
2 MacLeod

INTRODUCTION

For the past 30 years, a signifi cant proportion of the sci-
entifi c community has been intensely interested in the idea of 
extinctions, especially the mass extinction of the dinosaurs at or 
close to the boundary between the Cretaceous (K) and Paleogene 
(Pg) intervals of Earth history. This interest predates the current 
concern with the so-called sixth (mass) extinction, a potential 
event that may occur in the future and that takes its name from 
the “Big Five” ancient mass extinction events of the fossil record 
(see following). The reasons for this interest are many and varied, 
but they share a common source. The concept of extinction elicits 
a deep emotional reaction in most people—including scientists—
to no small extent because we all share an intuitive concern about 
the transformations being wrought in the contemporary environ-
ment. When we see changes taking place in landscapes, animals, 
and plants at local, regional, and global scales, we cannot help 
but experience a sense of foreboding that comes from drawing 
obvious parallels between the status of own species and the fates 
of other, far more ancient, species that “ruled the Earth” in the 
distant past. In this review, I (1) recount the history of extinc-
tion studies, (2) describe the types of paleontological data used 
to study ancient extinction events, (3) discuss the uncertainties 
and biases that affect the interpretation of these data along with 
some of the methods available to quantify them, (4) describe 
three examples of data collected from the end-Cretaceous extinc-
tion interval to illustrate points (2), (3), and (4), and (5) offer 
a perspective on the manner in which hypotheses that seek to 
address the causes of ancient extinction events can be tested in 
the paleontological record.

History of Extinction Studies: 1700–1950

Prior to the late 1700s, the western social and scientifi c 
consensus held that extinction was impossible. Since all 
creatures had been created by God, and since God’s creation 
was perfect, none of the species He fashioned could disap-
pear. Nonetheless, as the new science of paleontology began 
bringing its fi rst major discoveries to light, an increasingly 
large number of researchers began to wonder whether the 
large vertebrate fossils of strange creatures that were then 
being unearthed by Enlightenment explorers were indeed the 
remains of extinct species.

The most famous of these fossils was recovered from a site in 
the territory that would later become the American state of Ohio. 
In 1739, French soldiers under the command of Baron Charles le 
Moyne de Lougueuil (1656–1729) recovered a tusk, femur, and 
three curious molar teeth from an unknown locality, possibly the 
site that would later become known as Big Bone Lick (Hedeen, 
2008). Lougueuil sent these specimens to the Cabinet du Roi 
(Royal Cabinet of Curiosities) in Paris. Subsequent study of this 
material by the naturalists Jean-Étienne Guettard (1715–1786) in 
1756 and Louis-Jean-Marie Daubenton (1716–1799) in 1762 led 
them to conclude that the tusk and femur belonged to a modern 

elephant, the “Siberian Mammoth,” but that the molars belonged 
to a giant hippopotamus.

Additional piecemeal specimens recovered from the Ohio 
country after the 1739 fi nd made their way to London and to 
Philadelphia, where they were studied by naturalists from Brit-
ain and the United States with inconclusive results. These fi nds 
did manage, however, to throw doubt on Daubenton’s hippo-
potamus interpretation because the tusks, long bones, and teeth 
clearly belonged to the same animal. Nevertheless, the molars of 
the “American incognitum”—as the animal came to be known—
were unlike those of any living elephant. 

After inspecting the London specimens, the British anato-
mist William Hunter interpreted them as belonging to a giant 
carnivore and was the fi rst to speculate that these remains might 
be from an extinct species. Then, in 1799, discovery of an Ameri-
can incognitum femur from Quaternary deposits in the Hudson 
River Valley led to excavations organized by Charles Wilson 
Peale (1741–1827). By 1801, these excavations had resulted in 
the recovery of an almost complete skeleton. Peale reconstructed 
the skeleton with help from the American anatomist Caspar Wis-
tar (1761–1818), cast the bones that were missing, and displayed 
the mounted skeleton in public in December of that year (Fig. 1). 
It is not an exaggeration to say that pandemonium over Peale’s 
skeleton quickly swept the United States and later the world.

Based on drawings of the mounted American specimen, the 
French anatomist Georges Cuvier (1769–1832; Fig. 2) resolved 
the American incognitum controversy in 1806 by demonstrating 
that both the Siberian mammoth and the “animal de l’Ohio” were 
elephants, but of different species. Cuvier argued that these spe-
cies were both distinct from modern elephants, of which there 

Figure 1. Edouard de Montule’s 1816 painting of Charles Wilson 
Peale’s reconstruction of the American incognitum. Specimens 
like Peale’s supplied critical evidence for Cuvier’s reinterpretation 
of the fossil as an extinct probiscidean—one of the fi rst animals 
to be recognized as extinct by the scientifi c community. Note the 
tusks in Peale’s original reconstruction were oriented upside down, 
a mistake that was later corrected when additional specimens came 
to light. Image used with permission from the Rare Book Room, 
Buffalo & Erie County Public Library.
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igneous volume is emplaced (Bryan and Ernst, 2008). The major-
ity of large igneous provinces fall into two subdivisions, conti-
nental fl ood basalt provinces and oceanic plateaus, with a few 
being a combination of continental fl ood basalts and volcanic 
rifted margins. A mass extinction records a globally widespread 
and rapid loss of species from numerous environments, and the 
“Big 5” extinctions of the Phanerozoic are those in which >50% 
of species disappeared from the fossil record (sensu Raup and 
Sepkoski, 1982; Sepkoski, 1996). The Capitanian event should 
probably also be included in a revised “Big 6.” It has been pro-
posed that the Frasnian-Famennian and end-Triassic “mass 
extinctions” be demoted to “mass depletions,” since those events 

were likely a diversity decrease due to failure to originate, rather 
than elevated species loss (e.g., Bambach et al., 2004). Indeed, 
different treatments of taxonomic databases have rendered some 
interesting results (Table 1). Nevertheless, for now, the Frasnian-
Famennian and end-Triassic events maintain their place at the top 
table of mass extinctions.

EFFECTS OF VOLCANISM ON CLIMATE

Is it realistic to suggest that large igneous province volca-
nism can affect global climate to the extent that extinction is inev-
itable, even in regions distant from the site of eruptions? Here, 
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Figure 2. Map of major large igneous provinces mentioned in the text (adapted from Coffi n and Eldholm, 1994; Bryan 
and Ernst, 2008; Marzoli et al., 2011). The Ferrar Traps, located in Antarctica, are not shown on this map. Postulated area 
of the Viluy Traps is very uncertain. The apparently vast distribution of the Siberian Traps refl ects the suggested west-
ward extension of volcanics beneath Jurassic and Cretaceous basin fi ll, based on Early Triassic basalts found in boreholes 
(Westphal et al., 1998; Reichow et al., 2005; Saunders et al., 2005).

TABLE 1.TAXONOMIC-SEVERITY RANKING OF THE 11 LARGEST PHANEROZOIC CRISES SINCE THE ORDOVICIAN*

Rank Event %1 Event %2 Event %3 Ecological severity ranking†

1 End-Permian −58 End-Permian −57 End-Permian −83 End-Permian
2 End-Ordovician −49 End-Ordovician −43 End-Triassic −73 End-Cretaceous
3 Capitanian −47 Capitanian −36 End-Ordovician −52 End-Triassic
4 End-Triassic −40 End-Cretaceous −34 End-Devonian −50 Frasnian-Famennian
5 End-Cretaceous −39 End-Triassic −33 End-Cret., Late Dev. (=) −40 Capitanian
6 Frasnian-Famennian −35 Frasnian-Famennian −22 N.A. N.A. Serpukhovian
7 Givetian −30 Serpukhovian −13 Serpukhovian −39 End-Devonian, End-Ordovician (=)
8 End-Devonian −28 Givetian −10 Givetian −36 N.A.
9 Eifelian −24 End-Devonian, Ludford. (=) −7 Eifelian −32 Givetian
10 Serpuk., Ludford. (=) −23 N.A. N.A. Capitanian −25 Eifelian, Ludfordian (=)
11 N.A. N.A. Eifelian −6 Ludfordian −9 N.A.

Abbreviations: N.A.—not applicable; Serpuk.—Serpukhovian; Ludford.—Ludfordian; Dev.—Devonian; Cret.—Cretaceous.
*Ranked by the percentage marine genera extinction magnitude in the analyses of 1Sepkoski (1996), 2Bambach et al. (2004), and 3McGhee et 

al. (2013).
†Ecological severity ranking (McGhee et al., 2013) is a measure of the “ecological impact” of a crisis (see McGhee et al., 2004). The Ludfordian, 

Eifelian, Givetian, and Serpukhovian are relatively minor intra-Silurian, Devonian, and Carboniferous bioevents.
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in the shallow Um Sohryngkew area. Similar volcanism-induced 
climate change and resultant high physical and chemical erosion 
leading to high ecosystem stress were inferred for the Permian-
Triassic boundary mass extinction (Algeo and Twitchett, 2010).

At the K-T boundary in Meghalaya, Guembelitria cretacea 
may have adapted to these high-stress conditions by infl ating 
chambers, resulting in higher buoyancy to live near the water-
atmosphere interface. Acidic ocean waters inhibited CaCO

3
 

production, particularly of thicker-shelled larger species living 
in subsurface water, which favored blooms of the thin-shelled 
Guembelitria, the only species dwelling in the uppermost sur-
face waters (Abramovich et al., 2010). This may explain the near 
absence of all other species, which account for only 2%–5% of the 
total foraminiferal population during this time (Fig. 5). Guembe-
litria blooms, though not the morphologic gigantism, have been 
observed throughout the Tethys, and Atlantic and Indian Oceans 
(e.g., Pardo and Keller, 2008; Keller and Abramovich, 2009). 

Guembelitria blooms are thus excellent indicators of high-stress 
environments particularly related to Deccan volcanism.

Phase 3 Volcanism—Delayed Biotic Recovery

Guembelitria blooms prevailed in the aftermath of the K-T 
boundary mass extinction worldwide, refl ecting the continued 
high-stress environment in the early Danian zones P0 and P1a, 
but they decreased in the upper part (P1a[2]), suggesting incipi-
ent recovery (Pardo and Keller, 2008). Throughout this time, 
species diversity is very low (<12 species), characterized by 
simple species morphology and dwarfed size (<63 µm; Keller 
and Abramovich, 2009). However, in zone P1b, correlative with 
phase 3 volcanism, large Guembelitria blooms reappear, marking 
the return to higher-stress conditions.

The last phase 3 of Deccan volcanism began near the base 
of C29N, with the largest eruptions resulting in three to four 

Figure 13. Guembelitria cretacea blooms recorded from the eastern Tethys and Texas correlative with the three phases of Deccan volcanism. 
Deccan phase 2 and phase 3 are associated with times of rapid warming in zones CF1 and P1b. Insuffi cient data are available to evaluate the 
environmental effects of the initial volcanic phase 1. KTB—K-T boundary; VPDB—Vienna Peedee belemnite. Stable isotope data are from 
Li and Keller (1998c) and Quillévéré et al. (2008). Faunal data are from Keller and Benjamini (1991), Keller et al. (2011b), and Abramovich 
et al. (2011).
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with an iridium anomaly and shocked quartz grains, are present 
in the section, which locally has well-preserved mega- and meso-
fossils as well as a rich palynofl ora. Wolfe’s interpretation of not 
one but two impacts, one distant and one proximal, that occurred 
perhaps only weeks apart in June, accompanied by a rapid drop 
in the mean daily temperature of ~30 °C and freezing of the pond, 
proved controversial. Nichols (in Nichols et al., 1992) suggested 
that Wolfe had misidentifi ed several of his palynomorphs to the 
extent that his interpretations were invalid. In our opinion, the 
pollen that Wolfe (1991) referred to as Nuphar-like is Pandanii-
dites, and the tetrad pollen that Wolfe referred to as Nelumbo-like 
is Inaperturotetradites. Nelumbo-like leaves are unlikely to rep-
resent Nelumbo (lotus) and may be better referred to the genus 
Nelumbago. Here, we present a re-evaluation of the site based 
on a detailed examination of an excavated section made in 1993.

Cretaceous mud rocks (base of the section; Table 1). The 
latest Cretaceous palynomorphs are dominated by spores with 
very few pollen types. There is a shift in palynomorph content 
from mixed algal, fungal, and fern spore to purely fern spore 
dominated just before the Cretaceous-Paleogene event horizons. 
This can be interpreted as background Cretaceous “pteridophyte-
dominated” vegetation and varying within-pond ecology (e.g., 
algal growth reduced in the very latest Cretaceous), possibly 
associated with shallowing of the pond.

Cretaceous-Paleogene claystones (event horizons; Fig. 
1A). In the fi eld, the lowermost few millimeters of the overly-
ing laminated layer could not be separated from the upper clay-
stone layer. By contrast, a clear separation occurred within the 
basal few millimeters of the laminated layer, and this was used 
as the junction for the bulk samples (Table 1). For palynology, 
only nonlaminated claystone was used for the upper claystone 
sample, also avoiding clasts of underlying lower claystone and 
“coaly” areas.

In the lower claystone, there is no change in the dominant 
palynological organic matter (POM) or proportions of palyno-
morphs to POM compared with the underlying Cretaceous. How-
ever, the palynomorph composition changes drastically (Table 1), 
with an increase in diversity and abundance of angiosperm pol-
len. The lower Cretaceous-Paleogene claystone is judged to have 
been deposited in minutes to hours, resulting from ballistically 
distributed melted target rock.

The lower and upper claystones have almost identical pal-
ynomorph signatures, varying only in percentage values and 
overall pollen diversity. However, the upper claystone has very 
different POM (pale cuticles, nonwoody). The upper Cretaceous-
Paleogene claystone is considered to have been deposited in 
hours to days or days to months, resulting from hydrodynamic 
collapse of an impact fi reball where condensates and shocked 
minerals settled through the atmosphere.

The rapid depositional histories inferred for both 
 Cretaceous-Paleogene claystones, especially the lower claystone, 
rule out a possible new pollen or spore source from newly dis-
persing plants that had colonized a postimpact disturbed land-
scape. Therefore, the change in palynomorph composition must 

refl ect either (1) different depositional conditions (e.g., settling 
through atmosphere vs. runoff) or (2) changes in local vegeta-
tion or local ecology that had happened prior to impact. Ghoshis-
pora is a large spore, with a spore body 150–200 µm in diameter 
(probably a small megaspore from a heterosporous plant; Batten 
et al., 2011), and it is most unlikely to have been dispersed in the 
atmosphere. The same applies to the seed-sized Costatheca and 
Spermatites mesofossils. Therefore, a change in local vegetation 
prior to the impact seems more likely.

Laminated layer. Azolla is not present in the Cretaceous-
Paleogene claystones, but all of the laminated layer is character-
ized by the presence of abundant Azolla remains on lamina sur-
faces. The Azolla remains include megaspore apparatuses and 
soral clusters (multiple sporangia still grouped within sori). This 
combination of remains and their abundance indicate the growth 
of Azolla on the surface of the pond in which the remains were 
deposited. Normally in Azolla, microspore massulae, containing 

Figure 1. (A) Polished block of the lower and upper claystone from the 
Teapot Dome locality, Wyoming. (B) Soral clusters of Azolla isolated 
from the laminated layers at Teapot Dome indicating a repeated failure 
to complete the sexual life cycle of this invasive water fern during the 
latest part of the Cretaceous-Paleogene event.
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Figure 3. (A–B) Map of present-day western North America showing the locations of stratigraphic sections sampled in this study. (C–D) Early 
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that the Steens basalts were all emplaced within a few hundred 
thousand years at ca. 16.7 Ma. The four sections they studied 
were erupted in “short bursts” of 1–3 k.y. within ~300 k.y. of the 
Steens reversal, as revealed by the lack of averaging and small 
loops of secular variation (13 directional groups and 37 individ-
ual fl ow directions). More isolated reverse polarity lavas were 
erupted within 1 m.y. of the reversal. Jarboe et al. (2008) appar-
ently could not correlate directions from one section to another 
and did not use the paleomagnetic results to analyze volumes 
and dynamics of eruptions.

Barry et al. (2010) obtained new 40Ar/39Ar dates on the Grande 
Ronde Basalt, the most voluminous pulse of the Columbia River 
volcanism (15,000 km3): They found that a series of ~110 fl ow 
fi elds had erupted in less than 420 ± 180 k.y. Many fl ows were 
greater than 1000 km3, with some reaching ~10,000 km3 (Reidel 
et al., 1989). Barry et al. (2010) observed that eruptive events 
were likely to be unevenly spaced, but the lack of signifi cant sedi-
ments between lava fl ows precluded more detailed conclusions. 
However, it was clear to these authors that the amount of time 
taken for the emplacement of the Grande Ronde Basalt had been 
very short, on the order of 10,000 years, i.e., less than 3% (“and 
quite probably much less than 1%,” Barry et al., 2010, p. 221) of 
the total duration of the main magmatic pulse. Barry et al. (2010, 
p. 213) concluded that the volumes and emplacement durations 
of Columbia River basalts might have had “obvious implications 
for climatic effects.”

ETHIOPIAN AND YEMEN FLOOD 
BASALT PROVINCE

There is general agreement that the Ethiopian-Yemeni con-
tinental fl ood basalt erupted in a relatively short period (~1 m.y.) 
around 30 Ma (e.g., Baker et al., 1996; Hofmann et al., 1997; 
Arndt and Menzies, 2005). Rochette et al. (1998) suggested cor-
relations of magnetic directions from 65 sites with the reversal 
time scale, with the bulk of magmatism occurring in chron C11r 
and therefore being linked with the Oi2 global cooling event. 
Coulié et al. (2003) showed that the K/Ar and 40Ar/39Ar ages 
from the Ethiopian and Yemeni parts of the province were indeed 
indistinguishable, 30.6 ± 0.4 and 30.2 ± 0.4 Ma, respectively. 
This continental fl ood basalt is different from several other 
major continental fl ood basalt provinces in that, rather than being 
entirely composed of basalts, it is bimodal, with a lower basal-
tic half and an upper silicic half (volcanism may have continued 
until 26 Ma [Baker et al., 1996; Coulié et al., 2003], possibly 
in relation to the continental fl ood basalt–rift–drift transition). A 
more recent study (Riisager et al., 2005) of 73 sites in Yemen has 
confi rmed earlier conclusions, and shown that the volcanic stra-
tigraphy extends from C11r to C9n, with fi ve polarity zones rec-
ognized. The basal basaltic part erupted in less than 1 m.y. and is 
likely to have preceded the Oi2 cooling event, whereas the upper 
silicic part may have continued for some 3 m.y. as punctuated 
events after Oi2. To our knowledge, there are no high- resolution 

Figure 2. An example of paleomagnetic 
directional groups (DG) in a Karoo, Leso-
tho, section (redrawn after Moulin, 2011).
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organic carbon), which may further modulate the atmospheric 
pCO

2
 (Goddéris and Joachimski, 2004).

The coupling procedure between FOAM and COMBINE is 
asynchronous. FOAM is used to generate an offl ine catalogue of 
continental air temperature (T

air
) and continental runoff (R) val-

ues for a range of pCO
2
 values (see following section, Bound-

ary Conditions and Simulation Design, for details). At each time 
step of the GEOCLIM calculation, and for each corresponding 
atmospheric pCO

2
, T

air
 and R above each continental pixel are 

calculated through a linear interpolation procedure from the cli-
matic catalogue. An exhaustive description of GEOCLIM and its 
components COMBINE and FOAM can be found in Goddéris 
and Joachimski (2004), Donnadieu et al. (2006a, 2006b), and 
Simon et al. (2007).

Incorporation of Sulfates into GEOCLIM

The computing time required to perform simulations with 
a GCM limits the length of simulations to a few thousand years, 
which means that a GCM cannot be used to simulate the impact 
of sulfate aerosols over the whole duration of the Deccan Traps 
emplacement (i.e., 400 k.y.). To solve this problem, we include 
the chemical reactions of sulfur dioxide into the atmospheric box 
of COMBINE. We use the parametric laws developed by Pier-
azzo et al. (2003) and Miles et al. (2004) to represent short-lived 
processes. We fi rst assume that, for a given mass of SO

2
 released 

by a volcanic event (F
volc

 in moles), the decay of SO
2
 gas is gov-

erned by its oxidation:

 

dSO2

dt
= Fvolc

SO2 − ka [SO2 ], (3)

where [SO
2
] is in moles. Based on the Pinatubo eruption, SO

2
 

e-folding time (k
a
) has been evaluated to 0.096 yr or 35 d (Rose 

et al., 2000). However, for larger eruptions, uncertainties exist for 
e-folding time values. According to Pinto et al. (1989), the SO

2
 

oxidation time increases with the mass of SO
2
 injected into the 

atmosphere, notably because of the consumption by OH radicals, 
which limits the conversion. To account for this limiting effect, 
we tested two additional oxidation laws describing a limited oxi-
dation rate (i.e., k

a
 varies as a function of the SO

2
 content; see 

Pierazzo et al., 2003).
The rate of change in the concentration of gaseous H

2
SO

4
 is 

controlled by the SO
2
 oxidation (source) and its hydration (sink):

 

dH2SO4gas

dt
= ka [ SO2 ] − kb[H2SO4gas] (4)

where [H
2
SO

4gas
] is in moles. According to Miles et al. (2004), 

the conversion of H
2
SO

4
 into aerosols (H

2
SO

4liq
) is supposed to 

be constant; the e-folding time (k
b
) is fi xed to 100 d (or 0.27 yr). 

Finally, Equation 5 describes the concentration of sulfate aero-
sols as a function of time, with the decay being due to gravita-
tional sedimentation.

 

dH2SO4liq

dt
= kb [H2SO4 ] − kc [H2SO4liq ] (5)

where [H
2
SO

4liq
] is in moles. The e-folding time (k

c
), linked to 

the gravitational sedimentation, has been fi xed to 1 yr (Miles et 
al., 2004). Recent studies, incorporating aerosol microphysics, 
obtained different gravitational sedimentation rates according to 
the size of aerosols (Timmreck et al., 2010). However, this pro-
cess is largely beyond the scope of this study.

In the model, the incoming radiative fl ux reduction caused 
by atmospheric loads of aerosols is directly expressed in ΔT. 
ΔT is calculated as a function of the mass of sulfate aerosols 
(mH

2
SO

4liq
) and sea-ice thickness (H

ice
).

 T = Tbox(j) − 3.2mH2 SO4liq × (1− H ice ) (6)

with ΔT in °C and mH
2
SO

4liq
 in Gt. Tbox(j) is the mean annual 

temperature (°C) for box j. Only surface oceans and atmo-
spheric boxes are affected by Equation 6. This equation takes 
into account the direct H

2
SO

4liq
 effect and albedo feedback. H

ice
 

(varying from 0 to 1) represents the theoretical sea-ice thickness 
(or the snow-layer over continents) formed when Tbox(j) < 0 °C. 
The term (1 – H

ice
) simulates the lag time required to melt the 

H
ice

 when Tbox(j) > 0 °C. With continental runoff being depen-
dent on the mean annual air temperature, the runoff is propor-
tionally reduced. It is important to note that a large variety of 
ΔT-forcing relationships exists (Pollack et al., 1976; Jones et al., 
1995; Oppenheimer, 2002; Robock et al., 2009), most of which 
have been calibrated on Pinatubo or estimated from Toba erup-
tions. Obviously, in the absence of direct measurements of opti-
cal depth caused by a Toba-like eruption, many cautions have to 
be used with temperature changes attributed to large eruptions 
(see sensitivity experiments in section Short-Term Response of a 
Single Volcanic Pulse).

To investigate the long-term climatic consequences of the 
Deccan Traps, we have also added long-lived processes. In keep-
ing with Earth’s oceanic/continental surface ratio, we assume 
that two-thirds of aerosols fall over oceans.

1. Over continents, H
2
SO

4liq
 values are taken to instanta-

neously react with carbonates according to the follow-
ing equation.

 2CaCO
3
 + H

2
SO

4liq
 → 2Ca2+ + 2HCO

3
- +SO

4
2- (7)

In the initial COMBINE version, the calculation of carbon-
ate weathering is carried out assuming that calcium concentra-
tion [Ca2+] (unit mol/m3) content of the runoff is at equilibrium 
with soil CO

2
, and carbonate rocks. Here, we added [SO

4
2–] in 

the charge balance calculation, where all [SO
4
2–] comes from the 

dissociation of H
2
SO

4liq
. Since H

2
SO

4liq
 decreases the soil pH, the 

phosphorus weathering is also affected (for details, see Guidry 
and MacKenzie, 2000; Donnadieu et al., 2006a).
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up 1700 yr ago, with an orbital period of 500–1000 yr immedi-
ately before fragmentation. The other recent large comet in our 
neighborhood was the progenitor of the Taurid complex, which 
may have been of similar size (Napier, 2010) but greater age 
( 20,000 yr; Steel and Asher, 1996). The debris is low inclina-
tion and short period (P ~ 3.3 yr); it includes several large near-
Earth “asteroids” (probably dormant comets), and it dominates 
the contemporary meteoroid environment (Wiegert et al., 2009), 
although signifi cant uncertainty remains about its initial mass 
and the membership of the complex.

If the size distribution represented by Equation 1 can be 
extrapolated upward, then one expects at least one centaur over 
600 km in diameter to have disintegrated in an Earth-crossing 
orbit at some time during the Phanerozoic. However, the distri-
bution must eventually turn down, and the observational data are 
too sparse to say where the turndown occurs. A 200 km comet 
striking Earth would carry ~10,000 times the energy involved in 
creating the 180 km Chicxulub crater, and it would presumably 
remove the biosphere. Impact crater statistics show this to have 
been an unlikely event over the 600 m.y. time scale of the Pha-
nerozoic. However, the prime hazard appears to come from their 
disintegration products. Destruction through entry into a sun-
grazing orbit is quite common for comets with initial perihelia 
q < 2 au or so, arising from correlated changes in the orbital ele-
ments due to the long-term secular perturbations by giant planets 
(Bailey et al., 1992). Most comets a few kilometers across would 
not survive passage within 0.1 au of the Sun, but those in direct 
orbits (e.g., the centaurs) that avoid close encounters with Jupiter 
can reach small perihelion distances within a few dozen perihe-
lion passages.

DISRUPTION OF NEAR-EARTH GIANT COMETS

Most comets are porous, virtually strengthless bodies, typi-
cally with mean densities about half that of water. A cohesive 
strength of only 0.001 bar would have prevented the tidal destruc-
tion of both Shoemaker-Levy 9 and the Kreutz parent body. They 
may be loose aggregates of “building blocks,” perhaps up to 1 km 
in diameter, perhaps remnants of previous disruptions, barely 
held together by their own gravity (A’Hearn, 2011). Modeling of 
the collisional evolution of bodies in the trans-Neptunian region 
indicates that perhaps all bodies between 10 and 100 km diam-
eter are so constituted. Irrespective of size, a comet will disinte-
grate when its self-gravity is exceeded by the ambient tide. This 
happens when it passes within Roche’s limit, given by

 L = 2.44 R
0
 (ρ

0
/ρ)1/3, (2)

where R
0
 is the radius of the large body, and ρ

0
 is its density; ρ is 

the density of the comet. For the Sun, r
0
 = 1.41 g/cm3, while for 

a comet ρ = 0.4 g/ cm3. The Roche limit for a sungrazing comet 
is then 3.7 solar radii.

Bailey et al. (1992) considered that 5%–15% of comets that 
attain q < 2 au become sungrazers. Of those that enter Encke-type 

orbits, the fi gure is ~40%. If we adopt, overall, a 5% probability 
that an Earth-crossing comet in a short-period orbit will become a 
sungrazer, then we expect a >100 km object to disrupt completely 
in the terrestrial neighborhood through tidal disintegration every 
100 m.y. or so. The disintegration is expected to be hierarchical, 
with short-lived fragments cascading down to dust.

Knight et al. (2010) found that the SOHO sungrazers has a 
cumulative size distribution

 n(> R) ∝ R−S, (3)

with s ~ 2.2, which translates to a differential mass distribution

 n (m)dm ∝ m−α, (4)

with α ∼ 1.73. Such mass distributions are top heavy, with the 
largest single fragment typically containing almost half the total 
mass of the system. Even so, this fragment size distribution com-
pletely fails to predict the great sungrazing comets from histori-
cal times that belong to this system and that may have been up to 
60 km in diameter (A’Hearn, 2011). This must involve splitting 
rather than surface fragmentation, and in fact records of comet 
splitting go back ~2000 yr, and with the advent of telescopes, it 
has become clear that the phenomenon is a major route of comet 
demise. The short-period comet 73P/Schwassmann-Wachmann 
3, having been seen as a single object in its 1990 apparition, was 
observed to split into three fragments when it returned in late 
1995; many fresh fragments were seen on subsequent returns, 
and by 2006, upward of 150 fragments had been detected (Fig. 
3). Ishiguro et al. (2009) found that the >150 fragments from the 

Figure 3. Fragments of a fragment: 2006 Hubble im-
age showing fragment B of periodic comet Schwass-
mann-Wachmann 3, itself undergoing disintegration. 
This small Jupiter-family comet began to break up in 
1995. Scale is about 3 arcsec, or 3200 km. North is 
to the top, East to the left. Credit: NASA and STScI.
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