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Abstract

That rising bubbles may significantly affect magma mixing paths has already been de-
mon strated by analogue experiments. Here, for the first time, bubble-advection exper-
iments are performed employing volcanic melts at magmatic temperatures. Cylinders
of basaltic glass were placed below cylinders of rhyolite glass. Upon melting, interstitial5

air formed bubbles that rose into the rhyolite melt, thereby entraining tails of basaltic
liquid. The formation of plume-like filaments of advected basalt within the rhyolite was
characterized by microCT and subsequent high-resolution EMP analyses.

Melt entrainment by bubble ascent appears to be an efficient mechanism for mingling
volcanic melts of highly contrasting compositions and properties. MicroCT imaging re-10

veals bubbles trailing each other and multiple filaments coalescing into bigger ones.
Rheological modelling of the filaments yields viscosities of up to 2 orders of magni-
tude lower than for the surrounding rhyolitic liquid. Such a viscosity contrast implies
that bubbles rising successively are likely to follow this pathway of low resistance that
previously ascending bubbles have generated. Filaments formed by multiple bubbles15

would thus experience episodic replenishment with mafic material. Inevitable implica-
tions for the concept of bubble advection in magma mixing include thereby both an
acceleration of mixing because of decreased viscous resistance for bubbles inside fil-
aments and non-conventional diffusion systematics because of intermittent supply of
mafic material (instead of a single pulse) inside a material.20

Inside the filaments, the mafic material was variably hybridised to andesitic through
rhyolitic composition. Compositional profiles alone are ambiguous, however, to deter-
mine whether single or multiple bubbles were involved during formation of a filament.
Statistical analysis, employing concentration variance as measure of homogenisation,
demonstrates that also filaments appearing as single-bubble filaments are likely to have25

experienced multiple bubbles passages. In cases where bubbles have been essential
for magma mixing, standard diffusion analysis may thus be inadequate for constraining
timescales. However, data analysis employing concentration variance relaxation per-
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mits the distinction of conventional single-pulse filaments from multiple bubble ascent
advection in natural samples, demonstrating yet another powerful application of this
novel petrological tool.

1 Introduction

Bubbles rising across fluid–fluid interfaces between two fluids may entrain and trans-5

port portions of one fluid into another (e.g., Thomas et al., 1993; Manga and Stone,
1995). As scenarios involving two fluids are the core feature of magma mixing, it is
hypothesised that bubble ascent may be capable of intertwining two silicate melts and
thus contribute to an efficient fluid mechanic mingling of two distinct magmas in nature.

Over the last two decades, magma mixing has received renewed attention in petrol-10

ogy (Wilcox, 1999). Traditionally, magma mixing served as an explanation, whenever
a suite of igneous rocks yielded straight trends in chemical variation diagrams of ma-
jor elements. Recently, however, magma mixing has been recognised to follow chaotic
dynamics (Perugini and Poli, 2000; Perugini et al., 2003), which implies non-linear mix-
ing behaviour due to diffusive fractionation of elements (Perugini and Poli, 2004; De15

Campos et al., 2010). Hybridisation is thus the result of multiple processes during
the magmatic stage; fluid mechanical interaction of two magmas (mingling), and dif-
fusion of elements across the interface of these two magmas (Perugini et al., 2012).
These findings are fundamental for the concept of magma mixing, because they show
that both, mechanic and diffusive equilibration, are necessary to achieve significant20

hybridisation. Chaotic mixing is thus not only a special case, but indeed generally char-
acterises magma mixing by deconstructing it into two separate realms (mingling and
diffusion), which may tackled separately by future studies. Notably, the degree of chaos
in the generated filament structures may be variable.

The two-fold nature of chaotic mixing shows why different mingling processes pre-25

determine the efficacy of magma mixing. Mingling may stretch and fold each liquid
member, depending on its rheological properties, and thus results in increasingly com-
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plex 3-D morphologies in the form of filaments and blobs (cf. Perugini et al., 2002). Be-
cause of the chaotic nature of mingling, de-mingling is precluded and physical mingling
is irreversible. This irreversibility is enhanced by diffusion, which starts immediately in
the presence of a compositional gradient at magmatic temperatures and smears the
boundaries between two fluids. Without diffusion, mingling may be able to generate in-5

finitesimally small filaments of two intertwined magmas, but chemically these filaments
remain discrete. Diffusion is initiated at the moment of juxtapositioning of two magmas,
as the system attempts to alleviate the perceived differences in chemical potential of
the melt components. As the companion of magma mingling, diffusion drives a two-
fluid system towards chemical homogenisation, but may or may not run to completion.10

Its efficacy however is highly dependent on the surface/volume ratio of the involved
liquids, where high surface/volume ratios of the liquids (or complex 3-D morphologies)
exponentially decrease the diffusive length scales (Perugini et al., 2003; De Campos
et al., 2011). Because mingling generally increases the surface/volume ratio of the in-
volved magmas, it follows that the efficacy of different mingling mechanisms affect the15

overall efficacy of magma mixing.
Magmas are mingled in nature through manifold mechanisms, which are mostly

buoyancy-related. In detail, each of the mechanisms has its own dynamics. For exam-
ple, during (i) conduit flow, the interface of two separate magmas may become instable
and produce “streaky mixtures” of the two members. Although buoyancy-driven, con-20

duit flow mixing is related to turbulence in the conduit, which may form at a lower Re
number than expected for turbulence in isoviscous flow (Blake and Campbell, 1986).
(ii) Vigorous convection in a magma reservoir, in turn, forms through strong T contrasts
from transient mafic replenishment and may entrain, stretch and fold portions of mafic
magma by viscous coupling (Huppert et al., 1983, 1984; Snyder and Tait, 1996). (iii)25

Double-diffusive convection depends on heat and molecular diffusivity, when both of
“these two components make opposing contributions to the vertical density gradient”
in a magma reservoir (Huppert and Turner, 1981). The implications of double-diffusive
convection range from small-scale percolation of more felsic melts along the sidewall
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of a reservoir, to catastrophic overturn when a replenishing mafic magma fractionates
and becomes less dense than an overlying layer of magma. (iv) Forced intrusion im-
plies a competent, felsic body of magma (mush), perhaps almost solidified but still hot,
which is being intruded by a mafic dyke (Pallister et al., 1992; Izbekov et al., 2004).
Simultaneous reheating of the felsic magma may lead to collapse of the dyke, be-5

cause the surrounding felsic magma melts and loses strength to contain the magma
into a rigid conduit. In such cases, highly variable quench textures in mafic enclaves
may record the diminishing temperature contrast between mafic and felsic member
(Wiesmaier et al., 2011).

In chemical engineering, bubble mixing is a long-recognised concept. Devices and10

set-ups exploiting the buoyancy force of gas in liquids have been employed for instance
in medical and biochemical applications (e.g., Sánchez Mirón et al., 2004), fining of
glass melts, waste waters treatment plants or blending of wines and spirits. In magma
mixing, however, the role of bubbles has so far been limited to their density-diminishing
effect on magma-bubble suspensions. Rapid exsolution of volatiles may reduce the15

bulk density of layers of basaltic magma to become less dense than an overlying layer
of felsic magma (e.g., Tait et al., 1989; Ruprecht et al., 2008). The resulting instable
configuration may then lead to a catastrophic overturn and eruption of an entire magma
reservoir (e.g., Woods and Cowan, 2009). Several case studies have indicated a wider
importance of bubbles in magma mixing. For instance, the vertical stratigraphy of the20

felsic member of the Bishop Tuff shows an inverse correlation of H2O and CO2, which
may have been caused by the ascent of CO2-rich bubbles into the felsic magma (An-
derson et al., 1989). At Stromboli, intermingled deposits of yellow vesicle-rich pumice
and degassed black scoria are related to paroxysmal episodes of increased CO2 emis-
sions (cf. Misiti et al., 2009).25

Past experiments with analogue materials have clearly demonstrated the potential
for rising gas bubbles to drag portions of one liquid into another (Thomas et al., 1993).
Both, single bubbles and clusters of bubbles (as two-phase plumes), were observed to
propagate portions of liquid of lower viscosity into an overlying liquid of higher viscosity.
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Manga and Stone (1995) laid the fluid dynamical foundation of this problem; the low
Reynolds number motion of bubbles or drops (generally: particles) that pass through
fluid–fluid interfaces. Among other scenarios that study dealt with a single bubble rising
from low-viscosity to high-viscosity fluid, thereby entraining parts of low-viscosity fluid
into the upper high-viscosity one. Numerical constraints indicated the importance of5

viscosity contrasts between fluids and gas, along with interface Bond numbers. Ana-
logue studies thus argue strongly in favour of bubble-driven mixing scenarios.

Here, we have reproduced for the first time (to the best of our knowledge) the mech-
anism of bubble advection, using volcanic melts at magmatic temperatures. Because
mafic or hybrid filaments found in natural samples of igneous rocks are typically in-10

terpreted as result of convection-driven stretching and folding scenarios, we present
a solution to distinguish such conventional filaments from filaments formed by bubbles.

2 Methodology

2.1 Glass preparation

The experiment has been carried out with two natural end-member compositions,15

basalt and rhyolite. Sample material was obtained in the form of blocks (> 30 cm) from
the Bruneau–Jarbidge eruptive centre of the Snake River Plain-Yellowstone hotspot
track. The rhyolite sample is from Unit V of the Cougar Point Tuff and the basalt sample
from Mary’s Creek (cf. Bonnichsen, 1982; Cathey and Nash, 2009). Samples of these
units have been used in a previous study (cf. Morgavi et al., 2013). The basalt is of20

tholeiitic composition, and the rhyolite belongs to the subalkaline series (Table 1).
Both materials were freed from weathered surfaces and crushed. After TEMA milling,

the basalt and rhyolite powders were melted and homogenised in a concentric cylinder
viscometer (Dingwell, 1986) at 6 and 24 h respectively to ensure that the materials are
exempt of crystals and gas bubbles. Both basalt and rhyolite melts were quenched in25
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air at room temperature. The glasses were cored from the crucibles and machined to
cylinders that fit into a Pt crucible of 25 mm diameter.

2.2 Experimental set-up

At room temperature, a cylinder of Snake River Plain (SRP) rhyolite glass was placed
above a cylinder of SRP basaltic glass in a Pt-crucible of 25 mm inner diameter (Fig. 1).5

This experimental charge was placed into a furnace at 1450 ◦C to remelt both glass
cylinders. The heating rate was on the order of 5–15 Ks−1 based on thermal diffusivity
calculations. The target temperature was chosen to (a) keep the melts at supra-liquidus
to avoid interference of particle-sized crystals and (b) to achieve a realistic viscosity for
the rhyolite. Prior to the experiment, viscosity of the melts was measured by rotational10

viscometry and, at 1450◦ C, found to range around 100.4 Pas for the SRP basaltic melt
and around 104 Pas for the SRP rhyolitic melt (Morgavi et al., 2013). As such, the
relatively lower viscosity of our experimental rhyolite melt compared to that of a natu-
ral, H2O-bearing rhyolite magma at depth ensures reasonable experimental runtimes,
while maintaining fluid mechanical scalability.15

Upon heating and melting, air trapped in the interstices between the glass cylinders
and crucible walls formed bubbles, which rose into the rhyolite, thereby entraining por-
tions of basaltic melt. Thin films of air were present underneath the basalt, in-between
basalt and rhyolite, and in-between crucible wall and both glass cylinders. Bubbles were
thus able to form below the melts as well as at the sidewalls, which ensured chaotic,20

unconstrained rising paths of bubbles. According to the ideal gas law, the increase in
volume of the trapped air from 293 (20 ◦C) to 1723 K (1450 ◦C) was ca. six-fold. Oxygen
fugacity was held constant in equilibrium with air at 1 bar. Bubbles rose from the basalt
into the rhyolite above, traversing the compositional interface between these two (mis-
cible and mixing) silicate melts and thereby propagating plumes of basaltic melt into the25

rhyolite (cf. Manga and Stone, 1995). Stokes’ Law calculations indicated ca. 240 min
for a bubble of radius 2 mm to rise through the rhyolite. At t = 180 min, the crucible
was removed from the furnace and cooled in air to room temperature. The quench
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rate is estimated to range around few degrees per second, similar to studies using
comparable set-ups (e.g., Chevrel et al., 2015). The post-experimental glass assem-
blage was cored from the crucible to yield a sample cylinder of 20 mm diameter, which
was subjected to further scrutiny. The resulting plume-like or column-like filaments that
the advected basalt formed within the rhyolite (hereafter referred to as filaments) were5

characterized by microCT and subsequent high-resolution EMP analyses.
The current experiment is closely related to the numerical and analogue experimen-

tal approach by Manga and Stone (1995). Our system of rhyolitic and basaltic fluids
and a free gas phase, air, is characterised following their notation; (i) the ratio of drop
to lower fluid viscosity λ ranges around 2.35×10−5, (ii) the ratio of upper to lower fluid10

viscosity γ is ca. 4×103, and (iii) a buoyancy parameter β, which approximates the
buoyancy difference of the bubble translating from one liquid to another, is approxi-
mately 0.79; that is, the bubble in the rhyolite experiences 79 % of the buoyancy it had
in the basalt. The Re number for a bubble of 4 mm radius rising through rhyolite ranges
on the order of 1×10−9. Bond numbers are Bobas = 0.38 for the bubble in basalt, and15

Borhy = 0.30 for the bubble in rhyolite, using surface tension values for dry silicate melts
from Bagdassarov et al. (2000). The Bond number for the interface of basaltic and rhy-
olitic melt is ∞ for lack of surface tension between miscible liquids (cf. Lacaze et al.,
2010 and references therein). The present study extends the array of relevant fluid me-
chanical problems to low Re, low Bo and high log-Morton numbers (cf. Clift et al., 2005,20

Fig. 2.5 therein).

2.3 Micro Computed Tomography (MicroCT) analysis

MicroCT provided a non-destructive mean to qualitatively and quantitatively char-
acterise the experimental products. MicroCT scanning was performed at IMETUM,
Garching, Germany using a General Electric v|tome|x s© device equipped with a mi-25

crofocal x-ray tube. Altogether 1000 scans were carried out, at 80 kV, 250 µA and an
exposure time of 250 ms per scan. Each scan was conducted as average of 3 individ-
ual scans for noise reduction. The beam was moderated by a 0p3va filter for reduced
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beam hardening. An effective voxel size of 50 µm was achieved. Subsequent recon-
struction was conducted with VGStudio MAX©. The resulting stack of tiff-files was then
converted to a volume file (.vox) using writeVOX, an auxiliary program of our custom
made, MATLAB-based Tomoview software package. The vox-file was segmented in
Tomoview and quantified for size parameters of subspherical bubbles.5

2.4 Electron microprobe (EMP) analysis

After 3-D tomography, the cylinder of glass was sliced at different levels to obtain three
sections of the experimental product. These discs of experimental glass were pre-
pared as electron microprobe mounts and analysed for major element concentrations
using a Cameca SX100 electron microprobe at LMU Munich. Measurements were car-10

ried out at 15 kV acceleration voltage and 20 nA beam current. To counter alkali loss,
a defocused 10 µm beam was used for all elements. Standards used were; synthetic
wollastonite (Ca, Si), periclase (Mg), hematite (Fe), corundum (Al), natural orthoclase
(K), and albite (Na). Matrix correction was performed by PAP procedure (Pouchou and
Pichoir, 1984). The precision was below 2.5 % for all analysed elements. Accuracy was15

tested by analysing MPI-DING standard glasses (e.g. Jochum et al., 2000) and is better
than 3.0 % for the analysed elements.

2.5 Calculation of concentration variance

Concentration variance σ2 represents a statistical measure for the degree of homogeni-
sation of a filament and has been applied successfully in previous experimental studies20

on magma mixing (Morgavi et al., 2013a, b; Perugini et al., 2013). The calculation of
σ2 is given by

σ2 =

∑N
i=1(Ci −µi )

2

N
(1)
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where N is the number of samples, Ci is the concentration of element i , and µ is the
mean composition. In order to provide readable numbers, we normalise concentration
variance at time t to the initial variance at t = 0:

σ2
n =

σ2(Ci )t
σ2(Ci )t=0

(2)

As a result, a value of 0 for σ2 represents complete homogenisation, whereas a value5

of 1 equals completely separate end-members. For a correct statistical comparability
of different transects and their values of concentration variance, we selected that the
total number of data points of a transect should equal double the filament thickness.
In some cases, compositional profiles have thus been complemented by rhyolite end-
member data points to fulfil this requirement. Notably, this procedure has been used10

only for the calculation of concentration variance and all compositional data presented
here are as measured from EMP analysis.

2.6 Model filaments

Model filaments were calculated to demonstrate the correlation of concentration vari-
ance with filament thickness in an ideal case. Ideal diffusion gradients have been mod-15

elled based on the thin-source problem and have been calculated using following equa-
tion:

C(x,t) = C0e
−x2/(4Dt) (3)

where x is the distance measured from the interface between end-members, C is the
concentration of the diffusant, C0 is the concentration of the diffusant at the surface (x =20

0), D is the diffusivity, which is kept constant here, and t is time (after Eq. 37 in Zhang,
2010). Variables in the calculation of diffusion gradients were distance and diffusion
times (10, 100, 1000 and 10 000 s). Filament thickness was varied by arbitrarily adding
various amounts of end-member data points (basaltic and rhyolitic). The step length of
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the model diffusion data was set to 15 µm (Fig. 2), comparable to the analytical profiles
obtained by EMP in this study. Concentration variance was then calculated for each
diffusion profile, and correlated with filament thickness.

2.7 Filament thickness

The thickness of experimental filaments has been determined for subsequent statisti-5

cal analysis. In the final experimental charge, the original filament thickness is not pre-
served, because the onset of diffusion “smears out” the borders of filaments. Therefore,
an arbitrary determination for the thickness of filaments has been devised to enable
comparative analysis of filaments. The thickness of all filaments has been defined by
the points of intermediate SiO2 concentration between the measured maxima and min-10

ima of the respective transect (Fig. 2). As the main component of silicate melts, Si4+

represents a robust and reproducible proxy for filament thickness, not least for its rel-
atively sluggish diffusion (Dingwell, 1990). According to this procedure, filament thick-
nesses of the nine EMP transects analysed here range from ca. 70 through 1650 µm.
Potential errors from variable diffusivities of a single species in multi-component sili-15

cate melts are deemed insignificant due to the short run time of 180 min and the slow
diffusivity of silica.

3 Results

3.1 MicroCT images

The reconstructed 3-D volume from the microCT scans shows compositional inter-20

action between basalt and rhyolite driven by bubble motion (Fig. 3). Bubbles are ob-
served arrested at various levels in the experimental charge. At the bottom of the rhy-
olite, which has been kept transparent for visibility in Fig. 3, we observe a horizon of
ca. 50 bubbles (< 0.5 mm radius), some of them in the act of penetrating the rhyolite.
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Their small radii (measured in the 3-D software) indicate very slow ascent speeds after
Stokes’ law, implying that their final vertical position is consistent with formation at the
interface between basalt and rhyolite. Bubbles in the interior of the rhyolite are either
with or without orange tail (filament). Bubbles without orange filament are interpreted to
have entered the rhyolite from the side, without having encountered basaltic material.5

In turn, bubbles with a filament attached at their bottom must have been in contact to
basaltic melt during their ascent. This shows that gas bubbles may advect volumes of
low-viscosity silicate melt into a high-viscosity one. Several bubbles of up to 1.1 mm
radius are embedded in a curved path of filaments. Because of the curvature of the
filaments, the bubbles probably formed at the bottom between crucible wall and basalt,10

and traversed the circular basalt-rhyolite interface at its margin. The large bubble at the
top broke the open surface of the rhyolite by the end of the experimental runtime and
is interpreted as the result of coalescence of many smaller bubbles. Aspect ratios of
bubbles suspended in rhyolite have been calculated. Only bubbles not in the process of
coalescence and of enough distance to other bubbles or the interface have been con-15

sidered for the measurement of aspect ratios. Measured bubbles (n = 8) were close to
being equant, with ellipsoid radii deviating to a maximum of 36 vs. 33 % in a perfect
sphere (Table 2).

The filaments in the 3-D volume have greyscale values intermediate to those of the
basalt and the rhyolite glass. Since the attenuation value in radiographies represents20

the cumulative attenuation of all elements or ions in the scanned silicate melts, the
greyscale values of the filaments (coloured orange in Fig. 3) suggest hybrid composi-
tion on first order. In cross section, this hybrid phase appears at the top in the form of
a thick cylindrical filament attached to the bottom of the topmost bubble. About 5 mm
deeper, the thick filament fans out into multiple filaments of several hundreds of micron25

thickness (this observation supports the interpretation that the top-most bubbles had
coalesced from several bubbles). The multiple small filaments extend downwards from
the main stem of the plume tail in curves, bending towards the crucible margin.
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Some artefacts are observed in the 3-D volume. The basalt in yellow appears to
feature a grainy texture, which has been caused by the fine segmentation needed to
differentiate hybrid melt from basalt. The glass has been confirmed to be homoge-
neous in section. A second artefact is indicated by the orange voxels along the vertical
edges of the 3-D cuboid. The original experimental shape was of cylindrical shape, but5

displayed a circumferential interference interpreted as beam hardening. To clarify the
3-D volume for visual inspection, the cuboid shape was chosen to free the sides of the
sample from visual obstruction.

3.2 Composition of experimental glasses and diffusion profiles

The experimental glass has been sectioned at three different levels perpendicular to10

the long axis of the cylindric experimental charge. BSE images and the correspond-
ing analytical profiles of these three levels are shown in Fig. 4. The uppermost level,
SWM01, features a basaltic area of sub-spherical shape of ca. 2.5 mm diameter. The
intermediate level SWM02 shows a convoluted, but coherent single filament. The low-
est level SWM03 appears as three or four separate filaments of varying thickness. The15

single filament in sample SWM01 required one profile only (SWM01-01), whereas the
more convoluted filament structures of SWM02 and SWM03 were characterised by
four EMP profiles each (Fig. 4). The analytical profiles of each filament are grouped
into three classes: bell-shaped, plateau-shaped and multi-peak/irregular shape.

3.2.1 Section SWM0120

The transect across the sub-circular filament of SWM01-01 covers a distance of ca.
2800 µm. Diffusion profiles of all major elements are symmetric and plateau-shaped.
On either side, ca. 500 µm of pristine rhyolite have been measured, before a transition
towards more mafic composition. These gradients, one from either side, cover vari-
able distances depending on the element measured and are between 100 and 400 µm25

long. The middle section of the analytical transect is relatively flat. There, the most
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mafic composition of the profile is detected, although the composition is still clearly
hybridised, and its classification borders the fields of andesite and trachy-andesite
(Fig. 5).

3.2.2 Section SWM02

SWM02-01. The profile of SWM02-01 is sub-symmetrically bell-shaped for most major5

elements, but, compared with SWM01-01, shows a much smaller compositional span.
The most “mafic” composition detected is low-SiO2 rhyolite. Na2O appears overlain by
the analytical error and K2O measurements exceed the concentration expected for the
rhyolite.

SWM02-02. As other transects, this EMP transect started in glass of rhyolitic compo-10

sition. However, the transect is asymmetric and recorded more mafic glass at the other
end. This precluding certainty of having measured the most mafic composition in the
filament. SWM02-02 is therefore excluded from further interpretation.

SWM02-03 shows two peaks in all element profiles. Probably, two separate fila-
ments of either different thickness or different time of hybridisation are combined in15

the analysed filament. A useful estimation of diffusion rates is thus hindered in transect
SWM02-03, which is consequently excluded from the interpretation of diffusion profiles.

SWM02-04. The diffusion profiles are bell-shaped, but of little amplitude. In the TAS
diagram, all data points cluster very near the original composition of the end-member
rhyolite. In such cases, the analytical error was significant in the variation of Na2O,20

K2O and TiO2 concentrations, which affects the calculation of concentration variance
values.

3.2.3 Section SWM03

SWM03-01. The profiles appear similar to SWM02-04 with very little variation and all
data points group very near the original composition of the end-member rhyolite. Again,25
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the analytical error may be significant in the variation of Na2O, K2O and TiO2 concen-
trations.

SWM03-02. Most profiles are sub-symmetrically bell-shaped, and span a composi-
tional range of rhyolite to dacite/trachyte. Again, Na2O data appears affected by the
analytical error and K2O measurements exceed the concentration expected for the5

rhyolite.
SWM03-03 shows sub-symmetrical bell-shaped profiles, which amount to rhyolitic

to trachy-andesitic composition. Also here, the profile of Na2O seems affected by the
analytical error and K2O data are higher than expected for the rhyolite.

SWM03-04 profiles appear bell-shaped, but, as for some of the previous transects,10

with very little compositional variation. In the TAS diagram, all data points group very
near the original composition of the end-member rhyolite. The analytical error was
significant in Na2O, K2O and TiO2.

In summary, analytical transects may be grouped as follows (see Fig. 4); (a) bell-
shaped (SWM02-01, SWM02-04, SWM03-02 and SWM03-03), (b) plateau-shaped15

(SWM01-01), and (c) multi-peak/irregular (SWM02-02, SWM02-03, SWM03-01 and
SWM03-04). Common to all of the 9 analysed filaments is that the basaltic end-member
is not preserved. Hybridisation was thus pervasive for all filaments.

3.3 Results of model filament calculation

In model filament calculations, concentration variance correlates systematically with20

filament thickness. In Fig. 6, each curve represents concentration variance vs. filament
thickness at a specified diffusion time. Concentration variance, i.e. the degree to which
filament of thickness x has equilibrated during this interval of diffusion, correlates non-
linearly with filament thickness.

When end-member compositions, diffusion time and diffusivities are equal, thicker25

filaments are less homogenised, which increases the value of concentration variance
(cf. Morgavi et al., 2013). At similar diffusion time, thinner filaments will have dispro-
portionally lower values of σ2 compared to thicker ones, i.e. thin filaments equilibrate
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faster than thick ones. Curves of longer diffusion time show that this contrast between
thick and thin filaments lessens with increasing diffusion time, although the overall non-
linearity remains.

Along each curve, increasing the filament thickness causes the values of σ2 to
asymptotically approach unity, whereas in regions of small filament thickness the5

curves possess a relatively steep slope. This indicates a more pronounced difference
in equilibration speed for small filaments, and the difference in degree of homogenisa-
tion between two filaments of “neighbouring” thickness becomes more pronounced the
thinner both are.

The polynomial regression for concentration variance vs. filament thickness allows10

characterising the model of diffusive equilibration. All calculated regressions have
R2 > 0.998. The asymptotic nature of the regression curves implies that its 1st deriva-
tive approaches zero at infinite filament thickness. Comparison of regression curves for
diffusion times of 10, 100, 1000 and 10 000 s. shows less sharp curvatures for longer
diffusion times. The 2nd derivative as measure of curvature confirms this by show-15

ing much lower values for longer diffusion times. At short diffusion times of 10 s, for
instance, the regression shows a sharp bend at ca. 500 µm filament thickness, im-
plying that thicker filaments may hardly experience significant diffusive equilibration,
whereas filaments of 500 µm or thinner will disproportionally equilibrate more at such
short diffusion times. The non-linearity of the regression curves is thus evidence for an20

exponential decrease in equilibration time-scales with decreasing filament thickness.

3.4 Filament rheology

Here, we calculate viscosities of hybrid filaments based on compositions measured by
EMP. The initial viscosity contrast of the pure end-member was a factor of 4×103 (cf.
Morgavi et al., 2012). The compositional data of the filaments allows the constrain-25

ing of the viscosity in their respective centremost points by employing the viscosity
model of Giordano et al. (2008). Under the experimental conditions (1 atm, 1450 ◦C),
the rhyolitic end-member possesses a calculated viscosity of ca. 103.8 Pas, compared
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to a measured 104 Pas. The most mafic composition of each individual filament varies
strongly among filaments. As a result, the computed minimum viscosities across all fila-
ments range between ca. 101.5 and ca. 103.5 Pas. Viscosity contrasts between rhyolitic
and hybrid melt thus range between a minimum factor of 3, to in excess of 2 orders of
magnitude. Viscosity contrasts roughly correlate with filament thickness.5

4 Interpretation and discussion

4.1 3-D images and continuum mechanical appraisal of the experimental
sample

The imaging results from microCT reveal that multiple bubbles have risen through the
rhyolite, dragging portions of basaltic melt upwards with them (see Fig. 3). These sub-10

vertical elongated filaments are hybridised, according to microCT attenuation values.
Because several hybrid filaments merged into one thicker filament underneath the top-
most bubble, bubbles appear to have exploited the same pathway repeatedly. The ex-
perimental set-up has thus generated two main modes of mass transport. Firstly, ad-
vection of basaltic into rhyolitic melt driven by the segregation of bubbles. Secondly,15

diffusion of ionic species across the boundary between basalt and rhyolite melts.
Several implications arise from comparison of our experiment to the numerical analy-

sis of migration of drops through fluid-fluid interfaces (Manga and Stone, 1995). Based
on numerical constraints, Manga and Stone (1995) suggested that the volume of en-
trained fluid decreases with increasing γ (ratio of upper to lower fluid viscosity). As our20

experiment constitutes a case of high γ (ca. 4×103), the entrained volume of basaltic
melt should be low, perhaps insignificant. However, according to the microCT image,
significant amounts of basaltic melt have been propagated, which either indicates that
generally the amount of entrained fluid may approach a minimum of > 0 asymptoti-
cally, or the higher value of β (0.2 in the numerical solution vs. 0.79 in the experiment)25

causes a relatively higher buoyancy of the bubble in rhyolite to still permit significant
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volumes of entrained melt. Bubbles are free of films of mafic or hybrid material around
them, the gap thickness is consequently zero.

The time of penetration of a bubble into the upper layer, or breaking the interface
between basaltic and rhyolitic melt, scales at a factor of approximately 1/(1+ λ) of
the ascent rate, where λ is the ratio of bubble to lower fluid viscosity (Rallison, 1984;5

Kojima et al., 1984). For our experiment, the large viscosity contrast of air and basaltic
melt at 1723 K implies a λ of around 2.35×10−5, meaning the ascent rate of bubbles
would hardly be affected by the interface and bubbles essentially pass through with
nearly no deceleration. This is consistent with Manga and Stone (1995, Fig. 8d therein,
λ = 10), where the rise speed decreases continually upon entering the higher viscosity10

upper liquid, but potential interface effects in the form of a rise speed minimum are not
detected.

Discrepancies between our experiment and the numerical treatment of Manga and
Stone (1995) arise with respect to Bond numbers and surface tension. The surface
tension of dry silicate melt against a free vapour phase is an order of magnitude higher15

than the surface tensions employed for the fluids in the analogue experiments of Manga
and Stone (1995). In the present case, the bubble Bond number Bo1 is closer to 1, or
somewhat below, whereas Manga and Stone (1995) addressed problems of Bo1 > 5.
Smaller Bond numbers imply that bubble deformation in the rhyolite is limited, which,
in turn, is consistent with the 3-D data obtained from the experimental charge; the20

measured aspect ratios of bubbles suspended in rhyolite are close to being equant.
In summary, bubble mixing efficiently works at viscosity contrasts of up to 4×103.

We note that in nature viscosity contrasts may be lower, as the most extreme melt
compositions were chosen for this experiment. A lower viscosity contrast would cause
more yet more favourable conditions for bubble mixing. Specific to bubble mixing is25

that successive bubbles have each advected mafic material into the same filament.
A filament may thus experience mafic recharge at irregular frequency. This gives rise
to a complex diffusion scenario in which the starting composition may be replenished
time and again, thus hindering the application of standard diffusion systematics. Addi-
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tionally, later pulses of basalt, delivered by ascending bubbles, may have arrived at the
top of the experimental column having experienced smaller degrees of hybridisation
during ascent. Also the composition of the advected melt may therefore vary with time.
As a result, not only the mode of advection is non-conventional (bubbles instead of
inherent buoyancy or convection), but also the calculation of diffusion timescales must5

take into account, that additional mafic melt may or may not have been added to the
filament at later stages.

4.2 Rheology of hybrid filaments

The compositional variations across the filaments imply a dynamic rate change for
bubble mixing. The viscosity contrast from basalt to hybridised filament is smaller than10

from basalt to pristine rhyolitic melt. Figure 7 shows this “viscosity valley” in the interior
of filaments compared to the surrounding rhyolite. Computing the log viscosities, the
viscosity contrast at t = 0 was 4000 and at t = 3 h is reduced to ca. 32 for filament
SWM01-01. This reduced viscosity contrast after 3 h runtime may strongly affect ascent
velocities of bubbles that trail previously ascended bubbles.15

It is important to note, however, that these fluid mechanic numbers are transient.
Diffusion constantly aims to equilibrate compositional gradients, whilst new bubbles
advect more mafic material, increase the chemical potential in the melt and therefore
increase the disequilibrium. Thus, the numbers and the discussion provided here are
essentially snapshots of a dynamic system. However, the qualitative notions hold fast.20

For any felsic melt, an intrusion by bubbles, which advects melt of more mafic compo-
sition, will imply a reduced viscosity in newly formed filaments.

The consequences of the presence of low viscosity filaments for bubble mixing are
manifold. First of all, higher ascent velocities are expected for bubbles that rise within
a filament, as Stokes’ Law correlates linearly with viscosity. Therefore, at the calculated25

filament viscosity of ca. 32 Pas (compared to 10 000 Pas in the rhyolite), the terminal
settling speed of a bubble may be up to 300 times faster in a hybrid filament than
through pristine rhyolite. The reduced viscosity must therefore enhance the rate of bub-
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ble ascent. Secondly, the ratio of viscosities of upper to lower fluid γ affect how much
basaltic melt can be advected. According to Manga and Stone (1995), γ inversely
correlates with the amount of lower fluid entrained into the upper liquid. For filament
SWM01-01, γ changed from 4×103 down to 13, implying an increase in transported
material. When a bubble enters a hybrid filament, it may thus be able to propagate5

larger amounts of basaltic liquid than upon entering pristine rhyolite. This affects the
mixing rate once more, as more material per bubble is being advected. Thirdly, the
buoyancy change β that the bubble experiences upon entering the upper fluid will be
diminished. Calculation of β using the viscosity of the hybrid filaments implies a re-
duced buoyancy change (from 0.8 to 0.9), because the hybrid filament has a higher10

density than the surrounding rhyolite. The higher value of β implies lesser decelera-
tion of the ascent speed caused by the viscosity contrast. Not only does the rise speed
within the rhyolite increase, but also the rise speed through the basalt-rhyolite interface.

Bubble and streamline geometry will have additional effects on bubble mixing, al-
though these cannot be directly observed from our experiment. Assuming a second15

bubble enters a hybrid filament possessing the same diameter as the first bubble.
Streamline geometry indicates that the bubble may not only be affected by the fila-
ment’s reduced viscosity, but also by the rhyolite’s higher viscosity, because the bubble
diameter will be several times wider than the filament. Assuming a second bubble of
smaller diameter, the values of γ and β favour an accelerated ascent of the bubble, on20

one hand. On the other hand, this may be counterbalanced by less buoyancy of the
smaller bubble and less amount of advected basaltic fluid. From this point of view, the
enhanced efficacy of bubble advection by the formation of hybrid filaments may there-
fore be lower than indicated by the numerical parameters of this specific experiment.

The last point to consider is filament geometry. Filaments are widening due to addi-25

tion of new mafic melt by each passing bubble. For example, the uppermost filament
from our experiment shows visual evidence that it formed as many pulses of mafic
melt, which probably caused the disproportionate thickness of this filament. The re-
peated advection of multiple basalt-propagating bubbles through a pathway very likely
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causes a thickening of the filament, thus enhancing bubble advection by enlarging the
diameter of the low-viscosity channel. Additionally, recurring bubble advection may cre-
ate a network of hybrid filaments by coalescence of bubbles and merging filaments.

Continuum mechanics therefore indicate that bubble advection is enhanced three-
fold, once the first bubbles and filaments have risen through the rhyolite.5

The reduced viscosity inside the filaments causes

1. increased ascent speed of subsequent bubbles,

2. more basaltic fluid to be entrained per bubble and

3. accelerated traversal of the bubble across the basalt-rhyolite interface.

The acceleration of the rate of mixing may in theory continue until filaments purely con-10

sist of mafic end-member, at which point the lowest possible viscosity is established
inside the filament. By then a steady state would be reached and new mafic material
advected at a constant rate per bubble and bubble size. Once the source reservoir
of the mafic end-member is depleted of a free gas phase, mixing induced by bub-
bles must decelerate until more volatiles are exsolved or external volatile sources are15

tapped. Recent advances in the understanding of magmatic assimilation have hinted
at the possibility of rapidly freeing large amounts of CO2, when decomposition of car-
bonates is involved (e.g., Freda et al., 2008; Mollo et al., 2011). During assimilation of
volatile-bearing rocks, the homogenisation of compositional gradients (mixing between
assimilant and assimilate) may thus be significantly enhanced by bubble advection.20

In nature, the process of bubble advection would thus accelerate with time. Once
the first bubble has overcome the rheological threshold of the more felsic material,
a filament of more mafic, less viscous, material will be present within the felsic end-
member. Subsequent bubbles may exploit this plume of mafic material as pathway
and traverse the horizontal boundary between upper and lower liquid faster, rise faster25

within the upper liquid and advect more material than the first bubbles.
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4.3 Comparison of model filaments with bubble advection filaments

The above results show that magmatic filaments may form by multiple bubbles rising
through the same filament. When considering that each rising bubble represents a new
pulse of mafic material, this implies that an associated filament formed from such multi-
ple pulses of bubble ascent follows rather distinctive diffusional equilibration dynamics.5

Instead of a single pulse of melt, which progressively equilibrates, multi-pulse filaments
are irregularly replenished, thereby resetting the diffusion of the previous pulse by pro-
viding pristine end-member material. Multi-pulse filaments may thus significantly devi-
ate in their diffusional behaviour from single pulse filaments. This is important because
the calculation of magmatic time-scales based on diffusion gradients has commonly10

been based on a single pulse origin of magmatic filaments, bar other options recog-
nized so far. It is thus vital to be able to distinguish single- from multi-pulse filaments in
natural samples.

The characteristics of our experimental charge are advantageous for distinction of
single and multi-pulse filaments, as it is comparable to natural samples in key aspects.15

First of all, bubbles were allowed to rise in uncontrolled fashion. The resulting filaments
are thus a result of the conditions in-situ within the experimental charge, and mainly
controlled through the parameters buoyancy, surface tension and rheology. Secondly,
the time evolution of the experiment is uncontrolled except for the total runtime. Due to
the experimental set-up in a platinum crucible at high temperature, direct observations20

throughout the experiment were inhibited. Therefore, the motion of individual bubbles
can only retrospectively be constrained by position and dimension. However, both, time
evolution and locii of bubbles are necessarily unconstrained in a natural sample as well.
Our experimental design thus mimics natural samples in these aspects, while on the
other hand has the advantage that pressure, temperature and initial end-member com-25

positions are known. This allows us to constrain the origin of the filaments generated
during the experiment to a further degree than possible in natural samples.
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4.3.1 Compositional profiles of filaments indicate their formation mechanism

The shape of compositional profiles obtained from filaments allows a qualitative estima-
tion of filament formation. Three different shapes of compositional profiles have been
observed: (a) multi-peak or irregularly shaped, (b) plateau-shaped and (c) bell-shaped
(see Fig. 4).5

1. Multi-peak or irregular shapes of analytical profiles are not explicable by stan-
dard diffusion models and thus have most likely been affected by multiple bubbles
having risen through (see Fig. 4b).

2. Plateau-shaped profiles (see Fig. 4a), in turn, permit both possibilities, single and
multiple pulse origin. The distinction of plateau-shaped profiles lies in the preser-10

vation of the original mafic end-member. If the plateau of the profile is equal to
the original end-member composition, then standard diffusion theory applies, and
a single-pulse origin is probable. Should the plateau lie at a hybrid concentration
between both end-members, it cannot be the result of a single-pulse that diffused
partly into its surroundings. This is because in a single-pulse filament the centre15

can only be hybridised after the plateau has been obliterated by diffusion. In our
experiment, filament SWM01-01 shows such a compositional profile that is both,
shaped as plateau and of hybrid composition at its plateau. The profile must thus
represent a composite structure of multiple filaments, and episodic replenishment
of the filament with basaltic material has to be expected. Here, the multi-pulse20

origin of filament SWM01-01 is also confirmed by microCT imaging, which shows
several bubble trails (filaments) converging to the final filament (see Fig. 3). We
nevertheless discuss the compositional profiles at length, because 3-D imaging
technology is not always available for sample scrutiny, but knowledge on the ori-
gin of filaments useful for interpretation of diffusion-related data. Additionally, the25

diffusional profile of SWM01-01 shows a slight gradient in the plateau itself, which
may be a result of the replenishment (see Fig. 4a). Potentially, a first diffusion

1491

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/7/1469/2015/sed-7-1469-2015-print.pdf
http://www.solid-earth-discuss.net/7/1469/2015/sed-7-1469-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
7, 1469–1515, 2015

Magma mixing
enhanced by bubble

segregation

S. Wiesmaier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

gradient developed between first pulse of basalt and rhyolite, and a second one
between second pulse basalt and hybridised (initial) basalt.

3. Bell-shaped profiles (see Fig. 4c) are ambiguous in the context of our experi-
ment. On one hand, these analytical profiles approach a Gaussian distribution,
presumably indicative of a single pulse origin. However, 3-D data also indicate5

a multi-pulse origin. As additional observation, the reduced viscosity of hybrid fila-
ments compared to surrounding rhyolite indicates that they may act as chimneys
of less viscous resistance, irrespective of their exact compositional profile.

The analysis of compositional profiles of the magmatic filaments from this experiment
opens up an interesting question. May a filament have been produced by a single pulse10

of magma (in the case of this experiment, this would translate to a single bubble), or
have multiple pulses been involved? This question is relevant for two reasons. First of
all, the notion of multi-pulse filaments is quite uncommon in igneous petrology. Includ-
ing the most recent works on magma mixing, magmatic filaments are perceived as one
single pulse of magma by design. Even if a filament may be stretched and folded ad15

infinitum, it will never be replenished by fresh mafic magma. As a result of the present
study, we observe the possibility that filaments, are falsely perceived as single pulses
of magma. Secondly, when analytical profiles of filaments are used for the calculation
of diffusional time-scales, these time-scales are commonly calculated with the tacit as-
sumption that a single pulse of magma formed the filament in question. Application20

of conventional single-pulse diffusion systematics on a multi-pulse filament may yield
erroneous results. We therefore propose the following method for distinction of single-
and multi-pulse filaments.

4.3.2 Concentration variance vs. filament thickness

To distinguish single- from multi-pulse filaments, we devised a method to statistically25

distinguish filament origins based on EMP data. The statistical analysis attempted here
provides a method for determining whether or not a set of filaments that feature bell-
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shaped compositional profiles have a complex history of formation. Here, we therefore
compare the values of concentration variance from our experimental filaments with the-
oretical values computed from ideal “model filaments” (see Sect. 2.6). The model fila-
ments have been calculated with boundary conditions consistent with our experimental
set-up; end-member compositions, temperature and diffusivities were kept constant.5

The model filaments have been computed as single pulse filaments, and thus charac-
terise the diffusive equilibration of individual filaments under ideal conditions. For the
comparison, only the experimental filaments showing bell-shaped analytical transects
have been used in the following; transects SWM02-01, SMW-02-04, SWM03-02 and
SWM03-03.10

Figure 8 shows the correlation of concentration variance and filament thickness
for the four bell-shaped filaments from the bubble mixing experiment. The regression
curves of their concentration variance possesses the opposite orientation compared to
the ideal data (downwards convex vs. upward convex), therefore the regression is fun-
damentally dissimilar to the regressions obtained from the model filaments (i.e. from15

“ideal behaviour”). This qualitative argument becomes more obvious when consider-
ing specific data points. For example, data points SWM03-01 and SWM02-04 are from
filaments of different thickness but show very similar values of concentration variance
with potassium (Fig. 8, second panel). This stands in contrast to the ideal behaviour of
filaments, as the slope of the regression curves characterising ideal filaments requires20

different degrees of equilibration for filaments of different thickness. The argument is
aggravated by the notion that SWM03-01 and SWM02-04 are relatively thin filaments
(< 100 µm), because for thin filaments the ideal regression curves possess the steep-
est slope. Any difference in equilibration, when filament thickness is the sole variable,
should thus be most obvious in very thin filaments. This behaviour repeats itself through25

all major elements and indicates a formation mechanism different to single pulses of
magma.

Even though all four filaments possess bell-shaped compositional profiles, multiple
bubbles seem to have been involved in the formation of at least some of these fil-
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aments, so that the overall correlation deviates from ideal conditions. This confirms
the visual observations from 3-D microCT analysis, which indicated multiple thin fila-
ments converging to larger ones. The statistical appraisal of diffusional equilibration
thus provides a further constraint on the multiple-pulse origin of filaments generated by
bubble advection. Bell-shaped compositional profiles of magmatic filaments thus have5

to be viewed with care and are not automatically indicative of a scenario of standard
diffusional equilibration. As the exact mechanisms and conditions of formation are es-
sentially unknown for any natural sample, magmatic filaments and their observed com-
positional patterns need to be tested for whether or not bubbles have played a role for
magma mixing. Especially, since rheological factors strongly favour a multi-pulse origin10

of filaments during bubble mixing. Correlation of filament thickness and concentration
variance thus represents a simple and straightforward tool to constrain the origin of
a cohort of filaments from one sample.

4.4 Bubble mixing at variable temperature conditions

For our experiment, the furnace temperature was chosen to achieve a combination of15

feasible viscosity contrast, crystal-free melts and relatively short run time. We envis-
aged our experiment to approximate the fluid dynamic behaviour at no or little tem-
perature contrast between two fluid magmas to avoid kinetics of thermal equilibration
affecting the results. Notably, however, temperature contrasts between mafic and felsic
magma may vary in nature, which merits the question whether or not a mechanism20

such as bubble mixing may be inhibited in nature by quenching of one magma against
another.

Previous studies have indicated the potential for the formation of quench textures, or
even quench horizons, when for instance a hot basaltic magma is juxtapositioned on
a much cooler, felsic magma (e.g., Eichelberger, 1980). Such quench textures abound25

at the margin of mafic enclaves in many natural outcrops, and are the result of strong
temperature contrast and short time-scales of interaction between mafic and felsic
magma (e.g., Coombs et al., 2003). These time-scales are short, because steep tem-
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perature gradients and small volume of individual enclaves cause the mafic enclave to
rapidly solidify, thus quench. Also along the margin of dykes, a chilled margin is com-
monly observed (although in that case the steep temperature gradient is caused by
cool and solid country rock).

Is quenching thus pervasive and able to inhibit any further fluid mechanical interac-5

tion of two magmas? We believe not, because in nature different types of quench tex-
tures may be observed in enclaves of a single deposit, which are indicative of variable
temperature contrasts during petrogenesis. Such a case is the 1100 AD monogenetic
eruption of Montaña Reventada in Tenerife, Spain. This composite lavaflow (basanite
underneath a phonolite) features a sequence of distinct quench and filament textures10

indicative of thermal equilibration between mafic and felsic fluid during a brief episode
of magma mingling (Wiesmaier et al., 2011). The case of Montaña Reventada demon-
strates that decreasing temperature gradients or indeed complete thermal equilibration
between two magmas of different composition is possible in nature, even at short time-
scales. In fact, any outcrop featuring magmatic filament textures (e.g. Perugini et al.,15

2002) is evidence for the potential of two magmas mixing at temperature contrasts too
low for quenching. The formation of quench textures has thus to be regarded as a dis-
tinct set of problems to the experimental set-up of this study, the purpose of which was
to investigate the potential for bubble mixing in the highly viscous but fluid regime.

4.5 Relevance for natural scenarios20

The dynamics of bubble mixing can be best appreciated by considering end-member
scenarios. These end-member cases are unrealistic, but allow gleaning information
on bubble mixing. Two end-member cases can be conceived when conditions are
favourable, that is when temperature contrast is low (no quenching) and when a free
gas phase is available in the lower magmatic fluid. In one end-member case, all bubbles25

penetrate the upper rhyolite at distinct loci and no secondary bubbles pass through any
filament. This implies the generation of a new filament with every rising bubble. Each
filament equilibrates progressively as single-pulse filament into the surrounding rhyo-
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lite. When assuming magmatic temperatures and the associated diffusive velocities,
the efficiency of producing a coherent body of hybrid magma then only depends on the
number of bubbles rising from the basalt. Progressively, pristine rhyolite will be “filled”
with hybrid filaments. This end-member case is thus illustrative, as it shows that af-
ter a certain point, new bubbles will have no other option than passing through already5

hybridized material. The notion of second generation bubbles that exploit previously ex-
isting filaments is therefore a necessity. Furthermore, the establishment of a hybridised
horizon between basalt and rhyolite also implies that filaments from further bubble as-
cent will penetrate farther upward into the rhyolite than before.

The other end-member case would be hybridization of a rhyolite by one single fila-10

ment through which all bubbles must pass. This single filament would be growing in
diameter due to the additional mafic magma advected with every rising bubble. Con-
sidering a conservative frequency of bubbles of 1 per minute, the filament would be
replenished quasi-constantly, therefore leading to a constantly mafic composition in-
side the filament. At magmatic temperature, however, this filament also equilibrates15

simultaneously with its surroundings, so a constant flux of ions to and from the fil-
ament will, albeit slowly, progressively hybridize the rhyolite, whilst the centre of the
filament remains at the most mafic composition due to constant replenishment by new
bubbles. Importantly, however, also filament will grow laterally with time by addition of
mafic magma from within the filament. This end-member case illustrates that multi-20

pulse filaments continue to equilibrate with their surroundings despite the possibility of
replenishment of the filament to more mafic composition. This continuity of diffusion
is inherent to all scenarios of magma mixing, once a compositional gradient is estab-
lished, diffusion will begin to equilibrate the activities.

The process of bubble mixing has not been observed in nature in isolated form so25

far. This may partly be because bubbles have not been widely considered up to now as
mixing agent. We are able, however, to not only present several lines of deductive or
indirect evidence pointing to the role of bubble ascent during the magmatic stage, but
also first direct natural evidence. First of all, theoretical deductions (Stokes’ law) show
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a linear relation between viscosity and density contrast. Indirect evidence is provided
by some natural case studies. Anderson et al. (1989) detected an inverse correlation of
H2O and CO2 in glass inclusions and quartz phenocrysts throughout the stratigraphy of
the Bishop Tuff, USA. Their interpretation offered two possibilities, (a) a closed-system
crystallisation to produce large volumes of rhyolitic magma at elevated gas contents5

and not detected “lost” crystals, or (b) a rise of CO2 bubbles into the rhyolitic magma
from below. In the light of the current understanding of closed vs. open system differen-
tiation, it seems unlikely that the Bishop Tuff (∼ 650 km3) may be derived from closed
system fractionation alone and additionally lose a large percentage of its phenocrysts.
An in-depth discussion of open vs. closed systems is out of the scope of this text,10

but heat of magma and latent heat released during crystallisation of a large volume
of magma should have enough impact on country rock to be detectable in the final
rock (cf. Reiners et al., 1995; Wiesmaier et al., 2012). In turn, an explanation of rising
bubbles of CO2 into rhyolitic magma is physically conceivable as demonstrated in this
study. Moreover, this would be consistent with evidence for pre-eruptive recharge of15

the Bishop magmatic system (Wark et al., 2007), as mafic recharge would be the most
common source of CO2.

The Licán mafic ignimbrite, erupted from Villarica volcano, Chile, was potentially
affected by a free volatile phase as well. In this otherwise homogeneous basaltic an-
desite, Lohmar et al. (2012) observed two distinct crystal populations with stark disequi-20

librium textures and overgrowth rims. Mineralogical data and thermodynamic modelling
indicated an increase of ∼ 200 ◦C during petrogenesis, interpreted as significant mafic
recharge and thermal equilibration. This in combination with the high vesicularity of 53
vol% (uncommon in pre- and post-Licán deposits) suggests that free H2O bubbles may
have contributed to either thermal or compositional equilibration, or indeed both.25

Finally, direct evidence is forwarded by samples from Axial seamount. There vari-
ability in the MgO content of melt inclusions has been detected (Helo et al., 2011),
indicating the general potential for mixing of mafic magma of different composition.
Backscattered electron images of samples from Axial seamount show filaments of light
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material attached to vesicles (Fig. 9). These filament show reduced Si and Na con-
tents together with increased Fe, Ca and Mg contents compared to the surrounding
basaltic glass (McIntosh, personal communication, 2015). These filaments were prob-
ably preserved by rapid quenching of the glass, as otherwise diffusional equilibration
at temperatures and viscosities relevant to basaltic systems would act too fast. We5

question whether this could be the first documented occurrence of bubble advection in
natural volcanic material.

In summary, the roles of bubbles in igneous petrogenesis may have been underesti-
mated up to now. While effects of bubbles on the rheology of silicate are currently being
researched, their fluid dynamic influence on the mechanic stirring of magma (mingling)10

has been demonstrated experimentally here.

5 Conclusions

We conducted magma mixing experiments in which bubbles originating from a deep
mafic melt intruded into a shallow felsic melt. The results show that bubble ascent
provides an efficient mechanism for hybridisation of contrasting melt compositions (in15

addition to Rayleigh–Taylor instabilities or convection inside a magma reservoir). The
combination of tomographic and compositional evidence employed here has identified
magma mixing induced by bubble advection. Multiple bubbles were allowed to rise from
basalt to rhyolite and later bubbles ascending exploited previously generated vertical
filaments as pathway for faster ascent.20

Individual filaments were found to be overprinted by passage of multiple bubbles,
where each of the bubbles advected additional pulses of mafic material into the same
filament. So far, magmatic filaments were tacitly assumed to be only of single pulse ori-
gin, as conventional mechanisms of magma mingling (which stretch and fold magma)
render replenishment of filaments unlikely. Thus, replenishment of magmatic filaments25

is probably specific to bubble advection (or particle-based advection, cf. Manga and
Stone, 1995).
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The multiple-pulse character of individual filaments has two main implications:

1. Analytical transects of bell-shape across magma mixing filaments may not only be
the result of single, but also multiple pulses of mafic material. Multiple episodes of
replenishment may have occurred in individual filaments, when a free gas phase
was involved in their formation.5

2. Because bubble-injection driven homogenisation creates low-viscosity chimneys
that facilitate the subsequent passage of more bubbles, the rate of mixing likely
accelerates through time so long as a free gas phase is readily available. Ac-
celeration proceeds until the vertical filaments reach the most mafic composition
(lowest viscosity) available in a given setting.10

We show a new method for distinction of single- from multi-pulse filaments. Based on
in-situ compositional data, correlation of concentration variance with filament thickness
allows distinguishing whether a set of filaments formed conventionally by single pulse
or multiple pulses of replenishment.

We propose that magma mixing induced by bubble advection may be a significant15

process in nature and may enhance the extent of mixing. Experimentally, this pro-
cess has now been demonstrated to function under extremely high viscosity contrast.
Samples from Axial seamount show evidence for bubble mixing in nature. The smaller
viscosity contrasts pertaining within such a mainly basaltic system will facilitate this
process further.20
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Table 1. Composition of end-member glasses from the Snake River Plain (data from Morgavi
et al., 2013).

[wt%] SRP Basalt SRP Rhyolite

SiO2 48.11 79.16
Al2O3 16.19 9.81
TiO2 1.76 0.23
MgO 7.42 0.12
FeOtot 12.12 1.84
MnO 0.28 0
CaO 11.46 0.83
Na2O 1.94 3.47
K2O 0.31 4.53
P2O5 0.43 0

Total 100 100
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Table 2. Compilation of measured radii of bubbles suspended in rhyolite glass. Ellipsoid radii
r1, r2 and r3 are given, along with normalised radii and sum of normalised radii.

Ellipsoid radii [voxel] Normalised radii [dim.less]

Bubble ID r1 r2 r3 r1_norm r2_norm r3_norm total

1 16.35 15.94 15.59 0.34 0.33 0.33 1.00
2 19.81 19.65 19.28 0.34 0.33 0.33 1.00
3 14.11 13.79 13.37 0.34 0.33 0.32 0.99
4 10.18 9.42 9.26 0.35 0.33 0.32 1.00
5 14.36 14.06 13.78 0.34 0.33 0.33 1.00
6 6.31 5.79 5.55 0.36 0.33 0.31 1.00
7 8.25 8.04 7.87 0.34 0.33 0.33 1.00
8 9.31 9.17 9.02 0.34 0.33 0.33 1.00
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rhyolite glass

basaltic glass

T = 20 °C

rhy

bas

interstitial air 
forms bubbles

T = 1450 °C

interstitial air 

Figure 1. Experimental set-up. (a) Glass cyclinders of basalt and rhyolite were placed above
each other at room T into a Pt-crucible and heated to 1450 ◦C. (b) Air trapped in-between the
glass cylinders expands and forms bubbles upon heating.
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Figure 2. Modelled compositional profile after the thin-source problem (e.g., Zhang, 2010).
Filament thickness is determined by selecting the intermediate points of each profile. Gradient
length denotes the part of the compositional profile, in which the composition shows variations.
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Figure 3. 3-D representation of the experimental charge. The lower yellow layer is basaltic
glass, whereas the upper rhyolitic layer has been rendered transparent. Hybrid material was
rendered orange as a result of differing attenuation behaviour. The experimental charge has
subsequently been sliced along three horizons for cross-sections which were measured in-situ
by EMP.
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Figure 4. Backscattered electron images of slices of experimental glass and exemplary major
element concentration profiles across the hybrid plume structures. Blue and red lines indicate
the initial compositions of the end-members basalt and rhyolite. Note that in all EMP transects,
the initial composition of the basalt has been obliterated, i.e. the plume tail has been pervasively
hybridised.
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Figure 5. TAS plot of end-member compositions and hybrid compositions produced during the
bubble advection experiment. Data normalised to 100 % totals. Blue and red circles denote the
end-member compositions of Snake River Basalt and Rhyolite.
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Figure 6. Modelled viscosity of filament compositions after Giordano et al. (2008), two panels
for clarity. The calculation of viscosity contrast for each filament is indicated by the arrow.
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Figure 7. Ideal behaviour of concentration variance depending on filament thickness. Each
data point represents the concentration variance of an entire diffusion profile correlated with
the filament thickness of that profile. Four curves were calculated for different diffusion times,
which are indicated in the graph. Each curve shows a 2 % error interval (dotted lines).
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Figure 8. Concentration variance of experimental filaments vs. filament thickness for experi-
mental filaments that yielded compositional profiles of bell-shape. The best-fit regression curves
for the experimental filaments are polynomial and yield high R2 values. The four data points
represent four analytical transects of altogether 202 EMP data points.
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Figure 9. Backscattered electron images of basaltic glass from Axial seamount (McIntosh,
personal communication, 2015). Red arrows indicate filaments of more mafic composition than
surrounding glass, attached to vesicles.

1515

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/7/1469/2015/sed-7-1469-2015-print.pdf
http://www.solid-earth-discuss.net/7/1469/2015/sed-7-1469-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Methodology
	Glass preparation
	Experimental set-up
	Micro Computed Tomography (MicroCT) analysis
	Electron microprobe (EMP) analysis
	Calculation of concentration variance
	Model filaments
	Filament thickness

	Results
	MicroCT images
	Composition of experimental glasses and diffusion profiles
	Section SWM01
	Section SWM02
	Section SWM03

	Results of model filament calculation
	Filament rheology

	Interpretation and discussion
	3-D images and continuum mechanical appraisal of the experimental sample
	Rheology of hybrid filaments
	Comparison of model filaments with bubble advection filaments
	Compositional profiles of filaments indicate their formation mechanism
	Concentration variance vs. filament thickness

	Bubble mixing at variable temperature conditions
	Relevance for natural scenarios

	Conclusions

