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ABSTRACT

During the time period 1961-1972 eleven magnetometers were
sent to the moon, The primary purpose of this paper is to review
the results of lunar magnetometer data analysis, with emphasis on
the lunar interior. Miagnetic fields have been measured on the lunar

surface at the Apollo 12, 14, 15, and 16 landing sites. The rema-

nent field w:alues at these sites are respectively 38 ¥, 103 2" (maxi-

37, and 327¢ (maximum)
mum),A Simultaneous magnetic field and solar plasma pressure mea-

surements show that the Apollo 12 and 16 remanent filelds are com-
pressed during times of high plasma dynamic pressure. Apollo 15
and 16 subsatellite magnetometexrs have mapped in detail the flelds

above portions of the lunar surface and have placed an upper limit

of 4.4 x 1013 gauss-cm3 on the global permanent dipole moment,

Satellite and surface measurements show strong evidence that the
) Magnetic fields ara

lunar crust is magnetized over much of the lunar g%obe./stronger

in highland regions than in mare regions, and stronger on the lunar
far side than on the near side. The largest magnetic anomaly mea-
su;ed to date is between the craters Van de Graaff and Aitken on
the lunar far side. The origin of the lunar ﬁémanent field is not
yetﬂsatisfactorily understood; several source models are presented,
Simultaneous data from the Apollo 12 lumar surface magnetoneter and

the Ehplorer 35 Ames magnetometer are used to construcb a whole-

moon hysteresms curve, from which the global lumar permeability is




determined to be » = 1.012 + 0.006, The corresponding global in-

18 gauss-cma for typical inducing

duced dipole moment is ~2 x 10
fields of 10-4 gauss in the lunar environment, From the permeabil-
ity measurement, lunar free iron abundance is determined to be
2.5 +2.0 wt, %. Total iron abundance (sum of iron in the ferro-
magnetic and paramagnetic states) is calculated for two assumed
compositional models of the lunar interior. For a free iron/ortho-
pyroxene lunar composition the total iron content is 12.8 + 1.0

wt. %; for a free iron/olivine composition, total iron content is
5.5 4 1.2 wt. %. Other lunar models with a small iron core and
with a shallow iron-rich layer are also discussed in light of the
measured global permeabiiity. Global eddy current fields, induced
by changes in the mﬁséetic,field external to the moon, have Peen
analyzed to calFulate lunar electrical conductivity profiles using
| several different analytical techniques. From nightside transient
3. data with the moon in the solar wind, it has been found that deeper

than 170 km into the moon, the conductivity rises from 3 x 1074

2

mhos/meter to 10°° mhos/meter at 1000 km depth, Harmonic analyses

!

i

¥ - of dayside data differ from nightside results ﬁrimarily at the

§ greater lunar depths, where harmonic daysidefprofiles show lower

conductivities than do the nightside results. Recent conductivity

analysis of transients in the geomagnetic tail avoids many of the.

analytical problems pbsed by asymmetric confinement of induced ‘fields

o




Iin the solar wind. A conductivity profile calculated from geo-
magnetic tail transient analysis, increases with depth from
10"9 mhos /meter at the lunar surface to 10'4 mhos/meter at 340 km

depth, then to 2 x 10~2 whos/meter at 870 km depch. This conduc~

tivity profile is converted to temperature and compared with tem-

perature results of other investigators,
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I. INTRODUCTION

Magnetometers placed on the lunar surface and in orbit about
the moon have returned a wealth of information about the moon which
was not anticipated prior to the Apollo manned lunar missions.
Earlier measurements, by USSR and U.S. magnetometers on unmanned
spacecraft, indicated that the moon might be electromagnetically
inert; during that time investigators often concentrated on éhe
interactions of the moon with the solar wind plasma (Coiﬁurn et

: Spreitar ez al,) 270
al., 1967; Ness et al., 1967; Michel, lQéE%Qrather than on mag-
netlc studies of the lunar interior. "

The measurement of magnetic fields in the vicinity of the

m&cﬁ began in January 1959, when the USSR spacecraft Luna 1 car-

ried a magnetometer to within several hundred kilometers of the

“moon. In September 1959, Luna 2, also equipped with a magnetometer,

impacted the:iunér surface, The instrument aboard Luna 2 set an

Gpper limit of 100 gammas (1 gamma = 10"5 gauss) for a possible

lunar field at an altitude of about 50 km above the moon's surface
(Dolginov, 1941), Iﬁ April 1966, Luna 10, carrying a2 magnetometer

10 times more semsitive than that aboard Luma 2, was successfully
placed in a lunar orbit that caﬁe to within 350 km of the moon (see
Figure 1), : The Luna 10 magnetometer recorded a time-varying mag- Fﬂg,
netle field in the vicinity of the moon.which was at-that time

interpreted as indicating the existence of a weak lunar magneto-
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sphere ( Colaingv et al, |744),

A year later (July 1967) the United States placed the
Explorer 35 satellite, with two magnetometers aboard, in orbit
around the moon. In its orbit the satellite passes to within
830 km of the moon's surface. Explorer 35 successfully measured
magnetic properties of the solar-wind cavity dovnstream from the
moon, but it did not detect the lunar magnetosphere indicated by
Luna 10 measurements nor the lunar bow shock and iﬁduced-field
configuration previously suggested by Gold (19é6)., 1In an analy-
sis of the Explorer 35 results Sonett et al., (1947) concluded
that 1f a2 permanent lunar field exists at all, its magnitude
would be less than twu gammas at an altitude of 830 km and there-
fore £ &4 gammas at the surface for a global permanent dipole field.
The upper limit ogizlobal permanent dipole moment was set at 1020
gauss-cma, i.e., less than 10'5 that of the earth. In studies of
the solar wind interactlon with the lunar body (Colburn et al.,
1967, Ness et al.,, 1967), investigators found the solar wind
field magnitude to be ;Ji.s gammas greater in the diamagnetic
cavity on the moon's antisolar side than in the solar wind,

Surveyor spacecraft, used in the first U.S. unmanned lumar

landings, carried no magnetometers. Permanent magnets were car-
ried aboard the Surveyor 5 and & spacecraft, however, which demon-

strated that soils at those two landing sites'containmless than

b
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1% (by volume) ferromagnetic iron (de Wys, [76%).

During the early manned Apollo misslons it was determined
that the moon is much more interesting magnetically than had
been expected, Natural remianent magnetization in lunar samples
was found to be surprisingly high at all U.S. Apollo sites and
at the USSR Luna 16 site (see, for example, Strangway et. al.,
1970; Runcorn et al., 1970; Pearce et al., 1971; Nagata et al.,
1971; Nagata & al. , 1972, Colaon & al. | 1973 Pearce <t al, 1973),
Such high natural rémanent magnetism implies that at some time in
the past there existed an ambient surface magnetic field consid-
erably higher than that which now exists on the moon (Runcorn et
al., 1970; Gose et al., 1972).

The first lunar surface magnetometer (LSM), depld?ed at the
Apollo 12 site ?n November 1969, made the first direct @easure-
ment of an intrinsic lunar magnetic fleld (Dyal et al.; 19763.
The 38-gamma field measurement showed that not only are;individual
rocks magnetized, but also that magnétization in the luﬁar crﬁst
can be ordered over much larger regions, of 2 km to 200 km scale
sizes (Dyal et al., 197é$ Barnes et al,, 197/)., The permanent
and induced fields measured by the Apollc 12 magnetometer pro-
vided the impetus to develop portable surface magnetometers and
subsatellite magnetometefs for later Apollo missions.“ Permanent

magnetic fields were subsequently measured at four other landiﬁg
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sites: Apollo 14 (103 ¥ maximum), Apollo 15 (3¢ ), Apollo 16
(327 ¥ maximum), and more recently at several positions along
the USSR Lunakhod II traverse, The surface fields were attrib-
uted to local magnetized sources (“magcons'); their discovery
prompted a reexamination of Explorer 35 magnetometer data by
Mihalov et al., (197/), who found indirect evidence that sev-
eral magnetized regions exist in the lumar crust, Direct field
measurements from Apollo 15 and 16 subsatellite magnetogeters,
activated in August 1971 and April 1972, respectively, yielded
maps of some of the larger magnetized regions in the lunar crust
(Colemzn et al., /?7:c; Sharp et al,, /?¢3)Hwhich confirmed the
existence of magnetized regions over much of the lunar surface.
Subsatellite magnetometer measurements have also placed an upper
limit of 4.4 X 10’3 gauss-cm3 on the global permanent magnetic
dipole moment (ﬁussell et al.,, 1973),

Investigations of simultaneous surface magnetometer data and
solar wind spectrometer data show that the surface remanent mag-

netic fields interact with the soler wind when on the dayside of

o :
the_moon (Dyal et al.,, 1972; Clay et al., 197Z; Dyal and Parkin,

A

b
19713. The interaction is interpreted as a compression of the

! .
surface remanent Tields by the solar wind; the magnetic pressure
at the surface increases in proportion to the dynamic bulk préﬁ—

sure of the solar wind plasma.
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In addition to measuring permanent lunar fields, the network
of lunar surface and orbiting magnetometers measured fields induced
in the lunar interior by extralunar wmagnetic fields, allowing inves-
tigation of deep interior properties of the moon., Behannon (1968)
placed an upper limit of 1.8 on the bulk relative magnetic perme-
ability by studying Explorer 35 magnetometer measurements in the
geomagnetic tail. Subsequently, simultaneous measurements of
Explorer 35 and Apollo'iZ magnetometers have been used to yleld
the more accurate value of‘1.012'i 0.006 (Prarkin et al., 197%5.
This permeability value has been used to calculate free iron and
total iron abundance of the moon, _

The electrical conductivity of the limar interior has been
investigated by analyzing the induction of global lumar fields .
by time-varying extralunar (solar or terrestrial) magnetic fields,
Since témper;ture and conductivity of geological materials are
related, calculated conductivity profiles have been used to infer
temperature of tﬁe lunar interior. Early estimates of bulk lumar
electrical conductivity were made from lunar-orbiting Exploref.35
data by Colburn et al,, (1967) and Ness (1968). For homogeneocus-
_conductivity models of the moon, Colburn et al. placed ar upper
limit of 10~ mhos/m for whole-moon conductivity, whereas Ness'

upper limit was 1072 mhos/m, These investigators also stated =

that their measurements weras consistent with higher conductivity

10




for a lunar core surrounded by an insulating crust,

Theoretical studies of the electrodynamic response of the
moon to time-dependent extermal fields have been undertaken by
many authors, Two types of whole-moon magnetic induction fields
have been treated; a poloidal field due to eddy currents driven
by time-varying external magnetic fields, and a toroidal field
due to unipelar currents driven through the moon by the motionmal
by solar-wind ¥ X B electric field. ,

The toroidal induction mode, first suggested to be an impor-
tant process in the moon by Sonett and Colburn (1967), was later
developed in detail theoretically for a lunar model totally con-

! fined by the highly conducting solar wind (Schwartz and Schubert,

‘ 1569; Schubert and Schwartz,‘1969;-sill and Blank, 1970). However,
analysis of simultaneous Apollo 12 and Explorer 35 magnetometer

| data later indicated that for the moon, toroida} induction is

; negligible in comparison to poloidal induction; upper limits on

5 the toroidal field mode were used tofcalculate an upper limit of
109 mhos/m for electrical coﬁductivity of the outer 5 km of the
lunar crust (Dyal and Parkin, lQ?ﬁb. In subsequént analfsis of

i, lunar electromagnetic induction, toroidal induction has been
assumed to be negligible relative to poloidal induction.

| | . a . - ] V
I The eddy-current response of a homogeneous sphere in a vacuum -

to time-varying magnetic fields has been described by Smythe (1.950)
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and Walt (1951)., Early theoretical application of vacuum poloidal
induction to studies of the lunar interilor were presented by Gold
(1966) and Tozer and Wilson (1967). Poloidal response theory for
a lunar sphere totally confined by a highly conducting plasma was
developed by Blank and Sill (1.969), Schubert and Schwartz (1969),
and Sill and Blank (1970).

Since deployment of the Apollo 12 magretometer in November
1969, electrical conductivity analysis has been developgd with'

try hasic approaches: a time-dependent, transient- response tech-

e ¢ . .
wique (Dyal and Parkin, 197%§ sill, 1972; Dyal et al.,, 1973) and

a frequency-dependent, Fourier-harmonic techﬁique (Sonett et. al.,

| 1971, 1972; Kuckes, 1971; 8411, 1972; Hobbs, 1975). Past analyses

have all used magnetometer data recorded at times when global eddy
current fields were asymmetrically confined by the solar wind

plasma (Reisz et al., 1972; Dyal and Parkin, 1973; Dyal et .al.,
¢

1973; Schubert et al., 1973; Smith et al., 1973). The asymmetric |
confinement of lunar fields is particularly complex to model theo-
ret?Cally (Schubert et al,, 197%@; indeed, fhe general time- -
dependent asymmetric induction problem has not been solved at the
time of this writing, To avoid these complications,lfecent con~
ductivity analysis has used field data recorded in the geomagnetié
tail, vhich is relatively frqe‘of plasma andﬁasymmetric confinep";

ment effects. Preliminary résults”of this analysis will be pre-

12




sented in this papexr.

The purpose of this paper is to review the application of
lunar magnetic field measurements to the study of properties of
the lunar crﬁst and deep interior., Following a brief descriptive
section on lunar magnetometers and the lunar magnetic environment,
measurements of lunar remanent fields and their interaction with
the solar plasma will be discussed, Then the magnetization induc-
tion mode will be considered with reference to lumar magnetic

permeability and iron abundance calculations. Finally, electrical

conductivity and temperature calculations from analyéés of poloidal

inducpibn, for data taken in both the solar wind and in the geo-

magnécic tail, will be reviewed.
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I1 LUNAR MAGNETOMETERS AND THE
LUNAR MAGNETIC ENVIROWMENT

A. The Lunar Magnetometers

A network of three lunar surface magnetometers has been
placed on. the moon by astronauts on the Apollo 12, 15, and 16
missions. The vector magnetic field is measured three“times
per second and transmitted to earth from each of thewthree}Apollo
sites shown in Figure 1. DMagnetometers in lunar orbit on board

the Explorer 35 satellite (Sonett et. al., 1967) and on Apollo 15
and.16 subsatellites (Coleman et al., IQZjhbnmasure the field
external to the moon and transmit this information to earth.
Also, pp:table"magnetometers have been used by the astronauts at
the Apollo 14 and 16 sites, to measure remanent fields at differ-

| oo
| 1

ent locations along a surface traverse.

The stationary lunar surface magnetometer (LSM) deployed at |
the Apollo 12 site on the moon is shown in Figure 2, Similar < 19
magnetometers have been placed at the:Apollo 15 and 16 éites.

The three orthogonal vector components of the lunar surface mag-

netic field are measured by three fluxgate sensors (Gordon et al.,

="‘-‘\'.|.9.65) locate&Zat the ends of three 100-ci-long orthogonal booms.

v

The sensors are Separated from each other by 150 cm and are 75 cm
above the grownd. The a2nalog cutput of each sensor is internally

. processed by a low-pass digital rllter and a telemeLry encoder,

‘14




‘and the output is transmitted to earth via the central station
S-band transmitter. The magnetometer has two data samplers,

the analug-to-digital convérter (26.5 samples/second) and the
central station telemetry encoder (3.3 samples/second). The
prealias filter following the sensor electronics has attenua- m
tions of 3 dB at 1.7 Hz and 58 dB at the Nyquist frequency (13.2
Hz), with an attenuation rate of 22 dB/octave, The four—ﬁole
Bessel digital filter has an attenuation of 3 dB at O.B’Hz and
48 dB at the telemetry sampling Nyquist frequency (1.6 ﬁz).
Instrument resolution is 0.27, The instrument is also used as

a gradiometer by sending commands to operate three motors in

the instrument which rotate the sensors such that all simulta-
neously align parallel first to one of the bqom axes, then to
each of the other two boom axes in turn, This sensor alignment
permits the vector gradient to be calculated iﬁ‘the plane of the
sensors and also permits an independent measurement of the mag-
netic field vector at each sensor position. A detailed descrip-
tionlff the stationary magnetometer is reported by Dfal et al,,
(1979?.

The lunar portable magnetometer (LPM) was developed for

%
i'.

astronaut deployment on the Apollo 14 and 16 missions (the Apollo:‘

16 LPM is shovm in Figure3s). The instrument was designed to be g

4 :
a totally self-contained, portable experiment package. Three

15
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"orthogonally oriented fluxgate sensors are mounted on the top
of a tripud, positioned 75 cin above the lumar surface, These
sensors are connected by a 1l5-meter-long cable to an electronics
box which contains a battery, electronics, and three field com-
ponent readouts (meters on Apollo 14 LPM; digital displays on
Apollo 16 LPM). The electronics box is mounted on the mobile
eqiiipment transporter for Apollo 14 and on the lunar roving
wehicle for Apollo 16. Portable magnetometer measurements can
be made only by manual activation by an astronaut. Instrument
resolution is I¥eir 2 ¥  for the Apollo 14 LPM and 0.2Y for
the Apollo 16 LPM. Detailed instrument characteristics are xe-
ported by Dyal et al, (1972).

Magnetic fields of the lunar environment are measured by
the Explorer 3; satellite magnetometers. The sate%lite, launched
in July 1967, has an‘orbital period of 11,5 hEUrs,‘;poselene
of 9390 km, and periselene of 2570 km. Two magnetometers are
carried aboard Explorer 35, cne provided by WASA-Ames Research
Center and the other provided by MASA-Goddard Space Flight Center.
Since most of tae analysis of lunar internal propertieérhas been
carriéd out using the Ames magnetometer, its characteristics will
be considered here. The Explorer 35 Amss magnetometer measures
three magnetic field vector co?ponentsfevery 6.14 sec at 0.4

resolution; the instrument has an alias filter with 18 dB attenu-

r
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‘ation at the Nyquist frequency (0.08 Hz) of the spacecraft data

sampling system. A more detailed description of the instrument
is reported by Sonett et al. (1967b).

The Apollo 15 (Figure 3a) and 16 subsatellite magnetometers,
which orbited approximately 100 km above the lunar surface, also
measured fields intrinsic to the moon, The subsatellite period
of revolution is 2 hours, The subsatellite realtime sampling rates
are 1 per 2 seconds for the field component along the spgcecraft
spin axis and 1 per second for the field component in tﬁe spin
plane. Storage rates (for fields measured when the subsatellite is
behind the moon relative to earth) are 1 field vector per 12 sec-
onds (high rate) or 1 vector per 24 seconds (low rate). Apollo 15
resolution is 0.4¢ oxr 1.6V, depending on range; Apollo 16 resolu-
tion is 0.2) or 0.8!;. The subsatellite magnetometer characteristics
are described in detail by Coleman et ai. (1972 a,b). 4t the time of
this writing, the Apollo 16 lunar surface magnetometer (LSM) is the only lunear

/or orbital
surface magnetometer which is still reburning useful scientific data.

17
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B. The Lunar Magnetic Environment

In different regions of a lunar orbit, the magnetic environ-
ment of “he moon can have distinctly different characteristics
(see Figured ). Average magnetic field conditions vary from rela- {fﬁr
tively steady fieclds of magnitude ~97 in the geomagnetic tail to
miidly turbulent fields averaging ~-5% in the free-streaming solar
plasma reglon to turbulent fields averaging ~ 8% in the magneto-
sheath, Average solar wind velocity is ~-400 km/sec in a2 direction
approximately along the sun-~earth line.

The interaction of the solar wind with the earth's permanent
dipole field results in formation of the characteristic shape of
the earth's magnetosphere; the solar wind in effect sweeps the

earth's field back into a cylindrical region (the geomagnetic tail)

~ on the earth's antisolar side. The earth's field magnitude is

about 30,000¢ at the equator; in thefgéomagnetic tail the field
decreases with distance from the eafth.with<a radial dependence
expressible as R'0‘736 (Mihaloﬁ et al., 1968). At the distance
vhere the moon's orbit intersects the tail, the field magnitude

is ~ 10 gammas., The moon is in the geomagnetic tail for about

four days of each 29,5-day lumation (period between successive

full moons)., Substructure of the tail cgnsists of two "lobes'":

the upper or northward lobe has its magnetic field pointing roughly

toward the earth, whereas the lower lobe field points away from

18



the earth, The moon can pass through either or bofh lobes,
dépending upon the characteristics of the particular orbit, the
geomignetic dipole axis orientation, and perturbations of the
geomagnetic fileld by solar wind pressures,

The total magnetic fleld at the lunar surface is the vec~
tor sum of the following fields: the external (solar or terres-
trial) “driving" field, permanent and induced lunar fields, and
fields associated with the moon-plasma interaction in the solar
wind., The 1una; orbiting Eﬁplorer 35 magnetometer measures the
external driviﬁg field., Analysis of these extermal "input" fields
and the corresponding surface "response fields allows calculation of
properties of the Llumar interior such as magnetic permzability,

. iron abundance, electrical conductivity, and temperature., The
solar plasma interaction wiﬁh lunar surface remanent fields dis
studied by correlating field data with plasma measurements.

Since the external driving magnetic field in the lunar environ-
ment can vary considerably with the lunar orbital position (see
Figure4 ), it is possiblé to study different lunar properties
in different regions of the lumar orbit. A particular property
of the moon is analyzed by selecting thgﬂlunar environment most
f;vorafle for induction OF‘? lunar f£ield response which is func-

) | that i
tionally dependent upondparticular property, During times when

19



the moon is immersed in the steady geomagnetic tail field, time-
dependent induction fields and solar wind interaction fields are
ih\nimcll. Thic condition allows investigation of lunar per-
manent fields and time-independent magnetization ("soft perm')
fields; the latter are functions of lunar magnetic permeability.
When the moon is immersed in the varialle fields of the free
streaming solar wind or the magnetosheath, poloidal induction is
the dominant lunar response field, In the past, igyestigators
‘have used data taken jn these régions of the orbit to study elec-
trical conductivity. More recent analyses have used magnetic
field data measured in the geomagnetic tail, where plasma effects
are minimized, in order to avoid complications due to asymmetric

plasma confinement.

20
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"in situ by the Apollo 12 lunar surface magnetometer (LSM) which

v e

IIT. TLUNAR REMANENT MAGNETIC FIELDS

The permanent magnetic fields of the moon have been investi-
gated using surface magnetometer measurements at four Apollo sites )
and one USSR Luna site; orbital measurements from Explorer 35 and |
two Apollo subsatellite magnetometers; and natural remanent magne-
tization measurements of returned lunar samples, Lunar remanent
field measurements by surface and orbiting magnetometers will be
emphasized in this paper., Sample magnetization measurements have
been reviewed elsewhere (Hinners, 197/ ; Naﬁo:‘ca. &al., lff:*flaji,stn\.hgw“-j
et el (‘;'75’@7- Fuller, 1914-y,

A, Surface Site Field Measurements

The permanent magnetic fields of the moon were first measured

e e A g e et e

was deployed on“thé eastern edge of Cceanus Procellarum, The per-
manent field magnitude was measured to be 38 + 3 gammas and the

source of this field was determined to be local in extent (Dyal et <§a35* A

T

o —
al., 1979@ parnes et al,, 197/ 3 see Figure 2 ), A remanent field

Pt e P e e W e e e i Y
"

this large was generally unexpected even in light of the NRM discov-

ered in the Apollo 11 samples,and the explanation of its origin yet g

A

remains a central problem in lunar magnetism. Subsequent to this

nmeasurenent of an intrinsic lunar magnetic field, surface magneto-

-

meters have measured fields at the Apollo 14, 15 and 16 sites.

ﬁ“ sypr
'vﬁ: ¥

p Y

Fields of 103.j 5 and 43 + 6 gammas, at two sites located about a

T

1
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.LSM (see Figure 7 ). At the Apollo 16 landing site both a porta- ¢

kilometer apart, were measured by the Apollo 14 Lunar Portable mag-

netometer (LPM) at Fra Mauro, (see Figure £ )., A steady field <%H3.¢
of 3.442.9 gammas vwas measured near -adley Rille by the Apollo 15 b
/p- (5l -

o,
4y
[ o

\
ble and stationary magnetometer were deployed; magnetic fields

ranging between 112 and 327 gammas were measured at five different
locations over a total distance of 7.1 kilometers at the Descartes
landing site. These are the largest lunar fields yet measured, A
schematic representation of the measured field vectors is shown in
Figure & . All the vectors have components pointing downward <i.fe5
except the one at Site 5 near Stone Mountain, which points upward.
This suggests among other possibilities, that the material under-
lying Stone Mountain has undergone different geological processes
than that underlying the Cayley Plains and North Ray Crater. 1In
fact, Strangﬁay et al, (197%§ proposed the possibility that the
light colored, relatively smooth Cayley formation is magnetized

roughly vertically; the difference in the vertical component at

.

site 5 was explained as an edge effect at the Cayley Flains-Stone Monndein

e e T L B S VO O I

boundary. A summary of all remanent lunar fields measured by the

magnetometers deployed on the surface is given in Table 1, Toke - él
| L

Interaction of the solar wind with the remanent magnetic field ;j

has been measured at the Apollo 12 and 16 landing sites. The solar E?

plasma is directly measured at the Apollo 12 and 15 sites (Clay et

22




al,, 1972) and simultaneous magnetic field and plasma data show a
compression of the steady field as a function of the solar wind

pressure at the Apollo 12 and 16 sites (Dyal et al., 1973),.

&
]

The nature of t;e éorrelation between magnetic field and plasma
bulk flow pressures is shown in Figure i , Which shows data (com--<F
bined from several lunations) at the Apollo 12 and 16 LSM sites,
The plasma bulk flow pressure and the magnetic pressure are related
throughout the measurement range.and the magnitudes of magnetic
pressure changegzin proportion to the unperturbed steady field mag-
nitudes at each site. |

Information on the scale sizes of the permanently magnetized
reglons near Apollo landing sites is given by gradient measurements
of the lunar surface magnetometers, the spacing of ve%tor measure-
ments over the lunar surface, the known interaction pgﬁperties of
these remanent fields with the solar wind piasma, and ﬁimits imposed
» by satellite measurements. Thé'field gradient in a plane parallel
to the lunar surfacé is less than the instrument resolution of 0.13
gamma /meter at the Apollo 12 and 15 sites. At Apollo‘lh a field
difference of 607 was measured at two sités 1ocateé 1.1 km apart,
Gradient measurements and the absence of dhﬁpges in the permanent
field'at*}‘sitesafter lunar-module.ascént demonstrated that the

field sources are not magnetized artifacts,

The scale size of the Apoild 12 remanent field has been calcu-
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lated from local gradient and Explorer 35 measurements to be from
2 km to 200 km (Dyal et al,, 19753. For the Apollo 16 field, pox-
table magnetoreter measurements over the lunmar roving vehicle tra-
verse showed that the scale size for the field was greater than
anomalsns

5 km; the Apollo 16 subsatellite magnetometer showed no field attri- E

butable to the Descartes area at orbital altitude, implying a sur-

face field scale size upper limit of 100 km. Therefore the Apollo

16 remanent field scale size' is between 5 and 100 km,

B. Orbital Field Measuremznts

2
s P,

Remanent magnetic fields over extended regions of the surface
have been studied using lunar orbiting magnetometers, Two techniques

have been employed in these studies: measurement of the effects

e e e i e

from the solar wind interaction with surfacé fields near the limib

and direct'measprement and wapping of the fields from orbit.

li
Ir

Interaction of thezﬁolar wind with certain regions near the

limb of the moon were used to infer surface field strengths and

scale sizes by Barmes et al. (1971) and Mihalov et al. (1971).

._._,}:.. W
f

Their techniques were based on the concept that the highly con-
ducting solar wind plasma may interact with certain high field re-
gions on thc moom when the regions are near the limb, té produce &

weak local shock or "iimb compreééion". Such shocks could be g

detected dovmstream from the moon, DMagnetic eventé in the Exﬁlorer
35 magnetometer data were interpreted by Mihalov et al. (1971) as

evidence for these limb shocks and were also used to infer Ioca—__

9



tions and relative field strengths of surface field concentrations,
They concluded that there miy be magnetic concentrations covering
much of the lunar surface, with stronger concentrations on the lunar
far side than on the near side and generally in highland rather than
mare regions. Limb compressions have also been observed by the close
orbiting Apollo 15 and 16 subsatellite magnetometers, Using data
from these magnetometers Russell et al. (1973) have concluded that
thg source regions f£or the limb compressionsiéend to be conceéntrated
in ;he lunar highlands and especially in the Tsiolkovsky area on
the lunar far side, Limb shocks imply but do not confirm the exist-
ence of magnetized régions on the moon,'sincé the exact mechanism
for'limb shock formation is not known and there are other possible
causes for their formation such as crustal éonductivity anomalies
(Mihalov et al., 197/; Schubert et al., 1974) or solar wind inter-
action with irregularities in the lunar electron sheath near the )
linb (Criswell, 1973). |

Direct measurements of the lunar surface fields have been made
over about 5% of the-lugar surface by the Apollo 15 and 16 subsat-
ellite magnetometers (Cbleman et. al., 19724,k ). At the subsat-
ellite altirudes of about 100 km the surface ficld magnitudes are
generally less than 0.5 gamma (although sémetimcs they are as much
as 2.5 gammas);Aéverag{ng data from several orﬁiFg which pass over
the same surface area, measurements of the fie;ﬁé can be made along

( - -
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the entire orbit, Then successive orbits can be combin?d to pro-

duce magnetic maps of the regions over which the satellite passes,
Using an empirical relation betwecen the height and strength of the
field, the orbital values are them referenced to 100 km altitude

and contours of equal intensity can be dravm for this altitude.

The maps of lunar reman:nt magnetic field shown in Figures [0 /énm-

through /3 were constructed using the first four lunations of
Apollo 15 subsatellite data (Shaxp et al., 1973), (The contour

lab%% are in hundreths of gamm2s and a positive value indicates

an outward directed field) The most obvious characteristic of
these maps is the presence of significant lunar fields overA%ﬁgf
mapped regions. Apgarently the remanent fields measured at the
Apollo surface sites are nogﬁanomalous but rather,characteristic

of remanent fiqlds over mucﬁ'of the lunar surface, The contour
spacing shows another ixmoftant characteristic of the field: grad-
ients are often relatively small over large distances, 1mp1ying thnt
some of the field sources are large-scale, i,e., that subsurfuce
nateriayé may be magnetized in a systematic manner over distances of
tens to\;ﬁfew hundreds of kilometers, While these magnetized re-
glons may he shallow, it is possib e that lunar mater1a1 is mag-
netized to a depth of tens or a few hundreds of ki ﬁMeters, p°rhap8

even down to the depth where the temperature rises to the iron Curie

point. Contour lines of the subsatelllte maps do not extend over

g . _ 26
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the Apollo sites where flelds bave been measured at the surface. Q

However, at both the Apollo 15 and 16 sites, near the map's perime-

ter, the field component normal to the surface és'measured on the

surface and at 100 km seem to be completely unrelated (compare "

Table 1 &and Figure 12), _ f
Comparison of the features in the orbital maps with surface

geologic features has been of great interest, and some correlation

has been found (Sharp et al., 1973), There is a marked nearside-
farside asymmetry, The farside field is génerally stronger and {
mbre structured than the nearside field. This observation may be ;
due to concentration of source reglons in lunar highlands and the f
asymmetric distribﬁtion of the highlands betWéén the far and near ;
side. o | xg

The most promonent magnetic feature measured to date by the |

subsatellite is located between the craters Aitken and Van de Graaff.

This region has been mapped at altitudes of 67 km and 130 km., Most 4
of the mainrfeatures.afe qualitatively similar at the altitudes oo

67 km and 130 km; although more detailed structure in the contours

is aﬁparent_at the lower altitude. Again there is a wide range of

field source scale sizes which are likely in this area. Sharp et al, L

(1973) have eétiqgted the size and magnetization of the principal

soﬁrce:;ggian. If the-source is a thin circular disk 160 km across

H

" and 10 km thick it would”rgquire

i
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5 emu/cm” to Coincide width

a magnetization of nearly 7x10"
measuremanis, ” A magnetization
typical of lunar samples is about 107% emu/em®. If the source re-
gion is a sphere instead of a disk, its center must be 75 km deep
to yield the observed radial gradient. With a 10 km radius the mag-

3 emu/cm;, producing a 16 gamma surface field,

netization would be 10
A sphere 75 km in radius would require a magnetization intensity of
1.9x10-5 emu/cmg. Other regions such as the Korolev, Hertsprung

and Milne Basins were also analyzed in some detail but éhe results
were inconclusive due to unfavorable observational conditions and
the smaller sizes of these features.

Some preliminary results from the{qullo 16 subsatellite mag-
netomater have been published (Sharp et al., 1973j; as in the
earlief experiment, the data indicate lafge-scale magnetic features
in the iunar crﬁst. The Apollo 16 subsatellite impacted the lunar
surf#ce_shertly after the ﬁaua-fa5$ﬁ‘of the moon through the geo-

‘ﬁagnetic tail, making available measurements'from.vefy low altitudes
near periselene (10 to 0 km) during the last few orbits;l Not only
are the field magnitudes greatly enhanced (up to 56 gammas), but
they change character over much smaller distances than those mea-

sured at 100 km, A wide range in field source sizes in the lunar ~

crust is again indicated.

C. Origin of the Lunar Remanent Magnetization
]

28

- e

B s

e e — T -

ST, e

el s s




From the beginning of the Apollo missions the origin of the
lunar remanent fields has been of great interest. There has been
no shortage of mechanism proposed to explain the origin of the

lunar fields and remanence, Some of these possible mechanisms are L

. I

S e

o

‘discussed briefly here and displayed schematically in Figures 14 /
and 15, |

1, large Solar or Terrestrial Field. It has been proposed

that the near-turface lunar material acquired a thermoremanence

from cooling to the Curie point in the presence of a large solar

or terrest;ial field. One possibility is that the solar field was
much stronger than it is now, and was also relatively steady duriﬁg
the rock crystallization (Nagata et al., 1972b). A terrestrial
field increase greater than 100 times its present value would pro-

bably be necessary to magnetize lunar material at the present-day

S SR S

lunar orbit, Such a large terrestrial field is not indicated by

paleomagnetic studies. For an ancient terrestrial field of present-

day magnitude, the moon would have to have approached to within 2
to 3 Barth radii, close to the Roche limit (Rumcorn et al., 1970;
Helsley, 1970) to be subjected to the necessary field strenéth.

All of the“alternatives for these_hypotheses seem to have short- ;“
comings. - o . é!

2. Jron Core Dynamo, For this mechanism a whole-moon field I

results from the self-generating dynamo action of a small iron core

(Runcort ,
29. "




et al., 1971; Strangway et al., 1971), The dynamo is assumed to
have been active 3 to 4 billion years ago when surface rocks and
breccias were formed. After the thermoremanent magnetization was
established in the upper crust material, as it“cooled through the
Curie temperature, the dynamo turned off. Subsequently meteorite
impacts on the magneiized surface randomized the field's sources
by a gardening process and destroyed the whele- hedy magmetization in
the crust. The core dynamo hypothesigkzzs (s shortcomings.

In the first place it is not clear that even the most efficient
dynamo mechanism ip a lunar core of limited size would be self sus-
taining at rotatiohal speeds for which the moon could held together
(Levy, 1972). 1In addition, it is doubtful that a dynamo, if ever
operating, could produce the surface fields to explain the therﬁal
remanent magnetization of some lunar samples (Coﬁmspnataﬂji7ﬁn Levy,

1972).

Ancient Magnetized Core. Urey and Runcorn (1973) and Strang-
way et al.J(1973a,c) have suggested that near surface material may
have been magnetized by the field of a lumar core which had been |
previously magnetized by one of several possible raeans: (1) iso-

' tﬂermally bty a strong transient fie}q;(Z) viscous remsnent magneti-
zation by a weak field applied over a long period, (3) depqsiti§£a1
remanent magnetization during early 1una£ formation in a weak field,

or (4) thermoremanent magnetization of the core by cooling through

- 30
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the Curie point in a weak field. If the moon formed in a cold
state, neither accretion nor radioactivity would necessarily have
raised the temperature of the deep interior above the Curie point
of iron, with accompanying loss of magnetization, until 4.1 to 3.2
billion years ago. In thé outer shell, perhaps 200 to 400 km thick,
partial melting could easily have been realized during later stages
of accretion, During the crystallization of the crustal rocks in
the magnetic field of the core, they obtained a thermoremanence.

Subsequently, radiocactive heating in the interior ralsed the core

T T T e e T, T e

temperature above the Curie point, resulting in loss of the magneti-

zation in the core.

i B e TSP

4 Shallow Fe-FeS Dwvnamos. A deJl related to the 1unar core

E
2

dynamo is one hypothesizing small pockets of iron and iron sulfide
(Fe-~FeS) melt a few hundred kilometers below the surface (Murthy

and Banerjee, 1973) which act as small localized dynamns. The pro-

ponents of this mechanism suggest that these "fescons" are about 100

P

km in diameter. A variation of this local dynamo idea is suggested

CEL

! by Smolychowski (1973) wherelin a thin layer of molten basalt gen-

e

erates the field.,® The existence of such local source regions for |

magnetic field should be evident once the surface fields have beer ?ﬂ

mapped over more of the lunar surface. However, the recently dis-
covered asymnetry in the electromagnetic field fluctuations at the

Apollo 15 landing site (Schubert et al,, 197&) could be due to' such
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a highly conducting subsurface body.

5. Local Induced Univolar Dvnamo. The solar wind transports mag-

netic fields past the moon at velocities V of approximately 400 km/
sec; the corresponding Y X B electric field causes currénts to flow
along paths of high electriqgconductivity (Schwartz et al.,

1969; Naga€%;L197é; such as molten mare regi?ns, with the highly con-
ducting solar wind plasma completing the circuit back to the lunmar
interior. The fields associated with these currents magnetize the
materials as they cool below the Curie temperature, 3écause this
induction mechanism has the strongest influence while the hot re-
gion is sunlit, an average preferred direction is associated with

V. 'However, the ¥/ X B induction model requires solar wind magnetic

fields or velocities much higher than the pfesent—day sun provides,

6. Local Thermoelectrically Driven Dynamo., Dyal et al. (1973)
have proposed a mechanism of thermoelectrically driven currents to
account for remanent fields. Thermoelectric potential is a func-

tion of the thermal gradieﬁt and electrical properties of the geo-

‘logical material, For the mechanism a mare basin is modeled by a

disk which has an axial temperature gradient. Thermal gradients in

the cooling mire lava could produce a Thomson thermoelectromotive,

-

(7

force which would drive currents axially thtough the mare disk, The

i

N

solar wind plasma, highly conducting aldng magnetic ﬁield lines,

A4

could provide a return path to complete the electric%

E
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|

\

i

(

3

i

i
ooE
il
h

'




- “
Y e e et it e it it S et

S

the top surface of the lava to the lunar surface outside the mare

and back into the mare through the lunmar interior. The upper limit

of the fields generated in terrestrial materials by this process is

a few thousand gammas. Such fields near a mare disk would produce
thermoremanent magnetization in the moon of magnitudes measured in
lunar samples, This mechanism awaits experimental verification

using materials characteristic of lunar mare composition.

"7 Shock Magnetization, Anisotropic compression of rocks by
meteorite impacts is suggested by Nagata et al. (1970) as a means
of inducing 2 remanence in certain samples which they studied mag-
netically. This piezo-remanent magnetization can be significantly

even when ’
large o the external field is very weak (e.g., the solar wind field)
‘F the uniaxial compression is very large.,. This mechanism is

appealing since it relies on a well-established lunar process and

may explain some correlation between craters and magnetic anomalies

(Sharp et al., 1973), but the details remain undewelossds

8 Local Currents from Charged Particle Transpvort, Any process

which results in plasma flow near the lunar surface may géﬁerate
strong local currents and magnetic‘fieids. Cap (iébf), for example,-
has shown that ionized volcanic ash flows may produce fields up to
103 cammas, As another example, Nagata et al, (1970) proposed the
idea that lightning may be generated as a result of ;xplodiﬁg dust

clouds from meteorite impacts. Tie /arge curvents
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associated with an electrical discharge could produce transient
magnetic fields up to 10 or 20 gauss, resulting in isothermal re-

manent magnetization of local material.

TE
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IV. GLOBAL MAGNETIZATION INDUCTION: MAGNETIC
PERMEABILITY AND IRON ABUNDANCE

Magnetic permeability and iron abundance of the moon are
calculated by analysis of magnetization fields induced in the
permeable material of the moon. When the moon is immersed in
an external field it is magnetized; the induced magnetization is
a function of the distribution of permeable material in the in-
terior. Under the assumption that the permeable material in the |
moon is predominately free iron and iron-bearing minerals, the
lunar iron abundance can be calculated from the lunmar permeability
for assumed compositional“models of the interior, Since the
amount of iron present in the lunar interior should be consistent
with the measured global magnetic permeability, the permeability
in effect place§ a constraint on the physical and chemical com-
position of the moon's interior.

In this Secéion calculations of global permeability will be
reviewed, beginning with earlier measurements which used a single
moon-orbiting magnetometer and proceeding chronologically to mor;
recent studies using simultaneous data from surface and orbital
magnetometers. Iore recent values of gloval permeability have
been used to determine lunar iron abundance., This analysis offm
iron abundance and its implicationg concerning lunar composition

and structure will be discussed.

35
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A, Global Mapnetic Permeability

1,Early Results from Explorer 35 Measurements, Behannon (1968)
placed éu uﬁper limit on lunar bulk permeabllity using data from
the Eiplorer 35 Goddard magnetometer. In his analysis, Behannon
used data measured when the moon was in steady-field regions of
the geomagnetic tail, where it was assumed that the external field
was uniform over the region of space near the moon and plasma effects

were negligible. Under these conditions, for a moon of spher ically

symmetric permeability distribution, the induced magnetization moment

would be dipolar, with the dipole axis oriented along the external
field. Behannon compared Explorer 35 field measurements made when
the moon was above the neutral sheet (with the induced dipdle ori-
ented along the field pointing sunward) with those made when the
moon vwas below the neutral sheet (with the dipole oriented away ffom :
the sun); differences in the data péirs, on th; average over many
Explorer orbits, were considered to represent a measurement of the
induced field.” At the Explorer 35 periselene the induced field was
found to be less than the experlmental error. Using the experi-
mental error as thn upper limit of the induced field at the surface,
Behannon calculated an upper 1§mit of 1.8 Ior the bulk magnetic per-
meability of the moon. - nh |

2.Results from Simultaneous Apollo and Explorer 35 Measurements.

Deploymznt of Apollo magnetometers on the lunar surface allowed

simultaneous measurements of the external inducing field (by Explorer




35) and the total response field at the lunar surface (by an Apolle magitazo-
7u;¥é}The total response field measured at the surface by an Apollo

magnetometer is the sum of the external and induced fields:
Be=p He=H+ 47N (1)

where H is the external magnetizing field and M is the magnetization

field induced in the permeable lunar material (see Figure {6). The <?%j-"

relative magnetic permeability is u =1 + 477k, where K if magnetic
susceptibility in emu/cm3. Since the dipolar magnetization M is
known to be below the Explorer 35 magnetometer resolution (Behannon,
1968), it is assumed in the dual magnetometer analysis that Explorer
35 measures H alone. | |

For the two~layer lunar permeability model illustrated in Fig-
ure [8 (which will be referred to later when iron abundance results

are reviewed), the total field at the outer surface of the”éphere is

expressed
A A A
B = H(1 +26) x + Hy(l-G) y + Hy(1-G) 2 (2)
O 3 '
- (@2 (e, -1) - 27 (n-1)(2n,+1) .
.__—where G s Rl

= - - 3 - (5,)—
(2n41) (g 2] - 207 (ned) (-3 N

“ | | of ”
Here 7 = }41/}12; )1y and g are relative permeability ,\t:'t}joaw shell and
core, respectively. The permeability exterior to thélsPhere is"
P, = 1, that of free space; A= R./Rpy; Ry and Rm;éﬁé radius:of the
core and the moon, respectively. Equation (2) expresses the total q:
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surface field in a ccordinate system which has its origin on
the lunar surface at an Apollo magnetometer site: Q is directed
radially outward from the lunar surface, and § and z are tan-
gential to the surface, directed eastward and northward, respec-
tively.

A plot-of any component of equation (2 ) will result in a

B - H hysteresis curve. Equation (3 ) relates the slope of the

hysteresis curve to the lunar permeability. The average whole-

moon permeability pm is calculated from the hysteresis-curve slope

by setting ML =Py =p in equation (3 ):

T

¢ =k (4)

The hysteresis-curve method of permeability amnalysis was
first employed py Dyal and Parkin (1971) to calculate the whole-
moon permeability result 1.03 4+ 0,13. Since then the error limits
have been lowered by processing a larger number of simultaneous
data sets and using more rigid data selection criteria (e.g., Parkin ;ﬁ;
et al.; 1973). o | S
In the most recent dual-magnetometer“results (Parkin et al., 5

§

dnb ? .
197%), a hysteresis curve was constructed using 2703 data sets !
v - A ]

(see Figure {7 ). Since the external magnetizing field is so small
curve

( ~ 10 gammas), the familiar "'S" shape of the hySteresisAdegenerates

to a straight line (Ellwood, 1934). The data were figﬁby a least-

- ;
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squares technique which yields the slope best-estimate of 1,008 +
0.004. Using this value with the radial (x) component of equa-

~tion (2) and equation (4), the whole-moon permeability was calcu-
(2 g errer limits), _

lated to be » = 1,012 + 0.006/ Both extrema are greater than 1.0,
implying that the moon, as a whole, acts as a paramagnetic or weakly

ferromagnetic sphere, Thls result has been used to calculate the

iron abundance of the moon as discussed in the next section,

C. T. Russell (private communication) has recently made perme-
ability calculations using data from a single magnetometer, the
Apollo 15 subsatellite magnetometer orbiting at an éltitude about
100 km above the moon, The results to date indicate that the rela-
tive permeability of the entire spherical volume enclosed by the
satellite orbit is below i.O, implying that the layer between the
moon and the satellite orbit is diamagnetic, Whether such a layer

{;%ists is uncertain at this time; further investigation is required
using both magnetic and plasma data,

B. Lunar Iron Abundance

Iron abundance calculations have been presented by various
authors, in theoretical treatments based on geochemical and geo-
physical properties calcuiated for bodies of planetary size (Urey,
1962; Reynolds and Summers, 1969; Urey and MacDonald, 1971) or on .
measured compositions of meteorites“(wgnke et al,, 1973). ﬁecenély

Parkin et al. (1973, 1974 a, b) used a global luidar per-
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meabllity measurement, determined from magnetic field measure-
ments, to calculate lunar iron abundance for the moon. In their
calculations the moon was modeled by a homogensous paramagnetic
rock matrix (olivine and orthopyroxene models were used), in
which free metallic iron is uniformly distributed, Pyroxenes

and olivines have been reported to be mijor mineral components

of the lunar surface fines and rock samples (Nagata et al,,

1971; Zussman, 1972; Weeks, 1972), with combined iron present as
the paramagnetié Fe2+'ion. The ferromagnetic component of lunarx
samples is primarily ;étallic iron which is sometimes alloyed with
small amounts of nickel and cobalt (Nagéta et al., 1974; Pierce
et al., 1971). This free iron is thought to be native to the
moon (because of its low nickel content) rather than meteoritic

in origin (Strangway et al., 197%5. OrUFOPyroxene énd olivine
models are consistent,wfth geochemical studies (Urey et ai., 1971 ;
Woo§;9{670; Ringwood and Eséene, 1970; Green et al,, 1971) and
geophysical studies (Tdksgi, 1973 ),

Since the susceptibility of free iron changes several orders
7

-

wof magnitud? at theﬁiron Curie température (Tc), Parkin et, al., have
used a two-layer model with the core-shell boundary R.c at the Curie

i.sof:herm (see f‘igure |6 ). For R¥ Res» T Ty, and for R € R,, T%Tc.
Therefore, for R~ R, any free iron is ferromagnetic while at"grea£;¥

depths where T>T,, the free iron is paramagnetic. The Curie iso-

o - ) . ‘
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thérm location is determined from the thermal profile used for a
particular model., Three thermal models have been used in the cal-
culations, For model P?égﬂe T tbe Curie isotherm is spherically
symmetric and located at Rc/Rm = 0.9. Shell and core temperatures
are 600°C and 1400°C, respectively, For the model prefile T, the

shell is 500°C and the core is 130000, while the Curie isotherm
boundary is at RC/Rm =.{,85, Temperatures are 300°¢C and 70060 for
stell and core‘of model profile T, , which has R, /R = 0, 7; It the
outer shell there are both ferromagnetic and paramagnetic contri-
butions to the total mgnetic permeability py = 1+ 4¢rk1 The
susceptibility of theishell is k1“= kic + kia’ vhere kia is "appar-
ent" férromagpétic susceptibility and kic is paramagnetic suscep-
tibility, Tﬂé ferromagnetic component is metallic free iron, assumed
to be composed ?f mé%idomain, noninteracting grains; the paramag-
netic component is Ee2+ combined in the oxrthopyroxene or olivine

rock matrix. The measured ferromagnetic susceptibility of the ;
shell material is an appareént value'whiqhwdiffers from the intrinsic-
ferromagnetié susceptibi{?ty of ‘the iron because of st lf-demagne~
;ization-o% the iron grains and the vélﬁme fraction of iron in the
Sheil. For RdiR the _lunar materdial is pa-amagnetlc only, with
susceptmbll ty k2 kz thoos Koo is the contribution of paramag-
neblc chemically combxned lron and k,, is the apparent susceptibility

of free paramagnetlc iron above the Carme temperature.

~ From the magnetlc propertles of lunar compositional and thermal
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models, Parkin et al., (197;5 calculated iron abundances for the
moon which were consistent with measured global permeability.
Their results are summarized in Table 2. The minimum total iron
abundance consiséent with the hysteresis curve can be calculated
assuming the whole-moon permeability corresponds entirely to ferro-
magnetic iron in the outer shell where the temperature is beloﬁ
the Curie point. For this case the bulk iron abundance is 0.9 *
0.5 wt. %. It is noted that. the susceptibilities of both olivine
and pyroxene are about an order of magnitude too small to account
for the measureé permeability without some ferromagnetic material
present.

C. +Considerations of an Iron Core and Iron~Rich laver

The whole-moon permeability was also used by Parkin et al.
0. '
(1974) to invzstigate the magnetic effects of a hypothetical iron
N ) _
core in the moon. Density and moment of inertia measurements for

the moon limit the size of such a core to less than 500 km in radius

‘ % .. 7 , .
(Toksoz, 1973), If this hypothetical iron core were entirely para-

magnetic and the surrounding core were orthopyroxene of average

temperature 1100°C the global permeability would be 1.0003. This

i

value is small compared to the measured pzrmeability of 1.012-+
0.006, implying that if such a small paramagnetic iron core exists,
its magnetization is masked by magnetic material lying neaxer to

I

the surface. Therefore the hysteresis measurements can neither' con-
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firm nor rule out the existence of a small iron core in the moon.
An iron-rich layer in the moon has been considered by several
investigators (Wood et al,, 1970; Urey et al,, 1971; Gast and
Giluli, 1972)., 1t is possible that early melting and subsequent
differention of the outer several hundred kilcmeters of the moon
may have resulted in the formation of a high«density, iron-rich
layer beneath a low-density, iron-depleted crust., Constraints
have been placed on an iron-rich layer by Gast and Giuli (1972)
using geochemical and geophysical data (for example, measurements
of lunar moments of inertia). One set of thelr modeis consists of
high-density layers between depths of 100 km and 300 km. At a
depth o£ 100 km the allowved layer thickness 1s 12 kmj; the thick-
ness increases with increasing dgpth, to 50 km at 300 km depth,
Also presented are a set of layeré.at 500 km depth. Using exactly
the same considerations as were used in the iron abundance cal-
culations ?;rkin et, 2l, have calculated whole-moon permeabilities
which would be expected frdmhlunar models with theée iron-rich
1ayers. The calculations indicate that all iron rich layers éllowed
by ge0phJ31cal constraints as outlined by Gast and Giuli if wholly
aboﬁgglron Curie temperature, would' yiela global permeabilities of
about 1,00006. As for the case of a small lunar iron core, the
magnetization field of such paéémagnetic layérs would be maskeé"by

ferromagnetic materials elsewhere in the moon, and the hysteresis
[ -
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curve measurements can neither confirm nor rule out these layers.
This conclusion would particularly apply to the Gast-Giuli layers
at 500 km depths, which are almost certainly paramagnetic, 1f ﬁhe
iron-rich layers are below the Curie temperature and therefore
ferromagnetic, they yield global permeabilities of about 3.5. This
is above the upper limit for the measured permeability of 1.012 +
0.006 and the Gast-Giuli layers can be ruled out if they are cool

enough to be ferromagnetic, It is important to realize that the

i
|

high density layers discussed by Gast and Giuli (1972) can be théughé
of as limiting cases and that there are innumerable less dense and
thinner layers which are allowed by geophysical, gEOchemical and

magnetic constraints.
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V. GLOBAL EDDY CURRENT INDUCTION: ELECTRICAL
CONDUCTIVITY AND TEMPERATURE
Electrical condpgtivity and temperature of the moon have been
calculated from glob;i eddy current response to changes in the mag-
netic field extermal to tbe moon, When the moon is subjected to a %
change in the external field, an eddy current fieid is induced in

o 1Band 18 ;
the moon which opposes the change (see Figures * ), The induced Fm-t

-G

field responds with a time dependence which is a function of the é
electrical conductivity distribution in the lunmar interior. Simul- g
taneous measurements of the transient driving field (by Explorer 35)
and the lunar %esponse field (by an Apollo surface magnetometer)
allow calculation of the lumar conductivity. Since conductivity
- 1s related to temperature, a temperature profile can be calculated
for an assumed compositional model of ﬁhe lunar interior.

i

;

When the moon is in the solar wind, lunar eddy current fields - fi
B

!

%

form an induced lunar magnetosphere which is:'istorted in a com-

o

plex manner due to flow of ‘solar wind plasma past the moon, as i
illustrated in Figure 15, The eddy current field is compressed %
on the dayside of the moon and is swept downstream and confined to “
the "cavity" on the lunar nightside, Because of the‘complexity, “ “ é
early analysis included a theory for transient response of a sphere Jé
in a vacuum to model lunar response as measured on the lunar night- " ;

C ¢
side (Dyal et al., 1973; Dyal and Parkin, 197%§ Sill, 1972) and

-
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a harmonic theory of a sphere totally confined by the solar wind
to model response as measured on the lunar dayside (Sonett et al,,
1971, 1972; Kuckes, 197L; Sill, 1972). Both the transient and the
harmonic techniques have subseqy?;~*y been further developed, Tran-
slent analysié has evolved. “ﬂ §::\Mae effects of cavity confinement
on nightside tangential data and to introduce analysis of magnetic
step transients measured on the lunar dayside (Dyal and Parkin,
1973; Dyal et al., 1973). Harmonic analysis has been developed
with the purposes of eventually developing a dynamic response theory
for the case of asymmetric confinement (Schwartz and Schubert, 1973)
and of extending the data analysis to lower frequencies and correct-
ing for diamagnetic effects in the solar wind (Kuckes et al.,, 1974),
Recently time-depend;nt poloidal response of a sphere in a
vacuum has been applied to data measured in the geomagnetic tail
where plasma confinement effects are minimized., In this section
lunar electrical conductivity from transient-response and harmonic
analysis results are reviewed with emphasis on the former tech-
n%que, and preliminary results of transient response analysis in
the geomagnetic tail are presented. Also, representative tempera-
ture profiles determined from electrical conductivity analyses are
pfesentéd and compared with temperatures derived from other analyt-
ical techniques.

A. Electrieal Conductivity Analysis: Moon in Solar Wind Plasma
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1. lunar Nichtside Data Analysis: Transient Response

The lunar electrical conductivity has been investigated by‘
analysis of the lunar response to transients in the solar wind
magnetic f£ield, The response, measured by an Apollo magnetometer
on the nightside of the moon, is theoreticglly approximated by the
response of a conducting sphere in a vacuum. The theory was devel-
oped by extending the work of Smythe {1950) and Wait (1951) for a
radially varying lunar conductivity profile (Dyal et al., 197%9.
The measured response (illustrated in Figure 202) is the (Fi f;,la‘
average poloidal field response (for the radial surface field com-
ponenf)to a mormalized fast-ramp decrease in the external field.
Error bars are standard deviations of the measured responses.

Chosen for the aﬁalysis is a raﬁp input function which falls from
unity to zero in 15 seconds, a time characterizing convection of

a solar wind discontinuity past the Moon, éFofd;ﬂaﬂo km/sec solar
wind, this time is 10-20 sec, depending on the thickness‘of the
discontinuity and the inclination of its normal to the solar wind
velocity.) 7

For a family of conductivity:profiles, all of which monotoni-
cally increase with depth in the moon, the theoretical response tec
a fast ramp is calculated and compared to the measured response. A

particulér set of these conductivity profiles yield response func-

tions which pass within all data error bars of Figure.QQﬂ; These

&7
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profiles define the shaded region of Figure 23 and are all consis-
tent with the nightside response data,

2. Luwnar Dayside Data Analysis: Transient Response.

Theoretical solutions for an eddy current field totally con-
fined to a sphere of homoggneous conductivity are derived from
! Maxwell's equations in Dyal et al. (1973). Figure 20 b shows aver-
ages of normalized rising step transients measured on the lumar
}g dayside in response to increasing step transients in the free-
5% streaming solar wind (error bars are standard deviation;). The
overshoot maximum is amplified by a factor of 5 over the external
input field step change, by solar wind dayside confinement of the

surface tangential field ccmponents. The data are fit by a lunar

TR T e L T

conductivity model with a homogeneous core of radius R, = 0.9R  and

conductivity canlO'Bmhos/mm This result is consistent with the

nightside conductivity profile illustrated in Figure 23 to depths

allowved by the duration of the resbonse data which is shown in Fig-

ure 2.0b,

P Y
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3, Lunar Dayside Data Analysis: Harmonic Response

e e e e

The barmonic analysis of the lunar conductivity has been applied

Lk

to data taken on the luner dayside, The theoretical modeling is
based on the assumption that any global induced field is excluded
from’the oncoming solar wind by currents induced in the highly con-

ducting solar plasma; it is assumed that in effect the solar wind

[ -
{ .



completely confines the induced field in the lunar interior and
in a thin region above the lunar surface. The confinement current
is considered to be a surface current and provides a boundary con-
dition of total confinement by currents around the whole moon, per-
mitting solution of Maxwell's equations at the lunar suxface. This
spherical confinemant case is then applied to magnetomester datav
measured on the lupar sunlit side, Basic theoretical ﬁé&elopmant
of harmonic solutions can be found in several references (Backus
and Gilbert, 1967; Parker, 1970; Schubert and Schwartz, 1969; Sill
and Blank, 1970; Kuckes, 1971).

Once the poloidal fields have been derived, the analytical
technlique requires calcuiating erQUency-dependent“transfefifunc-

tions which are defined as follows:

bEi(f) + bPi(f) | v

Ay (£) = .  (5)
i b5, (5

i =x,y,2, where the Ai are transfer functions of components of

frequency-dependent magnetic fields, expressed in the orthogonal

§

coordinate system with origin on the surface of the moon (x is

radial and § and Z are tangent to the surface); bEi(f) is tke Fourier

transform cf the external driving maznetic field: and bPi(f) is tie
Yourier transform cf the induced global polbidal field.
The harmonic data analysis involves Fourier-analyzing simul-

tancous data from the Apollo 12 lunar surface magnetdmeter,ntaken

during lunar daytima, and the-lunar orbiting Explorer 35 mignetometer.

[ U
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Then ratios of the surface data to orbital data are used to cal-
culate a transfer function given by equation (85) .

The form of the transfer function is determined by the inter-
nal conductivity distribution in the moon; therefore, a "best £1eM
conductivity profile can be obtained by numerically fitting the
measured and theoretical transfer functions. TFigure 22 includes
the'best fit" conductivity proflle of Somett et al, (1971) obtained
in this manner. The conductivity profile is characterized by a
large "spiﬁe" of maximum conductivity about 1500 km froﬁ the lunaz”
center, Other conductivity profiles have been calculated using the
Sonett et al, (1971) transfer function, showing that the spike
profile is not unique but that the frontside transfer function can :;
be fitted by simpler two- and three-layer models (Kuckes, 1971; Sill, ;f
- Sonctt ot ol 127 |

1972;AReisz et al.,, 1972; phillips, 1972),

B. Electrical Conductivity Analysis: Moon in the Gesomagnetic Tail

The theoretical models outlined so far have all assumed splier
ical symmetry to describe lumar eddy current response to changes in
the extermal field. However, analyses to date have used data taken §5
when the moon is immersed in the solar wind plasma with asymmetric ]
confinement of the induced fields. The shortcomings of using spher- i

jcally symmetric approximations to describe the inducCed lunar mag- .

netosphere, which is actually asymmetrically confined, have been

pointed out ia the literature for both the nightside vacuum approxi-

il
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mation (see, e.g., Schubert et al,, 197éb and the dayside totally-
confired approximation (see, e.g£., Dyal snd Parkin,j973)., Three
dimensional, dynamic asymmetrié.confinement presents a difficuif
theoretical problem which has not been solved at the time of this
writing, Previous theoretical approximations of the asymmetric
problem have included a two-dimensional approximation (Reisz&et al.,
1972); three-dimensional static theory for a point-dipole source,
with substantiating laboratory data (Dyal and Parkin, 1973),
three-dimensional "quasi-static' approach (Schubert et al., 1973),
and a three-dimensional dynamic theory for one particular orien-
tation of variations in the external field (Schwartz and Schubert, 197
In order to circumvent this problem, recent analysis has considered
lunar eddy currenﬁ response during times when the moon is in the
geomagnetic tail (see Figure 1?9 ), where plasma interaction effects
encountered in the solar wind (asymmetric'confinement, remanent

field compression, plasma diamagnetism, ete.) are minimza},

1, Poloidal Response of a Svhere in a Vacuum: Theory

To describe the response of the lunar sphere to an arbitrary
input field in the gecomagnetic tail, we défine the magnetic vector
potential A such that g_x_@_ =Band ¥* A = 0. We seek the response
to an input Qggb(t), where b(t) =0 for t <0 and b(t) approaches
wmity as t-« ., (Since the governing equations are lineaf, the

response to a more general input is readily found by superposition.j

51



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf
	0001D03.pdf
	0001D04.pdf
	0001D05.pdf
	0001D06.pdf
	0001D07.pdf
	0001D08.pdf
	0001D09.pdf
	0001D10.pdf
	0001D11.pdf

