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Macusanite is a volcanic glass extracted from the volcanic field Macusani — Peru, formed by the fast
cooling of magma. This study shows physical and chemical characterization of Macusanite samples to
better understand its molecular structure, elemental composition as well as to investigate the presence
ofnatural inclusions. The characterization of the natural glass can give valuable geological information
about the magma composition, the eruption intensity and age of volcanism activity. Moreover, the use
of different characterization techniques can help in mineral prospecting. Macusanite was characterized
by X-Ray Diffraction/Fluorescence (XRD/XRF), Optical Microscopy, Scanning Electron Microscopy
(SEM) and micro-Raman spectroscopy. The latter suggests the presence of andalusite mineral
incorporated in the glass structure, while the Energy-Dispersive X-ray Spectroscopy (EDS) analysis
indicates the presence of some rich calcium inclusion. Moreover, XRD shows the glass characteristic
amorphous band and that the sample is in the glassy stage.
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1. Introduction

Volcanic glass, also known as obsidian, is considered
a mineraloid as it has no lattice effects like a crystalline
structure. It is an amorphous, non-crystalline solid produced
by the fast cooling of magma during a volcanic eruption.
Moreover, some mineral inclusions may be trapped in the
glass structure during its formation process.

Obsidian are mainly composed of silica (SiO,). High
silica magma has over 71-77% of SiO,', which indicates a
very viscous magma and, consequently, a violent volcanic
eruption, in contrast with low silica magma which is very
fluid. Magmas with more than 65% of silica are classified
as felsic and are often explosive since lava easily obstructs
the volcanic chimney. When these magmas solidifies outside
the surface, like and extrusive rock, they get classified as a
rhyolite. This type of obsidian can be found in deposits of
tens of meters thick.

Silica can attract oxygen in magma producing the
polymerization, which is a long chain of bonding molecules
that increases the viscosity of the medium. Moreover, it can
affect the formation of crystals by hindering the movement
of ions that are responsible for the crystal growth and,
consequently, few minerals are formed?. This behavior is
more intense for felsic lavas®.

Macusani is a volcanic field located in the province of
Carabaya in Peru, with a longitude of 70 ° 27 ‘W. and latitude
14°4°S., at4.3 km of altitude from sea level®. Glass pebbles
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found in volcanic rocks in the field are known as Macusanite,
which was first found in fluvio-glacial sediments®.

Macusanite was the source of some shipped stone
artifacts in the archaic period, found at distances of more
than 120 km from Macusani®. This obsidian has a translucent
green appearance, but can occur in different colors®.

Mineral characterization studies have resulted in
important advances in the association between cooling
magma and amorphous structure. In addition, it serves as
a source of studies for improvement in radiometric dating.
Some studies about its properties indicate it can be used in
technological applications, such as economical adsorption of
heavy metals’?, radioactive cations and anions, and different
biomolecules due to its macroporosity, which also provides
application in construction, as abrasive, acoustic, filter as
well as in the agriculture field*'.

The Canadian company Plateau Energy Metals found
large deposits of lithium and uranium in the volcanic regions
near Macusani, which may have the largest lithium reserves
in the world"". The discovery of high content of lithium in
Macusanite'> may have contributed to the exploration companies
to develop projects in the region of Macusani. Moreover,
this obsidian constitutes one of the greatest examples of
uranium mineralization associated with pyroclastic rocks®.

This work aims to physically and chemically characterize
Macusanite samples via different methods used in material
sciences (optical microscopy, scanning electron microscopy,
micro-Raman spectroscopy, X-ray diffraction and X-ray
fluorescence) to better understand the volcanic glass elemental
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composition as well as the presence of mineral inclusions
which were trapped in the glass during its formation process.
Moreover, the X-ray fluorescence technique may provide
geological information about the magma that originated
the volcanic glass.

2. Macusanite Property Investigation

Craig et al.® studied the Macusanite geological settlements
as well as its use as a source material for artifacts in ancient
times through comparisons of various calculated ages of
this mineraloid.

Macusanite pebbles have been dated by a variety of
radioisotopic techniques as fission track method, potassium-argon,
argon-argon, etc., which show ages of about 4 to 10 million
years™'*15. Since the chemical composition varies among
different pebbles, this indicates they may have come from
distinct volcanic eruptions and may explain why the ages are
different>*!*, Later volcanism led to the deposition of obsidians.

Macusanite glass has been characterized through
different techniques as electrical resistance'®, micro-Raman
spectroscopy'’ and atomic force microscopy'®. Investigation
of its elemental composition indicate it is mostly composed of
high concentration (~ 70-73%) of SiO,, ~ 15% of aluminum
oxide (ALO,) and some oxides like K,0, Na O, CaO. Moreover,
trace elements were also found in the glass molecular structure,
e.g., H,0, FeO, Fe,O,, MgO and others*'>'>*,

Linck®! was one of the pioneers to investigate Macusanite
and found the presence of zircon, andalusite, wollastonite,
scapolite, sanidine, sillimanite, aegirine-augite and oligoclase-
andesine incorporated in the glass structure. At this time,
Macusanite was thought to be a tektite instead of an obsidian
as both are made from a natural glass®.

Macusanite has properties that should be similar to
obsidians belonging to the rhyolite group, whose density
is approximately 2.3 g/cm® ?>% and hardness on the Mohs
scale between 5 and 6%*. According to Husien??, the obsidian
hardness is greater when compared to common glass, and its
structure becomes more rigid with increasing Al,O, content.

Obsidian reacts to water by breaking the atomic bonds
of the silicate network?, which increases the rate with the
temperature. This weathering process is called hydration,
and it also causes an increase in the volume of the glass.

Cracks in volcanic glass propagate as multiple micro-
cracks that reach pre-existing micro-fractures and not only
a single fracture. Moreover, these cracks work as pathways
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for fluids, favoring the water-silica interaction in the inner
micro-regions of the glass.

Regarding the thermal conductivity of silica glasses, it is
about 1.7 W(m-K) at T=100 °C. The glass strength behavior
displays an elastic deformation according to the classical
Hooke’s law followed by a fracture once the cohesive strength
exceeds. The maximum cohesive strength under tension for
volcanic glasses is 30 Mpa®.

3. Materials and Methods

3.1. Macusanite preparation

Some Macusanite pebbles of different sizes, ranging from
1 cmto 5 cm in diameter, were selected for all characterization
processes, which are shown in Figure 1a. The natural glass was
pulverized using a disc mill (Marconi, model MA 360) with
orbital agitation of about 5 minutes, resulting in a homogenized
powder (Figure 1b). Some thin glass pieces were sanded both
sides with three different granulometry sandpapers: 1200,
2400 and 4000 mesh with 70 rpm during 5 minutes for each
piece in a Struers model polishing machine.

These pebbles were collected in Macusani Town, Corani
district, in depostis Chilcuno Chico and Caluyo Mayo.
Macusanite was found either as an inclusion in pyroclastic
rocks of Quenamari formation, or as a pebble at the bottom
of the ravine of the volcanic environment. A panning was
carried out on the banks of the river, in which pieces of
various sizes were found.

3.2. Optical microscope

Possible inclusions inside Macusanite were
photomicrographed via MC170 HD microscope with transmitted
light and with a 10X ocular lens and a 20X objective lens,
producing a total magnification of 200X. A micro-area with
two visible mineral inclusions were selected and their lengths
were measured. For this procedure, a thin piece was sanded
so that it was flat on both sides.

3.3. Scanning Electron Microscope (SEM)

For the SEM analyses one pebble of Macusanite
was sanded both sides and another turned into powder to
investigate its topology and physical characteristics with
a Backscatter electron Detector (BSD). Moreover, the
elemental composition of the volcanic glass was identified
and quantified with an electron-dispersive spectrometer by

Figure 1. Macusanite pebbles (a) and their powder (b) form used in the study.
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weighting the elements in the mineraloid in the compact
and powder form. The measurement instrument is an EVO
LS-15 microscope Zeiss with a voltage of 20 kV. The sample
was coated with carbon in an evaporation process (Q150TE,
Quorum). Backscattering analysis scans the surface based
on the weight of the chemical elements. Because heavy
elements can backscatter electrons in greater quantities than
lighter ones, they appear lighter in the image?!.

3.4. Micro-raman spectroscopy

Raman spectra of Macusanite were obtained by a Raman
Renishaw inVia spectrometer, equipped with a Leica optical
microscope and a video camera allowing a direct visualization
of the sample, 50X objective lens with a spatial resolution
of 1 um?. The Raman spectra were collected in the region
0f200-2250 cm™' with a 633 nm helium-neonium laser line
and 50% laser power. The measurements were performed
to investigate the presence of mineral inclusions trapped
in the glass.

3.5. X-Ray Fluorescence (XRF)

The X-ray fluorescence spectroscopy analysis was carried
out to determine the chemical composition in weight percent
(Wt%) of Macusanite, using a Rh anode as the excitation
source. The scans were performed in the energy range
from Na to U, in qualitative and quantitative mode at room
temperature in a vacuum. The measurement was carried out
in a Shimadzu spectrometer (XRF-700).
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Figure 2. Photomicrograph of Macusanite with transmitted light
and a total magnification of 200x.
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3.6. X-Ray Diffractometry (XRD)

XRD analysis was carried out in a diffractometer (XRD
6000, Shimadzu) at room temperature with Cu-K | (A=1.5406 A)
radiation, 1° divergence and reception slits, in the continuous
scan, 40 kV voltage, 30 mA current, 2 °/min scan speed,
and 20 angular range from 10° to 80°. For XRF and XRD
analyses the powder sample was used.

4. Results and Discussion

Figure 2 shows a photomicrograph of two mineral
inclusions trapped in the volcanic glass sample, which have
dimensions of up to 450 um on its major axis. Some other
small inclusions are also visible throughout the glass surface.

The SEM photomicrographs obtained using BSD are
shown in Figure 3. The images were taken from the sanded
surface of the sample in powder form (a) and compact form (b).

The results of the chemical composition by scanning
with the EDS detector can be seen in Table 1.

Regarding the chemical composition, both samples do
not present any significant difference. The results show a
high prevalence of oxygen, silicon and aluminum elements,
which are components of the most abundant molecules in
the mineral structure (silica (SiO,) and alumina (ALO,)).
Moreover, trace elements show marked depletions in F, Na, K,
Ca, Fe ¢ Cu, which is in agreement with the literature®!>1°20,

Figure 4 shows the dispersion of calcium through
the powdered glass structure, that indicates some spot
micro-areas with mineral inclusions composed of calcium.
Linck?' found some mineral inclusions in Macusanite with
calcium composition: wollastonite (CaSiO,), scapolite
(Na,AlLSi,0,,Cl to Ca,AlSi 0,,CO,), oligoclase-andesine
((Na,Ca)[AI(Si,A1)S1,0,]) and aegirine-augite ((Ca,Na)

Table 1. Elemental composition of Macusanite by SEM/EDS.

Element Compact (Wt%) Powder (Wt%)
(6} 53.94 59.66
F 2.31 2.58
Na 2.98 2.76
Al 7.08 6.20
Si 30.55 25.36
K 2.56 2.26
Ca 0.21 0.34
Fe 0.36 0.46
Cu - 0.36
Total 100.00
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Figure 3. SEM images of Macusanite in powder (a) and compact (b) form with a total magnification of 1000x via BSD detector.
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(Fe*",Mg,Fe")Si,0,). The calcium-rich inclusions found by
SEM-EDS may be attributed to any of the above minerals,
however, further investigation is required.

Zircon grains (ZrSiO,) have also been found in other
Macusanite sample characterized via SEM analysis by
our research group. Therefore, this microscopic technique
can assist in mineral prospecting by identifying valuable
inclusions. As a common accessory mineral in igneous rocks,
zircon contains a large amount of uranium and thorium in
levels of about tens to thousands parts per million (ppm)®.
In addition, this mineral has a hardness of 7.5 on the Mohs
scale and is resistant to various geological processes, which
makes it routinely used in radioisotopic dating process,
e.g. the fission-track method, U-Pb and U-Th/He dating.
Moreover, in the industry of ceramics zircon is the main
opacifier in ceramic applications?.

Volcanic glasses are known in micro-Raman spectroscopy
by their large band spectra as they do not have a crystalline
structure?’. Therefore, Macusanite spectrum collected with
633 nm laser is like other obsidian and silicate glasses
collected with 415, 514 and 633 nm reported in the literature®.
The Raman spectrum in Figure 5 was obtained from a
crystalline inclusion (Figure 6) in Macusanite. According to
Linck®' this spectrum is similar to the andalusite (A1,SiO,)
mineral. The spectrum was compared with the RRUFF™
Project database of Raman Spectra® for andalusite (see
Table 2).

Andalusite is an important mineral in metamorphosed
aluminous rock, such as metapelitic schist and micaceous
quartzite®. It has an orthorhombic structure with Pnnm
space group®'**. According to the factor group theory, it has
48 predicted Raman active modes?. The Raman spectrum
of andalusite shows characteristics of an orthosilicate, the
spectral bands above 800 cm™' correspond to the stretching
modes of SiO,, while the bending mode of SiO, occurs
around 360 cm *°. Because of the poor symmetry and
poor degeneracy, there are many other Raman bands in the
range from 200 to 400 cm™' corresponding to the bending
mode of AIV'-O.

Macusanite has a considerable amount of alumina, which
may explain why andalusite is not an unusual inclusion, whose
chemical composition is 62.9% ALO, and 37.1% SiO,*.

In Biotite (silicate mineral) the presence of andalusite
crystals identical to those in Macusanite were also found.
Moreover, measurements performed in this mineral indicate
the presence of uranium, thorium and lead, which makes
andalusite also used in geological dating methods like zircon

Table 2. Raman Shift of peaks in Macusanite inclusion and Andalusite.

Peak Magusamte_ Andalusite (cm™)*
Inclusion (cm™)

1 146.15 -

2 291.67 ~290
3 321.46 ~320
4 357.89 ~355
5 919.06 ~920
6 951.56 ~950
7 ~1010 ~1020
8 1062.08 ~1065
9 2129.01 -
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mineral®. Since andalusite has high resistance to thermal
gradients and thermal shocks, it is greatly used in the industry
for refractory construction and also in the foundry3.

The chemical composition of Macusanite, as determined
by XRF spectroscopy, is shown in Table 3. It consists mainly
of 74.36% of silicon oxide (SiO,), which is characteristic
of'the silica formation in bonding with the oxygen from the
volcanic lava, and 18.25% of alumina (Al,O,). Both of them
are the most predominant oxides in the glass, followed by
K,O e Fe O, and some traces as CaO, P,O,, etc. The measured

CaKal
Figure 4. Calcium dispersion in Macusanite through EDS.
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Figure 5. Raman Spectrum of Macusanite inclusion.

Figure 6. Macusanite inclusion.
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Table 3. Chemical composition of Macusanite by XRF spectroscopy.

Identified Oxides (Wt%)
SiO, 74.351
ALO, 18.248
K,0 4310
Fe,0, 1.077
PO, 0.545
CaO 0.511
SO, 0.364
Rb,0 0.180
MnO 0.124
TiO, 0.078
Cs,0 0.026
As,0, 0.049
SnO, 0.032
ZnO 0.018
Ir,0, 0.017
CuO 0.011
WO, 0.010
Others 0.018

—— Macusanite

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 ()

Figure 7. X-ray Diffraction analysis of Macusanite.

silica concentration is higher than the ones found in the
literature, which is about 70-73%*!21°20, XRF is a technique
that can help to identify the magma type that originated the
glass, which in this case it is a felsic magma that causes an
explosive volcanic eruption (as the concentration of silica
is about 74%)".

Regarding the XRD analysis (Figure 7), the diffractogram
does not show any presence of crystalline phases, there is
only a characteristic band of an amorphous material around
the position of Bragg 26 = 30°. Since magma cools quickly
through the glass transition temperature there is not sufficient
time for the rock crystallization.

Natural glasses have short lifetime in geologic time scale,
as they are unstable and tend to crystallize into a spherulite,
which contains silicate crystals like quartz and feldspar.

However, rhyolitic glasses can have a longer lifetime, up
to approximately 60 million years'.

The process of transforming glass from a vitreous to a
crystalline phase is known as devitrification. The diffusion
process of water acts as a catalyst, and at low temperatures
it slows down*. Therefore, the glass can change in events
involving water and geothermal processes.

The devitrification process can reach three stages in
rhyolitic glass: i) the glassy (with some spherulites as
inclusions, which are spherical semicrystalline bodies that
occur in glassy rocks); ii) the spherulitic (with some mineral
inclusions of quartz); and iii) the granitic texture®.

Gimeno®” showed that SEM can be useful for analyzing the
devitrification process by revealing the growth of the crystal
components, and discovered that phenocrysts, microphenocrysts
and all kinds of previous crystalline materials act as nucleation
sites for spherulites. Moreover, the most viscous lava like felsic
ones show poor development of spherulites, unlike the less
viscous magma rocks that present advanced stages of spherulites.

According to the XRD analysis, Macusanite shows a
characteristic amorphous band and no presence of spherulites
as inclusions, since this obsidian is no more than 10 million
years. This result indicates that Macusanite is in the glassy
stage and it is still young in comparison to the time needed to
reach the last stage of devitrification. As the stages progress,
the crystalline structure starts to become majority in the
volcanic glass. Thus, the XRD can be a technique to inform
the degree of crystallization of natural glasses.

5. Conclusions

The SEM and micro-Raman analyses are two non-
destructive techniques that can be used to identify inclusions
in volcanic glass, such as zircon and andalusite, which have
already been dated to provide information about the thermal
history of the mineral. Moreover, the lengths of these minerals
are big enough to be dated through radioisotopic processes.
Calcium-rich inclusions were detected by SEM/EDS, which
may be wollastonite, scapolite, oligoclase-andesine and aegirine-
augite. XRD is an important technique to analyze the degree
of devitrification of a glass, showing that Macusanite age of
less than 10 million years is quite young compared to time
needed to reach the last stage of devitrification. Moreover,
according to the XRF analysis Macusanite has a slightly higher
amount of silica (74.35%) than others previously analyzed in
the literature. The silica concentration indicates the magma
produced the volcanic glass is felsic in origin.
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