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Abstract-Two lines of evidence support each other in suggesting that a large volume of the rocks
near the lunar surface possess a uniform remanent magnetization with an intensity of about 2 x
10- 6 emu/g. The first line is the discovery by several groups of investigators of weak but stable
remanent magnetizations in igneous samples returned from the first four Apollo missions. Although
the mechanism of acquisition of this remanence has not been definitely established, several lines of
evidence, including thermal demagnetization, suggest that it is a thermoremanent magnetization
(TRM) carried by iron. Many of the breccias are similarly magnetized. The second line is the measurement of significant fields at the Apollo sites and the discovery of large-scale anomalies by the subsatellite magnetometer experiment. It appears that magnetized rocks are the source for these fields,
and simple model calculations suggest that the magnetization typical of mare basalt can account for
these features. This implies that the anomalies which appear on the far side of the moon are due to
basalt beneath major craters. These fields are not so clear on the front side, but this is undoubtedly
due to the edge anomalies expected over large sheets of lava. The implication of this magnetization
is that the moon possessed a magnetic field at least during the period from about 4.0 to 3.0 b.y. The
most probable explanation for the origin of such a field is magnetohydrodynamic dynamo action
associated either with a molten metallic core or with large pockets of molten metal at depth in the
moon.

NATURAL REMANENCE AND ALTERNATING FIELD DEMAGNETIZATION
WE HA VE SUMMARIZED our results on the natural remanent magnetization of lunar
samples in two previous papers (Strangway et al., 1971; Gose et al., 1972) so in this
paper we will only discuss the results of measurements on samples from Apollo 14
and some preliminary results from Apollo 15. Typically most of the igneous samples
have a soft component of magnetization which is random in direction and can be
readily removed in alternating fields of 50 Oe or less. We believe that this soft remanence is not of lunar origin and is due to exposure to fields in the spacecraft or back
on earth. The typical value for the stable part of the remanent magnetization is about
2 x 10- 6 emu/g. At the same time we have examined the remanent magnetization of
several breccias and find that they behave in a manner very similar to the igneous rocks
2449
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(Gose et al., 1972). In addition, however, the breccias show a pronounced timedependent viscous remanent magnetization (VRM) which is related to the grain-size
distribution of the interstitial iron (Gose et al., 1972). Superparamagne tic grains show
VRM characterized by a limited range of relaxation times, whereas multidomain
grains show a seemingly unlimited range of relaxation times.
Apollo 14 breccias

The paleomagnetic results from the Apollo 14 breccias are included in Figs. 1-4
of this paper. These breccias range in their degree of metamorphism from almost
unmetamorphose d to highly recrystallized on a scale from 1 to 8 (Warner, 1972).
In Fig. 1 the results from sample 14313,25, which is in Warner's lowest metamorphic grade, are shown. In this case alternating field (AF) demagnetization revealed
a stable component (curve A) at a cleaning field of 100 Oe. On subsequent storage in
the earth's field the sample reacquired a remanent magnetization, but upon AF
demagnetization the original direction was recovered (curve B). Later the sample was
exposed to a 10 Oe field, in a VRM experiment, and again on AF demagnetization it
was possible to recover the original direction (curve C). It is interesting to note that
the magnetization acquired from exposure to a field of only 10 Oe required demagnetization in a field of over 50 Oe to remove. Sample 14049,28 is in the same low
metamorphic grade and shows very similar behavior (Fig. 2). On AF demagnetization
to 100 Oe a definite stable component was found with a well-defined direction. We
can therefore conclude that there is a stable remanence present in these lowest metamorphic grade samples, but care needs to be taken to remove VRM effects.
Sample 14321,78, which is of medium metamorphic grade (4), also shows viscous
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Fig. 1. Change in intensity and direction upon AF demagnetization for NRM of sample
14313,25. The numbers in the stereographic projection correspond to the applied alternating AF field. See text for further explanation of three curves. All directions are in
lower hemisphere, and the inclination is true lunar inclination.
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Fig. 2. AF demagnetization of NRM of sample 14049,28. The numbers in the stereographic projection correspond to the applied AF field. Open circles represent lower
hemisphere; solid cirdes, upper hemisphere. Lunar orientation for this sample is
unknown.
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Fig. 3. AF demagnetization of NRM of sample 14321,78,1. The triangle in the stereographic projection represents the mean value of a11 demagnetized data. Directions
correspond to the true lunar orientation.
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effects which are characteristic of a large range of grain sizes and are probably due
to small multidomain grains (Gose et al., this volume). The net result, however, as
shown in Fig. 3, is that there is a stable remanence present which can be readily
detected and measured. There was no appreciable unstable component remaining in
the sample after storage in a field-free chamber for several weeks. This is in general
agreement with the findings of Hargraves and Dorety (1972), who also indicate the
presence of a weak stable component in sample 14321,194.
The final breccia sample we have examined is 14312,07. This is in Warner's metamorphic grade 7. The remanent magnetization of this sample, as shown in Fig. 4, is
quite different from that of the others just discussed. The intensity of the magnetization decreases to the low value of 2 x 10- 7 emu/g on cleaning in alternating fields up
to 100 Oe, and no stable direction is indicated since there is great scatter above 10 Oe.
Moreover, on storage the sample acquired a new magnetization and it was not possible
on subsequent AF demagnetization to reacquire anything close to the original directions. The scatter of directions was again quite large. We therefore conclude that
there is not a useful stable remanence in this sample. This is consistent with the results
discussed by Gose et al. (this volume) and suggests the presence of many large multidomain grains incapable of carrying a stable remanence.
We therefore conclude that samples which have large numbers of small particles
either as single domain or as small multidomains ( < 1 µ) do carry a useful stable
remanence and give a measure of an ancient lunar field. Since the ages of the Apollo
14 breccias all appear to cluster around values of 3.8 and 3.9 b.y., we feel that these
samples record the presence of a magnetic field at that time.
Igneous rocks (14310, 15555, and 15415)

Since our earlier paper we have examined the properties of sample 14310,89 in
some detail and find that it behaves much like other basalts from Apollo 11 and 12.
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Fig. 4. AF demagnetization of NRM of sample 14312,7.
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Fig. 5. AF demagnetization of NRM of samples 14310,69 and 14310,89. Only sample
89 is represented in the stereographic projection. Open circles represent the upper
hemisphere and solid circles, the lower hemisphere. The inclination of the magnetization
corresponds to true lunar orientation.
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Fig. 6. AF demagnetization of IRMs acquired by sample 14310,89. Numbers on
curves refer to magnetic fields in which IRMs were acquired.
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The remanent magnetization data are shown in Fig. 5. In this case, there is no superimposed soft component and the direction of the magnetization remains essentially
constant up to 400 Oe. The stable component of remanent magnetization in this
sample is measured in two chips and turns out to be a little less than 10- 6 emu/gin
both cases. One chip (89) is lunar oriented (inclination only), and the stereographic
plot in Fig. 5 shows the actual lunar magnetic inclination. The other chip is not
oriented, and it is not used in the stereonet; however, the scatter in its direction is
similar. The direction of chip 89 is approximately the same as that of chip 57 as
measured by Hargraves and Dorety (1972). It is dated at 3.78 b.y. by Schaeffer et al.
(1972).
We have induced a series of isothermal remanent magnetizations (IRM) in
14310,89 in various fields up to 100 Oe and then subjected it to AF demagnetization
(Fig. 6). The base-level intensity to which the magnetization returns in each case after
elimination of these magnetizations is that of the demagnetized NRM. Even when
exposed to de fields of 100 Oe it is possible to recover the original direction and intensity of magnetization. The similarity of the 20-Oe and 50-Oe curves suggests that
there is a gap in the coercive force spectrum. The intensity of the IRM induced at
IO Oe is such that this sample has probably not seen magnetic fields much greater
than the earth's field in its journey from the moon to our laboratory.
We have examined the behavior of two samples from Apollo 15 in some detail.
The first of these is sample 15555, a basalt from the vicinity of Hadley Rille. This
sample has been dated at about 3.2-3.5 b.y. by several authors (Compston et al., 1972,
3.53 b.y.; York et al., 1972, 3.3 b.y.; Schaeffer et al., 1972, 3.28 b.y.; Alexander et al.,
1972, 3.33. b.y.; Wasserburg et al., 1972, 3.22 b.y.; Cliff et al., 1972, 3.34 b.y.). The
magnetic behavior of this sample is much like that of other lunar basalts. Figure 7
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Fig. 7. Change in intensity of magnetization of NRM of sample 15555 upon AF
demagnetization.
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shows that there is a very small, soft component which is readily removed, leaving a
stable component with an intensity just under 10- 6 emu/g.
The final sample for which magnetic results have been obtained is 15415, which is
an anorthosite. This sample is of particular interest since it may provide a clue to the
remanent magnetization that is typical of the anorthositic parts of the moon believed
by some to be quite widespread. These results are illustrated in Fig. 8. It can be seen
that there is indeed a stable component of remanent magnetism present, but the value
of this is extremely low at around 10- 7 emu/g and therefore hard to measure on a
2-g sample. At this level it is one of the most weakly magnetic lunar samples, probably
due to the very small amount of iron present in the sample as indicated by Hargraves
and Hollister (1972) and by James (1972). We have no estimate of the metallic iron
content at this time, but it seems likely that it is extremely small, since the total iron
content is 0.18% (LSPET, 1971). The age of this sample, as given by several authors,
is about 4 b.y. (Husain et al., 1972, 4.09 b.y.; Stettler et al., 1972, 3.92 b.y.), and so
it is the oldest sample yet studied magnetically. Since it does contain a definite remanence this continues to confirm that a lunar field existed at least from 4 b.y. to about
3 b.y. So far all samples in the age range of 3-4 b.y. have been found to carry a definite
remanent magnetization. This measurement indicates that the field that created this
remanent magnetism was of widespread lunar extent and not just confined to the
Apollo 11, 12, and 14 sites.
THERMAL DEMAGNETIZATION

One of the most nagging problems that remains to be solved is the mechanism by
which the remanent magnetization in the lunar samples was acquired. The presence
of a magnetic field is an almost certain requirement, but there have been no convincing
tests done yet that demonstrate the mechanism of acquisition, although there is much
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Fig. 8. Change in intensity of magnetization of NRM of sample 15415 upon AF
demagnetization.
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evidence pomtmg to thermoremanent magnetization (TRM). In our earlier work
(Pearce et al., 1971) we showed that the soft component of magnetization could well
be due to exposure to a steady magnetic field and the acquisition of an isothermal
remanent magnetism (IRM). We also showed that heating a sample and allowing it
to cool from above 800°C in the presence of a weak magnetic field could lead to the
acquisition of a very stable TRM much like that seen in the samples. Dunn and Fuller
(1972) have examined TRM in several samples and in various low fields and found it
to be of considerable stability except in igneous sample 14053, whose magnetic
properties seem to be determined by an unusually large amount of multidomain iron.
Two authors (Helsley, 1971; Gromme and Doell, 1971) conducted thermal
demagnetization tests on the natural remanence of lunar samples and found drastic
changes occurring at around 300°C. Since their work was done on samples which
had not been cleaned by AF demagnetization, they were looking at both the soft
and the stable components of the natural remanent magnetization. For this reason
we have conducted such tests on two samples in which only the stable component is
present. The apparatus used, consisted of a vacuum furnace with a vacuum of less than
10- 6 Torr and a field-free space controlled by a feedback network to a value of less
than 1 y.
We first examined a breccia sample, 14321, which, as discussed earlier, had essentially no soft component. Thermal demagnetization results for this sample are shown
in Fig. 9. It is seen that the natural remanence disappears quite sharply at about 800°C.
The second is an igneous rock, 12002, which we studied in some detail earlier
(Strangway et al., 1971). The sample 12002,86 initially had a soft component which
was eliminated by AF demagnetization in about 20 Oe. A series of IRMs were
induced in another sample of 12002 and on AF cleaning showed that this soft com10-6
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Fig. 11. Thermal demagnetization of 12002,86 after the soft component of magnetization had been removed by AF cleaning to 100 oersted. Numbers in stereographic
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ponent might be an IRM acquired in a field of about 10 Oe (Fig. 10). The thermal
demagnetization of the remaining stable component in 12002,86 is shown in Fig. 11.
The stable component again disappears fairly sharply at about 800°C.
These two experiments suggest that the natural stable remanence in both breccias
and igneous rocks is acquired when the samples cool through the Curie temperature
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of iron in the presence of a weak magnetic field. Although we have not yet determined
the strength of this field with any accuracy, it appears that about 1000 y is required to
account for the observed TRM. Also in the case of the breccia 14321 a lower limit of
about 800°C can be given for its temperature of formation.
CONGLOMERATE TEST

In an earlier paper (Strangway et al., 1971) we described a conglomerate test based
on the magnetic inclinations of oriented samples from Apollo 11 and 12. The regolith
can be looked at as a conglomerate with an age determined by the average tumbling
rate due to meteorite impacts. This is on the order of 10 6 yr. The returned rocks are
samples of this conglomerate; if they show random magnetization directions the
magnetization predates the regolith. Inclinations only are considered, since many of
the rocks have been oriented by means giving only this information, for example, pit
counts, gamma-ray spectroscopy, and track counting.
The combined Apollo 11 and 12 data suggested randomness of orientation and so
a minimum age of a million years for the stable magnetization is implied. Samples
14310, 14313, and 14321 have been added to the histogram (Fig. 12). They support
the previous data and strengthen the indication that the magnetization predates the
regolith tumbling.
MAGNETIC ANOMALIES

Dyal and Parkin (1972) have reported on steady magnetic fields observed at the
Apollo 12, 14, and 15 sites. Using the lunar surface magnetometer (LSM) they found
a field of 38 ± 3 y at the Apollo 12 site. The lunar portable magnetometer (LPM)
showed fields of 43 ± 6 and 103 ± 5 y at two stations at the Apollo 14 site
about I.I km apart. The lower value was measured high up on the flank of Cone
Crater. At the Apollo 15 site the LSM did not clearly detect the presence of a steady
magnetic field since the value reported was 6 ± 4 y. In view of the fact that the orbiting spacecraft Explorer 35 indicated that any lunar-wide field must be less than a few
gammas at the lunar surface, the discovery of these fields is quite surprising. Subsequent analysis of the Explorer 35 data has suggested the presence of local surface
3

>u

r - -

I

z 2

w

::)

a

w

0::
LL

r---- -

I

0

-90

-60

-30

0

30

60

90

INCLINATION

Fig. 12. Conglomerate test: Distribution of lunar magnetic inclinations in oriented
samples from Apollo 11, 12, and 14. (Solid line is observed data; dashed line is theoretically predicted for random orientation.)

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1972LPSC....3.2449P

Remanent magnetization of the lunar surface

2459

anomalies on the moon (Mihalov et al., 1971), which seem to be associated with the
highlands parts of the moon.
With the launching of the Apollo 15 subsatellite a powerful new tool for mapping
lunar magnetic fields became available. The preliminary results of this experiment
have been described by Coleman et al. (1972). They show that there are definite
anomalies of lunar origin which are more distinctive on the far side of the moon and
seem to be associated with the large craters. Measurements made in the magnetic tail
are relatively free of time fluctuations, and anomalies of up to 1 y at an orbital height
of 110 km are definitely resolved. In Fig. 13 we have shown some of the data from
Coleman et al. (1972) for the two components BP and Br. BP is essentially the local horizontal N-S component since it is the component parallel to the subsatellite spin axis.
This axis is normal to the plane of the ecliptic. Br is the vector sum of the vertical
component and the horizontal E-W component, since it is measured by a sensor
normal to the spin axis.
In this same figure we have shown a simple calculation which can apply to either
of two models. The first model is that of a uniformly magnetized crust in which a hole
has been cut. This hole might represent a crater with a diameter of about 200 km and
a depth of about 40 km. The magnetization chosen is 2 x 10- 6 emu/g (6 x 10- 6
emu/cc for an assumed density of 3 g/cc) and is similar to the values discussed earlier
for lunar samples. This gives anomalies as shown with peak values of about 0.4 y.
It is particularly interesting to note in the theoretical models that if the magnetization
is vertical the vertical component (Z) reaches its maximum value over the center of
the crater, while the horizontal component (H) reaches a zero value at the center and
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Fig. 13. (a) Segment of anomaly profile from Coleman et al. (1972) with theoretical
calculation based on models shown in (b). The segment is near the crater Van de Graff.
(b) Two possible models to explain observed anomaly profile. See text for further
explanation.
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is antisymmetrical about this axis. This behavior is very much like that found in the
observed field where the peaks of one component correspond to the zero crossings of
the other.
This model seems unrealistic for two reasons. First, the only anorthosite measured
so far is very weakly magnetized with an intensity of about 2 x 10- 7 emu/g or less.
Many authors think that the highlands are composed of anorthositic gabbros or
norites, as suggested by the x-ray data of Adler et al. (1972). We have not measured
the magnetization of such material but assume that it is between that of mare basalts
and anorthosite. If such rocks are representative of the farside highland rocks, the
magnetization would be inadequate to account for the observed anomalies. Second,
the crater geometry chosen seems quite unrealistic and the hole in the crust must involve less volume than our model. We therefore propose that the anomalies found are
due to the presence of mare-type basalt associated with the major features on the back
side of the moon. It is well known that Tsiolkovsky is flooded with basalt, and it is
reasonable to suppose that basalt, with the magnetic properties of other mare basalts,
is present beneath these craters. The sense of the magnetization is roughly vertical,
suggesting that the source magnetic field was radial at these latitudes (30° or less).
It is difficult to account for the large magnetic anomalies of 38, 43, and 100 y
observed at the lunar surface by the presence of materials with the low magnetization
of about 2 x 10- 6 emu/g, since in general, anomalies are rarely greater than about
4n/, where J is the magnetization in emu/cc. Using the value of 6 x 10- 6 emu/cc
used for the calculation shown in Fig. 13 and which correlates well with the subsatellite data, the maximum field expected at the surface is 7 or 8 y. A few of the
igneous samples and some of the breccias do show a stable component of magnetization up to about 10- 5 emu/g (3 x 10- 5 emu/cc), so that the higher fields measured
in the surface experiments could be due to local regions with more magnetic rocks.
It is also possible that the soft component of magnetization observed in many of
the rocks is of lunar origin and that the stable components we are considering might
only be a part of the story. It does not seem necessary at this point to call upon this
as a source of the anomalies, since we feel that these can be accounted for by the
stable remanent magnetization of typical mare basalts, while some of the surface
anomalies require that there be local regions where the magnetization of the basalt or
breccias is up to 5 or 10 times that of the mean value.
The lack of clear-cut anomalies on the front side of the moon in association with
the mare is probably due to the fact that they cover a very large area and therefore to
a rough approximation give rise to anomalies only at the edges (Fig. 14). It is a wellknown fact that sheets of magnetic material which are thin relative to their lateral
dimensions only give anomalies at the edges, so that the front side does not have bull's
eye anomalies that can be clearly correlated with obvious features. This magnetic
picture, then, is in general agreement with the gravity data of Sjogren et al. (1972),
suggesting that gravity and magnetic anomalies are related and associated with
basalts. This conforms remarkably well with the models of Wood et al. (1970), in
which a 25-km-thick crust or anorthosite overlies a more gabbroic interior. With
minor modifications this model is compatible with the seismic velocity structure
described by Toks6z et al. (1972). They suggest a 25-km-thick crust of basalt overlying
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material is unmagnetized.

a layer of anorthosite, gabbro, or norite which in turn is overlying a deeper layer of
more mafic rock at 65 km in the mare areas.
DISCUSSION

The discovery of remanent magnetization in returned lunar samples and the
detection of local magnetic fields on the moon must be regarded as one of the most
interesting discoveries of the Apollo program. It is important to note that the findings
of the magnetometer studies suggest that large volumes of the lunar crust have a
remanent magnetization which is generally uniform in sense and of an intensity
comparable to the level observed in the basaltic samples studied. The single anorthosite studied to date suggests that the levels of magnetization in this rock type (and
probably in gabbroic anorthosites) is not adequate to account for any of the lunar
magnetic anomalies. Therefore it seems likely that the moon has basaltic material
underlying at least some of the major craters on the far side. On the front side the
magnetic anomalies are not nearly so distinctly associated with the mare, but this is
probably due to the large lateral extent and the consequent development of edge
anomalies.
The origin of this remanent magnetization is of real interest, since it applies not
to just a few surface samples but to large volumes of the crust. This implies that this
deep-seated remanence cannot be due to thermal cycling effects as proposed by
Banerjee (1972) for surface-collected samples, since thermal effects at the lunar
surface can be expected to penetrate to only a few tens of centimeters. The origin of this
remanence as shown by the thermal demagnetization experiments is most likely due
to cooling in the presence of a field of a few hundred gammas. As discussed in a
variety of other papers (e.g., Strangway et al., 1971), there are several possible causes
of this field.
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It seems to us most likely that this field is of lunar origin, the result of fluid motions
in an ancient metallic lunar core or in other large masses of molten metal. There are
many objections to a moon which was ever hot enough or differentiated enough to
have a fluid metallic core (Gast, 1972; Toksoz et al., 1972). The main arguments are:
(1) If the moon was hot at one time it could not be cold now, and there seems to be
strong evidence that it is presently cold (see Dyal and Parkin, 1972, for example);
(2) The presence of mascons and the disequilibrium shape requires that large parts of
the moon are cold enough now and have been cold enough for the last 3.5 b.y. to
maintain at least a rigid shell; and (3) The problem of differentiating the moon totally
to produce both a metallic core and a radioactive crust is quite severe, since there is
evidence of crustal radioactive material about 4.4 b.y. This means total differentiation
in 200 or 300 m.y., which puts a serious constraint on the initial temperature distribution of the moon. Tozer (1972) has examined the problem in detail and finds that the
moon is likely to undergo convective motion as soon as the interior temperature
rises above about 1000°C. At the same time, since viscosity is strongly dependent on
the temperature, it is quite possible to maintain the outer 200-300 km of the moon
quite rigid. Following this line of reasoning, it is therefore possible to have had a hot
moon in early history which has subsequently cooled by convective transfer after the
internal temperature reaches about I000°C. This takes care of the basic objection to
an early hot moon and permits considerable differentiation of the moon early in its
history. It also explains a cutoff in lunar volcanic activity. The convective model
permits the moon to maintain mascons and its disequilibrium figure over long periods
of time by keeping the outer parts of the moon cool.
This model has the appeal that it permits the formation of a liquid core in the
early history. As shown by Runcorn (1967), Solomon and Toksoz (1968), and others,
a heavy, metallic core of 0.2 times the radius of the moon in no way violates the
restrictions on the mean density and the mean moment of inertia. From considerations of the self-generating dynamo we know that if UµaL » l that a magnetic field
can be generated where a is the electrical conductivity, µ the magnetic permeability,
Uthe velocity, and L the diameter. In the lunar case it is reasonable to take a == 3 x
10 5 mhos/m (typical for the earth's core), µ == 4n x 10- 7 henries/m, and L ==
3.5 x 10 5 m, so that aµL
l.3 x 10 5 . The velocity required then is only about
10-s m/sec or about one revolution every 7000 yr. This is a remarkably small limiting
velocity and such a body could readily maintain a magnetic field. Other models of
the moon (Gast, 1972) suggest that only the outer few hundred kilometers were
differentiated. One consequence of this model is the probable accumulation of pockets
of molten iron several hundred kilometers deep in the moon. A substantial body of
fluid metal located at some depth in the moon as predicted by the partial differentiation
model would also be adequate to generate one or more self-sustaining dynamos.
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