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Background:  Both the immediate and long-term 

effects of the Chicxulub impact played a crucial role in 
determining how life developed on Earth.  The initial 
asteroid impact produced thermal radiation levels le-
thal to terrestrial life [1]; however, observations indi-
cate this extinction was accompanied by a significant 
loss of ocean life that cannot be attributed to exposure 
to elevated thermal radiation [2].   

The Chicxulub impact was sufficiently large to 
eject mass into low Earth orbit, which would eventual-
ly nucleate and reenter as small spherules, spreading 
evenly across the planet [3,4].  While this reentering 
mass was on the same order of magnitude as the initial 
impactor, the cross-sectional area increased by 8 orders 
of magnitude, causing significant global production of 
toxic chemical species during reentry. 

For this reason, a new method was developed to 
predict the overall amount of several toxic species that 
were produced, and to determine whether this mecha-
nism was responsible for the observed oceanic extinc-
tion. 

Approach:  The method used to determine the 
overall pollutant production involves several steps.  
Production rates for a single spherule are calculated as 
functions of altitude and velocity.  This rate is then 
integrated along representative trajectories and total 
production from all spherules is obtained. 

Production Rates:  Using the direct simulation 
Monte Carlo (DSMC) method, flow properties and 
chemistry around a spherule at various flight condi-
tions were modeled.  Using the Statistical Modeling in 
Low Density Environment (SMILE) code [5], non-
equilibrium, axisymmetric flow was modeled consider-
ing the following 5 species: O, N, O2, N2, and NO.  
The rates for the considered reactions are from Hassan 
and Hash [6]. The coefficients for the chemical reac-
tion rates in high-enthalpy conditions encountered dur-
ing ejectra reentry are highly uncertain, but they allow 
improvement beyond what is attainable from equilibri-
um calculations. 

The drag force was obtained by integrating surface 
forces across the face of the spherule.  By integrating 
the flux of each species across each domain boundary, 
the overall rate of production or destruction for each 
species was determined (see Fig. 1).  The drag force 
and production rates for O, N, and NO were extracted 
for each flight condition and used to generate a com-

pact model for finding properties during the trajectory 
integration. 

 

Figure 1: Nitric oxide number density for several 
spherule velocities. The production rate is highly sensi-
tive to velocity. 
 

Trajectory:  The spherule diameter was chosen as 
250 µm, based on the ground measurements [7].  An 
initial velocity of 8km/s, angled downward π/4 radians 
for the horizontal was chosen, based on representative 
conditions for a re-entry spherule [1].  The trajectory 
integration was performed using a 4th order, explicit 
Runge-Kutta method.  The integration was terminated 
when the spherule slowed to 5 km/s, where the produc-
tion rate for the species of interest dropped to negligi-
ble levels. 

A total of sixteen DSMC cases were computed, for 
all combinations of the altitudes 66, 86, 114, and 134 
km and the velocities 5.5, 7.3, 9.7, and 11.5 km/s.  To 
calculate the values for the drag force and the species 
production rates, bilinear interpolation was performed 
between each of the DSMC results. Higher order 
schemes do not consistently reproduce the monotonic 
behavior that must be physically true (e.g. an increase 
in drag force from an increase in either velocity or 
density).  Once the trajectory was determined, time 
integration of the rate of production yielded an altitude 
dependent distribution of produced pollutant density 
for the representative spherule, which can  be convert-
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ed into a total for all of the spherules [8], using the 
following expression 
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where n is number density, N is the number of parti-
cles, v is the spherule velocity, re is the radius of the 
earth, and h is altitude.  

Transport and Precipitation: To improve the accu-
racy of these predictions, this work includes the subse-
quent reactions as the atmosphere cools and the 
transport of the toxins via turbulent diffusion.  The 
effect of reactions and diffusion on the value of num-
ber density at any particular altitude is given by the 
following expression 
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where n is number density, t is time, y is the vertical 
coordinate, D is the total diffusion coefficient (the 
combined effect of molecular and turbulent diffusion).  
The subscript i denotes a property for a specific species 
and the last term represents the rate of change of num-
ber density for the species of interest due to chemical 
reactions.  The diffusion from the initial profile of pro-
duced nitric oxide for the Chicxulub impact is shown 
in Fig. 2. 
 

Figure 2: The initial distribution of nitric oxide at sev-
eral times as it diffuses from the initial distribution. 
 

In addition, this work includes the time required for 
the pollutants to be absorbed into clouds and precipi-
tate into the ocean.  An estimation of the effect of car-
bonate buffering in the ocean water is provided.  The 
resulting time history for the pH level of the upper 100 
meters of the ocean is calculated and this minimum pH 
level is then generalized for a variety of initial im-

pactor energies and resulting ejecta masses.  A sample 
pH history for the Chicxulub impact is shown in Fig. 3. 

Figure 3:  A sample time history for the pH level of 
the upper ocean neglecting the effect of buffering. 
 

Conclusion:  Ultimately, it was determined that a 
significant fraction of the original toxins reached the 
stratosphere and precipitated as acid rain, decreasing 
the pH level of the ocean and affecting marine life. 
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