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MAGMA OCEAN FORMATION DUE TO GIANT IMPACTS: THE EFFECT 
OF THE PLANET'S THERMAL STATE BEFORE THE COLLISION. W. B. Tonks 
and H. J. Melosh. Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721; 

Introduction. The consequences of giant impacts on the initial chemical and thermal state of 
the terrestrial planets are just now being explored. One likely outcome is the formation of a magma 
ocean (Melosh, 1990; Benz and Cameron, 1990; Stevenson, 1987). These authors speculate that 
the impact melts most of the planet but make no quantitative estimates. We constructed a semiana- 
lytical model that estimates the volume of impact melt produced in a large collision (Tonks and 
Melosh, 1991a). We used our model to estimate the melt volume produced by a giant impact and 
estimated the depth of magma oceans that are created as a result (Tonks and Melosh, 1991b). We 
implicitly assumed that the material is near Earth's present surface conditions. However, large 
planets are plausibly near the solidus temperature due to accretional heating before a giant impact 
occurs. If so, the impact does not have to provide the energy required to heat the material from 
cold conditions to the solidus. Consequently, our earlier estimates are probably too conservative. 
In this work, we examine the effect of initial temperature on the melting pressure and revise our 
earlier estimates of the melt volume and magma ocean depths generated by giant impacts. 

Modeling. The impact of a high speed projectile creates a shock wave that propagates 
through both the projectile and target material. The shock compresses the material through which it 
passes and does irreversible PdV work on it. The shock's outcome depends on several factors, 
including the difference between the shock and ambient pressures, the material's equation of state, 
and its initial conditions. If this pressure difference is above some minimum, the material melts 
upon decompression. We designate this pressure difference as the melting pressure difference. If 
the pressure difference is above some higher minimum, the material vaporizes. 

Our semianalytical melting model is described in more detail elsewhere (Tonks and Melosh 
1991 a,b). Here, we briefly outline the procedure. The shock pressure shows two distinct depen- 
dences on distance from the impact site. Near the impact site, shock pressure declines slowly. 
This region is designated as the "isobaric core" and within it we assume that pressure is constant. 
The shock pressure is given by the second Hugoniot equation: 

P-Po = pu,U (1) 
where P and Po are the shock and ambient pressures, p is the material's density, up is the particle 
velocity, and U is the shock velocity. Most materials exhibit a linear relationship between the par- 
ticle and shock velocity: 

U = C + S u  (2) 
where C and S are measured parameters of the materid Outside the isobaric core, the particle ve- 
locity decreases with distance according to a power law relationship (Perret and Bass, 1975): 

up(r) = u (rdr)-n (3) 
where up,, and r, are the particle velocity and ra8Pus of the isobaric core. The power n was mea- 
sured as 1.87 in alluvium by these authors. We use n = 2, the conservation of momentum value, 
to be conservative. We use energy conservation to estimate the radius of the isobaric core. 

We combine equations (I), (2), and (3) to solve for the radius of the melt hemisphere, assum- 
ing normal incidence. From this radius, we calculate the melt volume. 

Vmlt = Vproj(vi/vi min)3/2 (4) 
where Vpmj is the projectile volume, vi is the impact speed, and vimh is the minimum impact speed 
required to cause melting to the edge of the isobaric core. 

Results: vimi" is a function of the melting pressure difference. A smaller melting pressure 
difference results in a smaller vim'" and a larger melt volume (equation 4). We investigated the 
relationship between the melting pressure difference and the initial temperature using the ANEOS 
equation of state package (Thompson and Lauson, 1972). We estimated the entropy of liquidus 
ANEOS dunite at 1 bar by calculating the entropy at the melting temperature (2163 K, 1 bar) then 
adding the entropy of fusion. We then plot the Hugoniot curves for material initially at 298 K and 
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at the melting temperature in pressure-entropy space, shown as Figure 1. Because decompression 
from the Hugoniot is an isentropic process, the shock pressure required for complete melting is 
given by the intersection of the Hugoniot with the complete melting isentrope. Shock pressures 
corresponding to complete melting are about 168 GPa and 94 GPa for the room temperature (298 
K) and solidus (2163 K) materials respectively. These pressure differences correspond to vimin of 
9.36 and 6.07 kmtsec respectively. The high temperature material produces a melt volume nearly 
twice that of the cold material (equation 4). 

The melt created in the impact is either excavated from the crater or retained by the crater (not 
excavated). The retained melt forms the melt sheets observed in terrestrial complex craters. The 
retained melt fraction increases with impact speed, projectile radius, and planet gravity. It de- 
creases with increasing melt pressure difference. Magma oceans generated from impact melt can 
form in one of two ways: spreading of the excavated melt over the planet's surface, or extrusion 
of the retained melt by hydrostatic adjustment of the planet. The excavated melt cools during its 
ballistic flight and mixes with excavated solids. Consequently, the fraction of ejecta that remains 
as melt after emplacement is probably small in most cases. The planet hydrostatically adjusts to the 
melt region formed by the retained melt. If hydrostatic adjustment is rapid compared to compared 
to the magma cooling time scale, a uniform depth magma ocean will form. Calculation of these 
time scales is extremely model dependent and depends on many poorly constrained parameters. 

We estimate the depth of uniform magma oceans generated by the two processes outlined 
above if the melt were uniformly spread over the surface (with none lost to cooling or expulsion 
from the planet). We fixed the impact speed and projectilelplanet mass ratio at 10 km/sec and 0.1 
for this computation. Another improvement over the earlier estimate is a correction of the melt 
volume for the spherical geometry of the planet. This correction is particularly important as the 
melt radius becomes a large fraction of the planet's radius (which occurs with lower melting 
pressure). The results are shown in figure 2 for two values of the melt pressure difference listed 
above. Only the magma ocean created by the retained melt is shown for clarity. 
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Figure 1 Figure 2 
Conclusions. Giant impacts can melt deeply into the planet, forming large melt ponds. This 

magma, if extruded to the surface, can form deep magma oceans. If the original material is initially 
near the soludus, the melt volume produced approximately doubles over starting at near the present 
Earth's surface conditions. 
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