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The Catastrophic Alternative; 

Effects on the Earth 

Two Alternatives for the 

History of the Moon 

Analysis of the moon's surface might provide the key to 

the early history of the earth. 

H. Alfven and G. Arrhenius 

The theory of Gerstenkorn (1) and 
its further development (2-5) have 
made it probable that the moon was 

originally an independent planet which 
was captured by the earth and brought 
into the present orbit by tidal action 

through geological time (6-8). Ac- 

cording to Gerstenkorn's original cal- 
culations the moon was captured in a 
wide retrograde orbit (perigee 26Ro) 
making an angle of about 150? with 
the earth's equatorial plane. After 
criticism by Goldreich (9) Gersten- 
korn has revised his calculation. Vary- 
ing the assumptions about the dissipa- 
tion in the moon, he arrives at capture 
orbits which all have a very small 
perigee (< 3 R), and an inclination 
of about 90?, in some cases even 
smaller. Such orbits are similar to 
Singer's case (in which the moon is 
restricted to movement in the equa- 
torial plane of the earth). In Gersten- 
korn's calculations the lunar orbit de- 
velops in such a way that the moon is 
brought to the Roche limit (R = 2.9 
R?) or even inside it. The conse- 
quences of such a close approach 
would be catastrophic. Although the 
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moon would spend only a short time 
(about 100 to 1000 years) close to the 
Roche limit, it would, during this time, 
supposedly produce tidal waves up to 
6 km high. The tidal friction would 
result in considerable heating of the 
earth as well as of the moon. More- 
over, if the moon were to penetrate the 
Roche limit, it might break up and 
eject fragments into space (8). In the 
following sections we consider some 

phenomena associated with a cata- 

strophic event. 
It may turn out that some of the 

consequences of such a development 
are irreconcilable with geological evi- 
dence. If this should be the case one 
may ask whether the moon's postnatal 
evolution could have been more gentle, 
without catastrophic events of this 
magnitude. We show that in a moon- 
earth approach a number of secondary 
effects may have been important which 

previously have not been taken into 
account, and which indeed result in a 
protracted orbital evolution with dras- 
tically diminished rate of tidal dissi- 
pation. 

Our present knowledge appears in- 
sufficient for us to choose between the 
catastrophic and the noncatastrophic 
alternatives. In the last section below 
we discuss what new empirical data 
would enable us to make such a choice. 

According to Gerstenkorn (1, 5) 
and MacDonald (2) the approach of 
the moon to the Roche limit would 
brake the rotation of the earth and 
cause release of large quantities of 
rotational energy during about 100 to 
1000 years. Several attempts have been 
made to identify the lunar approach 
in the geological record on the basis 
of the pronounced tidal effects (10- 
12); this interpretation has been crit- 
icized by Cloud (13, 14). In the 
identification attempts quoted, the Late 
Precambrian, about - 0.7 eon, is sug- 
gested as the time of tidal culmination. 
Gerstenkorn estimates the age of the 
close approach at about -2 eons; how- 
ever, this extrapolation has an uncer- 

tainty of at least a factor of 2. 
Gerstenkorn and MacDonald base 

their models on tidal friction in the 
solid earth as the dominant mode of 
rotational braking. Munk (15), how- 
ever, suggests that this effect is negli- 
gible compared to energy dissipation 
by ocean tides; in this case the proposed 
braking releases energy at a rate high 
enough to evaporate the ocean and to 
heat the atmosphere and the surface 
of the earth far above 100?C. This 
would in all likelihood have destroyed 
any life existing at the time. Such a 

consequence is not acceptable, for there 
is no evidence that biological evolu- 
tion was interrupted. 

These arguments, however, do not 
necessarily nullify the identification at- 

tempts because the tidal theory taken 
as a basis of the celestial mechanics 
calculations is an oversimplification. 
According to this theory the tidal am- 
plitude would be 

f= 147 (Re/R)Skm (1) 

where Rs is the earth's radius and R 
the distance of the moon. It is the 
gravitational action between this bulge 
and the moon which produces the 
braking. For an approach to the Roche 
limit (R = 2.9 Re) we find a tidal 
amplitude of f = 6.1 km. Present con- 
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ditions (R = 60 R?) give f = 67 cm. 
Actual observation of the present 

ocean tides show that this simple the- 
ory is not at all applicable. Instead of 
a worldwide double sine variation of 
the predicted amplitude, the tides are 
extremely irregular (Fig. 1, A and B) 
with amplitudes which, in some re- 
gions, are larger by more than a factor 
of ten and, in other regions, approach 
zero. The phase lag could have any 
value because the structure of the 
earth differs drastically from that of a 
homogeneous fluid body. Since the 
simple tidal theory does not give even 
a first-order approximation of reality 
under present conditions, it is not legiti- 
mate to use Eq. 1 in order to extrapo- 
late the tidal braking to the conditions 
at the close approach. 

In yet another respect we are far 
from the idealized case. To illustrate 
this, let us consider the geographical 
motion of the sublunar point (the in- 
tersection of the vector from the center 
of the earth to the moon with the 
earth's surface) at a time near the 
close approach. According to a simple 
theorem of spherical geometry, the lati- 
tude ~b and the longitude XM of the 
moon are given by 

sin qp =sin i cos w (t - to) 

tan XM =o . tan w (t- to) cos I 

where i is the inclination of the moon's 
orbit (referred to the earth's equatorial 
plane), ao is the angular velocity of 
the moon, assumed to move in a cir- 
cular orbit, and to the time of its max- 
imum latitude. As the earth spins, with 
the velocity Qf, the geographical longi- 
tude is 

X =a -- Qt 

We apply this to the case where the 
moon is moving in a highly inclined 
orbit (i = 70?) with a period seven 
times the earth's spin period (corre- 
sponding to a lunar distance of about 
9 Re). Figure 2 shows the geographi- 
cal motion of the sublunar point in 
this case. 

If the earth were covered by a uni- 
form layer of water, the moon would 
produce a tidal bulge with one apex 
in the sublunar point and another on 
the opposite side. These bulges would 
for a few hours move with high linear 
speed in the equatorial region and then 
move toward the poles. They would 
remain at high latitudes for a consid- 
erable fraction of the 7-day month, 
moving with comparatively low linear 
velocity and then speed up while re- 
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Fig. 2. Motion of the sublunar point in 
the northern hemisphere. The moon is 
assumed to orbit with a period seven 
times the earth's spin period in a plane 
with an inclination of 70?; this corre- 
sponds to conditions at a time not very 
distant from the close approach. The 
boldface figures mark consecutive posi- 
tions of the sublunar point, each interval 
corresponding to 15? motion of the 
moon. The figure illustrates another prin- 
cipal deviation from the simple theory, 
resulting in nonlinear tidal dissipation. 

turning to the equator and crossing 
into the opposite hemisphere. The 
water would be pumped from the equa- 
tor toward the poles and would later 
return to the equator where the tidal 
wave would proceed at a velocity of 
2 to 3 km/sec. 

Although this simplified picture in 
principle illustrates the nonideality un- 
der consideration, it is certainly also 
unrealistic because the finite depth of 
the ocean produces nonlinear phenom- 
ena. Furthermore, the presence of con- 
tinents changes the situation drastically. 
Paleomagnetic investigations (see, for 
example, review in 16) indicate that 
the present continental masses were 
gathered into two supercontinents in 
Late Paleozoic time, centered in high 
latitudes, one in the Southern, the 
other in the Northern Hemisphere. 
Such a concentration of continents in 
high latitudes is indeed a main result 
of the primordial segregation of the 
earth's crust in the physical model pro- 
posed by Elsasser (17). Consequently, 
it is reasonable to assume that the 
paleomagnetically observed distribution 
of continents in the upper Paleozoic 
may extend back in time to the earlier 
stages of the earth's history which 
have not yet been extensively explored. 

With the high latitudes occupied by 
land masses and small epicontinental 
seas it is conceivable that practically 
no tidal flooding would occur in these 
regions. High tidal waves and release 

of energy at braking of the earth's 
rotation would then be concentrated 
in the equatorial zone. Our present 
geological record is derived from the 
continental and epicontinental areas, 
and consequently only peripheral ef- 
fects of the tidal flow would be found. 
Furthermore, the rate of dissipation of 
energy under these conditions may be 
orders of magnitude lower than that 
predicted by the simple theory. If the 
moon moves in a highly elliptic orbit 
(4, 18) during the close approach to 
the earth, a still more complicated 
pattern would arise, but the above con- 
clusions remain essentially the same. 

As shown by our simplified example, 
we cannot exclude compatibility of a 
close approach with the observed geo- 
logical record until we have a more 
detailed knowledge of the distribution 
of oceans and continents at the time. 
In the absence of this knowledge, and, 
therefore, of the actual dissipation rate, 
we cannot estimate the time of closest 
approach from celestial-mechanical ex- 
trapolations. 

Aside from this uncertainty it has 
been suggested (19) that the catastroph- 
ic alternative, if occurring at all, must 
be relegated to the earliest phase of 
the history of the earth. The argument 
invoked is that if a large number of 
fragments left the moon they would 
preferentially impact on the earth and 
obliterate the sedimentary record ex- 
isting at the time; because patches of 
sediments as old as 3 eons are observed 
(20) this would place a lower limit 
on the age of a major bombardment 
of the earth. However, as will be dis- 
cussed further below, it is possible that 
the trajectories of the ejecta largely 
preclude these from falling on the 
earth. Furthermore, most Precambrian 
sediments have been obliterated, trun- 
cated, or metamorphosed; the small 
areas that are actually visible in out- 
crop are obviously such as have es- 
caped damage by erosive agents, in- 
cluding impacting fragments. Finally, 
a number of impact events were of 
such magnitude that their effect ex- 
tends into the now exposed crystalline 
basement rock. Although the age can 
be fixed only within limits of several 
hundred million years in most of these 
cases (21), the majority of them en- 
compass the Late Precambrian within 
these limits. The Vredefort dome and 
most of the Canadian craters fall in 
this category. This is the case also for 
a number of other cryptovolcanic 
structures, considered, but not proven, 
to result from impact. 
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We do not wish to invoke these ar- 
guments in direct support of the notion 
that material was ejected from the 
moon late in the history of the solar 
system; however, it does not appear 
that such an assumption at the present 
time may be rejected on the basis of 
geological evidence. 

The Catastrophic Alternative; 

Effects on the Moon 

The main effects produced on the 
moon would include heating and, if the 
moon came inside the Roche limit, a 
partial disruption. The latter effect 
would influence the evolution of the 
lunar orbit. 

If the moon were captured in an 
orbit with a large perige--as in Ger- 
stenkorn's first version-the heating 
would be essentially due to the braking 
of its initial rotation. The effect sug- 
gested is relatively small, but, because 
the heat may be dissipated preferential- 
ly in loose material at the surface, we 
cannot exclude melting of a surface 
layer. 

If on the other hand the moon were 
captured in an orbit with the perigee 
close to the Roche limit-as in Ger- 
stenkorn's revised version (and also in 
Singer's model)-a fraction of its or- 
bital energy would be converted into 
heat. According to Gerstenkorn the 
heat, if distributed uniformly over the 
whole volume of the moon, would 
raise its temperature to about 1000?C. 
As it is likely that most of the heating 
would occur in a surface layer, this 
could be melted, but not necessarily 
the interior. Because the melting, and 
also the subsequent solidification by 
radiative cooling, takes place when the 
moon is close to the earth and hence is 
elongated by tidal action, this process 
could possibly cause the present defor- 
mation of the moon. 

If the moon comes inside the Roche 
limit, a tidal break-up may take place 
in the strongly inhomogeneous gravi- 
tational field. Regardless of whether 
the moon were fractured or not, frag- 
ments from the surface would be 
ejected from the apices of both the 
inner and outer tidal bulge. In Ger- 
stenkorn's second model, the moon 
moves for a time in a highly elongated 
ellipse with its perigee inside the Roche 
limit (Fig. 3). The fragments ejected 
from the inner tidal bulge will move 
in elongated orbits within the lunar 
orbit. Through the precession of or- 
bits, the fragments have a large proba- 
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Fig. 3. Catastrophic alternative; breakup 
of the moon at the Roche limit. Soon 
after its capture by the earth the lunar 
orbit transgresses the Roche limit; this 
leads to deformation and fracturing of 
the moon. Fragments from the inner 
bulge are ejected into cis-lunar space. Most 
of them are ultimately recollected by the 
moon and produce lunar craters at im- 
pact. Fragments from the outer bulge are 
thrown out in interplanetary space; some 
of this material may be stored in reso- 
nance orbits near the earth's orbit. Colli- 
sion scattering out of this reservoir pro- 
vides new fragments, some of which are 
eventually captured by the earth as mete- 
orites. 

bility of being recaptured by the moon. 
In principle none of these ejecta would 
be intercepted by the earth. However, 
after being scattered out of their or- 
bits by collision some of them may be 

captured, but they need not necessarily 
be uniformly distributed over the 
earth's surface; under certain condi- 
tions most fragments would hit the 

equatorial region. 
The fragments ejected from the 

outer bulge (Fig. 3) would move out- 
side the moon's orbit in still more 
elongated ellipses, or in parabolic or 

hyperbolic orbits. Some of them would 
be swept up by the moon during its 
later recession from the earth; some 
would leave the earth's gravitational 
field and orbit around the sun. 

The Catastrophic Alternative; 

Origin of Meteorites 

Time-dependent phenomena in me- 
teorites include the accumulation of 

spallation products due to cosmic 

ray bombardment and the accumula- 
tion of decay products of radioactive 
elements. The dosage of cosmic rays 
can be used to estimate the length of 

exposure (exposure age) of the mete- 
orites as small bodies (with dimensions 

less than the order of a few meters) 
in free space. The amount of stable 
decay products from radioactive dis- 
integration, such as He4 and Ar40, 
relative to their parent elements, de- 
fines the time elapsed since the solid 
formed, provided that no later gas 
removal (for example, by heating) has 
taken place. In the case of such a dis- 
turbance the age obtained from gaseous 
decay products such as helium and 
argon (degassing age) is less than the 
original formation age indicated by 
solid decay products such as Sr87. 
These relationships have been exten- 
sively studied in meteorites; the results 
can be summarized as follows: The 
formation ages are uniformly high and 
of the order of 4.5 eons. One interesting 
exception, the iron meteorite Kodai- 
kanal, with an age of 3.8 X 109 years 
has been reported (22). The degassing 
ages mostly coincide with the forma- 
tion ages, particularly when precau- 
tions are taken to exclude materials 
with inferior gas retentivity. A notable 
exception is the group of hypersthene 
chondrites (Fig. 4), all 49 of which 
(23) were found to have undergone 
extensive degassing 0.5 to 0.7 eon 
ago, the range indicating the uncer- 
tainty of the analysis. 

The cosmic-ray exposure ages dif- 
fer markedly between iron meteorites 
and stones. The latter consistently have 
low exposure ages, apparently repre- 
senting a few breakup events distrib- 
uted over the last 0.1 eon period-this 
includes also the hypersthene chon- 
drites mentioned above; they conse- 
quently appear to have been degassed 
(apparently by shock heating) while 
they were still part of a larger parent 
mass which was broken up into mete- 
orite bodies at a much later time, 
dated by the exposure age. 

In contrast, the exposure ages of the 
iron meteorites show a wide range, 
from the order 0.01 to 1.0 eon. A 

remarkably coherent distribution (Fig. 
4) is shown by a large and distinct 

group of octahedrites which all Lear 
evidence of shock and which were 

exposed about 0.7 eon ago (24, 25). 
Jaeger and Lipschutz have suggested 

(25, p. 1826) together with Heymann 
(23) that the degassing age of 0.5 
eon originally assigned to the hyper- 
sthene chondrites has an attending ex- 
perimental uncertainty large enough 
to permit and suggest that this shock 
event is identical with the one leading 
to the exposure of the iron meteorite 

group 0.7 eon ago-they propose this 
event to be a collision between two 
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asteroids. The coincidence in time be- 
tween this event on one hand and the 
time of close approach suggested by 
Olson on the other makes it tempting to 
suggest that ejection of lunar material 
occurred as a consequence of the 
earth-moon interaction during the close 
approach, and that the meteorite group 
referred to and possibly also other less- 
distinctively labeled meteorites repre- 
sent the remainder of these ejecta. The 
mechanism for subsequent orbital stor- 
age of these fragments is discussed 
below. 

A striking fact which must be ex- 
plained regardless of which origin is 
claimed for the meteorites is the rela- 
tively large size of the stone meteorite 
parent bodies generated at the shock- 
degassing event compared to the size 
of one or a few meters of the iron 
meteorites presumably generated in the 
same event. A likely explanation is 
provided by the concept (26) that 
space erosion more seriously affects 
the brittle and friable silicate bodies 
than metallic objects. The fine silicate 
debris generated at the 0.7 eon event 
would consequently have disintegrated 
to dust and small fragments, not im- 
mediately recognizable as extraterres- 
trial, and consequently not recovered 
as meteorites. By this comminution, 
large boulders would suffer a smaller 
fractional change by erosion and would 
be strongly favored in the ensuing 
modified size distribution. It appears 
possible that iron meteorites in the 
primitive moon prevailed in roughly 
their present size dispersed through the 
silicate material, and that the break- 
up liberated them without extensive 
change in size. Such a distribution of 
iron in the silicate has also been sug- 
gested for other reasons (27). 

Opik (28) and Arnold (29) have 
calculated the collision cross section of 
the earth for meteorites moving near 
the earth's orbit, and they found that 
the lifetime of meteorites crossing this 
orbit is of the order of 0.01 eon. If 
we accept their results the meteorites 
could not originate from the Gersten- 
korn event, since this would require 
storage in interplanetary space for 0.7 
eon. In principle they could be stored 
in the outermost region of the earth's 
gravitational field, but this possibility 
is excluded (28) because they impinge 
on the earth with velocities exceeding 
the escape velocity. 

However, Opik and Arnold base 
their theory on the assumption that 
the approach of meteorites to the vi- 
cinity of the earth is a random process; 
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Fig. 4. Frequency distribution of cosmic 
ray exposure ages of shocked octahedrites 
(25), and degassing ages of shocked hy- 
persthene chondrites (23). The maximum 
at 0.6 to 0.7 eon may reflect a single 
event. 

this treatment consequently does not 
take into account resonance effects. 
Such effects are in many cases known 
to prevent bodies from being captured 
by a planet even if they are orbiting 
at the same distance from the sun. 
One example is the Trojans, which are 
captured in the two libration points 
+60? and -60?, preceding or follow- 
ing Jupiter. Their average distance 
from the sun equals that of Jupiter. 
They move around the libration points, 
some of the bodies oscillating with 
large amplitudes. Their motion is stable 
in the sense that they would never be 
captured by Jupiter, unless their mo- 
tion were strongly disturbed. Another 
example is the resonance relationship 
of Pluto to Neptune (30). 

There are also other storage possi- 
bilities. For example the Hilda aster- 
oids have a period which is two-thirds 
that of Jupiter. A resonance with Jupi- 
ter prevents them from colliding with 
this planet even though some of them 
intersect Jupiter's orbit (see, for ex- 
ample, 31). In principle every integral- 
fraction resonance gives a similar pos- 
sibility. 

In conclusion the possibility cannot 
be neglected that a reservoir of bodies, 
capable of yielding meteorites, can be 
maintained in interplanetary space for a 
considerable time, either at the earth's 
libration points, or in other resonance 
orbits near the earth's orbit. Because 
such orbits could have large eccentrici- 
ties and inclinations, these bodies might 
intersect the earth's orbit with veloci- 
ties relative to the earth which are a 
considerable fraction of the earth's 
orbital velocity. If their motion were 
disturbed enough to liberate them from 
the resonance capture they would im- 
pact on earth as meteorites with a 

velocity considerably in excess of the 
terrestrial escape velocity. 

The scattering out of resonance or- 
bit may in the case of meteorites be 
due mainly to collision. Such collisions 
must under any circumstances be as- 
sumed in view of the exposure age 
evidence referred to above which con- 
firms that the silicate bodies, formed 
at the original shock event, were fur- 
ther broken up into meter-size frag- 
ments in relatively recent time. 

The Noncatastrophic Alternative 

In the absence of decisive observa- 
tional confirmation of the catastrophe 
discussed above, a protracted evolution 
of the lunar orbit is another realistic 
consideration. In this alternative a spin- 
orbit resonance prevents the moon 
from ever coming very close to the 
earth. 

During the last few years resonance 
phenomena in the solar system have 
attracted much interest; an important 
result has been the discovery that both 
Mercury and Venus are captured in 
spin-orbit resonances (32). Allan (33) 
has discussed a related type of cou- 
pling, namely between the spin of a 
central body with longitudinal inhomo- 
geneity and a satellite orbiting around 
it. If the orbital period of the satellite 
equals the spin period of its central 
body, it is obvious that a longitudinal 
inhomogeneity will cause a force with 
a component parallel to the orbital 
velocity of the satellite. The result is a 
locking of the satellite motion, so that 
the period is exactly the same as the 
spin period of the central body; the 
phase is determined by the position of 
the longitudinal inhomogeneity. Such 
a resonance takes place even if the 
satellite moves in a circle in the equa- 
torial plane. The change of the moon's 
orbit due to tides can be classified as 
a resonance of this type. The longitudi- 
nal inhomogeneity of the earth in that 
case consists of the idealized tidal 
bulges, which by definition always ro- 
tate with the same angular velocity 
as the moon. 

There are also higher-order reso- 
nances. If the period of the satellite is 
a//3 times the spin period (where a 
and / are integers), a similar resonance 
is produced, but only if the inclination 
and eccentricity of the orbit (or both) 
exceed certain values. If a # 1, / =j 1, 
no resonance is possible for the special 
case of a satellite in a circular orbit 
in the equatorial plane. 
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Fig. 5. Noncatastrophic alternative; spin-orbit resonance prevents the moon from 
reaching the Roche limit. The retrograde lunar capture orbit contracts due to tidal 
dissipation, until resonance between the lunar orbit period and the spin period of the 
earth locks the moon in a slowly expanding orbit. Since the moon never comes very 
close, no breakup or autoejection occurs and the tides do not reach catastrophic 
heights. When the orbital inclination has decreased below a critical angle (suggested 
in the diagram at about 25?), the resonance locking is broken and the moon recedes 
to its present orbit at 60 RE. 

Our lack of knowledge of the dis- 
tribution of gravity anomalies at the 
time in question makes it impos- 
sible to decide in what way the con- 
ditions for a spin-orbit coupling of the 
moon were satisfied during the evolu- 
tion of the lunar orbit. We can state, 
however, that at least as long as the 
moon is not too close to the earth, 
mountains comparable to or larger 
than the tidal bulges are likely to exist. 
Hence, resonances of the Allan type 
may well change the tidal evolution of 
the lunar orbit. For higher resonances 
the mass of the mountains must be 
several times larger than that of the 
tidal bulges. 

Another longitudinal asymmetry may 
act similarly. The geographical loca- 
tion of seas and continents will cause 
the size and phase lag of the tidal bulge 
to vary when it proceeds around the 
earth as illustrated in principle in Fig. 
1, A and B. The result is that the at- 
traction of the tidal bulge on the moon 
will vary periodically; this effect may 
also contribute to a resonance capture. 
Nonlinearites of some kind are actually 
indicated by irregularities in the change 
of length of the synodic month during 
the recession of the moon from its 

position during Late Cambrian to its 

present position (34). 
If resonance effects played a signifi- 

cant role in the lunar orbital evolution, 
calculations of the Gerstenkorn type 
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do not allow us to reconstruct with 

certainty the capture orbit of the moon. 
However, we may approach this prob- 
lem in an independent way. In the 

planetary system there are six satellites 
in retrograde orbits-Jupiter VIII, IX, 
XI, XII, the Saturnian satellite Phoebe, 
and the Neptunian satellite Triton. Of 
these only Triton is large enough to 
cause tides which change its orbit. The 
orbits of the other five have certainly 
not been perceptibly changed by tidal 
action. From this we may conclude 
that a cosmogonic capture mechanism 
must exist which is capable of bringing 
satellites into retrograde orbits. The 
inclinations of Jupiter VIII, IX, XI, 
XII, and Phoebe are all between 147? 
and 164?. It is possible that Triton 
has reached its present orbit after 
tidal evolution from a similar orbit 
(35). Hence it is reasonable to suggest 
that the moon also could have had an 

analogous evolution. By coincidence a 
satellite orbit of this type is similar to 
the orbit in which the moon moved 

shortly after its capture according to 
Gerstenkorn's first paper. Hence we 
can use his calculations for the first 

phase of the evolution of the lunar 
orbit. 

Figure 5 shows the evolution of the 
lunar orbit according to Gerstenkorn's 
first paper as well as possible modifica- 
tions by resonance effects. In the figure 
the moon reaches the seventh reso- 

nance with the earth's spin at R/Re= 
7.5 (T = 27.5 hours) with an orbital 
inclination i= 110?, relative to the 
earth's equatorial plane. The tidal ef- 
fect tends to decrease both R and i. 
The resonance effect counteracts a 
further decrease in R, but allows a 
decrease in i. When the inclination 
decreases, the angular momentum of 
the earth decreases somewhat, with 
the result that the earth's spin period 
lengthens slightly. Hence during the 
resonance captivity the moon's period 
and also its distance increases slightly. 

When the inclination has decreased 
to about 40? or 50? the tides tend to 
increase the moon's distance instead 
of tending to decrease it as they did 
earlier. However, the resonance effect 
still keeps the moon trapped. With fur- 
ther decreasing inclination the reso- 
nance locking, however, becomes less 
efficient, and it can no longer compen- 
sate for the tendency of the tides to in- 
crease the lunar distance. When the 
moon finally is set free from the reso- 
nance, it follows the interrupted Ger- 
stenkorn development out to the pres- 
ent orbit. 

The argument has been raised (19) 
that any capture must be associated 
with the earliest stage of the history 
of the earth because the probability 
that the moon could be stored in an- 
other orbit for an extended time would 
be vanishingly small. This argument is 
based on the random capture calcula- 
tions mentioned earlier, and does not 
consider the effect of resonance phe- 
nomena. Since a number of bodies still 
survive in metastable resonance orbits 
the probability would not appear negli- 
gible that others persisted for a con- 
siderable time. 

Also it is understandable that those 
resonances which still survive are in- 
teractions with massive planets such as 
Jupiter and Neptune, while bodies orig- 
inally in metastable resonance orbits 
near the earth or Mars would have had 
considerably smaller but finite lifetime 
in such orbits. 

An independent set of geological 
observations, indicative of variation in 
the tidal forces with geologic time, has 
recently been presented by Cloud (13) 
who uses the elevation of fossil inter- 
tidal bioherms (stromatolites) as a 
measure of the local tidal amplitude. 
These amplitude data, if arranged in 
time, suggest a tidal evolution qualita- 
tively similar to that derived from 
Olson's data: an early capture of the 
moon (more than 2.3 eons ago) fol- 
lowed by a relatively slow approach 
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toward the earth, culminating in Late 
Precambrian and followed by decrease 
of the tidal amplitudes to their present 
level. The maximum amplitude (6 m) 
is associated with the South African 
Otavi series, which has an age esti- 
mated between 0.5 and 1.1 eons (36). 
The oldest stromatolite quoted in 
Cloud's work has an age between 2 
and 2.5 eons. Similar structures of con- 
siderably greater age have been de- 
scribed (37); however, the identifica- 
tion of these as stromatolites does not 
appear to have been generally accepted 
in the past. Recent investigations by 
Engel (20, 38) have according to him 
removed any doubt that the structures 
in question are algal stromatolites; he 
considers their age with certainty to be 
greater than 2.7 eons. It is interesting 
to note that these oldest observed 
stromatolites have an elevation of only 
3 to 4 cm, suggesting that tidal forces 
were practically absent at least in this 
environment during this early period 
of the earth's history. Because it is 
clear from the discussion above that 
an isolated observation of tidal ampli- 
tude cannot be generalized on a world- 
wide basis, a quantitative interpreta- 
tion of the stromatolite data in terms 
of lunar orbital evolution must, how- 
ever, by necessity be tentative. 

It has also been pointed out (14) 
that the stromatolites cannot have de- 
veloped in an environment with tidal 
waves of the size invoked to explain 
the widespread continental erosion and 
conglomerate deposition (11); to be 
compatible these two groups of phe- 
nomena must consequently be assumed 
separate geographically or temporally. 

Comparison of the Two Alternatives 

As shown above, we cannot exclude 
the possibility that the moon passed 
through the Roche limit and that a 
catastrophe took place with the follow- 
.ing results: 

1) Tides were very high, but due to 
the geographical distribution of con- 
tinents they were confined to limited 
regions. 

2) The moon melted, but possibly 
only the surface layers. 

3) The moon broke up. Fragments 
from the inner tidal bulge were ejected 
into orbits inside the lunar orbit. Some 
of the fragments may have been scat- 
tered into collision with the earth but 
most of them were later intercepted by 
the moon as a consequence of orbital 
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precession, producing at least some of 
the lunar craters. 

4) Fragments from the outer tidal 
bulge were ejected into orbits outside 
the lunar orbit. Some of them were 
recovered by the moon but many were 
thrown into interplanetary space. They 
were stored, at least in part, in reso- 
nance orbits near the earth's orbit and 
were scattered into capture in the 
course of geological time. At least some 
types of meteorites could originate by 
this process. 

5) If this conclusion is correct, the 
meteorite exposure age dates the close 
lunar approach to Late Precambrian, 
supporting Olson's (11) identification. 
If on the other hand the meteorite evi- 
dence is discarded, the dating of the 
Gerstenkorn event would rely entirely 
on evidence from the geological and 
selenological records. 

The noncatastrophic alternative has 
the following advantages and disad- 
vantages: 

1) The tides never need to be very 
high, and the heating of both the moon 
and the earth is negligible. The close 
approach, characterized at least region- 
ally by moderately high tides, would be 
stretched out over a considerable length 
of time, perhaps a large fraction of 
an eon. 

2) The structure of the moon has 
not been extensively altered after its 
original aggregation as an independent 
planet. The craters of the moon are 
produced in the final stage of this 
process by planetesimal impact in the 
same way as the craters of Mars. 

3) The meteorites do not originate 
from a lunar break-up. 

Decision between the Alternatives 

Radiometric dating of igneous lunar 
rocks will hopefully provide informa- 
tion on the time of their solidification. 
If the catastrophic alternative is cor- 
rect, the majority of lunar igneous 
rocks should date to considerably less 
than 4.5 eons, the minimum age of the 
planet moon. In case the proposed 
geological identification and associated 
origin of meteorites are correct, the 
predominant age should be around 0.7 
eon. Further, the ages of the major 
surface and subsurface features of the 
moon should be less than 0.7 eon. 

If on the other hand the noncata- 
strophic alternative is correct, the pre- 
dominant age of lunar crustal rocks 
should exceed 4 eons, perhaps consid- 

erably, as it is likely that the moon is 
older than the earth (6). Local melting 
features with lower age would in this 
case be associated with meteorite im- 
pact events spread over geological time. 
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