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Abstract—Maognetization versus field ar' mugnetization versus tewmperature
data indicate that the ferromagnetic material in Apollo 12 seamples 12052

and 12065 is'sphetoidal grains of iron hbving Curie tomperatures of 762°

o ' .
~and 78837C respectively., The samples carry natural remanent wagnetization

that is stable with respect to the .earth's ficld, of the order of 6 to

*

20 x 10~semu/8m in intensity. This wmagnetization consists of several

components, all of which are destroyed by heating in vacuum to temperatuyes

' ,
below 600°C. The ability of the rocks te acquire thermoremanent

. . . o, . , 4 . , _—

magnetization below 2007C is also destroyed by heating to 600°C. Tie

NRM in these rocks is concluded to have resulted from several magnetinior
N ? .

events that occurred at moderate temperatures some time later than the

-

rocks' last cooling.
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Introduction : .

Natural remanent magnetization (NRM) has been repodted in scveral

specimens of crystalline rock rcturned by the Apollo 11 expedition to the

moon’ (Jlelsley, 1970; Nagata ct al., 1970; Runcoxn et al,, 1970). These

‘NRM's8 ﬁhnged from 2 x 107® to 2 x 10™® cmu/gm in intensity, and exhibited

low to moﬂefate stabllity against alterhatingufielh.and thermal
demagnetizat{on. If these NRM'q were ncquifed by the rocks wﬁilc on the
moon, as scems likely,.the presence of a iunar magnetic field, cither
steady or transitory, is imﬁlied; a brief discussion of éhig implication
was given by Runcorn et al, (1970), Tﬁe magnetic cxéerimcnts reported
here were performed on two Apollo 12 erystalline rocks é12052'aud 12065)
and were designed with the félléwing objectives: (1) to determine the
amount, stability, and carrier of NRﬁ, (2) co.gsccutéin whether any
'o§scrved‘NRM could be thermorémanent magnetization (TRM) acquired by the

rocks during their initial cooling, and (3) to cutimate the maguitude of

']

lunar magnetic field necessary to produce such magnetization, The available

samples were In the form of two sawn cubes weighing approximately 10 gm

and smaller

according to the method of Thellier and Thellicr (1959) were done in

. | . . .
fields of a few thousand gammas on thi larger specimens to investigate

the thermal stability of NRM and the distxibution of partial thermoremanent

magnet.ization (PTRM). The smaller fragments were used for strong~ficld

magnetic experiments to detemmine some of fhe intrinsic magnetic

. .
characteristics of the rocks. Owing to the limited amount of material,
¢ . " .
no alternating~field demagnetization was donc.
|

¥

'fraémentslwuighing approximately 0.2 gm, Weating experiments
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'uigh»ﬁicldAMagnetlzntiou

Magnetization curves for speeimen 12052,48 at four temperaturcs are

*
*

-
-
-
L A " At A W

shown in Fig, 1. The magnetization is seen to be strongly temperature- ;

Tigure 1 near-here

—— p——

L ]
- - o

dcpcndenL,ﬂ% low temperatures, indicating a relatively large paramagnetic
and/or antifcerromagnetic ;ontribution to the total suscoptibillty To
evaluate the possible contribution of the auperparamagnetiam.that wAaS
found to ba characteristié of the Apollo 11 fines and breceia and, to

a lesser extent, crystalline rock (Nagaté et al., 1970), the same
magnetization data are'shoﬁn in Fig. 1 as a function of reduced field

H/T. 'he presence of a ferromagnetic component is clearly evident from ' i

" the fact that the curves do not coincidé.

A notable feature of the magnetization curves in Fig, 1 is .that

——— T o o W

saturation of the ferromagdetic component is.nqé approached until fields °
of about 5000 oe are exceeded, This may be interpreted to mean that the e pat
ferromagnetic mineral is jron, or iron allo& of high bermcébility, in the -

foxrm of multidomain spherical particles. . Because of their large

deﬁhgnetizimg factor and high permeability,.the self-demagnetizing field |
of such particles is so great that in modefate external fields their net
. magnetization is virtually zero. Therefore at Lemperatures well below

. the Curie poinL and in low ficlds thc apparent susceptibility 'is tcmpeaatur«y

independent: aud is given by ¥, = 3/4 wp, ‘and assuming 4 density p = 7.8 for |,
the sPhorcs, %g = 0,03 gm (Sonftle et al., 1964, uuncorn ot n]., 1970). }
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Figure l.-~Lower right: mugnetization versus magnetic field, crystalline
rock 12052,48. Upper left: the same magnetization data as a

' function of reduced field H/T.
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By plotting'chc observed initial susceptibilitics as a function of
reciprocal temperature, the temperature-independent part of the

ausceptibiliry of npocimon 12052,48 is estimated to be between 1,5 and

2,0 % 10 6 gm This value is only 25% to 307 of tha:totnl initial

susceptibility, 6,0 x 107" gm *, measurcd at 291°f;xche remainder is
due to paramagnetic nnd}o; antifcrromagneuic minerals,

The amcunt of metallic iron in the réck may bc'cstimatéd from the
susceptibiliby data, Using the values glvep above, the percentage of
iron in rock 12052,48 is 6.05 to 0,07 by weight, This proportion is in
good agreement with those found ustng other magnetic mcﬁhods Jin rock
12065 (Tsay et al,, 1971), tochs 1?021 and 12063 (Pearce et al., 1911),
and rock 12053 (Nagata et al., 1971). ' '

Magnet:ization versus tempcrature in the rangé -180°C to 856°C was
measured using the recording magnétic balance deseribad by Doei} and

’

Cox (1967), Thé temperature calibration was checked with electrolytic

.

iyon (measured Curie temperature 775°C) and pure uaturnl:maguetita'
(meashréd Curié tcmperature'583°c). Curié temperatures were determined.
usiug a graphical method (Grommé ef al., 1969) that tends to glvc a
slightly high valuo, Araje and Colvin (1064) have reported an accuratcly

detcxmxned £crromagnctic Curic tcmpnrnturc for purce iron of 77l° & 2°C.

*

The 1c1at1vc precision of our Curie tempcraturv mmaqurements is about

tma

i 2°C,

Thermomagnetic curves for specimens -12052,48 and 12065,37 are showm

in Tigs 2. The Curice tempoeratures of these specic ns are 788°C and
. . , ) .

Figure 2 near here
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Figure 2.--Magnetizations of crystalline rocks 12052,48 and 12065,37

versus temperature in a field of 5500 oe. These are the first

of.5 x 10 ® torr. Heating and cooling curves arc indicated by

[

arrows; the rate was 10°C per wminute.

heatiny experiments on theae'spec;mens, and were done in a vacuum
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782°C respectively, significnntly hirhgr Lhnn thar of purc iron. The
only alloying clements of any impoannLo thaL can ralse thu Curic
temperature of Jron are cobalt and vnnadium'(nozortp, 1951)., Gibb et al,
(1970) report the pfescncc oé 1.5% Co, 1.9-2,3% Ni, and 0,1-0,2% Cu in
metallic iron in rock 12052, while Cameron (1971) reports only 1.0 to
1,7% Ni n iron in rock 12065, To raise the Curic temperature of ‘iron
13°C would requive only 1.2% cobalt (Forrer, 1930), but the effect of
nickel 1is oéﬁosiyc and the axuét Curice temperature of this quaternary
alloy is difficult to predict, .‘ ' .
| The thermomagnetic curves in Fig. 2 were obtajned in a vacuum of
about 5 x‘lo's torr, The cooling curves nearly retrace the heating curves,
indicating that‘at this pressure the rate of .inward diffusion of oxygen
was sufficiently reduced to minimize oxidation of the iron within the
specimens. To evaluate further'che cffacts of oxidation, thesc experiments

waro repeated using the same ap?cimene, first in nitrogcn and’ then in air.

The resulting thcrmomagneLic curves are shown 1n Tig. 3 in which thc

¥

. .

Figure 3 near herc

effect of oxidation-is clear. All the curéés have inflections at the
Curic Lemperaturc of magnctite and the mabneti/a:mous above this point |
are significantly reduccdc ’ N '

The form of the magnetization curve at room temperature has turncd

out.to be a sensitive indicator of oxidation in these rocks, as is
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Figure 3.--Magnetizations of cryatalline rocks 12052,48 and 12065,37" .

* [

e e

versus temperature in a field of 5500 ce. The second heat:ing

experiments on these speciiens (left) were done in nitrogen, and I
the third heatings (right) were done in air, Heating and Sooling :
curves are indicated by arrows, " i . 1
. " " " - ."
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ilustrated in Fig, 4. Because the magnetile that results from oxidation

L R R e X

PFigurce 4 near here

has a much smaller self-demagnetizing £icld thon do the iron spherules,

it saturates in a much lower external ficld, Thic gives rise to convexi.,

in the formerly stralght parts of the curves bélow about 5000 oec., That a i
minor amount:. of oxldation cccurred during heating in vacuum is evident
from the curves marked a in Fig, 4. It 4s ncovertheless clear from thesc 3§

L

experiments that heating to temperatures of the order of 800°C at pressurcs,
less than about 10™° torr will produce no gross alteration of the | :
fcrromngngtic component of thece rocks,

Time~Stability of NRM

All measurements of NRM were made ubing a spinner magnetometer in a
ficld of a fow hundred gamnas to winimize possible effects of viscous

magnetization, As recelved, specimens 12052,32 and 12065,67 had NRM's

amounting to 2,1 x 10" and 6.0 x 107° emﬁ/gm rQSpuctiVeiy, The specimgns
were remcasurcd after storage for five hours in the earth's magnetic
field and again after four months, No significant changes in NRM :
diféction or intensdty were obsarved, and we conclude that viscous
remanent magnetization in these rocks is negligible, ' 9
NRM~URM Experiments

The thermal stability of JNRM and the production of artifisial TRH in i
specimens 12052,32 end 120065,67 werc 1nv£stignted nsiné the double heating {
method of Thellier'and Thellier (1959), The spegimens wore heated and l

. ; . f




Figure 4.--Magnetizations verous'hagnetic ficld at room tchperncurc, of;
crystalline rocks after successive heating experiments illustrated
in Figs. 2 and 3. a, after heating in vacuum (5 x 1o'b torr); b,
after henq}nd in 4=y nitvogen; ¢, after heating in air., Magnetization

curves for the same specimens before heating are shown dashed for

Tt compaxison,
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e

cooled dn a vacuun of 5 x 107" torr in n'nonmagnatic over, within a aspace '} |
that is ficld-free to within x 10 Y, Rcaulysinf ﬁulsld& ¢1970) and : . <
Nagata ¢t al. (1970) on Apollo 1) crystalline rocks indicated that fields . ’ <
of the order of a fow thousand gommas might be cxpected to produce TR
'comparablc in magnitude to the NRM; accqrdingly, Iieldé of 5000 v and

. 2000 ¥ were used, ' E é

The dilxcctions of magnatizotion after the successive heatings are

showa in Fig. 5 and the corresponding intensitics of NRM and PTRM are '

Figure 5 near here

»

e s e R O Sty

given in Table 1., After the first double heating, to 195°C in 5000 ¥; : f!7

T e e e

“TABLE 1 NEAR HERG o | i

" . . !

the KRM's in both specimens had diminished by“apbut one-half to two-thirds

* and had changed directions significantly, and significant PIRM's were -

produccd.  As a consistency test and because of the dircction change,

-t
- -

.

- A S+ e melanr t D T o N

the specimens were then heated to 195°C and cooled in null field., The
‘ v '
RRM intensities agrecd well with thesc’ caleulated from tae double heating, |

and the NRM direction “n specimen 12052 remdined constant but.that in

» »

specimen 12065 continued to change (Fig. 5). A gccond double heating to .

195°C was done in a fileld of 2000 ¥, which showed that the PTRM from 195° . il
i
i1

to 20°C was Lincar with applied field (Table 1). The third double heating

- was to 395°C in 2000 ¥, and as expected the RRHM war<lurthdr diminished,

.

i
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Fiaure‘5.~-birections of remonent magnetization in crystalline rocks
12052,32 and 12065,67 after heating in vacuunm (6 x 10-? torr) in
variovs applicd ficlds., Directions arc plotted on upper hemisphere
of eQU51~araa projection, ﬁettcrslg_through h indicate scquence of
EXperimcnts. Direction of applied field is indicated b§ + H and
sign of applied field by short arrows; figures by arrows designate
intensity of field in thousands of gammas . Point.markcq NRM is
the natural remanent magnetization measured yefore heating, Maximum
tewmperatures attained in successive heatings are shown in degrees C.

Magnetization directions after paired heatings in opposing filelds

ere joimed by lines; midpoints of these lines are marked to indicate

the caleulated NRM directions. Note that heating d 'was done in zero

applied ficld,
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/
the Pt nequired in 2000 Y wag loss aner heating to .39:>° than it had
been after lieating to 195°C, indicating that the carrier of the PTRM was
being progressively destroyed by the heating, Af{rer hcating to 590°C
and kooling in 2000 vy, both NRM and PIRM were below the sensitivity limit
of the magnetometer (approximately 3 x 1077 emu/gn),  Finally, to confiim
~ that an irrmversible change in the carricr of the NRM and PIRM had occurred,
both specimegns werce heated to.195°c and cooled in 5000 ¥; again no rcemanent
.magnetizatioh could be detéctqd. During'thg heating expgriments, the RRM

L]
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divection in specimen 12065,67 changed continvously and unpredictably ?;
. up to 39500, while the direction in specimen 12052,32 changed durving the .

first heating to 195°C but remained constant until the maximum temperature L

was raised to 3949,

o
A

In oxder to test whether appreciable oxidation had occurred during

these heating experiments, magnetization curves were determined on

R PR

fragments from both specimens, The resulte are shown in Iig. 6 together

]
.

S N RN W gy

Figure 6 necar here

with the magnetization curves of unheated samples for comparison., A swmall

cemm et

-
S P
e i e e e e perie e o

amount of iron was oxidized to magnetite, but the bulk magnetic propertics

of these specimens probably were little changed,
. . * ]
' ' Discuscion ' . f

From the experiments described above it is not possible to 1déntify

the carrier of the NRM and PITRM. One poséibility is that it consists of .

grains' of iron so small as to have very low blocking tewperatures, and

that were preferentially oxidized during the heating experiments, A

difficulty with this hypothesis is that the transition from single domain

to multidowmain magnetic structure in iron occurs at a particle size of |

o ’
about 320A (Neel, 1949), end the particle size dependence of blocking

-

. temperature distributions is not well known for multidomain iron grains,

s p—
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Figure 6.--Magnetizations versus magnetic field at room temperature, of
L
crystalline rocks after successive heating experiwents described in

Table 1 and Fig. 5. Magnetization curves for specimens 12052,48

’ * v

and 12065,37 before heating are showr dashed for comparison.
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Another possibility is that ovex a long period of time after the

rocks cooled a structural state developed in the iron grains such that '
. t

they were subdivided in part into extremely emall effective grain sizes !
SO : ' :

with correspondingly low hlocking temperatures. A third and related

possibiliLy is exsolution from the original homogencous iron alloy of

wawe e

very gsmall grains of some other composition again having low blocking

temperatures.,

In either case heating would result in homogenization of

the iron grains and diunppcafnnyo of NiM and PTIM. 7That exsolution of

some kind did in fact occur is suggested by comparing the thermomagnetic

curves in Figs. 2 and 3, In bhoth specimens, the first reheating produced

P T T N

a small but unmistakable increase in Curie temperature, amounting to 8%¢
in specimen 12052,48 and 18°¢. in specimen 12065,37, The simplest ;E
explanation of thesé increates is resoliition of cxsolved cobalt in the |
iron. for.homogcnization of the iron grains to account for destruction

of most of the RRM carrier at moderate tewperalures would require

.

appreciable resolution (and change in Curie temperature) to have occurred . i

. i

during the first heating of these specimens; the thermomagnetic curves in ¥ L

54 © H ’ ) .

Fig., 2 do not preclude this, t ' , . .

o ' : o

Other wore subtle hypotheses can be congtructed to account for the f&

g

changes in the magnetic properties of these specimens, The iwmportant it
point is that the heating cxperiments describad in the previous section :

show clearly that the NRM in specimens 12052 and 12065 cannol be ordinary

3 ]

TRM that would have been acauvired as the rocks initially cooled below
their Curic towperitures. Furthemmore, the NIM in speciwen 12052,37 consists
of at least two cowponents and that in specimen 12005,067 appavently cenvints
10
k.,:_-‘ ol _»:- Y JEPE “ . ‘_‘.,..:*«‘*, _.-q._.“‘,..,,,,;,:: "“t‘“‘“:!‘“&*~ . “1“’(‘»‘“":‘1?7-‘3‘:7.:‘.:‘..-' ol ‘M: E‘; . -;' E - »':‘;“ I . / i ”..‘;T ’: ‘ .
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3
4
~. :
i of thrce components, For rock 12065 the multicomponent: nature and .
¢ i
. ) :
moderate degree of stability of the NRM has also been clearly shown by ;
the alternating-ficld demagnetization results of Hargraves and Dorety “ g
. R : i
(1971). The RRY in rocks 12052 and 12065 wust have resulted from several "
magnelizing events that occurred at tewmperatures not much greater. then those .
prevailing on the lunar surface and at some time later than the rocks' {
initial formation or last’ cooling. ‘ ‘ A
- . ' 2
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