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Lunar Magnetic Anomalies and Surface Optical Properties 
Abstract. For typical solar wind conditions, lunar magnetic anomalies with dipole 

moments m > 5 x 1013 gauss-cubic centimeters will strongly deflect the solar wind, 
producing local plasma voids at the lunar surface. The correlation of the largest 
observed anomalies (m - 1016 gauss-cubic centimeters) with unusual, relatively 
high albedo surface features may therefore imply that solar wind ion bombardment 
is an important determinant of the optical properties of the lunar surface. 

electrons; c is the speed of light; and wp 
is the plasma frequency (10). This result 
is general and does not require that the 
surface field stand off the incident 
plasma; the planar boundary between 
the field and the plasma can just be the 
lunar surface. The simple dependence of 
the interaction on the plasma number 
density as expressed by Eq. 1 was con- 
sistently observed at those Apollo land- 
ing sites where significant surface mag- 
netic fields were present (8). 

If the field itself is responsible for es- 
tablishing the planar boundary, then a 
pressure balance of the form 

Nomi V2 - B02/87r (2) 

The decoloration and darkening with 
time of freshly exposed surface materi- 
als, typified by the disappearance of cra- 
ter rays, is a fundamental characteristic 
of the moon and of certain other airless 
planetary bodies (1, 2). Experimental 
simulations and analyses of returned lu- 
nar rock samples have established that 
solar wind ion bombardment (3) and mi- 
crometeoroid impacts (4) are probable 
contributors to the observed darkening. 
However, there remains little general 
agreement on whether one or both of the 
two proposed external mechanisms is 
dominant (1, 5). 

In this report, we show that deflection 
of the solar wind by magnetic fields in re- 
gions of especially strong and coherent 
permanent magnetism on the lunar sur- 
face can provide a macroscopic means 
for distinguishing between the two gen- 
eral mechanisms. The largest magnetic 
anomaly fields are capable of at least par- 
tially shielding limited areas from the in- 
tense ion bombardment which otherwise 
blankets the sunward face of the moon. 
A comparison of measured optical prop- 
erties of the shielded areas with those of 
unshielded areas may therefore allow an 
identification of properties that are domi- 
nantly solar wind-dependent. Impetus 
for the present report is provided by the 
recently discovered correlation of the 
largest anomalies found in Apollo sub- 
satellite magnetometer and electron-re- 
flectance data with the occurrence at 
three widely separated lunar locations of 
unusual, relatively high albedo surface 
features classified by geologists as mem- 
bers of the Reiner Gamma Formation 
(6). It has been shown that the anomaly 
sources are most probably composed of 
especially magnetic deposits of crater 
ejecta materials (6, 6a). We postulate 
here that the higher albedo and swirl-like 
morphology of these features are, re- 
spectively, due to deflection and focus- 
ing effects on incident solar wind ions by 
strong near-surface magnetic fields. 
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Consider a magnetic field source on 
the sunward face of the moon (Fig. 1). 
For simplicity, the uncompressed source 
field is assumed to be dipolar with mo- 
ment m parallel to the lunar surface and 
originating at depth d. The solar wind is 
assumed to be normally incident on the 
surface with typical values of ion number 
density No and bulk plasma velocity V0. 
The nature of the interaction, including 
the possibility that a magnetopause 
boundary layer will form between the 
plasma and the field, is critically depen- 
dent on both the scale size and the in- 
tensity of the magnetic field (7). If the 
field is insufficiently strong or lacks co- 
herence, the incident ions will be only 
slightly deflected and decelerated with a 
consequent mild compression of the 
field. This class of interaction was ob- 
served at several of the Apollo landing 
sites (8) and is undoubtedly character- 
istic of most of the lunar surface. If, 
however, in rare instances, magnetic 
anomalies with significantly greater 
strength and coherence occur, a thresh- 
old may be reached at which the anoma- 
ly field will effectively shield the surface 
from direct exposure to the solar wind. 

In order to estimate the relevant 
threshold values of field strength and 
scale for the dipolar anomaly of Fig. 1, it 
is useful to consider the simpler case of 
planar symmetry, that is, the case in 
which the magnetic field extends to in- 
finity in one direction and the plasma is 
incident perpendicular to the field. Exact 
steady-state solutions of this problem 
have been derived (9) in which the thick- 
ness, t, to the bounidary layer (defined as 
the distance into the plasma at which the 
magnetic field intensity is reduced by the 
factor l/e) is given by 

-(me jl 1/2 C ) 
t M4r NNo) =q -cCOp 

where me and qe are, respectively, the 
mass -and charge of an electron; No is the 
incident number density of either ions or 

where mi is the ion mass, Vo is the in- 
cident bulk velocity of the plasma, and 
Bo is the magnetic field strength at the 
boundary, must hold. Substituting for No 
in Eq. 1 then gives an alternate ex- 
pression for t, 

(2memi)U 2Voc t = 1.41 a' 
qeBo 

(3) 

where a' is defined as the geometric 
mean of the ion and electron Larmor 
radii. The effective turning radius of the 
incident plasma is intermediate between 
the electron and ion turning radii be- 
cause of the existence of a polarization 
electric field in the boundary layer which 
effectively transfers momentum from the 
heavier ions to the electrons (9). 

In order to stand off the solar wind and 
produce a local plasma void, the com- 
pressed local field must first have an am- 
plitude sufficient to satisfy the pressure 
balance condition of Eq. 2. In practice, 
this is not a very stringent requirement 
since a field of only - 80 y (1 y = 10-5 
G) will satisfy Eq. 2 for nominal solar 
wind parameters of 10 cm-3 for No and 
400 km/sec for V0. Lunar surface fields 
of this magnitude are prevalent as evi- 
denced by measurements exceeding 100 
y at the Apollo 14 and Apollo 16 landing 
sites (11), but, as we have emphasized, 
only minor deflections of the ion bom- 
bardment were observed. 

The second and critical requirement is 
that the horizontal scale L over which 
the anomaly field at the boundary is es- 
sentially uniform must be much greater 
than the planar t value given by Eq. 1 or 
Eq. 3. If this requirement is not met, ad- 
ditional forces due to field gradients will 
invalidate Eq. 2 so that a higher surface 
field strength would be required to pro- 
duce a local standoff (7). It should be evi- 
dent that the horizontal scales of the sur- 
face magnetic fields at the Apollo landing 
sites are so small that Eq. 2 is not appli- 
cable. 

For the dipolar field of Fig. 1, we can 
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estimate the L over which the field is 
nearly uniform by taking the ratio of the 
parallel field intensity to the change in 
perpendicular field intensity with dis- 
tance along the field direction. On the y- 
axis, L - Bz/(aB6/az). Using standard 
formulas for the rectangular components 
of a dipolar field (12), one can evaluate 
this expression at the stagnation point 
(0,-b,0) to yield L - b/3, expressing 
the decrease in curvature of field lines 
with distance from the origin. In reality, 
magnetopause boundary currents will re- 
duce the curvature of the dipolar field 
lines near the stagnation point, and so 
this result may be slightly conservative. 

We can further relate L to m and the 
solar wind parameters No and V0 by us- 
ing the relation 
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Fig. 1. Simple model for the 
I:I.:: Cinteraction of the solar wind 

I,II )" with a lunar crustal magnetic 
field represented by a buried 
dipole. 

Let us now further consider the obser- 
vational evidence. Direct measurements 
of lunar magnetic fields with fluxgate 
magnetometers on the low-orbiting 
Apollo subsatellites have been possible 
only within nearly plasma-free environ- 
ments, that is, during times when the 
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which expresses the pressure balance at 
the stagnation point when magnetopause 
boundary currents are accounted for 
(13). Thus, 
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By using Eqs. 5 and 1 and evaluatin 
merical constants, we find that the c 
tion L > t is equivalent to 

m > (1.13 x 107) 
V 

No 

where m is units in gauss-cubic 
timeters. For typical values of 10 
for No and 400 km/sec for V0, m > 
10'a G-cm3 is required. For rarel) 
served values of - 2 cm-3 for No 
1000 km/sec for V0, m > 6 x 1014 G 
is required. If, as in Fig. 1, the di 
anomaly field originates at some dep 
then it is also required that the sta 
distance b (given by Eq. 4) mus 
greater than d. 

50 
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(6) Fig. 2. (a) Lunar Orbiter 4 frame 157 oriented 
with respect to a longitude-latitude grid. The 
crater Reiner is at right, and the albedo fea- 

cen- ture Reiner Gamma is at the center. (b) Con- 
cm-3 tour map of the total magnetic field intensity 
>5 x (in gammas) based on available orbit seg- 

ob ments. The data have been smoothed two-di- 
mensionally so that the total amplitude shown 

ad is less than that on single orbit plots. (c) Area 
i-cm3 of the surface that would be shielded from di- 
polar rect bombardment by the solar wind by a bur- 
th d, ied dipole representing the Reiner Gamma 
ndoff magnetic field. The light shaded area is for 

nominal solar wind conditions; the dark 
it be shaded area is for maximum solar wind pres- 

sures. 

moon was in the geomagnetic tail lobes 
of the earth's magnetosphere or when 
the moon was in the solar wind but the 
subsatellite was in the lunar wake (14). 
These data have shown that the charac- 
teristic m values of the vast majority of 
lunar crustal magnetic fields. fall at or be- 
low the lower limits quoted above, as ex- 
pected from observations at the Apollo 
landing sites discussed earlier. However, 
in unusual cases, m values exceeding the 
quoted lower limits must exist to explain 
well-established measurements. Specifi- 
cally, although weak fields are dominant 
across the nearside maria, a large anom- 
aly with maximum amplitude > 20 y at 
an altitude of - 20 km was detected with 
the Apollo 16 subsatellite magnetometer 
coincident with the unusual albedo fea- 
ture Reiner Gamma (6) (Fig. 2, a and b). 
Fields with amplitude > 1 y at an alti- 
tude of 100 km, implying surface m val- 
ues of 1016 G-cm3, were detected with 
the Apollo 15 subsatellite magnetometer 
over the Van de Graaff-Aitken region on 
the lunar far side. An equally intense re- 
gion of strong surface magnetic fields 
was detected by the electron-reflectance 
technique across and north of Mare Mar- 
ginis on the eastern limb. Both the Van 
de Graaff-Aitken region and the area 
north of Mare Marginis are marked by 
the occurrence of unusual swirl-like al- 
bedo features morphologically similar to 
those of Reiner Gamma and classified 
geologically as members of the Reiner 
Gamma Formation (15). 

Observations of increased magnetic 
field fluctuations in the solar wind up- 
stream from the moon when the Apollo 
15 subsatellite was over the Reiner Gam- 
ma feature and over the area north of 
Mare Marginis have recently been re- 
ported by Weiss (16). These observa- 
tions are consistent with the possibility 
that a relatively strong interaction of so- 
lar wind plasma with local magnetic 
fields occurs in these regions. 

It is of interest to utilize the low-alti- 
tude Apollo 16 subsatellite magnetome- 
ter measurements to estimate the surface 
area that would be largely shielded from 
the solar wind by the Reiner Gamma 
anomaly. For this purpose, we have ap- 
plied a minimum-variance criterion to se- 
lect the source depth, orientation, and m 
value of a simple dipole which most 
closely reproduces the Reiner Gamma 
anomaly field according to available 
measurements. The final model source 
parameters (root-mean-square 2.6 y) in- 
clude an m value of 1.9 x 1016 G-cm3, a 
source depth of 32 km, and an inclination 
to the lunar surface of 30?. Since m is of 
the order of 1016 G-cm3, we will assume 
(according to Eq. 6) that a magnetopause 
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current system will be set up analogous 
to but much smaller than that which 
characterizes a planetary magneto- 
sphere. One approach toward estimating 
the shielded area is simply to calculate 
the intersection of the lunar surface with 
a hypothetical magnetosphere that 
would be produced by the model dipole. 
From Eq. 4, using No = 10 cm3 
V0 = 400 km/sec, and m = 2 x 1016 G- 
cm3, we find b _ 44 km; this result implies 
that the stagnation point is roughly 12 km 
above the lunar surface. For com- 
parison, t = 1.7 km for the same param- 
eters. To find the surface area subtended 
by the magnetosphere, we take into ac- 
count the tilt of the dipole by inter- 
polation from the numerically derived 
surfaces of Choe et al. (17). The result is 
shown by the light shaded area of Fig. 
2c. For the extreme values of No = 2 
cm-3 and V0 = 1000 km/sec, we find 
b - 36.5 km; this value implies a more 
marginal standoff height of - 4.5 km 
with t - 3.8 km (dark shaded area of 
Fig. 2c). 

Of course, the actual source of the 
Reiner Gamma anomaly is more prob- 
ably a complex distribution of near-sur- 
face magnetization rather than a buried 
dipole (6). Higher order moments will af- 
fect both the magnetospheric surface 
shape and the compression of the field by 
varying solar wind conditions. We 
should therefore expect a more complex 
shape for the shielded region than that 
indicated in Fig. 2c. Strong field in- 
homogeneities near the surface would 
tend to focus and scatter incident 
charged particles, producing a spatially 
variable surface flux distribution. If the 
surface ion flux is a dominant determi- 
nant of surface optical properties, then 
an unusual albedo pattern, not unlike the 
swirl-like morphology of the Reiner 
Gamma Formation, would be produced. 

L. L. HooD 
Lunar and Planetary Laboratory, 
University of Arizona, 
Tucson 85721 

G. SCHUBERT 
Department of Earth and Space 
Sciences, University of California, 
Los Angeles 90024 
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front of the sun. These astronomical 
events take place about 13 times per cen- 
tury; they occur only in May and No- 
vember, when the earth and Mercury are 
nearly aligned, on the same side of the 
sun, along the intersection of their orbit- 
al planes. Such transits have been ob- 
served regularly, with small telescopes, 
since the late 17th century. Traditional- 
ly, the times of up to four individual 
events have been recorded for each tran- 
sit: the successive apparent external and 
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and 1973 show no indication of any significant change in the diameter of the sun. 
Regression analysis yields a decrease of the angular diameter, as viewed from the 
earth, of under 0.3 arc second per century (> 90 percent confidence limit). This limit 
is incompatible with the 2 arc seconds per century decrease obtained by Eddy for the 
equatorial diameter from direct observations made at the Greenwich Observatory 
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