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CMCXULUB IMPACT-INDUCED VAPORIZATION: S AND C SPECIES AND THEIR 
AFFECT ON GLOBAL CLIMATE. James R. Lyons and Thomas J. Ahrens, 252-21, California Institute 
of Technology, Pasadena, CA 9 1 125. 

Thick deposits of anhydrite at the Chicxulub impact site [I] suggests that large quantities of sulfur 
oxides were released during the impact event [2,3]. Oxidation of sulfur oxides emplaced in the stratosphere 
would produce long-lived sulfuric acid aerosols capable of substantially cooling Earth's surface. Recent 
radiative transfer modeling [4] shows that a stratospheric H,SO4 loading of 5 Gt of sulfur is capable of 
reducing solar transmission below the photosynthesis limit of the biosphere, provided i) the sulfuric acid 
aerosols contain sufficient impurities, and ii) the reduction in solar transmission lasts for a sufficiently long 
time. Such calculations raise several questions: 1) How much impact-liberated S is transported to the 
stratosphere ?; 2) Is S primarily in the form of SO, or SO, ?; 3) Are the required impurity levels 
plausible? Each of these questions are addressed below. In general, the answers obtained support the 
sulfuric acid aerosol scenario of Pope et al. [4]. 

An estimate of the amount of ejecta transported to the stratosphere may be made from earlier 
finite-difference calculations of the interaction of the WT bolide with the earth [5]. For a 10 krn asteroid 
impacting at 30 krn s-', the ratio of the mass of ejecta vapor to reach the base of the stratosphere to the 
mass of the bolide was estimated [5] to be - 3. For an asteroid density of 2 g cm-,, this corresponds to a 
vapor mass - 3000 Gt. The fraction of ejecta vapor derived from anhydrite at the impact site is -0.1, 
suggesting t t a maximium of 300 Gt of S reached the stratosphere, consistent with the total sulfur 
liberated du 3 ' g impact [4]. 

Question 2) is relevant to the timescale for conversion of SO, to H2S04, since photooxidation of 
SO, to SO, is the rate-limiting step in the formation of sulfuric acid aerosols [6]. Pope et al. [4] assumed 
that the bulk of the sulfur vapor was released as SO,, while the remaining sulfur, SO, , was assumed to 
be hydrated in the troposphere and rained out as acid rain. Laser heating experiments on anhydrite and 
subsequent analysis of the vapor condensate [7] indicate that - 20% of the sulfur in the condensate is 
deposited as adsorbed SO,. This large fraction of SO, is suggestive of kinetic control of gas-phase sulfur 
speciation. Thermodynamic calculations (using a thermochernical condensation code [8]) of an 0-Ca-S 
system at a pressure - 1 atmosphere are shown in Fig. 1 for the elemental ratios 0:Ca:S = 6:l:l. From - 
1700 to 3500 K, the principal sulfur species predicted is SO,; SO, is always < 1% of the SO, fraction. 
Below about 1600 K, anhydrite is the principal sulfur phase, and the SO, to SO, ratio reaches 5% by 1300 
K (but very little S is in the gas phase at these lower temperatures.) The quench temperature of the vapor 
is unknown for either the laser heating plume or the Chicxulub impact plume, but it is likely to be 2 2000 
K. If so, then the assumption of predominantly SO, release from shock devolatilization of anhydrite is 
valid. Equilibrium runs with porous (water-filled) calcite together with anhydrite yielded similar results 
for the ratio of SO, to SO,. 

Because laser-heating experiments [7] have yielded substantial fractions of SO, adsorbed onto CaO 
condensate, we performed gas-phase kinetics calculations to see whether an enhanced (relative to 
equilibrium) abundance of SO, is predicted for a rapidly cooling vapor plume. An impactflaser-generated 
vapor plume was modeled as an adiabatically expanding, zero-dimensional gas. Breakdown of anhydrite 
was assumed to occur via the reaction (I) CaSO,(s) -+ CaO(s) + SO, + Y'0, at a shock temperature of 3000 
K [9]. The initial gas composition was assumed to be 2/3 SO, and Ih 0,. Calculations were performed for 
an initial total gas pressure of 1 bar and for a gas pressure e-folding timescale of - 0.1 second. At this 
pressure and temperature equilibrium is rapidly achieved (< 1 msec), and SO, and 0, remain the principal 
gases, while the SO4S0, ratio is - .003. Because equilibrium is reached, the results are not sensitive toAthe 
assumed initial gas composition. This is demonstrated by model runs for which the anhydrite breakdown 
reaction is assumed to be (11) CaSO,(s) -+ CaO(s) + SO,. Results for this case run at 1 bar and 3000 K 
are shown in Figure 2. These results demonstrate conversion of SO, to SO, in a hot plume. Elevated 
SOJSO, ratios can occur for temperatures for which the vapor plume chemistry does not reach equilibrium 
(e.g., 2000 K), and assuming vaporization occurs by reaction (II). Although reaction (I) is 
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thermodynamically favored over reaction (11) by - 170 Wlmole at 3000 K, it is not known which reaction 
occurs at high temperatures. Overall, kinetics modeling of a SO, vapor plume demonstrates that SO3 must 
originate by reaction (11), it cannot be formed kinetically by starting with SO, and 0,. These kinetics 
results are most consistent with impact-production of SO,, but cannot rule out reaction (II). Gas recovery 
impact experiments can directly address this issue. 

Finally, question 3) may be best answered by consideration of the Comet Shoemaker-Levy 9 
impact sites on Jupiter. The debris cloud particles were determined [lo] to be organic in composition with 
imaginary refractive index - .O1 to .03 and radius - 0.5 micron, well within the range required by Pope et 
al. [4] to render light levels below the photosynthesis limit. The total mass of Jovian impact debris was 
5x10I4 g [lo], which for a comet with 20 wt% organics [ l l ] ,  corresponds to a total comet mass of 3x10" 
g. A 10 km (WT-sized) comet would contain - 10" g of organics. Assuming the SL9 impact site particles 
are derived from the impactors (as opposed to Jupiter), the key question with regard to the WT impact 
is how much cometlasteroid organic material survives interaction with Earth's atmospheric 0,. If even just 
10% survives, the stratospheric load of light-absorbing organics would be 1016 g, enough to reduce 
photosynthesis to 10" of normal 1121. Thus, impact debris brought in by the K/T cometlasteroid can 
almost certainly provide the necessary impurities for sulfuric acid aerosols [4], and even by itself may 
greatly reduce light levels. 
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Figure 1. Thermochemcial equilibrium mole fractions 
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Figure 2. Time evolution of oxygen and sulfur species 
for an expanding vapor plume with initial pressure and 
temperature of 1 bar and 3000 K. The initial vapor 
composition is pure SO,. The plume gas pressure 
decreases with a time constant of 0.1 second. 


