Arguments and Evidence Against a Younger Dryas Impact Event
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We present arguments and evidence against the hypothesis that a large impact or
airburst caused a significant abrupt climate change, extinction event, and termina-
tion of the Clovis culture at 12.9 ka. It should be noted that there is not one single
Younger Dryas (YD) impact hypothesis but several that conflict with one another
regarding many significant details. Fragmentation and explosion mechanisms
proposed for some of the versions do not conserve energy or momentum, no
physics-based model has been presented to support the various concepts, and
existing physical models contradict them. In addition, the a priori odds of the
impact of a >4 km comet in the prescribed configuration on the Laurentide Ice
Sheet during the specified time period are infinitesimal, about one in 10'°. There are
three broad classes of counterarguments. First, evidence for an impact is lacking.
No impact craters of the appropriate size and age are known, and no unambigu-
ously shocked material or other features diagnostic of impact have been found in
YD sediments. Second, the climatological, paleontological, and archeological
events that the YD impact proponents are attempting to explain are not unique, are
arguably misinterpreted by the proponents, have large chronological uncertainties,
are not necessarily coupled, and do not require an impact. Third, we believe that
proponents have misinterpreted some of the evidence used to argue for an impact,
and several independent researchers have been unable to reproduce reported
results. This is compounded by the observation of contamination in a purported
YD sample with modern carbon.
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14 YOUNGER DRYAS IMPACT EVENT
1. INTRODUCTION

The earliest form of the “Younger Dryas (YD) impact
hypothesis” was published by Firestone and Topping
[2001] and was substantially extended in a book by Firestone
et al. [2006]. Adopting some (but not all) of these earlier
ideas, the YD impact hypothesis was formally presented in
2007 [Firestone et al., 2007]. Firestone et al. [2007] pro-
posed their impact hypothesis as a unifying causal mecha-
nism to explain the abrupt cooling that marks the onset of the
YD at 12.9 ka, extinctions of Pleistocene megafauna, and a
presumed termination of the Clovis lithic technology/culture.
According to the impact hypothesis, one or more large, low-
density extraterrestrial objects exploded over the Laurentide
Ice Sheet around 12,900 years ago. The resulting shock wave
destabilized the ice sheet, causing the sudden cooling. Heat
from the explosion ignited wildfires across the North Amer-
ican continent. The combined effects resulted in profound
environmental change that forced a major ecological reorga-
nization and food deprivation that adversely affected mega-
fauna as well as human populations.

As stated by Firestone et al. [2007], the impact hypothesis
is based on the interpretation of a purported carbon-rich
“black mat” stratigraphic layer and its constituent minerals,
which are presumed to represent a single horizon of the YD
boundary. The term “black mat” refers to a wide array of late
Quaternary wetland deposits and soils found in stream, lake,
and pond settings, primarily across the Southwest and Great
Plains of North America ranging in age from 6 to more than
40 ka [Pigati et al., 2012]. The impact hypothesis is based
upon seven indicators present in the black mat that are
described as evidence for an extraterrestrial impact and as-
sociated biomass burning: magnetic grains associated with
elevated iridium (Ir) concentrations, magnetic microspher-
ules, charcoal, soot, carbon spherules, glass-like carbon,
nanodiamonds, and fullerenes with extraterrestrial helium
(*He). Other professed evidence includes Pt-group element
peaks, geochemical evidence for biomass burning during the
YD in Greenland ice cores, and radioactive animal bones at
the YD boundary.

Coauthors of the original work presented by Firestone et
al. [2007] have subsequently published papers in support of
YD impact hypothesis variants [e.g., Kennett et al., 2008,
2009b; Firestone, 2009; Firestone et al., 2010; Kurbatov et
al., 2010; Israde-Alcantara et al., 2012]. A number of key
details in previous versions conflict with later versions of the
hypothesis, but have not been abandoned. The YD impact
hypothesis is therefore not a single concise or coherent
evolving explanation, but rather an overlapping set of multi-
ple hypotheses that are sometimes conflated. The YD impact
hypothesis proponents make a variety of inferences about the

nature of the impactor and the impact mechanisms. Support
for the hypothesis is drawn entirely from indirect evidence
and, paradoxically, from the lack of observed physical evi-
dence. For instance, the lack of any recognized impact struc-
ture of YD age in North America prompted speculation that
the impactor struck the Laurentide Ice Sheet or detonated as
multiple fragments in the atmosphere. However, there is no
direct physical evidence that either of these events occurred
(see discussion in the following sections). Regarding pur-
ported markers of the impactor or products of the impact,
independent studies conclude that this physical evidence is
irreproducible, misidentified, and/or misinterpreted as
unique to only impact mechanisms. For a detailed review,
see the work of Pinter et al. [2011a].

The proposed nature of the hypothetical impact event was
not uniquely defined by Firestone et al. [2007], but the
proponents seem to rule out an asteroid in favor of a low-
density comet that may or may not have broken up, may or
may not have exploded before it reached the surface, and if it
impacted, it did so at an oblique angle on thick ice. However,
Firestone et al. [2007] estimate the impactor size by assum-
ing that it had effects over the entire continent. They argue
that it needed to be more than 4 km wide and explode at the
optimum height for blast damage at the surface. Moreover,
the authors suggest that it may have fragmented to produce a
barrage of airbursts that generated continental-scale wildfires
and destabilized the ice sheet, but produced no craters.

A more recent YD impact paper [Israde-Alcantara et al.,
2012] was coauthored by several of the original proponents
of the impact hypothesis and proposes that the impactor
could have been either a comet or asteroid with an initial
diameter greater than several hundred meters. It may or may
not have been fragmented, and its entry angle could have
been as great as 30° from the horizontal. This hypothesis is a
major departure from the Firestone et al. [2007] concept. The
proposed object is now 3 orders of magnitude smaller in
terms of mass and energy, and unusual and low-probability
characteristics (low-density comet, fragmented state, low
impact angle, ice sheet target) are not prescribed.

We begin our critique with a summary of the Firestone et
al. [2007] YD impact hypothesis. Although it is not well
constrained, the impact mechanism has variously been de-
scribed as an airburst, a cluster of airbursts, an ice sheet
impact, and multiple continent-spanning impacts, there are
theoretical arguments that can be applied to the proposed YD
impact scenarios.

The scenarios are inconsistent with our understanding of
impact and airburst physics. There is no process capable of
causing a comet or asteroid to break up or explode at suffi-
ciently high altitude to lead to the claimed effects on the
Earth’s surface, whereas an impact into the Laurentide Ice



Sheet by a 4 km diameter comet would shock the underlying
rock strata, leaving an impact structure. Moreover, the prob-
ability of the fragmented comet impact event is infinitesimal.
The combination of proposed size, configuration, and trajec-
tory of the putative impactor is exceedingly unlikely to have
occurred together as a single event in the entire history of the
Earth.

We discuss three broad classes of evidence-based counter
arguments.

1. Evidence for impact is lacking. There are no impact
craters of the appropriate size and age. None of the classic
markers of impact shock processing, unambiguously
shocked material (coesite, stishovite, shatter cones, etc.), and
no meteoritic material from an impactor, have been found in
any YD dated material. Proposed impact markers such as
magnetic grains, soot, charcoal, and carbon spherules are not
diagnostic of impact and occur in other environments. The
black mats in which these materials are found do not repre-
sent a single stratigraphic horizon and, in many cases, have
not been age dated. Suggested YD impact craters, the Car-
olina Bays (unusual elliptical depressions across the Atlantic
Coastal Plain from Georgia to Virginia) do not exhibit impact
crater morphology nor are they of YD age.

2. Effects that the impact proponents are attempting to
explain, namely, a cooling event, megafaunal extinctions,
and termination of the Clovis culture, may not be instanta-
neous or synchronous and may not have any common causal
link. Moreover, none of these transitions require impact as a
cause. The abrupt cooling at 12.9 ka is of no greater magni-
tude or climatological consequence than many such climate
variations that occurred throughout the Quaternary [Broecker
et al., 2010]. Any special status of the YD derives from the
fact that it was the last such event before the Holocene and is
the most recent and therefore best characterized. The extinc-
tion event was not abrupt, and at least some members of the
Pleistocene megafauna were already in decline before 12.9 ka
[Grayson, 2007; Faith and Surovell, 2009]. The YD time
frame does not mark the termination of the Clovis culture or
a population collapse, but coincides broadly with a change in
lithic technology.

3. In our view, there has been a pattern of irreproducibility
and misinterpretation of evidence used to support a YD
impact hypothesis. Independent investigators have failed to
confirm the reports of enhanced concentrations of spherules
and platinum-group elements in YD boundary sediments.
Specimens collected during an expedition for the 2008 film-
ing of the PBS NOVA documentary “The Last Extinction,”
that were purported to contain shock-formed (lonsdaleite)
nanodiamonds [Kurbatov et al., 2010] have not yet been
made available for independent analysis. The data published
by Kurbatov et al. [2010] are inconsistent with lonsdaleite,
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and Daulton et al. [2010] concluded that the same research
group misidentified graphene/graphane aggregates as lons-
daleite in YD boundary sediments. In addition, arthropod
coprolites and fungal sclerotia in the sediments were mistaken
for fire-generated carbon spherules [Scott et al., 2010]. An
aliquot of carbon spherules that was provided by this group for
the detection and verification of nanodiamonds was contami-
nated with a modern-aged carbon spherule.

Taken together, these observations provide arguments
against the idea that an impact was responsible for an envi-
ronmental catastrophe, extinction, and culture change at the
onset of the YD.

2. FUNDAMENTAL FLAWS

Even in the absence of counterevidence, we consider the
Firestone et al. [2007] impact hypothesis to be fatally flawed
because it violates physical conservation laws and is incon-
sistent with conventional understanding of impact physics.
Several subsequent elaborations of the hypothesis incorpo-
rate increasingly low probability events, leading to a pro-
posed impact configuration that has only an infinitesimal
probability.

2.1. Inconsistencies and Contradictions

The scope of analysis in the present paper is limited to the
hypothesis stated by Firestone et al. [2007] and subsequent
publications by coauthors. For context, it should be noted
that the 2007 hypothesis is an outgrowth of the book “Cycle
of Cosmic Catastrophes” by Firestone et al. [2006], in which
the hypothesized comet was just one manifestation of a much
greater cycle of catastrophes initiated by a nearby supernova
at 41 ka that subjected the Earth to cosmic and thermal
neutron radiation so strong that terrestrial materials still
remain radioactive. According to the 2006 book, the super-
nova also generated an interstellar shock wave that reached
the Earth at 34 ka and then a wave of cosmic debris at the
YD. The 2006 version of the hypothesis proposed a large
impact that created the present-day Hudson Bay, generating
ejecta that formed the Carolina bays, which the authors
described as secondary impact craters. This event also desta-
bilized the Earth’s magnetic field and exposed it to another
wave of particle irradiation at its surface.

The title of Firestone et al. [2007, p. 16,016] asserts,
“Evidence for an extraterrestrial impact...” and according to
the abstract, the authors “. . . provide evidence for an extraterres-
trial (ET) impact event at ~12.9 ka...” The list includes seven
markers, all of which they say “are evidence for an ET impact
and associated biomass burning at ~12.9 ka.” The Carolina
Bays are highlighted as “unique, elliptical depressions” in the
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2007 paper, but their relevance is unclear; they propose but do
not document evidence for 15 bays with impact-related markers
and provide no stratigraphic data or numerical dating. The
previous conjecture that these features are secondary impact
craters appears to have been abandoned in current versions of
the hypothesis.

2.2. Physical Implausibility

There are three aspects to the hypothesis that are inconsis-
tent with conventional physics: (1) a 4 km diameter comet
cannot possibly explode at its optimum height; (2) an object
traveling at escape velocity or greater cannot sufficiently
disperse fragments, even if it is disrupted at the Roche limit
(the distance from the Earth at which tidal forces exceed self-
gravity of an orbiting or approaching object); and (3) for any
plausible entry angle, even a 2 km impactor would not fail to
penetrate a 2 km thick ice, leaving a crater in the underlying
Strata.

Firestone et al. [2007] place constraints on the impactor
(>4 km diameter comet generating 10’ megaton (Mt) explo-
sive event) based on the surface damage model of Toon et al.
[1997] and cite the model to suggest that such an impact is
capable of continental-scale damage. However, the Toon et
al. [1997] model invokes a crater-forming impact that ejects
solid debris at high velocity that reenters as shooting stars
whose thermal radiation ignites wildfires. Simply stated,
such ballistic ejecta will not be produced in the absence of
crater formation. Crater-forming impact is a necessary com-
ponent because that is how the ballistic ejecta are produced.
However, there is no physical evidence of a crater in North
America dating to the YD. To explain this lack, Firestone et
al. [2007] argue that prior fragmentation prevented a crater
from forming, but this argument contradicts prior assump-
tions invoked in the Toon et al. [1997] model. As such, the
hypothesis is internally inconsistent.

Firestone et al. [2007] also cite Toon et al. [1997] as noting
that . . .if airbursts explode with energy of 10’ megatons at
optimum height, they will cause blast damage over an area
the size of North America. ..” Optimum height of burst is a
concept from the nuclear weapons effects literature. It is the
prescribed altitude for a point-source explosion to maximize
surface damage. According to Glasstone and Dolan [1977],
it is “that at which it is estimated a weapon of a specified
energy yield will produce a certain desired effect over the
maximum possible area.” For the YD impact hypothesis, the
“desired effect” is damage due to blast waves.

Optimum height of burst is a function of explosive yield,
so it can be expressed as a locus of altitudes. The altitude at
which an object actually explodes is determined by physics
and also depends on other parameters such as impactor

strength and density, entry angle, and velocity. Toon et al.
[1997] plotted the burst height for various impactor classes
as a family of curves (Figure 1). For a given class of object
(every other variable held constant), there is only one size
that will naturally explode at its optimum altitude and dam-
age a greater area on the ground than if it had exploded at a
different altitude. It can be determined from the curve inter-
section points in Figure 1. The highest possible optimal
airburst altitude for any object is defined as the point where
the Glasstone and Dolan [1977] curve intersects with the
long-period comet curve, corresponding to a 120 m comet at
15 km altitude. More recent work by Boslough and Crawford
[2008] shows that the effective airburst altitude of a given-
sized impactor is significantly lower than the Toon et al.
[1997] curves indicate, suggesting that the intersection point
in Figure 1 actually overestimates the highest possible air-
burst altitude.

When the optimum altitude for creating blast waves
(which neglects the Earth’s curvature) is extrapolated, a
107 Mt explosion must be detonated at 500 km to generate
continental-wide effects [Glasstone and Dolan, 1977].
Whereas nuclear weapons can be set off at any altitude, there
is no physical mechanism that can cause a comet to explode
in outer space (e.g., 500 km). Such an explosion would
require the conversion of significant kinetic energy to inter-
nal energy for heating and vaporizing the comet. This would
necessitate momentum loss through drag on the cometary
mass. In the absence of air, there is no mass to which
momentum can be transferred, and such an explosion would
violate the laws of physics. Therefore, one cannot use the
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optimum height concept to constrain the mass (and explosive
equivalence) of large comets.

Firestone et al. [2007] also suggest that a debris shower
from a heavily fragmented comet “would have produced an
airburst barrage that was similar to, although exponentially
larger than Tunguska, while causing continent-wide biomass
burning and ice-sheet disruption.” The Tunguska event refers
to the only unambiguous example of an observed naturally
occurring low-altitude airburst. It occurred in 1908 over
central Siberia and is estimated to have exploded with an
effective yield of 3 to 5 Mt [Boslough and Crawford, 1997].
This description is consistent with the hypothesis presented
at the 2007 AGU Joint Congress, where an animation from
the 2006 National Geographic documentary “Ancient Aster-
0id” was shown in which a tumbling asteroid breaks apart as
it approaches the Earth, resulting in an array of explosions
and plumes across Southeast Asia. (The animation was pro-
duced by TV6 Limited, a British production company, based
on simulations by M. Boslough. It is available on Youtube:
http://www.youtube.com/watch?v=CpY CkKLSGH84#t=3mls.
One of the impact proponents (A. West) presented it at a
press conference in Acapulco, May 2007, stating “...we
think a similar thing happened for this event.” (http://www.
youtube.com/watch?v=I121d-lohrPw#t=4m47s).)

For continent-wide effects, the fragmented comet would
need to significantly disperse over hundreds of kilometers
along its trajectory to create widely space airbursts. However,
there is no lateral aecrodynamic force that can separate frag-
ments by a large distance between the upper and lower
atmosphere. Likewise, no lateral force exists to accelerate
pieces apart between the Roche limit and atmospheric entry.
Fragments of a broken comet would drift apart at a speed of
tens of centimeters per second if spun apart by tidal disrup-
tion, even if boosted by release of volatiles. In the 10 min or
so between fragmentation and impact, fragments would be
separated by much less than the initial diameter of the object.
The impact of such a tight cluster would be indistinguishable
from a single impact of a lower-density object because the
total mass and kinetic yield are the same, regardless of the
fragmentation state of the impactor. Greater fragment sepa-
ration would require radial velocities that are a significant
fraction of escape velocity. There is no source of energy that
can provide sufficient radial acceleration.

Additionally, Firestone et al. [2007] cite unpublished data
suggesting that a low-impedance layer such as an ice sheet
would minimize cratering in the underlying target rock. They
argue on this basis that multiple 2 km objects could strike the
2 km thick central zone of the Laurentide Ice Sheet at a
shallow angle, leaving little evidence of craters other than
depressions in the Great Lakes or Hudson Bay. Firestone et
al. [2007] based their argument on laboratory-scale impact
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experiments for which the crater formation is dominated by
strength effects such as spall. It is inappropriate to extrapolate
from scales of millimeters to kilometers without accounting
for the change from strength-dominated to gravity-dominated
crater growth; for a detailed discussion of scaling laws and
impact cratering, see the work of Melosh [1989].

For high—strain rate phenomena at kilometer scales, the
strength of the ice is negligible, and cratering is dominated
by its hydrodynamic equation of state that is very similar to
that of liquid water. It is therefore instructive to consider an
ocean impact as an analog to an impact into thick ice.
Numerical models of such an impact were performed by
Shuvalov [2003] to determine the size of an impactor for
which a bottom crater does not form in 4 km deep water. The
vertical impact of a 1.5 km stony asteroid excavated a clearly
pronounced 2 km deep crater in the ocean floor. According to
Shuvalov and Trubetskaya [2007], the cratering process de-
pends critically on impactor diameter-to-water depth ratio
d/H. For 0.1 <d/H < 1, the water layer significantly influences
the size and morphology of the resulting crater, but does not
prevent crater formation. For d/H >1, the water column has
little effect on the cratering process. The Laurentide Ice Sheet
is estimated to be ~2-3 km thick during the YD period
[Paterson, 1972]. Therefore, a 4 km diameter comet would
need to fragment into at least several thousand (<0.2-0.3 km
diameter), well-separated, impactors during atmospheric entry
in order not to shock the underlying rock upon impact on the
ice sheet. This particular scenario is implausible.

2.3. Infinitesimal Likelihood

The burden of evidence for a hypothesis increases with its
a priori improbability. Firestone et al. [2007] invoke an
extraordinary sequence of events that compounds improba-
bility to the point of virtual impossibility. This puts an
extraordinary onus on the proponents to show that there are
no other explanations compatible with the evidence. Impacts
on the Earth became rare events after its initial planetary
formation and the late heavy bombardment period. The best
method to estimate the current impact flux on the Earth is by
using the observed population of near-Earth objects (NEOs)
[Stuart, 2001; Harris, 2002], which are in orbits that can
bring them close to the Earth. Observed bolide frequencies
constrain the population of small objects [Brown et al.,
2002]. The full population can be used to determine the
probability of impact per year as a function of size (Figure 2).
This can be converted to mean impact interval. A 4 km
asteroid collides with the Earth, on average, about once every
14 million years [NASA NEO Science Definition Team, 2003,
Table 3.1], which is a number that is consistent with lunar
crater counts [Werner et al., 2002]. The flux can also be
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Figure 2. Observed population of near-Earth objects [NASA
Harris (personal communication, 2012).

converted to a probability density function that indicates the
probability that an impact of an asteroid of a given size will
be the largest in a specified time. The best estimate for the
largest impact of the past 20 ka is about 250 m (Figure 3).
The population of comets in the kilometer size range in the
inner solar system is about 1% that of asteroids (D. Yeomans,
Jet Propulsion Laboratory, personal communication, 2011),
and the mean impact interval for impact by a 4 km comet is
about once every 2.5 billion years [see NASA NEO Science

NEO Science Definition Team, 2003] with updates by A.

Definition Team, 2003, Table 3.6]. The timescale for signif-
icant reduction in the population of NEOs by orbital interac-
tions is millions of years [Hut et al., 1987], so current fluxes
are an upper-bound limit for determining the probability of
impact at the YD.

Each attribute of the hypothetical impact scenario can be
assigned an approximate a priori probability to arrive at an
order-of-magnitude estimate. The following factors are
rounded to the nearest order of magnitude and are not
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Figure 3. The largest asteroid impact expected over a 20,000 year interval is 250 m. Impact by an object larger than 2 km is

exceptionally unlikely (probability less than 1%).



intended to be precise estimates. Given the known flux, the
probability that a NEO with a kinetic energy of 10" Mt will
collide with the Earth in any given 13,000 year period is
about 0.001 (once every 14 million years on average), and
the probability of a comet impact with the same kinetic
energy is about 0.00001 [NASA NEO Science Definition
Team, 2003]. The ratio of the area of the Laurentide Ice Sheet
target to the Earth’s surface area was about 0.01. The fraction
of comets that are broken is less than 0.01 (A. Harris, Space
Science Institute, personal communication, 2011, estimates
0.001 based on crater chains on the Galilean satellites). The
fraction of time the fragments of a broken comet remain
within an Earth diameter is roughly 0.001 of the broken
comet’s lifetime (based on the dispersion of Shoemaker-
Levy 9 after it fragmented in 1992). The fraction of objects
that collide with the Earth at a grazing angle less than 4° is
about 0.01, based on the distribution of isotropic collisions
with a sphere with a cumulative probability of 1 — cos (26).
Therefore, the a priori probability of the putative YD impact
of'a comet in the defined configuration on the Laurentide Ice
Sheet during the prescribed time period is about 10~'°. The
expected recurrence interval for such an event using current
flux rates is about 10'° years or about 10° times the age of the
universe. As such, the probability of this occurring is infin-
itesimal and is an event that is so improbable it can be called
“statistically impossible.”

It is worth noting that the Cretaceous-Tertiary (K/T) impact
scenario, using the same line of argument, is not a low-
probability event. The mean recurrence interval for a 10 km
diameter asteroid impact is about 100 million years, and there
are no special requirements (fragmentation state, impact an-
gle, or a priori location or time interval) that make the K/T
event unusual within the last 100 million years. A subset of
the new YD impact scenarios recently published by Israde-
Alcantara et al. [2012] are likewise unremarkable in terms of
probability because of the much smaller size and lack of a
prescribed unusual configuration and composition.

3. EVIDENCE-BASED ARGUMENTS

Many papers presenting arguments against the YD impact
hypothesis are based on lack of evidence [e.g., Pinter et al.,
2011a]. The most striking lack of physical evidence for the
YD impact is the absence of any impact crater of the appro-
priate age. Regardless of which version of the hypothesis is
being considered, multiple small impacts and airbursts across
two continents or large impacts into ice, the lack of a crater or
other geomorphic evidence is fundamentally problematic.
Another core problem is the presupposition that there are
events that an impact hypothesis is needed to explain. A
prerequisite set of hypotheses is that the YD was unique,
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mammalian extinctions were abrupt, environmental change
caused the collapse of the Clovis culture, and continental-
scale wildfires took place, all of which are lacking evidence.
The most frequent criticism of the evidence for an impact is
based on irreproducibility and misinterpretations of marker
evidence as preserved in black mat deposits, which may not
correlate chronostratigraphically across regions. The most
comprehensive review is that of Pinter et al. [2011a]. Be-
cause of space limitations, we only address the key criteria
related to first-order impact evidence.

3.1. No Impact Markers or Crater

Various versions of the 2007 hypothesis give the following
reasons for the absence of an impact crater for the hypothe-
sized YD impact event: (1) it was similar to, but larger than
the 1908 Tunguska explosion, which did not produce a
crater; (2) the crater or craters were in ice, which melted
away and destroyed any impact features in the substrate; and
(3) the Chicxulub crater was not recognized for 10 years after
the Alvarez et al. [1980] impact hypothesis, and so there is no
expectation of immediate discovery of a YD crater. For
reasons outlined earlier, however, it is not physically possible
for a 4 km comet to generate a Tunguska-like airburst,
eliminating the first reason. The estimated kinetic yield of
the Tunguska explosion is 3—5 Mt [Boslough and Crawford,
1997], and the putative 4 km, 107 Mt comet would need to
break into around a million fragments to avoid producing a
single crater-forming event. However, in the case of a disin-
tegrating comet, the individual fragments would not be sep-
arated by enough lateral distance to avoid reinforcing one
another. They would effectively become a single large low-
density crater-forming impact, instead of one that was capa-
ble of affecting areas across multiple continents.

It should be noted that the Chicxulub crater has an age of
65 Ma, more than 5000 times older than the YD interval. A
YD impact structure should be “fresh” because erosion pro-
cesses have not had sufficient time to operate during the short
time that has elapsed since the YD. A good example of a
relatively fresh impact crater is Barringer (Meteor Crater),
Arizona, which at 49 ka is more than three times as old as the
proposed YD impact and was formed by a solid impact of
less than one millionth the energy [Melosh and Collins, 2005]
of the event postulated by YD impact proponents. Meteor
Crater is an unambiguous example of a well-preserved im-
pact structure [Grieve and Therriault, 2004; French and
Koeberl, 2010], but not a single similar geomorphic fea-
ture from an impact event is known for YD time [Grieve,
1997; Earth Impact Database, Planetary and Space Science
Centre, unpublished data, 2011, http://www.passc.net/Earth
ImpactDatabase/index.html]. The proposed YD impactor of
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Firestone et al. [2007] would have had enough mass to
produce more than a million Meteor Craters, and even the
much smaller Israde-Alcantara et al. [2012] YD impactor
would be capable of producing thousands.

Another argument used to support the YD impact hypoth-
esis is the claim of evidence for cratering in the Great Lakes
basin. Firestone et al. [2007] state that “if multiple 2 km
objects struck the 2 km thick Laurentide Ice Sheet at <30°,
they may have left negligible traces after deglaciation. ..
[perhaps] limited to enigmatic depressions or disturbances in
the Canadian Shield (e.g., under the Great Lakes or Hudson
Bay).” However, by 12.9 ka, only the Lake Superior basin
was still under glacial ice [Dyke et al., 2003]. Firestone et al.
[2010] suggested that “deep holes” beneath four of the Great
Lakes could represent impact craters. They dismiss the pos-
sibility that these holes were the result of glacial erosion,
citing nineteenth century research [Dawson, 1891], despite
more than a century of glacial and Quaternary geological
research on the Great Lakes. If these holes were caused by
an impact at 12.9 ka (and Firestone et al. [2010] provide no
evidence the holes are that old), then the impacts produced
elongated craters at different orientations. However, each hole
is parallel to local ice flow in the up-ice end of its lake basin.

Israde-Alcantara et al. [2012] also mention a “crater
named Corossol in the Gulf of St. Lawrence, containing
basal sedimentary fill dating to 12.9 ka.” The cited study
[Higgins et al., 2011], however, based the date of ~12.9 ka
on extrapolation from dates higher in the section and suggest
that the crater formed sometime between 12.9 ka and the end
of the Ordovician, a dating uncertainty that spans hundreds
of millions of years.

3.2. Nonunique and Misinterpreted Events

One of the major flaws with the impact hypothesis is the
leading premise that climate changes, faunal extinctions, and
cultural transitions occurring during the YD require a com-
mon explanation.

3.2.1. Climate change. There was indeed an abrupt cli-
mate change around 12.9 ka, but the abruptness of the YD is
not unique, and the cooling is of no greater magnitude or
climatological consequence than many other events occur-
ring throughout the Quaternary [Broecker et al., 2010].
Dozens of similar rapid climate-change events, such as
Dansgaard-Oeschger and Heinrich events have taken place
over the last 100 ky, yet none of these are associated with
impacts. Such events recur at a much greater frequency than
large (km-scale) impacts and do not require impacts as a
causal mechanism. The YD is notable simply because it is
recent and the last such climate event before the Holocene.

3.2.2. Extinctions. Environmental change in the late Pleis-
tocene was a very complex process. The extinction of mega-
fauna was one component of this process, but the relationship
of the extinctions to climate change is far from clear [e.g.,
Barnosky et al., 2004; Grayson, 2007; Faith and Surovell,
2009]. For example, some late Pleistocene mammal popula-
tions were in decline before the YD, and the timing of the
extinction varied among some species and across continents
[Grayson and Meltzer, 2003]. The dung fungus (Sporormiel-
la) proxy for megafauna presence indicates that some Pleis-
tocene megaherbivores declined from 14.6 to 13.7 ka, well
before the proposed impact; the precise chronology of ex-
tinction remains unresolved [Gill et al., 2009].

3.2.3. Stratigraphy. Intensive study of the chronostrati-
graphic and sedimentological details of the black mat
layers and associated paleontological evidence of multiple
YD sites reveal that there are no continent-wide or region-
al stratigraphic marker beds, and there are no other indi-
cators of widespread geomorphic or ecological instability
at 12.9 ka [Haynes, 2008; Meltzer and Holliday, 2010;
Straus and Goebel, 2011, papers]. The fidelity of the YD
time interval in black mats is questionable because they
are time-transgressive units, especially in western North
America [Quade et al., 1998; Haynes, 2008; Haynes et al.,
2010] and can result from a wide array of environmental
drivers [Meltzer and Holliday, 2010]. More relevant here,
stratigraphic analyses conducted by Surovell et al. [2009]
and Paquay et al. [2009] have failed to reproduce patterns
of purported YD impact marker indicators in documented
stratigraphic contexts, including the same sections reported
by Firestone et al. [2007]. More recently, Pigati et al.
[2012] found that similar markers are ubiquitous within or
at the base of black mats of non-YD age.

3.2.4. Archaeology. The late Pleistocene, in general, and
the YD interval, in particular, were times of rapid environ-
mental changes, but the timing, magnitude, and direction of
those environmental changes varied across North America
[Meltzer and Holliday, 2010; see Straus and Goebel, 2011].
Some researchers speculate that environmental shifts during
the YD affected Paleoindian populations, especially the Clo-
vis culture [e.g., Haynes, 1991, 2007]. Archaeological, geo-
chronological, and stratigraphic data, however, do not
provide strong evidence linking YD changes with significant
adaptations or to a demographic collapse of Clovis popula-
tions [Holliday and Meltzer, 2010].

3.2.5. Paleoclimate/Paleoecology. The YD impact hy-
pothesis proposes that continental-scale wildfires resulted.
North American charcoal and pollen records do show rapid



changes in environment, vegetation, and fire regimes, con-
sistent with the climate changes during the last glacial-
interglacial transition ~15 to 10 ka [Meltzer and Holliday,
2010; Marlon et al., 2009; Pinter et al., 2011b]. The records
over the YD interval do not, however, indicate continental-
scale wildfire at any time. Instead, the record demonstrates
that large scattered fires occurred asynchronously through-
out the transition, peaking around 13.2 ka and again at
11.6 ka (when no comet impact is proposed) [Marlon et al.,
2009]. The pattern of increased biomass burning in response
to both abrupt warming and cooling is replicated by data on
biomass-burning variations during Greenland interstadials
(Dansgaard/Oeschgar events), stadials, and Heinrich events
over the interval from 85 to 15 ka [Daniau et al., 2010].

3.3. Irreproducibility and Misinterpretations of Evidence

Firestone et al. [2007] list seven professed markers that they
interpret as evidence for extraterrestrial impact and associated
biomass burning: magnetic grains with Ir, magnetic micro-
spherules, charcoal, soot, carbon spherules, glass-like carbon
containing nanodiamonds, and fullerenes with extraterrestrial
*He. Surovell et al. [2009] and Paguay et al. [2009] conducted
independent assessments to identify some of these markers in
samples from key YD sites; they could not reproduce the
findings published by Firestone and other YD impact propo-
nents. In addition to this problem reproducing the results, the
“putative markers for impact” and those proxies related to
wildfire are conflated. An impact does not necessarily cause
significant biomass burning, and evidence for a fire (such as
charcoal and soot) is not a diagnostic indicator of an impact.

Subsequent papers by the proponents of the YD impact
event include the reported discovery of hexagonal diamonds
(lonsdaleite) in sediments from Santa Rosa Island, California
[Kennett et al., 2009b], from the Greenland ice sheet [Kur-
batov et al., 2010], and from lake sediments in Mexico
[Israde-Alcantara et al., 2012]. However, Pinter et al. [2011a]
reviewed most of this evidence in detail, as well as related
claims that had already been largely rejected by the scientific
community, including particle tracks in archeological chert,
meteoritic particles embedded in Pleistocene bones [Hagstrum
et al., 2010], an impact origin for Carolina Bays, and enrich-
ments of radioactive materials. Pinter et al. [2011a] evaluated
the 12 original lines of evidence invoked to support an extrater-
restrial impact [Firestone et al., 2007] and concluded that 7 of
the 12 are irreproducible, and the other five are consistent with
noncatastrophic and/or terrestrial processes, as outlined below.

3.3.1. Magnetic Grains With Iridium. Firestone et al.
[2007] reported elevated concentrations of Ir in bulk sediments
and in magnetic grains only from YD boundary sediments.
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However, subsequent efforts by others to replicate claims of
high Ir concentrations and high magnetic grain concentra-
tions have failed. Surovell et al. [2009] demonstrated that
magnetic grains are ubiquitous throughout the same strati-
graphic sections. There is no “Ir spike” in concentration at
the YD; the highest Ir concentrations measured by Paquay et
al. [2009] was ~100 ppt, which is well below the ppb levels
reported by Firestone et al. [2007]. In addition to making Ir
measurements, Paquay et al. [2009] also measured osmium
(Os) isotopes on bulk sample splits collected from the same
measured sections presented in the Firestone et al. [2007]
paper, and large quantities were used to avoid nugget effects
(artificially high apparent concentrations that arise when a
small sample includes an enriched grain). Os is a very sen-
sitive tracer for extraterrestrial components in sediments, yet
all samples showed Os isotopic ratios similar to average
crustal values. From these results, it was concluded that there
is no significant meteoritic Os contribution to these YD
sediments, therefore excluding the involvement of all mete-
orite classes of chondritic nature [Paquay et al., 2009].

3.3.2. Magnetic Microspherules. Magnetic microspherule
abundance results published by the impact proponents have
not been reproducible by other workers. Analyses of the
same YD site stratigraphy by Surovell et al. [2009] could
not replicate observations for two of the impact markers
published by Firestone et al. [2007]. The study by Surovell
et al. [2009] found no peaks of abundance unique to the YD
time interval.

3.3.3. Carbonaceous Spherules. Microspherules are fairly
abundant and occur sporadically throughout late Quaternary
sediments. At least some of the supposed impact-derived
spherules are in fact fungal sclerotia [Scott et al., 2010]. In
addition, new radiocarbon dates on carbon spherules cast doubt
on the provenance of YD boundary samples (see next section).

3.3.4. Charcoal and Soot. Evidence for fire exists at the
YD, but fire is not a unique evidence for impact [van der
Hammen and van Geel, 2008; Bowman et al., 2009]. Peros et
al. [2008] demonstrate that there were wide fluctuations in
the Pleistocene paleoecology and fire history, including the
continental-scale vegetation response to rapid climate
change, competition, and disturbance. The idea of the char-
coal data providing evidence of a high-intensity fire is also
flawed. No temperature data based upon charcoal reflectance
[Scott et al., 2010] is provided. In addition, for reasons
discussed above, it is highly implausible that there would be
a continent-wide wildfire. Continental-scale wildfires have
been dismissed for the K/T impact [Belcher et al., 2003,
2005, 2009; Belcher, 2009].
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3.3.5. Fullerenes with He. Fullerenes (carbon allotropes
in the topological form of closed caged structures) have been
reported in YD black mat deposits. The fullerenes, them-
selves, do not provide a diagnostic indicator of an impact
event since they form terrestrially, e.g., from wildfire [Hey-
mann et al., 1994], and they have been identified in candle
soot [Su et al., 2011]. Furthermore, claims of meteoritic
fullerenes isolated from stratigraphic impact horizons have
been repeatedly challenged [e.g., Taylor and Abdul-Sada,
2000; Braun et al., 2001; Buseck, 2002]. Nevertheless, it
was not the fullerenes, themselves, but what they contained,
that offered intriguing evidence. It was reported that full-
erenes contained an extraterrestrial-trapped noble gas signa-
ture enriched in *He relative to terrestrial compositions
[Firestone et al., 2007]. However, these results have never
been replicated, and the original study [Becker et al., 1999]
has been criticized for a number of years for methodological
shortcomings and nonreproducible results [Farley and Mu-
khopadhyay, 2001; Buseck, 2002; Farley et al., 2005].

3.3.6. Nanodiamonds. With many of the proposed impact
markers encountering strong skepticism, proponents ofa YD
impact have increasingly focused upon reporting the pres-
ence of abundant nanometer-sized (2 to 300 nm) diamonds
(cubic and hexagonal) in purported YD boundary sediments
and carbon spherules at multiple localities across North
America and in Greenland ice [Firestone et al., 2007; Ken-
nett et al., 2009a, 2009b; Kurbatov et al., 2010; Israde-
Alcantara et al., 2012]. While cubic and hexagonal (lonsda-
leite) diamond have been found in shock metamorphosed
meteorites and are associated with terrestrial impact struc-
tures, cubic diamonds are well known to occur in terrestrial
rocks that have no association with impact processes. Sub-
micron and smaller-sized cubic diamond crystals have been
recently demonstrated to exist in carbon spherules within
surface soils sampled from various sites in Germany and
Belgium [Yang et al., 2008]. While the origin of these dia-
monds remains unclear, they were evidently not produced by
impact processes because they are present in modern soil and
lack any links to impact structures. Consequently, the value
of cubic diamonds as impact markers is highly suspect.

Israde-Alcantara et al. [2012] quote Tian et al. [2011] as
independent confirmation of cubic nanodiamonds in YD
boundary sediments; however, they do not mention that only
a limited range of sediment horizons above and below the
Belgium YD boundary were studied in that work. Further,
they do not mention the results of Yang et al. [2008], which,
taken together with Tian et al. [2011], suggest that nanodia-
monds may be distributed throughout the Belgium sediments.

Another independent study of YD boundary sediments
sampled from the same collection sites as that of Kennett et

al. [2009a, 2009b] failed to find nanodiamonds [Daulton et
al., 2010]. While it is possible that cubic nanodiamonds were
heterogeneously distributed within carbonaceous materials
in YD boundary “black mat” sediments and not present in the
limited samples available to Daulton et al. [2010], the pres-
ence of cubic diamonds is irrelevant to the YD impact
hypothesis as discussed above.

Lonsdaleite, on the other hand, is often associated with
shock pressures related to impacts where it has been found to
occur naturally, [see Bundy and Kasper, 1967; Hanneman et
al., 1967; Frondel and Marvin, 1967; Erlich and Hausel,
2002]. Therefore, the presence of lonsdaleite in sediments
suggests (but does not necessary prove) that materials have
been shocked. The Russian literature reports the occurrence
of lonsdaleite within metamorphosed and metasomatically
modified rocks of the Kumdykol diamond deposit in North
Kazakhstan [Shumilova et al., 2011], as well as in titanium
placers of the Ukrainian shield, diamond placers in Yakutiya,
and eclogites in Sal’niye Tundra, Kola Peninsula, and the
Urals (for a review, see the works of Kaminsky [1994] and
Erlich and Hausel [2002]).

Relevant to the YD impact hypothesis is whether or not
lonsdaleite is present in YD-aged materials (while absent in
overlying and underlying sediments). Daulton et al. [2010]
demonstrated that previous studies of YD boundary sediments
[Kennett et al., 2009b] misidentified graphene/graphane ag-
gregates (ubiquitous in several types of carbon-rich materials
from sediments) as lonsdaleite. Further, Tian et al. [2011]
found no evidence of lonsdaleite in Belgium YD boundary
sediments. The high-resolution (HR)-lattice image of a na-
nocrystal from residues of Greenland ice that was used to
identify lonsdaleite by Kurbatov et al. [2010] is crystallo-
graphically inconsistent with lonsdaleite (or cubic diamond,
graphite, graphene, and graphane) and must be a nondia-
mond (and possibly noncarbon) mineral. The published
HR-lattice image of the nanocrystal identified as lonsdaleite
displays lattice fringes with two sets of 0.206 nm spaced
planes (crossing one another at 62° + 2° as measured from
the work of Kurbatov et al. [2010], Figure 6) and one set of
0.193 nm spaced planes. For lonsdaleite, these lattice spacings
correspond to the {002} and {101} planes, respectively.
However, no zone axis (i.e., crystallographic direction) of lons-
daleite exists that can display two different sets of 0.206 nm
spaced {002} planes. Further, the electron diffraction pattern
of Kurbatov et al. [2010, Figure 6], identified as lonsdaleite,
lacks a spatial calibration scale and is also consistent with
graphite.

The work of Israde-Alcantara et al. [2012], coauthored by
members of the previous studies in which lonsdaleite was
misidentified, reported the presence of lonsdaleite in purported
YD-aged lake sediments in Mexico (although the dating has



been challenged, see next section). This identification is
problematic in that it is based on a fast Fourier transform
(FFT) of an HR-lattice image of a nanocrystal that is not
imaged along a high-symmetry zone axis. Only one set of
lattice planes is discernible in the HR-lattice image [Israde-
Alcantara et al., 2012, Figure 8]. Provided the weak ~2.16 A
peak in the FFT is not an artifact, the FFT is consistent with
the lonsdaleite structure. However, a nonexhaustive search of
the American Mineralogist Crystal Structure Database and
Materials Data Incorporated (MDI) JADE database yielded
the following materials (unit cell parameters are in parenthe-
ses; zone axis, plane spacings, and angle between planes are
in wavy brackets) largely consistent with the FFT: Achavalite-
FeSe (a: 3.61 A, c: 5.87 A) {[2-21],2.14 A, 1.81 A, 53.6°};
Algodonite-CugAs (a: 2.6 A, b: 423 A) {[101],2.24 A, 1.98
A, 63.8°}; Mn,AsSb (a: 3.84 A, ¢: 5.78 A) {[2-21], 2.18 A,
1.92 A, 55.4°}; and CrSb sAsg s (a: 3.81 A, c: 5.718 A) {[2-
21],2.16 A, 1.91 A, 55.5°}, all of the P63/mmc (194) space
group. We are not suggesting that Israde-Alcantara et al.
[2012] mistook these particular phases as lonsdaleite; we cite
these examples to demonstrate that other materials (oriented
along various zone axes) are consistent with any single HR-
lattice image.

3.4. Radiocarbon Dating

Precise dating of the stratigraphic record of the purported
YD impact is crucial in making the case for such a single,
continent-wide catastrophic event as argued by Firestone et
al. [2007]. The geochronologic record is far from precise,
however. Of the nine sites used to make the initial argument
for an impact, only three, Murray Springs, Arizona; Daisy
Cave, California; and Lake Hind, Manitoba, have robust
numerical age control constrained by radiocarbon dating.
Establishing a putative impact zone that spans several sites
requires direct ages that enable chronostratigraphic correla-
tion and ties with the YD interval.

A key aspect of the Israde-Alcantara et al. [2012] study is
dating of the boundary layer with purported impact indica-
tors. The authors unambiguously state that they recovered
such indicators from a 10 cm thick zone dating to 12.9 ka,
but in fact, they provide no direct numerical age control at or
near that date. They cite the original study of the core, in
which 16 '“C dates were reported. The zone in question was
bracketed by calibrated dates of 18.8 ka (3.35m) and 9.9 ka
(1.95m) and then dated on the basis of a linear extrapolation.

Israde-Alcantara et al. [2012] present an additional six
radiocarbon dates for the 3.35-1.95 m interval. These six
dates were rejected because they are significantly older: 37.8
to 17.2 ka, bottom to top. They are consistent stratigraphi-
cally both internally and in comparison with overlying dates.
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Figure 4. Carbon spherules collected from Gainey, Michigan, pro-
vided by A. West.

No reason is given for rejecting these, other than that they are
older dates than predicted by their age model. The authors
invoked reworking of the deposits to explain the anomalous
radiocarbon ages. The age model is, in part, anchored by a
tephra layer at 4.7-4.5 m depth, identified as the Cieneguillas
rhyolitic tephra, which has been dated elsewhere at 31 ka cal.
However, no evidence is provided that it is actually the
Cieneguillas tephra. The tephra could be reworked, or it
could be another one of a series of older rhyolitic tephra that
are reported in the region [Pradal and Robin, 1994].

Finally, one of us (MB) acquired carbon microspherules
(Figure 4) collected from the Gainey site in Michigan from
one of the original YD impact proponents (A. West). Gainey
is one of the nine key YD sites, and one of the undated ones,
presented by Firestone et al. [2007]. To verify the age of the
samples, we submitted one set of spherules for accelerator
mass spectrometry radiocarbon dating at the University of
Arizona. Only one microspherule has been dated thus far and
is 207 + 87 years BP (AMS lab number AA92197). This
result suggests that there are geochronology problems. One
key problem is that particles identified as diamond-containing
carbon microspheres and presumed to be related to the pur-
ported YD impact may actually be younger than the YD,
unrelated to the YD or to an impact, and might be modern
contaminants.

4. CONCLUSIONS

An impact event as proposed by Firestone et al. [2007] is
not consistent with conventional understanding of the phys-
ics of impacts and airbursts. We conclude that the YD
impact hypothesis is not supportable, either physically or
statistically. Much of the putative evidence for a YD impact
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is irreproducible. It is highly improbable that a significant
impact event happened during YD, as conceived by Fire-
stone et al. [2007]. Although the works published by the
proponents of an impact event vary in description about the
impactor, consideration of basic laws of physics indicate
that such a fragmentation or high-altitude airburst event
would not conserve momentum or energy, would lie outside
any realistic range of probability, and therefore did not
occur during the YD as described by Firestone et al.
[2007]. This conclusion is supported by the present work,
as well as a broad review of all the other lines of evidence
critiqued by Pinter and Ishman [2008a, 2008b], Surovell et
al. [2009], and Pinter et al. [2011a, 2011b].
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