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Abstract
The mutual affinity between bubbles and oxide crystals (especially magnetite) is well established and their tendency to remain 
in contact once they become connected (either by nucleation of one upon the other, or by attachment) has led to models of 
oxide transport via bubbles in natural melts. However, despite the widespread acceptance of bubble–oxide association, there is 
little direct textural evidence for these processes. We present results from a series of decompression experiments on andesitic 
melts, during which aggregates of bubbles and oxides formed because of hydrogen loss through the capsule walls causing 
oxidation of the melt. Experimental charges were imaged using 3D X-ray computed tomography that revealed complex bub-
ble + oxide aggregates, with small oxide crystals coating part of the outer bubble surfaces in a shell-like morphology. These 
shells have smooth inner and rugose outer surfaces. Sometimes, additional concentric shells or partial shells can be found 
around bubbles, in the glass between the bubble wall and another shell. We quantified the volumes of bubbles and oxides 
and the oxides’ compositions. We measured the surface area where the bubbles and oxides are in contact, thus quantifying 
their interface in 3D, and used these measurements to investigate the process of oxide shell formation. The complexity of the 
oxide textures when studied in 3D reveals a range of bubble–oxide interactions, from continuous generation, detachment and 
disintegration. These processes carry important implications on why such textures seem to have a low preservation potential 
in natural environments. Nevertheless, we have found natural samples that resemble our experimental results in a range of 
rock compositions from different geological environments that could have formed either due to rapid oxidation via the fluid 
phase or by bubbles harvesting different crystals.
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Introduction

The major constituents of degassing silicate magmas are 
melt, crystals and gas bubbles. Each of these constituents 
individually provides valuable insights into magmatic evo-
lution, such as the rate of nucleation and growth of crystals 
or bubbles. However, their interactions may be even more 
informative. Some of these interactions are well studied, 
such as the homogeneous nucleation of crystals and bub-
bles within melt (a crystal–melt and bubble–melt interaction, 
respectively, e.g., Fenn 1977; Kirkpatrick 1977; Gonner-
mann and Gardner 2013; Le Gall and Pichavant 2016; Preuss 
et al. 2016). Crystal–bubble interactions in magmas have 
received less attention, yet they may influence a variety of 
magmatic processes from gas storage at depth, crystal flota-
tion and heterogeneous nucleation (Edmonds 2015; Shea 
2017; Pleše et al. 2018).
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Most studies on crystal–bubble interactions focused on 
oxides (e.g., Hurwitz and Navon 1994; Gardner and Denis 
2004). Edmonds et al. (2015) investigated the 2D spatial 
distributions of bubbles and oxides in basalt and andesite 
from Soufrière Hills volcano and revealed single-point bub-
ble–oxide contacts in the basalt, as well as multiple bubbles 
on larger oxide crystals, but no bubble–oxide association in 
the andesite. As bubbles and oxides exhibit a strong attach-
ment force between them, they are considered to remain 
attached once they become connected, due to their very dif-
ferent chemical composition and bonding types (Mysen and 
Richet 2005; Gualda and Ghiorso 2007). This concept led 
to a recent model in which bubble–oxide pairs rise through 
a melt, harvesting more oxides and/or bubbles and facilitat-
ing a net transport of oxides towards the surface (Knipping 
et al. 2015; Edmonds 2015). Few observations of similar 
processes from natural rocks (e.g., Ballhaus et al. 2015) or 
experimental charges (e.g., Matveev and Ballhaus 2002) 
have been put forward. These scenarios of oxide aggrega-
tion, concentration and transport have been developed based 
on several key findings (Knipping et al. 2015; Edmonds 
2015; Ovalle et al. 2018): (1) the existence of a single pre-
eruptive bubble—multiple oxide aggregates in a natural 
sample, consisting of a large bubble with several smaller 
disconnected magnetite crystals on its surface (Gualda and 
Anderson 2007), (2) the affinity of single bubble–oxide pairs 
in experiments (Shea 2017; and references therein), and (3) 
the spatial distribution of sparse bubble–oxide associations 
in natural samples (e.g., Edmonds et al. 2015). If oxide flo-
tation by bubbles is a viable process of oxide transport, and 
the attachment force between bubbles and oxides keeps them 
together, then why are such textures in natural degassing 
environments so easily overlooked?

One of the biggest obstacles in the study of bubble–crys-
tal interactions is textural overprinting. The initial stages of 
texture development, and all the intermediate interactions 
that led to the final textures, are essentially obscured, so the 
exact processes behind bubble–oxide aggregate formation 
are not yet recognized in detail. This is especially trouble-
some for bubbles due to their ease of displacement in melts. 
Consequently, it is difficult to answer questions such as: 
will a bubble and a crystal attach? Will one or both change 
volume while attached? Under what conditions will they 
detach? Recent studies and advances in 4D in situ experi-
ments have started to bridge the problem of overprinting by 
enabling observation of the development of a texture in real 
time (e.g., Bai et al. 2008; Baker et al. 2012; Voltolini et al. 
2017; Pleše et al. 2018; Polacci et al. 2018), but there is still 
need for further research.

The aim of this study is to investigate the interactions 
between bubbles and oxide crystals, in andesitic melts oxi-
dized by hydrogen loss during decompression experiments, 
including the dynamics of nucleation and crystallization, 

bubble–oxide attachment and detachment, and aggregation. 
Our 3D reconstructions of experimentally decompressed 
melts reveal the early development of oxide–bubble aggre-
gates, which are rarely preserved in natural systems. We 
compare our experimental observations with a review of 
natural structures from a range of geological environments 
and examine if they could have been produced by processes 
of bubble growth and magnetite crystallization.

Materials and methods

Hydrous glass synthesis

Hydrous andesitic glasses were synthesized in  Au75Pd25 cap-
sules in a piston-cylinder apparatus from a natural andesite 
crystalline rock powder (AT-29, 56.8 wt%  SiO2; Baker and 
Eggler 1987) after the addition of 12 wt%  H2O (the only fluid 
added to the starting composition). These water amounts 
were chosen so that the experiments are water undersatu-
rated at the maximum pressure and temperature conditions 
but saturated at lower pressures (calculation based on model 
in Papale et al. 2006). Five to seven crushed crystal frag-
ments were also added, of either plagioclase  (An67; Stewart 
et al. 1966), clinopyroxene (augite; Baker and Eggler 1987) 
or amphibole (magnesio-hornblende; Murphy et al. 2000) of 
approximately 0.5–1 mm3 per fragment, comprising on aver-
age 16 wt%, 30 wt% and 19 wt% of the charge, respectively. 
These melt and crystal compositions were chosen to rep-
resent subduction-related volcanism where andesitic melts 
carry phenocrysts (their exact chemical compositions can be 
found in Online Resource 1). The capsules were welded shut 
while immersed in water and stored in a 110 °C furnace for 
1 h to check for water loss. Only capsules whose weight did 
not change were used.

Sample synthesis and decompression experiments were 
performed using a piston-cylinder apparatus at McGill Uni-
versity (Montréal, Canada). The principle behind the piston-
cylinder is that force is applied on the larger piston via oil 
pressure. The larger piston then pushes the smaller one that 
in turn pressurizes the assembly. The assembly is comprised 
of a metal capsule in a crushable alumina-Pyrex-NaCl solid 
medium. Due to friction between different parts, from within 
the assembly to within the entire apparatus, there is a dif-
ference between the nominal and the actual pressure. To 
perform a friction correction and convert from nominal to 
actual pressure, a comparison was made between the meas-
ure nominal pressure of a selected phase transition (in the 
piston-cylinder) and the measured actual pressure of the 
same transition (in another apparatus; Baker 2004). The 
friction correction here is 50 MPa, and the pressure accu-
racy is ± 25 MPa (for more details the reader is referred to 
Baker 2004).
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Runs contained two or three capsules, each with a dif-
ferent added mineral phase. Capsules always contained 
only one mineral phase to avoid any crystal–crystal interac-
tions. All experimental runs were isothermal at 1000 °C, 
and started at 650 MPa (p1,) where they were held for 1 h. 
The short time was used to prevent significant silicate crys-
tal dissolution, and similar parameters were used in Baker 
(2004). The runs were then decompressed to a pressure p2 
(ranging from 600 to 300 MPa) for a duration of t1 (Table 1). 
Decompression was performed by manually venting the 
piston-cylinder; there was no delay in decompressing. The 
decompression rates varied from 1.0 to 1.85 MPa s−1. If we 
assume an upper crustal pressure gradient of 0.025 MPa m−1 
(Dziewonski and Anderson 1981), then our decompression 
rates correspond to 40–74 m s−1, which falls within the 
40–140 m s−1 ascent rates of Soufrière Hills late 1997 explo-
sive eruptions (Druitt et al. 2002). Finally, the runs were 
held at p2 for a duration t2 before isobaric quenching. The 
oxygen fugacity (fO2) of melts produced using the NaCl-
crushable alumina-Pyrex piston-cylinder assembly (Baker 
2004) is approximately 1.5 log units above the NNO buffer, 
NNO + 1.5 (Dalpé and Baker 2000; Liu et al. 2007).

After quenching, the charges were removed from the cap-
sules. The charges were not cylindrical due to non-uniform 
compression of the capsule during pressurization. During 
cooling, the charges fractured within their capsules, so upon 
capsule opening, they scattered. The original orientation of 
the fragments with respect to the vertical is unknown. The 
largest fragment (~ 10 mm3) retrieved from each charge was 
used for further analysis.

X‑ray computed tomography

The largest fragment from each experimental charge 
(referred to as a sample hereafter) was initially imaged at the 
MIAM laboratory of McGill University (Montréal, Canada) 
using a Skyscan 1172 desktop X-ray tomography machine 
(Bruker, Belgium), with the aim of quickly obtaining 
medium-resolution 3D volumes (isotropic voxel size ~ 4 µm). 
The scans were reconstructed in 3D using the NRecon soft-
ware (Skyscan 2011; http://bruke r-micro ct.com/next/NReco 
nUser Guide .pdf). Two natural samples from Krafla (Iceland) 
were also scanned by this machine for comparison with the 
experiments. The scanning conditions for all samples can be 
found in Online Resource 2. Samples displaying interesting 
textural features were selected for high-resolution imaging at 
the GeoSoilEnviroCARS beamline of the Advanced Photon 
Source synchrotron (Illinois, USA; Rivers et al. 2004, 2010). 
The X-ray beam was filtered to an energy of 25 keV, with 
an image pixel size set to 1.32 × 1.32 µm2. We did not work 
in phase-contrast mode. The 3D reconstruction was per-
formed with tomoRecon and no phase-retrieval algorithms 
were applied (Rivers 2012; http://cars9 .uchic ago.edu/softw 
are/idl/tomog raphy .html).

Volume segmentation, visualization 
and measurements in 3D

All high-resolution scans were examined in detail for bub-
bles and oxides in contact with one another. Oxides were 
segmented in 3D by manually adjusting the threshold values 

Table 1  Summary of 
experimental conditions during 
hydrous glass synthesis in a 
piston-cylinder apparatus

T = 1000 °C, p1 = 650 MPa in all experiments. Charge # is the arbitrarily assigned number to charges in 
multiple charge experiments, to differentiate them. p2 refers to the lower pressure to which the experimen-
tal run was decompressed, t1 refers to how long it took to get from p1 to p2, and t2 refers to how long the 
run was kept at p2 before an isobaric quench was performed. Experiment 26 was isobarically quenched 
directly from p1

Experiment # Charge # Crystal type p1 (MPa) p2 (MPa) t1 (sec) Decompression 
rate (MPa  s− 1)

t2 (sec)

26 1 Clinopyroxene 650 650 0 0 0
3 Plagioclase

14 1 Clinopyroxene 650 600 25 1,85 300
15 1 Plagioclase 650 600 30 1,6 300

2 Amphibole
20 1 Clinopyroxene 650 600 50 1,0 30

2 Amphibole
17 1 Clinopyroxene 650 300 300 1,22 5

2 Amphibole
21 2 Clinopyroxene 650 300 195 1,8 0
23 2 Amphibole 650 300 210 1,62 0
24 2 Plagioclase 650 300 220 1,55 0
25 2 Plagioclase 650 300 220 1,6 0
27 1 Plagioclase 650 300 210 1,65 5

http://bruker-microct.com/next/NReconUserGuide.pdf
http://bruker-microct.com/next/NReconUserGuide.pdf
http://cars9.uchicago.edu/software/idl/tomography.html
http://cars9.uchicago.edu/software/idl/tomography.html
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(215–255 for oxides) on 8-bit volumes using the image-
processing package Fiji (Schindelin et al. 2012). The sub-
volumes of interest had to include the entire bubble and all 
oxides connected to it. Since each subvolume contained not 
only oxides in contact with a bubble, but also oxides within 
silicate crystals (e.g., amphibole) and solitary oxides scat-
tered within the melt, a combination of voxel size filters in 
the Pore3D software library (Brun et al. 2010: https ://githu 
b.com/Elett raSci Comp/Pore3 D), manual segmentation and 
3D masking were used to segment only oxides in contact 
with bubbles. Quantitative analyses in Pore3D (Basic and 
Blob Analyses modules) were then performed to obtain the 
number and volume of these oxides.

Bubbles in contact with oxides that were located at sam-
ple centers (i.e., not at sample borders and so not potentially 
in contact with the capsule wall), were segmented by an 
automatic binarization process applied to 8-bit volumes in 
the Fiji software (threshold values of 0–105), since their 
volume was surrounded by either melt or oxides. Bub-
bles located at the sample borders were segmented using 
the same threshold values, however because part of their 
volume was in contact with the air surrounding the sample 
during tomographic analysis, their volume had to be manu-
ally closed to create a partial bubble volume. For each bub-
ble, the volume of the equivalent sphere was measured by 
means of Pore3D software, from which the bubble radius 
was calculated. Avizo Fire® (Visualization Sciences Group) 
was used to merge the segmented oxide and bubble volumes 
in 3D and visualize them. For border bubbles with a partial 
volume, a sphere was created by the same software and was 
then scaled to fit within the real partial bubble volume. This 
allowed us to obtain ideal bubble volumes and measure their 
volume and radius, to be used in further geometrical calcula-
tions. Ideal bubble volumes were used instead of real partial 
volumes, because we were interested in the morphological 
relations between bubbles and oxides, not between bubbles 
and melt.

To determine the surface area of bubbles in contact 
with oxides, the morphology of the oxides needs to be 
considered. The oxides form either a spherical cap or a 
spherical lune (Fig. 1), where a spherical lune is a sliver 
of a sphere’s surface, defined by two 2D sections passing 
through the sphere’s radius (Harris and Stöcker 1998). Two 
different 3D measurements were done, depending on the 
oxide morphology. The surface area of spherical oxide 
caps (the most common morphology) was calculated from 
Scap w/o base = 2 × π × rbubble × h (Heath 1987), where rbubble is 
the bubble radius and h is the height of the spherical cap. 
rbubble was extracted by Pore3D or the fitted sphere volume, 
and h was measured as the distance between two parallel 2D 
sections, oriented in 3D by Avizo Fire® so that one passes 
through the base of the spherical cap and the other through 
its highest point. Where the morphology of the oxides in 

contact with a bubble more closely resembled a spherical 
lune, two 2D sections were located in 3D so that both passed 
through the bubble’s (or fitted sphere’s) center and encom-
passed the oxides. The angle (α) between these 2D sections 
was measured in the quadrant where the oxides were located 
and used to calculate the spherical surface area of the lune 
(Slune) as Slune = 2 × (rbubble)2 × α (Harris and Stöcker 1998).

Scanning electron microscopy

To obtain high-resolution 2D images and to ascertain the 
semi-quantitative chemical composition of the oxides in the 
experimental charges, samples from five experiments with 
the most interesting features were scanned at McGill Univer-
sity, using a Hitachi SU5000 scanning electron microscope 
(SEM) with an Oxford X-MAX80 energy-dispersive X-ray 
spectroscopy (EDS) detector and applying an accelerating 
voltage of 15 kV and 0.134 mA beam current. Special care 
was taken to grind the sample only to a target slice (known 
from the 3D reconstructions) where the oxide structures 
were located. Two natural samples from Krafla that exhibit 
similar oxide structures to those seen in the experiments 
were also analyzed for comparison. Semi-quantitative 
EDS analyses were performed using the Aztec 3.3 software 
(Oxford Instruments).

Results

Appearance of samples and bubble–oxide 
aggregates within them

The samples are glassy, with silicate and oxide crystals and 
bubbles. The silicate crystals are rounded, and exhibit chan-
nels filled with glass, due to their partial melting at high 
pressure and temperature conditions (Fig. 2a). Amphibole 
has the largest number of such channels and they intrude 
furthest into the amphibole crystals (Fig. 2a). Oxide crystals 
vary in size and location; they occur (in order of increas-
ing relative abundance) dispersed in the glass, as inclusions 
within silicate crystals (the largest 0.0012 mm3), on bubble 
surfaces and along sample borders (ranging from 0.62 × 10−7 
to ~ 2.78 × 10−6 mm3, Fig. 2a). Bubbles also vary in size, 
with the largest on the sample borders (~ 1 mm3) and smaller 
ones within the glass (~ 0.004 mm3, Fig. 2a). Solitary oxide 
crystals dispersed in the glass did not form part of quantita-
tive calculations. Bubble–oxide aggregates have been found 
in both zero-time experiments with no decompression and 
in experiments with different decompressions (Table 1). 
Here we concentrate solely on bubble–oxide aggregates, so 
data regarding bubble distribution, overall sample poros-
ity, the relationship between bubbles and silicate crystals, 

https://github.com/ElettraSciComp/Pore3D
https://github.com/ElettraSciComp/Pore3D
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and between bubbles and melt, will be discussed in a future 
paper (Pleše et al. in preparation).

We define a bubble–oxide aggregate as a single bubble 
in contact with multiple oxide crystals (Figs. 1, 2). Bub-
bles in contact with a single oxide crystal were not con-
sidered, since they form a pair and not an aggregate, and 
accidental contact between bubbles and oxides cannot be 
excluded in this case. If a bubble with an oxide spherical 
cap or lune was also in contact with an additional sin-
gle oxide crystal, then that single-point contact was only 
qualitatively considered. Ten experiments yielded bub-
ble–oxide aggregates (Table 2). In total, 50 bubble–oxide 
aggregates were examined. Most bubble–oxide aggregates 
are located at the sample borders (i.e., on the capsule 
wall), but 20% of the aggregates were completely within 

the sample (Table 2). Bubbles that line the capsule wall are 
here referred to as “fringe” bubbles (see Mangan and Sis-
son 2000; Gardner and Ketcham 2011). Aggregates were 
named following the convention A-B-C_oxD, where A is 
the experiment number, B is the capsule within that exper-
iment, C is the identity of the sample piece retained from 
that capsule, and D is the bubble–oxide aggregate identi-
fied within that sample piece. The 50 aggregates identified 
differ in volume, location, configuration and complexity 
between and within capsules, but all share the same basic 
structure of a bubble with an outer surface covered by 
oxide crystals. The bubbles vary in volume, but they are 
always larger in volume than their associated oxide shells. 
Whether the shape of the shell was a cap or a lune is not 
related to the aggregate’s position within the sample.

Fig. 1  3D visualization of 
seven different bubble–oxide 
aggregates. Bubbles are shown 
as transparent blue spheres, 
oxides are shown in yellow, and 
each aggregate is shown from 
two different orientations (two 
images for each aggregate). 
The arrow lengths of the 3D 
scales are the same in all three 
directions. a A bubble is in 
single-point contact with two 
tabular and two non-tabular 
oxide crystals, and it also has 
a small oxide spherical cap. b 
A bubble has a spherical cap 
consisting of small oxides and 
tabular oxides. c A bubble has 
a well-interconnected oxide 
spherical cap with a pronounced 
rugose outer surface. d The 
bubble has a spherical shell 
with an extremely rugose outer 
surface. Oxides spread equally 
along the bubble’s surface and 
outwards from it. e Two bub-
bles have oxide shells facing 
the same direction. Aggre-
gates 23-2-1_ox9 (larger) and 
23-2-1_ox8 (smaller) are shown 
together due to their proximity 
in the sample. f A bubble has 
two oxide layers in its shell. The 
layers are positioned one above 
the other, separated by melt, but 
in contact at the far-right side of 
the oxide cap. Both layers have 
a smooth inner and rugose outer 
side and they share the bubble’s 
curvature
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The bubbles and their oxide shells can be in complete or 
partial contact. We observed three distinct configurations:

Complete bubble–oxide shell contact

In this configuration, on average 22% (ranging from 1.5 to 
60%, Fig. 3b) of the bubble’s outer surface is coated with 
oxide crystals (Fig. 1b–g). The oxide shell is not uniform 
in thickness and commonly has small apertures (~ 6 µm in 
diameter). The inner (bubble) side of the shell is smooth 
and follows the bubble’s curvature. The outer (melt) side is 
uneven and rugose, with features such as small skeletal-like 

extensions (~ 25 µm in length) projecting into the melt 
(Fig. 1d). The bubble–shell–melt contact lines are uneven in 
all aggregates. In some cases (e.g., 14-1-2_ox1 and 17-2-1_
ox2), the bubbles had more than one oxide accumulation on 
their surface (oxide clusters) that were not connected to each 
other (Fig. 1a; Table 2).

Partial bubble–oxide shell contact

Here, aggregate shells are only partially in contact with the 
bubble’s outer surface (Figs. 1f, 2a–d). The shells exhibit 
a smooth inner and rugose outer surface morphology as 

Fig. 2  2D and 3D visualiza-
tion of bubble–oxide aggregate 
23-2-1_ox1. a 2D section from 
the 3D volume, showing four 
different bubble–oxide aggre-
gates and 2 amphibole (amph) 
crystals. Bubbles and air are 
shown in black, amphiboles in 
light gray, silicate glass in dark 
gray and oxides in white. b 
Magnified section of the white 
rectangle from image a, show-
ing only aggregate 23-2-1_ox1. 
The largest bubble is connected 
by narrow necks to two smaller 
bubbles. Three nested oxide 
shells are visible. c, d 3D vol-
ume renderings of 23-2-1_ox1, 
where the bubble is shown in 
blue and the oxide shell in yel-
low. The complex morphology 
of the shell includes a crack, 
through which the smallest 
bubble is connected, many aper-
tures, a larger connected bubble, 
and a tear. In d the inner smooth 
surface of the shell is visible, 
and a large portion of the shell 
(lower right) is detached from 
the bubble surface. e, f 3D 
volume renderings of the oxide 
shell against a dark background. 
Cracks, apertures, the rugose 
outer surface, smooth inner 
surface and folding of the shell 
are all visible
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Table 2  Summary of the selected geometrical parameters obtained from 3D measurements of bubble–oxide aggregates

rbubble and Vbubble are the bubble radius and volume, respectively. The location of the aggregates is either the interface between the melt and the 
capsule or the center of the sample. For bubbles on the capsule wall, rbubble is the fitted sphere radius, and Vbubble is derived from that radius. 

Aggregate name Bubbles Oxides

rbubble (mm) Vbubble  (mm3) Location Oxide clusters Voxide  (mm3) Aoxide on bubble  (mm2)

14-1-1_ox2 0.32000 0.13725 Border 1 0.00040 0.22817
14-1-2_ox1 0.34987 0.17939 Border 25 0.00053 0.13401
15-1-1_ox1 0.18683 0.02731 Border 79 0.00031 0.19266
15-2-1_ox1 0.51288 0.56511 Border 1 0.00122 0.32155
15-2-1_ox2 0.47783 0.45699 Border 1 0.12857 0.37068
15-2-2_ox1 0.51506 0.57237 Border 1 0.00580 0.29155
15-2-2_ox2 0.51264 0.56432 Border 1 0.00574 0.42015
17-1-1_ox1 0.62941 1.04446 Border 4 0.00153 0.61039
17-2-1_ox1 0.08000 0.00214 Center 1 0.00013 0.01676
17-2-1_ox2 0.04811 0.00046 Border 13 0.00002 0.00767
17-2-1_ox3 0.03684 0.00020 Border 1 0.00008 0.00703
17-2-1_ox4 0.02246 0.00004 Center 1 0.00005 0.00258
17-2-1_ox5 0.11496 0.00636 Center 12 0.00012 0.03239
17-2-1_ox6 0.56012 0.73610 Border 1 0.00224 0.24323
17-2-1_ox7 0.04227 0.00031 Border 1 0.00007 0.00980
17-2-1_ox8 0.10431 0.00475 Center 8 0.00012 0.00000
17-2-1_ox9 0.09461 0.00354 Center 9 0.00016 0.02126
17-2-1_ox10 0.06574 0.00119 Center 1 0.00028 0.01767
17-2-2_ox1 0.68163 1.32663 Center 1 0.00238 0.23437
17-2-2_ox2 0.36834 0.20934 Border 5 0.00560 0.40958
20-1-1_ox1 0.29737 0.11015 Border 72 0.00085 0.12106
20-1-1_ox2 0.05158 0.00057 Border 1 0.00341 0.00965
20-1-2_ox1 0.09846 0.00399 Center 58 0.00031 0.02577
20-2-1_ox1 0.06032 0.00091 Border 9 0.00035 0.02690
20-2-1_ox2 0.07582 0.00182 Border 1 0.00025 0.01605
20-2-1_ox3 0.53652 0.64692 Border 73 0.00966 0.00000
21-2-1_ox1 0.29712 0.10988 Border 13 0.00072 0.14514
21-2-1_ox2 0.46128 0.41114 Border 350 0.00101 0.31782
23-2-1_ox1 0.33237 0.15380 Border 1 0.00659 0.47192
23-2-1_ox2 0.26804 0.08067 Border 1 0.00101 0.22562
23-2-1_ox3 0.19677 0.03191 Border 1 0.00116 0.18097
23-2-1_ox4 0.02124 0.00004 Border 1 0.00005 0.00339
23-2-1_ox5 0.02798 0.00009 Border 1 0.00006 0.00571
23-2-1_ox6 0.05969 0.00089 Border 3 0.00019 0.02069
23-2-1_ox7 0.03077 0.00012 Center 15 0.00001 0.00245
23-2-1_ox8 0.03085 0.00012 Border 3 0.00003 0.00379
23-2-1_ox9 0.01753 0.00002 Border 14 0.00002 0.00179
23-2-2_ox1 0.05598 0.00073 Border 1 0.00028 0.00871
23-2-2_ox2 0.21715 0.04289 Border 1 0.00643 0.25968
23-2-2_ox3 0.28562 0.09760 Border 10 0.00283 0.20057
23-2-2_ox4 0.10751 0.00520 Border 1 0.00016 0.01414
23-2-2_ox5 0,06627 0.00121 Border 1 0.00010 0.00799
23-2-2_ox7 0.06278 0.00103 Border 6 0.00007 0.00433
23-2-2_ox8 0.04384 0.00035 Border 3 0.00004 0.00066
24-2-1_ox1 0.85803 2.64609 Border 1 0.00040 0.13463
24-2-1_ox2 0.34059 0.16550 Border 1 0.00030 0.12889
25-2-1_ox1 1.15736 6.49369 Border 873 0.00280 1.05949
26-1-1_ox1 0.29034 0.10252 Border 1 0.00010 0.08451
26-3-1_ox1 0.74853 1.75680 Border 1 0.00839 0.43323
27-1-1_ox1 0.01875 0.00002 Center 1 0.00002 0.00169
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in group 1, both on the parts of the shell in contact with, 
and away from, the bubble, as well as a range of other 
features including cracks, tears, folds and swirls (Figs. 1f, 
2c–f). We here define a crack as an elongated aperture in 
the oxide shell along which the shell has split but has not 
separated into separate parts, and a tear as a split where 
the separation has begun. Regions of the shell that are 
furthest from the bubble are more strongly swirled and 
folded and have less interconnected oxide crystals. In four 

cases (15-2-2_ox2 in Fig. 1f, 23-2-1_ox1 in Fig. 2a, b, 
17-2-1_ox6, 23-2-1_ox6), the space between the bubble 
surface and the disconnected part of a shell is occupied 
by a second smaller and thinner oxide shell. Aggregates 
15-2-2_ox2, 17-2-1_ox6 and 23-2-1_ox6 contain two such 
shells. In the case of 23-2-1_ox1, there are three shells in 
total (Fig. 2b), with the inner shells becoming progres-
sively thinner and with less skeletal growths. The outer 
shell also has larger individual oxide crystals than the 
inner ones.

Oxide clusters refers to the number of isolated oxide crystal accumulations on the bubble wall. Voxide is the total volume of all oxide crystals on 
the bubble surface. Aoxide is the surface area of the bubble in contact with oxides

Table 2  (continued)

Fig. 3  Plots of geometrical data for bubble–oxide aggregates. The 
solid phases in the experimental change were plagioclase (plag, in 
red), clinopyroxene (cpx, in green) or amphibole (amph, in blue). 
Symbols represent different decompression drops: circles for 
0.35  GPa, squares for 0.05  GPa and triangles for 0  GPa. A corona 
around a symbol highlights bubble–oxide aggregates found com-
pletely within the melt. The direction of an outlier location (if pre-
sent) is indicated with an arrow, along with the aggregate name and 
the missing coordinate. a Total volume of all oxides in the shell vs. 

bubble volume. b Volume percentage of oxides in an aggregate vs. 
bubble radius. The neutral buoyancy criteria is located at 37 vol% 
oxides (Knipping et al. 2015), and the gray line represents the buoy-
ancy oxide 34–30 vol% range in our samples. c Oxide shell coverage 
of bubbles (the ratio of the surface area that the oxides occupy on the 
bubble and the total surface area of the bubble) vs. bubble radius. d 
Mean oxide thickness (ratio of the total oxide volume and the area the 
oxides occupy on the bubble surface) vs. bubble radius
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Additional single‑point bubble–oxide crystal contacts

Some bubbles with oxide shells were also in contact with 
single oxide crystals (Fig. 1a, b). These individual oxide 
crystals are tabular with different orientations. These con-
figurations were less common and so different from the 
aggregates that we excluded them from oxide shell volume 
and bubble–oxide surface coverage calculations.

In some bubble–oxide aggregates (17-2-1_ox2, 23-2-1_
ox1, 23-2-1_ox6), smaller bubbles occur in contact with the 
rugose outer surface of the shell. These bubbles are con-
nected to the larger bubble on the opposite (concave) side of 
the oxide shell via a thin neck that passes through an aper-
ture in the oxide shell (Fig. 2b). The cross-sectional diameter 
of the neck is the same size as the shell aperture diameter. 
Some of the more spherical of these bubbles also have an 
oxide shell of their own (Fig. 2c).

Morphological parameters of bubble–oxide 
aggregates

The volumetric parameters obtained for bubbles and for 
oxides comprising an aggregate, and the aggregate param-
eters that takes both into account are presented in Table 2. 
Further morphological aggregate parameters are presented 
in Fig. 3.

The morphological data for bubble–oxide aggregates 
were examined in several different ways (Fig. 3). Bub-
ble–oxide aggregates are most common in amphibole-
bearing charges (70%, or 35 aggregates from 4 samples), 
less common in clinopyroxene-bearing charges (18%, or 
9 aggregates from 5 samples) and least common in plagi-
oclase-bearing ones (12%, 6 aggregates from 5 samples). 
The aggregates in plagioclase-bearing charges display the 
greatest variability in their morphology, while those in 
clinopyroxene-bearing charges are the most uniform. Since 
most aggregates are from amphibole-bearing charges, their 
distribution defines the trends in Fig. 3. One disadvantage 
of the comparison in Fig. 3a is that the data are clustered at 
small volumes. Hence, we favor the use of the bubble radius 
as the independent variable (Fig. 3b–d).

The volumetric ratio between the bubble and oxides 
within an aggregate controls the aggregate’s buoyancy. 
The dependence of the volume percentage of oxides in an 
aggregate on the size of that aggregate’s bubble demon-
strates that the larger the bubble, the smaller the volume 
fraction of oxides comprising the aggregate (Fig.  3b). 
The horizontal dashed line at 37 vol% of oxides in a 
bubble–oxide aggregate represents the border between 
positively (< 37 vol%) and negatively (> 37 vol%) buoy-
ant aggregates in andesitic melts under similar condi-
tions, using the density values given in Knipping et al. 
(2015). Their calculation is based on Vbubble/Vmagnetite = (

ρmagnetite − ρmelt)/(ρmelt − ρbubble), where Vbubble = 1 − Vmagnetite, 
ρmagnetite = 5.2  g  cm−3, ρmelt = 2.27  g  cm−3 (Ochs and 
Lange 1999) and ρbubble = 0.51 g cm− 3 for 1000 °C and 
200 MPa (Pitzer and Sterner 1995; Driesner 2007; Knip-
ping et al. 2015). In our case, ρmagnetite remains the same, 
but ρmelt = 2.07 g cm− 3 (Lange and Carmichael 1987; Ochs 
and Lange 1997) and ρbubble = 0.67 g cm−3 for 1000 °C and 
650 MPa, ρbubble = 0.45 g cm− 3 for 1000 °C and 300 MPa 
(using the modified Redlich-Kwong equation of state of Hol-
loway 1987, for 650 and 300 MPa calculations). Our fluid 
density calculations are lower at a higher pressure, compared 
to Knipping et al. (2015), probably due to the low estimated 
concentrations of Fe and Cl in the fluid (cf., Eggler 1987 in 
Menzies and Hawkesworth 1986) which were omitted in 
our density calculations. For the pressure values of 650 and 
300 MPa, we obtained 34 and 30 vol% magnetite, respec-
tively, and the range is shown in Fig. 3b with a gray line.

This parameter can be used as a discriminant between 
floating and sinking of the bubble–oxide aggregate because 
it considers the entire aggregate, not just one phase within 
it. In our experiments, only six aggregates have more than 
35 vol% oxides (Fig. 3b).

The dependence of oxide coverage (i.e., how much of 
the bubble’s surface is covered in oxides) on the bubble size 
shows that as the bubble grows the fractional oxide coverage 
shrinks, i.e., small bubbles are more fully covered by oxides 
than larger bubbles (Fig. 3c). The oxide shell thickness on 
bubbles ranges between 0.002 and 0.02 mm and does not 
appear to be correlated with the bubble radius.

SEM analysis of experimental charges and natural 
samples

Semi-quantitative SEM–EDS (Fig. 4) was used to determine 
the chemical composition of silicate glasses and oxides. The 
amphibole-bearing charges have the highest average  FeOTOT 
content in the glass, 5.34 wt%, compared to 3.22 wt% in 
clinopyroxene-bearing and 3.96 wt% in plagioclase-bearing 
charges (Online Resource 1). Three different oxide groups 
were found within the experimental charges: oxides within 
silicate crystals (mainly amphibole), solitary oxides within 
melt (glass) and oxides that form shells on bubble walls. The 
glass remained andesitic and the oxides are Fe–Ti oxides; 
the semi-quantitative compositions are in Online Resource 
1. The chemical compositions and octahedral morpholo-
gies of the oxide crystals imply oxides are magnetites. The 
three oxide groups are clearly distinguished by their  TiO2 
contents: oxide inclusions within amphibole have the high-
est  TiO2 contents (9.7 to 18.5 wt%), solitary melt oxides 
intermediate (4.7 to 7 wt%) and the shell oxides the lowest 
content (2.3 to 4.2 wt%). When there are several oxide shells 
around a bubble, their composition is the same.
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The glass was analyzed to investigate if there is any dif-
ference in major element compositions adjacent to the sili-
cate crystals caused by partial melting of silicate crystals. 
No evidence for compositional heterogeneity of the melt was 
observed (compositional data is in Online Resource 1).

Discussion

Our experiments clearly show the formation of oxide crys-
tal aggregates on the outer surfaces of bubbles in a hydrous, 
crystal-bearing andesitic melt. We observed bubble–oxide 
aggregates in experiments with and without decompression, 
with no difference in their morphology. We provide evidence 
supporting recent models invoking the role of bubbles as major 
oxide carriers (Knipping et al. 2015; Edmonds 2015; Ovalle 
et al. 2018) and offer new insights into the association and 
complex dynamics between bubbles and oxide crystals. Here 
we discuss: (1) how the oxide accumulations formed and what 
processes could have produced their features, (2) why these 
types of bubble–oxide features have not been observed before, 
and (3) which natural structures may have formed in a similar 
way.

Snapshots of dynamic processes from experimental 
charges frozen in time

Potential harvesting of oxides originating from the melt 
or the amphiboles

Harvesting of oxides by bubbles is considered by many 
authors to be the main method of oxide accumulation on 
bubbles and subsequent transport in natural melts (Knipping 
et al. 2015; Edmonds 2015; Ovalle et al. 2018), so it is worth 
examining whether harvesting could have occurred in the 
experiments. By harvesting, we mean the process of attach-
ment of a pre-existing oxide to a pre-existing outer bubble 
wall. For oxide harvesting to occur, oxides must be present 
in the melt and the bubble walls must move with respect to 
the melt via bubble growth or buoyant rise.

Bubbles with oxide shells in our samples display a 
range in size (Fig. 3), thus implying that bubbles were 
growing during decompression. Since there are solitary 
oxide crystals within the melt, the bubbles could have har-
vested them during growth. Sample edges, where the melt 
was in contact with the capsule, are lined with solitary 

Fig. 4  Selected SEM (2D) and tomographic (3D) images for two 
experimental samples. a SEM image of aggregate 23-2-1_ox1. 
Oxides are present directly on the bubble surface. b A 3D visuali-
zation of sample 23-2-1, on which the location of the 2D plane on 
which the SEM analysis was performed, is indicated. The portion of 
the sample above this plane has been ground away for SEM analysis. 
c A 3D visualization of aggregate 23-2-1_ox1. The bubble is shown 

in blue and the oxide shell in yellow. d A SEM image of aggregate 
26-3-1_ox1. A portion of the oxide shell that detached from the 
(fringe) bubble is visible, along with the lack of complete oxide crys-
tal cohesion. e 3D visualization of sample 26-3-1, with the location 
of the 2D section. f 3D visualization of the bubble–oxide aggregate. 
A large portion of the oxide shell has detached from the bubble’s sur-
face
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disconnected oxide crystals and are also the location of the 
largest bubbles, which likely nucleated heterogeneously 
on imperfections of the AuPd-capsule wall (Fig. 2a). The 
larger size of the fringe bubbles likely reflects degassing 
of melt in the interior of the capsule by water diffusion 
into the fringe bubbles prior to decompression (Mangan 
and Sisson 2000). There is no evidence of fringe bubble 
movement through buoyancy or melt convection. If fringe 
bubbles moved along the capsule wall, we would expect 
more oxides on their advancing side (and that would indi-
cate the “up” direction). Since we do not observe this, we 
assume they stayed in place.

Most bubble–oxide aggregates, as well as the largest 
and most elaborate oxide shells, were found in samples 
containing amphibole (Fig. 3) and these samples also con-
tain the highest average  FeOTOT wt%. Amphibole crystals 
exhibit more melting than the other crystals in our experi-
ments and contain more oxide inclusions (already present 
in the amphiboles prior to our experiments; Fig. 2a) than 
the plagioclase and clinopyroxene crystals (in their respec-
tive charges). The partial melting of amphiboles (at maxi-
mum P and T) increased the FeO and MgO content of the 
melt (to 5.5 and 2.2 wt%, respectively) compared to the 
melt in plagioclase- and clinopyroxene-bearing charges (to 
3.96 wt% FeO and 0.8 wt% MgO in plagioclase-bearing, 
3.22 wt.% FeO and 0.9 wt.% MgO in clinopyroxene-bear-
ing charges, Online Resource 1), where crystals melted 
much less. Consequently, most aggregates are found in 
amphibole-bearing charges.

During partial melting of the amphiboles, their oxide 
inclusions could have become incorporated into the melt. 
Since our 3D imaging took place after the experiments were 
completed, we cannot rule out that this process was a source 
of the oxides that were then harvested by growing bubbles. 
However, first, if this was the case, we would expect the 
melt around the amphiboles to contain some solitary oxides 
and a greater abundance of bubble–oxide aggregates around 
the amphibole; we see neither of these features. Second, the 
oxides that remained within the amphibole display a range 
in size, and some are much larger than the oxides compris-
ing the shells (Fig. 2a). Third, if amphibole was the main 
source of oxides, we would not expect to see bubble–oxide 
aggregates in samples containing plagioclase or clinopy-
roxene. Fourth, there is a difference in Ti content in the 
oxides within the amphibole, within the melt and on the 
bubble surface. Fifth, harvesting would not produce such 
a smooth inner and rugose outer shell surface, but instead 
both surfaces would be at least somewhat rugose, due to 
the random orientation of the harvested oxides towards the 
bubble surface. We thus conclude that harvesting of oxides 
originating from the amphiboles or crystallized from the 
melt was not the main process responsible for the generation 
of oxide shells.

In situ crystallization of oxides on bubble walls

If crystal harvesting was not significant, then oxides must 
have crystallized at the bubble–melt interface. Hence, we 
must examine the argument for in situ oxide crystallization 
as the dominant mechanism for production of the oxide 
shells.

Gualda and Anderson (2007) have suggested that crystal-
lization of magnetite on bubble walls could occur in natural 
melts. At 1000 °C, hydrogen diffuses through the AuPd-cap-
sule wall much faster than oxygen (Jakobsson 2012). This 
loss of hydrogen forces the reaction  H2O ⟺ H2 + ½ O2 to 
the right-hand side to preserve equilibrium, thus prompting 
the dissociation of water molecules within the melt and an 
increase of oxygen fugacity. Consequently, the melt near the 
capsule wall becomes locally oxidized, which prompts the 
precipitation of magnetite. The presence of FeTi oxides in 
our andesitic samples most likely caused a local decrease in 
fO2 (Lange and Carmichael 1996), but since their crystal-
lization occurred below 1070 °C, fO2 should still be very 
close to NNO + 1.5 (Dalpé and Baker 2000; Liu et al. 2007).

The bubble wall represents the interface between the bub-
ble and the melt. As the bubble grows, and  H2O from the 
melt diffuses through the bubble–melt interface, the melt 
around it becomes oxidized and supersaturated in magnetite 
components. This prompts the crystallization of magnetite, 
more likely on the bubble wall than near it, since hetero-
geneous nucleation (on a surface) is energetically favored 
over homogeneous nucleation within the melt (Hurwitz and 
Navon 1994). The nucleation of different silicate mineral 
phases on bubble walls has already been reported (e.g., pla-
gioclase, Applegarth et al. 2013; amphibole and plagioclase; 
Rooyakkers et al. 2018), so the process should be applicable 
to an oxide phase such as magnetite, in both experimental 
and natural environments.

A further argument for in situ crystallization is the mor-
phology of the oxide shells; their smooth side faces the bub-
ble and the rugose side containing skeletal growths faces the 
melt. The position of the skeletal growths and the detached 
shell parts points unequivocally to the shell occupying the 
outer side of the bubble and originating from the melt. If 
it were otherwise (on the inner bubble side), the skeletal 
growths would be facing inward, towards the center of the 
bubble. The shell itself could then also not detach since that 
would require the oxides to cross from within the bubble into 
the melt, breaking the bubble’s surface and surmounting its 
surface tension. This scenario is energetically unfavorable 
and therefore unlikely.

Figure 3b, c show that bubbles with a radius from 0.05 to 
0.4 mm have either more voluminous shells, or larger frac-
tional shell coverage compared to larger bubbles. The former 
could indicate that after an initial spreading of oxides on 
the bubble surface, oxide outward growth towards the melt 
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becomes more favorable. If the spreading mechanism was 
harvesting, we would expect a linear dependence between 
the bubble volume and oxide volume in Fig. 3a, or between 
the bubble radius and oxide thickness in Fig. 3d, and that is 
not the case. Thus, this points to oxide in situ crystalliza-
tion. The fact that the oxide volume percentage decreases 
as the bubble becomes larger (Fig. 3b) could be because 
oxides form a two-dimensional shell around a three-dimen-
sional bubble. This could also explain the lack of correlation 
between the oxide thickness and bubble radius (Fig. 3d). As 
the mean thickness of the oxide rims remains approximately 
constant (Fig. 3d), the outward growth must mainly occur as 
narrow skeletal crystals or by the generation of new shells. 
Both increase the oxide volume without increasing the oxide 
coverage.

Bubble breakup via daughter bubble generation 
through an oxide shell aperture

The connected bubbles seen in aggregates 23-2-1_ox1 
(Fig. 2b, c) and 17-2-1_ox2, have not yet been reported 
in geological environments to our knowledge. We can-
not envision a scenario where two bubbles would coalesce 
by forming a neck through the oxide shell, since creating 
such a shape would necessitate energy consumption, so 
we infer that this instead reflects bubble breakup. We see 
no similarity to spanning clusters (Candela 1991). The 
larger bubble facing the smooth concave inner oxide shell 
side is the primary, or “parent”, bubble, and the smaller 
bubble on the rugose, convex, outer side of the shell is the 
newly generated secondary, or “daughter” bubble. Here 
we chose the term daughter bubble to emphasize the con-
nection between the two bubbles, and so we will refer to 
this bubble breakup scenario as daughter bubble genera-
tion. Bubbles found in contact with the rugose shell side, 
but with no bubble neck connection to the bubble on the 
inner side, are not considered daughter bubbles. They are 
also not former daughter bubbles, since a small bubble 
volume is expected to remain in the shell aperture after 
daughter bubble detachment (as seen in Gnyloskurenko 
et al. 2003). We suggest that daughter bubbles form as 
a response to decompression-induced bubble expansion 
coupled with the rigidity of the oxide shell (the rigidity 
is demonstrated by the cracks). With decreasing pres-
sure, a bubble partially covered with an oxide shell will 
attempt to expand against its rigid shell. Apertures in the 
rigid shell may then be exploited as gateways for bubble 
expansion; the apertures become leakage points. We can 
envision multiple apertures acting as gateways, but since 
bubble breakup is energetically unfavorable as more sur-
face is generated, as opposed to less, one aperture could 
prevail over others. This is supported by our experiments; 
where multiple daughter bubbles are present, they have a 

large volume differences between them (Fig. 2b), indicat-
ing that for a discrete pressure drop, a single aperture is 
“activated”. We suggest expansion occurs through aper-
tures rather than on the part of the bubble not covered by 
oxides because circumventing the shell would produce a 
non-spherical shape, and, in our experiments, because it 
is prevented by the capsule wall.

The appearance and location of daughter bubbles are 
evidence that oxide shells are not a quench texture and 
point to a timeline of events: parent bubble formation, 
oxide shell formation, daughter bubble formation through 
apertures, and formation of oxide shells on daughter bub-
bles (Fig. 5). If the (parent) oxide shells were a quench tex-
ture, we would not see daughter bubbles or their shells. All 
daughter bubbles have a narrow cylindrical neck, includ-
ing the one daughter bubble connected through a shell 
crack. Thus, the crack in the oxide shell must have formed 
after the daughter bubble, otherwise the neck would not 
be cylindrical. Since the cracking of the oxide shell was 
induced by parent bubble expansion, it is also not a quench 
texture.

Daughter bubble generation is a process opposite to 
bubble coalescence, so it increases the number of bubbles 
present. Daughter bubble formation is controlled by the 
decompression rate, the aperture diameter and the volume 
of the space beneath the aperture (based on Gnyloskurenko 
et al. 2003, in an aqueous system). The latter is here equiv-
alent to the parent bubble volume. The daughter bubble’s 
volume and shape also depend on the magnitude of decom-
pression, as well as on the wetting conditions and surface 
properties of the oxides (Gnyloskurenko et al. 2003). In a 
silicate melt, oxides and bubbles readily wet each other’s 
surfaces (Hurwitz and Navon 1994). In our experiments, 
the oxide shell’s outer surface is very rugose and the 
parent bubble’s volume is much larger than the aperture 
diameter. It seems that at our decompression rates, surface 
phenomena dominate so the wetting conditions at the aper-
ture control the daughter bubble’s final volume and shape. 
Thus, in the case of oxide shell apertures where wetting 
is favorable, the daughter bubble grows spherically. The 
daughter bubbles in our samples are mostly spherical and 
we can clearly see a neck, (Fig. 2b), so detachment by 
neck rupture is expected to follow (Gnyloskurenko et al. 
2003). The detachment of a daughter depends on the bal-
ance between the buoyancy forces acting upward and the 
surface tension forces acting downward on the daughter 
bubble (Gnyloskurenko et al. 2003). The subsequent pro-
cesses of neck rupture and detachment were not observed 
in our experimental run products. After detachment, some 
bubble volume is likely to remain in the aperture (i.e., part 
of the neck, as seen in Gnyloskurenko et al. 2003), lead-
ing to possible continuous generation of multiple daughter 
bubbles through the same aperture.
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Stability of bubble–oxide aggregates through attachment 
and detachment

The ascent of bubbles through a melt is most relevant for 
the degassing of magmatic systems and the rising or sink-
ing of crystals for the formation of ore deposits (e.g., mag-
netite, Knipping et al. 2015; Ovalle et al. 2018; or chro-
mite; Matveev and Ballhaus 2002; Ballhaus et al. 2015). 
However, if we consider the buoyancy of pairs of differ-
ent phases (or multi-phased aggregates), here bubbles and 
crystals, their stability will influence their dynamics. We 
discuss this stability through interactions, i.e., attachment 
and detachment forces acting on the aggregate in question 
(Gualda and Anderson 2007). Interactions between a bubble 
and any particle can be divided into three types: collision, 
attachment and detachment (Phan et al. 2003). In evaluating 
the stability of our bubble–oxide aggregates, we will only 
consider attachment and detachment, as collision applies 
only to harvesting, which we argued above is not occurring 
in our experiments.

Bubbles and oxides that form pairs or aggregates wet each 
other’s surfaces very well and are held together by surface 
tension forces. Since the surface energy release is highest 
when they are joined, once they become attached, a large 
amount of energy (larger than for silicates and bubbles) will 
need to be spent to detach them (Gualda and Ghiorso 2007). 

Gualda and Ghiorso (2007) define the attachment energy 
between bubbles and oxides as the summation of the adhe-
sion and deformation energy (when a bubble deforms from 
a sphere to a spherical cap when attaching to a crystal sur-
face). Our oxide shells are much smaller in volume than the 
bubbles they wet, so bubble deformation is insignificant, and 
the adhesion energy dominates.

We have found examples of phenomena such as we see 
in our experiments in the studies of surfaces and mineral 
processing (e.g., Gnyloskurenko et al. 2003; Phan et al. 
2003). We have identified examples similar to our obser-
vations and here we apply them to a silicate melt environ-
ment. The region of the bubble where bubble and oxides 
are most strongly attached is the maximum adhesion area 
(Fig. 6b–d) and is defined by the angle θ1 (< 90°, from the 
vertical, see Phan et al. 2003) shown in Fig. 6b. There the 
adhesive force between the bubble and the oxides is at a 
maximum (Phan et al. 2003). Consequently, even though 
oxides could crystallize anywhere on the bubble wall, they 
will remain in place only within this area, and oxide shells 
are most likely to form from these oxides. The configuration 
of our oxide shells, in a spherical cap morphology, supports 
this (Figs. 1, 2) and the value of θ1 in our aggregates varies 
from 13° to 86°, with a mean and median of 55° calculated 
from cosθ1 = (rbubble − h)/rbubble and confirmed by 3D meas-
urements (h is the height of the spherical cap).

Fig. 5  Summary of observations of bubble growth and oxide shell 
development. a On the surface of a bubble growing within the melt, 
oxides start to crystallize due to hydrogen diffusion and resultant melt 
oxidation. b As the processes continues, oxides become more and 
more interconnected and create an oxide shell on the bubble wall. c 
A complex oxide shell is formed with apertures, an uneven border 
and skeletal outward growths. Daughter bubbles form by fluid leaking 

through the apertures. d Cracks form in the oxide shell, and daughter 
bubbles may start to develop oxide shells of their own. e The cracks 
widen, and some become the starting point of oxide shell tearing. f 
After some time, the first oxide shell starts to detach from the bubble 
and disintegrates, whilst the newly available bubble surface becomes 
the location for the generation of a new oxide shell
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Contrary to attachment, which can be examined when two 
phases are in contact, detachment is much more difficult to 
examine in post-process samples, even in 3D. It is difficult 
to state that two distinct phases have detached if they are not 
directly observed to transition from an attached to a detached 
state. We observed several features in 3D that we interpret 
as the start of oxide shell detachment (Fig. 2): (1) parts of 
shells not in contact with a bubble surface have smooth inner 
and rugose outer surfaces and the same concavity as the bub-
ble, (2) several shells may be present on the same bubble, 
separated by melt, and (3) cracks and tears occur in most 
oxide shells. We see such detachment features on aggre-
gates that are positively buoyant: 23-2-1_ox1, 23-2-1_ox6, 
15-2-2_ox2 and 17-2-1_ox6.

Phan et al. (2003) proposed that the capillary force, the 
particle’s weight and turbulent inertial forces caused by the 
aggregate’s movement govern detachment. We assume the 
turbulent contribution within the experimental charges as 
minimal, as we did not observe evidence of fringe bubble 
displacement. Additionally, detachment is easier for parti-
cles outside the maximum adhesion area (Fig. 6b, c), which 
in our aggregates most commonly is θ1 = 55°. The ease of 
detachment seems particularly important for our case, since 
due to crystal adhesion, oxide shells would behave like 
sheets rather than like individual particles. If one part of the 
shell extended beyond the maximum adhesion area boundary 

(Fig. 6c), e.g., when sideways oxide growth is faster than 
bubble growth, detachment could begin, and when part of 
the shell is detached, the rest starts to peel off (Fig. 6e, f). If 
detachment starts by oxides sliding on the bubble surface, 
when they reach θ2 = 90°, they will detach from the bubble 
wall, rather than continuing on the bubble surface until they 
reach 180° because the equator is the weakest region, not the 
bottom of the bubble. Another possibility is that the oxide 
shell becomes so thick or envelops so much of the bubble’s 
surface (i.e., outward or sideways oxide growth surpasses 
bubble growth), that the aggregate overturns (Fig. 6d), leav-
ing the uncovered (shell-free) part of the bubble is facing 
upwards and free to detach by its own buoyancy (Fig. 6e, f).

Bubble–oxide aggregates with multiple oxide shells

One of the most intriguing structures we observed are multi-
ple oxide shells around a single bubble (Fig. 2). We envision 
two possible origins for these. The first possibility is that 
all shells originate from a single shell that has delaminated, 
and the second is that all shells originated from the same 
bubble wall but formed incrementally over time (i.e., the 
shell furthest away from the bubble is the oldest and the one 
closest to it is the youngest). We favor the second mecha-
nism because all oxide shells share the same concavity as 
the adjacent bubble, and have smooth inner sides and rugose, 

Fig. 6  Schematic representation of the behavior of bubble–oxide 
aggregates in relation to the maximum adhesion area. All images are 
vertical sections with up at the top. a Bubble–oxide aggregates form, 
either via in  situ crystallization on the bubble wall or via harvest-
ing. b Oxides within the maximum adhesion area are stable, whereas 
those outside it start to slide downwards on the bubble wall. c An 
oxide shell forms within the maximum adhesion area. Due to crystal 

adhesion, parts of the shell can exceed the adhesion area and become 
detached. d Due to the oxide shell’s weight, the entire aggregate 
becomes mechanically unstable and overturns. e If overturn is faster 
than detachment, the oxide shell will finish on the opposite side of 
the bubble. If the overturn is only partial, detachment will start before 
complete overturn occurs. f The extent of the overturn governs the 
style of detachment
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outer sides that could only form if the oxides crystallized 
against a smooth surface (i.e., a bubble wall). For the latter 
reason, we also reject the comparison to Liesegang bands, 
since they exhibit only rugose surfaces (Boudreau 1995, 
see his Fig. 8). We therefore regard multiple nested shells 
around a single bubble as reflecting multiple generations 
of shells. The different sizes of oxide crystals in separate 
shells most likely reflect their growth time. The presence of 
multiple shell generations around a single bubble provides 
further evidence for detachment. This may occur either as 
the first (oldest) shell becomes too large and outgrows the 
maximum adhesion area, or as the bubble’s volume or shape 
oscillates and displaces the rigid shell. In nature, slight pres-
sure changes are constantly occurring in magmatic systems, 
driven by both internal (such as localized convection) and 
external (such as pressure waves passing through the melt) 
forces, causing bubble volume oscillations or vibrations 
(e.g., seismic waves; Ichihara et al. 2004). Such slight pres-
sure oscillations are also present in our experiments due to 
the manually controlled decompression (through slight valve 
opening). Once detachment from the bubble starts and melt 
begins to percolate in the newly available space between the 
detached shell and the bubble, a new shell can form.

Preservation potential of oxide shells

The presence of many apertures in our oxide shells indicate 
that once detached the shells easily disintegrate, as suggested 
by Edmonds et al. (2015). Away from the bubble wall, the 
shells can be easily disrupted (e.g., by colliding with other 
crystals or bubbles, or by movement of the host melt). The 
disintegration is already visible in Fig. 2c–f, in the part of 
the shell away from the bubble, presumably caused by the 
lack of a stabilization by the bubble wall. It seems that the 
unique morphology of the oxide shells enhances their dis-
integration. Some cohesion must be present between indi-
vidual oxide crystals within the shell, otherwise they would 
immediately detach individually from the bubble, but it is 
present only in two directions since the shells have a sheeted 
morphology. Forces (e.g., shear, Kushnir et al. 2017) from 
any direction apart from within the plane of a detached shell 
could thus be sufficient to cause disintegration. This implies 
a low preservation potential for detached shells. We infer 
that this poor preservation potential, coupled with a lack of 
3D observations, could be the reason why intact oxide shells 
have not previously been described in natural or experimen-
tal samples.

Despite their low potential for preservation, detached 
oxide shells need not disintegrate completely into indi-
vidual crystals. Several crystals that have remained aggre-
gated even after shell disintegration can be seen in Fig. 2c–f. 
Such crystal aggregates could coarsen into larger crystals or 

crystal clusters and become the precursor for larger oxide 
accumulations.

Occurrences of analogous structures in geological 
materials

We have shown that oxide (magnetite) shells can form in 
experimental charges by crystallization from the silicate 
liquid at the bubble–melt interface, due to oxidation of the 
sample by hydrogen loss. Oxidation via hydrogen loss does 
occurs in magmatic systems (e.g., Vollinger 2017), and 
hydrogen loss via diffusion is present in natural systems 
with a remote link to the surface (e.g., Myers et al. 2019), 
which leads to the question of whether oxide shells can form 
around more oxidized fluid or vapor bubbles in natural mag-
matic systems?

We hypothesize that the low preservation potential of the 
oxide shells commonly masks evidence for their formation 
in nature, either by in situ crystallization or by harvesting. 
Here we review evidence for analogous structures from a 
range of geological environments that we believe are by 
nucleation and/or aggregation of crystals on a spherical 
interface (bubble–melt or melt–melt). Two textural obser-
vations are unique to all examples: the possible occurrence 
of multiple nested shells within the silicate liquid, and the 
combination of a smooth inner and rugose outer surface of 
the shells. We also present our own example of natural tex-
tures in granophyres from Krafla volcano (Iceland) that we 
infer were formed by a process of shell formation on bubble 
surfaces, similar to our experiments. We will start with natu-
ral examples that most resemble our experimental charges 
and proceed to examples that may be formed by either in situ 
crystallization or harvesting.

Krafla granophyres

Natural textures within granophyres from Krafla display 
some remarkably similar features to our experimental oxide 
shells. Textures in two granophyre xenoliths, KR-7 and 
KR-19, from Krafla volcano (Iceland) were examined. The 
samples are derived from shallow felsic intrusions and were 
ejected in 1724 during the formation of Víti, a small maar 
crater in the central region of Krafla caldera (Sæmundsson 
1991; Jónasson 1994). Whole-rock compositional data for 
these samples is not currently available, but similar sam-
ples from the Víti crater analyzed by Jónasson (1994; his 
Table 1) have  SiO2 contents ≥ 73.70 wt%. The samples have 
a mineral assemblage of plagioclase + clinopyroxene + mag-
netite hosted in a granophyric groundmass (intergrown alkali 
feldspar + quartz).

In 2D sections (SEM and tomographic), the structures 
of interest appear as linear or curved crystal aggregates 
(Fig. 7a–c). EDS analysis was performed on polished thin 
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sections of the Krafla samples to identify the mineral phases 
forming the curved structures. The oxides are magnetite, 
and the silicate phase is clinopyroxene. In reconstructed 3D 
volumes (Fig. 7c, d), we observe shell-like spherical struc-
tures with a smooth inner (concave) surface and rugose 
outer (convex) surface with skeletal projections similar to 
our experimental oxide shells.

These structures are not observed in association with bub-
bles, but a process similar to that forming the experimental 
oxide shells could create spherical structures with such sur-
faces, due to the proximity to the atmosphere, which could 
result in rapid oxidation. Rapid growth of crystalline phases 
without the presence of a bubble would not lead to structures 
with a smooth inner surface, since they would have nothing 
to grow against. The smooth inner and rugose outer surfaces 
of these structures favor in situ crystallization of magnetite 
and clinopyroxene on the outer bubble walls over harvest-
ing. The absence of bubbles in post-process samples could 
be explained by bubble loss via detachment and buoyant 
rise, and the subsequent infilling of the space left behind by 
the melt. We suggest that these “ghost bubble” structures 
were preserved due to the presence of clinopyroxene, which 
is found between magnetites, and potentially prevented the 
shell disintegration. The clinopyroxene microlites seem to 
have also crystallized on the bubble wall, since they exhibit 
a smooth inner and a jagged outer surface. We see, however, 
some structural relaxation, since some structures are pla-
nar and no longer spherical. Since the degree of structural 
relaxation is unknown, the present circumference and shell 
sizes do not indicate the original bubble size.

Micrometeorites

Shell-like Fe–Ni oxide accumulations (of unspecified min-
eralogy) have been described on the outer surfaces of gas 
bubbles in partially molten micrometeorite interiors (Top-
pani et al. 2001; Taylor et al. 2011). Micrometeorites are 
interplanetary dust particles recovered from Antarctic ice or 
deep-sea sediments. The Fe–Ni oxide shells exhibit a smooth 

Fig. 7  SEM and tomographic images for natural sample KR7 from 
Krafla. a SEM image of a clinopyroxene (cpx; light gray) and mag-
netite (mgt; white) aggregate within a granophyric groundmass (mot-
tled light and dark gray). The elliptical structure is ~ 800 µm across. b 
SEM image of another accumulation of the same assemblage, with a 
more pronounced sphericity. It has a smooth inner and rugose outer 
surface. The relationship between the cpx and mgt crystals is more 
clearly visible, with skeletal cpx and mgt crystals projecting outward 
from the convex side. c 2D section from the 3D tomographic volume 
of sample KR7. Oxides are the brightest feature in the image, cpx is 
light gray and the granophyric groundmass is dark gray. Both linear 
and curved structures are visible, two of which are zoomed in on 
(insets; c1 and c2). d A 3D visualization of several curved mgt–cpx 
structures, manually segmented from the sample volume. Mgt and 
cpx are not visualized individually to simplify the visualization

▸
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inner and rugose outer surface like the experimentally pro-
duced oxide shells (Fig. 8a, b), indicating growth from the 
melt rather than from vapor within the bubble. Crystalliza-
tion from the melt is also supported by their occurrence in 
the melt away from the vesicles (see figures in Toppani et al. 
2001; and Figs. 4b, 8b in; Taylor et al. 2011). These textures 
have an almost identical appearance to our oxide shells and 
we propose that they may have formed in the same way, by 
gas loss.

Orbicular chromite

Orbicular chromites (Fig. 8 c, d) consist of a shell of chro-
mite crystals enveloping a roundish dunite (e.g., Greenbaum 
1977) or serpentinite core (e.g., Yamane et al. 1988), in a 
matrix that is compositionally and texturally the same as the 
core. Textural features in common with our experimental 
oxide shells are a smooth inner and rugose outer surface, 

several partly detached shell layers (Figs. 8 and 9 in Green-
baum 1977), collapsed shells and shells tracing out ghost 
cores (Fig. 3i, ii in Zhou et al. 2001). In the formation of 
orbicular chromites, the nucleation of chromite crystals and 
their growth could be similar to our oxide shells, i.e., in situ 
crystallization on a bubble or melt droplet (see Greenbaum 
1977; Zhou et al. 2001; Matveev and Ballhaus 2002; Ball-
haus et al. 2015).

El Laco magnetite deposit

The processes resulting in the extreme magnetite enrichment 
in one lava flow from the El Laco volcanic complex (Chile) 
remain enigmatic (Knipping et al. 2015; Ovalle et al. 2018). 
We looked for similarities between our oxide shells and the 
magnetite in this flow but found no explicit evidence of fea-
tures like ours in published figures or descriptions. Although 
magnetite spherules found in the friable ore are similar to 

Fig. 8  A compilation of 
analogous structures found 
in literature. a, b Interior of a 
micrometeorite (Taylor et al. 
2011), SEM images. The bubble 
in the center of image A is fully 
covered by a Fe–Ni oxide shell. 
The shell has a smooth interior 
and rugose outer surface. 
There are Fe–Ni oxides lining 
the micrometeorite border 
and within the melt. The two 
bubbles marked with arrows 
in image B have partial oxide 
shells. The smaller of the two 
has a smooth inner and rugose 
outer shell surface. c, d Orbicu-
lar chromite in a dunite matrix 
(Zhou et al. 2001), microscope 
images. The chromite in image 
C is highly similar to Fig. 2b. 
The outermost thin chromite 
shells in both images do not 
follow the concavity of the 
inner ones, which the authors 
interpreted as detachment. e, 
f Magnetite spherules from El 
Laco (Nyström et al. 2016), 
SEM images. The spherules 
have a hollow center and a 
densely packed shell of mag-
netite crystals (a and b from 
Taylor et al. 2011; c and d from; 
Zhou et al. 2001; e and f from; 
Nyström et al. 2016)
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our observations (Figs. 1e, 8e, f), no bubbles were observed 
at the center of these spherules (Nyström et al. 2016). It has 
been demonstrated experimentally that crystalline spheru-
lites of  Li2Si2O5 can form by in situ nucleation on bubbles 
in melts (Davis and Ihinger 1998). Considering our evidence 
for the low preservation potential of oxide shells, we propose 
that the magnetite spherules may have originated in a similar 
way to that seen in our experiments, due to the lava flow’s 
contact with the atmosphere. The scenario of bubble–oxide 
overturn and bubble escape through an upward orientated 
aperture in the oxide shell (as proposed in Fig. 6e) could be 
the reason why no bubbles were found in the center of El 
Laco spherules.

Conclusions

Our experimental results show that bubble–oxide aggre-
gates with complex structures have the potential to form in 
andesitic magmas. Textural evidence including oxide shell 
morphology (smooth inner and rugose outer surfaces, skel-
etal growths), uniform size and low Ti content suggest these 
features were formed by in situ crystallization of oxides on 
the melt side of the bubble–melt interface. These results 
provide a glimpse into the events that lead to preferential 
oxide–bubble spatial distribution within volcanic rocks, 
suggest a probable mechanism for oxide transport by bub-
bles that has so far only been theoretically proposed, and 
answer the question why the initial textures have such a low 
preservation potential. These features, revealing dynamic 
mechanisms, could not have been identified through arbitrar-
ily oriented and randomly chosen two-dimensional sections 
alone, highlighting the importance of three-dimensional 
observations.

We observed evidence for several different dynamic pro-
cesses in the experiments: (1) daughter bubble generation 
through an oxide shell aperture, (2) detachment of oxide 
shells from bubble walls, (3) multiple oxide shells around a 
single bubble, (4) disintegration of oxide shell after detach-
ment from the bubble. The potential consequences of these 
processes are the slowing of bubble ascent, continuous pro-
duction of oxides at different depths and bubble breakup. 
Our experimentally produced oxide shells are texturally 
similar to natural textures from a range of geological envi-
ronments, including magnetite + clinopyroxene structures in 
Krafla granophyres, Fe–Ni oxide shells around bubbles in 
micrometeorites, orbicular chromites and El Laco spherules.

The process of in situ crystallization at the bubble–melt 
interface is an alternative to harvesting that can be applied 
to bubbles of any gas (e.g.,  H2O,  H2S,  CO2, …) passing 
through a magma bearing different elements and providing 
a surface for either crystal nucleation and growth, or crys-
tal or immiscible melt accumulation. We suggest the same 

process is behind all the above-mentioned occurrences; a 
phase (solid, crystal, or liquid, melt droplet) is forming (via 
different processes, in our case melt oxidation) and/or accu-
mulating on the surfaces of another liquid phase (bubble or 
melt droplet, via harvesting) and is transported by it. As we 
have shown in our comparison to natural materials, the same 
process can occur with different crystals and on different 
surfaces (bubble–melt or melt–melt) and in different melt 
compositions.
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