apollo surface magnetometer). .-hese
aggregates have much higher signal-to-noise characteristics than do the individual
events since errors such as those due to magnetometer digitization and to geotail
gradients will be gaussian and tend to average out in the event-addition process.
The response to the driving field aggregate is calculated for an assumed electrical
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conductivity profile a ( r), compared to the measured time series response (Apollo
magnclometer data aggregate) and then reiterated by adjusting a(r) until The error
between the calculated response and measured response is minimized.

Electrical conductivity results

The eighteen data events ..sed in our analysis have been linearly superimposed
using a 20-inch IMLAC programmable display system in a real-time interactive
mode with the Ames IBM 360167 computer. For an assumed conductivity profile
the IMLAC display is used to compare the calculated response with the measured
Apollo aggregate. The conductivity profile is then iteratively adjusted until the
calculated response function mulches the measured Apollo response. Transient
aggregates for the radial and two tangential axes are shown in Figs. 1, 2, and 3. The
"computer response field" in each of these figures is calculated from the
conductivity profile displayed in Fig. 4. The figure insert shows a family of profiles
which also fit the data and give bounds on lunar conductivity. One of the profiles
shown in the insert is the homogeneous -moon profile, which gi%es a value of
7 x 10-4 for the average bulk conductivity of the moon.

In our analysis we assume that the electrical conductivity increases monotoni-
cally with depth from 10 - ' mho/m at the surface (Dyal and Parkin, 1971b) and that

AGGREGATE TRANSIENT RESPONSE (RADIAL—)()

--MEASURED RESPONSE FIELD (APOLLO 12) -	
---EXTERNAL INPUT FIELD (EXPLORER 35)

—•--COMPUTED RESPONSE FIELD
q
^

Gf ,^ ^	 t
u i

tt
0 -67

1
4 ^t

1-

TIME, min

Fig. 1. Aggregate transient response (radial-x). The aggregate is the sum of radial
(ALSEP x-axis) magnetic field components for eighteen events in the geomagnetic tail
lobes, selected to minimize plasma effects. llte external field is a sum of events measured
by lunar orbiting Explorer 35 magnetometer: measured response field is the surface
magnetic field aggregate of the game events measured by the A pollo 12 magnetometer.
Computed response field is a theoretical response calculated for a sphere of electrical

conductivity o(r) shown in Fig. 4.
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AGGREGATE TRANSIENT RESPONSE (TANG" JTIAL-Y)
I °^
t	 t ,2

— MEASURED RESPONSE FIELD (APOLLO 12)
—EXTERNAL INPUT FIELD (EXPLORER 55)

'	 c COMPUTED RESPONSE FIELD
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ti

-340
10	 20	 30	 40	 50	 60

TIME, min

Fig. 2. Aggregate transient respmse lumgcntial-y). Aggregates are the external, com-
puted, and measured response fields for the tangential (eastward) ALSEP 	 Y-axis	 i

corresponding to the radial R-axis data illustrated in Fig. 1.

't

AGGREGATE TRANSIENT RESPONSE (TANGENTIAL-Z)

50
— MEASURED RESPONSE FIELD (APOLLO 12)

------EXTERNAL INPUT FIELD (EXPLORER ]S)

—COMPUTED RESPONSE FIELD
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18	 _

t	
I
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f

-140	
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'c Fig. 3. Aggregate transient response (tangential-: ). Aggregates are the external, com-
puted, and measured respunse Melds for the tangential inurthward) ALSEP Z-axis

corresponding to the radial X-axis data illustrated in Fig. I.
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LUNAR ELECTRICAL CONDUCTIVITY

DEPTH,km
1500	 1000	 500	 0

10.2

10'3

l0•3
s

174

10.3

10' Of
FITMIA

0	 .5	 Id

Si
810-3
x

10.4

z 10-5

8
10-6

L

R/RM
Fig. 4. Lunar electrical conductivity profile which gives "best fit" response to the
aggregate event shown in Figs. 1, 2, and 3. Insert shows other conductivity profiles which

give approximate bounds on the range of allowed solutions.

it is a continuous function from the surface to the center of the moon. (The
conductivity is shown for all radii in Figs. 4 and 5 since the analysis requires that
the conductivity be defined throughout the entire lunar sphere.) The uncertainty in
the electrical conductivity is reflected in the spread of allowable profiles shown in
Fig. 4 insett. These profiles are the simplest forms that we consider appropriate
for our data set: the conductivity below 0.3R.,, however, can vary by orders of
magnitude without being discriminated by our technique. These uncertainties
cannot be delineated by error bars associated with individual depths because
errors in the analysis are reflected by the entire conductivity function. The
uncertainty in the profile arises from several factors: (1) the nonuniqueness of

LUNAR ELECTRICAL CONDUCTIVITY
DEPTH, W

araY

Fig. S. E,ectrical conductivity profile illustrating the maximum size of a hypothetical
highly conductingcore of conductivity 7 x !0 - ' mho/m: R,.. ,Q 0.578,,.
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profile determination as discussed by Backus and Gilbert (1970), Phillips (1972),
and llobbs (19.13); (2) the penetration depth allowed by 0-c length of the data set
used and its frequency content; (3) the frequency response limitations of the
Explorer 35 and Apollo magnetometers; (4) nouhontogeneities in the external field
over the dimensions of the moon; and (5) instrumental errors in the measured
fields. The conductivity profiles shown in Fig. 4 are consistent with previous
transient-analysis results (Dyal and Parkin, 1971a; Dyal et al., 1974).

An important result of this analysis is that the lunar conductivity rises rapidly
to 10' ntho(m within 250-kin depth and remains relatively constant to 800-km
depth. We have also investigated the possibility that a partially molten core exists
in the moon at a depth of approximately 800km, as indicated by seismic results
(Nakamura et al., 1974). We have examined the limits that electrical conductivity
analysis places upon a partially molten core, using an order-of-magnitude increase
in conductivity to represent a phase change (Khitarov et al.. 1970; Pfesuall ct al..

1972), then determining where such a highly conducting core could exist consis-
t	 tent with magnetic field data. The upper limit on the size of such it core is

determined to b- 	 lunar radius, close to the value 0.55R.,,.. determined from
ar sn is measurements (Nakamura et al.. 1974). Analysis of longer transient-event

c,;utes will further define the size limit on a highly conducting core in the
moon.

Inferred lunar temperature
For minerals which are probable constituents of the lunar interior, the

electrical conductivity can be expressed as a function of temperature, and
therefore a thermal profile of the lunar interior can be inferred from the
conductivity profile in Fig. 3 for an assumed material composition. Many
investigators have published laboratory results relating conductivity to tempera-
ture for materials which are geochemical candidates for the lunar interior (e.g..
England et al., 1968; Doha et al., 1972; Schwerer et al., 1972; Duba and Ringwood,
1973; Olhoeft et al., 1973).

Recently Duba et al. (1974) have measured conductivity of olivine as a
function of temperature under controlled oxygen fugacity and have found the
measurements to be essentially pressure independent up to 8 kbar. These meas.
urements for olivine have been used to convert our conductivity profile of Fig. 4
to a temperature profile (Fig. 6). The Fig. 6 insert show; a family of temperature
profiles which reflect the error limits of our conductivity calculations. We see
from Fig. 6 that the iron Curie isotherm (-780°C) should be reached within a
depth of 200 km, allowing permanently magnetized material to exist only at
shallow depths in the moon. The results imply a high temperature gradient to
250-km depth (averaging 60Klkm), and rather uniform temperature from 250 to
800-km depth. Similar conclusions have been reached by Kuckes (1974) using
harmonic analysis of magnetometer data with the interpretation that convection is
an important process in the present day moon. Also Hanks and Anderson (1972)
have theoretically calculated a thin thermal boundary layer and high temperature
interior for the moon, consistent with our results.
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LUNAR TEMPERATURE

DEPTH, km

1600	
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Fig. 6. Temperature profiles of the lunar interior, determined from the conductivity
profiles in Fig, 4. A lunar interior composition of olivine is assumed: laboratory data for

olivine from Duba et al. (1974) are used in the calculation.

LUNAR MAGNETIC PERMEABILITY AND IRON ABUNDANCE

Relative magnetic permeability of the moon can be calculated using data
measured during times when the global magnetization field is the dominant
induced lunar field. This type of induction dominates when the moon is in
magnetically quiet regions of the geomagnetic tail, where the ambient external
field is essentially constant and therefore eddy current induction is minimal.

Analytical technique

In previous reports (Parkin et al., 1973, 1974) we calculated permeability µ
using simultaneous measurements of the external field H by the lunar orbiting
Explorer 35 magnetometer and the total surface field A using the Apollo 12 or 15
lunar surface magnetometer (LSM). In the present analytical method, simultane-
ous magnetic fielc' data from Apollo 15 and 16 LSM's are used, requiring no orbital
magnetometer data. This method has the advantages of (1) higher resolution of the
LSM's and (2) results are not sensitive to instrument offsets, since calculations
involve field differences, and offsets are canceled out of the analytical equations.
Also, data are selected from deep in geomagnetic tail lobes where plasma effects
are minimized, and 10-min averages of steady data are used so that eddy current
induction effects are negligible.

Our present method involves using sets of field measurements B made at two
times, each simultaneously at two Apollo sites (by the Apollo 15 and 16 LSM's). A
description of the theoretical development is given in Appendix A. In this method
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a system of twelve equations is used plus a transformation mntrix relating fields
` measured at the two surface sites, yielding a total of 13 equations with 10

unknowns. These equations are solved for the lunar bulk relative magnetic
permeability IA,,, expressed as follows:

AB,. — a„AB,.
µ” a„AB„+a,)AB,,	 (1)

a:,AB,.	 (2)AB:, — a:=AB,, — a:)AB„
a ),AB„	 (3)

= AB:, — a):AB,, — a,)AB,,

where subscripts I and 2 denote Apollo sites, e.g. site I can be designated Apollo
15 and site 2, Apollo 16; subscripts .r, y, z, denote vector components in the
ALSEP coordinate system with origin at either site, where s is directed radially
outward from the lunar surface, and y and P are tangent to the surface, directed
eastward and northward, respectively; a;, is an element in the transformation
matrix from site I to site 2. Each field-difference term AR, =B„(tm)-B„U,)
denotes a difference in a field component measured at the same site at two
different times when field values are different. We use the generalized notation
µe =A,jA,, where A, and A, are defined as numerator and denominator, respec-
tively, of either Eq. (1), (2), or (3).

Rela . e magnetic permeability results

To solve for bulk relative permeability of the moon we perform a regression
analysis on the generalized field-difference parameters A, and A,, shown in Fig. 7.
This curve has been constructed using over 2000 simultaneous Apollo 15 and
Apollo 16 magnetometer data sets, measured during five orbits of the moon
through the geomagnetic tail. These data have been carefully selected to eliminate
data measured in the plasma sheet or contaminated by other induction modes such
as eddy current induction (see Parkin, et at., 1974).

Effects of plasma diamagnetism and confinement are minimized by eliminating
data points for which the magnitude of the external magnetizing field H <
7 x 10-' Oe. Since poloidal eddy current induction is dependent upon time rate of
change of 11, inclusion of poloidal fields is minimized by averaging over 10-min
intervals during which Apollo 15 and 16 data peak-to-peak variations are small.
Then pairs of data points are selected from dift'erent times, using criteria to insure
that the denominators in Eqs. (1) to (3) are nun-zero. Finally, a regression analysis
is performed on the set of ordered pairs (A,, AJ plotted in Fig. 7. The least-squares
best estimate of the slope, calculated using the method of York (1966), is
Ab = 1.008 t 0.005.

Lunar magnetic permeability results adjusted for ionospheric effects
We have calculated a value for relative magnetic permeability of the moon. To

determine the absolute lunar permeability and iron abundance in the moo,, we

.iu n.rSBcuiw - --
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LUNAR PERMEABILITY ANALYSIS

42,1

Fig. 7. Lunar permeability analysis, using all three vector axes of simultaneous Apollo
15 and 16 surface magnetometer dau, for five lunations in the geomagnetic tail lobes. The
least-squares slope gives a value for the balk lunar relative permeability: 1.008a0.005.

The parameters., and A, are defined in the text.

consider the magnetic permeability of the environment exterior to the moon, in
particular, the lunar ionosphere in the geomagnetic tail.

The lunar atmosphere (see Johnson, 1971; Hodges et al., 1974) is the source of
the ionosphere. The lunar atmosphere is an exosphere whose sources are

neutralized solar-wind ions and neutral atoms outgassed from the moon. The
species of solar-wind origin are '"Ar.'°Ne, 4 He. H., and H. Hydrogen and helium
escape thermally with lifetimes ranging from 10' to 10' see while "Ar and "Ne
have much longer lifetimes which are controlled by photoionization.

Previous work on the lunar ionosphere has been confined to time periods when
the moon is in the solar wind (bfanka, 1972: Vondrak and Freeman, 1974). During
the four -day period when the moon is in the geomagnetic tail, the solar wind is no
longer a primary source of neutral atmosphere. He, H,, and H thermally escape
within several hours and do not contribute significantly to the lunar ionosphere.
°"Ne, '"Ar, and 4"Ar are the main atmospheric r )nstituents clue to their long
residence times. The ionization of the atmosphere .. he solar wind is dominated
by charge exchange (Weil and Barasch, 1963), whereas in the geomagnetic tail the
principal process is photoionization by ultraviolet radiation frum the sun. In
addition, acceleration by the motional electric field has been considered to be the
principal loss mechanism for ionospheric particles when the moon is in the solar
wind. In the geomagnetic tail, plasma conditions are different; thermal escape,
electric field acceleration, and ballistic collision with the surface are possible loss
mechanisms.

The photoionization of the sunlit lunar atmosphere is determined by the solar
spectrum and the photoproduction cross sections of each species. In this

photoionization process the photon energy is used to ionize the neutral atoms and

,,,-^J^.^, SAGE
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the excess energy is converted to photoelectron kinetic energy. By considering
the peak photon flux and cross sections, we estimate the photoelectron energy to

i be about 20eV for both No and Ar. We assume that the ions remain at the
effective temperature of the neutral atmosphere which is in thermal equilibrium
with the surface at 300'K. The thermal speeds of the high energy electrons are in
excess of the escape velocity (2.4 x 10' cm/sec). However, the electrons are also
electrically attracted to the ions which are gravitationally bound to the moon at
the low temperature of 300°K. To consider these competing elfects we consider
the equations governing the behavior of both the ions and electrons of each
;onized species:

dz	 kT' +1	 kT'

1 dn,=—g(r)rtr,_ eE	
(5)n, dz	 kT,	 kT

where n', in% T', and n„ m„ T. are the density, mass, and iemperature of the
ions and electrons, respectively; z is altitude above the lunar surface; g(r) is the
lunar gravitational acceleration; a is charge on the electron: and k is Boltzmann's
constant. The 6 ctric field E is the Rosseland field, which is responsible for
maintaining local charge neutrality. Since g(r) takes into account the finite mass
of the lunar atmosphere, solution of Eqs. (4) and (5) for the density is valid far
from the moon as well as near the lunar surface. A scale height can be calculated
from this distribution which dt-pends, for the model described above, -)n the ion
mass and the electron temperature and is about 1100 km for both neon and argon.
Using an expression given by Johnson (1971) for the mean residence time T, we
can now estimate the loss rate of lice ionosphere by thermal escape. We also
calculate the production rate for the ionospheric constituents. Using this informa-
tion we then calculate the time derivative of the ion density:

	

do _ Or	 (6)dt 

where p is the production rate and n /T is the loss rate. At equili orium n = pr.
Results indicate a characteristic ion density of approximately 10 cm - ' between

the surface and 100-km altitude. The energy density of this ionospheric plasma is
dominated by the energetic electrons, and the geomagnetic tail field is about 10
gammas. The ionospheric plasma diamagnetic permeability µ, is derived from
B = µH = H +41rM, where Df = — nkTBIB 2:

	

µ, = (1 +,812)- '	 (7)

where 8 = 87rnkT/B'. Using ion density n = 10 ions/cm', plasma temperature
T = T, = 1.5 x 10"K and B = 10 gammas, we calculate the ionospheric relative
magnetic permeability to be µ, =0.8. This theoretical diamagnetic permeability
for the ionosphere compares favorably with the experimental value obtained by
simultaneously considering our lunar relative permeability result and the experi-
mental lunar induced dipole moment determined by Russell et al. (1974x). A
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two-layer (ionosphere-moon) mudef is used to calculate permeability of the moon
and the ionosphere relative to free space (see Parkin et al., 1974). The ionosphere

y	 diamagnetic permeability is calculated to be µ, = 0.76 o' o'' and the paramagnetic
permeability of the moon, adjusted for ionospheric effects, is µ = 1.0123;',' '„. This
result is in general agreement with previous measurements using Explorer 35 and
Apollo 12 magnetometer data reported by Parkin el al. (1974).

Iron abundance

Using the value of global lunar magnetic permeability, we can determine free
iron and total iron abundances. The free and total iron values are also constrained
by lunar density and moment of inertia, and are functions of thermal and
compositional models of the lunar interior.

The lunar bulk permeability µ = IAI2o1.1„ is too high to be accounted for by
any paramagnetic mineral which is a likely constituent of the lunar interior,
implying that some material inside the moon must be in the ferromagnetic state.
Assuming the ferromagnetic material is free iron of noninteracting multidomain
grains, the lunar free iron nbundance can be determined using a thermal model of
the lunar interior. The thermal profile is approximated by a two-layer model with
the boundary located at the iron Curie point isotherm. Figures 8 and 9 show free
iron abundance (q) and total iron abundance (Q) related to (µ — 1) and thermal
profile. Q is shown for two compositional models; we assume the moon is
composed of a homogeneous mineral (olivine or orthopyroxene) of uniform
density 3.34 g/cm', with free iron grains disbursed uniformly throughout the
sphere. All assumptions and the theoretical formulation leading to Figs. 8 and 9
are outlined in Appendix B. Using the temperature profiles shown in Fig. 6, we
find that the iron Curie isotherm radius R, should be in the range A a 0.88, where
A = R, 1R.. In our calculations we use A = 0.88.

Without adjusting our measured bulk permeability for ionospheric effects we
determine free iron abundance to be 1.6= 1.0 wt %. This corresponds to a total
von abundance of 6.7 .t0.6 wt.% for the free iron/olivine model and 13.2
0.4 wt.% for the free ironlorthopyroxene model. Using µ = 1.012":.18, which does
account for the lunar ionosphere, we determine free iron abundance to be
2.5_',:,'wt.%. The free iron abundance corresponds to total iron abundance of
6.0± 1.0 wt.% for the free iron/olivine lunar model, or 12.5:t 1.0 wt.% for the free
iron/orthopyroxene model. If we assume the lunar composition to be one or a
combination of these minerals, the total iron abundance will be between 5.0 and
13.5 wt.%.

SUMMARY AND CONCLUSIONS

Lunar electrical conductivity and temperature

(1) Conductivity results presented in this paper have been determined using a
new transient-superposition technique which increases the data signal-to-noise
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Fig. 8. Free and total iron abundances in the moon as a function of the bulk magnetic
permeability µ and temperature profile of the moon, for a free iron/olivine compositional

model.

ratio and uses both radial and tangential response data in the geomagnetic tail
lobes.

(2) The average bulk electrical conductivity of the moon is calculated to be
7 x 10-'mho/m.

(3) The calculated radially varying conductivity profile (see Fig. 4) rises
rapidly with depth to — 10 mho/m within the first 250 km, then remains relatively
constant to 800-km depth.

(4) The limiting maximum size of a highly conducting core (--7 x 10-'mho/m)
is calculated to be ,0.57R/R.; that is, our present resolution allows us to probe
to depths where moonquake foci have been located by seismic studies.

(5) A conversion of electrical conductivity to temperature using the data of
Duba et at (1974) for olivine yields a thermal profile which is relatively hot,
implying that the Curie point is within 200 km of the lunar surface.

Lunar magnetic permeability and iron abundance
(1) Magnetic permeability results have been obtained using simultaneous data

from the Apollo 15 and 16 surface magnetometers and requiring no orbital
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magnetic field data. Both radial and tangential magnetic data are used in the

analysis.
(2) The bulk magnetic permeability of the moon relative to its environment is

calculated directly from magnetometer data to be µh = 1.008=0.005.
(3) The lunar ionosphere in the geomagnetic tail is modeled, and theoretical

calculations yield an ionospheric permeability of 0.8, a value consistent with
surface and orbital magnetometer measurements.

(4) The magnetic permeability of the moon, adjusted far effects of its
21diamagnetic environment, is calculated to beµ = 1.01__1,11,,„,

(5) Free iron abundance is determined from our permeability and temperature
calculations to be 2.5.17'wt.%.

(6) Total iron abundance is found for two compositional models of the moon:
free iron/olivine model. 6.0 x 1.0 wt %; free iron/orthopyroxene model, 12.5
1.0 wt.%. Assuming the moon is composed of one or a combination of these
minerals, the overall iron abundance will be between 5.0 and 13.5 wt.%.
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APPENDIX A
It has been shown by Parkin er at. (1973) that the field on the surface of a spherically symmetric

two-layer magnetically permeable sphere can be expressed as:

8=H.(I +2F)R+H,(I-F)y +H,(1 -F)s	 (1)

where
(2>t +t1(µ, 	

A'(n - "(21"'+1	F=l2q+I1(µ,+2)-2A'(q - 1)(µ,- 1)	 (2,

Here H is the field external to the sphere at large distances; it µ,Iµ:; µ, and µ t are relative magnetic
permeability of the shell and core respectively (permeability of free space A. = 1): A = R:/R , where R,
is the radius of the boundary between the two permeable regions and R. is the radius of the Sphere. As
applied to the lunar sphere Eq. M is expressed in the ALSEP coordinate system which has its origin
on the lunar surface. The x axis is directed radially outward from the surface: the y and c axes are
tangential to the surface, directed eastward and northward. respectively.

In order to measure the dipole induced in the moon by the external field H we subtract two values
of B in Eq. (1) for which 11 is different: AB = B-B'. Forming this difference at two diterent points on
the moon for the two values of the external field we have in component form:

AB. =(1 +2F)AH.
AB,. _ ( I - F)AH„	 (3)

AB„=( t-F)AH.,
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where I - 1, 2 for the two different magnetometer sites. The two fields 11, can be related by the
Irunsformtdion

11, ° JAIIi,	 (4)
11, -JAI '11,

where JAI is the transformation matrix relating the ALSEP coordinate systems at the two sites.
Equations (3) and (4) can

	 solved simultaneously eliminating 11, to give

All.. +a,.'B,. +a„ AB,. 1AD,,-(1+2F) all (I+2F) (I-F') (I - F)

AB„°(I-F)
I

a„- AB„ +a. aB,. 
+a,

AB,., (5)(I+2F) ''(I'-F)-F (I - F)

AB, °(1-F)(a„ AB,. aB., aB„
I (I+2F) +an	 +a,,(1-F) (1-F)

where a„ arc the elements of JAI. From Eqs. (5) we have three expressions involving the induced
magnetic moment IIR,'F which are:

PP ° a uaQ„ +

AB,, - anaB„ - a„aB„

NP ° AB,. - anaB,. - a,,-%B,,
with

_ t+2F
µP 1- I;

since Eqs. (5) could have been expressed with JB, as the dependent variable, Eqs. (6) can also be
written interchanging I and 2 subscripts on the AB quantities and using the matrix elements of JAI”
instead of those from JAI.

APPENDIX B

Limits imposed on µ of Eqs. (6) in Appendix A by the LSNI data can be used to calculate the lunar
Iron abundance for suitable lunar compositional and thermal models. Two of tire models are described,
Including magnetic and other geophysical constraints. In both cases the lunar interior is modeled by a
sphere of homogeneous composition. Free iron of multidomain noninteractirl; grains is assumed to be
uniformly distributed throughout a paramagnetic mineral. The paramagnetic component in one ccse is
olivine [y Fe,SfO. • (1 - y)Alg SiOJ and in the other case is orthopyroxene (y FCSiO, • (I - y )%1gSiO,l•
The free iron is ferromagnetic in the regions where the temperature T is less than the iron Curie
temperature T,., and it is paramagnetic where T > T. Therefore. each model is a two layer permeable
sphere where µ, and µ, are the relative magnetic permeability of the spherically symmetric shell and
core respectively: R; is the core-shell boundary. I Equation (2) of Appendix A relates these variables to
the measured magnetic moment NR,'FI We consider the magnetic contributions from both free and
combined iron in both the shell and core of the model with µ„ - 1 +4rrK,., where

K, ° My. TJ+ Kr(q)	 (1)
K,- KP(y.T,) +Kr(q)

and Ke is the paramagnetic susceptibility of the olivine or orthopyroxene, y is the mole fraction of
ferrosilicate in the mineral, T. is the uniform temperature of the shell, T, is the uniform temperature of

(6)

m
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the core, K. is the apparent ferrumapnelic susceptibility or free iron in emu/cm', K t is we apparent
paramagnetic susceptibility of free iron (above the Curie tcmper:aercl, and q is the mass fraction of

ii	 free iron in the moon.
The mensured susceptibility of the free iron Kr is an r.pptrent value which differs from the intrinsic

susceptibility of iron K because of self•demagncd7ation of the iron grains and the fraction of iron in
the moon. The apparent andintrinsic susceptibility of the free iron are related (see Nagata, 1961) by

K, 9e K	 (21
pr I+NK

where p is the lunar density (assumed uniform throughout the moon), and p, is the densit y of iron. An
analogous expression relates K;. the apparent paramagnetic susceptibility, and K', the intrinsic
paramagnetic susceptibility of free Iron (7'> T.).

Negate et at. (1957) found the susceptibility of olivine to be 2.4yx10'emu/mole at mom
temperature. Using this expression, the Curie law temperature dependence, and the following
empirical equation for olivine density (Dana, 1966)

Pe (y) a 0.94y + 3.26  g/cm', 	 (3)
we obtain for olivine

K. s 0.14 T 63y + eemu/cm'.	 (4)

Similarly Akimoto rt at. (1958) give the susceptibility for pyroxenes: I.Iy x 10" emu/mote. From Deer
el at (1962) we obtain the following empirical expression for pyrozene density:

p, (y) ° 0.71y +3.15 g/cm'. 	 l5)

Again, combining the expressions from Akimoto et at. and Deer et at. with the Curie law temperature
dependence, we obtain for pyrozene

K, a 0.095 Y 24v + 108 emu/cm'.	 (6)T32±+100

The lunar moment of inertia is approximately that of a sphere of uniform density (Ringwood and
Essen, 1970). Choosing a uniform density for our lunar model we can write

q A+ I—q 	 (7)
v P, PAY)

The free iron abundance q can be determined as a function of µ for the orthopyroxene/free iron model
by simultaneously solving Eqs. (2) and 171 of Appendix A and Eq.,. (1),12).151,(6), and (7) above. The
olivine/free iron model solution is determined by solving Eqs. (2) and (7) of Appendix A and Eqs. (1).
(2), (3), (4), and (7) above. Results for iron abundances as a function of lunar magnetic permeability are
given in Figs. 8 and 9. Q, the fractional lunar mass due to both chemically uncombined and combined
iron, is constrained by q and the lunar density. For the orthopyroxene/free iron model

Q-q+ 32Y W0—q)	 (8)

and for the olivine/free iron model
t	 Iffy

Q-q+64Y+1400—q).	 (9)

In Eqs. (8) and (9) y can be eliminated by substitution of Eqs. 0).(5), and (7); therefore. the total iron
and free iron abundances are directly related. Figures 8 and 9 show the results of these calculations
relating q, Q and A — I.
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Constants used in the calculations for both models ore: 	 1

unifutin density of moon p-3.34 Stem'
density of free Iran p.-7.8581cm'	 {
demaguctitatiun factor of Iron prains N- 3.5 fNagmu, 19611 	 '.
Inithdiuuinsicferronmeneticsusccptibilit y oPiton Ke 12emulent'tBozorth, 19511
Intrinsic paramagnetic susceptibility of iron K' ^ 2.2 x to-' emu/cm'

1Tebble and Craik, 19691

thermal models T, - 900'K, T, - 1700'9,
A - 0.98, 0,96, 0.94, 0.92 	 -

T, - 800'K, T, a 1600'K,
A - 0.88, 0.84

T, - 700'K, T, - 1400°K,
A s 0.80

T, •• 600%, T, = 1000°9 	 d
A . 0.70

t

....t	 _— A
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t^ STRUCTURE OF TFX LUNAR Il,=RIOR FROM MPANETIC FIELD MEASUREMONTS,
P. Dyal*, C.W. Parkin**, and W.D. Daily***.

*NASA-Ames Research Center, Moffett Field, CA 94035
**Univ. of Santa Clara, Santa Clara, CA 95053

***Eyring Research Institute, Provo, UT 84601

The electrical conductivity and magnetic permeability of the lunar
interior have been determined from measurements by a total of six lunar sur-
face and orbiting; magnetometers. From these resulto, characteristics of
lunar internal structure are inferred.

A new technique has been applied toconductivity analysis in which
simultaneous data is used from a network of three instruments: The Apollo

3,5 lunar surface magnetometer ( LSM , the Apollo 16 LSM, and the Apollo 16
subsatellite magnetometer, which provides coverage around the entire global
circumference. Also, a two-instrument technique has been applied which uses
Apollo 12 ISM data and simultaneous data from the Goddard magnetometer aboard
Explorer 35• All measurements are made when the moon is located in
high-latitude regions of the geomagnetic tail where plasma effects in the
lunar environment are minimal. Individual magnetic events are superimposed
to obtain a single large transient for analysis. Also, during examination of
five years of data one exceptionally large, well-behaved transient was
recorded when the moon was in the geomagnetic tail. This single event
allowed substantial improvement in resolution and sounding depth for conduc-
tivity . analysis.

Although the two ty pes of conductivity analysis are analytically
different and use measurements obtained over a five- ,, ear period from six
different magnetometers, results are in sur prisingly close agreement. The
conductivity profile result is shown in the accompanying figure. A striking
feature is the abrupt transition near 300 km de pth where a knee occurs in the
conductivit profile. The conductivity increases ra pidly from the surface to
about 4x10 mhos/m at 300 km depth. At greater depths the conductivity
increases more slowly to about 2x10 -2 mhos /m at 800 km depth.

This conductivity transition at 300 km depth, the location of which
corresponds closely to that of the seismic velocity change reported by
Nakamura et al. (1974), strongly implies a structural or compositional

•	 change at that depth.

In addition, the lunar magnetic permeability determined from magnetome-
ter measurements has been used to place li=ts on a possible highly ccr:duvt-
ing core in the moon. In the Dermeability analysis the moon is represented
,by a three -layer magnetic model: an outer shell of temperature ( T) belo:•r the
Curie point (T.), whose permeability p is dominated by ferromagnetic free
iron; an intermediate shell of T > T. where permeability ;u p , that of free
space; n_md : .+-,, c	 __re .c >> ^_-^ 	 mcdeload by W. =

This core effec _.	 c:calucea ...:er:at r	 _._c fiel.̂s
v 

•:ar ti •_, e le^-.,fns of

days and therefore acts as a s rongly diamagnetic region (p - 0).
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A theoretical analysis nas oeen carried out co relate the induces mag-
netic dipole mo:rent to the core size. The induced dipo': moment has been
detexmi ed from simultaneous Apollo 12 and Ames Explcrer measurements to be
2.1x101 t 1.0x1010 gauss cm3 ('parkin et al,,, 1974) and from simultaneous
Apollo 15 and 16 measurements to be 1.4x1016 ± 0.9x101d gauss cm3 (Dyal et al.)
1975)•

Results show that the core size is a function of the depth of the Curie
isotherm and lunar composition. To calculate an udner limit on core size, we
assume that the compositional mineral'of the croon has no iron silicate and
take an extreme depth of 350 km for the Curie point (Toksoz et al., 1974) so
that free iron content  is maximized. Then the maximum allo% ,able core size is
470 km for an olivine moon and 600 ka for an orthopyroxene moon. However,
both magnetic permeability and electrical conductivity analyses are consistent
with the absence of a highly conducting lunar core.
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	 LIMAR ELECTRICAL CO:7DI(CTIVITY P OFILE FROM
D:AGP;r,'1'U:f:;'Ji:R 1.-^I'r7CJt}:

WW.D.n • +ily (Eyrin„ Fescarch Institute ) Provo,
UT V;L' 1)

P. Dyal (RASA-A,meC Research Center ) Moffett Field,
CA 94035)

C. W. Parkin (University of Santa Clara ) Santa
Clara, CA 95053)

The electrical conductivity of the lunar
interior has been dote-mircd .tith .. new analyti-
cal technique in which si;aultaieous data are used
from a network of the lunar	 the
Apollo 15 lunar surface :aa^fietometer (LSI6), the
Apollo 16 MIMp slid the Apollo 16 suboatellite
magnetometer. From this network measurements of
induced poloidal fields can be made over the
lunar sphere, which are therefore representative
of the whole-.noon electrical current distribu';on.
Ma c^netic field raeasure rents were r.:ade during times
when the moon was at hi!-h latitudes in the geo-
magnetic tail lobos. Since in the lobes the
plasma effects are rAnimal, the moon has been
modeled as a s phere in a vacuum. In the analysis
many individual ma_netic events are superimposed
to obtain a single large transient with much
better sigxral-to-nc•ise characteristics then single
events. The ccnd &.zotivity profile obtained from
this 3-ma5netometer techni que is in close agree-
ment with previous results from our 2-ma:.neto.Teter
analysis using the Apollo 12 LSM and Ex plorer 35
magnetometers. The conductivity increases rapidly
from the surfs to about 4x10 - mhos/m at 300 km
depth. At greater de pths the conductivity
increases more slc.rly to about 2x10-2 rhos /M at
800 km depth. A striking feature of the profile
is the abrupt transition near 300 km depth where
a knee occurs in the conductivity profile. This
conductivity transition, the location of which
corresponds closely to that of the lunar seismic
velocity change reported by 71a-Tamura et at. (19741
strongly implies structural or com ositional
changes at that depth.
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