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Abstract

One of the most promising mechanisms for the mass extinction at the K/T boundary event is blockage of sunlight
by sulfuric acid aerosol, which is induced by impact vaporization of sulfate in evaporite deposits around the K/T
impact site. One of the advantages of this hypotheses is that it may cause an impact winter much longer than that by
silicate dust and soot due to a global wildfire. However, the residence time of sulfuric acid aerosol in the stratosphere
depends strongly on the ratio of SO2/SO3 in the K/T impact vapor. If SO3 was dominant, the blockage of sunlight by
the sulfuric acid aerosol would not last longer than that by silicate dust and soot. The chemical reaction of sulfur
oxides in an impact vapor cloud has not been studied extensively before. This study carries out chemical equilibrium
calculations, kinetic model calculations, and laser irradiation experiments with a quadrupole mass spectrometer to
estimate the SO2/SO3 ratio in the K/T impact vapor cloud. The results strongly suggest that most of sulfur oxides in
the K/T impact vapor cloud may have been SO3, not SO2. The sulfuric acid aerosol may not have been able to block
the sunlight for a long time.
/ 2003 Elsevier B.V. All rights reserved.
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1. The role of the SO2/SO3 ratio in the K/T event

A large bolide impact is widely accepted as the
cause of the K/T mass extinction event. After the
discovery of the global distribution of Ir anomaly
by Alvarez et al. [1], several additional supporting
lines of evidence have been found. These include
the global distribution of coeval shocked quartz
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(e.g., [2]) and the Chicxulub crater (e.g., [3]). Fur-
thermore, both the crystallization ages and stable
isotopic compositions are consistent between the
impact melt inside the Chicxulub crater and the
impact glass [4] in the K/T boundary layer around
the globe.
However, there is still signi¢cant controversy

over the exact extinction mechanism resulting
from this impact. An initial hypothesis proposed
that silicate dust was injected by the impact into
stratosphere and blocked the sunlight [1,5,6].
However, silicate dust could not stay in the atmo-
sphere for a long time, possibly only several
months (e.g., [7]). This duration of sunlight block-
age may have been too short to cause a K/T-size
mass extinction.
More recently, a large amount of impact glasses

rich in both Ca and SO3 were found in Haiti [8],
which indicates that a large amount of sulfur may
have been degassed during the K/T impact event
from the sulfate-rich Yucatan sediments. The de-
gassed sulfur converts to sulfuric acid aerosol and
stays in the stratosphere for a long time. Because
of the large quantity of degassed sulfur in the K/T
impact event, this would have reduced the sun-
light signi¢cantly [9^14]. This e¡ect may have
lasted for several years and led to a mass extinc-
tion. Because of its longer duration of insolation
blockage than that of silicate dust scenario or
soot scenario (e.g., [15]), the sulfuric acid aerosol
is considered to be one of the most cogent mech-
anisms for the K/T mass extinction.
However, the residence time of sulfuric acid

aerosol in the stratosphere changes dramatically
depending on whether the impact-released sulfur
oxides is dominated by SO2 or SO3 (e.g., [10]). In
the stratosphere, SO2 converts to sulfuric acid
aerosol via SO3. The conversion time scale of
SO2 to SO3 is much longer than that of SO3 to
sulfuric acid aerosol (e.g., [16]). If most of de-
gassed sulfur was SO2, blockage of the sunlight
by sulfuric acid aerosol would have lasted for
several years. However, if most of degassed sulfur
was SO3, sulfuric acid aerosol could not block the
sunlight for such a long time. SO3 would react
with water, which was rich in the K/T impact
vapor cloud, and be converted to sulfuric acid
aerosol immediately (e.g., [10]). Once the degassed

sulfur is converted to sulfuric acid aerosol, aerosol
particles fall from the stratosphere as quickly as
silicate dust. Then, sulfuric acid aerosol cannot
block the sunlight for a long time and may not
be able to cause a K/T-scale mass extinction.
Thus the SO2/SO3 ratio of the impact vapor

cloud is critical in assessing the sulfuric acid mod-
el. The key process to determine the ¢nal SO2/SO3
ratio is quenching. An impact vapor cloud is gen-
erally in a local chemical equilibrium during early
stages of its expansion because it has extremely
high temperature and pressure. The high temper-
ature and pressure maintain the rate of chemical
reaction so high that change in equilibrium com-
position due to adiabatic expansion of impact va-
por cloud can be adjusted instantaneously; chem-
ical equilibrium hold. However, as the vapor
cloud expands and decreases in temperature and
pressure, it begins to take longer time to attain
chemical equilibrium. After temperature and pres-
sure of the vapor cloud becomes low enough, the
chemical reaction ceases to catch up with expan-
sion, and quenching occurs. After quenching,
chemical composition does not change. Thus, an
accurate estimate of both temperature and pres-
sure at which reactions of sulfur oxides quench is
the key in estimating the terminal SO2/SO3 ratio
in an impact vapor cloud. Establishing the ki-
netics of sulfur oxides in vapor plumes is essential
in estimating the quenching temperature of reac-
tions of sulfur oxides in vapor clouds. However,
the chemical reaction of sulfur oxides in a hot
impact vapor plume has not been studied exten-
sively before. The experimental study by Tyburczy
and Ahrens [17] suggests that impact vaporization
of anhydrite may release mainly SO2 gas. How-
ever, deposition plate analyses after laser irradia-
tion experiments by Gerasimov et al. [18] and
Ivanov et al. [9] suggest that degassed gas will
be dominated by SO3. Since there has been no
direct analysis of gas-phase products, it is still
uncertain whether the degassing product of evap-
orite is dominated by SO2 or SO3.
The goal of this study is to understand the ki-

netics of sulfur oxides in impact-induced vapor
clouds. To achieve this goal we took three ap-
proaches, chemical equilibrium calculations, ki-
netic calculations, and laser ablation experiments.

EPSL 6950 21-1-04

S. Ohno et al. / Earth and Planetary Science Letters 218 (2004) 347^361348



Here it should be noted that experiments in this
study are not intended to simulate directly the
chemical reactions in the K/T impact vapor cloud
but to obtain basic data on the chemical reaction
process among sulfur oxides in a high temperature
vapor cloud. In the following, we ¢rst discuss the
calculation of the equilibrium composition of sul-
fur oxides along di¡erent adiabatic decompression
curves (p^T curves) following impacts. Second,
the kinetics of the chemical reaction is assessed
with a theoretical model based on kinetic param-
eters in the literature. Third, we carry out mass
spectroscopic analysis of vapor plumes created by
laser irradiation on anhydrite (CaSO4). Fourth,
we discuss the geologic implications for the K/T
impact event based on a preliminary kinetic mod-
el inferred from the experimental results.

2. Chemical equilibrium calculations

We carried out chemical equilibrium calcula-
tions to determine the SO2/SO3 ratio in vapor
clouds, using the Gibbs free energy minimization
method [19] and JANAF thermochemical tables
[20]. The assumptions in our chemical equilibrium
calculations are the following. (1) The impact va-
por in the calculations is assumed to be always in
a chemical equilibrium. (2) The initial tempera-
ture of vapor clouds is higher than 3000 K.
CaO in the system has already condensed when
the temperature of the vapor clouds decreases be-
low 3000 K. (3) The molar ratio of Ca to S to O is
assumed to be 1:1:4 in the initial vapor cloud
(i.e., CaSO4). Since CaO condenses at high tem-
peratures, the entire initial Ca and a quarter of
the initial O are removed from the gas phase of
the vapor cloud at temperatures lower than 3000
K. Thus the molar ratio of S to O in the gas phase
at the temperatures we consider here is ¢xed at
1:3. (4) SO2, SO3, SO, S, O, and O2 are assumed
to be the dominant species in the vapor cloud;
other species are negligible. The results of the cal-
culations are shown in Fig. 1.
To estimate the SO2/SO3 ratio in the K/T im-

pact vapor cloud, we assumed several di¡erent
impact velocities and di¡erent types of projectiles
for the K/T impact. The initial temperature and

pressure of a vapor cloud are determined with the
Rankine^Hugoniot relation and the linear shock^
particle velocity relation [21]. Decreasing temper-
ature and pressure of the vapor cloud in subse-
quent adiabatic expansion phase are calculated
with an ideal-gas equation of state. Both molec-
ular weight W and the ratio Q of heat capacities are
determined by the chemical equilibrium calcula-
tions at each temperature and pressure condition.
The assumption of ideal gas is not accurate at
high pressures. Thus the temperature^pressure re-
lation obtained in these calculations may have a
signi¢cant error near the initial conditions of im-
pact vapor clouds. Nevertheless, the ideal equa-
tion of state holds well under temperature and
pressure conditions where the chemical reactions
among sulfur oxides may freeze.
The results of the calculations indicate that

SO2+O is more stable at high temperatures and

Fig. 1. The results of the chemical equilibrium calculations.
Contours show the SO2/SO3 ratio obtained with Gibbs free
energy minimization. The thick black line shows the p^T
conditions for a constant SO2/SO3 ratio, derived from a sim-
pli¢ed analytical approach using the Clausius^Clapeyron re-
lation (see Appendix). The dashed curves show adiabatic de-
compression paths of ideal gases with di¡erent initial
conditions (see Appendix). Note that the contours are paral-
lel to the black line and that every ideal-gas decompression
path (i.e., dashed curve) extends to the far right (i.e., a very
low SO2/SO3 ratio). The equilibrium SO2/SO3 ratio decreases
as a vapor cloud expands regardless of its initial peak-shock
condition.
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high pressures and that SO3 is more stable at low
temperatures and low pressures (Fig. 2). This gen-
eral trend holds over a very wide range of initial
conditions of vapor (see Appendix). Over the en-
tire range of the impact conditions we assumed
the SO2/SO3 ratio dramatically changes in the
range between 600 and 1200 K. If the reaction
SO2+O to SO3 quenches at a temperature higher
than 1200 K, most of impact-degassed sulfur is
released to the environment as SO2. Then, its con-
version to sulfuric acid aerosol will take place
slowly. However, if the reaction SO2+O to SO3
quenches at a temperature lower than 600 K, SO3
is dominant.

3. Kinetic estimation of the SO2/SO3 ratio

The results of the chemical equilibrium calcula-
tions above established the relation between the
quenching temperature and the terminal SO2/SO3
ratio in an impact vapor cloud. However, sulfur
oxides kinetics is necessary for estimation of the
quenching temperature. We carried out model cal-
culations of the sulfur oxides kinetics in expand-
ing vapor clouds.

3.1. Quenching temperature

Competition between the rate of chemical reac-

tion and the rate of change in equilibrium com-
position due to adiabatic expansion determines
whether equilibrium holds or not:

d½SO3�
dt

� �
re
v

d½SO3�
dt

� �
eq

ð1Þ

where (d[SO3]/dt)eq is the rate of change in the
equilibrium abundance of SO3 in an adiabatically
expanding vapor cloud, and (d[SO3]/dt)re is the
chemical reaction rate controlled by the kinetics.
Immediately after impact, equilibration occurs
quickly and the inequality holds. Then, as the
vapor expands, at a certain point the equality is
met and the vapor is quenched (i.e., chemical re-
actions are assumed to stop). The equality in Eq.
1 holds at the quenching temperature. Since the
equilibrium chemical composition is not a direct
function of time but of thermodynamic variables
such as volume V and entropy S, we rewrite the
right-hand side of Eq. 1 using three variables.
Then the equality of Eq. 1 becomes:

d½SO3�
dt

� �
re

dV
dt

� �
s

¼ d½SO3�
dV

� �
eq

ð2Þ

where (dV/dt)s is the adiabatic expansion rate of a
vapor cloud and (d[SO3]/dV)eq is the volume de-
rivative of the equilibrium abundance of SO3. The
solution of Eq. 2 gives the quenching temperature
for a given condition of vapor cloud.
The rate of reaction and the change in equilib-

rium chemical composition are calculated along
adiabatic p^T curves. Pressure along an adiabatic
p^T curve at each temperature is calculated based
on the conservation of entropy, where the entropy
is determined with the chemical equilibrium cal-
culations. The entropy of a mixture of ideal gas is
given by Prigogine and Defay [19].

3.2. Vapor expansion

A vapor cloud is assumed to have a hemispher-
ical shape and to expand at the sound velocity,
which changes as a function of time. The rate of
change in the volume of a vapor cloud is given
by:

Fig. 2. The chemical equilibrium of sulfur oxides for possible
impact conditions for the K/T impact vapor cloud. The SO2/
(SO2+SO3) ratio is shown as a function of temperature. The
hatched area in the ¢gure corresponds to the temperature
range where the sulfur oxidation state changed dramatically.
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dV
dt

� �
s
¼ 2Zr2Cs ð3Þ

or

dV
dt

� �
s
¼ ð18ZÞ

1
3V

2
3Cs ð4Þ

where Cs, r and V are the sound velocity of the
vapor cloud, the radius of the vapor cloud and
the volume of the vapor cloud. The K/T impact
vapor cloud is expected to have grown larger than
1000 km in diameter at the quenching tempera-
ture. It was too large to receive the e¡ect of at-
mospheric pressure.
When the volume of an expanding vapor cloud

is determined, its temperature T and pressure can
be calculated with an ideal-gas equation of state
under an adiabatic condition:

T
T0

¼ V
V 0

� �13Q

ð5Þ

where T0 and V0 are the temperature and volume
of the vapor cloud before expansion (i.e., imme-
diately after the impact). The ratio Q of speci¢c
heats is calculated based on the chemical compo-
sition of the vapor as a function of time. It is also
noted that dimensional analysis of Eq. 1 shows
that a characteristic timescale for the expansion
of the vapor cloud is proportional to the initial
radius r0 of impact vapor cloud. Thus the rate of
change in temperature and pressure is proportion-
al to 1/r0 and M

31=3
0 , where M0 is the vapor mass.

3.3. Chemical reaction rate

Although there may be a number of chemical
reactions to convert SO2 to SO3, we consider only
the reaction:

SO2 þOþM! SO3 þM ð6Þ

in this study. Other reaction paths are not consid-
ered in this study, because there are no data on
the reaction rate coe⁄cient at high temperatures.
The formation rate of [SO3] is determined by a
formula by Troe [22] :

d½SO3�
dt

¼ k½SO2�½O�½M� ð7Þ

where k is the rate coe⁄cient of Eq. 6. If the third
body M in Eq. 6 is argon, k is given by:

k=½Ar�w1016:6 T
1000 K

� �34

exp

ð322 kJ mol31=RTÞUðcm6 mol31 s31Þ ð8Þ

Here we consider as SO2, which is the most
abundant molecular species in the model in this
study. The ratio of k(M=Ar)/k(M=SO2) is 0.71/
6.9 [23]. The abundances of SO2 and O are as-
sumed to be determined by the chemical equilib-
rium composition.
The model in this study gives a lower limit for

the reaction rate. In other words, the estimated
SO2/SO3 ratio in this model gives an upper limit
of the SO2/SO3 ratio in an impact vapor cloud.
First, if reaction paths other than the one consid-
ered here exist, the total rate of the reaction from
SO2 to SO3 is underestimated in the model. Sec-
ond, the actual abundance of O is higher than the
abundance given by the equilibrium chemical
composition, which is used in the model calcula-
tions. The equilibrium abundance of O decreases
as the temperature decreases. If the reaction SO2
to SO3 is very slow and the abundance of O
freezes at higher temperatures than the quenching
temperature of Eq. 6, the abundance of O is high-
er than that of the equilibrium chemical compo-
sition at the quenching temperature of Eq. 6. In
contrast, if the reaction SO2 to SO3 is very fast,
the SO2/SO3 ratio in a vapor cloud converges
quickly to the equilibrium chemical ratio. The
abundance of O in a vapor cloud cannot be small-
er than that of the equilibrium chemical compo-
sition at a given temperature.

3.4. Calculation results

Fig. 3 shows the results of the kinetic model
calculations. We estimated the SO2/SO3 ratio at
the quenching temperatures as a function of the
mass of a vapor. Because a larger vapor cloud
cools down more slowly, its quenching tempera-
ture is lower. Therefore, the terminal SO2/SO3
ratio is smaller for a vapor cloud with a larger
mass.
The SO2/SO3 ratio in a K/T-size vapor cloud is
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approximately unity. This result is signi¢cantly
di¡erent from the standard sulfuric acid aerosol
scenario of K/T mass extinction (e.g., [11]), in
which most of sulfur in the vapor cloud is as-
sumed to exist as SO2 at the end of the vapor
expansion. However, if the SO2/SO3 ratio was
unity, the mass of SO2 in the K/T impact vapor
cloud was not largely di¡erent from previous sce-
narios (e.g., [10,11]). Nevertheless, the results of
this kinetic model estimation give us an upper
limit for SO2/SO3 ; it may be much smaller than
unity.

4. Laser experiments

Because of the lack of the su⁄cient data on
kinetics of sulfur oxide reaction, the results of
the kinetic calculations in Section 3 are somewhat
inconclusive. Therefore, we carried out laser irra-
diation experiments.
Fig. 4 shows the experimental system that we

constructed for this study. A YAG laser beam
was irradiated to a sample of anhydrite (CaSO4)

in a vacuum chamber. Vapor created by the laser
irradiation is taken into a quadrupole mass spec-
trometer (QMS) for mass analysis. Pressure in the
QMS was always kept lower than 1033 Pa with a
vacuum pump to ensure the linearity of the QMS
analysis. We continued each experimental run un-
til the output current of QMS became stable in
order to avoid the in£uence of SO2 and/or SO3
absorbed on the walls of the vacuum chamber,
QMS, and tubes.

4.1. Calibration of QMS sensitivity

The sensitivity of a QMS depends on gas spe-
cies, because the ionization e⁄ciency and the
cracking pattern of each molecular species are
di¡erent. Ionization of SO2 molecules by electrons
emitted from the hot ¢lament in the QMS gener-
ates not only SOþ

2 ions (mass number 64) but also
SOþ ions (mass number 48) as well as other spe-
cies of ions (e.g., Sþ and Oþ), and cracking oc-
curs. Similarly, ionization of SO3 molecules gen-
erates not only SOþ

3 ions (mass number 80) but
also SOþ

2 ions, SOþ ions, and other species of
ions. We need to know the cracking pattern in
order to estimate the amount of neutral gas
from a measured ion current value.
We experimentally determined the sensitivity

Fig. 3. The results of the theoretical model calculations of
the kinetics of sulfur oxides. The SO2/SO3 ratio at the
quenching temperature is shown as a function of the mass of
the vapor cloud. The mass of a vapor cloud is normalized
by the mass of the vapor cloud generated by laser irradiation
at 1 mm beam diameter. The SO2/SO3 ratio in K/T-size va-
por cloud (i.e., 1025^1026 times larger than that in the laser
irradiation experiment) is approximately 1. The mass of the
K/T impact vapor cloud is based on Pope et al. [11].

Fig. 4. Schematic diagram of the experimental system used
in this study. A YAG laser beam is focused on a sample of
anhydrite in the vacuum chamber. Vapor produced by laser
irradiation is analyzed with a QMS. When the QMS is cali-
brated for its sensitivity, standard gases are introduced into
the QMS.
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and the cracking pattern of QMS for SO2 and
SO3 with standard gas samples. For SO2, a stan-
dard gas (SO2 993 ppm, N2 balance) was intro-
duced to the experimental system directly from a
gas cylinder. However, we could not ¢nd a com-
mercially available gas cylinder that contains a
standard SO3 gas sample. We made a SO3 stan-
dard gas sample by vaporizing solid state SO3 in a
vacuum chamber. The SO3 vaporization was car-
ried out at the room temperature. Vapor pressure
of SO3 at 298 K is 344 Torr [24]. When the stan-
dard gas sample is introduced into the QMS to
calibrate its sensitivity, the pressure in the cham-
ber is about 105 Pa. The variable leak valve be-
tween the vacuum chamber and the QMS was
kept almost closed in order to maintain the pres-
sure in the QMS low (6 1033 Pa).
For the standard SO2 sample gas, the signal for

the mass^charge ratio (m/q) of 64 (i.e., SOþ
2 ) is 1.8

times that of 48 (i.e., SOþ). The detected SOþ is
presumably made by fragmentation of SO2. For
the standard SO3 vaporized sample, the 64:48 ra-
tio is comparable (1.5:1), while the current at m/q
80 is an order of magnitude lower that these.
Based on these data, we calculated the sensitiv-

ity of QMS of SO2 and SO3. The sensitivities of
the output current values of mass numbers 64 and
48 for SO2 are 1.20S 0.08U1035 A/Pa and
6.77S 0.65U 1036 A/Pa, respectively. The sensi-
tivities of the output current values of mass num-
bers 64, 48, and 80 for SO3 are 4.72S 0.20U1036

A/Pa, 3.17S 0.06U1036 A/Pa, and 3.33S 0.20U
1037 A/Pa, respectively. The above errors are
the standard deviations (1c) of experimental
data. All the standard deviations are smaller
than a tenth of the values of sensitivity.

4.2. Laser irradiation experiments

We generated hot vapor clouds by irradiating
laser beam to anhydrite targets. We analyzed the
¢nal SO2/SO3 ratios in vapor clouds with the
QMS. The ¢nal SO2/SO3 ratio re£ects the compo-
sition at the quenching temperature for the con-
version from SO2 to SO3. We can obtain informa-
tion on the kinetics of sulfur oxides in vapor
clouds from the determined quenching tempera-
ture.

The conditions of the experiments are as fol-
lows. The pulse width and wavelength are 13 ns
and 1.064 Wm, respectively. The laser beam inten-
sity on the surface of the target is 4U108 W/cm2.
Note that the laser intensity is not the total energy
£ux but the energy £ux per unit area. This is
approximately 1/33 of the intensity of the laser
experiments by Kadono et al. [25] and near the
lowest limit of the intensity to vaporize anhydrite.
As we shall discuss below, the low laser intensity
reproduces more realistic vapor conditions than
that used by Kadono et al. [25]. Low-intensity
laser irradiation also allows us to investigate a
wider range of laser beam diameter for a given
maximum laser output. The laser beam diameter
on the surface of the target ranges from 0.4 to 1.6
mm. The lower limit of the beam diameter is con-
strained by the limit of the focusing optics we
used. The upper limit of the beam diameter is
constrained by the maximum laser pulse energy
of the YAG laser. The pulse energy of the YAG
laser is from 25 to 400 mJ. The repetition rate
ranges from 0.3 to 3 Hz. The pressure in the
main vacuum chamber was kept lower than
1031 Pa in all the laser irradiation experiments.

Fig. 5. The output currents of mass numbers 48, 64, 80, and
81 of a typical laser irradiation experiment. The laser beam
diameter is 0.4 mm, and the pulse energy is 25 mJ. Back-
ground signals were monitored for 700 s before laser irradia-
tion began. Although the output current of mass number 80
is nearly 6000 times smaller than that of mass number 64,
the output current of mass number 80 is signi¢cantly larger
than the noise level (i.e., mass number 81).
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Low pressure in the chamber is necessary to sim-
ulate the adiabatic expansion of a vapor cloud
into vacuum space. Low pressure also reduces
the in£uence of reactions that the laser light ab-
sorbed by the ambient atmosphere along the laser
beam path in the chamber may cause. The pres-
sure in the QMS is kept lower than 1033 Pa.
Fig. 5 shows the time series of output currents

of the QMS for the mass numbers 48, 64, 80, and
81 in a laser irradiation experiment. We estimated
the SO2/SO3 ratio in a vapor cloud from these
data and the sensitivity data of the QMS dis-
cussed above. The ratio of the output current of
mass number 64 to that of mass number 48 is
1.8/1. This coincides with the ratio for the SO2
standard gas within a measurement error. Fur-
thermore, the output current of mass number 80
is about 1/6000 of that of mass number 64. These
indicate that a dominant portion of degassed sul-
fur is SO2. However, the output current of mass
number 80 is signi¢cantly larger than the noise
level (i.e., mass number 81). Thus a signi¢cant
amount of SO3 is also produced in vapor plumes
by laser irradiation. It is noted that we could not
detect Ca (m/q=40) or CaO (m/q=56) with the
QMS. Presumably CaO had condensed nearly
completely in the chamber.
Fig. 6 shows the average of the output currents

of mass numbers 48, 64 and 80 along with those
of 49, 50, 65, 66, 81 and 82. Mass number 65
corresponds to the sum of 33SO2 and S17OO,
mass number 66 corresponds to the sum of
34SO2, 33S17OO, S17O2 and S18OO, mass number
49 corresponds to the sum of 33SO and S17O,
mass number 50 corresponds to the sum of
34SO, 33S17O and S18O, mass number 81 corre-
sponds to the sum of 33SO3 and S17OO2, and
mass number 82 corresponds to the sum of

34SO3, 33S17OO2, S17O2O and S18OO2, respec-
tively. The ratios of the output currents of mass
numbers 64 to 65, 64 to 66, 48 to 49, and 48 to 50
correspond to the isotopic abundance of sulfur
(mass numbers 32, 33 and 34) and oxygen (mass
numbers 16, 17 and 18) [26] (see Table 1). This
coincidence unambiguously indicates that the out-
put currents of these mass numbers correspond to
SO2 and SO in our experiment. The ratio of out-
put currents of mass number 80 to di¡erence be-
tween mass number 82 and noise level (i.e., mass
number 81) corresponds to the isotopic ratio of
sulfur and oxygen. This also supports that the
output currents of mass numbers 80 and 82 re£ect
the abundance of SO3 in our experiment.
We carried out laser irradiation experiments for

Table 1
Comparison between the ratios of measured QMS output currents and those predicted from isotopic ratios of sulfur and oxygen

Mass numbers

64/65 64/66 48/49 48/50 80/(82^81)

Measured 107S 11 21.2S 2.4 113S 18 19.9S 2.6 18.8S 15.6
Predicteda 114 20.3 119 21.2 19.4
a Species assumed from the prediction are: 32S16O2 for 64, 33S16O2 and 32S17O16O for 65, 34S16O2, 33S17O16O, 32S17O2 and
32S18O16O for 66, 32S16O for 48, 33S16O and 32S17O for 49, 34S16O, 33S17O, and 32S18O for 50, 32S16O3 for 80, 33S16O3 and
32S17O16O2 for 81, 34S16O3, 33S17O16O2, 32S17O162 O and 32S18O16O2 for 82.

Fig. 6. The averaged output currents of mass number 16, 28,
32, 48, 49, 50, 64, 65, 66, 80, 81, and 82 of a laser irradia-
tion experiment. The experimental condition is the same as
in Fig. 4. Output currents are averaged over the period from
1000 to 1400 s, when the QMS outputs are stable. The error
bars in the ¢gure are given by the standard deviation of the
time series of the output currents.
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¢ve di¡erent beam diameters with a ¢xed laser
intensity per unit surface area in order to deter-
mine the e¡ect of the size of vapor clouds on the
SO2/SO3 ratio. Fig. 7 shows the SO2/SO3 ratio
measured in the experiments as a function of the
laser beam diameter. The gas sample obtained in
every laser irradiation experiment was dominated
by SO2, but the signi¢cant concentration of SO3
was also detected. The experimental result reveals
that the SO2/SO3 ratio decreases as the laser beam
diameter increases and that the SO2/SO3 ratio was
between 80 and 220. These values strongly suggest
that the reaction to convert SO2 to SO3 experien-
ces a quench near the upper limit of the range of
the SO2^SO3 transition (Fig. 1).

5. Analysis of the experimental results

5.1. Data ¢tting

Chi-squared values from least-squares ¢ts to
power-law, linear, and exponential functions are
29.5 for a power function, 30.6 for a linear func-
tion, and 28.7 for an exponential function, respec-

tively. While the exponential gives a lower chi-
squared value, a signi¢cance test at the t(0.01)
level suggests that a power law is the most likely
function assuming a Gaussian distribution of data
about each laser beam diameter. The best-¢t
power law is:

SO2=SO3 ¼ ð116	 3Þ D
1½mm�

� �ð30:61	0:05Þ
ð9Þ

where D is the laser beam diameter. The error of
sensitivity calibration of the QMS a¡ects only the
coe⁄cient of Eq. 9, i.e., 116S 3. The power-law
index is not signi¢cantly in£uenced by the sensi-
tivity calibration as long as the output of the
QMS is proportional to the concentration of mea-
sured gas.
Here the initial mass of a laser-vaporized vapor

plume is estimated by Zbdr2 where b, d, and r are
the density of anhydrite, the thickness of laser-
vaporized layer, and the laser beam diameter at
the target plane, respectively. Because laser beam
irradiation not only vaporizes the anhydrite sam-
ple but also cracks and breaks it, it is di⁄cult to
determine the depth of vaporization from the re-
maining anhydrite sample. However, because we
maintained the energy £ux per unit area and the
pulse duration time, the depth of vaporization
was expected to be approximately constant. Using
this relation, we can convert the diameter scale in
Fig. 6 to mass scale. When the experimental data
are ¢tted as a function of vapor cloud mass, we
obtain:

SO2=SO3 ¼ ð116	 3Þ M
M1

� �ð30:31	0:02Þ
ð10Þ

where M and M1 are the mass of the vapor cloud
and that of vapor cloud generated by laser irradi-
ation with 1 mm beam diameter, respectively.

5.2. Geometry of the experimental vapor cloud

The rate of expansion and cooling of a vapor
cloud is controlled by the e¡ect of geometry. Fig.
8 shows the geometry of an expanding vapor
cloud created by laser irradiation. The shape of
the initial vapor cloud is a thin disk. The disk-
shaped vapor cloud expands isotropically. After it
expands su⁄ciently, the shape of the vapor cloud

Fig. 7. The SO2/SO3 ratios measured in the experiments are
shown as a function of laser beam diameters. The error bars
in the ¢gure are given by the standard deviation of the time
series of the SO2/SO3 ratio. The SO2/SO3 ratio decreases
with the laser beam diameter.
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becomes hemispherical. If quenching occurred at
a very early stage of the expansion of a vapor
cloud, the vapor cloud still has a thin disk shape.
It is still expanding one dimensionally (vertical to
the surface of anhydrite sample). Then, the termi-
nal SO2/SO3 ratio and the quenching condition of
the experimental vapor clouds do not simulate
those of real three-dimensional impact-induced
vapor clouds. If the shape of a vapor cloud gen-
erated in this study becomes hemispherical at the
quenching condition, the terminal SO2/SO3 ratio
and the quenching condition of the experimental
vapor clouds simulate well those of a three-dimen-
sional impact-induced vapor clouds such as the
K/T impact vapor cloud.
It is important to assess the geometry of an

expanding laser-induced vapor cloud at the time
of chemical quenching. However, a new calcula-
tion is not necessary because the chemical equilib-
rium calculations discussed in Section 2 can be
used here. The results of chemical equilibrium
calculations in Section 2 give the volume of the
experimental vapor cloud at the quenching tem-
perature. The volumes of expanding vapor clouds
at the quenching temperatures in the experiments
are several million times those of the initial vapor
clouds. This means that the shapes of the vapor
cloud generated in our experiments can be ap-

proximated as hemispherical at the quenching
temperature.

5.3. Comparison with impact vapor clouds

Vapor clouds generated by laser irradiation are
di¡erent from those induced by hypervelocity im-
pacts in initial temperature and pressure. Never-
theless, laser-induced vapor clouds may simulate
well impact-induced vapor clouds under certain
conditions [25]. Vapor clouds generated by laser
irradiation have a higher initial temperature than
that of hypervelocity impact at the same initial
pressure. However, the adiabat that passes the
initial condition of an impact-induced vapor
cloud always reaches the initial condition of a
vapor cloud at higher temperature and pressure.
In other words, the initial temperature and pres-
sure of a laser-induced vapor cloud correspond to
the temperature and pressure of an adiabatically
expanding impact-induced vapor cloud with ini-
tial temperature and pressure higher than those
of the laser-induced vapor cloud (cf., [25]). If
the quenching temperatures are lower than the
initial temperatures of laser-induced vapor clouds,
the quenching process of chemical reactions in
impact vapor clouds can be reproduced in laser-
induced vapor clouds. Spectroscopic observation
of a laser-induced vapor cloud using Ca emission
lines and the method by Sugita et al. [27] reveal
the initial temperature is several thousand Kelvin,
which is much higher than the expected quenching
temperatures. However, because of uncertainty in
the equation of state, we cannot determine pre-
cisely the initial condition of impact-induced va-
por that shares the same adiabat with the laser-
induced vapor generated in this study. Neverthe-
less, the low laser intensity used in this study,
which is about 1/33 of that by Kadono et al.
[25], generates a vapor plume that simulates an
impact-induced vapor cloud with a much lower
impact velocity than that (i.e., V120 km/s) by
Kadono et al. [25], assuming comparable impact
angles, projectile densities and target densities.
Such a moderate impact velocity is more relevant
to the K/T impact event. In the following, we
discuss the validity of these values and their im-
plications for the K/T boundary event.

Fig. 8. The geometry of the expanding vapor cloud. The
shape of the initial vapor cloud generated by laser irradiation
is a thin disk (black zone in the ¢gure). Then the disk-
shaped vapor cloud expands. After it expands su⁄ciently (1
to 10 Ws later), the vapor cloud can be approximated as a
hemisphere.
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6. Implications for the K/T impact event

Fig. 9 compares the SO2/SO3 ratio in the model
estimation using kinetic theory and the results of
the laser irradiation experiment as functions of
vapor cloud mass. The SO2/SO3 ratio in the ex-
periment is about 1000 times smaller than that in
the kinetic model estimation. This occurs presum-
ably because the reaction SO2+O+M to SO3+M
is not the only reaction path through which SO2
converts to SO3. In actual vapor clouds, there
may be some other reaction paths that our kinetic
model does not take into account.
Fig. 9 also shows that the rate of decrease in

the SO2/SO3 ratio obtained in the laser experi-
ment as a function of vapor mass is higher than
that predicted by the kinetic calculations. The ex-
perimental SO2/SO3 ratio is approximately pro-
portional to M30:31 where M is the mass of vapor
clouds. The kinetic model estimation is approxi-
mately proportional to M30:11 in the vapor cloud
mass range of our experiment. From these trends,
we can estimate the SO2/SO3 ratio in a K/T-size
impact vapor cloud. The kinetic model calcula-
tions predict that the SO2/SO3 ratio will be ap-
proximately unity (Fig. 2), and the power-low re-

lation obtained in the laser experiments (i.e., Eq.
10) predicts that it will be 1036.
If the SO2/SO3 ratio in the K/T impact vapor

cloud was larger than 1, the mass of SO2 injected
into the stratosphere is more than a half of the
total sulfur oxides released by the impact. Then
the subsequent processes will not be very di¡erent
from the previous assessment by Pope et al.
[10,11]. The SO2 mass would be enough to make
the blockage of sunlight by sulfuric acid aerosol
last for several years. However, the upper limit
determined by the kinetic model in this study sug-
gests that the SO2/SO3 ratio in the K/T impact
vapor cloud can be smaller than 1.
If the SO2/SO3 ratio in the K/T impact vapor

cloud was smaller than 1032, the mass of SO2
injected into the stratosphere by the K/T impact
is smaller than that injected into stratosphere by
the Toba volcanic eruption about 71 000 years
ago, i.e., several gigatons (e.g., [28]). Toba vol-
canic eruption did not cause a mass extinction.
Therefore, if the SO2/SO3 ratio in the K/T impact
vapor cloud was 1032 times smaller than the ki-
netic model estimation, the duration of the block-
age of sunlight by the sulfuric acid aerosol at the
K/T impact event may not have been enough to
cause a mass extinction.
If the SO2/SO3 ratio in K/T impact vapor cloud

was smaller than 1 and larger than 1032, it is
uncertain whether the duration time of the block-
age of sunlight by the sulfuric acid aerosol lasts
signi¢cantly longer than that by the silicate dust.
Nevertheless, the dominance of SO3 may result in
the very di¡erent scenario from the standard sul-
furic acid scenario.
If the experimental trend applies to a K/T-size

impact vapor plume, the SO2/SO3 ratio will be
about 1036 for a K/T-size impact. When the error
of the power-law ¢tting is taken into account,
then the error of the SO2/SO3 ratio after extrap-
olation to the K/T-size mass is smaller than a
factor of 10. The trend of the SO2/SO3 ratio sug-
gests the possibility that SO3 was dominant in the
degassed sulfur by the K/T impact.
However, we need to discuss whether the power

law can apply to the K/T-size impact vapor plume
or not. The above-mentioned error does not in-
clude the possibility that the power law itself does

Fig. 9. Comparison between the SO2/SO3 ratio measured in
the laser experiments and that calculated by the kinetic mod-
el as a function of the mass M of a vapor cloud normalized
by the mass MD¼1 mm of a vapor cloud generated by laser ir-
radiation with 1 mm beam diameter. The mass of the K/T
impact vapor cloud is estimated as 1025^1026 times that of
the laser irradiation experiment.
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not hold for the range of 1025 of mass. Answering
this question requires the knowledge of the ki-
netics of sulfur oxides over a wide range of tem-
peratures and pressures. Since kinetic data for
sulfur oxides are not available particularly at
high temperatures and pressures, a theoretical
prediction of the SO2/SO3 ratio to higher accura-
cy than in this study is di⁄cult now. Nevertheless,
further quantitative discussion is possible. The
SO2/SO3 ratio obtained in the experiment is
much smaller than that in the model calculations.
The experimental results also show that the SO2/
SO3 depends on the vapor mass more strongly
than the kinetic model predicts (Fig. 9). This sug-
gests that the SO2/SO3 ratio in the K/T impact
vapor cloud may have been signi¢cantly smaller
than our kinetic model estimation, i.e., 1, and that
sulfuric acid aerosol may not be able to block the
sunlight for a long time. Then the aerosol induced
by K/T impact may not contribute to the mass
extinction.
The equilibrium SO2/SO3 ratio decreases as

most minerals (e.g., carbonates or silicates) are
added. They (e.g., MgO, Al2O3, SiO2, and CaO)
only add O to the system and do not remove O
from the system. Chemical equilibrium calcula-
tions show that H2O does not signi¢cantly change
the SO2/SO3 ratio at temperatures (600^2000 K)
where conversion from SO2 to SO3 is expected to
occur, although H2O dramatically changes the
equilibrium chemical compositions at very low
temperatures, i.e., lower than 400 K. The results
are not expected to change signi¢cantly, although
the change of reaction rates is uncertain. Experi-
ments by Ivanov et al. [9] suggest that the pres-
ence of water may lead to production of sulfuric
acid directly from an impact vapor cloud. This
also reduces the SO2 amount in the stratosphere.
Another possible di¡erence between laboratory

experiments in this study and a real impact is the
presence of the atmosphere. Expansion of a large
impact vapor cloud within an atmosphere may
lead to large-scale instabilities and turbulence
within and outside the vapor cloud (e.g., [29]). It
is because the atmosphere will have a large veloc-
ity shear with the outward expanding impact va-
por. In a radially expanding vapor within vac-
uum, however, such a velocity di¡erence does

not occur. Because the K/T impact vapor cloud
was far larger than the scale height of the Earth’s
atmosphere, the development of intense instabil-
ities and turbulence should be limited within a
small portion of the vapor cloud. Thus it will
not change the conclusion of this study signi¢-
cantly.
It is still di⁄cult to estimate how long environ-

mental perturbation needs to last to cause a mass
extinction. A simple numerical model by Milne
and McKay [30] shows that extinction of typical
marine planktons requires more than 3 months
without sunlight. This timescale can be used as
a possible reference on the maximum duration
of the e¡ect.
It is noted that one of the ‘advantages’ of the

sulfuric acid aerosol hypothesis is the duration of
the resulting perturbation. If the degassed sulfur
during the K/T event was dominated by SO3,
however, they should have condensed and formed
particles quickly. If most of the sulfuric acid aero-
sol was formed immediately after the impact, the
contribution of sulfuric acid aerosol to the impact
winter should have been limited. There are two
reasons for this. First, because the visible mass
absorption rate of soot and silicate dust is signi¢-
cantly larger than that of pure sulfuric acid aero-
sol (e.g., [14]), soot and silicate dust are stronger
perturbers than sulfuric acid aerosol. For exam-
ple, Pope et al. [10] shows that blockage of the
sunlight by pure sulfuric acid aerosol does not last
longer than 1 month and that signi¢cant amount
of dust/soot contamination is necessary for a long
impact winter. Second, because the large quantity
of silicate dust ejecta accelerates the growth of
sulfuric acid aerosol particles, the residence time
of sulfuric acid should be as short as that of sil-
icate dust and soot. The total amount of silicate
dust ejecta in the stratosphere immediately after
the K/T impact, which is approximately equal to
the total mass of global ‘¢reball layer’ in the K/T
boundary layer, was very large (V5 Tt, [7]) and
much larger than that (V100 Gt, [11]) of esti-
mated sulfur oxides released by the K/T impact.
Pope [31] estimates that the amount of submi-
cron-size ejecta, which stays in stratosphere for
a long period of time, is very small (6 100 Mt).
However, Pope [31] also suggests that the total
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amount of silicate dust ejecta (V3.8 Tt) was not
necessarily much smaller than the previous esti-
mation (e.g., [7]). These short-lived ejecta may
become coagulation nuclei for sulfuric acid aero-
sol. This will accelerate the coagulation and fall of
sulfuric acid aerosol greatly. Consequently, the
length of impact winter due to SO3 would be
very small.
Pope et al. [10] shows that the sulfuric acid

aerosols grow into large particles rapidly due to
the coagulation process and that the duration of
the blockage of the sunlight is not longer than
1 month for the case of pure sulfuric acid aerosol.
Micron-size silicate dust ejecta accelerates the co-
agulation process and shortens the duration of the
blockage of the sunlight further. However, recent
calculations by Pierazzo et al. [14] suggest that the
duration of blockage of the sunlight by sulfuric
acid aerosol is much longer (i.e., comparable to
that for SO2 cases). Nevertheless, it is not clear
why the expected fall time of sulfuric acid aerosol
is so di¡erent between the model by Pope et al.
[10] and that by Pierazzo et al. [14]. Because this
di¡erence changes the consequences of sulfuric
acid aerosol signi¢cantly, it needs to be investi-
gated in the future.
On the other hand, the rapid removal of sulfur

oxides from atmosphere may result in another
traumatic process; global intense sulfuric acid
rain [8,32^34]. The global strong sulfuric acid
rain may also have damaged the ecosystem glob-
ally and may have contributed signi¢cantly to the
K/T mass extinction.
Since the results obtained in this study involve

extrapolation, the above conclusion should be
considered to be still preliminary. Further experi-
ments with larger laser diameters, di¡erent laser
intensities, and targets with mixtures of CaSO4
and other minerals need to be done before a deci-
sive conclusion can be made. However, the fact
that both the model calculation results and the
laser irradiation experiment results lead to the
same answer (i.e., SO3 dominance in the K/T im-
pact vapor) is very signi¢cant. Such chemical re-
action processes within an impact-induced vapor
cloud has not been studied extensively before, in
particular experimentally. The results of this study
underscore the importance of such processes and

the need for experimental data on rate coe⁄cients
of chemical reactions among gaseous compounds
at high temperatures and high pressures.

7. Conclusions

We carried out chemical equilibrium calcula-
tions, kinetic model calculations, and laser irradi-
ation experiments in order to estimate the SO2/
SO3 ratio in the K/T impact vapor cloud. Chem-
ical equilibrium calculations indicate that SO3 is
more stable than SO2+1/2WO2 at low temperatures
and low pressures. The kinetic model calculations
provide an upper estimate for the SO2/SO3 ratio
in an expanding impact vapor cloud. The SO2/
SO3 ratio estimated by the kinetic model for a
K/T-size vapor cloud is slightly smaller than
unity. Moreover, the SO2/SO3 ratio measured in
laser irradiation experiments is about 1000 times
smaller than that predicted by the kinetic model
calculations. The experimental results also show
that the terminal SO2/SO3 ratio is smaller for a
larger mass of impact vapor cloud and that the
rate of decrease in the SO2/SO3 as a function of
mass is greater than that predicted by the kinetic
model. These results suggest that the SO2/SO3 ra-
tio in K/T impact vapor cloud may have been
much smaller than 1 and the sulfuric acid aerosol
may not have blocked the sunlight for a long
time.
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Appendix

The fact that SO3 is more stable than SO2 at
lower temperatures and pressures along an adia-
batic decompression line can also be shown by a
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simple analytical approach. The Clausius^Cla-
peyron relation is :

Np
NT

¼ veh
Tvev

ðA1Þ

where veh and vev are the changes in enthalpy
and molar volume upon chemical reaction [19].
The equilibrium calculation results in Section 2
indicate that only SO3, SO2, and O2 are abundant
and the other species such as O, SO, and S are
negligible at moderate temperatures and pres-
sures, where freeze-out of chemical reactions
may occur. Thus we assume that only SO3, SO2,
and O2 are present in the system. If we assume an
ideal gas, the increase vev in molar volume asso-
ciated with the reaction from SO3 to SO2+1/2WO2
is:

vev ¼
1
2
RT
p

ðA2Þ

Because the reaction heat of the reaction from
SO3 to SO2+1/2WO2 is approximately constant
(102S 4 kJ/mol) over a wide range of conditions
[20], the integral of Eq. A1 is:

ln p ¼ 32veh
RT

þ C ðA3Þ

where C is a constant. In other words, the natural
logarithm of the pressure that has a constant SO2/
SO3 ratio is a linear function of 1/T.
An adiabatic decompression curve of an ideal

gas is written as:

p
p0

¼ T
T0

� � Q

Q31 ðA4Þ

where Q is the ratio of speci¢c heats, and the sub-
script ‘0’ denotes the initial condition. When this
relation is shown in a ln p^1/T space, it becomes:

ln p ¼ A3 Q

Q31
ln

1
T

� �
ðA5Þ

Thus logarithmic pressure decreases very slowly
(i.e., logarithmically) as the inverse temperature 1/
T increases. Consequently, the p^T condition giv-
en by an adiabatic decompression curve (i.e., Eq.
A5) always intersects a contour line (Eq. A3) of a
very low SO2/SO3 value at a low temperature re-

gardless of the initial condition (cf., Fig. 1). This
indicates that SO3 becomes more stable than SO2
when an impact vapor cloud is adiabatically de-
compressed.
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