
Lithos 318–319 (2018) 209–218

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Measuring the degree of “nanotilization” of volcanic glasses:
Understanding syn-eruptive processes recorded in melt inclusions
Danilo Di Genova a,b,⁎, Alberto Caracciolo c, Stephan Kolzenburg d,e

a School of Earth Sciences, University of Bristol, Wills Memorial Building, Queens Road, Bristol BS8 1RJ, UK
b Institute of Non-Metallic Materials, Clausthal University of Technology, Zehntner Str. 2a, 38678 Clausthal-Zellerfeld, Germany
c Institute of Earth Sciences, University of Iceland, Sturlugata 7, 101 Reykjavık, Iceland
d Department of Earth and Planetary Sciences, McGill University, 3450 rue University, Montreal, QC, Canada H3A 2A7
e Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universität München, Theresienstrasse 41/III, 80333 München, Germany
⁎ Corresponding author at: Institute of Non-Metallic M
Technology, Zehntner Str. 2a, 38678 Clausthal-Zellerfeld,

E-mail address: danilo.di.genova@tu-clausthal.de (D. D

https://doi.org/10.1016/j.lithos.2018.08.011
0024-4937/© 2018 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 May 2018
Accepted 8 August 2018
Available online 11 August 2018
Iron andwater content substantially affect the physical properties of natural silicatemelts andmay, therefore, in-
fluence magmatic and volcanic processes such as crystallization, degassing, flow behaviour and eruptive style.
Here we present Raman spectroscopic data for a set of synthetic and natural multicomponent glasses with vary-
ing iron oxidation state and water content. We systematically study the effect of different Raman excitation
sources on the spectral response of both crystal free and magnetite nanolite bearing glasses spanning basaltic
to calc- and per-alkaline rhyolitic compositions. Based on these data we document changes in Raman spectra
resulting from the formation of nano-scale crystals. We show that the peak located at ~970 cm−1 is directly re-
lated to the presence of Fe2O3 dissolved in the quenchedmelt structure and that this feature is present regardless
of the chemical composition of the sample and the Raman excitation source. We further show that a peak be-
tween 670 and 690 cm−1, which is not related to any other spectral feature of the glass structure, reveals the
presence of nanolites. Based on systematic spectral investigations of this feature, we present a new index that al-
lows to identify if iron is present in the nanocrystalline state and/or bound in the glass structure. Since the melt
structural and physical effects of the formation of nanolites can heavily affect the flowbehaviour ofmelts and the
eruptive style of volcanoes, the results presented in this study significantly broaden the application of Raman
spectroscopy for investigations of nano-heterogeneity in synthetic and natural glasses.
We apply this method to study both the degree of nanolitization as well as the H2O content and iron oxidation
state of groundmass glasses as well as melt inclusions and glass embayments in explosive products from Pantel-
leria island (Italy). We observe that the process of nanotilization is not purely restricted to magnetite nanolites
but that Raman spectroscopy may also identify the incipient crystalization of pyroxene and feldspar at sub-mi-
cron scale. The data document that nanolite formation correlates well with the observed intensity of the respec-
tive eruptions suggesting that structural changes in the melt, caused by incipient crystallization play an
important role in defining the eruptive style of relatively low viscosity magmas.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magma transport plays a fundamental role in the evolution of
planets (van Keken, 2003) and the activity and eruption style of volca-
noes (Gonnermann and Manga, 2007). Its eruption on the Earth's sur-
face can pose a significant threat to economic activities and human
lives (Newhall et al., 2018). Silicatemelt is, inmost cases, the fundamen-
tal component of magma and its viscosity plays a key part in controlling
magmamobilization and transport (Hammer et al., 1999; Petford, 2003;
aterials, Clausthal University of
Germany
i Genova).

. This is an open access article under
Pistolesi et al., 2011; Zhang, 1999). The viscosity of a natural silicate
melts can vary by several order of magnitude as function of chemical
composition (X), temperature (T), and oxygen fugacity (fO2) (Bouhifd
et al., 2004; Hui and Zhang, 2007; Kolzenburg et al., 2018; Stabile et
al., 2016; Webb et al., 2014). This dramatically affects the magmas
transport dynamics and thus its eruptive behaviour. Changes in melt
viscosity are the result of modifications in the structural interconnectiv-
ity of themelt and changes in the size of tetrahedra rings that aremostly
driven by changes in X-T-fO2 (Kubicki and Toplis, 2002; McMillan,
1984; Mysen, 1999; Sharma et al., 1981; Toplis et al., 1997). Therefore,
understanding the X-T-fO2 dependent structure-properties relationship
represents a core challenge in advancing our knowledge of magmatic
and volcanic processes and can inform conceptual and computational
approaches to hazard forecasting.
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The structure of silicate melts consists of a three-dimensionally in-
terconnected network of different units (Mysen and Richet, 2005 and
reference therein). Tetrahedral units, the so-called Qn species, are dis-
tinguished by the number (n) of bridging oxygens (BO), which ranges
between 0 and 4, that connect Qn species. These species are coordinated
by network-former cations which, in magmatic melts, are dominantly
Si+4, Al3+, and Fe3+.

Iron is the most abundant 3d-transition element in volcanic sys-
tems and can be subjected to changes throughout magmatic and vol-
canic processes. The redox state of iron (ferrous Fe2+ and ferric Fe3+)
greatly affects its role in the melt structure and thus its properties as
well as the stability of Fe-bearing phases (Bouhifd et al., 2004;
Dingwell et al., 1988; Giordano et al., 2015; Liebske et al., 2003;
Mysen et al., 1985; Wilke, 2005). The Fe3+/Fetot. ratio changes signifi-
cantly with X-T-fO2 conditions. Several studies have shown the effect
of changing the redox state of iron on the physical properties of volca-
nic melts (Botcharnikov et al., 2005; Bouhifd et al., 2004; Di Genova et
al., 2017c; Dingwell and Virgo, 1987; Kolzenburg et al., 2018; Liebske
et al., 2003; Poe et al., 2012; Stabile et al., 2016; Toplis and Carroll,
1995).

Further, a recent study by Di Genova et al. (2017a), documented
how the presence of magnetite nano-crystals, termed nanolites, can
alter the structure and viscosity of volcanic melts. It was demonstrated
that the formation of nanolites results in a viscosity increase of up to
two orders of magnitude. It is also argued that iron oxides may pro-
vide nucleation sites for bubbles (Gardner and Denis, 2004; Pleše et
al., 2018; Shea, 2017). Over the last few years, nanolites were also
documented in products of explosive eruptions at basaltic and andes-
itic volcanoes such as Etna (Italy, Barone et al., 2016), Mount Ngauru-
hoe (New Zealand, Zellmer et al., 2016), Shinmoedake volcanoes
(Japan, Mujin et al., 2017; Mujin and Nakamura, 2014) and the
Menan Volcanic Complex (USA, Xu et al., 2017). The above summary
of observations suggests that the precipitation of nanolites during
magma ascent and decompression can play a crucial role in control-
ling the eruptive style.

Furthermore, the nano-heterogeneity of volcanic melts raises a fun-
damental question about our ability to model the viscosity of the melt
fraction constituting the magma. Indeed, the parameterization of vis-
cosity (e.g. Giordano et al., 2008; Hui and Zhang, 2007) often relies on
melt chemistry measurements at a larger scale (i.e. microscale) than
the nanocrystals and, thus, returning a seemingly homogenous bulk
analysis of a heterogeneous material.

Raman spectroscopy has largely been used to infer the network con-
nectivity of synthetic and volcanic melts and glasses (Ardia et al., 2014;
Di Genova et al., 2017c; McMillan and Piriou, 1982; Mysen et al., 1982),
estimate volatile content (Behrens et al., 2006; Di Genova et al., 2017b;
Mercier et al., 2010; Morizet et al., 2013; Schiavi et al., 2018; Thomas,
2000), and approximate the Fe3+/Fetot. ratio and chemistry of volcanic
glasses (Di Genova et al., 2016a, 2016b; Di Muro et al., 2009). However,
while recent studies focused on the effect of nanolites on viscosity and
estimation of water content, so far, no study has been presented to sys-
tematically characterize the degree of nano-heterogeneity of volcanic
glasses.

Here, we expand the use of Raman spectroscopy to systematically
study heterogeneities in volcanic products by measuring the degree of
“nanotilization” of glasses over a large range of chemical composition.
To this aim, we first carefully study the effect of themost common exci-
tation sources for Raman spectroscopy on the spectral feature related to
the presence of magnetite nanolites. We then introduce a new index
termed N# (i.e. nanolite number) to constrain the degree of
“nanotilization” calculated from Raman spectra of glasses. This new
tool enables the user to infer the effect of nanoparticles on experimental
results (Di Genova et al., 2017b; Di Muro et al., 2006a; Schiavi et al.,
2018) and eruptive dynamics (Di Genova et al., 2017a; Mujin et al.,
2017;Mujin and Nakamura, 2014). It further enables comparative stud-
ies of results obtained from different laboratories.
2. Methodology

2.1. Starting materials

Four iron-rich rhyolites (Fsp series, from Di Genova et al., 2016b)
were used to investigate the effect of laser wavelength on Raman spec-
tra of homogenous and nanolite-free glasses characterized by different
iron oxidation state (Fe3+/Fetot ratio ranging from 0.24 to 0.83). The ef-
fect of nanolites on Raman spectra was studied using six magnetite-
nanolite-bearing glasses of different composition. Specifically, we se-
lected three glasses from the calc-alkaline magma series: basaltic
(KR3) and dacitic (HO2) glasses from Di Genova et al. (2017b) and a
rhyolite (L, from Di Genova et al., 2017a). We further analysed three al-
kali-rich samples, namely a trachy-basalt (ETN3.8), trachyte (AMS4)
and latite (FR3.8) from Di Genova et al. (2014a, 2014b). The Raman
spectra acquired from these samples suggested that the mineral phase
is magnetite (Di Genova et al., 2017b). Magnetic-hysteresis performed
on the rhyolitic sample (L, Di Genova et al., 2017a) showed that the
nanolite diameter ranges between ~5 nm to ~30 nm. We acknowledge
that, according to Mujin et al. (2017), particles below ~30 nm can be
classified as “ultrananolite” and that the term “nanolite” is suggested
for describing those from 30 nm to 1 μm in width. In this study, we
use the term “nanolite” for all samples because no information on the
diameter of particles dispersed in our samples are available, except for
sample L. Details of the experimental procedures to synthesise these
samples, together with the techniques to estimate the iron oxidation
state andwater content, are reported in the respective studies. The sam-
ples used for application of the developed method to natural samples
were collected from the basal vitrophyre of the Green Tuff ignimbrite
(45–50 ka, Civetta et al., 1984) and Cuddia del Gallo cone (~6 ka,
Mahood and Hildreth, 1986; Gioncada and Landi, 2010) on Pantelleria
island (Italy), respectively.

The chemical compositions of all synthetic samples are reported in
Table 1, while the chemistry of natural samples is reported in Table 2.
All synthetic compositions are plotted in a TAS (total alkali versus silica)
diagram in Fig. 1.

2.2. Raman spectroscopy

Raman spectra were acquired using a Thermo Scientific™ DXR™xi
Raman Imaging Microscope at the University of Bristol, School of Earth
Sciences. The instrument is equipped with three different lasers i)
blue, 455 nm diode, ii) green, 532 nm doubled Nd:YVO4 DPSS and iii)
red, 633 nm HeNe. Each laser is coupled with a single grating; the
spectral resolution is ~2 cm−1. Spectra collected with the blue laser
(455 nm) were acquired using a 1200 lines*mm−1 grating. The green
laser (532 nm) is coupled with a 900 lines*mm−1 grating, and the red
laser (633 nm) is coupled with a 600 lines*mm−1 grating. It must be
noted that only the green laser configuration allows for measurements
from 50 to 4000 cm−1.

Spectra of synthetic samples were acquired between 50 cm−1 and
1500 cm−1 using a high confocality setting with a 100× objective, 25
μm confocal pinhole, and a laser power between 3 and 6mWmeasured
on the sample surface in order to avoid oxidation of the sample (Di
Genova et al., 2017b). All the spectra were acquired at ~5 μm of depth
where the Raman signal was found to be at its optimum. In order to
maximise the signal/noise ratio, the acquisition time and repetitions
ranged between 8 and 15 s and 30–50 times, respectively. Different ac-
quisition times were chosen to compensate for the differences in pho-
ton flux per pixel due to differences in the dispersion of employed
gratings. Raman spectra of natural samples were collected between
100 cm−1 and 4000 cm−1 using the green laser, with an acquisition
time of 15 s and 10 repetitions. Raman maps of the natural samples
were produced using a linear magnetic stage coupled with optical en-
coders which allows maintaining the x-y-z position repeatability to
within 10 nm. The DXR™xi Raman Imaging system is equipped with



Table 1
Chemical composition (in wt%) and Fe3+/Fetot. ratio of samples used in this study.

Sample Composition SiO2 TiO2 Al2O3 FeOtot. MnO MgO CaO Na2O K2O H2O Fe3+/Fetot N#blue
⁎ N#green

⁎ N#red
⁎

Fsp_1a Iron-rich rhyolite 72.53 0.44 8.70 9.02 0.34 0.17 0.45 4.59 4.09 0.00 0.83 – – –
Fsp_4a Iron-rich rhyolite 71.93 0.43 8.97 8.93 0.37 0.17 0.46 4.72 4.18 0.00 0.62 – – –
Fsp_7a Iron-rich rhyolite 73.44 0.43 9.05 7.71 0.35 0.17 0.40 4.08 3.99 0.00 0.35 – – –
Fsp_9a Iron-rich rhyolite 74.24 0.44 9.01 7.04 0.36 0.17 0.47 4.19 4.14 0.00 0.24 – – –
ETN3.8b Trachybasalt 46.89 1.61 16.35 10.18 0.20 5.38 9.79 3.38 1.70 3.76 – 0.74 1.03 1.22
KR3c Basalt 50.24 1.99 13.55 14.08 0.25 5.86 10.09 2.46 0.32 4.67 – 2.94 4.44 5.26
HO2c Dacite 66.70 0.77 15.96 5.02 0.12 1.70 4.65 3.70 2.23 3.54 – 1.59 3.33 5.00
FR3.8b Latite 54.69 0.77 17.41 6.35 0.17 2.14 5.20 4.30 4.32 3.76 0.41 2.22 3.45 5.26
AMS4b Trachyte 59.67 0.53 18.69 4.08 0.14 1.22 0.60 4.07 7.91 4.78 – 0.87 1.28 1.89
Ld Iron-poor rhyolite 73.75 0.31 11.99 3.31 0.07 1.64 2.98 3.16 3.56 0.00 0.60 1.47 2.94 4.76

⁎Calculated nanolite number N# after Eq. 1 using different lasers.
a Di Genova et al. (2016a).
b Di Genova et al. (2014a).
c Di Genova et al. (2017b).
d Di Genova et al. (2017a).
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an electron multiplied charge coupled device (EMCCD) used to amplify
the signal without amplifying readout noise. This results in an ex-
tremely fast acquisition time (b 1 s) per 50 to 4000 cm−1 spectrum
thus permitting to acquire thousands of spectra in a few minutes. This
enables us to map relatively large areas (mm2) in a satisfactory
timeframe and, importantly, without heating and/or otherwise altering
the sample.

All spectrawere corrected for temperature and excitation line effects
according to Long (1977). In order to subtract the spectra background,
cubic splineswere fit through intervals devoid of peaks in the silicate re-
gion (from100 to ~200 and 1250 to 1500 cm−1) and in thewater region
(2750–3100 and 3750–3900 cm−1). The resulting spectrawere normal-
ised to the total area. All spectra were smoothed using Fourier trans-
forms. The water content dissolved in melt inclusions was estimated
using the procedure and pantelleritic standards described in Di
Genova et al. (2017b).

2.3. Chemical analyses

Electron microprobe analyses of natural samples were performed
using a Cameca SX-100 electron microprobe (School of Earth Sciences,
University of Bristol, UK), equipped with 5 wavelength dispersive spec-
trometers and 1 energy dispersive. Analytical conditions were 4 nA
beam current and 20 kV acceleration voltage. A defocused 10 μm
beamwas used for all elements tominimize the loss of volatile elements
such as alkalis. Standards usedwereAmelia albite (Na, Si), Eifel Sanidine
(Al, K), St. John's Island olivine (Mg), wollastonite (Ca), ilmenite (Ti, Fe),
BaSO4 (S), Durango apatite (P), halite (Cl), MnO (Mn), Cr2O3 (Cr) and
data were reduced following the XPP routine.

3. Results

Raman spectra of synthetic glasses characterized by different Fe3+/
Fetot. ratio (Fsp series, pantellerite) acquired using the blue, green, and
red lasers are shown in Fig. 2a–d. Spectra from nanolite-bearing glasses
with different chemical composition are reported in Fig. 3a–f. Chemical
composition and Fe3+/Fetot. ratio of glasses are reported in Table 1.
Table 2
Chemical composition (in wt%) of melt inclusions and glass embayments from Pantelleria Islan

Sample SiO2 TiO2 Al2O3 FeOtot. MnO M

GT1 68.31 0.39 7.84 8.40 0.27 0
GT5 68.78 0.43 7.72 8.74 0.41 0
GT6 67.48 0.47 7.66 7.93 0.31 0
GT8 67.25 0.44 7.39 7.39 0.31 0
GT9 68.85 0.45 7.84 8.06 0.32 0
CDG1 66.34 0.57 9.50 8.59 0.32 0
CDG4 67.49 0.60 9.75 8.03 0.26 0
For comparison, we also report Raman spectra of the most oxidized
of the investigated iron-rich rhyolites (Fsp1 sample, Fe3+/Fetot. = 0.83)
collected using the three lasers in Fig. 2a. Overall, the signal/background
ratio of the spectra changeswith the excitation source. As showed in Fig.
2a, the spectra acquired with the red laser exhibit the lowest signal/
background ratio, while spectra collected with the blue laser show the
highest signal/background ratio.

After background subtraction and area normalization (Fig. 2b–d),
excluding the sample with the lowest Fe2O3 content (Fe3+/Fetot. =
0.24), the Raman spectra are dominated by the feature at ~970 cm−1.
The spectrum of the Fe3+-poor sample (Fe3+/Fetot. = 0.24) shows a
peak at ~1040 cm−1. These spectral signatures have been observed
and studied extensively in spectra of simple and multicomponent sys-
tems collected with green lasers (Di Muro et al., 2009; Fox et al., 1982;
Sharma et al., 1997; Virgo et al., 1983; Wang et al., 1993; Wang et al.,
1995). The ~970 cm−1 contribution was assigned to an antisymmetric
coupled mode of Fe3+ in four-fold coordination state, while the ~1040
cm−1 is characteristic of Fe2+ rich pantelleritic glasses (Di Genova et
al., 2016a; Di Muro et al., 2009). The data presented here demonstrate
that these observations hold true regardless of the excitation source
employed to acquire the spectra (i.e. independent of laser wavelength).

Spectra collected from synthetic nanolite-bearing glasses are shown
in Fig. 3a–f. The spectra show a broad resemblance to those of pure sil-
icate glasses, but they possess distinct additional vibrational contribu-
tions located between 670 and 690 cm−1 and ~300 cm−1 that are not
related to the glass structure. For pure volcanic glasses, depending on
the SiO2 content, the maximum Raman intensity is expected either at
~500 or ~1000 cm−1, depending on the dominant structural contributor
(Di Genova et al., 2015; Di Genova et al., 2016b; Di Muro et al., 2009;
Mercier et al., 2009; Schiavi et al., 2018). Here, the main peak position
occurs either at ~670 cm−1 for SiO2-rich sample (rhyolite) or at ~690
cm−1 for SiO2-poor samples (basalt). Based on data from the RRUFF da-
tabase (Lafuente et al., 2015) and previous studies (Di Genova et al.,
2017b; Di Muro et al., 2006a), this peak can be assigned to the presence
of magnetite nanolites. This spectral feature is present in all spectra in-
dependent of the laser wavelength. However, we note that the intensity
of this peak changes systematically as a function of the excitation
d (Italy). See Figs. 6, 7 and 9 for sample location.

gO CaO Na2O K2O SO2 P2O5 Cl

.10 0.26 5.71 4.86 0.03 0.00 0.74

.08 0.31 5.77 5.07 0.06 0.02 0.90

.11 0.34 6.05 4.65 0.09 0.04 1.12

.08 0.26 6.07 4.97 0.13 0.01 1.00

.12 0.33 4.73 4.75 0.07 0.04 1.02

.23 1.30 6.90 4.25 0.05 0.07 1.02

.14 0.59 6.65 4.60 0.04 0.04 0.61



Fig. 1. TAS (total alkali versus silica) diagram showing the composition of all samples used in this study. KR and HO glasses were synthesised for this study, while all other glasses were
previously synthesised (see Table 1 for samples reference). Abbreviations in the plot mean: PB – picrobasalt, B – basalt, BA – basaltic andesite, A – andesite, D – dacite, R – rhyolite, TB –
trachybasalt, BTA – basaltic trachyandesite, TA – trachyandesite, TD – trachydacite, T – trachyte, Ba – basanite, Te – tephrite, PT – phonotephrite, TP – tephriphonolite, P – phonolite, F –
foidite. B).
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source, but independently of the sample composition. Spectra acquired
with the red laser (633 nm) show the highest intensity of this peak,
while spectra collected using the blue laser (455 nm) display the lowest
intensity.

4. Measuring the degree of “nanotilization” of synthetic glasses

As demonstrated above, the Fe3+/Fetot. ratio in the glass directly cor-
relates with the intensity of the band at ~970 cm−1 regardless of the ex-
citation source, while the occurrence of magnetite nanolites results in a
peak at 670–690 cm−1 whose intensity depends on the laser wave-
length. Recently, Di Genova et al. (2017b) showed that the development
of the nanolite peak is associated with a proportional decrease of the
band at ~970 cm−1. This implies that magnetite nanolite precipitation
occurs via transfer of Fe2O3 from the melt to the crystal structure.
Based on these observations, we introduce a new index (N#) to quantify
this transfer and, thus, the degree of “nanotilization” of volcanic glasses
(i.e. how much of the total Fe2O3 has precipitated into crystals from
themelt). It should be noted that, according to recent TEM observations
on volcanic glasses (Mujin et al., 2017), the melt depletion of the Fe2O3

resulting from the nucleation and growth of nanolites is mainly con-
trolled by the crystallization of magnetite and/or pyroxene. In our syn-
thetic samples, however, we observed the occurrence of only
magnetite and thus, here, N# refers to the “nanotilization” controlled
by the crystallization of magnetite.

For each spectrum,we calculate (Table 1) the nanolite numberN# as
follows:

N# ¼ I670−690

I970
ð1Þ

where I670–690 and I970 represent the spectral intensity of the nanolite
peak (between 670 and 690 cm−1) and the Fe3+ band (~970 cm−1), re-
spectively. This index increases with increasing degree of nanotilization
and is equal to zero for a nanolite-free glass. In Fig. 4a–f we report the
Long- and baseline-corrected spectra of nanolite-bearing glasses col-
lected with the three different lasers.

Fig. 5 shows the calculated N# as a function of the laser wavelength.
Due to the variable intensity for the same sample of the nanolite peak
with laser wavelength (Fig. 3a–f), N# changes depending on the excita-
tion source as a result of the differing laser coupling and, thus, the signal
to background ratios for the ~670–690 cm−1 and the 970 cm−1 band.
Therefore, comparative studies need to be performed using the same
laserwavelength. The basaltic sample (KR3) exhibits the highest degree
of nanotilization (Table 1 and Fig. 5), followed by the latitic (FR3.8),
dacitic (HO2) and rhyolitic (L) samples. On the other hand, the trachytic
(AMS4) and trachy-basaltic (ETN3.8) are characterized by the lowest
N# (Table 1 and Fig. 5).

5. Discussion: Nano-heterogeneity of natural products

Although to date little is known about the systematics of nanolite
precipitation in magma, recent studies based on textural, geochemical,
and experimental analyses of glasses and melts suggest that nanolites
precipitate predominantly during magma ascent (Di Genova et al.,
2017a; Mujin et al., 2017; Mujin and Nakamura, 2014). In order to ex-
plore the possibility of retrieving information on the changes of the
melt structure during the eruption, we acquired Raman spectra of
closed, partially degassed, and leaked melt inclusions (MIs). These dif-
ferent glasses can provide information on the structure of the melt fro-
zen in when it crossed the glass transition temperature during the
eruptive event.

Pantellerites are one of the most enigmatic peralkaline rhyolites
since they are enriched in iron and characterized by an extraordinarily
low viscosity, but nonetheless often feed high intensity (VEI) explosive
eruptions (Civetta et al., 1984; Webster et al., 1993). In spite of the
wealth of studies (Campagnola et al., 2016; Di Genova et al., 2013;
Hughes et al., 2017; Lanzo et al., 2013), key issues on the fragmentation

Image of Fig. 1


Fig. 2. (a) Long-corrected Raman spectra of the Fe3+-rich rhyolitic glass (Fsp1 sample,
Fe3+/Fetot. = 0.83) collected with the three different lasers before background
subtraction. The signal/background ratio increases from the red (633 nm), to green
(532 nm) to blue (455 nm) laser. (b, c, d) Long- and background corrected and area
normalised Raman spectra of iron-rich rhyolitic glasses (Fsp series, Table 1)
characterized by varying Fe3+/Fetot ratios (numbers in the legend). Spectra were
acquired using three different lasers: b) blue, c) green, d) red. With increasing the iron
oxidation state of the glass, the band at ~970 cm−1 increases independent of the
excitation source. The 1040 cm−1 contribution is dominant in Fe2O3-poor pantelleritic
glass (see the text for more details). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Long-corrected spectra of nanolite-bearing glasses with different chemical
composition acquired with the 455 nm (blue), 532 nm (green), and 633 nm (red) lasers
before baseline subtraction. a) trachybasalt (ETN3.8), b) basalt (KR3), c) latite (FR3.8),
d) dacite (HO2), e) trachyte (AMS4), f) calcalkaline rhyolite (L). The sample
composition is reported in Table 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Long- and baseline-corrected and area normalised Raman spectra of the nanolite-
bearing samples acquired with the 455 nm (blue), 532 nm (green), and 633 nm (red)
lasers. a) trachybasalt (ETN3.8), b) basalt (KR3), c) latite (FR3.8), d) dacite (HO2), e)
trachyte (AMS4), f) calcalkaline rhyolite (L). Sample compositions are reported in Table
1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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dynamics of these magmas remain elusive. We collected pantelleritic
samples erupted during two explosive eruptions of different intensity
at Pantelleria island (Italy):1) the basal vitrophyre of the caldera-

Image of Fig. 2
Image of Fig. 3
Image of Fig. 4


Fig. 5.Nanolite number (N#, Eq. 1) as a function of the laser wavelength. The dotted lines
are intended as a guide for the eye.

Fig. 6. a) SEM image from an hourglass melt inclusion from the Green Tuff vitrophyre in
contact with the melt surrounding the host mineral (diopside). Labels indicate the
location of Raman spectra reported in b). Hydrous and nanolite-bearing glass was
detected in the glass embayment (GT1, GT2 and GT3 spectra), while dry glass
characterized by incipient crystallization of feldspar was found on the outside of the
inclusion (GT4 and GT5 spectra). The Raman spectrum of the host mineral is also
reported (dashed). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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forming eruption of the Green Tuff deposit (45–50 ka, Civetta et al.,
1984) and 2) spatters erupted during the weak-Strombolian activity
of Cuddia del Gallo cone (~6 ka, Gioncada and Landi, 2010).

Fig. 6a shows an hourglass MI hosted in diopside and an external
melt trapped between the crystal surface and a bubble. Raman spectra
and their locations are shown in Fig. 6b and a, respectively. The main
contribution to the Raman spectra is located at ~970 cm−1. The Fe3+/
Fetot. ratio of the Raman spectra is ~0.5 andwas constrained in reference
to spectra from samples of the same composition but different iron ox-
idation state (Di Genova et al., 2016a; Di Muro et al., 2009).

The H2O content of the glass decreases from ~1.3 wt% for the GT1
and GT2 spectra (Fig. 6a–b) to essentially water free at the outside of
the leaked melt inclusion (spectra GT4 and GT5). Furthermore, the
first three spectra (GT1, GT2 and GT3) exhibit a contribution at ~670
cm−1 (Fig. 6b) indicating the presence of Fe-bearing nanocrystals. In
the presented case the spectral signature of the host mineral (diopside)
exhibits a similar contribution at ~670 cm−1 (Fig. 6b) that is to be eval-
uated in order to exclude eventual misidentification of the Raman fea-
ture. The host mineral also shows a prominent peak at ~1015 cm−1

and twoweaker contributions at ~320 and ~390 cm−1. Although the lat-
ter peaks were not observed in the glass spectra GT1, GT2 and GT3, we
observed the development of a slight shoulder at ~1000 cm−1, a lower
position with respect to the main peak of the diospide. Additionally,
while the full width at half maximum (FWHM) of the 670 cm−1 peak
of the diopside (Fig. 6b), due to the presence of Fe2O3 in its crystalline
structure, is narrow (~15–20 cm−1, Lafuente et al., 2015), the FWHM
of the 670 cm−1 peak of GT1, GT2 and GT3 spectra is significantly
broader (~40–45 cm−1) and similar to that observed in the Fe2O3

nanolite-bearing glasses in Fig. 4a–f and reported by previous studies
(Figs. 3 in DiMuro et al., 2006a, 2006b). This suggests the incipient crys-
tallization of diopside, resulting in the development of hybrid features
between the quenched melt structure and the crystal structure.

Overall, the evolution of the spectral signature from GT1 to GT5 is
paralleled by a decrease in the H2O content of the melt which results
in an increase inmelt viscosity and, thus, a decrease in element diffusiv-
ity from inside the inclusion to the outside. Assuming a similar thermal
path for themelt in the inclusion and the outside, this allows for a higher
potential of nanolite formation in the lower viscosity, water-rich and
higher diffusivity inside of the melt inclusion with respect to the out-
side, where the melt is efficiently quenched to a glass during the erup-
tion. The relatively high-water content may promote oxidising
conditions of the system (Humphreys et al., 2015) and, combined to
fast quench rate (Di Genova et al., 2017b; DiMuro et al., 2006a), induced
the formation of magnetite nanolites during degassing. This process,
however, is not restricted to magnetite only and can also occur during
the crystallization of other phases such as for example pyroxene and
plagioclase (Mujin et al., 2017). In fact, degassing-induced crystalliza-
tion of both these phases is well documented for basaltic lavas
(Applegarth et al., 2013; Lipman et al., 1985) but has not been described
for pantelleritic melts. This is likely due to the small scale of the crystals
forming during degassing, which required new techniques for their
identification, such as presented here. The spectra collected at the out-
side of the melt inclusion (spectra GT4 and GT5, Fig. 6b) show two
peaks at ~470 and ~510 cm−1 that are characteristics of Raman features
in feldspar. However, these peaks are broader and shifted to a lower
wavenumber (−7 cm−1, Fig. 7b) compared to the spectrum of the adja-
cent feldspar (dashed line in Fig. 7b). This suggests incipient feldspar
nucleation within the melt during ascent and/or quenching. Such pre-
crystalline precipitates have been identified in experimental studies
on supersaturated hydrothermal fluids crystallizing silicates at high
temperature and pressure (Manning, 2018).

Fig. 7a shows a leaked feldspar-hostedMI containing two bubbles of
~10 μm diameter. The spectrum collected from the interior of the MI

Image of Fig. 5
Image of Fig. 6


Fig. 7. a) SEM image of a feldspar hosted melt inclusion from the Green Tuff vitrophyre.
Labels indicate the location of Raman spectra reported in b). Raman spectra revealed the
presence of a nanolite-free glass in the interior of the melt inclusion (GT6 spectrum)
and around the crystal (GT8 and GT9 spectra), whereas nanolite-bearing glass was
detected in the vicinity of the bubble (GT7 spectrum). The Raman spectrum of the host
mineral is reported for reference (dashed). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. a) SEM image of the Green Tuff vitrophyre groundmass. The square indicates the
area (b) where Raman spectra were collected to map (c) the degree of nanotilization
around the bubble. Hot colours indicate higher nanotilization degree, while cold colours
indicate lower nanotilization degree according to N# (Eq. 1). Blue represents a nanolite-
free glass. Some of the spectra on the bottom- whitish-side of the bubble show high
fluorescence resulting in the inability to determine the N#. For those spectra we
interpolate the N# of the neighbouring spectra. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(GT6, Fig. 7b) exhibits the typical features of pantelleritic glasses (Fig.
2a–d), while the spectrum collected close to the bubble surface (GT7,
Fig. 7b) is characterized by the ~670 cm−1 nanolite peak which is not
present in the spectrum of the host mineral (Fig. 7b). Moreover, as re-
ported before, the difference in Raman shift of the two peaks located
at ~470, ~510 cm−1 with respect to the hostmineral spectrum, together
with the absence of crystalline peaks at ~170 and 290 cm−1 in the MIs
spectra, suggest that the melt structure has undergone incipient feld-
spar crystallization below available resolution. We also inspected the
groundmass glass of the basal vitrophyre in order to study its structure.
In Fig. 8a–b we report a BSE-SEM image of 1800 μm2 over whichwe ac-
quired 1800 Raman spectra. We found that, albeit the BSE-SEM image
suggests this area to be composed of homogenous glass, the Raman
spectra collected from the matrix groundmass were highly heteroge-
nous at the nanoscale. In order to quantify and visualize the degree of
nanotilization, we calculated the N# (Eq. 1) for each spectrum. Fig. 8c
shows a heatmap visualizing the degree of nanolitization using a colour
gradient from cold (blue, nanolite-free glass, low N#) to hot (red,
nanolite-bearing glass, high N#). The distribution of colours shows the
coexistence of two domains 1) a pure, nanolite free glass and 2) an ex-
tremely nano-heterogenous glass.
In line with in situ observations of bubble nucleation in silicate
melts (Masotta et al., 2014; Pleše et al., 2018 and reference therein),
textural observations of volcanic products (Applegarth et al., 2013;
Lipman et al., 1985) and experimental results (see Shea, 2017 for a re-
view), the development of incipient crystalline features in the Raman
spectra on the inside of vesiculating melt inclusions (Figs. 6 and 7)
suggest that the nanotilization stimulated/facilitated the exsolution
of volatile components of the magma by providing nucleation sites
that promote bubble formation, increased the melt viscosity (Di
Genova et al., 2017a) and, thereby, contribute to enhancing the
explosivity of volcanic eruptions.

We now expand this analysis to the lower intensity Strombolian
type eruptions from the Cuddia del Gallo eruption by including flat-
tened pantelleritic spatters. This allows us to evaluate whether second-
ary processes (e.g. annealing and potential oxidation) may have
induced the observed structural heterogeneities of the glass.

In Fig. 9a we show a SEM image of MIs from spatters erupted during
this event. The location of the acquired Raman spectra is reported in Fig.
9a, while the spectra are reported in Fig. 9b. We analysed three

Image of Fig. 7
Image of Fig. 8


Fig. 9. a) SEM image of olivine hosted melt inclusions and glass embayment from the
Cuddia del Gallo spatter (Pantelleria Island, Italy). Labels indicate the location of Raman
spectra reported in b). The Raman spectrum of the host mineral is also reported
(dashed). Although the sample shows a certain degree of textural heterogeneity of the
groundmass, Raman spectra acquired along the sample confirmed that the glass matrix
is systematically more reduced than the Green Tuff vitrophyre groundmass. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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characteristicmelt inclusions; 1) a closedMI (CDG1), 2) a partially open
MI coexistingwith a bubble (CDG2), and 3) a glass embayment contain-
ing bubbles (CDG3–4).

The Raman spectra in the region at ~3550 cm−1 (Fig. A.1.) revealed
that only the closed and bubble-free MI (CDG1) contains water, while
the embayments (CDG2–4) are anhydrous. Overall, comparison of the
results obtained from Cuddia del Gallo spatter with those from the
Green Tuff vitrophyre, suggests that all the MIs from the spatters of
Cuddia del Gallo (CDG1–4, Fig. 9b) are more reduced (Di Genova et al.,
2016a; Di Muro et al., 2009) with respect to theMIs of the Plinian erup-
tion. This is inferred from the extremely weak contribution at ~970
cm−1 of the spatter spectra (Fig. 9b) with respect to those of the
Green Tuff vitrophyre (Fig. 7a, see Di Genova et al., 2016a; Di Muro et
al., 2009 for further detail on how to estimate the Fe3+/Fetot. ratio of
glasses). Furthermore, the nanotilization of the melt was more intense
during the Plinian eruption (Green Tuff, Fig. 7b and 8c) than during
the low-energetic Strombolian event at Cuddia del Gallo (Fig. 9b).

Previous studies estimated the pre-eruptive magmatic water con-
tent of pantelleritic eruptions at ~4–5 wt% (Di Carlo et al., 2010;
Gioncada and Landi, 2010; Kovalenko et al., 1988; Lanzo et al., 2013;
Lowenstern and Mahood, 1991; Métrich et al., 2006; Neave et al.,
2012; White et al., 2009). These data were collected on samples from
a series of different eruptions on Pantelleria Island, including those
studied here. Despite there being slight differences in pre-eruptive
water content and oxygen fugacity among effusive and explosive erup-
tions, viscosity measurements of the effect of H2O (Di Genova et al.,
2013) and Fe3+/Fetot. ratio (Stabile et al., 2016; Stabile et al., 2017) on
the melt viscosity demonstrated that pantelleritic melts are of ex-
tremely lowviscosity,with respect to their calcalkaline counterparts, re-
gardless of thewater content and iron oxidation state. As a consequence
of these lowviscosities (andhence fast relaxation timescales), the calcu-
lated strain rates required for exceedingMaxwell's criterion and induc-
ing brittle fragmentation in these melts are unrealistically high
(Dingwell, 1996; Hughes et al., 2017; Papale, 1999). Furthermore, the
crystal content measured in the eruptive products is relatively low;
b20 vol% (Campagnola et al., 2016; Gioncada and Landi, 2010; Hughes
et al., 2017; Lanzo et al., 2013; Neave et al., 2012; Rotolo et al., 2013).
Therefore, the effect of solid particles on the magma viscosity is ex-
pected to be very low (Campagnola et al., 2016; Mader et al., 2013
and references therein) and not enough to explain the transition from
effusive to explosive eruptions at Pantelleria Island (Civetta et al.,
1984; Gioncada and Landi, 2010; Mahood and Hildreth, 1986; Rotolo
et al., 2013). It thus appears that the pre-eruptive conditions, including
chemical composition and eruptive temperature (Di Carlo et al., 2010;
Gioncada and Landi, 2010; Lanzo et al., 2013; Neave et al., 2012;
Rotolo et al., 2013; White et al., 2009), are not the decisive factor con-
trolling the intensity of the eruptions occurred at Pantelleria Island.
We propose that the increase in viscosity due to nanolite formation in-
duces a rheologic transition pushing the melt across the viscous/brittle
transition. This is supported by the presented nano-heterogeneities in
melt inclusions of the Green Tuff eruption.

We suggest that future studies should focus on the identification and
characterization of nanolites in natural products such as the method
presented here or TEM in combination with FE-SEM analysis as pre-
sented by Mujin et al. (2017), and on the development of a systematic
understanding of the dynamics of their formation in silicate melts at
physical and chemical conditions relevant for volcanic eruptions. This
will help better constrain the control of melt structure on the eruptive
behaviour of volcanoes and on changes in their eruptive style.

6. Conclusions

The presented Raman spectra of synthetic glasses collectedwith dif-
ferent lasers demonstrate that the spectral fluorescence greatly de-
creases with decreasing laser wavelength, and blue lasers provide the
best signal to background ratio, especially in iron-poor systems.

We further demonstrate that independent of the excitation source,
the Raman features at ~670–690 and ~970 cm−1 are exclusively con-
trolled by the presence of magnetite nanolites and changes in the Fe3
+/Fetot. ratio of the glass, respectively. Based on this relationship we de-
velop a new method for the use of Raman spectroscopy as a tool for
identification of nanoscale heterogeneities in glasses and introduce
the N# as a measure for the degree of nano-heterogeneity of silicate
glasses. This approach is significantly faster and more cost-effective
than previously used tools such as for example Transmission Electron
Microscopy (TEM).

The spectroscopic and analytical results, obtained from melt inclu-
sions and glass embayments of volcanic products erupted during
Strombolian (Cuddia del Gallo) and Plinian (Green Tuff) eruptions at
Pantelleria Island (Italy), help to unravel the importance of the incipient
melt nanotilization for processes acting during explosive eruptions. The
acquired Raman spectra show systematic variations along melt inclu-
sions communicating with the surrounding. They document that
nanolite occurrence is intimately related to degassing. Since both the
precipitation of nanolites and loss of water from the melt result in

Image of Fig. 9
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increasing magma viscosity, we suggest that nanolite growth in
pantelleritic melts contributes to controlling the transition in the erup-
tive style of such a low viscosity magma.

Based on the data presented above, we propose that glass embay-
ments can be used to study the dynamic evolution of the melt nano-
structure during degassing and incipient crystallization prior to and
during the eruption. Our contribution illustrates that Raman spectros-
copy represents a fundamental tool to investigate the distribution of
nanolites, estimate the water content as well as iron oxidation state of
volcanic products, and link the nanostructure of silicate melts to the
eruptive dynamics.
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