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Abstract

Revealing of full assemblage of accessory minerals is essential for genetic modelling of any
geological object. Here we discuss a method for preparing basalts for High Resolution Scanning
Electron Microscopy (HR-SEM) analysis for this purpose. This method involves fracturing samples
under identical conditions using an Izod pendulum. The fractures in a sample primarily propagate
along grain boundaries, their interstices, and mineral inclusions, which concentrate stress;
therefore, submicron mineral grains are more likely to be exposed on fractured surfaces than
on polished surfaces. Here, fresh fracture surfaces were investigated in basalt samples from
the Etna vents and the Tolbachik fissure zone. Crystals of minerals containing zinc, copper,
nickel, sulfur, and iron were identified on fresh fracture surfaces. The morphology of submicron
crystals of apatite, orthopyroxene, spinel, and copper sulfide was revealed. These crystals were
not observed on polished thin sections of these specimens as they were either not brought
to the surface or were chipped out. The unambiguous morphology of submicron inclusions in
orthopyroxene and olivine was shown for the first time. In contrast to the thin-section surface,
the fractured surface retains clear evidence of zoning in rock-forming minerals. Additionally, the
distribution of accessory minerals, the morphology of crystals in pores, which is fundamentally
impossible to see in thin section, and the composition of minerals within inclusions are more
reliably represented on the fracture surface. Based on these findings, we suggest fracture
surfaces should be more widely studied in petrogenetic research.
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féle Gtomda

1. Introduction

Rock samples are commonly prepared for Scanning Electron
Microscopy (SEM) analysis as thin or polished sections [1, 2].
Accurate quantitative Energy Dispersive Spectroscopy (EDS)
as well as Wave Dispersive Spectroscopy (WDS) analysis can
only be performed on thin or polished sections [3]. However,
a thin section or polished section represents a random cut of the
rock and mineral grains within it. This section only shows some
of the mineral grains in the rock or the shapes of the crystals
and their aggregates that the cut accidentally passed through.
Additionally, accessory minerals may be absent within the
polished surface and remain inaccessible for analysis. Besides,
the preparation of thin sections is also commonly associated
with the formation of artifacts, the most frequent of which are
phase chipping, cracks, and surface contamination, caused by
grinding and polishing [2, 4]. Epoxy impregnation helps reduce
the number of lost phases, new cracks, introduced during
sample preparation, but it has its drawbacks [5]. For example,
epoxy resin fills pores and other negative relief forms, which,
on the one hand, prevents the suppression of material removal

and abrasive during the processing. On the other hand, resin
makes it impossible to study these areas, which can provide
valuable information, such as the composition of minerals
condensed from volcanic gas. An alternative method of sample
preparation is to create fractures. Rocks can be broken with
a geologist's hammer for this reason; however, this method does
not provide the opportunity to select a fixed load for a series
of samples or to control the shock propagation direction. In
this process, the hammer also inevitably contacts the fracture
surface, causing contamination, additional fractures, and
surface damage. The fresh specimen surface can be obtained
using a pendulum impact tester. Many studies have investigated
sample destruction due to thermal, mechanical, electrical, and
physical influences [6-11]; however, these works are primarily
concerned with fracture initiation and propagation. Direct
fracture surface examination by High-Resolution (HR) SEM
has traditionally been used for industrial materials such as
ceramics, composites, and alloys [1] but not for rocks. HR-SEM
has a significant role in fractography due to three features of
the instrument: high resolution, large depth of field, and the
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ability to obtain chemical information via X-rays analysis [6].
Fracturing will occur predominantly along the weakest areas
of a medium [12]; therefore, in basalt, fractures should pass
through grain boundaries and pore spaces, thus preserving
the 3D morphology of the rocKs constituent mineral phases.
Fracturing can also pass through submicron inclusions in macro
crystals, which act as stress concentrators. Ideally, a fracturing
method should add minimal artifacts to the sample and be
reproducible. To address this, an Izod pendulum is used in this
study to fracture samples under identical conditions. Using
various basalt samples, we identify several types of submicron
features in fracture surfaces that are fundamentally impossible
to obtain on polished sections, and we also reveal the growth
origin of zoning in rock-forming minerals in some cases.

1. Sample materials and analytical methods

The samples under study were selected after a preliminary
investigation of basaltic lavas from the eruptions of 1941,
1975-1976, and 2012-2013 from Tolbachik (Kamchatka
Peninsula, Russia) fissure zone (T) [13-15] and 2002, 2018,
and 2019 from Etna (Italy) vents (E) [16-20]. The samples were
previously studied in detail in both polished and thin sections
[21]. In general, basalts comprise crystals of olivine, pyroxene,
plagioclase, an amorphous volcanic glass phase, and accessory
minerals in different proportions and contain pores [22].

The preliminary basalt samples used here were rectangular
blocks of approximately 1x1x3 cm, which were determined to
be free of pre-existing microcracks or other alterations based
on optical microscopy inspection. During cutting the rock into
blocks using a precision saw (ISOMET 4000), it was taken into
account that the disturbance zone was at least 1 mm. In the
proposed method, the pendulum hammer breaks the sample
instantly in a selected area. Here, fractures were obtained
using an Izod pendulum model Tinius Olsen I1T504, which
is a pendulum impact tester. The operating principle of this
apparatus is based on a freely swinging pendulum impacting
a sample held in a one-sided vice grip. The edge of destruction
is determined by the height of the sample attachment in the
vice. The machine allows one to vary the impact energy by
selecting the mass of the load and its initial height, which
determines the potential energy of the pendulum. Thus, this
method ensures equal impact force and uniform sample
destruction. The standard capacity range of the pendulum is
from 2 ] to 2,82 J; this can be increased to a maximum of 25 J,
using different weight sets to achieve capacities of 5 ], 7,5 ], 15
J, and 25 J. The nature of the fracture in the sample material is
associated with the brittleness, density, porosity and fracturing
of the rock. The microstructure of a rock sample, such as the size
and shape of mineral phases, the direction of crystal growth, the
shape-preferred orientation of rock-forming minerals, and pre-
existing microcracks, controls the process of crack initiation
and propagation [23].

The fracture surfaces were coated with carbon using
a Jeol JEE-4x vacuum evaporator in a dynamic tilting and
rotating mode. The fractures were analyzed by SEM in
secondary electron imaging (SEI) and backscattered electron
imaging (BSE) modes. This study was performed using
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aJEOL JSM-7001F SEM equipped with a field emission cathode
and an Oxford X-Max 80mm? energy dispersive spectroscopy
(EDS) spectrometer. The optimal operating parameters were an
accelerating voltage of 10-25 kV, a beam current of 10° A, and
a working distance of 10 mm. The BSE compositional contrast
mode (COMPO) was used to obtain high-resolution images
illustrating the mean atomic number contrast. The fracture
surface and mineral micro-nanophase morphology were
studied in BSE topographic contrast (TOPO) and SEI modes.
The optimal conditions for diagnosing a sample’s heterogeneous
chemical composition are the absence of topographic contrast,
a surface orientation perpendicular to the electron probe, and
a homogeneous area with a diameter of 2-3 microns [3].
A specific workflow was introduced to analyze the submicron
crystals: first, the EDS spectrum was recorded at several points
within a crystal. The elemental composition of the submicron
grains was determined by comparing a set of characteristic lines
at the points of analysis of the grain under study and in adjacent
or underlying minerals. Among the measured locations, the
point with minimal characteristic X-ray line intensities of
the elements of the surrounding matrix was selected. As the
accelerating voltage decreases, the intensity of X-ray radiation
from the chemical elements of the surrounding matrix
decreases, and the relative intensity of X-ray radiation from
the chemical elements of the sub-micron crystals increases.
The fracture surface roughness degrades the COMPO image
quality and reduces the X-ray lines’ intensity; however, areas
with suitable contrast and X-ray intensity can be identified by
changing the sample orientation. Accordingly, a five-axis target
holder was used to change the samples’ orientation. It should
be noted that analysis cannot be performed at the bottom of
deep pores because of detector shadowing, but in such a case
only the pore walls closest to the fracture surface are available
for study. To ensure that the phase was not introduced during
sample preparation, only those grains were selected for analysis
that had reliable contacts with the surrounding perfectly
faceted crystals of ortho-, clinopyroxene, plagioclase or glass
matrix. Overall, the method proposed in this study represents a
potentially effective technique for revealing additional features
in SEM analyses of hard rocks and could be more broadly
applied to overcome some of the limitations of conventional
polished section analyses.

2. Results

The failure mechanism of basalt at room temperature is
brittle [11]. On the fracture surface mineral grains are markedly
angular and have excellent crystallographic faceting.

Important features of olivine formation in basalt were
reflected in the different nature of the relief of its fracture surface
(Fig. Ia). The crystal contains a clearly distinguished core and
outer zone, which can be seen in the profile of the distribution
of the main chemical elements (Fig. 1a). The stable intensity of
the silicon line confirms the absence of topographic artifacts
over the profile. If the surface of the scanned region is tilted, the
analyzed point can be ensured to be horizontal using a five-axis
electron microscope stage. Based on the profile scanning data,
a change in forsterite content (Fo = Mg/(Mg+Fe) x100 %) is
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present in the outer zone. Forsterite content Fo is an important
compositional indicator, used to assess the degree of evolution
experienced by magmas, and calculate magma crystallization
and mantle potential temperatures. The crystal core has
ahomogeneous composition, with a smooth, flat fracture surface.
In contrast, the crystal rim exhibits a stepwise fracture pattern and
the Fo% increases in this zone. The boundary between these areas
is visible in the fracture topography and COMPO mode (Fig. 1a).
However, in polished sections of such crystals, compositional
heterogeneities appear more clearly (Fig. 1b). Thus, fracture
topography can reduce the samples characterization capabilities
of the COMPO mode, but at the same time it carries valuable
information on fine grain properties.

Mg Ka1 2

NI, imp | SiKat

Fig. 1 Images of Tolbachik volcano basalts with large olivine crystals in BSE
(COMPO) mode: a - fracture surface and the distribution of the main
chemical elements in an olivine crystal (OL: olivine). The inset shows the
distribution of the characteristic line intensity of Si, Fe, Mg along the profile
(yellow line) in the olivine crystal and b - polished section

1. dbra A Tolbachik vulkén bazaltjainak képei nagyméretii olivin kristdlyokkal, BSE
(COMPO) iizemmédban: a - torési feliilet és a f6 kémiai elemek eloszldsa
egy olivin kristdlyban (Ol: olivin). A belsé kép a Si, Fe, Mg karakterisztikus
vonalintenzitdsinak eloszldsdt mutatja a profil mentén (sdrga vonal) az
olivinkristalyban; b - csiszolat

The polished surface (Fig. 2a) of the basalt samples sometimes
exhibits some submicron-scale bright areas containing calcium
and phosphorus. Based on the data obtained for this sample,
the composition of the bright areas corresponds to apatite. An
analysis of grains in open pores and on the fracture surface
confirms the identification of this mineral as apatite. In one
fracture, apatite is observed as needle-shaped hexagonal crystals
(Fig. 2b, d) with a thickness on the order of one micron or less.
Submicron crystals of apatite and orthopyroxene crystallized
at the olivine—plagioclase boundary are also observed on the
fracture surface (Fig. 2e). Apatite crystals of 1-3 pm size occur
as inclusions in augite and plagioclase (Fig. 2f) much more
commonly in the fractured sample compared to its polished
counterpart. The bulk morphology of the submicron phases
is also clearly visible on the fracture surface, thus making the
identification of these mineral species more reliable.

Fig. 2

2. dbra

Images of basalt samples in BSE (COMPO) mode: a - apatite on the polished
section surface (E); b — needle-shaped apatite crystals on the fracture

surface (E); c - elongated pyroxene crystals and chalcopyrite on the fracture
surface (E); d - apatite and covellite on the fracture surface (E); e - apatite
crystallizing on olivine on the fracture surface (T); and f - Ti-magnetite and
apatite inclusions on the fracture surface in feldspar (T) (Ap: apatite; Cpx:
clinopyroxene; Mag: magnetite; Opx: orthopyroxene; Pl: plagioclase)
Bazaltmintdk képei BSE (COMPO) iizemmédban: a - apatit a csiszolat
felszinén (E); b - tii alakii apatit kristdlyok a torési felszinen (E); c - megnyult
piroxén kristdlyok és kalkopirit a torési feliileten (E); d - apatit és kovelit a
torési feliileten (E); e - olivinen kristdlyosodo apatit a torési felszinen (T); f -
Ti-magnetit és apatit zdrvdnyok a torési feliileten, foldpdtban (T). (Ap: apatit;
Cpx: klinopiroxén; Mag: magnetit; Opx: ortopiroxén; Pl: plagiokldsz)
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The fracture also clearly reveals larger (more than 10 um
in length) grains of apatite. Fig. 3a shows such a crystal in
clinopyroxene. Fig. 3b demonstrates apatite in a titanomagnetite
matrix. A visible gap between the phases can be explained by
differential thermal expansion of the minerals. Such inclusions
are retained in the matrix only if their size is larger than the
open space in the matrix. Therefore, the lack of tight contact
and adhesion between the phases can have consequences
during thin or polished section preparation. Inclusions can
easily fall out during the cutting, grinding, or polishing stages.

Fig. 3 Images of apatite found on the fracture surface in BSE (COMPO) mode: a
- apatite in clinopyroxene (T); b - apatite in Ti-magnetite (T); (Ap: apatite;
Cpx: clinopyroxene; Mag: magnetite)
3. dbra Torési feliileten taldlt apatit képei BSE (COMPO) iizemmddban: a - apatit
klinopiroxénben (T); b - apatit Ti-magnetitben (T). (Ap: apatit; Cpx:
klinopiroxén; Mag: magnetit)

Many crystals of accessory minerals can be found on
the fracture surface. For example, Fig. 2f shows well-
faceted individual titanomagnetite crystals in feldspar. The
morphological features of the micron and submicron pyroxene
crystals and aggregates, and the oxides and sulfides of copper,
zing, iron, and nickel in lava samples from Etna and Tolbachik,
are presented in Fig. 2b-f and 4a-f. Figure 4b shows nickel-
containing chalcopyrite in a silicate melt. In a pore space of
the Etna basaltic lava sample (2002 eruption), associations of
elongated pyroxene crystals with 10 pm size chalcopyrite and
covellite crystals are observed (Fig. 2¢c, d). Copper also occurs
as an oxide, as well-faceted crystals of cuprite (Fig. 4c), and as
micron-sized inclusions in olivine (Fig. 4d) and in the silicate
matrix (Fig. 4f), as previously reported [24]. A micron-sized
phase with a dominantly copper and nickel composition was
found on an elongated columnar pyroxene crystal (Fig. 4e).
As shown, the diversity of accessory minerals is much more
representative and revealed more clearly on the fracture
surfaces than on the polished ones.
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Fig. 4 Images of the fracture surface of basalts with accessory minerals in melt
inclusions and pores in BSE (COMPO) mode: a - zinc in oxide form in
silicate matrix (T); b - chalcopyrite with nickel admixture in a silicate
melt (E); ¢ - cuprite (T); d - cuprite in olivine (T); e - copper and nickel
(left) + zinc (right) (T); f - copper in oxide form in a silicate matrix (T);
(Ccp: chalcopyrite; Chr: chromite; Cpr: cuprite; Cpx: clinopyroxene; Mag:
magnetite; Ol: olivine; Opx: orthopyroxene; Pl: plagioclase)

4. dbra  Jdrulékos dsvinyokat tartalmazo bazalt torési feliiletének képei
olvadékzdrvinyokban és pérusokban, BSE (COMPO) iizemmédban: a -
cink oxid formdjdban szilikdt matrixban (T); b - nikkel tartalmii kalkopirit
szilikdt olvadékban (E); ¢ - kuprit (T); d - kuprit olivinben (T); e - réz és
nikkel (balra) + cink (jobbra) (T); f - réz oxid formdjdban szilikdt mdtrixban
(T). (Ccp: kalkopirit; Chr: kromit; Cpr: kuprit; Cpx: klinopiroxén; Mag:
magnetit; Ol: olivin; Opx: ortopiroxén; Pl: plagiokldsz)
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It is possible to find copper in its native form in the pore space
due to the reducing environment of volcanic gases, such as sulfur
dioxide (SO,) and hydrogen sulfide (H,S) [25]. Fig. 5 shows a
phase with a high (92-94%) copper content on plagioclase.

Fig. 5 Copper containing phase (Cu content according to EDS data is 92-94%) on
plagioclase in BSE (COMPO) mode (T); (Pl: plagioclase). The inset shows the
same area in SEI mode

5. dbra Réztartalmii fizis (a réztartalom az EDS adatok alapjdan 92-94%)
plagiokldszon, BSE (COMPO) iizemmédban (T). (Pl: plagiokldsz). A belsé
kép ugyanezt a teriiletet mutatja SEI iizemmodban

3. Discussion

The chemical composition of the studied grains was
determinedafteranalyzingtheimagesatdifferent magnifications.
Some zoning features are observed on the fracture surfaces
of individual macro crystals. Zones with a significant change
in average atomic number often exhibit differences in surface
relief at the submicron scale. For example, the BSE (COMPO)
images of olivine crystals from early melt crystallization exhibit
an apparent direct zoning pattern represented by dark cores
surrounded by bright rims, implying that the Fo% decreases
towards the crystal rims [26]. Grains with direct zoning were
previously studied based on compositional contrasts in polished
sections [22]. Large crystals with reverse zoning were observed
in basaltic lava crater facies. The COMPO mode shows a
brighter crystal core surrounded by a dark rim, implying that
the Fo% increases towards the crystal rim, representing reverse
zoning of olivine [26]. At high resolution, the COMPO images
reveal a thin zone between the core and the rim with a higher
Fo% and the presence of nickel. The crystal's compositional
variations were found to also be reflected in the fracture surface
topography. The boundary in relief between the core and rim
indicates a break in olivine crystallization; thus, the presence
of a boundary in the fracture relief allows the post-growth
diffusion model to be rejected for this zoning.

The morphology of the micron and submicron crystals
is fully and clearly manifested on the fracture surface. This
distinguishes a fracture surface from the polished surface of
random cuts of crystals present in sections. The pores and
inclusions are not filled with epoxy resin when fractured, thus
allowing their composition to be studied at high magnification
using lateral scanning. In lava samples from Etna and Tolbachik,
the fracture surfaces expose numerous mineral phases
containing copper, zinc, nickel, and iron in oxide and sulfide
forms. Some of these mineral phases are accessory minerals in
melt inclusions and pores. It is very difficult to ensure these sub-
micron grains are on polished sample surfaces and even more
difficult to determine their composition. Observing copper
in various forms helps to determine the sample’s formation

mechanism [27]. Direct observation of the crystal habit of
copper-bearing minerals allows sulfur deficiency in the parent
lava to be estimated. We interpret that sulfur was lost from the
lava as a gas during the extrusion and crystallization of the
samples in this study [28; 29]. The composition of the mineral
phases found in the pores is consistent with the composition of
the volcanic gases recorded during the eruption [25].

A generalized diagram comparing a polished surface and
afracture is shown in Fig. 6. The direction of crack propagation is
determined by the presence of the nearest stress concentrators in
the rock. For example, grain boundaries with poor adhesion due
to the contamination between the phases, which significantly
reduces their real contact area [30]. Also, the preferred paths
for crack propagation are intracrystalline twinning and gliding
planes, inclusions in crystals and other flaws. As shown, the
chemical and morphological features of the grains present in
the pores and fracture surfaces provide additional information
on rock-forming conditions. Studying fracture surfaces does
not allow precise determination of the chemical composition
of the main rock-forming minerals; however, this approach
nonetheless has several important advantages. The main
advantage is the conservation of all submicron-sized grains
in porous and macro-grain interfaces, which can then be
qualitatively analyzed. In addition, this method also allows the
interpretation of submicron inclusions in macro grains.

1 Section planes 3 Grain boundaries

4 Microcrystal zoning

5 Crystal along grain boundaries
6 Submicron inclusions

7 Crystals in pore

I 2 Fracture

Fig. 6 Generalized diagram of the mineralogical features of the fracture propagation
path through the crystallized area of a hard rock sample
6. dbra Altaldnositott diagram a repedés terjedési titvonaldnak dsvdnytani
jellemzdirdl egy kristdlyosodott kézetminta teriiletén keresztiil

4. Conclusions

In this study, we reveal that investigating the fractured
surface of basalt samples using HR-SEM has some crucial
advantages compared to studying polished surfaces. As a direct
result, sub-micron crystals of apatite, oxides and sulfides of
copper, zing, iron, and nickel were identified in lava samples
from Etna and Tolbachik volcanoes. Minerals containing
copper, zinc and nickel were revealed in most of the samples.
Studies of fracture surfaces can also reveal microcrystal
zoning, inclusions in macro crystals, and the morphology and
composition of submicron crystals in pores and along grain
boundaries. The results of this study show that olivine crystals
exhibit changes in fracture relief at the boundary of zones with
different compositions. Studying fracture surfaces allows sub-
micron accessory minerals to be identified and the zoning of
crystals of rock-forming minerals to be characterized in detail.
Thus, the sample fracturing technique can be very useful in
revealing accessory minerals in igneous and metamorphic
rocks in addition to studying polished surfaces.
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