
ever, the line lies several thousand kilo- 
meters west of the edge of the visible 
rise as defined by bathymetry. 

If one measures from the crest of 
the rise, the Clipperton, Clarion, and 
Molokai zones branch at a distance of 
4600 to 4900 km. The crest is con- 
cealed under North America east of 
the Murray and Mendocino zones, but 
the position may be estimated as the 
center of Tertiary uplift of the western 
United States (7). Branching of these 
two fracture zones occurs 4500 to 
4600 km west of this crest. 

It may be significant that great lines 
of volcanoes commonly occur in the 
central region of branching fracture 
zones, where rotation of crustal blocks 
and tension faults would be expected. 
Volcanoes occur throughout the Pacific, 
but very large ones are mostly west of 
the line of branching. The southern 
Hawaiian Islands clearly are affected 
by faulting along the Molokai fracture 
zone because volcanism is localized 
along east-west trends (8). A similar 
effect occurs on the west side of the 
central Hawaiian and Line islands, 
where narrow volcanic ridges follow 
fracture-zone trends. However neither 
the Hawaiian Island ridge nor the 
Molokai fracture zone is offset at their 
intersection (9). The lines of central- 
Pacific volcanoes apparently were super- 
imposed on the fracture zones, which 
generally are buried where they inter- 
sect archipelagic aprons and volcanic 
ridges. 

The origin and history of these 
great fracture zones are not becoming 
more obvious as additional facts accu- 
mulate. Indeed it has become necessary 
to distinguish them as "great" because 
a different system of shorter, more 
closely spaced, seismically active frac- 
ture zones with various trends exists 
in the same region along the crest of 
the East Pacific Rise. The probability 
that the great fracture zones are genet- 
ically related to the East Pacific Rise 
seems stronger when one considers the 
new evidence that branching occurs 
at a relatively uniform distance from 
the crest. However, there are at least 
two other possibilities: Perhaps the 
fracture zones of the central Pacific are 
a different system which intersects the 
northeastern-Pacific system to form 
what are here interpreted as branches. 
Perhaps the zones are part' of an in- 
termittently rejuvenated global frac- 
ture pattern of great antiquity. The ex- 
traordinaryk Clipperton fracture zone, 
which follows a great circle for a quar- 
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ter of Earth's circumference, is especial- 
ly extraordinary if it was produced by 
a nonglobal deformation. 

A great fracture zone is not difficult 
to trace by special survey, provided 
a location and trend are known. Echo 
sounders, magnetometers, and sub- 
bottom profilers all can be used for 
the purpose at or near cruising speeds. 
Present concepts of large-scale tecton- 
ics might be more firmly based if the 
known fracture zones of the Pacific, 
Atlantic, and Indian oceans were traced 
to their terminations-apparently a 
valid purpose for the continuing Upper 
Mantle Project. 

H. W. MENARD 
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Lunar Orbiter Ranging Data: Initial Results 

Abstract. Data from two Lunar Orbiter spacecraft have been used to test 
the significance of corrections to the lunar ephemeris. Range residuals of up to 
1700 meters were reduced by an order of magnitude by application of the cor- 
rections, with most of the residuals reduced to less than 100 meters. Removal of 
gross errors in the ephemeris reveals residual patterns that may indicate errors 
in location of observing stations, as well as the expected effects of Lunar non- 
sphericity. 

One of the experimental missions of 
the Lunar Orbiter spacecraft is the pro- 
viding of range data with an accuracy 
of 10 m, the highest accuracy yet 
achieved at such a great distance from 
Earth. These data have been used to 
confirm the validity of corrections now 
being made to the Lunar ephemeris (1). 
This confirmation consists of the order- 
of-magnitude reduction of the residuals 
(observed - computed) in range when 
the corrections are introduced. If the 
old ephemeris is used, the root mean 
square (r.m.s.) residual is about 800 m, 
with a maximum near 1700. After the 
corrections are applied, the r.m.s. resid- 
ual is reduced to about 110 m, which 
is well within the uncertainties expected 
due to other factors. With the residuals 
thus reduced, the variations produced 
by errors due to station location and 
by the harmonics in the Lunar gravi- 
tational potential can be expected to 
exhibit a dominating influence. This, 
in turn, will facilitate the use of the 
range data for the better determination 
of the figure of the Moon and for the 
location of tracking stations. 

Orbit determination of range data 
from Lunar Orbiter I and II gave non- 
random residuals which often far ex- 

ceeded those expected from known 
effects. These analyses were performed 
with the standard Jet Propulsion Labo- 
ratory ephemeris tapes (2), in which 
the Lunar ephemeris is based on the 
improved Brown lunar theory [Eckert, 
Jones, and Clark (3)]. Such an ephem- 
eris is subject to several corrections, 
and one of us (Mulholland) has been 
directing the effort to calculate and ap- 
ply these corrections to the JPL ephem- 
eris, in an effort to improve its ade- 
quacy. The simultaneous availability of 
the Lunar Orbiter data and the compu- 
tations of the ephemeris corrections 
presented us with the means to test the 
significance of the corrections and, 
at the same time, to remove much of 
the model error for further data anal- 
ysis. 

Before the comparisons are exam- 
ined, we will give a short explanation 
of how ranging data from a spacecraft 
in orbit around the Moon can provide 
an independent test of the lunar ephem- 
eris, as well as a brief discussion of 
the causes from which the ephemeris 
corrections arise. 

In the orbit determination program 
used for the Lunar Orbiter calculations, 
the selenocentric (that is, Moon-cen- 
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Fig. 1. Geometry of the Lunar Orbiter problem. The ellipse 0 is the spacecraft 
orbit, S the position of the spacecraft, T the location of the tracking station. 

tered) orbit of the spacecraft is estab- 
lished solely from Doppler observations. 
These frequency shift data (range rate) 
are independent of the range data. A 
lower limit is placed on the accuracy 
of the orbit determined in this way, 
primarily because of the state of our 
knowledge of the Moon's gravitational 
potential field, the improvement of 
which is another goal of the Lunar 
Orbiter program. An estimate of the 
standard deviation, or uncertainty, in 
the selenocentric position of the space- 
craft due to this cause is about - -= 
? 100 m. On the other hand, the 
application of the Doppler data to orbit 
determination is quite insensitive to 
errors in the position of the Moon; 
studies conducted by one of us (Sjo- 
gren) show that a bias of as much as 9 
km (4) in the lunar ephemeris has no 
discernible effect on the selenocentric 

orbit elements of the spacecraft. Other 
errors independent of the ephemeris 
are those in the locations of observing 
stations (or - ? 30 m) and that in- 
herent in the single-precision range 
computation (u ? 4 4 m). If these 
standard deviations are meaningful, 
then residuals of several hundreds of 
meters in the topocentric range (that is, 
the range from a point of Earth's 
surface) must primarily reflect error of 
ephemeris. Indeed, the size of the resid- 
uals that were obtained virtually pre- 
cluded their use for analyzing the lunar 
potential or the positions of observing 
stations. 

The two corrections to the ephemeris 
that are of interest here arise from two 
quite divergent causes: (i) an improved 
value of the ratio of the mass of Earth 
to that of Moon and (ii) augmented 
accuracy in a coordinate transforma- 

tion in the Brown lunar theory. The 
new value of the mass ratio, ju = 81.30, 
is based on data from the Mariner II 
flight and was adopted by the Interna- 
tional Astronomical Union at its 1964 
meeting (5). Since this quantity appears 
in the gravitational potential of the 
Brown lunar theory, it is necessary to 
make corresponding modifications to 
the affected terms in the expressions 
for the lunar coordinates. On the other 
hand, Eckert, Walker, and Eckert (6) 
have noted that the published tables 
based on the lunar theory are less ac- 
curate than the theory itself, because 
of a coordinate transformation which 
was permitted to be of a lower preci- 
sion than the rest of the analysis. They 
have derived the necessary corrections 
for rendering the tables as accurate as 
the theory, including terms which cor- 
respond to linear distances as small as 
20 cm, although the accuracy of the 
resulting ephemeris is not that high. 
The effects of these two corrections 
combined can amount to radial dis- 
placements of up to 2 km. 

We should note that the 1964 adop- 
tion of a new value for the astronom- 
ical unit in meters, the scaling factor 
for the solar system, does not affect 
our work directly, even though it gives 
rise to the largest correction (about 10 
km) by far to the lunar ephemeris. 

20001 0 RAW 

O RAW RESIDUALS 
X CORRECTED RESIDUALS 

ECKERT'S CORRECTIONS 

1000 

z0 0 

14 21 28 5 12 19 26 2 9 16 23 
SEPTEMBER OCTOBER NOVEMBER 

Fig. 2. Lunar Orbiter residuals and Eckert's transformation correction to the lunar radial distance. The interval 14 September to 

20 October corresponds to Lunar Orbiter I, 11 to 23 November to Lunar Orbiter IT. 
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Fig. 3. Lunar Orbiter T1 ranging residuals for 14 November 1966, with the corrected 
ephemeris. 

This is because the JPL (Jet Propulsion 
Laboratory) system has already taken 
the error in the astronomical unit into 
account. 

The geometry of the problem is 
shown in Fig. 1. The selenocentric po- 
sition vector r of the spacecraft is 
known to :+- 100 m, independent of the 
range data. The geocentric position vec- 
tor R of the tracking station is known 
to + 30 m. The geocentric lunar posi- 
tion Ad is obtained from the ephem- 
eris. The calculation of the range esti- 
mate 

Pe pl-|Ao +r-Rl 

introduces another uncertainty of + 4 
m. The quantity p, can be compared 
directly with the high-precision range 
data. For the initial analysis, we as- 
sumed that the corrections to sine 
parallax (the inverse geocentric distance 
of Moon) could be treated as acting 
along the topcentric vector p rather 
than along the geocentric vector A a; 
the error is about 0.1 m, negligible for 
the present purpose. We also assumed 
the corrections that the other coordi- 
nates have negligible effect on these 
calculations in the first approximation. 
Figure 2 shows the residuals Ap (ob- 
served -- computed) for Lunar Orbiter 
I during the period 14 September to 
20 October 1966 and for Lunar Obiter 
II over the interval 11 to 23 November 
1966. The two sets of points correspond 
to the cases of (i) analysis with the 
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uncorrected ephemeris, and (ii) these 
same data with both corrections applied 
to the residuals. Since it is evident that, 
at most time points in this period, the 
Eckert corrections dominate over the 
mass ratio corrections, we have, accord- 
ingly, also plotted the transformation 
corrections, in order to show the gene 

-eral trends that may be expected of the 
range data in the sparsely populated 
regions of the graph. 

Some of the raw data have been 
analyzed with the use of a preliminary 
ephemeris tape in which the fully cor- 
rected lunar ephemeris was incorpo- 
rated, as opposed to the mnore Cipproxi- 
mate calculations discussed icove. Fig- 
ure 3 shows the range residuals from 
this analysis for densely populated data 
over an interval of 1 day (approximate- 
ly seven orbits), during which time the 
spacecraft was tracked continuously 
except during occultation periods. 
Three widely separated tracking stations 
(Goldstone, Woomera, and Madrid) of 
the Deep Space Network participated. 
With the major portion of the model 
error eliminated, three significant fea- 
tures are evident in these data: (i) high- 
frequency noise is discernible; (ii) each 
station is slightly biased with respect 
to the others, probably evidence of er- 
ror due to station location; and (iii) the 
entire set of data has a slight positive 
bias which may be due to still further 
refinements required by the ephemeris 
(7). 

The variations in the ranging resid- 
uals verify the unusual Doppler resid- 
uals that were obtained near pericenter 
passage during the Lunar Orbiter I 
mission. These occasioned much specu- 
lation concerning the validity of the 
Doppler data, with such items as multi- 
path effects, temperature variations, and 
antenna vibration being suggested as 
possible explanations. Comparison of 
the integrated Doppler residuals with 
the range residuals obtained with the 
new ephemeris shows agreement to 
within the 4-m accuracy of the range 
computation. Thus, it appears that the 
peculiar Doppler residuals are real and 
that the spacecraft has an anomalous 
motion on the order of 60 m near peri- 
center. The Doppler data should prove 
very powerful for the determination of 
the lunar oblateness, which we regard 
as the most probable cause of these in- 
equalities. 

We emphasize that the corrected 
ephemeris tapes used in this work are 
still being tested and are not yet avail- 
able for general distribution; indeed, 
they are not yet complete. When the 
new ephemeris is complete, thorough- 
ly tested, and published, it will super- 
sede that detailed in (2). 

J. DERRAL MULHOLLAND 
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