
1
research+publishing network

.com

Research Article

Microspherules, meltglass, and 
nanoparticles from the Younger Dryas 
boundary layer at White Pond, USA
Christopher R. Moore1,2,* , Malcolm A. LeCompte3 , Allen West4 , Mohammed Baalousha5, Michael Bizimis6, 
David J. Mallinson7, Mark J. Brooks1, Albert C. Goodyear1, Terry A. Ferguson8, Siddhartha Mitra9, Chad S. Lane10, 
Theodore R. Them II11, Sean Pyne-O’Donnell12, Wendy S. Wolbach13, Victor Adedeji14, M. Scott Harris11, Mahbub 
Alam5, Gunther Kletetschka15,16 , Marc J. Defant17 , Michael Martínez-Colón18, Sean G. Taylor2, Peter A. Stone19, 
Dallas H. Abbott20  and Timothy Witwer4

1South Carolina Institute for Archaeology and Anthropology, University of South Carolina, Columbia, SC, USA; 2South Carolina Department of 
Natural Resources, Heritage Trust Program, Land, Water, and Conservation Division, Columbia, SC, USA; 3Center of Excellence in Remote 
Sensing Education and Research, Elizabeth City State University, Elizabeth City, NC, USA; 4Comet Research Group, Prescott, AZ, USA; 
5Center for Environmental Nanoscience and Risk (CENR), Department of Environmental Health Sciences, Arnold School of Public Health, 
University of South Carolina, Columbia, USA; 6School of Earth, Ocean and Environment, University of South Carolina, Columbia, SC, USA; 
7Department of Earth, Environment and Planning, East Carolina University, Greenville, NC, USA; 8Department of Environmental Studies, 
Wofford College, 429 N Church Street, Spartanburg, SC 29303-3663, USA; 9Virginia Institute of Marine Science, Gloucester Point, VA 23062, 
USA; 10Department of Earth and Ocean Sciences, University of North Carolina Wilmington, Wilmington, NC 28411, USA; 11Department of 
Geology and Environmental Sciences, College of Charleston, Charleston, SC 29424, USA; 12ICARUS, Department of Geography, Maynooth 
University, Maynooth, Ireland; 13DePaul University, Chicago, IL 60614, USA; 14Department of Natural Sciences, Elizabeth City State University, 
Elizabeth City, NC, USA; 15Institute of Hydrogeology, Engineering Geology and Applied Geophysics, Faculty of Science, Charles University, 
Albertov 6, Prague 2, CZ-12800, Czech Republic; 16Geophysical Institute, University of Alaska Fairbanks, 2156 Koyukuk Drive, Fairbanks, 
AK 99775, USA; 17School of Geosciences, University of South Florida, Tampa, FL 33620, USA; 18School of the Environment, Florida A&M 
University, FSH Science Research Center, 1515 South MLK Blvd, Tallahassee, FL 32307, USA; 19Retired Hydrogeologist, Columbia, SC, USA; 
20Lamont Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA

*Correspondence to: Christopher R. Moore, E-mail: MOORECR@mailbox.sc.edu

Received: 18 February 2026; Revised: 18 February 2026; Accepted: 5 March 2026; Published online: 20 March 2026

How to cite: Moore C.R., et al. Microspherules, meltglass, and nanoparticles from the Younger Dryas boundary layer at White Pond, USA. 
Airbursts and Cratering Impacts. 2026 | Volume 4 | Issue 1 | Pages: 1–24 | DOI: 10.14293/ACI.2026.0003

ABSTRACT

Sediment cores from White Pond, South Carolina, preserve a well-constrained Younger Dryas Boundary (YDB) 
interval dated by Bayesian age modeling to ~12,875–12,775 cal BP and previously shown to contain a platinum (Pt) 
anomaly, elevated Pt/Pd ratios, a peak in pyrogenic carbon, and a decline in coprophilous spores. Here we report 
additional high-temperature proxies from this same horizon, including microspherules, vesicular meltglass, and 
metal-bearing nanoparticles, integrating laser ablation ICP-MS (LA-ICP-MS) and single-particle ICP time-of-flight 
mass spectrometry (SP-ICP-TOF-MS) to evaluate their origin and carrier phases.

Scanning electron microscopy reveals Fe-rich and aluminosilicate microspherules exhibiting dendritic crystallization, 
quench textures, and vesiculation, together with vesicular meltglass, all confined to the YDB layer. Laser ablation 
ICP-MS analyses show that individual microspherules contain strongly elevated absolute platinum concentrations 
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(up to ~82–89× upper continental crust) and correspondingly elevated Pt/Fe ratios. However, Fe-normalized Ni/
Fe ratios remain within or near terrestrial compositional fields, indicating that the microspherules are dominantly 
derived from melted local sediment rather than from bulk meteoritic metal.

In contrast, SP-ICP-TOF-MS data document synchronous increases in platinum-group-element (PGE)–bearing 
(Ir, Pt, Pd, Os, Ru) and transition-metal–bearing (Ni, Co, Cr, V, Fe) nanoparticles at the YDB. This interval is 
marked by coincident peaks in total nanoparticle mass and number, together with a reduction in average mass per 
particle, indicating enrichment in numerous low-mass nanoparticles. This population structure is consistent with 
high-temperature processing and rapid formation of fine metal-rich particles during a short-lived depositional event, 
potentially involving vaporization and condensation processes, rather than accumulation of a small number of large 
particles. Nanoparticle Pt/Fe, Ir/Fe, and HSE/Ni ratios overlap fields defined by metal-rich extraterrestrial materials, 
including refractory metal nuggets and cometary matter, and show minimal overlap with magmatic or upper-crustal 
compositions.

Chondrite-normalized multi-element, rare-earth-element (REE), and PGE patterns show that the YDB layer does 
not reflect bulk meteoritic mixing or large-scale melt differentiation but instead records a subtle enrichment of 
background terrestrial sediment. The coexistence of terrestrial melt spherules and compositionally distinct metal-
rich nanoparticles supports a two-population framework involving sediment melting alongside condensation or 
delivery of siderophile-enriched nanoparticles during a short-lived event. Absence of cryptotephra argues against 
a volcanic source. Together, these multiproxy observations are consistent with an abrupt, high-energy depositional 
pulse at the onset of the Younger Dryas and are compatible with processes proposed under the Younger Dryas 
Impact Hypothesis, including low-altitude airbursts or fragmented impacts by metal-bearing primitive bodies such 
as comets or rubble-pile asteroids.
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Introduction and background

The Younger Dryas (YD), a period of abrupt climate cooling 
that began around ca. 12,800 years ago, represents one of the 
most significant and rapid climatic transitions of the Late 
Quaternary. It has been associated with widespread environ-
mental change, including the extinction of megafauna and dis-
ruptions to human populations across North America [1–3]. 
The prevailing explanation attributes YD cooling to disruption 
of North Atlantic thermohaline circulation driven by meltwa-
ter discharge from the Laurentide Ice Sheet [4, 5]. Additional 
hypotheses propose that an abrupt external forcing, such as a 
cosmic impact or series of atmospheric airbursts, may have 
contributed to or amplified environmental and climatic insta-
bility at the YD onset, potentially through widespread biomass 
burning, short-lived atmospheric perturbations, and secondary 
effects on ice-sheet dynamics and freshwater fluxes relevant 
to Atlantic Meridional Overturning Circulation slowdown 
[6–8]. Numerous lines of evidence potentially consistent with 
the Younger Dryas Impact Hypothesis (YDIH) have been 
reported at dozens of sites worldwide. This body of evidence 
includes elevated concentrations of multiple impact-related 
proxies, such as magnetic microspherules [6, 9–16], platinum 
[11–15, 17–20], iridium [6, 11, 20–22], meltglass [11, 12, 23], 
nanodiamonds [11, 12, 20, 24–27], and combustion-related 

materials, including aerosols and soot [11, 12, 19, 20, 27–29]. 
These proxies have been identified in sedimentary deposits 
dating to the lower Younger Dryas Boundary (YDB) across 
a broad geographic range, including North America [6], cen-
tral Mexico [30], South America [31, 32], South Africa [33], 
Europe [6, 34–36], Greenland [21], the Middle East [11, 12, 
20, 27], and within lacustrine, marine, and ice core records on 
a global scale [28, 29].

Geochemical signatures such as platinum (Pt) enrichment, 
microspherules, and elevated concentrations of pyrogenic 
carbon have thus been documented at multiple YDB sites, 
although taphonomic processes, depositional reworking, and 
chronological uncertainties have complicated interpretation 
at several localities. In this study, we analyze sediment cores 
from White Pond, South Carolina, an undisturbed, well-
stratified lacustrine basin in the southeastern United States, 
to assess the stratigraphic integrity, timing, and geochemical 
characteristics of environmental disruption recorded at the 
onset of the Younger Dryas, and to evaluate the processes 
capable of producing the observed proxy assemblage.

Study site

White Pond is a natural, spring-fed, shallow lake located 
in north-central South Carolina (34.1680°N, −80.7760°W) 
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along the western margin of the Atlantic Coastal Plain 
(Figure 1). The 28-hectare basin contains shallow water, with 
depths rarely exceeding 2 m. It is surrounded by relict eolian 
and fluvial sands that overlie deeply weathered Cretaceous 
and Tertiary clay-rich substrates. A nearly 6-meter-thick 
sequence of peat, organic-rich mud, and silt has accumulated 
within the basin since before the Last Glacial Maximum 
(LGM), or possibly earlier. Recent coring by Krause et al. 
[37] identified basal sediments dating to approximately 31–
32 ka at a depth of 5.5 m. The basin occupies a streamhead 
depression that likely formed through erosional scour fol-
lowed by damming of local drainage by large Pleistocene 
sand dunes along the southern margin of the lake. Previous 
paleoenvironmental [19, 37, 38] and archaeological investi-
gations demonstrate that the stratigraphy of White Pond pre-
serves a diverse archive of biomarkers, stable isotopes, and 
discrete event layers.

Previous Work. Moore et  al. [19] reported a series of 
geochemical and paleoecological changes centered around 
~12,800 cal yr BP in sediment cores from White Pond, 
corresponding to the onset of the Younger Dryas (YD). 
A pronounced platinum (Pt) anomaly and elevated Pt/Pd 
ratios occur within a ~2-cm interval, with a Bayesian age 
model placing the horizon at 12,785 ± 58 cal yr BP [19]. 

This Pt enrichment is nearly coeval with a peak in pyrogenic 
carbon (soot) at 12,838 ± 103 cal BP, a decline in copro-
philous fungal spores at 12,752 ± 54 cal BP, and a nega-
tive δ15N excursion, all occurring within the Younger Dryas 
Boundary (YDB) layer as reported in Moore et al. [19] (see 
Supplementary Figure S23 and Table S1; https://zenodo.
org/records/18684761). Together, these observations indi-
cate rapid regional environmental disruption at the onset of 
the YD.

Watts [38] and Krause et  al. [37] established the mul-
ti-proxy stratigraphic framework for White Pond through 
separate coring campaigns. The chronology used here fol-
lows the Bayesian age–depth model of Moore et  al. [19], 
which incorporates additional radiocarbon constraints and 
was designed specifically to resolve the Younger Dryas 
Boundary interval.

Notably, Moore et al. [19] found no evidence of volcanic 
ash (cryptotephra) or anomalous mercury levels associated 
with the YD boundary, discounting a volcanogenic origin 
for the Pt anomaly. The study also identified a substantial 
depositional hiatus of approximately 2,400 years following 
the YD onset, complicating interpretations of megafaunal 
extinction timing at this site. However, the observed pre-
hiatus decline in coprophilous spores aligns temporally with 

Figure 1:  LiDAR image of White Pond near Elgin, South Carolina, showing the location of vibracores collected in 2016 (34.1680°N, 
−80.7744°W). The figure is from Moore et al. [19] licensed under CC BY 4.0. Cores were collected ~1 meter apart.

https://zenodo.org/records/18684761
https://zenodo.org/records/18684761
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declines reported at other North American sites, suggesting 
a broader continental pattern [39–42].

Stable isotopes of carbon and nitrogen and magnetic sus-
ceptibility data at the YD onset at White Pond support a shift 
toward increased terrestrial biomass and changing watershed 
nutrient dynamics during and after the YD [19]. These pat-
terns reinforce the interpretation of an abrupt climatic and 
ecological transition initiated at the boundary.

Results and interpretation

In 2019, Moore et al. [19] reported a pronounced spike in 
platinum concentration and a concurrent peak in pyrogenic 
carbon (soot) in core WP-16-2 within the YDB layer at 
White Pond. Similar platinum anomalies have been reported 
in YDB layers at sites across multiple continents and in the 
Greenland ice sheet, consistent with an extraterrestrial impact 

event [17, 18, 43, 44]. Pyrogenic carbon is interpreted as evi-
dence of widespread biomass burning, and large YDB peaks 
in pyrogenic carbon have been reported from ice cores, lake 
cores, and terrestrial cores globally [28, 29]. Moore et  al. 
[19] also observed a marked decline in coprophilous fungal 
spores, including Sporormiella, in core WP-16-3, consistent 
with a rapid reduction in megafaunal biomass and ecological 
disruption at the onset of the Younger Dryas.

Microspherules and meltglass
Building on the work of Moore et al. [19], we sampled addi-
tional core intervals through the YDB to investigate micro-
spherules and meltglass similar to those reported from other 
global YDB sites. Scanning electron microscopy of samples 
from cores WP-16-3 and WP-16-4 revealed the presence 
of high-temperature spherules and vesicular meltglass par-
ticles (Figures 2 and 3 and Supplementary Figures S1-22;  

Figure 2:  Examples of Fe-rich and silica-rich microspherules (a–f) and meltglass (g–h) from White Pond (cores WP-16-3 and WP-16-
4). See Supplementary Figures S1–S22 for additional images and EDS data (https://zenodo.org/records/18684761). Dendritic crystals, ves-
icles, and flow lines indicative of high-temperature melting are visible. Spherules (d–f) are composed of aluminosilicate, with spherule (d) 
showing detectable Os enrichment in EDS spectra.

https://zenodo.org/records/18684761
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https://zenodo.org/records/18684761). Microspherules and 
meltglass were found exclusively within YD-onset age sedi-
ments (Figure 4 and Supplementary Table S2) and display 
morphologies and elemental compositions consistent with 
formation under extreme thermal conditions [23, 47]. Iron-rich 
spherules with quench textures and flow structures, an iron-
rich dendritic spherule doublet with collisional deformation 
scars, carbon spherules embedded with aluminosilicate melt, 
and aluminosilicate spherules were found in Cores 3 and 4.

Trace platinum-group elements (Pt, Pd, and Os) were 
detected by EDS at the limits of detection in a limited subset 
of aluminosilicate melt spherules and meltglass fragments, 
whereas most spherules lack measurable PGEs. This hetero-
geneous distribution indicates that PGEs are not intrinsic to 
all spherules but occur selectively within certain high-tem-
perature melt products, consistent with the incorporation 

of minor PGE-bearing particulate material rather than bulk 
meteoritic mixing.

Laser ablation ICP-MS geochemistry of YDB 
spherules
To further characterize the geochemical composition of 
individual YDB microspherules, laser ablation ICP-MS 
(LA-ICP-MS) analyses were conducted on representative 
spherules from the White Pond cores, spherule WP16-3 A 
and spherule WP 16-3 B. Results are summarized in Table 1.

Platinum concentrations in the analyzed spherules are ele-
vated relative to upper continental crust, reaching 41.5 ppb 
(WP16-3 B), and 45.1 ppb (WP16-3 A), corresponding to 
~82–89× crustal abundance. Chromium and vanadium are 
also enriched (Cr up to 243.8 ppm; V up to 183.5 ppm), 
exceeding crustal values by factors of ~1.9–2.3. Nickel and 

Figure 3:  Optical (a, c) and SEM images (b, d) of meltglass from White Pond (Cores 3 and 4). See Supplementary Figures S16-22 for 
additional images and EDS data (https://zenodo.org/records/18684761). Note dendritic crystals, vesicles, and flow lines.

https://zenodo.org/records/18684761
https://zenodo.org/records/18684761


C. R. Moore et al.: Microspherules, Meltglass, and Nanoparticles from the Younger Dryas Boundary Layer

6

cobalt concentrations are modest (Ni = 113.8–140.0 ppm; 
Co = 27.8–48.4 ppm), with enrichments ranging from ~0.1–
3.2× crust, depending on the sample.

Elemental ratios provide additional constraints. Ni/Fe 
ratios range from 1.23 × 10−3 to 2.63 × 10−3 (1.37–2.94× 
crust), whereas Pt/Fe ratios range from 3.97 × 10−7 to 9.61 × 
10−7 (30–75× crust). Pt/Ni ratios are on the order of 3.2–3.6 
× 10−4. Despite elevated absolute Pt concentrations and Pt/Fe 
values greatly exceeding continental crust, Fe-normalized 
Ni ratios remain within or near terrestrial compositional 
fields and do not approach values characteristic of metal-rich 
meteoritic alloys.

These LA-ICP-MS data indicate that the analyzed spher-
ules are chemically dominated by melted terrestrial sedi-
ment, with selective enrichment of certain trace metals but 
without bulk meteoritic metal signatures.

Nanoparticles
The elemental SP-ICP-TOF-MS nanoparticle data collected 
from above, below, and within the YDB in Core WP-16-4 
are given in Table 2.

We compare sample WP 121–123 and WP 135–137 
using a CI chondrite normalized multi-element spider dia-
gram (Figure 5a, b). Sample WP 121–123 was collected 
from the YDB horizon, whereas WP 135–137 was collected  
approximately 12 cm below the YDB, representing sedi-
ment deposited prior to and unaffected by the hypothesized 
airburst event. Sample WP 135–137, therefore, serves as a 
local stratigraphic background, while WP 121–123 captures 
the chemical characteristics of the boundary layer itself. 
Together, these samples bracket the event horizon and allow 
evaluation of whether the YDB layer reflects bulk geochem-
ical modification or a more limited overprint superimposed 
on pre-existing sedimentary material.

The spider diagram demonstrates that the two samples 
share nearly identical trace-element and rare-earth-element 
(REE) patterns (Figure 5b does not use a logarithmic y-axis 
to demonstrate the variations better in terms of the light 
elements), differing primarily in overall abundance rather 
than in shape. This close parallelism suggests that the YDB 
horizon did not undergo large-scale melt differentiation or 
melt–residue separation sufficient to measurably fractionate 
the REE system. In particular, the absence of significant REE 
slope changes or Eu anomalies argue against large-scale dif-
ferentiation at any level and implies that any high-tempera-
ture processes associated with the event were localized and 
limited in mass.

At the same time, siderophile and transition-metal abun-
dances (e.g., V–Ni) remain extremely subchondritic or 
maintain subchondritic end-member values in both samples, 
ruling out bulk meteoritic mixing as a dominant control on 
whole-rock chemistry. Any extraterrestrial contribution must 
therefore have been minor, particulate, and highly diluted 
within the sediment matrix. These data show that the YDB 
layer reflects a brief, externally driven thermal perturbation 

Figure 4:  Microspherule abundance for WP-16-4 (spherules/
kg). The yellow rectangle represents the Bayesian modeled YD onset 
(12,875–12,775 cal BP; IntCal20) [45, 46] determined by the age/
depth model in Moore et al. [19] (see Supplementary Table S2 and 
Figure S23 that is adapted from Moore et al. [19]) (https://zenodo.
org/records/18684761).

https://zenodo.org/records/18684761
https://zenodo.org/records/18684761
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Table 1:  LA-ICP-MS elemental concentrations and selected elemental ratios for individual Younger Dryas Boundary (YDB) microspherules 
from White Pond (Core 16-3).

Element Measured values Times upper crust

WP16-3 A WP 16-3 B WP16-3 A WP 16-3 B

Pt (ppb) 45.1 41.5 89.40 82.18
Cr (ppm) 243.8 136.3 3.32 1.85
Cu (ppm) 81.3 210.0 0.15 9.06
Ni (ppm) 140.0 113.8 0.11 3.24
Co (ppm) 48.4 27.8 0.20 1.79
V (ppm) 183.5 173.7 2.32 2.20
Ni/Fe 1.231E-03 2.634E-03 1.37 2.94
Pt/Ni 3.224E-04 3.646E-04 -- --
Pt/Fe 3.968E-07 9.605E-07 30.80 74.56

Measured concentrations are shown alongside enrichment factors relative to upper continental crust. Green-highlighted cells represent significant 
enrichment over crustal values. Platinum concentrations and Pt/Fe values are strongly elevated, but Ni/Fe ratios remain within or near terrestrial 
compositional ranges, indicating that the spherules are dominantly derived from melted terrestrial sediment rather than bulk meteoritic metal.

Table 2:  SP-ICP-TOF-MS geochemical data for the samples collected from the Core WP-16-4 at various depths.

Element WP 113-115 WP 115-117
WP 117-119

MQ
WP 119-121

MQ
WP 121-123

MQ WP 123-125 WP 125-127 WP 135-137
WP 177-179

MQ

Al 37652.9 135230.2 148442.8 161874.6 433607.9 157415.5 176411.6 273713.7 384595.3
Ti 7349.5 5430.8 9051.8 6413.6 26475.0 8714.0 9586.4 16870.6 15147.9
V 35.0 24.9 52.9 49.8 54.5 29.3 35.7 42.2 56.8
Cr 507.1 26.1 55.2 271.1 1083.7 180.8 72.7 43.1 46.3
Mn 94.6 104.0 28.0 41.4 100.0 51.1 36.9 128.9 104.0
Fe 9887.0 36951.3 13924.6 29772.3 42128.1 15093.1 24501.4 31037.0 33545.1
Co 13.7 11.5 9.2 8.6 12.4 8.7 5.2 10.6 7.7
Ni 385.6 44.1 44.8 107.4 488.6 84.5 140.2 55.7 57.7
Cu 123.4 94.8 65.9 56.1 159.5 99.7 56.4 57.4 46.8
Zn 70.3 65.6 132.5 124.9 50.9 40.6 41.4 84.6 126.4
As 146.8 105.0 119.3 112.5 120.9 134.7 96.1 107.4 68.6
Zr 31.1 39.7 51.2 58.4 180.5 68.2 20.2 63.6 334.6
Nb 15.2 12.4 27.2 13.8 33.2 16.7 21.5 15.7 26.8
Ru 24.0 16.8 33.5 23.6 16.6 14.9 27.4 19.8 20.5
Rh 7.9 8.6 5.8 5.3 5.4 5.3 5.3 4.1 2.9
Pd 62.4 52.4 44.5 57.5 51.9 45.4 67.5 44.9 62.7
Sn 29.3 22.9 22.9 24.8 14.4 23.7 20.1 24.7 25.1
Sb 23.0 12.7 23.7 26.0 16.8 11.0 12.8 7.8 14.6
Ba 72.5 167.5 190.5 241.6 685.0 222.5 312.5 346.2 535.4
La 18.4 33.9 37.5 75.8 252.8 67.1 60.0 95.2 106.0
Ce 40.1 94.9 111.4 210.9 776.5 159.3 160.6 266.0 347.4
Pr 7.3 9.1 10.2 18.4 53.0 13.9 11.8 17.0 25.3
Nd 34.5 41.0 45.1 100.8 297.4 46.0 57.9 67.4 122.5
Sm 25.3 23.1 18.0 19.9 33.6 19.6 17.7 18.2 21.7
Eu 10.0 10.6 8.1 7.8 9.7 7.7 7.9 8.3 7.3
Gd 23.6 22.5 16.0 24.9 33.6 18.9 18.0 15.9 19.0
Tb 5.0 4.5 5.1 4.5 5.2 4.7 4.4 4.4 3.9
Dy 12.9 17.9 13.0 15.1 14.6 19.3 16.4 16.1 11.7
Ho 6.9 5.6 5.9 4.7 4.1 6.1 3.2 3.0 4.0
Er 15.5 14.6 12.3 15.7 14.9 17.0 7.8 11.8 6.9
Tm 4.7 4.4 4.2 5.5 4.1 3.7 3.7 3.7 4.3
Yb 17.2 15.5 13.9 14.4 15.5 18.1 14.0 11.9 10.2
Lu 5.9 4.9 4.9 2.6 3.4 4.4 3.7 3.8 4.0
Hf 20.3 17.4 18.3 18.5 12.6 14.4 16.7 10.2 17.1
Ta 38.1 6.4 5.8 5.2 7.2 6.5 6.3 3.3 5.9
W 26.1 23.2 25.2 22.9 20.3 23.9 19.5 24.2 19.0
Re 7.8 9.8 6.0 5.8 6.7 7.8 5.5 4.3 6.4
Os 7.8 8.1 17.2 21.4 11.3 5.9 9.1 6.7 10.8
Ir 12.7 11.6 14.2 10.7 7.5 12.8 9.0 13.3 8.5
Pt 35.1 39.2 51.4 39.7 28.2 26.9 25.2 26.3 25.3
Au 22.1 23.3 47.9 33.8 34.8 11.8 18.5 12.9 48.1
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that produced discrete melt products (e.g., spherules) but did 
not reset or homogenize the bulk geochemical signature of 
the enclosing sedimentary system. This is consistent with 

our interpretation of a distal sedimentary archive recording 
atmospheric fallout from a short-lived high-energy event, 
rather than as a proximal impact site.

Element WP 113-115 WP 115-117
WP 117-119

MQ
WP 119-121

MQ
WP 121-123

MQ WP 123-125 WP 125-127 WP 135-137
WP 177-179

MQ

Pb 22.0 36.6 39.6 87.2 249.1 68.7 74.4 97.8 123.6
Th 10.0 10.8 11.8 16.9 54.6 16.6 17.1 26.7 15.4
U 8.3 7.5 6.5 5.8 7.1 9.9 8.1 6.6 4.7

Note. All data are given in ng/g × 109 (i.e., the values were multiplied by 109 to enhance visualization). MQ stands for the filtration technique 
used (Millipore filters). Depth is in cm below the sediment surface.

Table 2:  Continued

Figure 5:  a) Chondrite-normalized multi-element spider diagram. b) Chondrite-normalized multi-element spider diagram without logarith-
mic y-axis. C1 chondrite normalizing values are from McDonough and Sun [48]. Sample WP 121-123 is within the YDB while sample WP 135-137 
is below the YDB. All calculations used NP values in ng/g × 109, i.e.., all raw NP values were multiplied by 109  before CI-normalization (see Table 2).
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CI chondrite–normalized rare earth element (REE) patterns 
for samples WP 121–123 (YDB horizon) and WP 135–137 
(12 cm below the YDB) display smooth, subparallel REE 
patterns from La through Lu, with no pronounced anomalies 
(Figure 6).

The close similarity in pattern shape indicates that the 
REE system was not significantly fractionated at the YDB 
horizon. In particular, the absence of an Eu anomaly sug-
gests that large-scale melt–residue separation did not occur, 
including plagioclase fractionation. Likewise, the lack of 
strong LREE–HREE decoupling argues against involve-
ment of garnet-bearing residues or extensive igneous-style 
differentiation.

Sample WP 121–123 exhibits slightly higher overall REE 
abundances relative to WP 135–137, but the preservation 
of parallel trends implies that this difference reflects minor 
enrichment or dilution effects (e.g., subtle grain-size or sed-
imentary heterogeneity) rather than a change in REE source 
or mineralogical control. Consequently, the data support the 
conclusion that any high-temperature processes associated 
with the YDB were localized and limited in mass, consistent 
with the formation of discrete melt products without reset-
ting the bulk REE signature of the host sediment (Figure 6).

The direct comparison of WP 121–123 to WP 135–137 
REE data isolates the REE system from other trace elements 
and demonstrates, independently, that the YDB horizon 
does not record bulk melting or geochemical differentiation 
(Figure 6). Together with the full multi-element spider dia-
gram, it shows that the primary YDB signal is physical and 
microtextural, rather than a wholesale chemical transforma-
tion of the sediment.

Samples WP 121–123 and WP 135–137 exhibit uniformly 
subchondritic abundances of the refractory PGEs (Os, Ir, 

Ru), further indicating that bulk meteoritic mixing did not 
occur at the YDB (Figure 7). In contrast, Pd (and to a lesser 
extent Au) is relatively enriched with respect to Os–Ir–Ru, 
producing a fractionated, non-chondritic PGE pattern. The 
broadly parallel patterns observed above and below the YDB 
indicate that the boundary layer represents a modest chem-
ical overprint on an existing sedimentary PGE background 
rather than the introduction of a new PGE reservoir, consist-
ent with a short-lived phenomenon affecting only a small 
fraction of the total sediment mass.

The PGE systematics are characterized by Pd ≫ Pt > 
Ir–Os, a fractionated distribution inconsistent with sim-
ple chondritic mixing, in which refractory PGEs typically 
covary with Pd [49]. The clear decoupling of Pd from Os–Ir 
–Ru, which remain uniformly subchondritic, strongly argues 
against simple bulk meteoritic addition and instead points 
to volatility-controlled PGE fractionation during a high-
temperature vapor or plume phase [50, 51]. Experimental 
and cosmochemical constraints show that Pd is significantly 
more volatile and more readily mobilized during high-
temperature vaporization than the most refractory PGEs, 
such as Ir and Os, which remain largely immobile [52, 53]. 
During subsequent cooling, condensation preferentially 
incorporates Pd into fine particulates, producing Pd-rich sig-
natures without corresponding refractory PGE enrichment. 
Comparable fractionated PGE patterns have been reported 
from impact-related ejecta and impactite contexts [54], doc-
umented airburst deposits such as those associated with the 
Tunguska event [55], and high-temperature aerosol systems, 
where Pd-rich particulate transport is well established [56, 
57]. Together with the presence of melt spherules, these 
observations support the interpretation of the YDB PGE 
signal as reflecting localized, short-lived thermal processing 

Figure 6:  Chondrite-normalized rare-earth element diagram. C1 chondrite normalizing values are from McDonough and Sun [48]. All cal-
culations used NP values in ng/g × 109, i.e., all raw NP values were multiplied by 109 before CI-normalization. Sample WP 121-123 is within the 
YDB while sample WP 135-137 is below the YDB.
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and plume-mediated redistribution, rather than in situ bulk 
chemical modification of the host sediment.

Using SP-ICP-TOF-MS, nanoparticle depth profiles 
from core WP-16-4 (Figures 8 and 9) reveal distinct, syn-
chronous increases in platinum-group element (PGE) bear-
ing nanoparticles (Ir, Pt, Pd, Os, Ru) centered within the 
Bayesian-modeled Younger Dryas onset interval in Unit 
II (~114.5–127 cm), with maximum values clustered near 
~118–123 cm. The nanoparticle number-ratio profiles pro-
vide an additional constraint on source variability across the 
boundary interval. Increases in Pt/Pd and Pt/Ni values within 
the YDB horizon indicate that platinum enrichment is not 
simply tracking bulk changes in transition-metal-bearing 
nanoparticles but reflects a distinct PGE-bearing nanoparti-
cle component. This behavior is consistent with prior work at 
White Pond, which shows a Pt/Pd anomaly at the YD onset, 
and supports the interpretation of an exogenic contribution 
superimposed on a local lithogenic background.

To further evaluate the geochemical characteristics of 
nanoparticles associated with the Younger Dryas Boundary 
(YDB) at White Pond, we examined these PGE profiles 
together with selected transition metals (Ni, Co, Cr, V, Fe) 
(Figure 9). Platinum-group elements are highly diagnostic 
tracers of extraterrestrial material, whereas Ni, Co, Cr, V, 
and Fe provide complementary context for metal-rich nan-
oparticle assemblages and allow assessment of stratigraphic 
coherence with independently identified microspherules, 
meltglass, and the modeled YD onset.

The SP-ICP-TOF-MS nanoparticle dataset provides an 
independent, particle-scale perspective on the Younger 
Dryas Boundary (YDB) at White Pond, complementing bulk 
geochemical anomalies and microspherule observations 

(see Methods for definitions of mass and number concen-
trations). Nanoparticle mass, particle number, and average 
mass per particle vary with depth, allowing assessment 
of whether observed enrichments reflect increased nano-
particle flux, changes in particle size, or both (Figure 10). 
Diagnostic elemental ratios (Pt/Fe and Ir/Fe) measured in 
YDB nanoparticles closely correspond with ratios obtained 
from LA-ICP-MS analyses of YDB microspherules and 
with representative terrestrial and extraterrestrial composi-
tional fields (Figure 11). This integrated comparison allows 
evaluation of whether spherules and nanoparticles represent 
a single geochemical population or distinct carrier phases. 
Together, these data constrain the nature of the YDB parti-
cle assemblage and provide insight into source components, 
phase segregation, and formation processes.

Discussion

Previous high-resolution stratigraphic analysis of vibra-
cores WP-16-1 through WP-16-4 from White Pond, South 
Carolina, identified a discrete (~12.5 cm) sedimentary layer 
containing a suite of coeval proxies marking the Younger 
Dryas Boundary (YDB) (Figure 12). This horizon lies 
within Unit II, a dark, organic-rich, silty unit underlain by 
late Pleistocene laminated clays and unconformably over-
lain by early Holocene muddy peat [19]. Bayesian age 
modeling places the Younger Dryas onset within Unit II at 
~211.5–224 cm in core WP-16-3 and ~114.5–127 cm in 
core WP-16-4, corresponding to ~12,875–12,775 cal BP 
[45] using IntCal20 [46]; Figures 3 and 12; Supplementary 
Figure S23; Supplementary Table S1; https://zenodo.org/
records/18684761). Variation in the depth of Unit II and the 

Figure 7:  Chondrite-normalized diagram of platinum-group elements (PGEs) and related elements. C1 chondrite normalizing val-
ues are from McDonough and Sun [48]. All calculations used NP values in ng/g × 109, i.e., all raw NP values were multiplied by 109 before 
CI-normalization. Sample WP 121-123 is within the YDB while sample WP 135-137 is below the YDB.

https://zenodo.org/records/18684761
https://zenodo.org/records/18684761
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overlying Holocene peat among cores reflects a gentle basin 
dip from right (Core 4) to left (Core 1), resulting in various 
proxies appearing slightly deeper in Unit II as cores deepen 
(Figure 12).

Moore et al. [19] further identified a stratigraphic hiatus 
above the YDB at the top of Unit II, consistent with a regional, 
climate-driven interval of non-deposition or erosion rather 
than a coring artifact. Comparable stratigraphic discontinu-
ity across the YD–Holocene transition has been documented 
at multiple Coastal Plain archaeological and paleoenviron-
mental sites [58], consistent with Younger Dryas conditions, 
including reduced effective moisture, lowered lake levels, 
and possible subaerial exposure. This hiatus occurs above 
the YDB and does not compromise the stratigraphic integrity 

or chronological placement of the YDB proxy assemblage 
preserved within Unit II.

Microspherules and meltglass
Microspherules and meltglass co-occur within the YDB 
interval at White Pond together with peaks in platinum 
and soot. These microspherules are primarily composed 
of aluminosilicate and FeO, as confirmed by SEM–EDS 
analyses (Supplementary Figures S1–S22), and are con-
sistent with previous studies showing that YDB micro-
spherules largely derive from melted terrestrial sediment 
with only a minor (<2%) extraterrestrial contribution [10]. 
Many exhibit dendritic or segmented “soccer-ball” textures 
resulting from Fe crystallization during magnetite melting 

Figure 8:  SP-ICP-TOF-MS nanoparticle number concentration (total particle counts) and number-ratio profiles for platinum-group 
elements in White Pond core WP-16-4 determined by SP-ICP-TOF-MS. Panels (a–e) show total nanoparticle number concentrations (NP 
#) for Ir, Pt, Pd, Os, and Ru plotted against sediment depth (cm below surface). Panels (f–j) show nanoparticle number ratios (Ir/Ni, Pt/Pd, Pt/
Ni, Cr/Co, and Cr/Ni). Green shading indicates the stratigraphic interval of Unit II, where impact-related microspherules and meltglass were 
identified in cores WP-16-3 and WP-16-4. Platinum-group element–bearing nanoparticles show pronounced, synchronous increases between 
~118 and 123 cm depth, and Pt/Pd and Pt/Ni values also rise across this boundary interval. The Bayesian-modeled Younger Dryas onset 
(12,875–12,775 cal BP; IntCal20) [45, 46] occurs between ~114.5 and 127 cm in core WP-16-4 (see Supplementary Figure S23; https://zenodo.
org/records/18684761). Nanoparticle data are provided in Table 2. Nanoparticle number concentration represents the count of element-bearing 
nanoparticles (# g−1), normalized to sediment mass.

https://zenodo.org/records/18684761
https://zenodo.org/records/18684761
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(microkrystites). Comparable silica-rich microtektites and 
Fe-rich microkrystites have been documented at YDB sites 
across multiple continents and depositional environments 
[47, 59, 60].

Moore et al. [19] found no cryptotephra within the White 
Pond YDB interval, arguing against a volcanic source for the 
observed microspherules, meltglass, and platinum enrich-
ment. Consistent with this interpretation, SP-ICP-TOF-MS 
analyses of core WP-16-4 document synchronous increases 
in platinum-group-element (PGE)–bearing nanoparticles (Ir, 
Pt, Pd, Os, Ru; Figure 8) and transition-metal–bearing nano-
particles (Ni, Co, Cr, V, Fe; Figure 9), indicating deposition 
during a short-lived event at the YDB.

Several non-impact processes have been proposed as poten-
tial sources of microspherules and meltglass, including intense 
wildfires, volcanism, lightning-related melting, diagenetic 
mineral growth, sediment reworking, and anthropogenic con-
tamination. At White Pond, large-scale biomass burning can 
account for soot and some carbonaceous particles but cannot 
readily explain Fe-rich and aluminosilicate spherules or vesic-
ular meltglass exhibiting dendritic crystallization, quench tex-
tures, vesiculation, and surface micro-impacts, which require 
temperatures and cooling rates exceeding those achieved in 
terrestrial fires. A volcanic origin is further disfavored by the 
absence of cryptotephra, the lack of coeval volcanic centers, 
and the confinement of both spherules and meltglass to a 

Figure 9:  SP-ICP-TOF-MS nanoparticle depth profiles from White Pond showing total nanoparticle mass concentrations and total 
nanoparticle number concentrations for Ni, Co, Cr, V, and Fe plotted against sediment depth (cm below surface). Panels (a–e) show 
nanoparticle mass concentrations (ng g−1 × 109; values multiplied by 109 to enhance visualization), while panels (f–j) show nanoparticle number 
concentrations (NP #). Green shading indicates the stratigraphic interval of Unit II, where impact-related microspherules and meltglass were 
identified in cores WP-16-3 and WP-16-4. All five elements exhibit pronounced, stratigraphically coherent peaks in both mass and number 
concentrations within this interval, indicating a discrete enrichment of metal-bearing nanoparticles coincident with the boundary layer. The 
Bayesian-modeled Younger Dryas onset (~12,875–12,775 cal BP; IntCal20) [45, 46] occurs between ~114.5 and 127 cm in core WP-16-4 
(see Supplementary Figure S23; https://zenodo.org/records/18684761). Nanoparticle data are provided in Table 2. Nanoparticle mass con-
centration represents the summed elemental mass of a given element hosted within nanoparticles, normalized to sediment mass (ng g−1), and 
Nanoparticle number concentration represents the count of nanoparticles containing a given element detected by SP-ICP-TOF-MS, normalized 
to sediment mass and reported as # g−1.

https://zenodo.org/records/18684761
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discrete stratigraphic horizon rather than a diffuse ash-de-
rived background. Lightning-generated melts are typically 
localized and irregular in form and do not produce laterally 
continuous, basin-wide spherule or meltglass layers, while 
diagenetic or authigenic processes do not generate glassy melt 
textures or high-temperature quench morphologies. Sediment 
reworking would be expected to smear these materials across 
multiple horizons, and anthropogenic contamination is highly 
unlikely given the late-Pleistocene age of the deposits and the 
absence of industrial markers. Collectively, these constraints 
indicate that ordinary terrestrial processes are insufficient to 
account for the observed spherule and meltglass assemblage 
at White Pond.

Nanoparticle abundance and population structure
The nanoparticle dataset is evaluated using a complemen-
tary framework that integrates population-level mass and 
number concentrations with elemental number-ratio profiles 
(Figures 8–10). The YDB interval is marked by stratigraph-
ically coherent enrichments in both total nanoparticle mass 
and total nanoparticle number, demonstrating a true increase 
in nanoparticle flux rather than enrichment driven by rare 
large particles or analytical artifacts. This interpretation is 
reinforced by the synchronous behavior of multiple plati-
num-group elements together with parallel peaks in nano-
particle mass and number across several transition metals, a 
pattern difficult to reconcile with either selective diagenetic 

remobilization or simple concentration effects driven by 
reduced siliciclastic sedimentation.

Changes in bulk sedimentation rate can influence elemen-
tal concentrations expressed per gram of sediment; however, 
our interpretation does not rely solely on concentration data. 
Instead, we emphasize nanoparticle elemental ratios (e.g., 
Pt/Pd, Pt/Ni, Ir/Ni) and nanoparticle population structure, 
which are largely insensitive to simple dilution by reduced 
siliciclastic input. A dilution-only mechanism would elevate 
concentrations while leaving nanoparticle elemental ratios 
approximately unchanged. The observed ratio excursions 
therefore provide an internal test that distinguishes true nan-
oparticle influx from bulk sediment dilution. In contrast, the 
YDB interval exhibits pronounced excursions in PGE/tran-
sition-metal nanoparticle ratios together with synchronous 
increases in total nanoparticle number and total elemental 
mass, coupled with a decrease in average mass per particle. 
This combination demonstrates a compositional and popu-
lation-structure change in the nanoparticle assemblage, con-
sistent with the addition of numerous fine, PGE-enriched 
nanoparticles rather than concentration effects driven solely 
by reduced sediment accumulation. Where sufficiently 
resolved age–depth constraints permit, conversion of these 
data to mass accumulation rates could further quantify nan-
oparticle flux, but the observed ratio and population signals 
alone require a real change in nanoparticle source or carrier 
phase at the YDB.

Figure 10:  SP-ICP-TOF-MS nanoparticle depth profiles from White Pond showing total nanoparticle mass concentration, total nan-
oparticle number concentration, and mass per nanoparticle plotted against sediment depth. Panel (a) shows total nanoparticle mass 
concentration (ng g−1 × 109), panel (b) shows total nanoparticle number concentration (NP #), and panel (c) shows mass per nanoparticle, cal-
culated as total elemental mass divided by total nanoparticle number. All parameters display pronounced, stratigraphically coherent anomalies 
within the YDB interval (123–118 cm), corresponding to the Bayesian-modeled Younger Dryas onset (~12,875–12,775 cal BP; IntCal20) [45, 46]. 
The coincidence of mass and number peaks indicates that the enrichment reflects an increased flux of nanoparticles rather than dominance by 
a small number of unusually large particles. Green shading marks the YDB interval defined by independent age–depth modeling and the strati-
graphic occurrence of microspherules and meltglass. Mass per nanoparticle reflects changes in nanoparticle population structure rather than 
physical particle size. Nanoparticle mass concentration represents the summed elemental mass of a given element hosted within nanoparticles, 
normalized to sediment mass (ng g−1).
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Nickel, cobalt, chromium, vanadium, and iron all exhibit 
concurrent mass and number concentration peaks within the 
YDB interval (Figure 9), indicating delivery of a composi-
tionally coherent nanoparticle assemblage within the same 
stratigraphic interval. Similar increases in nanoparticle abun-
dance, coincident with YDB proxies, have been reported at 
other YDB sites, where microspherule-rich horizons occur 

near the base of the event bed and PGE-rich nanoparticle 
flux peaks slightly above [18]. This pattern is consistent 
with aerodynamic sorting and delayed settling of fine vapor-
condensate particles, as documented for other impact events 
[61] and from the YDB layer in the Greenland ice sheet [17].

Critics have argued that the Greenland Pt enrichment in 
GISP2 post-dates the Younger Dryas onset because the two 

Figure 11:  Elemental ratios measured at White Pond for two particle populations, nanoparticles (NPs; SP-ICP-TOF-MS) and micro-
spherules (Sph; LA-ICP-MS), and compared with representative terrestrial and extraterrestrial compositional fields. Panels show (a) Pt/
Fe, (b) Ir/Fe, and (c) HSE/Ni values on a logarithmic y-axis. HSE represents the sum of highly siderophile elements (Au, Ir, Os, Pd, and Pt) meas-
ured in the nanoparticle population. Green vertical bands represent YDB nanoparticle ratios (“NPs”) determined by SP-ICP-TOF-MS. Green 
symbols labeled “Sph” indicate Fe-normalized ratios measured by LA-ICP-MS in individual YDB spherules. Comparative fields include comets, 
refractory metal nuggets, micrometeorites, iron meteorites, chondrites, magmatic rocks, and upper continental crust (gray band). Nanoparticle 
ratios overlap fields defined by metal-rich and refractory extraterrestrial materials, including cometary materials and refractory metal nuggets, 
and show no overlap with magmatic or upper-crustal compositions. In contrast, LA-ICP-MS spherule ratios plot near terrestrial compositional 
fields, despite elevated absolute platinum concentrations. The contrast between spherule and nanoparticle ratios indicates chemically distinct 
particle populations within the YDB layer. For the Pt/Fe and Ir/Fe graphs, the plotted values represent only single particles that contain both 
elements. HSE/Ni represents only single particles that contain Ni and at least one HSE (Au, Ir, Os, Pd, or Pt). Dataset sources and analytical 
caveats are summarized in Supplementary Information (Figure S24; Text S1; https://zenodo.org/records/18684761).

https://zenodo.org/records/18684761
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Pt-rich samples reported by Petaev et al. [17] occur above the 
formally transferred NGRIP GS-1 boundary on the GICC05 
timescale [62]. This comparison, however, treats the GS-1 
boundary as a single stratigraphic level, whereas the onset is 

expressed in Greenland records as a short transition interval 
in δ18O accompanied by increases in dust and major ions. 
Although volcanic tie points tightly synchronize the relative 
alignment of Greenland ice cores, the GICC05 chronology 

Figure 12:  Stratigraphic profiles and impact-related proxy materials from White Pond, South Carolina (a–d). Photomosaics of the lower 
sections of four vibracores (WP-16-1 through WP-16-4) show sediment depth (cm below top of core) and the stratigraphic context of the Younger 
Dryas Boundary (YDB) layer corresponding to the modeled YD onset (~12,875–12,775 cal BP; IntCal20) [19, 45, 46]. Several calibrated and 
unmodelled radiocarbon ages (INTCAL20) for cores WP-16-1, WP-16-3, and WP-16-4 are shown in red text (see Supplementary Table S1 
https://zenodo.org/records/18684761) for all dates used in the Bayesian model by Moore et al. 2019 [19]. Proxy locations identified in the previous 
study [19] are indicated as follows: black circle = pyrogenic carbon peak (WP-16-1); silver star = platinum enrichment (WP-16-2; green star = 
pre-Holocene spore minimum (WP-16-3); and for this study red circles = microspherules and meltglass (WP-16-3 and WP-16-4); blue vertical 
bar = nanoparticle peaks measured in WP-16-4 (Figures 8-10). The dashed red rectangle indicates lithologic Unit II, which is present in all cores. 
Inset SEM images from WP-16-3 and WP-16-4 show meltglass and microspherules found in stratigraphic association with the YD onset within 
Unit II. Variation in the depth of the Holocene peat and Unit II between cores indicates a dip from right (WP-16-4) to left (WP-16-1) that may 
indicate a filled relict stream channel. Thus, Unit II with impact proxies occur slightly deeper as cores deepen (black dashed line). Cores were 
collected ~1 meter apart at identical starting elevations.

https://zenodo.org/records/18684761
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retains a maximum counting error near the GS-1 onset of 
~±140 years (2σ) that reflects uncertainty in the absolute 
layer-count timescale rather than inter-core misalignment. 
When evaluated within the broader onset interval expressed 
in GISP2, the Pt-enriched interval overlaps the δ18O transi-
tion and associated increases in dust and ionic concentra-
tions that characterize the onset of GS-1. Accordingly, the 
Greenland Pt enrichment is best interpreted as broadly coe-
val with Younger Dryas onset conditions within the chrono-
logical resolution of the GISP2 ice-core record rather than as 
evidence for a multi-decadal delay.

The slight stratigraphic offset between the microspher-
ule-rich horizon and the peak in PGE-bearing nanoparti-
cles is therefore interpreted as a depositional sorting effect 
rather than a temporal mismatch. Dense melt products 
formed and settled rapidly, whereas fine metal-rich vapor 
condensates remained suspended longer in the atmosphere 
or plume and were deposited with a short delay, a pattern 
documented in impact ejecta, airburst fallout, and ice-core 
records. Although post-depositional processes can influence 
metal mobility in organic-rich lacustrine sediments, the tight 
stratigraphic confinement of the nanoparticle peaks and their 
internal coherence across elements with differing geochem-
ical behavior are inconsistent with diagenetic redistribution. 
Instead, the data support an externally driven, short-lived 
enrichment in metal-bearing nanoparticles at the YDB.

Nanoparticle mass–number relationships and 
implications for particle flux
Combined nanoparticle mass, number, and mass-per-particle 
profiles (Figure 10) provide further constraints on the YDB 
signal. Total nanoparticle mass and number increase sharply 
and synchronously within the YDB interval, whereas aver-
age mass per particle decreases. This relationship indicates 
dominance of numerous low-mass nanoparticles and con-
firms that the enrichment reflects increased nanoparticle flux 
rather than accumulation of a small number of anomalously 
large particles. Such behavior is consistent with rapid dep-
osition of fine metal-bearing particles during a short-lived 
event rather than gradual sedimentary accumulation.

Elemental ratios and nanoparticle carrier phases
Elemental ratios further constrain nanoparticle composi-
tion and source. YDB nanoparticle Pt/Fe, Ir/Fe, and HSE/
Ni (with HSE representing total highly siderophile elements, 
Au, Ir, Os, Pd, and Pt) values show minimal overlap with 
terrestrial magmatic compositions and overlap most strongly 
with metal-rich extraterrestrial materials (Figures 11 and 
S24). Elevated Pt/Fe, Ir/Fe, and HSE/Ni values indicate 
selective enrichment of highly siderophile elements within 
a metal-rich nanoparticle subset rather than bulk meteoritic 
dilution.

These patterns are consistent with refractory metal– 
bearing alloy particles, such as refractory metal nuggets, 
documented in carbonaceous chondrites, micrometeorites, 

interplanetary dust particles, and cometary material [63, 64]. 
Such particles are interpreted as high-temperature conden-
sates that preferentially concentrate Os, Ir, Pt, and related 
elements and may be delivered directly or produced through 
high-temperature atmospheric entry, airburst, or impact-
plume processes.

Laser ablation geochemistry of spherules in con-
text with nanoparticle ratios
The LA-ICP-MS results provide an important complement 
to the nanoparticle dataset. Although individual YDB spher-
ules contain elevated absolute platinum concentrations and 
Pt/Fe values relative to average crustal compositions, their 
Ni/Fe ratios remain within or near terrestrial compositional 
fields. In contrast, Pt/Fe ratios derived from LA-ICP-MS 
analyses of spherules closely match those obtained from 
SP-ICP-TOF-MS nanoparticle measurements (Figure 11), 
and although this overlap is numerical, it is not diagnostic 
of bulk extraterrestrial incorporation, where Pt/Fe overlaps 
strongly with metal-rich extraterrestrial materials and shows 
little to no overlap with magmatic or upper-crustal compo-
sitions. This divergence demonstrates the presence of two 
chemically distinct populations within the YDB layer. The 
microspherules analyzed by LA-ICP-MS are dominantly 
terrestrial in bulk composition and are consistent with der-
ivation from melted local sediment subjected to extreme 
heating and rapid quenching. Their compositions support 
high-temperature processing but do not indicate bulk incor-
poration of meteoritic metal.

In contrast, the SP-ICP-TOF-MS nanoparticle population 
exhibits markedly elevated Pt/Fe, Ir/Fe, and HSE/Ni values 
that overlap refractory metal nuggets, cometary materials, 
and metal-rich meteoritic alloys. These ratios indicate the 
concentration of siderophile elements within a discrete sub-
set of metal-rich nanoparticles.

The coexistence of terrestrial-dominated melt spherules 
and a compositionally distinct metal-rich nanoparticle pop-
ulation is consistent with high-temperature plume processes 
in which target sediments melt to form aluminosilicate and 
Fe-rich spherules. At the same time, vaporized metal phases 
condense separately as fine Fe–Ni–PGE–bearing particles. 
Under such conditions, physical and chemical segregation 
of phases is expected, and bulk meteoritic mixing is not 
required to generate ET-like nanoparticle ratios.

Accordingly, the LA-ICP-MS data do not weaken the 
interpretation of an exogenic component; rather, they 
clarify its carrier phase. The spherules record thermal 
processing of terrestrial material, whereas the nanopar-
ticle population records a minor but geochemically dis-
tinct metal-rich component consistent with extraterrestrial 
dust or condensate input. This two-population framework 
is internally consistent with the REE stability of the bulk 
sediment, the absence of wholesale meteoritic mixing, and 
the stratigraphically confined nanoparticle enrichment at 
the YDB.
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Implications for the nature of the YDB event
This and previous work [19, 37] interpret the White Pond 
depression as a natural lacustrine basin formed by erosional 
scour and dune damming. At present, no diagnostic shock 
metamorphic features or impact breccias have been docu-
mented at White Pond, and sediment cores indicate basin 
infilling extending to at least ~30–32 ka [37], implying for-
mation well before the YDB. The high-temperature proxies 
reported here occur within a discrete stratigraphic horizon 
inside the basin and do not depend on the origin of the 
depression itself.

A definitive assessment of whether the White Pond depres-
sion could represent a much older impact structure would 
require integrated geomorphic, subsurface, and petrographic 
investigations, including high-resolution topographic anal-
yses, targeted geophysical surveys, deep coring across the 
basin and margins, and systematic searches for diagnostic 
shock metamorphism in quartz grains.

Independent of basin origin, the stratigraphically con-
fined YDB proxy assemblage provides direct evidence for 
the nature of the depositional event. Together, the spherules, 
meltglass, and nanoparticle data indicate a brief, externally 
driven depositional pulse involving metal-rich nanoparti-
cles at the YDB. The inferred carrier-phase assemblage, 
Fe–Ni metal nanoparticles with a PGE-enriched subset, is 
consistent with primitive extraterrestrial material and high-
temperature processes capable of generating or dispersing 
fine refractory particles. Although nanoparticle ratios alone 
do not uniquely discriminate between cometary and asteroi-
dal sources, they are consistent with a dust-producing, met-
al-bearing primitive body, including comets or rubble-pile 
asteroids.

It is important to clarify that our interpretation does not 
rely on bulk comet composition. Although cometary nuclei 
are volatile-rich and contain abundant silicates, their refrac-
tory dust fraction includes Fe–Ni metal, sulfides, and PGE-
bearing condensates derived from primitive solar nebular 
material, as demonstrated by analyses of Stardust samples 
from comet 81P/Wild 2 and studies of carbonaceous chon-
drites and interplanetary dust particles [65, 66]. Platinum 
enrichment alone is not diagnostic of a cometary source; 
rather, the observed co-enrichment of highly siderophile 
elements and elevated HSE/Ni and Pt/Fe nanoparticle ratios 
are consistent with delivery or atmospheric condensation 
of metal-rich refractory phases characteristic of primitive 
extraterrestrial materials. Our interpretation therefore con-
cerns the metal-bearing dust component of primitive bodies, 
not their bulk volatile-rich composition.

When integrated with the broader White Pond proxy suite, 
including microspherules, meltglass, platinum anomalies, 
soot, and stratigraphic context, the nanoparticle evidence 
supports interpretation of an abrupt, high-energy event at 
the onset of the Younger Dryas. The nanoparticle record 
thus provides particle-scale evidence that complements bulk 
geochemical anomalies and macroscopic impact proxies, 

strengthening the interpretation that the YDB at White Pond 
records a sudden, transient, and energetic phenomenon con-
sistent with processes proposed under the Younger Dryas 
Impact Hypothesis.

Comparative evidence from documented airbursts 
and near-surface fragmentation
Modern and historical airburst events demonstrate that 
atmospheric explosions commonly deliver solid fragments 
to Earth’s surface and can generate localized shock and 
thermal effects comparable to small impact events. During 
the 1947 Sikhote-Alin event in Siberia, thousands of iron 
fragments totaling >23,000 kg were dispersed over ~1.6 
km [67], producing more than 100 small craters up to 26 
m in diameter [68]. Similarly, the Campo del Cielo meteor-
ite field in Argentina contains numerous shallow crater-like 
impact structures formed by fragmented meteoritic masses 
up to 26.5 m wide and 6 m deep formed by fragmented mete-
oritic masses. The 2013 Chelyabinsk airburst, although sub-
stantially smaller (~500 kt at ~29.7 km altitude [67, 69–71]), 
also produced surviving fragments, including masses of 64.7 
and 540 kg [72]. The largest fragment penetrated the fro-
zen surface of a lake, producing a 9-m-diameter hole. These 
events confirm that even disrupted bolides can retain suf-
ficient kinetic energy to generate multiple shallow impact 
structures in unconsolidated sediments and melt surficial 
sediment into spherules and meltglass.

In addition, multiple proposed Holocene near-surface 
airbursts across Western Europe have been associated with 
shallow crater-like impact structures and high-temperature 
proxies, including spherules, meltglass, shocked quartz, and 
microbrecciated quartz [73]. Investigations in the Czech 
Republic [74, 75], Germany [76–89], and Finland [90] sug-
gest that such events may have occurred repeatedly during 
the Holocene, indicating that airburst-related ground effects 
are not anomalous in geologic time.

Although no single, unequivocally dated impact crater 
has yet been confirmed for the Younger Dryas Boundary 
(YDB), several candidate end-Pleistocene structures have 
been proposed whose ages overlap the YDB interval. These 
include Corossol [91], Charity Shoal [6, 92], Bloody Creek 
[93], Brushy Creek [94], and Perkins [95]. While the ages 
and origins of these features remain debated, their existence 
demonstrates that near-surface impacts or airburst-related 
ground effects during the terminal Pleistocene are plausible. 
Moreover, the absence of a confirmed source crater does not 
preclude an impact origin, as demonstrated by well-accepted 
impact-related deposits such as the Australasian tektite field 
and Libyan Desert Glass, for which no definitive crater has 
been identified despite extensive investigation [96, 97]. In 
this context, White Pond is interpreted as a distal sedimen-
tary archive recording atmospheric fallout from a short-lived 
high-energy event, rather than as a proximal impact site.

Collectively, these examples show that airbursts and 
fragmented meteoroid impacts can generate meltglass and 
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spherules, along with localized shock metamorphism and 
small, shallow impact or penetration craters, without requir-
ing formation of a large primary crater. Such processes pro-
vide a physically plausible mechanism for generating the 
high-temperature proxies observed at White Pond, includ-
ing microspherules, meltglass, and metal-rich nanoparticles, 
within a short-lived depositional pulse.

Conclusions

Multiproxy evidence from White Pond documents a strati-
graphically discrete depositional pulse coincident with the 
onset of the Younger Dryas (~12,875–12,775 cal BP [45]; 
IntCal20 [46]). This boundary layer, previously shown 
to contain a pronounced platinum anomaly, elevated Pt/
Pd ratios, a peak in pyrogenic carbon, and a decline in 
coprophilous spores, is further characterized here by high-
temperature microspherules, vesicular meltglass, and com-
positionally distinct metal-bearing nanoparticles.

Scanning electron microscopy confirms the presence of 
Fe-rich and aluminosilicate microspherules exhibiting den-
dritic crystallization, quench textures, vesiculation, and col-
lisional deformation features consistent with melting and 
rapid cooling. Laser ablation ICP-MS analyses demonstrate 
that, although individual spherules contain strongly elevated 
absolute platinum concentrations, their Fe-normalized Ni/
Fe and Pt/Fe values remain within or near terrestrial com-
positional fields. These data indicate that the spherules are 
dominantly derived from melted local sediment and do not 
represent bulk meteoritic metal.

In contrast, SP-ICP-TOF-MS analyses reveal sharply 
defined, stratigraphically coherent enrichments in plati-
num-group element (PGE)–bearing nanoparticles (Ir, Pt, Pd, 
Os, Ru) and associated transition metals (Ni, Co, Cr, V, Fe). 
The YDB interval is characterized by synchronous increases 
in total nanoparticle mass and total particle number, coupled 
with a reduction in average mass per particle, indicating that 
deposition is dominated by numerous fine nanoparticles rather 
than by rare coarse grains. Normalized nanoparticle ratios (Pt/
Fe, Ir/Fe, HSE/Ni) overlap metal-rich extraterrestrial materi-
als and show minimal overlap with terrestrial magmatic fields; 
selected nanoparticles exceed ~4 wt% Ni relative to Fe, values 
rarely achieved in near-surface terrestrial systems.

Chondrite-normalized multi-element, rare-earth-element 
(REE), and PGE patterns demonstrate that the YDB hori-
zon does not record bulk meteoritic mixing or large-scale 
melt–residue differentiation. REE trends above and below 
the boundary are parallel and lack significant Eu anomalies, 
indicating that any high-temperature processing was local-
ized and limited in mass. The bulk sediment geochemistry, 
therefore, reflects a subtle overprint superimposed on an oth-
erwise uniform depositional system.

Together, the data defines two chemically distinct particle 
populations within the YDB layer: (1) terrestrial melt-derived 

microspherules and meltglass, and (2) a metal-rich nanopar-
ticle population enriched in highly siderophile elements. 
This two-population framework is consistent with high-tem-
perature plume processes in which the target sediment was 
melted. At the same time, a minor metal-bearing component, 
either delivered directly or produced through vaporization 
and condensation, was concentrated into fine nanoparticles.

The absence of cryptotephra argues against a volcanic ori-
gin for the boundary layer. When integrated with previously 
documented platinum anomalies, soot peaks, and ecological 
disruption signals, the White Pond record supports deposition 
during a brief, high-energy event at the onset of the Younger 
Dryas. While elemental ratios alone cannot uniquely distin-
guish between cometary and asteroidal sources, the com-
bined mineralogical, nanoparticle, and stratigraphic evidence 
is compatible with processes proposed under the Younger 
Dryas Impact Hypothesis, including low-altitude atmos-
pheric airbursts or fragmented impacts by metal-bearing 
primitive bodies, such as a comet or rubble-pile asteroid.

While the evidence presented here supports interpreta-
tion of a short-lived, high-energy event at the onset of the 
Younger Dryas, it does not preclude the possibility that 
multiple forcings, including internal climate dynamics and 
meltwater-driven ocean circulation changes, operated con-
currently or sequentially during this transition.

Finally, these results highlight an important methodolog-
ical implication. The White Pond record demonstrates that 
high-energy depositional events may leave their most diag-
nostic signatures preserved at the scale of individual particles 
rather than as bulk geochemical anomalies. In this case, the 
extraterrestrial signal is carried primarily by rare, metal-rich 
nanoparticles and not by wholesale modification of the host 
sediment. Such grain-scale preservation implies that some 
impact- or airburst-related events, particularly those involv-
ing limited mass input or extensive atmospheric processing, 
may be difficult to detect using conventional bulk-sediment 
analyses alone but can be resolved using particle-specific 
techniques such as SP-ICP-TOF-MS. This does not imply 
frequent impacts but rather underscores the importance of 
analytical scale in recognizing short-lived, high-energy dep-
ositional events in the geologic record.

Methods

Microspherule extraction and analysis
Sediment samples were collected at 2-cm intervals and 
weighed before processing. To disaggregate the sediments, 
samples underwent ultrasonication for 30 minutes in a 
sodium metaphosphate dispersant solution. The suspen-
sions were then wet-sieved through a 20-μm mesh and dried 
under a heat lamp. Following drying, the samples were size-
fractionated into ≥63–<125 μm and ≥20–<63 μm classes. 
Each fraction was spread thinly on paper, and a neodym-
ium magnet enclosed in a plastic sleeve was passed over the 
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material in three successive passes to extract magnetic grains. 
Recovered grains were examined under a stereo binocular 
microscope to identify candidate microspherules. Selected 
grains were mounted on carbon SEM tape for subsequent 
analysis via scanning electron microscopy (SEM) and ener-
gy-dispersive X-ray spectroscopy (EDS) using a JEOL 6000 
Plus LV system. Confirmation of glassy or Fe-rich micro-
spherules was based solely on SEM-EDS criteria [9].

Scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDS)
Standardized protocols were followed for SEM analy-
sis. At the University of Oregon, particles were imaged 
and analyzed using both a JEOL-6000 SEM operating in 
low-vacuum mode and a ThermoFisher Apreo 2 SEM for 
high-resolution surface imaging and elemental characteri-
zation. Complementary SEM work at Elizabeth City State 
University employed a JEOL-6000 SEM system under 
identical vacuum conditions. SEM-EDS analyses were per-
formed to determine the elemental composition of particles, 
with major elements identified within a typical uncertainty 
of ±10%.

Single particle inductively coupled 
plasma time-of-flight mass spectrometry 
(SP-ICP-TOF-MS)

Particle extraction
For SP-ICP-TOF-MS analysis, 100 mg aliquots of sediment 
were suspended in 10 mL of ultrapure water (Millipore 
Advantage System, Merck Millipore) in acid-washed 15 mL 
centrifuge tubes. The suspensions were vortexed (Scientific 
Industries G560) and ultrasonicated (Branson 2800, 40 kHz) 
for 15 minutes to ensure dispersion. After settling for 24 
hours, the upper 5 mL of the supernatant was transferred 
to clean centrifuge tubes and stored at 4 °C. Before analy-
sis, samples were diluted 5000-fold with ultrapure water and 
sonicated before and after dilution.

Elemental analysis
Elemental composition of individual particles was deter-
mined using a TOFWERK SP-ICP-TOF-MS system, 
following established protocols [98–100]. Samples were 
introduced via a 2DX autosampler (Element Scientific) with 
a MicroMist U-series nebulizer and a quartz cyclonic spray 
chamber. Instrument settings and monitored isotopes are 
provided in Supplementary Tables S3 and S4. Calibration 
standards included multi-element ICP reference solutions 
(0, 1, 2, 5, and 10 μg L−1 in 1% HNO

3
) and certified nan-

oparticle standards (NIST RM 8013 Au) for determining 
transport efficiency using the known-size method [101]. 
A 4.5% H

2
/He gas mixture served as a collision gas opti-

mized for 56Fe+ and 28Si+ signals. Data processing, includ-
ing signal thresholding using the Poisson algorithm [102] 

and event correction, was conducted using TOFpilot v2.11.3 
(TOFWERK). Samples and blanks were analyzed in tripli-
cate, and data were collected for 200 seconds per replicate. 
Replicates were combined for final interpretation.

Nanoparticle mass concentration refers to the summed 
elemental mass of all nanoparticles containing a given ele-
ment detected by SP-ICP-TOF-MS, normalized to the mass 
of sediment analyzed and reported in ng g−1. This metric rep-
resents the total elemental mass hosted within nanoparticles 
and does not reflect the physical mass or size distribution of 
individual particles.

Nanoparticle number concentration refers to the total 
count of nanoparticles containing a given element detected 
as discrete single-particle events, normalized to sediment 
mass and reported as # g−1. Number concentration therefore 
reflects changes in the abundance of element-bearing nano-
particles, independent of particle mass.

Laser ablation inductively coupled mass 
spectrometry
Laser ablation on microspherules was conducted at 
the Center for Elemental Mass Spectrometry (CEMS), 
University of South Carolina. Element concentrations were 
determined using a Photon Machines UV-Eximer 193 nm 
laser ablation system with a HELIX 2 sample cell in a 
He atmosphere, coupled to a Thermo ELEMENT 2 High-
Resolution ICP-MS. Concentrations were determined by 
spot ablation with a 40–50 μm spot at 8 Hz and ~11 J cm−2 
fluence. Relevant laser and ICPMS parameters can be found 
in Frisby et al. [103] Microspherules were handpicked and 
mounted on glass slides with tape. Each spot was ablated 
for ~ 20 seconds. Tests were conducted to determine the 
potential overlap of the beam with the tape and the signals 
generated by ablating tape or glass slide. Each ablation spot 
data was manually screened for the potential of the beam to 
obliterate the specimen and hit the underlying tape. In those 
cases, only the portion of the signal from the unknown spot 
was used for reduction. We monitored masses 23Na, 27Al, 
25Mg, 29Si, 43Ca, 47Ti, 51V 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 
66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 99Ru, 101Ru, 103Rh, 
105Pd, 106Pd, 137Ba, 139La, 140Ce, 146Nd, 149Sm, 157Gd, 163Dy, 
167Er, 172Yb, 178Hf, 185Re, 192Os, 193Ir, 195Pt, 208Pb, 232Th, 238U. 
Data reduction was performed manually following Frisby 
et al. [103] and Humayun et al. [104]. As the microspherules 
were similar in size to the laser beam, they were obliterated 
during measurement. Each spot data scan was manually 
inspected, and only the parts of the scan that ablated the 
microspherules and not the substrate was used for reduc-
tion. As we did not know a priori if the microspherules were 
homogenous in terms of metals, we used the total beam sig-
nal for each element and for each microspherule to calculate 
concentrations. Gas blank was subtracted from each analy-
sis. We used a combination of laser ablation standards and 
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reference materials (NIST SRM612; BCR-2G and BIR-1G 
reference material from the United States Geological 
Survey) to quantify the Relative Sensitivity Factors (RSF) 
and metal content in MSp and the platinum group elements 
(see also Humayun et al. [104]). For the metal microspher-
ules, we assumed Fe is 99% by weight of each spot, and 
the rest of the elements are calculated by ratioing the inten-
sities to 57Fe. This assumption is validated posteriori by 
looking at the sum of all element concentrations. The sum 
of metals in the microspherules analyzed (SI, Table S5) is 
99.4 to 100.7%, confirming our assumption to be within 
2% total. The uncertainties of the microspherule concen-
trations cannot be estimated as we used the total ablation 
signal per analysis, therefore, any “spikes” in the laser data 
are taken as part of the analyzed microspherule and were 
not excluded as outliers. Moreover, as the microspherules 
were obliterated during ablation, there was no opportunity 
for duplicates.

Acknowledgments

We thank the South Carolina Institute for Archaeology and 
Anthropology (SCIAA), the Southeastern Paleoamerican 
Survey (SEPAS), the College of Arts and Sciences at the 
University of South Carolina (USC), Columbia, South 
Carolina, and the South Carolina Department of Natural 
Resources (SCDNR) Heritage Trust Program. We also 
thank Teresa Krause, Stephen Jackson, and Ben Watson 
for providing the initial study core in 2015, personnel 
from the East Carolina University (ECU) Department of 
Geological Sciences, and the South Carolina Department of 
Natural Resources (SCDNR) Heritage Trust Program, for 
assistance in collecting cores. We also thank Mason Gibbs 
and the White Pond Association for allowing research 
to be conducted at the site and for financially supporting 
this ongoing research through generous donations to the 
USC Educational Foundation. The Comet Research Group 
(CRG) provided partial funding for various analyses. The 
board members and trustees of the South Carolina Institute 
of Archaeology and Anthropology (SCIAA) Archaeological 
Research Trust (ART) provided a grant in support of this 
research. Pete Stone (SC DHEC—retired) assisted in core 
preparation, and Drs. William Pirkle and Brad Reinhart 
from the Department of Biology and Geology at USC Aiken 
graciously agreed to store the sediment cores and provide 
space for analysis. J.J. Lindler also assisted with the coring 
in 2016. The authors used ChatGPT (OpenAI, GPT-4) to 
assist with language refinement and clarity improvements 
during manuscript preparation, in compliance with jour-
nal guidelines. Finally, we wish to thank Eugene Jhong, 
Brian Muraresku and the Athanatos Foundation for provid-
ing generous gifts to the University of South Carolina and 
University of California.

Supplementary information

https://zenodo.org/records/18684761.

Funding

The study was funded by the Comet Research Group 
(CRG), with major support from Eugene Jhong, Brian 
Muraresku, and the Athanatos Foundation, whose gifts 
supported this research at the University of South Carolina 
(C.R.M.) and the University of California, Santa Barbara 
(J.P.K.). Additional funding was provided by the SCDNR 
Heritage Trust Program and the South Carolina Institute of 
Archaeology and Anthropology (SCIAA) Archaeological 
Research Trust (ART). G.K. was supported by the Czech 
Ministry of Education, Youth and Sports (MEYS), Project 
No. LUAUS25082.

Data availability

All data generated or analyzed during this study are included 
in this published article and the Supplementary Information.

Sample availability

Samples from White Pond are mostly depleted, but limited 
amounts may be available from the Corresponding Author.

Author contributions

All authors reviewed and approved the manuscript. Authors 
C.R.M., M.A.L., and A.W. designed the study and wrote 
most of the paper; M.B., M.Bi., D.J.M., M.J.B., A.C.G., 
T.A.F., S.M., C.S.L., T.R.T., S.P.O., W.S.W., V.A., M.S.H., 
M.A., G.K., M.J.D., S.G.T., P.A.S., D.A.H., and T.W. con-
tributed data, technical analysis, and editing for the paper.

Potential conflicts of interest

C.R.M, A.W., J.P.K., and M.A.L. volunteer their time as 
co-founders and directors of the Comet Research Group 
(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 A.W., 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 about the Younger Dryas Impact Hypothesis; 
he donates all proceeds to the non-profit Comet Research 
Group. The authors declare that they have no other potential 
competing interests.

https://zenodo.org/records/18684761


C. R. Moore et al.: Microspherules, Meltglass, and Nanoparticles from the Younger Dryas Boundary Layer

21

References
1.	 Anderson, D.G.; Goodyear, A.C.; Kennett, J.; West, A. Multiple Lines 

of Evidence for Possible Human Population Decline/Settlement 
Reorganization During the Early Younger Dryas. Quat. Int. 2011, 
242, 570–583, doi: 10.1016/j.quaint.2011.04.020.

2.	 Haynes, Jr. C.V. Younger Dryas “Black Mats” and the Rancholabrean 
Termination in North America. Proc. Natl. Acad. Sci. U. S. A. 2008, 
105, 6520–6525, doi: 10.1073/pnas.0800560105.

3.	 Haynes, Jr. C.V.; Boerner, J.; Domanik, K.; Lauretta, D.; Ballenger, 
J.; Goreva, J. The Murray Springs Clovis Site, Pleistocene extinction, 
and the Question of Extraterrestrial Impact. Proc. Natl. Acad. Sci. U. 
S. A. 2010, 107, 4010–4015, doi: 10.1073/pnas.0908191107.

4.	 Broecker, W.S.; Kennett, J.P.; Flower, B.P.; Teller, J.T.; Trumbore, S.; 
Bonani, G.; Wolfli, W. Routing of Meltwater from the Laurentide Ice 
Sheet During the Younger Dryas Cold Episode. Nature 1989, 341, 
318–321, doi: 10.1038/341318a0.

5.	 Alley, R.B. Wally was Right: Predictive Ability of the North Atlantic 
“Conveyor Belt” Hypothesis for Abrupt Climate Change. Annu. 
Rev. Earth Planet. Sci. 2007, 35, 241–272, doi: 10.1146/annurev.
earth.35.081006.131524.

6.	 Firestone, R.B.; West, A.; Kennett, J.P.; Becker, L.; Bunch, T.E.; 
Revay, Z.S.; Schultz, P.H.; Belgya, T.; Kennett, D.J.; Erlandson, J.M.; 
et al. Evidence for an Extraterrestrial Impact 12,900 Years Ago that 
Contributed to the Megafaunal Extinctions and the Younger Dryas 
Cooling. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 16016–16021, doi: 
10.1073/pnas.0706977104.

7.	 Wolbach, W.S.; Gilmour, I.; Anders, E.; Orth, C.J.; Brooks, R.R. 
Global Fire at the Cretaceous–Tertiary Boundary. Nature 1988, 334, 
665–669, doi: 10.1038/334665a0.

8.	 Lewis, R.S.; Anders, E. Cretaceous Extinctions: Evidence for 
Wildfires and Search for Meteoritic Material. Science 1985, 230, 
167–170, doi: 10.1126/science.230.4722.167.

9.	 LeCompte, M.A.; Goodyear, A.C.; Demitroff, M.N.; Batchelor, D.; 
Vogel, E.K.; Mooney, C.; Rock, B.N.; Seidel, A.W. Independent 
Evaluation of Conflicting Microspherule Results from Different 
Investigations of the Younger Dryas Impact Hypothesis. Proc. 
Natl. Acad. Sci. U. S. A. 2012, 109, E2960–E2969, doi: 10.1073/
pnas.1208603109.

10.	 Wittke, J.H.; Weaver, J.C.; Bunch, T.E.; Kennett, J.P.; Kennett, 
D.J.; Moore, A.; Hillman, G.C.; Tankersly, K.B.; Goodyear, A.C.; 
Moore, C.R.; et  al. Evidence for Deposition of 10 Million Tonnes 
of Impact Spherules Across Four Continents 12,800 Y Ago. Proc. 
Natl. Acad. Sci. U. S. A. 2013, 110, E2088–E2097, doi: 10.1073/
pnas.1301760110.

11.	 Moore, A.M.T.; Kennett, J.P.; Napier, W.M.; Bunch, T.E.; Weaver, 
J.C.; LeCompte, M.A.; Adedeji, A.V.; Kletetschka, G.; Hermes, R.E.; 
Wittke, J.H.; et al. Abu Hureyra, Syria, Part 2: Additional Evidence 
Supporting the Catastrophic Destruction of this Prehistoric Village by 
a Cosmic Airburst ∼12,800 Years Ago. Airburst. Crater. Imp. 2023, 1, 
doi: 10.14293/ACI.2023.0002.

12.	 Moore, A.M.T.; Kennett, J.P.; LeCompte, M.A.; Moore, C.R.; Li, 
Y.Q.; Kletetschka, G.; Langworthy, K.; Razink, J.J.; Brogden, V.; 
van Devener, B.; et al. Abu Hureyra, Syria, Part 1: Shock-fractured 
Quartz Grains Support 12,800-Year-old Cosmic Airburst at the 
Younger Dryas Onset. Airburst. Crater. Imp. 2023, 1. doi: 10.14293/
ACI.2023.0003.

13.	 Andronikov, A.V.; Subetto, D.A.; Lauretta, D.S.; Andronikova, 
I.E.; Drosenko, D.A.; Kuznetsov, D.D.; Sapelko, T.V.; Syrykh, 
L.S. In Search for Fingerprints of an Extraterrestrial Event: Trace 
Element Characteristics of Sediments from the Lake Medvedevskoye 
(Karelian Isthmus, Russia). Dokl. Earth Sci. 2014, 457, 819–823, doi: 
10.1134/S1028334X14070022.

14.	 Andronikov, A.V.; Hoesel, A.; Andronikova, I.E.; Hoek, W.Z. Trace 
Element Distribution and Implications in Sediments across the 

Allerød–Younger Dryas Boundary in the Netherlands and Belgium. 
Geogr. Ann. Ser. A Phys. Geogr. 2016, 98, 325–345, doi: 10.1111/
geoa.12140.

15.	 Andronikov, A.V.; Rudnickaitė, E.; Lauretta, D.S.; Andronikova, I.E.; 
Kaminskas, D.; Šinkūnas, P.; Melešytė, M. Geochemical Evidence of 
the Presence of Volcanic and Meteoritic Materials in Late Pleistocene 
Lake Sediments of Lithuania. Quat. Int. 2015, 386, 18–29, doi: 
10.1016/j.quaint.2014.10.005.

16.	 Moore, C.R.; Brooks, M.J.; Dunbar, J.S.; Hemmings, A.; Langworthy, 
K.A.; West, A.; LeCompte, M.A.; Adedeji, V.; Kennett, J.P.; Feathers, 
J.K. Platinum and Microspherule Peaks as Chronostratigraphic 
Markers for Onset of the Younger Dryas at Wakulla Springs, Florida. 
Sci. Rep. 2023, 13, 22738. doi: 10.1038/s41598.023.50074.8.

17.	 Petaev, M.I.; Huang, S.; Jacobsen, S.B.; Zindler, A. Large Pt 
Anomaly in the Greenland Ice Core Points to a Cataclysm at the 
Onset of Younger Dryas. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 
12917–12920, doi: 10.1073/pnas.1303924110.

18.	 Moore, C.R.; West, A.; LeCompte, M.A.; Brooks, M.J.; Daniel, Jr. 
I.R.; Goodyear, A.C.; Ferguson, T.A.; Ivester, A.H.; Feathers, J.K.; 
Kennett, J.P.; et  al. Widespread Platinum Anomaly Documented at 
the Younger Dryas Onset in North American Sedimentary Sequences. 
Sci. Rep. 2017, 7, 44031, doi: 10.1038/srep44031.

19.	 Moore, C.R.; Brooks, M.J.; Goodyear, A.C.; Ferguson, T.A.; Perrotti, 
A.G.; Mitra, S.; Listecki, A.M.; King, B.C.; Mallinson, D.J.; Lane, 
C.S.; et al. Sediment Cores from White Pond, South Carolina, Contain 
a Platinum Anomaly, Pyrogenic Carbon Peak, and Coprophilous 
Spore Decline at 12.8 ka. Sci. Rep. 2019, 9, 15121, doi: 10.1038/
s41598.019.51552.8.

20.	 Moore, A.M.T.; Kennett, J.P.; Napier, W.M.; Bunch, T.E.; Weaver, 
J.C.; LeCompte, M.; Adedeji, A.V.; Hackley, P.; Kletetschka, G.; 
Hermes, R.E.; et  al. Evidence of Cosmic Impact at Abu Hureyra, 
Syria at the Younger Dryas Onset (~12.8 ka): High-temperature 
Melting at >2200 °C. Sci. Rep. 2020, 10, 4185, doi: 10.1038/
s41598.020.60867.w.

21.	 Kurbatov, A.V.; Mayewski, P.A.; Steffensen, J.P.; West, A.; 
Kennett, D.J.; Kennett, J.P.; Bunch, T.E.; Handley, M.; Introne, 
D.S.; Que Hee, S.S. Discovery of a Nanodiamond-rich Layer 
in the Greenland Ice Sheet. J. Glaciol. 2017, 56, 747–757, doi: 
10.3189/002214310794457191.

22.	 Hermes, R.E.; Wenk, H.R.; Kennett, J.P.; Bunch, T.E.; Moore, C.R.; 
LeCompte, M.R.; Kletetschka, G.; Adedeji, A.V.; Langworthy, K.; 
Razink, J.J.; et al. Microstructures in Shocked Quartz: Linking Nuclear 
Airbursts and Meteorite Impacts. Preprints 2023, 2023080221, doi: 
10.20944/preprints202308.0221.v1.

23.	 Bunch, T.E.; Hermes, R.E.; Moore, A.M.; Kennett, D.J.; Weaver, J.C.; 
Wittke, J.H.; DeCarli, P.S.; Bischoff, J.L.; Hillman, G.C.; Howard, 
G.A.; et al. Very High-temperature Impact Melt Products as Evidence 
for Cosmic Airbursts and Impacts 12,900 Years Ago. Proc. Natl. Acad. 
Sci. U. S. A. 2012, 109, E1903–E1912, doi: 10.1073/pnas.1204453109.

24.	 Kinzie, C.R.; Que Hee, S.S.; Stich, A.; Tague, K.A.; Mercer, C.; 
Razink, J.J.; Kennett, D.J.; DeCarli, P.S.; Bunch, T.E.; Wittke, J.H.; 
et  al. Nanodiamond-rich Layer across Three Continents Consistent 
with Major Cosmic Impact at 12,800 Cal BP. J. Geol. 2014, 122, 
475–506, doi: 10.1086/677046.

25.	 Kennett, D.J.; Kennett, J.P.; West, A.; Mercer, C.; Hee, S.S.; Bement, 
L.; Bunch, T.E.; Sellers, M.; Wolbach, W.S. Nanodiamonds in the 
Younger Dryas Boundary Sediment Layer. Science 2009, 323, 94, 
doi: 10.1126/science.1162819.

26.	 Kennett, D.J.; Kennett, J.P.; West, A.; West, G.J.; Bunch, T.E.; 
Culleton, B.J.; Erlandson, J.M.; Que Hee, S.S.; Johnson, J.R.; Mercer, 
C.; et al. Shock-synthesized Hexagonal Diamonds in Younger Dryas 
Boundary Sediments. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 
12623–12628, doi: 10.1073/pnas.0906374106.

https://doi.org/10.1016/j.quaint.2011.04.020
https://doi.org/10.1073/pnas.0800560105
https://doi.org/10.1073/pnas.0908191107
https://doi.org/10.1038/341318a0
https://doi.org/10.1146/annurev.earth.35.081006.131524
https://doi.org/10.1146/annurev.earth.35.081006.131524
https://doi.org/10.1073/pnas.0706977104
https://doi.org/10.1038/334665a0
https://doi.org/10.1126/science.230.4722.167
https://doi.org/10.1073/pnas.1208603109
https://doi.org/10.1073/pnas.1208603109
https://doi.org/10.1073/pnas.1301760110
https://doi.org/10.1073/pnas.1301760110
https://doi.org/10.14293/ACI.2023.0002
https://doi.org/10.14293/ACI.2023.0003
https://doi.org/10.14293/ACI.2023.0003
https://doi.org/10.1134/S1028334X14070022
https://doi.org/10.1111/geoa.12140
https://doi.org/10.1111/geoa.12140
https://doi.org/10.1016/j.quaint.2014.10.005
https://doi.org/10.1038/s41598.023.50074.8
https://doi.org/10.1073/pnas.1303924110
https://doi.org/10.1038/srep44031
https://doi.org/10.1038/s41598.019.51552.8
https://doi.org/10.1038/s41598.019.51552.8
https://doi.org/10.1038/s41598.020.60867.w
https://doi.org/10.1038/s41598.020.60867.w
https://doi.org/10.3189/002214310794457191
https://doi.org/10.20944/preprints202308.0221.v1
https://doi.org/10.1073/pnas.1204453109
https://doi.org/10.1086/677046
https://doi.org/10.1126/science.1162819
https://doi.org/10.1073/pnas.0906374106


C. R. Moore et al.: Microspherules, Meltglass, and Nanoparticles from the Younger Dryas Boundary Layer

22

27.	 Moore, A.M.T.; Kennett, J.P.; Napier, W.M.; LeCompte, M.A.; 
Moore, C.R.; West, A. Abu Hureyra, Syria, Part 3: Comet Airbursts 
Triggered Major Climate Change 12,800 Years Ago that Initiated 
the Transition to Agriculture. Airburst. Crater. Imp. 2023, 1, doi: 
10.14293/ACI.2023.0004.

28.	 Wolbach, W.S.; Ballard, J.P.; Mayewski, P.A.; Adedeji, V.; Bunch, 
T.E.; Firestone, R.B.; French, T.A.; Howard, G.A.; Israde-Alcántara, 
I.; Johnson, J.R.; et  al. Extraordinary Biomass-burning Episode 
and Impact Winter Triggered by the Younger Dryas Cosmic Impact 
∼12,800 Years Ago. 1. Ice Cores and Glaciers. J. Geol. 2018, 126, 
165–184, doi: 10.1086/695703.

29.	 Wolbach, W.S.; Ballard, J.P.; Mayewski, P.A.; Parnell, A.C.; Cahill, 
N.; Adedeji, V.; Bunch, T.E.; Domínguez-Vázquez, G.; Erlandson, 
J.M.; Firestone, R.B.; et al. Extraordinary Biomass-burning Episode 
and Impact Winter Triggered by the Younger Dryas Cosmic Impact 
∼12,800 Years Ago. 2. Lake, Marine, and Terrestrial Sediments. J. 
Geol. 2018, 126, 185–205, doi: 10.1086/695704.

30.	 Israde-Alcantara, I.; Bischoff, J.L.; Domínguez-Vázquez, G.; Li, 
H.C.; DeCarli, P.S.; Bunch, T.E.; Wittke, J.H.; Weaver, J.C.; Firestone, 
R.B.; West, A.; et al. Evidence from Central Mexico Supporting the 
Younger Dryas Extraterrestrial Impact Hypothesis. Proc. Natl. Acad. 
Sci. U. S. A. 2012, 109, E738–E747, doi: 10.1073/pnas.1110614109.

31.	 Pino, M.; Abarzúa, A.M.; Astorga, G.; Martel-Cea, A.; Cossio-
Montecinos, N.; Navarro, R.X.; Lira, M.P.; Labarca, R.; LeCompte, 
M.A.; Adedeji, V.; et  al. Sedimentary Record from Patagonia, 
Southern Chile Supports Cosmic-impact Triggering of Biomass 
Burning, Climate Change, and Megafaunal Extinctions at 12.8 ka. 
Sci. Rep. 2019, 9, 4413, doi: 10.1038/s41598.018.38089.y.

32.	 Mahaney, W.C.; Kalm, V.; Krinsley, D.H.; Tricart, P.; Schwartz, 
S.; Dohm, J.; Kim, K.J.; Kapran, B.; Milner, M.W.; Beukens, 
R.; et  al. Evidence from the Northwestern Venezuelan Andes for 
Extraterrestrial Impact: The Black Mat Enigma. Geomorphology 
2010, 116, 48–57, doi: 10.1016/j.geomorph.2009.10.007.

33.	 Thackeray, J.F.; Scott, L. The Younger Dryas in the Wonderkrater 
Sequence, South Africa?: Scientific Notes. Ann. Transvaal Mus. 
2006, 43, 111–112.

34.	 Ballard, J.P.; Bijkerk, A.K. UT Geography Research Symposium 
2014 “Mapping Outside the Lines: Geography as a Nexus for 
Interdisciplinary and Collaborative Research”; Knoxville, TN, 2014.

35.	 Tian, H.; Schryvers, D.; Claeys, P. Nanodiamonds do not Provide 
Unique Evidence for a Younger Dryas Impact. Proc. Natl. Acad. Sci. 
U. S. A. 2011, 108, 40–44, doi: 10.1073/pnas.1007695108.

36.	 Firestone, R.B.; West, A.; Revay, Zs.; Hagstrum, J.T.; Belgya, T.; Que 
Hee, S.S.; Smith, A.R. Analysis of the Younger Dryas Impact Layer. 
J. Siberian Fed. Univ. 2010, 1, 30–62.

37.	 Krause, T.R.; Russell, J.M.; Zhang, R.; Williams, J.W.; Jackson, 
S.T. Late-quaternary Vegetation, Climate, and Fire History of the 
Southeast Atlantic Coastal Plain Based on a 30,000-yr Multiple-
proxy Record from White Pond, South Carolina (USA). Quat. Res. 
2019, 91, 861–880, doi: 10.1017/qua.2018.95.

38.	 Watts, W.A. Late-quaternary Vegetation History at White Pond on the 
Inner Coastal Plain of South Carolina1. Quat. Res. 1980, 13, 187–
199, doi: 10.1016/0033.5894(80)90028.9.

39.	 Gill, J.L.; Williams, J.W.; Jackson, S.T.; Donnelly, J.P.; Schellinger, 
G.C. Climatic and Megaherbivory Controls on Late-glacial Vegetation 
Dynamics: A New, High-resolution, Multi-proxy Record from 
Silver Lake, Ohio. Quat. Sci. Rev. 2012, 34, 66–80, doi: 10.1016/j.
quascirev.2011.12.008.

40.	 Hamers, M.F.; Pennock, G.M.; Herwegh, M.; Drury, M.R. Distinction 
Between Amorphous and Healed Planar Deformation Features 
in Shocked Quartz Using Composite Color Scanning Electron 
Microscope Cathodoluminescence (SEM-CL) Imaging. Meteorit. 
Planet. Sci. 2016, 51, 1914–1931, doi: 10.1111/maps.12711.

41.	 Halligan, J.J.; Waters, M.R.; Perrotti, A.; Owens, I.J.; Feinberg, J.M.; 
Bourne, M.D.; Fenerty, B.; Winsborough, B.; Carlson, D.; Fisher, 
D.C.; et  al. Pre-Clovis Occupation 14,550 Years Ago at the Page-

Ladson Site, Florida, and the Peopling of the Americas. Sci. Adv. 
2016, 2, e1600375, doi: 10.1126/sciadv.1600375.

42.	 Perrotti, A.G.; Van Asperen, E. Dung Fungi as a Proxy for 
Megaherbivores: Opportunities and Limitations for Archaeological 
Applications. Veg. Hist. Archaeobot. 2019, 28, 93–104, doi: 10.1007/
s00334.018.0686.7.

43.	 Moore, C.R.; LeCompte, M.A.; Kennett, J.P.; Brooks, M.J.; Firestone, 
R.B.; Ivester, A.H.; Ferguson, T.A.; Lane, C.S.; Duernberger, 
K.A.; Feathers, J.K.; et  al. Platinum, Shock-fractured Quartz, 
Microspherules, and Meltglass Widely Distributed in Eastern USA 
at the Younger Dryas Onset (12.8 ka). Airburst. Crater. Imp. 2024, 2, 
1–31, doi: 10.14293/ACI.2024.0003.

44.	 Thackeray, J.F.; Scott, L.; Pieterse, P. The Younger Dryas Interval 
at Wonderkrater (South Africa) in the Context of a Platinum 
Anomaly. Palaeontol. Afr. 2019, 54, 30–35, doi: 10.5067/ASTER/
ASTGTM.002.

45.	 Kennett, J.P.; Kennett, D.J.; Culleton, B.J.; Aura Tortosa, J.E.; 
Bischoff, J.L.; Bunch, T.E.; Daniel, Jr. I.R.; Erlandson, J.M.; 
Ferraro, D.; Firestone, R.B.; et al. Bayesian Chronological Analyses 
Consistent with Synchronous Age of 12,835-12,735 Cal B.P. for 
Younger Dryas Boundary on four Continents. Proc. Natl. Acad. Sci. 
U. S. A. 2015, 112, E4344–E4353, doi: 10.1073/pnas.1507146112.

46.	 Reimer, P.J.; Austin, W.E.N.; Bard, E.; Bayliss, A.; Blackwell, P.G.; 
Ramsey, C.B.; Butzin, M.; Cheng, H.; Edwards, R.L.; Friedrich, 
M.; et  al. The IntCal20 Northern Hemisphere Radiocarbon Age 
Calibration Curve (0–55 cal kBP). Radiocarbon 2020, 62, 725–757, 
doi: 10.1017/rdc.2020.41.

47.	 Glass, B.; Burns, C.A. Lunar and Planetary Science Conference, 
18th, Houston, TX, Mar. 16-20, 1987, Proceedings (A89-10851 
01-91); Cambridge University Press/Lunar and Planetary Institute: 
Cambridge and New York/Houston, TX, 1988; pp. 455–458.

48.	 McDonough, W.F.; Sun, S.-S. The Composition of the Earth. Chem. 
Geol. 1995, 120, 223–253, doi: 10.1016/0009.2541(94)00140.4.

49.	 Jacquet, E.; Paulhiac-Pison, M.; Alard, O.; Kearsley, A.T.; Gounelle, 
M. Trace Element Geochemistry of CR Chondrite Metal. Meteorit. 
Planet. Sci. 2013, 48, 1981–1999, doi: 10.1111/maps.12212.

50.	 Melosh, H.J. Impact Cratering: A Geologic Process; Oxford 
University Press: New York, Clarendon Press: Oxford, 1989.

51.	 Koeberl, C. Impact Cratering: The Mineralogical and Geochemical 
Evidence. Okla. Geol. Surv. Circ. 1997, 100, 30–54.

52.	 Lodders, K. Solar System Abundances and Condensation 
Temperatures of the Elements. Astrophys. J. 2003, 591, 1220, doi: 
10.1086/375492.

53.	 Palme, H. O’Neill HStC. Cosmochemical estimates of mantle 
composition. Treatise Geochem 2014, 3, 1–39.

54.	 Evans, N.J.; Gregoire, D.C.; Grieve, R.A.F.; Goodfellow, 
W.D.; Veizer, J. Use of Platinum-group Elements for Impactor 
Identification: Terrestrial Impact Craters and Cretaceous-Tertiary 
Boundary. Geochim. Cosmochim. Acta 1993, 57, 3737–3748, doi: 
10.1016/0016.7037(93)90152.M.

55.	 Hou, Q.L.; Kolesnikov, E.M.; Xie, L.W.; Kolesnikova, N.V.; Zhou, 
M.F.; Sun, M. Platinum Group Element Abundances in a Peat 
Layer Associated with the Tunguska Event, Further Evidence for a 
Cosmic Origin. Planet. Space Sci. 2004, 52, 331–340, doi: 10.1016/j.
pss.2003.08.002.

56.	 Rauch, S.; Hemond, H.F.; Peucker-Ehrenbrink, B.; Ek, K.H.; 
Morrison, G.M. Platinum Group Element Concentrations and 
Osmium Isotopic Composition in Urban Airborne Particles from 
Boston, Massachusetts. Environ. Sci. Technol. 2005, 39, 9464–9470, 
doi: 10.1021/es051310q.

57.	 Wiseman, C.L.S.; Zereini, F. Airborne Particulate Matter, Platinum 
Group Elements and Human Health: A Review of Recent Evidence. 
Sci. Total Environ. 2009, 407, 2493–2500, doi: 10.1016/j.
scitotenv.2008.12.057.

58.	 Moore, C.R.; et  al. Regional Manifestations of Late Quaternary 
Climate Change and Archaeological Site Burial along the South 

https://doi.org/10.14293/ACI.2023.0004
https://doi.org/10.1086/695703
https://doi.org/10.1086/695704
https://doi.org/10.1073/pnas.1110614109
https://doi.org/10.1038/s41598.018.38089.y
https://doi.org/10.1016/j.geomorph.2009.10.007
https://doi.org/10.1073/pnas.1007695108
https://doi.org/10.1017/qua.2018.95
https://doi.org/10.1016/0033.5894%2880%2990028.9
https://doi.org/10.1016/j.quascirev.2011.12.008
https://doi.org/10.1016/j.quascirev.2011.12.008
https://doi.org/10.1111/maps.12711
https://doi.org/10.1126/sciadv.1600375
https://doi.org/10.1007/s00334.018.0686.7
https://doi.org/10.1007/s00334.018.0686.7
https://doi.org/10.14293/ACI.2024.0003
https://doi.org/10.5067/ASTER/ASTGTM.002
https://doi.org/10.5067/ASTER/ASTGTM.002
https://doi.org/10.1073/pnas.1507146112
https://doi.org/10.1017/rdc.2020.41
https://doi.org/10.1016/0009.2541%2894%2900140.4
https://doi.org/10.1111/maps.12212
https://doi.org/10.1086/375492
https://doi.org/10.1016/0016.7037%2893%2990152.M
https://doi.org/10.1016/j.pss.2003.08.002
https://doi.org/10.1016/j.pss.2003.08.002
https://doi.org/10.1021/es051310q
https://doi.org/10.1016/j.scitotenv.2008.12.057
https://doi.org/10.1016/j.scitotenv.2008.12.057


C. R. Moore et al.: Microspherules, Meltglass, and Nanoparticles from the Younger Dryas Boundary Layer

23

Atlantic Coastal Plain. In Early Human Life on the Southeastern 
Coastal Plain; 2018; pp. 234–259.

59.	 Glass, B.P. Tektites and Microtektites: Key Facts and 
Inferences. Tectonophysics 1990, 171, 393–404, doi: 10.1016/ 
0040.1951(90)90112.L.

60.	 Glass, B.P.; Simonson, B.M. Distal Impact Ejecta Layers: Spherules 
and More. Elements 2012, 8, 43–48, doi: 10.2113/gselements.8.1.43.

61.	 Toon, O.B.; Zahnle, K.; Morrison, D.; Turco, R.P.; Covey, C. 
Environmental Perturbations Caused by the Impacts of Asteroids and 
Comets. Rev. Geophys. 1997, 35, 41–78, doi: 10.1029/96RG03038.

62.	 Holliday, V.T.; Daulton, T.L.; Bartlein, P.J.; Boslough, M.B.; 
Breslawski, R.P.; Fisher, A.E.; Jorgeson, I.A.; Scott, A.C.; Koeberl, 
C.; Marlon, J.R.; et  al. Comprehensive Refutation of the Younger 
Dryas Impact Hypothesis (YDIH). Earth Sci. Rev. 2023, 247, 104502, 
doi: 10.1016/j.earscirev.2023.104502.

63.	 Schwander, D.; Berg, T.; Harries, D.; Schönhense, G.; Ott, U. 
Composition and Clues to the Origin of Refractory Metal Nuggets 
Extracted from Chondritic Meteorites. Meteorit. Planet. Sci. 2014, 
49, 1888–1901, doi: 10.1111/maps.12366.

64.	 Schwander, D.; Kööp, L.; Berg, T.; Schönhense, G.; Heck, P.R.; 
Davis, A.M.; Ott, U. Formation of Refractory Metal Nuggets and 
their Link to the History of CAIs. Geochim. Cosmochim. Acta 2015, 
168, 70–87, doi: 10.1016/j.gca.2015.07.014.

65.	 Brownlee, D.; Tsou, P.; Aléon, J.; Alexander, C.M.O.D.; Araki, T.; 
Bajt, S.; Baratta, G.A.; Bastien, R.; Bland, P.; Bleuet, P.; et al. Comet 
81P/Wild 2 Under a Microscope. Science 2006, 314, 1711–1716, doi: 
10.1126/science.1135840.

66.	 Zolensky, M.E.; Zega, T.J.; Yano, H.; Wirick, S.; Westphal, A.J.; 
Weisberg, M.K.; Weber, I.; Warren, J.L.; Velbel, M.A.; Tsuchiyama, 
A.; et  al. Mineralogy and Petrology of Comet 81P/Wild 2 
Nucleus Samples. Science 2006, 314, 1735–1739, doi: 10.1126/
science.1135842.

67.	 Artemieva, N.; Shuvalov, V. Atmospheric Shock Waves After Impacts 
of Cosmic Bodies up to 1000 m in Diameter. Meteorit. Planet. Sci. 
2019, 54, 592–608, doi: 10.1111/maps.13229.

68.	 Martel, L.M. Better Know A Meteorite Collection: Natural History 
Museum in London, United Kingdom. Planet. Sci. Res. Dis. Rep. 
2019, 136.

69.	 Artemieva, N.A.; Shuvalov, V.V. From Tunguska to Chelyabinsk via 
Jupiter. Ann. Rev. Earth Planet. Sci. 2016, 44, 37–56, doi: 10.1146/
annurev.earth.060115.012218.

70.	 Brown, P.G.; Assink, J.D.; Astiz, L.; Blaauw, R.; Boslough, M.B.; 
Borovička, J.; Brachet, N.; Brown, D.; Campbell-Brown, M.; 
Ceranna, L.; et al. A 500-kiloton Airburst over Chelyabinsk and an 
Enhanced Hazard from Small Impactors. Nature 2013, 503, 238–241, 
doi: 10.1038/nature12741.

71.	 Popova, O.P.; Jenniskens, P.; Emel’yanenko, V.; Kartashova, A.; 
Biryukov, E.; Khaibrakhmanov, S.; Shuvalov, V.; Rybnov, Y.; 
Dudorov, A.; Grokhovsky, V.I.; et al. Chelyabinsk Airburst, Damage 
Assessment, Meteorite Recovery, and Characterization. Science 
2013, 342, 1069–1073, doi: 10.1126/science.1242642.

72.	 Kocherov, A.V.; Korochantsev, A.V.; Lorenz, C.A.; Ivanova, M.A.; 
Grokhovsky, V.I. Recovery, Laboratory Preparation and Current 
State of the Main Mass of the Chelyabinsk Meteorite. In 45th Annual 
Lunar and Planetary Science Conference; 2014; Abstract 2227.

73.	 West, A.; West, A.; Young, M.; Costa, L.; Kennett, J.P.; Moore, 
C.R.; LeCompte, M.A.; Kletetschka, G.; Hermes, R.E. Modeling 
Airbursts by Comets, Asteroids, and Nuclear Detonations: Shock 
Metamorphism, Meltglass, and Microspherules. Airburst. Crater. 
Imp. 2024, 2, 1–30, doi: 10.14293/ACI.2024.0004.

74.	 Molnár, M.; Ventura, K.; Švanda, P.; Štaffen, Z.; Rappenglück, M.; 
Ernstson, K. Evidence for a Young Meteorite Impact Strewn Field 
in the Czech Republic: Chrudim-Pardubice. In 48th Lunar and 
Planetary Science Conference, 2017; Abstract #1920.

75.	 Poßekel, J.; Molnár, M.; Ernstson, K. The Proposed Meteorite 
Impact Event in the Czech Republic: Evidence Strengthened by 

Investigations with the Digital Terrain Model. In 53rd Lunar and 
Planetary Science Conference, 2022; Abstract 1558.

76.	 Ernstson, K.; Müller, W.; Gawlik-Wagner, A. The Saarlouis Semi-
Crater Structure: Notable Insight into the Saarland (Germany) 
Meteorite Impact Event Achieved. In 49th Lunar and Planetary 
Science Conference, 2018; Abstract 1763.

77.	 Ernstson, K.; Portz, D.; Müller, W. Zhamanshinite-Like Black-Glass 
Melt Rocks from the Saarland (Germany) Meteorite Impact Site. In 
52nd Lunar and Planetary Science Conference, 2021; Abstract 1350.

78.	 Siegel, U.; Rommelfangen, J.; Müller, W.; Michelbacher, S.; 
Ernstson, K. Shatter Cones in Litermont Quartzites: Saarlouis/
Nalbach (Saarland, Germany) Meteorite Impact Event Strengthened. 
In 53rd Lunar and Planetary Science Conference, 2022; Abstract 
2221.

79.	 Ernstson, K.; Bauer, F.; Hiltl, M. A Prominent Iron Silicides Strewn 
Field and Its Relation to the Bronze Age/Iron Age Chiemgau 
Meteorite Impact Event (Germany). Earth Sci. 2023, 12, 26–40, doi: 
10.11648/j.earth.20231201.14.

80.	 Ernstson, K.; Poßekel, J.; Rappenglück, M.A. Near-Ground Airburst 
Cratering: Petrographic and Ground Penetrating Radar (GPR) 
Evidence for a Possibly Enlarged Chiemgau Impact Event (Bavaria, 
SE-Germany). In 54th Lunar and Planetary Science Conference, 
2020; Abstract 1231.

81.	 Ernstson, K.; Sideris, C.; Liritzis, I.; Neumair, A. The Chiemgau 
Meteorite Impact Signature of the Stöttham Archaeological Site 
(Southeast Germany). Mediterr. Archaeol. Archaeom. 2012, 12, 249–
259.

82.	 Rappenglück, B.; Hiltl, M.; Ernstson, K. Artifact-in-impactite: A New 
Kind of Impact Rock. Evidence from the Chiemgau Meteorite Impact 
in Southeast Germany. Acta Geol. Sinica 2018, 92, 2179–2200.

83.	 Rappenglück, B.; Hiltl, M.; Poßekel, J.; Rappenglück, M.A.; 
Ernstson, K. People Experienced the Prehistoric Chiemgau Meteorite 
Impact–Geoarchaeological Evidence from Southeastern Germany: 
A Review. Mediterr. Archaeol. Archaeom. 2023, 23, 209–234, doi: 
10.5281/zenodo.7775799.

84.	 Rappenglück, B.; Ernstson, K.; Hiltl, M. Exceptional Evidence of a 
Prehistoric Meteorite Impact at the Archaeological Site of Stöttham 
(Chiemgau, SE-Germany). In Harmony and Symmetry; 2018; p. 46.

85.	 Rappenglück, B.; Hiltl, M.; Ernstson, K. The Chiemgau Impact: 
Evidence of a Latest Bronze Age/Early Iron Age Meteorite Impact 
in the Archaeological Record, and Resulting Critical Considerations 
of Catastrophism. In Beyond Paradigms in Cultural Astronomy; 
González-García, A.C., Frank, R.M., Sims, L.D., Rappenglück, 
M.A., Zotti, G., Belmonte, J.A., Šprajc, I., Eds.; BAR Publishing: 
Oxford, UK, 2021; pp. 57–64.

86.	 Shumilova, T.G.; Isaenko, S.I.; Ulyashev, V.V.; Makeev, B.A.; 
Rappenglück, M.A.; Veligzhanin, A.A.; Ernstson, K. Enigmatic 
Glass-Like Carbon from the Alpine Foreland, Southeast Germany: A 
Natural Carbonization Process. Acta Geol. Sin. 2018, 92, 2179–2200, 
doi: 10.1111/1755.6724.13722.

87.	 Waldmann, G.; Herten, F.; Hiltl, M.; Ernstson, K. The Enigmatic 
Niederrhein (Germany) Deposit: Evidence of a Middle-Pleistocene 
Meteorite Impact Strewn Field. In 49th Lunar and Planetary Science 
Conference, 2018; Abstract 1610.

88.	 Ernstson, K.; Schulz-Hertlein, G.; Ernstson, T.; Poßekel, J. A 
Probable Holocene Meteorite Impact Crater Strewn Field in Lower 
Franconia (Germany): Evidence from Digital Terrain Models and 
Geophysical Surveys (GPR, Electrical Imaging, Geomagnetics)
Poster. In Proceedings of the AGU Fall Meeting; 2022.

89.	 Ernstson, K.; Poßekel, J. Enigmatic Meteorite Impact Signature: 
Field Evidence and Ground Penetrating Radar (GPR) Measurements 
Suggest Megascopic Impact Spallation Features. In Proceedings of 
the AGU Fall Meeting Abstracts; 2019; EP53F–2239.

90.	 Ahokas, H. Thirty-three Previously Unknown meTeoritic Craters of 
Diameter from 5 to 100 m in Western Kouvola, Finland from a Swarm 
of Impactors in the Holocene; Kave, 2023.

https://doi.org/10.1016/0040.1951%2890%2990112.L
https://doi.org/10.1016/0040.1951%2890%2990112.L
https://doi.org/10.2113/gselements.8.1.43
https://doi.org/10.1029/96RG03038
https://doi.org/10.1016/j.earscirev.2023.104502
https://doi.org/10.1111/maps.12366
https://doi.org/10.1016/j.gca.2015.07.014
https://doi.org/10.1126/science.1135840
https://doi.org/10.1126/science.1135842
https://doi.org/10.1126/science.1135842
https://doi.org/10.1111/maps.13229
https://doi.org/10.1146/annurev.earth.060115.012218
https://doi.org/10.1146/annurev.earth.060115.012218
https://doi.org/10.1038/nature12741
https://doi.org/10.1126/science.1242642
https://doi.org/10.14293/ACI.2024.0004
https://doi.org/10.11648/j.earth.20231201.14
https://doi.org/10.5281/zenodo.7775799
https://doi.org/10.1111/1755.6724.13722


C. R. Moore et al.: Microspherules, Meltglass, and Nanoparticles from the Younger Dryas Boundary Layer

24

91.	 Lajeunesse, P.; St-Onge, G.; Locat, J.; Duchesne, M.J.; Higgins, 
M.D.; Sanfaçon, R.; Ortiz, J. The Corossol Structure: A Possible 
Impact Crater on the Seafloor of the Northwestern Gulf of St. 
Lawrence, Eastern Canada. Meteorit. Planet. Sci. 2013, 48, 2542–
2558, doi: 10.1111/maps.12224.

92.	 Holcombe, T.L.; Youngblut, S.; Slowey, N. Geological Structure 
of Charity Shoal Crater, Lake Ontario, Revealed by Multibeam 
Bathymetry. Geo-Mar. Lett. 2013, 33, 245–252, doi: 10.1007/
s00367.013.0322.6.

93.	 Spooner, I.; Stevens, G.; Morrow, J.; Pufahl, P.; Grieve, R.; Raeside, 
R.; Pilon, J.; Stanley, C.; Barr, S.; McMullin, D. Identification of the 
Bloody Creek Structure, a Possible Impact Crater in Southwestern 
Nova Scotia, Canada. Meteorit. Planet. Sci. 2010, 44, 1193–1202, 
doi: 10.1111/j.1945.5100.2009.tb01217.x.

94.	 Herr, A.A.; Karunatillake, S.; Hood, D.R.; Heinrich, P.; Horn, M.; 
Webb, A. Investigating the Brushy Creek Suspected Impact Crater, 
St. Helena Parish, Louisiana. In 52nd Lunar and Planetary Science 
Conference, 2021; Abstract 2737.

95.	 Fitzenreiter, R.; Ernstson, K.; Kletetschka, G.; LeCompte, M.A.; 
Moore, C.R.; Kennett, J.P.; Bizimis, M.; Hofmann, F.; Takac, M.; 
Adedeji, A.V.; et al. Evidence of a 12,800-year-old Shallow Airburst 
Depression in Louisiana with Large Deposits of Shocked Quartz 
and Melted Materials. Airburst. Crater. Imp. 2025, 3, 1–47, doi: 
10.14293/ACI.2025.0004.

96.	 Melosh, H.J. Planetary Surface Processes; Cambridge University 
Press, 2011; Volume 13.

97.	 Koeberl, C.; Ferrière, L. Libyan Desert Glass Area in Western Egypt: 
Shocked Quartz in Bedrock Points to a Possible Deeply Eroded 
Impact Structure in the Region. Meteorit. Planet. Sci. 2019, 54, 
2398–2408, doi: 10.1111/maps.13250.

98.	 Alam, M.; Alshehri, T.; Wang, J.; Singerling, S.A.; Alpers, C.N.; 
Baalousha, M. Identification and Quantification of Cr, Cu, and 
As Incidental Nanomaterials Derived from CCA-treated Wood in 
Wildland-urban Interface Fire Ashes. J. Hazard Mater. 2023, 445, 
130608, doi: 10.1016/j.jhazmat.2022.130608.

99.	 Baalousha, M.; Wang, J.; Erfani, M.; Goharian, E. Elemental 
Fingerprints in Natural Nanomaterials Determined Using SP-ICP-
TOF-MS and Clustering Analysis. Sci. Total Environ. 2021, 792, 
148426, doi: 10.1016/j.scitotenv.2021.148426.

100.	 Wang, J.; Nabi, M.M.; Erfani, M.; Goharian, E.; Baalousha, M. 
Identification and Quantification of Anthropogenic Nanomaterials in 
Urban Rain and Runoff Using Single Particle-inductively Coupled 
Plasma-time of Flight-mass Spectrometry. Environ. Sci. Nano. 2022, 
9, 714–729, doi: 10.1039/D1EN00850A.

101.	 Pace, H.E.; Rogers, N.J.; Jarolimek, C.; Coleman, V.A.; Higgins, 
C.P.; Ranville, J.F. Determining Transport Efficiency for the Purpose 
of Counting and Sizing Nanoparticles Via Single Particle Inductively 
Coupled Plasma Mass Spectrometry. Anal. Chem. 2011, 83, 9361–
9369, doi: 10.1021/ac201952t.

102.	 Gundlach-Graham, A.; Hendriks, L.; Mehrabi, K.; Gunther, D. Monte 
Carlo Simulation of Low-Count Signals in Time-of-Flight Mass 
Spectrometry and Its Application to Single-Particle Detection. Anal. 
Chem. 2018, 90, 11847–11855, doi: 10.1021/acs.analchem.8b01551.

103.	 Frisby, C.; Bizimis, M.; Mallick, S. Seawater-derived Rare Earth 
Element Addition to Abyssal Peridotites During Serpentinization. 
Lithos 2016, 248, 432–454, doi: 10.1016/j.lithos.2016.01.025.

104.	 Humayun, M.; Simon, S.B.; Grossman, L. Tungsten and Hafnium 
Distribution in Calcium–aluminum Inclusions (CAIs) from Allende 
and Efremovka. Geochim. Cosmochim. Acta 2007, 71, 4609–4627, 
doi: 10.1016/j.gca.2007.07.014.

https://doi.org/10.1111/maps.12224
https://doi.org/10.1007/s00367.013.0322.6
https://doi.org/10.1007/s00367.013.0322.6
https://doi.org/10.1111/j.1945.5100.2009.tb01217.x
https://doi.org/10.14293/ACI.2025.0004
https://doi.org/10.1111/maps.13250
https://doi.org/10.1016/j.jhazmat.2022.130608
https://doi.org/10.1016/j.scitotenv.2021.148426
https://doi.org/10.1039/D1EN00850A
https://doi.org/10.1021/ac201952t
https://doi.org/10.1021/acs.analchem.8b01551
https://doi.org/10.1016/j.lithos.2016.01.025
https://doi.org/10.1016/j.gca.2007.07.014



