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Summary. Global topographic and gravitational field models derived from data collected by the 
Clementine spacecraft have enabled considerable progress in our understanding of the shape and 
internal structure of the Moon. The Moon exhibits a 16 kilometer range of elevation, with the greatest 
topographic excursions occurring on the far side. Lunar highlands are in a state of near isostatic 
compensation, while impact basins display a range of compensation states that do not correlate simply 
with basin size or age. A global crustal thickness map reveals crustal thinning under all resolvable lunar 
basins. The results indicate that the internal structure and thermal history of the Moon are more complex 
than previously believed, and point to an even greater role of impacts in shaping the Moon than had been 
appreciated. 

Topography. The Clementine spacecraft carried a laser ranging instrument (LIDAR) that 
measured the slant range of the spacecraft to the lunar surface at spacecraft altitudes of 640 km or less 
[1,2] The instrument collected data for approximately one-half hour per 5-hour orbit for the two month 
lunar mapping mission. For the first month, with spacecraft periselene at latitude -30°, topographic 
profiles were obtained in the approximate latitude range -75O to +30°, while in the second month of 
mapping, with spacecraft periselene at latitude +30°, profiles were obtained in the approximate range - 
15O to +75O. We subtracted from the profiles a precise spacecraft orbit to convert the profiles into 
planetary radii in an areocentric center of mass reference frame. We then applied a Kalman filter to 
eliminate noise triggers due to instrument electronic noise and solar background radiation at the laser 
wavelength (1064 nm). We assembled the 72,300 remaining data points into a global 2' x2O grid and 
performed a 70th degree and order (hatf wavelength resolution= 80 km) spherical harmonic expansion of 
the gridded data. The resulting topographic model was designated Goddard Lunar Topography Model -1 
(GLTM-1) [2]. 

The most pronounced topographic feature on the Moon is the South Pole-Aitken Basin 
(lon=1 80°E, lat=-56O). With a diameter of 2250 km, a rim-to-floor depth of 8.2 km below the reference 
ellipsoid and a 12-km total vertical dynamic range, this structure was first identified from geological 
mapping of lunar images [3, 41. From Clementine altimetty we recognize this structure to be the largest 
and deepest impact basin in the solar system. Maria Humboltianum, Crisium and Fecunditatis, all in the 
longitude range 40°E-800E, also constitute distinctive topographic lows. The highest topography of 8 
km above the reference ellipsoid occurs on the lunar far side in the highlands north of the Korolev Basin 
(lon=205OE, lat=+5O), immediately adjacent to the South Pole Aitken structure which represents the 
lowest elevation on the Moon. 

Gravity. The gravitational signature of the Moon was determined from velocity perturbations of the 
Clementine spacecraft as measured from the Doppler shift of the S-band radio tracking signal. Clementine 
was tracked by the 26-m and 34-m antennas of NASA's Deep Space Network (DSN) at Goldstone, 
Canberra and Madrid, as well as by a 30-m antenna at the Pomonkey, Maryland tracking station that was 
operated by the Naval Research Laboratory. To the tracking data we applied an a priori power law 
constraint of the form 1 5 x 1 0 - ~ / ~ ,  where I is the spherical harmonic degree [5]. This constraint has the 
effect of bounding the gravitational power in the wavelengths whose effect on the signal is at or below the 
noise level. Using the GSFC Geodyn orbital analysis program we produced Goddard Lunar Gravity Model- 
1 [2], which we evaluated at the surface. 

As in previous lunar gravity models, GLGM-1 reveals the highland terrains to be gravitationally smooth, 
indicating a state of isostatic compensation. However, near side mascon basins, which display large free- 
air positive anomalies, are distinctly uncompensated. The gravitational signature indicates that surface 
topography is supported flexurally and demonstrates that in the vicinity of these impact structures the 
lunar lithosphere, i.e. rigid outer shell, displayed considerable strength at times since basin infilling by 
mare basalts [6, 7. In contrast, the South Pole-Aitken basin on the lunar far side has a modest free-air 
anomaly for its depth, and is in fact approximately 90% compensated. The 5-km deep Mendel-Rydberg 
Basin shows a very small 25 mGal free-air anomaly and so is almost fully compensated. Compensation 
states do not simply correlate with basin size or age. The range of compensation states of lunar basins 
indicates that the strength of the lunar lithosphere was likely to have been characterized by marked spatial 
variability since the major basins formed, and implies a complex lunar thermal history. 

Crustal Thickness. To interpret the global topography and gravity observations in the context of 
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lunar internal structure, we have calculated a global Bouguer anomaly map. From the Bouguer gravity it 
was possible to calculate the global distribution of crustal thickness given the assumption that subsurface 
mass differences are solely a consequence of crustal thickness variations. We assumed a reference 
crustal thicknes of 60 km in order to match the thickness of 56 km at the Apollo 12 and 14 sites [8, 91. 
Results from the global crustal thickness map show that the far side crust is, on average, thicker (68 km) 
than that on the near side (60 km). The minimum crustal thickness is near zero beneath Mare Crisium, with 
other notable areas of thin crust including the Orientale (4 km), Smythii (15 km) and South Pole-Aitken (20 
km) basins. All resolvable lunar basins exhibit varying degrees of crustal thinning, likely the consequence 
of excavation and mantle rebound associated with the impact process [ lo,  1 I ] .  The thickest crust (107 
km) is on the far side in the vicinity of the Korolev basin (also the region of highest topography), though on 
the near side southern hemisphere (30°S, 30°E) the crustal thickness reaches 95 km. 

COMICOF Offset. We have recomputed the Moon's center of masslcenter of figure offset from 
the spherical harmonic power spectra of gravity and topography and find it to be 1.812 kmk50 m in the 
direction of 4.68'e0 N, 207.1' e0 E. This location is within the region of thick crust on the far side, north 
of the South Pole-Aitken basin. Previous studies have interpreted the corn/cof offset as a consequence 
of the difference in average crustal thickness between the near and far sides [12-151. However, our 
results indicate that the regional very thick crust on the Moon's equatorial far side makes the greatest 
contribution to the comlcof offset. This result indicates that the origin of the com/cof offset is likely to have 
developed via the same mechanism responsible for the far side region of large crustal thickness. 
Enhanced melting associated with the lunar magma ocean andlor impact ejection associated with the 
South Pole-Aitken impact or other early impacts are processes which should be considered. 

Power Spectral Relationships. We investigated mechanisms of isostatic compensation as a 
function of wavelength by calculating the admittance and coherence of gravity and topography. In 
addition, we calculated the predicted admittance for a model with a linear isostatic response [ I  51 assuming 
compensation by an Airy mechanism at depths of 25, 50 and 100 km. The poor fit of the observed 
admittance to the model indicates that, unlike other terrestrial planets [16-181, there is no single Airy 
compensation depth that characterizes any wavelength range on the Moon. Even at the longest 
wavelengths, which are typically Airy-compensated, lunar topography appears to be supported by multiple 
compensation mechanisms. For example, highland crust produced by the lunar magma ocean may be 
supported by deep mantle density variations, while some large basins may be compensated by shallower 
crustal thickness variations, and other basins may be uncompensated and supported by the strength of 
the Moon's rigid outer shell. 

Lunar Stress State. Several pre-Clementine studies have argued for a relatively "quiet" lunar 
stress state on the basis of the observed range of topography and the power in the gravitational potential 
[19]. These studies respectively assumed that stresses arise solely due to surface topography, and that 
the gravity field is a consequence of topography that is Airy compensated, even at wavelengths 
corresponding to major basins, many of which are clearly uncompensated. Clementine data have 
revealed more power in the 'lunar topographic and gravitational fields at long wavelengths that were 
previously under sampled, and in addition show that large subsurface density variations contribute 
significantly to the gravity field over a range of wavelengths. These results indicate that the lunar 
lithosphere supports relatively large elastic stresses. Simple scaling relationships of the power in the 
terrestrial and lunar gravity fields would suggest that the Moon is characterized by larger stresses than 
previously thought, especially at wavelengths corresponding to the major impact basins. However, long 
wavelength stresses on Moon are mostly a consequence of subsurface density variations rather than 
mantle dynamics as on the Earth. 
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