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Abstract

The Younger Dryas Impact Hypothesis (YDIH) posits that ~12,800 years ago Earth
encountered the debris stream of a disintegrating comet, triggering hemisphere-wide
airbursts, atmospheric dust loading, and the deposition of a distinctive suite of
extraterrestrial (ET) impact proxies at the Younger Dryas Boundary (YDB). Until now,
evidence supporting this hypothesis has come only from terrestrial sediment and
ice-core records. Here we report the first discovery of similar impact-related proxies
in ocean sediments from four marine cores in Baffin Bay that span the YDB layer at
water depths of 0.5-2.4 km, minimizing the potential for modern contamination. Using
scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS) and
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public repository at: https://zenodo.org/
records/14681287.

Funding: Funding. This work made use of the
University of Utah USTAR shared facilities
supported, in part, by the MRSEC Program of
the NSF under Award #DMR-1121252. G.K.
appreciates the support from the Czech Science
Foundation (Grant 23-06075S). We also thank
the thousands of donors and members of the
Comet Research Group (Grant 24-01) who have
been crucial in making this research possible.
In particular, we thank Eugene Jhong, who pro-
vided substantial gifts supporting this research
to the University of South Carolina (C.R.M.)
and the University of California, Santa Barbara
(J.PK). V.ATs research was carried out

within the framework of the Borok Geophysical
Observatory, Schmidt Institute of Physics of
the Earth, Russian Academy of Sciences, state
task nos. FMWU-2022-0026. The funders had
no role in study design, data collection and
analysis, decision to publish, or the preparation
of the manuscript.

Competing interests: The Comet Research
Group (CRG), a 501(C) (3) nonprofit charitable
organization, provided research funding. J.P.K.,
M.A.L., C.R.M., and A.W. volunteer their time
as co-founders and directors of CRG. No
co-author receives a salary, compensation,
stock, or any other financial benefit from CRG,
except for tax deductions for CRG donations by
co-authors AW., M.A.L., and T.W. All
co-authors may receive reimbursements from
their respective organizations for attending
symposia on the research presented in this
paper. A.W. is a co-author of a book related

to the YDIH; he donates all proceeds to the
non-profit Comet Research Group. The authors
declare no other competing interests. This does
not alter our adherence to PLOS ONE policies
on sharing data and materials.

laser ablation ICP-MS, we detect synchronous abundance peaks of metallic debris
geochemically consistent with cometary dust, co-occurring with iron- and silica-rich
microspherules (4—163 pum) that are predominantly of terrestrial origin with minor
(<2 wt%) ET contributions. These microspherules were likely formed by low-altitude
touchdown airbursts and surface impacts of comet fragments and were widely dis-
persed. In addition, single-particle ICP-TOF-MS analysis reveals nanoparticles (<1
pm) enriched in platinum, iridium, nickel, and cobalt. Similar platinum-group element
anomalies at the YDB have been documented at dozens of sites worldwide, strongly
suggesting an ET source. Collectively, these findings provide robust support for the
YDIH. The impact event likely triggered massive meltwater flooding, iceberg calving,
and a temporary shutdown of thermohaline circulation, contributing to abrupt Younger
Dryas cooling. Our identification of a YDB impact layer in deep marine sediments
underscores the potential of oceanic records to broaden our understanding of this
catastrophic event and its climatological impacts.

Introduction
The younger dryas impact hypothesis (YDIH)

The YDIH posits that ~12,800 years ago, Earth entered the debris stream of a large
disintegrating comet [1]. This impactor is hypothesized to have undergone multiple
disintegrations during the last 20,000-35,000 years, resulting in the formation of the
Taurid Complex, which includes Comet Encke and approximately 90 objects with
diameters up to 5 km [2—7]. During this encounter, fragments from the comet are
proposed to have collided with Earth, depositing an assemblage of impact proxies
into the atmosphere and possibly creating multiple small, shallow, temporary craters

[8-12].

Scope of this study

If such an event occurred at the Younger Dryas Boundary (YDB), there should be
evidence of a widespread YDB peak in cometary dust, also known as “cosmic dust,”
“cometary dust particles (CDPs),” and “interplanetary dust particles.” Additionally,

if there were low-altitude airbursts and surface impacts during such an encounter,
there should also be impact-related microspherules (also known as microtektites and
microkrystites) [13,14], mainly produced from terrestrial material with a small extra-
terrestrial (ET) component (<~2 wt%) [15—18]. This layer should also have elevated
platinum group elements (PGEs) and other elements, such as cobalt, chromium, and
nickel, commonly found in comets and asteroids.

To test the hypothesis of such a cosmic impact event at the Younger Dryas onset,
we examined YDB sequences in four marine sediment cores from Baffin Bay, which
were identified in earlier studies to include the YD interval [19,20]. Sediment sam-
ples from within, above, and below the YDB layer were analyzed for Fe- and Si-rich
microspherules containing minerals formed at high temperatures, elevated PGE and
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REE concentrations, and potential cometary dust particles (CDPs). The sediments were then analyzed for nanoparticles
using a novel application of single-particle inductively coupled plasma time-of-flight mass spectrometry (SP-ICP-TOF-MS).
Additionally, microspherule candidates were examined using scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS), as well as laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).

Geologic setting

Baffin Bay is a narrow ocean strait between Greenland and Baffin Island that provides a restricted connection between the
Arctic and North Atlantic Oceans. It extends ~1000 km from Jones Sound in northern Baffin Bay to Home Bay to the south
[19,20]. Water depths in Baffin Bay are up to ~2400 m. The western continental margin of Baffin Bay features a narrow
and gently sloping continental shelf, which transitions to a steep continental slope [20].

Cometary dust particles (CDPs)

Metallic micro-particles of various shapes have been found in peaty deposits [21-23], Antarctic ice [24], oceanic sedi-
ments [25], terrestrial sedimentary rocks [26,27], and during research missions into Earth’s stratosphere [28]. Most of
these particles are attributed to a constant influx of interplanetary dust that falls to Earth at an estimated rate of ~5.2x 103
metric tons/year [29], although that rate is variable.

Tselmovich et al.[23] note that “the origin of cosmic dust can be quite diverse, including the remains of disintegrated
comets, asteroids, and particles of matter ejected by the Sun.” Flynn et al.[30] also concluded that dust associated with
active comets and objects in the asteroid belt are both likely sources of cosmic dust. According to Nesvorny et al.[31],
up to 85% of this dust is cometary in origin, and most unmelted cosmic dust originates from Jupiter-family comets, with
a smaller portion coming from the asteroid belt [29]. Other studies estimate that comets supply a significant percent-
age of dust particles that reach Earth, with various studies suggesting a range of 30-90% [32—34], with the rest coming
from asteroids. Schmidt [35] also observed that “meteoric dust is probably related to ablation of cometary meteors in the
Earth’s atmosphere.” He suggested that high-velocity entry of this dust into Earth’s atmosphere would evaporate ice and
release metallic particles with amorphous coatings. This hypothesis is supported by Parkin and Hunter [36], who found
that metallic flake abundances seemed to be related to “meteor showers.” However, it is widely accepted today that
“meteor showers” result not only from meteors but also from the influx of material from cometary trails.

Recent studies by Tselmovich et al.[21-23,37] and Sungatullin et al.[26,27,38,39] have documented a variety of
melted and unmelted metallic dust particles (MDPs) commonly present in Holocene peats, interpreted as indicators
of the flux of cometary dust. Large peaks in these MDPs are also observed within sedimentary layers associated with
potential cometary airburst/impact events. Electron microscope and microprobe analyses of these MDPs show that
they typically consist of native iron (Fe), low-oxygen Fe (wustite), and native nickel (Ni), along with metal alloys such
as FeNi, FeCr, and FeCrNi, among others. These particles exhibit a variety of distinct morphologies, including flaky or
platy forms, needle- or string-like shapes, and spirals with twisted, folded, laminated, and deformed surface textures
with trenches or furrows. These morphologies may originate when cometary dust passes through the atmosphere and
undergoes differential melting that causes the separation of components (e.g., Fe, Ni, Cr, and Si). These processes
lead to the formation of flat metallic “flakes,” such as elongated Fe or FeNi particles that are prone to curving or twist-
ing during atmospheric passage [27,40]. In addition, some particles show partially melted and folded edges that are
inconsistent with oceanic basalts or mantle xenoliths and, instead, are consistent with ET material that entered the
atmosphere at high velocity, resulting in partial melting [41]. Many native Fe and native Ni CDPs are proposed to have
formed from the differentiation of Fe and Ni from silicate, which occurs via complete or partial melting during atmo-
spheric passage and/or during explosive detonations during cometary airbursts/impacts [27]. Tselmovich [23] states
that magnetite microspherules and flake-like particles of oxygen-depleted iron, nickel, and intermetallic compounds
found in sedimentary rocks are often of cometary origin.
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Microspherules

Unlike cometary microspherules, impact-related ones form when rock vaporized by meteoritic impacts or airbursts con-
denses into glassy or crystalline spherical particles and are then deposited as proximal and distal ejecta [13]. Glassy
microspherules lacking crystals are called microtektites, while other microspherules form through vapor condensation.
The surfaces of these microspherules often exhibit a dendritic or segmented soccer ball pattern due to Fe crystallization
of melted magnetite and are called microkrystites [13,14]. Both silica-rich microtektites and Fe-rich microkrystites contain-
ing high-temperature melted minerals have been reported in the YDB layer at numerous sites from various depositional
environments and depths on six continents [1,8,9,42,43]. Collectively, we refer to both types as impact microspherules,
shortened to “microspherules” in this contribution.

Study sites

Sediment samples were collected from four piston cores curated at the National Marine Geoscience Collection at the
Bedford Institute of Oceanography in Dartmouth, Nova Scotia (SI, Fig S1, [https://zenodo.org/uploads/15330698]). These
marine cores were selected based on their previously published radiocarbon dates and/or stratigraphic changes indicat-
ing the YD onset [19,20]. These are the first marine sedimentary cores to be studied in search of the YDB cosmic impact
layer. We studied four piston cores sequences (Cores 83023-052, 2012039-064, 2012039-077, and 2012039-67) span-
ning a distance of ~1000 km from a cross-shelf trough off the mouth of Jones Sound, along the northeast Baffin Slope, in
the Baffin Bay Basin, and to offshore of Home Bay, just north of Davis Strait (Fig 1 and Table 1). Cores were sampled in
water depths ranging from ~500 to nearly 2,400 meters. All of the metadata for these cores are available via the Expedi-
tion Database (ED) https://ed.marine-geo.canada.cal/cruises_e.php.

See higher resolution Bathymetry Data for Core 83029-52 in Sl, Fig S2 (htips://zenodo.org/uploads/15330698).

A ‘_§ % Greenland
~ ey Baffin Bay -f 4
v .

Fig 1. (a) Map of northeast Canada and Greenland showing the location of Baffin Bay and core 83029-052 (small red box in panel a), and (b)
locations of cores 2013029-064, 2013029-77, and 2008029-67 sampled for this study (small red boxes). The map was created using the NCEI
Bathymetric Data Viewer and is public domain. (https://www.ncei.noaa.gov/maps/bathymetry/).

https://doi.org/10.1371/journal.pone.0328347.9g001
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Table 1. Sediment cores used in this study.

Expedition number Core number Core Type Latitude (N) Longitude (W) Water depth (m) Core length (cm)
2013029 64 Piston-ACG Large 72.426113 -72.769305 875 713

2008029 67 Piston-ACG Large 72.434431 -67.877178 2357 519

83023 52 Piston-Benthos 75.58667 -78.69167 512 875

2013029 77 Piston-ACG Large 68.308682 -63.794663 1153 649.5

https://doi.org/10.1371/journal.pone.0328347.t001

Radiocarbon dating and bayesian modeling

Core sections for radiocarbon dating were chosen based on previous chronometric dating that suggested the sampled
interval included the YD boundary. For this study, we conducted accelerator mass spectrometry (AMS) radiocarbon
dating on foraminifera (see Sl, “Foraminifera: Radiocarbon Dating and Environmental Setting”). These age estimates and
previously published radiocarbon ages of foraminifera and a molluscan shell were used to develop a Bayesian geochro-
nology for sampled sections of each of the four cores (Fig 2; S, Figs S3-S6 and Sl, Tables S1-S5, [https://zenodo.org/
uploads/15330698]). Reservoir corrections (AR) were applied to radiocarbon dates during calibration in OxCal using
values for Baffin Bay from Pearce et al.[45]: Zone 4 for Core 52, AR=+71y; Zone 3 for Cores 64 and 67, AR=+218 y; and
Zone 3/2 border for Core 77, AR=+103 (avg of +218 and —12). McNeely et al.[46] also provided reservoir corrections for
Baffin Bay, but they were based on a previous IntCal calibration curve. Although the corrections were similar, with a range
of AR=+220 to +50, we used the more recent values from Pearce et al.[45]. The modeling indicates that all four Baffin
Bay cores contain sediments deposited at the onset of the Younger Dryas episode (12,835-12,735 cal. BP) [44].

Throughout this manuscript and Supporting Information, calibrated ages are sometimes shown, and Bayesian modeled
ages are shown at other times. They are not always the same, usually because of radiocarbon reversals due to redeposi-
tion and bioturbation. In case of a discrepancy, the Bayesian ages are preferred.

OxCal v4.4.4 Bronk Ramsey (2021);1:5

12835-12735

C_Date Core 52,625-630 cm, 13399-12192 cal BP [ = ]
C_Date Core 64,312-318 cm, 13383-12630 cal BP
C_Date Core 67, 32-35 cm, 13330-12648 cal BP (=)
C_Date Core 77, 161-162 cm, 12816-12084 cal BP
€ DateCore 77, 166169 cm, 1321812539 Al
............................. L BB

16000 75000 74000 73000 72000

Calibrated date (calBP)

Fig 2. Bayesian radiocarbon analyses of cores. Bayesian analyses were generated to produce age-depth models for the four cores (see Sl, Figs
S3-S6, and SI, Tables S2-S5, [https://zenodo.org/uploads/15330698]). We also generated calibrated ages for each core’s YDB layer, which contains
abundance peaks in microspherules, MDPs, and PGE-enriched nanoparticles. The results here list the core, depth interval of the YDB in each core, and
calibrated ages (cal BP) at 95.4% Confidence Intervals (Cl). The Bayesian interpolated mean age is displayed as a white dot. Confidence Intervals (Cl)
of 68.3% Cl are shown as dark gray horizontal bars, 95.4% Cl as medium gray, and 99.7 Cl as light gray. The previously published YDB age range of
12,835-12,735 cal BP [44] is shown as a vertical red bar. (a) Core 52, for the 625-630-cm interval, the 68.3%, 95.4%, and 99.7% CI bars overlap the
YDB age range. (b) Core 64, for the 312-318-cm interval, the 68.3%, 95.4%, and 99.7% ClI bars overlap the YDB age range. (c) Core 67, for the 32-35-
cm interval, the 68.3%, 95.4%, and 99.7% CI bars overlap the YDB age range. (d) Core 77, for the 161-162-cm interval, the 95.4% and 99.7% CI bars
overlap the YDB age range, suggesting that this sample may slightly post-date the YDB and the proxies have been redeposited upward. Alternatively, for
the 171-173-cm sample, which was not analyzed for proxies, the 68.3%, 95.4%, and 99.7% CI bars overlap the YDB age range, suggesting that this may
be the YDB layer. OxCal version 4.4.4 was used with the IntCal20 Marine calibration curve, and reservoir corrections were applied to all radiocarbon
dates.

https://doi.org/10.1371/journal.pone.0328347.9002
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Results

The Baffin Bay cores exhibit distinct, anomalous abundance peaks in unusual materials in the Bayesian-modeled YDB
layer (Figs 3 and 4). These include peaks in Fe-rich and silica-rich microspherules (~163—4 um in diameter) with high-
temperature minerals, MDPs, meltglass, and platinum group elements [PGEs]). Microspherule and MDP abundance
peaks and examples of meltglass occur in the YDB-dated layers of each core, typically just below the bottom of an ice-
rafted detritus (IRD) layer and falling off rapidly in samples above and below the YDB (Fig 4).

Microspherules

Fe-rich and silica-rich microspherules peak in the YDB-dated core samples and feature evidence for high-temperature
minerals, secondary spherule-on-spherule impacts, bubbles/vesicles, dendritic surface textures on Fe-rich micro-
spherules, and aerodynamic shapes indicating high-velocity travel (Fig 5 and Sl, Table S6, [https://zenodo.org/
uploads/15330698]). Fe-rich microspherules exhibit blebs of a low-oxygen metal (e.g., Fig 5d) that is transitional between
chromite (FeC,0,; melting point=1,850-2,200°C) and Cr-magnetite (Fe**(Fe, Cr ),0,; melting point=1,583-1,587°C),
both found in some chondritic and achondritic meteorites, as well as in impact-related materials; the microspherules also
contain iron phosphide (FeP; melting point=1,370°C) (Figs 5k, 5m). Some silica-rich microspherules also exhibit numer-
ous blebs of iron-silicide (FeSi; melting point=1,410°C) and iron-sulfide (FeS; melting point=1,184°C) (e.g., Figs 5e, 5h).
These inclusions indicate formation at high temperatures in a reducing environment with limited oxygen, consistent with

for EDS analysis of microspherules and metal inclusions (https://zenodo.org/uploads/15330698).

Meltglass

Fragments of meltglass and melted grains were identified in Cores 64 and 52. These included various forms, including a

melted cluster consisting of aluminosilicate and Fe-rich microspherules; a quartz grain that was either melted (= 1715° C)
or boiled (22200° C); Fe- and Cr-rich aluminosilicate meltglass; potassium-enriched aluminosilicate meltglass; and Ti-rich
aluminosilicate meltglass (Fig 6).

Metallic dust particles (MDPs)

These particles were analyzed using both SEM/EDS and LA-ICP-MS. MDPs range from ~20—150um in diameter. Baf-
fin Bay MDPs are typically composed of native iron (Fe), native nickel (Ni), oxygen-depleted iron (low-O2 Fe), chromite
(FeCr,0,), and chromite enriched with Ni (FeCrNi). These MDPs include flat, “flake-like,” or elongated forms that often
appear stretched, deformed, folded, and melted along the edges (Fig 7).

Melt splatter

Blebs of splattered chromite (FeCr,0,), FeCrNi, FeO, and tungsten (W), as labeled on each panel, were observed fused
on rounded detrital quartz and magnetite from YDB-dated layers in the Baffin Bay cores (Sl, Figs S103-S116 [Core 52];
S159-S167 [Core 64]; S210-S222 [Core 67]; and S241-253 [Core 77] [https://zenodo.org/uploads/15330698]). These
metallic blebs are primarily composed of native Ni, FeCrNi, and chromite, and they morphologically resemble melted
splatter on quartz, ilmenite, and garnet grains from a South Carolina site described as cometary dust particles (CDPs) by
Tselmovich et al. [37] (Fig 8).

Nanoparticle analysis

Nanoparticles (<1 micron) in bulk sediment were analyzed using single particle inductively coupled plasma time-of-flight
mass spectrometry (SP-ICP-TOF-MS). Measurements of nanoparticles from Cores 64 and 67 were from YDB-dated
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Coburg Basin N.E. Baffin
Island Slope
83023-052 2013029-064
52
S

Depth (m)

Ca/Ti
| R S |
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L] 316

Fig 3. Comparison of Baffin Bay core lithofacies, Bayesian-modeled calibrated radiocarbon ages (SI, Tables S2-S5), and microspherule
peaks (S, Table S6) for Core 83023-052; and lithofacies, pXRF Ca/Ti ratios, and microspherule peaks (Sl, Table S6) for Cores 2013029-064,
2013029-067, and 2013029-077 (https://zenodo.org/uploads/15330698). The core 52 log is adapted from the Geological Survey of Canada marine core

Baffin Basin

2008029-067

Bayesian Modeled
Radiocarbon ages
(cal. BP)

® previous study
1 This study

N.E. Baffin
Island Slope

2013029-077

77
o
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L1, L2, L3, L4 - Lithofacies of
Jenner et al. (2018)

71\’ Microspherule peak
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disseminated sand

disseminated sand and gravel

disseminated gravel

fining upward

whole round subsample

archives. Core logs for Cores 64, 67, and 77 are adapted from Fig 4 in Jenner et al. 2018 [19]. Notes: 'Bayesian- modeled calibrated radiocarbon dates
from Jenner et al.[19] and ?Bayesian-modeled calibrated radiocarbon dates (this study). Red boxes (a-d) are core sections examined for impact proxies,

as shown in Fig 4. Figure generated from data in Jenner et al. [19].

https://doi.org/10.1371/journal.pone.0328347.9003
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and 2this study (see SI, Table S1 and Bayesian-modeled ages in Sl, Tables S2-S5, [https://zenodo.org/uploads/15330698]). The x-ray images in panels
a) and d) are stretched laterally to improve visibility. A yellow star indicates the YDB microspherule peak. Refer to Fig 3 for lithology keys and optical and
x-ray images for cores in S|, Figs S254-257 (https://zenodo.org/uploads/15330698). The figure was generated from data from Jenner et al. [19].

https://doi.org/10.1371/journal.pone.0328347.9004
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Fig 5. Examples of Fe-rich and silica-rich impact microspherules from Baffin Bay cores: Core 83023-052 (a-d); Core 2013029-064 (e-h); Core
2008029-067 (i-n); and Core 2013029-077 (o-p). Features include aerodynamically-shaped microspherules (panels a and l); a broken microspherule
revealing a hollow interior (panel c); a hollow microspherule with a bleb of a low-oxygen transitional mineral phase between chromite (FeC ,0,) and
(Fe,Cr,0,). (panel d); microspherules with rounded blebs consisting of a mix of iron sulfide and iron silicide (FeSi and FeS), indicating formation in a
reducing environment (panels e and h); multiphase microspherules with possible secondary impacts of melted material containing iron phosphide (FeP)
(panels k and m), also indicating a reducing environment; microspherules a, d, g, i, j, I, and o showing dendritic texture; and conjoined microspherules
showing dendritic textures, areas of melting, and interior fragments (panels o and p). Microspherules c, e, f, and h are silica-rich (See SI, Fig S9, [https:/
zenodo.org/uploads/15330698]); all others are Fe-rich. Diameters for 73 microspherules ranged from 163 to 4 um, with an average of 64 um. See Sl,
Figs S10-S58 (Core 52); S117-S127 (Core 64); S168-179 (Core 67); S223-S231 (Core 77) for EDS analysis of microspherules (https://zenodo.org/
uploads/15330698).

https://doi.org/10.1371/journal.pone.0328347.9005

layers and samples above and below the YDB (Figs 9 and 10, Sl, Figs S7 and S8, and SI, Table S7 [https://zenodo.org/
uploads/15330698]). For this analysis, we focused on the total masses of six key elements (Pt, Ir, Ni, Co, Cr, and Cu)
since these are typically enriched in extraterrestrial material (Fig 9). The nanoparticles enriched in the heavier platinum
group elements (PGEs) (Pt & Ir) peak in layers in or slightly above the peak in microspherules. In contrast, the distri-
butions of nanoparticles enriched in lighter cosmogenic enriched elements (Co, Cr, Cu) increase significantly a few cm
above the peaks of impact microspherules to reach peak concentrations.

Analyses of elemental mass ratios for selected elements within nanoparticles (Fig 10) show a similar pattern to that of
the individual elements (Fig 9). Nevertheless, changes in elemental ratios within nanoparticles can be more instructive
than raw abundances because they may reveal elemental sources. Typically, ratios of elements from a similar terrigenous
source (e.g., magma or mantle rocks) remain consistent with changing depth or age, whereas a change in a ratio often
signals the influx of elements from a different source, such as that from an extraterrestrial body. Increases in key elemen-
tal ratios (Pt/Ir, Pt/Pd, Pt/Fe, Co/Fe, Cr/Fe, and Ni/Fe) indicate an increase in the masses of Pt, Co, Cr, and Ni relative to
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Fig 6. Examples of meltglass from Baffin Bay cores: (a) Agglutinated cluster of aluminosilicate and Fe-rich microspherules (Core 64_312—
318 cm); (b) Partially melted quartz grain (Core 52_574-579 cm); (c) Fe and Cr-rich aluminosilicate meltglass (Core 52_625-630 cm); (d)
Agglutinated potassium-enriched aluminosilicate meltglass (Core 52_630-635cm); (e) Optical image; and (f) SEM image of Ti-rich alumi-
nosilicate meltglass particle (Core 52_574-579cm). See SI, Figs S87-S102 (Core 52) and S157-S167 (Core 64) for EDS data (https://zenodo.org/
uploads/15330698).

https://doi.org/10.1371/journal.pone.0328347.9006

other elements in nanoparticle assemblages. In this study, nearly all the elemental ratios in the nanoparticle assemblages
began to increase in the upper part of the YDB layer, reaching peaks a few cm above the microspherule peaks. The
nanoparticle elemental mass ratios for Core 64’s bulk sediment are shown in Sl, Figs S7 and S8 and SI, Table S7 (https://
zenodo.org/uploads/15330698).

Bulk oxygen isotope analysis

The evidence indicates that the core material investigated in this study comprises terrestrial sediment with a small per-
centage of impact-derived microspherules and MDPs interpreted as cometary dust. As demonstrated by the trace element
abundance data presented in this paper, the microspherules are predominantly terrestrially-derived material mixed with
~1-2% of extraterrestrial material. However, larger extraterrestrially-derived components have been obtained from drill
cores taken from older impact sites elsewhere. For example, a high concentration of extraterrestrial material was identi-
fied in the piston cores obtained from the Late Pliocene deep-sea Eltanin impact structure [51]. This material was initially
interpreted as being derived from a mesosiderite impactor [51], an interpretation that was subsequently confirmed by bulk
oxygen isotope analysis [52]. Identification of ordinary chondrite fragments in drill cores from the 145-Myr-old Morokweng
crater in South Africa [53] has also been confirmed by bulk oxygen isotope analysis (Open University, unpublished data).
To test the possibility that some of the Baffin Bay drill cores may contain a significant extraterrestrial component
on a local scale, we performed bulk oxygen isotope analysis by laser fluorination on selected samples. These anal-
ysis results are in Appendix Table A1, along with the results from the internal obsidian standard. Based on 38 repeat
analyses, the obsidian standard has the following composition: §'70=3.8110.05 %0(2SD); §'®*0=7.27+0.10 %o (2SD);
A"70*=0.00+0.02 %o (2SD) *linearized value with slope =0.5247 [54]. This study’s three obsidian analyses closely agree
with this value (Appendix Table A1). In particular, the mean (n=3) A"7O* value of =0.01+0.01 %o (2SD) is within the uncer-
tainties of the value obtained by Starkey et al.[54].
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Fig 7. Examples of Baffin Bay metallic dust particles (MDPs). The MDPs range from unmelted to partially-melted. They are typically enriched in

Fe, Ni, and Cr and are oxygen-deficient (low-O, Fe), as labeled on each panel. Core 83023-052 (a-d); Core 2013029-064 (e-l); Core 2008029-067

(m-t); and Core 2013029-077 (u-x). MDPs in this figure range from ~20 to 150um in diameter. See SI, Figs S59-S86 (Core 52), S128-156 (Core 64),
S180-S209 (Core 67), and S231-S240 (Core 77) for EDS data (https://zenodo.org/uploads/15330698).

https://doi.org/10.1371/journal.pone.0328347.9007

Foraminifera

Cross-shelf trough core 52 exhibits foraminiferal biofacies changes near the beginning of the YDB interval consistent with
expected YD-related climatic/oceanographic changes. In contrast, mid-slope (cores 64 and 77) and basinal (core 67) fora-
miniferal assemblages are associated with water depths and related water masses and do not exhibit changes that can be
definitively attributed to the Younger Dryas climatic change (see Sl, “Foraminifera: Radiocarbon Dating and Environmental
Setting” for a detailed description of the foraminiferal assemblages [https://zenodo.org/uploads/15330698]).

Discussion
Baffin Bay glacial evolution

Glaciogenic processes have primarily influenced the late Quaternary development of Baffin Bay [19,20]. Although the
margins of the Laurentide and Innuitian Ice Sheets did not extend beyond the continental shelf edge of Baffin Bay during
the Last Glacial Maximum (LGM) [55,56], glaciogenic sedimentary input was significant. These included till delta deposits
within the Lancaster Sound trough mouth fan [20], sheet-like turbidites [57] in the Baffin Bay basin, and ice-shelf mass
transport along the NE Baffin Bay slope [19,57-59]. Cross-shelf troughs, formed by ice streams during glacial episodes,
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Fig 8. Comparison of metallic melt splatter on quartz grains from Baffin Bay versus similar melt splatter from South Carolina, USA [37]. (a)
Baffin Bay quartz grain (Q) splattered with FeCr. (b) South Carolina ilmenite grain (llm) splattered with native Ni [37] (c) Baffin Bay quartz grain splattered
with FeCr and FeCrNi. (d) Garnet (Gr) splattered with native Ni [37]. (e) Baffin Bay quartz grain splattered with FeCr. (f) South Carolina quartz grain
splattered with native Ni [37]. Baffin Bay melt splatter morphologically and chemically matches many MDPs (i.e., FeCr and FeCrNi) that peak during the
YD onset for all cores (see Fig 7). See Sl, Figs S103-S116 (Core 52), S159-S167 (Core 64), S210-S222 (Core 67), and S241-253 (Core 77) for EDS
data (https://zenodo.org/uploads/15330698).

https://doi.org/10.1371/journal.pone.0328347.9008

are common in western Baffin Bay [19] and have multiple sediment source areas, resulting in complex and varied litho-
stratigraphy within the basin [19]. Cores 52, 64, and 67 of this study (Fig 1) were almost certainly located beneath an

ice shelf (Northern Baffin Bay Ice Shelf) during the LGM that likely collapsed between 16.5 and 14.2 ka prior to the YD
onset [60], exposing these areas to relatively ice-free open water. Ice-rafted debris (IRD) dominated Baffin Bay sediments
during the last deglaciation, while hemipelagic sediments dominated during the present interglacial [19,57,61]. Deposi-
tional events feature tan-colored, carbonate-rich, gravelly, sandy mud layers and sporadic ice-rafted detrital carbonate and
gravel [19].

Three potential causes of the Younger Dryas climate event

The abrupt onset of the Younger Dryas cooling event in the Northern Hemisphere is a well-documented phenomenon,
marked by a significant decrease in temperature of approximately 10 °C+4 °C [62,63]. This drastic cooling occurred within
a year or less, indicating a rapid shift in atmospheric circulation and the initiation of cooling, which persisted for ~1200
years from ~12,800 to ~11,600 cal BP [64].
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Fig 9. Bulk Sediment Elemental abundance peaks in nanoparticles, Core 67 determined by SP-ICP-TOF-MS. The mean mass abundances of
six key elements (Pt, Ir, Ni, Co, Cr, and Cu) peak in the YDB layer; they are also typically enriched in extraterrestrial material, suggesting an ET
component in the nanoparticles. The layer with peaks in inferred impact microspherules and CDPs is darker green, and the layer with lesser abun-
dances of apparently reworked impact material is lighter green. Similar elemental profiles for Core 64 data can be found in Sl, Figs S7 and S8 (https://
zenodo.org/uploads/15330698).

https://doi.org/10.1371/journal.pone.0328347.9009

Meltwater flooding and thermohaline circulation. The conventional hypothesis, widely accepted, attributes the triggering

of this abrupt Younger Dryas cooling (12.8 ka) to the failure of the ice dams on proglacial Lake Agassiz and other related
lakes. These failures led to a sudden and massive diversion of the overflow water from the Mississippi Basin to the St.
Lawrence Basin through newly opened eastern outlets (Lake Superior/St. Lawrence Seaway) and through northwestern
outlets into the Arctic Ocean via the Mackenzie River [63,65—68]. Moreover, modeling experiments suggest that a collapse
of the Keewatin Ice Dome of the Laurentide Ice Sheet through Hudson Strait into the North Atlantic also contributed to the
freshwater forcing leading to the Younger Dryas cooling [64]. The diversion of continental interior drainage and its intensi-
fication in the early Younger Dryas were of sufficient magnitude to freshen the surface waters of the Arctic Ocean and the
northernmost Atlantic. This drainage resulted in a cap of low-salinity surface waters, which strongly reduced thermohaline
circulation and led to the abrupt climatic feedbacks that caused the Younger Dryas cooling to persist for ~1200 years
[63,67,69,70].

Volcanic triggering. Baldini et al. [7 1] offered an alternative hypothesis, invoking sulfur-rich volcanic aerosols from the
Laacher See eruption (LSE) as the trigger for the YD. They argued that ice core stratigraphy links the LSE (~12,880 years
ago) as the initial trigger for YD cooling, which was then amplified by shifts in oceanic circulation and sea ice expansion,
sustaining North Atlantic cooling. While direct climatic effects from volcanic aerosols would have lasted only ~1-3 years,
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Fig 10. Bulk sediment nanoparticle elemental mass ratios for Core 67 determined by SP-ICP-TOF-MS. Mean mass elemental ratios within
individual nanoparticles of seven key elements (Pt, Pd, Ir, Fe, Ni, Co, and Cr) that are typically enriched in extraterrestrial material. The layer
with peaks in inferred impact microspherules and CDPs is darker green, and the layer with lesser abundances of apparently reworked impact material is
lighter green. These ratios indicate a relative increase in the masses of Pt, Co, Cr, and Ni assemblages relative to other elements. Nearly all ratios begin
to increase in the upper part of the YDB layer, reaching peaks a few cm above the arrows. The same elemental mass ratios for Core 64 are shown in SI,
Figs S7 and S8 (https://zenodo.org/uploads/15330698). The ratio of Pt to Pd>1.0 is expected if an exogenic ET input of Pt occurred, as noted by Moore
et al.[50].

https://doi.org/10.137 1/journal.pone.0328347.9010

Baldini argued that feedback mechanisms prolonged the climate shift. However, Warken et al. [72] countered this interpre-
tation using high-resolution age correlations between German speleothem and Greenland ice core records, which clearly
record the LSE. These show that YD cooling occurred synchronously across Europe and Greenland, approximately
150-160 years after the LSE, which they dated at 13,008 +8 years B.P. Arguing against a volcanic connection to the LSE,
Kletetschka et al.[73] reported finding a stratigraphically distinct LSE tephra layer that predates the YDB microspherule
layer in a lake core in the Czech Republic. The age differences are critical by first challenging the interpretation of a
delayed climatic response and refuting an LSE volcanic aerosol trigger for the YD climate change by demonstrating that
the LSE eruption occurred well before the onset of the YD, making it unlikely to be the trigger.

The Younger Dryas Impact Hypothesis (YDIH). The Younger Dryas impact hypothesis posits that multiple cosmic air-
bursts/impacts triggered the abrupt onset of the Younger Dryas cooling episode [1,74]. This hypothesis suggests that
the impact event was both the triggering mechanism and the energy source necessary to shift the climate system into
a significant cooling mode in the Northern Hemisphere. Major, abrupt shifts in the atmosphere and cryosphere caused
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