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ABSTRACT

We report diverse shock-metamorphosed and melted grains from the 1908 airburst site in Russia, one of history’s most
significant and enigmatic cosmic events. Analysis of samples from a rimmed crater-like feature near the epicenter using
scanning electron microscopy (SEM), transmission electron microscopy (TEM), electron backscatter diffraction (EBSD),
and cathodoluminescence (CL) revealed evidence of extreme conditions. Our findings indicate heterogeneous shock
pressures (~22 GPa) and temperatures (~>1710°C) produced various micropatrticles, including FeO and aluminosilicate
glass microspherules, melted quartz microspherules, carbon spherules, glass-like carbon, and melted minerals. Notably,
quartz grains exhibit high-temperature melting and shock metamorphism, including planar deformation features (PDFs)
and planar fractures (PFs), with some showing glass-lined internal fractures and melted silica coatings. Similarly, some
feldspar grains display melted feldspar coatings. While multiple origins for these materials are possible — including
an older crater and volcanism — the evidence best supports the 1908 Tunguska airburst hypothesis. The abundance of
melted, shocked materials in the biomass-burning layer aligns with proposals that airburst fragments struck the Earth’s
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surface at velocities sufficient to produce shocked quartz. The coexistence of melted particles, shock-metamorphosed
minerals, and unaltered grains suggests a heterogeneous energy distribution that created shallow craters and melted
surface materials. These findings advance our understanding of airburst/impact mechanics, but few people have ever
observed a dangerous airburst like Tunguska, so very little is known about them. Lacking sufficient real-world data,
scientists should continue modeling these dangerous low-altitude airbursts to understand them better. The Tunguska
event is a valuable case study demonstrating the urgent need to improve our planetary defense strategies.
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Introduction

The Tunguska event on the morning of June 30, 1908, stands
as the most powerful cosmic impact in recorded history. Its
enigmatic nature stems from the three puzzles: no visible
impact crater despite the event’s massive energy release [1],
no recovered meteorite fragments [2], and the uncertainty
about the impactor’s composition — whether asteroid, comet,
or another object [3—5]. These unresolved questions have
spawned numerous competing theories and sustained scien-
tific interest for over a century later [6, 7].

The explosion occurred over the Eastern Siberian Taiga,
flattening 2,150 sq km of forest and generating seismic
waves detected in England [3]. Scientists determined the
epicenter by analyzing the radial pattern of fallen trees [8, 9]
(Figure 1). The event released energy equivalent to 10-15 Mt
of TNT [11, 12], yet left no obvious impact crater, suggest-
ing the Tunguska object detonated as an airburst [1]. Figures
1 and 2 show the sampling site.

The Tunguska event demonstrates the destructive poten-
tial of near-Earth objects and has significant implications
for planetary defense. Recent studies have identified simi-
lar high-energy airburst events at other sites, including the
prehistoric village at Abu Hureyra in Syria [13-16] and the
city at Tall el-Hammam in the Middle Bronze Age [17, 18].
Therefore, understanding the Tunguska event’s mechanics is
critical for historical reconstruction and future impact risk
assessment.

Previous investigations of the Tunguska site have pro-
duced mixed results. Leonid Kulik’s expeditions in the
1920s and 1930s documented extensive forest destruction
but found no impact crater or significant meteorite fragments
[8]. Later studies analyzed tree ring data to assess environ-
mental impacts and date the explosion [19, 20], while soil
analyses sought extraterrestrial materials from the bolide
[21]. However, the soil materials previously attributed to
the bolide are now understood to be products of post-impact
acid rain rather than direct extraterrestrial input. Our study
presents the first comprehensive evidence of airburst/impact
proxies resulting from the Tunguska event.

Atmospheric modeling studies have estimated the impac-
tor’s size, composition, and trajectory [11, 12]. Artemieva and
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Shuvalov [6] expanded this research by comparing airbursts

from Tunguska to Chelyabinsk, advancing our understanding

of these phenomena. Longo’s century-spanning review [22]

documented the event’s sustained scientific importance.

Recent studies have revealed new evidence about the
Tunguska event. Kletetschka et al. [23] documented envi-
ronmental impacts through magnetic, tree ring, and lake
sediment analyses, all indicating a significant disturbance.
Two potential impact craters have been proposed: Suzdalevo
Lake in Central Siberia [24] and the 350-m-diameter Lake
Cheko [7, 25], with local accounts suggesting Lake Cheko
formed after the 1908 airburst.

Kletetschka’s earlier work [26] identified magnetic anom-
alies in tree rings and rocks near the Tunguska site. While
these findings suggested effects from the event, they repre-
sented indirect rather than direct impact evidence.

Tree ring studies [25, 27] documented the event’s environ-
mental effects, while a recent Farinella et al. [28] analysis
clarified the physical processes involved, informing assess-
ments of future impact risks.

Direct physical evidence of the extreme conditions gen-
erated by the Tunguska impact has remained elusive. While
felled trees demonstrate the event’s power, they reveal the
temperatures and pressures at impact. Our study analyzes
the event’s subsurface samples collected from the epicenter
during a 2008 centennial expedition (Figure 1). We identi-
fied microscopic particles and minerals showing evidence of
extreme conditions, interpreted as airburst/impact proxies.
Using advanced techniques, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), electron
backscatter diffraction (EBSD), and cathodoluminescence
(CL), we characterize these materials and their formation
conditions. This microscopic evidence provided new insights
into the event’s immediate physical effects, complementing
existing macroscopic data.

This study aims to:

1. Characterize Fe- and Si-rich microspherules, carbon
spherules, melted and shocked minerals, and other
impact-related particles from the Tunguska site.

2. Determine the formation temperatures and pressures of
these materials.
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Figure 1: Location of sample site Tung 3 near the Tunguska epicenter. A) The airburst occurred over Siberia with an approximate entry
angle shown as a dashed line. Our sampling site, Tung 3, is ~700 m northeast of the center of the red dot, the estimated location of the epicenter.
The force of the aerial detonation felled tens of millions of trees in a “butterfly” pattern radiating away from the epicenter [7]. The pattern is ~75 km
long by 60 km wide. Map adapted from Longo et al. [10]. B) The Satellite view of the Tunguska Tung 3 sampling site (60.90506°N, 101.95866°E)
reveals numerous distinctive circular bog structures. We specifically selected the sampling site because it was on the raised rim of a crater-like
feature. Image source: Google Earth, CNES/Airbus, Maxar Technologies. Map data acquired 5/2015, accessed 12/2024.

3. Identify formation mechanisms, including airburst
effects, crater formation, plume dynamics, and second-
ary phenomena like lightning.

4. Develop a hydrocode model consistent with the
observed evidence using a computer program that sim-
ulates the behavior of materials under short-duration
temperature and pressure.

5. Evaluate implications for understanding airburst events
and their ground-level effects.

This research advances our understanding of the Tunguska
event while informing broader studies of impact crater-
ing and airburst phenomena. Our findings help assess the
hazards of near-Earth objects and interpret impact records
across planetary bodies. The study also provides historical
context for modern research on minor asteroid impacts and
atmospheric entry processes.

Results and interpretations

Our analyses reveal shocked quartz grains with planar defor-
mation features (PDFs) and planar fractures (PFs), glass-coated
and glass-filled quartz grains, glass-coated feldspar grains,

microspherules, melted titanomagnetite, and carbon spherules
and glass-like carbon from biomass burning. Hydrocode mod-
eling suggests that small bolide fragments may have created
shallow surface craters. Results are primarily presented through
captioned images consistent with the study’s visual nature.

Shock-fractured and melted quartz

Previous studies near our sampling site documented shocked
quartz with differing interpretations of its origin. Vannucchi
et al. [29] attributed it to a volcanic gas eruption despite
a lack of evidence that such events produce shock meta-
morphism. Hyanina [30] suggested an older impact crater
source, although no other evidence supports this hypothesis.
Our investigation confirms the presence of shock-metamor-
phosed and isotropized quartz grains in this area.

Our analyzed quartz grains show isotropic silica coating,
glass-filled fractures, and glassy regions within the quartz
matrix (Figures 3—13). Multiple analytical methods (SEM,
TEM, CL, and EBSD) confirm these features as melted sil-
ica rather than cryptocrystalline or microcrystalline quartz.
SEM-EDS reveals an oxygen/silicon ratio of ~39/61 wt% in
partially melted grains, significantly lower than typical ratios
for alpha quartz, agate, or chert (53/47 wt%) and hydrated
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Figure 2: Sampling site. Location of Tung 3 site, as seen from the helicopter window. Note that the crater-like features with raised rims are
generally assumed to be thermokarst features, though some researchers suggest they are impact craters.

silica (66/34 wt%). This oxygen depletion suggests that
high-temperature melting caused partial SiO, dissociation,
producing SiO, (~74 wt%) mixed with native Si (~26 wt%).

Analyses of quartz grains by electron backscatter
diffraction (EBSD)

EBSD analysis of grain #07x12 shows lattice distortions,
misorientations (1°to 5°), and Dauphiné twinning (Figure 4).
The Local Orientation Spread (LOS) map indicates exten-
sive grain damage. Dauphiné twins, rotated 60° around the
c-axis, concentrate at boundaries between melted and unme-
Ited regions of the monocrystalline quartz, suggesting their
formation is directly related to melting.

Analyses of quartz grains by transmission
electron microscopy (TEM)

TEM analysis of grain #07x12 reveals lamellae along spe-
cific crystalline planes (Figures 5 and 6), with both crystal-
line quartz and amorphous silica present (Figures 7 and 8).
Selected area diffraction patterns display crystalline white
spots with an amorphous silica halo.
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Additional quartz grains show similar melting and shock
features. Grain #24x-11 displays shock lamellae, a 39/61
wt% oxygen/silicon ratio, and lattice misorientation of up to
5° (Figure 13). Grain #17x-07b exhibits a 37/63 wt% oxy-
gen/silicon ratio and glass-filled shock lamellae (Figure 14).
CL imaging confirms melted silica and crystalline quartz in
both grains.

A small fraction of sedimentary grains shows glass
coatings and/or glass-filled planar deformation features
or fractures. The glass composition typically matches the
host minerals: quartz coatings on quartz grains, feldspar
coatings on feldspar grains, and some grains occasionally
displaying multi-element sediment coatings. This selective
surface melting suggests an airburst/impact thermal pulse or
high-temperature shockwave exposure.

Partially melted feldspar grains

Vesicular melted feldspar grains occur at low concentrations
(80/kg) (Figures 14 and 15). These isotropic grains contain
11 wt% Na, 14 wt% Al, 38 wt% Si, and 37 wt% O, indicat-
ing oxygen depletion relative to stoichiometric albite.
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Figure 3: Optical, Scanning electron microscopy (SEM), and cathodoluminescence (SEM-CL) images. A partially melted, 500-um-
diameter quartz grain (#A 07x12). A) SEM-BSE image. “Qtz” indicates crystalline quartz, and “M” marks the amorphous dendritic area of the
grain. A nearly identical dendritic grain was observed in impactites from Ries crater (Figure 8 from Trepmann et al. [31]) that they inferred to have
crystallized directly from impact melt. B) An optical photomicrograph shows that the dendritic area (false-colored red) is isotropic under crossed
polars (OPT-XPL), which is consistent with amorphous silica. C) SEM-CL image with a reddish-blue area (Qtz) indicating quartz that may have
been heated and recrystallized but may also result from impurities in the quartz or damage by mechanical stress [32—-35]. “M” marks dendritic
areas of amorphous silica mixed with Al and Fe. Areas marked “Glass” are non-luminescent (black), indicating extensive lattice damage that
melted the silica [32—35]. Contrast and brightness were decreased for the non-grain background to improve visibility. D) SEM-EDS elemental
map reveals that the crystalline “Qtz” area has an oxygen/silicon ratio of ~39/61 wt%, much lower than quartz’s typical stoichiometric values
of 53/47 wt%. This low ratio is consistent with partial dissociation of the silica during melting, producing native Si mixed with SiO,. This ratio
eliminates the material as quartz cement or quartz overgrowth, composed of hydrated silica (SiO,-H,0) with an oxygen/silicon ratio of ~66/34
wt%. The dendritic area (“M”) is composed of melted silica mixed with small concentrations of 4.76 wt% Fe and 2.08 wt% Al. E-F) Epi-illuminated
photomicrographs show an amorphous dendritic area at panel As upper left and lower left, respectively.
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Figure 4: Electron backscatter diffraction (EBSD) of shock-fractured quartz grain (#07x12). This technique determines the crystalline
structure and orientation of the crystal’s planes at the quartz grain’s surface. A) Image Quality (IQ) figure where “Qtz” indicates crystalline quartz
and “G” represents glassy areas. B) Grain Reference Orientation Deviation (GROD) superimposed on Q. Different colors represent crystalline lat-
tice distortions into different crystalline planes, as indicated by the Miller-Bravais scale at the upper right. C) Local Orientation Spread (LOS) map
superimposed on |Q reflects the degree of misorientation (0°-5°) of the crystal. The green-yellow-orange areas, marked “Mis,” represent damaged
crystalline lattice misoriented by 1° to 5°. D) Inverse Pole Figure (IPF) superimposed on 1Q exhibiting quartz grain areas that have rotated 60°
relative to the c-axis, so-called Dauphiné twinning (“Dau”). This feature can occur when a heated crystal melts and subsequently recrystallizes
into a different orientation during cooling. Except for the largest area, Dauphine twinning in this grain is concentrated near the boundary between
melted and unmelted areas, where it likely formed in response to higher ambient temperatures to which the grain was exposed.

Melted microspherules

Tunguska samples contain diverse microspherules. Fe-rich
(200/kg), aluminosilicate glass (80/kg), and silica varie-
ties. Fe-rich examples include a 55-um diameter spherule
(Figure 16A) and a 39-um dendritic spherule (98.42 wt%
Fe) (Figure 16D). Aluminosilicate specimens feature a
sectioned 380-um transparent spherule with large vesicles
(Figure 16B). A 1.65-um spherule with stoichiometric O/Si
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ratio was also identified (Figure 16C). Size, abundance, and
composition match previous Tunguska findings [38, 39].

Partially melted minerals

A rare titanomagnetite grain (Fe**(Fe’*, Ti),0,) (40/kg),
measuring 1950 pm, shows partial melting and intrusive
aluminosilicate material, with Ti-Fe dissociation zones
(Figure 17).
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Figure 5: Transmission Electron Microscopy revealing shock-fracturing in a quartz grain (#07x12). All panels are HRTEM brightfield
images. “PFs” identify planar fractures; “PDFs” mark planar deformation features; “G” marks areas of glass, as determined by SAD; and “V”
marks vesicles. A) Low-resolution image of most of the FIB foil showing two large, glass-filled fractures. B), C), and D) High-resolution TEM
images showing multiple lamellae (yellow lines) oriented to the {1070} and {1011} crystallographic planes of quartz, as determined by meas-

urements with selected area diffraction (SAD).

Carbon spherules and glass-like carbon
Carbon particles (760/kg) include opaque black (13), oblong
(4) oblong, and translucent/amber spherules (2) ranging
from 60 to 700 pm in diameter (Figure 18A-B). Glass-like
carbon fragments show vesicular structure and >98 wt% car-
bon content (Figure 18D-F).

Material types, characteristics, and the inferred temper-
atures and pressures associated with the Tunguska impact
event are presented in Table 1.

Hydrocode modeling of the Tunguska airburst

Initial modeling used the Earth Impact Effects Program
(EIEP) [41-43] (Table 2). Despite the program’s limi-
tations, it is commonly used for hydrocode simulations
[42, 43, 45-50]. Based on studies by Pierazzo et al.
[51] positively comparing Autodyn with other programs
(iSALE, SOVA, SPH, CTH, ALE3D) and physical exper-
iments, we applied EIEP results to Autodyn-2D analy-
sis [52-64] (Figures 19 and 20). Input parameters are
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Figure 6: Transmission Electron Microscopy of shock-fractured quartz grain (#07x12). “PDFs” mark planar deformation features, and
“G” marks areas of glass, as determined by SAD. A) and C) High-resolution TEM images of grain areas with mixed amorphous silica at “G,”
showing multiple lamellae (yellow lines) oriented to the {1010} crystallographic plane of quartz (yellow lines), as determined by SAD. B) and D)
Corresponding inverse fast Fourier transform (IFFT) images showing lighter-colored areas with crystalline lattice and darker-colored areas with

amorphous or heavily damaged silica, marked as “G.”

detailed in Supporting Information, https://zenodo.org/
records/14727706.

Discussion

Tunguska surface sediment contains microspherules, melted
minerals, and shocked quartz, indicating extreme tempera-
tures and pressures. Multiple interpretations exist.

8

Prior impact event

Hryanina [30] reported shocked quartz in outcrops near
our sampling site within an 8-km depression, suggesting an
ancient impact crater. However, this interpretation was pre-
sented only in a conference abstract and lacks supporting
evidence. Additionally, some melted grains show delicate,
pristine features inconsistent with millions of years of pres-
ervation, suggesting recent formation.


https://zenodo.org/records/14727706
https://zenodo.org/records/14727706
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500 nm

Figure 7: Transmission Electron Microscopy reveals amorphous areas of a quartz grain (#07x12). A-C) Dark-field images show inclu-
sions mostly filled with amorphous silica (glass) and small crystallites. D) The selected area diffraction pattern is for inclusion in panel C. The
small, white diffraction spots indicate crystallinity, while the diffuse halo suggests the presence of amorphous silica with characteristic d-spac-

ings of 3.34 and 1.23.

Volcanism

Vannucchi et al. [29] attributed shocked quartz near our sam-
pling site to hyperexplosive volcanic gas eruption. However,
volcanic pressures are orders of magnitude below those
needed for shocked quartz formation [66—68], and magma
temperatures cannot achieve the melting of quartz grains
(21713°C).

Tectonic deformation
While fault motion can create deformation lamellae and
macro-scale melting [69, 70], tectonic processes cannot

produce PDFs, glass-coated quartz, or silica-filled fractures
in individual quartz grains.

Lightning

Lightning strikes can produce microspherules, meltglass,
vesiculated minerals [71], and potentially shock-meta-
morphic features in rocks [72-74], although the latter is
disputed [75]. Lightning also occurs frequently during
volcanic eruptions [76]. However, lightning generated
during the Tunguska airburst would have differed signif-
icantly from typical thunderstorm or volcanic lightning.

9
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Figure 8: Shocked quartz grain: optical, scanning electron microscopy (SEM), and cathodoluminescence (SEM-CL) images (grain
#A 12x-08). “PFs” identify planar fractures; “PDFs” mark planar deformation features, and “G” marks areas of glass, as determined by SAD. A)
SEM-BSE image and B) epi-illuminated image (EPI) of ~330-um-diameter quartz grain (#A 12x-08). “M” marks a dendritic area indicative of
melted silica. C) EPI image showing planar deformation features (PDFs) oriented to the {1011} and {1073} planes and spaced ~1-2 um apart.
D) The SEM-CL image with a bluish matrix indicates crystalline quartz. Non-luminescent (black) bands indicate melted silica along planar and

sub-planar lamellae [32-35].

In airburst-generated lightning, charge separation occurs
through debris particles rather than water droplets or ice
crystals. The dust/debris cloud produced by the airburst
would have distinct electrical conductivity properties due
to its unique composition and the extreme temperatures
involved. These high temperatures would enhance ioniza-
tion processes, while the strong shock waves could influ-
ence plasma formation.

Additionally, the particle size distribution and compo-
sition of airburst debris differ substantially from storm
clouds, potentially affecting the intensity and character of
the resulting electrical discharges. These differences sug-
gest that while lightning may have contributed to the forma-
tion of some features in our samples, the mechanism would
have been fundamentally different from typical terrestrial
lightning processes. In any event, this type of lighting is
airburst-related.
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Forest fires

Forest fires cannot achieve temperatures sufficient for quartz
melting at 21713°C) [40, 77, 78], making them an inade-
quate explanation for the observed evidence. Furthermore,
Abramov et al. [79] documented that the Tunguska fire
ignited simultaneously across >2000 km?, unlike typical
fire progression. Florenskiy’s [39] firsthand observations
revealed distinctive characteristics inconsistent with normal
wildfire behavior: the event produced only a “treetop fire”
that scorched the upper surfaces of trees while leaving liv-
ing tree trunks largely intact. The selective burning of coni-
fer needles and small twigs, combined with the survival of
some trees near the epicenter despite millions being toppled
at greater distances, suggests a brief, high-altitude thermal
pulse rather than a conventional forest fire. These obser-
vations indicate a transient event, incapable of quartz and
feldspar melting, contradicting a forest fire or the airburst’s



G. Kletetschka et al.: New Evidence of High-Temperature, High-Pressure Processes

A B'a2x12 B8

mag ® HFW curr WD HV 40 pm
1200 x_106 um 0.80 nA 9.9 mm 15.00 kV CAMCOR

800 x 159 pm 0.80 nA 9.9 mm 15.00 kV

N curr WD HV
/ 800 x 159 pm 0.80 nA 9.9 mm 15.00 kv

Figure 9: Optical, Scanning electron microscopy (SEM), and cathodoluminescence (SEM-CL) images. Grain #42x12. A) Epi-illuminated
optical image and B) optical plane-polarized image (OPT-PPL) of ~1030-um-diameter quartz grain. B) “G” marks darker gray areas indicative
of melted silica that is isotropic under crossed polars. C) OPT-PPL image showing planar fractures (PFs) oriented to the {2241} plane. D) SEM
image of glass-filled fractures. E-F) SEM-CL images with reddish indicating crystalline quartz. “G” marks non-luminescent areas (black), indicat-

ing fully melted silica along sub-planar lamellae.

thermal pulse as primary mechanisms for the observed min-
eralogical changes.

Quartz overgrowth
SEM-EDS analyses rule out hydrated silica overgrowth as
an explanation for the glass-coated and glass-filled quartz

grains. Standard quartz overgrowth exhibits Si/O ratios of
approximately 66/34 wt%, whereas the observed quartz
coatings show distinctly different ratios of approximately
39/61 wt%. Additionally, microscopic examination reveals
that these grains lack the crystalline structure characteris-
tic of crypto- or micro-crystalline quartz, which typically

11
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Figure 10: Optical, SEM, EBSD, and CL images of grain (#17x-07b). A) SEM-BSE image of a grain with an oxygen/silicon ratio of ~39/61
wit%, lower than quartz’s typical stoichiometric values of 53/47 wt%, consistent with partial dissociation of the silica during melting. B) OPT-PPL
image showing selected glass-filled PDFs (yellow lines) oriented to the {1013} plane. C-D) SEM-CL images reveal the crystallinity of the quartz
grain. Dark areas (“G”) indicate melted silica (non-crystalline quartz), and the orange areas (“Qtz”) represent areas that appear to have melted

and recrystallized.

displays detectable crystallites under both SEM and optical
microscopy.

Tunguska airburst event

The Tunguska airburst shockwave, while devastating, lacked
sufficient pressure to generate shocked quartz [52, 80].
Alternatively, although shocked quartz can be produced dur-
ing impact cratering, the origin of crater-like features in the
Tunguska area, including those at our sampling site, remains
debated. Florenskiy [39] attributed these depressions to
thermokarst activity (ground subsidence from permafrost
melting) rather than impact processes.

However, several researchers have proposed that frag-
ments from the disintegrating body did reach the Earth’s
surface, creating small impact features [2, 7, 81-83]. The
most prominent example is Lake Cheko, a 350-m-diameter
depression that Gasperini et al. [7] and Fantucci et al. [25]
suggest may be an impact crater, supported by local accounts
claiming the lake’s absence before 1908. This interpretation
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of Lake Cheko remains controversial, highlighting the
broader uncertainty surrounding the formation of crater-like
features in the Tunguska region

Fragmentation during cosmic body airburst appears
to be the norm, regardless of altitude, suggesting the
Tunguska bolide likely fragmented as well. Multiple well-
documented airburst events support this conclusion. The
2013 Chelyabinsk airburst occurred at 29.7 km altitude [6,
84—87], producing numerous meteorite fragments, includ-
ing two massive pieces weighing 64.7 and 540 kg [88].
The latter fragment created a 9-m-wide crater in a frozen
lake [85]. Similarly, the Tagish Lake meteorite’s airburst
in January 2000 occurred ~29 km above British Columbia,
Canada, creating an elliptical strewn field measuring 5x16
km that contained over 10,000 fragments up to ~2.3 kg
[89, 90]. The Campo del Cielo meteorite field in Argentina
provides another example, where multiple fragments cre-
ated shock-generated craters up to 26.5 m in diameter and
6 m deep in unconsolidated surface sediments. Thus, it is
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Figure 11: Optical images of meltglass-coated, glass-filled quartz grains. A-D) Portions of the isotropic grains under crossed polars are
marked in false-colored red (“G”) and subsequently identified as melted quartz using CL, TEM, and/or EBSD. “Qtz” denotes areas of crystalline
quartz. To improve visibility, contrast and brightness were decreased for the non-grain backgrounds.

likely that fragments from the Tunguska airburst struck
Earth’s surface.

While no definitive Tunguska bolide fragments have
been recovered, preservation conditions may explain this
absence. Unlike meteorites in desert regions, which preserve
well [91-93], those in environments with higher moisture
and freeze-thaw cycles — conditions present at Tunguska —
typically degrade rapidly [92]. In addition, if the fragments
hit the Earth at ~2 km/s, they would have broken into tiny,
hard-to-find pieces.

Hydrocode modeling demonstrates that the Tunguska
event likely produced conditions sufficient for shock met-
amorphism. The model indicates shockwave velocities
exceeding 2 km/s, temperatures above 4000 K lasting sev-
eral seconds, and fragment impact pressures greater than 2
GPa. These conditions, though brief, could generate shock
metamorphism, melt sedimentary grain surfaces, and force
melted silica into fractures through jetting [94-96]. When
standard Tunguska airburst parameters are entered into
the Earth Impact Effects Program (developed by impact
scientists Marcus, Melosh, and Collins [41, 43, 44]), the

model predicts that “large fragments may strike the sur-
face” (Table 2). This modeling supports the possibility that
impacting fragments created small craters, consistent with
the raised-rim feature from which we collected our samples.

Anomalous evidence

FeO and aluminosilicate glass microspherules present in
our samples indicate temperatures reached 1300-1400°C
[77, 97]. Even more significantly, we discovered melted
quartz microspherules, which require temperatures above
1710°C, quartz melting point [98]. Such extreme temper-
atures align with those documented in known airburst and
impact events [6, 11, 12], providing evidence for similar pro-
cesses at Tunguska.

The observed partial melting of quartz and feldspar,
along with filled fractures, likely resulted from intense ther-
mal radiation during the airburst. Historical accounts from
the 1908 Tunguska event provide supporting evidence - wit-
nesses in Vanavara village, approximately 60 km from the
epicenter, reported severe thermal burns. If the thermal radi-
ation was sufficient to cause human burns at that distance,
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Figure 12: Quartz grains displaying planar fractures (PFs). A-D) Epi-illuminated and plane-polarized optical images of glass-filled planar
fractures (PFs) in selected quartz grains. Figures 5, 6, 8, and 9 also display PDFs and PFs.

areas closer to the epicenter would have experienced tem-
peratures well above the melting points of quartz (~1670°C)
and feldspar (~1200°C). The brief but extreme heat pulse
could explain the observed partial melting patterns, while
rapid cooling would account for the fracture-filling features.

The samples’ carbon spherules and glass-like carbon struc-
tures indicate rapid heating and cooling of organic material,
primarily wood, tree sap, and vegetation [78, 99]. These par-
ticles form at temperatures between 800° and 1500°C [100],
supporting evidence for intense heat generation during the
Tunguska event. The presence aligns with documented wide-
spread forest fires following the 1908 explosion [2, 39, 79].

The discovery of partially melted minerals provides fur-
ther evidence of extreme temperatures. Some quartz grains
display evidence of surface melting, indicative of tem-
peratures 21710°C. Titanomagnetite grains showing par-
tial melting indicate temperatures reached approximately
1625°C [101]. Feldspar grains exhibit oxygen depletion,
suggesting partial dissociation during rapid heating [102,
103], another characteristic of brief, high-temperature
events.
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EBSD analysis reveals lattice distortions and misorienta-
tions in quartz grains [104], quantifying the strain they expe-
rienced. The observed misorientations of up to 5° indicate
moderate shock pressures of 2-10 GPa [105-107]. While
these pressures are below those typical of crater-forming
impacts, they match shock wave pressures documented in
large airburst events [17, 18, 43, 52, 108].

Shock-fractured quartz grains provide evidence of
high-pressure conditions. The identified planar deformation
features (PDFs) and planar fractures (PFs) are characteris-
tic shock metamorphic indicators [37, 109]. While typically
associated with crater-forming impacts, these features can
also result from powerful airburst-generated shock waves
[45, 110]. This possibility suggests that even small Tunguska
bolide fragments striking Earth’s surface at sufficient veloc-
ity could have produced the shocked quartz and melted sed-
imentary grains found in our samples.

Individual quartz grains display both crystalline and amor-
phous regions, with evidence of recrystallization, indicating
shock melting followed by rapid cooling [111]. Oxygen
depletion in quartz grains suggests partial dissociation at



G. Kletetschka et al.: New Evidence of High-Temperature, High-Pressure Processes

P )

2
1

L2131}

{2241}

—{1070}

S5
3 sets of PDFs in 2 grains (orange)
7 sets of PFs in 7 grains (yellow)

(error £5 deg)
0% unindexed

=(0001)
—{1013}

Number of sets

PDFs| PFs

1

0 bt — L1
0 10 20 30 40 50 60 70 80 90
Angle between c-axis and poles to PDF/PF (degrees)

Figure 13: Crystallographic indexing of shock lamellae. After
using optical microscopy to identify shocked quartz candidates (10
grains in 25 g =400/kg, or 10 in ~4,000 quartz grains), we investigated
further using the universal stage. U-stage indexing was problematic
because some grains had been thermally distorted; however, lamel-
lae in other areas were planar and parallel and could be indexed. The
crystallographic axes were plotted with the ANIE indexing program
[36]. All observed lamellae are among those commonly reported in
shocked quartz studies [37]. The small sediment sample sizes (25 g)
limited the scope of the investigation, so the observed distribution of
lamellae may not be statistically representative.

high temperatures and subsequent rapid quenching [112].
The presence of Dauphiné twins further supports rapid ther-
mal stress conditions [113].

Similar proposed airburst/impact events

As West et al. [52] discussed, impact researchers have identi-
fied at least eight touch-down airbursts within the last ~11,700
years across Western Europe (2.2 million km?). Most are esti-
mated to have been much larger than Tunguska but display
the same evidence: microspherules, shocked quartz, melted
minerals, and potential cratering. These sites include the
Chrudim/Pardubice region in the Czech Republic [114] and a
series of related strewn fields across the Czech territory [115].
In Germany, multiple impact sites have been documented:
the Saarlouis structure with distinctive black glass melt rocks
[116], the Chiemgau field showing evidence of a Holocene
impact with archaeological connections [117-119], the
Middle-Pleistocene Niederrhein deposit [120], the Holocene
Franconia crater field [121], and the Pleistocene/Holocene
Sachsendorf Bay structure [122]. Additionally, a 6400-year-
old strewn field has been identified in Finland [123].

This distribution suggests a touch-down airburst recurrence
rate of approximately one event per 1500 years across Western
Europe. However, this estimate carries significant uncer-
tainties due to limited data on touch-down airbursts. While
more research is needed to determine an accurate recurrence
rate, these findings indicate a meaningful threat from future
airbursts, particularly over densely populated areas.

Implications for planetary defense

In 2023, a 30-60 m asteroid (2023 NT1) passed within only
about one-quarter of the Earth-Moon distance — it was only
discovered two days after it had passed Earth [52, 124, 125].
It had a potential impact energy of 10 Mt [124, 125], approx-
imately similar to the Tunguska event. If this asteroid had
exploded over a major city, it could have produced much
greater damage than at Tunguska in a remote area of Siberia.
This event is a reminder of the magnitude of the threat posed
by small, difficult-to-detect bolides that produce highly
destructive touch-down airbursts [52].

The Tunguska airburst is significant because it was the
first example in modern times demonstrating that a rel-
atively small asteroid or comet fragment can result in
massive surface damage. Because only a few people have
ever observed a dangerous airburst, such as Tunguska and
Chelyabinsk, very little is known about them. Without suf-
ficient real-world data, scientists must continue modeling
these low-altitude airbursts to better understand the phys-
ics and effects of thermal radiation, shockwave propaga-
tion, and small crater formation. This study provides evi-
dence and modeling suggesting that small bolide fragments
ejected from the airburst can strike the Earth’s surface with
high energy at high velocities.

The evidence from Tunguska highlights the need for robust
detection and mitigation strategies before a future disastrous
airburst occurs over a populated area. This potential threat is
especially serious because modern detection efforts primar-
ily focus on larger bolides with limited capability of detect-
ing smaller ones. Detecting smaller Earth-crossing bolides
would require an array of space-based infrared telescopes
and ground-based observatories capable of detecting these
dangerous objects well before their arrival. Furthermore, it is
necessary to develop adequate methods to deflect or disrupt
these incoming bolides, but such telescopes and mitigation
strategies are currently inadequate and expensive. Thus, the
Tunguska event is a valuable case study demonstrating the
urgent need to improve our planetary defense strategies.

Conclusions

Multiple analytical techniques provide evidence of extreme
conditions during the 1908 Tunguska event, challenging pre-
vious assumptions about this cosmic airburst. The findings
reveal a complex, heterogeneous field of high temperatures
and pressures, with local temperatures exceeding 1710°C
and shock pressures above 2 GPa, likely caused by bolide
fragments striking the Earth’s surface after the airburst.
Multiple lines of evidence support these extreme conditions,
including FeO and aluminosilicate glass microspherules,
melted quartz microspherules, carbon spherules, and glass-
like carbon structures. The presence of partially melted min-
erals and shock-fractured quartz grains with characteristic
shock metamorphic features further corroborates the intense
conditions present during the event.
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Figure 14: Partially melted feldspar grains. A) SEM-BSE image of sodic feldspar (albite) grain (#B 03x-09), as indicated by SEM-EDS. B)
Optical image under crossed polars (OPT-XPL) shows that grayscale portions of the grain are anisotropic (“Felds”), whereas the false-colored
red areas are isotropic (“G”), indicating parts of the grain were melted. C) Close-up SEM-BSE image of the grain in panel A, showing that some
feldspar lamellae containing intrusive material, dominated by Fe, Ti, and Si, as determined by SEM-EDS. Crossed polars show the intrusive areas
to be isotropic. D) SEM-EDS elemental map a portion of grain in panel A. The yellow area is crystalline feldspar, and the reddish area is Fe-Ti-Si
glass. E) SEM-BSE image of another sodic feldspar grain (#B 03x-08), as indicated by SEM-EDS. F) Optical image under crossed polars shows
that portions of the grain are anisotropic (“Felds”), whereas the false-colored red areas are isotropic (“G”), indicating parts of the grain were melted.

The coexistence of melted particles, shock-metamor- findings enhance our understanding of airburst mechanics
phosed minerals, and unaltered grains points to a heterogene- and their ground-level damage potential while contributing
ous energy distribution characteristic of airburst events. These valuable data to the broader study of impact cratering and
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Figure 15: Additional melted vesicular feldspar grains. All grains are isotropic under crossed polars without their characteristically visible
lamellae or the distinctive extinction of twinning typical of feldspar. “V” marks vesicles in all samples. Composition: sodic feldspar (albite), aver-
aging ~11 wt% Na, 14 wt% Al, 38 wt% Si, and 37 wt% O. These grains are ~10% depleted in oxygen compared to the stoichiometric values for
albite, consistent with grains having been exposed to high temperatures that partially dissociated the feldspar and destroyed the typically visible
cleavage. A)-B), C)-D), and E)-F) Epi-illuminated photomicrographs and SEM-BSE images, respectively, of vesicular melted feldspar grains.

airburst phenomena. This improved understanding advances
our knowledge of near-Earth object hazards.

Tunguska is widely accepted as a large, low-altitude
airburst or cluster of airbursts. Our evidence suggests that
this airburst released high-velocity, high-energy fragments
that struck Earth’s surface, formed small impact craters
near ground zero, melted surficial sediments, and produced
shock-fractured quartz.

Future research directions include expanding the Tunguska
sample set and comparing findings with other potential air-
burst sites. Additional modeling studies incorporating these
new data could refine our understanding of the Tunguska
event’s dynamics and improve risk assessments for future
near-Earth object encounters. This work not only illuminates
a historic event but also provides crucial insights for predict-
ing and mitigating similar future events.

Materials and methods

Additional details are provided in the Supporting Information
https://zenodo.org/records/14727706.

Sample collection

The Tung3 samples were collected in 2008 by Dallas Abbott
and Alexei Kiselev from a marsh near Kulik’s cabin in the
Tunguska epicenter region. This centennial-year expedition
sought direct physical evidence of the extreme conditions
generated during the 1908 explosion, building on previous

site studies [2, 21]. The July 2, 2008 sampling site was in a
circular bog (‘boleta’) characterized by two concentric cra-
ter-like raised rims near the epicenter. Historical maps show
this feature as a lake, and it remains visible in current Google
Earth imagery (Figure 1). The Tung3 sample was collected
from one of six holes excavated by Aleksei Kiselev on the
bog’s raised rim (60.90506°N, 101.95866°E). Collection
occurred at the thawed soil/permafrost boundary, approxi-
mately 30 centimeters below the surface, where ice was con-
sistently present in all holes.

The site’s stratigraphy revealed two distinct black layers,
interpreted as charcoal deposits from forest fires, including
the Tunguska airburst, overlying reddish soil. Notable among
the findings were ‘rock-like’ materials with hardened outer
rims and soft interiors, potentially representing soil subjected
to extreme heating during the event. This sampling strategy
targeted materials likely to preserve evidence of the extreme
conditions generated during the 1908 explosion, particularly
in locations showing signs of impact-related alteration.

Sample preparation and analysis

A 25-gram aliquot from the Tung3 sample underwent son-
ication and sieving to isolate sedimentary grains, includ-
ing magnetic and glassy microspherules, carbon spherules,
melted feldspar, and shocked/melted quartz. As detailed in
the following sections, multiple analytical techniques were
employed to examine the morphologies, compositions, and
internal structures of these selected grains.
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Figure 16: Tunguska microspherules from near ground zero. A) Photomicrograph of a 55-um-diameter Mg-Al-Si-Fe microspherule with a
melting point of ~1300°C. B) Epi-illuminated photomicrograph of a sectioned 380-um-diameter transparent microspherule composed of unusual
C-Si-Ti glass with a melting point of ~1300°C. “V” labels indicate large vesicles within the spherule due to outgassing. C) SEM BSE image of a
1.65-um-diameter melted microspherule with a stoichiometric oxygen/silicon ratio of 53/47 wt%. The melting point of SiO, is ~1710°C. D) SEM
BSE image of a 39-um-diameter, dendritic microspherule composed chiefly of native iron (98.42 wt% Fe). All microspherules were extracted
from the Tung3 sample and collected at the thawed soil/permafrost contact approximately 30 cm below the surface on the raised crater-like rim
of a circular bog near the Tunguska event epicenter.

Figure 17: Partially melted titanomagnetite grain. A-C) Epi-illuminated photomicrographs of a single (1950-um-diameter) titanomagnetite
grain (Fe**(Fe*, Ti),0,). A) The lower left of the grain displays evidence of partial melting at ~1625°C, the melting point of titanomagnetite. B)
Close-up of the lower left of grain in panel A. Dark areas labeled “G” represent intrusive aluminosilicate material with a melting point of ~1300°C.
The intrusions were isotropic under crossed polars, indicative of being amorphous. C) Close-up of the middle right part of the grain in panel A.
The Ti (left arrow) has dissociated from the Fe (right arrow).
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Figure 18: A-C, Photomicrographs of Carbon Spherules. Average composition: >98% C; size range: 86-210 um.: A) Amber-colored; B)
tailed spherule that probably cooled while airborne; C) carbon spherule with large central vesicle, marked as “V,” visible with a binocular
microscope but unclear in a 2D image. D) Epi-illuminated photomicrograph of a thin-sectioned, 150-um-long melted carbon particle. E) Epi-
illuminated photomicrograph of a thin-sectioned, 2700-um-long glass-like carbon particle. F) Optical photomicrograph of a thin-sectioned,
vesicular, 2410-um-wide glass-like carbon particle.

Table 1: Summary of materials identified.

Material Observation Temperature indication Pressure indication
FeO microspherules 55-um and 39-um wide spherules >1377°C -
Aluminosilicate glass microspherules 380-um wide spherule with vesicles >1300°C -

Silicious (quartz) microspherules 1.65-um wide melted spherule >1710°C -

Carbon spherules 85-210 um wide, various morphologies 800-1200°C -
Titanomagnetite Partially melted 1950-um grain >1625°C -

Shocked feldspar Vesicular melted grains, oxygen-depleted >1100°C -

Shocked quartz Glass-filled fractures, shock lamellae >1710°C ~>2 GPa
Shocked quartz Dauphiné twinning, lattice distortions >1710°C ~>2 GPa

The temperatures listed are for equilibrium conditions that are unlikely to occur in an airburst/impact event. Under laboratory conditions, flux-
mediated non-equilibrium temperatures are estimated to be ~200°C lower [40].

Table 2: Airburst parameters used to model the Tunguska event. Optical microscopy

Initial examination of selected sedimentary grains was done
with optical microscopy at magnifications from 4x to 100x,
Density = 2700 kg/m = 2.7 glom? 1deT1t1fy1ng mlc.rospherules, carbon s.pherules.,.and .mm.eral
Impactor velocity = 20 km/s grains. Transmitted and reflected light (epi-illumination)
Entry angle = 45° microscopy was used to study particle characteristics fol-

Target density = 2500 kg/m? lowing standard petrographic techniques [126].
Energy, Mt, atmosphere = 14.6 Mt
Airburst energy = 13.4 Mt

Initial breakup = 59.9 km

Airburst altitude = 5.74 km

Tunguska event

Asteroid diameter = 60 m

Scanning electron microscopy (SEM)
SEM images were acquired using a JEOL-6000 SEM sys-

Residual velocity = 5.73 km/s tem in low-vacuum mode and a ThermoFisher Apreo 2 SEM
Overpressure = 260000 Pa = 0.00026 GPa microscope with a cathodoluminescence (CL) detector to
Wind velocity = 211 m/s obtain high-resolution images of particles and their surfaces

Impact recurrence = 1300 years

) and to perform elemental analyses. A backscattered electron
Large fragments may strike the surface.

(BSE) detector was also used to determine composition.

Data from Marcus et al. [44] and the Earth Impact Effects Program Energy-dispersive X-ray spectroscopy (EDS) was employed
developed by Marcus et al. [41]. to determine elemental compositions and ratios of grains,
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Figure 19: Hydrocode model of the Tunguska airburst. Pressure representation. The model’s assumptions from Marcus et al. [41, 44] are
that a 60-m-wide stony asteroid entered Earth’s atmosphere at 20 km/s with an entry angle of 45° (yellow dashed line). Friction caused it to break
up in an airburst at an altitude of 5.74 km with an energy of 14.6 megatons and temperatures >4000 K. These are within the range of accepted
conditions cited by multiple studies of the Tunguska event [65]. A) At 0.4 s, the plume of hot vapor and small fragments (#1) was ~2 km wide. B)
At 2.6 s, the plume was ~7 km wide (#2) and continued to expand. The shockwave carrying small bolide fragments struck Earth’s surface (#3)
at ~2.3 km/s. The fragments generated pressures >2 GPa, sufficient to produce shock metamorphism in quartz. C) By 4.77 s, the plume had
rebounded off Earth’s surface in an upward-moving reflection wave (#4), as additional bolide fragments continued to strike the Earth at >2 km/s
(#5), creating more small craters. D) After 6.00 s, the plume’s shockwave was >10 km wide (#6), and bolide fragments damaged Earth’s surface
across ~6 km (#7). Images created with Autodyn-2D, versions 2023 R1 and 2023 R1 Student (Ansys, Inc.).

particularly for microspherules and melted mineral grains,
following the methods described by Reed [127].

Transmission and scanning transmission electron
microscopy (STEM)

TEM and STEM analyses were performed on selected quartz
grains to examine their internal structures at high resolution.
The focused ion beam technique was used to prepare thin
foils from specific areas of interest within the quartz grains,
following procedures outlined by Giannuzzi and Stevie
[128]. High-resolution TEM (HRTEM) and dark-field imag-
ing were employed to study lattice structures and identify
amorphous regions using an FEI 80-300 Titan scanning/
transmission electron microscope.

Electron backscatter diffraction (EBSD)
EBSD analysis was conducted on quartz grains to deter-
mine their crystalline structure and orientation using a Teneo
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system detector. This technique provided information on
lattice distortions, misorientations, and recrystallization pat-
terns within the grains, following the methods described by
Giannuzzi and Stevie [129].

Cathodoluminescence (CL)

CL imaging was used to examine the internal structures of
quartz grains, particularly to identify areas of recrystalli-
zation and distinguish between the grains’ crystalline and
amorphous regions. The analysis was performed using a
Monarc CL Detector (Gatan; Pleasanton, CA), following
procedures outlined by Gotze et al. [130].

Shocked quartz

Quartz grains from the Tunguska airburst layer underwent
sequential analytical procedures. Two microscope slides, each
containing ~2000 quartz grains, were thin-sectioned, polished,
and etched with hydrofluoric acid (HF). Analysis proceeded
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Figure 20: Hydrocode model of the Tunguska airburst. Temperature representation. A) At 0.4 s, the plume of hot vapor and small frag-
ments was ~2 km wide. B) At 2.6 s, the plume was ~7 km wide (#2). The shockwave containing small bolide fragments struck Earth’s surface
(#3) at ~2.3 km/s. The impacting fragments generated highly transient temperatures of >4000 K, sufficient to partially melt quartz and feldspar.
However, most of the ground surface was exposed to temperatures of <1200 K below the melting point of feldspar. C) By 4.77 s, the plume had
rebounded off Earth’s surface in a reflection wave (#4), as additional bolide fragments continued to strike the Earth at >2 km/s (#5), creating
more small craters. D) After 6.00 s, the plume’s shockwave was >10 km wide (#6), and bolide fragments damaged Earth’s surface across ~6 km
(#7). Images created with Autodyn-2D, versions 2023 R1 and 2023 R1 Student (Ansys, Inc.).

through multiple techniques: optical microscopy with crossed
polars and epi-illumination identified potential lamellae;
SEM-EDS confirmed quartz composition and imaged visible
lamellae; cathodoluminescence (CL) investigated lumines-
cence; EBSD identified lamellae with damaged lattice; and
universal stage measurements recorded lamellae azimuth and
inclination [107, 109, 131]. Finally, the crystallographic axes
were plotted with the ANIE indexing program [36] and com-
pared to commonly observed lamellae for quartz [37].

Data analysis

Quantitative analyses of elemental compositions were
performed using standardized EDS procedures [132].
Crystallographic data from EBSD were processed using a
technique called “PRIAS,” an acronym for “Pattern Region
of Interest Analysis System,” to generate orientation maps
and pole figures. Using ThermoFisher Noran System 7 soft-
ware, image analyses were conducted to measure particle

sizes and quantify structural features observed in the SEM,
TEM, and CL images.

Temperature estimations

Melting temperatures for various materials were estimated
based on known equilibrium melting points of minerals and
compounds identified within the samples [133, 134]. These
were used to assess the minimum temperatures reached dur-
ing the Tunguska event. Non-equilibrium temperatures are
typically lower by 200-300°C [40].

This comprehensive suite of analytical techniques allowed
for detailed characterization of the microscopic particles and
minerals found near the Tunguska epicenter, thus providing
insights into the extreme conditions generated during the
1908 Tunguska impact event.

Supplementary information includes details on
the methods used in this paper. See https://zenodo.org/
records/14727706.
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