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ABSTRACT
Degassing dynamics play a crucial role in controlling the explosivity of magma at erupting 

volcanoes. Degassing of magmatic water typically involves bubble nucleation and growth, 
which drive magma ascent. Crystals suspended in magma may influence both nucleation 
and growth of bubbles. Micron- to centimeter-sized crystals can cause heterogeneous bubble 
nucleation and facilitate bubble coalescence. Nanometer-scale crystalline phases, so-called 
“nanolites”, are an underreported phenomenon in erupting magma and could exert a pri-
mary control on the eruptive style of silicic volcanoes. Yet the influence of nanolites on de-
gassing processes remains wholly uninvestigated. In order to test the influence of nanolites 
on bubble nucleation and growth dynamics, we use an experimental approach to document 
how nanolites can increase the bubble number density and affect growth kinetics in a degas-
sing nanolite-bearing silicic magma. We then examine a compilation of these values from 
natural volcanic rocks from explosive eruptions leading to the inference that some very high 
naturally occurring bubble number densities could be associated with the presence of mag-
matic nanolites. Finally, using a numerical magma ascent model, we show that for reasonable 
starting conditions for silicic eruptions, an increase in the resulting bubble number density 
associated with nanolites could push an eruption that would otherwise be effusive into the 
conditions required for explosive behavior.

INTRODUCTION
A key question faced by volcanologists is 

whether the ascent of magma in the shallow 
crust will result in an explosive eruption of ash 
and gas or a potentially less-dangerous effusive 
eruption of lava. Indeed, these styles of eruption 
can switch during a single eruption (e.g., Rust 
and Cashman, 2004; Colombier et al., 2017a; 
Cassidy et al., 2018). Magma ascent is driven 
by bubble growth, and a first-order control on 
whether an eruption will be explosive or not is 
the rate at which bubbles grow in the melt (e.g., 
McBirney and Murase, 1970; Forte and Castro, 
2019) and the propensity for permeable outgas-
sing during bubble growth (e.g., Degruyter et al., 
2012). Both of these factors—bubble growth 
rates and permeable outgassing efficiency—are 
influenced strongly by the number density of 
bubbles that form in nucleation events, because 

high bubble number densities shorten the dis-
tances for water to diffuse between bubbles, 
reduce the viscous resistance to growth, and 
result in smaller bubble-bubble pairs at the onset 
of permeability (e.g., Gonnermann and Manga, 
2007; Degruyter et al., 2012).

Bubble number densities are dominantly 
controlled by the local decompression rate, 
volatile diffusivity, volatile concentration, tem-
perature, and surface tension (e.g., Toramaru, 
2006; Shea, 2017). Crystals, especially those at 
micron to millimeter scale, impart the magma 
with a distributed internal interface to serve as 
a surface for heterogeneous nucleation, reduc-
ing the supersaturation conditions needed to 
nucleate bubbles (Hurwitz and Navon, 1994; 
Mangan et al., 2004; Gardner and Denis, 2004; 
Cluzel et al., 2008; Larsen, 2008; Shea, 2017; 
Pleše et al., 2018) and to facilitate bubble coales-
cence (e.g., Lindoo et al., 2017). In turn, crystals 
“stiffen” the viscous response of the magma such 

that bulk expansion of the bubbles is resisted 
(Oppenheimer et al., 2015). Thus, the observa-
tion that nanolites, or nanometer-scale crystal-
line phases, are extant in products of explosive 
volcanism raises the general question as to what 
their physical role might be in bubble dynamics 
during magma ascent.

Nanolites have been identified in both 
natural volcanic products (e.g., Sharp et al., 
1996; Mujin and Nakamura, 2014; Barone 
et al., 2016; Zellmer et al., 2016; Colombier 
et al., 2017b) and experimental products (e.g., 
Liebske et al., 2003; Di Muro et al., 2006; 
Di Genova et al., 2017). They are inferred to 
crystallize in magmas at low pressure (Mujin 
and Nakamura, 2014) and during slow cooling 
(Liebske et al., 2003; Di Muro et al., 2006). The 
formation of nanolites has been suggested to 
favor heterogeneous bubble nucleation (e.g., 
Shea, 2017), and they have been invoked as a 
potential control on the eruptive style of volca-
noes (Mujin and Nakamura, 2014; Mujin et al., 
2017; Di Genova et al., 2017). However, the 
mechanism behind this control on the eruptive 
style remains unclear. Here, we present results 
of experiments designed to explore the degas-
sing dynamics of rhyolitic magma with and 
without nanolites, and we find that the presence 
of nanolites can amplify bubble number densi-
ties by many orders of magnitude. We use this 
finding to argue that nanolites may be capable 
of inducing explosivity in otherwise effusive 
eruptions.

MATERIALS AND EXPERIMENTAL 
METHODS

We used two volcanic materials to con-
duct our bubble-growth experiments: (1) a 
natural iron-rich nanolite-free rhyolite obsid-
ian (Fig. 1A) with 0.15 wt% dissolved H2O, *E-mail: francisco.caceres@min.uni-muenchen.de
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and (2) a synthesized nanolite-bearing sample 
(Fig. 1B) of the same rhyolitic composition 
with 0.32 wt% dissolved H2O (see the Supple-
mental Material1). To form nanolites, we re-
sintered a powder of the natural obsidian in a 
sealed container with a small amount of water 
in a hot isostatic press at 800°C and 23 MPa. 
Nanolites are ubiquitous in the synthesized 
sample, with an average nanolite number den-
sity Nn of ∼3.5 × 1012 mm–3 and an average 
size of 10–50 nm, corresponding to ∼2 vol% 
of the magma. The crystals and bubbles were 
investigated via backscattered electron images 
(Fig. 1) of polished samples using a Hitachi 
SU5000 scanning electron microscope. A con-
focal Raman spectrometer was used to identify 
nanolites (see the Supplemental Material). The 
nanolites in the groundmass of the synthesized 
sample correspond to Fe-Ti oxides based on a 
peak in Raman spectra at 670–690 cm–1. The 
same peak is absent from the spectra of the glass 
in the natural obsidian, confirming the absence 
of Fe-Ti oxide nanolites (Fig. 1G).

We heated these two sample types in an opti-
cal dilatometer at 1–60°C min–1 to isothermal 

dwells at 820–1000°C. We recorded their real-
time sample volume and shape as they crossed 
the glass transition, followed by rapid expansion 
(see the Supplemental Material). The experi-
mental products for the two sample types were 
then compared.

EXPERIMENTAL OBSERVATIONS
When heated at the same heating rates, the 

nanolite-bearing sample always began expand-
ing significantly earlier and with a higher expan-
sion rate than the nanolite-free sample (Fig. 2). 
While the two sample types (nanolite-free and 
nanolite-bearing) had subtly different initial 
water concentrations (0.15 versus 0.32 wt%), 

we assume that the discrepancy in onset time 
and expansion rate (bubble growth) cannot be 
attributed to this small difference in starting 
water content. We note that even when com-
paring conditions where the calculated melt vis-
cosity is higher and water diffusivity is lower in 
the nanolite-bearing sample (Fig. 2), the growth 
rate in the nanolite-bearing samples were higher. 
Thus, this gap between the two sample types is 
attributed to the difference in their nucleated 
bubble number density.

Using run products for experiments that 
reached equilibrium porosity and bubble size, 
we determined that for the natural obsidian, 
the bubble number density (Nb) produced dur-
ing the experiments was 10–1 ≤ Nb ≤ 101 mm–3 
and final bubble sizes (bubble diameter, Rd) 
were 0.2 ≤ Rd ≤ 1.5 mm (Fig. 1C), while for 
the re-melted, nanolite-bearing sample, Nb 
was much higher, at 106 ≤ Nb ≤ 107 mm–3, with 
significantly smaller final bubble sizes of 10–3 
≤ Rd ≤ 10–1 mm (Fig. 1D). The values obtained 
here for the natural, nanolite-free obsidian are 
consistent with experiments carried out with 
same composition and at similar conditions 
(Ryan et al., 2015).

DISCUSSION
The number density of homogeneously 

nucleated bubbles during degassing of an 
ascending magma is dominantly controlled by 
the decompression rate (e.g., Toramaru, 2006; 
Shea, 2017). However, heterogeneous nucle-
ation may decrease the decompression rate 
needed to produce the same Nb by orders of 
magnitude (e.g., Cluzel et al., 2008; Hamada 
et al., 2010; Shea, 2017). High Nb (∼107 mm–3) in 
natural silicic explosive products (e.g., the 7.7 ka 
Mount Mazama eruption, Oregon, USA; Klug 
et al., 2002) have been attributed to a combina-
tion of fast decompression rates and the presence 
of relatively high (100–102 mm–3) crystal number 
densities during degassing (e.g., Hamada et al., 
2010), with an emphasis on the additional role 
played by decompression (or ascent) rates. Our 
data suggest that the nucleation of nanolites in 
magmas could result in high bubble number 

1Supplemental Material. Extended methods, data 
tables, and additional figures, as well as references 
for Figure 3. Please visit https://doi .org/10.1130/
GEOL.S.12440129 to access the supplemental material, 
and contact  editing@geosociety.org with any questions.
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Figure 1. Pre- and post-experimental samples. (A) Backscattered electron–scanning electron 
microscope (BSE-SEM) image of nanolite-free glass. (B) BSE-SEM image of nanolite-bearing 
sample with nanolite number density Nn of ∼1012 mm–3. (C) X-ray computed tomography image 
of post-experimental nanolite-free sample with ∼60 vol% vesicularity and bubble number den-
sity Nb of ∼100 mm–3. (D) BSE-SEM image of post-experimental nanolite-bearing sample with 
∼70 vol% vesicularity and Nb of ∼107 mm–3. (E) Zoom image of a post-experimental nanolite-
bearing sample and nanolite-bubble coexistence. (F) Zoom image of bubbles and interstitial 
groundmass (nanolites + glass) in a post-experimental nanolite-bearing sample showing 
bubble interaction and sizes. (G) Raman spectra for samples pre- and post-experiment. Fe-Ti 
oxide nanolites peak (∼670 cm–1) is indicated by the arrow. I—intensity; a.u.—arbitrary units.

Figure 2. Experimental 
porosity evolution for 
nanolite-free (green) and 
nanolite-bearing (purple) 
samples at 30 °C min–1 (A) 
and 1 °C min–1 (B) heating 
rates. Nanolite-free sam-
ples were heated up to 
1000 °C (glass viscosity 
η ∼ 107 Pa·s, water diffu-
sivity D ∼ 6 × 10–13 m2 s–1) 
and nanolite-bearing 
samples were heated up 

to 820 °C (η ∼ 109 Pa·s, D ∼ 2 × 10–13 m2 s–1); η and D were calculated using the models of Hess 
and Dingwell (1996) and Zhang and Ni (2010) with Liu et al. (2005) for melt-water concentration. 
The time difference when sample pairs reached 0.1, 0.3, and 0.5 porosity values is shown as 
reference (gray arrows), as well as the difference in maximum porosity. Tg—glass transition 
temperature.
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 densities and associated high bubble growth 
rates in situations where nanolites grow below or 
within the kinetic window of bubble nucleation. 
This implies a possibility of reaching high bub-
ble number densities by heterogeneous nucle-
ation of bubbles on nanolites even at relatively 
low decompression rates.

To put our results in context, we compiled 
published estimates of Nb in natural products of 
explosive eruptions with a range of magmatic 
compositions (Fig. 3A). These data show that 
across the range from intermediate to silicic 
magmas, mean Nb tend to be ∼105–106 mm–3, 
with maxima at >108 mm–3 (Fig. 3C; similar to 
data compiled by Shea [2017]). We note that the 
bubble number densities produced in our nano-
lite-bearing samples are in the higher end of the 
range of bubble number densities (≥106 mm–3) 
found in natural explosive products. For com-
parison, data for Nb in intermediate to silicic 
effusive eruptions are sparse, but typical values 
are <103 mm–3 (Fig. 3B).

Nanolites are not widely reported in erupted 
products, and therefore the subset of this com-
pilation for which nanolites have been iden-
tified is low. Fe-Ti-oxide nanolites have been 
observed in tephra from Kilian volcano, France 

(Colombier et al., 2017b; see the Supplemen-
tal Material). These nanolite-bearing prod-
ucts have Nb as much as two orders of magni-
tude higher than the nanolite-free products of 
the same eruption (Fig. 3A). In the case of the 
2011 Shinmoedake eruption, Japan (Mujin and 
Nakamura, 2014; Mujin et al., 2017), nanolites 
of low-Ca  pyroxenes, plagioclase, and Fe-Ti 
oxides are present throughout the transition 
sequence from sub-Plinian to effusive eruptive 
style. Even though the nature of these nano-
lites differs from those in this study, due to the 
different composition of the magma involved, 
nanolites are present in the products of the first 
and most explosive phase of the eruption with 
Nn of ∼1013 mm–3 comparable to those in this 
study (∼1012 mm–3).

This compilation of naturally occurring bub-
ble number densities (Fig. 3) along with the few 
observations that exist for the natural occurrence 
of nanolites suggest that nanolites may play a 
role in increasing the bubble number density 
relative to nanolite-free magma. This is consis-
tent with the findings of our experimental work 
(Figs. 1 and 3). While we do not claim that this 
is the only cause of high bubble number densi-
ties, we propose that this process can operate in 
shallow magma ascent.

APPLICATION TO SILICIC MAGMAS
Here, we have established that silicic mag-

mas that form nanolites prior to bubble nucle-
ation events can result in high bubble number 
densities compared with nanolite-free magmas. 
In a second step, we show that the high experi-
mental Nb values in nanolite-bearing melts are 
at the upper end of naturally occurring ones, and 
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Figure 4. One-dimensional magma ascent model (Degruyter et al., 2012). We used a 5-km-
long conduit and an initial reservoir pressure P0 = 120 MPa, magma temperature T = 825 °C, 
initial water content C0 = 4.27 wt%, and initial bubble size (radius) R0 = 10–7 m, based on the 
2008 Chaitén (Chile) eruption (Castro and Dingwell, 2009; see the Supplemental Material 
[see  footnote 1]). Where not stated, we used default inputs from Degruyter et al. (2012). We 
systematically explored the effect of bubble number densities (Nb) in the range of 104–109 mm–3 
on the evolution of the pressure gradient, ascent velocity, and initiation of fragmentation in a 
conduit of diameters (dc) 10 m (A), 16 m (B), and 20 m (C). Note that fragmentation is indicated 
by a jump in pressure or velocity gradients, and is marked with gray dotted lines. Solid colored 
lines represent explosive ascent paths, and dashed colored lines represent effusive ascent 
paths. For a given conduit diameter, an increase in Nb can induce fragmentation.

Figure 3. Bubble number density, Nb, of prod-
ucts of volcanic eruptions. (A) Nb recorded in 
clasts from different phases or units in explo-
sive eruptions with minimum and maximum 
reported values; black dots indicate mean 
values. Colors denote glass composition: 
orange and yellow for rhyolitic, green for tra-
chytic, and blue for phonolitic. Purple region 
shows the experimental range for nanolite-
rich samples in this study. For Kilian U1, the 
black triangle shows the value with nanolites. 
(B) Range of Nb for nanolite-free experimental 
samples in this study (green) and referential 
range for typical varied natural effusive prod-
ucts. (C) Frequency distribution of Nb mean 
values for which >80% of data fall in the range 
of 105–106 mm–3. See the Supplemental Mate-
rial (see footnote 1) for references.
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that in the few available cases, nanolites have 
been found in high-Nb products of explosive 
eruptions. As a final step, we employ a reference 
magma ascent model to show what the effect 
of such an increase in Nb may be in ascending 
magmas. In doing so, we do not aim to model 
heterogeneous nucleation of bubbles on nano-
lites explicitly, but rather use existing tools to 
build the case for the critical effect nanolites 
may have in an ascending magma.

We simulated magma ascent in a conduit 
using the one-dimensional two-phase model 
developed by Degruyter et al. (2012) that con-
siders magma ascent and permeable outgassing 
at high porosities. Although this model works 
on the basis of equilibrium degassing and does 
not consider the mechanism (i.e., homoge-
neous or heterogeneous) and kinetics of bubble 
nucleation, it is suitable for investigating the 
effect that existing bubbles exert on the erup-
tive behavior of ascending magma in a volcanic 
conduit, because it predicts whether a magma 
will  fragment during ascent or not, effectively 
showing whether an eruption could be effusive 
or explosive at the Earth’s surface. This model 
requires an input of Nb and initial bubble size, as 
well as conditions regarding the conduit dimen-
sions, initial magma storage depth, temperature, 
and initial water content. We used three different 
realistic conduit diameters (10, 16, and 20 m) 
and magma starting conditions, such as those of 
the well-studied case of the 2008 Chaitén (Chile; 
Castro and Dingwell, 2009) eruption (Fig. 4; 
see the Supplemental Material). We solved this 
model by varying Nb, using the same range 
found in natural explosive products and in our 
experiments (Fig. 3A).

The simulations (Fig. 4) show that for a 
given range of common conduit dimensions, 
the range of Nb found in natural magmas (104–
108 mm–3) can straddle effusive and explosive 
eruptive style. Although the conduit diameter 
plays a first-order role, we find that for a given 
geometry, the increase in Nb associated with 
bubble nucleation on nanolites could result in 
a transition from effusive to explosive eruption 
(Fig. 4). These results are also consistent with 
low and high Nb inferred for effusive and explo-
sive eruptions respectively (e.g., Cluzel et al., 
2008). Moreover, for the conduit diameters 
investigated, the range of Nb that appears to be 
associated with nanolites (Fig. 3) is sufficiently 
high to result in explosive volcanism in most of 
the studied scenarios.

CONCLUDING REMARKS
We conclude from our experiments that 

nanolites can be efficient sites for bubble nucle-
ation leading to high bubble number densities 
and growth rates. We observe that high bubble 
number densities such as those produced by 
nanolite-bearing samples are found in natural 
explosive volcanic products. We use these obser-

vations and numerical model results to propose 
that nanolites may play a role in enhancing the 
propensity for eruptions to be explosive. The 
conditions of undercooling required for nanolite 
crystallization remain poorly understood, and 
further investigation is required to link the nano-
lite nucleation window with the vesiculation 
window for natural magma ascent conditions.
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