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ABSTRACT

Here, we present a multidisciplinary investigation of a late-Pleistocene Greenland ice-margin sequence near
Kangerlussuagq that spans the Bglling-Allergd, Younger Dryas, and early Holocene. This study investigates the cause
of the Younger Dryas (YD) cooling event (~12,800 years ago) and its possible relationship to a cosmic impact. The
Kangerlussuaq interval was previously identified using visible dust stratigraphy, oxygen-isotope measurements, and a
peak in nanocarbon particles interpreted as nanodiamonds. We expand that record using bulk ICP-MS, single-particle
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ICP-time-of-flight mass spectrometry (SP-ICP-TOF-MS), microscopy, mineralogical observations, and hydrocode
modeling. The Kangerlussuaq sequence preserves a dark, dust-rich YD interval bounded by clearer Holocene and
Bolling-Allergd ice. Stable 8'%0 values and dust-related geochemical changes support correlation of this interval
with the YD cooling episode, although the ice-margin setting introduces uncertainties related to compression,
ablation, meltwater infiltration, and multi-season sample alignment. Within this framework, the Greenland record
resolves three superimposed signals. First, bulk geochemistry and nanoparticle mineral-phase associations document
a sustained YD-scale reorganization of atmospheric dust provenance and transport, consistent with colder, drier,
and windier conditions and enhanced mineral-dust flux throughout much of the ~1,200-1,300-year YD interval.
Second, a narrow proxy-rich horizon at the YDB layer (~5.5 m along the sloping ice) contains peak abundances of
multiple particulate proxies, including nanocarbon particles previously interpreted as nanodiamonds, quartz grains
with shocked planar microstructures, meltglass, glass-filled lithic aggregates, Fe- and Si-rich spherules, carbon-
rich spherules, glasslike carbon, charcoal, and soot. Third, nanoparticle concentrations begin to rise at the YDB
layer (~5.5 m), marking the onset of enrichment, but reach their maximum immediately above, at ~5.2 m. SP-ICP-
TOF-MS identifies this overlying interval as the peak in nanoparticle-scale terrestrial and siderophile components,
including Nb, Ta, U, As, Pb, Sb, PGEs, Ni, Co, and Re. Elemental behavior across the nanoparticle dataset can be
grouped into three principal populations: climate-driven terrestrial mineral dust, high-temperature plume-derived
possible ET condensates, and lower-temperature terrestrial plume derivatives. This offset between the boundary
layer and the nanoparticle maximum is a key observation: concentrations are lowest within the YDB layer, increase
at the boundary, and peak in the overlying sample, indicating temporally structured deposition involving initial
boundary-layer input followed by delayed fallout or redistribution of fine particles. This delay is supported by
independent evidence from the GISP2 ice core of a platinum anomaly coincident with the onset of Younger Dryas
climate change, including a delayed peak over ~21 years, supporting non-instantaneous deposition of impact-related
material and suggesting a temporal link to YD climate change. The PGE-bearing nanoparticle population provides
the strongest geochemical evidence for a non-crustal contribution. At ~5.2 m, PGE sum, Ir, Pt, Os, Pd, Ni, Co, and Re
are enriched relative to the YDB layer; these elements are strongly enriched in extraterrestrial (ET) materials relative
to crustal abundances, suggesting a non-terrestrial source. Ratio-ratio diagrams and PGE fractionation versus Ir/Fe
comparisons indicate that the YDB nanoparticle population is compositionally distinct from Greenland background
dust and typical terrestrial reservoirs. The Greenland YDB value of (Os+Ir+Ru)/(Rh+Pd+Pt) is sub-chondritic, while
Ir/Fe is highly elevated, consistent with a heterogeneous mixture containing a refractory PGE-rich component,
possibly from ET refractory metal nuggets (RMNs), together with more volatile PGE-bearing material. This signature
does not match any single impactor class (e.g., bulk chondrite, iron meteorite, or achondrite), but is consistent with a
mixed, fractionated nanoparticle population superimposed on background cosmic dust influx. Hydrocode modeling
demonstrates that a high-velocity impact or airburst interacting with an ice-sheet target can plausibly generate high
pressures, elevated temperatures, shocked quartz, melt products, spherules, and widespread nanoparticle dispersal;
however, this modeling is intended to illustrate a viable mechanism for proxy formation and does not imply that such
an impact occurred at the Greenland site. Instead, these results are consistent with broader Younger Dryas Impact
Hypothesis scenarios involving regionally or globally distributed impact and airburst phenomena. The combined
proxy assemblage is difficult to explain by volcanism, biomass burning, authigenesis, anthropogenic contamination,
or climate-driven dust deposition alone. No single proxy is uniquely diagnostic of impact; rather, the interpretation
rests on the stratigraphic co-occurrence of multiple high-temperature, shocked, carbonaceous, siderophile-enriched,
and PGE-bearing materials within the YD onset interval. Together, the Greenland record is consistent with a short-
duration, high-energy airburst or impact-related depositional episode superimposed on and possibly a major trigger
of the broader climatic transition into the Younger Dryas.
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Introduction phase of the last deglaciation. Beginning at approximately

12.9 ka and persisting for ~1,200-1,300 years, the event fol-

The Younger Dryas (YD) marks a major and abrupt climatic lowed rapid warming during the Bglling-Allergd interstadial
reversal at the end of the Pleistocene, interrupting the final and was characterized by a sudden return to colder conditions
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across much of the Northern Hemisphere. Temperature
declines of ~5-10 °C in Greenland and the North Atlantic
were accompanied by widespread environmental reorgani-
zation [1, 2]. In Greenland ice-core stratigraphy, this interval
is designated Greenland Stadial 1 (GS-1) and is marked by
abrupt shifts in 8'®0 values, increased dust concentrations,
and changes in atmospheric circulation.

Within the broader context of late-glacial climate variabil-
ity, the Younger Dryas represents the final and most recent
of a series of abrupt stadial events that punctuated the last
glacial period, many of which are associated with Heinrich
events and millennial-scale reorganizations of North Atlantic
circulation. These stadials are characterized by rapid cool-
ing onsets, enhanced ice-rafted debris, and reduced Atlantic
Meridional Overturning Circulation (AMOC), reflecting
the sensitivity of the climate system to freshwater forcing
and ocean-atmosphere feedbacks [3—7]. Climatic impacts
associated with the YD include a pronounced weakening of
the AMOC, expansion of North Atlantic sea ice, southward
displacement of the Intertropical Convergence Zone, and
reorganized mid-latitude and polar atmospheric circulation
[7, 8]. Notably, while the Northern Hemisphere experienced
strong cooling, many Southern Hemisphere records indicate
contemporaneous warming, consistent with a bipolar seesaw
response to reduced northward heat transport and further
implicating large-scale ocean circulation changes as a cen-
tral component of the event [9, 10].

Both the onset and termination of the Younger Dryas
were extremely abrupt. High-resolution Greenland ice-
core records constrain the boundaries of GS-1 to decadal
or sub-decadal timescales, and precisely dated speleothem
records from Europe confirm near-synchronicity of the tran-
sition across much of the North Atlantic region [11-14]. The
rapid warming at the end of the YD underscores the nonlin-
ear nature of the climate system and the role of threshold
behavior in glacial-interglacial transitions.

Despite broad agreement on the magnitude, timing, and
widespread expression of Younger Dryas climate change,
the mechanism responsible for initiating this abrupt cool-
ing remains unresolved. The most widely accepted expla-
nation invokes freshwater forcing of the North Atlantic,
through meltwater discharge or rerouting from retreating
Laurentide and/or Fennoscandian ice sheets, leading to sup-
pressed deep-water formation and AMOC weakening [5,
15]. Alternative hypotheses include volcanic forcing, large
Northern Hemisphere eruptions capable of producing short-
lived radiative cooling, followed by longer-term feedbacks
involving sea ice and ocean circulation [14], as well as a
proposed extraterrestrial airburst or impact event near the
YD onset, inferred from a distinctive suite of geochemical
and mineralogical proxies reported at multiple sites [16—18].

In this context, Greenland ice occupies a uniquely impor-
tant position in evaluating competing hypotheses for the
Younger Dryas onset, because it preserves annually to dec-
adally resolved records of atmospheric composition, dust

loading, and geochemical anomalies directly linked to cli-
mate transitions. Earlier work by Kurbatov et al. [19] identi-
fied several key impact-inferred proxies in a stratigraphically
discrete Younger Dryas boundary layer in Greenland ice; this
study investigates whether a broader suite of impact-related
proxies is preserved at this key climatic transition.

In 1992, Yates et al. [20] reported carbon-isotopic signa-
tures in acid-resistant residues from Greenland cryoconite
that were interpreted as consistent with a minor presolar dia-
mond component; however, the nanodiamonds were identi-
fied only indirectly. In 2010, Kurbatov et al. [19] reported
a stratigraphically discrete layer enriched in nanocarbon
particles interpreted as nanodiamonds in Greenland ice,
representing the earliest reported occurrence of free NDs
preserved within glacial ice and providing initial evidence
consistent with a high-energy extraterrestrial (ET) airburst
or impact near the Younger Dryas (YD) onset.

The present investigation significantly extends the results
of a previous study [19] on a late-glacial to early-Holocene
stratigraphic sequence along the West Greenland ice mar-
gin near Kangerlussuaq, sampled during expeditions from
2008 to 2014. Stable-oxygen-isotope profiles and dust stra-
tigraphy indicate that the ND-bearing layer dates close to the
onset of the Younger Dryas cooling episode at ~12,800 £+ 100
cal BP[19, 21, 22].

A previous study (Kurbatov et al.) [19] reported sharply
defined peaks in particles interpreted as cubic nanodia-
monds, n-diamonds, and lonsdaleite with abundances up to
~5 x 10° over background. Kinzie et al. [23] reported sim-
ilar observations using comparable analytical approaches;
however, these identifications and abundance estimates have
been challenged in the literature. The reported 2—40 nm
grain sizes and commonly rounded morphologies of these
particles are consistent with high-temperature formation
processes; however, such morphologies are not diagnostic
and can arise from multiple formation and alteration path-
ways [24, 25]. Lonsdaleite has been widely reported in
association with hypervelocity impact processes, although
its occurrence and diagnostic significance remain debated in
some contexts [26, 27]. These results are consistent with the
hypothesis of a multi-continental ET airburst/impact near
the YD onset [16, 28-31], but do not uniquely require one.

Similar assemblages of nanocarbon particles interpreted
as nanodiamonds, shocked quartz, and other impact-related
proxies have been reported at numerous YDB sites on four
continents, although several of these identifications and their
interpretations remain debated. Figure 1 compares ten prin-
cipal YDB proxies across nineteen sites [16, 18, 23, 32-60].
For context, Figure 1 also compares these proxies with those
from confirmed or widely accepted impact-related events,
including Chicxulub and the Ries crater, as well as the
Australasian tektite field and the Libyan Desert glass field,
which are widely discussed in the context of impact-related
processes. The number of proxies reported at many YDB sites
is comparable to or exceeds that reported for these accepted

3



J.P. Kennett et al.: Platinum-group elements, shocked quartz, and nanodiamonds

Qe\
@%
*00 &
Kangerlussuaq DEN 12800 50 |« o o o o o o o o 9
Alsterhut NETH 12780 | 35 | o ° ° 3
Abu Hureyra SYRIA 12825 | 55 | o ([ @ ([ @ | @ | @ | @ (@ | @ | @ 9
Arlington Cyn US,CA | 12805 55 | e ° ° e o o 9
Blackville US,SC | 12820 1080 ¢« e e e e e o o o 9
Blackwater Draw US,NM | 12775 365 | e ° ° e o o 6
Bowser Road US,NY (12868 - | e o e | @ | ©o o | o o o 9
Flamingo Bay uUs,SC [~12,800 - ® ° ° ° 4
Guil-Mt.Viso FRATAL | 12787 34 | e ° e o o ° i
Halls Cave US,TX | 12873 55 | e e e e e e e o o 9
Lingen GERM | 12735 85 | e B e o o 7
Lommel BELG 12735 790 | ¢ e e e e e o o 7
Mucunuque VENEZ | 12787 34 | e e o o o 7
Murray Spgs Us, AZ 12750 (235 | @ (@ (@ | @ | @ | @ | @ | @ | @ 9
Ossendrecht NETH ~13050 -- ® « o . 6
Parsons Island US,MD | 12731 14 | e e o o ° 5
Perkins US,LA | 12794 69 | e e o e o o o e e |9
Pilauco CHILE 12770 160 | o e e o e e e o 8
UP-Newtonville USNJ] |[12783 | 20 | @ | @ | @ | e | @ | @ | @ | o | @ 9
TOTALS 12770 19 10 19 14 17 15 15 17 15
Chiczulub (K-Pg) MEX 65Ma - | e o e e e e o o o 10
Ries Crater GERM ([(148Ma -- e o e o o e | o |7
Australasian tektites [SE ASIA | 790ka - ° e o o ° 5
Libyan Desert glass |EGYPT | 29Ma  -- e o o ° 4
Figure 1: Reported YDB proxy assemblages compared with selected accepted impact events. The Kangerlussuaq ice-margin sequence con-

tains most of the proxy classes reported at other YDB sites, as well as four accepted impact craters.

events, although the identification and interpretation of some
proxy classes remain subjects of ongoing debate.

The Younger Dryas Impact Hypothesis has been exten-
sively debated, and its principal criticisms have been
addressed in prior publications. Rather than revisiting
those arguments here, we focus on presenting new obser-
vational and geochemical constraints from the Greenland
ice-margin record. Although the Younger Dryas Impact
Hypothesis (YDIH) has been criticized for, among other
things, the absence of a confirmed crater [61, 62], six can-
didate end-Pleistocene craters have been proposed with ages
that overlap the YDB: Corossol, Canada [63]; Charity Shoal,
Canada [ 16, 64]; Bloody Creek, Canada [65]; Brushy Creek,
Louisiana, USA [66]; Perkins, Louisiana, USA [57]; and

4

the ITturralde, Bolivia [67]. Though the ages of these crater
candidates remain uncertain and continue to be debated,
some are independently proposed to be YDB-aged and if
confirmed, they are consistent with multiple coeval small
impacts, as predicted by the YDIH. In any event, the lack
of a confirmed crater does not preclude an impact origin,
as both the Australasian tektite field and the Libyan Desert
glass field are often interpreted as evidence of an impact
event, currently lack a confirmed source crater [68, 69].

The particles interpreted as nanodiamonds at Kangerlussuaq
exhibit morphologies, reported polytypes, and Raman sig-
natures that have been compared with those described for
YDB sites globally and at the Cretaceous-Paleogene bound-
ary [70, 71]. However, such identifications remain subject to
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analytical uncertainty. Background ND abundances in adja-
cent ice are orders of magnitude lower, underscoring the lay-
er’s uniqueness. The nanodiamond-like particles previously
reported by Kurbatov et al. [19] represent a proposed early
occurrence of such materials in polar or alpine ice, although
their identification remains debated.

In addition, the quartz grains reported here exhibit micro-
structural features interpreted as shock-related (e.g., planar
deformation features and planar fractures), although such
identifications require careful distinction from non-shock
planar structures. Because planar features in quartz can
also arise from tectonic deformation, diagenesis, or sample
preparation, identification of shock-related features requires
crystallographic orientation analysis and multiple sets of
planar deformation features. Interpretations presented here
are, therefore, based on features consistent with shock met-
amorphism rather than other formation mechanisms. Their
presence is consistent with aerial transport and deposition,
potentially preserving an atmospheric record of particulate
input associated with high-temperature or high-energy pro-
cesses. They may represent an instance of shocked quartz
grains preserved directly within glacial ice following atmos-
pheric transport and deposition, rather than through incor-
poration into sedimentary deposits. This differs from reports
associated with the Hiawatha structure, where shocked
quartz has been recovered only from glaciofluvial sediments
[72, 73].

Together, the stratigraphically discrete nanocarbon parti-
cles interpreted as nanodiamonds, shocked quartz, and asso-
ciated proxies preserved in Greenland ice provide evidence

Greenland 2

NGRIP,

consistent with a brief, high-energy event at the Younger
Dryas onset, although the origin and interpretation of some
proxy classes remain debated.

Nineteen sites exhibit the YDB layer containing 10
reported proxies, including nanocarbon particles interpreted
as nanodiamonds, shocked quartz, meltglass, Fe- and Si-rich
spherules, carbon spherules, glasslike carbon, charcoal/soot,
a dark post-impact layer, PGEs with Ni and Co, and one pro-
posed crater [57].

The YDB Greenland ice at Kangerlussuaq contains 9 of
these 10 proxies, with only a confirmed crater missing. The
Greenland site preserves a broad suite of proxies reported
from other YDB sites on four continents. The average YDB
age for the 19 sites is 12,770 cal BP, and all fall within
the proposed YD impact age range of 12,850-12,750
cal BP [17]. The 19 YDB sites exhibit as many or more
impact proxies that have been reported for the four other
widely accepted impact-related events, including the K-Pg
Chicxulub crater. Each proxy is consistent with elevat-
ed-temperature processes, and their co-occurrence within
a narrow stratigraphic interval is characteristic of impact-
related assemblages.

Ice sampling during multiple field expeditions
Several expeditions relevant to this investigation were
conducted within a few hundred meters of one another at
the same ice-margin location east of Kangerlussuaq at
67.156361° N, 50.023278° W (Figure 2).

In 2008, 2009, 2014, and 2017, we collected ice samples
from a sloping exposure of late-glacial to early Holocene ice

Figure 2: Location of the Kangerlussuagq site. (A) The Kangerlussuaq sampling site is located on the ice-sheet margin, 166 km inland from
the west coast of Greenland. Also shown are the deep ice core sites of GISP2, GRIP, and NGRIP. Image modified from Uwe Dedering, 2010,
Wikipedia.com, usable under the Creative Commons Attribution-Share Alike 3.0 license. (B) Satellite image of the Kangerlussuag sampling site
at the western Greenland ice margin. Panel B adapted from Yde, 2018 [74], usable under Creative Commons 4.0 International.
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near Kangerlussuaq, West Greenland (Figure 2). The section
lies along the western margin of the Greenland Ice Sheet
(GIS), approximately 166 km from the coast, and exposes
alternating dust-rich and relatively dust-poor layers that have
been used previously to identify the Bglling-Allergd (BA),
Younger Dryas (YD), and early Holocene climatic intervals
[19, 21, 22].

Because direct absolute dating is not possible at ice-mar-
gin exposures, stratigraphic attribution relies on correlation
with dated Greenland ice-core records using multiple lines
of evidence, including ice-layer structure, dust stratigraphy,
8'80 trends, and geochemical markers rather than any single
proxy alone. The exposed profile contains a visually prom-
inent, darker, dust-rich layer that correlates with the previ-
ously described Younger Dryas boundary (YDB) layer [19].

Sampling was conducted along the cleanest available
exposures, avoiding meltwater channels, fractures, and mod-
ern surface contamination. Ice blocks were excavated, sealed
in clean polyethylene bags, and maintained frozen during
transport. One sample at the top of the sequence exhibited
clear evidence of contamination from meltwater infiltration
along fractures and was excluded from all nanoparticle cal-
culations to avoid biasing the results.

Because sampling was conducted over multiple field sea-
sons along a retreating ice-margin exposure, no fixed physi-
cal datum exists from which to measure slope distance. As a
result, the absolute distance scales of the three independently
collected sample sets differed. To enable direct comparison,
all datasets were aligned using internal stratigraphic mark-
ers. Specifically, the onset of the Younger Dryas, expressed
as a coupled shift in 8'80 values and dust-related geochemi-
cal signals, was used to define a common reference horizon
extending across the full YD interval. Following alignment,
residual positional uncertainty is estimated at <5 cm, smaller
than the 15-cm sampling interval, and does not affect iden-
tification of the principal stratigraphic features discussed
here, including the position and relative offset of peak nan-
oparticle concentrations. Although local deformation, abla-
tion, and meltwater infiltration can modify 6'30 and dust
stratigraphy, interpretation is based on the primary transi-
tion signal rather than fine-scale variability. Accordingly,
interpretations emphasize stratigraphic clustering and mul-
tiproxy co-occurrence rather than precise centimeter-scale
alignment.

Samples were collected at 15-cm intervals along the expo-
sure, corresponding to ~180-200 years per sample based on
correlations with the GISP2 core and published age models
[21, 22]. This resolution captures multi-decadal to centenni-
al-scale variability but does not resolve sub-decadal events;
thus, the YDB layer represents an integrated signal over
multiple decades rather than a single depositional year and,
therefore, does not resolve deposition at annual or sub-an-
nual timescales.

In the laboratory, ice samples were melted in acid-cleaned
containers under HEPA-filtered conditions. Dust fractions

were isolated by filtration and analyzed using bulk geochem-
ical methods, single-particle inductively coupled plasma
time-of-flight mass spectrometry (SP-ICP-TOF-MS),
microscopy, and mineralogical techniques, as described
below. Aliquots of meltwater were retained for stable iso-
tope analysis.

Sampling across multiple expeditions contributed com-
plementary datasets. Initial collections in 2008 included ice
for ICP-MS and 8'®0 measurements, as well as large blocks
for analysis of impact-related proxies. Additional sampling
in late 2008 and 2009 expanded elemental and isotopic cov-
erage. Higher-resolution trench sampling in 2014 enabled
laser ablation ICP-MS analyses, and a short core retrieved
in 2017 further improved stratigraphic resolution. Together,
these datasets provide a consistent and internally correlated
record across the studied interval.

Primary objectives and analytical framework

This study reevaluates and expands upon earlier evidence
reported from the Greenland Ice Sheet by Kurbatov et al.
[19] for a potential cosmic impact event at the onset of the
Younger Dryas (YD) by applying a broader suite of YDB
impact-related proxies now recognized at more than 50 sites
worldwide. The objectives are to: (i) refine the chronology
of the Younger Dryas boundary (YDB) layer using stable
oxygen-isotope (8'%0) profiles and dust stratigraphy; and (ii)
determine whether the ice samples at Kangerlussuaq display
the same proposed impact-related proxies as found at other
YDB sites, including shocked quartz, nanodiamonds, melt-
glass, microspherules, platinum-group elements (PGEs),
glass-filled fractured quartz grains, carbon spherules, and
glasslike carbon; and (iii) if so, whether these proxies con-
stitute robust evidence for a high-energy airburst or impact
event synchronous with the onset of the YD.

Results and interpretations

The proxies examined in this study can be grouped into three
functional categories: (a) stratigraphic and chronological
markers (e.g., 80 and dust stratigraphy), (b) high-tempera-
ture and impact-related particulate proxies, and (c) ancillary
geochemical indicators that constrain depositional conditions
and post-depositional processes. This organization high-
lights the primary line of argument, in which a stratigraphi-
cally confined suite of impact-related proxies occurs within
the Younger Dryas onset interval, independently defined by
ice-core climate markers.

Identification of Younger Dryas interval using dust
geochemistry

The onset of the Younger Dryas (YD) marks an abrupt cli-
matic reversal near the end of the Pleistocene, character-
ized by a rapid return to colder and drier conditions in the
Northern Hemisphere and by increased wind strength over
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Greenland [75, 76]. A prominent stratigraphic expression of
this interval in Greenland ice cores is the darker, dust-en-
riched layer produced by intensified atmospheric circulation
and enhanced aridity in distal dust-source regions [75, 76].

At the Pakitsoq site north of Kangerlussuaq, Petrenko
et al. [77] identified YD-age ice, while Reeh et al. [78]
documented YD layers at 15 ice-margin localities around
Greenland.

A comparable stratigraphic sequence is present at
Kangerlussuaq (Figure 3), where the YD layer appears as a
darker, dust-rich interval between lighter Holocene and BA
ice. This visual contrast has been interpreted as reflecting
enhanced aeolian deposition during the YD, associated with
increased wind intensity and arid conditions [19, 45, 76, 79].
Such stratigraphic markers provide consistent visual crite-
ria for locating YD-age ice across multiple Greenland sites.
Another site, at Kronprins Christian Land in northeastern
Greenland, displays a similar visually distinct, darker, dust-
rich YD layer directly above relatively dust-free Bglling-
Allergd (BA) ice and below colder, dustier end-glacial ice.
Overlying the YD layer is clearer, low-dust Holocene ice
[78, 80] (Figure 4).

Younger Dryas identification using oxygen isotope
stratigraphy (520)

Significant environmental, biotic, and atmospheric
changes accompanied the onset of the Younger Dryas
(YD). In Greenland and northwestern Europe, this tran-
sition is characterized by an abrupt temperature decline
of approximately 5-10 °C [5, 7]. To assist in locating the

YD onset within the Kangerlussuaq sequence, we exam-
ined stratigraphic shifts in 3'*O values from ice samples
collected in 2008 (Figure 5). Because 880 serves as an
established proxy for past temperature variability, these
measurements provide an independent means of identi-
fying major climatic transitions. The Kangerlussuaq 8'30
profile was then compared with published records from the
GISP2, GRIP, and NGRIP ice cores [11, 81], which offer
well-constrained reference frameworks for Greenland
paleoclimatic stratigraphy.

Interpretation. The 8'°0 profiles from Kangerlussuaq and
the three Greenland ice cores all show a distinct negative
shift at the inferred onset of the Younger Dryas (YD), con-
sistent with a rapid regional cooling. This isotopic excursion
is a well-established indicator of an abrupt temperature
decline and is consistent with field observations suggesting
that the darker ice layer at Kangerlussuaq corresponds to the
YD interval [19].

In the Kangerlussuaq sequence (Figure 5A), a brief
return to less negative 3'30 values appears at ~5 m depth
within the mid-interval of the YD episode preserved in
this section. Because this interval displays no geochemical
changes, this feature is likely an artifact rather than a gen-
uine climatic fluctuation. We evaluate implications of these
site-specific uncertainties for duration and synchronicity in
the Discussion. Numerous surface cracks were noted during
sample collection, suggesting localized Holocene meltwater
infiltration, a process previously documented at this site [19].
Refreezing of such water within older layers would elevate

Figure 3: Visible ice layering at Kangerlussuaq. Photograph of the 2008 Kangerlussuagq ice sampling site showing stratigraphic layers: clear
Holocene (top), a dark dust-rich YD layer (middle), and clear Belling-Allerad Interstadial ice (bottom). The Younger Dryas boundary (YDB) is

placed at the base of the dark dust band.
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Figure 4: Kronprins Christian Land, NE Greenland, shows a darker YD layer. This aerial photograph of the ice sheet in Kronprins Christian
Land shows a stratigraphy of ice layers from the warmer Holocene (top), the colder YD (dark dust-rich middle layer), the warmer Balling-Allerad
Interstadial (lighter ice below the YD), and the colder glacial interval (very thick, darker dust-rich bottom layer). The sequence is similar, although
much thicker than the Kangerlussuaqg sequence. Credit: H. Oerter [78, 80], usable under Creative Commons 4.0.

8'80 values, producing an apparent warming signal despite
careful efforts to minimize sampling of compromised ice.
In addition, 8'30 values in the Kangerlussuagq YD interval
are generally less negative than those from higher-elevation
cores on the ice-sheet plateau. This difference may reflect
a combination of post-depositional isotopic diffusion and
fractionation [82], infiltration and refreezing of isotopically
heavier meltwater, and the effects of initial deposition at
lower elevation, followed by lateral ice transport toward the
margin.

Despite these complexities, the amplitude and direc-
tion of the 8'80 change across the YD interval preserved at
Kangerlussuaq closely parallel those in GISP2, GRIP, and
NGRIP. This correspondence is consistent with the inter-
pretation that the dark, dust-rich ice layer at Kangerlussuaq
represents the Younger Dryas cooling episode and its basal
contact, the Younger Dryas Boundary (YDB).

8

Geochemical changes in dust across the Younger
Dryas boundary

We further evaluated whether the dust-rich ice layer at
Kangerlussuaq corresponds to the Younger Dryas (YD)
interval by examining geochemical evidence for changes
in atmospheric dust composition and provenance across the
transition. Specifically, we assessed three complementary
lines of evidence: (1) climate-driven shifts in dust prov-
enance associated with intensified winds and aridity that
began at the onset of the YD and persisted ~1,200-1,300
years until its end; (2) short-lived compositional changes
reflecting increased entrainment of terrestrial sediments into
the atmosphere; and (3) short-lived potential contributions
from non-terrestrial material introduced during a high-en-
ergy event. This framework allows us to distinguish between
background, climate-controlled variations in dust flux and
composition and any superimposed geochemical anomalies
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Figure 5: §'®0 values from ice in four Greenland sites. (A) 5'®0 values by age from the Kangerlussuaq ice-margin section. (B) 'O values by
age from the GISP2 core. (C) 50 values by age from the NGRIP core. (D) 5'®0 values by age from the GRIP core. GISP2, GRIP, and NGRIP
data from Rasmussen et al. [11]. For Kangerlussuag, (A) 5'®0 values are plotted as a function of slope distance along the ice surface, as first
reported by Kurbatov et al. [19]. Because the slope distances to the inferred YD layer varied across multiple expeditions, we use a generalized
scale that places the lower boundary of the YD episode at 5.5 m and the upper boundary at 4.5 m, representing the slope distance from an

arbitrary point on the Holocene ice.

that may reflect additional inputs or processes operating at
the YD boundary.

First, we conducted a detailed elemental analysis of ice
samples using inductively coupled plasma mass spectrome-
try (ICP-MS). The resulting geochemical profiles (Figure 6)
were compared with equivalent datasets from the well-docu-
mented GISP2 ice core [76, 83].

Elemental ratios (Figure 6A, B), particularly potassi-
um-to-calcium (K/Ca), were used as indicators of dust
provenance and transport intensity. Additional ratios,
including La/Ca, Cs/Ca, As/Ca, Zn/Ca, Sr/Ca, and Na/
Ca, were measured to assess compositional variations
across the inferred YD onset and to investigate potential
changes in atmospheric circulation, weathering regimes,
and source-region contributions during this climatic tran-
sition. The primary results are shown in Figure 6. Selected
PGEs and Zn are normalized to Ca and to each other in
SI, Figure S1. Full ICP-MS datasets are provided in SI,
Table S1.

Interpretation. Systematic changes in elemental ratios
across the transition from the Bglling-Allergd (BA) to the
lower Younger Dryas (YD) indicate shifts in the compo-
sition and provenance of atmospheric dust reaching the
Kangerlussuaq site. Declines in K/Ca, La/Ca, and Cs/
Ca at the YD onset suggest a reduced contribution from
alkali-rich, chemically weathered continental materials
typically associated with mature soils and sedimentary
sources. The similarity of these trends to those in the
GISP2 core is consistent with both the proposed strati-
graphic correlation and the regional expression of this
geochemical pattern.

In contrast, increases in As/Ca, Zn/Ca, Sr/Ca, and Na/
Ca during the YD imply the involvement of additional or
shifting source regions. Elevated Na/Ca and Sr/Ca values
are consistent with greater inputs of marine-derived aerosol,
potentially reflecting changes in storm frequency or sea-ice
conditions, while higher As/Ca and Zn/Ca ratios may indi-
cate enhanced contributions from volcanic emissions, inten-
sified rock weathering, or altered long-distance transport
pathways. The relatively sharp boundaries at the BA-YD
transition suggest a rapid reorganization of the atmospheric
circulation rather than a gradual, progressive climatic shift.

Other elemental mass ratios measured by ICP-MS,
including Pt/Ca, Ir/Ca, Ru/Ca, Zn/Ca, and inter-element
ratios such as Pt/Pd, Ir/Pt, Pt/Ru, and Pt/Rh (SI, Figure S3),
exhibit broad peaks beginning near the YD onset and extend-
ing through part of the interval. These patterns are consistent
with sustained enrichment of PGE- and Zn-bearing material,
paralleling the trends observed in Figure 6, and may reflect
climate-driven changes in the mobilization or transport of
trace-metal-rich dust.

Taken together, these geochemical variations indicate a
marked shift in dust-source characteristics, transport dynam-
ics, and depositional processes at the onset of the YD. The
coherent behavior of multiple independent elemental ratios
is consistent with the interpretation that the Kangerlussuaq
sequence preserves a primary atmospheric signal associated
with YD climatic change, including its onset.

Nanoparticle evidence for abrupt climate-driven
dust enrichment at the YD onset

To further evaluate the relationship between climate-driven
dust changes and particle-scale geochemical behavior, we

9
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Figure 6: ICP-MS bulk elemental ratio variations across the Younger Dryas boundary reveal systematic changes in dust geochemistry. For the

Kangerlussuaq samples, the blue bar represents the ~1-m-thick YD episode. (A) The K/Ca ratio from the GISP2 ice core exhibits a sharp decline
at the YD onset and remains low throughout the YD interval. (B) The K/Ca ratio from Kangerlussuaq displays a comparable decrease across
the YD boundary, confirming stratigraphic correlation. (C, D) Additional elemental ratios (La/Ca and Cs/Ca) from Kangerlussuaq exhibit similar
significant declines coincident with the onset of the darker, dust-rich YD episode. (E-H) In contrast, ratios of As/Ca, Zn/Ca, Sr/Ca, and Na/Ca
exhibit pronounced increases during the YD, consistent with enhanced influx of marine-derived aerosols and changes in terrestrial dust sources.
These systematic geochemical shifts indicate a significant change in dust provenance and atmospheric transport dynamics at the YD onset.

examined elemental ratios within individual nanoparticles
across the Bglling-Allergd (BA), Younger Dryas (YD), and
Holocene intervals using SP-ICP-TOF-MS. Unlike bulk
ICP-MS data, which integrate all material within a sample,
this approach resolves compositional changes at the level of
individual particles, providing a more sensitive indicator of
shifts in dust source, transport, and atmospheric processing.

Here, we explore compositional variability using Fe/Si,
Mn/Si, Ba/Si, and Ti/Si ratios as representative tracers of
major mineral dust components (Figure 7). These elements
are predominantly associated with terrestrial silicate and
oxide phases and are not uniquely diagnostic of extrater-
restrial input. Instead, they provide a robust framework for
evaluating whether the onset of the YD was accompanied by
abrupt changes in terrestrial dust composition and loading
that persisted throughout the ~1,200-1,300 year-long YD
interval. At the same time, any systematic enrichment above
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the YDB layer may also be consistent with the additional
introduction of fine-grained terrestrial material derived from
high-temperature processes, including possible non-ET
impact-related dust. See Figure 7.

Interpretation. The nanoparticle data show a clear and
reproducible pattern across all four elemental ratios: a sharp
increase in Fe/Si, Mn/Si, Ba/Si, and Ti/Si immediately
above the YDB layer, followed by sustained elevated values
throughout much of the Younger Dryas interval, sometimes
continuing into the Holocene. This behavior closely paral-
lels the bulk geochemical trends observed in Figure 6 but is
resolved here at the nanoparticle level, confirming that the
signal reflects a real change in dust composition rather than
averaging effects.

The most significant feature is that the enrichment initi-
ates at the YDB (~5.5 m) and peaks at ~5.2 m. This offset
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Figure 7: Nanoparticle elemental ratios reveal abrupt enrichment above the Younger Dryas Boundary. (A-D) Single-particle ICP-TOF-MS
profiles of Fe/Si, Mn/Si, Ba/Si, and Ti/Si ratios across the Bgalling-Allerad (BA), Younger Dryas (YD), and Holocene intervals. The YD interval is
shaded in blue, and the Younger Dryas Boundary (YDB) layer is indicated by the orange band at ~5.5 m. All four elemental ratios exhibit a pro-
nounced increase in the interval immediately above the YDB (~5.2 m), followed by sustained elevated values through much of the YD. Relative
to the YDB layer at 5.5 m, the overlying 5.2 m interval is enriched by factors of 3.0 (Fe/Si), 2.4 (Mn/Si), 3.2 (Ba/Si), and 3.1 (Ti/Si), consistent
with a rapid and substantial increase in nanoparticle-associated dust immediately following the boundary. For comparison, estimated extrater-
restrial (ET) material exhibits enrichments relative to average crustal abundance of approximately 5.0x (Fe/Si), 2.9x (Mn/Si), 0.0043x (Ba/Si),
and 0.13x (Ti/Si), illustrating that the observed enrichments are broadly consistent with increased dust loading dominated by terrestrial silicate

phases, rather than uniquely diagnostic ET signatures.

indicates that the peak in nanoparticle-associated dust does
not coincide exactly with the boundary layer itself but occurs
immediately afterward. Such a relationship is consistent with
a rapid transition into a regime of enhanced dust mobiliza-
tion and transport, likely driven by the onset of colder, drier,
and windier conditions characteristic of the Younger Dryas.

At the same time, the magnitude and synchronicity of
the enrichments across multiple independent elements are
consistent with a rapid reorganization of atmospheric dust
flux rather than a gradual adjustment. Importantly, these ele-
ments are predominantly associated with terrestrial mineral
sources, and their relative enrichments do not uniquely indi-
cate extraterrestrial input. However, the stratigraphic posi-
tion of the enrichment, immediately above a boundary layer
containing high-temperature impact-related proxies (shown
below), raises the possibility that part of the fine-grained
dust population includes material generated or mobilized
by high-energy processes. In this context, the nanoparticle
record may reflect a combination of climate-driven dust
intensification and the atmospheric redistribution of fine
particulate material introduced at or near the YD onset.

Taken together, the nanoparticle data provide strong, par-
ticle-resolved evidence for an abrupt increase in dust loading
and a reorganization of atmospheric transport at the onset
of the Younger Dryas, while also establishing a stratigraphic
framework that distinguishes the broader climate-driven sig-
nal from the discrete, impact-related proxy peak at the YDB
layer.

Dust provenance shift as an atmospheric marker of
the Younger Dryas onset

To further constrain the identification of the Younger Dryas
(YD) interval and evaluate changes in atmospheric dust
sources, we conducted SP-ICP-TOF-MS on nanoparticles
extracted from the Greenland ice sequence. This approach
provides particle-resolved compositional data, allowing
quantification of elemental associations within individual
particles over a size range of ~20 nm to 2 um, thereby offer-
ing substantially higher resolution than bulk geochemical
methods.

Nanoparticles were analyzed across three climatically
defined intervals: the Bglling-Allergd (BA; 5.63—6.68 m),
the Younger Dryas (YD; 4.57-5.47 m), and the Holocene
(3.82—4.42 m). The dataset comprises more than 1.2 million
individual particles (~60,000 per sample across 20 samples),
enabling robust statistical characterization of compositional
trends.

For clarity of interpretation, elemental associations were
grouped into two dominant dust-phase populations based on
their stratigraphic behavior: (1) phases that increase during
the YD, dominated by quartz-, chromite-, and zircon-as-
sociated particles; and (2) phases that decrease during the
YD, dominated by Fe-oxide-rich, Al-rich, and mica-amphi-
bole-associated particles. This simplified grouping captures
the principal structure of the dataset and allows direct evalu-
ation of changes in dust provenance and atmospheric trans-
port across the YD transition. Results in Figure 8.
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Figure 8: Binary dust-phase shifts across the Younger Dryas interval. Single-particle ICP-TOF-MS analyses reveal systematic changes in two
dust-phase populations grouped by composition across the Bolling-Allerad (BA), Younger Dryas (YD), and Holocene intervals. Relative abun-
dances are normalized to 100%. Quartz-, chromite-, and zircon-associated phases increase at the YD onset, while Fe-oxide-rich, Al-rich, and
mica-amphibole-associated phases show a complementary decline. The transition is abrupt at the BA-YD boundary and reverses at the onset
of the Holocene. These opposing trends indicate a major reorganization of dust composition and provenance coincident with the YD onset,
consistent with intensified atmospheric circulation and changing source-region contributions.

Interpretation. The onset of the Younger Dryas is marked
by a pronounced and internally consistent shift between
two dominant dust-phase populations, consistent with a
fundamental reorganization of atmospheric dust sources
rather than a simple increase in dust flux. The most diag-
nostic feature is the strong inverse relationship between
the two groups: quartz-, chromite-, and zircon-associated
phases increase at the YD onset, while Fe-oxide-rich,
Al-rich, and mica-amphibole-associated phases decline in
a complementary manner.

This binary shift indicates a change in dust provenance
and transport processes. During the Bglling-Allergd, the
relatively higher abundance of Fe-oxide-rich, Al-rich, and
mica-amphibole-associated particles is consistent with
inputs from more chemically altered or compositionally
mature dust populations under warmer interstadial condi-
tions. At the YD onset, the rapid enrichment in quartz, chro-
mite-, and zircon-associated particles suggests increased
delivery of more refractory and less chemically altered
mineral components, consistent with intensified physical
erosion, stronger winds, and greater entrainment of primary
mineral dust under colder and more arid conditions.

The observed phase relationships are consistent with
strengthened atmospheric circulation during the YD, which
enhanced long-range dust transport that altered the relative
contributions of major source regions [75, 76]. Independent
studies indicate that dust reaching Greenland during the
Bglling-Allergd was largely dominated by North African
sources, whereas during the YD, contributions from East
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Asian deserts increased substantially [84—86]. The increase
in quartz-, chromite-, and zircon-associated phases is con-
sistent with such a shift in source-region mixing and with
enhanced transport of refractory mineral assemblages.

At the onset of the Holocene, this pattern reverses:
quartz-, chromite-, and zircon-associated phases decline,
while Fe-oxide-rich, Al-rich, and mica-amphibole-asso-
ciated phases increase. This reversal is consistent with
reduced wind intensity, diminished physical dust mobiliza-
tion, increased vegetation cover, and a renewed dominance
of warmer-climate dust regimes.

Together, the abrupt and inverse behavior of these two
dust-phase populations provides a clear and independent
atmospheric marker of the Younger Dryas onset. The data
indicate that the dark, dust-rich interval records not only
increased dust loading but also a substantial shift in dust
provenance and transport dynamics. In that respect, the
nanoparticle record strengthens the interpretation that
this interval has been correctly identified as the YD onset
layer.

Nanoparticle evidence for a transient impact-
related dust pulse at the YD onset

To determine whether the abrupt, climate-driven increase in
dust at the onset of the Younger Dryas included an additional
input of thermally processed material, we analyzed nanopar-
ticle-scale distributions of elements with contrasting geo-
chemical behaviors using SP-ICP-TOF-MS. These include
refractory lithophile elements (Nb, Ta, U), typically retained



J.P. Kennett et al.: Platinum-group elements, shocked quartz, and nanodiamonds

in silicate phases, and more mobile chalcophile elements
(As, Pb, Sb), which can be redistributed during heating,
vaporization, and condensation. Unlike the lithophile-dom-
inated elements in Figure 7 that primarily track dust prove-
nance and transport, this combination enables evaluation of
both entrained crustal material and components modified by
high-temperature processes (Figure 9).

Interpretation. The nanoparticle records for Nb, Ta, U,
As, Pb, and Sb display a coherent and diagnostic pattern:
a sharp enrichment beginning immediately above the YDB
layer, followed by elevated values that persist into the early
Younger Dryas interval. This behavior differs from the
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lithophile-dominated trends shown in Figure 7, which pri-
marily reflect a sustained, climate-driven increase in dust
flux. In contrast, the profiles here exhibit a localized, high-
er-amplitude peak centered near ~5.2 m.

The magnitude and synchronicity of the enrichment across
both refractory lithophile (Nb, Ta, U) and moderately vola-
tile (As, Pb, Sb) elements indicate a rapid introduction of
nanoparticle-scale material affecting multiple geochemical
fractions simultaneously. Because refractory elements are
typically transported as part of mineral dust, this enrichment
is consistent with increased entrainment of crustal material
and does not by itself require high-temperature mobilization,
although it does not preclude it.

C U D As
Q Q o © $H $H»
S S S S S S
A® 54 NN N o
NP mass concentration (ng/g)
C Sb
{Q o o
&0 /\%,0 ’&0
N N e

NP mass concentration (ng/g)

Figure 9: Nanoparticle mass concentrations of refractory lithophile and moderately volatile elements show a sharp enrichment above the
Younger Dryas Boundary. (A-F) SP-ICP-TOF-MS mass concentration profiles of Nb, Ta, U, As, Pb, and Sb across the Belling-Allerad (BA),
Younger Dryas (YD), and Holocene intervals. The YD interval is shaded in blue, and the Younger Dryas Boundary (YDB) layer is marked by
the orange band at ~5.5 m. All six elements exhibit a pronounced peak immediately above the YDB (~5.2 m), followed by elevated but varia-
ble concentrations within the YD interval. Relative to the YDB layer at 5.5 m, the overlying 5.2 m interval is enriched by ~4.2x (Nb), 4.5x (Ta),
4.4% (U), 4.9x (As), 5.2x (Pb), and 5.0x (Sb), consistent with a rapid and substantial increase in nanoparticle-associated material immediately
following the boundary. Compared to average upper continental crust and Cl chondritic (extraterrestrial) abundances, Nb, Ta, and U are strongly
depleted in extraterrestrial materials (ET/crust < 1), while As, Pb, and Sb are near or below unity. This indicates that the observed enrichment is
inconsistent with a direct extraterrestrial compositional signal, but instead reflects concentration of predominantly crustal material.
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At the same time, the co-enrichment of As, Pb, and Sb
indicates that at least part of the material experienced ther-
mal processing, as these elements can be mobilized during
heating and subsequently incorporated into nanoparticles
during cooling. The combined behavior of refractory and
more mobile elements is therefore consistent with a mixed
particle population composed of entrained silicate dust and
thermally processed components.

The stratigraphic position of the peak, immediately above
the YDB layer, demonstrates that this enrichment does not
represent the boundary layer itself, but rather a short-lived
pulse of material deposited shortly after the initial event.
This offset is consistent with rapid atmospheric injection
followed by transport and settling of fine particles.

The enrichment patterns further argue against a direct
extraterrestrial source for these elements. Because Nb, Ta,
and U are strongly depleted in extraterrestrial materials rel-
ative to the crust, their coordinated enrichment requires a
predominantly terrestrial origin. The data are therefore best
explained by mobilization, entrainment, and redistribution
of crustal material under high-energy conditions.

A key feature of the dataset is that concentrations of both
these predominantly terrestrial elements and siderophile-
and PGE-bearing particles (Ir, Pt, Ni, Co) are lowest within
the YDB layer itself and rise sharply to maximum values in
the immediately overlying sample (~5.2 m). This pattern
indicates that the boundary layer marks the onset of deposi-
tion rather than its peak and requires a temporally structured,
multi-phase process.

Several mechanisms may account for this structure. One
possibility is that the boundary layer reflects rapid dep-
osition of coarse or early-forming material, followed by
delayed atmospheric residence and fallout of finer particles.
Alternatively, enhanced precipitation or meltwater scav-
enging during boundary formation may have preferentially
removed fine-grained or metal-bearing particles, producing
arelative depletion within the YDB layer. A third possibility
is that two closely spaced influxes occurred: an initial pulse
dominated by high-temperature proxy materials, followed
by a slightly delayed influx of entrained terrestrial dust and
extraterrestrial nanoparticles.

These observations require a temporally extended depo-
sitional sequence rather than a single instantaneous event.
This interpretation is supported by independent observations
from the GISP2 ice core, where a large Pt anomaly as part
of a “cataclysmic” impact event coincident with the onset of
Younger Dryas climate change was identified [87]. In that
record, platinum concentrations rise gradually over approx-
imately 14 years to a delayed peak, followed by a decline
over ~7 years, indicating a ~21-year interval of enhanced
deposition. The anomaly occurs contemporaneously with a
sharp decrease in 8'%0 values marking the onset of Younger
Dryas cooling and was interpreted as the result of a cosmic
impact event. Notably, the elevated Pt/Ir ratio in that study
was considered inconsistent with a chondritic source, instead
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suggesting a more fractionated or metal-rich component. The
temporal structure of the GISP2 platinum anomaly closely
parallels the delayed nanoparticle peaks observed in the
Greenland ice-margin record, providing independent support
for a multi-phase depositional process involving prolonged
atmospheric residence and fallout of impact-derived material.
Possible mechanisms include multiple airbursts or impacts
occurring over a short interval, sustained accretion of fine
debris from a cometary dust stream, or delayed reaccretion
of impact-generated material. In particular, impact modeling
studies have proposed that ejecta from a large impact could
form transient, ring-like structures around Earth, analogous
to planetary rings, which would gradually decay and deliver
material back to the surface over time, as previously proposed
[88]. Such a mechanism could prolong the atmospheric resi-
dence and deposition of fine-grained material and is consist-
ent with the observed offset between the boundary layer and
the overlying nanoparticle peaks. While these mechanisms
remain hypothetical, they are consistent with the multi-phase
deposition inferred from the Greenland record.

Multiple lines of evidence consistent with a YDB
impact layer

The geochemical and particle-resolved results above demon-
strate that the onset of the Younger Dryas is marked by a
rapid and sustained reorganization of atmospheric dust com-
position, provenance, and transport. These changes reflect a
climate-driven shift toward colder, more arid, and windier
conditions, resulting in enhanced delivery of mineral dust
to the Greenland ice sheet. Superimposed on this broader
atmospheric signal, however, is a stratigraphically confined
interval at the base of the YD that contains a distinct assem-
blage of high-temperature and impact-related materials. To
evaluate whether this interval represents a discrete event sep-
arate from the longer-term climate-driven dust regime, we
next examine the distribution of key impact proxies across
the same stratigraphic section.

To assist in understanding the scope of an extensive,
highly complex dataset and to provide context for the prox-
ies discussed in the sections below, we present plots of four
of the ten potential impact indicators, including nanodia-
monds (1414 x 10%mL of ice), from Kurbatov et al. [19].
From this study, we plot shocked quartz (47/kg), meltglass
fragments (43/kg), and spherules (34/kg). Results are shown
in Figure 10 and subsequent figures (proxy data in SI, Table
S2). These proxy abundances were normalized to sample ice
volumes. All macro-scale proxies reach peak abundances
within a narrow interval centered on the 5.5-m YDB layer,
while nanoparticle populations reach maximum values
slightly above this boundary.

Interpretation. The four proxy records shown in Figure 10
exhibit a tightly co-located peak at the ~5.5-m YDB layer,
with sharply reduced abundances both above and below this
interval. This stratigraphic confinement indicates that these
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Figure 10: Four key impact-related proxies exhibit peaks in YDB ice at Kangerlussuagq. (A-D) These proxies (nanodiamonds, shocked quartz,
meltglass, and spherules) exhibit abundance peaks at the YD onset centered at 5.5 m in the stratigraphic section (orange bar). YD interval in
blue. Six other proxies not shown here also increase in abundance at the YD onset, as discussed below.

materials were introduced during a brief and discrete deposi-
tional episode rather than through sustained background pro-
cesses. The co-occurrence of nanodiamonds, shocked quartz,
meltglass, and spherules, each associated with high-temper-
ature formation and, in some cases, high-pressure condi-
tions, suggests a common origin involving elevated-energy
processes. Importantly, these peaks are superimposed on
the broader Younger Dryas dust interval identified above,
indicating that they do not simply reflect the longer-term
climate-driven increase in dust flux. Instead, their narrow
stratigraphic distribution and coincidence across multiple
independent proxy classes are consistent with a short-lived
event at or near the onset of the Younger Dryas.

While the proxies shown here are tightly confined to
the YDB layer, particle-resolved geochemical analyses
presented below indicate that some components, particu-
larly PGE-bearing nanoparticles, reach peak abundances
slightly above this boundary. This offset suggests that
impact-related materials were not deposited as a single,
instantaneous pulse, but rather through a more complex,
multi-phase atmospheric process involving both immedi-
ate deposition at the boundary and delayed fallout in the
interval above. The following sections examine each proxy
in detail to assess their formation conditions and evaluate
potential origins.

YDB nanodiamond peak

Nanodiamonds have previously been reported in the YDB
layer at 9 of 19 investigated sites, many of which also con-
tain shocked quartz [23]. Kurbatov et al. [19] first identified a
distinct peak in nanodiamond abundance, including particles
interpreted as lonsdaleite, in YDB ice from Kangerlussuagq,
Greenland. These findings were subsequently confirmed by
Kinzie et al. [23]. Comparable diamond polymorphs have
been reported in other impact-related settings, including the

Cretaceous-Paleogene (K-Pg) boundary and the Ries impact
structure [70, 71, 89-91].

Here, we report additional nanodiamond evidence from
the Kangerlussuaq YDB layer, including cubic diamond,
n-diamond, i-carbon, and a lattice-resolved particle exhib-
iting spacings consistent with hexagonal diamond (lonsda-
leite-like structure), a phase not previously documented in
detail from this site.

Nanodiamond allotropes were investigated using high-
resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), and
selected-area electron diffraction (SAED), supplemented
by fast Fourier transform (FFT) analysis of lattice-resolved
images. These methods enable measurement of interplanar
spacings and crystallographic relationships characteristic of
known carbon allotropes (cubic diamond, n-diamond, i-car-
bon, and hexagonal diamond) [19, 23]. Results are shown
in Figure 11, with measured lattice spacings reported in SI
Table S3.

Interpretation. Nanodiamonds have been reported at
numerous YDB sites across North America [23, 32-36],
Europe [16, 23, 36-38], and Asia [23, 36, 39]. Quantitative
nanodiamond abundances for Greenland were previously
published in Table 2 of Kurbatov et al. [19]. The crystal-
lographic spacings measured in the present study for cubic
diamond, n-diamond, i-carbon, and lonsdaleite-like struc-
tures correspond closely to those reported in prior investiga-
tions [19, 23] (Figure 11; SI Table S3).

One lattice-resolved particle (Figure 11B) exhibits spac-
ings of ~2.18 A, ~2.06 A, and ~1.93 A, consistent with
reported values for hexagonal diamond (lonsdaleite-like).
The corresponding FFT pattern shows a coherent set of
reflections compatible with a hexagonal lattice. However,
some expected higher-order reflections are weak or absent,
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Figure 11: Nanodiamonds in YDB ice revealed by transmission electron microscopy. (A) Polycrystalline n-diamond. Panel modified from Kinzie
et al. [23]. (B) Lattice-resolved nanocarbon particle exhibiting spacings consistent with hexagonal diamond (lonsdaleite-like). Measured lattice
spacings of ~2.18 A, ~2.06 A, and ~1.93 A were obtained from HRTEM imaging and corresponding FFT analysis, consistent with reported (100),
(002), and (101) reflections of hexagonal diamond. (C) Carbon spherule, or possible carbon onion, containing an embedded i-carbon nanocrys-
tal. (D-F) TEM images showing abundant mixed nanodiamond populations. (G) SAED pattern for cubic diamond from Kangerlussuaq, showing
rings consistent with ~2.06, ~1.26, and ~1.08 A spacings. (H) SAED pattern for n-diamond, with rings consistent with ~2.06, ~1.78, and ~1.26 A
spacings. (I) SAED pattern for i-carbon, with rings consistent with ~2.53, ~2.12, and ~1.30 A spacings. Images in panels A-F were inverted for
clarity. Lattice spacings are consistent with previously reported values for nanodiamond polymorphs [19, 23].

likely reflecting limited crystallite size, slight off-zone which are well documented in both synthetic and impact-
orientation, or imaging conditions. related nanodiamonds. Such structures can produce lons-

Importantly, similar diffraction and lattice-spacing rela- daleite-like diffraction signatures without requiring a fully
tionships can arise from stacking-disordered cubic diamond ordered hexagonal diamond phase. Accordingly, we interpret
or intergrowths of cubic and hexagonal stacking sequences, this particle conservatively as exhibiting a lonsdaleite-like
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structure or hexagonal stacking component rather than as
definitive evidence for pure lonsdaleite.

Nanophase carbon-rich spherules or carbon-rich, ring-like
structures observed in the Kangerlussuaq YDB ice (Figure
11C) consist of shells of sp*bonded carbon, typically <10
nm in diameter, in contrast to the sp*-bonded nanodiamond
structures. Several carbon rings were found enclosing nan-
odiamonds, a configuration consistent with high-pressure
transformation processes. Tian et al. [37] reported that simi-
lar carbon-rich structures, called carbon onions, can generate
internal pressures sufficient to induce graphite-to-diamond
transitions, representing one possible high-energy transfor-
mation pathway discussed in the literature.

The HRTEM, FFT, and SAED results are consistent with
the presence of carbon phases exhibiting lattice spacings
compatible with reported nanodiamond polymorphs, includ-
ing cubic diamond, n-diamond, i-carbon, and lonsdaleite-like
structures. Although such features are not uniquely diagnostic
and may reflect stacking disorder or nanoscale intergrowths,
we conclude that current evidence supports the presence of
nanodiamond-like carbon phases formed under high-temper-
ature and, in some cases, high-pressure conditions.

Shock metamorphism of Younger Dryas boundary
quartz grains

Shocked quartz is a well-established indicator of high-pres-
sure events, including cosmic impacts. It has been previously
reported in the YDB at 18 sites, on four continents, including
11 in North America [57, 58, 92], 2 in South America [47], 4
in Europe [44, 93], and 1 in Asia [94], collectively spanning
distances up to ~12,000 km. This widespread distribution
suggests that similar grains could be present in Greenland’s
YDB-age ice.

To investigate the presence of impact-related proxies in
Greenland ice, we examined dust residues extracted from
20 samples, each averaging 344 mL of meltwater and yield-
ing a dry dust mass of 0.243 g. Candidate grains exhibiting
features consistent with shock metamorphism were iden-
tified through initial optical screening. These candidates
were further analyzed using polarized light microscopy and
a universal stage to evaluate diagnostic planar deforma-
tion features (PDFs) indicative of high-pressure shock. We
further examined these sample particles using SEM, trans-
mission electron microscopy (TEM and STEM), electron
backscatter diffraction (EBSD), and cathodoluminescence
(CL) imaging. In total, we identified 13 quartz grains with
planar fractures (47/kg) from the YDB layer at a slope dis-
tance of approximately 5.5 meters, with two grains immedi-
ately below. Results are shown in Figures 12-15.

Planar deformation features observed using opti-
cal microscopy. The first step we took in searching for
shocked quartz was to examine thin-sectioned grains using
transmission and epi-illuminated optical microscopy to iden-
tify potential candidates. The objective was to locate quartz

grains displaying parallel or slightly subparallel lamellae
that are closely spaced, typically less than a few um apart,
and often containing material that is isotropic under crossed
polars. The results are shown in Figure 12. Subsequently, it
was necessary to examine the grains using additional analyt-
ical techniques, as described and discussed in the following
sections.

Interpretation. The shocked quartz grains in the
Kangerlussuaq samples represent, to our knowledge, the
first direct report of such grains preserved within glacial
ice, suggesting that shock-metamorphosed material can be
transported by atmospheric processes and incorporated into
ice-margin deposits. The measured crystallographic orien-
tations are consistent with those commonly documented at
confirmed impact sites [95]. Most grains contain a single
set of planar deformation features (PDFs), consistent with
lower shock pressures beginning at ~5 GPa. In contrast, a
subset (e.g., Figure 12C, 12H, 12I) displays two intersect-
ing PDF sets, consistent with exposure to higher shock
pressures.

All examined grains also exhibit dark isotropic zones
consistent with localized silica melting within or around
the quartz grains, suggesting transient exposure to ele-
vated temperatures. Approximately half of the grains (e.g.,
Figure 12D-12F, 12I) occur within glass-filled lithic aggre-
gates composed of mineral fragments set in an amorphous
matrix, a texture frequently associated with high-tempera-
ture conditions.

The distribution of measured crystallographic orienta-
tions includes one grain with (0001), 3 with {1013} 1 with
{1012} with {1011}, 2 with {1010}, and 4 with {1121}.
These orientations fall within the range of PDF plane fam-
ilies typically reported for experimentally shocked and nat-
urally shocked quartz at confirmed impact structures [95].

Shock lamellae identified using transmission
electron microscopy

To further characterize the microstructure of shocked quartz
grain candidates, we used HRTEM, selected-area electron
diffraction (TEM-SAED), fast Fourier transform (FFT),
inverse fast Fourier transform (IFFT), and scanning transmis-
sion electron microscopy (STEM). This enabled us to iden-
tify and characterize planar deformation features (PDFs),
amorphous silica, and glass-filled fractures in quartz grains
that may have been affected by hypervelocity impact pro-
cesses. The resulting TEM images are shown in Figure 13.

Interpretation. HRTEM analyses show that all of
the candidate shocked quartz grains contain pervasive
shock-related microstructures, including planar deforma-
tion features (PDFs) and regions of shock-induced amor-
phoussilica. Brightfield HRTEM images (Figure 13A—13F)
display crystallographically aligned lamellae, with amor-
phous silica recorded in areas labeled “glass,” whereas
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Figure 12: Optical microscopy images of quartz grains exhibiting planar features interpreted as planar deformation features (PDFs). (A-l)
Cross-polarized (XPL) photomicrographs of examples extracted from the Kangerlussuaq YDB layer at ~5.5-m slope distance. The universal
stage was used to determine crystallographic orientations (indicated by yellow lines) of the planar features.

adjacent “crystalline” regions retain the ordered lattice
typical of unshocked quartz. Melted silica was observed
in every grain, consistent with optical observations under
crossed polars and with HRTEM characterization.

Fractures and lamellae in the Kangerlussuaq YDB quartz
grains commonly contain amorphous silica. Crystallographic
indices determined using the Miller-Bravais (hkil) system
indicate lamellae ranging from <1 pum to >10 pm in width,
consistent with previously documented shock features [95].
These microstructures are compatible with deformation
under elevated pressures.

Elemental analyses of material within fractures, con-
ducted using TEM-EDS and SEM-EDS, indicate that Si and
O dominate the compositions (98-99 wt%). Oxygen abun-
dances were consistently lower than the stoichiometric O/Si
ratio of quartz. For example, grain 21 x —08 yielded an O/
Si ratio of 43.70/56.30 wt%, approximately 10 wt% below
the ideal 53.26/46.74 wt% ratio. This oxygen deficiency is
inconsistent with hydrated silica phases such as hyalite or
quartz overgrowths, which contain ~66 wt% O, and instead,
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is consistent with the presence of melted or amorphized sil-
ica. Although localized electron-beam damage in SEM/TEM
can reduce O/Si ratios, multiple independent measurements
and comparisons with adjacent unaltered crystalline quartz
are consistent with oxygen depletion in these features.

Selected-area diffraction (TEM-SAD) and FFT analyses
of glassy regions did not yield discrete diffraction spots;
instead, they produced diffuse halos characteristic of amor-
phous structure and the loss of long-range atomic order. In
some grains, small crystalline domains were detectable by
HRTEM, though they lacked complete lattice reflections.
Amorphous zones are commonly graded into crystalline
quartz over distances of several hundred nanometers, consist-
ent with partial thermal transformation from melt to crystal.

IFFT imagery (Figure 13G-13I) further supports this
mixed structure: darker regions correspond to structur-
ally compromised or melted quartz, whereas lighter areas
indicate preserved crystallinity. The coexistence of these
domains within individual grains is consistent with rapid
melting and quenching.
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Brightfield

Figure 13: Transmission electron microscopy images of quartz grains exhibiting features consistent with shock metamorphism in the YDB
layer. All images are of grain 21 x —08. (A-F) Brightfield HRTEM images show planar features interpreted as PDFs and amorphous quartz
(“Glass”) consistent with shock-altered regions. “Crystalline” denotes an intact lattice. (G-I) IFFT images of panels D-F highlight darker zones of
amorphous quartz and lighter zones of normal crystalline quartz. TEM-measured Miller-Bravais indices (e.g., {10 11} ) are consistent with PDFs
with inter-lamellae spacing of <1-2 um. All images display features consistent with silica melting and shock-related damage.

Quartz grains from Greenland that we have identified
as shocked also exhibit PDFs, as investigated by optical
microscopy, TEM, and EBSD, features known to form
under peak pressures =5 GPa and loading rates on the order
of 10°~107 GPa/s. In contrast, tectonic deformation (fault-
ing, metamorphism) does not generate PDFs and typically
produces dislocations without amorphous silica [96-98].
Several dozen tectonically deformed quartz grains exam-
ined for comparison lacked PDFs, PFs, and amorphous

silica veins, allowing them to be distinguished from the
shocked grains.

Hypervelocity impacts and airbursts are known to pro-
duce PDFs in both experimental shock-recovery studies and
field settings at confirmed impact structures. Similar fea-
tures have been reported in YDB deposits at multiple sites
worldwide [40, 42]. In the Greenland samples, PDFs occur
alongside nanodiamonds, meltglass, PGEs, and other estab-
lished YDB proxy materials, with no evidence of tectonic
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or diagenetic alteration. Collectively, these observations are
consistent with a shock-related origin for the quartz grains.

Crystalline disruption revealed using electron
backscatter diffraction

Electron Backscatter Diffraction (EBSD) is a powerful tech-
nique for characterizing crystallographic deformation in

Grain21x-08 | B

“\ oy
-

shocked quartz. This method enables high-resolution anal-
ysis of planar deformation features (PDFs) and other micro-
structures resulting from high-pressure impact events. EBSD
provides insight into the shock-induced damage observed in
quartz grains subjected to extreme pressures, such as those
associated with a cosmic airburst or impact event. The results
are shown in Figure 14.

Figure 14: Electron Backscatter Diffraction (EBSD) images exhibiting crystalline damage in YDB quartz grains. (A, D), and (G): SEM-like
PRIASB images display grain surface topography. (B, E), and (H): PRIASB-IQ images are color-coded by degree of lattice distortion (0-5°, as
shown in legends). (C, F), and (l): PRIASB-IPF image illustrates short-range changes in crystallographic orientation, as shown in legends. Yellow
arrows mark glass-filled cracks. These images collectively reveal extensive fracturing, lattice distortion, and axial rotation consistent with shock

metamorphism.
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Interpretation. Quartz grains extracted from the YDB
interval were examined using EBSD imaging (Figure 14)
to evaluate the extent and character of crystallographic
deformation. For each representative grain (21 x —08 and
29 x 04), three complementary data products were gen-
erated: (1) PRIASB SEM-like images showing surface
topography; (2) PRIASB-IQ images indicating degrees of
lattice distortion; and (3) PRIASB-IPF images illustrating
crystallographic orientations.

The PRIASB SEM-like images (left column) reveal pro-
nounced fracturing and surface disruption in both grains.
PRIASB-IQ images (middle column), color-coded accord-
ing to the degree of misorientation, show lattice distortions
of up to ~5°, with values ranging from low deviation (green,
~0-1°) to higher deviation (red, ~4-5°). These patterns indi-
cate localized deformation consistent with shock-related
microstructures. The PRIASB-IPF images (right column)
display a broad range of crystallographic orientations over
micron-scale distances, reflecting substantial axial rotation
and internal strain.

EBSD mapping also allowed assessment of c-axis orien-
tations. Grain 21 x —08 exhibits multiple c-axes but lacks
clearly defined grain boundaries, suggesting recrystalliza-
tion into submicron domains. Grain 29 x 04 appears largely
monocrystalline but still shows internal rotational strain.
These characteristics are consistent with partial melting fol-
lowed by rapid quenching, producing fine-scale recrystal-
lized regions with heterogeneous orientations.

Taken together, the EBSD observations, fracturing, mis-
orientation patterns, and microdomain recrystallization are
consistent with high-pressure, high-temperature shock met-
amorphism. These microstructural features align with those
documented in experimentally shocked quartz and in quartz
from confirmed impact structures.

Thermal alteration in quartz grains revealed by
cathodoluminescence

Cathodoluminescence (CL) imaging is a powerful technique
for identifying structural and thermal damage in quartz
grains subjected to high-pressure events. Quartz subjected to
shock waves is accepted to exhibit planar deformation fea-
tures (PDFs), intragranular fracturing, and partial or com-
plete amorphization, all of which modify the crystal lattice
and its luminescence response. CL microscopy exploits
this by detecting visible light emitted when the quartz lat-
tice is excited by an electron beam. Intact crystalline quartz
typically emits blue-to-red luminescence, depending on
trace-element content and crystallinity. In contrast, domains
interpreted as shock-modified, e.g., those displaying particu-
larly melt-zoned and heavily damaged regions, often appear
non-luminescent (black).

However, CL imaging alone is not sufficient to uniquely
diagnose shock metamorphism, as non-luminescent quartz
may also occur in low-temperature authigenic (diagenetic)
quartz formed under sedimentary conditions. Accordingly,

CL is used here as a spatial mapping and screening tool to
identify regions of interest, which are then evaluated using
complementary techniques. Optical microscopy under
crossed polars is employed to assess crystallinity and defor-
mation textures, while transmission electron microscopy
(TEM) and electron backscatter diffraction (EBSD) are
used to confirm the presence, orientation, and crystallo-
graphic nature of PDFs and to distinguish crystalline quartz
from amorphous or recrystallized silica. The combined use
of these methods provides a robust basis for differentiat-
ing shock-related microstructures from those produced by
non-impact processes.

In this study, paired scanning electron microscopy (SEM)
and CL images were obtained from quartz grains extracted
from the Younger Dryas Boundary (YDB) ice layer.
Figure 15 displays representative grains 16 x 06 and 27 x
08, interpreted as displaying fractures, planar to subplanar
lamellae, and regions of luminescence quenching.

Interpretation. The cathodoluminescence (CL) images
show that the dark regions in Panels D-F are non-luminescent
and correspond to amorphous silica, consistent with shock
melting followed by rapid quenching. Blue luminescence
denotes unaltered quartz, whereas red-to-orange regions
indicate thermally recrystallized silica. These patterns are
consistent with previously documented CL responses of
shock-modified quartz [99-102].

Elemental measurements are consistent with this interpre-
tation. SEM-EDS analyses show that glass-filled fractures
in Grain 16 x 06 have an O/Si ratio of 33.51/66.48 wt%,
while Grain 27 x 08 records 30.14/69.86 wt%. These oxygen
abundances are substantially lower than the stoichiometric
O/Si ratio of ~53.26/46.74 wt% measured in unaltered crys-
tal regions of the same grains, indicating ~20-23 wt% oxy-
gen loss. Such depletion is consistent with high-temperature
dissociation of silica, during which oxygen is released from
the lattice.

These low O/Si ratios are inconsistent with hydrated
amorphous silica phases such as opal-A or hyalite, which
typically exhibit O/Si values near 66/34 wt%. The absence
of CL emission, together with oxygen-deficient compo-
sitions, indicates that the glassy zones are anhydrous and
unrelated to low-temperature aqueous alteration or bio-
genic silica. Likewise, diagenetic features such as quartz
overgrowths or silica cements can be excluded because
they are crystalline and would normally luminesce under
CL imaging.

The combined structural and chemical signatures,
including non-luminescent amorphous zones, intragranu-
lar fracturing, planar lamellae, and oxygen depletion, are
consistent with shock-related modification of the quartz
grains. Their co-occurrence within the YDB interval, along
with other proxy evidence, is consistent with an inter-
pretation that the grains experienced high-temperature,
high-pressure conditions. No currently known volcanic,
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Figure 15: Cathodoluminescence (CL) and SEM images show evidence interpreted as crystalline damage. Images are of quartz grains 16
x 06 and 27 x 08 from the YDB layer. Panels A-C: SEM images showing features interpreted as intragranular fracturing and planar lamellae.
Panels D-F: Corresponding CL images of the same regions. Red and orange regions represent thermally recrystallized quartz; blue areas
denote unaltered quartz; black regions correspond to non-luminescent amorphous silica. The inset in Panel D shows micron-scale quartz and
other mineral fragments embedded in a glassy silica matrix, identified via SEM-EDS. These results document structural and thermal alteration
consistent with shock metamorphism. The limited visibility of diagnostic planar deformation features (PDFs) in SEM images reflects the inherent
limitations of SEM for resolving PDFs in thin-sectioned quartz without acid etching. The presence of PDFs is independently supported by high-
er-resolution TEM and EBSD analyses (Figures 12—14) Because similar features can arise from non-impact processes, these observations are

interpreted alongside crystallographic and microstructural analyses.

diagenetic, or anthropogenic process adequately explains
the combination of features within near-surface ice envi-
ronments at the onset of the Younger Dryas.

Glass-filled fractures in quartz
Optical microscopy is a widely accepted method for identi-
fying high-temperature alteration features in quartz grains,
including amorphous silica. Under cross-polarized light,
unaltered quartz exhibits characteristic birefringence, tran-
sitioning in and out of extinction as the stage is rotated. In
contrast, amorphous or melted silica appears optically dark
and isotropic throughout rotation. Because some unmelted
silica phases may also exhibit isotropic behavior, further
analysis is required for confirmation, including SEM-EDS,
TEM, CL, and EBSB.

Of particular interest are glass-filled fractures in quartz,
also referred to as silica glass veins, observed in grains
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extracted from the YDB ice layer. These fractures are nota-
ble because the melting point of quartz (~1713 °C) exceeds
the thermal limits of biomass burning and most volcanic
processes, including rhyolitic eruptions. As a result, the
presence of glassy silica suggests exposure to extreme ther-
mal conditions. Such features are typically associated with
high-energy phenomena, including lightning strikes, anthro-
pogenic processes, or cosmic impacts. To investigate these
features, we analyzed quartz grains from the YDB layer
using plane-polarized optical microscopy. Selected images
are shown in Figure 16.

Interpretation. The non-planar, glass-filled fractures
observed in Figure 16 display textures consistent with
high-temperature modification of quartz. One plausible
formation mechanism involves two stages: (1) initial grain
fracturing generated by a high-stress pulse, followed by
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Figure 16: Optical images of quartz grains displaying non-planar, glass-filled fractures. Panels A-F: Plane-polarized optical microscope
images of quartz grains with fractures filled by amorphous silica (silica glass veins). Red false-colored regions denote isotropic, optically dark
zones consistent with melted and rapidly quenched silica. These features are consistent with high-temperature modification that can produce
amorphous silica within fractures and are compatible with shock-related processes as a plausible mechanism.

(2) infilling of these fractures by molten silica under ele-
vated pressure. Comparable melt-injection textures have
been described at Meteor Crater, where silica melt pene-
trated shock-induced fractures via “jetting” processes [103].
Related mechanisms, including early-stage melt injection
and fracture formation associated with spallation or rarefac-
tion waves, have been documented in experimental and field
studies [104-107].

SEM and TEM analyses indicate that the fracture-fill
material is amorphous and lacks crystalline order, distin-
guishing it from quartz overgrowths or silica cement. The
absence of submicron spherical crystallites also excludes
cryptocrystalline silica varieties such as chert, agate, or chal-
cedony [108]. SEM-EDS measurements yield O/Si ratios
consistently below 53/47, reflecting oxygen-deficient com-
positions. These values differ markedly from hydrated silica
phases such as hyalite or opal-A, which exhibit O/Si ratios
near 66/34 wt% [92, 94, 96, 109]. The low oxygen content,
combined with the amorphous structure, is consistent with
an origin involving high-temperature silica melting rather
than low-temperature aqueous alteration.

Anthropogenic processes are unlikely given the absence
of similar glass-filled grains outside the YDB interval.
Lightning can produce localized silica melting, but typically
generates tubular fulgurites with distinctive morphologies
and does not create the combination of fracture-fill textures
and co-occurring enrichments in PGEs, Ni, and Co observed
at the YDB layer. Volcanic and biomass-burning processes

are also inconsistent with the observed mineralogies and
thermal conditions, as well as with the absence of accompa-
nying tephra or other volcanic components.

Taken together, the glass-filled fractures, when considered
alongside their amorphous composition, oxygen-deficient
chemistry, and co-occurrence with other proxy materials
within the YDB interval, are consistent with formation under
high-temperature, high-pressure conditions. These features
most plausibly reflect shock-related processes followed by
rapid quenching during the Younger Dryas onset.

Impact meltglass in the Younger Dryas Boundary
layer

Meltglass has previously been reported at 14 of 19 YDB
sites containing shocked quartz and is widely regarded as
an important diagnostic indicator of extreme thermal events,
including cosmic impacts [110, 111]. These meltglass frag-
ments often exhibit vesicular morphologies and contain
inclusions of high-temperature minerals, such as zircon,
quartz, magnetite, kaolinite, and baddeleyite.

We investigated whether high-temperature meltglass is
present by optically selecting candidates. Numerous glassy
fragments were observed in the YDB layer, but not in the
layers above or below it. To characterize the physical and
chemical properties of these meltglass candidates, we used
a combination of plane-polarized and epi-illuminated opti-
cal microscopy, scanning electron microscopy (SEM), and
SEM-energy-dispersive spectroscopy (EDS). As shown in
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Figure 17, these methods enabled assessment of isotropy,
surface textures, vesicle structure, mineral inclusions, and
major-element composition, thereby allowing discrimina-
tion between anthropogenic, volcanic, and impact-related
origins.

Interpretation. Under crossed polarizers, all exam-
ined fragments appear isotropic, consistent with a non-
crystalline, glassy composition. Plane-polarized and
reflected-light photomicrographs show diagnostic high-
temperature textures, including vesicles, melted relict pla-
nar deformation features (PDFs, partially erased by grain
melting), and irregular flow structures. SEM-BSE images
and SEM-EDS maps reveal compositional heterogeneity
within individual fragments, with aluminosilicate-rich
matrices containing localized concentrations of Fe, Si, Al,
Ca, and O. Elemental abundances typically range up to
~47 wt% Si, ~53-71 wt% O, <10 wt% Fe, and <4 wt%
Al. One fragment contains a melted quartz grain within a
lithic aggregate (Figure 17E), consistent with melt incor-
poration during deposition.

The combination of vesicular textures, remnant PFs, and
flow structures, together with aluminosilicate-dominant
compositions and mineral inclusions, is consistent with
rapid melting followed by high-temperature quenching. The
occurrence of meltglass within lithic aggregates is consistent
with formation in a high-energy environment capable of par-
tially melting and dispersing mineral grains.

While volcanic processes can also produce glassy mate-
rials, the observed suite of features, including relict PDFs,
melt-filled fractures, and association with lithic aggregates,
differs from typical volcanic glasses and is not accompanied
by tephra or other volcanic indicators. Considering these
characteristics collectively, the meltglass fragments are
most plausibly interpreted as products of high-temperature
processes, such as those associated with an airburst or sur-
face-impact event at the Younger Dryas onset.

Glass-filled lithic aggregates in the YDB layer
Lithic aggregates within a matrix of amorphous silica have
been reported at several other YDB sites that also contain
shocked quartz [43, 57]. However, most YDB localities
have not been systematically investigated for this proxy.
They have now been observed in the YDB at Kangerlussuaq
(Figure 18) but not above or below it. Lithic aggregates
consist of composite particles in which multiple mineral
fragments are bound together into a single sand-sized grain
by an amorphous cementing matrix. Such aggregates can
form in high-stress geological environments where intense
fragmentation is accompanied by localized melting or
rapid cementation, including fault zones, volcanic set-
tings, and impact environments, at both macro- and micro-
scales.

In high-energy impact settings, lithic aggregates may
incorporate angular fragments of quartz and other minerals
welded together by isotropic, amorphous silicate material

OPT-PPL

OPT-PPL

Figure 17: Meltglass fragments from the Kangerlussuaq YDB layer. (A-C) Plane-polarized transmission photomicrographs displaying vesicular
structures and melted relict PDFs or high-temperature flow features. Unlike shock-deformed grains, normal quartz grains do not display parallel
cleavage, as seen in these figures. (D-F) Epi-illuminated photomicrographs highlighting flow structures; (E) A meltglass fragment embedded in

glass-filled lithic aggregates.
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Figure 18: Glass-filled lithic aggregates composed of quartz and other mineral fragments in an amorphous silica matrix from the Kangerlussuaq
YDB layer. Panels A-C: Optical epi-illuminated images of lithic aggregates. Panels D-F: Corresponding cross-polarized optical microscope
images. Crossed polarizers and SEM-EDS analyses reveal that the grains are bonded by isotropic, amorphous silica, interpreted as melted SiO,.
No evidence of microcrystalline, cryptocrystalline, or hydrated silica phases was observed.

produced during transient melting and rapid quenching.
When composed entirely of quartz fragments, such aggre-
gates reflect fragmentation and re-welding of a single lithol-
ogy; when multiple mineral phases are present, they record
incorporation of heterogeneous target material. The binding
matrix in these aggregates is commonly noncrystalline, iso-
tropic under crossed polarizers, and locally vesicular, con-
sistent with formation from melt rather than low-tempera-
ture cementation. Shocked quartz incorporated within lithic
aggregates has been documented in impact-related deposits,
including Libyan Desert Glass [69] and the YDB-aged site
of Abu Hureyra, Syria [43].

We observed glass-filled lithic aggregates within the YDB
layer, as illustrated in Figure 18. Optical and cross-polar-
ized microscopy show that these angular mineral fragments
are bound by isotropic material lacking internal birefrin-
gence. SEM-EDS analyses indicate that the binding matrix
is dominated by SiO, with minor Al, Ca, and Fe contribu-
tions. High-resolution SEM imaging revealed no evidence of
microcrystalline or cryptocrystalline silica phases, ruling out
chert, chalcedony, agate, or quartz cement as binding agents.

SEM-EDS measurements consistently yield O/Si
weight ratios <53/47 in the glass-rich domains, lower
than the stoichiometric ratio for crystalline quartz. These
oxygen-deficient compositions differ markedly from
hydrated amorphous silica phases such as opal-A or hya-
lite, which typically exhibit O/Si ratios near 66/34 [92, 94,
96, 109, 112]. The absence of hydration, combined with
the lack of cathodoluminescence, indicates an anhydrous,

melt-derived silicate glass rather than silica precipitated
through low-temperature aqueous or diagenetic processes.

Interpretation. Lithic aggregates containing angular
quartz fragments welded within dense silicate glass matri-
ces have been reported from YDB sediments [43, 57] and
from several confirmed impact structures, including Ries
[113], Chicxulub [114], and Popigai [115]. In these set-
tings, high-pressure shock deformation and localized
melting generate glassy matrices that bind fragmented
mineral components into cohesive glass-filled aggregates.
Texturally similar aggregates incorporating melted alumino-
silicate glass and multiple mineral phases are likewise char-
acteristic of short-duration, high-temperature, high-strain
processes.

Alternative terrestrial origins were evaluated. Volcanic
tephra and glass typically contain pumiceous or vesicular
matrices and do not exhibit the dense, anhydrous silica glass
observed here [116, 117]. Tectonic fragmentation produces
angular grains but does not generate silica melt or glass,
nor does it produce shock-related microstructures such as
PDFs [118]. Frictional melting during faulting can generate
pseudotachylites, but these occur as vein-like features with
distinct textures and mineralogy [119]. Lightning-generated
fulgurites form tubular or branching glassy structures in
near-surface sediments and lack shock-metamorphic fea-
tures [111, 120].

While several high-energy terrestrial processes can
produce partial melting, none are known to generate
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dense glass-filled lithic aggregates characterized by anhy-
drous, oxygen-deficient silicate glass in combination with
shocked quartz. When considered alongside co-occurring
YDB proxies, including meltglass, nanodiamonds, micro-
spherules, and platinum-group element enrichments, the
lithic aggregates documented here are most consistent
with formation under short-duration, high-temperature,
high-pressure conditions associated with a high-energy
event.

Microspherules in the Younger Dryas Boundary
layer

Silicon- and iron-rich microspherules have been reported at
many Younger Dryas Boundary (YDB) sites across multiple
continents, where they are commonly interpreted as indica-
tors of exposure to high temperatures, such as those gener-
ated by cosmic impacts or atmospheric airbursts [16, 34, 40,
42, 58]. These spherules have been documented at more than
50 sites worldwide and occur within the YDB layer at 17 of
the 19 locations where shocked quartz has also been iden-
tified. YDB spherules reported from 18 YDB sites ranged
from ~5 um to 5.5 mm in diameter, with mean sizes near
135 um [18], and display subrounded to spherical morphol-
ogies and surface textures consistent with rapid melting and
cooling [18]. Although such characteristics are often associ-
ated with high-temperature formation processes, they are not
diagnostic in themselves and require contextual evaluation
alongside other proxies.

Microspherules were also identified in the Kangerlussuaq
YDB layer through optical microscopy, SEM, and SEM-
EDS. Both silicon-rich and iron-rich particles were char-
acterized, permitting compositional and morphological
comparison with spherules reported from other YDB sites.
Representative examples are shown in Figure 19. These
observations provide additional evidence for evaluating the
depositional environment and potential high-temperature
processes at the onset of the Younger Dryas.

Interpretation. Microspherules recovered from the YDB
interval at Kangerlussuaq display a range of morphologies,
including smooth, teardrop-shaped, and hollow forms.
Many exhibit surface flow textures and vesicular interi-
ors, features consistent with melting followed by rapid
quenching. Spherule diameters range from ~10 to 30 um
(mean ~17 pum), considerably smaller than many spher-
ules reported at other YDB sites, where diameters may
reach several millimeters (average ~135 pm) [18]. Their
comparatively small size is consistent with long-range
atmospheric transport from more distant melt-producing
processes.

Compositional analyses indicate two principal spherule
types: Si-rich and Fe-rich. The Fe-rich spherule in Figure
19A contains ~80 wt% Fe and ~20 wt% O, consistent with
wiistite, an oxygen-deficient FeO phase uncommon at
Earth’s surface but present in some meteorites and impact
structures. The Si-rich spherule in Figure 19B is composed
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Figure 19: Images of microspherules from the YDB layer. Panels A-C are optical images. Panels D-F are SEM-BSE images. (A) Fe-rich spher-
ule (~80 wt% Fe, ~20 wt% O), consistent with wustite. (B) Si-rich spherule (~95 wt% Si and O), isotropic and melted. (C) High-silica spherule
with Fe, Al, Cr (3800 ppm), and Ni (1500 ppm). (D) FeO spherule with aluminosilicate coating is enriched in Cr and Ni. (E) High-silica spherule
(O =71.39 wt%, Si = 26.99 wt%, S = 1.62 wt%). (F) Coated Fe-rich spherule; coating composition: O = 54.99, Si = 41.50, Ca = 1.38, Mn = 1.84,

Fe = 0.29 wt%).
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primarily of Si and O (=95 wt%), with minor Fe and Al,
and is isotropic under crossed polarizers, consistent with
a noncrystalline, melt-derived origin. The aluminosilicate
spherule in Figure 19C contains elevated Fe (35.91 wt%),
Al (3.81 wt%), and Si (3.44 wt%), with trace Cr (3800
ppm) and Ni (1500 ppm). Another FeO spherule (Figure
19D) exhibits a silicate coating that is similarly enriched
in Cr and Ni. These Cr and Ni abundances exceed typi-
cal crustal values and are compatible with high-tempera-
ture processes involving mixed terrestrial and potentially
extraterrestrial components. Additional examples include a
high-Si spherule (Figure 19E) and an Fe-rich spherule with
a silicate-rich coating (Figure 19F).

The Kangerlussuaq spherules differ In both composition
and texture from micrometeorite ablation spherules produced
during atmospheric entry. Cosmic spherules derived from
iron meteorites typically exhibit high Ni contents (=5 wt%),
whereas those derived from chondritic meteorites commonly
contain elevated MgO (>10 wt%) due to olivine-pyroxene
melting [121-124]. The Kangerlussuaq spherules lack these
diagnostic signatures. Instead, their compositions are domi-
nated by FeO or SiO,, with only moderate or trace Cr and Ni,
and minimal Mg. These patterns suggest formation under
thermal conditions distinct from those of steady-state mete-
oritic ablation.

Morphologically, the spherules also lack common abla-
tion-related features such as mineralogical zoning, mag-
netite-rich rims, or progressive oxidation textures that develop
during prolonged atmospheric transit [121-124]. Instead,
their vesicular textures, oxygen-deficient iron-oxide
phases, and amorphous silica compositions are consist-
ent with melting under short-duration, high-temperature
conditions.

The collective characteristics of the Kangerlussuaq micro-
spherules, including their small diameters, vesicular form,
amorphous silica and wiistite phases, and elevated Cr and
Ni, indicate formation under extreme thermal disequilib-
rium. These features closely resemble those reported in
microspherules from other YDB sites. Their co-occurrence
with shocked quartz and other high-temperature proxy mate-
rials within the same stratigraphic layer is consistent with
production during a transient, high-energy event at the onset
of the Younger Dryas.

Carbon spherules and glasslike carbon in Younger

Dryas Boundary ice

Carbon spherules and glassy carbon are two types of car-
bon-rich materials commonly found within the YDB layer at
multiple sites across North America and Europe [16, 23, 34].
Alternative interpretations of some carbon spherules as fun-
gal sclerotia have been proposed in the literature [125], but
counterarguments report that an origin as sclerotia cannot
explain the presence of embedded nanodiamond particles
[23, 34]. These materials are present at 15 of 19 YDB sites
that also contain shocked quartz (Figure 1); the other four 4

of 19 sites have not been investigated. Carbon spherules are
typically hollow, rounded to ovoid in shape, and composed
predominantly of elemental carbon. They frequently exhibit
surface cracking, internal vesicles, and layered morpholo-
gies, consistent with rapid heating and cooling associated
with biomass combustion.

Glasslike carbon occurs as irregular, dense fragments,
typically millimeter-scale, with smooth to conchoidal frac-
ture surfaces and no observable cellular structure, thereby
distinguishing it from cellular charcoal. SEM-EDS and
Raman spectroscopy have confirmed its high-carbon com-
position and amorphous structure, and occasionally elevated
levels of platinum-group elements (PGEs), suggesting the
incorporation of ET material.

Both carbon spherules and glasslike carbon are consid-
ered to have been produced during widespread biomass
burning, as inferred from their peak abundances at most
YDB sites investigated [45, 46]. We also observed these car-
bon forms in the YDB layer at Kangerlussuaq. Images are
shown in Figure 20. SEM-BSE imaging documented various
morphologies of the Kangerlussuaq YDB carbon spherules,
including hollow and vesicular structures (Figure 20A-20F).
Additional SEM-BSE images (Figure 20G-20I) depict rep-
resentative fragments of glasslike carbon.

Elemental analysis using SEM-EDS showed that both
carbon spherules and glasslike carbon are primarily com-
posed of carbon (85-99 wt%), along with oxygen (1-10
wt%), silicon (1-8 wt%), and aluminum (1-4 wt%). While
some YDB carbon spherules have been reported to contain
nanodiamonds [23], we did not examine their presence in
Kangerlussuaq spherules.

Interpretation. The morphology and composition of
carbon spherules and glasslike carbon recovered from the
Kangerlussuaqg YDB interval indicate exposure to high
temperatures. Their rounded forms, vitrified textures, and
internal structures are consistent with carbonaceous mate-
rial that has undergone intense thermal alteration. Similar
carbon phases have been reported at multiple YDB sites
and interpreted as products of high-temperature processes
affecting biomass [45, 46].

Independent paleochemical records from three Greenland
ice cores provide additional context. Concentrations of
ammonium and nitrate, widely used as indicators of large-
scale biomass burning, show marked increases at the onset
of YD cooling [76, 79, 126, 127]. The co-occurrence of
thermally altered carbon particles in the Kangerlussuaq
samples with elevated biomass-burning proxies in regional
ice-core records is consistent with a significant, high-tem-
perature combustion event at this time. While several
mechanisms could generate widespread biomass burning,
these combined observations are compatible with scenarios
involving rapid, high-energy processes, including the pos-
sibility of an impact-related airburst at the Younger Dryas
onset.
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Figure 20: Carbon-rich particles recovered from the YDB layer. Panels A-F: SEM-BSE images of carbon spherules showing hollow and
vesicular textures. Panels G-I: SEM-BSE images of glasslike carbon fragments. Elemental compositions range from 85-99 wt% C, with minor
amounts of O (1-10 wt%), Si (1-8 wt%), and Al (1-4 wt%). The characteristics of these materials are consistent with their formation through

high-temperature biomass burning.

Nanoparticles enriched in platinum-group
elements and siderophile metals

To evaluate whether the Younger Dryas onset inter-
val contains a nanoparticle population with a potential
extraterrestrial (ET) or high-temperature component,
we examined particle-resolved mass concentrations of
platinum-group elements (PGEs) and associated sidero-
phile metals using SP-ICP-TOF-MS. Unlike lithophile-
dominated elements that primarily track terrestrial dust
sources, PGEs, Ni, Co, and Re are strongly enriched in
meteoritic materials relative to average crustal composi-
tions and can be concentrated during high-temperature
vaporization, condensation, and nanoparticle-forming
processes. Accordingly, these elements provide sensitive
tracers for detecting a chemically distinct nanoparticle
population that may include a non-crustal component
or material fractionated in an impact-generated plume.
Here, we compare PGE sum, Ir, Pt, Os, Pd, Ni, Co, and Re
mass concentration profiles across the Bglling-Allergd,
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Younger Dryas, and Holocene intervals to assess whether
a distinct siderophile-rich nanoparticle peak occurs at or
immediately above the Younger Dryas Boundary (YDB)
(Figure 21).

Interpretation. The PGE-bearing and siderophile nano-
particle records display a coherent and diagnostic pattern: a
sharp enrichment centered at ~5.2 m, immediately above the
YDB layer at ~5.5 m. This peak is expressed across multiple
independent elements, including Ir, Pt, Os, Pd, Ni, Co, and
Re, as well as the summed PGE signal. The synchronicity
of these profiles argues against random analytical scatter
and instead indicates a stratigraphically discrete increase in
siderophile-rich nanoparticles.

The magnitude of enrichment relative to the YDB layer
ranges from ~2.3x to ~15.9x%, with the strongest response in
Os and substantial increases in Ir, Pt, Re, Ni, and Co. Because
these elements are enriched in extraterrestrial materials rel-
ative to average crustal compositions, their coordinated
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Platinum-group element-bearing nanoparticles show a pronounced enrichment above the Younger Dryas Boundary. (A-H) SP-ICP-

TOF-MS mass concentration profiles of PGE sum, Ir, Pt, Os, Pd, Ni, Co, and Re across the Bglling-Allerad (B/A), Younger Dryas (YD), and
Holocene intervals. The YD interval is shaded in blue, and the impact-proxy-rich YDB layer is marked by the orange band at ~5.5 m. All eight
profiles exhibit a pronounced peak centered near ~5.2 m, immediately above the YDB layer. Relative to the YDB layer at ~5.5 m, the overlying
~5.2 m interval is enriched by factors of ~4.2 for PGE sum, ~5.3 for Ir, ~5.9 for Pt, ~15.9 for Os, ~2.3 for Pd, ~3.8 for Ni, ~3.9 for Co, and ~5.5
for Re. For comparison, extraterrestrial materials are enriched relative to average crustal abundances by approximately 7,500x for total PGEs,
24,000x for Ir, 1,500x for Pt, 15,950x% for Os, 1,100x for Pd, 331x for Ni, 34x for Co, and 143x for Re. These relationships highlight the strong
siderophile affinity of these elements and their utility for identifying a potentially non-crustal or high-temperature nanoparticle component.

increase provides a sensitive indicator of a chemically dis-
tinct component. However, the observed concentrations do
not suggest pure meteoritic material; rather, they are con-
sistent with a dominantly terrestrial nanoparticle popula-
tion containing a minor but detectable siderophile-rich or
high-temperature fraction.

The stratigraphic position of the peak is important. The
maximum occurs above, rather than within, the YDB layer,
suggesting that the siderophile-rich nanoparticles were not
deposited solely with the initial boundary material. Instead,
the offset is consistent with short-lived delayed fallout of
fine particles following atmospheric injection, vapor-phase
fractionation, condensation, or prolonged suspension of
nanoscale material after the initial event.

The coherence of the signal across PGEs and associated
siderophile elements also distinguishes this pattern from
ordinary terrestrial dust variation. A simple increase in crus-
tal dust should not preferentially produce a sharp, coordi-
nated enrichment in elements that are strongly depleted in
average crust relative to extraterrestrial materials. The data
are therefore consistent with introduction of a chemically dis-
tinct nanoparticle population formed or concentrated under
elevated-temperature conditions, such as those expected in
an impact-generated vapor plume or airburst-related atmos-
pheric perturbation.

Taken together, these results indicate that the onset of
the Younger Dryas was associated not only with increased
atmospheric dust flux, but also with a discrete, short-lived
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enrichment in PGE-bearing and siderophile nanoparti-
cles. This pattern supports the presence of an event-driven,
high-energy component superimposed on the broader cli-
matic transition.

PGE ratio systematics reveal a stratigraphically
confined enrichment near the YDB

To further evaluate whether the nanoparticle enrichment
observed above the Younger Dryas Boundary (YDB) reflects
simple increases in dust flux or the addition of a chemically
distinct component, we examined platinum-group ele-
ment (PGE) ratios normalized to the YDB layer at 5.5 m
(Figure 22). This approach minimizes the local background
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signal and isolates relative changes in PGE composition
across the stratigraphic sequence, allowing direct compar-
ison between the nanoparticle peak interval (~5.2 m), the
YDB layer (~5.5 m), and underlying samples.

Interpretation. The normalized PGE patterns reveal a
clear and internally consistent stratigraphic structure. All
measured PGEs are strongly enriched in samples above the
YDB relative to the boundary layer itself and to underlying
ice, while the YDB layer plots at or near baseline values.
This confirms that the boundary layer does not represent the
peak of siderophile deposition, but instead marks the onset
of a subsequent enrichment phase.
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Figure 22: Stratigraphic PGE ratio patterns normalized to the Younger Dryas Boundary (YDB) layer. (A) Linear-scale comparison of PGE
ratios (Rh, Pd, Pt, Os, Ir, Ru normalized to total mass) for samples above, within, and below the YDB. Values are normalized to the 5.2 m nan-
oparticle peak. The YDB layer at ~5.5 m and underlying samples plot near zero, whereas samples above the YDB show consistently elevated
values. (B) Log-scale representation of the same data highlighting relative enrichment patterns. All PGEs exhibit enrichment above the YDB
relative to the boundary layer and underlying samples. The enrichment is coherent across multiple elements and depths, with modest internal
fractionation among individual PGEs. The nanoparticle peak at ~5.2 m is marked and represents the maximum expression of the signal.
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The coherence of the enrichment across Rh, Pd, Pt, Os, Ir,
and Ru indicates that the signal is not driven by variability
in a single element or analytical noise. Rather, it reflects a
multi-element siderophile enrichment affecting the nanopar-
ticle population as a whole. This behavior is consistent with
the introduction of a chemically distinct component super-
imposed on the background dust signal, rather than simple
amplification of terrestrial material.

Importantly, the enrichment is expressed across multiple
samples above the YDB, not solely at the peak interval (~5.2
m). This indicates that the process responsible for the PGE
enrichment operated over a finite interval rather than as an
instantaneous deposition event. The persistence of elevated
values supports a temporally structured sequence involving
atmospheric residence, transport, and delayed fallout of fine-
grained material.

At the same time, the patterns are not perfectly flat across
the PGE suite. Subtle differences among elements—such as
relative suppression or enhancement of individual PGEs—
indicate mild fractionation. This internal structure is consistent
with high-temperature processes, including vaporization and
condensation, in which PGEs partition according to volatility
and nucleation behavior. Refractory PGEs (Os, Ir, Ru) tend to
behave coherently, while more volatile or chalcophile-associ-
ated elements (e.g., Pd) may show relative deviation.

Taken together, these observations demonstrate that the
PGE anomaly above the YDB reflects a coherent, strati-
graphically confined enrichment in siderophile-bearing nan-
oparticles that is compositionally distinct from background
dust. The normalization approach isolates this residual com-
ponent and shows that it is best explained by the addition
of material formed or modified under elevated-temperature
conditions, consistent with atmospheric input from a pos-
sible airburst/impact superimposed on the broader Younger
Dryas climate transition.

Platinum group element (PGE) nanopatrticles in
Greenland ice.

To investigate potential shifts in atmospheric ET input and
dust provenance across both YD climatic transitions, we
employed SP-ICP-TOF-MS to quantify and characterize
PGE-rich nanoparticles preserved in Greenland ice. This
high-resolution technique enables the detection of individ-
ual particles and the determination of their number, ele-
mental composition, and mass on a per-particle basis. The
resulting dataset provides a slope-distance-resolved record
of PGE nanoparticle abundance and size distribution across
the Holocene, YD, and Bglling-Allergd intervals. The PGE
data exhibit a bimodal mass distribution: small-mass nano-
particles are dominated by Rh, Os, and Ir, while larger-mass
nanoparticles are enriched in Pt, Pd, and Ru. The results are
shown in Figure 23.

Interpretation. To investigate patterns in PGE behavior,
we applied unsupervised k-means clustering (k = 2) to the

mass distributions of PGE-bearing nanoparticles. For all
six PGEs, clustering produced two statistically distinct and
robust particle populations, each with high silhouette scores
for k = 2. Rh, Os, and Ir form a smaller-mass population,
whereas Pt, Ru, and Pd form a larger-mass population.
For example, Pt nanoparticles partition into ~497 “small”
particles (~4—6 x 1071% g) and ~312 “large” particles (~6 X
107%-6 x 107'° g). Ir, Os, and Rh show analogous bimodal
distributions within similar mass ranges.

All measured PGEs also exhibit coherent enrichment rela-
tive to background levels: Pt (1.96x), Ir (1.82x), Rh (1.80x),
Ru (1.78%), Os (1.74x), and Pd (1.44x). This coordinated
behavior contrasts with typical terrestrial fractionation pat-
terns [128, 129]. The iridium enrichment of 1.82x is note-
worthy, given Ir’s long-standing role as a sensitive indicator
of extraterrestrial input since the K-Pg discovery [130]. Peak
Ir concentrations reach 1.61 ppb near the YD onset, coincid-
ing with maximum PGE abundances.

The observed bimodality (Figure 23) is consistent with
fractionation during high-temperature condensation or
nucleation, in which refractory PGEs (Ir, Os, Rh) condense
first into small nuclei. In contrast, more volatile PGEs (e.g.,
Pd) condense later or aggregate onto existing particles. This
pattern aligns with established condensation sequences in
cosmochemical systems [131-133].

We also evaluated whether volcanism could account for
these enrichments. No major eruptions are known for this
region during the relevant interval [45, 83], and no volcanic
tephra was detected in our samples or at numerous other
YDB sites [59, 134]. While volcanic plumes can generate
PGE-rich nanoparticles, their signatures typically include
co-associated tephra and predictable PGE fractionation pat-
terns. They also require a known eruptive source, which is
absent here. Although high-temperature volcanic condensa-
tion could produce two size regimes, volcanism alone can-
not account for the stratigraphically restricted peak or the
accompanying suite of impact-related proxies.

The nanoparticle record reveals persistent bimodal PGE
populations throughout the section, consistent with continu-
ous background dust flux from terrestrial sources and steady-
state cosmic dust deposition. During the late Bglling-Allergd,
dust was primarily Saharan in origin [85]. During the YD,
Saharan dust remained important (~50%), but East Asian
deserts contributed substantially [86]; in the early Holocene,
Saharan input declined while East Asian and local sources
increased [85]. These shifts are consistent with the broader
patterns of nanoparticle provenance observed in the sequence.

Cosmic dust provides an additional constant background
source. ET nanoparticles, including siderophile metals and
PGEs, are continuously delivered to polar ice sheets [135,
136], thereby producing a relatively stable baseline flux. The
widespread presence of both PGE size classes throughout
the record is consistent with this steady-state input.

However, the most prominent increases in both small and
large PGE nanoparticles occur during the YD, forming a
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Figure 23: Bimodal mass distribution of platinum-group element (PGE) nanoparticles in Greenland ice. SP-ICP-TOF-MS analyses plotted
against slope distance across the Belling-Allerad, Younger Dryas, and early Holocene intervals reveal two distinct size populations of PGE-
rich nanoparticles preserved in the Greenland Ice Sheet. Panel A: Individual nanoparticles are ranked by mass on the x-axis and depth on the
y-axis. Particle mass increases from left to right (top arrow); inferred particle condensation temperatures decrease from left to right. Elemental
values are offset slightly to enhance readability. Unsupervised k-means clustering (k = 2) applied to individual nanoparticle mass data confirms
statistically robust bimodality for all six measured PGEs. Smalle-mass nanoparticles are dominated by refractory elements (Rh, Os, Ir), while
larger-mass particles are enriched in more volatile PGEs (Pt, Pd, Ru). Panel B: The total number of nanoparticles was plotted against slope
distance by bi-modal PGE population: Rh, Os, Ir in orange; Pt, Pd, Ru in purple. These results indicate that smaller PGE nanoparticles are
approximately 50% more abundant than the larger nanoparticles, and the difference in number between them increases at the YD onset. This
bimodal distribution likely reflects high-temperature fractionation during condensation or nucleation, consistent with cosmochemical condensa-
tion sequences. The most prominent enrichment occurs during the Younger Dryas interval (5.5—4.7 m), where coincident increases in particle
number and mass suggest a transient influx of extraterrestrial material, superimposed on a continuous background of terrigenous and cosmic
dust. The compositional coherence and size-based fractionation of PGEs within this interval are consistent with a high-energy airburst/impact
event. Note the for any given depth, the plotted values for each PGE are offset to improve visualization.

broad peak between 5.5 and 4.7 m that exceeds expectations

based on background terrestrial or cosmic dust fluxes. Two

processes appear to have operated:

1. A short-lived increase at the YD onset, which may
reflect a pulse of ET-derived material consistent with
an airburst or impact event, an interpretation consist-
ent with the behavior of PGEs in meteoritic debris,
where vapor-phase condensation during hypervelocity
impacts produces distinct size-separated populations
[137, 138].

A more gradual decline through the YD, likely reflect-

ing climate-driven changes in terrestrial dust sources
and reworked ET material.
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Large impacts are known to generate PGE-rich nanoparti-
cles and spherules; for example, the Chicxulub impact pro-
duced a global Ir anomaly and nanocrystalline Pt-Ir particles
within melt spherules [137]. A similar pulse, superimposed
on a continuous background of inputs, could have generated
the particle cluster observed in Greenland.

The anomalous PGE-rich interval at Kangerlussuaq is
consistent with enrichments reported at other YDB sites
worldwide, including GISP2 in Greenland [87], multiple
sites in North America [42, 59, 134], and a site in South
America [60]. The absence of corresponding increases in
crustal-element proxies (e.g., K, Ba, Ti) and the decline in
several lithophile ratios suggest that the PGE anomaly is not
solely attributable to terrestrial dust sources [139, 140].
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In summary, the bimodal PGE mass distributions, their
coordinated enrichment, and their stratigraphic concentra-
tion near the YD onset are consistent with a two-stage sig-
nal: (1) a short-term input of PGE-rich material potentially
derived from an ET airburst or impact, superimposed on (2)
a variable but continuous flux from Saharan, East Asian,
and local terrestrial sources, as well as steady cosmic dust
accretion.

Residual PGE ratios are consistent with a
metal-rich extraterrestrial component

To further constrain the nature of this enrichment, we
estimated a first-order residual component by subtracting
the background composition (GR-99) from the NP peak
composition (GR-101) as a simple end-member approx-
imation. PGE ratios calculated from this residual were
then compared with reference fields for chondrites, iron
meteorites, achondrites, and Martian meteorites (Figures
24 and 25).

In multiple independent ratio-ratio diagrams, the residual
component plots distinctly outside the Greenland whole-ice
data cluster and instead fall within or adjacent to meteorite
fields. This systematic displacement indicates that the YDB
signal cannot be explained solely by enhanced deposition of
background atmospheric dust. Rather, it reflects the addition
of a compositionally distinct, metal-rich, ET-like component
to the background dust. Although the residual approach does
not uniquely identify the source material and is sensitive to
background selection and analytical uncertainty, the con-
vergence of the residual composition toward meteorite-like
ratios across several diagrams provides consistent evidence
for a non-crustal contribution.

Interpretation. The ratio-ratio diagrams in Figures 24
and 25 provide a first-order assessment of the composi-
tional character of the inferred YDB component by isolat-
ing a residual signal relative to the Greenland background.
In all panels, the residual composition consistently shifts
toward extraterrestrial reference fields, particularly
those associated with iron meteorites and metal-rich ET
materials.

This systematic displacement is significant for two rea-
sons. First, it demonstrates that the YDB signal cannot be
explained by enhanced deposition of background atmos-
pheric dust alone. The residual component occupies a sep-
arate region of compositional space, consistent with the
addition of a chemically distinct component. Second, the
repeated convergence of the residual toward iron meteorite
fields across multiple independent element ratios suggests
enrichment in siderophile elements characteristic of met-
al-bearing extraterrestrial material.

At the same time, the residual does not fall exclusively
within any single meteorite field. Instead, it occupies posi-
tions that vary between diagrams, sometimes overlapping

irons and at other times approaching chondritic or mixed
fields. This behavior indicates that the YDB component is
unlikely to represent a single, homogeneous source. Rather,
it is more consistent with a heterogeneous mixture of phases,
including a metal-rich component and a more silicate- or
volatile-influenced component. Such variability is expected
if the material was modified by high-temperature processes,
where differential volatilization and condensation can frac-
tionate PGEs and redistribute them among multiple particle
populations.

Importantly, the residual approach is inherently sensi-
tive to background selection and analytical uncertainty and
therefore does not uniquely identify the source material.
However, the consistency of the displacement across mul-
tiple independent ratio-ratio spaces provides robust evi-
dence that the YDB nanoparticle peak reflects the addition
of a non-crustal, siderophile-enriched component to the
Greenland system.

These results establish that the YDB signal is composi-
tionally distinct from both the Greenland background and
typical terrestrial reservoirs, and they suggest further eval-
uation using complementary metrics that integrate both ele-
mental fractionation and absolute siderophile enrichment.
This is addressed in the following analysis of PGE fractiona-
tion versus Ir/Fe, which provides an independent framework
for comparing the Greenland nanoparticle population with
terrestrial and extraterrestrial materials.

PGE fractionation and Ir/[Fe constraints on the
origin of the YDB nanopatrticle population

To further constrain the origin of the platinum-group ele-
ment (PGE)-bearing nanoparticle population identified near
the Younger Dryas Boundary (YDB), we compare parti-
cle-resolved geochemical signatures with published com-
positional fields for terrestrial and extraterrestrial materials
(Figure 26). This comparison uses two complementary
metrics: (i) the ratio of refractory to more volatile PGEs,
expressed as (Os+Ir+Ru)/(Rh+Pd+Pt), and (ii) Ir/Fe, a
robust indicator of siderophile enrichment. Together, these
parameters distinguish between crustal, mantle-derived,
and extraterrestrial reservoirs and provide a framework for
evaluating whether the Greenland nanoparticle population
reflects background atmospheric dust, continuous extrater-
restrial input, or a discrete event-related component.

This approach builds on earlier results demonstrating that
the Greenland PGE nanoparticles form a distinct population
that is compositionally and stratigraphically decoupled from
the broader, climate-driven dust signal.

Interpretation. The PGE fractionation-Ir/Fe relationship
provides a compact and diagnostic framework for evaluating
the origin of the Greenland nanoparticle population. Several
key features emerge.
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Figure 24: PGE ratio-ratio diagrams comparing the inferred residual YDB component with Greenland whole-ice data and reference extrater-
restrial fields. The residual component was estimated by subtracting the YDB sample (GR-99) from the sample containing the NP peak (GR-101)
-- this sample is bright green and diamond-shaped. Panels show (A) Pd/Ir versus Rh/Ir, (B) Pt/Ir versus Ru/lr, (C) Ru/Rh versus Ru/lr, (D) Ru/Rh
versus Pt/Pd, (E) Pt/Pd versus Ru/lr, and (F) Ru/Rh versus Pd/Ir. The inferred YDB residual component plots within or near the iron meteorite
fields in multiple diagrams. Reference fields for chondrites and irons are shown for comparison. Note that these fields in this figure and the next
are based on published third-party data but represent only approximate ranges for mixed particle populations. They are not intended to define

strict compositional boundaries.

First, all Greenland samples plot far above terrestrial res-
ervoirs in Ir/Fe. Mantle, crustal, and basaltic compositions
are restricted to Ir/Fe values of ~107'% to 1078, whereas the
Greenland nanoparticles span ~107° to ~107. This offset of
several orders of magnitude precludes a purely terrestrial
origin and indicates a persistent contribution from sidero-
phile-enriched material.

Second, the Greenland data cluster exhibits consistently
sub-chondritic (Os+Ir+Ru)/(Rh+Pd+Pt) ratios (~0.5-0.8),
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consistent with relative enrichment of Pt-Pd-Rh compared
to Os-Ir-Ru. This behavior differs from unfractionated chon-
dritic material, which typically plots near unity, and instead
reflects fractionation processes affecting PGE distributions.
Such fractionation is consistent with high-temperature
vaporization and condensation, where more volatile PGEs
are preferentially enriched in larger or later-forming parti-
cles, while refractory PGEs are concentrated in smaller or
earlier condensates. This interpretation is independently
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Figure 25: Additional PGE ratio-ratio diagrams comparing the inferred residual YDB component with Greenland whole-ice data and literature
fields for extraterrestrial materials. Panels show (A) Pt/Ir versus Pt/Pd, (B) Pt/Ir versus Pd/Ir, (C) Au/Ir versus Os/Ir, (D) Pt/Ir versus Os/Ir, and (E)
Osl/Ir versus Pt/Pd. In these plots, the residual YDB component (NP peak; green diamond) falls within or close to the iron meteorite fields and
remains distinct from the Greenland background data, supporting the interpretation that the added YDB component is compositionally different
from normal atmospheric deposition and is consistent with a metal-rich, non-crustal component.

supported by the observed bimodal nanoparticle popula-
tion, in which smaller particles are enriched in Rh-Os-Ir and
larger particles in Pt-Pd-Ru.

Third, the majority of non-YDB samples define a rela-
tively tight cluster, consistent with a background signal
dominated by continuous extraterrestrial dust input (“‘cosmic
rain”’) mixed with terrestrial material. This interpretation is
consistent with the persistence of PGE-bearing nanoparticles
across all stratigraphic intervals and their moderate enrich-
ment relative to crustal compositions. The best way to differ-
entiate the two is with the large peaks in mass concentrations
at 5.2 m in sample GR-101, as shown in Figures 21 and 26.

In contrast, the YDB nanoparticle peak is distinct. It is
shifted upward in Ir/Fe relative to the background cluster
and overlaps fields associated with metal-rich extraterres-
trial components, including iron meteorites and refractory
metal-rich phases. Similar behavior is observed in independ-
ent ratio-ratio diagrams, where the inferred YDB component
falls within or near iron meteorite fields and is composition-
ally distinct from the Greenland background population.

Importantly, the YDB point does not fall within any single
reservoir field. Instead, it occupies a region consistent with a
heterogeneous mixture of components, including (i) a refrac-
tory PGE-rich phase contributing elevated Ir and (ii) a more

35



J.P. Kennett et al.: Platinum-group elements, shocked quartz, and nanodiamonds

PGE fractionation vs. Ir/Fe
1.0E-02
YDB NP Peak
1.0E-04 +
Irons
o
=
hondrites
1.0E-06
1.0E-08
Basalt Achondrites
Crust
1.0E-10 L ;
0.10 1.00 10.00

(Os+Ir+Ru)/(Rh+Pd+Pt)

Figure 26: PGE fractionation versus Ir/Fe for Greenland nanoparticles compared with terrestrial and extraterrestrial compositional fields. The
x-axis shows the ratio (Os+Ir+Ru)/(Rh+Pd+Pt), reflecting relative enrichment of refractory versus more volatile PGEs, and the y-axis shows Ir/
Fe. Both axes are on logarithmic scales. Colored fields represent literature-derived compositional envelopes for chondrites, iron meteorites,
achondrites, extraterrestrial dust (IDPs and micrometeorites), refractory metal nuggets (RMNs), and mantle (primitive upper mantle and cratonic
mantle). Labels mark the approximate locations of values for the upper continental crust and basaltic melts. Yellow diamond marks the Younger
Dryas Boundary (YDB) nanoparticle peak. The Greenland dataset forms a coherent cluster characterized by sub-chondritic PGE ratios and
elevated Ir/Fe values relative to terrestrial reservoirs. The YDB peak lies above the background cluster in Ir/Fe and overlaps fields associated
with metal-rich and highly fractionated extraterrestrial components, while remaining distinct from crustal, basaltic, and mantle compositions.
Note that these fields are based on published third-party data but represent only approximate ranges for mixed particle populations. They are
not intended to define strict compositional boundaries. Selected sources: Anders & Grevesse [141], Lodders [131], McDonough & Sun [142],

Becker et al. [143], Peucker-Ehrenbrink & Jahn [129], Walker [144], Walker et al. [145], and Horan et al. [146].

volatile PGE-rich phase that lowers the overall (Os+Ir+Ru)/
(Rh+Pd-+Pt) ratio. This combination is most consistent with
condensation from a high-temperature plume, in which
PGEs partition into multiple phases with distinct transport
and deposition behaviors.

Cumulatively, the data indicate that the Greenland nano-
particle population records two superimposed signals: a per-
sistent background flux of extraterrestrial dust and a transient,
compositionally distinct enrichment at the YDB. The magni-
tude, composition, and stratigraphic position of the YDB peak
are consistent with a short-lived injection of siderophile-rich
material into the atmosphere, followed by condensation,
transport, and deposition of PGE-bearing nanoparticles. This
interpretation is consistent with high-temperature processes
associated with an airburst or impact event, although the data
do not uniquely constrain the specific nature of the impactor.

36

Hydrocode modeling of a comet impact into
Greenland ice sheet

The suite of YDB proxies found in the Greenland
Ice Sheet may have resulted from an impact on the ice
sheet, but this is not required; they may have been deliv-
ered from distal airbursts/impacts or through climate
change. Nevertheless, to evaluate whether a high-energy
impact into the Greenland Ice Sheet could account for
the suite of high-temperature proxies in the YDB layer
at Kangerlussuaq, we conducted numerical modeling
of a hypothetical 1-km-diameter comet colliding with
a 2-km-thick ice sheet. This approach builds upon vali-
dated hydrocode methodologies commonly used in plane-
tary impact studies and terrestrial analogs [147-149]. Our
intention is to assess whether such an impact could gener-
ate pressure-temperature regimes sufficient to account for



J.P. Kennett et al.: Platinum-group elements, shocked quartz, and nanodiamonds

the observed formation of shocked quartz, nanodiamonds,
vesicular meltglass, amorphous silica, and other high-en-
ergy materials in the YDB layer.

We employed a two-step modeling protocol. First, we
used the Earth Impact Effects Program (EIEP) [150, 151]
to derive first-order estimates of transient crater dimen-
sions, shock pressures, thermal radiation, and ejecta dis-
persal patterns based on defined input parameters. These
parameters included an impactor diameter of 1 km and an
initial bulk density of 0.5 g cm~3, representative of a porous
cometary nucleus, an impact velocity of 30 km s7!, and a
45° incidence angle, considered statistically the most prob-
able angle for planetary impacts [152]. Atmospheric entry
and aerodynamic disruption were explicitly accounted for
in the model, resulting in partial fragmentation and lat-
eral spreading of the impactor before surface contact. As
a consequence, the effective impact density at the surface
was reduced to ~0.25 g cm™, and the impactor diameter
increased to ~1.27 km at the point of impact. The impact
location was modeled as a 2-km-thick ice sheet overlying
crystalline basement rock. EIEP modeling parameters are
detailed in SI, Text S1.

These EIEP outputs were used to initialize a second-stage
hydrocode simulation using Autodyn-2D, a well-established
Eulerian finite-difference code developed by Ansys Inc. and
widely employed in impact physics [153, 154]. The code
allows for material heterogeneity, fragmentation, and phase
transitions under shock-loading conditions. Ice was mod-
eled using the Tillotson equation of state for water ice, cali-
brated for high-velocity impacts, and the comet was treated
as a porous, low-strength ice-rock mixture. The selection of
equations of state and constitutive models follows standard
practice in hypervelocity impact modeling and is consist-
ent with prior peer-reviewed studies of impacts into ice and
ice-covered targets [155—158].

Energy partitioning into kinetic, internal, and vaporization
modes was tracked throughout the simulation. The model
images are visual representations of materials composited
with the internal energy component, which refers to the
total energy stored within a material, excluding kinetic and
gravitational components. Reported temperatures, therefore,
reflect localized, transient shock states rather than equilib-
rium or bulk melt temperatures, and are used to evaluate
exceedance of known melting, vaporization, and shock-met-
amorphic thresholds. Autodyn modeling parameters are
detailed in SI, Text S2.

The hydrocode results shown in Figure 27 represent a
single non-unique realization of a comet-ice impact among
many physically plausible configurations; they are not
intended as an exact reconstruction of a YDB impact event.
Impact outcomes are highly sensitive to parameters such as
impact angle, velocity, impactor density and internal struc-
ture, fragmentation behavior, and ice thickness. Varying
these inputs would yield different quantitative results while
preserving the qualitative pressure-temperature regime

illustrated here. Accordingly, this modeling should be inter-
preted as a feasibility test demonstrating physical plausibil-
ity, rather than as a best-fit or preferred solution.

Video of a hydrocode simulation of a comet
impact into an ice sheet

Video available at https://player.vimeo.com/video/110107
5566%app_id=122963.

Interpretation. The modeled impact parameters produce
a transient cavity in the ice approximately 2.5 km wide and
~1 km deep (Figure 27). Despite the high impact energy,
the underlying bedrock is not excavated; instead, it under-
goes transient shock-related fracturing and deformation,
including temporary vertical displacement exceeding ~600
m beneath the impact site. Shockwave propagation fractures
the ice sheet radially to distances greater than 15 km, consist-
ent with large-scale mechanical disruption. Modeled peak
shock temperatures, derived from internal energy, locally
exceed 10,000 K, well above the vaporization thresholds of
ice and silicate materials. However, these values represent
short-duration shock states rather than equilibrium temper-
atures. Rapid vaporization of the impactor and surrounding
ice generates a steam-rich plume rising more than 3 km into
the atmosphere. At the same time, debris, including molten
silica, shocked quartz grains, and cometary fragments, is
lofted and dispersed laterally over distances exceeding 15
km, consistent with airborne deposition of impact-related
proxies.

Crucially, the modeled pressure-temperature conditions
overlap those required for the production of the key prox-
ies observed in the YDB layer: (1) shocked quartz (either
entrained as detritus in the ice sheet or delivered as prox-
imal/distal ejecta), which requires peak pressures >5 GPa
and microsecond-scale dynamic loading; (2) nanodiamond
polymorphs such as lonsdaleite and cubic diamond, derived
from carbonaceous material exposed to extreme pressures
and temperatures during shock compression; and (3) vesic-
ular meltglass containing relict mineral inclusions, consist-
ent with partial melting followed by rapid quenching. The
modeled ejecta velocity field is also compatible with the
observed lateral distribution of particles and their incorpora-
tion into overlying ice strata.

Hydrocode modeling of a cometary impact onto a thick
ice sheet therefore supports the physical plausibility of
generating shocked quartz, melt products, and widespread
nanoparticle dispersal without forming a preserved bed-
rock crater. This outcome is consistent with modeling
of the much larger impact that formed the Hiawatha cra-
ter beneath >1.5 km of ice in northern Greenland, which
similarly predicts limited rocky ejecta despite extreme
energy release [158]. In such scenarios, large volumes of
ice melt and entrain terrestrial dust, which, if exposed to
transient high pressures and temperatures and mixed with
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Bedrock 0.25 sec

2 km

T

Figure 27: Hydrocode simulation of a comet impact into an ice sheet. (A) 0.25 s: A 1-km-scale comet impacts a ~2 km thick ice sheet at 45°
and 30 km s". Color contours represent shock-derived internal energy, expressed as an equivalent temperature (not actual temperature), with
red indicating the highest transient values. (B) 1.0 s: Formation of an elongated transient cavity (~2.5 x 1 km) within the ice, without excavation
of underlying bedrock. Shock waves propagate through the ice and into the substrate, producing transient fracturing and deformation over lateral
distances exceeding ~15 km. (C) 2.0 s: The continued propagation and release of shock energy result in temporary vertical displacement of the
substrate and ice surface, while impact-generated vapor and fragmented material are lofted several kilometers above the surface and dispersed
laterally across the impact zone.
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extraterrestrial material, can contribute to the formation
of shocked quartz, PGE-bearing nanoparticles, nanodia-
monds, and related proxies.

Within this framework, the absence of an identified YDB
bedrock crater in Greenland is consistent with an ice-sheet
impact scenario. Taken together, these results indicate that
impacts into thick ice sheets can reproduce many proxy
signatures commonly associated with impacts into terres-
trial rock and represent a viable mechanism for deliver-
ing impact-related materials to polar ice archives. While
the proxy assemblage is temporally related to the onset
of Younger Dryas cooling, this study does not claim that
such an event was the sole or primary trigger of the stadial;
instead, it evaluates whether the Greenland ice record pre-
serves material consistent with a short-duration, high-energy
process coincident with that transition.

Hydrocode modeling represents one possible impact-on-
ice configuration and does not preclude alternative scenar-
ios involving airbursts or impacts into marine or terrestrial
environments. At a broader scale, evidence from multiple
YDB sites worldwide is consistent with models proposing
multiple impactors derived from a fragmented extraterres-
trial object, although the present study does not attempt to
resolve the number, distribution, or relative importance of
such events.

Numerical scope and limitations. As with all hydroc-
ode simulations, the results presented here are limited by
assumptions of material homogeneity, equation-of-state
formulations, numerical resolution, and dimensionality,
and are therefore intended to evaluate the physical plau-
sibility and order-of-magnitude pressure-temperature
regimes of a comet-ice impact rather than to provide a
unique, high-fidelity reconstruction of a specific historical
event.

Summary of Greenland ice sheet findings

To synthesize the multidisciplinary results of this study,
Figures 28 and 29 below summarize the primary Younger
Dryas Boundary (YDB) impact-related proxies preserved
in the Greenland Ice Sheet, along with supporting infor-
mation from oxygen-isotopic records and hydrocode
modeling. For each proxy, we list the analytical methods
employed and the principal observations that are consist-
ent with formation under high-energy conditions. Taken
together, these proxies define a stratigraphically coherent,
multi-proxy signal composed of both climate-driven and
event-driven components. The nanoparticle record, in par-
ticular, indicates a multi-phase atmospheric process involv-
ing (1) an abrupt increase in background dust flux driven
by climatic deterioration, (2) injection of high-temperature

Proxy Type Analytical Method

Key Finding

Visual Stratigraphy, Dust

Dark YDB Dust Layer -
Geochemistry

Distinct, dust-rich YD interval underlain and overlain by clear ice;
changes in elemental geochemistry and ratios beginning at YD onset.

8'80 Profile for Ice
Sequence

Stable Isotope Mass
Spectrometry

The onset of Younger Dryas cooling appears temporally associated
with peak impact proxy abundances at ~5.0 m.

Nanodiamonds TEM, SAED, SEM

Sharp abundance peak of cubic, lonsdaleite, and i-carbon types;
morphologies consistent with vapor condensation.

Shocked Quartz
EBSD

Optical Microscopy, TEM, |Planar deformation features (PDFs) consistent with shock
metamorphism during a high-energy impact.

Meltglass and Glass-

SEM, Optical Mi
filled Lithic Aggregates HOR e GHASEREY

Glassy fragments with high-temperature mineral inclusions; lithic
aggregates suggest mechanical/thermal disruption.

Fe- and Si-rich

SEM-EDS, SP-ICP-TOF-MS
Spherules

Abundant iron- and silica-rich microspherules consistent with
melting and quenching in an impact plume.

Carbon Spherules SEM, Optical Microscopy

Rounded, carbon-rich spheres found in peak layer; consistent with
biomass combustion or carbon condensation.

Glass-like Carbon

SEM, TEM

Amorphous carbonaceous material with tektite-like textures;
consistent with formation under oxygen-deficient high-T conditions.

Charcoal and Soot

Light Microscopy,
Stratigraphic Correlation

Elevated concentrations coeval with impact proxies; consistent with
extensive biomass burning outside Greenland.

Distinct peak in PGEs, Ni, and Co nanoparticles at ~5.5 m; alloyed and

PGEs, Ni, Co SP-ICP-TOF-MS

multi-element forms resemble impact ejecta.

Hydrocode Modeling |ANSYS Autodyn

Modeled comet impact into ice sheet generates temperatures and
pressures consistent with observed suite of impact proxies.

Figure 28: Key cosmic impact proxies identified in the Younger Dryas Boundary layer at the edge of the Greenland Ice Sheet near
Kangerlussuaq, Greenland. For each proxy, this Figure-table lists the analytical method(s) used with key findings. Collectively, these data docu-
ment mineralogical, geochemical, and structural features that are consistent with a short-duration, high-energy event coincident with the onset

of the Younger Dryas (~12.8 ka).
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Figure 29: Distributions of the YD dust layer (A) and key impact-related proxies measured across the YDB in the Greenland Ice Sheet near
Kangerlussuagq (B-J). Panels show the concentrations or abundances of (A) nanodiamonds, (B) shocked quartz, (C) glass-filled quartz, (D) lithic
aggregates, (E) meltglass, (F) Fe- and Si-rich spherules, (G) carbon spherules, and (H) glass-like carbon. The shaded blue band marks the
YDB interval, which coincides with a pronounced, stratigraphically confined enrichment across multiple independent proxy classes. The coher-
ence, sharp onset, and short vertical extent of these peaks are consistent with deposition during a brief, high-energy episode; they contrast
with background glacial and Holocene intervals. While individual proxies may derive from multiple formation pathways, their co-occurrence and
synchronicity at the YDB are consistent with interpreting the YDB as a single, short-duration event rather than a prolonged or gradual process.

material forming a transient plume-derived nanoparticle
population, and (3) subsequent condensation and delayed
settling of finer particles. This combination is consistent
with a short-duration, high-energy atmospheric disturbance
superimposed on the broader Younger Dryas climate transi-
tion. This concise overview highlights the dataset’s internal
consistency and compatibility with known high-tempera-
ture and high-pressure processes associated with cosmic
impacts or airbursts, while not excluding alternative mech-
anisms where applicable.

Limitations and uncertainties
The Greenland ice-margin setting provides a unique archive
of atmospheric deposition across the Younger Dryas transi-
tion, but several factors introduce uncertainty into interpre-
tation of the proxy record.

First, sampling at the ice margin is inherently subject to
potential contamination. During fieldwork, meltwater flowed
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across the ice collection surface, and material entrained
in upslope runoff could have been transported across the
sampling area. Fracture networks within the ice also allow
meltwater to infiltrate and refreeze, potentially introducing
or redistributing particulate material from upslope sources.
These processes may locally concentrate or dilute nanopar-
ticles and macro-particles, analogous to lag deposits, and
could partially blur the original depositional signal.

Second, the sampling strategy spanned multiple expedi-
tions between 2008 and 2014 along a retreating ice margin.
Because the ice sheet at Kangerlussuaq is actively ablating,
with retreat rates across Greenland ranging from meters to
approximately one kilometer per year, different field seasons
sampled ice that had shifted relative to the original exposure.
Although datasets were aligned using internal stratigraphic
markers, including 880 and dust geochemistry, this intro-
duces positional uncertainty and limits precise distance cor-
relation, estimated at <5 cm.
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Third, the ice-margin sequence represents a compressed
and dynamically modified equivalent of central Greenland
stratigraphy. Whereas the Younger Dryas interval spans tens
of meters in inland ice cores, such as GISP2, it is reduced
to approximately one meter at Kangerlussuaq, due to defor-
mation during ice flow. As a result, the stratigraphic record
integrates material over broader temporal intervals and may
obscure fine-scale depositional structure.

Fourth, interpretation of the nanoparticle dataset carries
inherent analytical and statistical uncertainties. Nanoparticles
represent a very small fraction of total sample mass, and
abundances are inferred from particle counts rather than bulk
concentrations. The dataset is therefore sensitive to counting
statistics, detection limits, particle-size-dependent transport
efficiency, and instrumental calibration. Stochastic varia-
bility between adjacent samples can produce apparent fluc-
tuations that do not necessarily reflect bulk compositional
changes. Although large particle counts provide strong over-
all statistical power, individual ratios and peaks should be
interpreted as population-level trends rather than precise
concentrations.

Fifth, geochemical interpretation is complicated by vari-
ability in background dust composition. The insoluble frac-
tion in Greenland ice reflects changing contributions from
multiple source regions, and any extraterrestrial component
is superimposed on this variable lithogenic background. As
a result, geochemical anomalies are expressed as bounda-
ry-adjacent intervals rather than single-sample spikes.

Sixth, continuous background influx of extraterrestrial dust
provides a persistent non-terrestrial component independent
of any discrete event. Micrometeorites, interplanetary dust
particles, and associated refractory phases contribute to
baseline PGE and siderophile abundances. Distinguishing
an event-related signal in an ice matrix therefore depends on
stratigraphic clustering, relative enrichment, and multiproxy
co-occurrence rather than absolute concentrations.

Seventh, the absence of a single-sample, uniquely diag-
nostic nanoparticle spike at the Younger Dryas Boundary
may appear counterintuitive. However, this observation does
not exclude an extraterrestrial component. Highly sidero-
phile elements can be distributed across an interval and frac-
tionated during atmospheric transport, condensation, and
post-depositional processes, such that the record reflects a
geochemically complex interval rather than a discrete layer.
This interpretation is supported by the 21-year deposition
of platinum independently observed in the GISP2 ice core.

Eighth, PGE fractionation during high-temperature pro-
cesses, atmospheric transport, and condensation introduces
additional uncertainty in source interpretation. Partitioning
among vapor, melt, and particulate phases depends on tem-
perature, oxidation state, and cooling history, and ratios such
as (Os+Ir+Ru)/(Rh+Pd+Pt) and Ir/Fe may reflect secondary
fractionation rather than primary source composition. This
limits the ability to uniquely identify a specific impactor
type from PGE systematics alone.

Ninth, interpretation of elemental ratios requires caution.
Moderately siderophile elements such as Ni and Co may
have significant terrestrial contributions, whereas refractory
highly siderophile elements (e.g., Os, Ir, Ru, Rh) provide
more robust constraints but remain subject to fractionation.
No single ratio or proxy is definitive in isolation.

Tenth, identification of several key proxy classes remains
uncertain. Nanocarbon particles interpreted as nanodia-
monds, shock-related planar features in quartz, and cer-
tain high-temperature melt products may be mimicked by
non-impact processes or require additional crystallographic
confirmation. Interpretations therefore rely on the combined
presence of multiple proxy types rather than any single
indicator.

Eleventh, the temporal resolution of the ice-margin
sequence limits interpretation of event duration and struc-
ture. Each sample integrates deposition over multi-decadal
to centennial timescales, and compressed stratigraphy fur-
ther reduces resolution relative to central ice cores. Short-
lived depositional pulses may therefore be averaged within
individual samples, obscuring finer-scale variability.

Despite these limitations, several features of the Greenland
record are robust at the scale resolved by the data. Multiple
independent proxies, including nanocarbon particles, shocked
quartz, melt products, spherules, and PGE-bearing nanoparti-
cles, co-occur within a narrowly defined stratigraphic interval
at the onset of the Younger Dryas. While individual proxies
remain subject to uncertainty and non-unique interpretation,
their stratigraphic convergence, combined with coherent geo-
chemical and nanoparticle-scale patterns, supports interpre-
tation of a real and unusual depositional episode rather than
analytical artifact or background variability. Accordingly,
the evidence is most compelling when evaluated within this
integrated multiproxy framework rather than as isolated
observations.

Discussion

The ice-margin sequence at Kangerlussuaq preserves a
sharply defined, dark, dust-filled boundary ice layer marking
the onset of the Younger Dryas (YD) at ~12,800 cal BP. This
boundary is characterized by a shift in §'0 values and a con-
centrated suite of high-temperature and high-pressure prox-
ies, including enrichments in platinum-group elements (Ir,
Pt, Os) and associated siderophiles (Ni, Co), multiple carbon
allotropes, shocked quartz with planar deformation features
(PDFs), meltglass and glass-filled lithic aggregates, Fe- and
Si-rich microspherules, carbon spherules, glasslike carbon,
soot, charcoal, and a dark, dust-rich post-boundary interval.
The direct deposition of these materials onto an ice-sheet
surface minimizes sedimentary reworking and strengthens
stratigraphic interpretation.

Because stratigraphic compression, localized deforma-
tion, and heterogeneous snow accumulation can influence
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layer continuity at ice margins, interpretations focus on
stratigraphic patterns rather than on the assumption of per-
fectly undisturbed layering. No individual proxy is inter-
preted as diagnostic in isolation; instead, interpretation rests
on the co-occurrence of independent indicators within a
stratigraphically confined interval.

Nanoparticle measurements provide an additional level
of resolution that complements these bulk and micro-scale
proxies. The nanoparticle-derived climate signal closely
parallels the bulk ICP-MS results, demonstrating that par-
ticle-resolved measurements reproduce the same large-scale
geochemical shift while additionally resolving superim-
posed high-temperature components that are muted or aver-
aged in bulk analyses. Elemental ratios in the nanoparticle
dataset were normalized primarily to Si, rather than the more
conventional Al, because Si constitutes ~46% of total nan-
oparticle mass and yields lower-variance stratigraphic pro-
files; however, equivalent patterns are obtained using Al or
Fe normalization, indicating that the observed enrichments
are independent of denominator choice.

Across all 45 elements measured by SP-ICP-TOF-MS,
nanoparticle ratio profiles consistently fall into one of three
categories: (1) a broad, sustained enrichment reflecting cli-
mate change-driven dust flux; (2) a sharp, high-amplitude
peak centered immediately above the boundary, consistent
with a high-temperature plume-derived nanoparticle popu-
lation; and (3) intermediate or offset enrichments consistent
with a lower-temperature or more dispersed plume compo-
nent. This internally consistent behavior across the full ele-
mental dataset indicates that the observed patterns reflect
distinct particle populations and formation pathways rather
than element-specific effects.

Chronological control and proxy uncertainties at
an ice-margin exposure
Interpretation of event timing at an ice-margin exposure
relies primarily on two stratigraphic markers: (a) an abrupt
8'80 shift that identifies the onset of Younger Dryas cooling,
and (b) a visually prominent dust-rich layer that enables field
alignment among sampling seasons. Both markers are robust
at the scale of the major Younger Dryas transition, but each
carries site-specific uncertainties inherent to ice-margin set-
tings. Such exposures commonly occur on sloping ablation
surfaces, where lateral ice transport, compression, localized
deformation, and heterogeneous accumulation histories can
distort stratigraphic thickness. These factors can complicate
the direct interpretation of observed distances as accurate
vertical deposition rates. Accordingly, 8'%0 and dust stratig-
raphy were used to locate the Younger Dryas onset horizon
and to align samples stratigraphically, while recognizing that
fine-scale fluctuations within the interval may not represent
true climate variability.

For 880, the key chronological signal is the directional
shift toward more negative values across the inferred Younger
Dryas onset, which parallels reference ice-core records and
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supports the correlation of the dust-rich unit with Greenland
Stadial 1. However, brief returns toward less-negative 8'30
values within the mid-Younger Dryas interval are interpreted
as artifacts rather than climatic reversals. Such excursions
can arise from post-depositional modification at ice mar-
gins, including localized meltwater infiltration and refreez-
ing along cracks, isotopic diffusion or fractionation, and the
effects of initial deposition at lower elevation followed by
lateral transport toward the margin. The dust layer, while a
valuable stratigraphic marker for correlating samples across
field seasons, may also exhibit variable apparent thickness
and internal structure due to ablation, surface relief, and
deformation; it is therefore treated as a positional marker
rather than as a precise measure of event duration.

These uncertainties primarily affect inferences about dura-
tion and synchronicity. Apparent thickness of the dust-rich
interval and spacing of features along an ablation slope may
not scale linearly with elapsed time, such that event duration
inferred from thickness or slope distance should be regarded
as approximate. Similarly, post-depositional processes may
introduce minor offsets among 8'®0 features, dust inten-
sity, and individual proxy peaks at centimeter-to-decimeter
scales. As a result, the strongest chronological conclusion
supported by an ice-margin exposure is that the multi-proxy
peak occurs within the stratigraphic interval that brackets the
Younger Dryas onset transition, rather than that all features
are exactly synchronous at sub-annual to decadal resolution.
These caveats do not weaken the interpretation of a sharply
defined boundary layer at the onset of Younger Dryas cool-
ing; instead, they reflect the appropriate level of temporal
precision that ice-margin stratigraphy can support.

The Younger Dryas attribution of the dust-rich interval at
this exposure is not based solely on elevated dust concen-
trations, which characterize multiple stadials in Greenland
ice-core records, but on the co-occurrence of several inde-
pendent stratigraphic features. These include the magnitude
and direction of the 3'30 shift into a prolonged cold interval,
the position of the dust-rich layer within that shift, and the
presence of a distinctive suite of high-temperature particulate
and geochemical proxies confined to the same stratigraphic
horizon. No other stadial in Greenland ice cores is known to
exhibit this specific combination of proxy signatures. While
absolute dating is unavailable at the ice margin, the integrated
proxy assemblage provides a constrained correlation with
Greenland Stadial 1 rather than with earlier stadials. A related
issue concerns the pronounced thinning of the Younger Dryas
interval at the ice margin relative to interior Greenland cores
and its implications for temporal resolution.

Ice-margin thinning and implications for temporal
resolution

The markedly reduced thickness of the Younger Dryas
interval at the ice margin relative to central Greenland
cores reflects expected ice-dynamical effects, including lat-
eral flow, compression, and ablation, rather than a simple
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reduction in deposition rate. Such thinning implies that the
stratigraphic interval corresponding to the Younger Dryas
may represent a temporally compressed record, potentially
integrating deposition over longer time spans than in inte-
rior ice cores. Consequently, the nanodiamond- and spher-
ule-bearing layer documented here should not be interpreted
as resolving event duration at annual or decadal scales.
Instead, its significance lies in confining impact-related
proxies to the stratigraphic interval correlated with the
Younger Dryas onset, rather than in the layer’s thickness. A
related issue concerns the origin and transport of sand-sized
quartz grains exhibiting shock features within an ice-margin
setting.

Origin and transport of coarse quartz grains
To our knowledge, there are no published peer-reviewed
reports of millimeter-scale quartz grains preserved within
Younger Dryas ice cores from any ice sheet. Particle studies
of high-resolution Greenland and Antarctic ice cores doc-
ument fine dust and volcanic glass shards but not coarse,
sand- or pebble-sized quartz inclusions (e.g., Ruth et al.
[159]). Consistent with this broader ice-core literature,
we did not observe mm-sized detrital quartz grains in the
Kangerlussuaq ice samples outside of the YDB layer, which
also contains large-diameter meltglass and spherules.

Several quartz grains exhibiting interpreted shock fea-
tures are sand-sized (0.3—1 mm), exceeding the grain sizes
typically transported as background atmospheric dust and
making long-range aeolian suspension unlikely. However,
the presence of sand-sized mineral clasts within ice-mar-
gin exposures does not require atmospheric dust transport.
Ice sheets commonly entrain sand- and gravel-sized debris
at their beds and margins, and such material can be trans-
ported both englacially and supraglacially, later exposed
or concentrated in ablation zones. Local aeolian processes,
including short-range saltation from nearby ice-free or sea-
sonally exposed sediment surfaces, can also deliver sand-
sized grains to ice surfaces over limited distances.

Alternatively, these large grains may represent locally
available detrital quartz present on or within near-surface
ice that was subsequently modified by an impact- or air-
burst-related shock wave. The absence of similar grains
outside the YDB layer does not imply that such detrital
material was absent from the ice system before the event.
Coarse debris in ice is typically distributed heterogeneously,
occurring in localized debris-rich lenses, basal or marginal
zones, or cryoconite-rich horizons that may remain cryptic
until mobilized or concentrated by a transient disturbance.
A high-energy impact or airburst into or near an ice margin
could mechanically liberate, thermally modify, and rapidly
concentrate such material into a thin surface or near-surface
layer, producing a discrete stratigraphic horizon.

At the same time, large hypervelocity impacts are known
to eject target material over a broad spectrum of velocities,
including a high-energy fraction entrained within expanding

vapor plumes rather than following simple ballistic trajec-
tories [160]. Observational evidence from the global K-Pg
boundary layer confirms the presence of impact meltglass,
spherules, and shocked minerals, including quartz, at sites
many thousands of kilometers from Chicxulub; planar
deformation features in quartz grains have been documented
in distal boundary clays in Europe, the Pacific, and other
regions, consistent with ejection and long-distance trans-
port of shock-metamorphosed material from the Chicxulub
impact [161-163]. Distal ejecta layers often exhibit sys-
tematic decreases in maximum and mean grain sizes with
increasing distance from the source crater, consistent with
selective transport and atmospheric sorting controlled by
ejection velocity and atmospheric residence times [164—
166]. Tektite and microtektite strewn fields likewise indicate
that mm- to cm-scale molten droplets and rock fragments
can be distributed over hemispheric to near-global scales
following large impacts (e.g., Australasian and other tektite
fields [167—170]). Importantly, relict shocked mineral frag-
ments, including shocked quartz, have been reported within
microtektites derived from target rocks subjected to extreme
shock conditions (e.g., Glass & Wu [171]; Folco et al. [172]).

The combined evidence from ejecta modeling, global
impact horizons, and tektite distributions establishes the
physical plausibility of long-range dispersal under excep-
tional impact conditions. In the Greenland case, the key
observation is that shocked quartz grains are confined to
the YDB layer and co-occur with micro-scale meltglass and
spherules, an association not readily explained by routine
ice-margin sedimentary processes alone. This co-occurrence
is consistent with an event-related origin, whether through
in situ shock modification of locally available detrital grains,
incorporation of impact-derived ejecta, or a combination of
both mechanisms.

Interpretation of high-temperature and shock-re-
lated proxy assemblage

The PGE data indicate a coherent, multi-element siderophile
enrichment at the YDB, and ratio systematics show that this
signal cannot be explained solely by background atmos-
pheric dust. Instead, the data are consistent with the addition
of a compositionally distinct, non-crustal component. Many
of the observed materials are most consistent with forma-
tion under extreme physical conditions not characteristic of
known terrestrial surface processes. Nanodiamonds display
rounded morphologies compatible with vapor-phase con-
densation. Meltglass contains mineral inclusions that indi-
cate temperatures exceeding ~2,200 °C, significantly above
those produced by wildfires. Shocked quartz grains exhibit
planar deformation features (PDFs) and planar fractures
(PFs) that are identified using optical microscopy, TEM, and
EBSD; these features are widely regarded as diagnostic of
hypervelocity impact processes when confirmed by crys-
tallographic criteria. Although some natural carbonaceous
particles or tectonically deformed quartz can display partial
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overlap in texture or chemistry, the combined presence of
features interpreted as PFs and PDFs, oxygen-deficient
amorphous silica, and melt textures is consistent with an
interpretation involving extreme, short-duration pressures
and temperatures.

Patterns in the Kangerlussuaq sequence closely resemble
those reported from more than 50 YDB sites across at least
four continents, including Abu Hureyra (Syria), Lommel
(Belgium), Pilauco (Chile), and multiple localities in North
America, all of which contain synchronous peaks in PGEs,
nanodiamonds, shocked quartz, microspherules, meltglass,
and charcoal. While precise global synchronicity cannot be
fully established without additional radiometrically con-
strained records, the recurrence of these independent proxies
in stratigraphically coeval layers is consistent with the inter-
pretation of a large-scale, possibly hemispheric phenomenon.

Accumulating evidence suggests that the YDB event
coincided with a rapid increase in atmospheric dust and soot
from both terrestrial and extraterrestrial sources, potentially
contributing to short-term radiative forcing or an “impact
winter” at the onset of Younger Dryas cooling [16, 30, 45,
46, 97]. Analog studies provide useful context: the ~72 ka
Toba eruption generated prolonged cooling detectable in
Greenland ice cores [83], and recent analyses indicate that
fine silicate dust from the Chicxulub impact may have been a
primary driver of global cooling at the K-Pg boundary [173—
176]. Together, these examples highlight plausible mecha-
nisms through which the rapid injection of fine particulate
material at the YDB could have influenced the climate.

Alternative terrestrial explanations for the Greenland
proxy assemblage, such as volcanism, lightning, anthropo-
genic activity, or authigenic mineral formation, are difficult
to reconcile with the observed combination of features. No
volcanic tephra was observed in the examined boundary
samples, and volcanic glasses typically exhibit microlites,
bubble-wall shards, and chemical compositions that differ
from the oxygen-deficient FeO and amorphous-silica phases
documented here. Lightning can generate localized melting,
but it is not known to account for the associated PGE enrich-
ments and PDFs in quartz observed here, particularly within
a stratigraphically confined multi-proxy horizon.

A recent Os-isotope and highly siderophile element
(HSE) study has proposed volcanic aerosol input as an
alternative explanation for Younger Dryas onset signals at
several North American sites [177]. However, unradiogenic
osmium is not uniquely diagnostic of volcanism, as man-
tle-derived volcanic aerosols and extraterrestrial materials
can occupy overlapping low 370s/!*8Qs isotopic fields [178,
179]. In addition, the absence of strictly chondritic compo-
sitions in bulk sediments does not preclude an extraterres-
trial contribution, because mixing with terrestrial material
and high-temperature vapor plume fractionation processes
can produce non-chondritic HSE signatures [180, 181].
More importantly, the Greenland ice-margin record dif-
fers from a volcanic-aerosol-only model because the YDB
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interval preserves a stratigraphically confined assemblage
of particle-scale and mineralogical proxies, including
shocked quartz, meltglass, spherules, nanocarbon parti-
cles, soot/charcoal, and PGE-bearing nanoparticles [17, 45,
46]. Volcanic aerosol deposition may contribute to regional
trace-metal or dust signals, but it does not readily account
for the co-occurrence of high-temperature, shock-related,
carbonaceous, siderophile-enriched, and PGE-bearing par-
ticles within the same narrow onset interval. Thus, while
volcanic forcing cannot be excluded as part of the broader
Younger Dryas climate system, volcanic aerosols alone are
insufficient to explain the full proxy assemblage preserved
at Kangerlussuag.

Authigenic processes lack the capacity to generate
high-temperature melt products or shock features, and
human activity is anachronistic for this interval. We are not
aware of a volcanic, diagenetic, or anthropogenic process
that has been demonstrated to generate this specific com-
bination of microstructural (planar lamellae/PDF-like fea-
tures), CL response, and oxygen-depleted amorphous silica
in near-surface ice, particularly when co-occurring with the
broader proxy suite in the same stratigraphically confined
horizon; accordingly, the combined assemblage is most con-
sistent with a high-energy, short-duration process.

Crater absence and implications for Younger
Dryas impact scenarios

A frequent counterargument to the Younger Dryas impact
hypothesis is the absence of a confirmed, contemporaneous
impact crater. However, the lack of a preserved crater does
not preclude an impact or airburst origin for the Younger
Dryas Boundary (YDB) proxy assemblage. Many impact
events are recognized primarily through laterally extensive
“spherule datum layers”, stratigraphically discrete hori-
zons enriched in microtektites, microkrystites, and related
high-temperature condensates, rather than through the dis-
covery of an identifiable crater. A well-known example is the
Australasian tektite strewn field (~0.79 Ma), which covers
a substantial fraction of Earth’s surface yet lacks an une-
quivocally identified source crater; its recognition instead
relies on widespread tektites and microtektites that form
a coherent regional-to-hemispheric spherule datum layer
(e.g., Glass et al. [168]; Simonson et al. [170, 182]. Such
layers are widely accepted as diagnostic indicators of hyper-
velocity impacts, even in the absence of preserved crater
morphology.

In the case of the Younger Dryas Impact Hypothesis, sev-
eral plausible impact scenarios would favor the formation
of a spherule datum layer while minimizing or eliminating
long-lived crater expression. Low-altitude airbursts, oblique
impacts, or impacts into ice sheets or ice-covered marine
surfaces are expected to disperse impact energy laterally and
vertically into the atmosphere, promoting the production and
wide distribution of melt droplets, vapor condensates, and
fine particulate ejecta. Ice sheets, in particular, act as efficient
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energy absorbers and dispersal media, inhibiting the excava-
tion of bedrock and favoring the preservation of sharp geo-
chemical and particulate horizons rather than durable geo-
morphic structures. Within this framework, the Greenland
Ice Sheet represents a plausible impact surface where the
primary record of such an event would be a stratigraphically
discrete spherule datum layer enriched in platinum-group
elements, microspherules, and other high-temperature prox-
ies. The coherent YDB layer documented here, together with
comparable spherule-bearing horizons reported from marine
and terrestrial archives, is therefore consistent with a crater-
less impact or airburst scenario and aligns with established
modes of impact recognition in the geologic record.

Analytical considerations must also be acknowledged.
Although SP-ICP-TOF-MS provides uniquely high-reso-
lution nanoparticle data, uncertainties in absolute particle
mass, detection efficiency, and counting statistics should be
considered when interpreting sharp stratigraphic excursions.
These limitations do not diminish the observed coherence of
the proxy suite but highlight the importance of integrating
multiple independent lines of evidence.

Taken together, the geochemical, mineralogical, and
physical indicators suggest that the Kangerlussuaq sequence
records a short-duration, high-energy event coincident
with the onset of the Younger Dryas. The presence of bio-
mass-burning indicators, such as carbon spherules and
glasslike carbon, is consistent with widespread wildfire and
atmospheric disturbance. The proxy assemblage aligns with
interpretations from numerous YDB sites worldwide that
favor deposition from a cosmic impact or atmospheric air-
burst. While additional work is required to refine the event
magnitude and mechanisms, the Greenland record provides
unusually well-preserved evidence consistent with a rapid,
high-energy event at the YD onset. While the proxy assem-
blage is temporally associated with the onset of Younger
Dryas cooling, this study does not claim to resolve whether
the inferred high-energy event was the sole or primary trig-
ger of the stadial. Instead, it evaluates whether the Greenland
ice record preserves material consistent with a short-dura-
tion, high-energy process coincident with that transition.

The nanoparticle dataset provides a direct bridge between
bulk geochemical trends and discrete impact proxies. The
consistent classification of all measured elements into three
particle populations, climate-driven dust, high-temperature
plume condensates, and lower-temperature plume deriva-
tives, indicates that the Younger Dryas onset reflects a cou-
pled system in which atmospheric circulation changes and a
transient high-energy event both contributed to the observed
geochemical record.

Conclusions

The ice-margin sequence at Kangerlussuaq in western
Greenland preserves a dark, sharply defined, dust-rich

interval correlated with the onset of the Younger Dryas (YD)
at ~12,800 cal BP. This correlation is supported by visi-
ble stratigraphy, 8'%0 trends, and dust-related geochemical
changes. However, the ice-margin setting requires caution
because stratigraphic compression, ablation, meltwater infil-
tration, heterogeneous snow accumulation, and multi-season
sample alignment introduce uncertainty at fine spatial and
temporal scales. For that reason, the principal interpretation
does not depend on centimeter-scale synchronicity, but on
stratigraphic clustering and multiproxy co-occurrence across
the YD onset interval.

The first major result is that the Kangerlussuaq sequence
records a sustained YD-scale change in atmospheric dust
composition and provenance. Bulk ICP-MS ratios and
SP-ICP-TOF-MS nanoparticle phase associations indicate
a shift in mineral-dust delivery at the BA-YD transition,
including increased dust loading and a change in the relative
abundance of quartz-, chromite-, and zircon-associated par-
ticles compared with Fe-oxide-rich, Al-rich, and mica-am-
phibole-associated particles. This broader dust signal is
consistent with intensified atmospheric circulation, stronger
winds, greater aridity, and changing source-region contribu-
tions beginning at the onset of the YD climate interval and
continuing for ~1,200-1,300 years.

The second major result is that the broader climate-driven
dust signal is superimposed by a narrower proxy-rich
horizon at the YDB layer. This horizon contains peak
abundances of multiple macro- and nano-scale proxies,
including nanocarbon particles previously interpreted as
nanodiamonds, quartz grains with shocked planar micro-
structures, meltglass, glass-filled lithic aggregates, Fe- and
Si-rich spherules, carbon-rich spherules, glasslike car-
bon, charcoal, soot, and PGE-associated materials. These
proxy classes are not all uniquely diagnostic in isolation,
and some remain debated; however, their co-occurrence
within a narrow stratigraphic interval is unusual and is
consistent with a short-duration, high-energy depositional
episode.

The third major result is that SP-ICP-TOF-MS reveals
a delayed nanoparticle maximum above the YDB layer.
Predominantly terrestrial elements, including Nb, Ta, U,
As, Pb, and Sb, and siderophile- and PGE-bearing nano-
particles, including Ir, Pt, Os, Pd, Ni, Co, and Re, reach
peak concentrations near ~5.2 m, above the proxy-rich
YDB layer at ~5.5 m. This offset is important because the
YDB layer itself contains local minima for several of these
nanoparticle components. The pattern indicates that nano-
particle deposition was not a single instantaneous pulse but
a temporally structured, multi-phase process, likely involv-
ing initial boundary-layer deposition followed by delayed
atmospheric transport, settling, scavenging, or redistribu-
tion of finer particles. The structure closely parallels the
previously reported GISP2 platinum anomaly [87], which
rose gradually for 14 years to a delayed peak and declined
over an approximately 21-year interval at the onset of YD
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cooling. Those independent authors directly linked the
onset of the Pt signal to a decline in 8'%0 values, signaling
the onset of YD cooling. This correspondence is consistent
with a causal link between the influx of inferred impact-
related proxies and YD climate change.

The fourth major result is that the PGE-bearing nano-
particle population is compositionally distinct from nor-
mal Greenland background dust. PGE sum, Ir, Pt, Os, Pd,
Ni, Co, and Re are strongly enriched at the nanoparticle
peak, and ratio-ratio comparisons show that the inferred
YDB component plots outside the Greenland background
cluster and shifts toward extraterrestrial or metal-rich
reference fields. The PGE fractionation and Ir/Fe sys-
tematics indicate that the Greenland YDB signal is not
consistent with a single ET source. Its sub-chondritic
(Os+Ir+Ru)/(Rh+Pd+Pt) ratio, combined with elevated
Ir/Fe, is best explained by a heterogeneous, fractionated
mixture comprising (i) a refractory PGE-rich component,
consistent with RMN-like material, and (ii) a more vola-
tile PGE-bearing component, consistent with fine-grained
extraterrestrial dust such as IDPs or cometary material.
Micrometeorite populations provide a plausible carrier for
such mixed signatures, as they can incorporate both refrac-
tory condensates and volatile-enriched phases and undergo
further fractionation during atmospheric entry. Bulk chon-
dritic or iron meteorite compositions alone do not repro-
duce the observed combination of PGE fractionation and
Ir/Fe. Accordingly, the Greenland YDB signal is most
consistent with a mixed, particle-scale extraterrestrial dust
population, potentially derived from cometary or meteor-
itic sources, rather than a single, homogeneous impactor
class.

The fifth major result is that hydrocode modeling sup-
ports the physical plausibility of a high-velocity impact into
an ice-sheet target as a mechanism for generating shock
pressures, high temperatures, melt products, spherules,
shocked quartz, and widespread nanoparticle dispersal.
The model is not a unique reconstruction of the Greenland
event, but it demonstrates that an ice-sheet impact or air-
burst-related scenario can plausibly produce the types
of materials observed in the Kangerlussuaq record. The
absence of a confirmed crater does not by itself preclude
such a scenario, particularly if the event involved an air-
burst, an impact into ice, or dispersed deposition from a
larger event.

The Kangerlussuaq record is best explained by a
coupled depositional model involving (i) sustained cli-
mate-driven dust enrichment throughout the YD interval,
(i) a narrow YDB layer containing high-temperature,
shocked, carbonaceous, and melt-related proxies, and
(iii) a delayed, boundary-adjacent nanoparticle pulse
enriched in crustal, siderophile, and PGE-bearing mate-
rial. Volcanism, biomass burning, authigenesis, anthropo-
genic contamination, or ordinary terrestrial dust transport
may explain individual components of the assemblage,

46

but no single terrestrial process readily accounts for the
full combination of stratigraphic, mineralogical, carbo-
naceous, and siderophile-enriched proxies. Conversely,
no single proxy or ratio proves an impact origin. The
strongest conclusion is therefore not that any individual
proxy is definitive, but that the multiproxy assemblage,
its narrow stratigraphic clustering, its preservation in ice
with limited sedimentary reworking, its delayed nanopar-
ticle structure, and its PGE systematics are collectively
consistent with a short-duration, high-energy airburst or
impact-related depositional episode at the onset of the YD.

The Greenland sequence provides an unusually
well-preserved atmospheric record showing that a dis-
tinct high-energy depositional episode, potentially
involving extraterrestrial material, coincided with the
onset of the YD and was superimposed on the broader
climatic transition into colder, dustier conditions. Further
work, especially isotopic measurements of Os, Cr, or
other source-sensitive systems, higher-resolution ice-
core comparisons, and additional particle-scale analyses,
will be required to more precisely constrain the source,
magnitude, and mechanism of the event.

METHODS

Oxygen isotope analysis

Stable oxygen isotope ratios (5'*0) were measured at 10-cm
resolution using isotope-ratio mass spectrometry (IRMS),
with an analytical precision of +£0.1%0 (1o). The result-
ing profile was aligned with the GISP2 and GRIP ice-core
records [22, 81] to assist in identifying the Younger Dryas
(YD) onset in the Kangerlussuaq sequence. Slope-distance
estimates for the YD boundary are accurate to within £0.1 m
(95% CI), accounting for layer thinning, compression, and
tilting near the ice margin [19].

Shock-fractured and shocked quartz grains

Thin section preparation of quartz grains was performed by
Spectrum Petrographics (Vancouver, Washington, USA) fol-
lowing standard petrographic procedures optimized for the
preservation of shock microstructures. Individual grains and
grain mounts were vacuum-impregnated with low-viscosity
epoxy to stabilize fragile microfractures and planar defor-
mation features before cutting. Initial trimming and section-
ing were performed using diamond saws under continuous
fluid lubrication to minimize frictional heating and mechan-
ical stress.

Grinding and polishing were carried out in progressive
stages using fine-grit diamond abrasives, with careful con-
trol of applied pressure, rotation speed, and contact time.
Throughout preparation, particular attention was paid to
limiting temperature increases and vibrational stress to
prevent the introduction of preparation-induced microf-
ractures or spurious planar features. Final polishing was
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performed under low-load conditions to achieve optical
transparency while preserving the primary crystallographic
shock features.

These procedures are specifically designed to ensure
that observed planar deformation features, mosaicism, and
related microstructures in quartz are primary and not arti-
facts of sample preparation.

Shocked-quartz candidate grains were first recognized
under petrographic microscopy and subsequently exam-
ined using a universal stage, standardless scanning electron
microscopy (SEM), high-resolution TEM (HRTEM), and
electron backscatter diffraction (EBSD). Criteria for planar
deformation features (PDFs) follow established protocols,
with uncertainties largely governed by counting statistics
and preservation of diagnostic lamellae. We estimate a +10%
uncertainty (95% CI) in identifying PDFs and shock-related
microstructures.

Nanodiamonds

Previously, two studies [19, 23] extracted nanodiamonds
using the standard protocol [23], described in their Appendix
A [23]. Using their extracted residues, we identified addi-
tional nanodiamonds by high-resolution transmission
electron microscopy (TEM), scanning TEM (STEM), and
selected-area electron diffraction (SAED). Nanodiamond
identification was based on characteristic lattice spacings
and established morphologies of known cubic and hexago-
nal polytypes.

Mineralogical and structural analysis
Cathodoluminescence (CL) imaging was used as a supple-
mentary technique to evaluate lattice damage in selected
quartz grains. CL observations were made using SEM-
based CL imaging under standard accelerating voltages
and beam currents. Quartz containing planar deformation
features (PDFs) and related lattice damage commonly
exhibits reduced or quenched luminescence due to the dis-
ruption of crystal defects that act as luminescence centers.
Non-luminescent (dark) domains observed under CL are
therefore consistent with shock-related lattice disorder;
however, non-luminescence is not unique to shock met-
amorphism and may also characterize low-temperature
authigenic (diagenetic) quartz. Accordingly, CL obser-
vations are not interpreted as diagnostic of shock in iso-
lation; instead, they are evaluated in conjunction with
optical petrography, the crystallographic orientation of
lamellae, and independent confirmation of PDFs by TEM
and EBSD.

Meltglass, glass-filled lithic aggregates, Fe- and Si-rich
spherules, carbon spherules, and glasslike carbon were
analyzed using SEM and energy-dispersive spectroscopy
(EDS), following the standard protocols of Firestone et al.
[16], Bunch et al. [42], LeCompte et al. [40], and Wittke
et al. [18]. Elemental and textural measurements typically

show a standard deviation of <5% for major compositional
components.

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

This study applies SP-ICP-TOF-MS to Greenland ice and
dust samples, representing a novel use of this technique for
assessing potential impact-related signatures in an ice-core
context. For analysis, 100-mg aliquots of sediment were sus-
pended in 10 mL of ultrapure water (Millipore Advantage
System, Merck Millipore) in acid-washed 15-mL centrifuge
tubes.

SP-ICP-TOF-MS enables the enumeration of individual
nanoparticles and the simultaneous measurement of tran-
sient mass signals for selected elements in particles ranging
in diameter from ~20 nm to ~2 um. This approach provides
high time-resolution elemental data at the single-particle
scale, allowing characterization of particle populations that
include likely Fe phases (e.g., magnetite, wiistite), Al phases
(e.g., sillimanite, spinel), mixed Al-Si-Fe phases (e.g., mica,
amphibole), Zr-Si phases (e.g., zircon), Cr-Fe phases (e.g.,
chromite, chromian magnetite), Al-Si phases (e.g., feld-
spars), Si phases (e.g., quartz, feldspar), and Ti-Fe phases
(e.g., ilmenite). However, the technique does not directly
identify specific minerals.

Nanoparticles were analyzed from three stratigraphic
intervals: the Bglling-Allergd (BA; 5.63-6.68 m), the
Younger Dryas (YD; 4.57-5.47 m), and the Holocene (3.82—
4.42 m). Across these intervals, more than 1.2 million indi-
vidual nanoparticles were quantified (averaging ~60,000 per
sample across 20 samples). The resulting elemental distri-
butions were used to evaluate changes in dust provenance,
atmospheric circulation, and compositional shifts associated
with the Younger Dryas onset.

Nanoparticle quality assurance and detection
limits. Analyses were conducted under clean laboratory
conditions, with procedural and field blanks prepared using
identical reagents and containers. Blank particle counts for
elements central to this study (e.g., Pt, Ir, Ni, Co, Fe) were
consistently at or below single-digit counts per analytical
run, well below the particle abundances observed within
the dust-rich YD interval. Instrument performance (mass
calibration, sensitivity drift, and count-rate stability) was
monitored by repeated measurement of multi-element
standards and internal controls. Element-specific detec-
tion limits were derived from blank-corrected background
signals and Poisson counting statistics. Particles were
classified as containing a given element when transient
signals exceeded background by >3c. Because cross-lab-
oratory SP-ICP-TOF-MS datasets for glacial materials
are not yet available, the results presented here should be
regarded as a first-order, internally consistent assessment
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of nanoparticle compositional variation across the BA-YD-
Holocene sequence.

Hydrocode modeling

To investigate plausible cosmic impact scenarios, we per-
formed numerical modeling using ANSYS Autodyn to
simulate a cometary impact into an ice sheet. The mod-
eling was designed to evaluate the physical feasibility of
generating extreme pressure-temperature conditions, rather
than to reconstruct a unique impact event. Initial conditions
included a kilometer-scale impactor traveling at ~30 km
s7! with an entry angle of 45°. The simulations tracked
shock pressure, internal energy, and material dispersal to
assess whether conditions consistent with the formation of
observed proxies could be produced. Modeled peak pres-
sures exceeded several gigapascals, and transient shock
temperatures exceeded melting and vaporization thresh-
olds for ice and silicate materials, conditions sufficient
to account for the formation of nanodiamonds, shocked
quartz, meltglass, and associated high-temperature par-
ticles. Because impact outcomes are highly sensitive to
parameters such as impact angle, velocity, impactor struc-
ture, and target properties, the results are non-unique and
represent only one of many physically plausible scenarios.
Detailed descriptions of model setup, material proper-
ties, and parameter selection are provided in Supporting
Information Texts S1 and S2.

Supporting information

SI. Supporting information. Additional figures, tables, and
methods.
https://zenodo.org/records/19956672.
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Appendix

To evaluate the stratigraphic distribution of impact-related
proxies across the Greenland section, we compiled depth-re-
solved measurements of isotopic composition (8'¥0) and
multiple high-temperature and shock-related indicators,
including nanodiamonds, microspherules, shocked quartz,
meltglass, carbon spherules, glasslike carbon, and lithic
aggregates (Appendix Figure Al). These datasets provide a
multi-proxy framework for identifying intervals of anoma-
lous deposition and for assessing whether the Younger Dryas
Boundary (YDB) signal reflects a discrete event or back-
ground variability.

By presenting all proxies on a common depth scale, this
table allows direct comparison of proxy abundance peaks
with climatic transitions recorded by 8'30, facilitating evalu-
ation of synchronicity among independent indicators.

The datasets reveal a pronounced clustering of several
proxies within a narrow depth interval (~5.2-5.6 m), corre-
sponding to the Younger Dryas Boundary (YDB). Outside
this interval, most proxies are absent or occur at background
levels, suggesting that the observed enrichment is strati-
graphically localized rather than continuous.

The combined proxy dataset shows a clear and coherent
stratigraphic pattern. Most high-temperature and shock-re-
lated proxies are either absent or present at low background
levels throughout the section but exhibit a pronounced and

co-occurring peak within a restricted depth interval centered
at ~5.2-5.6 m. This interval includes elevated abundances
of nanodiamonds, carbon spherules, glasslike carbon, melt-
glass, and lithic aggregates, along with the appearance of
shocked quartz and Fe-Si spherules.

The co-occurrence of these proxies is significant because
they represent independent indicators of extreme thermal
and/or pressure conditions. Their simultaneous enrichment
within a narrow stratigraphic horizon argues against grad-
ual climatic or sedimentary processes and instead supports
a short-duration depositional event. The absence of compa-
rable peaks elsewhere in the section further reinforces this
interpretation.

In contrast, the 8'%0 record shows broader variability
across the profile, reflecting longer-term climatic changes
rather than discrete events. The alignment of the proxy-
rich interval with a shift in 8'30 values indicates that the
depositional event occurred near the onset of the Younger
Dryas but is not simply a function of climate-driven dust
variability.

The data indicate that the Greenland section records a
transient influx of high-temperature and shock-related mate-
rials superimposed on background atmospheric deposition.
This stratigraphically confined, multi-proxy enrichment is
consistent with a discrete event capable of generating and
dispersing a diverse suite of impact-related materials.
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5'%0 Nanodiamonds Spherules, Fe and Si Carbon Spherules
Dist (m) % Dist (m)  10%mL Dist. (m) #/kg Dist (m)  #kg
2.90 -31.9 3.22 0 3.67 12 3.22 0
3.10 -32.0 3.67 0.00679 4.27 0 3.67 0
3.30 -31.9 3.97 0 517 0 427 0
3.50 -32.2 427 0 5.32 0 5.02 0
3.90 -31.3 472 0 5.48 34 5.17 100
4.10 -33.0 5.02 0.00054 5.63 14 5.32 560
4.30 -32.5 517 0.00529 578 0 548 640
450 -31.8 5.32 0.00052 6.23 8 563 360
470 -32.8 5.48 1414.73 6.98 0 578 320
4.90 -33.3 5.63 56.9830 7.43 5 5.93 280
5.10 -31.8 5.78 0.00012 6.08 160
5.30 -31.7 5.93 0.00069 Shocked Quartz 6.23 160
5.50 -321 6.08 0.00113 Dist. (m) #kg 6.38 0
5.70 -319 6.23 0.00063 37 0 6.98 0
5.90 -31.9 6.38 0.00117 43 0 7.43 0

6.10 -32.5 6.68 0 52 0
6.30 -31.9 6.98 0.00059 53 0 Glasslike Carbon
6.50 -32.8 7.43 0.00008 55 47 Dist. (m) #kg
6.70 -33.8 56 7 3.2 0
6.90 -33.0 Meltglass 58 0 37 0
7.10 -32.9 Dist. (m) #/kg 6.1 0 43 0
7.30 -31.8 3.7 0 7.0 0 5.0 0
7.50 -32.1 43 0 7.4 0 5.2 0
7.70 -33.5 52 0 53 5
7.90 -33.5 53 0 Lithic Aggregates 5:5 155
8.10 -32.0 55 43.0 Dist. (m) #lkg 5.6 14
8.30 -32.3 56 7.0 3.7 0 5.8 0
8.50 -33.7 58 0 43 0 59 5
6.1 0 52 0 6.1 0
Glass-filled Quartz 7.0 0 53 0 6.2 0
Dist. (m) #lkg 74 0 55 68.0 6.4 0
52 0 56 14.0 7.0 0
53 0 58 0 7.4 0
55 65.0 6.1 0
56 7.0 7.0 0
58 0 7.4 0
6.1 0

Appendix Figure A1: Depth distributions of §'®O and multiple impact-related proxies from the Greenland section. Columns list sample depth
(m) and measured values for each proxy, including nanodiamonds (10%/mL), spherules (Fe- and Si-rich; #/kg), carbon spherules (#/kg), shocked
quartz (#/kg), meltglass (#/kg), glasslike carbon (#/kg), glass-filled quartz (#/kg), and lithic aggregates (#/kg).
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