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ABSTRACT

We report evidence of a likely low-altitude cosmic airburst near Perkins, Louisiana, associated with semi-
consolidated deposits containing abundant shocked quartz grains, a classical impact indicator, along with spherules,
meltglass, and microbreccia. Analytical techniques employed on these materials include optical microscopy, the
universal stage, electron microscopy (SEM, TEM, and STEM), cathodoluminescence, laser ablation (LA-ICP-MS),
neutron activation (INAA), and radiometric dating. These analyses reveal that the deposits exhibit morphological
and compositional similarities to known impact-related proxies. Radiocarbon dating and 40Ar/39Ar analyses
constrain the likely age of deposition to between 30,000 and 10,000 calibrated years BP, with a concentration of
dates clustering around 12,800 years BP (12,835-12,735 cal BP), coinciding with the age range of the Younger
Dryas Boundary (YDB). Spherule and meltglass abundances, along with evidence of high-temperature mineral
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transformations, are consistent with the effects of a high-energy airburst or impact. Hydrocode modeling suggests
that a touch-down airburst could plausibly account for the observed shallow depression, material dispersal patterns,
and geochemical signatures. Our study suggests that a 300-m-long lake/depression at the Perkins site represents

North America’s first identified YDB-age airburst crater.
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Introduction

Cosmic airbursts and impacts produce a wide range of sur-
face effects, with high-altitude airbursts, such as the 1908
Tunguska event, primarily generating blast damage without
forming craters [1]. In contrast, low-altitude “touch-down”
airbursts may induce surface melting, spherule formation,
shocked quartz, and shallow cratering [2]. Due to preser-
vation challenges, few airburst signatures are documented
in the geologic record, limiting our understanding of these
events.

Here, we report findings from a site approximately 5.8
km east of Perkins, Louisiana (30.3980° N, 93.3535° W)
(Figure 1), where an anomalous 300-m-long seasonal lake/
depression (Figure 2) is associated with extensive depos-
its of likely impact-related materials (Figure 3). We tested
the hypothesis that an airburst/impact at the Perkins site

produced these materials. To understand these deposits, we
conducted a multi-disciplinary study employing a compre-
hensive suite of microscopy and geochemical techniques to
characterize the material, investigate its origin, and deter-
mine whether the Perkins site represents an airburst/impact
cratering event.

Research history

In ~1938, Walter Leo Fitzenreiter, Jr., father of the lead author
(R.F.), first speculated that a seasonal lake on his property
was an “impact crater” based solely on its shape and cra-
ter-like rim raised ~1 m above the surrounding terrain. Later,
in 2006, lead author R.F. began to test his father’s sugges-
tion of a crater and discovered several locations around the
lake displaying large semi-consolidated masses of spherules

Figure 1: Map. The lake is located east of Perkins, LA, in the state’s southwest corner (inset, arrow) and is called the Perkins site. Base image:

USGS. Inset image: Google Maps, 2024, INEGI.
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Figure 2: Lake/depression with locations of glass-and-spherule-rich material is outlined with the white dotted line. The Pond deposit is
northwest of the lake/depression, and the Vee deposit is south of the lake/depression. Trench #1 is on the east rim of the lake/depression. The
Lake deposit is within the lake/depression. Calibrated radiocarbon ages on organic material and carbon-rich meltglass are shown for three key
deposits. Image: Google Earth, Maxar Technologies; imagery date: 12/13/2003; accessed: 8/8/2024.

associated with multi-cm-sized fragments of black vesicu-
lar glass, which, he reasoned, might result from a cosmic
airburst/impact event. Beginning in 2006, lead author R.F.
found very large quantities of meltglass and spherules in two
deposits near the raised rim of the lake, ~300 m long and
120 m wide.

From 2006 through 2024, lead author R.F. also hand-ex-
tracted 32 cores (~4 to 13 cm in diameter) and excavated two
trenches (~3 m wide). Locations and results are described
in the sections below. In 2007, after identifying numerous
spherules and fragments of meltglass in the Vee and Pond
deposits, R.F. first contacted one of the co-authors (K.E.),
who analyzed the spherules and meltglass. His analyses sug-
gested that they resulted from a cosmic impact event, and
he recommended additional research. In 2011, R.F. next

contacted members of the Comet Research Group, who ana-
lyzed these materials to investigate their characteristics and

origin.

Information on airbursts

Cosmic airbursts can occur at various altitudes, producing
distinctly different surface effects. High-altitude airbursts,
like the 1908 Tunguska event (~5-10 km altitude) [1], pri-
marily cause widespread devastation through blast waves but
typically leave no craters [2]. Even so, the airburst evidence
at Tunguska has been reported to include spherules, shocked
quartz, glass-filled fractured quartz, melted feldspar, car-
bon spherules, and glasslike carbon [1]. Such events, called
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Figure 3: Optical photographs of meltglass and spherules from the Pond deposit. (A-D) The original discovery was of a sizeable
semi-consolidated surface deposit, primarily comprised of billions of spherules and fragments of meltglass, embedded in a matrix of partially
melted and unmelted grains of quartz sand and limestone. (E) A large fragment of vesicular meltglass (at arrow) was removed from the spher-
ule-rich matrix (tan) from the Pond deposit. (F) Photomicrograph of spherules embedded in the Pond deposit matrix.

“touch-down airbursts,” occur when a bolide explodes suffi-
ciently close to Earth’s surface that high-velocity fragments,
the shockwave, and the thermal pulse form meltglass, create
spherules, generate shocked quartz, and potentially create
shallow ephemeral craters [2].

Due to the scarcity of documented cases of airbursts and
the frequent lack of evidence preserved in the geologic
record, the effects of airbursts are still poorly understood.
However, understanding them is vitally important because,
as Boslough and Crawford [3, 4] wrote, “Low-altitude

4

airbursts are by far the most frequent impact events that
have an effect on the ground.” To provide additional insights
into airburst processes in the geologic record, we document
our discoveries at this new proposed airburst location near
Perkins, SW Louisiana (Figure 1).

Methods

We employed standard protocols for eight complementary
techniques to characterize spherules, meltglass, and shocked
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quartz (for more details, see Supporting Information,

https://zenodo.org/records/15496666 [5]).

1) Optical microscopy (OPT). Transmission microscopy
is used for 3D imaging. It also uses crossed polariz-
ers to identify isotropic areas of melted silica in quartz
grains. EPI-illumination microscopy (EPI) is used for
3D imaging of spherules and meltglass. It also reveals
if a fracture in a quartz grain is filled with material but
not the nature of the material.

2) Scanning electron microscopy (SEM): Used to image
and analyze spherules and meltglass. It also reveals if
quartz fractures are filled with silica without determin-
ing if it was melted.

3) Energy dispersive spectroscopy (EDS): A standardless
technique used to determine the elemental and oxide
compositions of spherules, meltglass, and the quartz
fracture-filling material (e.g., melted silica, hydrated
silica, carbon, other minerals, or polishing compounds).

4) Laser ablation inductively-coupled plasma mass
spectrometry (LA-ICP-MS): A laser beam and mass
spectrometer were used to analyze the elemental and
isotopic composition of spherules and meltglass.

5) Cathodoluminescence (CL): Used to differentiate
between amorphous and crystalline areas of quartz
grains; non-luminescent (black) areas indicate melted
silica [6-8].

6) Neutron activation analysis (INAA): This nuclear tech-
nique measures the elemental concentrations in a mate-
rial by irradiating it with neutrons and measuring the
resulting gamma rays.

7) Universal stage (u-stage): This technique was used to
index candidate shocked quartz grains, previously iden-
tified using a petrographic microscope. Indexing some
quartz grains with a universal stage was problematic
because they appeared thermally distorted. However,
indexing was possible in those areas where the lamellae
remained planar and parallel. The u-stage is considered
the definitive technique for identifying shocked quartz.

8) Argon-argon dating (**Ar/*Ar): This radiometric dating
technique can determine the formation age of rocks that
underwent rapid cooling to below their closure temper-
ature since impact-related heating likely reset previous
ages. Samples were neutron-irradiated for 6 hours,
which is appropriate for ages from 1 Ma to 100 Ma.

Study objectives

1) Material composition: analyze the material with a focus
on the morphology and composition of Fe- and Si-rich
spherules, meltglass, carbon spherules, melted minerals,
and fractured quartz grains, with the latter as a widely
accepted indicator of shock metamorphism [2, 9—12].

2) Dating: produce an age-depth model for Trench #1
to determine the age of the spherule-and-meltglass

abundance peak and acquire calibrated radiocarbon
ages on the carbon-rich meltglass surrounded by very
large amounts of spherules. Lastly, determine whether
or not the meltglass is co-eval with the spherules and
meltglass in Trench #1.

3) Formation conditions: estimate the temperatures and
pressures required to produce these materials.

4) Potential formation mechanisms: compare anthropo-
genesis, authigenesis, volcanism, tectonism, lightning
discharges, and cosmic airbursts/impact.

5) Hydrocode modeling: produce a cosmic impact model
consistent with the observed evidence.

Results

This section documents our analyses of the wide range of
materials observed at the Perkins site. To investigate the
characteristics of these materials, we used eight analytical
techniques, as described in the Methods section. Below, we
offer a short introduction before presenting the results for
each proxy. Also, to assist in understanding the complex,
multidisciplinary data presented in this study, we provide the
following Table of Contents of the Results and Discussion
sections:

Table of Contents

Results
1. Sedimentology and Stratigraphy
2. Age of Materials
2.1 Radiocarbon Dating
2.2 Argon-Argon Dating
3. High-Temperature Melted Spherules
3.1 Spherule Abundances
3.2 Spherule Distribution
3.3 Spherule Morphologies
. Carbon Spherules and Glasslike Carbon
. Meltglass
. Low-oxygen Metallic Flakes
. High-Temperature/Pressure Quartz
7.1 Shocked Quartz Grains with Glass-filled Fractures
7.2 Thermally Warped Quartz Grains
7.3 Miller-Bravais Indices Confirm Shocked Quartz
7.4 Microbrecciated Quartz Grains
8. Magnetic survey
9. Summary of Analytical Results for all Proxies

~N N B

Discussion-Interpretations

10. Age of the Perkins Materials

11. Origin of the Spherules, Meltglass, and Shocked
Quartz
11.1 Anthropogenesis
11.2 Railroads and Logging Operations
11.3 Natural Gas Blowout
11.4 Authigenesis
11.5 Tectonism


https://zenodo.org/records/15496666

R. Fitzenreiter et al.: Evidence of a 12,800-year-old Shallow Airburst Depression in Louisiana

11.6 Volcanism
11.7 Lightning
11.8 Older Airburst/Impact Event
11.9 Airburst/Impact Event
12. The Lake/Depression as an Impact Crater
13. Melted and Shocked Quartz during an Airburst
14. Hydrocode Model of a Touch-down Airburst
15. Comparison of the Perkins Site to other YDB sites and
the K-Pg

1. Sedimentology and stratigraphy

Louisiana coastal plain near-surface sediments down to
several 100 m typically comprise alternating weakly to
well-stratified beds of unconsolidated to semi-consolidated
sand, carbonate-cemented sand, limestone, and colored
clays [13]. At Perkins, stratigraphic profiles reveal massive,
mostly non-laminated, unconsolidated deposits of sand. A
sand grain analysis for Trench #1 shows that ~70% of the sed-
iment is fine sand (63-200 pum) (Supporting Information,
Figure S1 [5]), dominated by quartz and limestone grains.
Four primary deposits of glass-and-spherule-rich material
were discovered (Figure 2): 1) the Vee deposit in the narrow-
V-shaped southwestern end of the lake is ~10 m in diameter
and ~30 cm thick; 2) the Pond site northwest of the lake is
~10 m in diameter and ~60 cm thick; 3) a smaller discontinu-
ous deposit of meltglass and spherules was found at the Lake
site; 4) Trench #1 on the east rim of the lake contains moder-
ate amounts of glass-and-spherule-rich material. In addition,
small amounts of the material were found along some of the
roadways and paths where the landowner had placed them.

2. Age of materials

2.1. Radiocarbon dating
We acquired 17 dates, of which six were usable, and eleven
were excluded because of insufficient carbon or carbon that
was too old or too young (Supporting Information, Table
S1 [5]). To produce an age-depth model for Trench #1, we
used OxCal [14], a Bayesian computer program widely used
for interpreting radiocarbon dating results by combining
radiocarbon dates with prior knowledge, such as archaeo-
logical context or stratigraphy. For the Trench #1 model,
we used dates on bulk organic material from the 60-75-cm
layer that contains the peak in meltglass and spherules and
from below the peak in the 105-120-cm layer (Figure 4;
Supporting Information, Table S2 [5]). We also included
cultural age ranges for an Early Archaic projectile point
(range: ~10,000-8,000 cal BP) and several Late Woodland
projectile points (range: ~1,500-1,000 cal BP) [16-18]
(Supporting Information, Table S2 [5]). The modeled age
for the spherule-and-meltglass layer in Trench #1 is 12,794
+ 69 cal BP (13,021-12,713 at 95% CI).

We questioned whether the meltglass might contain car-
bon present at the time of the impact, so we acquired four
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calibrated ages on carbon-rich fragments of meltglass from
the Pond deposit and one for the Vee and compared them
to the Trench #1 Bayesian age. Using Oxcal v4.4.4, r:5
[19] with the InCal20 calibration curve, we found that 3 of
6 dates overlap at 99% Confidence Interval (CI; Figure 5;
Supporting Information, Tables S1 and S3 [5]) [20].
Furthermore, the three deposits overlap the YDB age range
at 99% CI, as published by Kennett et al. [15].

Radiocarbon dates on bulk meltglass have higher uncer-
tainties than those on charcoal or seeds due to the possi-
bility of younger encroaching roots and mixing with older
material, including peat found in the lake and across the area
[15, 21-23]. Although this makes assessing synchroneity
problematic, given that the key interval at Trench #1 dates
to 12,794 £ 69 cal BP, we suggest that the melted material
at Perkins resulted from a single cosmic impact event at the
YD onset ~12,800 years ago. Thus, the high quality of radio-
carbon age for the spherule-and-meltglass layer in Trench #1
takes precedence over the less accurate meltglass ages when
inferring an age for the layer.

2.2. Argon-argon dating

The Perkins site lies within the distal ejecta zones of the
65-Ma K-Pg and the 35-Ma Chesapeake Bay impact events.
To test the hypothesis that the spherules and meltglass depos-
its could be from these much older impact events, we per-
formed argon-argon (**Ar/*’Ar) dating on several aliquots of
the spherule-rich matrix from the Vee deposit (Supporting
Information, Table S4 [5]). Every step (including high-tem-
perature steps) yielded almost 100% atmospheric argon, and
as aresult, the Vee deposits appear young (<2 Ma) and, there-
fore, are not reworked from these two older impact events or
any other known older crater within an ~800-km radius.

3. High-temperature melted spherules

3.1. Spherule abundances
We collected samples from the nine cores, pits, and trenches
and then extracted the spherules and meltglass, counted
them, and analyzed selected examples. The quantities
by depth for the nine locations are shown in Figure 6 and
Supporting Information, Table S5 [5]. Based on field
measurements and SEM imagery of spherule-rich samples,
the estimated volume of glass-and-spherule-rich material in
the Vee deposit totals ~23 m?, and the Pond deposit is 46 m?,
for a total of 69 m>. Each m? of the material weighs ~1500
kg, so the total mass is >100 tonnes. Quantification using
SEM imagery of aliquots of the deposited material revealed
that each kg is estimated to contain >100 billion spherules,
S0, extrapolating conservatively, the total mass of known
material includes hundreds of billions of spherules, with the
meltglass equaling ~1% of the total or >1 tonne.

The spherule composition from the Vee varies, averaging
7.36 wt% Al, 8.15 wt% Ca, 17.05 wt% Si, and 10.12 wt%
Fe with small concentrations of other elements. Scanning
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Figure 4: Bayesian chronology for Trench #1. Bayesian age-depth model for the trench (Supporting Information, Tables S1 and S2 [5]).
The model relies on two radiocarbon dates and age ranges for two Native American projectile points. Organic material from the 60-75-cm layer
containing the peak in meltglass, microspherules, and shocked quartz dates to 12,794 + 69 cal BP (13,021-12,713 cal BP at 95% Confidence
Interval (Cl)), overlapping the proposed range (red dashed lines) of 12,835-12,735 cal BP for the YDB impact event [15]. The model includes
a date of 29,354 + 181 cal BP from organic material at 105-120 cm. The age ranges of the two cultural artifacts are 1,500-1,000 cal BP (Late
Woodland culture) and 10,000-8,000 cal BP (Early Archaic culture) [16—18].
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Figure 5: Six calibrated radiocarbon ages for charcoal and meltglass from 3 sites. Meltglass from the Pond and Vee charcoal from Trench
#1 were radiocarbon-dated, and these were compared with the proposed YDB age range of 12,835-12,735 cal BP (red dashed lines) [15]. The
medium gray bar represents a 95% ClI, while the dark gray is a 68% ClI. Although the age of the Pond and Vee deposits is unclear, 3 of 6 dates
overlap at 99% Confidence Interval (Cl), indicating that they could be synchronous within the limits of radiocarbon uncertainties.

electron microscopy with energy dispersive spectroscopy
(SEM-EDS) and activation analysis (INAA) reveal that the
site’s bulk sediment is a variable average mix of Si (31 wt%),
Ca (21 wt%), Al (18 wt%), and Fe (16 wt%), totaling ~86
wt% with the remaining 14 wt% comprised of small concen-
trations of Mn, S, Ti, Na, Mg, K, and P.

3.2. Spherule distribution

The spherule distribution was determined at 11 locations
to test whether there was a discernible pattern across the
site. The results vary from zero spherules north and south
of the lake/depression to a peak abundance of 9200 spher-
ules within the southeastern part of the lake/depression
(Figure 7). The isopachs show that spherule concentrations
are highest within the lake border but fall off substantially
with increasing distance from the lake.

The spherules were plotted by depth across the site, reveal-
ing that the largest spherule peak concentrations occur in the
lake at depths of up to ~6 m below the surface (Figure 8).
Away from the rimmed lake/depression, spherule peaks vary
in depth from 0.5 to 1.5 m below the surface. The depth of
the deepest part of the lake is unknown; however, two wells,
#4 and #6, drilled within ~6 m of the shoreline, encoun-
tered alternating layers of multi-colored clay (red through
gray colors) down to a depth of ~6 m. At that depth, the well
encountered water-saturated fine sand that flowed into the
well bore, suggesting that the bore had passed below the bot-
tom of the lake bed. This observation indicates the lake basin
is steep-sided at >45°, atypical for any known area lake and

consistent with the site’s lake being an anomalous feature.
The rim of the lake/depression is also atypical for any known
natural area lake within more than a 50-km radius.

3.3.Spherule morphologies
Regarding spherule morphologies, although we refer to
these objects as being spherulitic, they display a wide range
of morphologies that include rounded, sub-rounded, ovate,
oblate, elongated, teardrop-shaped, dumbbell-shaped, clus-
tered, accretionary, hollow, and broken (Figures 9—12). An
analysis of ~100 spherules reveals that their diameters range
from ~1 to 65 um with an average of 14 um (Supporting
Information, Figure S2 [5]). Colors include clear, white,
red, orange, purple, brown, and black; they can be opaque,
translucent, or transparent. Surface textures vary widely,
including smooth, dendritic, platy, soccer-ball-like, reticu-
lated, and irregular. When sectioned or broken, the spherules
most commonly display one or more large vesicles, but some
are solid. The spherules sometimes display multi-phase mor-
phologies (Figures 9 and 10) and may contain relict grains
of quartz. The Fe-rich spherules are often depleted in oxy-
gen, which is consistent with being wiistite and sometimes
approaches the composition of native iron (Figure 10).
Multi-layered glassy spherules were observed with similar
morphologies to those previously reported for impact events
[24, 25]. Many of them contain fragments of stoichiomet-
ric crystalline quartz surrounded by either melted quartz or
Ca-rich aluminosilicate glass. Several contain an overgrowth
of ettringite, a likely post-depositional mineral.
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Figure 6: Abundances by depth for spherules and meltglass. See Figures 2 and 7 below for the nine sampling locations in and around
the lake/depression. The blue lines represent spherules, and the orange lines represent meltglass.

Summary of Spherule Evidence

* Deposits contain >100 tonnes of spherules.

* Estimated >100 billion spherules per kilogram.

* Morphologies include rounded, sub-rounded, dumb-
bell, hollow, and clustered forms.

* Elemental composition: Primarily Fe, Si, Al, and Ca.

¢ Spatial distribution: Spherule concentrations are highest
within the lake/depression, declining radially.

¢ Depth profile: Deeper spherule peaks (up to 6 m) in the
depression’s center, consistent with ejecta fallback.

4. Carbon spherules and glasslike carbon

We observed multiple varieties of these carbon-rich parti-
cles, with colors including black, tan, and amber; transmis-
sivity including opaque, translucent, and transparent; and

shapes including spherical, oval, and broken. The abundance
of carbon spherules in the Vee and Pond meltglass was ~500/
kg with diameters ranging from ~100-800 pum, averaging
~600 um (Figure 13). The glasslike carbon fragments were
typically multiple millimeters in size with approximately
the same abundance as the carbon spherules. The spher-
ules and glasslike carbon are dominantly carbon (up to ~80
wt%) combined with small concentrations of Fe, Si, and O
(Figure 14).

Summary of Carbon-Rich Spherules and Glasslike Carbon

e Carbon spherules (opaque, translucent) and glasslike car-
bon fragments were found.

* Enriched in platinum-group elements (PGE): Os, Ir, Pt.

e Meltglass carbon content suggests lower peak formation
temperatures than metallic or silicate melts.
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Figure 7: Spherule isopach diagram of spherule distribution. Numbered circles represent 11 sampling locations, and white numbers repre-
sent the peak abundance of spherules, ranging from 9200 in core 4 to none north and south of the lake. P1, P3, and P4 indicate three excavated
pits; T1 is Trench #1; circles numbered 4, 6, 31, and 32 correspond to small-bore coring locations; N and S represent north and south coring
locations. The isopachs reveal that spherule abundances are the largest in the lake and decline with distance away from it. Image from USGS;
imagery date: 1983; accessed: 8/8/2024. Figure composited using Microsoft PowerPoint 2021.

5. Meltglass

The meltglass elemental abundances vary but are mostly
Fe-rich Ca-aluminosilicates. The meltglass from Trench #1
and the Vee deposit averages 9.64 wt% Al, 14.97 wt% Ca,
17.42 wt% Si, and 8.71 wt% Fe, with small concentrations
of other elements (Supporting Information, Tables S6 and
S7 [5]). These irregular, broken objects display a wide range
of textures, including smooth, rounded, folded, layered,
and granular; most are highly vesicular (Figures 15-21).
Dimensions range from sub-cm to a 31-cm-long meltglass
rock weighing 16.33 kg. Colors vary from clear, white, red,
orange, purple, brown, and black. They are primarily opaque

10

but can appear translucent, as with numerous mm-sized,
white, vesicular fragments that reached an abundance peak
in Trench #1 at 12,794 + 69 cal BP. Sand grain analyses
for Trench #1 reveal that the abundance peak in meltglass
corresponds to a nearly doubling of the fine silt component
(<40 pum; Supporting Information, Figure S1 [5]).
Abundances of meltglass fragments from nine cores, pits,
and trenches are shown in Figure 6. Meltglass fragments,
like many spherules, are typically composed of aluminosil-
icates (Al, Ca, Si, and O), although they commonly contain
small amounts of other elements, including C, Fe, Zr, Ti,
Ni, Co, Cr, and PGEs. Variations in concentrations of these
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Figure 8: Profile across lake/depression showing spherule peak by depth. Peak abundances of spherules plotted by depth. Peaks
become substantially deeper by up to ~6 m below the surface within the lake/depression. Note the distinctive raised rim around the lake, which
is anomalous for lakes within this region. The sediment-filled lake is estimated to have had an original depth of ~25 m, as discussed in the
hydrocode modeling below. For the LIiDAR base image, the vertical scale is exaggerated several times. P3 = Pit #3; P1 = Pit #1; 31 = Well #31;
32 = Well #32; W = Walkway; T1 = Trench #1; P4 = Pit #4; 4 = Well #4; and 6 = Well #6. Base figures created with Global Mapper, v. 8.0.

elements affect the spherule morphology. Some fragments
comprise >80% carbon and are more similar to glasslike
carbon. Many meltglass fragments display high-temperature
melted or boiled minerals, including magnetite (1590°C),
NiCr-magnetite (1590°C), zircon with baddeleyite (1775 to
>4400°C), kaolinite (1770°C), clinopyroxene (1150°C), and
quartz (~1710 to 22230°C) (Table 1).

Summary of Meltglass Evidence

» Estimated >1 tonne of meltglass across the site.

* Composed mainly of melted Fe- and Ca-aluminosilicates.

e Textural evidence: Highly vesicular, layered, folded,
tubular, and flowed structures.

e Thermal evidence: Mineral inclusions suggest melting
temperatures 21590-4400°C.

6. Low-oxygen metallic flakes

These typically flake-like objects were analyzed using SEM/
EDS. They ranged from ~38 to 8§18 um in diameter, aver-
aging ~200 wm with an abundance of ~100 particles/kg
(Figure 22). They are typically composed of troilite, native
iron (Fe), wiistite (FeO), reduced iron (Fe**; i.e., oxygen-de-
pleted), and chromian magnetite, all of which are common
ET materials. The morphologies include flat, flake-like,

or curved forms that sometimes appear folded and melted
along the edges. Similar oxygen-depleted flakes have been
reported to be cosmic dust particles, most likely cometary in
origin [27-32].

Summary of Low-Oxygen Metallic Flakes

* Discovery of oxygen-depleted metallic flakes composed
of native iron, troilite, and wiistite.

* Morphologies (folded, melted edges) and chemistry con-
sistent with extraterrestrial (ET) origin.

e Rare on Earth, common in ET and impact-related
materials.

7. High-temperature/high-pressure quartz

7.1. Shocked quartz grains with glass-filled
fractures

The similarities and differences between these four types
of lamellae/fractures are summarized in Table 2. We inves-
tigated grains optically in 14 levels from 35-165 cm in
Trench #1, in addition to samples from the Vee and Pond
deposits. In Trench #1, shocked quartz was observed in the
12,794 cal BP YDB layer, not above or below. Shocked
quartz candidate grains were selected, thin-sectioned, and
further analyzed. Optical microscopy, SEM, and CL reveal

11
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Figure 9: Spherules from various deposits from several locations. (A-C) Photomicrographs of the surfaces of a block of semi-consolidated,
spherule-rich matrix. Spherules and meltglass comprise >90 wt% of the spherule-rich matrix. (D-F) SEM-BSE image and with two epi-illuminated
photomicrographs (EPI) of the thin-sectioned spherule-rich matrix. Panels D and E exhibit ~800 spherules, representing ~1.8 million spherules/
cm?. In panels D-E, #1 and #3 indicate hollow spherules surrounded by a brighter Ca-Al-Si-Fe coating, added after the spherule was quenched. In
panel D, #2 marks a solid Ca-Al-Si-Fe spherule. In panel E, #4 marks an Al-Si-rich spherule surrounded by a carbon coating. In panel F, #5 marks
an Al-Si-rich spherule, and #6 marks a bright metallic core surrounded by a gray Si-rich coating. (G-I) SEM-BSE images of spherules within the
matrix. In panel G, #7 is an Fe-rich spherule with a platy texture. In panel H, #8 is a hollow Al-Si-rich spherule surrounded by hundreds of smaller
spherules. In panel |, #9 marks a small, hollow spherule a few microns in diameter, and #10 marks an elongated Fe-rich object.

evidence of extensive fractures and lamellae (12 in ~25,000
grains). We observed four types of microstructures in quartz
in this study: classical planar deformation features (PDFs),
classical planar fractures (PFs), and glass-filled non-pla-
nar fractures (herein termed “nPFs”) (Figures 23-28). We
also observed but ignored non-shock deformation lamel-
lae (DLs) [9, 34-38], which typically result from tectonic
motion, but tectonism does not produce glass along the
deformation lamellae.

Melted silica within quartz grains takes two forms: (i)
diaplectic glass that forms when quartz undergoes shock-in-
duced, solid-state transformation into an amorphous state
by mechanical pressure rather than through high-tempera-
ture melting, and (ii) amorphous silica, also called lechat-
elierite, that melts at high temperatures at any pressure.
Both forms of melted silica within quartz grains are called
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“glass” in this contribution. The presence of melted silica
within shocked quartz is a characteristic that makes glass-
filled shocked quartz a reliable indicator of cosmic impact
events [9]. Indeed, French and Koeberl [38] emphasized the
primary importance of melted silica in PDFs. They wrote,
“Most striking, and most diagnostic of shock-wave pressures
and impact conditions, are the unusual planar deformation
features (PDFs) that have served reliably as an impact indi-
cator for several decades.”

Nearly all shocked quartz grains at Perkins display regions
of amorphous silica, typically along lamellae and around the
grain edges, and most show evidence of having been ther-
mally warped after being shocked. One shocked quartz grain
(Figure 23B) was observed within a matrix containing thou-
sands of spherules adhering to its surface, confirming a close
relationship between spherule formation and shocked quartz.
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Figure 10: SEM images of Fe- and Al-Si-rich spherules. All are from the Vee deposit, except panel D, which is from Pit 3. (A) #1: Platy tex-
ture characteristic of Fe-rich spherules, covering an Al-Si-rich core at #2. (B-C) #3: Platy textures and #4 dendritic textures on Fe-rich spherules,
surrounded by spherule-rich matrix. (D) #5: Impact pit on spherule; Ti-mag enriched in Ni, Os, Ir, and Pt. (E) #6-7: Splashes of once molten
material draped across an Al-Ca-Si spherule. (F) #8: A cluster of sub-micron spherules splashed onto the large spherule. #9: Fe plates cover
an Al-Si core. #10: smaller secondary collisional spherule, dimpled due to high-velocity impact while molten. (G) #11: Fe-rich spherule that
collided with #12, an Al-Si-rich spherule. (H) #13: A broken shell of an Al-Ca-Si spherule. () #14: Large, multi-phase Al-Si spherule that collided
with #15: smaller Fe-rich spherules. #16: agglutinated material. (J) #17: Vesicular glasslike carbon with embedded #18: Fe-rich spherule. (K)
#19: Hollow Al-Si spherules surrounded by and filled with hundreds of smaller spherules. (L) #20: Zr-Ca-Si-Ni-Fe glass with #21, an embedded
wistite (FeO) spherule.

7.2. Thermally warped quartz grains partially melt and warp the grains, leaving the lamel-
When quartz grains undergo shock metamorphism that lae still visible though non-planar, i.e., bent or curved
creates glass-filled PDFs, PFs, and fractures, they may (Figures 23-26).

undergo additional transformation when exposed to high Some quartz grains display regions of isotropy when
temperatures from the impact fireball. This process can using crossed polars. Often, the grains are coated with a thin

13
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Figure 11: Spherules extracted from the Vee deposit. All optical photomicrographs. (A-D) Clusters of Fe- and Al-Si-rich spherules. (E-K)
Multiple colors of glassy Ca-Al-Si-Fe-C-rich spherules. (L) Hollow, broken, glassy spherule containing numerous sub-micron spherules. (M-O)
Dark-colored glassy Ca-Al-Si-Fe-C-rich spherules. (P) Hollow, broken, dark-colored, glassy Ca-Al-Si-Fe-C-rich spherule.

layer of isotropic material, consistent with noncrystalline sil-
ica (glass), and they commonly display non-planar and pla-
nar fractures filled with melted silica (Figure 26). SEM and
SEM-EDS confirm that the red areas are not microcrystal-
line quartz (e.g., chalcedony), cryptocrystalline quartz (e.g.,
chert), or quartz overgrowth or cement (hydrated silica), and
therefore, are melted silica.

7.3. Miller-Bravais indices confirm shocked quartz

PDFs and PFs have been reported to display character-
istic angles relative to the plane of the c-axis in quartz
[9, 38—40], and these angles can be measured in polished
thin-sectioned slides using a universal stage [41-43]. For
the Perkins shocked quartz candidates, the measured angles
were plotted in Figure 27 using the ANIE software program
[42, 44]. The indices observed match the most common
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crystallographic orientations of planar microstructures in
shocked quartz [9].

Summary of Shock Metamorphism in Quartz

e Presence of planar deformation features (PDFs),
planar fractures (PFs), and non-planar glass-filled
fractures (nPFs).

e Thermally warped quartz grains were observed, indicat-
ing post-shock heating.

¢ Universal stage measurements match known shock-
induced crystallographic orientations.

¢ Shock evidence rate: ~1% of all quartz grains examined.

7.4. Microbrecciated quartz grains
This term indicates that quartz grains have undergone brec-
ciation, a process in which the grains are broken into angular
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Figure 12: Multi-layered Vee spherules. Rows 1 and 3 are optical photomicrographs under plane-polarized light (OPT-PPL); rows 2 and 4 are
SEM-BSE images of the corresponding spherules. “Qtz” indicates stoichiometric crystalline quartz, and “MQ” represents melted quartz. (A)-(B),
(C)-(D), and (E)-(F). Multi-layered spherules comprised of melted quartz with crystalline quartz inclusions. (G)-(H). Multi-component spherule
comprised of CaAlSi glass, melted quartz, and crystalline quartz. (I)-(J) and (K)-(L). Hollow CaAlSi spherule filled with likely post-depositional
material (O = 61.27 Wt%, Al = 5.90 Wt%, Si = 0.65 Wt%, S = 7.99 Wt%, and Ca = 24.19 Wt%).

to rounded fragments that are then bonded together by a
mineral cement or melted material. This phenomenon is typ-
ically observed in high-stress environments, such as fault
zones at a macro-scale, volcanic eruptions at a macro-scale,
and impact craters at micro- and macro-scales.

During an impact event, the cement in quartz grains com-
monly comprises isotropic, amorphous, and often vesicular
silica. Sometimes, the entire quartz grain is melted, and as the

molten quartz cools, it re-crystallizes into aggregates, with
each globule representing a different crystallite [45, 46]. In
some cases, the aggregates crystallize into spherical shapes;
however, in other cases, they become sub-spherical, such as
those observed in the Vee deposit (Figure 28). If the molten
cement is quartz in a quartz grain, the grain is referred to as
monomict quartz microbreccia; if the material is composed
of other elements, the grain is referred to as polymict quartz

15
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Figure 13: Pond carbon-rich spherules containing Fe and PGEs. (A,C,E,G,l,K,M,0) Color photomicrographs using an optical microscope
(OPT). (B,D,F,H,J,L,N,P) Corresponding SEM-BSE images are below each color image. These mixed composition carbon-rich spherules
(range: 25 to 82 wt% C) also contain Al, Ca, Si, and Fe, along with PGEs, Os, Ir, and Pt, as shown. Ranges of PGE SEM-EDS percentages:
Os = 0.4 to 0.5 wt%; Ir = 0.2 to 3.7 wt%, and Pt = 0.5 to 6.9 wt%. SEM-EDS percentages are too high and, therefore, should be considered
qualitative. Other spherules quantitatively measured with laser-ablation ICP-MS confirm that all spherules analyzed are enriched in PGEs, not
in the percent range but in the ppm range at 300 to 1000x above crustal values.

microbreccia. Shocked quartz has previously been observed
in monomict quartz breccia associated with Libyan Desert
Glass [47] and in the YDB-aged site, Abu Hureyra, Syria [26].

Summary of Microbrecciated Quartz

e Microbrecciation within quartz grains bonded by amor-
phous silica.

* Indicative of extreme stress and shock conditions asso-
ciated with impacts.

8. Magnetic survey

If the lake/depression is an impact crater, we reasoned that
there may be associated magnetic total field anomalies due
to potentially higher Fe concentrations produced by the
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impactor. We tested this hypothesis by conducting two mag-
netic surveys on the lake/depression across two wing-like
features, similar to the pattern produced by the Tunguska
airburst [48, 49], the Saarland structure airburst [50], and
rays of secondary ejecta on the Moon and Mars [51]. We
found positive magnetic anomalies associated with each
wing (Figure 29), consistent with similar patterns related to
other known impact structures that typically show magnetic
intensity variations ranging from a few nT to several hun-
dred nT [52]. These magnetic signatures may result from
several impact-related processes: (i) The concentration of
magnetic minerals through ballistic sorting during ejection
and deposition; (ii) the thermal alteration of iron-bearing
minerals during the impact event, potentially producing new
magnetic phases through heating and rapid cooling; and (iii)
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Figure 14: SEM-BSE images of Al-Si-rich meltglass and glasslike carbon from the Vee deposit. (A-C) Fragments of meltglass that most
likely melted at 21250°C [26]. Panels A and C are from pit #3; panel C is from the Vee. (D-l) Fragments of glasslike carbon from the Vee deposit
most likely melted at <1000°C, although all were surrounded by numerous spherules, including Fe-rich ones that melted at >1538°C, the melting

point of iron.

possible contributions from impactor material, as suggested
by the elevated Ni/Fe and Cr/Fe ratios that we found in the
spherules and meltglass.

Alternatively, there are multiple relict braid-plain stream
channels across the area, so the lake/depression and wing-
like features could be due to past fluvial action and only
coincidentally associated with the spherule-and-meltglass
deposits. However, other local lakes do not display wing-
like features or raised rims, as is typical for impact craters.
The magnetic data, combined with the morphological and
geochemical evidence, provides additional indirect support
for the lake/depression being an impact crater, although the
magnetic evidence is inconclusive.

Summary of Magnetic Survey Results

* Positive magnetic anomalies were detected along
“wings” extending from the depression.

* Morphology and magnetic signals are similar to known sec-
ondary ejecta patterns on the Moon, Mars, and Tunguska.

¢ Alternative fluvial explanations are possible but ques-
tionable due to the absence of similar features nearby.

9. Summary of analytical results for all
proxies
The table below summarizes the results for the Perkins site

(Table 3), and Figure 30 provides a visual flowchart to illustrate
the complex, multidisciplinary data presented in this study.

Discussion-interpretation

The two large glass-and-spherule deposits at the Vee and
Pond locations are at the surface and not in situ. However,
small quantities of spherules and meltglass exhibiting the
same morphologies and geochemistry occur in situ in the
~12,800-year layer of Trench #1. In this section, we consider
several issues related to the Perkins site.

i How old are the spherule-and-meltglass deposits that
had been relocated?

Are these deposits related to or unrelated to the lake/
depression?

What processes produced the site’s spherules, melt-
glass, breccia, and shocked quartz?

ii.

iii.

10. Age of the Perkins materials

The Bayesian-modeled age of the in situ spherule-and-melt-
glass deposit in Trench #1 is well constrained at 12,794 +
69 cal BP, and the ages of some meltglass in Vee and Pond
deposits overlap at 95% CI. We acquired six radiocarbon
dates on carbon-rich material from the Vee and Pond depos-
its, but the dates did not definitively constrain the age of the
deposits. Large carbon spherules from the Vee meltglass
date to >28,000 cal BP, and six radiocarbon dates on large
peat-like carbon-rich material extracted from the Vee and
Pond deposits were all older than 42,000 cal BP. The rea-
son for the old ages is unclear, but we speculate that when

17
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Figure 15: Meltglass fragments from the Pond deposit. All optical photomicrographs. (A-B) (C-D) (E-F) These pairs of images are of
the inferred tops and bottoms of meltglass fragments. Note that the top photos are typically either glazed and reflective, as in panel E, or
display rolled textures, as in panels A and C, interpreted as having been melted by a thermal pulse or aerodynamically splashed across the
top of the glass while molten. As in panel B, the bottom images are typically vesicular or display a granular texture consistent with partially
melted sand grains. (G) This meltglass fragment displays a distinctive morphology consistent with being folded while molten. (H) A meltglass
fragment with distinctive tubular textures across the top of the glass. (I-L) Vesicular meltglass fragments with a distinctive multi-phase layered

morphology.

the Vee and Pond deposits were excavated by backhoe, older
and younger carbon was mixed into the deposits, giving a
wide range of dates.

The “Ar/*Ar dating helped eliminate any association with
older craters elsewhere and confirmed a young deposit age.
The significant uncertainties are mainly due to the presence
of only small amounts of radiogenic argon (<5%) and the
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relatively long (6-hour) neutron irradiation that was conducted
to test for ages in the Ma range. Incomplete resetting during
impact-related thermal degassing could have led to an over-
estimate of the age, especially for very young (<100 ka) ages.
Temperatures >1000°C were most likely attained during the
impact, but these conditions only persisted for a few seconds,
perhaps leading to incomplete argon diffusion. Non-radiogenic
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Figure 16: Optical photomicrographs of a 16-kg meltglass fragment. (A-B) This large fragment of meltglass from the Pond deposit is 31
long x 21 x 12 cm high and weighs 16.33 kg. Panel B shows partially melted sediment fused to the bottom. (C-D) Close-up photographs show
layering, suggesting the meltglass flowed while molten (marked as “flow”). (E-F) Meltglass fragments broken from the larger object generally

display a vesicular morphology (“vesic”).

argon from air or other sources could also have been incor-
porated into the spherules as fluid inclusions or trapped on
the surface of the spherules, leading to low radiogenic argon
fractions (<5%). Shorter irradiation durations and additional
chemical treatment planned for further work could provide
better constraints on the formation age of these spherules.

The Vee and Pond glass median ages are slightly
younger than for Trench #1, possibly due to contamina-
tion by microscopic modern plant roots that penetrated the

glass and were impossible to remove during processing for
radiocarbon dating. An alternate hypothesis is that three
meltglass-forming impact events occurred one or more
centuries apart, separated by only a few 100 m. However,
this hypothesis is statistically unlikely. Alternatively, sev-
eral lines of evidence suggest that the deposits in Trench
#1, the Vee, and the Pond are the same age. First, the layer
of spherules, meltglass, and shocked quartz in Trench
#1 is stratigraphically below an Early Archaic projectile

19
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Figure 17: SEM-BSE and SEM-EDS elemental maps of Vee spherule clusters and meltglass. (A-F) A Vee spherules cluster shows a het-
erogeneous enrichment in Al, Si, Ca, Ti, and Fe. Numbered arrows point to selected areas of higher enrichment (brighter colors) in each panel.
(G-L) Meltglass fragment from pit 3, showing heterogeneous enrichments in Mg, Al, Si, Ca, and Fe. The background behind the spherule clus-
ters and meltglass fragments has been masked to black for enhanced clarity. The original, unmodified figures are in Supporting Information,
Figures S3-S8 [5].

point (age range: ~10,000-8,000 cal BP), thus indicating modeled age of 12,794 + 69 cal BP, consistent with the
deposition of the material occurred before that (Figure 4, age range of the YDB impact event from 12,835-12,735 cal
Supporting Information, Tables S1 and S3 [5]). Second, BP (Figure 4, Supporting Information, Tables S1 and S2
in Trench #1, spherules, meltglass, and shocked quartz [5]). Third, five radiocarbon dates on the carbon-rich melt-
grains were associated with sedimentary carbon with a glass from the Vee and Pond deposits range from ~10,000
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Figure 18: SEM-BSE and SEM-EDS elemental maps of meltglass and spherule clusters from pit 3. (A-F) The meltglass fragment from
pit 3 shows heterogeneous enrichments (brighter colors) in Al, Si, Ca, and Fe. Numbered arrows point to selected areas of higher enrichment
in each panel. (G-L) Another meltglass fragment from pit 3 shows heterogeneous enrichments in Mg, Al, Si, Ca, and Fe. For greater clarity, the
backgrounds are shown as black. The original, unmodified figures are in Supporting Information, Figures S9-S14 [5].

to 20,000 cal BP, and one sample of carbon spherules dated
to ~29,000 cal BP (Figure 5, Supporting Information,
Tables S1 and S3 [5]), suggesting that this material was
deposited between ~30,000 and 10,000 cal BP. Two of the
five ages also overlap with the age of the deposits in Trench
#1 and the age range of the YDB impact event at 99% CI.
This result suggests that the impact occurred at ~12,800 cal

BP, but more research is needed to confirm the inferred age
of the event.

Although the dating on the deposits is uncertain, the spher-
ules, meltglass, and shocked quartz grains in the well-dated
Trench #1 are morphologically and geochemically similar to
those in the Vee and Pond deposits, suggesting that all were
deposited at the same time.
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Figure 19: SEM-BSE images of quench crystals and other surface features of meltglass. (A) #1: Vesicles in meltglass due to high-tem-
perature outgassing. (B) #2: Vesicles filled with spherules surrounding a quartz grain that melted at >1710°C (Qtz). (C) #3: Flow marks indicating
the meltglass was moving while molten. #4: Small spherule inside a crater, indicating a secondary impact while meltglass was molten. (D-E) The
numbers mark melt drapings across the meltglass. (F-L) The numbers indicate quench crystals, typically clinopyroxene, that crystallized on the
meltglass as it cooled below ~1300°C. Panels A and G are from pit 3; all others are from the Vee deposit.

11. Origin of the spherules, meltglass, and
shocked quartz

11.1 Anthropogenesis

Iron furnaces and other industries often smelted or refined

materials that would yield slag, a waste product of smelting

metal ores. This process separates molten rock from the desired

metal (e.g., during steel production and iron ore smelting).
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However, there are no known historical industries near Perkins,
Louisiana; the closest facilities are not in Louisiana but in
states like Pennsylvania, Ohio, and West Virginia.

Smelting or glass manufacturing can produce slag glass, a
distinctive type of pressed, layered material used in produc-
ing glassware and other items in the 19th century. However,
there is no historical record of such industries near Perkins,
Louisiana.
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Figure 20: SEM-BSE images of high-temperature melted minerals embedded in Vee meltglass. (A) #1: Magnetite spherule, embedded
in meltglass and melted at =1590°C. #2: Vesicles indicative of temperatures above the melting point of magnetite (~1590°C). #3: Melted quartz
grain embedded in the magnetite, indicative of temperatures above the melting point of quartz (~1710°C). (B) #4: Melted magnetite spherule.
#5: Vesicles indicative of temperatures above the melting point of iron. (C) #6: Melted NiCr-magnetite grain containing Cr, Fe, and Ni. (D) Zircon
grains melted at ~1775°C. #7, #8: Vesicles indicative of high-temperature dissociation of the zircon. (E) #9: Zircon grain fully converted to bad-
deleyite at >1775°C. #10: The molten zircon began to diffuse into the aluminosilicate glass matrix. #11: Vesicles in diffused zircon due to the
evolution of oxygen during dissociation of the zircon. (F) #12: Entirely melted zircon grain, showing flow marks. #13, #14: Vesicles in melted
zircon due to the evolution of oxygen during dissociation (G) #15: Edges of quartz grain were fully melted above the melting point of quartz. #16:
Vesicles in melted quartz due to the evolution of gases during boiling. #17: Numerous small spherules inside the large vesicle. The grain melted
at ~1775°C and likely boiled at ~4400°C. (H) #18: Edges of quartz grain, possibly boiled at greater than 2200°C. #19, #20: Vesicles in melted
quartz due to the evolution of gases during boiling. (I) #21: Edges of quartz grain, possibly boiled at greater than 2200°C. #22, #23: Vesicles
in melted quartz due to the evolution of gases during boiling. (J) #24: Edges of kaolinite fragment melted at ~1770°C. #25: Vesicles due to the
evolution of gases during melting. #26: Star-like Al-Si quench crystals in meltglass. (K) #27: Edge of melted kaolinite fragment. #28: Vesicles are
caused by the evolution of gases during melting. (L) #29: Edges of melted kaolinite fragment. #30: Vesicles due to the evolution of gases during
melting. #31: Flow marks indicative of the fusion of kaolinite into meltglass matrix. All examples are from the Vee deposit, except for panel D,
which came from pit 3. The melting points of key minerals observed at Perkins are shown in Table 1.

23



R. Fitzenreiter et al.: Evidence of a 12,800-year-old Shallow Airburst Depression in Louisiana

A -Trench 1, east'side of lake':

3 AN,
0-15cm 0 Meltglass, Trench 1 Q
15-30cm 4 @& @y B |
1.\,. @ b &_‘
3045em 7 & G ‘P v
1560cm 9 v o4 W TR ¢ G W 4 4
60-75cm 21 & . s ,~3Q 2 §

75-90cm 5 o @3
90-105¢cm 0
105-120cm 0

-

Figure 21: Optical photomicrographs and graph of meltglass from Trench #1. (A) The trench facing west. (B) Plot from Trench #1 show-
ing photomicrographs and the number of fragments of meltglass by depth. Peak abundance occurred at 60-75 cm. (C-E) Photomicrographs of
vesicular high-Si meltglass. These are low-resolution photographs of meltglass, mainly to show heterogeneous shapes. The background has
been removed to assist in visualization. These are inferred not to be lightning-generated fulgurites because they are not ubiquitous in the sedi-
ment and do not have the characteristic tubular shapes common for fulgurites.

The area has historical remnants of an old sawmill, a sugar
mill, a tongue paper mill, and oil prospecting and sulfur min-
ing. However, none of these historical industries could have
produced glass slag.

Lastly, we considered that the material might be fly ash
from coal-fired power plants or railroad slag. The current
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landowners maintain that the previous owners dug up the
deposits and did not haul in fly ash or other industrial mate-
rial. Even so, we explored this contamination as a possi-
bility. To do so, we compared the elemental abundances of
Perkins spherules and meltglass to 273 fly ash samples from
31 studies representing 38 sites in Australia/New Zealand,
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Table 1: Melting points of key minerals observed at Perkins.

Gy & &
/\\ A &t
& & 5
> ® é? S $
«cé & N 5 &

S & “ < &
Aluminosilicate glass  [CaAI2Si20; 1300 1150
Chert SO, 1710 1520 2200
Chromite (Fe)Crz0, 2265 2065 2640
Clinopyroxene (Ca.Mg,Fe Na)(Mg.Fe Al)(Si.Al);0s) 1150 1000
Hematite Fe;0: 1538 1338 =
limenite FeTiOa 1050 850 -
Iron sulfide FeS, Fe,S, FesS 1200 1000 -
Kaolinite AI2Si205(OH), 1770 1500
Magnetite Fes0y 1590 1390 2620
Native iron Fe 1420 1220 =
Native Silicon Si 1414 1214 -
Nickel iron NiFe 1430 1230 -
NiCr-magnetite (Ni,Cr)FezO4 1590 1390
Quartz Si0; 1710 1520 2200
Titano-magnetite Fe?*(Fe™ Ti)04 1625 1425 =
Wollastonite CasSiO; 1540 1340 =
Zircon ZrSio, 1775 1575 4400

Asia, Europe, Africa/Mideast, and North America (Figiure
31A, Supporting Information, Tables S8, and S9 [5]). We
also compared the Si-rich Perkins melted material to Si-rich
anthropogenic spherules [53]. The fly ash samples generally
contain less Cr, Ni, Mn, S, Ti, Ca, Na, Mg, Fe, and Si than
the Perkins samples. The Si-rich anthropogenic spherules
generally contain less CaO, AlLQO,, FeO, TiO,, and MgO than
the Perkins material (Figure 31B, Supporting Information,
Table S7 [5]).

Thus, the Perkins glass-and-spherule deposits are
chemically unlike any investigated fly ash and anthro-
pogenic spherule samples. Furthermore, the meltglass
and spherules are buried up to ~6.5 m below the surface,
making anthropogenic contamination highly unlikely.
Furthermore, anthropogenesis from industrial activities is
doubtful because all seven radiocarbon dates are older than
10,000 years, ranging from ~10,000 to 30,000 cal BP. In
addition, the deposits are geochemically nearly identical
to the average of Perkins sediment samples, suggesting
the deposits derive from local sediment. Although anthro-
pogenic sources (e.g., power plants, factories, and rail-
roads) are capable of producing spherules and meltglass,
they cannot generate temperatures required to melt or boil

quartz, zircon, and kaolinite (~1710° to 4400°C), nor are
they capable of generating the pressures needed to produce
shocked quartz.

11.2 Railroads and logging operations

In the early 20" century, large parts of Louisiana underwent
extensive logging activities, facilitated by installing tempo-
rary railroad tracks, which sometimes included industrial
slag (i.e., meltglass) along the railway tracks. Although
some of the trackways are still visible at the Perkins site,
there is no evidence of any remaining slag alongside them.
In addition, there is no known mechanism by which railway
activities could boil zircon grains, boil quartz grains, or pro-
duce shocked quartz, all of which have been found embed-
ded within meltglass at Perkins.

11.3 Natural gas blowout

Local residents speculated that the lake/depression resulted
from a natural gas blowout, which sometimes occurs among
the oil fields of Louisiana. While this possibility might
explain the crater, a blowout could not have generated the
high pressures/temperatures required to produce the spher-
ules, meltglass, shocked quartz, and other proxies.
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Figure 22: Low-oxygen metallic flakes from the Vee deposit. (A) A flake-like particle of chromian magnetite. (B) Ni-Fe-S rich grain, most
likely a mix of ~30 wt% troilite and ~70 wt% Ni-rich magnetite. (C) Fe-S rich grain, most likely a blend of ~30 wt% troilite and ~70 wt% wistite.
(D)-(I) Various Fe-rich flake-like grains depleted in oxygen from typical iron oxide. Panel E is native iron, rarely found on Earth’s surface. Panels

F and | have the composition of wistite, which is also rarely found on Earth but is common in extraterrestrial material.

Table 2: Comparison of different types of microstructures in quartz.

Characteristics PDFs PFs nPFs DLs
Microstructures | _Lamellae | Open fractures | Glass-filled fractures | Dislocations
Features crystallographically controlled |~ Yes | L S e N | - SOMETMES
Planar fracluresflamellae | Planar | Viually planar | Subplanar | Subplanar
Paraliel fracturesflameliae |  Parallel | Virtually parallel| Subparaliel __Subparaliel
Thickness of fracturesflamellae | Usually <1 pm | Usually 23pum | | nmtopms | Usually 22 pm
Fealures filled with amorphous silica |~ Yes | Sometimes | 2 T e INENED) v
Spacing between fraclures/lamellae | Usually <1 pm | Usually >20 pm | | nmiopms | Usually 25 pm
Estimated formation pressure (Gpa) ~10-25 <10 >15 <1

11.4 Authigenesis
There are various types of silica, including authigenic ones.
Kletetschka et al. [1] studied shock-fractured quartz at
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Tunguska and reported that the quartz grains often showed
isotropic silica coatings and glass-filled fractures similar to
those found at the Perkins site. Their analyses confirmed that
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Figure 23: Shocked quartz grains from various locations. Planar deformation features (PDFs) and planar fractures (PFs) are marked.
Yellow lines indicate 1-4 sets of lamellae. “M” marks areas of isotropic melted silica, as determined by crossed polars; “MSp” indicates micro-
spherules; “PDF” marks planar deformation features; and “PF” indicates planar fractures. Panels A and C are from Trench #1 on the east side of
the lake; panel B is from a well at the south end of the lake; the others are from the Vee deposit, except for panel K from the Pond deposit. (A-C)
Optical photomicrographs. Notably, shocked quartz grains typically have a bluish hue from light diffracting through the shock lamellae. Panel B
shows a shocked quartz grain displaying hundreds of small spherules (MSp) fused to its surface, confirming a close relationship between the
shocked quartz and the spherule deposits. Shocked quartz grains were also extracted from fragments of meltglass. The largest spherule is ~6
um in diameter and, therefore, is difficult to visualize in the image. (D-L) Grayscale optical plane-polarized (OPT-PPL) photomicrographs. The
Miller-Bravais crystallographic indices shown were measured with a universal stage. Panel | shows a ~90-pm-diameter spherule embedded in
the meltglass fragment surrounded by a border of meltglass. The spherule appears to have collided with the meltglass and destroyed the shock
lamellae in that part of the grain.

these features were melted silica rather than cryptocrystal- lower than quartz overgrowth and quartz cement (i.e.,
line or microcrystalline quartz. As was previously reported hydrated silica at ~66/34 wt%), thus eliminating authigen-
for Tunguska, we often measured oxygen/silicon ratios of esis. In addition, no known authigenic process can produce
53/47 wt% or less in partially melted grains, significantly shocked quartz.
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Figure 24: Features of shocked quartz grains from the Vee and Pond deposits. Planar deformation features (PDF) and planar fractures
(PF) are marked. Glass-filled non-planar fractures (nPF) are also marked. Yellow lines indicate one and occasionally two sets of lamellae. “M”
marks areas of isotropic melted silica, as determined by crossed polars. (A) Shocked quartz grain with glass-filled nPFs from the Pond deposit.
(B-C) SEM-BSE and SEM-CL images of the grain in panel A. The darker areas are filled with melted silica (M). (D) Quartz grain with glass-filled
PFs from the Vee deposit. (E-F) SEM-BSE and SEM-CL images of the same grain as panel D. The darker areas are filled with melted silica (M).
(G) Shocked quartz grain with glass-filled nPFs from the Vee deposit. (H-l) SEM-CL images of the same grain as panel G. The darker areas are
filled with melted silica (M). (J-L) SEM-BSE images of quartz grains from the Vee and Pond deposits, displaying PFs and PDFs.

glass-coated quartz, or silica-filled fractures in individual
quartz grains [35, 56]. Anders et al. [57] noted that defor-
mation lamellae are not fractures but dislocations. Unlike

11.5 Tectonism

Perkins is in a relatively inactive coastal fault zone, and
although fault motion can create breccia, meltglass, defor-
mation lamellae, and macro-scale melting [54, 55], tectonic the shock features observed at Perkins, they are never glass-
processes cannot boil quartz and zircon or produce PDFs, filled and are never shocked.
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Figure 25: Thermally warped, glass-filled shocked quartz grains from Trench #1, the Vee, and the Pond. Optical plane-polarized pho-
tomicrographs (OPT-PPL) and SEM-BSE images of thermally altered shocked quartz grains from the three deposits. Lower shock pressures
produce grains with less clearly defined lamellae; all contain melted silica along the fractures. “M” marks areas of isotropic melted silica, as
determined by crossed polars; “Qtz” marks areas of crystalline quartz; “Sph” indicates spherules; “PDF” marks planar deformation features;
“PF” shows planar fractures, and “nPF” indicates glass-filled non-planar shock fractures. Miller-Bravais crystallographic indices were measured
using a universal stage, except for nPFs that could not be indexed because they were too thermally altered. Panels A-C are from Trench #1,
D-F are from the Vee deposit, and G-L are from the Pond deposit. (A) A fragment of meltglass containing unshocked crystalline quartz (left) and
shocked quartz (upper right). (B) A shocked quartz grain embedded in a cluster of meltglass and spherules. (C) A polycrystalline shocked quartz
grain with meltglass fused to the bottom edge. (D) A thermally distorted shocked quartz grain surrounded by meltglass containing spherules.
(E) Oval-shaped glassy spherule embedded with a shocked quartz grain displaying glass-filled planar fractures (inset). (F-I) OPT-PPL images
of thermally warped shocked quartz grains displaying PDFs and PFs. (J-L) SEM-BSE images of corresponding grains in each panel above. All
three have lighter-colored Ca-Al-Si meltglass (M) fused to the edges of the grains.
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Figure 26: Optical images of meltglass-coated, glass-filled quartz grains from the Vee and Pond. (A-D) Portions of quartz grains that are
isotropic under crossed polars are marked in false-colored red (“M”) and were subsequently identified as melted quartz using CL. Gray areas
are crystalline quartz. Glass-filled planar fractures (PF) and non-planar fractures (nPF) are marked. The amorphous areas were false-colored
red, and the non-grain backgrounds were false-colored gray to enhance clarity. The original, unmodified figures are in Supporting Information,

Figure S15 [5].
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Figure 27: Miller-Bravais indices. The percentages of 44 shocked quartz grains for each index, as measured using the universal stage. (A)
17 grains displayed eight indexed sets of planar deformation features (PDFs). (B) 27 grains displayed 10 indexed sets of planar fractures (PFs).
As is typical of PFs at other sites, the (0001) plane, an indicator of low shock conditions, is one of the most common at Perkins [33]. Shocked
quartz abundances (44 grains) are high at Perkins, with 1% showing evidence of shock metamorphism (~1 per 100 quartz grains).
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Figure 28: Microbrecciated quartz grains from the Vee. (A-F) SEM-BSE, EPI-PPL, and SEM-CL images of incipient microbrecciated
grains. Panel E is an SEM-CL image showing that the glass-filled microbrecciated grain in panel D is non-luminescent (black) and, therefore,
amorphous. The non-grain backgrounds in panels A-C were blurred and lightened to enhance clarity. The original, unmodified figures are in
Supporting Information, Figure S16 [5].
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Figure 29: Magnetic surveys across the lake/depression’s wings. (A) The LiDAR digital elevation model shows two large wing-like features
(yellow arrows) extending away from the lake/depression. These Fe-rich raised features may have resulted from impact material being ejected from
the airburst/impact, similar to rays of secondary ejecta on the Moon and Mars [51]. (B-C) Raw magnetic profiles across the two wings are shown
as solid blue lines with smoothed results as red dashed lines. The profiles show peaks in magnetic intensity (nT) that correspond to the physical
tops of the wings (“crests”). Other increases correspond to the potential ejected material west of the lake/depression (ejecta). The vertical scale is
exaggerated several times, and the wings have been digitally highlighted for clarity. The base figure was created with Global Mapper, v. 8.0.
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Table 3: Lists the proxy type, analytical method, and key finding for the above results.

Proxy Type Analysis Method Key Finding
Dating Radiocarbon Dating (OxCal Modeling); Spherule/meltglass layer dated to 12,794 + 69 cal BP; overlaps
Argon-argon dating Younger Dryas Boundary. Argon-argon dating confirms the age is
young and not from a much older impact event.
Spherules, Fe- and Si-rich Optical Microscopy; SEM; EDS; LA-ICP- [>100 tonnes; complex morphologies; Fe-, Si-, Al-, Ca-rich; peak
MS inside lake depression.

Carbon Spherules/ Glasslike SEM; EDS; LAIICP-MS
Carbon

High carbon content; PGE enrichment (Os, Ir, Pt); indicators of
extraterrestrial material.

Meltglass Optical Microscopy; SEM; EDS; LA-ICP-
MS; INAA

>1 tonne; highly vesicular; melt temps 21590-4400°C; aluminosilicate
glass compositions.

Metallic Flakes (Low-Oxygen) |SEM; EDS

Native Fe, troilite, wistite flakes; extraterrestrial chemistry; melt
textures.

High-Temperature Minerals SEM; EDS:; Optical Microscopy

Quartz, zircon, and kaolinite melted/boiled; temperatures far exceed
terrestrial processes.

Shocked Quartz, Glass-filled Optical Microscopy; SEM;

PDFs, PFs, and nPFs observed; ~1% of quartz grains shocked in the

fractured Quartz Cathodoluminescence; Universal Stage deposits, consistent with cosmic impact pressures (approx. »5 GPa).

Microbrecciated Quartz SEM; Cathodoluminescence Brecciated quartz grains with amorphous cement; high shock stress
indicator.

Magnetic Anomalies Ground Magnetic Surveys Positive anomalies match the “wings” of depression and are

consistent with ballistic ejecta patterns.

11.6 Volcanism

Spherules, meltglass, and breccia can form from volcanism.
However, it is widely accepted that volcanism cannot pro-
duce shock metamorphism [35, 56]. Furthermore, the nearest
volcanoes are >1000 km away in Central America, which is
far too distant to deposit tonnes of material at the Perkins site.

11.7 Lightning

This process typically produces tubular fulgurites confined
to small areas up to several meters in diameter [26, 58, 59],
much smaller than the 300-m lake. One might reasonably
expect lightning strikes to be frequent over time on any given
part of the planet, and therefore, fulgurites should be ubiqui-
tous. However, we found only one fulgurite in 32 cores and
five trenches, and it was not associated with an abundance
peak in spherules and meltglass. Furthermore, meltglass was
not ubiquitous outside of the inferred impact layer. Although
we searched extensively for meltglass fragments in Trench
#1, we observed none in three samples, inconsistent with
formation by lightning strikes, which are expected to be
ubiquitous.

There is a potential connection between lightning and
impacts. Lightning strikes are inferred to be numerous in
impact-related dust clouds, based on observing massive
increases in lightning in volcanic plumes. For example, after
the submarine eruption of Hunga Tonga, the incidence of
volcanic lightning was so high that it constituted up to 80%
of all global lightning activity at that time [60]. However,
lightning generated during an airburst differs significantly
from typical thunderstorm or volcanic lightning in several
key aspects. In airburst-generated lightning, charge sepa-
ration primarily occurs through debris particles rather than
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water droplets or ice crystals in thunderstorms [61]. The
dust/debris cloud produced by the airburst would have dis-
tinct electrical conductivity properties due to its unique com-
position, which includes vaporized impactor material and
superheated atmospheric gases [62], combined with extreme
temperatures exceeding several thousand Kelvin.

While lightning related to an impact event may have
contributed to forming some features in our samples, the
mechanism would have differed fundamentally from typical
terrestrial lightning processes, potentially producing unique
signatures in the geological record. Thus, regular lightning
as a potential formation mechanism can be excluded.

11.8 Older airburst/impact event

We considered whether the Perkins deposits might be
reworked from those older impact events. There are five
known impact craters in the southeastern United States
within 800 km of Perkins: a ~58-Ma crater 300 km away
in Texas, a ~84-Ma crater ~700 km away in Alabama, and
three ~100-300-Ma craters >800 km away in Tennessee. In
addition, Chicxulub, the 65-Ma K-Pg crater, is >1000 kilo-
meters away in Yucatdn, Mexico, and the 35-Ma Chesapeake
Bay crater is >1700 km away in Virginia. These craters are
too distant to have ejected a 16.33 kg meltglass fragment
that landed at the Perkins site. In addition, it is unlikely
that spherule deposits hundreds of km away from a crater
would have been concentrated at >100 billion spherules/kg
at Perkins. Additionally, the “Ar/*Ar data of the spherules
constrain the age to <2 Ma, significantly younger than any
known major impacts in the region. Thus, the most plausible
scenario is that a local impact event deposited the material,
most likely within the last 30,000-10,000 years.



/ EVIDENCE

° Lake/Depression Morphology
o  300-meter-long shallow depression with a raised rim
o  Unusual steep-sided basin geometry
. Material Findings
o 100 tonnes of Fe-, Si-, Ca-rich spherules
o  ~1tonne of vesicular meltglass
o Abundant shocked quartz with PDFs, PFs, nPFs
o  Oxygen-depleted metallic flakes (e.g., wiistite, native Fe)
o  Glasslike carbon fragments
. Geochemical Data
o  High-temperature minerals (e.g., melted zircon, quartz, magnetite)
o PGEs (Os, Ir, Pt) enrichment in spherules
° Radiometric Dating
o Radiocarbon dating centers on ~12,794 + 69 cal BP
o  40Ar/39Ar dating: Deposits are young (<2 Ma)
Hydrocode Modeling
o Impact modeling predicts formation of shallow depression via airburst
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° Magnetic Surveys
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Positive magnetic anomalies over "wings" adjacent to depression /

INTERPRETATIONS
Formation Mechanism
o Airburst event created meltglass, spherules, shocked quartz
o  High-temperature processes (>1710-4400°C) involved
. Origin of Materials
o  Materials unlikely from anthropogenic sources (e.g., fly ash, slag)
o Not volcanic, tectonic, or lightning-related
. Depositional Context
o Likely from single event at Younger Dryas onset (~12,800 cal BP)
o  Spherule abundance and depth distribution support airburst
. Crater Origin
o  Lake/depression potentially first airburst crater in W. Hemisphere
\ o  Morphology and geophysical signatures consistent w/ known impacts
. 4
CONCLUSION

New Evidence for Younger Dryas Airburst

o  Supports hypothesis of multiple cosmic impact events during YDB
° Potential First Airburst Crater
o  Perkins site represents a rare, preserved airburst-created feature

. Scientific Implications

o Adds crucial understanding to airburst physics, geological impact signatures
o  Challenges assumptions that small airbursts cannot create craters
. Future Research
\_ o Additional dating, geochemistry, and modeling needed to confirm origin/age

J

J

Figure 30: Visual Flowchart. To aid in synthesizing this study’s complex, multidisciplinary data, we provide a summary flowchart that directly
links the key proxies, analytical methods, and findings to their broader interpretations. This schematic representation highlights the logical
progression from field observations and laboratory analyses to rejecting conventional hypotheses and accepting a cosmic airburst as the most
plausible explanation. By visually organizing the evidence and its implications, this framework underscores the robust, converging lines of sup-
port for a high-energy, mid-air cosmic event around 1650 BCE.
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spherules and meltglass compared to normalized abundances of fly ash samples (Supporting Information, Tables S8 and S9 [5]). The solid
black line represents the Perkins melted material normalized to 1, where “n = 32" equals the number of samples compiled; the solid red line
represents the average fly ash values from five continents (n = 304) normalized to Perkins values; and the dashed lines indicate individual values
from five continents. The Perkins spherules are compositionally dissimilar to all fly ash tested on five continents. (B) Anthropogenic spherules,
microtektites, and impact spherules compared to Perkins spherules and meltglass. The solid black line represents values for Perkins spherules
(n = 8); the solid gray line denotes Perkins meltglass (n = 23); the solid red line indicates Si-rich anthropogenic spherules [53]; and the dashed
lines represent microtektites and impact spherules [53]. The Perkins spherules are compositionally dissimilar to the anthropogenic spherules.
However, they closely match the values for microtektites and impact spherules, consistent with an impact origin.

11.9 Airburst/impact event

A comparison of Perkins melted spherules and meltglass to
impact-related microtektites and impact spherules reveals
they are compositionally similar (Figure 31B). Thus, the
presence of these materials, along with boiled quartz grains,
boiled zircon, and shocked quartz, supports a high-temper-
ature, high-pressure cosmic impact event at the Perkins site.

However, although these materials were found in situ in
Trench #1, that was not the case for the Vee and Pond depos-
its, so the question remains regarding their original location.
Before 1999, one pit was excavated at the Lake deposit site,
displaying numerous fragments of meltglass and spher-
ule-rich clusters (site “W” in Figures 7 and 8). We searched
but found no other primary deposits away from the lake/
depression. Therefore, the most likely source appears to be
the Lake deposit site on the NW edge of the lake/depression
(Figure 3). The glass-and-spherule deposits’ lateral and ver-
tical distribution patterns are consistent with the lake being
ground zero for an airburst/impact, but this issue of their ori-
gin remains unclear.

To further explore the cosmic impact hypothesis, we per-
formed neutron activation analyses (NAA) on the sediment
from Trench #1 in search of elemental abundances indicative
of potential extraterrestrial (ET) material. A useful test is to
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compare the ratios of Ni and Cr to Fe because Ni is typically
enriched in ET material ~330 times over crustal abundance
[63] and Cr is enriched 38 times [63], whereas Fe is enriched
much less at only ~5 times [63]. The results reveal peaks in
Ni/Fe and Cr/Fe ratios that are higher than crustal averages
but lower than for meteoritic material (Figure 32A), consist-
ent with the dominance of terrestrial material mixed with
small amounts of ET material, typically reported at <2 wt%
[64-66].

In addition, we calculated the same ratios from SEM-
EDS elemental abundances for selected metal-rich areas of
Vee meltglass fragments. Ni/Fe ratios in 5 of 10 spherules
and 3 of 22 meltglass fragments were higher than the ET
average ratios [63], while the others displayed terrestrial
ratios [63]. The Cr/Fe ratios for 4 of 10 spherules and 3 of
22 meltglass fragments were higher than the ET average
ratios (Figure 31B). Thus, these results suggest that terres-
trial melted sediment became mixed with minor amounts of
ET material.

We also used laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) to measure elemental
abundances for 7 Perkins spherules. We then compared
these elemental abundances with those of known ET mate-
rial, which is typically highly enriched compared with
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ratios by depth show an abundance peak at ~50 cm, overlapping the two largest peaks in deposits of meltglass and spherules. (B) The Cr/Fe
ratios by depth also show an abundance peak at ~50 cm. For panels A and B, SEM-EDS measurements on selected examples of Vee spherules
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crustal abundances, e.g., Ir = 24,000x; Pt = 1500x; Cu =
6x; Fe = 5x; Zn = 4x; and Ni = 330x(Figure 33A) [63].
The results reveal that spherules from the Vee deposit
likely comprise mostly melted terrestrial sediments incor-
porated with small percentages of extraterrestrial mate-
rial, typically <2 wt% [64—66]. For some PGEs in Perkins
spherules, the enrichments are very high: the average Ir
concentration is ~20,000x higher than the crustal average,
and Pt is ~600x higher.

In addition, we compared Ni/Co and Ni/Cr ratios of
Perkins spherules and meltglass to material from known
impact events, the 145-Ma Morokweng crater and the 65-Ma
Chicxulub crater. Ni, Co, and Cr are helpful for comparison
because they are typically elevated over crustal abundances
in ET material (Ni = 330x; Co = 33x; and Cr = 38%). The Ni/
Co and Ni/Cr ratios for Perkins spherules overlap those from
an impact spherule layer dating to 2.63-2.49 Ga, and the
Perkins meltglass also overlaps the ratios from two known
impacts (Figure 33B, 33C).

The Perkins compositions are similar to those found at
multiple YDB sites across 5 continents [26, 58, 70-80].
Most importantly, the Perkins glass-and-spherule depos-
its are morphologically and compositionally similar to 28
spherule layers identified worldwide [81, 82]. Although only
seven of those layers have been positively linked to known
impact craters, it is widely accepted that those 28 spherule
layers represent evidence of cosmic impact events, even in
the absence of known craters [81, 82].

Many of the varieties of spherules, meltglass, metallic
flakes, and quartz grains observed in this study display evi-
dence of high-temperature melting or boiling. Their equilib-
rium melting to boiling points range from ~1050 to 4400°C,
with flux-mediated, non-equilibrium melting typically
occurring several hundred degrees lower (Table 1). The evi-
dence is consistent with an extremely high-energy thermal
event.

12. The lake/depression as an impact
crater

There is no conclusive evidence that the Perkins lake/
depression is a crater, partially because modern excava-
tions have modified parts of the Perkins lake/depression.
However, the collective results suggest that this structure
is a possible crater because known impact craters typically
display raised rims and are associated with large quanti-
ties of high-temperature melted spherules, meltglass, and
high-pressure shocked quartz grains [38]. Even so, identi-
fication of an impact crater is not required for acceptance
as an impact event. Twenty-eight known spherule layers
of different ages across the planet are widely accepted as
representing impact events, though 21 are not associated
with any known craters [81, 82]. Two extensive fields of
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meltglass, the Libyan Desert glass field and the Australasian
tektite field, the world’s largest, are widely accepted as hav-
ing been produced by impact events, even though no craters
have been identified [3, 4].

Further research would be beneficial for testing the hypoth-
esis that the lake/depression resulted from a cosmic impact.
These studies could include deep-coring the lake/depression
in search of a buried bed of spherules and meltglass or con-
ducting geophysical surveys (e.g., gravity, seismic, or air-
borne magnetic). In addition, we propose exploring smaller
depressions near the primary lake/depression to determine if
they are also of potential impact origin.

Several previous investigations have concluded that dur-
ing airbursts at all altitudes, the incoming comet or aster-
oid is vaporized so that no fragments reach Earth’s surface
[83, 84]. Thus, the question arises whether the airburst pro-
posed here is possible or plausible.

While most incoming bolide material vaporizes during
an airburst, it is indisputable that airburst fragments com-
monly reach Earth’s surface. For example, fragments of the
Sikhote-Alin iron meteorite struck Siberia in 1947, distrib-
uting ~8500 pieces totaling more than 23,000 kg across 1.6
square km. This event produced more than 100 small impact
craters ranging from 0.5 to 26 m diameter [85]. Argentina’s
Campo del Cielo meteorite field contains numerous mete-
orites that produced >100 shallow craters up to 26.5 m in
diameter and 6 m in depth. Shock pressures were sufficiently
energetic for the Sikhote-Alin and Campo del Cielo airbursts
to produce multiple small, shallow, shock-generated craters
in unconsolidated surficial sediments.

Although the airburst over Chelyabinsk, Russia, in 2013
was a much smaller event than the ones discussed above,
fragments still reached Earth’s surface. Even though the
blast occurred at a height of ~29.7 km with an energy of
~500 kt [83, 86-89], the exploding bolide ejected numerous
meteorite fragments, two of which weighed 64.7 and 540 kg
[90], the largest of which produced a 9-m diameter hole in
the frozen surface of a lake.

Across Western Europe (2.2 million km?), exploding frag-
ments from eight proposed near-surface airbursts [2] pro-
duced shallow craters associated with spherules, meltglass,
shocked quartz, and microbrecciated quartz. Co-author K. E.
and colleagues investigated most of them across three coun-
tries: the Czech Republic [91, 92], Germany [93—-109], and
Finland [110]. They have been dated to within the last~11,700
years, averaging one touch-down airburst in Western Europe
approximately every 1500 years during the Holocene, mak-
ing them a geologically common phenomenon.

Thus, there is extensive evidence that airburst fragments
can strike Earth’s surface with significant force, mak-
ing surface impacts during airbursts the norm, regardless
of whether the airbursts occur at high or low altitudes. If
the shock front and thermal pulse are sufficiently intense
during an airburst, these conditions can create meltglass,
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spherules, shocked quartz, and all other evidence observed
at the Perkins site.

13. Melted and shocked quartz during an
airburst

Airbursts are generally considered to be low-shock events,
so the question arises as to whether the required conditions
could have occurred to produce shocked quartz in a Perkins
airburst. In conducting laboratory experiments to investigate
shock quartz, Christie et al. [111-113] showed that melted
silica could form in fractured quartz cylinders where the con-
fining pressure was 15 kb (1.5 GPa), inferred to result from
frictional melting during brittle fracturing. The evidence
indicates pressures equal to or greater than this value pro-
duced the materials at Perkins. In addition to high pressures,
Gratz et al. [114] found that thermally induced shock met-
amorphism can occur when high temperatures (21710°C)
create fractures in quartz that are injected with melted silica.
Ernstson performed similar laboratory experiments [115,

3.80s 4.00 s

990 &

116] and observed spallation, during which quartz fractures
into multiple fragments through interaction with a compres-
sion wave.

The results of Christie et al. and Ernstson suggest a plausi-
ble formation mechanism for the Perkins shocked quartz and
microbrecciated quartz. Relatively low-energy airburst/impact
shockwave pulses could have created compression fractures in
quartz grains, and spallation created tensile fractures. Lastly,
after the grains fractured, they filled with melted silica either
from the grain surface or from melted silica and vapor carried
by the high-pressure, high-velocity airburst cloud.

Melted silica within breccia is the primary characteris-
tic distinguishing impact breccia from other geologically
deformed breccia [117]. The material at Perkins can be
identified as non-authigenic melted silica due to several
factors. The glass is determined to be amorphous using
crossed polars, thus confirming that it is noncrystalline,
and this characteristic eliminates authigenic quartz over-
growth and quartz cement, which are crystalline. Next, SEM
imagery detected no micro-spheres in the glass, thus elimi-
nating chert, agate, chalcedony, and other microcrystalline

Figure 34: Hydrocode model of asteroid airburst showing crater formation and meltglass production. This model by Boslough and
Crawford [3, 4] shows the jet from an asteroid airburst excavating a crater, melting surficial material at >5500 K (yellow on the temperature
scale), and ejecting ablated material (small black objects). Melted materials, such as those produced under these conditions, have been

observed at Perkins. Figure adapted from Boslough and Crawford [3, 4].
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or cryptocrystalline varieties of quartz. Lastly, SEM-EDS
indicates that the oxygen/silicon ratio of the glass is <53/47
wt%, the stoichiometric ratio of quartz, thus indicating
that the glass is not hydrated silica (hyalite at ~66/34 wt%
ratio). Therefore, high-temperature melted silica is the only
remaining possibility for the Perkins glass.

The shocked quartz and vesicular microbrecciated quartz
were observed at all three Perkins locations, often fused to
spherules and meltglass, suggesting that they formed simul-
taneously. As discussed above under potential origins, the
most parsimonious explanation is that it resulted from a cos-
mic impact event.
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Figure 35: Visible representation, hydrocode model of possible low-density, low-velocity impactor. The legend shows various materi-
als. (A) After a 350-m comet broke up in an airburst 108 km high, one 100-m-wide ultra-low-density fragment (red; #1 and #2) struck the Earth,
traveling at 0.975 km/s at an angle of 45° (yellow dashed line). Earth’s surface was relatively flat with vegetation and trees (#3; not to scale). (B)
At ~765 ms, the impacting airburst fragment created a shallow crater ~25 m deep (#4). Because the airburst fragment was much less dense
than the Earth, it broke into a laterally moving cloud of small particles (red). The impact created pockets of near-vacuum conditions (white) and
began to vaporize vegetation (#3). (C) After 2235 ms, the crater deepened, and the denser vegetation deflected the low-density impactor cloud.
Image created with Autodyn-2D, versions 2023 R1 and 2023 R1 Student (Ansys, Inc.).
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14. Hydrocode model of a touch-down
airburst

Here, we explore the possibility that the evidence at Perkins
resulted from a touch-down airburst, in which the near-sur-
face detonation of an asteroid or comet produced high-veloc-
ity fragments that struck the ground with sufficient velocity
to create a shallow crater. In addition, the event generated
the high-temperature, high-pressure conditions necessary to

A Perkins, temperature

8 1
0.000e+0 2235 ms

produce spherules, meltglass, shocked quartz, and the other
observed materials.

Multiple studies [2, 12, 118, 119] have produced hydroc-
ode models or reported evidence that airbursts/impacts can
produce high-velocity fragments that strike the ground with
sufficient velocity to produce glass-filled shocked quartz.
In addition, a hydrocode model produced by Boslough and
Crawford [62, 120, 121] of a 108-Mt airburst demonstrated
that such events can excavate unconsolidated sediment,
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Figure 36: Temperature representation, hydrocode model of possible low-density, low-velocity impactor. (A) A 100-m-wide ultra-low-
density fragment (#1 and #2) of a 350-m comet struck the Earth (yellow dashed line) as described in the figure above. (B) After 720 ms, the
impacting fragment created a shallow crater ~25 m deep (#4). Temperatures rose to >2000°C (red), the boiling point of quartz. At 720 ms, the
comet fragment broke into a laterally moving cloud of small particles. The high temperatures began to vaporize vegetation (#3). (C) After 2235
ms, the crater deepened, and the >2000°C temperatures continued to melt surficial sediments and vaporize vegetation. Image created with

Autodyn-2D, versions 2023 R1 and 2025 R1 Student (Ansys, Inc.).
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melt surficial sediments at ~5800 K, and create a crater
(Figure 34). Boslough and Crawford [62, 121] describe the
theoretical process by which airbursts can produce melt-
glass. This process is essential, so we quote their conclusion
in its entirety. For some airbursts, “the hot jet of vaporized
projectile (the descending ‘fireball’) makes contact with
the Earth’s surface, where it expands radially. During the
time of radial expansion, the fireball can maintain temper-
atures well above the melting temperature of silicate min-
erals, and its radial velocity can exceed the sound speed
in air. We suggest that the surface materials can ablate by
radiative/convective melting under these conditions, and
then quench rapidly to form glass after the fireball cools
and recedes.”

For this study, we also performed computer modeling
to investigate whether a cosmic airburst/impact could pro-
duce spherules, meltglass, and shocked quartz. Initial con-
ditions were first modeled using the online Earth Impact
Effects Program (Supporting Information, Tables S10
and S11 [5]) [122, 123] as follows: a 350-m-wide comet
with a density of 250 kg/m? (equivalent to the density of
Shoemaker-Levy 9 [124, 125]) entered Earth’s atmosphere
at 45°, traveling at 30 km/s. The impactor initially broke up
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into multiple fragments as an airburst at an altitude of 108
km, and these fragments struck Earth’s surface as a low-den-
sity cloud traveling at 0.975 km/s with an impact energy of
0.64 Mt (Figures 35 and 36). The largest cloud of impactor
fragments was modeled as ~100 m in diameter, although it
should be noted that this was not a solid object but rather a
high-velocity dispersed cloud of debris. This cloud produced
a modeled elliptical crater 363 m long and 77 m wide, cor-
responding well with the 300-m span of the seasonal lake/
depression at Perkins. The floor of the modeled crater was
underlain by a lens of meltglass tens of meters below the
surface, too deep for us to detect with our 6-m test wells.
This hydrocode model confirms that near-surface contact
airbursts can produce fragments that strike the Earth with suf-
ficient velocity to produce meltglass, spherules, and shocked
quartz. The Earth Impact Effects Program predicts that events
similar to the proposed Perkins airburst recur every 19,000
years. The parameters used for modeling with Autodyn are
shown in Supporting Information, Tables S10 and S11 [5].
This model is non-unique; we created dozens of models with
varying parameters under which low-density, dispersed comet
fragments can produce shallow craters similar to the one mod-
eled here. The numerous variations indicate that these events

.1_{ |
14-

»

\
)\

Interpretation of one possible impactor scenario. Based on the hydrocode model, we used a LiDAR-derived digital elevation

model to show a potential crater with an ejecta apron to the west, with two possible “wings” of debris extending away from the crater lake. An
additional potential crater is shown in blue, which warrants investigation. Elevation in black; the vertical scale is meters above sea level and is
exaggerated several times for better visibility. The base figure was created with Global Mapper, v. 8.0.
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are common, far more so than typical crater-forming impact
events, and the modeled cratering shows that they can poten-
tially cause considerable surface damage [2, 10].

We suggest the following potential airburst/impact sce-
nario for the Perkins site. A large low-density comet entered
the atmosphere at a low angle and initially broke up cata-
strophically at a high altitude. Multiple fragments descended
until one or more impacted into or exploded just above the
Earth’s surface as a “touch-down” or “type-2 contact air-
burst” [126, 127]. The impact or airburst had sufficient
energy to create a shallow-rimmed crater or multiple smaller
craters that overlapped to become the modern lake/depres-
sion (Figure 37). Smaller fragments struck the ground in a
shotgun-like blast, forming multiple ephemeral craters across
the site. The airburst/impact ejected surficial sediments that

formed a raised rim around the crater, an ejecta blanket to
the west, and ‘wings’ of impact-related debris.

15. Comparison of the Perkins site to
other YDB sites and the K-Pg

Several tables below compare the Perkins site to other YDB
sites (Table 4) and compare YDB sites to the KPg impact
event (Table 5).

Conclusions

Comprehensive analyses of deposits at the Perkins site reveal
abundant impact proxies, including Fe- and Si-rich spher-
ules, vesicular meltglass, partially melted quartz grains,

Table 4: Compares multiple proxies at the Perkins site to 25 other YDB sites on four continents.
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Table 5: Comparison of evidence for the K-Pg impact with the Younger Dryas Impact Hypothesis.

Evidence Type

K-Pg Boundary (66 Ma)

Younger Dryas Boundary (~12.8 ka)

Shocked quartz

Globally in boundary clay layer; classic shock
metamorphism diagnostic of impact

At multiple YDB sites on five continents; morphology and
pressure features consistent with hypervelocity shock

Platinum-group elements
(Pt,Ir)

Iridium and other PGE anomalies globally
distributed; consistent with chondritic impactor

Elevated Pt and Ir reported at many YDB sites, including in
Greenland ice cores and terrestrial sections

Spherules and melt-glass

Glassy spherules with aerodynamic shapes; high-|
temperature condensation and impact ejecta

Magnetic spherules, melt-glass, and lechatelierite found,;
thermally consistent with temperatures >2200°C

Nanodiamonds

Present but less emphasized in K-Pg debates

Widespread at YDB sites; interpreted as shock products
from high-energy atmospheric or surface explosions

High-temperature minerals

Minerals with high melting/boiling points (e.g.,
chromite) found in ejecta

Refractory minerals (e.g., corundum, spinel, etc.) reported;
requires extreme temperature regimes

Native elements

Native iron rarely preserved due to oxidation;
found in meteorites, not generally in ejecta

Native iron and other unoxidized metallic phases reported at
YDB sites; not explainable by known terrestrial processes

Global wildfire indicators

Charcoal and soot layer globally distributed,;
modeled as radiation from re-entering ejecta

Charcoal, carbon spherules, and combustion products found
widely; interpreted as biomass burning triggered by impact

Crater identification

Chicxulub crater confirmed and precisely dated to
K-Pg; fits in size, structure, and age

No confirmed crater; crater not required for multiple airbursts

Multiple spherule layers
(global)

Several global spherule layers documented, but K
Pg most precisely matched to crater

>50 sites with impact spherules reported globally

Extinction evidence

Mass extinction at all ecological levels, especially

Abrupt megafaunal extinction in North America; timing

of non-avian dinosaurs

coincides with YDB; debated association

Black mat / boundary layer
sharp paleo-ecological break

Thin clay layer with global distribution; marks

“Black mat” layer found at dozens of sites; rich in carbon and
proxies, though stratigraphic correlation debated

Alternative explanations

Competing volcanic hypothesis (Deccan Traps)
no longer primary; impact theory dominant

Meltwater pulse hypothesis remains dominant alternative;
lacks direct evidence of global effects

Not anthropogenic

Clearly non-anthropogenic; precedes humans

Clear evidence of natural origin; no plausible anthropogenic
mechanism for observed markers or extinction patterns

Scientific consensus

impact hypothesis

Overwhelming support across disciplines for

Hypothesis remains controversial; strongly supported by
some, rejected by others

glass-filled microbrecciated quartz, and shocked quartz
grains with glass-filled planar fractures. Radiocarbon dat-
ing suggests an age close to the onset of the Younger Dryas
(~12,800 cal BP). Geochemical comparisons and thermal
estimations indicate that formation temperatures >2000°C
exceeded those achievable through anthropogenic, volcanic,
or tectonic processes.

Hydrocode modeling supports the hypothesis that a low-al-
titude airburst/impact could have generated the observed
depression and associated deposits. While alternative expla-
nations for this material, including natural fluvial or anthro-
pogenic processes, were considered, they fail to account for
the full suite of geological and geochemical evidence.

We propose that the Perkins lake/depression represents
an airburst/impact crater associated with the Younger Dryas
onset and, as such, contributes to the broader understand-
ing of the frequency and effects of cosmic impact events on
Earth’s surface environments.

Recent extensive research and observations at this site
and elsewhere imply that airbursts have been more common
than currently accepted and that numerous easily overlooked
such airburst/impact events may have occurred in the past.
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