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INTRODUCTION

Investigations of cosmic dust in sedimentary rocks
were inspired by the results of the H.M.S. 

 

Challenger

 

cruise, during which traces of cosmic matter were dis-
covered for the first time in red deep-sea clays [Murray
and Renard, 1891]. Samples of ferromanganese nod-
ules and magnetic microspherules up to 100 

 

µ

 

m in
diameter, which were later called cosmic spherules,
were uplifted from a depth of 4300 m during the dredg-
ing at two stations in the southern Pacific. However, the
iron microspherules gathered by 

 

Challenger

 

 were
studied only in recent years. It was found out that
internal parts of the spherules consist of metallic iron
(90%) and nickel (10%), whereas their surfaces are
covered by thin crusts of iron oxide [Jedwab,
http://www.ub.ac.be/sciences/cosmicdust.pdf].

In fact, the study of cosmic matter was initiated by
the discovery of cosmic spherules in deep-sea clays.
However, this problem excited great interest of
researchers only after first launches of cosmic vehicles
that could sample lunar ground and dust particles in
various regions of the solar system. Studies of the Tun-
guska catastrophe traces and meteoritic dust sampled in
the place of the fall of the Sikhote-Alin’ meteorite also
played an important role [Florensky, 1963; Florensky
et al., 1968; Ivanov and Florensky, 1970; Krinov,
1971].

Interest in metallic microspherules displayed by a
wide range of researchers has led to the discovery of the
microspherules in sedimentary rocks of different ages
and origins. For example, metallic microspherules have

been found in ices of Antarctic and Greenland [Mau-
rette et al., 1986; Yada et al., 2004], deep-sea oceanic
sediments and manganese nodules [Hunter and Parkin,
1960; Finkelman, 1970; Parkin et al., 1980; Brownlee
et al., 1984; Brownlee, 1985], and sands of deserts
and beaches [Marvin and Einaudi, 1967]. Thousands
of Fe–Ni alloy spherules from Pleistocene deposits of
Alberta (Canada) [Bi et al., 1993] and magnetite micro-
spherules from Holocene fluvioglacial deposits of the
Carpathians [Szoor et al., 2001] have been studied.
Metallic particles and microspherules are often met in
and near meteoritic craters [El Coresy, 1966; Florensky
et al., 1968; Sobotovich et al., 1978; Raukas, 2000;
Stankowski et al., 2006].

Metallic microspherules of extraterrestrial origin
are known in sedimentary rocks of various ages: Lower
and Upper Cambrian [Raukas, 2000; Korchagin et al.,
2007], Ordovician [Schmitz et al., 1996], and Permian,
Triassic, and Jurassic [Miono et al., 1993; Chapman
and Lauretta, 2004]. Higher concentrations of metallic
microspherules of extraterrestrial origin are noted near
the Permian–Triassic and Triassic–Jurassic boundaries
[Miono et al., 1993] and near the Cretaceous–Paleo-
gene boundary [Smit and Romein, 1985; Ebihara and
Miura, 1996].

Data on microspherules and particles from ancient
deposits provide insights into volumes of cosmic matter
coming to the Earth, the pattern (uniform or nonuni-
form) of this influx, variations in the composition of
cosmic particles arriving at the Earth, primary sources
of this substance, and the influence of these processes
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on the evolution of life on the Earth. Many of these
problems are still far from being solved; however, the
accumulation of data and their comprehensive study are
undoubtedly favorable for the solution of these prob-
lems.

Thus, it is known that the total mass of dust circulat-
ing inside the Earth’s orbit is about 

 

10

 

15

 

 t and, accord-
ing to various estimates, 4000 to 10000 t of the cosmic
substance falls annually onto the Earth’s surface
[Sobotovich, 1976; Karner et al., 2003; Yada et al.,
2004]; particles 50–400 

 

µ

 

m in size account for 95% of
this substance [Kurat et al., 1994]. As for time varia-
tions in the rate of the influx of cosmic substance to the
Earth, this question has remained controversial as yet,
notwithstanding a great number of investigations car-
ried out during the past decade.

There is the opinion that the influx rate of cosmic
dust with the planetary ratio of helium isotopes 

 

3

 

He/

 

4

 

He
(10

 

–4

 

)

 

 varies weakly with time [Karner et al., 2003;
Winckler and Fisher, 2006]; however, directly opposite
data are also available [Farley, 1995; Schmitz et al.,
1996]. Note that all known estimates are obtained for
different time intervals (from hundreds of thousands to
tens of millions of years), and the rate is known to
depend strongly on the interval of averaging. This is
indirectly indicated also by data on variations in the
ratio of helium isotopes 

 

3

 

He/

 

4

 

He

 

 at the Cretaceous–
Paleogene boundary in the Gams section [Grachev
et al., 2007].

The study of present-day cosmic dust is based on
investigations of deep-sea deposits and the glacial
cover in Greenland and Antarctic and samples taken
from the stratosphere [Brownlee, 1985]. According to
present based on particle sizes, cosmic dust is subdi-
vided into interplanetary cosmic dust proper (IDPs)
with particle sizes smaller than 30 

 

µ

 

m and micromete-
orites with particle sizes larger than 50 

 

µ

 

m [Genge
et al., 1997]. Krinov [1971] proposed that the finest
molten surface fragments of a meteoric body be called
micrometeorites. Such a classification is naturally
rather arbitrary and, as demonstrated below, in the
Gams section we found molten fragments of pure iron
a few microns in size; we propose them to be called
nanometeorites rather than micrometeorites. Moreover,
meteoritic dust, meteoritic iron, and impactites are also
distinguished at present [Raukas, 2000]. No rigorous
criteria for the discrimination between cosmic dust and
meteoritic particles have been developed as yet, and
even the example of the Gams section we studied shows
that metallic particles and microspherules differ in
shape and composition more significantly than is pro-
vided for by the existing classifications. Thus, the vir-
tually perfect spherical shape, metallic luster, and mag-
netic properties of particles were regarded as evidence
for their cosmic origin. According to Sobotovich [1976,
p. 107], “the presence of molten spherules, including
magnetic ones, is the only morphological criterion for
distinguishing the cosmic origin of material studied.” A

surface texture of microspherules is also regarded as
evidence indicating that they belong to the category of
meteoritic dust. However, apart from shapes that are
very diverse, the substance composition is of funda-
mental importance as is shown below [Grachev et al.,
2006]. Studies of metallic microspherules (spherules)
showed that, along with microspherules of cosmic ori-
gin, there is a great amount of spherules of other gene-
ses, such as volcanic activity, vital activity of bacteria,
or metamorphism. It is known that Fe microspherules
of volcanic origin rarely have a perfect spherical shape
and are distinguished by a higher concentration of Ti
admixture (more than 10%).

The origin of cosmic dust is still the subject of dis-
cussion. According to Sobotovich [1976], cosmic dust
can represent remains of the primordial protoplanetary
cloud. This suggestion was disputed by Levin and
Simonenko [1973], who believed that the primordial
finely dispersed substance has not been preserved.

According to an alternative explanation, the forma-
tion of cosmic dust is associated with destruction of
asteroids and comets. Sobotovich [1976] notes that, if
the amount of cosmic dust supplied to the Earth does
not change with time (for example, throughout the
Phanerozoic), Levin and Simonenko [1973] are right.

Notwithstanding a great volume of research, this
fundamental question cannot be answered at present
because quantitative estimates are few and their accu-
racy raises doubts. Data of IDP isotope studies using
particles gathered in the stratosphere in the framework
of the NASA program suggest the existence of particles
of presolar origin [Messenger et al., 2003]. Moreover,
it was found that the same dust contains such minerals
as corundum, moissanite, and diamond, whose origin
can be referred to the time before the solar system for-
mation according to data of the carbon and nitrogen iso-
topy [Stadermann et al., 2006].

We should note that a similar mineral assemblage
(diamond, moissanite, and corundum) was discovered
in the boundary layer at the K/T boundary in the Gams
section [Grachev et al., 2005, 2006]. The above brief
review clearly indicates that the study of cosmic dust in
a geological section is very important. This paper pre-
sents the first results of the study of the cosmic sub-
stance in the transitional clay layer at the Cretaceous–
Paleogene boundary in the Gams section, Eastern Alps
[Grachev et al., 2005].

DATA AND GENERAL CHARACTERISTICS
OF THE GAMS SECTION

This paper is based on data obtained from several
sections of Cretaceous–Paleogene transition layers
located near Gams village in Stiria, where the Gams
River exposes the K/T boundary in several places. The
general geological position of the section in the Gams
area (Knappengraben) was previously described by
Kollmann [1964] and Lahodynsky [1988], who estab-
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lished that this section belongs to the Niernthal forma-
tion (chron 29R). The section part below the K/T tran-
sition layer is represented by alternating calcareous
marl and marly limestone, while the overlying part is
dominated by clays with different concentrations of
calcium carbonate and isolated beds of a sand–siltstone
composition [Grachev et al., 2005].

A monolith was cut from the outcrop of the section
Gams 1, where the K/T boundary is very well expressed
(Fig. 1). The monolith is 46 cm high, 30 cm wide in its
lower part, 22 cm wide in its upper part, and 4 cm thick.
For a general study of the section, the monolith was
divided (from bottom to top) into 2-cm layers 

 

Ä

 

, 

 

B

 

,

 

C

 

 … 

 

W

 

, and each layer was marked at 2-cm intervals
(1, 2, 3, etc.). The K/T transition layer 

 

J

 

 was studied in
greater detail: six sublayers (units), each about 3 mm
thick, were distinguished here (see [Grachev et al.,
2005] for more details). As was previously shown, the
K/T transition layer of clay contains Fe, Au, and Cu
particles. Crystals of Ni-spinel were also found at the
base of the layer and in its upper part [Grachev et al.,
2007].

The lower four sublayers belong to the 

 

Hedbergella
holmdelensis

 

 zone (including the “barren interval”), the
upper two sublayers belong to the 

 

Globoconusa daub-
jergensis

 

 zone (small morphotype), and overlying silt-
stones belong to the 

 

Subbotina fringa

 

 (lower part) and

 

Parasubbotina pseudobulloides

 

 (upper part) zones. It
was also shown that the transitional clay layer is
enriched in Ir, As, Pb, Zn, and Cr [Grachev et al., 2005].
However, we should emphasize that the highest Ir con-
centrations are confined to the lower and middle parts
of the transitional layer, the concentration of this ele-
ment in its upper part being small.

Results of investigations of the section Gams 1 are
in many aspects similar to those obtained for the Gams
2 section (Fig. 2). Here, we present data obtained for
both sections.

PREPARATION OF SAMPLES 
FOR ANALYSIS AND METHODS OF STUDY

The complex of studies included the following pro-
cedures: examination of thin sections and monomineral
fractions; “wet” chemistry; X-ray fluorescence, neutron
activation, and X-ray structural analyses; helium, car-
bon, and oxygen isotope analysis; microprobe determi-
nation of mineral compositions; and magnetomineral-
ogical analysis.

To extract the heavy fraction of minerals, a sample
10–15 g in weight was crushed in a porcelain mortar
and screened through a 0.25-mm sieve. The heavy frac-
tion of minerals was separated from the carbonate-clay
mass with the use of a heavy liquid (the bromoform

 

CHBr

 

3

 

 of a density of 2.89 g/cm

 

3

 

). The heavy and light
fractions were washed by alcohol and separated from
the magnetic fraction by a simple magnet. The heavy
fraction of minerals was separated with an electromag-

2

 

netic separator into nonelectromagnetic, weakly elec-
tromagnetic, and electromagnetic fractions, which
were glued under binoculars to glass slides with a
depression.

Compositions and microstructures of magnetic min-
erals of rocks were determined with a Camebax elec-
tron microprobe and, selectively, with a Tescan Vega
scanning electron microscope (SEM). Samples were
usually mounted in a washer 26 mm in diameter with
the use of Wood alloy and carefully ground and pol-
ished by diamond pastes, after which they were sprayed
with a carbon film. The samples were analyzed with an
accelerating voltage of 20 kV and a beam current of
10 nA. Elements determined by the characteristic
X-radiation ranged from sodium to uranium. The effec-
tive diameter of the probe was about 1–2 

 

µ

 

m, which
was regularly checked with minor phases. Extracted
metallic microspherules and particles were cleaned
with ultrasound and etched with acids (HCl) in order to
remove an oxide film from the surface. Quantitative
microanalysis of ore phases was performed, and the

 

TiO

 

2

 

, FeO, MgO, MnO, 

 

Cr

 

2

 

O

 

3

 

,

 

 and 

 

Al

 

2

 

O

 

3

 

 concentra-
tions were measured. This was preceded by qualitative
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Fig. 1.

 

 General view of the monolith from the Gams section
prepared for sampling. The Cretaceous–Paleogene transi-
tion layer is denoted as 

 

J

 

.
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analysis for revealing the presence of all elements
(from sodium to uranium). The Puma software was
used for calculations. Inhomogeneities in selected
zones of distributions of the elements were examined
using both linear and areal scanning. The minerals (or
selected zones) were photographed both with a SEM
and in characteristic X rays of Ti, Fe, Mg, Mn, Cr, Al,
Si, and Ca.

Nickel and iron particles detected with the Camebax
microprobe were additionally examined by A.N.
Nekrasov with the Tescan Vega microprobe at the RAS
Institute of Experimental Mineralogy, Russian Acad-
emy of Sciences. The Tescan Vega microprobe
equipped with an energy-dispersion spectrometer mea-
sured the carbon content, which allowed us to confirm
independently the presence of diamond grains detected
by their intense blue luminescence under the Camebax
electron probe.

Some grains of the studied minerals were prepared
with the use of a specially developed procedure that
ensured ultrafine polishing of an object with a removed
layer thickness of no more than 5 

 

µ

 

m over the entire
process. Removal of a layer 5–10 

 

µ

 

m thick from iron
spherules opened pores 10–20 

 

µ

 

m in diameter. The pol-
ishing uncovered even hollow metallic cosmic spher-
ules with a wall thickness of 0.5–2 

 

µ

 

m. For this pur-
pose, grains extracted with a powerful hand-operated
Nb-B-Fe magnet were placed on a smooth (polished)
plastic surface and were poured with epoxy resin. A
plastic ensuring its minimum adhesion to epoxy resin
was chosen. This allowed us to easily separate a sample
with the particles under study after solidification of
epoxy resin. Before pouring, epoxy resin was degassed
in vacuum in order to decrease the amount of bubbles
in it. The sample was polished with the ASM 2/1, 1/0,

and 0,5/0 diamond pastes and a suspension of ultradis-
persed diamonds on Montasupal polishing machines on
a substrate of fine cloth and felt. Nonmagnetic grains
(diamonds, moissanite, corundum, etc.), after their
extraction from a sedimentary rock with a heavy liquid,
were mounted on plastic with the help of a needle and
were subjected to ultrafine polishing.

Thermomagnetic analysis of samples from the 

 

J

 

layer was performed with a magnetic balance designed
by Burov, Yasonov, and Vinogradov. Pieces of about 10
mm

 

3

 

 in volume were used for the thermomagnetic anal-
ysis, and magnetic minerals for the microprobe analysis
were extracted from 100–200 mm

 

3

 

 of the substance.
The thermomagnetic analysis was first applied to a
series of samples from laterally different parts of the 

 

J

 

layer. Then one of the 

 

J

 

 layer samples was divided into
six small sublayers, and magnetic minerals for electron
probe examination were extracted from each sublayer
by a powerful permanent magnet. The extracted parti-
cles varied in size from fractions of micron to tens of
microns.

RESULTS OF INVESTIGATIONS

A great diversity of metallic particles and micro-
spherules of cosmic origin have been found in the
Gams section in the transitional clay layer between the
Cretaceous and Paleogene, as well as at two levels in
the overlying Paleocene deposits. Particles and micro-
spherules discovered in this section are considerably
more diverse in shape, surface texture, and chemical
composition than those detected previously in the Cre-
taceous–Paleogene transition layers in other regions of
the world.

 

Fig. 2.

 

 Cretaceous–Paleogene boundary in the outcrop Gams 2.
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In the Gams section, the cosmic substance is pre-
sented by finely dispersed particles of various shapes
among which magnetic microspherules 0.7 to 100 

 

µ

 

m
in size containing 98% of pure iron are most abundant
[Grachev et al., 2006]. Large amounts of such particles
in the shape of spheres or microspherules are found in
the 

 

J

 

 layer and overlying Paleocene clays (in the 

 

ä

 

 and

 

å

 

 layers).

The following types of metallic microspherules
have been discovered: microspherules consisting of
pure iron, magnetite, or wüstite; microspherules of iron
with a chromium admixture; and microspherules of
pure nickel. Particles of other shapes consisting of

iron–nickel alloy (awaruite) or pure nickel have also
been found. Some Fe–Ni particles contain a Mo admix-
ture. Particles of Fe-Ni alloy and pure nickel in the Cre-
taceous–Paleogene transition clay layer were discov-
ered for the first time.

New results of this study are findings of particles
with a high concentration of nickel and a significant
amount of molybdenum, microspherules with a Cr
admixture, and spiral-shaped iron. The fact that parti-
cles differing in shape and composition are confined to
different parts of the transitional clay layer is also note-
worthy. In addition to metallic microspherules and par-
ticles, the Gams transitional layer of clay contains Ni-

 

Table 1. 

 

 Chemical composition (wt %) of the cosmic substance in the transitional clay layer at the Cretaceous–Paleogene
boundary in the Gams section according to the data of microprobe analysis

Element 1 2 3 4 5 6 7 8 9

Fe 18.40 12.24 15.31 15.47 15.17 15.05 19.07 15.94 16.23

Ni 76.31 85.27 78.44 77.37 80.43 84.95 80.24 83.23 82.91

Mn 0.66 – 0.79 0.81 0.89 – 0.89 0.83 0.86

S 4.62 2.49 5.46 6.35 3.51 – – – –

Element 10 11 12 13 14 15 16 17 18

Fe 15.31 15.47 14.70 14.18 14.94 33.74 15.78 15.38 93.83

Ni 78.44 77.37 78.28 79.32 78.77 51.56 83.23 83.60 3.95

Mn 0.79 0.81 0.97 0.70 0.91 0.80 0.99 1.02 2.20

Cr – – – – – 2.80 – – –

Mg – – – – – 7.92 – – –

Mo 5.46 6.35 6.05 5.80 5.38 3.18 – – –

Element 19 20 21 22 23 24 25 26 27

Fe 16.70 14.09 14.29 13.91 14.21 15.26 14.81 14.65 81.12

Ni 80.90 79.72 79.70 79.92 81.99 79.14 81.39 80.10 10.61

Mn 1.02 0.87 1.12 0.90 0.70 0.73 0.77 – 2.00

Mo 1.38 5.32 4.89 5.27 3.09 4.86 3.03 5.25 –

Element 28 29 30 31 32 33 34 35 36

Fe 16.67 14.96 15.39 97.72 71.79 78.04 15.54 76.87 72.98

Ni 81.16 79.24 80.06 2.28 3.75 17.61 80.36 – 2.19

Mn 0.81 0.98 0.77 – – – 0.65 – –

Mg 1.37 – – – 20.42 2.83 – 20.67 –

Cr – – – – 2.04 – – 1.42 24.84

Mo – 4.82 3.77 – – – 3.45 – –

Element 37 38 39 40 41 42 43

Fe 83.60 79.75 82.33 67.88 3.83 99.19 99.25

Ni 2.19 8.15 2.68 17.04 96.17 – –

Mn – – 1.01 – – 0.81 0.75

Cr 15.26 12.11 12.39 15.09 – – –

Pt – – 1.58 – – – –

 

Note: 1–27, 28–35, and 36–43 are, respectively, the lower, middle, and upper parts of the transitional layer.
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spinel, microdiamonds with microspherules of pure Ni,
and ragged plates of Au and Cu that are not detected in
the under- and overlying deposits.

Below, we briefly characterize shapes, sizes, surface
textures, and chemical compositions of all metallic par-
ticles and microspherules discovered in the transitional
layer. Information on the chemical compositions of the
particles is presented in Tables 1 and 2, and the compo-
sitions of spherules found in deposits of other ages are
given in Table 3.

 

Fe microspherules

 

 (Fig. 3). Metallic microspher-
ules are found in the Gams section at three stratigraphic
levels. One level of findings of Fe microspherules and
particles is associated with the transitional clay layer,
where Fe particles of various shapes are concentrated.
The second level is confined to the overlying fine-
grained sandstones of the 

 

ä

 

 layer, and the third level, to
siltstones of the 

 

å

 

 layer (

 

Subbotina fringa

 

 zone)
(Fig. 3, 

 

3

 

).
According to the surface morphology (texture), we

distinguish spheres with a smooth surface (Fig. 3, 

 

4

 

–

 

6

 

),
a net-hummocky surface texture (Fig. 3, 

 

1

 

), and a sur-
face covered by a net of small polygonal joints
(Fig. 3, 

 

11

 

) or by a system of parallel joints branching
from a major joint (Fig. 3, 

 

2

 

).

 

Table 2. 

 

 Chemical composition (at %) of Ni spherules in the
uppermost part of the transitional layer 

 

J

 

6

 

 according to the
microprobe data

Element Spherule 1 Spherule 2 Spherule 3

O 6.76 8.66 9.31

Na 0.00 – –

Mg 0.25 – 0.16

Al 0.61 – 1.04

Si 1.23 1.19 0.95

P 0.11 – –

S 0.00 – 0.02

Cl 0.11 0.55 0.04

K 0.02 – 0.02

Ca 0.13 0.46 0.09

Ti 0.11 0.43 0.07

Cr 0.01 – 0.00

Mn 0.00 – 0.03

Fe 0.23 – 0.35

Co 0.02 – 0.07

Ni 90.41 88.71 87.85

 

Table 3. 

 

 Chemical composition (wt %) of cosmic dust in various regions of the world

Element 1 2 3 4 5 6 7 8 9 10

Fe 89.48 25 44 80 75 70.94 56.01 4.37 1.11 0.38
Ni 9.97 74 57 20 4 27.63 38.36 95.47 98.78 99.94
Co 0.50 1 2 – 0.5 <0.46 0.10 – – –
Mn – – – – – 1.24 0.75 0.07 0.03 0.01
Cr – – – – – 0.19 0.05 0.11 0.01 0.02

Element 11 12 13 14 15 16 17 18 19 20

Fe 22 72 10 71 68 66 60 44.12 70.08 7.6
Ni 76 2.2 90 2.3 4.4 7.3 3.3 53.96 28.26 92.7
Co 1.4 0.2 1.6 0.4 0.4 0.4 0.3 2.04 1.23 –
Mn – – – – – – – – <0.01 –
Cr – – – – – – – 0.02 – –

 

Note: The columns refer to the following objects: 1, cosmic dust [Jedwab, http://www.ub.ac.be/sciences/cosmicdust.pdf]; 2–5, magnetite
globules from manganese nodules of the Atlantic and Pacific oceans [Finkelman, 1970]; 3–10, Ni–Fe spherules from Pleistocene
deposits, Canada [Bi et al., 1993]; 11–14, spherules from the Tunguska catastrophe area [Florensky et al., 1968]: core (11, 13)
and shell (12, 14); 18, 19, spherules from Eocene limestones, Tuamotu [Kozakevich and Disnar, 1997]; 20, a spherule from deep-
sea sediments [Engrand et al., 2005].

 

Fig. 3.

 

 Fe and Ni microspherules from the Cretaceous–Paleogene transition layer in the Gams section (here and below, all photo-
graphs are made with a SEM: (

 

1

 

) Fe microspherule with a coarse net-hummocky surface texture from the upper part of the transi-
tional 

 

J

 

 layer; (

 

2

 

) Fe microspherule with a coarse longitudinal-parallel surface texture from the lower part of the 

 

J

 

 layer; (

 

3

 

) Fe
microspherule with elements of crystallographic cut and a coarse cellular-net surface texture from the 

 

å

 

 layer; (

 

4

 

) Fe microspherule
with a fine net surface texture from the upper part of the transitional 

 

J

 

 layer; (

 

5

 

) Fe microspherule with a fine cellular-net surface
texture from the upper part of the 

 

J

 

 layer; (

 

6

 

) microspherule with a fine cellular-net surface texture from the 

 

ä

 

 layer; (

 

7

 

) Fe micro-
spherule with a fine cellular-net surface texture from the lower part of the 

 

J

 

 layer; (

 

8

 

, –9) hollow Fe microspherule filled with clayey
material (J layer); (10) metallic microspherule with a concentric inner structure from the middle part of the J layer; (11) Fe micro-
spherule with a coarse net-hummocky surface texture from the lower part of the J layer; (12) Fe microspherule with a coarse net-
hummocky surface texture from the lower–middle part of the J layer; (13) Ni microspherule with surface crystallites from the upper
part of the J layer; (14) aggregate of baked Ni microspherules with surface crystallites from the upper part of the transition J layer;
(15) aggregate of Ni microspherules with surface microdiamonds (C) from the upper part of the J layer.

1
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As noted above, microspherules can be hollow
(Fig. 4, 1), shell-like, or filled with a clayey mineral
(Fig. 3, 8, 9; Fig. 5, 1), or they can have an inner con-
centric structure (Fig. 3, 10). Metallic particles and Fe
microspherules are met in the entire transitional layer

1

of clay but are concentrated predominantly in its lower
and middle parts.

Micrometeorites are represented by molten parti-
cles composed of pure Fe or Fe–Ni alloy (awaruite).
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Fig. 4. Fe microspherules from the Cretaceous–Paleogene transition layer in the Gams section and their spectra: (1) coarse net-hum-
mocky surface texture, the base of the transitional J layer; (2) fine net-cellular surface texture, the base (J0) of the J layer; (3) coarse
net-hummocky surface texture, the base (J0) of the J layer; (4) fine netlike surface texture, marl of the I layer; (5) fine netlike surface
texture, the lower part of the J layer; (6) fine netlike surface texture, the base (rust) of the J layer.
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Fig. 5. Fe microspherules enriched in Cr from the Cretaceous–Paleogene transition layer in the Gams section and their spectra: (1)
Fe–Cr microspherule with a coarse net-hummocky surface texture filled with clayey material, the upper part of the transitional J
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1

Fig. 6. Micrometeorites (molten metallic particles) from the Cretaceous–Paleogene transition layer in the Gams section: (1) Fe par-
ticle from the upper part of the transitional J layer; (2) Ni particle from the lower–middle part of the J layer; (3) Fe particle from
the upper part of the J layer; (4) Fe particle from the ä layer; (5) Fe particle from the upper part of the J layer; (6) Fe particle from
the lower–middle part of the J layer; (7) Fe particle from the middle part of the J layer.
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They are 5–20 µm in size (Fig. 6). Findings of numer-
ous awaruite particles are confined to the upper part of
the transitional J layer, whereas Fe particles are met in
both the lower and upper parts of the layer.

Fe plates with a transversely hummocky texture
(Fig. 8, 1, 2). These slightly arched plates consist of
iron alone and are 10–20 µm wide and up to 150 µm
long. They are met at the base of the transitional J layer.
Fe–Ni plates with a Mo admixture are also found in the
lowermost part of the J layer (Fig. 7; Fig. 8, 13).

Ni–Fe plates with longitudinal grooves (Fig. 8, 3,
4, 7). Plates of Fe–Ni alloy have an elongated, slightly
bent shape and a surface with longitudinal grooves.
They are 70–150 µm long and about 20 µm wide. These

plates are most widespread in the lower and middle
parts of the transitional layer but are also met in its
upper part.

Fe plates with longitudinal grooves (Fig. 8, 5, 8, 10).
The iron plates with longitudinal grooves coincide in
shape and size with plates of Ni–Fe alloy. They are
found in the lower and middle parts of the transitional
layer.

Metallic iron spirals (Fig. 8, 10–14). Hooked pure
iron particles in the shape of a regular spiral are of par-
ticular interest. They mainly consist of pure Fe and
rarely have a Fe–Ni–Mo composition (Fig. 8, 13). Spi-
ral-like Fe particles are met in the upper part of the tran-
sitional J layer and in the overlying sandstone interbed
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Fig. 7. Ni–Fe metallic particles (1, 2) enriched in Mo from the base of the transitional J layer.

Fig. 8. Metallic plates of various shapes from the Cretaceous–Paleogene transition layer in the Gams section: (1) Fe plate with a
transverse-hummocky surface texture from the transitional J layer; (2a, 2b) Fe plate with a transverse-hummocky surface texture
from the base of the J layer: (a) general view and (b) a fragment; (3) Ni–Fe (awaruite) particle with a concentric hummocky surface
texture from the middle part of the J layer; (4) Ni–Fe (awaruite) plate with surface longitudinal grooves from the lower–middle part
of the J layer; (5) Fe plate with surface longitudinal grooves from the lower–middle part of the J layer; (6) baked Fe particles with
longitudinal grooves from the lower–middle part of the J layer; (7) Ni–Fe (awaruite) plate with surface longitudinal grooves from
the lower–middle part of the J layer; (8) Fe plate with surface longitudinal grooves from the lower–middle part of the J layer; (9) Fe
plate from the middle part of the J layer; (10) Fe plate with surface longitudinal grooves from the lower–middle part of the J layer;
(11) spiral-like iron from the upper part of the J layer; (12) tubular iron from the ä layer; (13) spiral-like Ni–Fe–Mo alloy from the
base of the J layer; (14) tubular-twisted Fe plate from the ä layer. 
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(ä layer). A spiral-like Fe–Ni–Mo particle is found at
the base of the J layer.

Microdiamonds and Ni microspherules (Fig. 3,
13–15). Several microdiamond grains baked with Ni
microspherules are found in the upper part of the tran-
sitional J layer. The microprobe analysis of nickel
spherules carried out with two instruments (equipped
with wave and energy-dispersion spectrometers)
showed that the Ni spherules consist of virtually pure
nickel covered by a thin film of nickel oxide [Grachev
et al., 2005]. The surfaces of all nickel spherules are
covered with clearly observed crystallites having well-
expressed twins 1–2 µm in size. Such pure nickel in the
shape of spherules with a well-crystallized surface is
met neither in igneous rocks nor in meteorites, where
nickel invariably contains significant amounts of
admixtures.

the inspection of the monolith from the section
Gams 1 revealed spherules of pure Ni only in the upper-
most part of the transitional J layer (in the very thin
sedimentary layer J6, whose thickness does not exceed
200 µm), and data of thermomagnetic analysis indicate
that metallic nickel is present in the transitional layer
beginning from the J4 sublayer [Grachev et al., 2005;
Pechersky et al., 2006]. In addition to Ni spherules, dia-
monds are also discovered here. A 1-cm2 layer removed
from a 1-cm cube contains tens of diamond grains and
hundreds of nickel spherules (both ranging in size from
fractions of micron to tens of microns).

The study of transitional layer samples taken
directly from the outcrop revealed diamonds with fine Ni
particles on the surfaces of their grains and the presence of
moissanite in the upper part of the layer J. Previously,
microdiamonds were found in the Cretaceous–Paleogene
transition layer in Mexico [Hough et al., 1997].

DISCUSSION

Iron microspherules with a net-hummocky surface
detected in the Gams section are similar to microspher-
ules of baked finely dispersed magnetite found in Pleis-
tocene–Holocene deposits of the Morasko meteorite
crater (Poland) [Stankowski et al., 2006] and micro-
spherules with a textured surface described in [Miono
et al., 1993] and are identical to microspherules of the
Upper Cambrian [Korchagin et al., 2007]. According to
the current ideas, a textured surface is inherent only in
iron microspherules and particles associated with mete-
orite falls [Raukas, 2000; Stankowski et al., 2006;
Szoor et al., 2001]. Thus, the discovered microspher-
ules with a textured surface should be classified as
meteoritic dust.

Microspherules with a concentric inner structure
found in Gams are analogous to those discovered by the
Challenger expedition in deep-sea clays of the Pacific
[Murray and Renard, 1891]. In Gams, as well as in
other regions of the world, hollow microspherules are
often filled with clays.

Iron particles of an irregular shape with molten
edges or in the shape of spirals and bent hooks and
plates are very similar to products of destruction of
meteorites falling onto the Earth and can be classified
as meteoritic iron [Raukas, 2000; Szoor et al., 2001].
Particles of awaruite and pure iron can be assigned to
the same category.

However, iron and nickel particles are similar in sur-
face morphology to particles of iron and other metals
emitted into the atmosphere during operation of coal
power plants [Giere et al., 2003]. Note also that bent Fe
particles are similar in shape to various Pele’s tears, i.e.,
lava droplets (lapilli) ejected in the liquid state during
volcanic eruptions [MacDonald, 1975].

Thus, as seen from the above, the Gams transitional
layer of clay has a heterogeneous structure and is
clearly subdivided into two parts: iron particles and
microspherules prevail in the lower and middle parts of
the layer, whereas the upper part is enriched in nickel
(awaruite particles and nickel microspherules). This
subdivision is confirmed not only by the distributions of
iron and nickel particles in clay but also by the data of
chemical and thermomagnetic analyses.

Comparison of the data of thermomagnetic and
microprobe analyses indicates that the distributions of
nickel, iron, and their alloy within the J layer are very
irregular; however, according to the results of thermo-
magnetic analysis, pure nickel is fixed only beginning
from the J4 layer [Grachev et al., 2005; Pechersky et al.,
2006]. We should also note that helical iron is met pre-
dominantly in the upper part of the J layer and in the
overlying K layer, where the amount of Fe and Fe–Ni
particles of isometric or platelike shapes is small.

We should emphasize that such a distinct differenti-
ation in iron, nickel, and iridium, which is characteristic
of the transitional clay layer in Gams, is observed in
other regions as well. Thus, in New Jersey (the United
States), an iridium anomaly is clearly defined at the
base of a 6-cm transitional (spherule) layer, whereas
impact minerals concentrate only in the upper 1-cm
part of the layer [Olsson et al., 2002]. Sharp enrichment
in Ni and shock quartz is observed in Haiti at the Cre-
taceous–Paleogene boundary and in the uppermost part
of the spherule layer (unit 1) [Leroux et al., 1995]. It is
also noteworthy that siltstones of the å layer (where Fe
microspherules are also met in the Gams section),
belonging to the middle part of the Subbotina fringa
zone, are close in age to the layer with an anomalously
high Ir concentration in zone 1Pa(1) of the lower
Danian in Haiti and to spherule layer 2 (Coxquihui sec-
tion) in Mexico [Stinnesbeck et al., 2002].

CONCLUSIONS

(1) Many characteristics of the discovered Fe and
Fe-Ni spherules are analogous to those of the spherules
found in deep-sea clays of the Pacific Ocean by the
Challenger expedition [Murray and Renard, 1891], in
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the Tunguska catastrophe area [Florensky et al., 1968],
at the fall sites of the Sikhote-Alin’ meteorite [Krinov,
1971] and Nio meteorite in Japan [Miura and Uedo,
2001], in Miocene marls of the Northern Apennines
[Colombetti et al., 1996], in present-day deep-sea
deposits, and in many other regions of the world (see
Table 3). In all cases, except for the Tunguska catastro-
phe area and the fall site of the Sikhote-Alin’ meteorite,
the formation of both spherules and particles of various
morphologies consisting of pure iron (sometimes with
a Cr admixture) and Ni–Fe alloy is unrelated to impact
events. We derive their formation from cosmic inter-
planetary dust falling onto the Earth’s surface. This pro-
cess has continued uninterruptedly since the moment of
the Earth’s formation and is, in a sense, a background
phenomenon.

(2) Compositions of many particles studied in the
Gams section are similar to the bulk chemical compo-
sition of the meteoritic substance found at the fall site
of the Sikhote-Alin’ meteorite (93.29% iron, 5.94%
nickel, and 0.38% cobalt) [Krinov, 1971].

The presence of Mo in some particles is not unex-
pected, because this element is present in many types of
meteorites. The Mo concentration in various types of
meteorites (iron, stony, and carbonaceous chondrites)
ranges from 6 to 7 ppm [Murthy, 1963; Campbell et al,
2003]. Most important was the discovery of molybden-
ite in the Allende meteorite in the form of an inclusion
in metallic alloy of the following composition (in wt %):
31.1 Fe, 64.5 Ni, 2.0 Co, 0.3 Cr, 0.5 V, and 0.1 P [Fuchs
and Blander, 1977]. Native molybdenum and molyb-
denite were also found in the composition of lunar dust
collected by the Luna-16, Luna-20, and Luna-24 auto-
matic probes [Mokhov et al., 2007].

(3) Pure nickel spherules with a well-crystallized
surface found for the first time are known neither in
magmatic rocks nor in meteorites, where nickel invari-
ably contains a significant amount of admixtures. Such
a surface structure of nickel spherules could have
formed in the case of an asteroid (meteorite) fall, which
would result in release of energy 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 large height (probably to tens of kilo-
meters), where their crystallization took place.

(4) Awaruite (Fe3Ni) particles found together with
spherules of metallic nickel are a product of the mete-
orite ablation and belong to the category of meteoric
dust, while molten iron particles (micrometeorites)
should be regarded as meteoritic dust (according to
Krinov’s terminology [Krinov, 1971]).

(5) Diamond crystals met together with nickel
spherules might have formed during ablation of mete-
orite from the same vapor cloud in the process of its
subsequent cooling. It is known that synthetic dia-
monds in the shape of single crystals, their inter-
growths, twins, polycrystalline aggregates, skeleton
crystals, needle-shaped crystals, irregular grains, etc.

are obtained by the method of spontaneous crystalliza-
tion from a solution of carbon in the melt of metals (Ni,
Fe) above the line of the graphite–diamond phase equi-
librium [Bokii et al., 1986]. Nearly all of the above
typomorphic features of diamond crystals were
detected in the sample under study.

These results suggest the similarity between the dia-
mond crystallization in the cloud of nickel–carbon
vapor during its cooling and the experimental process
of diamond spontaneous crystallization from a solution
of carbon in a nickel melt. However, a final conclusion
on the origin of diamond can be drawn after its detailed
isotope investigations, which require a sufficiently
large amount of substance.

Thus, the study of the transitional clay layer at the
Cretaceous–Paleogene boundary revealed the presence
of cosmic substance in all parts of the layer (sublayers
J1 to J6); however, indicators of an impact event are
fixed only beginning from the J4 sublayer.
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