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Abstract
We hypothesize that the rapid onset of the carbon isotope excursion (CIE) at the Paleocene/Eocene boundary (V55
Ma) may have resulted from the accretion of a significant amount of 12 C-enriched carbon from the impact of a V10
km comet, an event that would also trigger greenhouse warming leading to the Paleocene/Eocene thermal maximum
and, possibly, thermal dissociation of seafloor methane hydrate. Indirect evidence of an impact is the unusual
abundance of magnetic nanoparticles in kaolinite-rich shelf sediments that closely coincide with the onset and nadir of
the CIE at three drill sites on the Atlantic Coastal Plain. After considering various alternative mechanisms that could
have produced the magnetic nanoparticle assemblage and by analogy with the reported detection of iron-rich
nanophase material at the Cretaceous/Tertiary boundary, we suggest that the CIE occurrence was derived from an
impact plume condensate. The sudden increase in kaolinite is thus thought to represent the redeposition on the marine
shelf of a rapidly weathered impact ejecta dust blanket. Published reports of a small but significant iridium anomaly
at or close to the Paleocene/Eocene boundary provide supportive evidence for an impact.
6 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
The Paleocene/Eocene (P/E) boundary (V55
Ma) is marked by an abrupt carbon isotope ex-
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cursion (CIE) recorded in marine and terrestrial
systems (e.g. [1,2]) that is coincident with an
equally rapid oxygen isotope excursion interpreted as the P/E thermal maximum [3]. Closely
associated with the P/E boundary was the largest
deep-sea benthic extinction of the past 90 Myr [4]
as well as a major radiation of mammals [5]. A
widely accepted explanation for the CIE is the
sudden dissociation of 12 C-enriched marine gas
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hydrates [6^8]. Such a major dissociation event
would seem to require either a thermal [6] or mechanical [9] precursor. However, high-resolution
oxygen and carbon isotope records have yet to
demonstrate a signi¢cant warming immediately
preceding the CIE (e.g. [10^12] despite recent assertions to the contrary [13] ; see below) and a
geologic event of su⁄cient magnitude to provide
a plausible mechanical trigger has not been identi¢ed.
We suggest that the impact of a volatile-rich
comet provides an alternative source of 12 C-enriched carbon to account for the rapid onset of
the CIE. The massive introduction of carbon directly into the atmosphere would account for the
concomitantly rapid greenhouse warming, producing newly corrosive and warmer (and hence
less oxygenated) bottom waters that have previously been suggested as proximate causal mechanisms for the massive extinction of benthic organisms coincident with the CIE [1,4]. An impact has
been entertained as one of several possible explanations for a small but analytically signi¢cant iridium anomaly detected at or very close to the P/E
boundary [14,15]. We describe new albeit indirect
evidence for an impact at the P/E boundary based
on the discovery of abundant magnetic nanoparticles in kaolinitic clays that are closely associated
with the CIE in shelf sediments on the Atlantic
Coastal Plain.

2. Lithologic and magnetic changes at the CIE
The P/E boundary interval was recovered and
studied in a transect of three drill cores across the
Atlantic Coastal Plain in New Jersey ^ at Bass
River [16,17], Ancora [18,19] and Clayton [20]
(Fig. 1). Published biostratigraphic and magnetostratigraphic data for the Bass River core indicate
that the negative excursion in the carbon isotopic
composition of carbonates corresponds to the
CIE [16,17], whose onset is now taken to coincide
with the P/E boundary at around 55 Ma [21]. We
found a correlative CIE in the Ancora and Clayton cores (Fig. 2). The stratigraphic records
across the CIE are not interrupted by sequence
boundaries and appear to be complete.

Fig. 1. Location map for Ancora [18], Bass River [16] and
Clayton [20] drill sites on the Atlantic Coastal Plain of New
Jersey where the CIE interval was investigated in this study.
Inset shows locations on a 55 Ma plate reconstruction sketch
map of some other CIE sites discussed in the text.

The CIE interval in this neritic setting is closely
associated with a several meters thick clay-rich
unit in which the proportion of kaolinite becomes
signi¢cantly higher and terrigenous sand is conspicuously absent [17,20] (Fig. 2). Intervals relatively enriched in kaolinite have been documented
coincident with the CIE in shelf sediments around
the Tethys [22] and in New Zealand [8], and in
deep-sea sediments from the Southern Ocean [23].
Kaolinite is the product of intensive continental
weathering, generally under hot, humid conditions over appreciable time scales (105 ^106 yr
[24]). However, the close correspondence of the
kaolinite-rich interval with minimum carbon isotope values (Fig. 2) indicates that this unit was
deposited very rapidly. In open ocean sections,
such minimum carbon isotope values occur over
an interval of a few decimeters at most [12], suggesting that the onset and nadir of the CIE occurred over time scales of only 6 103 ^104 yr [25]).
We therefore conclude that the CIE clay unit at
the New Jersey P/E boundary sections was deposited at rates exceeding 30^70 cm/kyr. This is consistent with the presence throughout this interval
in the New Jersey sections of calcareous nannoplankton and planktonic foraminiferal taxa that
are restricted to the early part of the CIE interval
at other locations [18,26^29].
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Fig. 2. Lithologic, isotopic and magnetic hysteresis pro¢les across the CIE interval in three drill cores on the Atlantic Coastal
Plain of New Jersey (see Fig. 1 for locations). Double-arrows mark the onset of the CIE interval. Magnetostratigraphic, biostratigraphic, lithologic and benthic foraminiferal isotopic data for Bass River are from [17], lithologic data for Clayton from [20].
The sand-fraction record does not di¡erentiate between largely quartz and glauconite sand below the CIE and exclusively biogenic (e.g. foraminiferal) sand within the CIE interval. Bulk carbonate carbon isotope data were generated for this study. Samples
for carbon isotope analysis were ground and reacted in phosphoric acid (H3 PO4 ) at 90‡C in a Multiprep system attached to a
Micromass Optima mass spectrometer. The close correspondence between bulk carbonate and benthic foraminiferal N13 C records
at Bass River indicates that the bulk carbonate N13 C records accurately re£ect local seawater-dissolved inorganic carbon at the
time of deposition. The magnitude of the N13 C decrease recorded in these sections (34 to 35x) is substantially larger than that
recorded in deep-sea records, but is similar to the atmospheric/surface-ocean records of surface-dwelling planktonic foraminifera
[1,13] and terrestrial carbonates [2,59]. Saturation magnetization (Ms ) and the ratio of saturation remanence to saturation magnetization (Msr /Ms ) were determined from hysteresis measurements on V20 mg bulk sediment samples (see Fig. 3).

Sediment magnetization was studied by low
¢eld susceptibility and magnetic hysteresis properties and the magnetic mineralogy was constrained
from analyses of remanent magnetic coercivity
from back¢eld IRM curves. Anomalously highly
magnetized sediments were initially discovered in
a 6.5 m thick interval uniquely associated with the
CIE in a core-log integration study of middle
Miocene to Cenomanian coastal plain strata at
the Ancora site [18,19]. New magnetic hysteresis

data (Fig. 3a,b) substantiate this observation at
the Bass River and Clayton sites where we ¢nd
that sediments associated with the CIE from a
4.6 m thick interval at Bass River and a 7.6 m
thick interval at Clayton are also characterized by
Ms intensities of around 15 mA m2 /kg, an order
of magnitude greater than in the underlying or
overlying sediments (Fig. 2). More signi¢cantly,
high Msr /Ms ratios averaging 0.40 at the more
proximal (landward) Clayton site, 0.35 at Ancora,

EPSL 6642 22-5-03

16

D.V. Kent et al. / Earth and Planetary Science Letters 211 (2003) 13^26

and 0.3 with more variability at the more distal
Bass River site are associated with the high magnetizations in the CIE interval. Back¢eld IRM
curves in the highly magnetized CIE sediments

approach saturation by about 200 mT (Fig. 3c),
suggesting that the main magnetic mineral is magnetite or possibly a partially oxidized form of maghemite. The high magnetizations correspond to
volumetric concentrations of about 100 parts per
million for such magnetic particles. High-¢eld
heating experiments to determine Curie temperatures were not successful due to the creation of a
magnetic alteration phase presumably from
breakdown of clays although we can say there
was no initial magnetic phase with a Curie temperature lower than about 450‡C. Samples from
outside the CIE interval (or some samples within
the CIE at Bass River) that have reduced Msr /Ms
may not reach saturation by 1000 mT, indicating
the presence of a more highly coercive mineral
like goethite or hematite in these samples.
Experimental data [30] and theory [31,32] show
that, unless elongated, magnetite grains have a
very narrow stable single domain size range where
Msr /Ms is high only between the superparamagnetic threshold of 30^50 nm and the multidomain
threshold of about 70^100 nm. For example, the
average Msr /Ms for randomly oriented, non-interacting cuboid magnetite grains is calculated to
drop precipitously from 0.40 for 90 nm grains to
multidomain-like values of 0.06 for 104 nm grains
[32]. This means that the presence of even relatively few magnetic grains above the multidomain
threshold size will tend to lower the overall Msr /
Ms ratio of an assemblage because of their disproportionately large volumetric contribution. At
the other end of the size spectrum, Msr /Ms will be
reduced due to superparamagnetic behavior

6
Fig. 3. Examples of magnetic hysteresis loops (a, full scale;
b, expanded scale) determined on V20 mg bulk sediment
samples from within (BR354.5) and below (BR351.1) the
CIE interval in the Bass River drill core. Measurements were
made on an alternating-gradient force magnetometer (Micromag 2900) using a maximum ¢eld of 1000 mT; Ms is determined after standard correction for the high ¢eld paramagnetic slope from 7000 to 1000 mT (shown as dashed line in
panels a and b). Msr /Ms is 0.38 for BR354.5 and 0.076 for
BR357.1. Magnetic coercivity, Bc , is magnetization zerocrossing. Back¢eld IRM curves used to measure remanent
coercivity (Bcr , zero-crossing or remanent magnetization) are
shown in panel c.
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[33,34], although the volumetric contribution of
such very ¢ne grains to bulk magnetic hysteresis
properties will tend to be small.
The high Msr /Ms ratios of the CIE sediments
are unusual and not expected to result from an
assemblage of detrital magnetic minerals and the
heterogeneity of neritic sedimentary processes, especially over several meters of section. A recent
compilation of hysteresis data for rocks and sediments [35] shows that Msr /Ms ratios rarely approach 0.4 in magnetite-bearing clastic sediments ;
for example, pelagic deep-sea sediments [36] have
Msr /Ms ratios that range only to about 0.3,
whereas Chinese loess and paleosols [37] and
many lake sediments (e.g. [38], but see [39]) typically have even lower values (Fig. 4). Some ma-

Fig. 4. Day plot of magnetic hysteresis parameters (Msr /Ms
versus the ratio of remanent coercivity to coercivity, Bcr /Bc )
for samples from across the CIE interval in the Clayton,
Bass River and Ancora drill cores. Shown for comparison
are generalized data ¢elds (dashed) for Chinese loess [37],
lake sediments [38], and pelagic deep-sea sediments [36] taken
from a recent summary [35]. Solid curve is a SD^MD theoretical mixing curve from [35].
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rine limestones, especially those that have been
remagnetized [40], do have Msr /Ms ratios that
can be as high as those for the CIE sediments.
However, such carbonates re£ect depositional
and diagenetic processes very di¡erent from the
CIE sediments, making it unlikely that the magnetic mineralogy has a similar origin. Moreover,
the sudden change observed at the CIE onset
would remain unexplained.

3. Interpretation of lithologic and magnetic
changes at the CIE
We interpret the hysteresis properties of the
CIE sediments as indicative of a highly restricted
magnetic grain-size assemblage concentrated in
the single domain range ( 6 100 nm) in the more
proximal (landward) Clayton and Ancora sites,
with sporadic admixtures of larger multidomainlike particles in the more distal Bass River site.
The magnetic nanoparticle assemblage and its depositional pattern are unusual and require explanation. An intriguing possibility that we initially
considered [19] is that the magnetic particles are
of biogenic origin. This is because magnetotactic
bacteria are known to form small magnetite crystals [41] and available hysteresis data indicate that
magnetosomes isolated from magnetotactic bacterial cells can have high Msr /Ms values [42]. A
transmission electron microscope (TEM) study
of a sample from the CIE interval at Clayton
shows that iron-rich grains are very di⁄cult to
detect and are likely to be very small. Four
iron-rich grains have been observed and two
were con¢rmed as magnetite on the basis of their
di¡raction pattern (Fig. 5). Their grain sizes of
V70 nm are well within the theoretical single domain grain size range, consistent with the hysteresis data. The magnetite grains have equidimensional shapes but they do not occur in strings,
which are often indicative of biogenic origin
[41]. A biogenic origin would also not account
for the apparent exclusion of larger detrital magnetic grains in these neritic deposits even though
the updip^downdip gradient in thickness of the
CIE clay layer is more consistent with a detrital
(landward) source for the magnetic particles.
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Fig. 5. TEM bright ¢eld image of a magnetite grain (dark object in center of ¢eld) from a sample at 96.35 m in the CIE interval
at Clayton. The sediment sample was ground under ethanol in an agate mortar for several minutes; a droplet of the mixture was
then dropped on a copper washer with substrate and coated with carbon. TEM observations were made using a Philips CM12
STEM working at 120 kV. The sparse distribution and small grain size of the iron-rich particles made them extremely di⁄cult to
¢nd. The chemical composition was determined using a Kevex EDS detector equipped with the STEM. Convergent beam electron di¡raction (CBED) pattern ([011] di¡raction) of the grain is shown as inset and is consistent with that of magnetite (F d3m,
S ).
cubic, a = V8.4 A

The sudden increase in kaolinite, which coincides with the magnetic nanoparticle assemblage,
may be due to the reworking of Upper Cretaceous
kaolinites, although there is no obvious mechanism for preferential erosion and redeposition of
these deposits [17]. Samples we collected from exposures of the Upper Cretaceous Raritan Formation at Sayreville, NJ, have di¡erent magnetic
properties with very low Msr /Ms (V0.04), indicating that high Msr /Ms values are not characteristic
of all kaolinitic deposits. Fine-grained magnetites
have been suggested to precipitate near the iron
redox boundary in suboxic marine sediments [43],
but this process is often followed by dissolution of
magnetite by reduction diagenesis lower in the

sediment column (e.g. [44,45]) and thus not expected to result in a thick layer rich in ¢negrained magnetite. Parenthetically, reported Msr /
Ms values of suboxic sediments are only about
0.3, even though magnetotactic bacteria are a
likely source of the ¢ne-grained authigenic magnetite [43].
Iron-rich nanophase material has been detected
using Mo«ssbauer spectroscopy at several Cretaceous/Tertiary (K/T) boundary sites where,
although often in the form of hematite and goethite perhaps due to weathering, it has been interpreted as a condensate from an impact ejecta
plume [46,47]. The dominance of magnetic nanoparticles inferred from hysteresis data in the CIE
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interval at the three Atlantic Coastal Plain sites
may have a similar origin and, if so, provides
circumstantial evidence for an impact at the P/E
boundary. Rapid nucleation and limited crystal
growth during cooling of an expanding plume vapor can account for the absence of larger magnetic grains.
In this scenario, the sudden increase in kaolinite
content at the onset of the CIE may have resulted
from accelerated weathering of a layer of very
¢ne-grained dust, such as an impact ejecta blanket
consisting mainly of crustal material thrown up
by the impact. The close correspondence of the
kaolinite-rich interval with minimum carbon isotope values (Fig. 2) indicates that this unit was
deposited very rapidly, suggesting that the unconsolidated impact dust blanket was rapidly weathered and eroded from the land and redeposited on
the continental shelf. Such circumstances could
explain the remarkable homogeneity of the magnetic, lithologic, and isotopic properties of these
CIE sediments. Rapid weathering, erosion and
redeposition of an impact ejecta blanket would
also account for the abrupt transition from typical neritic sandy and silty clays below the CIE to
kaolinite-rich clays containing very little silt and
only non-terrigenous (e.g. foraminiferal) sand-size
material just after the onset the CIE, with greatest
focusing and least contamination from other sediment sources at the most proximal (Clayton) site.

4. Other evidence for an impact
More direct but contentious evidence of an impact event at the P/E boundary is a reproducible
albeit small iridium anomaly (quoted values of
143 T 22 ppt and 133 T 15 ppt Ir compared to a
background of about 38 ppt Ir) in an expanded
bathyal section at Zumaya, Spain [14]. The anomaly occurs in a 1 cm thick gray layer at the base of
a V35 cm thick greenish brown marl and is coincident with the initial V1x decrease in N13 C
values marking the onset of the CIE (Fig. 6a).
The iridium enrichment was regarded as enigmatic [14] and could be due to various other
causes such as basaltic volcanism [48], although
there is no evidence for a volcanic ash layer at
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Fig. 6. (a) Pro¢les of bulk carbonate N13 C and iridium concentrations across the onset of the CIE recorded in Zumaya,
Spain (from ¢gure 2 in [14]). (b) High-resolution pro¢le of
bulk carbonate N13 C across the onset of the CIE from ODP
Site 690 from the Southern Ocean (from ¢gure 2 in [12]).
Both records are plotted on same linear thickness scale and
show a stepped decrease in N13 C after the initial 31x shift,
which coincides with the iridium anomaly at Zumaya. Note
that no intermediate values are resolved in the initial shift at
either site, while subsequent steps are more gradual.

this stratigraphic level despite detailed analyses
[14]. We view the precise coincidence of the sharp
iridium anomaly with the base of the CIE at Zumaya as remarkable and supportive of an impact
origin. An iridium anomaly has also been reported more recently from near the P/E boundary
in £ysch deposits in Slovenia [15], although in the
absence of carbon isotope data it is not possible
to determine if it coincides with the CIE.
Other geochemical evidence for a P/E impact is
more equivocal. If the onset of the CIE was associated with an extraterrestrial impact it might be
expected to have low 187 Os/188 Os isotope ratios.
Instead, an excursion to higher values of 187 Os/
188
Os isotope ratios was found in DSDP Site
549 from the North Atlantic and attributed to a
global increase in chemical weathering rates over
several hundred thousand years during an interval
of unusually warm global climate following the
CIE [49]. However, the sampling interval (12 samples over V400 kyr) was insu⁄cient to capture
the rapid onset of the event and the data are
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therefore inconclusive regarding the triggering
mechanism. As Ravizza et al. [49] point out, in
a longer osmium isotope record from North Paci¢c core GPC3 [50], an osmium isotope minimum
occurs in an interval that has been correlated with
the P/E boundary [51]. We suggest that although
the origin of this minimum is highly uncertain
[49,50], a contribution from extraterrestrial osmium cannot be excluded.
Core GPC3 also yielded a continuous record of
extraterrestrial helium borne by the fallout of interplanetary dust particles over the past 70 Myr
[52]. The observation that the K/T boundary,
which is identi¢ed in these sediments by a large
iridium anomaly [53], has no associated peak in
extraterrestrial helium can be explained by devolatization of a large body during impact [52]. Accordingly, the absence of a signi¢cant increase in
extraterrestrial helium at around the P/E boundary [52] does not preclude an impact of a large
extraterrestrial object but does suggest that it was
not accompanied by a comet shower as inferred
for the late Eocene [54].

5. Estimate of comet size from carbon isotope
evidence
In the absence of any other major source of
su⁄ciently 12 C-enriched carbon, it has been assumed that the CIE resulted from dissociation
of sea£oor methane hydrate deposits having
N13 C values of about 360x [6,7]. However,
space probe measurements of Comet Halley
show that cometary material is rich in carbon
[55,56] with measured 12 C/13 C ratios as high as
5000 compared to terrestrial values of about 89
[56]. Interplanetary dust particles collected in the
Earth’s atmosphere and thought to represent, at
least in part, cometary dust [57] also show 12 C
enrichment and can have N13 C values of 345x
or lower [58] (Fig. 7). An impact of a cometary
body can therefore provide an alternative source
of 12 C-enriched carbon as well as explain the magnetic nanoparticles on the New Jersey shelf and
the iridium anomaly at Zumaya.
Assuming a cometary source of 12 C-enriched
carbon, the magnitude of the CIE can be used

Fig. 7. Histogram of cluster interplanetary dust particle
(IDP) N13 C values (data from [58]).

to estimate the size of the P/E impactor. The
CIE is characterized by a stepped decrease in
bulk carbonate N13 C values (Fig. 6a,b), but the
initial negative shift of V1x is signi¢cantly
more abrupt than subsequent steps and must
have occurred in much less than 1000 yr [12]. At
most, a comet impact would be called upon to
account only for the initial decrease, which we
note is coincident with the Ir anomaly at Zumaya
[14]. For a cometary body with 345x N13 C,
V900 Gt of extraterrestrial carbon would account for a 1x decrease in a total exchangeable
carbon reservoir of 40 000 Gt (Fig. 8). A more
reasonable estimate is obtained by accounting
for a 4x shift in only the surface ocean and atmosphere carbon reservoirs (V2000 Gt C), as
indicated by isotope analyses in the New Jersey
sites (Fig. 2) and for surface-dwelling planktonic
foraminifera [1,11,13] and terrestrial carbonates
[2,59]. This would require only V200 Gt of cometary carbon ; the equivalent diameter of such a
comet with 20^25 wt% carbon [56] and bulk density 1500 kg/m3 [60] would be upwards of 11 km.
We emphasize that other factors may have contributed to the magnitude of the surface-ocean/atmosphere N13 C shift, which would reduce the re-
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Fig. 8. Mass of carbon as a function of its carbon isotopic
composition required to produce a 31x shift in the modern total exchangeable ocean^atmosphere carbon reservoir
(40 000 Gt; [78,79]). The mass of carbon necessary to cause
an isotopic shift in the carbon reservoir is given by:


vN13 C
Ca ¼ Ci 13
13
13
N Ca 3N Ci 3vN C
where Ci is the initial mass of carbon of isotopic composition N13 Ci in the reservoir, Ca is the mass of carbon of isotopic composition N13 Ca added to the reservoir, and vN13 C is
the change in the N13 C value of the reservoir. The N13 C of
oceanic dissolved inorganic carbon immediately prior to the
CIE was about 1.5x [69]; assuming a partitioning between
organic and inorganic carbon similar to modern, this indicates an exchangeable carbon isotopic composition of
30.75x. Nominal carbon isotopic compositions are shown
for mantle CO2 [80], CI chondrites [81], organic carbon [80],
comets [58], and methane [6] for comparison.

quired comet size. For instance, a V2x decrease
in the N13 C value of the surface-ocean/atmosphere
reservoir at the K/T boundary has been attributed
to a reduction in productivity [68]. The convergence of planktonic and benthic foraminiferal
N13 C values suggests that this may also have occurred at the P/E boundary [1,13], in which case
only V95 Gt of cometary carbon (V8 km equivalent diameter) would be required to explain the
remaining V2x shift. Given the uncertainties in
the properties of comets, impact dynamics and the
response of the perturbed carbon reservoir, we
believe that V10 km for the P/E comet is a plausible estimate and note that modern comets such
as P/Halley can be of similar size [61].
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The nominal size of the postulated P/E comet is
comparable to the K/T bolide (10 T 4 km) whose
size was estimated primarily from the iridium content of the V1 cm thick boundary clay [62]. Our
suggestion that the P/E impactor was a volatilerich comet rather than an asteroid could help explain why there is only a small iridium anomaly
found associated with the V1 cm thick gray layer
at Zumaya [14]. Nevertheless, we acknowledge
that it is di⁄cult to reconcile the small magnitude
of the observed iridium anomaly at Zumaya with
the thickness of the presumed ejecta layer using
reasonable cometary compositions. For example,
if a cometary nucleus contains about equal proportions of carbon and a silicate fraction [60] with
a chondritic abundance of V500 ppb Ir, the dilution of 100 Gt of chondritic material by a factor
of 5000 to produce a 100 ppt Ir anomaly would
result in the equivalent of an ejecta layer about 40
cm thick. This is considerably thicker than the
gray layer at Zumaya but additional data on iridium contents and detailed lithologic characteristics from other sections are needed to understand
the nature of the discrepancy. Interestingly, a similar calculation for a 10 km chondritic asteroid as
the K/T impactor (dilution by a factor of 50 to
produce a 10 ppb Ir anomaly [63]) results in an
ejecta layer of about 5 cm that is appreciably
thicker than observed for the K/T boundary clay.
Impacts of large comets are rare but hardly
improbable events; the collision rate for comets
larger than 10 km is estimated to be about 1038
yr31 , about a factor of three greater than for s 8
km diameter asteroids [64]. We have not identi¢ed
the site of the postulated P/E impact. However,
large impact craters continue to be found on land
(e.g. [65]) and, since a larger portion of the
Earth’s surface area is oceanic rather than continental, it must be acknowledged that the P/E impact may have occurred on oceanic crust. Impact
craters of any age have been di⁄cult to ¢nd in the
ocean basins, although they must exist given the
continental crater record [66].

6. Contribution from sea£oor methane hydrates
Simultaneous mechanical disruption of sedi-
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ments and consequent release of methane hydrates
could conceivably be triggered by an impact event.
Slumping on the continental slope would presumably have occurred coincident with continental
shelf impacts such as those that created the 85
km diameter Chesapeake crater of late Eocene
age (35 Ma) on the coastal plain of Virginia [65]
and the 45 km diameter Montagnais crater of early
Eocene age (50.5 Ma) on the Nova Scotia continental shelf [67]. However, no signi¢cant negative
shift in ocean carbon isotope values has been documented coincident with these events (e.g. [68,69]).
This suggests that the amount of methane released
as a result of impact-induced slumping was small
relative to the whole ocean carbon reservoir, although some release of methane hydrate at the
time of impact would be consistent with widespread slumping along the western North Atlantic
margin at the time of the CIE [60]).
The highest potential for release of large
amounts of sea£oor methane hydrate would presumably result from a direct impact in an area of
gas hydrate accumulation. At the Blake Ridge,
which is thought to be hydrate-rich in comparison
to other areas, only V35 Gt of carbon is present
either as hydrate or gas in a 26 000 km2 area [70].
This means that if a large impact activated this
entire area (equivalent to a V180 km diameter
crater) the amount of methane that could be released directly would be only a small fraction of
that required to produce the initial isotopic decrease at the CIE. On the other hand, greenhouse
warming from the introduction of extraterrestrial
carbon into the atmosphere may have triggered
thermal dissociation of methane.

7. Greenhouse warming
The P/E impact hypothesis implies that a cometary body introduced V100^200 Gt carbon directly into the atmosphere where it would have
oxidized to CO2 . While there is little agreement
on Paleogene atmospheric CO2 levels, a recent
estimate suggests that they may have been comparable to present-day levels of V300 ppm [71],
or equivalent to V600 Gt of carbon. The comet
impact hypothesis would therefore imply a virtu-

ally instantaneous V15^30% increase in atmospheric pCO2 and the P/E thermal maximum
that occurred synchronous with the CIE is an expected consequence, through greenhouse warming. The massive initial injection of CO2 and resultant greenhouse warming would also have
produced newly corrosive and warmer (and hence
less oxygenated) bottom waters that have previously been suggested as proximate causal mechanisms for the mass extinction of benthic foraminifera coincident with the CIE [1,4]. Bottom-water
warming may also have eventually resulted in
thermal dissociation of sea£oor gas hydrates, accentuating the environmental and carbon isotopic
e¡ects.

8. Discussion
To explain the CIE, Dickens et al. [6] excluded
mantle CO2 as a realistic source of 12 C-enriched
carbon, given its relatively high (35x) N13 C value compared to the magnitude of the CIE, and
argued that methane hydrate with 360x N13 C
was practically the only viable alternative. We
have tried to build a case that extraterrestrial carbon is another potential source of light carbon,
which can account for the extremely rapid onset
of the CIE while consequent dissociation of sea£oor methane hydrate may be responsible for
the more gradual (over 10s of kyr) and larger
(V2.5x) decrease in whole-ocean N13 C values.
A cometary impact coincident with the P/E
boundary can also help explain some enigmatic
features associated with this event, such as the
iridium anomaly at Zumaya, the abrupt appearance of kaolinitic clays with abundant magnetic
nanoparticles on the coastal shelf of NJ, and especially the nearly simultaneous onset of the CIE
and the thermal maximum. Indeed, a key feature
and testable prediction of a comet impact is that
it should produce virtually instantaneous environmental e¡ects in the atmosphere and surface
ocean with later repercussions in the deeper
ocean.
Recently, a high-resolution isotopic record of
the temporal relationship between warming and
carbon input was published from Site 690 and
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interpreted as showing that the CIE was preceded
by a brief period of surface-water warming that
somehow led to the thermal dissociation of sea£oor methane hydrate [13]. For the following reasons, we suggest that this record instead provides
evidence more compatible with the comet impact
hypothesis :
1. A decrease of 31.5x in N18 O single-specimen
values of surface-dwelling planktonic foraminifera was described as occurring over 3 cm
below the virtually instantaneous (within
1 cm) onset of excursion N13 C values, which
is the primary observational basis cited [13]
for a thermal precursor to the CIE. However,
the data plotted in ¢gure 3 of [13] show that
pre-CIE N18 O values at the top of this 3 cm
interval (as indicated by correspondence with
pre-CIE N13 C values) are virtually equivalent to
those at the bottom of the interval, so that the
variability within this interval seems more
likely to re£ect normal (interannual to millenial) variations rather than a unidirectional
warming as interpreted by [13]. The bimodal
distribution of both N13 C and N18 O values in
the single-specimen stable isotope data at the
onset of the CIE (level 2 in [13]) indicates an
essentially instantaneous 4x decrease in surface-ocean and atmosphere N13 C values synchronous with a very rapid 6‡C increase in surface-water temperature.
2. The cited sequence of ¢rst excursion N13 C values from surface-dwelling to thermoclinedwelling planktonic foraminifera suggests a
top-down hydrographic progression of the onset of the CIE. This top-down progression of
events is also consistent with inferences drawn
from planktonic foraminiferal assemblage
changes [72]. Thomas et al. [13] explained the
progression of the carbon isotope anomaly
from surface to deep waters as due to a rapid
transfer of methane from the dissociated hydrates into the surface ocean and atmosphere
without ¢rst oxidizing near the source in the
deep sea. However, experimental data indicate
that methane released in the water column
above the hydrate stability zone, as would be
the case following thermal dissociation, is extremely unlikely to enter the atmosphere prior
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to oxidation [73]. A simpler explanation follows directly from the comet impact hypothesis, which predicts exactly such a top-down
progression because the comet’s isotopically
light carbon would be injected ¢rst into the
atmosphere and propagate into the shallow
and then deeper ocean. If the comet impact
hypothesis is correct, we would expect that
the initial input of light carbon and atmosphere/surface-ocean warming occurred simultaneously and virtually instantaneously at the
limits of stratigraphic resolution.

9. Conclusions
In conclusion, we believe that a comet impact
provides a viable and direct method of delivery of
12
C-rich carbon to initiate the CIE and the P/E
thermal maximum, which may have triggered a
more gradual thermal dissociation of sea£oor
methane hydrates. The biotic and environmental
response to the hypothesized P/E impact, which
included the brief dominance of an exotic excursion plankton assemblage [27,28] and a mass extinction among benthic foraminifera [1,4], was
clearly di¡erent from that following the K/T impact [62], which resulted in massive extinctions of
plankton but with little e¡ect on benthic communities [68]. These considerations, together
with large impacts that have had little apparent
long-term environmental consequences [74], suggest that the e¡ects and signatures of large impacts vary and depend strongly on factors such
as the composition of the impactor [75,76] as
well as the target area, and Earth’s climate state
prior to the impact. If supported by further evidence of tracers of extraterrestrial material in CIE
deposits, the P/E impact may have implications
for the cause of other catastrophic events accompanied by sudden negative carbon isotope excursions, such as at the Permo^Triassic boundary
[77].
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