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We have identified clear evidence of an extraterrestrial
impact within the onset of the carbon isotope
excursion (CIE) that defines the Palaeocene—Eocene
(P-E) boundary hyperthermal event (approx. 56 Ma)
from several sites on the eastern Atlantic Coastal
Plain and offshore. We review and update the state
of the evidence for an impact at the P-E boundary,
including a K-Ar cooling age of the ejecta that
is indistinguishable from the depositional age at
the P-E, which establishes the ejecta horizon as
an isochronous stratigraphic indicator at the P-E.
Immediately above the ejecta peak at the base of
the coastal plain Marlboro Clay unit, we identify
a sharp increase in charcoal abundance coincident
with the previously observed dramatic increase in
magnetic nanoparticles of soil pyrogenic origin. We
therefore revisit the observed sequence of events
through the P-E boundary on the western Atlantic
Coastal Plain, showing that an extraterrestrial impact
led to wildfires, landscape denudation and deposition
of the thick Marlboro Clay, whose base coincides with
the spherule horizon and CIE onset. The Sr/Ca ratio of
the spherules indicates that the carbon responsible for
the onset may be vaporized CaCOj target rock mixed
with isotopically light carbon from the impactor
or elsewhere. Crucially, we do not argue that the
impact was responsible for the full manifestation of

© 2018 The Author(s) Published by the Royal Society. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2017.0081&domain=pdf&date_stamp=2018-09-03
http://dx.doi.org/10.1098/rsta/376/2130
mailto:schall@rpi.edu
http://orcid.org/0000-0003-2742-2126
http://rsta.royalsocietypublishing.org/

Downloaded from http://rsta.royalsocietypublishing.org/ on September 7, 2018

the CIE observed globally (onset to recovery approx. 170kyr), rather that a rapid onset was
triggered by the impact and followed by additional carbon from other processes such as the
eruption of the North Atlantic Igneous Province. Such a scenario agrees well with recent
modelling work, though it should be revisited more explicitly.

This article is part of a discussion meeting issue ‘Hyperthermals: rapid and extreme global
warming in our geological past’.

1. Introduction

The Palaeocene-Eocene (P-E) boundary (56.0 Ma; Gradstein & Ogg [1] time scale) is marked
by the onset of a carbon isotope excursion (CIE) observed globally [2]. This global decrease in
marine 513C was first described by Kennet & Stott [3] in association with a benthic foraminifera
extinction at Site 690 in the Southern Ocean. The rapid §'3C excursion is observed in organic and
inorganic marine and terrestrial carbon reservoirs [4], and is associated with marine plankton
excursion taxa [5-7], and changes in mammal and plant assemblages [8,9]. Accompanying
the CIE is an approximately 5°C global warming and rapid widespread ocean acidification
[10,11]. The proposed causes for this event are numerous: dissociation of methane clathrates
[12,13], eruption of the North Atlantic Igneous Province (NAIP) [14] or its intrusion into
hydrocarbon reservoirs [15], and an extraterrestrial impact [16,17], among many others. However,
the extraterrestrial impact ejecta discovered by Schaller et al. [18] and summarized here is
the first physical evidence of any proposed forcing mechanism for the onset of the climate
perturbation that is directly tied to the CIE at the P-E boundary by stratigraphic superposition
and radiometric means.

Wright & Schaller [19] provided the first ultra-high-resolution stable carbon and oxygen
isotope record through the onset of the CIE, and further suggested that the onset was decadal
in scale based on cyclic sedimentary features in the Marlboro Clay unit, which contains the P-E
boundary on the North American Atlantic Coastal Plain. Though this was met with significant
criticism [20-22], it prompted a much more intense look at the CIE interval in the basal Marlboro
Clay. While extracting foraminifera from the CIE onset of these shelf cores (figure 1), Schaller et al.
[18] serendipitously found impact ejecta (glass spherules) in a discrete horizon coincident with the
CIE onset (figure 1). In that study, we used two cores spanning the P-E boundary on the Atlantic
Coastal Plain (ODP 174AX—Wilson Lake B and Millville), natural P-E boundary exposures near
Medford, NJ, as well as open ocean ODP Hole 1051B (approx. 2000 m water depth). Spherules
from each site have the same basic composition and meet all criteria of impact ejecta from
known strewn fields, including splashform morphologies, surficial microcraters, low volatile
content, related major element chemistries, and shocked quartz and lechatelierite inclusions
(figure 2).

Here we summarize the published evidence of an extraterrestrial impact associated with the
P-E hyperthermal event, and add new evidence that supports an impact scenario for the onset of
the excursion, including radiometric dates demonstrating that the cooling age and depositional
age of the spherules are indistinguishable. The virtually instantaneous time line provided by the
ejecta horizon provides an opportunity to delineate the detailed sequencing of sedimentation,
carbon cycle perturbation, and environmental aftermath at a critical juncture in Earth’s climate
history. In the suggested scenario, we do not attempt to assign the bulk of the Palaeocene—
Eocene Thermal Maximum (PETM) hyperthermal and isotope excursion (10° year time scale)
[23] to an extraterrestrial impact. Rather, we argue based on the chemistry of the spherules
that the onset of the CIE could have been driven by an impact through the vaporization of
CaCO;s target rocks mixed with cometary carbon, where the bulk of the carbon constituting the
remainder of the event was likely to have been sourced from one or more reservoirs activated
by the impact (e.g. increased NAIP activity), or simply coincident with it. We also address post-
impact evidence that indicates wildfires occurred across a significant region of East-Central North
America immediately following the impact.
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Figure 1. Stratigraphic distribution of P-E spherules from Millville (a), Wilson Lake B (b), and ODP Hole 10518 (c) (modified from
Schaller et al. [18]). The Millville and Wilson Lake B core depths are indicated in drilling units (du) of decimal feet; core depth in
Hole 1051B is in metres below seafloor (mbsf). The bulk carbonate 5™Cfrom Millville and Wilson Lake B is from Wright & Schaller
[19], and Hole 1051B from Katz et al. [13]. (d) Map showing Atlantic margin locations, including exposure in Medford, NJ, and
Site 1051, Blake Nose. Ejecta in the Mid-Atlantic palaeo-continental shelf sites are found in the basal Marlboro Clay Formation.

2. Review of initial observations of impact ejecta in Palaeocene—Eocene
sections on the Atlantic Coastal Plain

Detailed stratigraphic and geochemical analyses establish that the material recovered from
several P-E boundary sections on the Atlantic Coastal Plain and open ocean are definitively
impact ejecta [18]. We summarize the relevant observations. Ejecta from known impact strewn
fields have common features that provide useful criteria for identifying previously undiscovered
impact ejecta in the geological record. An ejecta deposit typically results from an air-fall event
and occurs in a discrete stratigraphic layer. Spherules are generally glasses (microtektites) and
may contain crystallites (microkrystites); both have characteristic morphologies and may be
either solidified melt ejecta or vapour condensates [24-26]. Microkrystites show distinct internal
crystallite textures that indicate rapid quenching from a high temperature; if formed as a
vapour condensate, they can be enriched in projectile material depending on the conditions of
condensation [26]. Microtektites that form as melt droplets solidify at slightly lower temperatures
and are more likely to be vesicular; they may contain inclusions of high-temperature components
such as lechatelierite, a quartz glass that solidifies above 1750°C, with a boiling point greater
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Figure 2. Electron backscatter (15kV) images of some representative P-E spherules (microtektites and microkrystites) from
Hole 1051B, Wilson Lake B, and Millville cores (modified from Schaller et al. [18]). Insets are light micrographs. (i—p) show P-
E boundary spherule cross sections mounted in epoxy (modified from Schaller et al. [18]). Note the classic dendritic quench
textures. Shocked quartz grain in (m) is shown in detail in figure 6. See Schaller et al. [18] for details. (Online version in colour.)

than 2200°C [27,28]. The spherules we discovered and detailed in Schaller ef al. [18] are most
likely melt-droplet-type ejecta, based in part on criteria outlined below. As discussed later, melt-
droplet-type microtektites and microkrystites are more useful for delineating the source crater
location because both ejecta layer thickness and spherule size vary as a function of distance from
the point of impact.

(a) Spherules and strata from Palaeocene—Eocene boundary sections

Schaller et al. [18] examined three marine P-E boundary sections that encompass the CIE onset [2]
(figure 1): continental shelf sites Wilson Lake B (ODP Leg 174AX; 39.6598° N, 75.04717° W) [29]
and Millville (ODP Leg 174AX; 39.4046° N, 75.08888° W) [30], where the CIE onset coincides with
the base of the thick Marlboro Clay of the Salisbury Embayment (figure 3); and pelagic sediments
at ODP Hole 1051B at Blake Nose (30.0531° N, 76.3578° W, water depth 1980.6 m) [33]. To constrain
the stratigraphic level of CIE onset, we use detailed bulk sediment §'3C records from Wilson Lake
B and Millville [19], and Hole 1051B [13].

At all three of the localities originally reported by Schaller et al. [18], peak spherule abundances
occur close to the P-E boundary as constrained by the 5§'°C decrease in bulk sediment (figure 1).
Spherules are found over a ca 20 cm interval at each site, with the number of spherules increasing
sharply up-section from zero below to a peak at or close to the P-E boundary. Maximum
abundances in the greater than 63 m size fraction are 2.5-3 spherules g~! at Wilson Lake B and
Millville, and 4 spherulesg™! at Hole 1051B, followed by a decline in abundance to zero over
approximately 10 cm. At Wilson Lake B and Millville, peak spherule abundance coincides with
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Figure 3. Location map showing distribution of sites along the Mid-Atlantic Salisbury Embayment on the palaeo-continental
shelf (modified from Kent et al. [31] and Kopp et al. [32]). Sites discussed in the text: M, Millville; WL, Wilson Lake-B. Thick red line
shows the fall line; thin red contours are the approximate thickness of the Marlboro Clay. Circles represent other core locations
with characteristic single-domain magnetic nanoparticles within the Clay unit [32]. ‘Potomac’ and ‘Susquehanna’ represent the
approximate location of the drainage outlets of these major river systems in the latest Palaeocene. (Online version in colour.)

the basal contact of the Marlboro Clay unit, which is gradational with some reworking of the
underlying Vincentown Formation facies. Importantly, the spherules are found within the onset
of the CIE at open ocean site 1051B in approximately 2000 m water depth, pointing to air-fall as
their depositional origin. Morphologically similar material that has been weathered to clays has
been identified by the authors in ODP Leg 165 Hole 999 in the Caribbean.

These impact spherule abundances are similar to those found in distal ejecta layers linked to
other extraterrestrial impacts, such as the Late Eocene clinopyroxene (cpx)-bearing spherule layer
that emanated from the Popigai impact crater [34-36]. Similar concentrations are found in the
Late Eocene cpx spherules at ODP Site 738 in the southern Indian Ocean (approx. 2 spherules g !
(greater than 150 um)), ODP Site 689 in the Southern Ocean (approx. 5-6 spherulesg™! (greater
than 63 pm); see [34] for a review); and at Massignano, Italy (approx. 4 spherulesg™! (greater
than 150 pm) [37]).

The glass spherules from Wilson Lake B and Millville range from 65 to 500 pm diameter
(average 302 um), whereas those at Hole 1051B average 274 um diameter. The colourless to
dark brown/black particles are mostly spherical with rotational morphologies, as well as other
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Figure 4. Microtektite and microkrystite major oxide chemistry from Wilson Lake B, Millville, Medford, and Hole 1051B using
EDS (modified from Schaller et al. [18]) and WDS (this study). Closed symbols represent microtektites, and open symbols denote
microkrystites. WDS measurements are shown in black, with a black rim for microtektites and a black interior for microkrystites.

characteristics of splash-form microtektites [24,38] (figure 2). The spherules often have surface pits
(figure 2a,b) and microcraters (figure 2d), indicating relative velocities high enough to fracture the
solidified glass spherules on impact with one another or other objects. Such microcraters would
be unexpected in volcanic spherules. The more shallow surface craters may also be spalation
features, where flakes of glass are broken off due to internal stresses when a very hot glass
spherule impacts water. There are also occasional broken dumbbell forms (figure 2c) and smaller
spherules accreted to larger ones (figure 2g), often of different chemical composition (figure 2k),
suggesting they were sintered to one another in a molten state and quenched rapidly. Schaller et
al. [18] conclude that the stratigraphic distribution and morphologies of the spherules are wholly
consistent with an air-fall sedimentary event such as an impact ejecta bed, modified by typical
post-depositional bioturbation of marine sediments.

Major oxide chemistries of the P-E spherules show a wide range of compositions distributed
equally among Wilson Lake B, Millville and Hole 1051B [18] (figure 4). The CaO content of the
spherules (approx. 20-35%) is consistent with a CaCOg-rich target rock (discussed below), with
Al,O3 (approx. 15%) and FeO (approx. 10%) as the second and third most abundant oxides. This
variability is typical of known tektite strewn fields and consistent with an impact origin for the
spherules [39,40]. These major element chemistries are confirmed more precisely by wavelength
dispersive X-ray spectroscopy (WDS) (figure 4; table 1). Because impact melts have little time
for homogenization, a population of major oxide chemistries will generally follow broadly linear
compositional trends with SiO, content because they were generated from the same source rocks
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Table 1. Major oxide chemistry of microtektites and microkrystites measured by WDS and shown in figure 5. Electron High
Tension (EHT) is set at 15 kV.

microkrystite

at the site of impact [39]. In contrast, ashes or spherules of volcanic origin tend to exhibit close
inter- and intra-spherule compositional homogeneity [40], because lava is generally well mixed
during a single eruptive event. Volcanic spherules from the same eruptive sequence will be
compositionally homogeneous such that the glasses are representative of the bulk composition.
Volcanic glasses also generally have much higher water content than impact spherules (up to
a few weight % [41]). In contrast, water content of impact glasses is much lower than volcanic
spherules [42,43] because water is removed by vapour stripping during solidification [44]. Fourier
transform infrared spectroscopy (FTIR) of the P-E spherules reveals water contents less than
0.023 wt.%, much lower than expected for volcanic spherules, but typical of impact-generated
microtektites [18].

(b) Glassy and crystalline internal textures and inclusion chemistry

In polished cross-section, the internal texture of many of the P-E spherules is glassy and relatively
featureless (figure 2i); exceptions are the less common microkrystites (discussed below). The
glassy spherules are mildly vesicular and occasionally have microlites just inside the rims.
This vesicular nature, and the composition discussed above, is inconsistent with iron or stony
micrometeorites, or other types of cosmic spherules, which are generally either chondritic or
metallic, and do not show evidence of volatile degassing [45]. Vesicles in the P-E microtektites
indicate they probably formed from melt ejecta rather than condensate [46].

H

1800107 ‘9L€ ¥ 905§ supi] 7iyg BioBulysigndiaaposieforens:


http://rsta.royalsocietypublishing.org/

Downloaded from http://rsta.royalsocietypublishing.org/ on September 7, 2018

—~
=
[\
=}
(=3
(=)

1500 — MYV matrix (898.8 du)
— MV (898.8 du)

— MV (898.8 du)
1000

relative intensity (arb. units)

— fulgurite 1
(Blankenburg, Germany)
— fulgurite 2
500 (Blankenburg, Germany)
- — Si0, glass
N o diing & — i
50 250 450 650 850 1050 1250 1450
) 1600 4
g ] —— 1051B microkrystite
£ 1200 ] (312.76 mbsf)
o) ] — Millville Microkrystite
g (898.5 du)
> 1 —— Nunivak Island augite
'z 800 — augite RRUFF no. R061086
‘QE) ] — Russian chrome diopside
5 1 —— Kunlun diopside
% 400 1 — ferrosilite
= ! ~ — diopside RRUFF:
= o] no. R04009
50 250 450 650 850 1050 1250 1450
© 600
=
T 400
2
2
i3]
5200
o
Z — MYV (898.8 du)
K| — 1051 (512 75 mbsf)
o — WL (365.9 du)
04

50 250 450 650 850 1050 1250 1450
Raman shift (cm™)

Figure 5. (a) Background corrected Raman spectra of representative lechatelierite inclusions found in PE spherules compared
with the spherule matrix, lechatelierite from fulgurite, Si0, glass, and quartz (modified from Schaller et al. [18]). (b) Raman
spectra of representative clinopyroxene crystallites compared with augite, diopside and ferrosilite standards [18]. (c) Micro-
laser Raman spectra of representative microtektite matrices. Spectra are collected using a Bruker 532 nm green laser system at
the Rensselaer Polytechnic Institute, Troy, NY, and are background corrected [18].

An important observation is the presence of amorphous, occasionally vesicular, nearly pure
5iO; glass inclusions within the microtektites (figure 2k) called lechatelierite, which is a common
constituent of impact glasses. Lechatelierite occurrence is confirmed by energy-dispersive X-ray
spectroscopy (EDS) and micro-Raman spectroscopy in cross-sections of spherules from Wilson
Lake B, Millville and Hole 1051B (figure 5a). EDS indicates that these inclusions are greater
than 98% SiO», with Raman spectra from several that are consistent with fulgurite (lightning-
induced lechatelierite). Lechatelierite forms when quartz melts and quenches to quartz glass,
which occurs at temperatures greater than 1750°C [27,28] (it boils at 2230°C). This indicates that
the P-E spherules formed at temperatures at least this high, which excludes any known terrestrial
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volcanism as their origin. Furthermore, melting of crustal silicates by impact sufficient to produce
lechatelierite occurs at shock pressures of approximately 30-50 GPa [47,48]. This indicates that the
target rock, although not necessarily silica rich, at least had silt-sized or larger quartz grains that
melted on impact.

We identified a quartz inclusion in a microtektite from Millville that has Raman spectral
characteristics indicative of shocked quartz (figure 6). The relaxation of the spectral peak
corresponding to SiO> bond-bending vibration from 464 to 460 wavenumbers (cm™!) observed
in the Millville spherule inclusion is consistent with observations from synthetic quartz
experimentally shocked to peak pressures of 25.8 GPa [49] (figure 6b,d) and is considered
diagnostic. The Millville grain shows additional characteristic spectral shifts unique to shocked
quartz. Based on this promising find, we have begun an extensive search for shocked quartz
among abundant quartz grains on the shelf. At the time of writing, we have identified another
shocked quartz grain at 898.8 feet in the Millville core, out of 200 grains analysed from each
sample thus far (figure 6a).

A subset of spherules shows quench-crystallization textures of clinopyroxene (figure 2j,l)
(Raman spectra most closely matching augite or diopside (figure 5b), in an otherwise glassy
matrix (figure 5c)), typical of microkrystites [26,50]. The feathered, dendritic and chain-like
textures of the P-E microkrystites are classic rapid-crystallization high-temperature quench
features seen in impact glasses with lower silica content from other strewn fields. Examples
include (i) late Eocene cpx microkrystites [38,51,52] attributed to the Popigai impact [34,36,53]
and (ii) K-Pg spherules (discussed below) [54]. Among our P-E microkrystites, vesicles are
present but less common. Crucially, the presence of vesicles and lack of Ni-rich spinels in the
P-E microkrystites are consistent with melt ejecta, but probably not vapour condensate.

Within each P-E spherule the crystallite chemistry is close to the surrounding glass matrix,
with the exception of Fe-rich or Si-rich inclusions. The distribution of major oxide chemistries
is similar to, but quite distinct from, the late Eocene cpx spherules, which, like the P-E
spherules, have high CaO contents (averaging only approx. 10 wt.%, which is substantially lower
than the P-E spherules). However, unlike the P-E spherules, the late Eocene spherules have
compositions much higher in SiO, and NaO, and lower in Al,O3 and FeO [39,52,55]. The P-E
microtektites and microkrystites are roughly equally represented at Wilson Lake B, Millville and
Hole 1051B.

Schaller ef al. [18] conclude that the spherule layers at Wilson Lake B, Millville, and ODP Site
1051 (in the open ocean) are best explained as air-fall ejecta (microtektites and microkrystites)
generated by an impact at the P-E boundary. Ejecta fall-out occurs over hours or days, implying
that the spherule layer could provide the most precise isochronous feature for the P-E boundary
among the three sites.

3. Additional impact evidence

Additional lines of evidence that are consistent with an impact at the P-E boundary are reviewed
below. These include K-Ar and Ar-Ar ages that centre around 55Ma, the presence of Ni-enriched
spinel crystal inclusions in the P-E spherules, and evidence for widespread contemporaneous
wildfire activity directly above the spherule level at several sites.

(a) Radiometric and cyclostratigraphic determinations of the Palaeocene—Eocene
boundary age

The P-E boundary is marked by the onset of the CIE [2]. However, the CIE onset can be offset
in bulk sediments and foraminifera measured in the same samples [56]. The age of the P-E
boundary has been estimated by integrating radiometric dates on earliest Eocene ashes with
cyclostratigraphy [57-59]. Therefore, the exact age of the CIE onset is not known by absolute
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Figure 6. (a) Distribution of the shocked grains with depth, compared with the spherule peak and the CIE. At present only
200 quartz grains from each sample at Millville were analysed for shock metamorphism. (b) Background corrected Raman
spectrum of a polished microkrystite containing crystalline quartz (Millville 898.5 du) and an unshocked quartz standard [18].
Black dashed lines note shifts in various vibrational modes between an unshocked quartz grain and the quartz inclusion in the
microkrystite. These measurements are compared with spectra for quartz shocked to peak pressures of 25.8 GPa [49], which are
remarkably consistent with those from the Millville inclusion. Inset shows characteristic 464 to 450 wavenumber vibrational
relaxation associated with shocked quartz. (c) Electron backscatter image of a polished microkrystite from Millville containing
the shocked quartz grain analysed in (b). Scale bar = 50 um [18]. L, lechatelierite; M, matrix; cpx, clinopyroxene microlites. (d)
Raman spectra of the shocked grain at 898.8 du (pink) compared with synthetically shocked quartz from McMillan et al. [49]

(purple).
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Figure 7. Age estimates for the onset of the Palaeocene—Eocene CIE (modified from Westerhold et al. [57]). The different ages
of the Fish Canyon Tuff Ar-Ar standard yield different ages for the P-E boundary.

dating techniques, and because of Solar System chaos and the differences between the accepted
ages of the Fish Canyon Tuff (FCT) (see discussion in [57,60]), a range of absolute age options
are given from 55.53 to 56.3 Ma (figure 7). The basis for these ages are °Ar-3° Ar dates from an
ash in the Fur Formation that Storey et al. [14] correlate to the ‘—17 ash’ in site 550, from which
Westerhold ef al. [57,58] used cyclostratigraphy to determine the age of 55.53 & 0.05 Ma for the CIE
onset for that site. However, both the —17 and +19 ashes fall well above the recovery of the CIE,
and hence do not put an absolute age on the boundary itself.

Charles et al. [59] date zircons from a bentonite found in the ‘core’ of the CIE at Spitsbergen,
Norway, to 55.785 £ 0.086 Ma by U-Pb, which they use to cyclostratigraphically constrain the CIE
onset to 55.866 + 0.098 Ma. As far as we are aware, this U-Pb dated bentonite is stratigraphically
the closest published date to the CIE onset, and appears to agree with Westerhold ef al.’s [58]
age for the boundary calculated from an FCT age of 28.02Ma (figure 7, ‘option 2’). Jaramillo et
al. [61] used U-Pb on zircons to date a pyroclastic tuff at the level of a CIE on the Venezuelan
coastal plain to 56.09 4 0.03 Ma, which is suggested to be the onset of the P-E CIE. However, the
CIE does not manifest in its typical form at this site, and the ‘tuffaceous sandstone’ containing the
zircons appears to be above the onset of the CIE, within the excursion body. It is possible that this
ash layer is reworked, which would explain the discrepancy between the Charles et al. [59] and
Jaramillo et al. [61] dates.

(b) K-Arand “Ar-*Ar ages of the Palaeocene—Eocene microtektites

The microtektites in the CIE onset [18] (figure 1) provide an opportunity to radiometrically
date the P-E boundary directly using *°Ar-*Ar. Although it is currently unlikely that we can
immediately address the P-E ‘dating dilemma’ proposed by Westerhold et al. [57], because the
precision on tektite-derived dates may be outside the bounds necessary to significantly revise the
age of the onset of the CIE (for example, see figure 7), it is still important to establish that the
cooling age of the spherules is equivalent to their depositional age. Work on refining the precision
of microtektite °Ar-3? Ar dates using a larger population of grains is ongoing and so the current
state of our knowledge is discussed here.

Because the K-content of the P-E spherules is so low (generally less than 0.5wt%), and
their sizes relatively small, dating individual grains by *°Ar->°Ar is an analytical challenge.
However, a K-Ar date, and a suite of successful Ar-Ar dates [62,63] reveal a cooling age of
approximately 55.4 Ma, which is consistent with the depositional age at the P-E boundary. Because
the 40Ar-*Ar data are currently under review elsewhere, we describe the K-Ar age here. A
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single spherule of relatively high K-content (0.197% K by weight) was brought to total fusion
in a high-vacuum extraction line and let into the analyser chamber of a calibrated quadrupole
mass spectrometer (QMS) at Rensselaer Polytechnic Institute, Troy, NY (RPI). The total amount
of “°Ar was determined to be 2.25 x 107> moles. Based on WDS measurements from the electron
microprobe (described above), the K content of this spherule was 0.197%. We use the fraction
of 40K that decays to OAr of A/re =9.54, and assume no initial “°Ar. Given the error on our
total K measurement, and the inherent inaccuracy of the 490Ar determination on the QMS (5%
reproducibility on 107! moles *°Ar), we place a 3 million year error on our preliminary age
of 54.9 +3Ma. This age is consistent with 4°Ar-3% Ar results on the ejecta spherules that cluster
around 55.4 Ma [62,63].

The K-Ar age of ca 54.9 + 3 Ma is crucial for two important reasons: (i) it demonstrates that the
depositional age is indistinguishable from the cooling age of the spherules; and (ii) it does not
support the hypothesis that the spherules are reworked impact material from another event (e.g.
K-Pg or similar), establishing a record of extraterrestrial impact at the P-E boundary. Although the
error envelope on the K-Ar age does not allow us to completely exclude the possibility that the
ejecta is reworked from an impact somewhere in that time window, such a reworking scenario
does not explain the presence of the spherules at open ocean site 1051B at a stratigraphically
equivalent level within the onset of the CIE. Because the depositional and cooling ages of the
spherules appear to be indistinguishable, the spherules may represent an isochronous marker to
which other observations at the P-E boundary may be referenced. If we accept the air-fall ejecta
deposit as the most isochronous horizon available, we are freed from the need to reference all
other observations at the P-E boundary to the onset of the CIE, which is diachronous depending
on the response time of the reservoir in question (e.g. [64]). This opens up the new possibility
of assessing the true leads-lags in the C-system response between different surficial carbon
reservoirs that react and equilibrate on different time scales. For example, one may reasonably
expect that the shelves would respond much more rapidly to an atmospheric perturbation than
the open ocean [65-67], but the level of resolution in open ocean sections is insufficient to address
this directly using the CIE recorded at each site. Referencing the CIE to the ejecta layer will
make these effects apparent particularly at high sedimentation rate sites and will be the subject of
significant further work.

(c) Spinelinclusions in the Palaeocene—Eocene boundary spherules

The presence of Ni-rich spinel inclusions in ejecta spherules is an indication of impact origin as the
spinels are mostly condensates of vaporized projectile material [26]. These grains are unexpected
in melt-drop microtektites and microkrystites, but have been reported in Precambrian melt-
droplet microkrystites [46]. Ni-rich spinels are common in other extraterrestrial impact spherules,
specifically the K-Pg boundary spherules and the upper Eocene cpx spherules [68-71]. Low Ti
and high Mg, Al and Ni contents of the cpx spinels are markedly different from terrestrial spinels,
as the Ni content of crustal material is generally less than 0.1 wt % [71], suggesting a meteoritic
origin [69]. The skeletal, often dendritic nature of the magnetite inclusions at the K-Pg is the result
of rapid crystallization from a high-temperature liquid [72].

Iron-rich inclusions are found in a few (less than 15%) of the P-E boundary microkrystites.
These inclusions are small (5-15um), round or skeletal in appearance, and occasionally lack a
clear crystalline structure (figure 82). WDS and Raman spectroscopy confirm that these Fe-rich
inclusions are spinels. Raman spectra, collected using a Bruker SENTERRA Raman microscope
with a 785nm laser at RPI, are background corrected and compared with a magnetite and
magnesiochromite standard. The spectra are consistent with magnesium—aluminium magnetite
(figure 8d), confirming that the inclusions are indeed crystalline spinels. Because of their very
small size (approx. 10 um), we were only able to collect conclusive Raman spectra on one of the
inclusions (MV 898.8 AJ] no. 1).

WDS measurements made using a Cameca SX-100 electron microprobe at RPI on three spinel-
bearing spherules are shown in table 2 and are compared with terrestrial magnetite. The spinel
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Figure 8. (a) Electron backscatter (15 kV) images of the spherules containing Fe-rich inclusions measured in table 2. Scale
bar = 200 pm. (a) Millville 898.8 AJ. (b) Millville 898.8 AM. (c) Millville 898.8 AN. (d) Raman spectra of an Fe-rich inclusion at
Millville 898.8 AJ, compared with standard of magnetite and a reference spectrum of magnesiochromite (RRUFF ID: R050399).

Table 2. Composition of spinel inclusions in three P-E boundary spherules measured by WDS. Two inclusions are measured
on MV 898.8 AJ, shown in figure 8a. EHT is set at 15 kV. Inclusion measurements (in per cent) are compared with a terrestrial
magnetite sample [73].

spherule Ni Mg Al Si Ti Fe Ga 0 total
MV 898.8 A no. 1 0.10 6.01 4.61 0.45 0.20 54.64 005 3224 9830

inclusions show variable concentrations of Ni, Mg and Al in the P-E boundary microkrystites,
although the two inclusions within the same spherule are most similar. The different contents
of these spinels may be a result of varying formation temperatures because the solubility and
therefore the incorporation of other elements increases with temperature [74]. The P-E boundary
spinels can be distinguished from characteristic basaltic-type spinels by their distinctly low Ti
and Cr, and high Mg and Al concentrations [72]. The extraterrestrial source for the spinels is
somewhat ambiguous at this time, as only one crystal appears to have Ni content well above
a typical terrestrial surface sample. However, the Mg and Al contents are well outside the
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range of typical terrestrial spinels. These unusual chemistries are not necessarily indicative of
an extraterrestrial origin, but are distinct from terrestrial magnetites and at least one spherule
indicates a Ni-enriched source. If the spinel inclusions are indeed of extra-terrestrial origin, they
are not indicative of a chondritic projectile.

(d) Irin Zumaya and elsewhere

High-energy impacts may be sufficient to eject all impactor material off the planet and into space;
in such events, we would not expect enrichment of siderophile elements (like Ir) on Earth [75].
We note that high energy does not necessarily indicate a large impact—the impactor could be
identified at the P-E boundary a fast moving projectile (like a comet). Nonetheless, a modest Ir
anomaly has been identified at the P-E boundary in flysch deposits from Slovenia [76], and in
a P-E section at Zumaya, Spain [77], though the anomaly at Zumaya has been interpreted to be
volcanic in origin in lieu of other impact evidence at that time [78]. We also note that a large
iridium or other platinum group element (PGE) anomaly is not necessarily associated with all
major impacts (e.g. absence at the Chesapeake impact [79]). At the P-E boundary in Zumaya, the
Ir is concentrated in a centimetre-scale layer just preceding the onset of the CIE. Although course-
grained ejecta (e.g. spherules and shocked mineral grains) have yet to be identified at this bathyal
site, it could be present near the Ir anomaly. A comprehensive search for PGEs (along with trace
element chemistries from the spherules) is currently underway at localities where the spherules
have been recovered.

(e) Marquez Dome: possible impact site?

There is currently no identified crater for the P-E boundary strewn field. This is not
particularly surprising, as the P-E boundary spherules are a relatively new discovery and
not all extraterrestrial impacts have known crater locations. For instance, no impact crater is
associated with the Australasian strewn field, despite being the largest and youngest Cenozoic
at approximately 0.8 million years ago [80,81]. However, the Marquez Dome impact structure, a
buried complex impact crater in eastern Texas (31°16'58” N, 96°17'42” W), was stratigraphically
dated to be 58 + 2 Ma [82]. This age was later confirmed to be 58.3 = 3.1 Ma by apatite fission-track
dating on impact breccias [83]. The structure appears to be the remnants of a 12.7 km diameter
impact of Palaeocene/Eocene age, with a present surface exposure of 2-3 km [84]. The exposed
surface of unconsolidated sand and clays [82] is bound by outcrops of the Palaeocene/Eocene age
Calvert Bluff Formation of the Wilcox Group [85]. Better-constrained ages for the Marquez Dome
are needed to test whether it is the impact site for the P-E strewn field. Intriguingly, the target
rocks in the Marquez crater are Mesozoic shelf carbonates [84], consistent with the 20-35% CaO
content and the Sr/Ca of the spherules, discussed below.

4. Wildfires following the impact event

Thermal radiation from an impact event can cause massive wildfires [86,87] and has been
documented following the K-Pg impact event [88-90]. Here, we review two independent lines
of evidence that point to wildfires following the P-E impact: a spike in charcoal abundance
and a coincident increase in isolated single-domain magnetic nanoparticles near the base of the
Marlboro Clay, immediately above the spherule layer.

A significant increase in charcoal falls stratigraphically above the peak in P-E spherules
at palaeo-continental shelf site Wilson Lake B and decreases up-section [91] (figure 9). The
charcoal peak is composed of individual charcoal grains that exhibit the remains of charred plant
features (e.g. cellular features) and are consistent with preserved fossilized charcoal [91,94]. A
comprehensive treatment of the charcoal data is forthcoming.

An unusual change in magnetic character of the sediments occurring near the base of the
Marlboro Clay is documented at multiple Atlantic Coastal Plain sites over an expansive area
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of the Salisbury Embayment in 11 sites extending from New Jersey to Virginia (approx. 400 km)
[16,32,95]. The most recent work points to a pyrogenic origin of the magnetic nanoparticles at
Wilson Lake B (figure 9) and Millville [31,96], and similar processes were probably at play in the
formation of the unique magnetic assemblage at all of these sites. Saturation magnetization (Ms),
low-field magnetic susceptibility (Xir) and other rock magnetic parameters increase dramatically
just above the impact spherule layer (figure 9). Soil pyrogenesis caused by wildfires triggered by
the P-E boundary impact event provides a plausible scenario for the unique magnetization of the
Marlboro Clay [96], and a reservoir of pyrogenically altered soils that can be periodically tapped
by erosion. The magnetic and charcoal records combined provide two completely independent
lines of evidence indicating that wildfires immediately followed the P-E impact event. The wide
aerial extent of the magnetic nanoparticles in the Marlboro Clay suggests that the wildfires
covered a significant portion of the Eastern Mid-Continent immediately following the P-E impact.

The base of the Marlboro Clay coincides with the spherule layer at all sites examined so far [18].
Modern wildfires drastically change soil characteristics and erodibility, subsequently intensifying
run-off [97] with erosion rates increasing up to 30-fold compared with pre-fire levels [98]. Greatly
enhanced sedimentation rates due to these P-E boundary wildfires are likely to be responsible for
depositing at least part of the Marlboro Clay unit [91,94,96].

5. Therole of animpact in Palaeocene—Eocene climate change

The unprecedented high stratigraphic resolution of the Wilson Lake B and Millville Sites, where
the CIE occurs over metres, compared with just a few centimetres in open ocean sites (e.g.
Sites 1051 and 690 [99]), gives unprecedented temporal resolution through the event. The nearly
instantaneous timeline of the spherule horizon makes it possible to delineate the sequence of
sedimentation, carbon release and environmental perturbation in an unusual level of detail.
For example, the apparent variable offsets between the ejecta horizon and inflections in the
bulk sediment §'3C records at Wilson Lake B and Millville, compared with the step function
in foraminiferal §'3C [18], can only be viewed at this unfamiliar level of ultra-high resolution.
Likewise, the spherule peak coincides with the base of the Marlboro Clay at every site we have
examined, followed by a peak in charcoal abundance a short distance above, with a distinct
change in magnetic character of the sediments within the same interval (figure 9). This clearly
delineates the observed order of events: an extraterrestrial impact, followed by a significant
increase in sediment delivery to the shelf, accompanied by multiple lines of evidence suggesting
wildfires in the hinterlands. Encased within this short time frame is the onset of the CIE and a
climatic warming. Below we review the observed stratigraphic order of events in a level of detail
that has so far not been possible from another P-E section, using the spherules as an isochronous
horizon. We then speculate on the source(s) of the CIE onset as a consequence of an extraterrestrial
impact based on the chemistries of the spherules, and outline a scenario that incorporates the
eruption of the NAIP in good agreement with recently published modelling efforts. Finally, we
compare the P-E isotope excursion and climate events with the observed changes associated with
other large extraterrestrial impacts.

(a) Stratigraphy and order of events with respect to the impact ejecta horizon

If the impact was at least in part responsible for the onset of the CIE, then we expect that the
ejecta deposit will appear stratigraphically just before the CIE onset that marks the P-E boundary.
The dated air-fall ejecta horizon appears to be isochronous at the base of the Marlboro Clay, with
a small smearing effect from bioturbation, and is similarly situated in open ocean site 1051B.
Consequently, we use it as the single horizon within the P-E transition strata to which all other
observations can be referenced. However, rarely has the onset been scrutinized at this level of
detail. At Millville, the spherule peak coincides with the beginning of the CIE onset recorded
in the high-resolution bulk §!3C record of Wright & Schaller [19] (figure 9). We note, however,
that there is a gradual §'3C decrease of approximately 1%o starting approximately 2 feet (approx.

18002007 9L ¥ 205§ supi] 7iyg ioBunysiigndiaaposieforers:


http://rsta.royalsocietypublishing.org/

Downloaded from http://rsta.royalsocietypublishing.org/ on September 7, 2018

60 cm) below the spherule peak, prompting the question of whether the CIE began prior to the
impact. Recent foraminiferal stable isotope data confirm that the high-resolution bulk CaCO3
records the CIE onset within the base of the clay at Millville, with pre-CIE §'3C values up to the
spherule level and post-CIE values only above it [93] (figure 9). At Wilson Lake A-B, Schaller et al.
[18] showed that published foraminiferal data remained unchanged to just below the spherule
peak, while the bulk carbonate §'3C decreased by approximately 2% starting approximately
2.6 feet (approx. 0.8 m) below the spherule peak (grey vertical lines, figure 9). At both sites the
foraminiferal and bulk CaCOs stable isotope values in the sands are divergent; at Wilson Lake,
the bulk and benthic foraminiferal values converge in the clay above the ejecta horizon, while
the bulk and thermocline §'3C values converge in the same interval at Millville. This divergence
between the foraminiferal and bulk CaCOj3 stable isotope values in the sands, and convergence
within the clay indicates that other, more complex, processes are affecting the bulk CaCO3 at this
abrupt change in shelf depositional regime. Much more work is needed on this basal interval of
the Marlboro, where foraminifera are mostly absent, to more rigorously determine the size and
timing of the CIE onset in foraminiferal carbonate relative to the spherule horizon.

An intriguing observation is that the bulk carbonate §'3C tracks the benthic foraminiferal 5'3C
within the clay at Wilson Lake (e.g. [96]), but is divergent from the foraminiferal record within the
sands. The total change in 8'3C in benthic foraminifera through the onset at Millville is greater
than 3.5%o, which exceeds the benthic change in the open ocean. The absolute 5'3C values before
and after the onset of the CIE are also different for each of the foraminifera groups (surface,
thermocline and benthic) at Wilson Lake and Millville, pointing to irregular differences in §'3C
of the carbon pools between the two sites. As has been noted by several others, the Marlboro
Clay has all the features of shelf clastic units deposited by density-driven hyperpycnal flows or
flocculated clay mudwaves [96,100-103]. These types of depositional regimes have been shown to
deposit very thick packages of fine-grained sediment on the modern shelf very rapidly [104,105],
especially immediately following wildfires [106,107]. It is important to note that density-driven
deposition of mud waves is benthic and does not affect the clarity of the water photic zone.
These models of sediment deposition are also consistent with the interpretation of a drastic
increase in freshwater input to the shelf coinciding with the CIE onset [9,93,100,108]. Given this
level of geochemical complexity (compared with the open ocean) and rapid sedimentation, and
inadequacy of the current foraminifera record at the base of the clay, it is clear that bulk records
should be used with caution when assessing time scales in shelf settings by methods where
equilibrium with the open ocean must be assumed, or where an equilibrium response of the
surface waters is necessary (e.g. [109]).

(b) Deposition of the unusually thick Marlboro Clay

Several lines of evidence indicate that the sedimentation rate through the Marlboro Clay is likely
to be highly non-uniform, where the base was deposited exceedingly rapidly (for example, as
suggested by [19], discussed below), while the rest may have been deposited much more slowly
[110]. This is consistent with the relative lack of foraminifera in the barren zone of the lower
ca 50cm of the clay at multiple localities (e.g. [93,111]), which is followed by a recovery to a
higher foraminiferal flux towards the middle of the clay unit [110], discussed below. This is also
consistent with the relative lack of bioturbation in the lower one-third of the clay (excluding the
transition with the uppermost Vincentown), and resumption of bioturbation toward the middle.
A high sedimentation rate at the base is also consistent with observation of a prominent and
upright terrestrial plant stem captured by the Wilson Lake B core at approximately 111.7m
(366.6 du) [29,112]. Modern shelf surface waters have been shown to change rapidly in response
to a forcing (e.g. greater than 15°C annual temperature swings) and maintain disequilibrium with
the open ocean surface waters on long time scales [65-67,113,114]. There is certainly no reason
to expect a resumption of normal continental shelf hydrography and quiescent deposition of
sediments following an extraterrestrial impact and land clearance by wildfire (e.g. [115,116]).
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The main body of the CIE as observed in the open ocean is probably never fully recorded in
these proximal shelf sections, all of which show that the Marlboro Clay has been truncated by an
unconformity [29,30,32,93]. The classic interpretation of this is that sediment flux is outpacing the
available accommodation space on the shelf [117,118], and almost all available sedimentation rate
estimates (including those of Stassen et al. [110,119] discussed below) induce more sediment than
the shelf can accommodate. The foraminiferal isotope data from Millville [93] show a protracted
CIE ‘core’ that occupies the majority of the thickness of the Marlboro (approx. 10m), followed
by a relatively short possible initiation of the recovery phase (approx. 4 m) before an erosional
unconformity. Despite the substantial thickness of the P-E transition interval, the full scale of
the event is not recorded in these relatively shallow shelf localities, and hence the full ca 15m
thickness of the Marlboro Clay at, for example, Millville does not capture the entire ca 170 kyr
[23] onset through recovery. The exact proportion of the complete event that is recorded by the
Marlboro will need to be explicitly evaluated.

Notably, Wright & Schaller [19] argued that the Marlboro Clay contains sedimentary couplets
that may be seasonal in origin, and was deposited extremely rapidly. This hypothesis garnered
criticism, but reinvigorated discussion on the onset of the CIE. The most significant critique is
that the couplets in the Marlboro Clay originate from drilling injection and are not primary
sedimentary features [120]. Though not yet published, several auger cores (which do not use
drilling mud) and a simple push core were taken through the Marlboro Clay at Medford, NJ, both
showing clear expression of the bedding at the same ca 1.5-2.5cm scale [121]. Millimetre-scale
grain size measurements and X-rays of the cores show clear sedimentary cyclicity on this scale as
well [112]. The bedding is also apparent in what few outcrops are available (e.g. see figure 1 in
[21]), despite alternative interpretation of the outcrop evidence as the product of jointing [120].
While drilling injection may have occurred, in lieu of a direct geochemical comparison between
the injection features and the drilling fluid used, it is not currently possible to verify this other
than by inference. Work on the nature and origin of these deposits is ongoing.

(c) Foraminiferal accumulation rates

Wright & Schaller [19] suggested that the sedimentary cyclicity was seasonal, lending a decadal
scale to the onset recorded at the coastal plain sites. This interpretation is contrary to the available
foraminifera mass accumulation rate (MAR) data from near the middle of the clay at Wilson
Lake, which suggests a lower sedimentation rate [110]. However, a closer inspection of these rates
shows that they are in fact compatible with very rapid deposition of the base of the Marlboro Clay
where foraminifera are extremely rare. Near the mid-point of the Marlboro Clay, the foraminifera
abundance is approximately 200 specimensg™! of sediment [110]. Using numerous lines of
evidence, Stassen ef al. [110] suggest that the sedimentation rate for this part of the Marlboro
Clay is approximately 16 cm kyr~!. Taking these two at face value, the corresponding foraminifera
accumulation rate is approximately 4.5 individuals g~ yr~! (assuming sediment bulk density of
1.4, foraminifera density of 2.4 and average diameter of 150 pm). Independently, to match Stassen
et al.’s [110] 16 cm kyr~! sedimentation rate using the oligotrophic rate of 5 individuals cm™2 yr—!
of Zaric et al. [122], we expect approximately 223 individuals per gram of sediment, very close
to the value computed above. Importantly, if we apply this foraminifera MAR to the abundances
observed near the base of the clay (between 1 and 3 individuals g_l) we arrive at a sedimentation
rate of the order of several metres per thousand years, or ca 2cmyr~! at ca 1.6individualsg ™.
This rate is consistent with Wright & Schaller’s [19] estimate of 1.8cmyr~! and a decadal scale
CIE onset. It is important to note that the oligotrophic rates of Zaric et al. [122] cited above are
much lower than the mid-Atlantic shelf rate of approximately 70 individuals cm =2 yr~! from the
same study. At the latter rate the foraminiferal abundance in the middle of the clay is consistent
with a high sedimentation rate, so it is clear that the potential foraminifera MARs in the Marlboro
Clay deserve significant future attention.

The discussion above makes it apparent that these unusual hyperpycnal or mud-wave-type
deposits on the inner shelf are unlikely to be geochemically or hydrographically equilibrated with
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the open ocean. The foraminiferal ‘barren zone’ observed on the shelf is likely to be a product
of simple dilution by a massive amount of rapidly deposited terrigenous sediment. The very
limited foraminifera found in this interval, though small, are well preserved, which is unexpected
if the barren interval was due to acidification of the shelves but consistent with marine organisms
adapting to novel estuarine conditions brought about by sediment-laden freshwater input. We
conclude that records from high sedimentation rate sites on the shelf, when viewed with coarse
resolution, appear misleadingly similar to the open ocean, but in higher resolution offer a more
nuanced picture of the sequence of events at the P-E boundary at a level of detail that will require
a thorough application of shelf processes.

(d) Palaeocene—Eocene spherule chemistry and source of carbon for the onset
of the carbon isotope excursion

Working under the hypothesis that the impact played some role in the onset of the CIE, we
consider the possible sources of carbon for the onset alone. The P-E spherules generally have
high CaO contents (approx. 20-35%, figure 4) compared with the impact ejecta from other
known strewn fields. This is indicative of a target rock rich in CaCO3, which upon vaporization
would contribute carbon to the atmosphere. We have analysed the spherules for the typical trace
elements that would be found in marine carbonate rocks (e.g. Sr). Although beyond the scope of
this paper (and discussed in detail in [123]), we found that the bulk glass of the spherules has
a Sr/Ca ratio between 0.15% and 0.3% measured by laser ablation-inductively coupled plasma
mass spectrometry (LA-ICPMS) at RPI. Cenozoic marine carbonates have Sr/Ca ratios of 0.1-
0.4% [124] because Sr is a favourable lattice substitution for Ca, pointing to a CaCOj3 source rock
for the spherules. Therefore, we suggest that the target rocks contained a significant proportion of
CaCO;3, probably as marine carbonates (of unknown age), and that this could represent a nearly
instantaneous addition of carbon to the atmosphere. The Ca?* would solidify or condense along
with the other rock-forming elements of the target, while the CO, would remain volatilized.

The §'3C value of typical shallow marine carbonates is between 0%o and 5%o. There is no
isotope effect from vaporization, hence the CaCOj3 carbon released by an impact would tend to
make the 5'3C of atmospheric CO, higher than the presumed pre-event value of approximately
—5%o. The addition of sufficient isotopically heavier C would still increase global temperatures
and acidify the oceans, but would not be detectable using §'3C alone as an indicator. However,
if some amount of cometary carbon (average —40%. to —60%o [125]) were added to the pool of
vaporized CaCOj carbon, the net effect could be a mixture of CO; with a 513C value somewhere
between these two end-members. This would easily satisfy the onset of the excursion with
whatever isotope value is desired to meet the observations (e.g. [64]), and the problem could
be inverted to determine the necessary input §'3C. Such a release would decay very rapidly
(decades to centuries). However, if the impact were a trigger for (or even simply coincident with)
the contemporaneous addition of carbon from other reservoirs (discussed below), those sources
could combine to produce the globally observed CIE.

Importantly, for the reasons above, we do not argue that the impact is responsible for the
bulk of the carbon needed to generate the approximately 170 kyr event (onset through recovery)
observed globally [23]. This is a truly colossal amount of carbon [126] and very unlikely to be
sourced from a target rock or impactor alone. We merely suggest that the impact was most
likely responsible for the initial onset of the excursion, which was followed shortly by multiple
accompanying (and much more sluggish) additions of carbon from various Earth reservoirs.
These sources could be the rapid eruption of the NAIP and/or intrusion of hydrocarbon
reservoirs [15], dissociation of methane clathrates [12,13], or any number of other available
reservoirs.

The precise emissions scenario is somewhat arbitrary, but our suggestion is by no means
implausible. In fact, Gutjahr et al. [126] gives one modelling scenario with a ca 100 year or
so initial release of carbon that is similar to what we suggest may have happened at the P-E
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boundary, where a rapid initiation was followed by much slower and more protracted additions
of a significant amount of carbon (over centuries to millennia). In the Gutjahr et al. scenario, the
initial C released was quite negative, and subsequent emissions averaged out to be ca —12%., but
the overall effect of the onset rate was trivial. A framework for satisfying the globally observed
requirements, and even a pulsed rapid-emissions scenario, was given by Kirtland Turner &
Ridgwell [64], but a fast initial release has otherwise received only cursory attention.

We propose an easily testable scenario (and make other predictions that should be observable)
if a more nuanced release schedule is applied to the onset and body of the P-E CIE. Because
we are not modellers it is incumbent upon the modelling community to evaluate scenarios that
realistically incorporate these difficult observations. The basic parameters are easily determined
from our discussion above, but, until the Gutjahr et al. [126] paper, it has not been seriously
considered. Our hope is that the scenario above will provide a starting point for a constructive
advance.

(e) Climate change, carbon release and extraterrestrial impacts

Many extraterrestrial impacts had no apparent climatic consequence, while others have had
environmental repercussions to varying degrees. No climate change appears to be associated with
the approximately 35.4 Ma [127-129] Chesapeake Bay impact, but the potential climate effects of
the approximately 35.7 Ma [130] Popigai impact are discussed below. The most obvious example
of climate effects is the K-Pg impact [131,132], which coincided with a major mass extinction. The
catalyst for the association between the Cretaceous-Palaeogene impact event and the K-Pg mass
extinction was an anomalous layer at the K-Pg boundary with an unusually high concentration of
Ir and other siderophile elements [132]. Though the crater was not found until many years later
[133], the mass extinction at the K-Pg boundary (approx. 66 Ma) is now largely believed to be
the result of the impact of a greater than 10 km body, although additional mechanisms may have
played an important role in the severe environmental perturbations (see discussion on volcanism
below [134,135]).

Rapid negative §'3C excursions in marine sedimentary rocks are found coincident with the K-
Pg extinction events, though these are probably not explicitly due to a release of C, and have been
attributed to a severe biomass reduction and low marine productivity, dubbed the ‘Strangelove’
oceans [136]. Specifically, a negative 5'3C shift recorded by planktonic foraminifera and bulk
CaCO;3 at the K-Pg boundary section in Agost, Spain, is attributed to a loss of pelagic biogenic
CaCOs deposition [137], especially extinction of both planktonic foraminifera and calcareous
nannoplankton [138,139]. The pronounced negative §'3C excursion suggests an interruption of
marine productivity and the ocean’s biological pump, leading to a homogenized top to bottom
water column [140]. Although there probably was an instantaneous release of carbon at the K-
Pg [141] and protracted ocean acidification [142], the carbon would have been sourced from
carbonate target rocks with a high 513C [143]. Intriguingly, new evidence suggests that the
warming following the K-Pg impact was likely to have been faster than the anthropogenic
rate [144]. A more protracted carbon degassing effect at the Chicxulub impact may be from
an acceleration of Deccan volcanism that ramped up as a consequence of the impact [134] (see
discussion below).

Other impacts in Earth’s history have resulted in a CIE and subsequent warming, although
these relationships have been given relatively little attention. A good example of a small
hyperthermal and CIE [145] is the Popigai impact (Siberia), marked by the CPX strewn field
[39,53,146] (preceding the North American strewn field and Chesapeake Bay impact [147]).
Accompanying this event was a small ca 0.5% 5'>C excursion, whose origin could be an
impact-induced release of carbon.

(f) Increased volcanism triggered by the Palaeocene—Eocene impact?

The exact trigger for enormous episodes of synchronous magmatism, such as the production
of Large Igneous Provinces (LIPs), is not known. A growing body of evidence suggests
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that magmatism in general can be induced or accelerated by external mechanisms like an
extraterrestrial impact event [134,148-150]. For example, there is an observed connection between
K-Pg impact and an increase in both mid-ocean ridge spreading rates [135] and a pulse of
magmatism from the Deccan LIP [134,150]. The relationship between the Chicxulub impact and
the Deccan is particularly intriguing, as it is directly analogous to the events at the P-E boundary:
an extraterrestrial impact amidst the ongoing eruption of a LIP.

The Deccan Traps is a continental flood basalt with a total eruptive volume of greater than 1.3
million km? of lava [151], and temporally encompasses the K-Pg boundary. We know that impact-
induced partial melting was not responsible for initiating the eruptions because Deccan extrusives
predate the K-Pg impact by approximately 250 kyr [152]. However, recent high-precision 0 Ar-
3 Ar dates of plagioclases from the most voluminous Kalsubai and Wai subgroups of the Deccan
lava pile compared with dates of the Chicxulub melt rocks demonstrate a temporal coincidence
between the K-Pg boundary impact and an acceleration of Deccan Traps volcanism [134]. These
40Ar-3Ar data coupled with high-precision U/Pb dates [152] and lava volume estimates [150]
implicate the Chicxulub impact event in triggering a doubling of the extrusive rate somewhere
within a 50kyr time frame (this window is a function of the error on the 40Ar-39Ar dates) [134].
Furthermore, approximately 70% of the total Deccan Traps volcanism was erupted following the
shift in eruption state that coincides with the K-Pg, possibly triggered by the strong seismic waves
produced by the Chicxulub impact [134,150].

In a similar vein, a transient increase in mid-ocean ridge (MOR) production is reported at
the K-Pg [135]. These findings are supported by an anomalous K-Pg-aged seafloor and global
distribution of free-air gravity anomalies dated within a million years of the Chicxulub impact,
both of which are attributed to impact-induced enhanced seismic activity [135]. The increase in
MOR spreading rates would have led to a transient increase in degassing, contributing to the
climate effects at the K-Pg. Though controversial, these studies suggest that the two mechanisms,
extraterrestrial impacts and enhanced magmatism, should not be considered in isolation, and that
they may be generalized to other such demonstrated temporal associations.

The NAIP began erupting in the late Palaeocene [153], but radiometric dates on a few intrusive
complexes are basically coincident with the P-E boundary and the age of the P-E impact ejecta [14].
It is conceivable that the two events are related and that the P-E impact triggered an acceleration
of NAIP volcanism similar to that argued for at the K-Pg and Deccan. Such acceleration would
easily provide the additional carbon necessary to account for the bulk of the long CIE observed
globally, as has been suggested by Gutjahr et al. [126]. The eruption of other LIPs has been shown
to dramatically increase atmospheric pCO» through rapid degassing of extensive continental
extrusives [154,155], making an observable atmospheric effect very likely. An atmospheric carbon
input due to impact-induced acceleration of NAIP volcanism is consistent with all observations
at the P-E boundary, making it a compelling target for future modelling work.

6. Summary

We have reviewed the lines of evidence for an extraterrestrial impact at the P-E boundary
and speculated on its potential role in climate change. Those lines of evidence are: (i) glass
spherules clearly shown to be air-fall ejecta, stratigraphically within the CIE onset now identified
at five locations; (ii) shocked quartz grains and inclusions within the spherules; (iii) an Ir
anomaly found at Zumaya, Spain; (iv) substantial charcoal and magnetic nanoparticles deposited
stratigraphically following the ejecta layer; (v) a radiometric cooling age of the ejecta that is
coincident with depositional age (a specific prediction of ejecta); and (vi) a plausible link between
an impact event and increased volcanism in the early Eocene. Our preliminary data demonstrate
that P-E spherules can be radiometrically dated, providing: (i) a potentially isochronous horizon
at the P-E boundary; and (ii) evidence that the spherules are unlikely to be reworked Cretaceous—
Palaeogene (K-Pg) ejecta, which is also supported by the presence of coeval spherules in the
coastal plain and at open ocean Site 1051 (ca 2000 m water depth). Because the ejecta may be
radiometrically dated, they will hopefully provide a source for an exact age of the boundary,
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which is currently estimated using cyclostratigraphy [57,58] to interpolate between the CIE and
dated ashes from several localities [14,59], none of which are precisely within the CIE onset. The
search for P-E spherules at additional sites is currently underway and will aid in the quest for the
crater location. We also suspect that ejecta should be found at sites where an Ir anomaly has been
identified (Zumaya, Spain).

Although the CIE onset represents the initiation of global climate change at the P-E boundary,
the ejecta spherules are consistent with air fall and may therefore represent a nearly instantaneous
stratigraphic horizon to which all other observations at the boundary can be referenced. For
example, it appears that the CIE recorded on the shelf is diachronous to some degree, which is
either a function of differential reservoir response time or a consequence of diagenesis, indicating
that the CIE (particularly in bulk carbonate) should not be used for assessing time scales or
evaluating global response to a carbon cycle perturbation. The P-E boundary has rarely been
scrutinized in such detail, and to have a marker that may be used as ‘time-0’ means that we are
relieved of the burden of relying on the CIE onset to define the stratigraphic reference frame.
This opens up new possibilities of assessing the true leads-lags in C-system response between
different surficial carbon reservoirs that react and equilibrate on different time scales, which
are compelling Earth System modelling targets. However, it is also apparent that the available
foraminifera isotope data at P-E boundary sections on the North American Atlantic Coastal Plain
are presently insufficient to take full advantage of this possibility.

We also outline a rough emissions scenario as a testable hypothesis: a rapid onset caused by
the fast release of a mix of vaporized carbonate rock and cometary carbon, followed by additional
degassing from an acceleration of the NAIP eruption rate. A sustained atmospheric carbon input
due to impact-induced acceleration of NAIP volcanism is consistent with all observations at the
P-E boundary, and analogous to the circumstances at the K-Pg transition, making it a compelling
scenario for the ultimate origin of the event.

The first solid evidence of an extraterrestrial impact at the P-E boundary raises many questions:
Where did it hit? How big was it? What were the ultimate consequences? We have only touched
upon these questions here, but our results will no doubt spur numerous fruitful endeavours
for years to come. The alternative to all the above arguments is that the impact was simply an
unrelated coincidence with the P-E carbon release, isotope excursion, wildfires, massive deluge
of continental sediments, NAIP volcanism, and global warming, having no actual effect itself. If
that is the case at the P-E boundary, the same could be argued for any impact, such as the K-Pg; the
causality similarly ascribed to that event is by simple association. However, at the P-E the dated
impact spherules are found within the onset of the CIE and are the only physical evidence of a
proposed trigger for the P-E boundary with demonstrated stratigraphic superposition with the
event itself. That would indeed be a remarkable coincidence and we find it exceedingly unlikely.
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