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ABSTRACT

Bubble formation during continuous decompression from ~400 to ~70 MPa was
investigated experimentally in hydrous andesitic melts at 7= 1030°C and at an oxygen fugacity
(fO>) of about log(fO./bar) = QFM+1 (QFM: quartz-fayalite-magnetite buffer). Experiments were
carried out at variable decompression rates (), ranging from 0.0005 to 0.1 MPa/s. The samples
were directly quenched after decompression, allowing the investigation of the influence of » on
the bubble formation. The effect of variable annealing times (#4) after decompression was also
investigated for experiments performed at a decompression rate of 0.1 MPa/s. These samples

were annealed for 74 = 0 to 72 h at final pressure (70 MPa) in order to study changes in
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vesiculation during magma storage at shallow depths after fast ascent. Back scattered electron
(BSE) images of the samples were analyzed to determine bubble number densities (BND).

The BND values increase strongly with increasing » and vary from about 10*?mm™ at
0.0005 MPa/s to about 10*° mm™ at 0.1 MPa/s. After fast decompression (r ~ 0.1 MPa/s), the
BND decrease significantly with z,, i.e., from ~10* mm3 att,=0h to ~10*° mm> at £, = 72 h.
A comparison of the derived BND values with recently published experimental data demonstrates
the essential role of the decompression path on bubble formation. The BND are higher in
experiments with multi- or single-step decompression when compared to continuous
decompression. The new data show that HyO-undersaturated andesitic melts are characterized by
1 to 2 log units higher BND values than H,O-saturated rhyolitic melts after decompression with
the same rate, indicating a strong influence of melt composition on bubble nucleation. This
compositional effect is not predicted accurately by existing models and the interpretation of the
vesicularity of dacitic to andesitic melts may lead to overestimations of magma ascent rates by

about an order of magnitude.

Keywords: Bubble formation, bubble number density, andesite, continuous decompression

INTRODUCTION
Decompression induced degassing of a magma is a key factor controlling the style of a
volcanic eruption (e.g., review of Sparks et al., 1994). Thus, a good knowledge of bubble forming
processes in magmatic systems is a pre-requisite to improve our understanding of hazardous,
explosive eruptions and pyroclastic flows (see review of Sparks et al. 1994). However,
experimental data at geologically relevant conditions in magmatic systems are rare, especially at

low, constant decompression rates (7). Continuous decompression experiments, aiming to
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understand the formation of bubbles in silicate melts, are typically performed at » > 0.02 MPa/s
(e.g., Mourtada-Bonnefoi and Laporte 2004; Cichy et al. 2011; Gondé et al. 2011), while in
natural systems r is often < 0.02 MPa/s, depending on the eruptive style (e.g., Cashman 2004).
Additionally, the experimental data available in literature to model bubble formation and growth
are limited to rhyolitic melt compositions (e.g., Mourtada-Bonnefoi and Laporte 1999; 2002;
2004; Mangan and Sisson 2000; Mangan et al. 2004a; Hamada et al. 2010; Cichy et al. 2011;
Gondé et al. 2011), while no information on the behavior of more mafic or depolymerized melts
exists.

In this study, continuous decompression experiments were carried out to explore the
bubble nucleation and growth in an andesitic melt and the results are compared to rhyolitic melts.
The experimental approach chosen in this study simulates the formation of bubbles in an initially
bubble- and crystal-free melt, thus enabling the interpretation of homogeneous bubble nucleation.
The compiled experiments cover a wide range of » (0.0005 to 0.1 MPa/s). We demonstrate that
the decompression path (continuous decompression vs. multi-step decompression) and the initial
H,O contents (H,O-saturated vs. H,O-undersaturated) are crucial parameters for the

interpretation of bubble number densities.

EXPERIMENTAL PROCEDURE AND ANALYTICAL METHOD
Experimental procedure
In order to investigate the effect of » and 74 on bubble formation and on bubble number
densities (BND; i.e., the number of bubbles per unit volume) in andesitic melts, the distribution of
bubbles in selected experimental products from a previous study by on sulfur distribution

between melts and fluids (Fiege et al. 2014) has been investigated.
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The experimental strategy applied by Fiege et al. (2014) was as follows: In the first step, a
synthetic anhydrous glass with a composition corresponding to the Krakatau andesite
(Mandeville et al. 1996) was prepared by melting a mixture of oxide and carbonate powders for 2
h in a PtooRh;¢ crucible at 1600°C and 1 atm. The melt was quenched to a glass in a water bath,
ground and melted again to improve the homogeneity. The composition of the anhydrous
andesitic glass is listed in Table 1. In the second step, hydrous sulfur-bearing glasses were
synthesized at high pressure (~500 MPa; uncertainty of the pressure transducer: +5 MPa) and
high temperature (~1030°C) under fluid absent conditions in internally heated pressure vessels
(IHPV). The syntheses were carried out in Au capsules. Glass powder and variable amounts of
gypsum powder (Ca[SO4]x2H,0O) were mixed thoroughly in an agate mortar. The powder
mixture and required amounts of deionized H,O (H,O source) were filled stepwise into the Au
capsule and were compacted using a piston and a hammer to minimize entrapped air. In some
experiments, a 10 wt% HCI aqueous solution was also added to prepare Cl-bearing glasses. The
third step included the isothermal decompression experiments, conducted in IHPV at a
temperature (7) of 1030°C and QFM+0.8 to QFM+1.8.. Ground powder of the synthesized H,O-
S+Cl-bearing starting glass was loaded into gold capsule, compressed to minimized entrapped
air, crimped flat and welded shut. This technique produces almost cylindrical melt pools, which
minimizes wall effects and allows the expansion of the loaded material during decompression.
Prior to decompression, the samples were annealed for ~5 min at a constant pressure (P) of ~400
MPa. Subsequently, pressure was released continuously from 400 MPa to 70 MPa at different
rates (), varying from 0.0005 to 0.1 MPa/s. After the decompression, samples were either rapidly
quenched (following the method described by Berndt et al. 2002) to preserve strongly non-
equilibrium conditions or were annealed for various times (z4) at final P and 7 before quenching

in order to approach near-equilibrium conditions for the distribution of volatiles (H,O, S and Cl)

4
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between melt and fluid. As reported in previous studies on andesitic melts (e.g., King and
Holloway 2002; Botcharnikov et al. 2006), the estimated cooling rate of about 150°C/s obtained
by applying the rapid quench technique (Berndt et al. 2002) is sufficient for our research
purposes.

The experiments selected for the investigation of BND are characterized by starting
glasses with similar initial water (H,O) contents of about 6.5 wt%, while their initial sulfur
contents are ranging from ~140 to ~1050 ppm and chlorine is varying from 0 to ~1000 ppm. The
initial concentrations of H,O, S and Cl in the starting glasses are given in Table 2 and details on
the experimental series GYCIA, GYMCIA, QFMA and QFMCIA as well as on the methods used
for the characterization of the volatile concentrations in the starting glasses [electron microprobe
(EMP), IR spectroscopy, Karl Fischer titration] are given in Fiege et al. (2014). Solubility
experiments of Botcharnikov et al. (2006) indicate that the H,O solubility in andesitic melts at
our starting conditions of ~400 MPa and 1030°C is higher than 6.6 wt%. This is also confirmed
by the model of Burnham (1979), which predicts a H,O solubility of 7.2 wt% for the investigated
andesitic melt composition at 400 MPa and 1030°C. The effect of small amounts of S and CI in
the melt on H,O solubility is presumably negligible (Webster et al. 2009). Moreover, BSE images
of the starting glasses as well as of test runs which were immediately quenched after short
annealing (~5 to ~10 min) at 1030°C and 400 MPa without decompression show no bubbles.
Hence, we conclude that no fluid phase was present prior to decompression as well as within the
first tenths of MPa of P release. The experimental series QFMA and QFMCIA (0.0005 to 0.1
MPa/s; t4 = 0 h; Table 2) were chosen to explore the influence of » on BND, while series GYCIA
and GYMCIA (0.1 MPass; t4 = 0 to ~72 h) were selected to evaluate possible changes in

vesiculation processes during annealing after a fast decompression (0.1 MPa/s). The fO; of these
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experiments was adjusted to ~QFM+0.8 (QFMA and QFMCIA) or ~QFM+1.8 (GYCIA and

GYMCIA).

Estimation of bubble number densities (BND)

Three BSE images (collected using EMP) of the experimental products were analyzed to
characterize bubble size and distribution, using the public computer program Imagel
(http://rsb.info.nih.gov/ij/). The geometric information derived from ImagelJ analyses was used to
estimate the BND of the samples, following the method of Noguchi et al. (2008) with a procedure
already applied by Cichy et al. (2011) and Nowak et al. (2011).

The Imagel software allows us to determine, e.g., total area, average size, area fraction as
well as width and length of individual bubbles. Moreover, the (average) minor and major axes as
well as the angle of the ellipsoid fitted to the bubbles are automatically calculated and used for
subsequent BND estimations. As ImageJ analyses provide only 2D bubble size information, the
estimation of the BND involves as a final step a 3D correction using the CSD-Corrections 1.4
software (http://depcom.uqac.ca/~mhiggins/csdcorrections.html). The methods used in CSD-
Corrections 1.4 are described by Higgins (2000, 2002) and Higgins and Chandrasekharam
(2007). For the 3D correction, the roundness factor calculated by ImageJ, ranging from 0.6 to 0.9,
was applied while the aspect ratio was set to 1.0 - 1.1 - 1.2 (short axis - intermediate axis - long
axis).

Noteworthy, the BSE images were taken at different magnifications and from different
locations of the samples, which minimizes possible truncation effects (for details see section
“Accuracy of the BND estimation* and, e.g., Armienti 2008). The image sizes are ranging
between ~300 x ~220 pm and ~2500 % ~1850 pum (resolution: ~0.5 to ~2.5 pum/pixel,

respectively). We have chosen to process BSE images rather than reflected-light microscopic

6
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images for our BND analyses because BSE images show a higher contrast between bubbles and

melt.

Table 1

RESULTS

Figure 1 shows a typical microscopic image of a partially degassed andesitic glass
(GYCIA-3). The size of the bubbles ranges from a few microns up to ~80 um; a typical feature of
fast decompressed (~0.1 MPa/s) samples with 0 to ~2 h of annealing time at final P-T conditions.
The analyses of BSE images indicate that the amount of bubbles decreases while the size of
bubbles increases with decreasing » from 0.1 to 0.0005 MPa/s (e.g., QFMCIA series; Fig. 2). A
comparable trend has been observed with increasing ¢4 after fast decompression (~0.1 MPa/s;
e.g., GYMCIA; Fig. 3). The bubbles appear often elongated and show a preferred orientation
(flow structures) — especially in experiments with low » (< 0.02 MPa/s) and/or long term
annealing after decompression (¢, > 5 h) — indicating that convection may have occurred during
the experimental runs. No significant influence of small variations in the S and/or Cl content in

the system on the BND was detected (see Fig. 4).

Figure 1, 2,3 and 4

Accuracy of the BND estimation
As mentioned previously, the method applied for the estimation of the BND may result in
truncation effects which can affect BND values significantly (e.g., Armienti 2008). Such

truncation effects either arise from the resolution of the BSE image (left-hand truncation) or from
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the image size (right-hand truncation). In case of left-hand truncation, the number of bubbles with
a size close to the resolution limit is reduced. However, the resolution of the BSE images used in
this study was found to be sufficient to detect bubbles with a diameter of > 1 pm, while
microscopic investigations indicate that the amount of bubbles with a diameter < 1 pm is
negligible. Thus, a reduction of the number of the smallest bubbles is unlikely in our case,
implying that left-hand truncation can be ruled out. Right-hand truncation effects occur when the
largest bubbles in the sample are excluded or are underrepresented in the analyzed area of the
sample. In bubble size distribution (BSD) plots, this would result in a flattening of the size
distribution to nearly horizontal trends at large sizes. However, such trends are not observed in
the BSD plots, implying that right-hand truncation is unlikely (see Fig. A.l1 in the appendix,
showing BSD plots of selected samples).

Another source of error is the treatment of bubbles which are located partly outside the
area covered by the image. To account for this problem, BND values were estimated using two
approaches. In the first approach, bubbles which were cut at the image edge were excluded from
the calculation. In the second approach, the area of the bubbles visible in the image was included
in the calculation. The BND values derived from these two procedures differ by less than 0.12
log. The BND values obtained from the three different images of one sample, taken at different
magnifications and from different locations, differ typically by < 0.8 log units, indicating a quite
homogeneous distribution of the bubbles within the samples. The average BND values of all six
analyses (i.e., 3 images at different magnifications and locations on the sample; bubbles at the

edges included or excluded) are listed in Table 2.

Table 2
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Influence of r and ta on BND

The BND data of experiments conducted at different » and with immediate quenching at
final P (¢4 = 0 h) are shown in Figures 4a and 5. A roughly linear increase of log(BND x mm°)
with log(r x s/MPa) is indicated by the data obtained in this study for hydrous, but initially not
volatile-saturated andesitic melts. Figure 5 shows that the BND values determined in previous
experimental studies (e.g., Mangan and Sisson 2000; Mourtada-Bonnefoi and Laporte 2004;
Hamada et al. 2010) on homogeneous nucleation in CO,-free, HO-saturated rhyolitic systems at
700 to 900°C are typically more than 1 log unit lower than those obtained in this study. BND
values determined by Gond¢ et al. (2011) for homogeneous nucleation in H,O-undersaturated
rhyolitic melts at 730 to 1000°C and for  ranging from 0.06 to 2.3 MPa/s show no clear trend
and have to be interpreted with caution due to the H,O loss during their experiments as already
mentioned by the authors. However, the data obtained by Gondé¢ et al. (2011) for a » of 40 to 50
MPa/s seem to be in good agreement with other experimental results on H,O-saturated rhyolitic
systems (e.g., Hamada et al. 2010; see Fig. 5). Changes in bulk CI and S contents as well as slight
variations in f0O,, varying from ~QFM+0.8 to ~QFM+1.8, have no significant effect on the
decompression-induced bubble formation in the studied andesitic melts.

The influence of z4 on BND has been studied at QFM+1.8 (experimental series GYCIA
and GYMCIA; BND values listed in Table 2) and at a constant » of ~0.1 MPa/s. Figure 4b
indicates that log(BND x mm’) decreases by 1 log unit or more within the first ~5 h of annealing
after decompression. BND values obtained from one experimental series with ¢4, =5 h and t, = 72
h are identical within error, and it can be concluded that annealing of more than 5 h after

decompression has a minor effect on BND.
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DiscussiON

Role of microlitesand decompression path on bubble nucleation

In Figure 4a the BND data of this study for » ranging from 0.0005 to 0.1 MPa/s and
t4=0h are compared to the experimental results of Cichy et al. (2011). Cichy et al. (2011)
investigated the vesiculation in a rhyodacitic system induced by a decompression from 300 to 50
MPa at 850°C (r ranging from 0.0002 to 20 MPa/s). It is emphasized that the differences in T
should have a negligible effect on BND at given r (see Fig. 5 and Hamada et al. 2010). As
mentioned above, a roughly linear increase of log(BND x mm’) with log(r x s/MPa) is indicated
by our experimental series QFMA and QFMCIA (Fig. 4a; Table 2). In contrast, Cichy et al.
(2011) observed a minimum of log(BND x mm®) at » = 0.02 MPa/s. Noteworthy, the experiments
of Cichy et al. (2011) were conducted to investigate the combination of simultaneous
decompression-induced degassing and crystallization. The samples before decompression
contained significant amounts of crystalline phases (including Fe-Ti microlites). Thus,
heterogeneous bubble nucleation processes were studied by Cichy et al. (2011), while
homogeneous nucleation is assumed for our experiments. However, the results of Mangan and
Sisson (2000) indicate that BND in experiments with heterogeneous nucleation are comparable to
the values of homogenous nucleation at given ». Mangan and Sisson (2005) noted that the
presence or absence of heterogeneity in the melt dictates the supersaturation pressure AP, while
the nucleation rate (homogenous or heterogeneous) is mainly influenced by . The microlite
number densities (MND) determined by Cichy et al. (2011) do not show any clear dependence on
r (MND = 10°° mm™ in the range of 0.0002 MPa/s to 20 MPa/s), indicating that changes in
nucleation style (homogenous vs. heterogeneous), cannot explain the BND minimum at » = 0.02
MPa/s observed by Cichy et al. (2011). Cichy et al. (2011) calculated MND values either for

plagioclase only or for all other phases together, such as amphibole, pyroxene and oxides.
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However, considering that Fe-Ti-oxides are very important bubble nucleation sites (Hurwitz and
Navon 1994), calculating MND for Fe-Ti-oxides only may provide useful information to interpret
the BND data of Cichy et al. (2011).

Cichy et al. (2011) applied a multi-step decompression technique to conduct experiments
with » < 0.01 MPa/s, implying that pressure was released stepwise over the whole run duration
(typical decompression steps ranged between 8.4 to 40 MPa). Nowak et al. (2011) revealed a
significant influence of the decompression style on homogeneous bubble nucleation in the same
rhyodacitic melt at 7 above the liquidus (1050°C). The authors show that the multi-step
decompression technique leads to BND values which are more than one log unit higher than those
obtained for continuous decompression at given r. BND values determined by Nowak et al.
(2011) for single-step decompression experiment are even higher. Thus, the differences between
our BND data and the multi-step decompression data of Cichy et al. (2011; see Fig. 4a) are
consistent with the observations made by Nowak et al. (2011), and the non-linear trend found by
Cichy et al. (2011) can probably be assigned to variations in the decompression style. A
comparison of our data with BND values determined by Gardner and Denis (2004) and Gardner
(2007) for heterogeneous bubble nucleation in CO,-free, H,O-saturated rhyolitic melts at 550 to
800°C, using single-step decompression technique, confirms this hypothesis. For instance,
Gardner and Denis (2004) calculated BND values of 10*” to 10°° mm™ at =~ 0.007 MPa/s, while
we observed about one log unit lower BND values ranging from 10> to 10** mm™ for a slightly
higher » of about 0.01 MPa/s. However, at » = 0.1 MPa/s Gardner and Denis (2004) and Gardner
(2007) estimated BND values of 10*® to 10°? mm™, while we determined BND values ranging
from 10** to 10** mm™ for similar r, indicating that the influence of decompression style on BND

may decrease with increasing 7.
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The differences in bubble nucleation observed between continuous decompression and
multi-step decompression may arise from a high AP induced by instantaneous P drops of 50 MPa
during multi-step decompression experiment, leading to a predominance of bubble nucleation
(Nowak et al. 2011). With respect to continuous decompression, as stated by Nowak et al. (2011),
nucleation may require a certain AP and, thus, bubble growth will dominate over nucleation
processes upon further continuous decompression caused by favorable energetics (e.g., review of
Sparks et al. 1994; Nowak et al. 2011). Nevertheless, the increase of log(BND x mm’) with
decreasing multi-step decompression rate at » < 0.01 MPa/s observed by Cichy et al. (2011)

needs to be clarified by further investigations.

Figure 5

Bubble formation during magma stor age after a fast ascent

The observed strong decrease of log(BND x mm®) with increasing 7, (series GYCIA and
GYMCIA; see Fig. 4b) is probably linked to the very fast decompression (» ~ 0.1 MPa/s). It is
assumed that a fast decompression of the andesitic melt leads to a high supersaturation pressure
(4P). Thus, the gas (H,O-S£Cl) pressure in the melt is significantly larger than the ambient P in
the vessel (Sparks et al. 1994). Furthermore, as a consequence of the high AP, the critical radius
size of the bubble embryo is lowered, leading to the domination of bubble nucleation over bubble
growth and/or coalescence upon decompression. The resulting significant decrease of BND by
about 1 log unit within the first few hours of annealing indicates that coalescence and/or bubble
growth become more important than nucleation.

Evidence of bubbles coalescence is preserved in our quenched experimental end-products

and can be seen in the BSE images of our series GYMCIA in Figure 3. Common bubble
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coalescence structures such as interpenetration shapes, dimples or flattened inter-bubble melt
films (Castro et al., 2012) can be observed especially in experiments with short annealing times
(Fig. 3a-d with ¢4 of 0 and 1h). In contrast, at longer ¢4 (¢4=5h; see Fig. 3e and 3f), such bubble
shapes were not observed, and only few large bubbles (diameters typically > 200um) are
preserved in the quenched glass. This indicates that most previously small-sized vesicles merged
together within ¢4 of 1 and 5 h to form larger individuals, which may even have migrated to the
capsule wall.

The determination of the volatile concentrations in the melt after decompression is also
useful to interpret bubble growth and coalescence upon further annealing. The volatile contents
(H20, S, Cl) were determined by Fiege et al. (2014) using IR spectroscopy (H,O content) as well
as EMP analyses (S, Cl) and the data are given in their Table 2. Figure 6 shows that the H,O
concentrations of the partially decompressed andesitic melts remain nearly constant during
annealing at final P-T conditions. The small variations in H,O (3.56 to 3.84 wt%; except
GYMCIA-4: 1.98 wt%) concentrations in the melt are independent of ¢, (and r) and within
uncertainty of the determination (see Fig. 6b, and 6f). The low H,O concentration measured by
Fiege et al. (2014) in the glass of sample GYMCIA-4 can possibly be explained by the loss of
small amounts of volatiles from the capsule at the end of the experiments, though no clear
evidence for such a leakage were observed. By contrast, minor amounts of S and Cl are still
released from the melt to the fluid phase within the first hour of annealing after decompression
(e.g., GYCIA series: Sperr decreases from ~180 ppm to 90 ppm upon annealing; see Fig. 6e).
Nevertheless, Figure 6 clearly shows that most of the volatiles have already been exsolved upon
decompression. Thus, in agreement with observations made on BSE images (see previous
paragraph), it is proposed that coalescence dominates over bubble growth upon further annealing

at final P-T conditions. However, Lautze et al. (2011) noted that diffusive coarsening, also known
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as Ostwald ripening, should be the dominant mechanism leading to decreasing BND with
increasing #4. Hence, in addition to volatile diffusion, other processes (e.g., convection fluxes)

may have influenced the bubble formation in our decompression experiments.
Figure 6

Comparison of experimental data with the model of Toramaru (2006) and with previous
results

Toramaru (2006) developed a model to estimate » based on BND data of natural pumices.
Our experimental data are used to test this decompression-rate-meter for andesitic systems. The
following equation, based on the numerical simulations of Toramaru (1995; 2006) and provided
by Hamada et al. (2010), was applied to estimate the BND for diffusion-controlled bubble

nucleation in andesitic melts:

3

-2 1 _3
BND =34-C,, - 16'7['0-%9 ) Q, - Py, ‘. PSZAT'k'T'ZCSAT'Dﬂzo ? (1)
3-k-T-Pg,y k-T 4-0;,r

where Csyr 1s the H,O content at saturation pressure expressed as the number of H;O-molecules
per unit volume of liquid, 613 is the surface tension of the bubble-liquid interface in N/m, £ is the
Boltzmann constant (1.38><10'23 J/K), T is the temperature in K, Pgsyr is the H,O saturation
pressure in Pa, €; is the molecular volume of H,O in the liquid (fixed to 3x10%° m’; Toramaru
1989; Hamada et al. 2010), Dxo is the H,O diffusivity in the melt in mz/s, and r is the

decompression rate in Pa/s.
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In a first approximation, P47 is assumed to be the P at which a H,O activity [a(H>0)] of
~1 is reached in the andesitic system upon decompression. Thus, Ps,r strongly depends on the
initial H,O content in the melt (here: 6.3 to 6.6 wt%). Assuming that the S and Cl contents in the
andesitic system do not affect significantly the water solubility, Ps4r is estimated to range
between 3.04x10° Pa for ~6.3 wt% H,0O initial and 3.31x10% Pa for ~6.6 wt% H,O initial at
1030°C (see Table A.1 in the appendix) using the model of Burnham (1979). This assumption is
confirmed by experiments of Webster et al. (2009) indicating that S (~0.02 to ~0.13 wt%) and Cl
(~0.16 to ~0.84 wt%) have a minor effect on the H,O solubility at 200 MPa and ~900 to ~1000°C
in phonolitic systems, as well as by Fig. 6a and 6b, which clearly show that the final H,O
contents in the decompressed glasses are largely independent of the bulk S and Cl concentrations.
Subsequently, Csyr at Psyris calculated to range between 4.67% 10%” and 4.90x10%*” m™ for ~6.3 to
~6.6 wt% H,0 using the model of Ochs and Lange (1999) to estimate the density of the melt
(Pmeir) at Psyr and 1030°C (see Table A.l1 in the appendix). Furthermore, we have used the
relationship provided by Behrens et al. (2004) for the estimation of the H,O diffusivity in dacitic
melts as a function of 7" and H,O content in the melt in order to calculate Dpo. Assuming an
initial H,O content in the melt of 6.5 wt% (prior to decompression) and a final H,O content of 3.6
wt% (after decompression; see also Fiege et al., 2014), Dp»o is estimated to decrease from
2.03x107"" m?%/s to 1.12x10™"" m?%/s during the decompression process. An average Dp»o value of
1.58x10™"" m%/s has been used for our BND calculations.

We have chosen the equation of Behrens et al. (2004) proposed for dacitic melts rather
than that proposed for an andesitic melt because the melt composition used in this study
(Krakatau andesite) is closer to the dacite than to the andesite. Dy estimated using the
relationship for andesitic systems provided by Behrens et al. (2004) or using the general model

developed by Zhang and Ni (2010) would be ~2.5 to ~4.8 times higher than the D0 of a dacitic
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melt, which would result in a decrease of the BND values by ~0.6 to ~0.8 log units lower at given

The value of oy5 is estimated using the following equation (e.g., Hirth et al. 1970; Blander

and Katz 1975; Hurwitz and Navon 1994; Mangan and Sisson 2005; Gardner and Ketcham

2011):

J

:2"15 Q- Dy '[O-LB/(k'T)]l/z -exp{_16.”'623:|

2
a, 3-k-T-AP 2

where J is the nucleation rate calculated by dividing the determined BND by the time
allowed for nucleaction (#y; see, e.g., Gardner and Ketcham 2011). Here, #y is the sum of the
duration of the decompression and z4. The number density of dissolved water molecules ny is
estimated using the concentration of H,O molecules measured by IR spectroscopy in the starting
glasses and the density of the starting glasses pyiuss. The values for pg are estimated from the
glass composition using the Gladstone-Dale rule (Gladstone and Dale 1863; see also Mandeville
et al. 2002). The IR measurements are described in detail in Fiege et al. (2014) and the
determined concentrations for molecular H,O [c¢(H>0)] and OH groups [c(OH)] are given in
Table A.1 in the appendix. The mean distance between dissolved water molecules ay is calculated
assuming the stereological definition ay = 0.667 (d /Vj.) from Russ (1986) in which d is the
diameter of a water molecule (3.7 % 101 m) and V. 1s the volume fraction of water molecules
in the melt. AP is the critical supersaturation pressure required to overcome the kinetic barrier to
nucleation at a specific 7"and H,O content (Mangan and Sisson 2005). AP cannot be determined

directly from our experiments. However, the lower viscosity of the studied andesitic melts when
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compared, for instance, to rhyodacitic melts should lead to a lower surface tension and a lower
AP. This is in agreement with the results of Mangan and Sisson (2005), which show a remarkable
decrease of oy with the addition of mafic components (e.g., CaO, FeOia, MgO). Thus, we
suggest that the AP of 60 MPa determined by Mangan and Sisson (2005) for rhyodacitic melts
(~69 wt% Si0,; ~5 wt% initial H,O) at 1000°C should represent an upper limit for the AP of the
studied composition. Preliminary experimental data of Masotta et al. (2013) indicate that AP may
be < 20 MPa in andesitic melts and, thus, ozz was estimated to range from 0.028 to 0.063 N/m
(see Table 2) in our experiments on evolved andesitic compositions, assuming a AP of 20 and 60
MPa, respectively. These upper and lower oz values are applied to predict BND-trends for the
studied andesitic melt at 1030°C, assuming an average initial HO content of 6.5 wt% and an
average Pper; of 2.225 g/em’ (see Fig. 5).  Figure 5 shows clearly that log(BND x mm’)
obtained from experiments of this study, which were quenched directly after continuous
decompression, increases linearly with log(r x s/MPa), being in good agreement with the
calculated trend using the Toramaru (2006) model. The experimental data for the initially H,O-
undersaturated andesitic melts of this study indicate a similar slope as predicted by the Toramaru
(2006) model; however, the BND values of the experiments are about 0.5 to 1.5 log unit higher
than those of the modeled trends which were calculated assuming a o7z of 0.028 or 0.063 N/m.
Experimental data on homogeneous nucleation in CO,-free rhyolitic systems obtained by Mangan
and Sisson (2000), Mourtada-Bonnefoi and Laporte (2004), Hamada et al. (2010) as well as
Gondé et al. (2011) at 700 to 1000°C are plotted in Figure 5 for comparison. CO,-bearing
experiments are not considered as CO, presumably affects bubble formation to a significant
extent (see , e.g., Cichy et al. 2011). The data for homogeneous nucleation during decompression

of initially H,O-saturated rhyolitic systems (Mangan and Sisson 2000; Mourtada-Bonnefoi and
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Laporte 2004; Hamada et al. 2010) show BND values which are about 1 to 2 log units lower at
given r than values determined in this study for initially HyO-undersaturated andesitic systems.
These previously published BND data for H,O-saturated rhyolitic systems indicate even slightly
lower BND values than predicted by the Toramaru (2006) model for rhyolitic compositions at
800°C (o1 = 0.08 N/m; see Fig. 5). Noteworthy, the large scatter of most results published by
Gondé et al. (2011) does not allow a clear interpretation of their data. Considering that 7"has most
likely a minor effect on decompression-induced bubble nucleation (see Fig. 5 and Hamada et al.
2010), the experimental results of andesitic and rhyolitic systems indicate that the compositional
effect on bubble formation is more pronounced than predicted by the Toramaru (2006) model
using equation 2 for the estimation of oy . For instance, Figure 5 shows that the Toramaru (2006)
model may be able to predict our data if a low 075 of ~0.015 N/m is assumed. On the other hand,
Pichavant et al. (2013) determined a oy of 0.18 N/m for H,O-CO,-bearing basaltic melts at 1140
to 1180°C indicating that o;p can also be significantly higher in mafic melts than suggested by
the data of Mangan and Sisson (2005). However, the high o;5 values found by Pichavant et al.
(2013) are probably in part related to the positive correlation between 7 and oip (e.g.,
Bagdassarov et al 2000; Mangan and Sisson 2005) and/or to the influence of CO, on bubble
formation (e.g., Mourtada-Bonnefoi and Laporte 2002).

Strictly, the dependence of BND on r reflects the influence of the degree of volatile
supersaturation on bubble formation and is a non-linear function of changing total P (see
equation 1, and Mangan et al. 2004b; Mangan and Sisson 2005). Considering that all variables
except AP required for the calculation of 075 using equation 2 are well constrained and/or have a
negligible influence on o075 (e.g., Psar), the AP of the investigated andesitic melt is possibly lower

than 20 MPa. However, very low AP (< 8 MPa) are required in order to obtain a o7z of about
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0.015 N/m using equation 2. Such low values for AP are quite unlikely considering that we
studied an evolved andesitic melt which does not show strong differences in major element
composition when compared to the rhyodacite of Mangan and Sisson (2005). Here, it is important
to emphasize that equation 1 and 2 do not account for the influence of volatiles other than H,O on
bubble formation. Although the log(BND x mm®) values determined for experiments directly
quenched after fast decompression at » = 0.1 MPa/s (GYCIA-1, GYMCIA-1, QFMA-I;
QFMCIA-1) are similar (see Table 2), indicating that the variation of the bulk S (~140 to ~1000
ppm) and Cl (0 to ~1000 ppm) content may have a minor effect on bubble formation, the
presence of these two volatile may play an important role. In addition, the fluid phase released by
the andesitic melt upon decompression contains also significant amounts of charge balancing
cations like, for instance, Na" and/or Ca®" (see e.g., Zajacz et al. 2012). Hence, the diffusivity of
S, Cl, and alkalis in the melt (Ds, D¢y, Daikaiis) should be included in an updated approach for the
calculation of BND as a function of » (equation 1) and for the calculation of oy as a function of J
and AP (equation 2). This is justified by the analysis of Figure 6, showing that minor amounts of
S and Cl are still released from the melt to the fluid phase during the first hour of annealing after
fast decompression (0.1 MPa/s).

The H,O-activitiy [a(H2O)] prevailing in the melt prior to decompression may
provide another explanation for the strong deviation observed between our data for andesitic
systems and the modeled trend. Noteworthy, our data as well as the problematic dataset of Gondé
et al. (2011) are obtained for melts which are not saturated in H,O before decompression, which
is in contrast to all other literature data shown in Figure 5. Gondé et al. (2011) proposed that
H,O-understaturated melts could explain BND values which are several log units higher when
compared to H,O-saturated melts. The presence of a free-fluid phase prior to decompression, e.g.,

in the form of microbubble nuclei, can possibly explain the lower BND values derived in initially
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H,0O-saturated experiments due to dominating bubble growth over bubble nucleation upon
decompression. However, this would imply that the H,O-saturated starting materials of Mangan
and Sisson (2000), Mourtada-Bonnefoi and Laporte (2004) and Hamada et al. (2010) contain
microbubbles prior to decompression without being mentioned by the authors, which is quite
unlikely. Presuming that H,O-activity prior to decompression plays an important role, and
considering that magmatic systems are often not H,O-saturated before an eruption (e.g., Hervig et
al. 1989; Gardner et al. 1995), the commonly much higher BND values determined for natural
pumices when compared to most experimental data (Hamada et al. 2010) can, at least in part, be
explained by the experimental strategy applied in most previous works; i.e., initially H,O-
saturated melts.

In conclusion, the most plausible explanation for the discrepancies observed between our
dataset for a H,O+S=Cl-bearing andesitic system and the trend(s) predicted by the Toramaru
(2006) model is that equation 1 (Toramaru (2006) model) and 2 (estimation of oypp) are
inadequate to predict decompression-induced bubble nucleation within initially H,O+S=ClI-

undersaturated systems because, e.g., Ds, D¢y, Daikaiis, and a(H>O) are not considered.

IMPLICATIONS FOR NATURAL SYSTEMS
This study presents for the first time experimental data on bubble formation in andesitic
systems during continuous decompression, while previous experimental investigations (using
comparable techniques) exclusively focused on rhyolitic systems. Two main results are of
importance to the BND interpretation of pumices formed, for instance, during explosive Plinian

eruptions and can help to evaluate existing bubble nucleation models.
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First, the strong influence of £, on BND mentioned above (Fig. 4b) indicates that a good
knowledge of possible storage times during magma ascent is required to interpret magma ascent
rates on the basis of natural pumice samples.

Second, our data show that anhydrous melt composition is crucial to model bubble
formation. Considering that the composition of the studied dacitic andesite (~65 wt% bulk SiO,
in the anhydrous starting glass) is similar to the composition of the material erupted by some
hazardous volcanic eruptions such as the 1883 eruption of Krakatau volcano (~64 to 69 wt% SiO,
in the almost dry bulk samples, ~60 to ~72 wt% in the matrix glasses and glass inclusions;
Mandeville et al. 1996) our data are important for our understanding of the vesiculation in the
volcanic ejecta of this type of volcanism. Ascent rates estimated on the basis of BND in dacitic to
andesitic volcanic ejecta may be overestimated by about an order of magnitude if the model of
Toramaru (2006) is used to account for compositional variations. Thus, the interpretation of the
vesiculation of tephritic samples, which cover commonly a wide range of compositions (SiO;
content of glass shards of the Mariana tephra ranges from ~53 to ~67 wt%; Straub 1995) needs
experimental calibrations for appropriate composition. A larger dataset, accounting for variations
in major elements as well as in initial volatile contents (H,O + CO, = S £ Cl) would be helpful to
calibrate the Toramaru (2006) model. This improved “decompression-meter” would allow us to
obtain detailed insights on how (fast) magma travels from a deep reservoir to the surface based

on vesiculated samples.
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L 1ST OF FIGURE CAPTIONS
Figure 1. Microscopic image of sample GYCIA-3 (r ~ 0.1 MPa/s; ¢4 = 5 h). The bubble size

ranges from about ~5 to ~80 pm in diameter.

Figure 2a-c. BSE images of products of selected experiments with various decompression rates
r. a) QFMCIA-1, b) QFMCIA-3 and c) QFMCIA-5. Values for r are displayed in the upper right
corner of each image and 74 = 0 h for the three experiments. Decreasing » leads to a decreasing
number of bubbles and an increasing size of bubbles. Some bubbles are elongated and show a

preferred orientation (flow structures).
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Figure 3a-f. Selected BSE images from experimental series GYMCIA. a) and b) GYMCIA-1; c¢)
and d) GYMCIA-5; e) and f) GYMCIA-3. The decompression rate » of all three experiments was

0.1 MPars.

Figure4a-b. BND plotted as a function of decompression rate » and annealing time z,. a)
log(BND x mm’) vs. r (logarithmic scaling). Samples of the experimental series QFMA,
QFMCIA, GYCIA and GYMCIA which have been directly quenched after continuous
decompression (¢4 = 0 h) are plotted together with the results of Cichy et al. (2011; Cill)
obtained for a rhyodacitic melt compositions. Note that decompression experiments of Cichy et
al. (2011) with » > 0.1 MPa/s were conducted applying a continuous decompression technique
similar to that in this study, while those with » <0.01 MPa/s are carried out using a multi-step
approach. b) log(BND x mm’) vs. ¢, at constant = 0.1 MPa/s (experimental series: GYCIA and
GYMCIA).

Horizontal error bars are smaller than symbol size.

a: QFMA experiments: ~140 ppm initial S, Cl-free, ~QFM+0.8

b: QFMCIA: ~240 ppm initial S, ~1000 ppm initial Cl, ~QFM+0.8

c: GYCIA: ~1000 ppm initial S, ~1000 ppm initial CI, ~\QFM+1.8

d: GYMCIA: ~1000 ppm initial S, 500 ppm initial CI, ~QFM+1.8.

Figure 5. Results of this study and previously published data based on continuous decompression
experiments and comparison to the trends predicted by the model of Toramaru (2006). The black
arrow indicates that two experiments of Mangan and Sisson (2000) conducted at » = 0.025 MPa/s
show BND of 10" mm™ and 10"*? mm™, respectively.

Horizontal error bars are smaller than symbol size.
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Cill: Experiments of Cichy et al. (2011); only CO,-free, continuous decompression experiments
are considered; rhyodacite; 850°C

Goll: Gondé et al. (2011); haplogranite; 730 to 1000°C

Hal0: Hamada et al. (2010); rhyolitic obsidian; 700 to 800°C

MSO00: Mangan and Sisson (2000); rhyolitic obsidian; 900°C

MBLO04: Mourtada-Bonnefoi and Laporte (2004); rhyolite; 800°C

To06: The trends were calculated for rhyolitic and andesitic systems using the model of
Toramaru (2006), see text for further details.

homogen.: Homogeneous bubble nucleation

heterogen.: Heterogeneous bubble nucleation

saturated: The melt was H,O saturated prior to decompression.

a: The andesite-trends were calculated for 1030°C and oz = 0.015, 0.028 or 0.063 N/m,
assuming average values for the initial the H>O content in the melt (6.5 wt%) and for Py (2.225
g/em’); see text for details.

b: The rhyolite-trend was calculated for 800°C using the values given by Hamada et al. (2010)

for CSAT, PSAT, Qr and Duzo and assuming aoLB of 0.08 N/m.

Figure 6a-f. H,O, S, and Cl contents of the starting glasses and the partially degassed glasses. a)
H,O content vs. 7; b) HO content vs. z4; ¢) S content vs. 7; d) S content vs. #4; €) Cl content vs. 7;
f) CI content vs. #4. The grey shaded area marks the decompression step. The H,O, S, and CI
contents of all glasses are given in Table 2 of Fiege et al. (2014). The H,O concentrations within
the glasses were measured using IR spectroscopy, while the S and Cl contents were determined

using EMP (for details see Fiege et al 2014).

29

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



681

682
683

684

TABLES

Table 1. Chemical composition (wt%) of the
anhydrous Krakatau andesite used as a starting

material.
Sio, 64.79 (59)
Tio, 1.28 )
AlLO; 15.62 22)
FeOuy (a) 4.94 (33)
MnO 0.23 4)
MgO 1.4 (6)
CaO 4.92 )
Na,O 3.92 25)
K,O 1.8 7
Total 98.91 (78)

Note: Errors are provided in parentheses: standard

deviation (1 sigma) based on EMP analysis; number of
EMP analyses: 20.
(a) FeOy,: total Fe concentration in the glass given as FeO

Table 2. Bubble number densities (BND) and surface tension (o;3).

SampleID

mm?®) (a)

log
(BND x

GYCIA,; initial volatile content:
6.56 (24) wt% H,0; 1018 (188) ppm S; 1033 (21) ppm Cl

GYCIA-1
GYCIA-2
GYCIA-3
GYCIlA-4
GYCIA-5

4.92 (28)
4.77 (30)
4.00 (60)
3.03 (40)
4.88 (34)

0.10
0.10
0.10
0.10
0.10

GYMCIA; initial volatile content:
6.29 (24) wt% H,0; 1043 (143) ppm S; 510 (10) ppm CI

GYMCIA-1
GYMCIA-3

GYMClA-4
GYMCIA-5

4.68 (64)
2.62 (32)
2.78 (35)
3.61(17)

0.10
0.10
0.10
0.10

ois [N/m]

r
Mparg I T

- 0.028/0.059
.10 0.029/0.060
500 0.029/0.061

72.06  0.030/0.062
.05 0.029/0.060

- 0.029 /0.060
5.00 0.030/0.062

72.06  0.030/0.063
1.05 0.029/0.061

SampleID

log
(BND x

mm?3) (a)

QFMA; initial volatile content:
6.47 (13) wt% H,0; 137 (15) ppm S

QFMA-1
QFMA-2
QFMA-3
QFMA-4
QFMA-5

4.55 (31)
4.67 (32)
437 (11)
3.98 (37)
2.14 (67)

0.10
0.05
0.02
0.01
0.0005

QFMCIA; initial volatile content:
6.58 (13) wt% H,0; 260 (19) ppm S; 1042 (24) ppm Cl

QFMCIA-1
QFMCIA-2
QFMCIA-3
QFMCIA-4
QFMCIA-5

424 (35)
4.43 (25)
3.90 (76)
3.43 (26)
2.19 (56)

0.10
0.05
0.02
0.01
0.0005

r
Mparg 1N

oie [N/m]

(b)

0.029 /0.060
0.029/0.060
0.029/0.060
0.029/0.061
0.030/0.063

0.029 /0.060
0.029 /0.060
0.029/0.061
0.029/0.061
0.030/0.063

Note: Errors are provided in parentheses: standard deviation (1 sigma) of the six analyses performed (3 BSE images; bubbles at
the edges included/exclude; see text for details).

(a): logarithmized BND values [mm™].
(b): calculateted for AP =20 MPa (first value) or 60 MPa (second value); see text for details.

- : t,= 0 h; relative error of . ~7 % ; error of oy 5: £0.003 N/m
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FIGURES

Figure 1. Microscopic image of sample
GYCIA-3 (r~ 0.1 MPa/s; ¢, = 5 h). The bubble
size ranges from about ~5 to ~80 um in
diameter.

C) r = 0.0005 MPa/s

Figure 2a-c. BSE images of products of selected experiments with various decompression rates r. a)

QFMCIA-1, b) QFMCIA-3 and c) QFMCIA-5. Values for r are displayed in the upper right corner of each
image and ¢4 = 0 h for the three experiments. Decreasing » leads to a decreasing number of bubbles and an
increasing size of bubbles. Some bubbles are elongated and show a preferred orientation (flow structures).
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Figure 3a-f. Selected BSE images from experimental series GYMCIA. a) and b) GYMCIA

5; e) and f) GYMCIA-3. The decompression rate r of all three experiments was 0.1 MPa/s.
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Figure 4a-b. BND plotted as a function of decompression rate » and annealing time #,. a) log(BND x mm’) vs. r

(logarithmic scaling). Samples of the experimental series QFMA, QFMCIA, GYCIA and GYMCIA which have

been directly quenched after continuous decompression (¢4 = 0 h) are plotted together with the results of Cichy et
al. (2011; Cil1) on rhyodacitic melt compositions. Here, decompression experiments of Cichy et al. (2011) with

> 0.1 MPa/s were conducted applying the same continuous decompression technique, while those with » < 0.01

MPa/s are carried out using a multi-step approach. b) log(BND x mm”®) vs. ¢, at constant » = 0.1 MPa/s
(experimental series: GYCIA and GYMCIA).

Horizontal error bars are smaller than symbol size.

a: QFMA experiments: ~140 ppm initial S, Cl-free, ~\QFM+0.8

b: QFMCIA: ~240 ppm initial S, ~1000 ppm initial Cl, ~QFM+0.8
¢: GYCIA: ~1000 ppm initial S, ~1000 ppm initial Cl, ~\QFM+1.8
d: GYMCIA: ~1000 ppm initial S, 500 ppm initial Cl, ~\QFM+1.8.
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this study; t, = 0 h; homogen.

Go11; homogen.

Ha10; homogen.; saturated
MSO00; homogen.; saturated
MBLO04; homogen.; saturated
Ci11; heterogen.; saturated

To06; oy g =0.028 andesite, 1030°C; a
To06; o) g =0.063 andesite, 1030°C; a
ssssessss  T006; gy g =0.015 andesite, 1030°C; a
————— To06; BND model for rhyolite, 800°C; b

Il Ceoed > R

7
,/
/%V
6 4
& 5 4
=
£
>
Q 41
=
Q
B} 3 1 .o’
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ol /
2 & 7 CO,-free
o // / -0.59 continuous
1 / /: -1_3,[2 dec?mprelssion
0.0001 0.001 0.01* 01 1 10 100

r [MPa/s]

Figure5. Results of this study and previously published data based on continuous decompression experiments and
comparison to the trends predicted by the model of Toramaru (2006). The black arrow indicates that two
experiments of Mangan and Sisson (2000) conducted at = 0.025 MPa/s show BND of 10"* mm™ and 10™"** mm
3 respectively.

Horizontal error bars are smaller than symbol size.

Cill: Experiments of Cichy et al. (2011); only CO,-free, continuous decompression experiments are considered;
rhyodacite; 850°C

Gol1: Gondé et al. (2011); haplogranite; 730 to 1000°C

Hal0: Hamada et al. (2010); rhyolitic obsidian; 700 to 800°C

MS00: Mangan and Sisson (2000); rhyolitic obsidian; 900°C

MBL04: Mourtada-Bonnefoi and Laporte (2004); rhyolite; 800°C

To06: The trends were calculated for rhyolitic and andesitic systems using the model of Toramaru (2006), see text
for further details.

homogen.: Homogeneous bubble nucleation

heterogen.: Heterogeneous bubble nucleation

saturated: The melt was H,O saturated prior to decompression.

a: The andesite-trends were calculated for 1030°C and o;3 = 0.015, 0.028 or 0.063 N/m, assuming average values
for the initial H,O content in the melt (6.5 wt%) and for p,,.;, (2.225 g/cm3 ); see text for details.

b: The rhyolite-trend was calculated for 800°C using the values given by Hamada et al. (2010) for Cs4z, Psar, Q1
and Dy and assuming a oy of 0.08 N/m.
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Figure 6a-f. H,0, S, and Cl contents of the starting glasses and the partially degassed glasses. a) H,O content vs. 7;
b) H,O content vs. ¢4; ¢) S content vs. r; d) S content vs. #4; ) Cl content vs. r; f) Cl content vs. ¢,. The grey shaded
area marks the decompression step. The H,O, S, and CI contents of all glasses are given in Table 2 of Fiege et al.
(2014). The H,O concentrations within the glasses were measured using IR spectroscopy, while the S and Cl
contents were determined using EMP (for details see Fiege et al 2014).
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