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Abstract. The relationship between the magnetization and temperature in a high constant magnetic
field for a temperature range between 5 K and 1100 K was examined for Apollo 11, 12 and 14 lunar
materials. The average value of Curie point temperature is (768.2 -+ 3.5) °C for the lunar igneous rocks
and (762.5 + 3.4)°C for the lunar fines and breccias. A tentative conclusion about the ferromagnetic
substance in the lunar materials would be that Fe is absolutely dominant with a slight association of
Ni and Co, and probably Si also, in the lunar native irons.

The antiferromagnetic phase of ilmenite and the paramagnetic phase of pyroxenes are considerably
abundant in all lunar materials. However, a discrepancy of observed magnetization from a simulated
value based on known magnetic elements for the temperature range between 10 and 40 K suggests
that pyroxene phase represented by (MzFe1—z) SiOs (where M = Ca?+, Mg?+, etc and 0 < x <1) also
may behave antiferromagnetically.

Magnetic hysteresis curves are obtained at 5§ K and 300 K, and the viscous magnetic properties also
are examined for a number of lunar materials. The superparamagnetically viscous magnetization has
been experimentally proven as due to fine grains of metallic iron less than 200 A in mean diameter.
The viscous magnetization is dominant in the lunar fines and breccias which is classified into Type II,
while it is much smaller than the stable magnetic component in lunar igneous rocks (Type I). The
superparamagnetically fine particles of metallic iron are mostly blocked at 5 K in temperature; thus
coercive force (Hc) and saturation remanent magnetization (/z) become much large at 5 K as compared
with the corresponding values at 300 K.

Strongly impact-metamorphosed parts of lunar breccias have an extremely stable NRM which
could be attributed to TRM. NRM of the lunar igneous rocks and majority of breccias (or clastic
rocks) are intermediately stable, but their stability is considerably higher than that of IRM of the
same intensity. This result may imply that some mechanism which causes an appreciable magnitude
of NRM and the higher stability, such as the shock effect, may take place on the lunar surface in
addition to TRM mechanism for special cases.

A particular igneous rock (Sample 14053) is found to have an unusually strong magnetism owing
to a high content of metallic iron (about 1 weight percent), and its NRM amounts to 2 X 103 emu/g.
The abundance of such highly magnetic rocks is not known as yet but it seems that the observed
magnetic anomalies on the Iunar surface could be related to such highly magnetized rock masses.

1. Introduction

From the results of various studies of the magnetic properties of Apollo 11 and 12
lunar materials, general magnetic characteristics of the Junar materials, particularly in
comparison with those of terrestrial rocks, seem to have been at least qualitatively
understood. The experimental results obtained independently by different investigators
are in good agreement with one another in regard to a number of characteristic
features of the lunar rocks magnetism, although few numbers of magnetically particular
samples also have been reported.

Communication presented at the Conference on Lunar Geophysics, held between October 18-21,
1971, at the Lunar Science Institute in Houston, Texas, U.S.A.
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From observed data of the intrinsic magnetic properties of the lunar materials
such as the saturation magnetization (I) and Curie point temperature (©,), it has
been concluded that the absolute majority of ferromagnetic minerals in the lunar
materials are native irons. This is a striking contrast to the case of terrestrial rocks,
in which the absolute majority of magnetic minerals are titanoferous magnetites,
xFe,TiO, (1 —x) Fe;0,4, a solid solution series between magnetite and ulvdspinel,
which are, strictly speaking, ferrimagnetic substances.

The intrinsic magnetic properties of the lunar igneous rocks have been identified to
those of nearly pure metallic irons, and the abundance of metallic iron in them is
estimated to be less than only 0.1 weight percent in most cases. The magnetic properties
of the lunar breccias (the lunar fragmented rocks) and fines have shown that their
ferromagnetism is attributable to either almost pure irons or iron-nickel alloys. The
abundance of the ferromagnetic component in these samples has been estimated to
be much higher than that in the igneous rocks, amounting to 0.5~ 1.0 weight percent.
These magnetic results are in good agreement with the results of petrographical and
mineralogical observations of the metallic components in the lunar materials: that is,
in igneous rocks, the metallic iron occurs within the troilite (FeS) blebs, usually
rounded inclusions but occasionally showing cubic crystal forms, and this metal is
essentially pure iron with very little nickel (0.1% or less); on the other hand, the
breccias and the lunar soils contain a nickelferous iron usually as irregular fragments
up to a few millimeter across but sometimes as spherical or lensoid droplets (e.g.
Mason and Melson, 1970; Levinson and Taylor, 1971).

It seems thus that both magnetic and mineralogical studies on the lunar materials
have led to a conclusion that the metallic iron is present in the lunar materials in two
distinct forms: one inherent to the lunar igneous rocks and one introduced by
impacting meteorites. It seems thus that a considerable amount of metallic irons of
the meteoritic origin is included in the lunar fines and breccias. This conclusion may
be supported also by geochemical data of the lunar materials. The bulk abundance of
Niis generally less than 30 ppm in the lunar igneous rocks, while it amounts to as high
as 150~ 300 ppm in the lunar fines and breccias. These geochemical data may suggest
that metallic irons including an appreciable amount (5~10%) of Ni have been
introduced into the lunar fines and breccias, resulting in an increase of metallic iron
abundance by about one order of magnitude.

The structure-sensitive magnetic properties such as the saturation remanent
magnetization (Iy), the coercive force (H,), the remanence coercive force (Hyc) and
the initial reversible magnetic susceptibility (y,) of the lunar materials have indicated,
on the other hand, that the grain size of these metallic irons ranges from a very fine
grain of the superparamagnetic character at room temperature to a magnetically
stable multidomain grain. In general, the very fine grains of metallic irons having the
superparamagnetic or pseudosuperparamagnetic character at room temperature
occupy a considerable portion of the ferromagnetics in the Iunar fines and breccias.
Hence, the viscous magnetization becomes dominant in the lunar fines and breccias
in presence of even a weak magnetic field, such as the geomagnetic field. In the case
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of terrestrial rocks, the superparamagnetic (or viscous) magnetization occupies only a
little portion of their whole magnetization in most cases, an appreciable viscous
magnetization taking place only in exceptionally special cases. It may be considered
therefore that the general presence of viscous magnetization is one of characteristic
features of the lunar rock magnetism. The natural remanent magnetization (NRM) of
the Iunar igneous rocks and breccias may be one of the main subjects in the lunar rock
magnetism, since its paleomagnetic interpretation is directly related to the studies on
the evolution of the Moon. As the acquisition mechanism of the observed NRM of
the lunar rocks, several possible processes which have been found in terrestrial rocks,
such as the isothermal remanent magnetization (IRM), the thermoremanent magneti-
zation (TRM), the chemical remanent magnetization (CRM), the pressure remanent
magnetization (PRM) and the shock remanent magnetization (SRM) have been
presumed individually or combinedly by various workers.

We might have to examine, however, whether or not the physical basis of the lunar
rock magnetism can be exactly the same as that of terrestrial rock magnetism with
respect of its every detail, because, in the lunar rocks, the bearers of NRM are metallic
iron grains and a considerable portion of the metallic irons is in form of the super-
paramagnetically fine grain. We have now some variety of the lunar rock samples
returned by Apollo 11, 12 and 14 Missions. The main purpose of this paper is to
describe the magnetic properties of the lunar materials as systematically as possible
at the present stage based mostly upon the authors’ own results of measurement.

An additional remark might have to be made in regard to the paramagnetic and
antiferromagnetic components in the lunar materials. Very few studies have been
made so far on the paramagnetic and antiferromagnetic components in terrestrial
rocks. This might be due to a fact that these components can be ignored in examining
the ferrimagnetism of terrestrial rocks, though they ought to be present in terrestrial
rocks also. On the other hand, the paramagnetic and antiferromagnetic magnetizations
are not negligibly small compared with the ferromagnetic one in the lunar materials,
particularly in the lunar igneous rocks. This is the reason why the paramagnetism and
antiferromagnetism of the lunar materials also are described in this paper.

2. Ferromagnetic Substances in the Lunar Materials

The intrinsic and structure-sensitive magnetic parameters of Apollo 11, 12 and 14
materials were examined by (1) measuring the magnetization curve for the magnetic
field range from — 16 to 16 kilo-Oe at room temperature (about 300 K) with a special
additional measurement of the remanence coercive force (Hgc), (2) measuring the
magnetization versus temperature curve in the heating and cooling processes in the
temperature range from 20°C to 850°C in vacuum of less than 10~ > T of air pressure
in a reasonably strong magnetic field of about 5.5 kilo-Oe in intensity, (3) mea-
suring the magnetization versus temperature curve in the temperature range from
5 K to 300 K in a magnetic field stronger than 3 kilo-Oe. Figures 1 and 2 show
examples of the magnetization curves of Apollo 14 igneous rock, No. 14053-48,
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observed at 300 K and 5 K respectively by a vibration magnetometer. The intensity of
magnetization, 7 (H), observed at a magnetic field H is assumed to be a sum of a
ferromagnetization which is subjected to the magnetic hysteresis curve, Iz(H), and a
paramagnetization y, A, where the paramagnetic susceptibility (y,) includes the
susceptibility of antiferromagnetic component: namely,

I(H) = I (H) + 2.H. M

The linear relationship between I (H) and H for large values of H where the ferro-
magnetization is practically saturated represents the paramagnetic component y, H.
Subtracting y, H form I (H), the ferromagnetic hysteresis curve Ip(H) is obtained as
a function of H. The saturation magnetization (L), the saturation remanent magneti-
zation (Iz) and the coercive force (H,) of the ferromagnetic component as well as y,
thus evaluated for the igneous rocks, fines, and clastic rocks or breccias of the lunar
materials are summarized in Tables I, II, and III respectively. In Figures 1 and 2,
details of the I (H)~ H relation are not well illustrated because of a large scale of
coordinates, but Iy and H, could practically be determined with observational errors
of £5%.

TABLE 1

Basic magnetic properties of lunar igneous rocks
Magnetic 10024-22 12053-47 14053-48 Unit
parameters
X0 2.6 2.6 2.24 X 104 emu/g
Xa 34 34 4.6 % 105 emu/g
I 0.155 0.195 2.2 emu/g
Ir 0.15 0.08 4.0 X 1072 emu/g
H: 45 8 20 Oe
Hre 160 76 80 Oe
@c 765(45) 760( - 8) 765(45) °C
xo - Initial reversible magnetic susceptibility at 300 K.
xa : Paramagnetic susceptibility at 300 K.
I,  : Saturation magnetization at 300 K.

Ir : Saturation remanent magnetization at 300 K.
H. : Coercive force at 300 K.

Hpgc : Remanence coercive force at 300 K.

@¢ : Curie point temperature.

TABLE II

Basic magnetic properties of lunar fines
Magnetic 10084-89 12070-102 14259-69 Unit
parameters
X0 8.3 7.2 10.0 X 10~3 emu/g
Xa 3.5 2.5 2.5 X 10-% emu/g
I 1.17 1.28 1.50 emu/g
Ir 8.4 6.2 6.0 X 102 emu/g
H, 36 22 19 Oe
Hre 460 450 300 Oe

6, 775( £ 10) 770(+8) 750( £ 5) °C
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TABLE III

Basic magnetic properties of lunar breccias and clastic rocks

Magnetic 10021-32 10048-55 10085-13 14047-47 14301-65 14303-35 14311-45 Unit

para-
meter
X0 8.6 9.6 4.3 8.0 0.93 0.69 0.46 x 10~3 emu/g
Za - 4.3 44 24 2.1 2.4 2.3 % 10-5 emu/g
Is 0.74 1.8 0.44 1.40 0.69 1.27 0.74 emu/g
Ir 5.0 13.0 6.7 6.1 0.64 2.1 0.43 x 10~2 emu/g
H. 19 50 125 26 27 27 19 Oe
Hre - 520 670 350 450 180 140 Oe
O - 765 - 760 750* 735% 750%* oC
(+5) (£5) (£5) (9 (+£5
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Magnetization versus temperature curve measured in a magnetic field of 5.53 K Qe.
Full circles- : heating process; hollow circles- : cooling process; Sample 14053-48.

Figures 3 and 4 show examples of the magnetization () versus temperature (7))
curves for the range from 20°C to 850 °C measured by a magnetic balance. In Figure 3,
Curie temperature (@) of Sample No. 14053-48 is determined to be 765+ 5°C in both
the heating and cooling curves which are in approximate agreement with each other.
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In Figure 4(a), a systematic discrepancy of the cooling I~ T curve from the heating
one of Sample No. 14303-35 is considerably large, but the magnitude of 7 in the
cooling process has returned practically the same value as in the heating process at
room temperature. Figure 4(b) illustrates the results of similar measurements of the
same sample for the second run. The heating and cooling curves in the second run
measurement are essentially identical to those in the first run measurement shown in
Figure 4(a). This result indicates that the ferromagnetic component in this sample has
an irreversible cycle with respect to temperature. A similar irreversible cycle of
magnetization with respect to temperature has been observed in Samples No. 14301-65
and 14311-45 also. It must be noted here that the heating and cooling speed was
always kept approximately at 200.° centigrade/hr in the I-T measurements. It is most
likely that the irreversible cycle of magnetization with temperature is due to a2y
transition of FeNi alloy (e.g. Bozorth, 1951), as already pointed out by Strangway et al.
(1970) for an Apollo 11 lunar sample, No. 10084-90. Curie temperature is assigned
to that in the heating curve in such a case.

Another example of the /-7 measurement is shown in Figure 5, where the magneti-
zation in the cooling curve is definitely smaller than that in the heating one, though
Curie temperature is kept invariant. The I-T curves in the second run heating and
cooling processes are practically in agreement with the first run cooling curve. It may
be concluded therefore that a certain portion of the ferromagnetic component was
lost by the first run heating procedure. This absolute irreversibility of magnetization
with temperature by heating takes place in all lunar fines (1008489, 12070-102 and
14259-69) and some clastic rocks (14047-47, 14301-65) and breccia (10048-55) which
have been heated in vacuum of a little less than 10~ > T of air pressure. It seems likely
that the loss of ferromagnetic component in the first heating process up to 850°C is
due to the oxidation of very fine free grains of metallic iron in the presence of low
pressure oxygen. All observed values of @, are listed in Table 1 through Table 11I.

Figure 6 shows example the magnetization (I) versus temperature (7)) curves for
the range from 5 K to 100 K, measured by a vibration magnetometer. The magneti-
zation in this temperature range may be represented by a sum of ferromagnetic
magnetization (I) which is almost independent of temperature, antiferromagnetic
magnetization (I,) and paramagnetic magnetization y,H where y,oo(*/7T): namely,

I(H, T) = I (H) + L(H, T) + £,(T) H. @

It may be observed in Figure 6 that, in the lunar materials, the paramagnetic mag-
netization is markedly dominant in temperatures below 30 K and a superposition
of an antiferromagnetic peak is noticeable at Néel temperature of ilmenite (57 K).
Table I through Table III summarize the observed values of the intrinsic magnetic
parameters (i, I, and @) and the structure-sensitive ones (o, I, H, and Hg) of the
lunar materials, where y, denotes the initial reversible magnetic susceptibility measured
by an alternating field magnetic susceptibility bridge of 1 kHz in frequency. It may be
observed in these tables that @, ranges from (735+5)°C to (775+10)°C, which are
almost the same or a little lower than Curie point temperature of pure iron at 770°C.
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The observed decrease in Curie point temperature might possibly be attributed to
either a certain small content of silicon in FeSi alloys or that of nickel in FeNi alloy
(Bozorth, 1951).

In Table IV, all reported values of Curie point temperature of Apollo 11 and 12
materials are summarized. @, values in this table range from 750°C to 788 °C. Curie
point temperature of Apolio 11 fines, No. 10084, were measured independently by
four research teams in addition to ours. The observed values of @, of this sample range
from 760°C to 778°C. The dispersion of the observed values of @, may imply the
heterogeneity of composition of native irons within a returned pack of the Apollo 11
fines as well as possible errors in measurements by different investigators, The same
argument could be applied to Apollo 12 fines, No. 12070, and Apollo 11 breccia,
No. 10048. Generally speaking, the observed values of Curie point temperature of
Apollo lunar materials are not drastically different from that of metallic iron, whence
one may approximately conclude that the dominant ferromagnetic component in the
lunar materials is nearly pure metallic iron.

In regard to further details of the composition of the lunar metallic iron, more
direct and comprehensive examinations of separated metallic iron grains will have to

TABLE IV
Curie temperature (@.) and saturation magnetization (Is) of Apollo 11 and 12 lunar materials

Sample Author (oA Is

number

¢0) (emu/g)
(Igneous rocks)
10069 Helsley (1970) 752 -
10024-22 Nagata et al. (1970) 75545 0.155
12002 Helsley (1970) 770 -
12022 Helsley (1970) 770 -
12018-47 Runcorn et al. (1970) 770 -
12020-23 Runcorn et al. (1970) 770 0.52
12052-48 Grommé and Doell (1971) 788 -
12065-37 Grommé and Doell (1971) 782 -
12053-47 Nagata er al. (1971) 760 + 8 0.195
(Fines)
10084-86 Doell et al. (1970) 770 -
10084-13 Runcorn et al. (1970) 778 +3 1.6
10084-90 Strangway et al. (1970) 776 1,13
10084-88 Schwarz (1970) 770 1.15
10084-89 Nagata et al. (1970) 775+5 1.17
12070-103 Runcorn et al. (1971) 776 1.8
12070-104 Strangway et al. (1971) 770 0.68
12070-102 Nagata ef al. (1971) 770+ 8 1.28
(Breccias)
10048-22 Laroschell and Schwarz (1970) 750 -
10048-55 Nagata et al. (1970) 765 45 1.8

10059-24 Doell et al. (1970) 775 2.15
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be required, though several possibilities can be pointed out based on the existing data.
For instance, the irreversible cycle of magnetization with respect to temperature
change and a definite reduction of Curie point temperature of Sample 14303-35,
illustrated in Figure 4, seems to imply that the principal component of native irons in
this sample is FeNi alloy, very likely a kamacite of about 7%, of Ni content. Actually,
FeNi alloys have been found as the native irons in the lunar fines and breccias (e.g.
Mason and Melson, 1970; Levinson and Taylor, 1971). As Strangway et al. (1970)
have shown from their study in detail on Apollo 11 breccia 10084-90, individual
grains of native iron in the lunar material could have different chemical compositions,
for example, different ratios of Ni/Fe in different grains. In other words, the I-T curve
of a bulk sample, such as illustrated in Figure 4, could be a superposition of a large
number of individual /-T curves of different characteristics. Actually, samples
14301-65 and 14311-45 have almost the same characteristics of irreversible cycle as
that of 14303-35, but Curie point temperature is definitely higher (by about 15°C) in
the former two than in the latter. In this regard, there is a possibility that a reduction
of Curie temperature is mainly due to a formation of FeSi alloy, since the abundance
of silicon is sufficiently high in all lunar materials. Grommé and Doell (1971) have
pointed out, on the other hand, that Curie temperatures of samples 12052-48 and
12065-37, which are significantly higher than @, value of pure iron, could be attributed
to FeCo alloy of about 1.2%; in cobalt content. The effect of Co content on @, also is
highly probable, because an appreciable amount of Co has been found in the native
irons in the lunar materials. (e.g. Nagata and Carleton, 1970). We may thus have to
consider, at least, the system of Fe-Ni-Co-Si as a probable composition of native
irons in the lunar materials. As far as data given in Table I through IV are concerned,
the average value of @, of the lunar igneous rocks is (768.2+3.5) °C, while that of the
lunar fines and breccias is (762.5+3.4) °C. Although the average Curie point temper-
ature of the lunar igneous rocks is a little closer to the value of @, of pure iron than
that of the fines and breccias, the difference may not be regarded highly significant at
the present stage of statistics. A tentative conclusion about the ferromagnetic sub-
stance in the lunar materials would therefore be that Fe is absolutely dominant with a
slight amount of Ni and Co, and probably Si also, in the lunar native irons, as
indicated by the range of dispersion of @, from 735°C to 788°C.

3. Paramagnetic and Antiferromagnetic Components in the Lunar Materials

As given in Tables I through III, the apparent magnitude of paramagnetic susceptibility
(x.) of the lunar materials at 300 K amounts to (2.1 ~4.6) x 10~ * emu/g. The apparent
value of y, represents not only that of the pure paramagnetic component mostly due
to Fe?* in pyroxenes but also the susceptibility of antiferromagnetic components
such as ilmenite (FeTiOj;), troilite (FeS) and probably ferrosilite (FeSiO;) and/ox
pyroxferroite (Ca, sFeq 55510;) whose magnetic properties have not yet been
determined.

Experimental endeavour has been made to detect Néel point transition (at 320°C)
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of troilite whose presence is known in the lunar materials, but no evidence of its
presence has been detected in the I-T curves of the lunar materials within a limit of
experimental errors. The antiferromagnetic FeS may therefore be neglected in analyzing
the magnetization versus temperature curves of the lunar materials. Then, Néel points
of all other antiferromagnetic components are considerably lower than room temper-
ature. Hence, the apparent value of y, observed at room temperature (T,) may be
expressed as

%a(To) = mo%‘i‘z;mi TO_C_L 0. 3
where T, and @,; denote respectively absolute temperature (300 K) and paramagnetic
Curie temperature of i-th antiferromagnetic component; m, and m; represent respec-
tively mass abundances of the paramagnetic component and i-th antiferromagnetic
one, and C, and C; are Curie constants of the paramagnetic component and i-th
antiferromagnetic one respectively. In the present case, antiferromagnetic Néel points
of ilmenite (@;=57 K, Ishikawa and Akimoto 1958) and ferrosilite (0;=30K;
Sawaoka et al., 1968) have been detected (Nagata et al., 1970) but the minoralegically
detected pyroxferroite might also be antiferromagnetic because Mg, Fe, _, SiO; is
antiferromagnetic for a range of 0<¥:<0.25 (Shenoy er al., 1969).

If, as a rough approximation, we can assume that y, represent an apparent para-
magnetic susceptibility of the whole iron oxides, expressed as y,(T)=m C/T, with an
assumption of @;<T,=300 K, then m C can be estimated from the observed values
of y, listed in the tables as m C=(0.6~1.4) x 10”2 emu/g.

Among metallic irons in the lunar materials, only Fe?* and Mn?* can play role in
the paramagnetic behavior, because no Fe®* has been detected in them. Since further
the content of Mn?* is much less than that of Fe?* in them, we may approximately
consider that the whole paramagnetic susceptibility observed at 300 K is due to Fe2™*
in pyroxenes, ilmenites and other Fe?*-bearing minerals. Then y, can be expressed by

MmNy 5 5 24
— P F 3 4
3lT0'u0 s (Fe ) 4)

Aa

where uy and Py(Fe?™) denote respectively the magnetic moment of Bohr magneton
and Bohr magneton number of Fe?™ which is 5.39 on average, while kK and N, are the
Boltzmann constant and Avogadro number. Putting numerical figures into uj,
Py(Fe*™), k and N,, (4) becomes

_ 645 x 1072
m —_—

) 4
T, emu/g 4"

Xa =
whence the weight content of Fe** in the lunar materials is estimated to be 9~229%,
or in other words, the weight content of FeO is 12~289%,. These estimated values of
FeO content certainly give the upper limit, because the equivalent value of C; for
Fe?* ion in ilmenite and ferrosilite is 15~ 309 larger than C, at temperatures higher
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than their Néel points. A more reasonable estimate of contents of Fe?*, FeTiO; and
possible FeSiO; (or (Fe, _,Ca,) SiO;) in the lunar materials may require analyses of
the magnetization versus temperature curves for the low temperature range (from 5 K
to 300 K), such as illustrated in Figure 6. The magnetization, I (7), in Figure 6 may
be approximately represented by a sum of a paramagnetic component of pyroxene
%px(T) H, antiferromagnetic components of ilmenite, x;,(7) H, and ferrosilite
17 (1) H, and ferromagnetic component of metallic iron I,(H): namely,

I (T) = {mpxpr (T) + mIlXIl (T) + mFrXFr (T)} H + mFIF (H)9 (5)

where m,,., my;, mp, and my represent respectively the weight contents of paramagnetic
pyroxene, ilmenite, ferrosilite and metallic iron. Since the functional forms of y,.(T),
¥n(T) and yg, (T) with respect to T have been known experimentally (Stickler et al.,
1967; Sawaoka et al., 1968), and Ir(H) can be considered independent of temperature
in the low temperature range, the best fitting simulation curve expressed by (5) for the
observed I (T)-T curves can derive the weight contents of the four magnetic constit-
uents. This simulation method was fairly successful in analyzing Apollo 11 lunar
materials (Sample 10024-22, and 10048-55), in which the content of FeTiO; is
unusually high; m,,, m;;, mp, and mg thus derived from the I (T)-T curve is in fairly
good agreement with the result of chemical and mineralogical analyses of the same
sample (Nagata et al., 1970). Even in the best case (Sample 10024-22) however, a
considerable discrepancy between the observed curve and the simulated one cannot
be eliminated for a temperature range from 10 K to 40 K. In all other examples (7 in
total number) of similar magnetic analyses by use of (5), the simulated values become
considerably smaller than the observed values only for a temperature range between
10 K and 40 K. This general tendency of discrepancy may suggest that antiferro-
magnetic phases having their Néel point between 10 K and 40 K are present in the
lunar materials. Mdssbauer analyses made by Shenoy et al. (1919) have shown that
the spin configuration in (Mg,Fe, _,) SiO; is in the ordered state for a range of x
from O to 0.25, and the corresponding Néel points range from 37 K to 11 K. Since
pyroxferroite (Ca,Fe,_.) SiO;(x~0.15) must have a similar spin configuration as
(Mg,Fe, _,) SiO,, there is a considerable possibility that pyroxferroite and other
pyroxenes are in antiferromagnetic states having Néel points in 10 K-40 K temper-
ature range. It seems that the result of magnetic analysis of the lunar materials by
use of (5) cannot be sufficiently accurate without knowledge of magnetic properties
of all possible pyroxene phases, except a special case that Néel point peaks of FeTiO,
and FeSiO; are clearly observed. In this regard, studies on magnetic properties of
pyroxenes of various chemical compositions will be highly necessary in the future.

However, a method to estimate an approximate abundance of ilmenite from the
I(T)-T curves will be newly proposed. The magnetization 7 (T) in a constant magnetic
field for a temperature range higher than Néel points may be represented by

Co C;
I(H, T)=mH — + HY m, 1(H), 6
(H, T) = moH — + ng_@erF() (6)

i
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where the definitions of symbols are same as in (3) and (5). Differentiating (6) with
respect to (1/7), we get

I(H, T) = moHCo + H Yo, (T=0), (7

o(1/T) - @./T)Z’

where the terms of antiferromagnetic components only are temperature dependent.
Consider here an antiferromagnetic component at temperatures a little higher than
its Néel point. The antiferromagnetic term, C;/(1—©;/T)? is positive and it decreases
with an increase in temperature. At temperatures a little lower than Néel point, the
susceptibility y (7)) sharply increases with temperature in an approximate mathematical
form expressed by

xS (=) ®

(T.+6-T) -

where T, represents Néel point temperature, and C; and 8 are positive constants which
satisfy the condition

Cijo = Ci/(Tc -0)= X(Tc)-
Then,
CiT?

NumX()__ﬁgjﬁj?,(TSEL 9)

which is of a negative value. Thus 0y (T)/0(1/T) discontinuously jumps up at Néel
point temperature from — C;TZ/(T.—@,) 0 to +C,;T>/(T,— ©_)?, and then it gradually
decreases with 7. If we roughly assume C; =C,, then §=7,— ©,. Then, the magnitude
of discontinuous jump of oI (1)/0(1/T) at T, is given by

31 (T) _ 2mGCH
[5 (1/T)]T r. (1—0JT.)

= 2mHT2y* (T,)/C;. (10)

Since C; and y(T,) have been determined for a known antiferromagnetic phase, one
can approximately estimate the weight content m; from the discontinuous jump in a
oI (T)/e(1/T) curve.

Figure 7 illustrates two examples of 01 (7)/0(1/T)~T curves computed from
1(T)~T plots of the lunar materials. A sharp jump of 81 (T)/é(1/T) value takes place
at Néel point temperature (57 K) of ilmenite in both cases. Since 3 (T,)=7 x 10~ * emu/g
and C;=2.7 x10™? (emu/g) K for ilmenite, (10) is numerically expressed for ilmenite

as
a1 (T)
[5(1/T)

} ~0.11 m;H (emu/g)K. (10y
T=57K

Estimates of m(ilmenite) with the aid of (10)’ from data shown in Figure 7(a) and (b)
are 7 weight percent in sample 10048-55 and 3 weight percent in Sample 14311-45,
respectively.
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Fig. 7. Examples of the magnetization (I) versus temperature (T) curve for the low temperature
range and the corresponding relationship between 81/8(1/T) and T.

4. Viscous Magnetization and Very Fine Grains of Metallic Iron in the Lunar Materials

One of remarkable magnetic characteristics of the lunar materials, summarized in
Table I through Table III, may be that Hyc is extremely larger than H,, particularly
in the lunar fines and breccias. The ratio Hp/H, exceeds 3.6 even in the lunar igneous
rocks and it becomes larger than 10 in the lunar fines.

The coercive force and the remanence coercive force of terrestrial basalts and
synthesized titanomagnetite powders have been extensively studied by Wasilewski
(1969). His results have shown that
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H,=(0.75+0.025) Hy for small grain titanomagnetite in basalt,

H,=(0.54+0.03)Hy for large grain titanomagnetite in basalt,

H,~0.50 Hye for fresh synthesized titanomagnetite,

H,~0.66 Hg for synthesized titanomagnetite after heating at 600°C.
In any case, Hpo/H, <2 for terrestrial basalts and synthesized titanomagnetites. As
discussed by Wohlfarth (1963), for example, the theoretical value of Hyc/H, for a
random assemblage of non-interacting uniaxial particles amounts only to 1.094.
Gaunt (1960) has theoretically estimated the maximum possible value of this ratio
when the particle size has a distribution spectrum and therefore the intrinsic coercive
force (H,) of individual particle is subjected to its distribution function f(H,). His
theoretical result has given that

(Hre/H,) < 2.02,

and actually he experimentally obtained (Hge/H,)=2 for dilute AuCo alloys.

It has thus been concluded that the ratio Hgxo/H, of a dilute assemblage of ferro-
magnetic (or ferrimagnetic) particles is between unity and 2 in the ordinary case. In
this regard, the observed values of Hg/H, of the lunar materials must be considered
abnormally large. As discussed generally by Wohlfarth (1963) and others, the abnor-
mal value of Hpo/H. of an assemblage of ferromagnetic particles can be attributed
only to a superposition of a superparamagnetic component (or a magnetically very
soft component) on a magnetically hard component which is associated with the
remanent magnetization (Iz). We may consider that a ferromagnetic magnetization
I.(H) can be represented by a sum of the magnetization of a hard component, Iy (H),
and that of a soft component, I,(H): namely,

Ip(H) = (1 - o) Iy (H) + (2) L(H), (1

where a <1 denotes the weight content of the soft component, and where we can
approximately assume that I,(#) component has no remanent magnetization at room
temperature, i.e. [(H=0)=0. Then, ;(H=0)=I=(1—0a)Ig(H=0), and Hg. is
exactly the same as the remanence coercive force of the hard component. When
H=—H,_ (11) becomes

(1 - OC) Iy (H = Hc) = al; (Hc) (12)

It means that H, is the same as the coercive force (H>) of the hard component for
=0 and H,=0 for a=1, and H, decreases with an increase of «. Thus, the ratio
Hge/H, can increase with an increase of « from zero to unity. Quantitative features of
Hyc/H, of the lunar materials are not discussed here but will be published elsewhere.
However, the fact that the superparamagnetically soft component (Iz) at room
temperature becomes blocked at a very low temperature is seen in Table V, where the
magnetic parameters, y,, I, I, H, and Hgc, of the lunar materials measured at both
300 K and 5 K (12.5 K for Sample 14311-45) are summarized. In those samples whose
Hyc/H, ratio at room temperature is extremely large (Samples, 10048-55, 14047-47,
and 14259-69) H, and I at the low temperature becomes much larger than those at
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room temperature, and the ratio Hg/H, approaches to 2 at the low temperature. The
marked increase of H, and I, obviously indicates the blocking of superparamagnetically
fine iron particles at the low temperature.

TABLE V

Magnetic parameters of lunar materials measured at room temperature
and at very low temperature with type of VRM

Sample Xa Is Ir H, Hre Type of Fe(after)2
No. (emu/g) (emu/g) (O¢) VRM Fe (before)
10048-55 300 K 4.3x1075 1.8 13 x10°2 50 500 I 0.64
5K 36.2x10°% 30 54 x102 190 500
14047-47 300K 2.4x10-% 1.4 6.1 x102 26 350 11 0.67
SK 32 x10°% 2.1 32 x10°2 175 450
14053-48 300K 4.6x10-5 2.2 32 x10-2 20 80 1 0.97
SK 50 x10-5 3.0 4.0 %102 21 -
14130-65 300K 2.1x10°% 0.69 0.64x102 27 500 1 0.86
5K 33 x10-° 1.45 - - -
14303-35 300K 2.4x10-% 127 21 x10°2 27 180 1 0.97
5K 42 x10-5 1.73 34 x10-2 33 -
14311-45 300K 2.3x10°5 074 043x10°2 17 140 1 0.97
125K 38 x10-5 1.2 - - -
14259-69 300K 2.5x10-5 1.5 6.0 x10-2 19 300 I 0.67

5K 31 x10-5 26 44 x102 140 350

a Remarks: Fe(after) = Content of metallic iron after heating to 820° C in 10-3 T atmospheric
pressure.
Fe (before)= Content of metallic iron of fresh sample.

It has been reported, on the other hand, that some lunar materials contain an
extremely soft magnetic component which causes a considerably large amount of the
viscous remanent magnetization (VRM) by exposing the rock samples for a little while
to the geomagnetic field (Nagata et al., 1970; Larochelle and Schwarz, 1970; Doell
et al., 1970; Nagata and Carleton, 1970; Nagata et al., 1971). The bulk magnetic
properties of the lunar fines have generally shown that the soft and viscous magnetic
component is particularly dominant in the lunar fines. Nagata et al. (1970) quanti-
tatively have shown, for example, that the superparamagnetic component originating
in fine grains (about 10% A in mean diameter) of native irons occupies a little over a
half of the metallic irons in Apollo 11 lunar fines. Lunar breccias (or fragmented
rocks) also contain a considerable amount of the soft and viscous magnetic component
if they have not been strongly impact-metamorphosed. (Nagata and Carleton, 1970;
Nagata et al., 1971).

The presence of a considerable amount of such fine grains of metallic irons in the
Iunar fines and breccias has been recognized also from an observed fact that these
rock samples lose a considerably large portion of their ferromagnetic component by
heating them up to 800°C even in a reasonably high vacuum of 10" ¢~107° T of
atmospheric pressure: the loss of the ferromagnetic component is interpreted as due
to the oxidation of very fine grains of metallic iron (Nagata et al., 1970).
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On the contrary, the soft and viscous component of ferromagnetics occupies only
a small portion of the total ferromagnetics in the lunar igneous rocks. In fact, changes
in the total amount of ferromagnetic component in the igneous rocks by heating to
800°C in 10~ %~ 107> T atmosphere are generally very small.

As a preliminary step to classify the two distinctly different types of viscous magnetic
characteristics of the lunar materials, it has been tentatively proposed (Nagata and
Carleton, 1970) that the ratio of VRM acquirable in the geomagnetic field (the field
intensity H=0.6 Oe) during an infinitely long time, AI,, to the stable component of
NRM, I, namely 4I,/I,, could be adopted as a parameter to evaluate the relative
magnitude of viscous magnetic component in the total ferromagnetic substance. The
definition of AI, is made for the acquisition of VRM during an infinitely long time,
but practically it can be estimated with a sufficient reliability by exposing a sample to
the geomagnetic field during one full day or so. The parameter 41,/I, has been used
for a criterion to judge whether an observed NRM is mostly due to the real remanent
magnetization acquired on the lunar surface or mostly due to VRM acquired in the
geomagnetic field since the time of its return to the Earth. The cases of AI,/I; <1 and
AL, /I, 2 1 may be called Type I and Type I1 respectively of viscous magnetic character.
Figures 8 and 9 illustrate examples of Type I and Type II respectively of VRM of the
lunar materials. In these diagrams, the time-decay of viscous magnetic component of
IRM in a non-magnetic space is demonstrated. Since the intensity of viscous magneti-
zation is approximately proportional to the intensity of a magnetic field applied on a

790 l [ [
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Fig. 8. Two examples of Type I viscous remanent magnetization.
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Fig. 9. Examples of Type II viscous remanent magnetization.

sample to acquire IRM, the defined value of Al at H=0.6 Oe can be approximately
obtained from these data of the decay of IRM in H=0 space. Representing the
amounts of viscous and stable components of IRM acquired by H=0.6 Oe by Al
and I respectively, it has been generally derived that always AIy/I5 <1 in Type I
materials and AI/I§ =1 in Type II materials.

In Table V, the characteristics of magnetic viscosity of measured samples are
classified into the two distinctly separated types. In the same table, the ratio of the
amount of ferromagnetic component after the heat treatment to 820°C to that of the
fresh sample also in given. It is observed in the table that Type II samples have a large
value of Hyo/H.(>10), a large value of I (5 K)/Iz(300 K) (>4), and a large value of
H_.(5 K)/H,(300 K) (>4) and the ratio Fe(after)/Fe(before) is smaller than 0.86, while
TypeIsamples have a smaller value of Hy/H (< 8), a smaller value of H.(5 K)/H_(300 K)
(<2) and a smaller value of IH(5§ K)/Ix(300K) (<1.2), and the ratio Fe(after)/
Fe (before) is close to unity.

It may thus become clear that Type II lunar rocks contain a considerable amount of
very fine grains of metallic iron which behave superparamagnetically at room temper-
ature. Needless to say, the viscous magnetic component must be completely washed
away for the purpose of paleomagnetic studies of the lunar rocks, particularly in case
of Type 1I rocks, in which the viscous magnetization is dominant.

From the viewpoint of lunar rock magnetism, the superparamagnetically soft
component in the lunar materials may have to be examined in more detail in terms of



LUNAR ROCK MAGNETISM 179

the grain size of metallic iron. In general, the viscous decay of remanent magnetization
(I) in H=0 space with time (¢) can be expressed by

o0

I(t)=1, + f ¢ (t)e " dr, (13)

where I, T and ¢(7) denote respectively the stable component of magnetization, the
relaxation time for the decay of soft magnetization and the distribution spectrum of
magnetic particles with respect to 7. As already discussed (Nagata and Carleton, 1970),
I(?) in case of VRM-Type I sample can be approximately represented by a line
spectrum or two or three line spectra of 7, namely,

I()=1Iy+ Y ALe™ ™, (i<3). (13"

For example, 1=1.35x10%s, A7=2.6 x 10~ ¢ emu/g and I,=146.5 x 10~ ° emu/g for
IRM(H=9.0 Qe) of Sample 14053-31; and 1,=52x10%s, 1,=4x10%s, Al =
=5.0x10""7 emu/g, 4I,=3.1 x 10”7 emu/g, and I,=251 x 10~ 7 emu/g for IRM(H =
=16.9 Oe) of Sample 14303-35.

For I(t) of VRM-Type I1 samples, the well-known Richter model of the magnetic
after-effect (e.g. Becker and Doring 1939) represented by

72

I()=1,+ AIJ(~—1—~ e "dr (14)
0 tIn(ty/7,) ’

1

seems to be applicable. Actually, (14) has been successfully applied on analyzing the
magnetic viscous decay of lunar breccias 10021-32 and 10048-55: 7, =3.5 x 10? s and
7,=7%10*s for Sample 10021-32, and t,;=10s and 7,=2.2x10°s for Sample
10048-55. However, the simple functional form of (constant/z) for ¢(7) in (13) is not
sufficient for analyzing the magnetic viscous decay of Type II lunar samples which
contain much abundance of extremely fine grain of metallic iron such as Sample
14047 (Figure 9) and 14301. A more generalized method of analyzing the viscous
magnetic decay of such cases will be proposed in the followings.

Even the sharp viscous decay of I (¢) with time, such as illustrated in Figure 9,
which cannot be represented by (14), can be empirically expressed by

I()y=1, + Gty 15

where C, ¢, and v are empirical constants. The viscous component, I (t)—1I,, is
C/t; at t=0 and zero at f==00.

In comparison of (12) with (15),

(10" a0

j@(t) e "dr =
0
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the inverse Laplace transform can derive ¢ (7) as

C et

oLk an

¢(c) =
where v should be positive, and it is always positive empirically. In (17), ¢(t)=0 at
=0 and ¢(r)=0 also at t=c0. The special case of r=0 and v=0 of (17) is identical
to the case of Richter’s model. In other words, (17) is a generalized form of the
Richter’s one, (C/z). Figure 10 illustrates the spectral forms of ¢(z), obtained with
the aid of (15) and (17), for IRM’s acquired in H=16.86, 11.24 and 5.62 Oe of
magnetic field for sample 14047-47. As seen in the figure, each spectrum, ¢(7), has a
high peak in the range of 0<t<10s in Sample 14047. With an increase in H for
IR M, the contribution of fine particles of larger value of 7 to the viscous magnetization
increases, and the spectral peak shifts towards a larger value of 7. It may be worthwhile
to note here that I, increases parabolically with H, but C increases almost linearly
with H, as predicted theoretically. A similar result of analysis has been obtained for
the spectral form of ¢(r) of Sample 14301-60 also, but the peak of ¢(r) around
=10 s is much higher than the case of Sample 14047.

SPECTRUM OF RELAXATION TIME (<)
OF VISCOUS COMPONENT OF [RM

SAMPLE NO. 14047-47

102 x 10-6emu/gm.sec.
) R .

% (T) FOR H=16.86 Oe
Ux P

165 A

01
1 10 102 103
-— T sec

Fig. 10. The distribution of spectra of fine grains of metallic iron with respect to their
relaxation time (7).
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The relationship between t and the grain size of a single domain particle of ferro-
magnetics has been reasonably well formulated by Néel (1949) as

1
- = foexp(— %HRchOE/kT) > (18)
T

where 7, J§ and f, represent respectively the average volume of fine ferromagnetic
grains concerned, their spontaneous magnetization per unit volume and an approx-
imately constant coefficient of about 10° s™! in magnitude. When the magnitude of
Hgc is determined for an individual sample, ¥ can be estimated from 7 in (18), because
Jg is represented by the spontaneous magnetization of metallic iron as discussed in
Section 2. For Sample 14047-47, the mean diameters thus estimated of spherical
irons corresponding to different values of 1 are given on the abscissa in Figure 10,
where the fine iron grains of 160~170 A in mean diameter are dominant. In Apollo
11 breccias, Samples 10021-32 and 10048-55, the mean diameter of the very fine
grains of metallic iron has been estimated with the aid of (18) to range between 170
and 185 A and between 160 and 180 A respectively.

In concluding the viscous magnetic properties of the lunar materials, we may
summarize its various characteristics in the following list (Table VI).

5. Stability of Natural Remanent Magnetization of Lunar Rocks
and Remarks on a Strongly Magnetic Lunar Igneous Rock
It has already been reported (e.g. Doell ef al., 1970; Runcorn et al., 1970; Nagata and

Carleton, 1970) that some lunar breccias have a very stable component of the natural
remanent magnetization (NRM) which can hardly be AF-demagnetized by applying

TABLE VI
Characteristics of Type I and Type II of VRM of the lunar materials
Observed elements Type 1 Type 11
(a) (VRM)/(NRM) AlviIp <1 Aly[I 21

(b) (Viscous IRM)/
(Stable IRM)
(c) Dependence of
VRM on time
(d) Change in Ir
with temperature
(e) Change in H:
with temperature
(f) Effect of
heating

Alvy*[I* <1

Aly(t) = Al exp(— t/7)
I:(5 K)/IR(300 K) < 1.2
H:(5K)/H:(300K) <2

Fe(after)/Fe(before) >~ 1
(Difficult to be oxidized)

AL [Io* 2 1

ALy () =C f (et 11%) =01 dr
0

Iz (5 K)/Iz (300 K) > 4

Ho(5 K)/H:(300K) > 4

Fe(after)/Fe(before) < 0.85
(Easy to be oxidized)

(g) Dominant
grain size of Fe

Fine grains occupy only a
small portion of total Fe.

Fe particles smaller than 200 A
in diameter are dominant.

(h) Types of Lunar
Material

Lunar igneous rocks

Lunar fines and most lunar
breccias.
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an alternating magnetic field of several hundred Oersteds. It is believed that such a
very stable component of NRM of lunar rocks is certainly due to some physical
mechanism to produce the stable remanent magnetization in the presence of a weak
magnetic field on the lunar surface, very likely due to either the thermoremanent
magnetism (TRM) or the shock remanent magnetism (SRM) or their combined effect.
However, NRM’s of most lunar igneous rocks and many lunar breccias are not so
stable against the AF-demagnetization test, even after the superparamagnetically soft
component is sufficiently washed away.

Figure 11 shows two examples of the results of AF-demagnetization of Apollo 14
lunar clastic rocks. To represent numerically the degree of stability of NRM against
the AF-demagnetization, two parameters have been introduced; the effective AF
demagnetization field (H,) which is defined as the intensity of demagnetization field
to reduce the intensity to (1/e) of its initial value, and the critical AF demagnetization
field (A*) which represents the maximum demagnetization field below which the
direction of NRM is approximately invariant (within +10° in most cases) (Nagata
et al., 1971). In Table VII, the observed values of A, and H* of the lunar igneous and
clastic rocks are summarized together with the intensity of NRM. The value of /4 in
the table represents the intensity of magnetic field which can produce IRM whose
intensity is the same as that of NRM. Except special cases (such as Samples 1008516,
10048-55 and 14063-47), both A, and A* are smaller than 60 Oe and some of them
are smaller than even 20 Oe. This comparatively weak coercivity of NRM against the
AF demagnetization may imply that the observed NRM cannot be attributed to TRM.

AF DEMAGNETIZATION OF NRM AND IRM

SAMPLE 14063-47 SAMPLE 14047-47
20 L x10%emu/gm 20 Lx10_6emu/gm
3
z | |
N b 4
u’—J B M
z de—1IRM (H=11.240e)
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=
L 10
© ' ~—NRM
- \ )
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w \
— \
z Y
T L]
20 \ . > :
0 100 200 0 20 40 60 80 100
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W : AF DEMAGNETIZING FIELD [

Fig. 11. Two examples of the comparison of AF demagnetization curve of NAM with that of IRM
whose intensity is a little higher than that of NRM.
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TABLE VII
Natural remanent magnetization and its stability of lunar materials
Sample I Ho o h

No. (emu/gm) (Oe) (Oe) (Oe)

(Igneous rocks)

10024-22 7.5 x10°8 25 30 14
12053-47 2.3 X108 8 7 9
12038-29 8.1 x10-% 55 40 17
12038-32 6.3 x10-¢ 12 5 15
14053-31 2200.0 x 108 19 80 50
14063-47 14.1 x10-¢ 145 150 47
14310-159 2.4 x10°8 > 25 > 25 12
(Breccias or clastic rocks)

10021-32 15.0 X 10-6 35 40 -
10048-55 56.0 X 106 ~ 400 > 100 -
10085-16 153.0 x10-¢ ~ 1400 > 500 -
14047-47 8.2 x10-% 45 30 7.5
1430165 41.2 x10-8 48 40 23
14303-35 131.2 x10-8 18 40 29
14311-23 8.1 x10-¢ 8 10 14

In Figure 11, however, the AF demagnetization curve of the stable component of
IRM whose intensity is a little larger than that of NRM of the same sample is shown
for comparison. Similar comparisons between NRM and IRM of other lunar igneous
rocks and breccias also have indicated that NRM is definitely stabler than IRM of
the same intensity against the AF demagnetization. It may therefore be suggested that
NRM of these lunar rocks cannot be simply attributed to the acquisition of IRM or
similar kinds of artificial remanent magnetization by accident after the samples were
returned to the Farth’s surface.

Another possible test of the stability of NRM would be the thermal demagnetization
technique. Figure 12 illustrates an example of the thermal demagnetization curve of
an Apollo 14 lunar igneous rock. This curve could be interpreted as a sum of the
thermally less stable component represented by a rapid decrease in the lower temper-
ature range and a much smaller portion of the thermally stable component which
behaves just as TRM. We may be able to conclude, therefore, that a small portion of
NRM of some lunar igneous rock could be attributed to TRM. The very stable
component of NRM of Samples 10085-16 and 10048-55 also is believed to be
attributable to TRM. Then, the origin of the component of NRM of lunar rocks
which is appreciably less stable than TRM but definitely more stable than IRM must
be seeked in the future. It seems likely that the shock remanent magnetism accompanied
with the TRM effect caused by meteorite impacts could be one of plausible mechanisms.

As shown in Tables I through III and Table VII, Apollo 14 igneous rock sample
14053 is unusually strong in every aspect of its magnetic properties; the content of
metallic iron in this particular igneous rock amounts to almost 1 weight percent,
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which is as large as that of the lunar fines. The saturation magnetization (I,) of all
other lunar igneous rocks examined so far never exceeds 0.5 emu/g (Runcorn et al.,
1970; Nagata et al., 1970; Hargraves and Dorety, 1971 ; Nagata et al., 1971), which
corresponds to the content of metallic iron of about 0.2 weight percent. I of the lunar
fines and breccias ranges between 0.5 and 2.5 emu/g, but the considerably higher
content of metallic iron in them is believed to be caused by mixing of metallic irons of
impacting meteorites. On the contrary, Sample 14053 is an igneous crystalline rock
(Swann et al., 1971), whence its high content of metallic iron ought to be due to its
own mineralogical composition.
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Fig. 12. Example of the thermal demagnetization curve of a lunar igneous rock.

NRM of this sample also is unusually intense, amounting to about 2 x 10~ emu/g.
Two specimens of this rock sample, 14053-31 (5.27 g) and 14053-48 (0.97 g), could
be magnetically examined. NRM of Sample 14053-31 is 2.2 x 10~ ® emu/g while that
of Sample 1405348 is 2.7x10~* emu/g. A chip (0.304 g in weight) taken from
Sample 14053-48 has only 0.80x10~ % emu/g in its NRM intensity. Thus, the
distribution of NRM intensity within a rock mass of 14053 seems to be appreciably
heterogencous, but still NRM intensity of this sample is unusually large, because
NRM intensity of all other lunar igneous rocks so far reported is smaller than
2 x 107 % emu/g. The unusually intense NRM of this particular sample is primarily
due to its unusually high content of metallic iron. An examination of petrological
origin of the high content metallic iron in this sample may be desirable. An attention
might be called on a possible relationship between a highly magnetized rock mass such
as Sample 14053 and the local magnetic anomalies observed at Apollo 14 landing site
(Dyal et al., 1970).
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6. Concluding Remarks

In the foregoing sections, the magnetic hysteresis curves observed at both 300 K and
5 K, the magnetization versus temperature curves for a temperature range between
5K and 1100 K, and the viscous magnetic properties of Apollo 11, 12 and 14 lunar
materials are critically analyzed. Examinations of Curie point temperature have led
to a conclusion that almost pure metallic iron is absolutely dominant as the ferro-
magnetic constituent in the lunar materials. However, the irreversible cycle of
magnetization with temperature, which is similar to the ¢ —7y transition of FeNi alloy,
and a considerably low value of Curie point temperature as compared with the pure
iron one are observed for some lunar rocks. Studies of the effect of Ni, Co, and Si on
metallic iron in detail will be necessary in the future work of lunar rock magnetism.

The paramagnetic phase of pyroxenes and the antiferromagnetic phase of ilmenite
are clearly observed in all lunar materials. It seems likely, however, that some pyroxene
phases, chemically expressed as (M,Fe, _,) SiO; with M=Ca?*, Mg?*, etc. may be
in the antiferromagnetically ordered state at temperatures below 30~40 K, if x is in
the range between 0 and 4. This problem also seems to deserve further studies in detail.

One of striking characteristics of the lunar rock magnetism is the presence of very
fine grains of metallic irons of 100~200 A in mean diameter. The content of such fine
grains of metallic irons is considerably large in the lunar fines and breccias, resulting
in a marked amount of viscous magnetization or superparamagnetic magnetization.
The degree of dominance of viscous magnetization is widely different for individual
rock samples, but it can be classified into Type I, in which the viscous magnetization
is much smaller than the stable one, and Type II which represents the viscous magneti-
zation larger than the stable one. Most lunar igneous rocks belong to Type I, while
the lunar fines and not impact-metamorphosed lunar breccias belong to Type II. It
must be warned therefore that the viscous magnetic characteristics of individual lunar
rock samples must be carefully examined, and thus the viscous magnetic component
must be completely eliminated in every study of the lunar paleomagnetism.

It may be further advisable that a comparison of AF-demagnetization curve of
NRM with that of artificially produced IRM of a nearly same intensity. Such a test
give a semi-quantitative information of the stability of observed NRM of lunar rocks.
Preferably, the thermal demagnetization test also may be requested in order to confirm
a magnetically stable component of NRM of individual lunar rocks, though the
thermal demagnetization procedure is generally a little too laborious.

An unusually strong magnetism is found from lunar igneous rock returned by
Apollo 14 Mission. The particular sample, 14053, contains about 1 weight percent of
metallic iron. However, it has not yet been clarified whether or not this sample can
represent a certain general type of lunar igneous rocks in a certain locality on the
Moon’s surface. Another unsolved problem in the lunar rock magnetism may be
concerned with the discovery of magnetite phase in some Apollo 12 lunar rocks
(12030-23 and 12018-47) by Runcorn ef al. (1971). Despite a considerable continuous
effort to search such a magnetite phase in other lunar rocks, the authors have not yet
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been able to find it. This problem may therefore be considered still pending in regard
to the population of this magnetic phase in the lunar materials.
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