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Thpact origin of the Moon 

y+.L. Slattery (MS-F664, P . O .  Box 1663, LOS Alamos National 
Laboratory, L o s  Alamos, IW 87545) 

Abstract 

f e b l i  yeiii-s dfter the Apollo flights to the Moon, it became 
cledr that d l l  o f  the existing theories on the origin of 
the [vloon xould not satisfy the growing body of constraints 
~\.hich dppeared with the data gathered by the Apollo flights. 
About the same time, researchers began to realize that the 
Lnner (terrestrial) planet's were not born quietly--all had 
evidences of impacts on their surfaces. This fact reinforced 
the idea that the planets had formed by the accumulation of 
planetesimals. Since the Earth's moon is unique among the 
terrestrial planets, a few reasearchers realized that perhaps 
the Moon originated in a singular event; an event that was 
quite probable, but not so probable that we would expect all 
the terrestrial planets to have a large moon. And thus was 
boin the idea that a giant impact formed the Moon. Impacts 
vJould be common in the early solar system; perhaps a really 
large impact of two almost fully formed planets of disparate 
:iizes would lead to material orbiting the proto-earth, a 
p~oto-moon. This idea remained to be tested. Using a 
Lelatively new, but robust, method of doing the hydrodynamics 
of the collision (Smoothed-Particle Hydrodynamics), I and 
my colleagues (W. Benz, Univ of Arizona, and A.G.W. Cameron, 
Harvard College Obs.) did a large number of collision 
simulations on a supercomputer. We found two major scenarios 
which would result in the formation of the Moon. The first 
d d s  direct formation; moon-sized object is boosted into 
orbit by gravitdtional torques. The second is when the orbiting 
mdterial forms a disk, which, with subsequent evolution can form 
the Moon. In either case the physical and chemical properites 
o f  the the newly formed Moon would very neatly satisfy the 
physical and chemical constraints of the current Moon. Also, 
~n both scenarios the surface of the Earth would be quite hot 
dfter the collision. This aspect remains to be explored. 
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-‘Impact origin of the Moon 

i 4 . L .  Slattery (MS-F664, P . O .  Box 1663, Los Alamos National 
Laboratory, L o s  Alamos, NM 87545) 

Abstract 

A reid years after the Apollo flights to the Moon, it became 
clear that all of the existing theories on the origin of 
the Moon would not satisfy the growing body of constraints 
which appeared with the data gathered by the Apollo flights. 
About the same time, researchers began to realize that the 
inner (terrestrial) planets were not born quietly--all had 
evidences of impacts on their surfaces. This fact reinforced 
the idea that the planets had formed by the accumulation of 
planetesimals. Since the Earth’s moon is unique among the 
terrestrial planets, a few reasearchers realized that perhaps 
the Moon originated in a singular event; an event that was 
quite probable, but not so probable that we would expect all 
the terrestrial planets to have a large moon. And thus was 
born the idea that a giant impact formed the Moon. Impacts 
would be common in the early solar system; perhaps a really 
large impact of two almost fully formed planets of disparate 
sizes would lead to material orbiting the proto-earth, a 
proto-moon. This idea remained to be tested. Using a 
relatively new, but robust, method of doing the hydrodynamics 
of the collision (Smoothed-Particle Hydrodynamics), I and 
my colleagues (W. Benz, Univ of Arizona, and A.G.W. Cameron, 
Harvard College O b s . )  did a large number of collision 
simulations on a supercomputer. We found two major scenarios 
which would result in the formation of the Moon. The first 
was direct formation; a moon-sized object is boosted into 
orbit by gravitational torques. The second is when the orbiting 
material forms a disk, which, with subsequent evolution can form 
the Moon. In either case the physical and chemical properites 
of the the newly formed Moon would very neatly satisfy the 
physical and chemical constraints of the current Moon. A l s o ,  
in both scenarios the surface of the Earth would be quite hot 
after the collision. This aspect remains to be explored. 
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Impact origin of the moon 

W.L. Slattery 
MS- F664, I? 0. Box 1663, Los A ~ U I ~ ~ O S  Nutiorzal Laborutoiy, Los Alarnos, NM 87545, USA 

Abstract 

A few years after the Apollo flights to the Moon, it became clear that all of the existing theories on 
the origin of the Moon would not satisfy the growing body of constraints which appeared with the 
data gathered by the Apollo flights. About the same time, researchers began to realize that the 
inner (terrestrial) planets were not born quietly--all had evidences of impacts on their surfaces. 
This fact reinforced the idea that the planets had formed by the accumulation of planetesimals. 
Since the Earth's moon is unique among the terrestFia1 planets, a few researchers realized that per- 
haps the Moon originated in a singular event; an event that was quite probable, but not so probable 
that we would expect all the terrestrial planets to have a large moon. And thus was born the idea 
that a giant impact formed the Moon. Impacts would be common in the early solar system; per- 
haps a really large impact of two almost fully formed planets of disparate sizes would lead to 
material orbiting the proto-earth, a proto-nioon. This idea remained to be tested. Using a relatively 
new, bul robust, nicthod of doing the hydrodynamics of the collision (Smoothed-Particle Hydro- 
dynamics), I and my colleagues (W. Benz, Univ. of Arizona, and A.G.W. Cameron, Harvard Col- 
lege Observatory.) did a large number of collision simulations on a supercomputer. We found two 
major scenarios which would result in the formation of the Moon. The first was direct formation; 
it moon-sized object is boosted into orbit by gravitational torques. The second is when the orbiting 
material forms a disk, which, with subsequent evolution can form the Moon. In either case the 
physical and chemical properties of the newly formed Moon would very neatly satisfy the physi- 
cal and chemical constraints of the current Moon. Also, in both scenarios the surface of the Earth 
would be quite hot after the collision. This aspect remains to be explored. 

Introduction. 

In 1985, I heard il talk by A1 Cameron (Harvard) where I work (Los Alamos National Lab- 
oratory) about the work he was doing on the new idea about the impact origin of the Moon. At the 
same talk there was a young Post-Doc named Willy Benz (from Switzerland, also working at Los 
Alainos). Somehow after the meeting the three of us got together to talk about the problem. It 
turned out that WilIy Benz had a working smoothed-particle hydrodynamics (SPH) computer 
code, which models the physics of stellar collisions very well and which he was interested in 
using Lor this problem. A1 had plenty of ideas and I had supercomputer time and equations-of- 
slate (EOS) experience which was useful for going from the perfect gas EOS (for star collisions) 
to an EOS of the materials making up the earth and moon. 

Let 1116: describe the problem which A1 Cameron discussed. 



Moon origin theories prior to 1985 

Origin of the Solar System 

To discuss where the Moon came from, we need a passing knowledge of the theories of 
the origin of the Solar System. Starting from an immense gob of gas and dust in space an instabil- 
ity develops, perhaps from a passing density wave--like the spiral arms of a galaxy or from a 
nearby supernova explosion. Once an instability is present, the gas cloud starts collapse. Because 
there is always soine random angular motion present, the cloud, which has been roughly spheri- 
cal, becomes a disk. The central part of the cloud, upon further collapse, becomes a proto sun. The 
outer part, because of known gravitational instabilities, starts to coagulate, the small pieces of dust 
cling together, and these large pieces to each other making still large pieces, etc.,. until you have 
sinall proto-planets or planetesimals. Further collisions formed the planets. 

a 

The above scenario is partially observational and partially theoretical. Astronomers have 
evidence of planetary systems in the making, and they also have evidence of more mature systems 
with what might be leftover gas and dust orbiting a central star. There is also, the indirect evidence 
of plancts orbiting other stars. And of course, we have our own Solar System, which could be a 
very mature product of the same scenario. Except for occasional meteorites, most of the rock in 
orbit about the Sun have been swept up by the planets. To look at the most recent past in our Solar 
System, we can look at the other terrestrial planets. They are covered by craters formed by 
impacts of large bodies. The Earth itself has over a hundred large impact craters identified; many 
more are thought to have been obliterated by erosion. 

The theoretical part comes as follows. We look and see how planetary systems start, use 
our knowledge of physics to find a route to more mature systems, and then again use physics to an 
older planetary system, like our own. 

Physical and chemical constraints on the origin of the Moon 

To begin to understand where the Moon came from, we need to know what it is made of 
(chemical constraints) and something about how big the Moon is and how it orbits the Earth 
(physical constraints). Any theory on the origin of the Moon must be able to satisfy these con- 
straints. 

The Apollo astronauts gave us most of the information that we have about the composition 
of  the rocks in the Moon. We need only to consider how average Moon rock differs from an aver- 
age Earth rock. The most glaring difference is that the Moon is very low in iron when compared to 
the Earth. If the moon has an iron core, then this iron core comprises 5% or less of the mass of the 
Moon, compared to about one-third the Earth (and Venus and Mars) being composed of iron. The 
Moon also is deficient in volatile dements (the elements that evaporate easily) and it is most defi- 
cient in extremely volatile elements. 

On the other hand, the physical constraints, such as the density of the Moon, its distance 
from the Earth, and its angular inonientuni have been known for a long time. When compared to 
the other satellites of the other planets in our Solar System, the Moon have a very high angular 
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momentum. The ratio of the Moon’s niass to that of the Earth, when compared to the other planets 
and their satellites is the highest in the Solar System (with the exception of Pluto and its satellite 
Charon which are sometimes considered to be a double planet). One interesting thing about the 
distance ot‘the Moon from the earth is that the Moon is thought to have been closer to the Earth in 
the past, and in fact thc Moon is about three centimeters farther away from the Earth every year. 
The moon’s movement away from the Earth is caused by tides on the Earth. 

Past ideas on the Origin of the Moon 

With the preceding information, we now have sufficient knowledge to discuss the origin of 
the Moon. We will consider some older ideas first. 

One of  the first ideas on the origin of the Moon was proposed by Sir George Darwin (son 
of the naturalist, Charles Darwin) in the 1880’s. He postulated that the proto-earth had been spin- 
ning fast enough to split (fission) into two parts, one part becoming the Earth and the other 
becoming the Moon. Since the Pacific Ocean is extremely large, it was thought that the Moon had 
come from there. There are a number of problems associated with this hypothesis. First, theoreti- 
cal calculations show that in order for fission to work, the angular momentum has to be about four 
times that currently present in the Earth-Moon system. So, you have the question, where did the 
angular inomen tum go‘? (Frictional energy losses, which are large, are still negligible when com- 
pared the total energy of the system. j Furthermore, if the Moon came from the Earth, why are the 
rocks so chemically different‘? 

Another idea says that the Moon and the Earth formed at the same, Le, as the Earth was 
accumulating material in its orbit about the Sun, the Moon was also accumulating material in its 
orbit about the Earth. This hypothesis goes by the name simultaneous formation or binary accre- 
tion. Since this origin of the Moon seems to naturally flow from ideas of the origin of the Solar 
System, it is very attractive. However, remember the chemical constraints. Moon rocks are differ- 
ent from Earth rocks. If the Moon got its rocks essentially from the same rocks that orbited the 
Sun and accreted on to the Earth, the Moon should be about the same composition, but it isn’t. In 
addition, you have to wonder why Venus and Mars didn’t get large moons also. 

A way to eliminate the problems associated with the chemical differences between the 
Moon and the Earth is to postulate that the Moon formed else where in the Solar System and then 
was captured by the Earth when it passed too close to the Earth. However, the process of going 
from an orbit about the Sun to a much smaller orbit about the Earth requires the dissipation of 
energy and we need to find a plausible place for this energy to go. One place of the energy to go is 
heating up the Moon as it first passed close to the Earth because of tidal friction. Despite the 
attractiveness of this hypothesis, theoretical calculations show that there simply isn’t enough time, 
while the Moon is swinging around the Earth, for enough energy dissipation to occur to let this 
hypothesis ackiully work. 

The Giant Impact Hypothesis 

In a 1984 conference about the origin of the Moon (Kona, Hawaii) most of the attending 
scientists realized that all of the currently popular idcas, along with other more obscure theories, 



on the origin of the Moon had serious reasons why they couldn't work, and the way was opened 
[or cxploration of a totally new hypothesis. The most attractive possibility asserted that a giant 
object the size of Mars impacted the early Earth and the debris from this collision formed the 
Moon. If most of the rocks in the Moon came from the impactor, then chemical differences 
between the Earth and the Moon were nicely explained. Also, the angular momentum of the 
Earth-Moon system would be exactly the right amount, since whatever angular momentum went 
into the collision would be what came out. A somewhat low probability of such collisions would 
also nicely account for the fact that Venus and Mars do not have large satellites. (Mercury is too 
close to the Sun to have a large, distant satellite.) Recalling the origin of the Solar System, it is 
quite natural to have collisions of objects, because the planets are thought to have accumulated by 
collisions of rocks: it is just the question of having the right collision. 

These is where the work of AI Cameron, Willy Benz and myself came together. Its is one 
thing to have a vague idea of what might work and another to be reasonably sure that a hypothesis 
could actually work out physically, Since Willy had a working, robust, hydrodynamics code, we 
could adapt it by changing the EOS from perfect gases to real rocks. The equations-of-state that 
we chose were: dunite (a good average rock for the outer part of the earth and its impactor) and 
iron (for the cores). The next step is to try various computer experiments and see what actually 
happens. The calculations were fully three-dimensional. 

After performing a number of computer experiments, we found an initial setup that 
resulted in a collision which produced a proper-sized Moon having very little iron in it. In the fig- 
ures, I show snapshots ofthe calculation as it progressed. 

The first figure shows a Mars-sized object approaching the proto-Earth from the right. The 
planets are almost touching and the impactor is tidally distorted. The central dark areas are the 
iron cores of the planets and the lighter areas are the dunite mantles. The number in the upper left- 
hand corner gives the time from the beginning of the calculation in hours; most of the actions 
occurs in less than 24 hours. The second figure, T=O.l84hr, shows the initial break-up of the 
impaclor. The iron core surges ahead in the third figure, T=0.758hr, where it forms the bottom 
central part of the crescent-shaped spread of the impactor. At t=1.122 hr and T=3,344hr, the iron 
core has  collapsed to an ellipsoidal shape and is heading towards the proto-EArth while the rocks 
remain in a line behind. Between T=2.344hr and T=4.107hr, the iron tugs (by gravitational attrac- 
tion) ai the rocks which have been left behind, boosting them to a higher orbit even as it plunges 
into the proto-Earth, leaving a tremendous splash in T=4.551hr. At times T=9.763hr and 
T=23.036hr, a proto-Moon, of the right size, (plus other debris) is seen to be orbiting the Earth. 

Since the iron core of the iiiipactor re-collided with the Earth, the newly formed Moon is 
very poor in iron, thus satisfying one of the chemical constraints. The other chemical constraints 
we neatly satisfied, because the impacting Mars-sized object would have formed elsewhere in the 
Solar Sysieni and there be different than the Earth in its rock chemistry. You would also expect 
this early-Moon to have fewer volatile elements, because of collisional heating. Physically, the 
angular inomenlum of the Moon would be exactly right. The Moon is also closer to the Earth than 
the present Moon. But this is what would expect (recall that the Moon is moving away from the 
Earth now.) 
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Recent developments 

The simulation reported above is a fairly direct way of making the Moon and was reported 
in 1984-87. Cameron and others (see references) have continued to improve the calculations. 
Cameron’s main thrust had been to find impacts which form a suitable disk from which a proto- 
Moon would then accumulate. However, more recently, he has been concerned with the dynamics 
of the disks (Cameron, 1997). Other recent calculations include those of Shigeru, et. al. (1997) 
which attempt to model this type of disk evolution carefully. Both Cameron’s and Shigeru, et. d.’s 
papers conclude that disks which actually accrete a Moon have too much angular momentum. If 
these calculations are correct, then for the impact origin idea to work, (from disk accretion, rather 
than from direct f‘orniation, discussed above), it would be necessary to have the impact earlier, on 
a smaller proto-Earth, for the angular momentum to come out correctly (Cameron, 1997). 

Conclusions 

We have shown that the impact origin of the Moon leads to a good model for the origin of 
the Moon. Much work remains to be done, however, since it appears that a hot, post-impact Earth 
and Moon need to have radiation transport and at least some chemistry included in the modeling. 

Perhaps some of the astronomers trained at Mont Sec Observatory will become interested 
in the more theoretical questions of where the objects in the Solar System came froin and solve 
these and relate problems. 

References and suggested reading 

Benz, W, Slattery, WL, Cameron, AGW, 1987, “The origin of the Moon and the single-impact 
hypothesis, 11”, Icuriis 71, 30-45. 

Brush, SG, 1988, “A history of modern selenogony: Theoretical origins of the Moon, from cap- 
ture to crash, 1955-1984”, Space Scierzce Reviews 47,211-273. 

Cameron, AGW, 1997, “The origin of the Moon and the single-impact hypothesis, V”, Icuius 
126, 126- 137. 

Shizeru, I, Canup, RM, Stewart, GR, 1997, “Lunar accretion from an impact-generated disk”, 
Nut1tl.e 389, 353-357. 

Taylor, SR, 1987, “The origin of the Moon”, Americarz Scientist 75,469-477. 


