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In nature extreme PT-conditions result in numerous glass-like solids, the study of which allows specifying various
structural and chemical features of extreme materials, which have a great application potential in various ﬁelds
of technology. We studied features of nanostructure of natural impact glasses, including recently discovered
ultrahigh-pressure high-temperature impact glasses, compared to low-pressure natural and synthetic standard
silica glasses. In this paper we presented complex data of atomic force microscopy, X-ray diﬀraction, X-ray
energy-dispersive spectrometry, infrared and Raman spectroscopy. We described nanostructural characteristics
of impact glasses and showed inﬂuence of chemical composition on the features of their structure. We discovered
that the elemental composition was the most important factor determining the glasses nano-heterogeneity. We
noted an essential role of inﬂuence of Na impurity on glass nanostructure. The impact glasses with pure SiO2
composition have the smallest sizes of nanostructural elements.

1. Introduction
Despite a wide application of glasses and a long history of their
study, there is still no generally accepted understanding and deﬁnition
of the state of this type of substance. Often, any solid amorphous substance is referred to as glass [1–5]. In this paper we use a classical
deﬁnition [5]. We refer to the term “glass” as substance formed at a
rapid solidiﬁcation of the melt near the glass transition temperature,
when the cooling velocity exceeds the maximum for crystallization
under these PT-conditions [6–8].
In geological environment glass is formed as a result of the following processes:
(i) Meteorite impact glass, as a result of falling large asteroids, leading
to melting of target rocks at ultrahigh pressures (35–90 GPa) and
temperatures (up to 3000 °C and higher) [9–12], followed by rapid
cooling and formation – a) proximal impactites, rocks with a high
content of condensed impact melt, including glasses; b) distal
emissions in the form of bombs and tektites deposited from a dust
cloud over large areas outside craters [6,10,13–18]; c) ultrahigh-

⁎

(ii)
(iii)
(iv)

(v)

(vi)

pressure melt impactites of vein type, forming dikes penetrating impactites of the 1st generation, which were ﬁrst discovered on the
territory of the Kara astrobleme [19].
Volcanic glass – pumice, obsidian, from condensation of silica-rich
magmatic melts on the earth's surface.
Tachylite, a black volcanic glass, which is formed by the chilling of
basaltic magmas.
Pseudotachylite, a mostly devitriﬁed glass, which may form via
frictional melting of faults, in large-scale landslides, and by impact
processes.
Buchite, from pyrometamorphism at the contact of acid rocks with
intrusion magma of basic composition, leading to partial melting of
the enclosing rocks.
Fulgurites, melting of rocks when lightning strikes the ground
[20–23].

Impact glasses forming from ultrahigh-pressure high-temperature
exposure to target rocks are the most interesting due to their potentially
unusual properties. These glasses can be used to solve fundamental
problems of the state of substance under extreme conditions and to
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Fig. 1. Photos of studied glasses.

Table 1
Short description of the glass samples.
Sample code

Name

Origin, locality

Initial origin
features

Color

Optical transparence

KR-2-15

Gray

Translucent

HPHT

Gray

Translucent

R-13-8a

Impact glass

HPHT

Gray

Translucent

G-MDV

Moldavite

HPHT

Green

Translucent

G-IRG

Irgizite

HPHT

Black

Opaque

G-LDG
G-OKAM
G-OARB
G-OIT
Suprasil

Libyan desert glass
Obsidian
Obsidian
Obsidian
Standard quartz
glass

Vein body within suevite, Kara astrobleme, Pay-Khoy (river Kara, left bank),
sampled by T.G.Shumilova in 2015 year
Glass drops from suevites, Ries crater, Altenburg quarry, Germany, sampled by
T.G.Shumilova and K.Ernstson in 2013 year
Glass drops from suevites, crater Ries, Polsingen quarry, Germany, sampled by
T.G.Shumilova and K.Ernstson in 2013 year
Tektite, Bohemia (impact origin, probable Ries (Germany) impact distal ejecta),
from N.P.Yushkin's collection
Tektite from Zhamanshin outer crater deposits, Kazakhstan, from N.P.Yushkin's
collection
Probable meteoritic origin, Egypt, from N.P.Yushkin's collection
Volcanic glass, Paratunskoye deposit, Kamchatka, from N.P.Yushkin'scollection
Volcanic glass, volcanic cone Arteny, Armenia, from N.P.Yushkin's collection
Volcanic glass, Sardinia island, Italy, from N.P.Yushkin's collection
Manufactured glass, Bruker, Germany

UHPHT

R-13-5/1

UHPHT impact
glass
Impact glass

HPHT
LPHT
LPHT
LPHT
LPHT

Yellow
Dark brown
Dark brown
Green
Сolorless

Translucent
Opaque
Opaque
Translucent
Translucent

Subscription: UHPHT – ultrahigh pressure high temperature; HPHT – high pressure high temperature; LPHT – low pressure (ambient pressure) high temperature.

artiﬁcial glasses [e.g. 33–39], including for the evaluation of phase
separation [40], natural glasses were also investigated by these
methods [41–44]. The ﬁnding of new speciﬁc types of natural impact
glasses, in particular ultra-high pressure glasses from the Kara astrobleme [19], stimulated interest for further studies of impact glasses,
including methodological interpretations, in particular for AFM results.
Here, we report on AFM quantitative estimates of nanoscale heterogeneity of the glasses surface considering the sizes of hillocks as

create fundamentally new materials [24–28].
Diﬀerences in concentration and composition of impurities and PTcondensation conditions for diﬀerent formation processes contribute to
nanoscale chemical heterogeneity in these types of glasses. This heterogeneity was mainly observed by transmission electron microscopy
(TEM) [29–31]. In the last two decades, atomic force microscopy (AFM)
methods are actively used to study topographic nanoscale heterogeneity of glasses. Although most AFM studies were carried out for
2
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Fig. 2. Scheme of measuring the size of hillocks on an AFM image of a glass surface.

compiles the studied samples and their origin.

Table 2
Composition of rock-forming oxides in the silicate matrix of the glasses (at.%).
Sample

SiO2

MgO

Al2O3

Na2O

K2O

CaO

TiO2

Fe2O3

2.2. Samples preparation

G-LDG
G-IRG
G-MDV
G-OKAM
G-OIT
G-OARB
KR-2-15
R-13-5/1
R-13-8a
Suprasil

98.1
80.6
82.8
76.5
75.8
71.9
71.8
67.6
58.0
99.8

–
3.2
1.8
1.7
5.2
0.2
4.0
2.6
2.6
–

0.8
10.0
9.7
3.3
1.8
16.5
16.1
16.5
14.6
–

–
0.9
0.4
9.8
11.1
3.7
5.1
2.7
1.6
–

–
1.2
2.1
0.3
0.3
3.7
1.6
2.1
2.9
–

–
1.4
1.8
4.0
7.1
0.6
1.1
3.2
2.2
–

0.2
0.6
0.3
–
0.2
0.3
0.3
0.6
0.9
–

0.3
3.5
0.8
0.2
0.2
0.5
0.5
4.0
3.7
–

The surface of the samples for the study was prepared by cleavage.
The sample was a washer a few millimeters in diameter and 2–4 mm in
height. It was glued on a metal washer 1 cm in diameter, the cleavage
surface was directed upwards. The freshly cleaved surface was subsequently studied by atomic force microscopy and Raman spectroscopy.
Then, this surface was covered by a layer of carbon, and the sample was
tested by an electron microscope and energy-dispersive spectral analysis. The powdered samples were used for X-ray diﬀraction analysis
and IR spectroscopy.

The content of the rock-forming oxides in the studied glasses practically coincides with data previously reported in the literature, for example [19,46–49].

2.3. Characterization techniques
proposed in [44], and the paper aims at the comparison of the nanostructure of meteorite impact glasses and natural glasses of diﬀerent
geological origin and the inﬂuence of the chemical composition on it.

The surface morphology has been characterized by AFM measurement in tapping mode using an Integra Prima (NT-MDT, Russia) with
super sharp silicon cantilevers of model SSS-NCH (Nanosensors). The
resonant frequency of cantilevers is about 330 kHz, the radius at the
end is 2–4 nm and the stiﬀness constant is about 35 N/m. The images
have been recorded at a scan frequency between 0.8 and 1 Hz for a
resolution of 512 × 512 pixels. For each sample we perform at least 25
AFM images with 5–7 diﬀerent scan areas.
AFM scanning of the glass surface is challenging due to the static
electricity, which signiﬁcantly increases the observed size of the hillocks and reduces the clarity of image. To reduce this eﬀect, the surface
of the samples was grounded by a silver paste, and the air in the room
was moistened.
The measuring procedure was as follows (Fig. 2). For contacting
hillocks along the surface proﬁles we measured the long and short axes
(width and length) of the roughly elliptically shaped objects. Due to the
complex surface relief, the bases of the hillocks are usually at diﬀerent
heights. For this reason, the sizes were measured halfway up the

2. Experimental
2.1. Glass samples
The objects of our study were natural impact glasses of the Kara
astrobleme (Pay-Khoy, Russia), represented by the UHP high temperature specimens of the vein type [19], impact glasses from the
suevites of the Ries crater (disused Altenbürg and Polsingen quarries,
Germany), two samples of tektites – moldavite (Czech Republic) and
irgizite from the Zhamanshin impact crater (Kazakhstan), impact glasses
from the desert - Libyan Desert glass (Egypt). For comparison, three
samples of low-pressure volcanogenic obsidian glasses (Kamchatka
Peninsula, Armenia and Italy) were studied (Fig. 1). We used the
manufactured quartz glass Suprasil (Bruker) as a standard. Table 1
3
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Fig. 3. SEM images (left – in secondary electrons (SE); right – in backscattered electrons (BSE)) of glass surface: a - G-LDG; b - G-MDV; c - G-IRG; d - G-OKAM; e – GOARB; f - R-13-5/1; g - R-13-8a; h - KR-2-15.

very pronounced. The technique was described in detail in [44].
We measured sizes of 95–120 hillocks for various samples. The
equation determining the average size for a log-normal distribution and
the decimal logarithm of hillock sizes for ﬁnding the most likely size
(dm) were used for calculations. The range of sizes for N hillocks from
the minimum to the maximum value was divided into equal intervals.
The average size of hillocks dm was calculated by Eq. [45]:

dm =

1
N

n

∑ qi ∙mi
1

(1)

where mi is the middle of each interval; n is the number of intervals; qi is
the number of hillocks in each interval. To evaluate the hillocks size
distribution, the standard deviation s was used by equation:
Fig. 4. Typical topography of the fracture surface of natural glass at diﬀerent
magniﬁcations (for irgizite).

s=

hillocks. The height was measured from the average baseline between
the baselines of the hillock to the summit. Such an approach allows
somehow decreasing the object broadening eﬀect on the surface by a
probe. We did not measure the size of the hillocks located above the
level of neighboring hillocks, as the distortion of the shape and size of a
hillock as a result of convolution with the shape of the AFM needle is

1
N−1

n

∑ qi ∙ (mi − dm )2
1

(2)

The cleaved surfaces of the samples were studied with a Tescan
MIRA3 scanning electron microscope. X-ray energy-dispersive spectrometry (EDS) with AZTEC software (Oxford Instruments) provided the
elemental composition and quantiﬁcation (in atomic %, averaged for
ﬁve measurements). The microprobe was operated at an emission
current of 100 μA, a specimen current of 100 pA, an accelerating
4
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Fig. 5. Characteristic AFM-images of glass fracture surfaces: а – Suprasil; b – Libyan desert glass; c – moldavite; d – obsidian from Kamchatka; e – КР-2-15; f – R-13-5/
1.

3. Results

potential of 20 kV.
Raman spectroscopy was carried out with a LabRam HR800 instrument (Horiba, Jobin Yvon) at room temperature. The system was
equipped with an Olympus BX41 optical microscope and a Si-based
CCD detector. Spectra were recorded in the 100–4000 cm−1 range
using a spectrometer grating of 600 g/mm, with a confocal hole size of
300 μm and a slit of 100 μm. The exciting radiation of a HeeNe laser
(632.8 nm, 2 mW) was used. After background correction, individual
lines were deconvolved with a curve-ﬁtting procedure from the LabSpec
5.36 software.
The atomic structure was studied in a FEI CM300UT FEG transmission electron microscope (300 kV ﬁeld emission gun, 0.65 mm
spherical aberration, and 0.17 nm resolution at Scherzer defocus). The
images were recorded on a Gatan-797 slow scan CCD camera with a
1024 × 1024 pixels/14 bit detector. The samples for HRTEM-studies
were broken into small pieces. Grains less than 2.0 μm were used for
HRTEM. The powdered grains were placed onto carbon ﬁlms deposited
on copper grids. Measurements were made on thin sections with a
thickness between 40 and 100 nm at grain edges. The images were
processed with the Digital Micrograph software (Gatan).
The XRD examine were carried by using a Shimadzu XRD-6000
diﬀractometer which was operated at 30 kV and 30 mA, with CuKα
(λ = 1·54 Å) radiation and Ni ﬁlter, at a scanning speed 0.25° (2θ)/min
in the range recorded from 10 to 45° (2θ). Signals were recorded at
intervals of 0.05° (2θ). Powder samples were placed onto an aluminum
plate.
IR spectra were recorded by Infralyum FT801 FTIR Spectrometer
(Lyumex-Siberia Company, Novosibirsk, Russia). All assays were performed in the wavenumber region 4000–500 cm−1. The resolution was
4 cm−1, 32 scans were registered. Thin transparent pellets were made
by compacting an intimate mixture obtained by shaking 2 mg of sample
in 100 mg of dry KBr.

3.1. EDS analysis
The composition of the glass matrix was determined by EDS analysis
(Table 2). The silica content among the studied samples increases in
sequence: proximal impact condensed melts – volcanic glasses – distal
tektites – distal desert impactite, glass standard.
3.2. Microscopy of glasses
SEM images in SE mode show a characteristic surface of a shell-like
fracture of a cleavage surface of tektites and volcanic glasses with small
hillocks (Fig. 3a-e). Suevite impact glasses have more complicated
surface relief (Fig. 3f, h), sample R-13-8a present globules and elongated morphological elements with the diameter of about 80 nm
(Fig. 3g). The images in BSE mode show a microscopically homogeneous structure of the glasses (Fig. 3a-e) except samples R-13-5/1, R13-8a and KR-2-15 (Fig. 3f-h). In this case, the samples of R-13-5/1 and
R-13-8a are compositionally homogeneous. Probably, for these samples
we observe the inﬂuence of the topography of the surface on the images
in BSE mode or secondary phase separation similar to those studied by
the AFM method in the work [40] on the example of sodium silicate
glasses. The bright inner regions on the BSE images in sample KR-2-15
are enriched in magnesium.
In AFM studies, the surface of glasses is usually characterized by the
roughness measured in the standard software of any atomic force microscope [33–38]. However, the measurement of surface roughness
does not meet the objectives set out in this paper. Roughness is correctly measured only on samples with an almost perfectly ﬂat surface.
In this case, the software alignment of distortions, introduced by the
scanner, allows a correct estimate of the roughness. Smooth and ﬂat
surfaces are obtained with special techniques (polishing, chemical
grinding) [50]. Software smoothing applied to distortions by the macrorelief of the cleaved surface of the glass, introduces an error to the
measured roughness. Additionally, the manifold possible artifacts can
inﬂuence the roughness estimate [51].
5
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presence of modifying impurities partially enveloping the nano-sized
regions of the glass-forming matrix contributes to the fracture of the
material along the impurity-containing regions and to the formation of
a roughness on the fracture surface. In relatively pure silica glasses
(Suprasil, Libyan desert glass), the nano-roughness of the surface
probably reﬂects statistical ﬂuctuations in the density of glass former in
the melt. Thus, the pure SiO2 drops of UHPHT glasses found within the
vein-like bodies of the Kara impact structure [19] may promise a
greater homogeneity at nanoscale.
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