the magma that produced the Mon-
tana diatremes closely resembled mag-
mas known to be parental to kimber-
lite in diatremes in Arkansas, Africa,
Siberia, and elsewhere. Although inclu-
sions of eclogite and garnet peridotite
that are typical of most kimberlites
are lacking in most Montana diatremes,
some inclusions in these diatremes may
derive from the lower crust or the up-
per mantle.

Despite recent allegations that kim-
berlite and its crystalline inclusions
have rather shallow origins (21), the
evidence provided by the inclusions
argues for a deep, probably mantle,
origin of the material now observed
as kimberlite and of the associated al-
kalic ultramafic magmas; the evidence
implies a substantial source of calcium,
sodium, potassium, and gas (partly car-
bon dioxide) in the mantle.

B. CARTER HEARN, JR.
U.S. Geological Survey,
Washington, D.C. 20242
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Lunar Gravity: Preliminary Estimates from Lunar Orbiter

Abstract. Tracking data from the lunar orbiters have been analyzed for in-
formation regarding Moon’s gravity field. These preliminary results include values
of a set of harmonic coefficients through degree 4 in the tesserals and degree 8
in the zonals. Implications regarding Moon’s mass distribution are discussed:
one implication is that Moon is nearly homogeneous.

Lunar Orbiter V, launched 1 August
1967, culminated NASA’s Lunar Or-
biter Program under which four Lunar
Orbiters already had been successful.
Although the prime mission for these
orbiters is photographic, analysis of the
Doppler tracking data is providing
gravity-field information for the selen-
odesy experiment.

We are intensively analyzing the
tracking data () in order to map
Moon’s gravity field and for any other
information. Similar work with the
same data is being performed elsewhere,
but on an immediate, short-term basis;
our work is a continuing long-term ef-
fort to refine the results. It is hoped
that some of the first results will (i) re-
solve the long-standing question of
whether or not the density increases
toward the center of Moon, and (ii) es-
tablish the degree of north-south asym-
metry. These two questions should be
answered when numerical values of the

2nd- and 3rd-degree zonal harmonics
Cs and Cy, are obtained. We now
present some preliminary results that
include values for these two harmonics;
we emphasize that these results are pre-
liminary and subject to revision as the
work of analysis proceeds.

The lunar gravity field is described,
in terms of its potential & through
harmonic coefficients C,,, and S,
by the formula

0 n
P = -—’:~ I- 1+ Z Z (_R;)m
- n=2m=0\7
P."(sin ¢) (Cum cOS MmN -+ Sum sin mx)]

in which pn is the gravity constant,
whose value is taken from Mariner IV
estimates as 4902.78 km3/sec?; R is
the mean radius of Moon, whose value
is not critical for these computations,
but which is taken as 1738.09 km;
P,™(z) is the associated Legendre poly-
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Fig. 1 (top left). Semimajor axis residuals
(meters).

Fig. 2 (center left). Eccentricity residuals
X 10°%

Fig. 3 (bottom left). © 4+ » Residuals (de-
grees.

nomial in z: and r, ¢, and )\ are
spherical polar coordinates.

Thus & is determined when numeri-
cal values are assigned to C,, and
S,m- We chose to limit the number of
terms in the series for & by consider-
ing only those up to and including
4th degree and 4th order (n =m = 4),
plus Cjg, Cgp, Crg, and Cgg; that is,
25 harmonics in all.

In Table 1 are the coefficient values,
and their standard deviations, as ob-
tained from the data from the first four
orbiters. Represented here are orbits of
12-, 18-, 21-, and 85-degree inclination,
and of 2766-, 3752-, and 6148-km semi-
major axes (in various combinations).
Six separate arcs were used, the longest
of which was 125 days. To show the
goodness of fit we include graphs of
residuals (corresponding to the longest
arc from Lunar Orbiter II used in the
analysis) of semimajor axis, eccentricity,
and node (Q) plus argument of pericen-
ter () in Figs. 1 to 3, respectively. The
raw Doppler data from the NASA Deep
Space Network (2) are extremely pre-
cise (noise level, 1 mm/sec); however,
for sampling the lunar environment,
the data are rather skimpy. Additional
data from orbits with inclinations be-
tween 21 and 85 degrees would add
considerable strength to the determina-
tions. We feel that the statistics, in
particular our standard deviations, are
meaningful numbers and reflect the
adequacy of the data for estimation of
the harmonics. To be specific we chose
a weighting factor of 7000 mm/sec
for the Doppler residuals, a factor
many times greater than the 1-mm/sec
noise level, in order to be consistent
with the scatter in the Kepler element
residuals as shown in Figs. 1 to 3.

The values of C,, and C,,, derived
from Earth-based observations, serve as
a reference against which one may
judge the adequacy of Table 1 numbers.
Jeffreys (4) suggests values, of the
moment-of-inertia ratios, corresponding
to

Ce = (— 2.093 = 0.020) X 10™*
and
Ce = (0.210 = 0.004) X 10™*
SCIENCE, VOL. 159



for a homogeneous Moon. He also de-
duces, from geophysical arguments,
that Moon is slightly denser toward
the center—sufficiently so to reduce
these values by about 1 percent. He
bases his numbers on lunar libration
theory rather than on lunar orbit theory
which in its present state requires
much greater value (in absolute magni-
tude) of C,, corresponding to a Moon
with crust denser than interior (5). The
value of C,, obtained by us from Lu-
nar Orbiter data is some 3 percent less
in magnitude than the homogeneous-
Moon value and thus corresponds to a
Moon having an interior density mod-

Table 1. Preliminary estimates of lunar-grav-
ity harmonics, based on Lunar Orbiters I-IV.
Normalization factor:

{ln = m)l/ (n+ m)I2n 4 1) 2 — )}

Coefficient

Har.  Values (X 10%) S.D. (¢ X 104),
monic N\t Not
co.ef- nor- Nor- nor-  Nor-
ficient o) malized  mal- malized

ized ized
C2 —2.0263 —0.9062 0.0143 0.0064
Cn —0.0878 — .0680 0131 .0101
C 0.2191 0.3394 .0249 .0386
Cso —0.2223 —0.0840 0262 .0100
Ca 0.3636 0.3366 .0025 .0023
Ca2 —0.0257 —0.0752 .0058 0170
Css — 0265 — .1900 .0079 .0567
Cso 0.0941 0.0314 .0190 .0063
Cu —0.1236 —0.1303 .0046 .0049
Cs2 0.0361 0.1614 .0034 0152
Cs3 0164 2747 .0021 0351
Cu .0091 4313 0011 0521
Cso —0.1614 —0.0487 .0321 .0097
Ceo — .1089 ° — .0302 0121 .0034
Cno 0.1734 0.0448 0122 .0031
Cso —0.2011  —0.0488 0114 .0028
Sat 0.0150 0.0116 .0139 .0108
S22 1310 .2029 .0335 .0519
Sa1 .0740 0685 .0032 .0029
Saz —0.0200 —0.0586 .0063 0184
Sa3 — .0496 — .3557 .0114 0818
S 0.0564 0.0595 .0051 .0054
S1z .0051 0228 .0035 0157
Si3 —0.0276 —0.4618 0015 .0251
Stt 0.0079 0.3739 .0011 .0521

Table 2. Pairs of coefficients with correlations
greater than 0.8.

Pair Correlation
C2 and Cio +.94
C2 and Ceo +.82
St and Su +.81
Cs0 and Cso +.97
Ss2 and Ciz —.91
Cs2 and Si2 +.87
S and Css —.86
Cw and Ceo +.84
Cs and Crwo -1-.86
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erately higher than crust density. Tol-
son and Gapcynski (6, 7) and Michael
et al. (7) derive somewhat different re-
sults from some preliminary reductions
of these data—although an almost ho-
mogenous Moon is implied, as we infer.
(Michael et al. used a direct fit to the
raw data, whereas we used the method

of averages for the reduction.) Thus

more data must be analyzed before con-
sistent solutions are obtained.

For the odd zonals, we have no
nonorbiter values for comparison.
These coefficients describe the north-
south asymmetry, sometimes referred
to as the pear-shape. Akim (8) has
published a value of Cjy, based on a
Russian orbiter, equal to —0.363 X
10—+, which is somewhat larger numeri-
cally than ours, but of the same sign.

Table 2 lists the pairs of coefficients
having high correlations. Of course the
values of the correlations are com-
pletely dependent on the types of or-
bits from which the data were taken; a
more complete set of orbits would yield
data giving smaller correlations.

We must emphasize that these re-
sults are preliminary; the data are still
being refined and, we hope, will sub-
mit to better fits. Furthermore, more
data should soon become available
from Lunar Orbiter V.

J. LoreLL
W. L. SJOGREN
Systems Analysis Research Section,
Systems Division, Jet Propulsion
Laboratory, California Institute
of Technology, Pasadena

References and Notes

1. J. Lorell, W. L. Martin, W, L. Sjogren,
Space Programs Summary 37-43 (Jet Propul-
sion Lab., Pasadena, Calif.,, 1967), vol. 4.

. J. Lorell, J. D. Anderson, W. L. Sjogren,
“Characteristics and format of the tracking
data to be obtained by the NASA deep space
instrumentation facility for Lunar Orbiter,”
TM 33-230 (Jet Propulsion Laboratory, Pasa-
dena, Calif., 1965).

. J. Lorell, W. L. Sjogren, D, Boggs, “Com-
pressed tracking data used for first iteration in
selenodesy experiment, Lunar Orbiter I and
II,> TM 33-343 (Jet Propulsion Lab., Pasa-
dena, Calif., 1967).

4. H. Jeffreys, Proc. Roy. Soc. London Ser. A

296, 245 (1967).

W. J. Eckert, Astron. J. 70, 787 (1965).

R. H. Tolson and J. P. Gapcynski, “An

analysis of the lunar gravitational field as

obtained from Lunar Orbiter tracking data,”
paper presented before IQSY/COSPAR As-

semblies, London, 17-28 July 1967.

7. W. H. Michael, Jr., R. H. Tolson, J. P,
Gapcynski, “Preliminary results on the gravi-
tational field of the moon from analysis of
Lunar Orbiter tracking data,” paper presented
before American Geophysical Union Annual
Meeting, Washington, D.C., 17 April 1967.

N

w

ahd

E. L. Akim, Dokl. Akad. Nauk SSSR 170(4),
799 (1966).

9. Work performed by the Jet Propulsion Lab-
oratory, California Institute of Technology,
Pasadena, and sponsored by NASA under
contract NAS 7-100.

5 October 1967

Crescentic Landforms along the
Atlantic Coast of the United States

Abstract. An uninterrupted series of
hierarchically arranged crescentic coast-
al landforms occurs along the Atlantic
coast. Dimensional analysis suggests a
geometric relation between order, am-
plitude, and number. The processes
responsible for these features also may
be continuous in nature.

Crescent-shaped sand ridges with
their concave sides facing the sea are
among the most frequently observed
landforms in coastal areas composed
of sedimentary materials. Among the
smallest of these forms is the beach
cusplet, measuring about 1.5 m be-
tween tips of the crescent. Even the
casual visitor is familiar with these
swash-zone features (Fig. 1la) and is
aware that their life-spans are short:
usually they appear and disappear with
the turn of the tide. More common
are the larger, typical beach cusps
which range from about 8 to 25 m
from apex to apex (Fig. 1b); they us-
ually develop by erosion of the sea-
ward faces of depositional beach ridges
during fair weather, and have life-spans
measurable in days. Still-larger cres-
centic forms are relatively common, in-
cluding Evans’s (I) “storm cusps,”
which measure from 70 to 120 m and
develop during periods of relatively
heavy seas. Shepard’s (2) “giant cusps,”
also. known as shoreline rhythms or
migrating sand waves (3), range in
size from 700 to 1500 m and appear
to be characteristic of areas or times
of relatively strong littoral currents
(Fig. 1c).

During investigations of shoreline
processes along the coast of North
Carolina, two attributes of these cus-
pate features were observed: (i) they
seem to be hierarchically arranged—
smaller features are grouped within
larger ones; and (ii) a tendency toward
clustering by size; Fig. 2 shows the size-
frequency distribution of about 750
cuspate features along the Outer Banks
of North Carolina and the central
Atlantic coast. The modes on this
curve (Fig. 2) confirm the distinct hier-
archical nature of these features, as
well as logarithmic spacing between
groups. These data are recast in Fig.
3, in which modal values for each
group (called orders) are plotted as
single points, and a line connecting
these points is extended to cuspate
forms of larger size.
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