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Lunar Shape via the Apollo Laser Altimeter 

Abstract. Data from the Apollo 15 and Apollo 16 laser altimeters reveal the 
first accurate elevation differences between distant features on both sides of the 
moon. The large far-side depression observed in the Apollo 15 data is not present 
in the Apollo 16 data. When the laser results are compared with elevations on 
maps from the Aeronautical Chart and Information Center, differences of 2 kilo- 
meters over a few hundred kilometers are detected in the Mare Nubium and Mare 
Tranquillitatis regions. The Apollo 16 data alone would put a 2-kilometer bulge 
toward the earth; however, the combined data are best fit by a sphere of radius 
1737.7 kilometers. The offset of the center of gravity from the optical center is 
about 2 kilometers toward the earth and 1 kilometer eastward. The polar direc- 
tion parameters are not well determined. 

The laser altimeter data obtained 
from the Apollo 15 and Apollo 16 mis- 
sions provide two elevation cross sec- 
tions of the moon separated by 35? of 
latitude. These data are the first set 
obtained by a highly accurate method 
of measuring lunar topography over glo- 
bal distances. Before this, Earth-based 
photography was used; shadows were 
measured and stereoscopic effects were 
accounted for to determine surface 
elevations. However, the errors were 
large over distances of hundreds of kilo- 
meters, and the results were extremely 
poor near the limbs (1, 2). There are 
also many independent measurements of 
lunar elevations, such as the elevations 
of the Ranger impact points (3), the 
Surveyor landing sites (4), the Apollo 
survey sites (5), and the Saturn booster 
impact points (5), as well as elevations 
determined from the velocity-height 
data of ,the Lunar Orbiter (6) and from 
Earth-based radar (7), landmark track- 
ing (8, 9), and laser ranging retroreflec- 
tors (10). All of these results are from 
front-side observations at random 
points, except for ten far-side landmark 
points obtained with the Apollo sextant. 

With complete 360? profiles, analysis 
can proceed with the examination of 
the best figure parameters and the veri- 
fication of other results. Although an- 
other set of laser data is expected from 
Apollo 17, its coverage will be similar 
to that of Apollo 15 and will not 
significantly enhance these basic results. 

The data consist of measurements of 
the distance from the orbiting Com- 
mand and Service Module (CSM) to 
the lunar surface at intervals of ap- 
proximately 20 seconds (that is, ap- 
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proximately every 30 km along the 
surface track). The altimeter has a 
surface spot size of 30 m and an ac- 
curacy of 2 m. There are slight correc- 
tions for timing and attitude position 
which can be applied to the data for 
ultimate resolution; however, these cor- 
rections were not applied because they 
amount to only a few meters and do 
not affect the results. The amount of 
data used for this analysis is shown in 
Table 1, and the location of the cross 
sections is shown in Fig. 1. 

To extract the lunar shape parameters 
from the data, the position of the CSM 
must be known. This was accomplished 
by reducing the data from Earth-based 
radio tracking of the CSM. Essentially, 
these are line-of-sight speed measure- 
ments taken eveIy 10 seconds. These 
observations, made simultaneously from 
several tracking stations on the earth, 
were processed by a large computer 
program having a theoretical model of 
the earth-moon system. A least-squares 
regression was performed, and a unique 
orbit for the CSM was determined. The 
accuracy of this orbit is the governing 
accuracy of our results. The primary un- 
certainty in the orbit does not come, 
however, from the quality of the track- 

ing data, but from the description of 
the lunar gravity field. The L1 model 
(11) used in this reduction does not ac- 
count for high-frequency position varia- 
tions caused by such things as mas- 
cons. It is estimated that an upper 
bound on the uncertainty in the orbit is 
400 m in the direction of the laser 
measurement. More realistic gravity 
models could be employed, but they 
would only represent the front-side field, 
and all laser measurements on the back 
would again be corrupted. Until good 
far-side gravity measurements are 
obtained (which is not foreseeable in 
the near future), this position uncer- 
tainty will remain near the 100-m level. 
However, this error is of the bias type 
and remains relatively constant over a 
1000-km portion of the orbit. 

Once the CSM orbit was established, 
the remaining steps were straight- 
forward. The laser altimeter readings 
were subtracted from the correspond- 
ing selenocentric radius vectors of the 
CSM orbit, and a complete lunar topo- 
graphic profile was obtained. This profile 
is referred to the center of gravity of 
the moon rather than the optical figure, 
for the orbit determined from Doppler 
data is a dynamical solution about the 
center of gravity. The results of this dif- 
ferencing are shown in Fig. 2. Note the 
good agreement for the 'Smythii floor 
(12). It is fortunate that the two trajec- 
tories cross here in a relatively flat 
region, for on the opposite side (+ 180' 
of longitude) the highlands offer only 
a general trend. The large far-side de- 
pression [possibly correlated with the 
Russian feature (13)] observed on 
Apollo 15 is not evident in the Apollo 
16 data. Oceanus Procellarum is more 
than 1 km lower in the southern hemi- 
sphere. The central highlands are a high 
region. The profiles of the large front- 
side basins with their flat floors are also 
evident. The large far-side basin of 
Hertzsprung can be seen in the Apollo 
16 profile. 

Not so evident are the deviations 
from the elevations on existing lunar 
maps. If one compares the elevations 
in Ptolemaeus with those in Mare 

Table 1. Data used in the analysis for the lunar shape parameters. N, number of observations. 

Orbit Mission numer N Remarks 

Apollo 15 15, 16 319 Laser, complete orbit 
Apollo 16 17,18 279 Laser, complete orbit 
Apollos 8 to 16 30 Landmarks, sextant readings 
Rangers 6 to 9 4 Time of impact 
Surveyors 1 and 6 2 Landers, surface Doppler data 
Lunar Orbiter I 73 Velocity-height sensor for photography 
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Nubium, the laser results are just about 
the opposite of those on lunar chart 
LAC 77 from the Aeronautical Chart 
and Information Center (ACIC) (2). 
Ptolemaeus is 1 km higher than Nubium, 
not lower as existing charts indicate. 
The same is true in the Tranqullli,tatis 
region. Since redundancy was obtained 
in the measurements made in this re- 
gion during four other laser altimeter 
orbits in Apollo 16, the confidence 
level is extremely high. There will cer- 
tainly be major revisions to lunar 
charts when the altimetry and photog- 
raphy data from the Apollo missions 
are thoroughly integrated, a job that 
ACIC and the U.S. Army Topographic 
Command are presently performing. 

To obtain the shape parameters rela- 
tive to the optical center, further least- 

squares regressions were performed by 
using offset sphere and offset ellipsoid 
models. (The regressions did not in- 
clude data in the overlapping laser 
profile.) Listed in Table 2 are the solu- 
tions for various assumptions. It appears 
that the moo.a is ncarly spherical with 
a radius of 1737.7 kni, only 0.3 km 
from the presently accepted value of 
1738.0. Sligh.tly different results occur 
for each mission, but this is expected 
since Apollo 15 passed over the large 
ringed basins of Imbrium, Serenitatis, 
Crisium, and Smythili, and a large far- 
side depression. The results shown on 
line 6 in Table 2 (14, 15) make Y the 
largest axis, which is contrary to pre- 
sently accepted estimates. However, 
Apollo 16 passes over "more typical" 
terrain and restores the major axis 

along the earth-moon line (line 7). In 
fact, if one uses Apollo 16 data and 
tries to match Baldwin's (1) and Run- 
corn and Shrubsall's (16) examples of 
the maria and highland front-side eleva- 
tions to determine a bulge toward the 
earth, thc results on lines 8 alnd 9 occtir. 
It appears to support the results of these 
authors. Also shown in Table 2 (lines 
10 to 12) are results from other in- 
dependent measurements, which yield 
similar estimates and attest to their 
validity. 

The most striking result is the con- 
sistency of the center of gravity offset 
in both the X and Y directions. The 
lunar center of gravity is some 2 km 
closer to the earth than the optical cen- 
ter and is displaced 1 km eastward. [In 
Table 2 it can be seen that the estimates 
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Fig. 1. Altimeter measurement traces. 
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of the X and Y axes and offsets are 
independent of the values used for Z 
and AZ (lines 10 and 14).] This earth- 
ward offset was first noted in the 
analysis of the Ranger data (3) and has 
continually been a result of other ex- 
periments (5-10). There is certainly no 
doubt at all now with the two com- 

plete laser profiles. Solutions in the 
polar (Z) direction (lines 13 to 15) are 
shown for completeness; however, the 
authors do not believe these results, and 
wish to emphasize the need for ob- 
servations in the polar regions. 

The explanation for the center of 
gravity offset cannot be obtained with 

the presently known mascons for they 
are more than an order of magnitude 
too small. One might speculate on very 
large negative mass anomalies on the 
far side, which is not too unreasonable 
since the data from Apollo 15 and the 
Russian Zond 6 (13) do show large 
depressions. Another possibility is an 

Table 2. Estimates of the lunar shape parameters. The X axis is toward the earth, the Y axis is east in the equatorial plane, and the Z 
axis is the north polar axis. The offsets in these coordinates from the center of gravity to the optical center of the moon are AX, AY, and 
AZ. The abbreviations used are RA, Ranger impacts; SU, Surveyor landers; LMK, landmarks; V/H, velocity-height data from Lunar Orbiter 
I. "Lasers 15 and 16" refers to the Apollo 15 and Apollo 16 lasers. The weighting factors for the regression were: Laser, 1.0; RA, 5.2; 
SU, 5.2; LMK, 5.2; V/H, 2.9. 

Line Shape Data Remarks (km) (km) (km) (k) (km) (km)Remark 

1 Sphere Lasers 15 and 16 1737.7 --2.20 --.1.10 -1.0* 
2 Sphere RA, SU, LMK, 1737.8 -2.05 - 0.91 - 1.0* 

lasers 15 and 16 
3 Ellipsoid Lasers 15 and 16 1737.8 1737.5 1738.0* -2.07 -1.11 -1.0* 
4 Circle Apollo 15 laser 1737.1 - 1.76 - 1.19 (9, 10) 
5 Circle Apollo 16 laser 1737.8 -2.78 - 1.00 
6 Ellipse Apollo 15 laser 1736.4 1737.7 - 1.79 - 1.15 (9, 10) 
7 Ellipse Apollo 16 laser 1738.7 1736.7 -2.52 - 1.03 
8 Ellipse Apollo 16 laser, 1737.6 1735.5 - 2.1* - 1.2* 38 points, - 60? to 

front-side maria + 60? longitude 
9 Ellipse Apollo 16 laser, 1741.1 1737.1 - 2.1* - 1.2* 26 points, - 110 to 

front-side highland + 110? longitude 
10 Ellipsoid RA, SU, V/H, LMK, 1738.2 1737.4 1738.0* -1.98 -0.75 - 1.0* 

lasers 15 and 16 
11 Ellipsoid RA, SU, LMK, 1738.0 1737.6 1738.0* -2.07 -0.91 -1.0* 

lasers 15 and 16 
12 Ellipsoid RA, SU, LMK, V/H 1738.8 1736.8 1738.0* -2.22 + 0.24 -1.0* 
13 Ellipsoid Lasers 15 and 16 1738.8 1737.6 1728.0 -2.17 -1.14 + 0.21 Unconstrained Z 
14 Ellipsoid RA, SU, V/H, LMK, 1738.6 1737.5 1730.8 -2.15 -0.77 -0.27 Unconstrained Z 

lasers 15 and 16 
15 Ellipsoid RA, SU, V/H, LMK 1738.8 1737.6 1733.9 -2.14 + 0.30 -2.58 UnconstrainedZ 

* Not estimated but held at fixed value shown. 
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offset core (17) or a difference in crustal 
thickness between the near side and 
the far side (15). 

W. L. SJOGREN 
Jet Propulsion Laboratory, 
California Institute of Technology, 
Pasadena 91109 

W. R. WOLLENHAUPT 

NASA Manned Spacecraft Center,- 
Houston, Texas 77058 
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similarity strongly supports the idea that 
earthquakes. 

Brace and Byerlee (1) suggested 
stick-slip friction as a possible mecha- 
nism for shallow earthquakes because 
it produces jerky displacements and 

qualitatively explains, in terms of par- 
tial stress drops, the small stress release 
inferred for earthquakes compared with 
inherent rock strengths. We began a 
systematic laboratory study of the dy- 
namic properties of stick-slip in order 
to understand more clearly the stick- 
slip mechanism and to suggest geophys- 
ical measurements that would indicate 
whether earthquake and stick-slip 
mechanisms are similar. Our results 
show that the dynamic behavior of 

stick-slip is nearly identical with that of 
earthquakes and provide a strong argu- 
ment for the stick-slip model of shallow 
earthquakes. 

These measurements were made with 
a new type of friction testing machine 
(2). The sample is a slab 10 by 18 by 
3 cm, with a sliding surface formed by 
a ground cut made diagonally at 30? 
across its major face. The sample is 

placed in a biaxial load frame and 
loaded on two perpendicular edges with 

hydraulic rams, while the other edges 
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stick-slip is the mechanism for shallow 

are allowed to move freely on roller 
bearings in such a way as to allow un- 
constrained slip on the 30? "fault." 
Stresses are maintained uniform to 
within 10 percent along the entire fault 
and normal stresses up to about 1 kb 
are possible. 

Particle velocity was measured di- 

rectly across the fault by using either 

Table 1. Rupture velocities, Vr, for stick-slip 
events at shear and normal stresses ri and r,. 
The shear stress drop is Ar. 

stick-slip is the mechanism for shallow 

are allowed to move freely on roller 
bearings in such a way as to allow un- 
constrained slip on the 30? "fault." 
Stresses are maintained uniform to 
within 10 percent along the entire fault 
and normal stresses up to about 1 kb 
are possible. 

Particle velocity was measured di- 

rectly across the fault by using either 

Table 1. Rupture velocities, Vr, for stick-slip 
events at shear and normal stresses ri and r,. 
The shear stress drop is Ar. 

Vr 

(km/sec) 
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2.4 
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3.3 
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4.1 
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4.7 
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a differential capacitance displacement 
transducer or a linear variable resistor 
mounted directly on the specimen and 
across the central part of the fault. The 
velocities and general wave forms from 
the two different transducers agree well; 
thus, the transducer output faithfully 
reproduces the actual displacements. A 
typical curve of displacement as a func- 
tion of time for a stick-slip event is 
shown in the lower right corner of Fig. 
1. The displacement source time func- 
tion is roughly a truncated ramp, with 
a gradual beginning and termination. 
The ramp systematically steepens with 
increasing stress drop (and hence total 
stress). The velocities were measured 
by fitting a straight line through the in- 
clined section of the ramp by eye. The 
estimated errors in this procedure are 
about 10 percent. 

The rupture velocity was measured 
by photographing the output of four 
axial piezoelectric transducers (acceler- 
ometers) displayed on an oscilloscope. 
The transducers were spaced evenly at 
3-cm intervals along one side of the 
fault and at 5 mm from the fault edge. 
The passage of the rupture front was 
visible as a large pulse with a relatively 
long period followed by a higher fre- 
quency coda. The propagation time be- 
tween different transducers was mea- 
sured by using the first sharp break in 
the signal and the velocities computed. 
The velocities obtained between differ- 
ent transducers agreed within the as- 
signed experimental error of about + 15 

percent, which was largely based on 
difficulties in choosing the first break. 
Richards (3) suggests that a large ac- 
celeration may occur before the passage 
of the rupture front, thus making its 
identification difficult, but as long as 
the recorded acceleration pulse shapes 
are uniform along the fault the rupture 
velocity will be correctly measured. 

Changes in the acceleration pulse shape 
along the fault were occasionally ob- 
served, but rupture velocities were only 
measured from uniform signals. Our 
observations are that the rupture ac- 
celerates to its terminal velocity very 
rapidly, that is, within about 3 cm. This 
contrasts with a fracture in virgin 
rock, which takes 20 to 30 cm to reach 
its terminal velocity (4). 

Figure 1 and Table 1 present labo- 

ratory measurements of particle velocity 
and rupture velocity as a function of 
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stress). The velocities were measured 
by fitting a straight line through the in- 
clined section of the ramp by eye. The 
estimated errors in this procedure are 
about 10 percent. 

The rupture velocity was measured 
by photographing the output of four 
axial piezoelectric transducers (acceler- 
ometers) displayed on an oscilloscope. 
The transducers were spaced evenly at 
3-cm intervals along one side of the 
fault and at 5 mm from the fault edge. 
The passage of the rupture front was 
visible as a large pulse with a relatively 
long period followed by a higher fre- 
quency coda. The propagation time be- 
tween different transducers was mea- 
sured by using the first sharp break in 
the signal and the velocities computed. 
The velocities obtained between differ- 
ent transducers agreed within the as- 
signed experimental error of about + 15 

percent, which was largely based on 
difficulties in choosing the first break. 
Richards (3) suggests that a large ac- 
celeration may occur before the passage 
of the rupture front, thus making its 
identification difficult, but as long as 
the recorded acceleration pulse shapes 
are uniform along the fault the rupture 
velocity will be correctly measured. 

Changes in the acceleration pulse shape 
along the fault were occasionally ob- 
served, but rupture velocities were only 
measured from uniform signals. Our 
observations are that the rupture ac- 
celerates to its terminal velocity very 
rapidly, that is, within about 3 cm. This 
contrasts with a fracture in virgin 
rock, which takes 20 to 30 cm to reach 
its terminal velocity (4). 

Figure 1 and Table 1 present labo- 

ratory measurements of particle velocity 
and rupture velocity as a function of 
stress and stress drop for stick-slip be- 
tween ground (80-grit wheel) surfaces 
of Westerly granite. The particle veloci- 
ties (one half the velocity of one side 
of the fault with respect to the other) 
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