
= 23, and N+ = 32 grid points, given 
the assumed symmetry through the mid- 
plane and through the rotational axis. The 8 

High Temperatures in the Early Solar Nebula 

One fundamental controversy about terrestrial planet and asteroid formation is the 
discrepancy between meteoritical evidence for high temperatures (1500 K to 2000 K) 
in the inner solar nebula, and much lower theoretical temperature predictions on the 
basis of models of viscous accretion disks that neglect compressional heating of 
infalling gas. It is shown here that rigorous numerical calculations of the collapse of a 
rotating, three-dimensional presolar nebula are capable of producing temperatures on 
the order of 1500 K in the asteroid region (2.5 astronomical units), in either nearly 
axisymmetric or strongly nonaxisymmetric nebula models. The latter models may 
permit significant thermal cycling of solid components in the early inner solar nebula. 

T HE CENTRAL PARADIGM OF PLANE- 

tary cosmogony is that the sun and 
planets formed out of a rotating, 

flattened disk of gas and dust, which is 
termed the solar nebula. Early work on the 
thermal structure of the solar nebula implied 
that temperatures in excess of 1800 K were 
achieved (I) ,  and this work helped to moti- 
vate studies of the equilibrium condensation 
sequence of elements in a nebula cooling 
from initially high (1700 K to 2000 K) 
temperatures (2). Highly refractory Ca-AI- 
rich inclusions (CAIs) in the primitive 
Allende meteorite appear to be consistent 
with cooling of an initially hot, vaporized 
nebula (3), and the presence of previously 
molten chondrules in the majority of mete- 
orites also appears to require high tempera- 
tures within the solar nebula (4'). However. 

\ ,  

subsequent work based on the thermody- 
namics of spherically symmetric models of 
protostellar collapse (5)  implied much lower 
temperatures (500 K) for solar nebula mate- 
rial destined to be incorporated into the 
terrestrial planets and asteioids ( 6 ) .  I show 
here that when the collapse of the presolar 
nebula is rigorously calculated, including 
three-dimensional hydrodynamics, self- 
gravitation, and radiative transfer, it is possi- 
ble to construct plausible early solar nebula 
models with relatively high (1500 K) tem- 
peratures in the region df the nebula (2.5 
AU) from which the bulk of the meteorites 
are thought to originate. 

For the last decade solar nebula models 
have concentrated on accretion disks driven 
by turbulent viscosity, with the turbulence 
usually being generated by convective insta- 
bility (7). Compressional heating associated 
with the interstellar cloud collapse that 

formed the nebula is neglected. A nebula 
heated only by turbulent viscosity does not 
become very hot, however, except for ex- 
treme assumptions (for example, an effective 
turbulent viscosity parameter cw = 0.24 and 
a nebula dissipation time of 2.5 x lo4  
years). Typical temperatures at 2.5 AU are 
160 K to 280 K for more reasonable model 
assumptions, too low to account for any 
significant thermal processing. Further- 
more, the basic assumption of a continuous, 
smoothly evolving viscous accretion disk has 
been shaken by a recent study indicating 
such disks should be unstable to a diffusive 
instability that breaks disks up into a series 
of rings (8). Attempts to produce high 
temperatures by estimating the shock heat- 
ing of dust grains entering the solar nebula 
have also been less than completely satisfac- 
tory (9). 

The most promising alternative to turbu- 
lent viscosity for driving accretion disk evo- 
lution is angular momentum transport by 
gravitational torques (10). In order to assess 
the efficiency of gravitational torques, a se- 
ries of models of presolar nebula collapse has 
been calculated (1 1). One by-product of this 
study is a self-consistent prediction of the 
thermal structure of a variety of solar nebula 
models. 

The models involve a finite-difference so- 
lution of the equations of hydrodynamics, 
self-gravitation, and radiative transfer in the 
difision approximation on a spherical coor- 
dinate grid (12). The equations are solved in 
conservation law form, allowing global con- 
servation of mass and angular momentum. 
The equations of state and for the specific 
internal energy include all relevant process- 
es, such as dissociation of molecular hydro- 
gen, and the dust grain o~aci tv  has-been " " 1 

f ipament  ofTerrestria1 Magnetism, carnegie bst i tu  upiated (13) The spatial grid is hlly three 
tion of Washington, Washington, DC 20015. dimensional, with effectively N, = 41, 

grid is compressed to provide increased spa- 
tial resolution for the thin disks that typical- 
ly form (A0 - T at midplane). The inner- 
most Ar is 1 AU in model A and 113 AU in 
model B. A sink cell at the center of the 
models represents the gravitational attrac- 
tion of the initial mass in the protosun and 
of any nebula matter falling onto the proto- 
sun. The temperature near the center of the 
models is averaged over all directions (for 
numerical stability of the energy equation), 
which tends to underestimate midplane tem- 
Deratures in the inner solar nebula. Tem- 
peratures are also occasionally averaged at 
isolated grid points when incipient numeri- 
cal instabilities become obvious. 

Two models are presented here, both 
involving the self-ga;itational collapse of an 
initially uniform density and uniform rota- 
tion sphere of radius 40 AU. Each model is 
initially perturbed with a 1% cos+ variation 
in the density; this level of nonaxisymmetry 
is approximately equal to the background 
noise level for the numerical code. Model A 
involves a sphere of mass 0.102 lUO collaps- 
ing onto a protosun with initial mass 1.000 
.M0, whereas model B involves a sphere of 
mass 1.025 Ma collapsing onto a protosun 
with initially zero mass. Model A approxi- 
mates the formation of a solar nebula 
through the accretion of the last vestiges of 
an interstellar cloud that has already largely 
led to solar formation, whereas model B 
approximates an earlier formation phase 
when much of the presolar matter is still 
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Fig. 1. Azimuthally averaged midplane tempera- 
ture as a hnction of heliocentric radius for model 
A. The solid dot denotes a temperature of 1500 K 
at 2.5 AU. The dip in the average temperature 
inside -2 AU is an artifice introduced for stability 
of the numerical solution method; in reality, 
temperatures should continue to increase toward 
the protosun. Orbital radii of major solar system 
bodies are also shown. 
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collapsing. Models A and B apparently rep- 
resent two end members of the range of " 
possibilities. The specific angular momen- 
tum ( J /w  of model A is 2.0 x 1019 cm2 s- ' 
and for model B is 6.2 x 10" cm2 s-I; these 
values of//M are plausible for slowly rotat- 
ing dense clouds. However, the initial densi- 
ties of 2.22 x 10-l3 g cm-3 for model A 
and 2.22 x 10-l2 g cm-3 for model B are 
roughly lo6 times higher than typical dark 
cloud maximum densities. The temperature 
is initially uniform at 10 K, which also leads 
to an underestimate of subsequent tempera- 
tures, if one considers the optically thick 
initial densities. 

The assumption of relatively high initial 
nebula densities is crucial for these calcula- 
tions; if the collapse is started from much 
lower densities, the calculation is stymied by 
the need to calculate the evolution past the 
first quasi-equilibrium phase. Because the 
first quasi-equilibrium core involves only a 
minor fraction of the mass of a solar mass- 
sized cloud, ignoring the earlier phases 
should not be detrimental to the dvnamics. 
With respect to the thermodynkics, this 
artifice should also not be important, pro- 
vided that the nebula cooling time is longer 
than the nebula collapse time, which is the 
free fall time. For typical models produced 
in this study, cooling times are on the order 
of lo5 years or more, because dust grains in 
the outer nebula produce an effective black- 
body temperature on the order of 20 K. 
~ o l l a ~ s e  times for dense clouds are on the 
order of lo5  years or less, whereas the free 
fall times for models A and B are 140 and 45 
years, respectively. Collapsing the presolar 
nebula on this shorter time scale should then 

Fig. 2. Temperature con- 
tours in the midplane of 
model B. The rotational axis 
falls in the center of the plot. 
A region 8 AU in diameter 
is shown. Each temperature 
contour corresponds to a 
change in temperature by 
200 K; several contours are 
labeled with temperatures in 
kelvins. At a given heliocen- 
tric radius, for example, 2.5 
AU, the temperature varies 
from ==1700 K to ~ 2 0 0  K 
in azimuth. As in Fig. 1, the 
central decrease in tempera- 
ture is a numerical artifice. 

have a marginal effect on the thermodynarn- 
ics, but this approximation may tend to 
overestimate temperatures, contrary to the 
other approximations mentioned above. 

The initial presolar nebula in model A 
collapsed to form a mildly nonaxisymmetric 
nebula (maximum deviation from axisym- 
metry of about 10% in density) containing 
0.061 Mo when the calculation was halted. 
The protosun has a mass of 1.041 1% at this 
time. The inner regions are beginning to 
settle into centrifugal equilibrium, and so 
this model is a reasonable approximation of 
a low mass, Safronov-type nebula model 
(14). Because of the nearly axisymmetric 
nature of model A, azimuthally averaged 
quantities suffice for its description. Figure 
1 shows the temperature profile for model 
A. Note that the temperature gradient does 
not tend toward a single universal power 
law, contrary to some early expectations 
(15), but does vary within the range of 
previous predictions, for example, T x u-'I2 

to F 3 I 2  (16). Perhaps most important is the 
fact that model A produces temperatures on 
the order of 1500 K at 2.5 AU; gas falling 
onto a disk inside the potential well of a 
solar mass object becomes significantly hot 
because of compressional heating. 

Because model A started with a spherical, 
solar mass protosun, the collapse of its low 
mass nebula is expected to be largely axisym- 
metric. By not allowing for any nonaxisym- 
metry in the dominant object in the nebula 
(the protosun), model A errs on the side of 
axisymmetry. In order to see what might 
have happened when the protosun itself was 
forming, I turn to model B. The massive 
nebula of model B, unstabilized by a domi- 
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Fig. 3. Dependence of the azimuthally averaged 
pressure on the azimuthally averaged temperature 
for models A (solid line) and B (dotted line). Also 
shown for model B (short-dashed line) is the 
profile along the maximum density region of the 
bar in Fig. 2. At high temperatures, all three 
profiles converge. The long-dashed line is an 
arbitrary adiabat for a gas with P p7'5, where P 
is pressure and p is the density. This adiabat is 
appropriate for a cloud composed primarily of 
molecular hydrogen. 

nant central mass, collapses to form a strong 
bar in the inner solar nebula. The tempera- 
ture contours in Fig. 2 for model B roughly 
trace the density contours; extreme nonaxi- 
symmetry is evident. 1r1 model B, tempera- 
tures are a strong function of azimuthal 
location in the nebula. 

Very little matter (0.008 Mo) reaches the 
sink cell in model B. Most of the nebula 
mass (about 0.75 Mo) lies within 2 AU, 
forming a transient binary system. Using a 
binary survival criterion (17), one can pre- 
dict that this mini-binary should undergo 
rapid decay through loss of orbital angular 
momentum by gravitational torques to the 
rest of the nebula. Thus the binary should 
rapidly decay into a central protosun, leav- 
ing behind a low mass nebula. 

Contrary to model A, model B did not 
reach centrifugal equilibrium, in part be- 
cause of its much different initialJ/M distri- 
bution. Model A starts off with its angular 
momentum problem already solved: its mass 
is largely in the protosun, and its angular 
momentum is in the nebula. Model B, how- 
ever, has its mass in the nebula along with 
the angular momentum, and must undergo 
considerably more evolution before settling 
into equilibrium (such as the binary decay 
noted above). Gravitational torques appear 
to be quite adequate to account for this 
nebula evolution (10, 11). M ~ d e l  B illus- 
trates clearly that strong nonaxisymmetry 
can arise in the early solar nebula; how 
robust and long-lived this nonaxisymmetry 
is remains to be seen. Possible means for 
exciting nonaxisymmetry include rotational 
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instability of a flattened disk, and nonlinear 
coupling with the large infall velocities asso- 
ciated with the accretion of the residual 
interstellar cloud. 

Figure 3 shows the dependence of the 
pressure on the temperature in models A 
and B, compared to an arbitrary adiabat for 
a nebula composed of molecular hydrogen. 
The matter in model B is generally colder 
than that in A at a given pressure, because of 
the absence of the initial 1.000 Mo proto- 
sun. The bar in model B is clearly hotter 
than the azimuthal average. Both models 
converge at high temperatures (late times), 
because at temperatures above =1500 K the 
dust opacity vanishes, molecular and atomic 
opacities are factors of -100 lower than 
dust opacities, and the nebula midplane 
becomes less optically thick locally, which 
acts as a thermostat on the midplane tem- 
perature. 

These models have shown that compres- 
sional heating of infalling nebula gas may be 
sufficient to produce temperatures on the 
order of 1500 K in the inner solar nebula. 
Temperatures this high are intriguing, in 
light of meteoritical evidence for tempera- 
tures of 1500 K to 2000 K in the inner solar 
nebula. Peak temperatures of 1700 K are 
needed to melt Type B CAIs ( la) ,  and peak 
temperatures of 1700 K to 1900 K are 
required to melt chondrules (4). The evi- 
dence for rapid cooling of chondrules and 
Type B CAIs (time scales on the order of 
hours to days) may be difficult to reconcile 
with a globally hot inner solar nebula (4). 
However, because temperatures decrease 
quickly away from the midplane (falling to 
-600 K within 0.1 AU above or below the 
midplane), particles transported by convec- 
tion to the nebula photosphere might be 
rapidly cooled (19). Also, the extra degree of 
freedom in a strongly nonaxisymmetric solar 
nebula may allow even more flexibility in 
scenarios for understanding meteorite for- 
mation. For example, if solid bodies in the 
nebula move relative to the gas at -lo4 cm 
s-' (20), and thus move relative to the 
nonaxisymmetric temperature distribution, 
it would be possible for particles to pass in 
or out of high temperature regions within a 
few hours if shocks of spatial extent no more 
than 1000 krn exist. The present solar nebu- 
la models are quite incapable of resolving 
shock structure on such a small scale; decid- 
ing whether or not this scenario is possible 
must await future work. 
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A Tsunami Deposit at the Cretaceous-Tertiary 
Boundary in Texas 

At sites near the Brazos River, Texas, an iridium anomaly and the paleontologic 
Cretaceous-Tertiary boundary directly overlie a sandstone bed in which coarse-grained 
sandstone with large clasts of  mudstone and reworked carbonate nodules grades 
upward to wave ripple-laminated, very fine grained sandstone. This bed is the only 
sandstone bed in a sequence of uppermost Cretaceous to lowermost Paleocene 
mudstone that records about 1 million years of quiet water deposition in midshelf to 
outer shelfdepths. Conditions for depositing such a sandstone layer at these depths are 
most consistent with the occurrence of a tsunami about 50 to 100 meters high. The 
most likely source for such a tsunami at the Cretaceous-Tertiary boundary is a bolide- 
water impact. 

T HERE IS CONSIDERABLE EVIDENCE 
for terrestrial impact by bolides 
throughout the Phanerozoic, includ- 

ing evidence for at least one at the Creta- 
ceous-Tertiary (K-T) boundary [for 
counterarguments and references see (I)]. If 
the locations of such impacts were random, 
three to four tsunami-generating impacts in 
water should occur for everv impact on land. , L 

Diagnostic evidence for these tsunamis is 
most likely to be preserved in strata deposit- 
ed on the-continental margin. conformable 
sections of Upper Cretaceous to Paleocene 
continental-margin deposits around the 
Gulf of Mexico and in the western Atlantic 
contain coarse-grained beds at or close to 
the K-T boundary, and some unconform- 
able sections contain breccias at the bound- 
ary (2-13, Fig. 1). We suggest that these 
coarse-grained beds may be tsunami depos- 
its (14). 

Some of these occurrences (Fig. 1) have 

been attributed to the effects of a latest 
Cretaceous sea-level excursion (6-8, 15). 
Estimates for the magnitude of sea-level 
change near the K-T boundary range from 
negligible (3, 16) to more than 100 m (5, 17, 
18); the age assigned to the postulated 
maximum low stand varies by several million 
years, from Late Cretaceous to early Paleo- 
cene (8, 17, 19). Many workers have sug- 
gested that sea level was high at the K-T 
boundary (2, 3, 18, 20), whereas others have 
suggested that a low stand coincided with 
the boundary (21). 

We studied an unusual sandstone bed in 
midshelf to outer shelf mudstone at five 
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