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ABSTRACT

Most of the 3-mm-thick globally distributed Chicxulub €jecta
layer found at the Cretaceous-Tertiary (K-T) boundary was de-
posited as condensation droplets from the impact vapor plume. A
small fraction of this layer (<1%) is clastic debris. Theoretical
calculations, coupled with observations of the coar se dust fraction,
indicate that very little (<10 g) was submicrometer-sizedust. The
global mass and grain-size distribution of the clastic debrisindicate
that stratospheric winds spread the debris from North America,
over the Pacific Ocean, to Europe, and little debris reached high
southern latitudes. These findings indicate that the original K-T
impact extinction hypothesis—the shutdown of photosynthesis by
submicrometer-size dust—is not valid, because it requires more
than two orders of magnitude more fine dust than is estimated
here. Furthermore, estimates of future impact hazards, which rely
upon inaccur ate impact-dust loadings, are greatly overstated.

Keywords: Cretaceous-Tertiary boundary, mass extinctions, Chicxulub
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INTRODUCTION

Two decades of research have clearly linked the Cretaceous-Terti-
ary (K-T) mass extinction to the catastrophic meteorite impact that
formed the Chicxulub crater in Yucatan, Mexico. Nevertheless, causal
factors in this link remain uncertain, and research continues on the
mechanisms by which large impacts disrupt the biosphere. This paper
examines the evidence for the impact extinction mechanism originaly
proposed by Alvarez et al. (1980): photosynthesis shutdown by aglobal
cloud of fine dust. Although several other impact extinction mecha-
nisms have been proposed for the K-T boundary, the dust hypothesis
is perhaps the most widely recognized. Furthermore, impact dust is one
of the key environmental perturbations used to estimate future hazards
from more modest-sized impacts (Chapman and Morrison, 1994).

ALVAREZ DUST EXTINCTION HYPOTHESIS

The original K-T impact extinction hypothesis of Alvarez et al.
(1980) stated that there was a collapse of the global food chain due to
the shutdown of photosynthesis by sun-blocking silicate dust injected
into the stratosphere. The dust-loading threshold for photosynthesis is
~1016 g of submicrometer-size dust (Gerstl and Zardecki, 1982; Toon
et a., 1982). Below this mass, light levels remain sufficient for pho-
tosynthesis. Thus, the mgjor challenge in evaluating the Alvarez dust
hypothesis is estimating the mass of globally distributed submicro-
meter-size dust.

THEORY AND EXPERIMENT
Silicate Dust

Toon et al. (1997) used theoretica calculations coupled with en-
ergy scaling of experimental and atomic bomb data, adapted from
O'Keefe and Ahrens (1982), to estimate that ~3 X 107 g of submi-
crometer-size dust was lofted into the stratosphere by the K-T impact.
Nevertheless, the data on particle-size distributions for impacts and
atomic blasts used by O'Keefe and Ahrens (1982) do not cover size
ranges below 50 um. Below 100 pm, these same data show a sharp
drop-off in cumulative mass, suggesting that the target rocks resist
fragmentation below the crystal domain size of 100 uwm (e.g., Melosh,

1989). O'Keefe and Ahrens (1982) assumed a simple exponential de-
crease in cumulative mass from 50 cm to 0.5 wm, which indicated that
~0.1% of impact debris would be <1 pm. Given the evidence for a
drop-off in the <100 wm size fraction, a better estimate of the sub-
micrometer-size dust is <0.1%, perhaps much less.

Vapor Condensation

Most of the mass in the fireball of an impact is vapor. Theoretical
studies of a Chicxulub-size asteroid impact indicate that the vapor
plume contained 1-3 X 1018 g of silicate vapor from the target rocks
(Toon et al., 1997; Pierazzo et al., 1998). The plume aso contained
vapor from the carbonates and sulfates in the target rock (e.g., Pope et
al., 1997). Most of the Ca and Mg in the carbonates and sulfates prob-
ably condensed with the silicate vapors. Given the CO, and SO, mass
estimated by Pope et a. (1997), the mass of vaporized Ca and Mg
added an additional ~5 X 1017 g to the plume. Finally, the contribution
of the impactor must be considered, which would add ~1-3 X 1017 g
to the plume, or perhaps twice this amount if the impact velocity was
>20 km/s (Pierazzo and Melosh, 2000). The total mass of the vapor
plume was therefore ~2—4 X 1018 g. These vapors, which spread glob-
ally and condensed (e.g., Zahnle, 1990), are the primary source of the
global ejecta layer.

O'Keefe and Ahrens (1982) calculated that vapor condensation
droplets from a Chicxulub-size impact would be in the size range of
hundreds of micrometers. Ablation of these spherules upon atmospher-
ic reentry could produce smaller particles (Melosh and Vickery, 1991),
although Zahnle (1990) calculated that the velocity of most conden-
sates would be too low for significant ablation. Furthermore, the size
of the droplets is close to the 100 wm size limit, below which little
ablation occurs (Melosh, 1989). Therefore, the vapor condensates from
a Chicxulub-size impact probably produce minimal amounts of sub-
micrometer-size particles.

GEOLOGIC STUDIES
K-T Fireball Condensates

The thickness of the global ejecta layer is ~3 mm (e.g., Smit,
1999). The term “‘fireball layer” (Hildebrand and Boynton, 1990) is
used here for this globa layer. The fireball layer, which contains
shocked quartz, spherules, and an Ir anomaly, is the only globally dis-
tributed K-T ejecta (other gecta layers have a limited distribution).
Mineralogical studies indicate that the bulk of the fireball layer is al-
tered glass (Pollastro and Bohor, 1993). Well-preserved examples of
the fireball layer are composed amost entirely of spherules with relict
crystalline textures indicative of quenched melt, and are interpreted to
be condensation droplets from the vapor plume (Montanari et al., 1983;
Montanari, 1991; Smit et a., 1992g; Pollastro and Bohor, 1993; Bohor
and Glass, 1995; Kyte and Bohor, 1995). Spherule diameters range
from ~20 to 800 wm (Doehne and Margoalis, 1990; Montanari, 1991;
Kyte et a., 1996); amean of 250 wm was reported from sitesin Europe
(Smit, 1999).

The 3-mm-thick fireball layer represents a global mass of ~3.8
X 1018 g (assuming a mean density of 2.5 g/cm3), which matches the
estimates of the vapor-plume mass noted here. Likewise, the compo-
sition of the fireball layer is consistent with most of the mass being
derived from vapor condensation droplets ~200 wm in diameter. Nev-
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Figure 1. Estimates of mass percent of clastic debris (dust) in the
Cretaceous-Tertiary fireball layer as function of distance from Chic-
xulub crater. BH—Beloc, Haiti; RB—Raton basin; FV—Frenchman
Valley; 886—Pacific core, ODP (Ocean Drilling Program) Site 886;
GPC3—Pacific core, GPC (giant piston core) 3; 576—Pacific core,
Deep Sea Drilling Project (DSDP) Site 576; 596—Pacific core, DSDP
Site 596; 803—Pacific core, ODP Site 803; PI—Petriccio, Italy; WR—
Walvis Ridge; NZ—New Zealand. Solid line is a power-law regres-
sion, excluding PIl, WR, and NZ. See text for discussion of regression
and source of estimates.

ertheless, these analyses do not prove that there is not a fraction of a
percent of submicrometer-size dust in the fireball layer.

Clastic Debris (*'Dust”) in the Fireball Layer

The most complete analysis of clastic (pulverized rock) debrisin
the fireball layer comes from the Pacific Ocean (Bostwick and Kyte,
1996). Of the quartz grains examined, ~65% show evidence of impact
shock, and these grains have a mean size (d) of 50 wm. The mass
percentage of impact clastic debris in the Pacific K-T fireball layer can
be estimated by assuming (1) all of the clastic quartz grains were orig-
inally deposited in the 3-mm-thick fireball layer; (2) the average mass
of quartz grains = % d® X 2.5 g/cm3, based on the ~1:2 aspect ratio
reported by lzett (1990) and the density of quartz; and (3) the total
mass of clastic debris in the fireball layer is equa to two times the
mass of quartz, based on the data in lzett (1990) and the complex
lithology of the target site (Sharpton et a., 1990). Given these as-
sumptions, and the data reported by Bostwick and Kyte (1996), the
mass percentage of clastic debris in five Pacific sites averages ~0.1%
(Fig. 1). The same approach can be used to estimate the mass of clastic
debris from Beloc in Haiti and Frenchman Valley in Saskatchewan,
Canada, based on data reported by Leroux et a. (1995), and from
Petriccio, Italy, based on data reported by Montanari (1991). Haiti has
nearly 3% clastic debrisin the fireball layer, Frenchman Valley ~0.3%,
and Italy only 0.001% (Fig. 1).

Izett (1990) found 0.02%-0.7% clastic grains (by weight) in the
fireball layer from sites in the Raton basin of Colorado and New Mex-
ico. About half of the clastic grains are quartz, of which ~50% show
impact-shock deformation (Izett, 1990). Sharpton et a. (1990) found
1% clastic grains in a 2-5-mm-thick fireball layer from the Raton basin.
A clastic mass of 0.5% for the Raton basin is derived by using the
methods outlined here and data reported by Leroux et al. (1995). Tak-
ing into account that the lower percentages probably represent incom-
plete recovery, the total amount of clastic debris in the Raton basin
fireball layers is estimated to be ~1%.

Izett (1990) found no shocked quartz in an analysis of 15000
quartz grains from three sites in New Zealand, although a few grains
were found in later analyses. Analyses of acore from Deep SeaDrilling
Project (DSDP) Site 527 (Walvis Ridge) in the South Atlantic produced
only afew shocked-quartz grains, composing ~2% of the quartz grains
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Figure 2. Relationship between maximum (solid circles) and mean
(open circles) shocked-quartz grain sizes in Cretaceous-Tertiary fire-
ball layer and distance from Chicxulub crater. Data are from Bos-
twick and Kyte (1996), Izett (1990), Kring et al. (1994), Leroux et al.
(1995), and Smit et al. (1992b). Solid line is power-law regression of
maximum-grain-size data. Dashed lines represent theoretical distri-
butions of grain sizes with distance from impact based on gravita-
tional settling and dispersal of grains by stratospheric winds with
speeds of 70, 150, and 400 km/h. Grains are modeled as spheres
with densities of 2 g/cm? initially deposited at an altitude of 70 km
over center of crater (cf. Toon et al., 1997).

in the K-T boundary samples (Huffman et al., 1990). These data are
insufficient to make estimates of the clastic-debris mass in these two
Southern Hemisphere sites, but given the paucity of shocked quartz,
the mass is probably less than that found in Italy.

The mass of clastic debris in the fireball layer follows an inverse
power-law relationship with distance from Chicxulub (Fig. 1), with the
notable exception of Italy (and perhaps Walvis Ridge and New Zea-
land). With Italy omitted, a power-law regression of the mass (y in %)
with distance (x in km) gives the function y = 208 012.3 + 2.5x 163
=030 r = 0.91 (95% confidence interval). Another well-known aspect
of the shocked quartz in the fireball layer is that the grains become
smaller with distance from North America (e.g., Bohor, 1990; |zett,
1990). A compilation of data on maximum (24 sites) and mean (14
sites) shocked-quartz grain sizes is shown in Figure 2. Similar to the
mass, there is a clear pattern of decreasing size with distance from the
Chicxulub crater (Fig. 2). A power-law regression of the maximum
size (y in mm) with distance (x in km) gives the function y = 482.30
+ 0.70x-087 =008 r = 0,91 (95% confidence interval).

GLOBAL PATTERNS AND PROCESS

The characteristics of the clastic debris in the fireball layer show
clear geographic patterns that are not readily explained by ballistic
transport. Alvarez et al. (1995) noted that the launch velocity required
for balistic transport of shocked quartz to distal K-T boundary sites
can only be achieved by gjecta that is subjected to shock pressures that
would have annealed or melted the quartz. They explained this appar-
ent anomaly with a velocity boost imparted to moderately shocked
gjecta by the vapor plume. Nevertheless, models of Chicxulub ballistic
gjecta dispersal, with a velocity assist from the vapor plume (Durda et
al., 1998), do not reproduce the mass distributions of clastic debris
shown in Figure 1. Durda et a.’s (1998) model predicts that impacts
produce a distribution of balistic eecta that is largely symmetrical
around the crater. The model does not explain why Italy has more than
an order of magnitude less debris than Pacific DSDP Site 576, which
is at about the same radial distance from Chicxulub as Italy. Likewise,
ballistic transport of clastic gecta cannot explain the size sorting shown
in Figure 2. Ballistic transport to distal sites occurs mostly outside the
atmosphere, where no sorting would occur. Once in the atmosphere,
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Figure 3. Model (dashed lines) of clastic-ejecta (dust) mass dispersal
compared to observed mass (solid line, from regression line in Fig.
1) in Cretaceous-Tertiary fireball layer. Model results for initial mas-
ses of 10' g and 10'" g and wind speeds of 150 km/s (diamonds)
and 400 km/s (triangles) are shown. Data points on dashed lines are
center points in mass distribution for particles >1000 pm, 1000-500
pm, and 500-200 pm for 400 km/s case; and >1000 pum, 1000-200
pm, 200-100 pm, and 100-50 pwm for 150 km/s case. Masses are
given as percentages of fireball layer.

drag would preferentially reduce the trajectory of smaller particles,
producing patterns inverse to what is observed.

The mass and grain-size distributions of clastic debris in the fire-
ball layer are better explained by (1) ballistic deposition of moderately
shocked gjecta on top of the atmosphere near the crater; (2) subsequent
spread of the debris by stratospheric winds; and (3) gravitational set-
tling of debris as the cloud spreads. Such a process was proposed by
Toon et al. (1997) and Covey et a. (1990). Covey et a. (1990) modeled
the wind dispersal of a cloud of impact dust with an initial loading of
5 X 105 g centered (1000 km radius) on the Manson crater in lowa.
After five days, dense clouds of debris continued to rain down over
North America, the northern Atlantic, and the Pacific; moderate dust
loading had spread to central and western Europe; and very little dust
had spread to the southern high latitudes. The speed of westward spread
of the cloud was ~150 km/h. This pattern of dispersal is similar to the
spread of the volcanic plume of the 1982 eruption of El Chichon,
located just southwest of the Chicxulub crater, which spread westward
at ~70 km/h and encircled the globe with a narrow band of debris
(Rampino and Self, 1984).

To examine the wind dispersal of gecta, grain-size distributions
were modeled for three potential dispersal wind speeds: 70, 150, and
400 km/h (Fig. 2), based on the velocities of the Chichon plume, the
Covey et a. (1990) impact simulation, and the jet stream, respectively.
Note that the particle-size distributions found in the K-T fireball layer
follow a power-law relationship similar to the model distributions, and
that these distributions are mostly within the range expected for par-
ticles dispersed by winds with speeds of between 70 and 400 km/h.

The information on ejecta mass in Figure 1 and ejecta size in
Figure 2 can be combined by assuming an initial particle-size distri-
bution. The distribution assumed here is that measured in pyroclastic
deposits (Sheridan, 1979). Pyroclastic deposits are a reasonable ana-
logue for clastic gjecta and have been well studied down to the micro-
meter size range. Figure 3 presents a series of calculations of gecta
dispersion beginning with an initial mass (10%¢ g and 107 g) centered
on the crater with the size distribution noted. Two models of strato-
spheric wind dispersion of gecta (150 km/h and 400 km/h) were then
applied. The calculations assumed that the clastic ejecta were dispersed
in a radial fashion, which the data and Covey et a.’s (1990) model
suggest is not the true case. This simplification will underestimate the
true clastic ejecta mass in the fireball layer, given that the latitudinal
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dispersal of ejecta was probably more limited than the radial dispersal
used in the calculations. Calculations were based on the distance par-
ticles of a given size range would travel before settling (Fig. 2); then
the mass represented by that size range (taken from the size distribu-
tion) was distributed over the radial distance covered.

There are two conclusions to be drawn from Figure 3. (1) The
distribution of mass is not highly sensitive to the wind speed, because
the 150 km/s and 400 km/s calculations produced similar results. This
insensitivity is because most of the mass is concentrated in the larger
size fraction, so that the different wind speeds only greatly affect sed-
imentation near the crater. (2) The mass distribution is highly sensitive
to the initial mass. The pattern of modeled mass dispersal for an initial
loading of 1016 g compares well with the measured mass in the fireball
layer (Fig. 3). Because this simplified model tends to underestimate
the mass, the conclusion to be drawn is that the observed mass in the
fireball layer is consistent with an initial mass of <1016 g. If the initial
mass was 1017 g, much more clastic debris would be expected than is
observed. Note that the mass loading in this model is that part of the
gjecta that was dispersed by winds and does not equate with the total
mass gjected into the atmosphere.

Returning to the issue of the distribution of clastic debris in the
K-T fireball layer, the anomalous small mass of debris in Italy, and
perhaps Walvis Ridge and New Zealand, can be explained by the asym-
metrical dispersal patterns of stratospheric winds. If the impact oc-
curred during summer in the Northern Hemisphere, debris would be
transported mostly westward; thus debris must travel three times fur-
ther to Italy than to the western Pacific. Similarly, stratospheric winds
are much less effective in transporting debris latitudinally; hence little
debris may have reached New Zealand.

DISCUSSION
Implications for the K-T Mass Extinction

Although the submicrometer-size component of the fireball layer
cannot be directly examined, it must be very small. Assuming a grain-
size distribution typical for distal volcanic-ash deposits (e.g., Carey and
Sigurdsson, 1982), the submicrometer-size component of the clastic
debris in the fireball layer is probably <1%. The total mass of clastic
debris in the fireball layer estimated here is <1016 g. Therefore, the
mass of submicrometer-size dust in the fireball layer is <10 g, and
is perhaps as little as 1013 g. This mass is two to three orders of
magnitude less than that needed to shut down photosynthesis.

These results shed doubt on the importance of impact dust in the
mass extinction that marks the K-T boundary. A global atmospheric
loading of <10 g of submicrometer-size dust would not cause the
catastrophic impact winter often proposed (e.g., Covey et al., 1994).
There are, of course, impact hazards other than dust clouds. For the
K-T event, the shutdown of photosynthesis and global cooling are more
likely to have been caused by the impact production of sulfate aerosols
from the target rock (e.g., Pope et a., 1997), and by soot from global
wildfires (e.g., Wolbach et al., 1990).

Implications for Impact Hazards

Dust clouds have also been used to estimate the effects of small
impacts (Toon et a., 1997). Given that a Chicxulub-size asteroid (10
km diameter) generates only modest amounts of fine dust, the dust
effects from smaller impacts are probably negligible. This conclusion
has major ramifications for assessments of future impact hazards.
Chapman and Morrison (1994) assumed that the impact of an asteroid
between 0.6 and 5 km in diameter would produce enough dust to cause
global crop failures leading to the death of 25% or more of the world's
population. The lower and nominal (0.6-1.5 km) asteroid sizes used in
their calculations are much too small to have global consequencesfrom
the dust. Other factors such as sulfate aerosols from the asteroid (Kring
et a., 1996) and soot from fires set by eecta reentry (Toon et d.,
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1997) only become important globally for asteroids =3 km in diameter.
Therefore, the often cited 1:20000 risk of death by impact (Chapman
and Morrison, 1994), which assumes mass mortality during relatively
small (1.5 km asteroid) impacts, is greatly overstated.
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