
A possible reason for the difference 
in optical characteristics of the lunar 
highlands and those of the maria (sug- 
gested by this investigation) is that the 
maria have somewhat more iron, since 
increasing the iron abundance decreases 
the albedo and makes the material 
bluer. The appearance of the moon 
suggests that the highland areas of the 
moon may be less differentiated than 
the maria, which are probably lava 
flows. 

A higher iron content for the maria 
is consistent with this observation, 
since terrestrial experiments (14) have 
demonstrated that a basaltic melt dif- 
ferentiating under reducing conditions 
has a higher ratio of FeO to MgO 
than the parent material. Thus the 
highlands may be closer in composi- 
tion to primordial lunar crustal ma- 
terial than the maria, which is the op- 
posite of the situation on the earth. 
The lower iron content of the highlands 
is also consistent with the suggestion 
by Duke (15) that the maria have the 
composition of eucrite achondrites and 
the highlands of howardite achondrites, 
since the latter have somewhat lower 
iron abundances than the former. 

Results from the Surveyor V a- 
scattering experiment have now become 
available (4) and indicate that the com- 

position of the lunar surface near the 
southwestern edge of mare Tranquil- 
litatis is similar to that of terrestrial 
basalts and also to basaltic achondrites. 
The resolution of the instrument was 
not sufficient to distinguish elements 
with atomic numbers between that of 
phosphorus and copper. My results sug- 
gest that iron is a major constituent 
of this group and that the mare ma- 
terial resembles terrestrial ferrobasalts. 
The optical properties of the moon 
imply that the composition determined 
by Surveyor V is representative of all 
the maria and, to a rough approxima- 
tion, of the entire lunar surface. 

Surveyor V also carried a magnet 
attached to one of its footpads. Some 
soil collected on the magnet, indicating 
the presence of a ferromagnetic mineral 
in the soil. From the amount of ma- 
terial clinging to the magnet the in- 
vestigators estimated that there was less 
than 1 percent metallic Fe in the soil, 
a conclusion in agreement with my 
data (4). 
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or by short-period comets. 

It has long been known that con- 
siderably more chondritic meteorites 
are observed falling in the afternoon 
and evening hours than in the morn- 
ing (Fig. 1A). Although the statistical 
significance of the data is much poorer, 
this fact does not seem to be true for 
the achondrites as a whole (Fig. 1B). 
It is certain that the principal reason 
for the rarity of early-morning falls 
is that there are then fewer observers; 
to a lesser extent this is also true of 
evening falls. This social bias probably 
is not very effective during daylight 
hours; most falls of meteorites have 
been observed by farmers working in 
the fields, and should have been ob- 
served essentially equally well during 
the morning or afternoon. Neverthe- 
less, even if the hours between 1800 
and midnight and between midnight 
and 0600 hours are excluded, the pro- 
portion of daylight falls occurring in 
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strongly dependent on the composition of 
the target material; some substances (pure 
A1203) actually lighten under bombardment 
rather than darken. (ii) Contaminants (such' 
as hydrocarbon and pump-oil vapor) pur- 
posely introduced into the system during 
irradiation cause the target material to have 
optical properties that are quantitatively dif- 
ferent from those of uncontaminated, ir- 
radiated material. (iii) Except for certain 
irradiated powders, no material which dupli- 
cates all the significant lunar optical proper- 
ties has yet been discovered. 
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the afternoon is still .66; that is, there 
are nearly two afternoon falls for every 
morning fall. If the true probabilities 
of morning and afternoon falls were 
equal, the probability of this propor- 
tion occurrilg by chance is less than 
10-4. If the true proportion is .62 or 
.70, the probability of statistical fluctu- 
ations causing an observed proportion 
differing by as much as .04 is about 
5 percent. Therefore the statistical un- 
certainty in the proportion may be 
taken to be ? .04. The corresponding 
proportion in the achondritic data is 
.50 ? .14. 

It is commonly stated that this pre- 
ponderance of afternoon falls for chon- 
drites shows that the majority move in 
direct rather than retrograde orbits 
about Sun. While true, this is a con- 
siderable understatement of the im- 
plications of the data. Wood (1) 
showed that the observed time-of-fall 
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Stone Meteorites: Time of Fall and Origin 

Abstract. The fact that twice as many chondritic meteorites are observed 
falling in the afternoon as in the morning is not believed to be primarily of 
social origin, but to be a dynamic effect. Monte Carlo calculations show that 
the observed afternoon excess is not compatible with a lunar or Apollo asteroidal 
origin. Compatibility appears to require a source having an aphelion near Jupiter, 
such as could be provided conceivably by the Hilda or Trojan families of asteroids, 
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Fig. 1. Observed local times of fall of stone meteorites. The shaded portions between 
0600 and 1800 hours, approximating the hours of daylight, should be relatively free 
of social bias. (A) Observed local times of fall of chondrites; afternoon falls pre- 
dominate. (B) Observed local times of fall of achondrites; morning and afternoon 
falls are approximately equal in number, and the number of events is small. 

data were inconsistent with a lunar 

origin. I shall show that they are also 
inconsistent with an origin in objects 
in considerably more eccentric orbits, 
such as the Earth-crossing Apollo 
asteroids or Encke's comet, and that 
the only sources that can be recon- 
ciled with the observations are those 
in direct orbits of low inclination, with 

aphelia near Jupiter and perihelia very 
near the orbit of Earth. 

It has been pointed out that the 
short (0- to 100-million-year) cosmic- 

ray-exposure ages of stone meteorites 
indicate that they are very likely frag- 
ments of objects either already in 

Earth-crossing orbits or having a high 
probability of being perturbed into 

Earth-crossing orbits on a time scale 
of the order of 1 million years or less 
(2-5). Therefore principal attention 
will be given to sources with orbits of 
this kind. An alternative explanation of 
these short cosmic-ray-exposure ages is 
that stone meteorites are preferentially 
destroyed by interplanetary collisions 
on a time scale of a few million years. 
If this is true, the Mars-crossing aster- 
oids also must be included as a possible 
source, but this alternative has been 
shown to be unlikely (4). 

Afternoon and evening times of fall 
are characteristic of meteorites impact- 
ing Earth with their tangential com- 
ponent of heliocentric velocity greater 
than that of Earth; that is, their tan- 

gential component of geocentric veloc- 

ity (U,) is positive, and they are over- 

taking Earth (Fig. 2). Furthermore their 
radial (U.) and perpendicular compo- 
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nents (U,) of geocentric velocity must 
be small compared to U,. Positive helio- 
centric tangential velocities (direct 
orbits) by no means imply positive 
geocentric tangential velocities (U,). 
Furthermore, even if Uy is positive, 
moderate inclinations (about 15 deg) 
and arguments of perihelion (for ex- 

z 
Fig. 2. Coordinate system used in calcu- 
lations. The plane E-E' is that of Earth's 
equator, S is the subsolar point on Earth's 
surface, and PSP' is the great circle pass- 
ing through Earth's poles and the subsolar 
point. The positive x-axis is directed radi- 
ally in a direction opposite to that of 
Sun; the y-axis is perpendicular to the 
x-axis in the plane of the ecliptic as shown. 
The positive y-direction is approximately 
the direction of Earth's heliocentric mo- 
tion. The z-axis is perpendicular to the 
plane of the ecliptic as shown. Meteorites 
with small values of the x and z com- 
ponents of geocentric velocity, and with 
positive y-component (Uy), will strike 
Earth predominantly on the right-hand 
side of the figure-the p.m. hemisphere. 

ample, 30 deg) can cause U, and U, 
to predominate. In this case, meteorites 
will arrive approximately from the di- 
rections defined by lines from Earth's 
center through the great circle ZSZ' 
(Fig. 2). 

Since most meteorites will not be 
on trajectories aimed directly at Earth's 
center, but will be off-center by a 
good fraction of Earth's radius or more, 
meteorites arriving from these direc- 
tions will divide nearly equally into 
a.m. and p.m. hemispheres. The ef- 
fects of Earth's gravitational field on 
meteorites of low geocentric velocity, 
as well as the tilt of Earth's axis with 
respect to its orbital plane, will further 
diminish any morning-versus-afternoon 
fall-time asymmetry. If afternoon falls 
are to predominate despite these fac- 
tors, it is necessary not only for U, to 
be positive and high (for example, 6 
km/sec), but also !for the inclination 
to be low (in order that U, be small). 
Furthermore, the node at 1 astronomic 
unit (A.U.) (a necessary condition for 
Earth impact) must be near the mete- 
orite's perihelion for US to be small 
and U,, to be positive. 

From this discussion one can see that 
only rather special distributions of 
meteorite orbital elements will lead to 
a marked excess of afternoon falls. If 
one states the problem in terms of the 
initial orbital elements of the meteorite 
rather than its final elements at the 
time of Earth impact, the observed 
afternoon excess is considerably more 
restrictive. This fact may be under- 
stood as follows: Consider a fragment 
spalled from an Earth-crossing body 
by a minor collision. At the low relative 
velocity characteristic of most ejecta 
of hypervelocity collisions (6), the ini- 
tial orbit of the fragment will be essen- 
tially that of its parent body. If this 
orbit has its perihelion near Earth's 
orbit and is not too highly inclined, 
and if Earth impact occurs before the 
orbit of the fragment is significantly 
changed by planetary perturbations, 
afternoon impact is most probable. 

However, after about 105 years plane- 
tary perturbations, primarily close ap- 
proaches to Earth, will cause the orbital 
elements of the fragment to change. 
The total geocentric velocity will be 
approximately invariant (7), but its 
components U,, U8, and U, will vary. 
After a time of the order of 107 to l08 
years, the direction of the total geo- 
centric velocity vector will be random- 
ized, and aphelion at 1 A.U. will be 
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just as probable as the initial condition 
of perihelion at 1 A.U. Thus, even if 
the initial orbital elements are those 
characterized by afternoon impacts, the 
orbit will tend to evolve with time in 
such a way as to destroy this initial 
asymmetry. In fact, with the passage 
of time, morning falls may tend to pre- 
dominate because orbits of large semi- 
major axes and with perihelia near 
Earth are preferentially perturbed into 
Jupiter-crossing orbits and subsequently 
ejected from the solar system. 

The evolution of the orbits of frag- 
ments of actual bodies in the solar 
system was studied by use of a modifi- 
cation of Arnold's (2) Monte Carlo 
procedure (4). For runs that terminated 
in Earth impact, the distribution of 
points of impact on Earth was then 
calculated. In this calculation it was as- 
sumed that the impact trajectory inter- 
sected a random point on a target 
circle, centered on Earth, perpendicular 
to the meteorite's geocentric velocity 
vector and having a radius equal to the 
gravitational radius of Earth: 

r-=R (1 + S2/U'2)1 

where R is the physical radius of Earth, 
S is the escape velocity at Earth's sur- 
face, and U is the geocentric velocity 
(at infinity) of the meteorite. The equa- 
tions relating the orbital velocity com- 
ponents and other relevant parameters 
to the point of impact have been given 
(1). The local time at the point of im- 
pact was then determined by a coordi- 
nate transformation using the present 
relation between the solstices and the 
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position of Earth in its orbit; the latter 
quantity had been fixed by the last per- 
turbation of the Monte Carlo calcula- 
tion. 

The calculated local time-of-fall dis- 
tribution for fragments ejected from 
Moon at velocities up to 1 km/sec 
above the lunar escape velocity are 
shown in Fig. 3A (8). The proportion 
of the falls that occurs in the afternoon 
and evening between noon and midnight 
(f) is .51 ? .01. No marked structure 
is observable in the distribution of fall 
time. If very special initial ejection 
trajectories are assumed (for example, 
initial velocities relative to Moon of 
3.5 km/sec, entirely in the forward or 
in the backward direction), calculated 
values of f lie within the range .49 to 
.54. If one assumes that our sampling 
of meteorites is biased by requirements 
for survival of passage through Earth's 
atmosphere in such a way that bodies 
impacting at high angles and high 
velocities are destroyed, the conclusions 
are essentially unaltered. 

The distribution of local times of 
fall for fragments of a typical Earth- 
crossing (Apollo) asteroid, 1959 LM, 
are shown in Fig. 3B; for this body, f 
= .42 - .02-that is, morning falls pre- 
dominate. The distribution of fall times 
has a minimum during the afternoon 
hours for which the observed chondrite 
fall times (Fig. 1A) show a maximum. 
Similar calculations have been made for 
the other eight known Apollo asteroids: 
calculated values of f range from .27 
?.03 (Icarus) to .53 ? .02 (1950 DA). 
In no instance is a pronounced after- 

6 8 10 12 
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noon excess observed, and, insofar as 
any significant structure in the distri- 
bution is found, a minimum rather than 
a maximum around 1600 hours is ob- 
tained. 

Encke's comet is the only observed 
Earth-crossing comet having aphelion 
less than 4.5 A.U. and thus removed 
from Jupiter's sphere of influence; the 
comet is known (9) to be a significant 
source of shower meteors. For frag- 
ments of this body, f = .34 + .02, and 
the number of falls between 1500 and 
1600 hours is only about half the 
average hourly number. 

The calculated fall times of frag- 
ments of all these bodies are incon- 
sistent with the observed fall times of 
chondrites. When one considers the 
poor statistics for the achondrite falls, 
together with the absence of any pro- 
nounced p.m.-versus-a.m. effect, a lunar 
or Apollo-asteroidal origin for these 
meteorites cannot be excluded by these 
data. Furthermore, again because of 
poor statistics, any minor class of chon- 
drites-for example, the type-I or type- 
II carbonaceous chondrites-could be 
lunar ejecta. However the time of fall 
of the bulk of the chondrites, primarily 
consisting of the "ordinary" bronzite 
and hypersthene chondrites, cannot be 
reconciled with any of these sources. 
Insofar as the rarer types of chondrites 
have textural or chemical character- 
istics that make it seem unlikely that 
they originate in bodies entirely differ- 
ent from the source of the ordinary 
chondrites, these restrictions apply to 
these meteorites as well. 

Fig. 3. Theoretical distribution of fall times, calculated by the Monte Carlo procedure; hours between 0600 and 1800 are shaded. 
(A) Calculated fall times for meteorites ejected from Moon at velocities up to 1 km/sec above lunar escape velocity in random 
directions; very little structure is seen, especially for the daylight hours. (B) Calculated fall times for fragments of a typical 
Earth-crossing (Apollo) asteroid; a pronounced minimum occurs in the late afternoon. (C) Calculated fall times for fragments of a hypothetical body having aphelion near Jupiter and perihelion near Earth. The calculated results resemble the chondritic data 
of Fig. 1A in that afternoon falls predominate, with a maximum in the late afternoon. 
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One can find initial orbits that lead 
to time-of-fall distributions similar to 
those found for the chondrites; these 
have perihelia barely within the orbit 
of Earth, low inclinations, and aphelia 
in the range 4.2 to 4.5 A.U. For such 
orbits, evolution into orbits having 
aphelia near Earth is suppressed by the 
proximity of their initial aphelia to 
Jupiter; relatively small Earth pertur- 
bations will cause the aphelion to cross 
Jupiter's orbit, after which Earth im- 
pact is extremely improbable. Thus 
most of the Earth interactions take 
place near perihelion, resulting in the 
predominance of afternoon falls. 

An example of the distribution of 
fall times from such an initial orbit is 
shown in Fig. 3C. For this initial orbit, 
/ = .68, and the shape of the distribu- 
tion is similar to that of the chondrites 
for daylight falls. It is unlikely that the 

discrepancy between the observed and 
calculated falls for the hours between 
1800 and midnight is of dynamic ori- 
gin, because of the symmetry of the 
dynamic equations with respect to posi- 
tive and negative values of U,. The 
fact that most of the recovered meteor- 
ites have fallen in rural areas prior to 
electrification more likely suggests that 
during the evening a higher fraction 
of meteorites is not recovered, because 
of the scarcity of observers as well as 
the greater difficulty of locating frag- 
ments in the dark. It may even be sur- 

prising that in spite of these difficulties 
more meteorites have been recovered 

during these evening hours than be- 
tween 0600 hours and noon. 

Similar distributions, with lower val- 
ues of f (ranging up to .57) have been 
obtained by use of the initial orbits of 
Mars-crossing asteroids. However, the 
predicted cosmic-ray-exposure ages of 
these bodies (about 109 years) are in- 
consistent with those of stone meteor- 
ites. Attempts to reduce these calculated 
exposure ages by collisional destruc- 
tion are not satisfactory for several 
reasons, one of which is that the con- 
tribution of meteorites produced as 
fragments of Mars-crossing asteroids, 
perturbed into Earth-crossing orbits, 
then becomes very significant. As I 
have mentioned, these Apollo asteroid- 
like orbits do not yield the observed 
afternoon excess. 

Thus it appears that an Earth-cross- 
ing source for the chondrites requires 
the existence of unobserved bodies of 
low inclination, with perihelia very near 
1 A.U. and aphelia in the vicinity of 
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Jupiter. The fact that such bodies have 
not been observed is not a strong argu- 
ment against their existence; bodies as 
large as 30 km in radius in such an 
orbit may have escaped discovery (5). 
One can also reconcile the data with 
the calculations if there exist sources 
not necessarily in Earth-crossing orbits, 
the fragments of which nevertheless 
may be placed in an Earth-crossing 
orbit on a time scale of 106 years. The 
lifetime of either the hypothetical par- 
ent body or fragments in an Earth- 
crossing orbit will be of the order of 
107 years, the lifetime being primarily 
controlled by the time required for the 
objects to be ejected from the solar 
system by Jupiter. 

Some observed bodies in the solar 
system that might serve as the neces- 
sary continuing source for either the 
hypothetical large Earth-crossing bodies, 
or the Earth-crossing fragments, are 
the periodic comets of Jupiter's family, 
the Trojan asteroids, the Hilda aster- 
oids, or possibly 279 Thule. 

If they possess stony cores (10) the 

periodic comets will spend a signifi- 
cant portion of their dynamic lifetime 
of 105 to 107 years in Earth-crossing 
orbits. However, there is no observa- 
tional or theoretical basis for belief 
that these Earth-crossing orbits will 
usually have perihelia near 1 A.U., as 
is required. Encke's comet is typical 
of comets "decoupled" from Jupiter; 
it has been shown that its orbit leads 
to a morning rather than afternoon 
excess. 

The Trojan asteroids move in rela- 

tively stable Jupiter-crossing orbits 
within the 60-deg-libration regions of 

Jupiter's orbit. It is conceivable that 
because of perturbations by Saturn the 
orbits of the bodies themselves may 
become unstable; in this case they will 
be frequently perturbed into Earth- 
crossing orbits before they are ejected 
by or collide with Jupiter. Alterna- 

tively, their collision ejecta may under- 

go a similar history. Again, it is un- 

likely that the necessary perihelion at 
1 A.U. would be sufficiently well stabi- 
lized. 

The Hilda asteroids have aphelia 
within Jupiter's sphere of influence and 
therefore might be expected to be 
short-lived. However, their orbits are 
stabilized because the ratio of their 
periods to that of Jupiter is very nearly 
2:3. As with the Trojans, the orbits 
of either these bodies or their ejecta 
could become unstable and frequently 

Earth-crossing on the appropriate time 
scale. Stabilization of the perihelion at 
1 A.U. seems more likely in this case, 
because the orbits are not initially 
Jupiter-crossing; the consequent smaller 
perturbations by Jupiter may be ex- 

pected to cause the orbits to become 
Earth-crossing in a more gentle way. 
However, approximate calculations of 

Jupiter perturbations on these orbits 
indicate that in the great majority of 
instances the bodies become Jupiter- 
crossing before they are Earth-cross- 

ing. 
In any case, quantitative treatment 

of the evolution of these orbits with 

aphelia in proximity to Jupiter, and 

involving commensurability, is beyond 
the scope of present Monte Carlo 

techniques, as well as of conventional 
celestial mechanical methods applicable 
to time scales of 104 years or longer. 
Further evaluation of the role of these 
bodies in the origin of chondrites will 

depend to a large extent on the de- 

velopment of new theoretical tech- 

niques. 
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