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Lunar Gravity: The First Farside Map 
Abstract. A global lunar gravity field has been determined from data on the long-term 

motion of the Apollo 15 and Apollo 16 subsatellites and Lunar Orbiter 5. The nearside 
gravity map resolves major mascon basins and, in general, is in excellent agreement with 
the results of Muller and Sjogren. The farside gravity map is characterized by broad posi- 
tive gravity in the highland regions with interspersed, localized, negative anomalies corre- 
sponding to major ringed basins. A comparison between global gravity and topography 
indicates that a thicker farside crust could be responsible for these gravitational differ- 
ences between the two lunar hemispheres. 

Since the advent of the Lunar Orbiter 
missions, considerable effort has been de- 
voted to the problem of finding an accurate 
representation for the lunar gravity field. 
Such a model would put needed surface 
constraints on the structure and composi- 
tion of the lunar interior. The innovative 
work of Muller and Sjogren (I) led to the 
discovery of "mascons" and provided a 
consistent gravity map for the lunar near- 
side. Since that time the major problem 
has been how to determine the farside 
gravity from only nearside spacecraft 
tracking data (2). Earlier farside maps (2, 
3) have had either unrealistic checkerboard 
patterns, have exhibited extraordinarily 
large variations, or were of such low order 
that possible correlation with surface to- 
pography was not evident. The Apollo era 
has provided a new wealth of gravity data 
over large regions of the moon from low 
altitudes. The largest contiguous block of 
low-altitude data consists of Doppler 
tracking data from the two Apollo sub- 
satellites. These data, coupled with ex- 
tended-mission Lunar Orbiter 5 data, con- 
stitute a comprehensive history of free fall 
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and low-altitude sensing (20 to 200 km) 
covering 60 percent of the lunar sphere. 
Descriptions of each orbit are given in 
Table 1. This report presents the first plau- 
sible farside gravity map as derived from 
the long-term perturbations in the orbits of 
these satellites. I believe the essential 
breakthrough in this analysis is the appli- 
cation of a long-term selenodesy method to 
a high-resolution arc of Kepler element 
variations as provided by the Apollo sub- 
satellites and Lunar Orbiter (4). 

The raw data used were Doppler track- 
ing data acquired by either the Manned 
Space Flight or the Deep Space Networks. 
In the case of the subsatellites, most data 
were obtained on the basis of one orbit per 
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Fig. 1. Power spectrum of gravity coefficients. Fig. 1. Power spectrum of gravity coeff~Iicients. 

day during their active lifetimes. The block 
of Lunar Orbiter data used was acquired 
during every other orbit. The tracking data 
were reduced by least-squares fitting (5), 
and a set of mean Kepler elements k was 
obtained for every orbit during which Dop- 
pler data were acquired (6). Analyses have 
shown that all the assumptions made dur- 
ing this part of the data reduction result in 
the following position errors for the satel- 
lite: a radial error of 0.30 km, an along- 
track error of 3.0 km, and an out-of-orbit 
error of 3.0 km. 

The next step in the data reduction is to 
extract the long-term Kepler element rates 
from the history of mean elements. In or- 
der to accomplish this, each orbital ele- 
ment is considered as an independent func- 
tion of time (7). The time derivatives of 
each set of Kepler elements (four-vector) 
are the long-term perturbing accelerations 
acting on the satellite. The derived rates 
are adjusted for n-body and solar radiation 
effects (8) such that only the variations due 
to lunar gravity remain. The first-order 
Lagrange equations (9) are used to relate 
the element rates (k) to the associated 
Kepler elements. This relationship is given 
as follows: 

k= F(k)p 

where p is the vector of the harmonic 
coefficients of the lunar gravity potential. 
These equations are linear in the parame- 
ters to be estimated, and a least-squares 
solution can be used. The solution al- 
gorithm has the following well-known 
form (10): 

p = (FT W-' F + r-1)-1 p* + FT W-' k) 

where W is a weighting matrix for each set 
of elements rates (assumed diagonal) and 
I is the a priori covariance associated with 
initial estimates p* of the harmonics. In 
order to enhance the numerical stability of 
the least-squares solution, the square-root 
form (11) of these equations was used. The 
a priori statistics (12) for generating r 
were those given by Kaula (13) and the a 
priori estimates of p* were assumed to be 
zero. 

A 16th-degree, 16th-order harmonic so- 
lution was extracted from 266 sets of Kep- 
lerian rates (1064 data points). This repre- 
sentation contains spectral frequencies 
whose half-wave resolution is 11.25? on the 
lunar surface (341 km at the equator). Ap- 
proximately 87 percent of the information 
has been extracted from the data with the 
use of this model. The data noise is calcu- 
lated to be at the 95 percent level; the 8 
percent difference between this model and 
noise represents the effect of unmodeled 
gravity terms above the 16th degree. The 
spectrum (14) for the harmonic coeffi- 
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Table 1. Orbit description; 0, lunar latitude; X, lunar longitude. 

Eccen- Incli- Data 
Satellite Period cID N max tricitv nation arc used max 

Apollo 15 2h 0.02 151? 270d 27? 0 to 360? 
Apollo 16 2h 0.02 170? 34d ? 10? 0 to 360? 

Lunar 3h 0.28 85? 9d ? 40? ? 50? 
Orbiter 5 

*Maximum latitude coverage at or below 200 km. tMaximum longitude coverage at or below 200 km. 

cients of this model and the Kaula pre- 
diction are shown in Fig. 1. For the lower- 
degree terms (degrees 2 through 4) the 
prediction appears to be too large by a 
factor of 2. The higher-degree terms in the 
spectrum agree in the mean with the pre- 
diction. The variation of the higher-degree 
spectrum (when considered on an individ- 
ual degree basis) from the a priori value is 
a good indication of the independence of 
the solution from these nominal condi- 
tions. 

Radial accelerations (in milligals) gener- 
ated by this gravity field are evaluated at a 
100-km reference altitude. Variations rela- 
tive to a central body acceleration are 
shown in Figs. 2 and 3 for the lunar near- 
side and farside, respectively (15). A com- 
parison of the lunar nearside as given by 
this model with results obtained using the 
line-of-sight acceleration method (16) 
shows very good agreement (17). This 
model resolves all five major nearside 
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ringed basins (Maria Imbrium, Serenitatis, 
Crisium, Nectaris, and Humorum) as re- 
gions of strong positive gravity. Sinus Aes- 
tuum, Sinus Medii, and Grimaldi are also 
resolved as positive anomalies. Potential 
new anomalies are detected in the Aris- 
tarchus plateau region and in the south- 
eastern highlands (30?S and 60?E). Mare 
Orientale is resolved as a near-circularneg- 
ative anomaly, which is in agreement with 
the integrated effect as given by direct 
modeling (18). The mascon at Mare 
Smythii is not resolved. Minor differences 
between the actual location of smaller 
features and those given by the model can 
be attributed to the inability of the 16th- 
degree harmonics to resolve higher-degree 
effects. 

The farside gravity map, in contrast to 
the nearside gravity map, is characterized 

by broad positive gravity regions in the 

highlands with interspersed, localized, neg- 
ative anomalies over most of the major 

ringed basins. Prominent basins such as 
Mendeleev, Moscoviense, Korolev, and 
Apollo are all strong negative (-97 mgal or 
more) anomalies. Another strong localized 
negative anomaly (-99 mgal) corresponds 
to an unnamed smaller basin at 10?N and 
205?E as identified by Apollo laser altime- 
try (19). Other farside ringed basins such 
as Hertzsprung, Ingenii, Gagarin, and 
Tsiolkovsky are relative lows in regions of 
gravity highs. All farside highland regions 
sampled by Apollo laser altimetry (19) are 
positive broad anomalies. When the grav- 
ity results shown in Figs. 2 and 3 are aver- 
aged (for 171 samples in each lunar hemi- 
sphere), the following statistical results are 
obtained: Ag= +6 + 67 mgal for the near- 
side and Ag=+22 :: 84 mgal for the far- 
side. This calculation suggests that, despite 
the presence of the mascons, the farside lu- 
nar gravity may be stronger than the near- 
side. 

The strong positive (195 mgal) gravity 
anomaly centered near 5?N and 175?E has 
a topographic correspondence with a pos- 
sible mascon basin (Mare Occultum) re- 
ported by Campbell et al. (20). Laser al- 
timetry, however, shows this region to be 
upland terrain. Consequently, it seems 
probable that the origin of this gravity 
anomaly is related to the excess topogra- 
phy rather than to basalt floods. Another 
similar correlation exists between an 
anomaly at the northernmost extension of 
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Fig. 2. Radial accelerations at an altitude of 100 km for the lunar nearside. 

SCIENCE, VOL. 188 1298 



'a 

.o 

-j 
1 

Longitude (deg) 

Fig. 3. Radial accelerations at an altitude of 100 km for the lunar farside. 
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the eastern farside highlands (+186 mgal) 
(30?N and 110?E) and a second suggested 
farside basin (Mare Marginis) as reported 
at that time (20). Although no direct mea- 
surements of topography are available 
over this region, an examination of the 

Apollo 15 and Apollo 16 altimetry (19) 
reveals a definite north-south trend for the 

highlands in this area. Consequently, it 
seems probable that topography is the 
cause of this anomaly also. 

The filled ringed basins on the nearside 
are mascons, whereas unfilled ringed ba- 
sins on the farside are negative anomalies. 
On the basis of this global gravity map and 
the associated topography, some rather in- 
teresting speculations can be made regard- 
ing the two lunar hemispheres. Laser al- 
timetry (19) shows the major nearside 
flooded basins to be at elevations ranging 
from 1 to 4 km below the mean radius. 
Farside topography shows the prepon- 
derance of the regions sampled to be high- 
lands whose elevations are 3 to 6 km above 
the mean radius. This topographic asym- 
metry, which exists about the center of 
mass of the moon, can be interpreted as 
a thicker farside crust (21). If it is assumed 
that basalts flowed until a state of hydro- 
static equilibrium was reached, then the 
nearside basins, being topographically 
closer to the center of mass, were filled. 
Those basins on the farside, being further 
27 JUNE 1975 

displaced, either remained completely un- 
filled or attained only a very slight filling. 
As a result, farside ringed basins are nega- 
tive gravity anomalies, whereas nearside 
ones of equivalent size are mascons. 

Accurate topographic data are available 
over only two of the major farside ringed 
basins, Mendeleev and Hertzsprung, which 
are also resolved by this gravity model. Us- 

ing these data, I made a topographic cor- 
rection to the observed (free-air) gravity to 
determine the Bouguer anomaly. Calcu- 
lations were carried out for Mendeleev 
only since the regional characteristics of 
the topography surrounding Hertzsprung 
are very complex, requiring analysis 
beyond the scope of this report. Mendeleev 
is a depression of approximately 4 km (ap- 
proximately 300 km in diameter) relative 
to the local topography with an observed 

gravity of -116 mgal. If a first-order topo- 
graphic correction is made (22), the result- 
ing Bouguer anomaly is +100 mgal. This 
result indicates that some degree of iso- 
static compensation in the lunar crust took 
place after basin formation. If an isostatic 
model is postulated consisting of a mantle 
plug (with a density of 3.35 g/cm3 as com- 
pared to a surrounding density of 2.95 

g/cm3) of thickness 29.5 km at a depth of 
70 km below the surface (23), the observed 
gravity at 100 km is -93 mgal. This model 
then shows that the state of isostatic re- 

bound is almost complete for Mendeleev 
and is an indication of the viscoelastic 
properties of the lunar crust as a response 
to basin impact. In order to formulate a 
comprehensive model of crustal response 
to large impacts, many different features 
must be studied in detail as the gravity and 

topography data become available. Fur- 
thermore, data taken over unfilled basins 
could lead to a near-unique (24) geophys- 
ical model for the nearside mascons. 

In future work more complex models 
(25) will be used to improve the resolution 
of known nearside features, and hopefully 
to identify new smaller-scale farside fea- 
tures. 

ALFRED J. FERRARI 

California Institute of Technology, 
Pasadena 91125 
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The first issue of Physical Review Let- 
ters in 1975 contained nine theoretical con- 
tributions that were snap-judgment re- 
sponses to the dramatic discovery of new 
particles with unusual properties (1). Of 
these, only one (2) cited a previously pub- 
lished (3) anticipations of particles with the 
observed general characteristics (normal 
electromagnetic coupling and suppressed 
hadronic interaction). Such particles had 
been postulated in an attempt to supply a 
phenomenological (4) interpretation for 
the striking absence of hypercharge-chang- 
ing neutral processes in the weak inter- 
actions, as unified with electromagnetism. 
By and large, the other letters in that issue 
proposed various speculative models for 
the new particles. I have written elsewhere 
(5) of the importance of maintaining a 
clear distinction between phenomenology 
and speculation in particle physics. My 
own contribution was purely phenome- 
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nological in character. But, as I have also 
noticed, thanks to the cool responses of in- 
dividuals and audiences, phenomenology 
seems not to be enough; a speculative 
model is considered superior, or at least 
more interesting, no matter how logically 
inconsistent it may be. Accordingly, here is 
my speculation. 

An article published a number of years 
ago in these pages (6) described a pre- 
dominantly electromagnetic model of the 
subnucleonic world. It was based upon the 
concept of symmetry between electric and 
magnetic fields, as embodied in certain hy- 
pothetical spin 1/2, Fermi-Dirac particles, 
called dyons, that carry both electric and 
magnetic charges. These charges indepen- 
dently occur as fractional multiples, 2/3, 

-1/3, and -'/3, of the corresponding units of 
pure charge. All hadrons thus far known 
are considered to be magnetically neutral 
composites of dyons. The neutral com- 
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bination of three dyons, with the respective 
magnetic charges 2/3, -1/3, and -1/3, is a 
Fermi-Dirac particle and a baryon, while a 
pairing of dyon with antidyon of the same 
magnitude of magnetic charge is a Bose- 
Einstein particle and a meson. It is also 
imagined, paralleling the electric charge 
exchange mediated by weak interactions, 
that magnetic charge is rapidly exchanged 
among the dyon constituents of a magneti- 
cally neutral hadron, in such a way that 
even a quite short time average of a partic- 
ular dyon's magnetic charge would be 
zero. And it was pointed out, consistently 
with the previous remark, that conflict 
with the Fermi-Dirac statistics of dyons is 
avoided for the low-lying states of baryons, 
which seem to be symmetrical in space and 
spin variables, by invoking the physical de- 
gree of freedom of magnetic charge and 
placing these quantum numbers in a total 
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resurfaced later (7) with the physical iden- 
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charge, are invariant under the full mag- 
netic group. It is now natural to envisage 
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To the extent that U3(mag.) invariance is 
an accurate one, transitions between SU3 
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Gev) as members of a noninvariant mag- 
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