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Lunar Surface Magnetic Fields
and Their Interaction with the
Solar Wind: Results from
Lunar Prospector

R. P. Lin, D. L. Mitchell,* D. W. Curtis, K. A. Anderson,
C. W. Carlson, ). McFadden, M. H. Acuia, L. L. Hood, A. Binder

The magnetometer and electron reflectometer experiment on the Lunar Pros-
pector spacecraft has obtained maps of lunar crustal magnetic fields and
observed the interaction between the solar wind and regions of strong crustal
magnetic fields at high selenographic latitude (30°S to 80°S) and low (~100
kilometers) altitude. Electron reflection maps of the regions antipodal to the
Imbrium and Serenitatis impact basins, extending to 80°S latitude, show that
crustal magnetic fields fill most of the antipodal zones of those basins. This
finding provides further evidence for the hypothesis that basin-forming impacts
result in magnetization of the lunar crust at their antipodes. The crustal mag-
netic fields of the Imbrium antipode region are strong enough to deflect the
solar wind and form a miniature (100 to several hundred kilometers across)
magnetosphere, magnetosheath, and bow shock system.

The primary objective of the magnetometer
and electron reflectometer (MAG/ER) exper-
iment on Lunar Prospector (LP) is to inves-
tigate the nature and origin of the moon’s
magnetic fields. Measurements by early lunar
orbiting spacecraft showed that the moon has
no global dipole magnetic field (7). The dis-
covery of strong stable components of natural
remanent magnetization in many of the re-
turned lunar samples (2) and the detection of
surface magnetic fields of up to hundreds of
nanoteslas at the landing sites (3) were thus
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major surprises of the Apollo program. Pa-
leointensity measurements on the returned
samples suggest that the lunar surface field
was comparable in intensity to the present-
day terrestrial surface field from about 3.6 to
3.8 billion years ago (Ga) and about an order
of magnitude lower before and after this time
period (4).

The Apollo 15 and 16 subsatellite magne-
tometers in low, 100-km-altitude orbits de-
tected regions of crustal magnetic fields of
100-km scale size (5), and electron reflection
(ER) magnetometry revealed hundreds of
magnetic patches on the surface, ranging in
size from =<7 km, the resolution limit of the
observations, to ~500 km (6). In general, the
lunar highlands have stronger fields than the
younger maria (5, 6), and there is evidence
that some of the far-side basin ejecta are
magnetized (7). The largest concentrations of
surface magnetic fields in the ~20% of the
moon sampled by the subsatellites are located
within zones centered on the antipodes of the
Imbrium, Serenitatis, Crisium, and Orientale
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impact basins (8). These four large circular
ringed basins have ages between ~3.85 and
3.6 Ga (9), about the same as the most strong-
ly magnetized returned samples. With the
exception of a linear magnetic feature that
follows the Rima Sirsalis rille (/0) and a
tendency for strong anomalies to occur in
association with unusual albedo markings of
the Reiner Gamma class (/7), however, no
clear-cut association of surface magnetic
fields with surface selenological features was
found. Furthermore, the directions of the
crustal fields of the >100-km-size regions, as
determined by the subsatellite magnetom-
eters, appear to be randomly distributed (12).
A MAG/ER experiment flown on Mars Glob-
al Surveyor recently discovered similar local-
ized patches of surface magnetic fields at
Mars, but with surface field strengths ~1000
times as strong (73).

The MAG/ER on LP, which is based on
instruments flown on Mars Observer (/4) and
Mars Global Surveyor, is designed to map
surface magnetic fields with high sensitivity
(~0.01 nT at the surface) and spatial resolu-
tion (~4 km) over the entire moon (15). The
MAG measures the vector magnetic field at
the spacecraft, and when the external field is
steady and plasma disturbances (which can
be detected by the ER) are minimal, the lunar
crust magnetic field intensity and direction at
the spacecraft altitude can be determined by
subtracting the external field.

ER magnetometry (6) depends on the
magnetic mirror effect, that is, the reflection
of charged particles from regions of increased
magnetic fields. In a uniform field the parti-
cles move along helical paths of constant
pitch angle («, the angle between the particle
velocity and the magnetic field direction) and
radius (called the gyro-radius). However, if
the field strength increases in the direction of
motion as the surface is approached, particles
with pitch angles greater than a cutoff pitch
angle (o) will be reflected back along the
lines of force, whereas those with pitch angle
below o will impact the surface and be lost.
The cutoff pitch angle depends on the ratio of
the total field strength at the surface to that at
the spacecraft. A technique for identifying
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lunar surface magnetic fields consists of mea-
suring the electron reflection coefficient, R,
which is the ratio of the electron flux reflect-
ed back from the surface (90° < o < 180°) to
the incoming flux (0° < o < 90°) (/6). The
region sampled is located about at the inter-
section of the extrapolation of the magnetic
field vector with the surface, and the spatial
resolution is set by the particle gyro-diame-
ter. Electrons from a few electron volts (eV)
to tens of kiloelectron volts energy, which are
always present in the lunar environment, are
ideal for this application because they have
small gyro-diameter (~1 to 100 km) and
travel at high speed.

Crustal magnetic fields. A map of the
220-eV reflection coefficient shows the dis-
tribution of magnetic fields in the lunar crust
(Fig. 1). The observed reflection coefficients
correspond to surface field strengths that are
mostly in the ~1 to 5 nT range; the highest
reflectivity (0.78) implies a field strength of
~10 nT. This reflectivity map covers a region
of the lunar far side containing the antipodal
zones of the Imbrium and Serenitatis impact
basins, where some of the strongest crustal
magnetic fields were observed previously
from orbit. The Apollo 15 and 16 subsatel-
lites were in near-equatorial orbits, and hence
the previous ER measurements sampled only
a fraction of these two basin antipodes: down
to ~35°S latitude for Imbrium and ~30°S for
Serenitatis. The LP map shows that strong
surface fields nearly fill the inner Imbrium
antipodal ring, but are shifted northward by
~5° and perhaps westward by a few degrees.
Substantial variations in field strength are
evident within the Imbrium antipodal ring;
for example, maxima are located at ~20°S,
170°E, ~43°S, 170°E, and possibly ~36°S,
175°E. Strong surface fields are also found to
extend to the southern edge of the Serenitatis
basin antipode, filling most of the antipode
except the area east of ~205°E longitude.
The spur extending to the southeast appears
to be a separate nearby region. Two slightly
weaker magnetic regions are seen at high
southern latitudes, centered at ~58°S, 175°E
and ~55°S, 188°E, roughly antipodal to
Mare Frigoris.

The correspondence of surface magnetic
fields with the antipodal zones strengthens
the hypothesis that the crustal magnetization
is associated with the formation of young
large-impact basins. The hypervelocity (>10
km/s) impacts that form such large basins
will produce a plasma cloud that expands
around the moon in about 5 min, compressing
and amplifying the preexisting ambient mag-
netic field at the antipode (/7). The amplified
field should remain for ~1 day before the
cloud becomes too tenuous. This is shorter
than the cooling time for large masses of
rock, so thermoremanent magnetization is
unlikely. However, shock remanent magneti-
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zation (SRM) associated with the focusing of
seismic energy at the antipode (/8) and with
basin ejecta impacting in the antipode region
may occur. Basin ejecta should arrive at the
antipode within tens of minutes after the im-
pact, and peak shock pressures from their
impact are calculated to exceed 10 GPa (79),
sufficient for acquisition of SRM (20). The
association of strong surface fields with the
antipodes of these young impact basins sug-
gests that the ambient fields were enhanced
between 3.85 and 3.6 Ga. This is consistent
with the paleomagnetic data from the re-
turned samples, which imply relatively
steady ~107° to 107* T ambient fields
around the moon in that epoch. Such strong
fields are unlikely to be of solar or terrestrial
origin (27); a field of lunar origin, perhaps
from a core dynamo, appears more feasible.

Direct measurements of the crustal fields
at spacecraft altitude by the LP magnetometer
can provide directional information. Reliable
separation of the surface and external fields
can generally only be performed in the geo-
magnetic tail lobes, where the ambient field is
steady. Mapping of crustal fields with this
technique, which requires many passes
through the tail lobes, is in progress. One
especially strong anomaly with a radial com-
ponent of about —3 nT at 88-km altitude has
been detected at 23°S and 123°W (nearly
antipodal to the Crisium impact basin). It is
probably identical to one detected previously
with Apollo subsatellite magnetometer data
(11, 22) and ER data (6). The Crisium antip-
odal region is marked by swirl-like albedo
markings (/1), which may result from mag-
netic deflection of the solar wind and, hence,
depletion of implanted solar wind hydrogen
in the uppermost soil layers (23). This hy-
pothesis implicitly assumes that implanted
hydrogen is a necessary component of the
process that results in optical darkening of the
lunar surface.

Solar wind interaction. Because the
moon has a low electrical conductivity (o <
10~* ohm/m) to depths of ~200 km (24) and
has only a weak global magnetic field if any
at all (/), the solar wind normally flows
virtually unimpeded to the surface where it is
absorbed (25). The solar wind magnetic field
passes through the moon with only a slight
inductive interaction with the more electrical-
ly conducting interior (26) and reemerges
into the plasma void of the solar wind wake.
The system of currents that result from for-
mation of the plasma void slightly amplifies
the magnetic field within the wake and de-
presses the field at the wake boundary (27).

Occasionally, a sharply peaked enhance-
ment of the solar wind magnetic field was
observed just outside the wake. At distances
of ~1000 to 7000 km downstream from the
solar wind terminator plane (defined as the
plane including the moon’s center and per-
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pendicular to the solar wind flow direction),
these enhancements were typically 25% of
the ambient field and were observed to flare
away from the moon (28). At the 100-km
altitudes of the Apollo subsatellites, enhance-
ments by factors of 2 to 3 were observed,
located at an angle of up to ~10° in front of
the solar wind terminator (29). A variety of
mechanisms have been proposed to explain
these magnetic field amplifications: (i) inter-
action of the solar wind with a tenuous lunar
atmosphere (30); (ii) induction of magnetic
fields in electrically isolated “conducting is-
lands” near the surface (31); and (iii) deflec-
tion of the solar wind by patches of strong
crustal magnetic fields (32). Although the
physical details of the magnetic field ampli-
fications are not yet fully understood, Explor-
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Fig. 1. The electron reflection coefficient, a
measure of crustal magnetic fields (76), is
mapped over a region of the lunar far side in a
cylindrical equidistant projection. These data
were obtained during the first four passes (Feb-
ruary to May 1998) through the geomagnetic
tail (but outside of the current sheet), where
the magpnetic field and electron flux are steady.
Reflection coefficients from >1000 three-di-
mensional samples, each with a spatial resolu-
tion of ~4 km, are averaged into 7.5° by 7.5°
bins (~200 km on a side); then smooth con-
tours are drawn around the binned data and
color coded. The antipodal zones of the Im-
brium and Serenitatis ringed impact basins are
indicated by the dotted circles. The two circles
for Imbrium correspond to its main rim ~1200
km in diameter and a partial rim at 1500 km
(9). For Serenitatis the single rim is ~740 km in
diameter. The solid contours show where the
spacecraft (at an altitude of ~100 km) passed
through large amplifications of the solar wind
magnetic field that form as the solar wind is
shocked and deflected by the crustal magnetic
field. The contours are at 20 and 27 nT, and the
ambient field is nearly constant at ~10 nT. The
orbit track corresponding to the second en-
hancement in Fig. 2 is shown by the dashed
line.
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er 35 and Apollo subsatellite observations
established that the enhancements occur only
when specific regions of the crust are near the
solar wind terminator (29, 32), the same re-
gions that were later found to possess strong
magnetic fields by Apollo subsatellite mag-
netometer and ER mapping.

Perturbation of the solar wind by these
magnetized regions will give rise to magne-
tohydrodynamic (MHD) waves, which have
typical velocities of v, ~ 40 to 80 km/s in the
solar wind. In the moon’s frame, these waves
are carried downstream at the solar wind
velocity of v, ~ 400 kmy/s, so the MHD
wave front forms a Mach cone that flares out
at an angle of tan™ '(v_/v_,) with respect to
the solar wind flow direction. The magnetic
field enhancements were observed to be ac-
companied by similar enhancements in the
plasma density (33), but there was no clear
observational evidence for a shock. There-
fore, these effects could have been produced
cither by “limb shocks” or merely MHD
wave “limb compressions.”

When the moon is in the solar wind, the
most prominent feature of the LP electron
measurements is the plasma void, where the
flux of 40-eV electrons drops by nearly three
orders of magnitude (Fig. 2). Low-energy
electrons that might travel along the magnetic
field into the wake are excluded by an elec-
trostatic potential that forms at the wake
boundary to prevent the buildup of charge.
Strong, sharply peaked enhancements (fac-
tors of 2 to 3) of the magnetic field amplitude
are observed outside of the plasma void on
four of the five orbits shown as the LP space-
craft passes over the same general region of
the lunar surface. These enhancements are
not seen upstream by the WIND spacecraft
and therefore must originate from the moon.

The magnetic field direction remains
nearly the same as that of the unperturbed
solar wind field. The small rotation is consis-
tent with the solar wind field bemng com-
pressed and draped around an obstacle locat-
ed northwest (upstream) of the spacecraft. No
enhancement is detected during the fourth
orbit (~23:10), when the solar wind dynamic
pressure more than doubles (Fig. 2). This
behavior is expected if strong surface mag-
netic fields are deflecting the solar wind,
forming a small magnetosphere. As the solar
wind pressure is increased, the surface fields
are further compressed and amplified until
they are overwhelmed and the solar wind
directly impacts the surface. Enhanced sur-
face fields have been detected by magnetom-
eters at the Apollo landing sites at times when
the solar wind dynamic pressure increased
(39).

The enhancements peak at latitudes rang-
ing from 32°S to 66°S (Fig. 1), where the
solar wind flow direction makes angles of x

~ 45° t0 66° to the local surface normal. (The
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Fig. 2. Time series of electron and magnetic field measurements obtained when the moon was in
the solar wind. The series spans five consecutive orbits passing over selenographic longitudes near
0° and 180°; successive orbits are separated by ~1° in longitude at the equator. Electron flux (cm 2

sTTsrmlevV™

1) is shown at five energies (top to bottom): 40, 140, 340, 800, and 2950 eV. Solid

bars below the 2950-eV trace indicate times when the spacecraft was in the moon’s optical
shadow. The magnetic field amplitude and direction in selenocentric solar ecliptic coordinates are
shown as solid lines in the next three panels. Measurements of the solar wind magnetic field by the
WIND spacecraft, located ~1.2 million km upstream of the moon, are time-shifted to allow for the -
~50-min solar wind travel time from WIND to LP and superimposed as solid dots over the LP
observations. Solid bars below the magnetic field amplitude indicate times when LP is magnetically

connected to the lunar surface. (Bottom) The solar wind dynamic pressure (P, ,

= pv 2, where p and

v are the solar wind mass density and flow velocity, respectively) as measured by WIND and
time-shifted to LP's position. The moon’s geocentric solar ecliptic (GSE) longitude is indicated along

the time axis.

angle to the solar wind terminator plane is
given by 90° — x.) The peak of the field
enhancement is located at angles of ~24° to
45° in front of the solar wind terminator
plane, compared with only ~10° for the
strongest compressions observed by the
Apollo subsatellites (35). MHD waves origi-
nating from anywhere on the moon’s surface
cannot travel fast enough against the solar
wind flow to reach the spacecraft at ~100-
km altitude and 24° ahead of the solar wind
terminator plane. Thus, the magnetic en-
hancements at LP’s position imply the pres-
ence of a shock wave.

The second enhancement of Fig. 2 oc-
curred at a time when the solar wind magnet-
ic field was relatively stable. High time res-
olution observations of this enhancement
(Fig. 3) begin with the LP spacecraft at 45°N
latitude, traveling at ~100-km altitude to-
ward the south pole (Fig. 1). Initially, the
spacecraft is on magnetic field lines that do
not intersect the moon and therefore represent
the unperturbed solar wind. The plasma and
magnetic field are steady in this region (Fig.
3). As the spacecraft passes into the southern

hemisphere, the magnetic ficld begins to con-
nect to the lunar surface. At these times,
fluctuations in the electron fluxes appear,
including short bursts in the 140- and 340-¢V
energy channels.

As LP reaches 29°S (time B in Fig. 3), the
electron fluxes abruptly increase and their
energy distribution changes (Fig. 4), indicat-
ing that electrons are energized and not sim-
ply compressed. This is accompanied by a.
20% increase in the magnetic field strength
and the appearance of magnetic turbulence,
including whistler mode wave activity at
~2.5 Hz. Similar wave activity is observed in
all four of the enhancements (Fig. 2). Whis-
tlers are commonly observed at and upstream
from Earth’s bow shock (36), but the electron
energization provides the most direct evi-
dence for the presence of a shock wave.

Intense electron and magnetic field turbu-
lence persists up to the large magnetic ramp
just before LP reaches 59°S (time C in Fig.
3). The magnetic field rotates by ~20° at the
ramp, which is consistent with draping of the
field and deflection of the solar wind around
an obstacle located to the north and west

SCIENCE  www.sciencemag.org
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Fig. 3. High-resolution time series of electron and magnetic field measurements spanning part of
the second orbit shown in Fig. 2. Notation is the same as in Fig. 2, except that the electron energies
are 40, 60, 140, and 340 eV (top to bottom). (Bottom) The spectral density obtained by Fourier
transforming the magnetic field amplitude. The logarithmic color scale ranges from 5 X 107%
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solar wind (A), crossing the shock wave surface (B), and near the peak magnetic amplification (C).
The moon-centered selenographic coordinates of the spacecraft (Long, Lat) and the angle that the
solar wind flow direction makes with the local surface normal (Chi) are indicated along the time

axis.

(toward the Imbrium antipode). There is an
apparent separation between the onset of
electron energization and the main magnetic
ramp that probably results from the space-
craft trajectory relative to the shock wave
surface: Between 29°S and 59°S the space-
craft is probably traveling nearly tangent to
the shock wave and only crosses the magnetic
ramp when the shock wave flares out to meet
the spacecraft.

The inferred shock geometry is shown
schematically in Fig. 5. We assume a single
dipole located near the edge of the Imbrium
antipode and a hyperbolic shock wave sur-
face centered on the dipole and symmetric
about a line parallel to the solar wind flow
direction. As the spacecraft moves closer to
the magnetic obstacle, the inferred shock
wave surface dips below the orbital altitude, a
geometry that is suggested by the time profile
of the enhancement (Fig. 3) and the location
of the orbit track relative to regions of strong
surface magnetic fields (Fig. 1). Because the
surface magnetic fields within the Imbrium
antipodal ring appear patchy at the 200-km
resolution of Fig. 1 and even more structure
may be present on smaller scales, the actual
shock wave surface could be rather compli-
cated. However, because LP observes the
shock wave some distance downstream and
away from the antipode, the surface fields
immediately upstream from the spacecraft
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probably dominate the observed signature.

Variations in the anomaly profile from
orbit to orbit depend on many parameters in
addition to the strength and topology of the
surface field, such as the solar wind dynamic
pressure (Fig. 2), the angle that the solar wind
flow makes with the surface, and the orien-
tation of the solar wind magnetic field. The
measured signature further depends on the
trajectory of the spacecraft through the anom-
aly. Analysis of many anomalies and com-
plete mapping of the surface magnetic fields
will be necessary to unravel the details of this
interaction.

The presence of a shock wave implies that
at least some of the surface magnetic fields
within the Imbrium antipodal zone are suffi-
ciently strong to stand off the solar wind, that
is, to exclude the solar wind from a volume
around the crustal field. A lower limit to the
required surface field strength can be estimat-
ed by balancing the component of the solar
wind dynamic pressure normal to the surface
with the magnetic pressure provided by the
crustal field: B4y, = P_ cos?x, where x is
the angle between the solar wind velocity and
the surface normal. For P, ~ 3 nPaand x ~
60° (Figs. 2 and 3), this expression yields a
crustal field strength of ~40 nT. Surface field
strengths in excess of 100 nT were measured
at the Apollo 14 and 16 landing sites (3), but
in order to deflect the solar wind, the field

-

Electron Flux
S
)

o
N
T

1
10

2

Energy (eV)

Fig. 4. Electron spectra (flux in cm =25 sr™’
eV~ versus energy) at the times indicated in
Fig. 3. Solid circles on spectrum A show the
center energies of each channel.

Fig. 5. Schematic of the solar wind interaction
with a crustal magnetic field near the edge of
the Imbrium antipodal zone. The crustal field is
represented by a dipole, which is at the focus of
a hyperbolic shock wave surface that intersects
the spacecraft (solid dot) and is symmetric
about a line parallel to the solar wind flow
direction (bold arrow). The moon's outline and
the spacecraft altitude are drawn to scale. The
extent of the Imbrium antipodal zone is shown
by the solid trace just inside the moon’s out-
line. The directions of the magnetic field (B)
before and after the shock crossing are based
on measurements shown in Fig. 3. By analogy
with Earth’s magnetosheath, the field lines in-
side the shock wave surface are assumed to
drape around the dipole.

must also be coherent over horizontal scales
much larger than the proton gyro-radius (~30
km in a 12-nT field). Whenever the crustal
magnetic field stands off the solar wind, it
effectively forms a miniature magnetosphere—
the smallest known in the solar system.
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Global Elemental Maps of the
Moon: The Lunar Prospector

Gamma-Ray Spectrometer

D. J. Lawrence*, W. C. Feldman, B. L. Barraclough, A. B. Binder,
R. C. Elphic, S. Maurice, D. R. Thomsen

Lunar Prospector gamma-ray spectrometer spectra along with counting rate
maps of thorium, potassium, and iron delineate large compositional variations
over the lunar surface. Thorium and potassium are highly concentrated in and
around the nearside western maria and less so in the South Pole-Aitken basin.
Counting rate maps of iron gamma-rays show a surface iron distribution that
is in general agreement with other measurements from Clementine and the

Lunar Prospector neutron detectors.

The Lunar Prospector (LP) gamma-ray spec-
trometer (GRS) has acquired global maps of
elemental composition of the moon. It has
long been known that such maps will signif-
icantly improve our understanding of lunar
formation and evolution (I). For example,
one long-standing issue of lunar formation
concerns the bulk composition of the moon.
There are suggestions from Apollo, Galileo,
and Clementine data that the moon is en-
riched in refractory elements (Al, U, and Th)
and FeO compared to Earth (2). If so, then
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lunar origin models that assume that most of
the moon’s material comes from Earth’s
mantle would not be correct. Another ques-
tion is the compositional variability and evo-
lution of the lunar highlands, which contain
KREEP-rich materials [potassium (K), rare
earth elements (REE), and phosphorus (P)].
KREEP-rich rocks are thought to have
formed at the lunar crust-mantle boundary as
the final product of the initial differentiation
of the moon. The distribution of these rocks
on the lunar surface therefore gives informa-
tion about how the lunar crust has evolved
over time. Other issues that can be addressed
in the future using GRS data include: (i)
identifying and delineating basaltic units in
the maria; (ii) determining the composition of
ancient or “cryptic” mare units found in the
highlands using Clementine data (3), and
searching for more of these units using main-
ly the Fe and Ti data; (iii) identifying and
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