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ABSTRACT

The larger pre-mare lunar craters are concentrated toward the lunar poles by a factor two over their equatorial densi-
ties. Post-mare craters are almost uniformly distributed, with only a marginal trace of the polar concentration. It is con-
cluded that the moon’s obliquity has not changed since the pre-mare craters formed; that impacting bodies during the early
intense lunar bombardment were concentrated toward high latitudes by an uncertain mechanism, possibly related to the
gravitational field of the nearby earth; that the early bombardment involved a different population of bodies than the post-
mare and current influx; and that the declining early bombardment lasted into early post-mare time. The early projectiles
may have been residual planetesimals in solar orbit or members of a circum-terrestrial swarm. Celestial mechanical studies

of such bodies are highly desirable.

1. Introduction

f the bodies that are assumed to have struck the
moon to produce the craters were confined to high-
velocity* orbits with low inclinations, one would
expect a concentration of craters toward the equator,
in view of the moon’s obliquity of only 1°5. Alter-
nately, if the bodies entered the moon’s gravity field
with very low velocities, or were randomly inclined,
one would expect a more random distribution of
craters with respect to latitude. Specifically, one
might expect to detect an equatorial concentration
in the case of asteroidal projectiles, while circum-ter-
restrial or cometary impacts would be random.
These ideas led to the present search for latitude
effects in the distribution of lunar craters, with the
hope of obtaining some clue as to the source of the
projectiles. As was demonstrated in Paper 11 (Hart-
mann 1967), the pre-mare craters (which dominate
the upland, or “pure continental,” group) and post-
mare craters can be easily divided. Thus we have the
opportunity to perform a test for latitude effects
among both the earliest and the more recent craters.

*High velocity in this paper means velocities that would
produce lunar impacts at considerably higher than lunar
escape velocity, i.e. selenocentric approach velocities greater
than, say, 3 km/sec.
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Kuiper (1954) has suggested that the moon in
its early history may have changed its obliquity rad-
ically, as would follow from an equation by Tisser-
and (1891). On the other hand, this equation was
developed for small values of the obliquity and may
break down for large values so that one cannot prove
on this basis that the moon would “topple over.”
Therefore the crater count test here proposed is use-
ful and may in fact yield information on the obliquity
of the moon in its earliest history. Furthermore, it
is highly unlikely that the moon has changed orien-
tation significantly in post-mare time, since there
were no major (basin-forming) post-mare impacts
to provide changes in angular momentum nor is
there any morphological or structural evidences for
marked post-mare changes in the direction of the
angular momentum vector (although the grid system
may indicate pre-mare changes in the magnitude of
the angular momentum).

2. Observations

The crater catalogs of Arthur, et. al. (1963,
1964, 1965, 1966) provide ideal data for the lat-
itude tests. He had catalogued all of the craters on
the front side larger than 3.5 km diameter on IBM
cards, with both “continental” and post-mare craters
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designated.* Limb regions (defined in Hartmann
1964) were omitted here since they introduced a
selective loss of smaller craters, especially at high
latitudes. It is noted that any selection effect in the
limb regions reduces the frequency of high-latitude
craters. Continental and post-mare craters were sep-
arated, to test the two populations separately, and
“mare-continental” craters, along the mare borders,
were rejected. Thus only relatively pure continental
and mare surfaces were used.

In order to reduce selection effects further, to
limit the counts to craters of impact origin, and to
avoid a discontinuity in the Arthur catalog diameter
distribution at D = 35 km (of uncertain but prob-
ably partly observational origin — cf. Hartmann
1964, 1967), only the continental craters of D == 40
km were used. To get a sample of equal statistical
size, Ny for the mare craters, the diameter distribu-
tions of Paper 11 were used, such that

NM _ 1 I)_2

Ne ~ 30 4072°
giving a limiting diameter for mare craters of D =7
km.

These two crater samples, continental D == 40
km and post-mare D = 7 km, were sorted by 7 in
zones, the mean 7 values being convertible to lati-
tudes. The counts were made for each hemisphere
separately, but the results were later combined, since
the southern hemisphere is sparse in maria and the
northern in continental area. The continental and
mare areas in km? were determined from the Ortho-
graphic Lunar Atlas, and crater densities in km™*
were plotted for the indicated craters as a function
of latitude.

Fig. 1 shows the result for the continental (up-
land) craters: surprisingly, there is a polar concen-
tration of craters. This result was so unexpected that
it was checked both by re-plotting the same data for
two other limiting sizes and more significantly by
making completely independent counts (especially
in polar and equatorial zones) from Orbiter and
Zond photographs. These data, included in Fig. 1,
are quite consistent. As noted above, any selection
effects in the Arthur catalog would be expected to
act in the opposite direction.

Fig. 1 was then checked in another way. Hart-
mann (1964) shows that the “classes” in Arthur’s
catalog, 1 (well-preserved) though 5 (highly dam-
aged), consistently correlate with apparent age, and

*Arthur used the term “continental” in his catalog. The
preferred term “upland” is used here interchangeably.
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Fig. I Crater density vs. latitude for craters of D > 40km
(unless otherwise marked) on upland (i.e. “continental™)
surfaces. A pronounced polar concentration is found.

that the class 3 (damaged rims, generally pre-mare)
is complete at diameters D = 40 km although the
older classes 4 and 5 are not. Therefore, class-3 con-
tinental craters were sorted as an independent check
on Fig. 1, with the results shown in Fig. 2.

The results all appear consistent: there is a
smooth increase in crater density with latitude among
the continental craters, with polar densities ap-
proaching twice the equatorial densities. The result
is found to apply at the several longitudes investi-
gated separately, and is confirmed with data from the
central far side. Therefore it is not merely a reflec-
tion of the front-side mare distribution. Figs. 3 and
4 present a direct comparison of polar and equatorial
areas at the same scale; the effect can be visually
confirmed.

A group of craters of intermediate age, not as
young as the post-mare craters, are those of class-1.
A. C. Hartmann (private communication 1967) has
shown that there are 2.2 times as many class-1 craters
per km? in continental arcas as in maria, indicating
that class-1 craters as a group date into pre-mare
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time. Fig. 5 plots the class-1 latitude distribution
for D = 10 km corrected in the following way to
give the number of class-1 craters/km? on a pure
continental surface. Let N be the (known) total
number counted in a given latitude strip and n, the
number on maria. Let T/M be the (known) ratio
of total to mare area in the strip. Then

I_l(M+ )
M_n\22""
_ N

~22T/M—12

Thus, the total number of class-1’s that would have
been counted in a continental strip of given latitude
is NF where F is a correction factor

__(N-n)+2.214 _ 1+ 1

- N - 1.83T/M—1

This factor, always < 1.71, was applied merely to
give units in Fig. 5 more consistent with those of the
other graphs.

Fig. 5 shows only a marginal trace of the polar
concentration, suggesting that the younger lunar
craters do not demonstrate the effect.

Fig. 6 confirms this in a plot of the post-mare
data for two limiting diameters. There is only a mar-
ginal trace of the polar concentration, as if the effect
were declining or being diluted with time.

whence

n

F

3. Interpretation

The effect is judged to be physically real: there
is a concentration by a factor 2 of the oldest craters
toward the poles, while the post-mare craters show
almost no concentration. Figs. 1, 2, 5, and 6 present
a time-sequence indicating a secular decline in the
effect. This is strong support of the hypothesis that
the carliest bombardment of the moon involved a
group of impacting bodies different from those in
post-mare time (and presumably now), and that
there was a transition between them during the late
pre-mare period, and that early post-mare impacts
included the tail-end of the early intense bombard-
ment. This hypothesis of a separate early population
of pre-mare projectiles was first advanced by Kuiper
(1954)*, and has been further advocated by Levin
(1963), Opik (1965), Hartmann (1965, 1966),
and Marcus (1967). These authors have considered
the possibility of a circum-terrestrial cloud of bodies

*Gilbert (1893) hypothesized that all the craters were
produced by debris from such a circum-terrestrial “ring,”
from which the moon accreted. Ruskol (1961) also con-
siders in detail accretion from such a ring.
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Fig. 2 Crater density vs. latitude for Arthur catalog class
3 craters on upland surfaces.

in some way associated with the moon’s unique for-
mation near, or capture by, the earth. Hartmann
(1966) and Kuiper, Strom, and LePoole (1966)
pointed out that the apparent absence of early in-
tense Martian cratering is consistent with this,

Members of a circum-terrestrial swarm would
have low velocities, and even if the swarm were not
highly flattened it would be expected to produce
craters randomly distributed, if not slightly concen-
trated toward the equator. There is the possibility
that earth-moon-particle inter-actions in such a cloud
would so strongly deplete the low-inclination orbits
by ejection and collision that the last remaining ob-
jects, which caused the visible craters, were prefer-
entially in high-inclination orbits.

In view of the difficulty of producing a polar con-
centration from a circum-terrestrial swarm, we may
consider other possibilities. In 1966, I considered six
hypothetical sources of the intense early lunar crat-
ering and argued against four of them. The circum-
terrestrial swarm discussed above was judged the
most acceptable, but the second choice is possibly
more compatible with the present data. It pictures
the last remaining planetesimals at the conclusion



WiLLiamMm K., HARTMANN

142

“(+ pue ¢ "ST1]) seale om] asayl 10§ £°] JO onel Ajsuap [eLioenba
saejod v Fuiald ‘g6 Joquinu wypp << (] Jo s1del) ¢ "Tig se awes SI a[eds
061- dWel] A 1911q10 (Y311 Jamo] 1e ajod) uoifar aejod YluIoN  # 81

‘BOUE SIY) UL papN[oul ale SIdeId yans
G¢ JO SI2WUI) "PauUI[INO WY(F <. (] JO SIEId YlM ‘g[[ dwel] [ IIQIQ

-10lenba Jeun| uo paiduad ‘apis Ivj suoow uo uordar [enownby £ S1g




LATITUDE DEPENDENCE OF CRATERS 143

CUM. CRATERS /105 KM2 (D> 10KM)
I
°

ARTHUR CATALOG
- AVE. N.and S. HEMISPHERES

0 30 60
LATITUDE

Fig.5 Crater density vs. latitude for Arthur catalog class
1 craters. The density values are corrected to equal the
values found on upward, not mare, surfaces (see text). Only
a marginal polar concentration is detected.

of the planetary accretion process, still in orbit
around the sun, being swept up by the planets. These
would be in very low-inclination orbits (the solar
nebula being highly flattened) and would approach
the moon, or the earth-moon system, with low rela-
tive velocities.

It is conceivable, as indicated in Fig. 7, that if
the moon were quite close to the earth, there could
be an efficient shielding effect that would reduce the
number of bodies striking the center-of-face, but
increase the number at the apparent limb. (The so-
called gravitational lens focussing effect, by which
the center-of-face is alleged to receive increased im-
pacts, can apply only to a given combination of
velocity and “focal” distance; the result of variable
velocities and distances is a screening.) If the moon’s
rotation were non-synchronous, the poles would
constantly receive an increased flux, while an equa-
torial point would be periodically screened. If the
moon were close enough, the screening could be
quite efficient, this model has the qualitative advan-
tage that as the moon moves away as a result of tidal
interactions, the effect diminishes with timc as is
observed.

It may be possible to make a selection between
the two hypothetical sources — the circum-terrestrial
swarm or circum-solar planctesimals — by studies

CUM. CRATERS /105 KM2 (D >7 KM)

of the celestial mechanics of such particles. Ques-
tions that need to be answered are: What fraction
of particles would be entirely ejected from the earth-
moon-particle and sun-earth-particle systems? What
would be the distribution of inclinations in the two
systems? What fraction of bodies in each system
would strike the earth? What fraction would strike
the moon? Given the total mass of bodies required
to form all the visible impact craters, and given the
fraction of all bodies that would strike the moon in
each system, would the total required mass of parti-
cles be reasonable?

If nearness to the earth does have a bearing on
the observed polar concentration, either in the con-
text of a circum-terrestrial swarm or a screening
effect, then we have an argument that the moon
formed near the earth or that any hypothetical cap-
ture occurred before the early intense cratering. The
very presence of a latitude effect provides an argu-
ment that the moon has not radically changed its
obliquity since the early large craters formed, and
also suggests that the craters are not endogenic (un-
less it can be shown that there are latitude effects
to be expected in volcanism). If screening by the
earth is involved, the compatibility of back-and
front-side data indicates that the moon’s rotation
was not originally synchronous.
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Fig. 6 Crater density vs. latitude for post-mare craters. The
density values are corrected for D > 7km, although two
diameter ranges are plotted.
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Fig.7 Schematic diagram of possible dynamical explanation of polar concentration of old craters. Low-inclination plane-
tesimals approaching the earth-moon system with velocity Veestrike the moon preferentially at high latitudes because of shield-
ing by the earth’s gravitational cross section ¢. A possible high-inclination orbit is also shown at right.

Acknowledgment. 1 am indebted to G. P. Kuiper
for helpful discussions on several points. This work
was supported by an NSF Institutional Grant of the
University of Arizona and NASA Grant NsG 161-
61.

REFERENCES

Arthur, D. W. G, er al. 1963, “The System of Lunar
Craters, Quadrant I,” Comm. LPL,2,71.
, 1964, “The System of Lunar Craters,
Quadrant I1,” Comm. LPL, 3, 1.
, 1965, “The System of Lunar Craters,
Quadrant 111,” Comm. LPL, 3, 61,
, 1966, “The System of Lunar Craters,
Quadrant 1V,” Comm. LPL, 5, 1.
Gilbert, G. K. 1893, “The Moon’s Face,” Bull. Phil.
Soc. Wash., 12, 241.
Hartmann, W. K. 1964, “On the Distribution of
Lunar Crater Diameters,” Comm. LPL, 2, 197.
, 1965, “Secular Changes in Meteoritic
Flux through the History of the Solar System,”
Icarus, 4, 207.

, 1966, “Early Lunar Cratering,” Icarus,
5, 406 (Synopsis in LPL Comm No. 85).

, 1967, “Lunar Crater Counts. II; Three
Lunar Surface Type-Areas, Comm. LPL, 6, 39.

Kuiper, G. P. 1954, “On the Origin of the Lunar
Surface Features,” Proc. Nat. Acad. Sci., 40,
1096.

Kuiper, G. P., Strom, R. G., and LePoole, R. S.
1966, “Interpretation of Ranger Records,” J.P.L.
Tech. Rep. 32-800.

Levin, B. J. 1963, “The Modern Form of the Impact
Hypothesis of Lunar Relief Formation,” Proc.
13th Intern. Astronaut. Congress (Vienna:
Springer-Verlag).

Marcus, A. H. 1967, “Further Interpretations of
Crater Depth Statistics and Lunar History”
Icarus, 7, 407,

Opik, E. J. 1965, “Mariner 1V and Craters on Mars.”
IrishA.J.,7,92.

Ruskol 1961, “The Origin of the Moon, 1.” Sov.
Astronomy, 4, 657.

Tisserand, F. 1891, Traité de mécanique céleste
(Gauthier-Villars et Fils).



