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ABSTRACT. Hollow magnetic microspherules from along
the lower Younger Dryas boundary (c. 12.9 ka BP)
in New Mexico (USA) were studied using scanning
electron microscopy, electron probe microanalysis, X-ray
diffraction, and laser-ablation inductively coupled-plasma
mass spectrometry methods. The shell of the microspherules
(10-15% of the spherule’s diameter) displays dendritic
surface textures, which are likely due to quenching
during rapid cooling of molten material. Structurally,
multiple single-magnetite crystals attached together form
the bulk of the microspherules. Iron dominates the
microspherules’ composition (~90% FeOy), Mn is the
second most abundant element (up to 0.4% MnO), Al
is detected in low concentrations (<0.30% of Al,O3).
Among the trace elements, the rare earth elements display
slightly fractionated patterns with concentrations of 0.1-
1.0x CI chondrite. The microspherules contain elevated
concentrations of Ni relative to detrital magnetite (up to
435 ppm) and very low concentrations of Ti (down to 5
ppm). Chemical, structural and mineralogical features of the
microspherules do not contradict the existing models of the
formation during ablation while a meteoroid goes through
the Earth’s atmosphere. Elevated concentrations of the
magnetic microspherules in sediments can be a stratigraphic
marker for the lower Younger Dryas boundary in North
America.
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Introduction

The cold period known as the Younger Dryas (YD)
climate oscillation occurred between c. 12.9 ka
BP and c. 11.7 ka BP (e.g. Berger 1990; Peteet
1995; Bjorck 2007; Lowe et al. 2008). This sudden
climate change is generally thought to result from
an abrupt change of atmospheric and oceanic
circulations (e.g. Teller et al. 2002; McManus
et al. 2004; Brauer et al. 2008). The beginning
of the YD in North America can at times be
stratigraphically marked by the so-called black mat,
a thin dark layer of organic-rich material (e.g.
Firestone et al. 2007; Haynes 2007, 2008; Pigati
et al. 2009, 2012). The black mat, however, is a
general term that includes, in addition to the dark
organic-rich deposits, some marls and diatomites
that are light grey in color (e.g. Ballenger et al.
2011). A lot of attention was lately paid to the
black mat because of a widespread discussion on
the possibility of the extraterrestrial impact shortly
before the onset of the YD climate oscillation
(e.g. Firestone et al. 2007; Haynes et al. 2010;
Pigati et al. 2009, 2012; Andronikov et al. 2011,
2014; Fayek et al. 2012; Kennett et al. 2015).
There are reports about findings of unusual objects
such as carbon spherules, nanodiamonds, glass-
like carbon, melt-glass, as well as enhanced
amounts of platinum group elements in sediments
corresponding to the lower YD boundary (LYDB) in
support of the hypothesis (e.g. Firestone et al. 2007;
Kennett et al. 2009; Mahaney et al. 2010, 2013;
Bunch et al. 2012; Petaev et al. 2013; Wu et al.
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2013). One such characteristic object reported is
magnetic microspherules (e.g. Firestone et al. 2007;
Israde-Alcantara et al. 2012; LeCompte et al. 2012;
Wittke et al. 2013).

Overall, the magnetic microspherules are tiny
(10250 wum) glossy spherical objects, which are
present in variable numbers in Ordovician to
Quaternary sediments and sedimentary rocks from
multiple sites worldwide (e.g. Blanchard et al
1980; Brownlee et al. 1984; Sz60r et al. 2001; Gal-
Sélymos and Don 2004; Stankowski et al. 2006;
Franzen and Cropp 2007; van Ginneken et al.
2010; Misawa et al. 2010; Voldman et al. 2012;
Bignami et al. 2014). The microspherules, often
perfectly round in shape, are distinctive among
other grains of the host material, indicating that
spherule origin is different from that of the rest of
sedimentary material. Previously reported LYDB
magnetic spherules may deviate from perfectly
spherical shape (~10% of spherules) and exhibit
teardrop and ovoid shapes with surfaces displaying
what appear to be aerodynamic flow features
(LeCompte et al. 2012; Wittke et al. 2013). So
far, there are only a few reports on major element
composition of the microspherules [sometimes
accompanied by scanning electron microscopy
(SEM) observations], and their origin is not clearly
established yet (Firestone ef al. 2007, 2010; Israde-
Alcantara et al. 2012; Bunch et al. 2012; LeCompte
etal 2012; Mahaney et al. 2013; Wittke et al. 2013;
Wu et al. 2013).

One of the places where a black mat is
represented by its light-grey variety and where
magnetic microspherules occur is the Blackwater
Draw Locality One (BWD-1) in New Mexico (Fig.
1). The main purpose of the present study is
to analyze chemical, structural and mineralogical
characteristics of the magnetic microspherules
collected from one of the stratigraphic sections of
the BWD-1 site (Fig. 2) for better understanding of
their origin. We present the results of SEM, electron
probe microanalysis (EPMA), X-ray diffraction
(XRD), and the first-ever results of laser-ablation
inductively coupled-plasma mass spectrometry
(LA-ICP-MS) of the magnetic microspherules from
the BWD-1 site.

The sedimentary sequence of Blackwater Draw
Locality One

The BWD-1 site is located in eastern New Mexico,
about 10 km north of the town of Portales and
22 km southwest of the town of Clovis (Fig. 1).
Evans (1951) established the classic stratigraphic
column for this site. The sediments in this locale
40

are thoroughly dated and a stratigraphic sequence
is well established (e.g. Hester 1972; Holliday
1985, 1997; Haynes 1995). The lowest strata are
represented by reddish-brown gravel and sand
deposits of Late Pliocene to Early Pleistocene age.
These lake/pond deposits rest upon bedrock strata
separated by a disconformity. The lowest lake/pond
deposits are the Gray sand and the Brown sand
(Sellards 1952). The Brown sand layer is overlain
by the Diatomaceous earth layer (Sellards 1952)
separated by a disconformity (so-called “Clovis
surface”; Haynes 1995). These basic strata cover
the time span from the latest Pleistocene to the
latest Holocene, and rest upon Eocene to earlier
Pleistocene sands, gravels, and caliche beds.

We sampled the following main units of the
sedimentary sequence from the BWD-1 site
(after Katz 1997) in order to recover magnetic
microspherules (Fig. 2):

e Unit B. Gray sand; from 11810+90 to
113804150 '*C years BP;

e Unit C. Brown sand; 112904240 “C years BP;

¢ Unit D. Diatomaceous earth; from 10260+£230
to 102104110 '*C years Bp.

Sample preparation and analytical techniques

Because the sizes of most reported microspherules
from the LYDB are <150 um (Firestone et al.
2010; LeCompte et al. 2012), the samples of host
sediments (~200 g each) were sieved through
standard 38, 53 and 125 um mesh sizes. The
magnetic fraction from each sample was separated
manually using a grade-52 Nd magnet, and then
weighed. The magnetic fractions of <38 um, 38—
53 pum and 53-125 pum were visually inspected
under a binocular microscope for the presence of
the microspherules. Most magnetic microspherules
were found in the 38-53 pum fraction with only
a few microspherules in the 53—125 pum fraction.
Magnetic microspherules were handpicked from
the rest of the magnetic fraction and counted.
Sometimes, rounded detrital magnetite and ilmenite
grains are almost impossible to distinguish
visually from true-marker microspherules, and
some rounded magnetite and ilmenite crystals were
picked up along with the true microspherules (see
the “Results” section).

In order to have clearer images of the structural
features of the analyzed material than those
available from an optical microscope, we conducted
SEM observations. We used a Hitachi S3400N
tungsten-filament SEM available at the Arizona
LaserChron center housed in the Department of
Geosciences of the University of Arizona. Imaging
was performed in variable-pressure mode (that

© 2016 Swedish Society for Anthropology and Geography
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Fig. 1. A map showing the location of the Blackwater Draw Locality One site (BWD-1) in New Mexico, USA (a dark star). The
location of the site in the USA is shown as an insert. Source: (modified from www.lib.utex.edu/maps/state/new-mexico.gif)

allows for observations without the need to carbon
coat samples) with a beam current of 40—50 pA, an
accelerating voltage of 12-20 kV, and a working
distance of 7-16 mm. Energy-dispersive X-ray
spectra (EDS) of the microspherules were visually
controlled.

We conducted an XRD study with the use of
a Bruker X8 Apex single crystal diffractometer
equipped with a 4K Apex II CCD detector housed in
the Department of Geoscience of the University of
Arizona for mineralogical features of the magnetic
microspherules. The graphite-monochromatized
MoK, radiation generated at 50 kV and 35 mA,
with frame widths 0.5° in w-scan mode and 30 s
counting time per frame was applied.

© 2016 Swedish Society for Anthropology and Geography

Magnetic microspherules were analyzed for
major oxides with the Cameca SX-50 EPMA at the
Lunar and Planetary Laboratory of the University of
Arizona. We used an accelerating voltage of 15 kV
and current of 20 nA during the analytical runs. The
standards used for EPMA calibration are fayalite for
Fe, nickel metal for Ni, barite for S, diopside for Ca
and Si, apatite for P, cobalt metal for Co, spinel for
Cr, Al and Mg, orthoclase for K, vanadium metal
for V, rhodochrosite for Mn, rutile for Ti, and zinc
metal for Zn.

Concentrations of trace elements in individual
microspherules were analyzed with a CETAC
Nd:YAG LSX-213 laser coupled with a Thermo
Finnigan Element2 ICP-MS at the Lunar and
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Fig. 2. A stratigraphic column of the studied part of the
outcrop 1BW11 of the BWD-1 sedimentary sequence showing
the location of the collected samples. A thin (~2 cm) sandy
layer at the very top of Unit C (sample IBW11-01) contains an
elevated concentration of magnetic microspherules (numbers of
found microspherules and the weight percentage of the magnetic
fraction in each sample are given in brackets). This layer is
separated from the overlain Unit D by a disconformity known as
“Clovis Surface” (Haynes 1995) or the LYDB. Source: (compiled
with the use of Sellards 1952 and Haynes 1995)

Planetary Laboratory of the University of Arizona.
The applied laser beam diameter was 25 pum,
the laser was operated at an energy level 25%
of maximum to prevent a fast burn-through of
the microspherules. The laser was fired at 20 Hz
frequency, for a total of 300 laser shots per sample.
The He flow rate was ~700 mL min~!, and the
Ar flow rate was ~1.2 L min~'. A NIST SRM
612 silicate glass (Jochum et al. 2011) was used
as a reference material for the analyzed elements.
Repeated analyses of the standards ensured that
all results were consistent and comparable. The
measurements were based on integrated multi-
element time-resolved signals.

Results

While the magnetic fraction varies between 0.02
and 0.05 wt% of each individual sample, there is no
systematic pattern in a distribution of the magnetic
fraction across the studied part of the sedimentary
sequence (Fig. 2). Magnetic microspherules are
found in the magnetic fraction in six out of the
eight collected samples. Two samples (IBW11-
08 of Unit C and 1BWI11-09 of Unit B) did
not contain any microspherules, the remaining
stratigraphic units contain only a very small
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number of microspherules, and only one sample
(1BW11-01 from a thin sandy layer just below
the LYDB or “Clovis Surface”; Fig. 2) contains
a sufficient number of the microspherules to be
used for analytical work. Such distribution of
magnetic microspherules across the sedimentary
sequence of the BWD-1 site is consistent with
the observations made by Firestone et al. (2007,
2010) and LeCompte ef al. (2012). Only six hollow
microspherules and two solid microspherule-like
objects from the sample 1BW11-01 were large
enough to study. A few detrital magnetite and
ilmenite grains from the same sample were
analyzed as references.

SEM results

The majority of the microspherules are hollow
and contain a cavity surrounded by a solid shell
that is ~10-15% of a microspherule’s diameter.
Microspherule surfaces are dendritic, “cob-like”
and/or filigreed with a well pronounced orientation
of crystals (Fig. 3a, b, d). In one case, a
microspherule displays a teardrop-like shape (Fig.
3c). Tiny detrital magnetite grains can be attached
to the surface of the microspherules by magnetic
forces (Fig. 3e). Sometimes, the outer shell of
the microspherules is broken or has an opening
(Fig. 3a, f), and the structures of the inner surface
can be observed (Fig. 3g, h). The inner structures
are either dendritic (Fig. 3g) or polygonal with
dendrites present in places (Fig. 3h). On an EDS
elemental spectrum, Fe is the dominant element in
the composition of the microspherules.

Two of the analyzed microspherules have an
appearance that is distinct from the rest of the
studied samples (Fig. 3i, j). They are solid
and have smooth, slightly corroded surfaces, and
spherical to roughly toroidal shapes. These features
indicate an origin that is distinct from that of
the hollow magnetic microspherules. On an EDS
elemental spectrum, Fe and Ti (in approximately
equal amounts) are the dominant elements in the
composition of the solid microspherules.

XRD results

The single crystal XRD analyses were per-
formed on three hollow microspherules and two
solid microspherules already studied with SEM
(Fig. 3). The number of diffraction peaks and their
locations indicate that the hollow microspheres
are formed from multiple randomly oriented
single-crystal domains with cubic unit cells
that correspond to magnetite with the following

© 2016 Swedish Society for Anthropology and Geography
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Fig. 3. SEM images of magnetic microspherules from the BWD-1 site: (a) a microspherule displaying dendritic surface structure (the
image was taken at an accelerating voltage of 12 kV and a working distance of 6.9 mm); (b) a microspherule displaying a cob-like
surface structure (accelerating voltage 15 kV, working distance 10.3 mm); (c) a teardrop-like microspherule displaying dendritic
surface structure (accelerating voltage 15 kV, working distance 9.4 mm); (d) a microspherule displaying filigreed surface structure
(accelerating voltage 12 kV, working distance 6.8 mm); (e) a broken microspherule with attached magnetite grains and well pronounced
filigreed surface structure (accelerating voltage 12 kV, working distance 6.8 mm); (f) a broken hollow microspherule with a thick
shell (accelerating voltage 15 kV, working distance 9.9 mm); (g) a microspherule’s inner structure as it is seen through the opening
(accelerating voltage 20 kV, working distance 10.1 mm); (h) a microspherule’s inner structure as it is seen from the broken outer shell
(Fig. 3e) (accelerating voltage 12 kV, working distance 6.8 mm); (i) and (j) solid rounded ilmenite grains with corroded surfaces and
toroid-like shape (accelerating voltage 15 kV, working distance 15.7 mm; and accelerating voltage 15 kV, working distance 8.2 mm).

© 2016 Swedish Society for Anthropology and Geography 43
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Fig. 3. Continued.

parameters: a = 8.402(6) A and ¥ = 593.2(4) A3.
The hollow microspherules contain 17-35 single-
crystal domains. The unit-cell dimensions, final
refined atomic parameters and good reliability
factors confirm that the constituent magnetite has
a pure Fe;O4 composition. Diffraction peaks from
other mineral phases were not observed for these
three microspherules.

The solid microspherules identified with the
SEM both contain one single crystal with a
hexagonal unit cell displaying the following
parameters: ¢ = b = 5.065 A, ¢ = 13.92 A, and
V = 309 A3 Such cell parameters correspond
to minerals from the ilmenite group (FeTiOs).
Diffraction spots from other mineral phases were
not observed for these two microspherules.

EMPA results

The hollow magnetic microspherules consist
mostly of iron oxide (~90% FeOyy). The second
most abundant element is Mn (up to 0.4% MnO).
Aluminum is usually detected, although in low
concentrations (<0.30% of Al,O3). Other elements
including Ti, Cr, V, Ni, Co, Mg, Ca, Zn, K, P,
and S are either present in concentrations close
to the detection limits or absent. Only MnO and
FeO display slight steady increase in concentrations
from the inside parts of the shells toward the outside
parts (Table 1). Analytical results show that the
microspherules are compositionally distinct from
detrital magnetite grains from the same magnetic
fraction. In particular, detrital magnetite grains,
unlike the microspherules, have high Ti (5.9-20.6%
TiO;) contents (Table 1).

A few analyzed rounded detrital crystals, display
compositions corresponding to minerals of the
ilmenite group: FeO = 46.1-59.8%, TiO, = 37.8—
48.7%, MgO = 0.9-5.1%, MnO = 0.5-2.2%, V,05
= 0.20-0.50%. It is notable that such chemical
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compositions are almost identical to some magnetic
microspherules reported by Firestone et al. (2010)
and LeCompte et al. (2012) (Table 2).

LA-ICP-MS results

The analyses showed clear a difference between
trace element compositions of the hollow magnetic
microspherules and detrital magnetite. None of
the hollow magnetic microspherules displays
significant amounts of Ti (only 5-460 ppm),
whereas the detrital magnetite grains from the
same magnetic fraction are Ti rich (16.7-26.2%
Ti; Table 3; cf. the EMPA analyses in Table 1).
Unlike detrital magnetite, which displays only 1.9—
22.8 ppm of Ni, the microspherules are relatively
enhanced in Ni with concentrations varying from
148 to 435 ppm. However, magnetite displays much
higher concentrations of Zr (91-445 ppm), Nb
(14-254 ppm), Hf (4.6-12.2 ppm), Ta (0.9-9.9
ppm), U (0.44.4 ppm), and Th (1.3-20.1 ppm)
compared with the microspherules (1.3-8.7 ppm,
0.31-23.6 ppm, 0-0.79 ppm, 0.04-0.74 ppm, 0.01—
0.22 ppm, and 0.02—0.42 ppm, respectively). Trace-
element compositions of rounded ilmenite crystals
are distinct significantly from both microspherules
and detrital magnetites. Ilmenite displays such
features as very high concentrations of Zr (18 030-
30450 ppm), Nb (4500-9500 ppm), Hf (585-655
ppm), Ta (300-385 ppm), Th (37-58 ppm), and U
(40-50 ppm), and low concentrations of Cr (42—
80 ppm).

All analyzed hollow microspherules display
chondritic to subchondritic concentrations of the
rare earth elements (REEs) (0.1-1.0x CI chondrite
with La rising up to >10x CI chondrite;
Fig. 4). One of the microspherules (MMs#3 in
Fig. 4) displays very strong enrichment in Pr-
Nd and Gd-Tb-Dy. However, all the rest of the
REEs for this microspherule display chondritic

© 2016 Swedish Society for Anthropology and Geography
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Table 1. Results of microprobe analyses of the magnetic microspherules and detrital magnetite from the BWD-1 site (sample
IBW11-01; wt%).

MMs#A MMs#B MMs#C

C C-E E C C-E E C C-E E
Si0; 0.13 0.11 0.05 0.13 0.04 0.04 0.12 0.05 0.04
TiO; 0.02 0.02
Al O3 0.24 0.22 0.14 0.18 0.07 0.09 0.26 0.07 0.06
CryO3 0.11 0.04 0.04 0.03
V,03 0.04 0.03
Fe, O3 * 65.02 66.18 66.26 65.37 66.04 66.01 64.96 65.42 65.71
FeO 29.55 29.98 29.72 29.68 29.59 29.61 29.31 29.28 29.37
MnO 0.18 0.25 0.36 0.17 0.28 0.29 0.23 0.31 0.33
NiO 0.04 0.09 0.07
CoO 0.04 0.04
MgO
CaO 0.03 0.02 0.02
ZnO 0.04 0.03
K,O0
P20s
SO3 0.02 0.02 0.03 0.02 0.02
Total 95.23 96.86 96.82 95.55 96.09 96.22 94.95 95.13 95.51

MMs#D MMSs#HE MMs#F MMs#G MMs#H

C C-E E C C-E E C C C
SiO; 0.13 0.08 0.07 0.08 0.06 0.05 0.04 0.04
TiOy 0.04 0.02 0.03
Al O3 0.15 0.20 0.11 0.14 0.13 0.20 0.06 0.07 0.08
CryO3 0.05 0.06 0.07 0.04 0.04 0.06
V,03
Fe, O3 * 64.53 65.20 65.93 66.04 65.91 65.99 66.46 66.66 66.66
FeO 2931 29.34 29.53 2931 29.61 29.63 29.55 29.76 29.80
MnO 0.23 0.35 0.37 0.24 0.34 0.39 0.35 0.37 0.37
NiO 0.12 0.04 0.04 0.07 0.03 0.06
CoO 0.05
MgO 0.03
CaO
ZnO 0.16 0.03
K,0 0.03
P,0s5 0.04
SO3 0.05 0.02 0.04 0.02 0.02 0.03
Total 94.84 95.28 96.05 95.83 96.18 96.37 96.58 97.01 97.07

Magnetite
1 2 3 4

SiO; 0.08 0.04 0.12 0.09
TiOy 5.89 13.81 20.63 15.74
Al O3 3.71 2.28 0.95 1.10
Cry03 0.09 0.16 0.47 0.05
V,03 0.67 0.49 0.60 0.41
Fey 03" 52.56 40.26 27.23 37.20
FeO 3443 39.60 45.59 41.50
MnO 0.11 0.29 0.14 1.02
NiO 0.03
CoO
MgO 1.43 2.71 2.69 1.98
CaO
ZnO 0.03 0.04 0.12
K,0
P,0s5
SO3
Total 98.97 99.67 98.49 99.21

C, central part of the shell; C—E, between the central and edge parts of the shell; E, the edge part of the shell; MM, hollow magnetic
microspherule.
*Fe, 03 is calculated from stoichiometry.

© 2016 Swedish Society for Anthropology and Geography 45
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Table 2. Chemical composition of rounded ilmenite grains from the BWD-1 site in comparison with high-Ti microspherules (Firestone
et al. 2010; LeCompte et al. 2012) (wt%).

[lmenite
1 2 3 4 5 6 7 8
SiO, 0.04 0.10 0.04 0.10 0.04 0.03
TiO, 48.66 45.33 38.30 39.57 37.76 40.86 44.29 39.23
Al,O4 0.19 0.99 0.23 0.30 0.35 0.11 0.49 0.13
Cr,04 0.02 0.03 0.02 0.02 0.04
V,05 0.32 0.43 0.28 0.40 0.31 0.23 0.48 0.21
FeOyot 47.79 46.09 57.41 55.55 59.84 54.37 49.00 57.04
NiO 0.07 0.05 0.07 0.04 0.02 0.02
CoO 0.03 0.03
MgO 2.46 5.12 2.07 3.04 0.87 1.95 5.10 1.65
MnO 0.62 1.38 1.40 0.66 0.46 2.23 0.53 1.79
CaO 0.00
ZnO 0.08 0.06 0.02 0.10 0.02
Na,O 0.02 0.04 0.04 0.02 0.02
K,0
P205
SO; 0.02 0.12 0.02 0.04 0.11
Total 100.12 99.69 99.87 99.73 99.84 99.99 100.04 100.16
Firestone et al. (2010) LeCompte et al. (2012)
SiO, 3.1 4.5 4.6 3.33 2.29 1.68 2.99 4.27
TiO, 53 47 40 53.89 57.7 32.65 31.95 39.41
AL, O4 2.3 2.7 3.0 2.42 1.10 2.19 3.41 2.37
Cr,04 0.01 0.01 0.05
V,0;3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeOyot 37 44 50 37.12 36.49 59.86 55.29 45.22
NiO n.d. n.d. n.d. 0.02 0.01
CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO 1.59 0.27 2.69 4.68 6.3
MnO 35 1.7 0.26 0.58 0.12 0.07 1.01
CaO 0.13 0.25 0.14 0.38 0.01
ZnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Na,O 1.02 0.43 0.02 0.78 1.33
K,0 0.03 0.03 0.03 0.02
P,0s 0.20 0.26 0.33 0.37
SO3 0.60 0.29 0.03
Total 98.9 99.9 97.6 100.00 100.00 100.00 99.98 100.00

n.d., no data available.

and subchondritic concentrations as is typical for
the other microspherules analyzed. In contrast
to the hollow microspherules, detrital magnetite
grains display smooth REE patterns with elemental
concentrations well above the chondritic level
(3-500x CI chondrite for different REEs). The
magnetite’s REE pattern style is often similar to that
of the host sediments (Fig. 4). Rounded ilmenite
crystals are enriched in heavy (H)REE (up to 240x
CI for Lu) and display a strong Eu negative anomaly
(Fig. 4) as it is typical for terrestrial ilmenites from
elsewhere.

Because of a small laser beam diameter (25 um),
low applied laser energy (25% of maximum)
and overall low platinum group elements (PGEs)
concentration in the microspherules, the PGE signal
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intensities during analytical runs were very low
(except for Pd), only slightly above the detection
limit. Although the results of the LA-ICP-MS
analyses suggest the presence of the PGE in the
BWD-1 microspherules (Table 3), the measured
concentrations are subject to very high analytical
errors and are comparable with the concentrations
in detrital magnetite and ilmenite. Therefore,
concentrations of the PGE are given for informative
purposes only (Table 3).

Discussion

Overall, Fe-rich magnetic microspherules from
elsewhere (also known as I-type microspherules;
e.g. Franzén 2006; Franzén and Cropp 2007) can be
of volcanic, industrial, biogenic and diagenetic, and
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cosmic origins. In order to talk about origin of the
microspherules, it is necessary to distinguish first
between true-marker microspherules and rounded
detrital magnetic crystals. Our SEM, XRD, EMPA,
and LA-ICP-MS data suggest that some spherical
objects looking very similar under the microscope
to hollow magnetic microspherules are in reality
single-crystal minerals of the ilmenite group
(Tables 2 and 3). These data rule out the cosmic
origin of such “microspherules”.

Another marker pointing to a possible origin
of the microspherules is Ti. Because magnetic
particles of cosmic origin contain only negligible
amounts of Ti (e.g. Szoor et al. 2001; Grachev et al.
2008; Voldman et al. 2012 and references therein),
the element is useful to distinguish between
terrestrial and extraterrestrial magnetic particles.
For example, volcanic magnetic microspherules
(real microspherules, not rounded crystals) are
always titaniferous, (usually >10% of Ti) and,
as important, are never hollow (Cornen et al.
1992; Grebennikov 2011; Voldman et al. 2012
and references therein). However, while low
concentration of Ti is possible in detrital magnetite
crystals of metamorphic and igneous origins (not
so low though as in cosmic microspherules), they
never occur as real spherules, are never hollow,
and never display dendritic surfaces. Therefore, low
amounts of Ti accompanied by a hollow shape,
and the presence of dendritic surfaces reliably
rule out both a volcanic origin and a detrital
(initially metamorphic or igneous) origin of the
microspherules from the BWD-1 site.

Some spherical magnetic objects from the BWD-
1 site reported by Firestone et al. (2007, 2010),
and LeCompte ef al. (2012) contain very high Ti
abundances (Table 2), whereas our study points
to virtually Ti-free composition of the hollow
magnetic microspherules studied. Moreover, it is
notable that compositions of terrestrial magnetite
and ilmenite from the BWD-1 site are very close to
the compositions of some microspherules described
by Firestone et al. (2007, 2010) and LeCompte
et al. (2012) (Tables 1-3). It is possible, therefore,
that Ti-rich magnetic objects analyzed by Firestone
et al. (2007, 2010) and LeCompte et al. (2012)
represent microtektites. This would explain their
composition, which is uncharacteristic for cosmic
microspherules. Thus, the presence of Ti-magnetite
spherules can be an indicator of terrestrial impact
ejecta. In the present study, however, we did not
encounter such Ti-rich microspherules.

Magnetic microspherules of industrial origin
are the most difficult to distinguish from the
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cosmic microspherules (e.g. Vuorelainen and
Tornroos 1986; Horng et al. 2009; Marini
and Raukas 2009; Uscinowicz 2009). However,
unlike the cosmic microspherules, the magnetic
microspherules of the industrial origin are usually
characterized by smooth, polished surfaces (no
dendritic structures), and may often have grains
of zircon (and other minerals) welded upon them
(Marini and Raukas 2009; Uscinowicz 2009;
Voldman et al. 2012). The BWD-1 microspherules
possess characteristic dendritic surfaces (Fig. 3a—f),
which are inconsistent with typical industrial origin.
Moreover, bulk concentrations of Zr are very low in
the studied hollow microspherules (1.3-8.7 ppm),
precluding the existence of zircon grains welded
upon the microspherules. All this would not overall
be sufficient to rule out the origin of the studied
hollow microspheruels as industrial, but it is very
important that they were found in high numbers
only inside a thin layer deposited ¢. 12.9 ka BP
(Fig. 2). Therefore, the involvement of modern
technological processes in the generation of the
hollow magnetic microspherules from the BWD-
1 site has been ruled out.

In addition to the processes described above,
some terrestrial magnetite can be produced
both biogenically under anaerobic conditions and
chemically during pedogenic processes involving
carbon-rich soils. However, magnetite grains of
such origin are extremely small (nanometers) and
always display a crystalline shape (Towe and
Moench 1981; Vali et al. 1987; Stolz et al.
1990; Kim et al. 2005; Kopp et al. 2006; Lippert
and Zachos 2007; Schumann et al. 2008). It
is worth noting that a diagenetic origin has
been suggested for magnetic microspherules in
several carbon-bearing sediments and in bitumen
from mid-Ordovician carbonate rocks of North
America (McCabe et al. 1987; McWhinnie et al.
1990; Saffer and McCabe 1992). However, no
evidence in support of such an origin was
provided. Moreover, it may be diagnostic that such
microspherules were found in sediments of the mid-
Ordovician age, strata known worldwide to carry
numerous magnetic microspherules related to a
sharp increase of meteoritic influx (e.g. Schmitz
et al. 2008; Dredge et al. 2010; Cronholm and
Schmitz 2010; Misawa et al. 2010; Lindskog et al.
2012; Voldman et al. 2012). Therefore, the mid-
Ordovician microspherules in North America are
likely connected with the increased meteoritic flux,
and have nothing to do with diagenetic processes.
Rare magnetite microspherules in sediments and
sedimentary rocks may also originate by alteration
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Table 3. Results of the LA-ICP-MS analyses of the magnetic microspherules, and detrital magnetite and ilmenite from the BWD-1
site (normalized to 100%).

MMs#l1 MMs#2 MMs#3 MMs#4 MMs#5 MMs#6
Fe (%) 99.54 99.67 99.60 99.73 99.28 99.54
Ti (ppm) 5.079 196.1 60.56 141.8 324.4 460.0
v 7.871 25.82 42.42 24.25 58.02 48.72
Cr 191.2 167.0 155.6 168.7 360.4 140.3
Mn 1376 1188 1373 571.1 2688 685.1
Co 59.43 40.10 39.30 30.89 123.5 48.13
Ni 255.8 183.4 353.6 147.7 434.6 365.9
Zn 2680 1493 1488 1584 3130 2820
Y 0.321 0.233 0.468 1.308 2.220 0.167
Zr 1.300 2.688 3.984 5.195 8.661 5.049
Nb 0.349 7.206 0.310 7.670 21.87 23.55
La 0.122 3.626 0.650 1.577 1.914 0.102
Ce 0.118 3.976 0.794 0.841 0.927 0.249
Pr 0.046 0.789 83.67 0.155 0.245 0.194
Nd 0.140 3.225 144.9 0.105 0.465 0.578
Sm 0.054 0.244 0.155 0.037 0.120 0.195
Eu 0.048 0.165 0.056 0.028 0.040 0.013
Gd 0.534 0.515 27.02 0.069 1.209 0.180
Tb 0.007 0.025 0.158 0.006 0.044 0.008
Dy 0.017 0.346 6.130 0.052 0.208 0.042
Ho 0.023 0.054 0.024 0.007 0.013 0.006
Er 0.152 0.114 0.090 0.052 0.233 0.013
Tm 0.006 0.098 0.023 0.004 0.029 0.005
Yb 0.132 0.049 0.037 0.138 0.041 0.031
Lu 0.011 0.035 0.004 0.010 0.017 0.005
Hf bdl 0.046 0.374 0.787 0.146 0.314
Ta 0.041 0.199 0.092 0.335 0.303 0.735
w 0.861 4.821 4.641 3.804 3.563 3.630
Th 0.021 0.055 0.419 0.272 0.326 0.070
8] 0.026 0.156 0.219 0.055 0.141 0.007
Ru (ppb) 6.94 474 bdl 53.6 10.2 bdl
Rh 95.6 91.2 79.1 122 835 111.9
Pd 53.6 49.5 28.2 7.80 134 103
Re 4.70 bdl 5.21 2.78 9.82 bdl
Os bdl bdl bdl 1.11 7.67 3.21
Ir 1.89 bdl bdl 1.48 5.05 0.410
Pt 80.6 bdl 22.1 18.2 460 bdl

Mgt-1 Mgt-2 Mgt-3 Mgt-4 Ilm-1 Ilm-2
Fe (%) 73.04 80.63 73.29 81.57 53.54 54.62
Ti 261983 180451 256427 167204 408998 428407
v 1954 3360 3712 2861 1812 3712
Cr 168.6 628.6 809.1 555.8 41.65 80.11
Mn 2499 1682 2737 3937 5357 3257
Co 94.23 1359 276.5 181.8 130.7 126.5
Ni 1.860 8.402 22.78 20.57 37.49 27.81
Zn 2102 640.3 1110 502.9 246.4 209.7
Y 6.281 12.16 10.2 3.757 89.76 102.0
Zr 444.6 168.6 91.26 312.0 30449 18026
Nb 217.2 13.78 254.4 46.28 9483 4544
La 4.772 6.639 3.200 0.332 0.517 0.320
Ce 4.828 17.64 3.456 1.873 0.460 0.300
Pr 1.057 1.758 2.872 0.231 0.032 0.088
Nd 4.028 6.561 7.803 1.351 0.270 0.218
Sm 0.705 1.032 1.09 0.627 0.188 0.270
Eu 0.152 0.348 0.260 0.079 0.048 0.060
Gd 0.793 0.693 0.832 0.614 2.052 1.432
Tb 0.093 0.081 0.268 0.131 0.572 0.684
Dy 0.503 0.400 1.943 0.833 7.193 9.430
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Table 3. Continued

Mgt-1 Mgt-2 Mgt-3 Mgt-4 [lm-1 [Im-2
Ho 0.142 0.164 0.419 0.147 2.522 4.188
Er 0.443 0.512 1.277 0.490 12.73 18.77
Tm 0.091 0.108 0.206 0.051 3.117 2.058
Yb 0.785 1.022 1.672 0.463 34.42 26.72
Lu 0.150 0.166 0.224 0.059 5.874 4.091
Hf 12.19 4.569 7.571 8.577 584.6 657.1
Ta 9.809 0.807 8.756 2.661 385.6 298.0
w 0.509 2.409 13.16 7.782 7.286 10.02
Th 11.51 20.07 15.80 1.274 37.63 57.99
U 1.813 4.435 3.926 0.430 39.72 49.51
Ru 6.52 11.4 bdl 18.7 6.08 7.74
Rh 7.39 6.55 28.3 16.9 3.98 3.30
Pd 29.8 32.1 111 84.6 65.4 213
Re 10.4 0.634 4.43 7.43 4.53 343
Os bdl bdl bdl bdl bdl bdl
Ir bdl bdl bdl bdl bdl bdl
Pt 27.6 bdl 7.00 bdl 22.0 8.00

bdl, below detection limit; Ilm, ilmenite; Mgt, magnetite; MM, magnetic microspherule.

of framboidal pyrite, but such microspherules
display very specific surface structures (Suk et al.
1990; Franzén 2006; Bunch et al. 2012), which
is inconsistent with structure display observed for
the hollow microspherules from the BWD-1 site.
Therefore, both biogenic and diagenetic origins
for the hollow magnetic microspherules from the
BWD-1 site can be ruled out.

At the BWD-1 site, common terrestrial forms
of hollow magnetic microspherules have been
ruled out, but there is no direct evidence for
their cosmic origin either. Certain microspherule
composition characteristics can shed light on their
origin. We plotted concentrations of selected trace
elements against Ni (as an indicative element
for the meteoritic component) and against Ti
(as an indicative element for the terrestrial
component) (Figs 5 and 6). Concentrations
of Ti in the microspherules mainly correlate
positively with concentrations of the elements that
are characteristic of terrestrial Ti-magnetite and
ilmenite, whereas concentrations of Ni correlate
positively with concentrations of the elements —
typical constituents of meteorites (e.g. Anders
and Grevesse 1989). Elevated concentrations of
such “terrestrial” elements as Ta, Nb, and Ti in
some hollow microspherules (Table 3) are likely
due to contamination by tiny detrital Ti-magnetite
grains attached to microspherule surfaces (Fig. 3e).
Elevated concentrations of Mn, and its positive
correlation with Ni could be an intrinsic feature of
the microspherules, putting them in the transition
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from Fe to Fe-Mn chemical type of microspherules
(cf. Gal-Sdélymos and Don 2004).

Another group of the elements, REEs, can be
used to understand the nature of the microspherules.
The REEs are about 300 times more common in
terrestrial materials than in meteorites (e.g. Anders
and Grevesse 1989; Wedepohl 1995; Franzén
and Cropp 2007). The REE composition of the
BWD-1 hollow microspherules is distinct from
either that of detrital magnetite and ilmenite
or of the host sediments (Fig. 4). The light
(L)REE are very mobile, and the abundances
of such elements can be easily compromised by
the post-deposition terrestrial processes whereas
medium REEs (MREESs) and especially heavy REEs
(HREEYs) are much more resistive to post-deposition
terrestrial processes, and their concentrations are
more likely to correspond to the original composi-
tions. Overall, the MREEs and HREEs in the hollow
microspherules studied display mostly chondritic
and subchondritic concentrations, whereas concen-
trations and distributions of the REEs in detrital
magnetites and rounded monocrystals of ilmenite
are distinctly different (Table 3; Fig. 4). One of
the analyzed microspherules (MMs#3) displays a
very complex REE pattern characterized by strong
enrichments in Pr-Nd and Gd-Tb-Dy (Fig. 4). It
is appropriate to suggest that such behavior of
the REEs could be either resultant from strong
contamination by terrestrial material, or due to
the microtektitic origin of the microspherule (cf.
LeCompte et al. 2012; Wittke et al. 2013; Wu
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Fig. 4. CI chondrite-normalized diagram for the magnetic microspherules, detrital magnetite and ilmenite from the BWD-1 site.
Normalizing values are after Anders and Grevesse (1989). The REE composition of the host sediments is given for comparison

(author’s unpublished data).

et al. 2013). However, the rest of the REEs in the
MMs#3 behave consistently with the REEs from
other microspherules. The observed near chondritic
REE abundances in the hollow microspherules
accompanied by only very slight REE fractionation
distinguish them significantly from the analyzed
terrestrial material (cf. Rudraswami et al. 2012).
Among the trace elements, the PGE and Ni
are the most reliable indicators for a cosmic
origin (e.g. Sawlowicz 1993; Palme 2008). Metallic
micrometeorites and solid cosmic microspherules,
which are a part of the constant cosmic influx,
usually contain high concentrations of Ni. However,
hollow magnetic microspherules from elsewhere
either display low concentrations of Ni (up to
several per cents) or are virtually Ni free (Bonté
et al. 1987; Koeberl and Hagen 1989; Bi et al
1993; Marini et al. 2004; Stankowski et al. 2006;
Genge et al. 2008; Guaita and Martegani 2008;
van Ginneken et al. 2010; Rudraswami et al.
2014a, 2014b). However, although high Ni content
indicates extraterrestrial origin, low concentrations
of Ni do not rule out such an origin (e.g. El
Goresey and Fechtig 1967; El Goresey 1968;
Rochette et al. 2009). In the case of Fe oxide-
rich microspherules in general, the PGE (when
present) are not evenly scattered through the Fe-rich
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material, but mainly concentrate in nuggets (~1 um
size; e.g. Rudraswami et al. 2014a, 2014b). In the
case of the BWD-1 microspherules, the absence of
the reliably detectable PGE does not preclude the
presence of the PGE nuggets. Since such nuggets
are extremely small, their relative contribution
to the bulk composition of the microspherules
will probably be almost undetectable. Therefore,
although there is no unequivocal geochemical
evidence of the cosmic origin of the BWD-1
microspherules, their trace element composition
does not contradict to such origin either.
Mineralogically, the hollow magnetic micro-
spherules from the BWD-1 site consist of
multiple single-magnetite crystals attached to each
other whereas studied macroscopically similarly
looking rounded ilmenite grains consist of a
single ilmenite crystal each. The presence of
dendritic textures on surfaces of the hollow
microspherules (and sometime a tear drop-like
shape of the microspherule; Fig. 3c) is consistent
with quenching under rapid cooling of droplets
of molten material (e.g. Sz66r et al. 2001). The
absence of wiistite, a metastable phase typical in
micrometeorites and in microspherules resulting
from experiments simulating high-altitude ablation
(e.g. Blanchard 1972; Brownlee et al 1975),
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Fig. 5. Binary diagrams Ni vs. selected trace elements for the magnetic microspherules from the BWD-1 site. There are visible
correlations between Ni and Fe (negative), Ni and Co (positive), and, to some lesser extent, between Ni and Zn (positive), and between
Ni and Mn (positive). Grey squares are microspherules from the LYDB of Murray Springs (AZ) given for comparison (authors’
unpublished data). The rest of the legend as in Fig. 4.
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Fig. 5. Continued.

precludes the origin of the hollow microspherules
from the BWD-1 site as a part of the background
cosmic dust population, which melts at high
altitudes (mostly above 80 km; Vondrak ez al. 2008).
Instead, the dominance of magnetite is consistent
with formation in an environment with a high partial
pressure of oxygen (see section below “Possible
mechanisms. . .").

Hollow magnetic microspherules from elsewhere

Hollow magnetic microspherules displaying struc-
tures very similar to those observed for the BWD-
1 microspherules are known across the temporal
sequence from modern sediments to as deep in
the past as in the Ordovician (e.g. Iwahashi 1991;
Colombetti et al. 1998; Franzén 2006; Guaita and
Martegani 2008; Dredge et al. 2010; Bunch et al.
2012; Voldman et al. 2012; Tselmovich 2013;
Tselmovich et al. 2013). The microspherules in
some localities are known to be related to meteoritic
events. For example, the magnetic microspherules
in the Morasko Meteorite Nature Resort (Poland)
known to result from the ablation of an iron
meteorite (so-called iron-dust shower; Stankowski
et al. 2006) include some that are very similar to
the BWD-1 microspherules by their hollow shapes,
dendritic surfaces, absence or low concentration of
Ni in Fe oxides, and presence of magnetite lacking
wiistite. Microspherules very similar to the BWD-
1 hollow microspherules in appearance (dendritic
surfaces) and composition (Ni-free magnetite) are
reported from near the Kamil meteorite crater in
Egypt (Bignami et al. 2014). Hollow (although Ni-
bearing) magnetic microspherules resulting from
ablation of the Sikhote Alin (Russia) iron meteorite,
are reported by Badyukov and Raitala (2012).
Study of the ablation products of the Chelyabinsk
(Russia) stony meteorite showed the presence of
hollow microspherules very similar in appearance
to those considered in the present work (Tselmovich
2013; Tselmovich et al. 2013). Therefore, at least
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some hollow magnetic microspherules (both Ni-
poor/free and Ni-bearing) can be meteorite ablation
byproducts. Some microspherules resulted from
the increased meteorite flux in the mid-Ordovician
(c. 470 Ma) display surface structures which are
very similar to those observed for the BWD-1
microspherules (e.g. Szoor et al. 2001; Marini
et al. 2004; Stankowski et al. 2006; Guaita and
Martegani 2008; Schmitz et al. 2008; Dredge et al.
2010; Badyukov and Raitala 2012; Voldman et al.
2012). Because of the close similarity in chemical,
structural, and mineralogical characteristics of the
BWD-1 hollow microspherules to those directly
related to known meteorite-related events, the
cosmic origin (meteorite ablation) seems to be a
credible hypothesis for the formation of the BWD-
1 hollow magnetic microspherules.

Possible mechanisms for hollow magnetic
microspherule formation

Few pulse-heating experiments have been con-
ducted in order to explain atmospheric entry
phenomenon (Blanchard 1972; Blanchard and
Cunningham 1974; Del Monte et al. 1974a, 1974b,
1976; Blanchard and Davis 1978; Fraundorf et al.
1982; Sandford and Bradley 1989; Greshake et al.
1998; Toppani et al. 2001; Guaita and Martegani
2008). Some of these experiments resulted in
generation of magnetic microspherules (Blanchard
1972; Del Monte et al. 1974a,b, 1976; Blanchard
and Davis 1978; Guaita and Martegani 2008).
Based on such experiments and on theoretical
constraints, we suggest two main models to explain
the features displayed by the hollow microspherules
from the BWD-1 site.

The first model is based on the experiments
simulating the incineration of a meteorite during
passage through the Earth’s atmosphere. During
melting and fast cooling of Fe and Fe-Ni
particles in the air flow at varying air pressure,
magnetic microspherules of different structural
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types were produced (Del Monte et al. 1974a,
1974b, 1976). Many of the experiment-generated
magnetic microspherules were hollow. It was
determined that the presence/absence of a cavity
inside the microspherule strongly depended on
partial pressure of O, in the melt/cool atmosphere
stage. A number of the hollow microspherules
produced increased with the increase in air pressure.
Small numbers of the hollow microspherules
initiated at air pressure starting from as low as
30 hPa (corresponds to the altitude of 21.5 km).
The number of hollow spherules and size of the
cavity increase as the O, partial pressure is rising,
reaching 90% of the total number of the produced
microspherules at air pressures >470 hPa (~6
km). Since the solubility of O, in molten Fe is
elevated at high temperature (Ohtani and Ringwood
1984), molten iron-rich particles absorb the oxygen
molecules they encounter, and quickly oxidize all
Fe-rich particles. However, when particles cool,
solubility of O, decreases and the excess oxygen
releases from the liquid in the form of bubbles
that move toward the center of the spherule and
form cavities. Sometimes, oxygen escapes from the
spherules before complete crystallization leaving
behind an opening.

The experiments of Blanchard (1972), and
Blanchard and Davis (1978) simulated meteor
passage and ablation at an altitude of ~70
km (air pressure <1 hPa). During melting of
metallurgical iron (99% Fe) and Ni-Fe (10% Ni)
alloys, more than 90% of the resultant ablation
debris are microspherules of 50—-100 um size.
The most abundant resultant spherules contain a
Ni-rich core surrounded by an iron oxide shell.
No hollow spherules were produced during these
ablation experiments as high-altitude conditions
were simulated, where the partial pressure of
oxygen is too low to form hollow microspherules
(see Del Monte et al. 1974a, 1974b, 1976).
Experiments at both low and high atmospheric
pressures showed that magnetic microspherules
(not necessarily hollow) easily result from ablation
of Fe and Ni-Fe material.

High-temperature heating experiments (up to
1600°C) by Guaita and Martegani (2008) simulated
atmospheric entry of stone (ordinary chondrite)
and iron (Fe plus 7% Ni) meteorites. The authors
showed that the magnetic microspherules can be
generated from both material types. In stony
meteorites, microspherules showed composition
and structures similar to those known for the
hollow magnetic microspherules of the I-type (e.g.
Franzén and Cropp 2007). In the case of iron
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meteorites, both Fe-rich and Fe with traces of
Ni microspherules morphologically similar to the
microspherules of the I-type were produced.

The second suggested model is based on
theoretical constraints. Brownlee et al. (1984)
on the basis of studying various microspherules
suggest that Si-rich cosmic material, which melts
during atmospheric entry and passage, forms
combined spheroids of molten silicate and metal.
These two fractions are separated by forces of
inertia and form individual metal and silicate
spheres. Silicate spheres are beyond the scope of
the present study. Metal spheres then differentiate
to Fe oxide shells and Ni- and PGE-rich cores (cf.
Blanchard 1972; Blanchard and Davis 1978). At
the end of complete oxidation, the Ni-rich core
eventually leaves the spherule, and finally a small
PGE nugget forms. Toppani et al. (2001) studied
theoretical constraints on the origin of the hollow
magnetite microspherules during the pulse-heating
experiments simulating the atmospheric entry of
micrometeorites and suggested that the most
plausible mechanism is a peripheral partial melting
during the ablation with subsequent magnetite
crystallization.

The third mechanism is proposed by Marini
et al. (2004) who suggested that in the case of
an asteroid (meteorite) fall, the energy released
by the impact (airburst) is sufficient not only
for melting the material of the falling body but
also for its evaporation. Metal vapors could have
been raised by the explosion to a height up
to tens of kilometers, where their crystallization
took place (Grachev et al. 2008). Because of
the difference in evaporation temperatures (boiling
point for Fe is 2750°C, and for Ni is 2732°C,
both of which are much lower than boiling points
for the PGE), the growth from the vapor phase
gives an explanation for the lack of Ni and
especially the PGE in the magnetic microspherules
of the studied type (cf. Marini et al. 2004;
Wittke et al. 2013). All particles resulting from
the impact/airburst bear clear indications of their
origin from liquids, and they all bear imprints
of similar conditions of surficial cooling. During
the surface impact, the molten particles interact
with atmospheric O, at high pressure that favors
generation of hollow spherules as shown by Del
Monte et al. (1974a, 1974b, 1976). However, during
impact, the mixing of the impactor and target
materials takes place. Therefore, the impact-related
microspherules would carry mixed terrestrial/ET
geochemical signatures, which is not a case for the
microspherules studied.
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Combining these models with chemical and
mineralogical features of the microspherules
studied, we suggest that the hollow magnetic
microspherules from the BWD-1 site are plausibly
a result of the ablation of a meteorite(s) during
its passage through the Earth’s atmosphere at
altitudes below 25 km, including the possibility
of surface impact. However, until direct evidence
of the presence of the meteoritic component
in the LYDB sediments is found (e.g. elevated
concentrations of the PGE, the presence of the
PGE-rich microspherules and magnetite spherules
containing wiistite), there is no unequivocal support
for the cosmic origin of the hollow magnetic
microspherules from the BWD-1 site.

The presence of a high number of the
hollow magnetic microspherules can be used
for identification of the LYDB. Although some
scientists failed to find any microspherules at all
along the LYDB in the BWD-1 site (Surovell
et al. 2009), others reported strongly elevated
concentrations of the magnetic microspherules here
(Firestone et al. 2007, LeCompte et al. 2012).
Our observations confirm those made by Firestone
et al. (2007) and LeCompte et al. (2012). In spite
of the failure to find microspherules along the
LYDB, Surovell et al. (2009) reported a number
of magnetic microspherules in sediments located
above the LYDB (not as a discrete microspherule-
rich layer though). Such a distribution of the
microspherules can be explained by redeposition in
younger sediments of the microspherules delivered
from along the LYDB. It is appropriate to suggest
that Surovell et al. (2009) just failed to sample
the microspherule-rich layer because it is visually
featureless in the BWD-1 site and is very difficult
to identify in the field. Overall, in order to use the
magnetic microspherules as a stratigraphic marker,
it would be necessary to conduct thorough sampling
of the sediments in the region of the suggested
LYDB location.

Conclusions

Strongly elevated concentrations of the magnetic
microspherules in a thin sandy layer corresponding
to the LYDB are revealed for the BWD-1
sedimentary sequence. Sharp increase of the
number of microspherules in sediments located
along the LYDB is in agreement with observations
made by Firestone et al. (2007, 2010) and
LeCompte et al. (2012). Because overall close
chemical, mineralogical, and structural similarity
of the BWD-1 hollow microspherules to those
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directly related to known meteorite occurrences
and/or meteoritic events, the cosmic origin of the
former seems to be a credible hypothesis. If we
accept such origin of the BWD-1 microspherules,
then ablation of iron or stony meteorites during their
passage through the Earth’s atmosphere seems to be
the most plausible mechanism for their formation.
However, the exact mechanism of the formation
of the magnetic microspherules is not completely
clear. In addition to the formation during ablation
of the meteoritic body in the Earth’s atmosphere
(as in the case of the microspherules studied), they
could be produced during the airburst of such a
body, or could result from the impact of the ET
body. When meteorite influx increases, it results,
in particular, in elevated concentration of the
hollow magnetic microspherules in discrete layers
of terrestrial sediments. The elevated concentration
of microspherules of the BWD-1 type is a
known phenomenon for multiple LYDB locales
across North America (e.g. Firestone et al. 2007;
LeCompte ef al. 2012; Pigati et al. 2012; Wittke
et al. 2013). The presence of the high number of
such microspherules in the sediments can serve
as a local stratigraphic marker in identification
of the LYDB there where dark variety of the
black mat is absent. If one applies methods of
microstratigraphy to paleosols of the suggested
(LYDB) age, the strongly elevated concentrations
of magnetic microspherules would mark precisely
the time of around 12.9 ka BP. The data from
the present study along with observations made
on sediments around the LYDB elsewhere suggest
that some unusual event took place just before the
onset of the YD climate oscillation. However, an
understanding of what happened at c. 12.9 ka BP
and how it is related (if at all) to the onset of the
YD climate oscillation requires further search.
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