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Abstract--Apollo 12 and 15 lunar surface magnetometer data with simultaneous

lunar orbiting Explorer 35 data are used to plot hysteresis curves for the

+0.024
-0.019

is calculated. This result implies that the moon is not composed entirely

whole moon. From these curves a whole-moon permeability ) 1.029

of paramagnetic material, but that ferromagnetic material such as free iron
exists in sufficient amounts to dominate the bulk lunar susceptibility. From
the magnetic data the ferromagnetic free iron abundance is calculated. Then
for assumed compositional models of the moon the additional paramagnetic iron
is determined, yielding total lunar iron content. The calculated abundances
are as follows: ferromagnetic free iroﬁ, 5 : b wt. %; total iron in the

moon, 9 Ty wt %.



INTRODUCTION

In this paper we calculate lunar iron abundance from simultaneous
magnetic field measurements made by instrumehts on thé lunar surface and
in orbit near the moon. The total iron abundance is the sum of metallic
free iron and chemically combined iron, calculated for suitable compositional
models of the lunar interior.

Previous estimates of whole-moon iron abundance have.generally been
~ 10% by weight, often based on meteoritic compositional models, using the
lunar density of 3.3k4 g/cm3 as a constraint. Urey (1962) reported that the
moon, if composed of chondritic material of proper density, would have 11-14%
iron by weight, depending upon the high pressure phases present in the moon,
Reynolds and Summers (1969), using a mathematical model involving.equations
of state at high pressure, placed a value of 13% on lunar iron abundance.

Later Urey and MacDonald (1971) estimated values of 5% total iron using a model
in which all the iron is present as FeO, and 8.65% total iron for another model
in which the iron is combined in equal amounts of FeO and FeS. Wanke et al.(1973)
reported a value of 9%, modeling lunar cbmposition by that of the Allende chon-
dritic meteorite. These previous results are generally consistent with the
whole-moon iron abundance calculated in this paper.

We calculate lunar iron content_from whole~moon magnetic hysteresis curves.
These curves are plots of total surface magnetic field measured by Apollo 12
and 15 surface magnetometers simultaneous with the external field measured
by the lunar orbiting Explorer 35 magnetometer. The slopes of the hysteresis
curves are uséd to calculate magnetic permeability of the moon, from which we
can calculate total iron content in the lunar interior. A paramagnetic mineral
(olivine or orthopyroxene), combined with ferromagnetic free iron, is used

with the lunar density constraint to calculate the iron abundance.
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THEORY

A lunar hysteresis curve is plotted using data obtained during times
when the lunar sphere is magnetized by the earth's magnetic field. The
total magnetic field B measured at a magnetometer site on the lunar surface

is, in electromagnetic units,
B=H+ WM, . (1)

where H is the steady external (terrestrial) magnetizing field and M is the a 1
nmgnetlzatlon field induced in permeable lunar mg¥§}§; 1)AJ.terna’cely, equation 7
(1) can be expressed B = y H, where the relative permeability p = 1 + bnk;
k is magnetic susceptibility in emu/cm3.

The lunar interior is modeled by a homogeneous sphere which has an iron

composed

Curie point (T ) isotherm at some depth R/R moow:  Ih€ sphere is assumed to be/
of a paramagnetic mineral with free iron distributed throughout. The free iron
is ferromagnetic (n the outer shell where T < Tc’ and paramagnetic in the core
where T > Tc. The permeability By of the oore therefore corresponds to para-
magnetic material only, while Hqy of the shell combines contributions from
ferromagnetic iron and a paramagnetic mineral.

Following the method of Jackson (1962) the total field on the outer sur-

face of the sphere can be expressed in vector component form (see APPENDIX for

details):
= H_(142F)% + H'y(l-F)j? + H (1-F)2 (2)

where

. (21+1) (uy-1) - A3 (n-1)(2p,+1) o)
(2ne1) (pp+2) = 202 (7-1) (1)




Here n = ul/ug;ul and W, are relative permeability of shell and core respec-

1,'where R, = radius of the
core and Rl = radius of the whole sphere.  The components of B are expressed in

the ALSEP coordinate system which has its origin on the lunar surface at a

tively (permeability of free space by = 1); A = R2/R

magnetometer site. The x-axis is directed radially outward from the lunar
surface; the y and z axes are tangential to the surface, directed eastward and
northward, respectively.

Once field measurements of H and B have been used to determine a value for
F, iron abuhdances can be calculated for suitable lunar compositional models
which must meet the é@itionallconstraints imposed on the lunar sphere by the
overall lunar bulk density (3.3h4 g/cm3) and moment of inertia. The core

radius R, is determined by the iron Curie temperature where, because of internal

2
: : ' the '
temperature and pressure (Bozorth, 1951), iron changes fromAferromagnetic to the

paramagnetic state. It is assumed that the core material has only paramagnetic
susceptibility k, (uz =1+ hnkg) and that the temperature variation of the para-

1nnqneiic .
Agusceptibility varies according to the Langevin theory:

k=nu/3KT, | (k)

where K is the Boltzmann constant, T is absolute temperature, n is the number
of ions per gram, and m is the atomic moment. m iéithe order of a few Bohr
magnet_ons kg €.8., for the Feot ion, m = 5.25 py to 5.53 pg (Nagata, 1961).

In the ou%er shellnwhere temperature T < Tc’ the susceptibility k1 = kal=+

apparent _ !

kpl’ where kal’is/ferromagnetic susceptibility and kpl'is paramagnetic suscepti-
bility. The ferromagnetic component is metallic free iron, assumed to be
composed of multidomain, nonintéracting'grains. Furthermore, the expected
pressures and temperatures in the outer shell are such that the ferromagnetic
susceptibility of iron will not be substantially altered (Bozorth, 1951;

'3

Kapitsa, 1955).



The measured ferromagnetic susceptibility of the shell material is an
apparent value which differs from the intrinsic ferromagnetic susceptibility
of the iron because of self-demagnetization of the iron grains and the volume

fraction of iron in the shell. The apparent ferromagnetic susceptibility

k . 1s related to the intrinsic susceptibility k

di to
al according

£1
P Ky

K. = 0—— , (5)
al 1+ N kfl

where N is the demagnetization factor and p is the volume fraction of the iron.
For spherical iron grains N = UL n/3; experimentally N is found to range between

3 and 4 (Nagata, 1961). We shall use N = 3.5 in our calculations.



EXPERIMENTAL TECHNIQUE

The basic technique uses simultaneous ﬁagnetometer measurements of
the fields B and H, made while the moon is in' the quiet gebmagnetic tail
region (see Fig, 2). The total surface field B is measured by lunar Fi5-23
surface magnetometers (LSM) at the Apollo 12, 15, and 16 sites. 'The LSM
instrument properties are described in detail by Dyal et al. (1972).' Simul-
taneous measurements of the geomagnetic tail field H are made by thellunar
orbiting Explorer 35 magnetometer, which orbits the moon with 0.5 R

moon

periselencand 5 R aposelene at a period of 11.5 hours. The Exg%rer 35
: moon . . A
. in this volume
orbit is displayed in acompanion paper / (Dyal et al., 1973), and detailed

instrument characteristics are outlined by Sonett et al., (1967).

1. Lunar induction in the geomagnetic field

The geomagnetic tail consists of two regions ("lobes") of differing
magnetic polarity, associated with the earth's dipole field extended down-
stream in the solar wind. At about 60 earth radii the lunar orbit inter-
sects the magnetic tail as indicated by the accented portion of the orbit
shown in Fig, 2, and the moon is in the geomagnetic tail field about four
days of each lunation. The magnetic and plasma morphologj of the geotail
are egpecially favorable for observing the steady state induced magnetization field
of the moon. The ambient field in the geotail is steadier and more uniform
than in any other magnetic region of the lunar orbit. The geo-
magnetic field shields the moon from the solar plasma; minimizing electro-
magnetic interaction effects other than the magnetization field.

In general the total magnetic field at the lunar surface is a vector
sum of the external magnetic field measured by Explorer 35; the steady
remanent field at the LSM site; the poloidal field resulting from transverse

electric (TE) induction; the toroidal field resulting from transverse
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magnetic (TM) induction; the magnetization field induced in the permeable
material within the‘moon; the diamagnetic field associated with the plasma-
moon interface currents; and the field associated with the dynamical inter-
action between plgsma flow and the lunar fields. A careful consideration
of each of these contributions to the total field at the lunar surface is
necessary to Justify the data selection and analysis best suited to determine
accurately the magnetization fields of the moon in the geomagnetic environment.
We will see that some of these fields are important to our analysis while
contributions from others can be neglected.

The solution given by equations(E)and(3)for the magnetization of the
moon assumes a uniform external magnetizing field. Under this assumption
the induced field is dipolafjhigher order multipoles contribute when
inhomogeneitieé are present in the external field. Uniformity of the ambient
geotail field cannot be guaranteed with the available data. It is possible
to discriminate against data from nonuniform tail fields by requiring magnetic
conditions at both LSM and explorer instrﬁments simultaneously to be steady
over long time intervals; If the geomagnetic field and moon are in relative
motion with a speed characterized by V 2 L/T, where 1 is the distance between
LSM and Explorer 35 magnetometers and T is the time over which the field is
steady, then any nonuniformities can be detected as magnetic fluduations at
either instrument. Various criteria on the peak-to-peak fluctuations at both
magnetometers have been used to select data. A summa?y of the data selection

criteria will be presented in a later subsection.

OB
Fluctuations of the geotail field (Stg) drive time-dependent eddy currents in the

lunar interior. These in turn result iq/poloidal magnetic field (TE induction)

which i s probably the largest of the electromagnetic induction fields measured

at theagufface. In _the limit of low-frequency or small-amplitude driving field
=K

ot - O and .
poloidal < s
fluctuations,/induction from the‘/mode vanishes. Therefore the restrictions
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placed on the peak-to-peak variations of surface and external fields, used
to discriminate against nonuniform geotail-field;, will similtaneously
eliminate data obviously contaminated by eddy current fields, Furthermore,
the data averaging procedures used in the analysis tend to filter out the
higher frequencies which are the major contributors in this mode.

Relative mbtion of the moon and the geomggnetic field results in a
motional electric field Em = VxH in the lunar reference frame, where V
is the relative lunar velocity and H is the external field. Currents
driven by E set up magnetic fields (TM induction) that are toroidal about
the electric field. Theof%ically this magnetic field is everywhere tangent )
to the lunar surface so that the ALSEP x-components contain minimal toroidal
induced fields.

' LATM

If the induced magnetization field Eo is predominately dipolar, the
dipole axis will be aligned with the external field, H. At the lunar surface
the radial and tangential components of the dipole field are (see Appendix)
Bor = 2¢cos® and Boe = asinb, where 6 is the angle between the dipole axis
and the radius vector to the surface Site, and o is the dipole moment. We
see that the maximum radial component is along the dipole axis, which for
the average geomagnetic tail field is along the earth-sun line. As a result
the average surface dipole field at both Apollo 12 and Apollo 15 LSM sites
is predominantly in the radial or ALSEP X direction.

As plasma particles spiral about magnetic field lines, their motion
induces an opposing field resulting in plasma diamagnetism. The solar wind
plasma diamagnetism has been detected by Colburn et al. (1967) and is seen
as a magnetic field increase (gd) of about 1.5 gammas in magnitude in the

plasma void on the antisolar side of the moon. This diamagnetic field can

be expressed (Boyd and Sanderson, 1969):

By = Ni(Te+Ti)/H .
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wmagmiv de of
H isAFhe external vacuum field, Ni is the plasma ion density, and Te and Ti

are the electron and ion temperatures perpendicular to the magnetic field
H. The average tail magnetic field is about 10 gammas while the plasma
density is at least two orders of magnitude below average solar wind values.
Little is known of the tail plasma temperature,but it is probably

% 10° °K. An upper limit on B, in the geotail is therefore ~ 0.03 gamms,

d
which is far below the LSM resolution of 0.2 gamma. Therefore plasma dia-
magnetism will be neglected in this analysis.
The d&namic interaction between solar wind plasma and the lunar surface
fields have been found to be < 16y and < 1y at Apollo 12 and 15 sites
respectively (Dyal et. al., 1973). Plasma streaming pressure responsible
for compression of surface fields is(;/g)Nimvg where m is the proton mass and
v is the plasma bulk speed. We assume a typical speed in the tail is characterized
by the average magnetopause motions which are about 70 km/sec'(Mihalov et al.,
1970). 1Inside the magnetotail lobes the plasma density is below about
0.0l/cms. Therefore the plasma-'field interaction in the geotail has to be at
least lO3 times weaker than in the freestreaming solar wind and can be neglected.
Since remanent surface field compression is negligible, it will be agsumed
that the steady remanent fields at both LSM sites are constant in the tail,
the importance pf which will soon be apparent. 1In addition these fields are
assumed to be not measurable by Explorer 35 at periselene., The results of the
Apollo subsatellite magnetometer reported by Sharp et al. (1972) confirm this

assumption. Therefore Explorer 35 measures only the external geomagnetic

field.

2. Data processing criteria

Magnetization effects can be maximized and competing electromégnetic_
induction minimized by applying data selection criteria. It has been pointed

out that at the Apollc 12 and 15 sites the magnetization field is largest in
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the radial or ALSEP x-axis. Furthermore, toroidal mode fields are not

present in the x-component and plasma interaction effects are minimal along

the x direction. Therefore, only the ALSEP x-components of the LSM and

Explorer 35 data have been used to calculate magnetization fields. Several
averaging intervals (6 minute§ 15 minutes 30 minutes, 1 hour) were used for

analysis of Apollo 12 data, each with different peak-to-peak criteria, to

insure external field uniformity and minimize poloidal field contamination.

Only 60-minute and 3-hour averages, without peak-to-peak criteria, were

useful for the Apollo 15 data since the simultaneous Explorer 35 data were
conta:minated by a high-frequency satellite spin-modulated tone. A typical ‘
30-minute swath of Apollo 12 data used (n the analysis is shown in Fig. 3. Fig.3
The steadiness of thesedata is characteristic of much of the geomagnetic

tail field.

3. Lunar Hysteresis curves ///
Typical lunar "hysteresis" curves are shown in Fig. L. Apollo 12 and Fig. 4

15 averages of X components are plotted on the abscissa with the simultaneous \\\

Explorer 35 averages on the ordinate. These data were taken from four luna-

tions of Apollo 12 and two lunations of Apollé 15 data. Bifurcation in the

distributions is a result of the data selection criterié which eliminate

data from near the neutral sheet. .The normal "S" shape of the hysteresis

curve degenerates at these low field values to a straight line (Ellwood, 1934)

intersecting the origin since the x axis intercept (x-component of the remanent

field at both -sites) has been subtracted from the data.

. Statistical Analysis

‘FPour lunations of Apollo 12 data and two of Apollo 15 data have been
processed for each of the averaging times,employing the data selection criteria
described previously. This has resulted in a total of six separate hysteresis

curves, one for each averaging interval of both instruments. To each of these
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data sets a least squares straight line has been fitted. . The average and
standard deviation values of the slopes are 1.019 * 07012. Both extrema
are greater than 1.0, implying that the moon, as a whole, acts as a para-
magnetic or weakly ferromagnetic sphere.

Scatter in the Apollo 12-Explorer 35 data points of Fig. 4(a) is‘primarily
a result of magnetic inhomogeneities between the moon and Explorer 35, small
contributions from eddy current fields, and instrumental noise in the Apollo
and Explorer magnetometers. These error sources may introduce small random
fluctuations into the data which will not substantially affect the slope or
intercept of the least-squares line. An error>source which could affect the
least-squares slope is a time-dependent heading drift of the Explorer 35 magne-
tometer. The drift problem, which began after the Apollo 12 and Explorer 35
data used in Fig. U4(a) were acquired, is therefore applicable only to analysis
of simultaneous Explorer 35 and Apollo 15 data. The slope of the Apollo 15-
Explorer 35 hysteresis curve (1.019 * 0.004) shown in Fig. 4(b) agrees well
with that obtained from the Apollo 12-Explorer 35 curve (1.019 * 0.013),
however, indicating that the Explorer 35 heading error is minimal for the time
periods used in Fig. 4(b). Furthermore, the agreement in the analysis of data
from these two Apollo surface sites, which are separated by 1000 km, is a good

test of our assumption of lunar azimuthal symmetry.
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RESULTS

1. Bulk magnetization properties of the lunar sphere

It is shown in the Theory section that the slope of the hysteresis curve

at very low field values is related to the magnetic susceptibility of the

Fia. 5
moon. Fig. 5 relates F of equation (3) to the susceptibilities kl and k2 E
: =1
of the lunar shell and core. The curve ¢ = kl/kz/borresponds to the case

of a magnetically homogeneous sphere of permeability r = 1 + hrrkl y

from which bulk permeability of the moon is calculated to be ) 1.029 tg'gfg .

Error limits are one standard deviation.

Aﬁince both upper and lower limits of permeability are above 1.0, the moon as

a whole responds magnetically as a paramagnetic or weakly ferromagnetic sphere.
The field at the surface is in general a function of both shell and core sus-
ceptibilitiesg as the susceptibility ratio € = kl/k2 increases, the core

susceptibility Xk, becomes less importent magnetically, and the family of

2
curves merge for € > 100.

A further use of the bulk lunar permeability is to place limits on the
magnetic dipole moment induced in the moon by the geomagnetic field. The dipole
moment is HRiF (see Appendix); it is orienteg parallel to the external field,
and for H = 10 gammas, the induced dipole moment is of magnitude 5.0 t3.0x 1023
gammas-cm;. Russell et al. (1973) using subsatellite magnetic data, have placed
an upper limit on the permanent lunar dipole of 1.7 x lO23 gammas-cm?. While
interesting to compare, these two results are for different phenomena. The
averaging techniques performed over many subsatellite orbits to obtain the

permanent dipole value may effectively average out the magnetization fields

which change magnitude and polarity as a function of the external field H .
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2. Lunar composition and iron abundance

In this section we calculate iron abundance in the moon, using various
compoéitional models of the lunar interior. The models are constrained by
magnetic permeability, temperature, pressure, density, and moment of inertia
determinations. |

The lunar moﬁent of inertia is approximately that of a sphere of homo-
geneous density (Ringwood and Essene, 1970). We will constrain our lunar
models to be of uniform density p = 3.34 gm/cm3 throughout.

We have selected two paramagnetic minegé to model the lunar interior:
olivine ana orthopyroxene, In the moon's outer shell, free iron is assumed to be
interspersed throughout the paramagnetic rock matrix. These minerals,
with iron content constrained by the overall density of 3.34, have properties
which are consistent with measured seismic velocity profiles at mantle
depths (Toksaz'et al., 1972) and geochemical considerations (Rinjwood and
Essene, 1970; Green et al., 1971; Gast, 1972). Furthermore, pyroxenes and

olivines have been reported to be major mineral components of lunar surface

Nagata et al., 1971; Zussman, 1972; - ot
fines and rock samples QWeeks, 1972), with combined iron present as Fe~ . The

ferromagnetic componeht of lunar samples is primarily metallic iron (Nagata
et al., 1972; Pearce et al., 1971) most of which is thought to be native to
the moon rather than meteoritic in origin (Strangway et al., 1973).
Magnetization of the lunar sphere, as measured by the Apollo-Explorer 35
magnetometer network, imposes a magnetic constraint on the lunar composition.
This constraint is determined by the hysteresis-curve slope, represented by the
value F = 0.0095 ¥ 0.0060 (see equations (2) and (3)); F is in turn related
to the internal susceptibility of the'moon.
The Curie point of metallic iron will definesthe boundary between a homo-
geneous shell of susceptibility kl and a homogeneous core of susceptibility

k The boundary is located using the temperature profiles proposed for the

20
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moon by several authors as shown in Fig. 6. Also plotted is the Curie Fig.é
temperature of iron which is a function of pressure and therefore of
depth (Bozorth, 1951).

For the calcglations that follow, three temperature models are used
. warmy

in an effort to match : hot,kand‘cold models. For the hot
model the Curie point is at A = R2/R1 = 0.9. We assume shell and core
temperatures are 600 °C and 1400 °c, respectively. For the wWarwm
model the ghell temperature is 500 0C and that of the core is 1300 oC,
while the boundary is at A = 0.85. Temperatures are 300 °C and 700 °C for
shell and core of the cold model, which has A= 0.7. The magnetic properties
of the core are G§ﬁ§3€i§1§s§sggyggyby the paramagnetism gf olivine
(Nagata et al., 1957) and orthopyroxene_(Akimoto et al., 1958) and the
Langevin tenpefature dependence of these minerals (see equation (4)). Small
amounts of free iron will not substantially change the total effective suscepti-
bility of the core since iron is paramagnetic above its Curie temperature.

Crustél susceptibility will be determined by the free and combined
iron under the assumption that the free iron is in noninteractive, multi-
domain grains whose shape demagnetizing factor is on the average 3.5 (Nagata,
1961). Normally the ferrcmagnetism of free iron is dominated by a dependence
on pressure and temperature, However at very low field strengths, suchvas
those of the geomagnetic tail, the susceptibility of iron is not strongly
dependent on temperature below the Curie point (Bozorth, 1951). Uniaxial
stress on iron changes its susceptibility (Kern, 1961); however, hydrostatic
stress should not affect the susceptibility (Kapitsa, 1955) unless, at great
pressures, there is a change in volume'(Breiner, 1967). Therefore, it will be
assumed that the susceptibility of free iron in the shell is indepéndent of

pressure and temperature,
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Using the constraints outlined above, forward calculations have been

made to determine the iron content in the moon. Olivine (10 mole % FeQSiOh)
and orthopyroxene (25 mole % FeSiOB) minerals are selected using the bulk lunar
density constraint. For a given temperature model'Langevin’s law yields a
range of susceptibilities for each core composition (see Fig. 7) from which .
the paramagnetic iron content of the core is calculated. F‘S.’7
Core susceptibility is then used, along with the magnetically determined
range of F, to define a range of susceptibility for the shell. Apparent sus-
ceptibility of the shell is then a function of the free and combined iron in the
shell. In all cases it is found that the shell susceptibility cannot be
accounted for by the paramagnetic susceptibility (kpl) alone; rather, the
apparent ferromagnetic susceptibility (kAl) is dominant: kal/kpl'v 100.
Therefore, using equation (5) the shell free iron abundance is determined to
account for the range of F values (see Fig. 5). Finally, the paramagnetic
rock matrix of the shell is chosen so that, containing the free iron, it matches

the bulk lunar density. Both the ferromagnetic and paramagnetic iron content

of the shell are then determined.

From these calculations it has been found that the paramagﬁetism of any
olivine and orthopyroxene cannot account for the measured bulk permeability
of the moon; contributions from free iron or other highly permeable matgrial
are necessary. When metallic iron is included in a relatively thin outer shell
("hot" model where A20.9), it is difficult to account for the measured bulk
permeability of the moon while still maintaining the constraint of homogeneous
density throughout the moon.

When the iron Curie point is assumed to be deeper in the moon, i.e., A=0.85
("warm" model) or A=0.7 ("cold" model), magnetic permeability and density con-
straints can be easily satisfied by our compositional models. Ferromagnetic

iron content in the shell is the same for both olivine and orthopyroxene,
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but is a function of thermal model. The warm model requires 2 to 9 wt.% free
iron in the shell, whereas the cold model requirgs 1 to 5 wt.%. The total iron
sbundance, on the other hand, is the same for both thermal models, but different
for the two mineral compositional models. For olivine (mole % FeQS.’Lol+ <10%)
total iron is 5 to 6 wt.%; for orthopyroxene (mole % FeSiO

3
iron is 12 to 13 wt.%.' The iron abundance limits reported here all include the

< 25%), total

one-standard-deviation limits of the measured'hysteresis curve slope 1.019f0.012.

Results are summarized in Fig. 8.
. Fig.8
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SUMMARY AND CONCLUSIONS

1. Apollo 12 and 15 lunar surface magnetometer data, simultaneous with Explorer
35 magnetometer data, are used to plot hysterésis curves for the whole moon;
from these‘curves;a whole-moon permeability u=l.029ig:g§g is célculated. Both
error limits constrain tpe permeability to be greater than 1.0, implying that
the moon as a whole is paramagnetic or weakly ferromagnetic.
2. The permeability calculation places a constraint on the composition of the
lunar interior. When the moon is modeled by homogeneous paramagnetic material
(olivine or orthopyroxene) of density 3.34 gm/cm3, it is found that these
purely paramagnetic models have magnetic permeabilities far lower than the

range determined from magnetometer measurements, We have found no reasonable
paramagnetic mineral or combination of minerals, with thé correct lunar density,
that would have permeability high enough to be consistent with our measured
values. From this we infer that the moon must contain some material in the
ferromagnetic state, such as frge metallic iron, in order to account for the
measured global permeability. |
3. The paramagnetic-ferromagnetic combination is investigated using a two-layer
Junar model; the boundary between the layers is determined by the location of
the iron Curie point. Three thermal models, "hot", "warm", and "cold) are
used to establish the Curie isotherm location. "Warm" and "cold" models fit
both the density and permesbility constraints whereas the "hot" models do not.
We conclude that the ferromagnetic free iron abundance of the outer shell is 2 to

yielding an overall range of 5L wt.%.

9 wt.% for "warm” and lteSwt.% for "cold" models,, The free iron content is

dependent upon the wvolume of lunar material below the Curie temperature and

independent of the composition of the nonferromagnetic portion of the moon.

4. For two compositional models the total iron abundance is calculated (see

Including T T
Fig. 8). 4 Doth the olivine and orthopyroxene models,the total iron is

independent of the thermal model used and is within the limits of 9tk wt.%.
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APPENDIX

Consider a radially inhomogeneousﬁusiayer permeable sphere in an initially
uniform magnetic field.gb. 'In the absence of currents H = -V$ and since B = pH,
at any point V-H = 0. Therefore 3 satisfies Laplace's equation consistent with
the continuity of the normal components of B and tangential components of H at
the spherical boundaries; In the variqus regions the potentials must be

. ,
r a
- Hrcos 6 + ;Z ;j:i Pt(cos ) r >'R1\
=0 :

§ = J ZZ (Btr1 + Y, —{%I) Pt(cos 8) R, <r<pR
t=0 r :

Gtrt Pt(cos 9) . r <R
t=0

\
with Rl and By the outer radius and permeability, and R2 and Bo the inner
radius and permeability. Using Jackson's (1962 ) notation conventions we

match the boundary conditions
+
(R)- (R) (R) 5—(R)
ad,  + ad, - a@ -
All but the t = 1 coefficients vanish leawving the four simultaneous equations

2a + ”lRiB - 2pqY
RB+ y -K& =0

3 35 _
BRoB - 2uyY = BpRp0 =0
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We are interested in @, the induced dipole moment, which is given
by
(2r1) (4, -1) - N (n-1)(2p;+1)
F -

CHE @rd)(ge2) - 203 (1) (1)

where 7 = ul/u2 and A = Ra/Rl‘ The resulting dipolar field in an (£, 8, 3)
spherical coordinate system is

B=-2(2cos 6+ +sin O 5) .
-0 -3
Ry .

We rotate the coordinate system about the # (or ALSEP #) axis so that 6 and 3

correspond to the ALSEP § and Z axes;-then
§0=F(2Hxx-Hyy-sz)

The total field at the surface is the sum of the uniform external field H

and the dipole field B :
—o

B=E (1+2F) % - Hy (1-F) ¥ + H, (-F7) 2 .
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FIGURE CAPTIONS

Fig. 1. Induced magnetization of the moon. When a two-layer permeable-
sphere is immersed in a uniform external magnetic field H (in our case

the moon in the steady geomagnetic tail field), a dipolar magnetization
field M is induced with its dipole moment aligned along the direction of

H; the total field near the sphere is E =H +'hﬂM. In the case illustrated
here, p, > B, >p =1 (free space), corresponding qualitatively to the

case where the outer shell (of radius Rl) contains both ferromagnetic and
paramagnetic material, whereas the core (of radius R2 and temperature above
the Curie point) contains only paramasgnetic material,' Measurements of B and H

allow construction of a classical B-H hysteresis curve for the sphere, from

which permeability and iron abundance cén be calculated.

Fig. 2. Magnetic environment of the moon during a complete lunar orbit,
with emphasis on the geomagnetic tail region. The plane of the lunar orbit
very nearly coincides with the ecliptic plane of the earth's orbit. The
earth's permanent dipole field is swept back into a cylindrical region known
as the geomagnetic tail; at the lunar distance the fiel& magnitudg is ~ 10
gammas OT lO-h cersteds. Substructure of the tail consists 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 the earth. The
moon is immersed about four days of each orbit in the tail; the moon can pass

through either or both lobes (accented portion of orbit), depending upon the

characteristics of the particular orbit.

Fig. 3. Simultaneous Apollo 12 and Ames Explorer 35 magnetometér data from
a quiet region of the geomagnetic tail, 1970. Vertical scales for the two

magnetometers differ due to the existance of a 38 + 3 gamma remanent magnetic

-25.



field at the Apollo 12 surface site, Components of the fields are expressed
in the ALSEP coordinate system, which hgs its origin located on the moon's
surface at the Apollo 12 site; the x-axis is directed radially outward from
the lunar surfacg, whereas y and z axes are tangentiai to the'surface,

directed eastward and northward, respectively.

Fig. 4. Hysteresis curves for the moon. For each data point the moon is
immersed in the externai magnetizing geomagnetic tail field H (measured

by Explorer 35) which is steady over 30-minute or one-hour time intervals;
the total magnetic induction is B = pH, measured by an Apollo surface mag-
netometer. Here only the radial (x) components are plotted. In this low-
applied-field regime (~ 10 gamma or io'h Oe), the hysteresis curves are
linear and are fitted by least-squares étraight lines. (a) Simultaneous
Apollo 12 and Explorer data; each data point represents a 30-minute average
during quiet times in the geomagnetic tail for fouwr* lunations, 1969-1970.
(b) Simultaneous l-hour averages of Apollo 15 and Explorer data for two

lun_ations, 1971.

Fig. 5."The function F versus susceptibility kl'of”the.lunar outer shell
(refer to equations (2) and (3)). This figure is for the case where the
iron Curie temperature isotherm is at core radius A = RQ/R1 = 0.85, as
inferred from temperature models illustrated in Fig. 6. Superimposed on
the vertical scale are the best value and limits of F calculated from.lunar
hysteresis curve slopes; the calculated range of F determines possible

ranges for susceptibilities of core and shell for this model.
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Fig. 6. Temperature profiles for the lunar interior published by various
authors: 1. McConnell et al. (1967), 2.  Fricker et al. (-1967), 3. Hanks and
Anderson (1972), 4. Dyal and Parkin (1973), and 5. Sonett et al. (1971).
Superimposed is the pressure-dependent Curie temperature for iron (Bozorth,
1951) versfis depth in the moon. The Curié point is reached at a position

R/Rmoon ~ 0-35 ‘FOY‘ +he “’l‘lup.fm. model and ~ 0.7 for a "COld" model.

Fig. 7. Magnetic susceptibility versus density for two minerals at 1600 OK,
olivine (xFeasiOh-(l-x)MgzsiOh) and orthopyroxene~(xFeSiO3'(l-x)MgSiOB),
used to model the lunar interior. For a homogeneous moon composed of either

of these minerals, the iron silicate concentrations with densities greater

than p = 3.3L gm/cm3 are forbidden.

Fig. 8. Iron sbundance in the moon. Total iron abundance of the moon is
célculated for two compositional models of the lunar interior, each with
two different thermal profiies. Total iron includes bofh free iron and
iron combined in the paramagnetic state. The portion of the total iron
which contributes most strongly to’the measured permeability, ferromagnetic

free iron is listed separately.
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