
73. Lunar ~ o r t a ~ l e  Magnetometer Experiment 

P .  Dya1,"f C .  W .  Parkin," C .  P .  Sonett," R.  L. DuBois,' and G. Simmonsd 

The Apollo 14 lunar portable magnetometer 
(LPM) (fig. 13-1) was used to measure the 
steady magnetic field at different sites in the Fra 
Mauro region. The LPM recorded steady magnetic 
fields of 103+5 gammas and 43+6 gammas at 
two sites separated by 1.12 km. These measure- 
ments showed that the unexpectedly high 38- 
gamma steady field measured at the Apollo 12 
site 180 km away (ref. 13-1) was not unique. 
Indeed, these measurements and studies of lunar 
samples 2,3 (refs. 13-2 to 13-5) and lunar- 
orbiting Explorer 35 data (ref. 13-6) indicate 
that much of the lunar-surface material was mag- 
netized at some prior time in lunar history. These 
data can be used to gain information concerning 
present magnetic and structural properties of the 
local region as well as the thermal and magnetic 
histories of the area. 

Background and Theory of the Experiment 

Magnetic fields are believed to permeate most 
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of space, and forces associated with these fields 
are very important on a cosmological scale. In 
this solar systerh, strong magnetic fields associated 
with sunspot regions extend far enough to affect 
radio reception and auroral activity on the Earth. 
The dipolar field of the Earth acts as a shield 
against the hot solar plasma by deflecting it around 
the terrestrial sphere. Magnetic-field measurements 
on the surface of the Earth have a wide range of 
application (e.g., in navigation; paleomagnetic 
studies of the geological past, such as sea-floor 
spreading; and surveys of subsurface ore bodies). 

The magnitudes of magnetic fields in the uni- 
verse vary widely. Measurements range from ap- 
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FIGURE 13-l.-The LPM deployed in the laboratory. 
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proximately 10" gammas for a white dwarf star 
in the constellation Draconis (ref. 13-7) to ap- 
proximately lo" gammas inside sunspots (ref. 
13-8) to 5 gammas in interplanetary space near 
the Earth (ref. 13-9). The Earth surface field near 
the Equator is approximately 30 000 gammas, and 
the fields measured at three lunar-surface sites 
average about 60 gammas. The sources of these 
fields are associated with the intrinsic physical 
properties of materials or moving electrical 
charges. 

Magnetic fields associated with the Moon have 
been found to be much more important to lunar 
studies than had been anticipated before the Apollo 
lunar-landing missions. The inductive response of 
the lunar interior to time-dependent solar-magnetic 
fields transported past the Moon permits the 
present electromagnetic and thermal properties of 
the lunar interior to be studied (refs. 13-10 and 
13-1 1 ) . Present and future Apollo missions will 
yield information about the past extrinsic and 
intrinsic magnetic fields and help clarify major 
events in lunar history. Past extrinsic fields will 
have been influential during lunar formation, and 
the study of the resultant remanence should yield 
information about ancient solar and terrestrial 
fields. Intrinsic fields should yield information con- 
cerning the history of lunar internal temperature, 
rotation, volcanism, and tectonic processes. 

During the last decade, many investigators (refs. 
13-12 to 13-16) conducted experiments to de- 
termine the magnetic field associated with the 
Moon. These experiments, conducted aboard 
lunar-orbiting and flyby spacecraft, yielded no 
direct measurement of an intrinsic magnetic field. 
One of the lunar-orbiting experiments, Explorer 
35, aided directly in the LPM experiment. During 
the second period of astronaut extravehicular ac- 
tivity (EVA), the Explorer 35 recorded the time- 
independent ambient magnetic field caused by 
external sources (fig. 13-2). The Explorer 35 
measurements, made simultaneously with the LPM 
measurements, were later vectorially subtracted 
from the LPM data. 

Before the ApoIIo 14 mission, the measurements 
made by the Explorer 35 and other lunar-orbiting 
and flyby spacecraft were an aid in establishing 
a maximum limit of 4 gammas for an assumed 
intrinsic global magnetic field. It was, therefore, 
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FIGURE 13-2.-The lunar orbit projected onto the ecliptic 
plane, showing the position of the Apollo 14 LPM on 
February 6, 1971, during the time of LPM magnetic- 
field measurements. The inset shows the orbit and 
location of the Explorer 35 satellite at the time of the 
surface measurements. 

surprising to measure a 38-gamma steady field 
at the Apollo 12 landing site. This was the first 
direct surface measurement of a magnetic field 
intrinsic to an extraterrestrial planetary-sized body. 

The magnetic field is probably due to magnet- 
ized material that acquired remanence during a 
lunar epoch involving an inducing field much 
larger ( z ~ 1 0 8  gammas) than presently exists at 
the Moon. This conclusion is consistent with the 
high remanent magnetization found in lunar 
samples. 

Discovery of the unexpectedly high steady field 
at the Apollo 12 site resulted in the concept of 
the Apollo 14 LPM experiment. This instrument 
was designed to make multiple measurements of 
the steady (time-independent ) magnetic field dur- 
ing the astronauts' traverse at their landing site. 
The entire project from inception to data return 
required slightly more than 1 yr. The effort was 
rewarded by the measurement at Fra Mauro of a 
103-gamma field-approximately 25 times greater 
than had been predicted only 15 months before. 
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FIGURE 13-3.-Apollo 14 LPM on the lunar surface. 
(a) On the MET. (b) Deployed at site A during meas- 
urement of the 103-gamma magnetic field. 

Equipment Description 

The LPM was designed as a totally self-con- 
tained, portable experiment package. During tran- 
sit from the Earth to the Moon, the LPM was 
stowed and attached to the scientific equipment 
bay of the lunar module (LM) ; and, on the lunar 
surface, the LPM was carried on the modularized 
equipment transporter (MET) (fig. 13-3 (a) ) . 
In the deployed configuration (fig. 13-3 (b) ) , 
three orthogonal fluxgate sensors are mounted on 
top of a tripod. This sensor-equipped tripod is 
connected by a 15-m-long ribbon cable to the 
electronics box that contains a battery pack, elec- 
tronics package, and three milliammeters. (A list 
of pertinent LPM characteristics is given in table 
13-1.) 

Fluxgate Sensor 

The fluxgate sensor, shown schematically in 
figure 13-4, records the vector components of the 
magnetic field. Three fluxgate sensors (refs. 13-17 
and 13-18) are orthogonally mounted in the 
sensor block shown in figure 13-1. Each sensor 
weighs 18 g and uses 15 mW of power during 
operation. A sensor consists of a flattened toroidal 
core of Permalloy that is driven to saturation by 
a square wave at a frequency of fo=7250 Hz. 
This constant-voltage square wave drives the core 
to saturation during alternate half-cycles and 
modulates the permeability at twice the drive fre- 
quency. The voltage induced in the sense windings 

TABLE 13-1. Apollo 14 LPM Characteristics 

Value I Parameter 

Ranges, gamma.. ......... 
Resolutions, gamma. ...... 
Frequency response, Hz .... 
Battery: 

Power, W. ........... 
Life, hr.. ............ 

Mass, kg . .  ............... 
Stowage size, crn. ......... 
Operating temperature, "C..  
Angular response.. ........ 

0 to st100 
0 to f 5 0  
f l . O ,  f0.5 
dc to 0.01 

1.5 
60 

55.9X15.3X14.3 

Proportional to cosine of 
angle between sensor 
axis and magnetic field 

4.58 

-30 to +60° 
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FIGURE 13-4.-Fluxgate sensor. (a) Functional sche- 
matic. (b) Racetrack tape 0.0005 in. thick and 0.0625 
in. wide. 

is equal to the time rate of change of the net flux 
contained in the area enclosed by the sense wind- 
ing. This net flux is the superposition of the flux 
from the drive winding and the ambient magnetic 
field. The signal generated in the sense winding 
at the second harmonic of the drive signal will be 
amplitude modulated at a magnitude proportional 
to the ambient magnetic field. The phase of this 
second harmonic signal, with respect to the drive 
waveform, indicates the polarity of the magnetic 
field. The sensor electronics amplify and filter the 
2fo sense-winding signal and synchronously d e  
modulate it to derive a voltage proportional to 
the ambient magnetic field. After demodulation, 
the resulting signal is amplified and used to drive 
the feedback winding to null out the ambient field 
within the sensor. Operating at null increases 
thermal stability by making the circuit independent 
of core-permeability variations with temperature. 

The sensor block, mounted on the top of a 
tripod, is positioned 75 cm above the lunar surface. 
The tripod assembly consists of a latching device 

to hold the sensor block, a bubble level with 1" 
annular rings, and a shadowgraph with 3" mark- 
ings used to aline the device along the Moon-Sun 
line. 

Electronics Subsystem 

The magnetometer electronics are self-contained 
with a set of mercury cells for power and three 
milliammeters for visual readout of the magnetic- 
field components. A block diagram of the instru- 
ment is shown in figure 13-5. The sensors are 
driven into saturation by a 7.25-kHz square wave 
generated by a frequency-divided Colpitts oscilla- 
tor operating at 29 kHz. The oscillator also pro- 
vides a 14.5-kHz pulse for demodulation of the 
second harmonic signal from the sense windings. 
The amplifier-demodulator is a narrowband amp& 
fier with 80-dB gain at 14.5 kHz. The amplifier 
output is synchronously demodulated, producing 
a direct-current (dc) output voltage proportional 
to the amplitude of the ambient magnetic field. 
This demodulated output is used to drive the feed- 
back winding of the sensor to operate the sensor 
at null conditions. The demodulated output from 
each channel also drives a panel meter. Each 

component 
sensor 

component 
sensor 

component 
sensor 

Battery pack 
Drive oscillator 

FIGURE 13-5.-Functional block diagram of the LPM 
electronics. 
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meter has a 1-mA full-scale movement and asso- 
ciated scaling resistors and capacitors that deter- 
mine thc frequency response of the instrument. 
This frequency response is chosen so that the in- 
strument can follow changes in steady-field values 
between measurements at different sites but still 
filter out high-frequency fluctuations in the ambi- 
ent solar-wind field. The instrument has an overall 
low-pass filter frequency response with a 3-dB 
point at 0.05 Hz. The meters also have a range 
switch connected to the scaling resistors to permit 
full-scale deflection for either t 5 0  gammas or 
f 100 gammas with reading-resolution capabilities 
of 2 1  and r t 2  gammas, respectively. 

Exterior surfaces of the instrument were de- 
signed so that the temperatures of all components 
would be maintained between 0" and 50" C for 
Sun-elevation angles between 7" and 30". The 
desired effective optical absorptance and emittance 
of the instrument were achieved by coating the 
surface areas with appropriate ratios of electro- 
deposited gold and white thermal paint. The 
temperature of the electronics box is measured by 
visually observing the darkening of temperature- 
sensitive decals that monitor temperatures in in- 
crements between 100" and 290" F. 

Sensor offsets of vector magnetometers are in- 
herently sensitive to environmental change; thus, 
a surface measurement of offsets is required. Gain 
and linearity, however, are relatively insensitive to 
environmental change. 

Resu I ts 

Magnetic-field measurements were conducted 
at two sites by the LM pilot during the second 
period of EVA on February 6. The first measure- 
ment was made approximately 170 m from the 
LM at site A (fig. 13-6), and the second was 

Instrument Operation 

Crew operations are crucial to the execution of 
this experiment. Both crewmembers remove the 
LPM mounting pallet from the LM and install 
the magnetometer on the MET. The MET is then 
transported a minimum of 100 m from the LM 
to eliminate the LM as an artificial field source. 
A measurement sequence is conducted as follows. 
Leaving the electronics box on the MET, the 
astronaut deploys the sensor-tripod assembly and 
levels and alines the sensor block a minimum of 
11 m from the MET. He returns to the MET, sets 
the range switch at either 50 or 100 gammas, 
then reads the meters in sequence and verbally 
relays the data to Earth. After all readings are 
taken, the astronaut reels up the cable and stows 
the sensor-tripod assembly. 

At the first site only, two sets of additional 
readings are taken with the sensor block rotated 
first 180" about a horizontal axis, then 180" 
about a vertical axis. These additional readings 
allow determination of a zero offset for each axis. 

0 100 200 300 400 
(a 1 m 

- 
0 200 400 Mx) 800 1000 
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FIGURE 13-6.-Lunar Orbiter photographs showing the 
Apollo 12 and 14 landing sites and positions where 
steady-field measurements were made. (a) Apollo 12 
site. (b) Apollo 14 site. 
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FIGURE 13-7.4rientation of lunar magnetic-field measurements. (a) Relative location of the 
Apollo 14 and 12 landing sites. 

made near the rim of Cone Crater at site C’. The 
vector magnetic-field components measured at 
each site are as follows. At site A, the total LPM- 
measured components are BK = -90 gammas, 
BY = 45 gammas, and BZ = -30 gammas. At 
site C’, components are Bx = -1 1 gammas, 
B ~ = - 2 8  gammas, and BZ=-28 gammas. 
These components are listed in a local coordinate 
system with the origin on the surface; the Bx-com- 
ponent is positive toward the zenith, and the By- 

and B,-components are positive along the surface 
to the east and north, respectively. 

The two Apollo 14 field measurements are 
each the vector sum of intrinsic lunar fields and 
the extralunar (solar or terrestrial or both) fields. 
The Explorer 35 magnetometer orbiting the Moon, 
as shown in figure 13-2, simultaneously makes 
measurements of the extralunar fields. To deter- 
mine the intrinsic steady field at the two surface 
sites, it is necessary to transform these extralunar 
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Site 

Apollo 14: 
Site A. .  . . . . . . . . . . 
Site C'. . . . . . . . . . . 

Apollo 12 site.. . . . . . . . 
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Field Magnetic-field components, gammas 
Coordinates, deg magnitude, 

gammas 
UP East North 

3.7" S, 17.5" W 
(See fig. 3.1 in sec. 3) 103f5 -93f4 f38f5 -24f5 
(See fig. 3.1 in sec. 3) 43f6 -15f4 -36f5 -19&8 
3.2" S, 23.4" W 38f3 -24.4f2.0 f13.0f1.8 -25.6zE0.8 

Apollo 14 site A 

Apollo 12 ALSEP site Apollo 14 site c' 

outh _ _ _ -  
Down 

103 gammas I 
Down Ib) 

FIGURE 13-7.--Continued-(b) The vector fields for each of the three point measurements. 

fields to the Apollo 14 surface coordinate system 
and vectorially subtract them from the LPM 
measurements. 

In addition to the external fields measured by 
Explorer 35, there is a time-dependent inductive 
field generated in the Moon that is proportional to 
the amplitude and frequency of the Explorer 35 
extralunar field (ref. 13-11) and that is not com- 
pletely filtered out by the LPM. This inductive field 
must also be subtracted from the Apollo 14 meas- 
urements; it is determined by examination of past 
simultaneous Apollo 12 and Explorer 35  data 
measured in the same lunar-orbital position (fig. 

13-2). The Apollo 12 lunar-surface magnetom- 
eter, which would have directly monitored these 
time-dependent inductive fields, was not operating 
at the time of the Apollo 14  mission. 

The intrinsic lunar steady fields at the Apollo 
14 site, which can be calculated by vectorial sub- 
traction of extralunar and induction fields, are 
listed in table 13-11 and are illustrated in figure 
13-7. Errors listed in table 13-11 include uncer- 
tainties in sensor orientation, instrument-tempera- 
ture measurements, and inductive-field determina- 
tion. 

A magnetic-field gradient can be calculated 

TABLE 13-11. Magnetic-Field Measurements at Apollo 14 and 12 Sites 
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from the two Apollo 14 site measurements. Sites 
A and 6’ are separated by 1.12 km (fig. 13-6(b) ), 
and the linear gradient is calculated to be 54 e 7 
gammas/km. This value is less than the gradient 
upper limit determined for the Apollo 12 site 180 
km away. At the Apollo 12 site, the steady field 
is measured to be 38 t 3 gammas and the gradient 
upper limit is 13 3 gammas/km (ref. 13-1 ) . These 
values are shown for reference in figure 13-7 and 
table 13-11. 

Discuss ion 

The two magnetic-field measurements at the 
Apollo 14 site have shown that the unexpectedly 
high field measured at the Apollo 12 site is not 
a feature confined to one site on the Moon. These 
three magnetometer measurement sites, separated 
by distances of from 1 to 180 km, and the high 
remanence found in the samples436 returned from 
the Apollo 1 1  and 12 sites (refs. 13-2 to 13-5), 
separated by 1400 km, experimentally show that 
the Moon has been magnetized in these widely 
separated regions. It is quite possible that thou- 
sands of local surface regions of magnetized con- 
centrations (magcons) may exist (ref. 13-19), 
and reexamination of the Explorer 35 magnetom- 
eter and plasma data indicates that several magnet- 
ized nonmare areas exist on both the near and 
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far sides of the Moon (ref. 13-6). These analyses 
give evidence that much of the lunar-surface ma- 
terial has been magnetized-perhaps even a crustal 
shell around the entire Moon. 

No obvious mechanism for such large-scale 
magnetization of surface materials exists at present. 
Magnetization of the Apollo 11 and 12 samples 
would have required an external field greater than 
lo3 gammas (ref. 13-5). Ambient fields of this 
magnitude have not been measured in space near 
the Moon; the largest measured so far are transient 
fields of a magnitude of approximately loa 
gammas; these transient fields last only a few 
minutes (ref. 13-20). 

Sources of the Sfeady Field 

The similarities between the Apollo 12 and 14 
field measurements (viz, all vectors are pointed 
down and toward the south and have magnitudes 
that correspond to within a factor of 3)  suggest 
that the two Apollo 14 sites and possibly the 
Apollo 12 site are located above a near-surface 
slab of material that was uniformly magnetized at 
one time. Subsequently, the magnetization in the 
slab was altered by IocaI processes, such as tec- 
tonic activity or fracturing and shock demagnetiza- 
tion from meteorite impacts. This latter process is 
graphically illustrated in figure 13-8. 

The Apollo 12 and 14 steady magnetic fields 
could also originate in surface or subsurface di- 
polar sources, such as meteoroid fragments or ore 
bodies. Properties of such a source assumed for 
the Apollo 12 field have been discussed in a 
previous work (ref. 13-1); a similar analysis will 
be performed for the Apollo 14 fields. 

Numerous other source models exist that could 

FIGURE 13-8.---Conceptual diagram showing disruption of a previously uniformly magnetized 
subsurface layer by meteoroid impact. The vectors M represent the direction and magnitude 
of remanent magnetization in the layer. 
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be postdated for the Apollo 12 and 14 fields. 
One possibility is that the region was subjected 
to a uniform magnetic field but that various mate- 
rials with differing coercivities were magnetized 
to different strengths. Another model might in- 
volve a slow variation in the direction of the 
ambient field, causing regions that passed through 
the Curie temperature (ref. 13-21) at different 
times to be magnetized in different directions. 

Models for Magnetizing lunar Steady-Field Sources 

The discovery of magnetic sources on the lunar 
surface has given strong evidence that, at one 
time in the lunar past, ambient fields much stronger 
than at present existed over much or all of the 
lunar surface. Perhaps the Moon has taken a 
magnetic snapshot of an early evolutionary phase 
of the solar system. 

Possible origins of the ancient ambient field 
could have been external to the Moon (Sun or 
Earth), internal to the Moon (dynamo or thermo- 
electric currents), or due to induction (eddy cur- 

Magnetizing field 

Resultant lunar 
remanent rnaqnetization 

t 

FIGURE 13-9.-Possible magnetic events in lunar history 
as models for mignetization of near-surface regions of 
the Moon. The Moon is shown before and after each 
hypothetical event. The vectors M indicate the direc- 
tion of remanent magnetization in the crustal region. 
(a) Magnetization by a strong solar or terrestrial field. 
(b) Lunar internal dynamo field. 

rents or unipolar currents). A few possible models 
are discussed briefly, the k s t  two of which are 
illustrated in figure 13-9. 

Solar field. In this model (fig. 13-9 (a) ) , the 
Sun generates a magnetic field, stronger than 
presently exists, which magnetizes the lunar mate- 
rial. The model requires a solar field of constant 
direction with respect to the solar and lunar spin 
axes (e.g., solar dipole moment vector pointed 
out of the solar ecliptic plane) rather than the 
present-day sector-structure geometry. 

Terrestrial field. In this case, the Earth 
possesses a larger field than in the past (not indi- 
cated by paleomagnetic studies), or the Moon has 
an orbit much closer to the Earth (fig. 13-9 (a) ) . 
For a terrestrial field of present-day magnitude, 
the Moon would have had to approach to within 
2 to 3 Earth radii RE (close to the Roche limit 
(ref. 13-22)) to be subjected to a lO'-gamma 
field. 

Lunar internal dynamo field. An internal lunar 
dynamo model (fig. 13-9(b)) requires both a 
hot core and a sufficient spin rate at the time the 
surface material cools below the Curie tempera- 
ture. Past mechanisms for cooling the lunar 
interior and slowing the spin rate to the present 
value are also necessary to the dynamo model. 

Thermoelectric current field. According to this 
model, large areas of the Moon were covered at 
one time by hot lava flows; the temperature gra- 
dient between surface and subsurface material in- 
duced thermoelectric currents across the interface. 
The magnetic field associated with this current 
magnetized the surface material as it cooled below 
the Curie temperature. It should be kept in mind 
that these currents would be radial; thus the asso- 
ciated fields would be tangent to the surface and, 
therefore, would not tend to induce a radial com- 
ponent of magnetization. 

Magnetosheath induction of eddy currents. As 
the Moon passes through the magnetosheath of the 
Earth during each lunation, it experiences fields 
that have a preferred direction and are stronger in 
magnitude than those encountered in the free- 
streaming solar wind. Repeated passage through 
the sheath causes an average magnetization to be 
induced in the direction of flow. For this model, 
the ancient solar field would have had a geometry 
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other than the present-day sector structure, be- 
cause the field reversals across the sector boundary 
would have tended to average out the magnetizing 
field over many lunar revolutions. 

Solar-wind v X B induced currents. The solar 
wind transports magnetic fields past the Moon at 
velocities v of approximately 400 km/sec; the 
corresponding v X B electric field causes currents 
to flow along paths of high electric conductivity 
(refs. 13-23 to 13-25) such as molten mare 
regions. The fields associated with these currents 
magnetize these materials as they cool below the 
Curie temperature. Because this induction mech- 
anism has the strongest influence while the hot 
region is sunlit, an average preferred direction is 
associated with v. The v X B induction model 
also requires some solar-field geometry other than 
the present-day sector structure. 

Preferential selection of any one of the possi- 
ble models is difEcult because available magnetic 
data represent only a small fraction of the lunar 
surface. Mapping global geometry and strength 
of the steady field by future surface and orbital 
missions should elucidate the "magnetic epoch" 
of lunar history. 

Summary and Conclusions 

The Apollo 14 LPM measurements have al- 
lowed calculation of vector magnetic fields at two 
Fra Mauro sites: 

(1) Site A: 103+5 gammas, directed 64" 
down from the horizontal and azimuthally 39" 
clockwise from due east (fig. 13-7 (b) ) 

(2) Site C': 4 3 2 6  gammas, directed 22" down 
from the horizontal and azimuthally 152" clock- 
wise from due east (fig. 13-7(b)) 
These sites are separated by a distance of 1.12 km, 
indicating a 54-gamma/km linear surface-field 
gradient along a line between the two sites. The 
data show that local magnetization is not confined 
to the Apollo 12 site but extends over at least a 
180-km region of the Moon and possibly over 
most of the lunar surface. 

The steady fields could be due to a variety of 
types of sources (e.g., a distant dipole or an ex- 
tended near-surface platelike region that was 
originally uniformly magnetized but has subse- 
quently been altered by some mechanism such as 

meteoroid shock impact). The similarities of mag- 
nitudes and directions of the two Apollo 14 meas- 
urements and the one Apollo 12 steady-field 
measurement give preference to the latter model. 
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