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Main mass of a cosmic matter fallen on the Earth is composed of particles of sub-millimeter sizes. 

The flux of the matter to the Earth is around 30 000 t/a [1]. The accreted material consists mostly of 
interplanetary dust particles that interact with the atmosphere and reach the Earth surface as microme-
teorites (MMs). The MM accretion rate has been estimated to lie in a range from 2700 to 14000 t/a [2] 
and it overwhelms the meteorite flux which is approximately ~50 t/a [3]. It has been established that 
MMs are related to mostly carbonaceous chondrites [4]. It has been proposed that MMs might origi-
nate from comet nuclei [5]. On the other hand, asteroids have been considered as the main source of 
MMs [4]. 

Entering into the Earth atmosphere at velocities above 11.2km/s micrometeoroids interact with it in 
different ways. Some micrometeoroids are heated to low temperatures no more ~ 100ºС (unmelted 
MMs, UMMs), the others are converted to scoriae at temperatures of around 800ºС (scoriaceous MMs, 
SMMs) whereas the rest are totally melted (melted MMs or cosmic spherules - CS). Contents of CSs 
are from 30 % to 70 % in unbiased MM collections gathered at different sites and settings [2, 6, 7]. It 
should be noted that the observed low contents of CSs contradicts with results of numerical simulation 
of micrometeoroids interactions with the Earth atmosphere [4]. 

CSs are sub-divided into several groups according to their textures and c0hemistry. Barred olivine 
(BO) CSs (fig. 1a) are dominated among other groups and composed of clusters of parallel olivine 
crystals in glassy matrices with minor minerals like oxides and pyroxenes. It has been suggested [4] 
that they have been totally fused during atmospheric entry and lost by selective vaporization some 
fractions of volatile elements to Si. However, spindle-like spherules (fig. 1b) stand out among BO 
spherules. They sometimes contain separates of metal or ferrihydrite (fig. 1c). Also, some spherules 
have elevated contents of extraterrestrial water [5] and Na and K. Hence, we can propose that perhaps 
the spherules were delivered to the Earth like UMMs and have been melted during impact processes 
on their parent body. 
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Fig.1. Scanning electron microscope imaged of BO spherules (SE). а- typical BO spherule; b – spindle-
like Cs with a pit at the upper side; в – spindle-like CSs with a ferrihydrite sphere at the right side. 
 
Here we report preliminary results of a TEM study of internal textures and phases of two CSs from 

the Novaya Zemlya MM collection for the purpose to recover the crystallization history.  
Methods. For the study we used CS NZ8-bn4-25.7 that is a typical BO cosmic spherule and spin-

dle-like CS NZ8-bn4-25.9. TEM foils were prepared from peripheral and central parts of the spheres 
using a focused ion gallium beam technique. The ~ 100 nm thick foils have the approximate dimen-
sions 15 μm wide and 5 μm high. The foils were studied using a TEM equipped with an EDX HAADF 
detector. 

Results and discussion. CS is composed of rounded elongated crystals of olivine Fa20 of < 2 μm in 
size and euhedral Mg-Al-Si – containing magnetite crystals of < 0.5 μm in size that are embedded in a 
glassy matrix (fig. 2а). Matrix glass has 60 wt.% SiO2, 12 % Al2O3, 11.5 % FeO, 3 % MgO и 13.5 
%CaO with some Na2O. Olivine was a first crystallized phase according to magnetite-olivine textural 
relationships. Basically, the texture of the CS is characterized by clusters of parallel olivine crystals 
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oriented along [101] zone. Cluster sizes range from microns to tens microns; there is not correlation 
between crystallographic orientations of olivine crystals in adjacent clusters. The texture is distinguish 
from typical textures of BO chondrules in chondrite meteorites, the last is characterized by an olivine 
mantle and one or maximal a few dendrite olivine crystals developing from the mantle. Based on the 
observation we propose that crystallization of this sphere was homogeneous with formation of den-
drite olivine crystals from crystallization nucleus. Terrestrial alteration is expressed as dissolution of 
olivine crystals at the very margin of the spherule.  
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Fig.2. TEM images of a foil from a central part of CS NZ8-bn4-25.7 (а – bright field image, Ol – olivine, 
Mt - magnetite; b – film overview, HAADF detector) 
 
CS NZ8-bn4-25.9 is composed of euhedral olivine crystals embedded in a glassy matrix. The glass 

has 45-60 wt.% SiO2, 3.5-8 % Al2O3, 5-10% FeO, 27-31 % MgO, 5-6 % CaO. Simplectite chromite 
aggregates are present at contacts between olivine and glass. The glass has pores with diameters of 
tens nanometers (fig. 3a). Faces of olivine crystals have scalloped outlines that suggest a pore presence 
in the melt during growing of the crystals. The olivine crystals have strict orientation (fig. 3b) along 
plane (010).We suppose homogeneous olivine crystallization from overcooling melt.  
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Fig.3. TEM images of a foil from a central part of CS NZ8-bn4-25.9, HAADF detector 

 
Crystallization centers of olivine should be located parallel that might be due to molecular struc-

tural ordering in the overcooled melt. 
Textures and mineralogy of the spherules show that they were totally melted that can be caused by 

the entering into the atmosphere. We modeled entering of 0.5 – 0.05 mm particles by velocities from 
12 km/s to 30 km/s and different zenith angles. Maximal temperatures reach at 30 km/s velocity and 
are ~ 1800о С (fig. 4а) that leads to total vaporization of particles by angles less than 50о relative to a 
perpendicular direction to the Earth surface. Particles together with the heating experienced strong de-
celeration. The maximal apparent acceleration is around – 3000 g. The acceleration reaches hundreds 
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of g by particle temperatures higher melting temperatures (fig. 4b) that has to lead to efficient separa-
tion of phases of different densities. However, the porosity of glass in CS  
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Fig.4. а – peak temperatures of particles of different radii for different entering velocities by entering an-
gle of 60о relative to a perpendicular to the Earth surface and latent heats of evaporation to be 2*107 kJ/kg 
(solid lines) and 5.7*107 (dashed lines); б – apparent accelerations and temperatures for a particle of 0.5 
mm in radius by the entering angle of 75о (solid lines) and 45о (dashed lines) calculated for the different 
initial velocities 
 
NZ8-bn4-25.9 indicates that by crystallization the apparent acceleration has been very low if pre-

sent. Hence, it can be speculated that a heat source for its melting was different from deceleration in 
the atmosphere and, as an example, can be due to an impact event by a collision of its precursor in 
space. 
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Fig.5. TEM images of foil from peripheral part of CS NZ8-bn4-25.9. HAADF detector. а. 1 – olivine, 2 – 
KCl, 3 – (K,Na)Cl, 4 – carbonaceous matter; b. 1 – chromite, 2 – KCl 
 
Further, the spherule can be delivered to the Earth as other UMMs. Also, the spherule has very 

strange inclusions of KCl and NaCl with some Si, C, and O (fig 5, a,b) at the spherule periphery. We 
consider a contamination by sample preparation as very unlikely. Perhaps, the inclusions were formed 
either i) by a biological activity during terrestrial alteration or ii) by a capture of aerosol particles in 
the atmosphere or iii) by their formation in an impact plume. 
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