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TIDAL DISSIPATION AND THE GIANT IMPACT ORIGIN FOR THE MOON; William D. 
Sears, Planetary Science Department, University of Arizona, Tucson, AZ 85721 

The giant impact origin of the Moon has an unexplored side effect - the influence of tides 
on the expected magma ocean. Tides might have a great effect on the thermal and structural 
evolution of a terrestrial magma ocean due to the effects of tidal heating and tidal currents. 
Ross and Schubert [I] did study tidal dissipation in the Earth-Moon system, but considered 
only the orbital evolution and assumed that the molten Earth would have a constant Q of about 
10. This assumption is inconsistent with the results found here. 

The problem of time scales is ignored here. It is believed that the Moon will form in Earth 
orbit after the giant impact in about ten thousand years. This is also the same order of 
magnitude as the cooling time for the initial melt from the giant impact. However, if the Moon 
formed close enough to the Earth, tidal heating could have reformed a magma ocean even if it 
had already cooled and solidified. 

It was assume that the tidal dissipation can be described by the turbulent boundary layer 
formalism derived by Goldreich and Sotter [2] for Jupiter. The magma ocean is modeled as a 
uniform spherical shell with all the dissipation occurring at the solid-liquid boundary due to 
turbulent viscosity. This gives an energy dissipation h of 

h = .5 k p v3 (ergs/cm2/s) 
where p is the density of the magma, k is the coefficient of skin fiction which is taken as equal 
to 0.002, and v is the tidal current. Note that this has an area dependence which is removed by 
multiplying by the surface area of the body. The tidal velocity takes the form 

v = o A h / D  (cmls) 
where o is the relative rotation rate of the body, A is the surface area, h is the equilibrium tidal 
height, and D is the ocean depth. The Earth and Moon are taken to be their present size and 
mass. The Moon is in a circular orbit in the equatorial plane. Values of the Earth-Moon 
separation of 2 to 6 Roche limits, or about 5 to 15 Earth radii were considered Earth was 
generally taken to rotate with a period of 4 hours. 

In contrast to Ross and Schubert [I], it was found that the Q value of the terrestrial 
magma ocean was larger than that of the solid body and was not constant as the Moon moved 
outward. Values ranged from 4 x 105 to 6 x 106 for a 1000 km deep magma ocean. These are 
closer to those of the giant planets. The Q value is so low because the ocean essentially 
absorbs all the tidal stress. If the liquid is deep enough, it will have a fairly small tidal velocity 
and therefore has lower dissipation then a solid body. The solid interior is isolated from the 
tidal stress and has a negligible contribution to the dissipation function. Q's less than 200 are 
only achieved if the depth is less than 100 km. This is basically due to the lack of resonant 
basins in my model. Such basins provide for very high dissipation and are the primary reason 
that Earth has a Q of 10. The high Q values will result in the lunar orbital evolution being 
much slower than previously thought. 

The tidal currents have velocities of from 5 cmls to 1 mls, depending on the separation of 
the bodies. This is of the same order as Tonks and Melosh [3] found for the convection 
velocities in a magma ocean. This velocity was found to be sufficient to keep particles in 
suspension. These velocities were turbulent, which helps justify using the turbulent boundary 
layer model. 

The amount of heat deposited in the magma by tidal heating can be signifkant. For 
instance if the Moon is at twice the Roche limit, it could deposit energy equal to the heat content 
of a 1000 lgn deep magma ocean in only 3000 years. This is less than the expected cooling 
time in the absence of energy input. Therefore the life of the magma ocean could be extended 
until the Moon moved sufficiently far away that the tidal heating rate is less than the rate of 
energy radiation. 
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Tidal heating should also be important for the Moon. The Moon should not form in 
synchronous rotation but at some random rate. It was arbitrarily decided to take the Moons 
rotation rate as twice the synchronous rate. With this assumption, a lunar magma ocean of 300 
km depth would have a Q of around 105 and would have a heating rate such that it could 
replace all its thermal energy in only a few years. Even more interesting is the result of 
assuming that the Moon is solid and has a Q of 100. In that case enough energy would be 
tidally deposited to melt a 300 km deep magma ocean in only a couple of years if the energy is 
limited such that it only heats the surface. 

Table: 

Ocean Depth Separation Tidal Current Q Dissipation 
B ~ Y  (km) (Roche Limits) (m/s> (erg/s> 

Earth loo0 2 1 .O 4E5 2E22 
(4 hour day) 3 0.4 9E5 7E20 

4 0.2 2E6 6E19 

loo 2 
0 (solid) 2 

6 

10.0 400 2E25 
--- 100 2E25 
-- 100 4E22 

Moon 300 2 12.0 2E4 2E24 
(rotating 2x synchronous) 3 1.9 2E6 9E2 1 

4 0.5 1E6 2E20 
6 

0 (solid) 2 
6 --- 100 1E20 
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