INAF

ISTITUTO MNAZIOMNALE
SICa

ol ASTROFI

MATICHN AL IMS L]
FOR ASTROPFHYSIC!

Publication Year 2016

Acceptance in OA@INAF |2020-07-22T11:17:10Z

Title Laboratory analyses of meteoric debris in the upper stratosphere from settling
bolide dust clouds

Authors Rietmeijer, F. J. M.; DELLA CORTE, VINCENZO; FERRARI, MARCO; Rotundi,
Alessandra; Brunetto, R.

DOl 10.1016/j.icarus.2015.11.003

Handle http://hdl.handle.net/20.500.12386/26575

Journal ICARUS

Number 266




*Manuscript

Click here to view linked References

LABORATORY ANALYSES OF METEORIC DEBRIS IN THE UPPER STRATOSPHERE FROM SETTLING
BoLIDE DusT CLOUDS

F.J.M. Rietmeijer’, V. Della Corte?, M. Ferrari?, A. Rotundi??, R. Brunetto*

'Department of Earth and Planetary Sciences, MSCO03 2040, 1-University of New Mexico, Albuquerque,
NM 87131-0001, USA; fransimr@unm.edu

?Istituto di Astrofisica e Planetologia Spaziali — INAF, Via del Fosso del Cavaliere, 100, 00133, Roma,

Italy; vincenzo.dellacorte@iaps.inaf.it

?Istituto di Astrofisica e Planetologia Spaziali — INAF, Via del Fosso del Cavaliere, 100, 00133, Roma,

Italy; marco.ferrari@iaps.inaf.it

23|stituto di Astrofisica e Planetologia Spaziali — INAF, Via del Fosso del Cavaliere, 100, 00133, Roma,
Italy AND Dipartimento di Scienze Applicate, Universita degli Studi di Napoli “Parthenope”, CDN, | C4,
80143, Napoli, Italy; rotundi@uniparthenope.it

“Institut d’ Astrophysique Spatiale, CNRS, UMR-8617, Université Paris-Sud, batiment 121, F-91405

Orsay Cedex, France; rosario.brunetto@ias.u-psud.fr

ABSTRACT: Bolide and fireball fragmentation produce vast amounts of dust that will slowly fall through
the stratosphere. DUSTER (Dust in the Upper Stratosphere Tracking Experiment and Retrieval) was
designed to intercept the nanometer to micrometer meteoric dust from these events for laboratory analyses
while it is still in the upper stratosphere. This effort required extraordinary precautions to avoid particle
contamination during collection and in the laboratory. Here we report dust from the upper stratosphere
that was collected during two campaigns one in 2008 and another in 2011. We collected and characterized
forty five uncontaminated meteoric dust particles. The collected particles are alumina, aluminosilica,
plagioclase, fassaite, silica, CaCOs, CaO, extreme F-rich C-O-Ca particles, and oxocarbon particles.
These particles are found in friable Cl and CM carbonaceous chondrite, and unequilibrated ordinary
chondrite meteoroids that are the most common source of bolides and fireballs. The oxocarbons have no
meteorite counterparts. Some F-bearing CaCO; particles changed shape when they interacted with the

ambient laboratory atmosphere which might indicate their highly unequilibrated state as a result of
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fragmentation. Equilibrium considerations constrain the thermal regime experienced by the collected
particles between ~2000°C and ~1000°C, as high as 3,700°C and as low as ~650°C after 9 secs, followed
by rapid quenching (us) to below 1,600°C, but equilibrium conditions during these events is most
unlikely. So far the observed thermal conditions in these events put the temperatures between ~4,300°C
and ~430°C for 5 seconds and high cooling rates. Such conditions are present in the immediate wake of
meteors and fireballs.

1. INTRODUCTION

Meteoric dust trains and persistent dust clouds can linger for hours until they are sheared apart by upper
atmospheric winds during continued sedimentation in the mesosphere and stratosphere. This dust is due to
fragmentation of meteorite-dropping bolides and fireballs when decelerating in the atmosphere, and
interacting with the ambient atmosphere while still entrained inside hot thermally-evolving dust trains
(Fig. 1). Lingering persistent dust clouds can be traced settling in the atmosphere until they are dispersed
by the upper atmospheric winds. This meteoric dust is fundamentally different from meteoric smoke
particles that are the result of photolysis-driven oxidation of mesospheric metals (Plane, 2003), viz. Na, K,
Ca, Fe and Mg, deposited between ~85-110 km altitudes (McNeil et al., 1998; Murad and Williams,
2002; Janches et al., 2009). The resulting meteoric metal-oxide molecules become the nuclei of
noctilucent cloud particles that can be traced falling in the stratosphere (Hervig et al., 2009, 2012; Neely
et al., 2011) and well into the upper troposphere (Cziczo et al., 2001).

Figure 1: Smoke train of the Chelyabinsk bolide with the double plumes clearly visible. (Photo: Nikita
Plekhanov,
Source:http://en.wikipedia.org/wiki/Chelyabinsk meteor#/media/File:Chelyabinsk meteor trace 15-02-

2013.jpg)

Bolides, i.e. meteors brighter than -17 magnitude, and fireballs, i.e. meteors brighter than -8

magnitudes, are unpredictable events (Ceplecha et al., 1999). We will use these terms interchangeably.
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The well documented meteoroid-meteor-meteorite sequence of the asteroid 2008 TC; on its pre-entry
trajectory, its fireball stage, and delivery and recovery of the Almahata Sitta meteorite was the “perfect”
fireball (Jenniskens et al., 2009; Millera et al., 2013). It was possible to locate its source in the asteroid
belt. With the increased use of cell-phones, dashboard and security cameras, and the Internet these events
receive ever increasing world-wide coverage that triggers teams of experts to rush in and conduct eye-
witness interviews, collect video footage and search for surviving meteorite fragments. There were four
well-documented meteorite-dropping events between 2010 and 2015 (Jenniskens, 2013), viz. the Krizevci
meteorite (Meteoritical Bulletin Database) and the Sutter’s Mill (Jenniskens et al., 2012), Novato
(Jenniskens et al., 2014) and Chelyabinsk (Borovi¢ka et al., 2013; Popova et al., 2013) meteorites but
they are only a fraction of these very bright meteors.

Fireballs experience fragmentation events along their trajectory, sudden disintegration (Klekociuk
et al., 2005), and the formation of incandescent dust trains and clouds, before reaching ‘rest’ velocity and
the onset of ballistic fall of remaining fragments of recoverable meteorites, as well as the formation of
persistent dust clouds, e.g. the Moravka (Borovi¢ka and Kalenda, 2003) and Tagish Lake (Brown et al.,
2000) fireballs. Since ordinary chondrite meteorites make up 81% of all meteorite ‘falls’ and 93% of all
meteorite ‘finds’ worldwide (cf. Rietmeijer, 2002) it stands to reason that most bolides and fireballs
should have an ordinary chondrite bulk composition. This is the case, witness the Chelyabinsk LL5
ordinary chondrite (Popova et al., 2013), Novato L6 ordinary chondrite (Jenniskens et al., 2014) and
Moravka H5-6 ordinary chondrite (Borovicka et al., 2003) bolides. A small fraction of fireballs will have
rare carbonaceous chondrite compositions such as the Tagish Lake CI-CM carbonaceous chondrite
(Brown et al., 2000), reclassified as an ungrouped Type 2 carbonaceous chondrite (Zolensky et al., 2002),
and Sutter’s Mill CM carbonaceous regolith breccia (Jenniskens et al., 2012). The thermal conditions and
timescales of the physiochemical processes inside these debris-laden trains are poorly known but recently
data became available (Borovic¢ka and Charvat, 2009; Popova et al., 2013).

Qualitatively, the event starts with rapidly rising temperatures causing near-instantaneous
evaporation and flash-melting of the smallest dust and the survival of the largest grains. Following peak
heating, ultrafast vapor condensation and ultrafast melt quenching will probably produce newly formed
compounds that will mingle with any surviving dust and dust fragments. Surviving dusts might show
signs of thermal erosion (Rietmeijer et al., 2003). Ultrafast evaporation and melting followed by ultrafast
guenching tends to favor dissipative behavior causing the formation of metastable eutectic compounds
(Nuth et al., 2000; Rietmeijer and Nuth, 2012). It is uncertain to what extent the surviving and newly-
formed non-equilibrium dust particles may interact with atmospheric nitrogen, oxygen (incl. ozone) and
water entrained in the trains of these fireball events. These events are still very much targets-of-

opportunity especially with regard to the physiochemical processes experienced by the copious amounts



of dust inside their active trains but all of it will settle through the atmosphere while being dispersed. It
should be possible to intercept some of this dust while it is still high in the atmosphere. Given the
kinetically-controlled interactions inside dust-carrying bolide trains the settling dust particles may be an
unpredictable mixture of original, modified and newly-formed dust.

The stratosphere above the stratospheric aerosol layer at 30 km altitude (Renard et al., 2008) is a
prime environment for collecting the sub-micron fraction of meteoric dust from bolide disintegration
events. Also, most dust from anthropogenic sources, e.g. soot from commercial air traffic jet fuel burning
(Blake and Kato, 1995) and massive biomass burnings, and natural sources, such as major dust storms
and most volcanic activities, are primarily contained below these altitudes. Some fraction of the very fine
ash, 0.5 to ~50 um in diameter, entrained in rising ejecta plumes from eruptions of major magnitudes, e.g.
Mt. Pinatubo and EI Chichdn, may reach the upper stratosphere (Rose and Durant, 2009). It is only
prudent to avoid the immediate aftermath of such events when planning extraterrestrial dust collections.

This paper reports the laboratory analyses of stratospheric dust collected in the upper stratosphere
at the northern hemisphere in 2008 and 2011 between 30 and 40 km altitude (~12 to 3 mbar) by DUSTER
(Dust in the Upper Stratosphere Tracking Experiment and Retrieval). DUSTER was developed with
stringent contamination controls to insure a high level of confidence that the reported dust particles were
in fact present in the stratosphere during the times of collection at the reported altitudes. Proof-of-concept
of DUSTER’s operational and laboratory protocols was provided by the successful collection and
laboratory characterization of CaO and CaF, nanograins that were arranged in the delicate “bunch-of-

grape” particles that is characteristic of rapidly quenched vapors or liquids (Della Corte et al., 2013).

2. EXPERIMENTAL PROCEDURES

2.1 Dust collector

This balloon-borne instrument for non-destructive dust collection in the upper stratosphere was
designed to track and document all particles on the collector surfaces during pre- and post-flight
laboratory procedures with the differences being the particles that were present along its stratospheric
trajectory. DUSTER is a combination of collector hardware and laboratory protocols. The following is a
summary of design and laboratory protocols to ensure cleanliness at all stages of collector handling by
taking precautions to ensure high-quality contamination control with the ability to recognize contaminant
particles when they occurred (Della Corte et al., 2012, 2014).

DUSTER relies on inertial-impact capture of dust particles between 200 nm to 40 microns at 7
m/s directly onto a clean substrate with no need of sticking material. The collection chamber houses two

collectors, (1) the “actual collector” that is opened only when the intended sampling altitude is reached,



and (2) the “blank collector”. The “blank collector” which is identical to the “actual collector” is never
exposed directly to the airflow. It serves as a monitor of particle contamination during all pre- and post-
flight operations that were always conducted inside a class-100 clean room. All mechanical parts are
cleaned in an ultrasonic bath of isopropyl alcohol prior to assembly inside the class-100 clean-room. The
entire assembly of the actual collection and blank chambers is sealed by two UHV (Ultra-High Vacuum)
valves, that is, one connected to the inlet pipe; the other one to the pumping system. The identical
collection substrates in the actual and blank collectors each consist of standard TEM (Transmission
Electron Microscope) grids covered by holey-carbon thin-film for dust deposition. Each set of TEM grids
was housed, but in slightly different configurations, for the 2008 (Fig. 2a) and in the 2011 (Fig. 2b)
collections, in a custom-made mechanical holder that consists of a stainless steel base with a pin to fix it
inside the FE-SEM (Field Emission Scanning Electron Microscope) chamber for particle analyses. The
chamber with both collectors is sealed off from the environment by two automated UHV valves that,
when DUSTER has reached collection altitude, are opened by tele-command or on-board software. Prior
to descent the collecting chamber seals off automatically.

collector 2008 collector2041

Figure 2: An exploded views of the assemblies holding the substrate for the TEM grids. In a) The 2008
configuration with (1) a screw fixing the gold plated holed-mask to the external stainless steel frame; (2)
the gold plated holed-mask; (3) the TEM grids; (4) stainless steel pins and (5) the external stainless steel
frame of the assembly and in b) the 2011 configuration wherein the TEM grids (not shown) are
sandwiched between the two holed discs (1,2) mounted on a round stainless steel base (3).

Prior to integration in the collecting and blank chambers the entire surface of each set of TEM
grids already mounted in the actual and blank collectors was characterized using automated high
resolution FE-SEM imaging. A complete scan of an entire collector produces about 150,000 images that

are electronically processed into a mosaic of each individual TEM grid with a spatial resolution to detect



particles >100 nm. FE-SEM scanning of the entire collectors is performed before they are mounted into
DUSTER and after the flight. The collecting and the blank chambers are open only during sampling at
altitude when both collectors are exposed to the same environment. Comparing the mosaics of the pre-
and post-flight collector scans reveals all “new” particles following stratospheric flight. The DUSTER
configuration ensures that no stratospheric particles can reach the blank collector during active sampling
when the blank collector is in contact with the air present in the collection chamber acting as a monitoring
surface. But, the “air-flux + dust’ is not directly impinging on the blank collector. Short of catastrophic
failure, it is impossible that stratospheric particles will be deposited on the blank collector. Strict
laboratory protocols are in place to identify collected stratospheric particles and to safeguard the integrity
of bona fide stratospheric particles (Della Corte et al., 2014).

2.2.Laboratory analyses.

The chemical composition of each particle was obtained using a ZEISS Supra FE-SEM that is
equipped with an Oxford INCA Energy 350 system with a Si(Li) INCA X-sight PREMIUM EDX
(Energy Dispersive X-ray) detector that was operated at 10 or 20 keV accelerating voltages allowing
detections of K, peaks of elements with atomic numbers from 6 (C) to 22 (Ti), and L and M peaks of
elements with atomic number >22. FE-SEM imaging of particles on the actual and blank collectors, while
avoiding electric charging, was performed at either 2 kV or 4 kV accelerating voltages. All certified
stratospheric particles were characterized using a combination of FE-SEM imaging and EDS analysis. For
the 2008 collections the stainless steel pins (Fig. 2a; #4) became a Fe, Cr and Ni contamination source
(Ciucci, 2011). Most analyses could be adjusted for this source contribution but others were relocated on
clean TEM grids using a SEM-FIB FEI Helios 600 NanoLab with a high-resolution, high-magnification
Elstar Schottky FEG for scanning electron microscopy (spatial resolution 0.7 nm at 15kV) with a high-
resolution Sidewinder focused Ga* ion beam column for controlled, nanoscale-material addition and
excavation with a Continuous Dynode Electron Multiplier detector (CDM detector). Platinum deposition
used a metallo-organic gas (CoHj7Pt) carrier for welding a subset of the collected particles onto the new
substrate. This process precipitated variable amounts of carbon onto the particles and gave rise to the
1450 cm™ FTIR (Fourier Transfer Infrared) the C=C bond. For EDS analyses of particles collected in
2011 all TEM grids with the stratospheric particles were removed from the collector. Thus there was no
need for particle manipulation and welding onto a different substrate.

Sample contamination in the laboratory is an always present concern when handling small
particles. In the case of DUSTER there is extensive photo documentation of each bona fide stratospheric
particle. As a result, the presence of an unrelated particulate, i.e. an environmental contaminant, is

immediately recognizable (Della Corte et al., 2014).



3. OBSERVATIONS

3.1 Grain size distribution

Stratospheric dust in 2008 was collected drifting from Svalbard to Greenland (~78° N to ~72° N)
during 21-24 June at 37-38.5 km altitude for 55h of continuous sampling, and a second collection drifting
over northern Sweden (~67° N) on 11 April, 2011 at 31.6-33.7 km altitude for 2.8h of sampling (Della
Corte et al., 2012). Forty-five stratospheric particles ranging from ~0.1 pm to 8.5 um were collected
during 57.8h of sampling (Fig. 3). Each particle is identified by its year of collection (D08; D11) plus a
number assigned in the order in which it was identified on the collector. Gaps in the numerical sequence
are due to contaminant particles. Particle D08-008 consists of three fragments but is counted as a single
particle. The histogram does not include a biological particle that was collected in 2011 (Della Corte et al.
2014). About 65% of the nanoparticles have a sub-spherical shape; the remainder has elongated

(cylindrical) shapes. Of the micrometer particles, 25% are sub-spherical; the rest have elongated shapes.
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Figure 3: Distribution of the geometric mean diameters of the stratosphere particles collected in 2008 and
2011. The equivalent SQRT grain size is calculated as (X* + Y?)/2 where X and Y are the short and long
particle dimensions (see below).

The holey carbon thin-film that was the actual collecting surface has many holes with widely different

shapes and sizes (Fig. 4a). Thus, an unknown number of stratospheric particles <400 nm may have been



deposited inside the collector main body (Fig. 4b) along with numerous smaller fragments <70 nm. While
this seems plausible, if not likely, we don’t know if it really happened. While we accurately scanned the
collecting surface, i.e. the holey carbon films mounted in the collector as part of our standard procedures,
we did not scan the surface below the collecting surface, i.e. stainless steel pins for the 2008 collection
(Fig. 2a, #4) and the round stainless steel base for 2011 collection (Fig. 2b, #3) in pre-flight conditions.
Thus, we cannot prove that particles that passed through the holey carbon film were collected during
active sampling of the stratosphere. We may only speculate that some might, but we don’t know. There
are also numerous nanodroplets and rod shaped grains on the collector stainless steel surfaces (Fig. 4c).
Similar looking rods, but of unknown composition, were found in collectors that sampled the stratosphere
above 30 km. They were thought to have crystallized from a volatile, low-boiling point liquid that had
adhered to the collector (Bigg et al., 1971).

Figure 4: FE-SEM/SE images of (a) a small aggregate particle that missed the big holes in the holey
carbon collection substrate in 2008; (b) a 400-nm stratospheric dust particle and (c) rod shaped
nanoparticles (~2 x 0.2 um) and numerous nanodroplets on the stainless steel surface of the collector.

3.2 Condensed stratospheric aerosols

A few of the largest particles collected in 2008 have random Na-K-CI nanospots at their surface
(Fig. 5). The very low abundances, viz. K = 0.44 + 0.37 (range: 0.1-1.4 at.%), Na = 0.99 + 0.7 (range: 0.3-
4.1 at.%) and Cl = 0.3 £ 0.27 (range: 0.06-1.1 at.%), explain why not all three elements always co-occur.
Such nanospots were rare on the grains collected in 2011. Sodium is abundant in the mesosphere below
~110 km altitude (Plane, 2003) and is found in meteoritic aerosols in the lower stratosphere (Murphy et
al., 1998). Some IDPs falling through the atmosphere acquired a coating of atmospheric volatile elements
(Jessberger et al., 1992) including K and ClI with a stoichiometric KCI composition (Rietmeijer, 1995).
Sulfur, S=0.5 £ 0.2 (range: 0.15-0.9 at.%), was found on one silicate and one silica-rich particle

collected in 2008. Five out of 23 particles collected in 2011 had minor sulfur on their surface, S=0.75 =



0.4 (range: 0.2-1.4 at.%). Low-sulfur aerosols are expected for particles collected above the top of the

stratospheric aerosol layer at 30 km altitude.

Cl

/L H--m

K Na

Figure 5: Na-K-CI (atomic) abundances in patches on some stratospheric particles collected in 2008 (solid
squares) and 2011 (open squares). The dot is the average Na-K-Cl composition found during 2008.

3.3. Grain sizes

Table 1 shows the measured sizes (microns) of all grains included in calculating the grain size distribution
(Fig. 3) are arranged by particle type and in the order of first appearance in the text. At a glance this table
offers a glimpse in the differences and similarities among the particles collected in 2008 at 37-38.5 km
altitude in 2011 collected between 31.6-33.7 km altitudes.

Table 1: Grain size (microns) of stratospheric the particles collected by DUSTER in 2008 and 2011
discussed in this paper.

2008 2011
Alumina
D11-163 0.65x 0.43
D11-167 0.95x0.735
D11-159 0.53x0.43
Silicate and aluminosilica

D08-014 3.0x1.85 D11-291 1.6 x0.92

D08-008 8.5x3.9 D11-238 1.39x1.0

D08-011 3.5x1.6 D11-247 254x21

Silica

D11-033 0.53x0.44
D11-204 0.37x0.34
D11-146 0.71 x 0.48
D11-165 0.42 x0.34
D11-152 0.38x0.31
D11-141 024 x0.15



D08-026
D08-032
D08-017
D08-029
D08-030
D08-033

D08-005

D08-006
D08-009
D08-007

D08-034
D08-035
D08-031

D08-012
D08-015
D08-019
D08-021
D08-023
D08-028

D11-232 0.17x0.14
D11-229 0.115x 0.07
D11-058 0.37x0.28
Oxocarbons
0.9 x 0.47 D11-244 1.23x1.19
0.52x0.42 D11-288 0.18 x 0.17
1.85x 0.5 D11-150 0.225x0.10
0.87 x 0.54 D11-143 0.24 x 0.24
0.84 x 0.47 D11-161 0.43 x 0.36
0.47 x 0.41
Mantled aggregate
8.2x4.4
Ca0
D11-070 1.28x0.72
D11-285 1.30x0.79
D11-279 1.11x1.07
CaCO,
7.75x5.8
54x3.9
6.6 x6.1
extreme F-rich C-O-Ca
50x2.1
12x1.1
0.56 x 0.45
morphing F-bearing CaCQO; particles
3.13x1.65
2.27x1.41
1.14x 1.00
1.47 x 1.42
1.66 x 0.86
1.07 x0.44

4 PARTICLES COLLECTED IN 2008

4.1.1 Silicate and aluminosilica particles

These particles are a small fraction of the collected particles. Particle D08-014 with a somewhat

rough, scalloped surface may be a compact aggregate (Figs. 6a). Its chemical composition is

10

homogeneous fassaite (Table 2). Magnesium is a trace element (<0.8 at.%). The FTIR band at 1050 cm™,

assigned to Si—O-Si antisymmetric stretch or Si (Al)-O stretching vibrations, supports its silicate

nature. Small low-F Ca-phosphate (F = 1.3 at.%) spots are present at the surface but these could not be

linked to specific features as shown in the FE-SEM/BSE image (Fig.6b).
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Figure 6: FE-SEM/SE image of particle D08-014 (a) and its FE-SEM/BSE image showing an aggregate
texture (b). The webbed background in the SEM images is the holey carbon collection substrate which
will appear in other images in this paper.

Table 2: Fassaite (pyroxene) composition (Fe,Os; was calculated)
Oxide wt.%  Structural formula (O = 6)

Sio, 51.4 Si 1.92

Al,O, 0.8 Al 0.08
2.00

Al 0.45

CaO 26.4 Ca 1.06

FeO 10.4 Fe* 0.33

Fe,0; 2.9 Fe** 0.08
Total 100.0 1.92

(Fe*'/Fe* + Fe’") = 0.2

Particle D08-008 is an aggregate of angular fragments (Fig. 7a). Fragment 008a is a massive
shard-like particle that is a mixture of F-bearing CaCO; and CaO grains. The Raman feature (1080 cm™)
supports calcite or aragonite (De Angelis et al., 2011). The FTIR band between 1700-1900 cm™ can be
assigned to the C=0, carbon-oxygen double bond (Ciucci, 2011), that in our samples confirms the
presence of carbonates. This fragment contains 3 at.% fluorine with a single “hot spot” of 12 at.%.

Fragment 008D is F-free.
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Figure 7. FE-SEM/SE image of particle D08-008 showing the two analyzed fragments (a), and (b) the
compositions of both fragments in the C-O-Ca diagram (grey squares: fragment 008a; black squares:
fragment 008b). The solid star represents stoichiometric CaCOs; it will appear in other figures.

Fragment 008b is chemically heterogeneous albite (Ab)-anorthite (An) plagioclase with an average
Na/(Na+Ca) = 0.64 composition. This ratio ranges from Ab = 0.4 to Ab = 0.84 suggesting a patchy
domain distribution. Random probing of the surface found rare areas with Al,O; and Al,Os.Na,O
compositions. One side it is covered by numerous (sub-)spherical nanograins and angular fragments, the
largest being 1.2 um x 1.0 um) (Fig. 8) that are calcite or aragonite based on the Raman feature supports
(De Angelis et al., 2011). A single small Ti-O grain is probably Ti-oxide Magnéli phase (Rietmeijer and
Mackinnon, 1990).

200 pm

Figure 8: FE-SEM/BSE image of fragment D08-008b that is partially covered by angular Ca-carbonate
fragments and nanospheres (bright grains).

Particle D08-011 is a thin aluminosilica flake (3.5 x 1.6 um) with regular edges of a crystalline
material (Fig. 9a). The surface is covered by a layer that shows what appear to be devolatilization cracks
and pores (Fig. 9b, ). The measured compositions are no match for a stable alumina phase or metastable

aluminosilica phase (Fig. 10; black dots). After extracting the right amount of oxygen from its
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compositions to be on the Al,O3-SiO; tie-line (Fig. 10, open squares), the re-normalized composition was
Si0, = 41.8 wt.%, Al,0; = 21.3 wt.% and C = 36.9 wt.%. The C-free re-normalized composition matches
a metastable aluminosilica compound (Rietmeijer and Karner, 1999). After these adjustments an excess in
oxygen and carbon remains that by default must be the layer composition which on this aluminosilica
particle has an O/(O + C) = 0.1(at.) ratio.

D08-011

D08-011

Figure 9: FE-SEM/SE images of particle D08-011(a) as found on the collector, (b) crystal-like edges and
surface layer, and (c) pores and cracks in the surface layer.
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Figure 10: Si-Al-O (at.) compositions of particle D08-011 as measured (black dots) and adjusted for
“excess” oxygen (open squares) located on the Al,O;-SiO; tie-line.

The silicate particles (D08-014; D08-008b) are nominally C-free solids. Yet their EDS data show
carbon which could be from a pure carbon surface layer on the fassaite particle and a C-O surface layer
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on particle D08-008b (Fig. 7b). We will show in the following that all particles collected in 2008 and

2011 have a C-O carbon surface layer. Melted particles assimilated the layer composition.

4.1.2 Oxocarbons

The C-O particles D08-026 and D08-032 are three-dimensional aggregates that look significantly
different the other C-O particles (Fig. 11). Particle D08-017 is a cluster of spherical nanograins. Particle
D08-029 is a single ~ 200 nm sphere on top of a sheeted material with smaller layered grains while D08-
030 is a smooth folded sheet-like particle (Fig. 11). These morphologies suggest they are quenched-liquid
particles. These three C-O particles show a trace amount of Si (<1 at.%) (Fig. 12) that could be picometer
silica grains that acted as nucleation centers. Particle D08-033 is an open aggregate of hanograins some of
which were deposited on the holey-carbon thin film (Fig. 11; inset). This sequence of particle morphology
is consistent with melting of solid C-O particles. These C-O melts covered all other 2008 particles.

D08-032
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Figure 11: FE-SEM/SE images of oxocarbon particles arranged in order of increased melting from top-
left to the bottom row right.

° Si

Figure 12: C-O-Si (at.%) diagram showing the compositions of all quenched liquid and vapor condensed
particles that are linked to an oxocarbon surface layer present on all particles collected in 2008.

4.2. Mantled aggregate particles

Particle D08-005 is a porous aggregate of nanograins contained within a carbon film (Fig. 13a)
with associated angular grains. After relocation the entire cocoon with nanograins was lost leaving a
cluster of angular fragments (Fig. 13b) of low-F (2 at.%) fragments with an approximate Ca-carbonate
stoichiometry. The co-presence of the porous aggregate and the fragments is probably fortuitous but their

compositions are consistent with those of similar particles that will be discussed below.

D08-005

Figure 13: FE-SEM/SE images of particle D08-005 as initially collected (a) and after the EDS analyses
when the cocoon with its content had disappeared (b).
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4.3. CaCO; particles

Particle D08-006 is a compact aggregate of highly angular massive fragments (Fig. 14a). Particle
D08-009 is another compact aggregate of angular and platy fragments. Spherical and platy nanometer
grains are dispersed across the surface (Fig. 14b). The cubic shape of particle D08-007 suggests an
originally euhedral grain as can still be seen in its massive lowermost part (Fig. 14c). The upper part is an
open aggregate of irregularly shaped, angular and (sub-)rounded, fragments. The ample void space
suggests significant loss of material. Particles D08-006 and D08-009 are both low-F (1-4 at.%) Ca-
carbonate; particle D08-007 contains 16 at.% fluorine. The EDS data support the presence of CaO, from
carbonate decomposition, and CaO,. The CaO, composition probably indicates Ca(OH), due to post-
collection aging of collected carbonate particles (see below). The largest particles experienced significant
fragmentation. The FTIR C-F (800-1000 cm™) features for particles D08-007 and D08-009, and the
Raman features at 1080 cm™, which can be assigned to calcite or aragonite (CaCOs), for particle D08-006
(De Angelis et al., 2011) are consistent with the EDS data (Fig. 15).

{ / A L
Figure 14: FE-SEM/SE images of particles D08-006 (a), D08-009 attached to the supporting grid (b), and
D08-007 (c). They are the largest Ca-carbonate particles collected in 2008 (Table 1).
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0 ) a0, cao — Ca
Figure 15: C-O-Ca (at.%) compositions of particles D08-006 (open squares), D08-007(solid squares) and
D08-009 (dots).The star for stoichiometric calcite is hidden in the cluster.

4.4, Extreme F-rich C-O-Ca particles

Particle D08-034 is a chain-like aggregate of nanograins showing grain fusion (Fig. 16a). It is
unique among the collected particles. Its morphology is typical of quenched-liquid nanodroplets due to
liquid or vapor condensation (Rietmeijer et al., 2008; Rotundi et al., 1998). Particle D08-035 consists of
smooth layers with both angular and spherical contours (Fig. 16b). They are the most F-rich particles
collected (Fig. 17a). Vesicles, especially present in particle D08-035, suggest the presence of a C-O layer
(Fig. 17b), which is supported by their compositions. A “bunch-of-grape” particle D08-031 consisting of
pure CaO nanospheres is attached to a single 250-nm CaO sphere (Della Corte et al., 2013). Its
morphology is also typical for liquid or vapor phase condensation. It is F-free which might suggest that

particle formation and F-content are uncorrelated properties.

D08-035

Figure 16: FE-SEM/SE images of extreme F-rich particles D08-034 (a) and D08-035 (b).
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Ca Ca
Figure 17: (a) O-Ca-F compositions of F-rich particles D08-034 (open squares) and D08-035 (solid
squares) with Ca/(Ca+F) ratios of 0.3 and 0.6, resp., and (b) the C-O-Ca compositions on a mixing line
between CaO particles and a partially assimilated oxcocarbon layer.

5 Morphing F-bearing CaCO; particles

Six carbonate particles that were first analyzed during October 2008 were revisited for additional
imaging and re-analyses in April 2010, March 2011, and again in January 2012. During this time these
particles had undergone significant changes in their appearances. Initially well-defined outlines and
surfaces became smooth and featureless and developed a bubbly crust with occasional pores. Their
equivalent SQRT grain sizes range from 0.8 um to 2.5 um which is smaller than the CaCOs; particles
describe above that are 4.6 um, 6.4 um and 6.9 um in size. These changes were probably controlled by
the surface-to-volume ratio of thermodynamically unstable particles. They were not due to exposure in
the incident FE-SEM electron beam, or a FIB artifact. It is noted that FTIR spectra of several of these Ca-
O-C particles showed an O-H (3200-3500 cm™) feature (Ciucci 2011), which provided a hint of this post-
collection secondary process. The DUSTER storage protocol did not foresee chemical interactions
between the collected particles and the humid ambient air in the laboratory in Naples (Italy). There are
several pathways for this interaction of Ca-carbonate with atmospheric water, viz.

CaCO; + H,0 = Ca(OH), + CO, (1) and

H,O + CO, — H,CO; (2a) followed by CaCO; + H,CO3 = Ca(HCOs), (2b).
The product of the first reaction, Ca(OH),, cannot be detected by the EDS system that cannot detect
hydrogen; it will reduce the input CaO, (Ca-peroxide) (Rietmeijer et al., 2008).

This morphing process is most spectacularly displayed by particle D08-012.The main particle is
rather flat with a few angular platy grains on top (Fig. 18a). The main flat part shows a straight gash of

unknown origin and many small pores (Fig. 18b). Initially the particle contours are rather sharp; after the
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morphing process the particle dissolved into a massive blob that retained vestiges of the original shape
(Fig. 18c) and ultimately only a trace of the original gash survived (Fig. 18d). The morphing process

preserved the compositions expected for Ca-carbonate with a carbon surface layer (Fig. 19).

MORPHING INTENSITY

Figure 18: FE-SEM/SE images showing the morphing sequence of D08-012 beginning with the original
particle (a) with its distinct gash (b), and (c) after complete morphing with a vestige of the original gash

(d).
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Figure 19: C-O-Ca compositions of morphed particle D08-012 (a) and stoichiometric Ca-carbonate (star),
and the low-F O-Ca-F compositions (b).

The same morphing process also affected other particles that ultimately dissolved into amorphous
blobs (Fig. 20). Morphing of the smallest particles may have started well before April 2010 when it was
first noticed that some of the collected particles had developed surface blisters, e.g. particle D08-028 (Fig.
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20). In a rare case, particle D08-015, the blister had an open pore at the top (Fig. 21). We speculated that
these blisters mark the onset of the built-up of a gas phase. Particle D08-023 is actually two chemically
homogeneous components, (1) a platy part decorated with smaller (sub-)spherical particles and (2) a

compact cluster of rectangular prismatic and (sub-)spherical droplets.

MORPHING INTENSITY

D08-021

200 nm D08-028 = 200nm ~ Do8

i _ = |

Figure 20: FE-SEM/SE images showing particle morphing due to interactions with the ambient humid
atmosphere. Each row shows the particle as collected (left) and the final change due to morphing (right).
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D08-015 | | : D08-015

Figure 21: FE-SEM/SE images showing particle D08-015 (a) on which blistering caused an open pore
(b).

The morphing process was chemically consistent with regard to C-O-Ca compositions (Fig. 22a) but there
is a slight shift from F-free particles (D08-023, D08-028) to particle D08-012 with an average 2.25 at.%
F-content, ranging from 0.8 to 4.0 at.% (Fig. 22b). Intermediate fluorine contents range from 0.8 to 3.1
at.% (average: 1.95 at.%).

a

Figure 22: (a) C-O-Ca compositions of morphed particles, viz. high-F particle D08-012, (open squares),
F-free particles D08-023 and D08-028 (gray squares), and morphed particles with intermediate fluorine
contents (solid black squares), and (b) their O-Ca-F compositions.

6 PARTICLES COLLECTED IN 2011

6.1.1: Alumina particles
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Particle D11-163 is a euhedral fragment (Fig. 23a). Particle D11-167 is just a thin flake (Fig. 23b). Both
alumina particles have a carbon layer. Particle D11-159 (Fig. 23c) is a hondescript very thin flake with a

slightly off-(pure) alumina composition; it also has a carbon layer (Fig. 24).

a i - D11-159

D11-163

Figure 23: FE-SEM/SE images of alumina (Al,Os) particles: a) D11-163 a euhedral fragment; b) D11-167
a thin flake; c) D11-159 a nondescript very thin flake.

c

Al ALO, 0
Figure 24: C-Al-Si (at.%) compositions of Al,O; particles with a carbon layer in Fig. 23.

6.1.2. Aluminosilica particles

Particle D11-291 appears to be folded (Fig. 25). Small holes in this particle and in D11-238
suggest they are thermally annealed particles. Similar holes were observed during thermal annealing of
amorphous magnesiosilica smokes (Rietmeijer et al., 2002). Particle D11-247 is a dense aggregate of
(sub-)spherical grains with a trace of Ca (0.8 at.%) and 7.7 at.% fluorine. Calcium and fluorine could be

from CaF, fragments or droplets. The low-Mg aluminosilica compositions of these grains are no match
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for a specific mineral but they fit a mixture of mullite and metastable smectite-dehydroxylate (MgeSisO,»;
Rietmeijer and Karner, 1999; Rietmeijer and Nuth, 2011) (Fig. 26). The EDS data show carbon in all

three particles.

d D11-291 ¥ D11-238 { ._ D11-247

% )

i

Figure 25: FE-SEM/SE images of low-Mg aluminosilica particles: (a) D11-291 has small holes and
appears to be folded; (b) D11-238 is a thermally annealed particle; (c) D11-247 is a dense aggregate of
(sub-)spherical grains.

Smectite-
dehydroxylate ("

Mgsio, /

Mg Al
Figure 26: Si-Mg-Al (at.%) composition of these low-Mg aluminosilica grains (solid squares). The gray
dots designate the mullite (3Al,03.2Si0,) and smectite-dehydroxylate (MgsSisO,,) compositions.

6.1.2. Silica particles

Morphologically they present a rather diverse group (Fig. 27). In this figure they are arranged
according to their morphology ranging from (1) irreqularly-shaped layered particles with numerous
droplets scattered across the layers, to (2) smooth platy grains that can be attached to particles (1) or
forming aggregates of smooth platy grains, to (3) smooth disc-like grains, and (4) clusters of smooth

silica spheres. They are mostly pure silica but some particles show a trace amount of Al (<1 at.%). All



24
particles have a C-O mantle (Fig. 28). From top to bottom the particles are arranged according to

increased silica melting, quenching and agglomeration (Fig. 27) prior to acquiring an oxocarbon layer as

there is no evidence of chemical mixing.

D11-204| C D11-146

D11-165 D11-141

p11-232| h

Figure 27: FE-SEM/SE images of the silica particles arranged in increasing order of melting from
irregularly aggregates (top row; left) to quenched melt spheres (bottom row; right).
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o) Sio, Si
Figure 28: C-O-Si (at.%) compositions of silica particles with an oxocarbon layer.

6.1.4. Oxocarbon particles
These mostly pure C-O particles may contain trace amounts of Si (0.3 at.%) (Fig. 29), Mg (0.6
at.%) and Al (0.5 at.%) in randomly variable combinations when present; particle D11-244 contains 0.6
at.% calcium. Particle D11-244 is rather massive with only small platy grains at the surface (Fig. 30). All
other particles consist of smooth layers, and all show at least a single pore (Fig. 30), which is a typical
feature of thermally annealed condensate grains (Rietmeijer et al., 2002).
c

o Si

Figure 29: C-O-Si (at.%) particle compositions
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d Db11-143 D11-161

Figure 30: FE-SEM/SE images of an original oxocarbon particle (clockwise from top row; left) and
thermally annealed condensed oxocarbon aggregates. Note: particle D11-244 was deposited onto the
supporting grid.

6.1.5. CaO-particles

They are layered particles with a smooth surface. Tiny holes indicate that they are thermally
annealed quenched melted or condensed particles (Fig. 31). Their compositions show a mixture of CaO
and C-O particles; the latter with O/(O+C) = 0.3 (Fig. 32).

D11-070 D11-285 D11-279

Figure 31: FE-SEM/SE images of CaO particles.
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o) cao Ca
Figure 32: C-O-Ca (at.%) compositions of CaO particles (black squares) that are mixtures of C-O (gray
squares) and pure CaO (gray dot).

7-DISCUSSION

The particles here presented were collected from a random volume of stratospheric air along the
balloon’s flight path. The particles represent independent snapshots of the stratospheric dust burdens that
were determined only by the time of each flight opportunity. There are differences and similarities among
the particles collected in 2008 and 2011 that need an explanation (Table 3). Both collections contain Al-
oxides, C-O (oxocarbon) particles and Ca-C-O+F particles. Technically, CO and CO, are the simplest
oxocarbons but there are many stable and metastable oxocarbons (Seitz and Imming, 1992), yet little is
known of their thermal stabilities and the extent of their natural occurrences. It is known that oxocarbon
particles with O/(O+C) ratios < 0.4 will condense from carbon-oxygen gas mixtures at temperatures

slightly below the pure carbon melting point (Horowitz et al., 2010).

Table 3: PARTICLES COLLECTED IN 2008 AND 2011

D08 collection D11 collection
Fassaite
Plagioclase

SiO,
Aluminosilica Mg-aluminosilica
TiO2

low-F phosphate
AlL,O3
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Calcite/aragonite = Fluorine

CaO + Fluorine CaO * Fluorine
Carbon Carbon
O/(O + C) < 0.4 Oxocarbons O/(O + C) < 0.4 Oxocarbons

The 2008 collection from the stratosphere between 37-38.5 km altitudes is dominated by Ca-
carbonate particles while the 2011 collection, which was collected between 31.6-33.7 km altitudes three
years later, is rich in silica particles. Is it possible that largest 2008 carbonate particles had fallen to
altitudes below 37 km during this 33.5-month interval? The stratospheric residence times for most of the
collected particles were probably very low given their combinations of shape, mass and size but not
identical (equant vs. platy shapes) (Fig. 3). It also depends on the deposition altitudes. But, the actual
stratospheric residence times of sub-micron dust is not entirely determined by gravitational settling alone.
It was found that the stratospheric residence times of sub-micron dust from 1982 EI Chichon volcanic
eruption with a similar size range and size distribution as the DUSTER particles were still present
between 34 and 36 km altitude three years after the eruption, and in fact had risen ~3 km above the
maximum plume height (Testa et al., 1990; Rietmeijer, 1993). When differential settling rates as a
function of grain size alone caused the observed differences and similarities it could follow that the 2008
and 2011 had a common origin.

The timing of the DUSTER 2008 and 2011 flights was determined by the availability of flight
opportunities, which carried the risk that the flight paths might encounter stratospheric air laden with fine-
grained volcanic ejecta. Using the on-line available the Smithsonian Institution Scientific Event Alert
Network (SEAN-) bulletins, we found no volcanic activities several months prior to each flight that could
have caused volcanic ash along the 2008 and 2011 flight paths. Also the very fine ash compositions of
mineral and salt of the EI Chichoén volcanic ejecta (Rietmeijer, 1993) were very different from those of
the collected particles described here. Furthermore the high DUSTER altitudes offer a measure of
confidence that the collected dust particles were not from sources at the Earth surface.

We submit that the particles here described are due to fragmentation of meteoroids decelerating in
the atmosphere, their sudden disintegration, incandescent dust trains and clouds (Klekociuk et al., 2005),
and ultimately low-altitude persistent dust clouds. Incoming meteorite-dropping meteoroids are mostly
ordinary chondrite meteorites with a small contribution from Cl and CM carbonaceous meteorites. These
meteorites are structurally coherent, often fragile, rocks dominated by Mg-Fe-silicates (£Al and Ca in
various combinations), refractory oxide minerals and Fe(Ni)-sulfides (Brearley and Jones, 1998) but with
a wide variety of individual mineral species (Rubin, 1997; Kerridge and Macdougall, 1976). The Stardust

mission that collected dust in the coma of comet 81P/Wild 2 for laboratory analyses showed that the dust
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particles from this Jupiter-family comet is an unconsolidated collection of the same minerals and mineral
clusters found in ordinary chondrite meteorites (Zolensky et al., 2008; Joswiak et al., 2009, 2012; Rotundi
et al. 2014; Simon et al., 2008; Chi et al., 2009, among others). Thus, this unconsolidated dust sample is
really an excellent analog for dust due to meteor fragmentation and disintegration. The collected particles
presented in this paper (Table 2) are found in these meteorites and comet Wild 2. The Ca-carbonate and
carbon particles suggest an affinity to fireballs caused by Cl and CM carbonaceous chondrite meteorites,
such as the Sutter’s Mill meteorite (Jenniskens et al., 2012), and especially Ca-carbonates in the Tagish
Lake meteorite (Brown et al., 2000). Also, Della Corte et al. (2013) observed that carbon in meteorites is
present as organic carbons and elemental carbon forms but there is no mention of oxocarbons. This could
be an analytical issue as no deliberate searches for oxocarbons were made in meteorite samples. We note
that Nakamura-Messenger et al. (2006) found CHON-like organic globules in the Tagish Lake meteorite.
The observations so far put the temperatures between ~4,300°C and ~430°C for 5 seconds and
high cooling rates. The properties and chemical reactions of D08 and D11 particles support temperatures
between ~2000°C and ~1000°C, as high as 3,700°C and as low as ~650°C after 9s, followed by rapid
quenching (us) to below 1,600°C (Table 4). The question is, “Are these conditions achieved in fireballs

and bolides?”

Table 4: THERMAL REGIMES OF DUST PROCESSING

Minerals/compounds Temperatures Sources
Surviving but thermally modified grains
Calcite/aragonite (CaCO:s) Flash-heating at 950°C; Calcite Han et al., 2007; Rietmeijer et
decomposition at ~650°C after 9s | al., 2003; Della Corte et al., 2013
[D08]
albite-anorthite plagioclase 1,120 to 1,550°C [DO08] Ehlers, 1972
metastable aluminosilica grain Rapidly quenched (us) below Rietmeijer and Karner,1999

1,600°C [DO08]

Grain melting

CaO melting 2,570°C [D08] Han et al., 2007
SiO, (silica) 570 - 1,610°C [D11] Deer et al., 1978
Fluorite (CaF,) 1,350°C [D08 & D11] Okamoto, 1997

Oxocarbon; O/(0O+C)=0-0.4 3,650 to 3,700°C [D08 & D11] Horowitz et al., 2010

Newly formed grains

low-Mg aluminosilica grains; a Mullite melting 1,500 to Jung et al., 2001; Rietmeijer and
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mullite-magnesiosilica solid

solution mixture

1,850°C; Rapidly quenched (us)

deep metastable eutectic smectite

Karner,1999; Rietmeijer and
Nuth, 2012

dehydroxylate (MggSisO,,)
quenched <1,550°C [D11]

F-bearing CaCO; and Ca-oxide Room temperature

aging; Ca(OH), formation

The time-temperature conditions inside fireball clouds and incandescent dust trains (Fig. 1) are
still poorly understood. As a general rule meteoric dust survival is possible up to the temperatures of the
so-called “main spectrum” meteor regime of~4,300°C but this peak temperature decreases rapidly
(Borovi¢ka, 1993). For example, the close to 5,000K gas temperature in a Leonid fireball had decayed to
1,200K in 2 seconds (Borovi¢ka and Jenniskens, 2000). In general, some of the relevant chemical
reactions occur this so-called ‘warm air plasma’ due to the interactions of the impinging air molecules
with the meteoroid and its vapor cloud (Jenniskens et al., 2004). The Chelyabinsk fireball was an
exceptionally energetic event with only two other events of comparable energies in over a century, viz. the
‘1963 August 3 bolide’ and the Tunguska impact in 1908 (Popova et al., 2014). Chelyabinsk fireball had
the equivalent energy of 570 + 150kt TNT (Popova et al., 2013) which implies that physiochemical
processes inside the Chelyabinsk train were at their most extreme ever witnessed before. After reaching
peak brightness at 29.7 km altitude a thermal-emitting debris cloud formed that came to rest between 27
and 28 km altitude. Fragmentation started between about 50-60 km, but final catastrophic fragmentation
occurred between 40 and 30 km altitude (Popova et al., 2013). Only 4 to 6 tons of surviving meteorite
material reached the ground including a large > 570 kg meteorite recovered from a lake. These surviving
meteorites represent 0.03-0.05% of the initial meteoroid mass. It was estimated that 76% of the initial
meteoroid evaporated because of the intense radiation in the incandescent debris cloud which caused
evaporation of most fragments that were further reduced to dust (Popova et al., 2013). The fate of the
vapors is unknown. Most likely they condensed as nanograins and/or coatings on surviving dust. About 5
seconds after the formation of the smoke clouds in the Chelyabinsk superbolide the cloud temperatures
were 700 £ 100 K. Assuming that the initial temperature in the cloud was that of dust evaporation, the
resulting cooling rate was >240 K/s (Popova et al., 2013). Cooling rates of this magnitude would be
sufficient to quench Ca-oxide melts, and cause melting carbon nanograins, some of which still surviving,
forming C-O melts and/or vapors and final deposition as oxocarbon layers or condensation. In this
context it is noted that Mid-infrared spectroscopy of persistent Leonid trains detected enhanced emissions
of warm CH,, CO,, CO and H,O (Russell et al., 2000). These species, that include the CO and CO,

oxocarbons, may have originated from heated trace components in the ambient air or from materials that
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were created in the meteor’s wake (Russell et al., 2000). Most likely in the Chelyabinsk event some
fraction of larger dust particles probably survived while cascades of particle fragmentation would also
produce dust fragments well into the micro- and nanometer ranges. In the TC; cloud from the Almahata
Sitta meteorite entry (Jenniskens et al., 2009) the temperature had held steady at ~1000°C for at least one
minute, but five minutes after the end of the luminous phase the temperature of dust that was settling in
cloud was just over 725°C for one minute (Borovic¢ka and Charvat, 2009). These conditions would have
sufficed to cause surface melting on micrometer-size grains and melting of smaller grains. As the
conditions inside hot, dust-carrying bolide trains will favor kinetically-controlled reactions, the final solid
compositions will be an a priori unpredictable mixture of (partial) surviving, modified and newly-formed
dust particles. The similarities between the temperature-time regimes of the natural events and those
indicated by the collected particles make a strong case that DUSTER collected meteoric dust particles.
Bolides and fireballs will remain events with their own unique temperature-time constrains that are
different from other naturally occurring catastrophic events.

There are other implications. The numerous (sub-)spherical Ca-carbonate nanograins at the
surface of plagioclase particle D08-008b show that these fragments were in close proximity. Proximity of
particles is also supported by the quenched-liquid and/or vapor condensed CaO and CaF, nanograins
arranged in the typical “bunch-of-grape” morphology (Della Corte et al., 2013) alongside surviving
grains. We submit that the collected dust DUSTER particles were entrained in closed-system
environments during (ultra)rapid physiochemical processes in bolide/fireball events. That being said, it is
noted that fluorine, which is classified as a moderately volatile lithophile element, actually has a low
cosmic abundance. It is only a minor element (ppm level) in carbonaceous and undifferentiated ordinary
chondrite meteorites wherein this element is found in apatite, carbonate-fluorapatite, fluorapatite (Rubin,
1997). Low-F phosphate was present in the 2008 collection (Table 3). It is reasonable then to assume that
fluorine was available to the many particles in 2008, fewer in 2011, for chemical reactions constrained in
a Ca-O-C-F system. The F/(F+Ca) = 0.7 bulk composition of extreme F-rich C-O-Ca particle D08-034,
which is a chain-like aggregate of nanograins, closely matches pure CaF; (fluorite). Sub-angular layered,
extreme F-rich C-O-Ca particle D08-035 that has a F/(F+Ca) = 0.35 composition. Its composition
suggests a deep metastable eutectic composition that is the result of ultrafast quenching from the vapor or
liquid phase. The Ca-F (at.) phase diagram has two eutectic points, one at 2 at.% and another at 60 at.% F.
This particular configuration allows a DME (deep metastable eutectic) composition (Rietmeijer and Nuth,
2012, 2015) that for the D08 particles is located at F/(F+Ca) = 0.35. The other Ca-F particle compositions
show some scatter but are generally consistent with this DME composition, and with CaF,. However the
Ca-F compositions of these other particles favor F/(F+Ca) ratios between 0.05 and 0.15 for a mixture of

the low eutectic composition and the DME composition. It is a potential clue to chaotic conditions flip-
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flopping between eutectic, i.e. equilibrium, and DME, i.e. non-equilibrium, behaviors. The Ca-F grains
are recorders of ultrafast reactions in a closed-system environment of melting and evaporation of F-
bearing precursors, followed by rapid cooling of chain-like CaF, aggregates, but also larger grains with

DME compositions, and finally acquiring an oxocarbon surface layer.

8. CONCLUSIONS

The compositions, morphologies and chemical interactions among particles that were randomly
collected in the upper stratosphere in 2008 and 2011 are consistent with ultra-rapid, non-equilibrium
processes within a closed-system environment. These conditions require catastrophic geological processes
such as volcanic eruptions and meteoroid impact cratering. It is highly unlikely that the collected dust
particles have terrestrial origins, which leaves an extraterrestrial (meteoritic) origin as the only plausible
origin. Specifically bolide and fireball fragmentation events and their incandescent dust trains and clouds
that provide the conditions for closed-system chemical evolution. We showed that their thermal regimes
match those inferred for the properties of the dust particles collected in the stratosphere in 2008 and 2011.
We showed that the surviving dust particles have counterparts among the minerals in undifferentiated
ordinary chondrite and in carbonaceous chondrite meteorites. To the best of our knowledge ours is the
first time that extraterrestrial dust from these sources has been intercepted while falling in the Earth’s
stratosphere. Clearly more work, that is, more DUSTER flights, are needed to assess the full impact of
dust particles from bolide and fireball events on the stratospheric dust burden and composition that are the

result of non-equilibrium chemical reactions and interactions.
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*Highlights (for review)

Highlights

We build DUSTER to collect dust between 30 and 40 km altitude in the upper stratosphere above the
stratospheric aerosol layer

DUSTER has built-in rigorous controls on particulate contamination during collection and laboratory
handling

Forty five nanometer to micrometer particles were collected and identified

They are a mixture of silicates, Ca-carbonates and oxocarbons

They formed rapidly between ~4,300°C and ~430°C at high cooling rates in the upper stratosphere

These meteoric dust particles formed in the immediate wake of fragmenting bolides and fireballs



Figure 1
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252143&guid=9927df39-f1ba-4a3f-8542-4fe56f88ec60&scheme=1

Figure 2
Click here to download high resolution image

collector 2008 ‘collector2011



http://ees.elsevier.com/icarus/download.aspx?id=252147&guid=5acef8a3-6eaf-4704-9122-5246d17cffd3&scheme=1

Figure 3
Click here to download high resolution image

14
Duster collections size distributions

12
2008 collection

W 2011 collection
10

oo

Frequency

N

: _

0.5 2 3.5 5 6.5 8
Size [um]


http://ees.elsevier.com/icarus/download.aspx?id=252149&guid=ce0b51be-63cd-4030-90ab-3244a4508690&scheme=1

Figure 4
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252151&guid=b637a050-7890-4323-a655-76693e975700&scheme=1

Figure 5
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252152&guid=b15d0583-991b-462c-9409-7f456f71be67&scheme=1

Figure 6
Click here to download high resolution image

D08-014



http://ees.elsevier.com/icarus/download.aspx?id=252154&guid=150e2580-06cc-49c0-b1b5-8f346f9bd9b1&scheme=1

Figure 7
Click here to download high resolution image

d

-

D08-008a A7

A
W2

~

o



http://ees.elsevier.com/icarus/download.aspx?id=252156&guid=c817722b-3c4c-416d-9166-a127ff5d486e&scheme=1

Figure 8
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252157&guid=93f5fc57-aa5d-4eca-8ea9-3f3593fbbe89&scheme=1

Figure 9
Click here to download high resolution image

D08-011



http://ees.elsevier.com/icarus/download.aspx?id=252166&guid=11aa1e8e-6b14-4ff6-83ca-3dffa77bec00&scheme=1

Figure 10
Click here to download high resolution image

/ \/ \/ / 1\\//\
/ \/ \/ \/ \//\/\
\VAVA \/ \/ \/ >/

JAVAVAN /\/\/ \
A AVAVAVAN /\/\fv \/ \



http://ees.elsevier.com/icarus/download.aspx?id=252167&guid=b7d31e97-8307-47cf-96b6-34b05e10b63f&scheme=1

Figure 11
Click here to download high resolution image

200 nm

/
N

fﬂ \
Ve .
(A7

3
D08-017

v

5000
—

b

e -
D08-030

P

d

T
/.
y
-
»
J

| 4

D08-029



http://ees.elsevier.com/icarus/download.aspx?id=252168&guid=ff5e7806-4471-4aaa-8af7-6e50a52cda35&scheme=1

Figure 12
Click here to download high resolution image

o
.....
V&

‘--J

P VAVAVAN
SVAVAVAVA
VAVAVAVAVAVAN
VAVAVAVAVAVAVAN
INONONINININ/NN
I NONONININONNIN/N
/NN NN NN NN NN
0 Si



http://ees.elsevier.com/icarus/download.aspx?id=252169&guid=91ae1d3d-067e-4f74-a1a5-9b485b10669b&scheme=1

Figure 13
Click here to download high resolution image

D08-005

D08-005


http://ees.elsevier.com/icarus/download.aspx?id=252170&guid=9da507ac-4ed1-41dc-8fb3-4c5b75078c7b&scheme=1

Figure 14
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252171&guid=3284a6b0-17da-42e4-92d1-8f32212408b5&scheme=1

Figure 15
Click here to download high resolution image

/\/\/V\/\

VAVAVAVAVAVAN

/NN NN NN\
WAVAVAVAVAN

/\ NATAVATATA

M/\Ag\/\/\/\N\/\

CaO0, CaO



http://ees.elsevier.com/icarus/download.aspx?id=252172&guid=c1dc1620-329a-49d2-bf14-1da3e5c619b4&scheme=1

Figure 16
Click here to download high resolution image

D08-035



http://ees.elsevier.com/icarus/download.aspx?id=252173&guid=778b5d05-3e22-4bd1-9ad8-57c4f2cc0b07&scheme=1

Figure 17

Click here to download high resolution image

/ \/ \//\\ /\
WYAVAVAVAVAN

@N/\ /\
LRREAN

AVATATAYA

JAVAVAVAVAVAN..

/NN NN NNNNN
Ca

YAVAVAVAVAVA

F O Ca0


http://ees.elsevier.com/icarus/download.aspx?id=252174&guid=ce376e6e-8b9f-47f5-9b13-eb817288769d&scheme=1

ALISNILNI ONIHJdYNMOW

Click here to download high resolution image

Figure 18


http://ees.elsevier.com/icarus/download.aspx?id=252175&guid=f5dfcc5c-74e3-490e-bc37-348d7206ef6f&scheme=1

Figure 19
Click here to download high resolution image

3
.
-

=) -



http://ees.elsevier.com/icarus/download.aspx?id=252176&guid=4591134d-9940-4aa4-a1ee-c9e7e8a50829&scheme=1

Figure 20
Click here to download high resolution image

MORPHING INTENSITY

D08-021 D08-021

200 nm D08-023 200 nm D08-023

200 nm D08-028 200nm
s —


http://ees.elsevier.com/icarus/download.aspx?id=252177&guid=f0043d8f-8f50-4c7e-970f-1c30b69888ee&scheme=1

Figure 21
Click here to download high resolution image

D08-015 D08-015



http://ees.elsevier.com/icarus/download.aspx?id=252178&guid=9df502d2-e253-4400-a0d4-d56e4344ec73&scheme=1

Figure 22
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252179&guid=cc80555a-7920-431a-9ea0-53b77d8adc0c&scheme=1

Figure 23
Click here to download high resolution image

d D11-159
D11-163



http://ees.elsevier.com/icarus/download.aspx?id=252180&guid=758b30b5-94e1-4d3e-887a-2e5863a5f2ae&scheme=1

Figure 24
Click here to download high resolution image



http://ees.elsevier.com/icarus/download.aspx?id=252181&guid=5a71b7d9-7d51-4293-b74c-a8809a50a588&scheme=1

Figure 25
Click here to download high resolution image

a D11-291 D11-238 | € D11-247



http://ees.elsevier.com/icarus/download.aspx?id=252182&guid=0467f8f2-f9ad-41d4-8066-61635bc8aa36&scheme=1

Figure 26

Click here

to download high resolution image

Si

\
\
\/

JAVAVAN
::erl"ley(;tli':)exylate / \/\ / \ / \
MgsSiO, M / .\/ \

\
/ \\// \/ Wulhte
\‘ /\ /\/\ X/

JAVAVAVAVAVAVAVA
VAVAVAVAVAVAVAVAVA

VAVAVAVAY ”\/\/\ JAVAVAN

Mg Al


http://ees.elsevier.com/icarus/download.aspx?id=252183&guid=db647923-4ab3-4988-a50a-eb4a36de8d58&scheme=1

Figure 27

Click here to download high resolution image

D11-033

100 nm

D11-146

100 nm

D11-165

D11-152

100 nm

D11-141

100 nm

D11-232

D11-229

D11-058



http://ees.elsevier.com/icarus/download.aspx?id=252184&guid=8aed9651-df1b-4c55-9f9d-5ea05989815d&scheme=1

Figure 28
Click here to download high resolution image

2" VAN

PATAY S N AVAYAVAYA
\WAVAVAVAVAN
MN\%/ WAVAVAVA
Si

0 Sio,


http://ees.elsevier.com/icarus/download.aspx?id=252185&guid=42ccc359-fb49-421e-8a71-0407a2c32af2&scheme=1

Figure 29
Click here to download high resolution image

INONININ/N/N
VAVAVAVA



http://ees.elsevier.com/icarus/download.aspx?id=252186&guid=34ba99d2-80d7-47b9-b94e-a4bbe2ae5ff6&scheme=1

Figure 30
Click here to download high resolution image

a D11-244 ; D11-288 C D11-150

d Dpi11-143 D11-161



http://ees.elsevier.com/icarus/download.aspx?id=252187&guid=e45d4763-653c-42d6-96c4-b7661f224c8c&scheme=1

Figure 31
Click here to download high resolution image

D11-070 D11-285 D11-279



http://ees.elsevier.com/icarus/download.aspx?id=252204&guid=84516af2-bfbd-4a22-b9be-a3ffd00b3eaa&scheme=1

Figure 32
Click here to download high resolution image

/NN NN\
/N NN NNN/N
/N ANANNNANNN
INANANNNNNNN
N NNNNNNNNN
(0] e Ca



http://ees.elsevier.com/icarus/download.aspx?id=252205&guid=291acfed-3a6a-4677-a8c3-f7092368eb5f&scheme=1

