
'include the effects described here that are 
attributable to the large-scale surface topog- 
raphy. Quantitative analysis of the Clemen- 
tine thermal infrared imaging experiment 
can begin once the instrument calibration 
to radiance is completed. Incorporation of 
Apollo 17 infrared observations (1 8) will 
allow interpretation of surface physical prop- 
erties at selected locations. 

A n  important objective of the Clem- 
entine program was to  investigate the ef- 
fects of the space radiation environment 
on  the advanced technologies and light- 
weight spacecraft components being 
flight-tested o n  board the Clementine 
spacecraft and the Interstage Adapter sat- 
ellite. A charged particle telescope (CPT)  
was built, tested, and integrated o n  board 
the main Clementine swacecraft to  mea- 
sure the fluxes of energetic electrons and 
protons encountered by the spacecraft 
throughout its mission. The  low-energy 
electron channels (25 to 500 keV) have 
provided extensive data on  the interaction 
between the moon and the Earth's mag- 
netotail: While orbiting the moon, the 
C P T  saw the wake created by the moon 
when it blocked the flow of energetic par- 
ticles along magnetotail field lines. T h e  
C P T  has also observed numerous bursts of 
energetic electrons during geomagnetic 
storms and magnetospheric substorms. A 
particularly important goal of the C P T  
was to measure fluxes of energetic protons 
in  the energy range 3 to 80 MeV, which 
are emitted during solar energetic particle 
events. A strong solar particle event was 
observed on  20 to 25 Februarv 1994 and 
was associated with a very &ong inter- 
planetary shock wave passage at  -0900 
U T  on  21 Februarv. The  Clementine C P T  
observed this particle event and detected 
the precise time and position of the shock 
passage. T h e  Clementine data were partic- 
ularlv valuable because thev were obtained 
concurrently with measurements from sev- 
eral other near-Earth spacecraft (GOES-7, 
SAMPEX, GEOTAIL), thus permitting a 
remarkable multipoint study of the shock 
interaction with geospace (Fig. 8 ) .  
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The Shape and Internal Structure of the 
Moon from the Clementine Mission 

Maria T. Zuber,* David E. Smith, Frank G. Lemoine, 
Gregory A. Neumann 

Global topographic and gravitational field models derived from data collected by the 
Clementine spacecraft reveal a new picture 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, whereas impact basins display a wide 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 structure 
and thermal history of the moon are more complex than was previously believed. 

T h o u g h  formed in the same part of the 
solar system, the Earth and moon have fol- 
lowed dramatically different evolutionary 
paths in  their 4.6-billion-year histories. Ab- 
solute ages of the lunar surface revealed by 
the Apollo missions ( 1 )  demonstrate that 
volcanism and tectonism indicative of sub- 
stantial heat loss from the lunar interior 
essentially ceased by 2.5 to 3 billion years 
ago, in contrast to Earth, which remains 
geologically active to the present day. The  
fundamental difference in thermal evolu- 
tion between the Earth and moon has typ- 
ically been attributed to the planets' differ- 
ent size and mass (2)-the moon contained 
fewer radiogenic heat-producing elements 
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because of its smaller volume and cooled 
faster because of its higher surface area-to- 
volume ratio as compared with Earth. Be- 
yond this basic knowledge, however, under- 
standing of the thermomechanical evolu- 
tion of the moon has been elusive, largely 
because of limited knowledge of lunar in- 
ternal structure. 

T h e  Clementine mission, sponsored by 
the Ballistic Missile Defense Organization, 
with participation from NASA, mapped 
the moon from late February through early 
May 1994 (3). Included in the spacecraft 
instrument complement were a laser rang- 
ing device and an S-band microwave tran- 
sponder from which topographic and grav- 
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itational information, respectively, were 
collected for most of the moon. These data 
hold the promise of greatly improving our 
understanding of the lunar interior. In this 
report, we describe the derivation of topo- 
graphic and gravitational field models 
from the Clementine data and use this 
information to characterize the shape of 
the moon, define the power spectral prop- 
erties of the global fields, and map the 
distribution of crustal thickness. We  also 
address preliminary implications of the 
data for the understanding of lunar struc- 
ture and evolution. 

The Clementine spacecraft carried a la- 
ser ranging instrument (LIDAR) that mea- 
sured the slant range from the spacecraft to 
the lunar surface at spacecraft altitudes of 
640 km or less (3). The instrument collect- 
ed data for approximately one-half hour per 
5-hour orbit during the 2-month lunar map- 
Dine mission. For the first month, with " 

spacecraft periapsis at latitude -30", topo- 
graphic profiles were obtained in the ap- 
proximate latitude range -75" to +15", 
whereas in the second month of mapping, 
with spacecraft periapsis at latitude +30°, 
profiles were obtained in the approximate 
ranee -15Oto +75". - 

To  produce a global topographic data 
set from the lidar svstem. we first subtract- 
ed a precise orbit from the range profiles. 
W e  computed these orbits with the GEO- 
DYNISOLVE orbital analysis programs 
(4). We  converted the timing of the ar- 
rival of the laser pulse on the lunar surface 
to selenocentric coordinates by interpolat- 
ing the spacecraft orbital trajectory to the 
time of the laser pulse, which accounted 
for the one-way light time to the surface. 
The  observed range from the spacecraft to  
the surface was transformed to a radius 
measurement in a lunar center-of-mass 
reference frame. Our orbits were charac- 
terized by a formal uncertainty in radial 
position of about 10 m and have an  accu- 
racy with respect to  the lunar center of 
mass of better than 100 m. which is com- 
parable to the single-shot' ranging preci- 
sion of the lidar (40 m) .  The radial orbit 
accuracy thus' determines to first order the 
accuracy of the global topographic model. 
In the topographic data set presented here, 
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we did not include a correction for space- 
craft pointing errors, which were at the 
milliradian level (5) and are insignificant 
compared with the instrument ranging 
precision and orbit error. 

The LIDAR typically ranged once per 
0.6 s, expending over half a million laser 
shots during the 2-month Clementine lunar 
mapping mission. The instrument detector 
triggered on 19% of the shots. T o  distin- 
guish valid ranges from noise hits for these 
- 114,000 triggers (6), we applied a Kalman 
filter based on a stochastic model of t o ~ o -  
graphic variance (7). We  developed ;he 
filter on the basis of the known Dower- 
spectral distribution of the topography of 
the moon (8) ,  which made it possible to 
predict the likely dynamic range of topo- 
graphic power over a specified spatial dis- 
tance such as the along-track or cross-track 

C Z  

laser shot spacing. Filtering the data yielded 
-72,300 "valid" ranges. 

These data were assembled into a 2" by 
2" grid in the latitude range from -75" to 
+75". Figure 1 is a location map that shows 
that most major lunar basins were sampled 
by Clementine altimetry. The elevations 
were referenced to a spheroid with a radius 
of 1738 km and flattening of 113234.93, the 
latter corresponding to the C,, spherical 
harmonic term we obtained for the lunar 
gravity field (see below). This is the ob- 
served dynamical flattening of the planet 
and is greater than the flattening for a 
hydrostatic ellipsoid. We did a 70th-degree 
and -order spherical harmonic expansion 
(half-wavelength resolution -80 km) of - 
the data set to yield the topographic model 
designated Goddard Lunar Topography 
Model 1 (GLTM-1) (Fig. 2A). In this and 
other maps, the lunar near side (the side 
visible from Earth) is on the right side of 
the figure, and the lunar far side is on the 
left. 

This topographic model represents the 
first reliable global characterization of sur- " 
face heights for the moon. The moon ex- 

hibits a dynamic range of topography of 
about 16 km, which is over 30% greater 
than the range noted in previous reports 
based on  Apollo laser measurements and 
Earth-based radar and limb measurements 
(8 ,  9). This difference is due to better 
coverage: The greatest variations in lunar 
topography are on the far side over a broad 
band of latitude. Previous topographic 
measurements of the moon's far side were 
limited to equatorial swaths covered by 
the Apollo laser altimeters (9). Where 
Apollo and Clementine coverage overlap, 
measured relative topographic heights 
eenerallv agree to within -500 m. with - , - 
the difference due to our more accurate 
orbit corrections and to noncoincidence 
of laser measurements. As was previously 
noted by the Apollo altimetry (9), Clem- 
entine topography shows the lava-flooded 
mare basins to be extremely level, with 
typical slopes of less than one part in lo3. 

The  most pronounced topographic fea- 
ture on the moon is the South Pole-Ait- 
ken Basin (180°E, 56"s) .  With a diameter 
of 2500 km and a maximum depth of 8.2 
km below the reference ellipsoid, this 
structure was first identified in lunar im- 
ages (10, 11). From Clementine altimetry, 
we recognize this structure to be the larg- 
est and d e e ~ e s t  i m ~ a c t  basin in the solar 
systein. Maria Humboltianum, Crisium, 
and Fecunditatis, all in the longitude 
range 40"E to 80°E, also constitute dis- 
tinctive topographic lows. The  highest to- 
pography of 8 km above the reference 
ellipsoid occurs on the lunar far side in the 
highlands north of the Korolev Basin 
(205"E, 5"N), adjacent to the South Pole- 
Aitken structure that represents the low- 
est elevation on  the moon. 

Some structures that were suspected 
ancient impact basins display distinct to- 
pographic depressions. A notable feature is 
the Mendel-Rydberg Basin (275"E, 52OS), 
iust south of Mare Orientale, which had 
been proposed as an impact basin (1 1 ), but 

hii 

Fig. 1. Locations of major lunar basins. Here and in Fig. 2, longitude = 270" and the western limb of the 
moon asviewed from Earth is at the center front. The lunar near side IS right of center and the lunarfar side 
is left of center. 
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details of the structure are obscured be- posed impact structure (12). However, the moon was determined from velocity per- 
cause it is largely covered by Orientale topographic map does not show obvious turbations of the Clementine spacecraft as 
ejecta. There is also a circular depression evidence for a previously proposed massive measured from the Doppler shift of the 
-700 km in diameter in the northwest (3200 km in diameter) nearside Oceanus S-band radio tracking signal. Clementine 
Oceanus Procellarum (300°E, 40°N), to Procellarum basin (I 1). was tracked by NASA's Deep Space Net- 
the southwest of another recently pro- The gravitational signature of the work (DSN) at Goldstone, California, 

Canberra, Australia, and Madrid, Spain, 
as well as by the Pomonkey, Maryland, 
tracking station operated by the Naval 
Research Laboratory. Data from the DSN 
sites typically had an accuracy of -0.3 mm 
s-' at 10-s intervals, whereas data from 
the Pomonkey site was accurate to -3 mm 
s-I. The tracking data were used to deter- 
mine the Clementine orbit about the 
moon, as well as the lunar gravity field. 

Clementine provided over 361,000 ob- 
servations, of which -57,000 were at 
spacecraft altitudes of less than 1000 km, 
and these data now constitute the stron- 
gest constraint on the long-wavelength 
gravity field of the moon. We combined 
the Clementine data with nearly 294,000 
historical S-band tracking observations 
from Lunar Orbiters 2, 3, 4, and 5 and 
from the Apollo 15 subsatellite (13). 
These spacecraft lacked the global cover- 
age of Clementine, but most had lower 
periapsis latitudes and thus provided dis- 
tributed regions of short-wavelength reso- 
lution in the vicinity of spacecraft peri- 
apses (generally 240" latitude). 

In developing the gravity model, we 
applied an a priori power law constraint of 
the form 15 x 10-'/12, where 1 is the 
spherical harmonic degree (14). This con- 
straint has the effect of bounding the grav- 
itational power in the wavelengths whose 
effect on the signal is at or below the noise 
level. In addition, we judiciously down- 
weighted some of the low-altitude data to 
avoid artificial "striping" along orbit 
tracks in the field at short wavelengths. 

Free-air 
gravity 

These techniques, which we have previ- 
ously applied in models of the gravity 
fields of Earth, Mars, and Venus (15), 
have the advantage of preserving short- 
wavelength information in the field, 
where it is well resolved by the tracking 
data. Free-air gravity anomalies from our 
70th-degree and -order spherical harmon- 
ic gravitational field model, designated 
Goddard Lunar Gravity Model 1 (GLGM- 
I), are shown in Fig. 2B. 

Because of the moon's synchronous ro- 
tation, spacecraft cannot be directly tracked 
from Earth over a large part of the lunar far 
side, so there is no tracking data from 120" 
to 240" longitude in the 245" latitude 
band. Nonetheless, orbiting spacecraft are 
sensitive to the positions of gravity anoma- 
lies even in areas without direct tracking, as 
evidenced by numerous anomalies in this 

Fig. 2 (A) GLTM-1. (B) Free-air gravity anomalies from GLGM-I. (C) Bouguer gravity anomalies derived region that correlate with major impact ba- 
from global topography and free-air gravity models. (D) Unco~~ected crustal thickness map based on a sins. However, the magnitudes of gravity 
uniform-density crust and mantle. Other assumptions are discussed in the text. anomalies in occulted regions are character- 
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ized by large errors. Gravity anomaly errors 
from GLGM-1 ranged from 22 milli-Gali- 
leos (mGal) (0.22 mm sp2 over the well- 
tracked near side at low latitudes to 47 
mGal for the high-latitude far side. 

We  evaluated the global gravitational 
field of the moon at the surface, rather than 
at spacecraft altitude as done by others (13, 
16, 17). In comparison with the most re- 
cent pre-Clementine gravity model of 
Konopliv and colleagues ( 1 3) ,  GLGM- 1 
shows an - 10% greater range of anomalies 
when evaluated at an altitude of 100 km 
and, in addition, resolves some high-lati- 
tude farside structures not present in that 
model. 

Figure 2B shows in red the gravity 
highs or "mascons" that correlate with the 
major nearside basins. The  mascons, 
which were first recognized from Lunar 
Orbiter tracking data (18), are believed to 
be a consequence of the gravitational at- 
traction of lava fill in mare basins (19) 
and of uplifted mantle beneath the basins 
(20). The  improved short-wavelength 
control in our representation of the field, 
however, reveals that manv of the mas- 
cons are ringed by negative anomalies out- 
side the basins that sueeest flexure of the "" 

lunar lithosphere in response to loading by 
the fill of mare lavas and uplifted mantle 
due to the impact process (2 1 ). Our model 
also shows gravitational signatures of sev- 
eral farside basins that have not previously 
been resolved or well resolved, including 
Hertzprung (232"E, ION), Korolev 
(203"E, 4"S), Mendeleev (141°E, 6"N),  
Freundlich-Sharonov (175"E, l a O N ) ,  and 
Moscoviense (147"E, 26ON). 

Figure 2B shows that, as in previous 
lunar gravity models, the highland terrains 
are gravitationally smooth, indicating a 
state of isostatic compensation. For surface 
topography that is isostatically compensat- 
ed, pressures caused by the weight of over- 
lying rock balance at so-me depth beneath 
the surface. Isostatic equilibrium repre- 
sents the state into which planetary topog- 
raphy tends to evolve with time and is 
indicated by a near-zero free-air gravity 
anomalv. In contrast to the highlands. ', 
lunar basins display a broad range of com- 
h ens at ion states. Nearside mascon basins. 
which display large free-air positive anom- 
alies, are distinctly uncompensated. Their 
gravitational signature indicates that sur- 
face topography is supported flexurally and 
demonstrates that in the vicinity of these 
impact structures, the lunar lithosphere 
( that  is, the rigid outer shell) has displayed 
considerable strength since the time of 
loading (22). In contrast, the South Pole- 
Aitken Basin on  the lunar far side has a 
modest free-air anomaly for its depth and 
is approximately 90% compensated. The  
5-km-deep Mendel-Rydberg Basin shows a 

very small 25-mGal free-air anomaly and 
is almost fully compensated. Compensa- 
tion states do not correlate simply with 
basin size or age. The  range of compensa- 
tion states of lunar basins indicates that 
the strength of the lunar lithosphere was 
likely to have been characterized by 
marked spatial variability at the time 
when the major basins formed and were 
subsequently flooded with mare basalts, 
and implies a complex lunar thermal his- 
tory. Variations in the population of im- 
pactors (size, incidence angle, and veloci- 
ty) could also contribute to the variable 
compensation states. 

Figure 2B shows a marked asymmetry in 
the free-air gravitational signature of Mare 
Orientale, the youngest major impact basin 
on the moon (age, -3.8 billion years) (1 1). 
This basin exhibits a com~arativelv modest 
125-mGal mascon at basin center that is 
surrounded by a horseshoe-shaped gravity 
low with a maximum amplitude of -225 
mGal centered on the inner and outer Rook 
rings. In contrast to the nearside basins that 
are encircled by negative anomalies outside 
the basins, the discontinuous negative is 
inside the orientale Basin, and the" basin is 
bounded by a gravity high centered on the 
Cordillera ring. Earlier studies have recog- 
nized a "bull's-eye" appearance of Orien- 
tale's gravity signature (1 3 ,  17, 23), but 
careful consideration of low-altitude orbital 
passes shows that the asymmetry is a char- 
acteristic feature of the basin. 

T o  interpret the global topographic 
and gravitational observations in the con- 
text of lunar internal structure, we calcu- 
lated Bouguer gravity anomalies (Fig. ZC), 
in which the gravitational attraction of 
surface topography (assuming a crustal 
density p, = 2800 kg m-3) is subtracted 
from the free-air anomaly to reveal the 
subsurface densitv distribution. Boueuer " 

anomalies for the moon have previously 
been calculated both globally (8) and for 
major mare basins (1 7, 24), but detailed 
analyses have been limited because of er- 
rors of 12 to 70 mGal in the Bouguer 
correction that are due to the uncertainty 
of topographic knowledge. The  relative 
errors in Clementine topography are gov- 
erned by the orbit-to-orbit repeatability, of 
order 10 m, which translates to a 5-mGal 
error in the Bouguer anomaly, and by the 
precision of the altimeter system in both 
range and time, which is of order 10 mGal. 
In comparison with the errors in the gravity 
field discussed above, it is clear that Bouguer 
gravity errors are dominated by gravity error, 
in contrast to pre-Clementine analyses, in 
which Bouguer gravity error was dominated 
by errors in topography. 

The simplest plausible interpretation of 
the Bouguer map is that subsurface mass 
differences are solely a consequence of 

crustal thickness variations. This interpre- 
tation is an oversimplification, but it pro- 
vides a useful first-order indication of the 
variability of lunar internal structure. We  
have calculated uncorrected crustal thick- 
nesses from the Bouguer gravity, assuming a 
reference value of 64 km in order to match 
the thickness of 56 km at the Apollo 12 and 
14 sites (25). Figure 2D shows a degree 70 
(80-km half-wavelength) resolution effec- 
tive crustal thickness map in which we 
assume a constant-density crust and mantle 
(pm = 3300 kg mp3). For our assumed 
reference value, the crust composes 11 % of 
lunar volume. The attraction of mare fill 
produces an error incrustal  thickness of 
order 20% in flooded basins, and we have 
neglected this correction in making the 
global map. 

Figure 2C shows that the farside crust is, 
on average, thicker (68 km) than that on 
the near side (60 km). The minimum crust- 
al thickness is near zero beneath the 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, 
which is likely the consequence of excava- 
tion and mantle rebound associated with 
the impact process (17, 26). The thickest 
crust - (I07 km) is on the far side in the 
vicinity of the Korolev Basin (also the re- 
gion of highest topography), though on the 

. . 
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Fig. 3. (A) Admittance and (B) coherence spec- 
tra between gravity and topography. Calcula- 
tions assume hydrostatic flattening. Shown in (A) 
as dashed lines are model admittances if Airy 
compensation is assumed, at depths shown in 
kilometers. 
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nearside southern hemisphere (30°S, 30°E) 
the crustal thickness reaches 95 km. The 
region of thick crust on the far side contrib- 
utes substantially to the moon's center of 
mass-center of figure offset (9,  27), which 
we have recomputed from the spherical har- 
monic power spectra of gravity and topog- 
raphy and find to be 1.68 km i. 50 m in the 
Earth-moon direction, with the center of 
inass closer to Earth. 

If the average farside crustal thickness is " 

assumed, the area of anomalously thick 
crust on the far side has a volume compa- 
rable to that of the adjacent South Pole- 
Aitken Basin. This observation raises the 
intriguing question of whether the major 
topographic variation on the lunar far side 
is a consequence solely of enhanced melting 
related to the lunar magma ocean (to form 
the highland) or alternatively due to a com- 
bination of this process and impact ejecta 
from the South Pole-Aitken Basin or other 
basins or both. 

Finally, in Fig. 3, we examine the global 
spectral properties of the moon by calculat- 
ing admittance and coherence, which are 
power-spectral ratios of geoid (gravitational 
potential) and topography (28) that contain 
information about isostatic comoensation 
mechanisms as a function of spatial wave- 
length. The degree 2 spherical harmonic 
terms show unusually low coherence related 
to long-wavelength complexities associated 
with the lunar flattening and the South 
Pole-Aitken Basin. Between spatial scales of 
2000 km and 600 km (degrees 3 to 9) there 
is significant coherence and decreasing ad- " - 
mittance. Features in this range include the 
lunar highlands and the largest impact ba- 
sins. The negative admittance at degree 10 
likely occurs because this wavelength is 
dominated by mare basins that are charac- 
terized by geoid highs and topographic lows. 
For features of soatial scale 500 km and 
smaller (degrees greater than lo) ,  the geoid 
and topography are uncorrelated. In this 
wavelength range, most surface topography 
is supported by the strength of the lunar 
lithosphere, and the processes that produced 
topography and geoid anomalies do not re- 
sult in simple global correlations of these 
quantities. 

Figure 3 A  also shows the predicted ad- 
mittance for a model with a linear isostatic 
response (28), with the assumption of com- 
pensation by an Airy mechanism at depths 
of 25, 50, and 100 km. In an Airy mecha- 
nism, topography is supported at a given 
depth by constant density columns of vary- 
ing thickness (such as crustal thickness 
variations). The poor fit of the observed 
admittance to the model indicates that, 
unlike the case with other terrestrial planets 
(29, 30), there is no single Airy compensa- 
tion depth that characterizes any wave- 

longest wavelengths, which are typically 
Airy-compensated, lunar topography ap- 
pears to be supported by multiple compen- 
sation mechanisms. For example, highland 
crust produced by the lunar magma ocean 
may be supported by density variations deep 
in the mantle, whereas some large basins 
may be compensated by shallower crustal 
thickness variations, and other basins mav 
be uncompensated and supported by the 
strength of the moon's rigid outer shell. The 
global spectral character of the moon is 
therefore consistent with the full range of 
basin compensation states discussed above. 

Several pre-Clementine studies have ar- 
gued for a relatively "quiet" lunar stress state 
on the basis of the observed range of topog- 
raphy (3 1 ) and the power in the gravitation- 
al potential (29) as compared with Earth. 
These studies assumed that stresses arise 
solely from surface topography and that the 
gravity field is a consequence of topography 
that is Airy-compensated, even at wave- 
lengths corresponding to major basins. How- 
ever, we, have shown that many of these 
basins are clearly uncompensated. Further, 
Clementine data have revealed more Dower 
in the lunar topographic and gravitational 
fields at long wavelengths and, in addition, 
show that large subsurface density variations 
contribute substantially to the gravity field 
over a range of wavelengths. These results 
indicate that the lunar lithosphere supports 
relatively large elastic stresses. Simple scal- 
ing relations of the power in the terrestrial 
and lunar gravity fields would suggest that 
the lunar st_ress state is much greater than 
previously thought, though long-wavelength 
stresses on Earth are mostly a consequence 
of mantle dynamics rather than of subsur- 
face density variations as on the moon. 

Topography and gravity from Clemen- 
tine thus reveal a richer complexity in lunar 
structure and thermal historv than had been 
previously appreciated. Detailed analysis of 
the global shape and modeling of individual 
features will provide further clarification of 
the nature of lunar evolution. 
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