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Abstract To test mechanisms of basaltic magma degassing,
continuous decompressions of volatile-bearing (2.7-3.8 wt%
H,0, 600-1,300 ppm CO,) Stromboli melts were performed
from 250-200 to 50-25 MPa at 1,180—1,140 °C. Ascent rates
were varied from 0.25 to ~1.5 m/s. Glasses after decom-
pression show a wide range of textures, from totally bubble-
free to bubble-rich, the latter with bubble number densities
from 10* to 10° cm ™2, similar to Stromboli pumices. Vesi-
cularities range from 0 to ~20 vol%. Final melt H,O con-
centrations are homogeneous and always close to solubilities.
In contrast, the rate of vesiculation controls the final melt CO,
concentration. High vesicularity charges have glass CO,
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concentrations that follow theoretical equilibrium degassing
paths, whereas glasses from low vesicularity charges show
marked deviations from equilibrium, with CO, concentra-
tions up to one order of magnitude higher than solubilities.
FTIR profiles and maps reveal glass CO, concentration gra-
dients near the gas—melt interface. Our results stress the
importance of bubble nucleation and growth, and of volatile
diffusivities, for basaltic melt degassing. Two characteristic
distances, the gas interface distance (distance either between
bubbles or to gas—melt interfaces) and the volatile diffusion
distance, control the degassing process. Melts containing
numerous and large bubbles have gas interface distances
shorter than volatile diffusion distances, and degassing pro-
ceeds by equilibrium partitioning of CO, and H,O between
melt and gas bubbles. For melts where either bubble nucle-
ation is inhibited or bubble growth is limited, gas interface
distances are longer than volatile diffusion distances.
Degassing proceeds by diffusive volatile transfer at the gas—
melt interface and is kinetically limited by the diffusivities of
volatiles in the melt. Our experiments show that CO,-over-
saturated melts can be generated as a result of magma
decompression. They provide a new explanation for the
occurrence of CO,-rich natural basaltic glasses and open new
perspectives for understanding explosive basaltic volcanism.

Keywords Basaltic melts - Volatiles - Decompression
experiments - Magma degassing - CO,-oversaturation -
Explosive volcanism

Introduction

During magma ascent, decompression leads to the exsolution

of volatiles (mainly H,O and CO,) from the melt, and to their
progressive transfer from the deep Earth to the atmosphere.
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Gas emissions are manifestations of magma ascent towards
the Earth’s surface. Measurement of gas compositions and
fluxes is one of the main tools for monitoring active volcanoes
(e.g. Aiuppa et al. 2010a). Because of the relatively high
temperatures, low volatile concentrations and viscosities of
basaltic magmas, their degassing is commonly viewed as a
near-equilibrium process (Sparks et al. 1994). The behaviour
of volatiles during basaltic magma degassing is classically
assumed to follow solubility laws (e.g. Dixon et al. 1995;
Lesne et al. 2011a, b), with CO, being exsolved deeper (and
therefore earlier upon ascent) than H,O (Bottinga and Javoy
1990a; Dixon and Stolper 1995; Burton et al. 2007; Shinohara
et al. 2008; Allard 2010). Several gas—melt saturation codes
(e.g. Papale et al. 2006) now enable theoretical equilibrium
decompression paths and depths of degassing to be calculated.
Recently, isobaric experiments have confirmed equilibrium
degassing models for basaltic melts (Lesne et al. 2011c).

There are, however, several observations that do not fit
into a simple, unique, equilibrium degassing model for
basaltic magmas. (1) Explosive basaltic eruptions, known
both at the Earth’s surface and in deep oceans (e.g. Head
and Wilson 2003), imply sudden (as opposed to gradual)
release of magmatic volatiles. Gas build-up in the conduit,
either driven by the evacuation of a gas foam (e.g. Jaupart
and Vergniolle 1988) or by the coalescence of gas bub-
bles, has been the preferred model for explosive basaltic
volcanism although fragmentation of volatile-oversaturat-
ed melts warrants more detailed consideration. (2) CO,
concentrations markedly higher than solubilities have been
found in numerous basaltic glasses, especially MORB
glasses for which eruption pressures are well known (e.g.
Dixon et al. 1988; Pineau and Javoy 1994; Saal et al.
2002; Aubaud et al. 2004 and references therein). In some
of these glasses, kinetic fractionation of carbon and noble
gas isotopes has been observed during magma ascent from
the chamber to the seafloor (Aubaud et al. 2004). (3)
Theoretical considerations have stressed that nucleation of
CO, bubbles in MORB melts requires degrees of super-
saturation from 1.5 at >600 MPa to up to 7 at <100 MPa
(Bottinga and Javoy 1990b). Therefore, gas—melt separa-
tion in basaltic magmas may not be as easy as commonly
postulated (Sparks et al. 1994). More generally, mecha-
nisms of basaltic magmas degassing need a detailed
re-evaluation. The implications range from the interpre-
tation of volcanic gas data to more global issues such as
the chemistry of planetary atmospheres and the determi-
nation of the carbon content of the Earth’s mantle
(Cartigny et al. 2008).

Recent numerical simulations have emphasized dynamic
instabilities of gas bubbles during buoyancy-driven flow of
basaltic magmas (Suckale et al. 2010). Experimental sim-
ulations of magma vesiculation and degassing are available
for rhyolites to dacites (Mourtada-Bonnefoi and Laporte
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2002, 2004; Mangan and Sisson 2000, 2005; Gardner and
Ketcham 2011; Nowak et al. 2011), but are lacking for
basaltic melts. In this paper, we present the first experi-
ments to track degassing of H,O- and CO,-bearing natural
basaltic magmas using high-temperature decompression
experiments.

Scaling of the decompression experiments

In this study, decompression experiments were scaled
against a reference volatile-rich, persistently degassing,
basaltic volcano, Stromboli (Aeolian Islands, Italy).
Magma ascent and degassing at Stromboli were simulated
as closely as possible by simultaneously adjusting the
different experimental variables to values appropriate to
the natural system. Stromboli’s regular mild-explosive
activity is occasionally interrupted by much more energetic
events, major explosions and eruptive paroxysms (Rosi
et al. 2000). These highly hazardous eruptions have been
interpreted to result from the ascent and arrival in the
volcanic edifice of a volatile-rich crystal-poor magma
(“golden pumice”) batch (Pichavant et al. 2009, 2011;
Metrich et al. 2010) or, alternatively, from the bursting of
COj,-rich gas slugs generated at ~8-10 km depth (Allard
2010).

In this study, continuous decompression experiments of
bubble-free but volatile-bearing basaltic melts were per-
formed at high temperatures. Our experimental strategy
thus differs from studies where melt decompression is
simulated by a series of isobaric experiments at progres-
sively decreasing pressures (e.g. Lesne et al. 2011c). Per-
forming decompression experiments requires several
parameters to be fixed. (1) The same basaltic composition
(prepared from a pumice emitted during one of Stromboli’s
paroxysmal events) has been used in all experiments; pre-
decompression melts had a restricted range of dissolved
H,O and CO, concentrations (2.7-3.8 wt% and
600-1,300 ppm, respectively), overlapping in part with
volatile concentrations in Stromboli glass inclusions
(Table 1; Metrich et al. 2010). (2) Decompressions started
at initial pressures (Pj,;;) of either 200 or 250 MPa. This
pressure range matches the depth of the magma reservoir
source of golden pumice melts at Stromboli (Pichavant
et al. 2009; Metrich et al. 2010). (3) Temperature (T) was
mostly kept constant (1,150 °C) or, less frequently, slightly
varied (from 1,180 to 1,150 °C and 1,150 to 1,140 °C) in a
range consistent with temperatures of golden pumice melts
(Di Carlo et al. 2006; Pichavant et al. 2009). (4) Con-
cerning magma ascent rates, petrological estimates (based
on plagioclase reaction rims and lack of microlites in
“golden pumices”, I Di Carlo, personal communication
2010) have yielded durations in the range from 1 to 10 h
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Table 1 Synthesis experiments

Run # Charge PST-9 starting material XH,O in. % fluid 7 (°C) P (MPa) 1 (s) H,0 glass (wt%) CO, glass (ppm)
S1 1 Glass 0.91 9.95 1,150 199.6 ~7,200 nd nd

2 Glass 0.90 10.01 1,150 199.6 ~7,200 3.13 (11) 842 (107)
S2 3 Glass 0.90 9.93 1,150 199.8 7,080 3.15 (18) 636 (119)

4 Glass 0.90 9.73 1,150 199.8 7,080 3.57 (12) 737 (112)
S3 5 Glass 0.91 10.26 1,150 197.5 8,220 nd nd

7 Glass 0.90 10.11 1,150 197.5 8220 nd nd

8 Glass 0.90 10.03 1,150 197.5 8220 nd nd

9 Glass 0.92 9.45 1,150 197.5 8220 nd nd

10 Glass 0.89 9.67 1,150 197.5 8220 nd nd

11 Glass 0.90 9.90 1,150 197.5 8,220 2.77 (18) 626 (147)
S4 12 Pumice 0.80 10.22 1,150 259 9,300 3.77 (39) 993 (95)

13 Pumice 0.80 9.83 1,150 259 9,300 3.63 (32) 922 (164)
S5 14 Glass 0.63 10.26 1,180 2494 7,920  3.46 (11) 1,284 (26)

15 Glass 0.50 10.22 1,180 2494 7,920 2.74 (10) 1,124 (81)

The whole-rock composition (Pichavant et al. 2009) of PST-9 basaltic pumice is (Wt%): SiO,: 49.4; TiO,: 0.79; Al,O3: 15.75; Fe,05: 1.3; FeO:
6.5; MnO: 0.15; MgO: 7.96; CaO: 12.73; Na,O: 2.27; K,O: 1.85; P,0O5: 0.43

XH,0 in. = initial molar H,O/(H,0 + CO,) in the charge
% fluid = weight proportion of H,O 4+ CO, in the charge

nd not determined

for ascent of “golden pumice” from their 8-km-depth
source. This corresponds to ascent rates from 0.2 to 2 m/s,
in excellent agreement with results for shoshonite magma
ascent at Vulcanello, a nearby system closely similar
(tectonic setting, magma composition, ascent mechanism)
to Stromboli (Vetere et al. 2007). Consequently, a range of
ascent rates (Viamp = 0.25, 0.5, 0.65, 1, ~1.5 m/s) was
investigated (for correspondence between ascent and
decompression rates, see Table 2). Both constant (one
ramp) and variable (two ramps) rate decompressions were
performed since, at Stromboli, magma ascent is expected to
be modified from ~50 MPa upwards, as the base of the
crystal-rich body is encountered (Landi et al. 2008). (5)
Decompression ramps ended at final pressures (Pg,) of
either 50 or 25 MPa, and charges were immediately
quenched once the final pressure was reached.

Experimental and analytical methods

Two types of experiments were performed in this study.
Synthesis experiments served to produce bubble-free H,O-
and CO,-bearing basaltic glasses to be used in the
decompression experiments (Table 1). In most cases, the
syntheses and decompressions were performed indepen-
dently from each other. Volatile-bearing melts were pre-
synthesized at high temperatures and pressures under iso-
baric conditions and the resulting glasses used as starting
materials in subsequent decompression experiments. Less

frequently, the melt synthesis step was followed in the
same experiment by the decompression step.

Starting materials

All experiments used pumice sample PST-9 as starting
material. It contains about 10 % crystals (Di Carlo et al. 2006;
Pichavant et al. 2011). The sample was crushed to ~50 pm
and either used directly as powder or converted to glass by
fusing the powder at 1 atm, 1,400 °C for a few hours in air.

All experiments were performed with the sealed capsule
method. Capsules were in all cases made of AugyPd,, to
minimize iron loss from the basaltic melt as a result of
alloying with the metallic container (Di Carlo et al. 2006;
Pichavant et al. 2009). For the synthesis experiments, H,O
was added as demineralized water and CO, as Ag,C,0O,.
PST-9 (either glass or pumice), H,O and Ag,C,0, weights
were adjusted so as to reproduce the pre-eruptive volatile
concentrations of Stromboli golden pumice melts, as con-
strained from previous experiments (Pichavant et al. 2009).
For the decompression experiments, pre-synthesized volatile-
bearing glasses, either powder or small blocks, were loaded
in AuggPdyq capsules, which were then welded shut. No
additional volatile was added to those already present as
dissolved components in the glass, and this resulted in low
proportions of free fluid (1-2 wt% maximum) in decom-
pression capsules prepared from pre-synthesized glass. A few
decompression capsules were prepared with pumice powder
plus H,O and Ag,C,0,, yielding slightly higher (67 wt%

@ Springer
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Table 2 Decompression experiments

Run  Charge Starting T (°C) Pinie Pgini Framp1 Vrampl Pfin> framp2  Vrampz ~ Bubbles  Crystals
# glass (MPa) (MPa) (s) (m/s) (MPa) (s) (m/s) (vol%)
R1 1 (blocks®) S1® 1,150 195.3 45 9,000 0.64 - - - 34 -
2 (powder) S1 1,150 195.3 45 9,000 0.64 - - - 391¢° -
3 (pumice) - 1,150 195.3 45 9,000 0.64 - - - 0¢ -
R4 1 (blocks) S2 1,150 199.7 47.7 5,700 1.03 - - - 34 Quench
2 (powder) S2 1,150 199.7 47.7 5,700 1.03 - - - 4%3¢ Quench
3 (pumice) - 1,150 199.7 47.7 5,700 1.03 - - - 59 -
R16 1 (powder) S3 1,180 250 50 29,970  0.26 - - - 34 Cpx, ol
— 1,150°
2 (powder) S5 1,180 250 50 29,970  0.26 - - - 59 -
- 1,150°
RS 1 (powder) S2 1,150 201 50 5,640 1.03 24.8 960 1.01 g4 Quench
2 (blocks) S2 1,150 201 50 5,640 1.03 24.8 960 1.01 139711° Quench
R10 1 (powder) S3 1,150 197.4 50 8,880  0.64 25 1,500 0.64 189720°
2 (blocks) S3 1,150 197.4 50 8,880  0.64 25 1,500 0.64 109/9° -
RI11 1 (pumice) - 1,150 196.2 50 3,840 1.46 25 3,840 0.25 nd Sph
2 (powder) S3 1,150 196.2 50 3,840 1.46 25 3,840 0.25 nd Sph
R12 1 (pumice) - 1,150 258.4 50 7,980 1.00 25 1,860 0.52 0¢ -
2 (powder) S3 1,150 258.4 50 7,980 1.00 25 1,860 0.52 14 -
3 (powder) S4 1,150 258.4 50 7,980 1.00 25 1,860 0.52 14 -
R13 1 (powder) S3 1,150 253 50 7,620 1.02 25 1,920 0.50 24 -
— 1,140°
2 (powder) S4 1,150 253 50 7,620 1.02 25 1,920 0.50 44 -
— 1,140°
R14 1 (powder) S5 1,180 248.4 50 4,590 1.66 25 1,860 0.52 0%0° -
- 1,150°
R15 3 (powder) S5 1,180 261.7 50 4,740 1.72 25 3,780 0.25 0¢ -
- 1,150°

The decompression path is divided in two parts: ramp 1 above ~50 MPa and ramp 2 between ~50 and ~25 MPa. T: run temperature; Pjp;:
pressure at the beginning of decompression path. For each ramp, Pg,: pressure at the end of decompression ramp; Vyump: ascent/decompression
rate (=10° (Piny — Pn)/(g d tramp)), With g = 9.81 m/s?, d = 2,650 kg/m3 and t,mp = duration of the ramp. For ramp 2, Pinie = Pfini

R1, R4, R16, R5, R10: constant decompression experiments (either decompression ended at ~50 MPa or decompression ended at ~25 MPa but
Vrampl = Vramp2); R11, R12, R13, R14, R15: variable decompression experiments (decompression ended at ~25 MPa but viymp1 # Veamp2)

Quench: quench crystals identified from SEM observations; sph: minor amounts of small spherulitic crystals; cpx: clinopyroxene; ol: olivine;

—: crystal-free charge

4 Physical state of the starting material. Blocks: small glass blocks; powder: glass powder; pumice: pumice powder

® Glass synthesis batch number

¢ Non-isothermal experiment; temperature varied linearly along the decompression path

maximum) fluid proportions because melt synthesis was in
this case directly followed by decompression. At the differ-
ence of experiments starting from glass, a few crystals are
present in experiments performed with pumice.

Equipment and run procedure

All experiments were performed in the same internally
heated pressure vessel working vertically and pressurized
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Vol% bubbles from 2D image analysis or ¢ 3D X-ray microtomography (see text and Table 4)

with Ar-H, gas mixtures, obtained by sequential loading of
H, and Ar at room temperature (Di Carlo et al. 2006; Pi-
chavant et al. 2009). In all experiments, a pressure of
0.5 bar H, was initially applied. Then, Ar was pumped into
the vessel up to a pressure depending on the final condi-
tions to be attained. Although experimental fO, were not
measured, previous work (Di Carlo et al. 2006; Pichavant
et al. 2009) using the same vessel, procedure and starting
materials has provided a precise empirical calibration scale
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so that experimental fO, in this study can be considered
close to NNO+1, where NNO is the fO, of the Ni-NiO
equilibrium at the pressure and temperature of interest. We
emphasize that NNO+1 represents average redox condi-
tions for the group of experiments reported here. Although
fO, changes occur during decompression, these are of
small magnitude as shown by the constant (and always
very low) amount of Fe-Ti oxides present in run products.
Experimental redox conditions in this study are moderately
oxidizing, implying that the C—O-H fluid phase is essen-
tially composed of H,O and CO,.

Total pressure was recorded by a transducer calibrated
against a Heise gauge (uncertainty £20 bars). Decom-
pression was controlled manually, by bleeding the pres-
surizing gas mixture with a micrometering valve. A double
winding molybdenum furnace was used, allowing near-
isothermal conditions in the 2-3 c¢m long hot spot (gradient
<2-3 °C/cm). Temperature was monitored with a Euro-
therm controller and measured using two type S thermo-
couples (uncertainty =+5 °C). For the non-isothermal
experiments, temperature was manually varied by periodic
adjustments of the controller’s setpoint. Both pressure and
temperature readouts were permanently recorded during
decompression and the different decompression parameters
extracted from the data file.

All experiments were terminated by drop-quenching the
sample holder at essentially constant pressure, resulting in
quench rates of ~ 100 °C/s (Di Carlo et al. 2006). Capsules
were weighed to check for leaks and then opened.

Analytical methods

A few capsules were cut in the middle for textural obser-
vations of the entire charge. For the other capsules, textural
observations were made on fragments of run products.
Both microscopic and SEM observations were performed,
the latter using the JEOL WINSET JSM 6400 instrument at
ISTO, Orléans. Bubble fractions (vol% bubbles or vesi-
cularities) were determined on photomicrographs of run
products with the ImageJ software and assuming Delesse’s
law (equality of area and volume fractions). To comple-
ment these 2D data, blocks (1-10 mm3) from 5 selected
charges were analysed by X-ray microtomography with the
Nanotom 180 instrument by GE Sensing, phoenix|X-ray at
ISTO, Orléans. Voxel sizes ranged between 2 and 3.5 um,
allowing the determination of bubble numbers, sizes and
densities in addition to vesicularities.

Electron microprobe analyses of experimental glasses
(and of crystals in experiment R16-1 where crystals were
sufficiently large) were performed with the Cameca SX-50
instrument of the joint BRGM-CNRS facility at Orléans.
The data mainly served to check the melt composition
during decompression and evaluate the extent of Fe loss.

Analyses were carried out under an acceleration voltage of
15 kV, a counting time of 10 s and a sample current of
6 nA. For glass analysis, the beam was defocused to a size
of ~10 um. Silicate minerals were used as standards.
Estimated relative analytical errors are 1 % for SiO,,
Al,O3, Ca0, 3 % for FeO, MgO, TiO, and 5 % for MnO,
Na,0, K0, P,0s. Fe losses, calculated for the crystal-free
charges by comparing the electron microprobe composi-
tions of starting and final glasses and, for the crystal-
bearing charge R16-1, from mass-balance calculations
(Pichavant et al. 2009), were of negligible importance
(1-2 % relative).

Concentrations of H,O and CO, (as CO5>7) in glasses
were determined by IR spectroscopy on doubly polished
thin sections prepared from glass fragments. Both a Nicolet
Magna 760 spectrometer attached to a NicPlan microscope
(analytical spots) and a Nicolet 6700 spectrometer attached
to a Continuum microscope (spots, 1D profiles, 2D maps)
were used. Spectra were acquired between 650 and
7,400 cm™' on samples mostly 4060 pum thick. Profiles
and maps, plus a few spots, were obtained on thicker
(~ 150 pm) samples. An IR source, a KBr beamsplitter and
a liquid nitrogen cooled MCT/A detector were used. Res-
olution was set to 2-4 cm ™', and spectra were accumulated
for 128-256 scans. Between 2 and 6 spots (aperture
40-100 pm) were analysed on each sample. Several glas-
ses were analysed in duplicate (i.e. different glass wafers
from the same experiment) and one in triplicate, results
being averaged. Concentrations of H,O and CO, were
determined from the Beer—Lambert law. Sample thick-
nesses were measured microscopically to +1-2 pm. Den-
sities of experimental glasses were calculated from the
density of the anhydrous starting glass measured at room
conditions and using a partial molar volume of H,O in
glass of 12 cm’/mol (see Pichavant et al. 2009). H,O
concentrations were obtained from the absorbance of the
3,530 cm ™! band, taking ¢3539 = 64 L/mol.cm and a linear
baseline between ~ 3,800 and ~ 2,500 cm™ L. For CO,, the
absorbance of the 1,515 cm~' band was measured on
subtracted spectra (Dixon et al. 1995; Pichavant et al.
2009), taking €515 = 363 L/mol cm. The spectrum used
for the substraction is that of a volatile-free PST-9 glass.
The detection limit for CO, (also taken as the absolute
uncertainty of the CO, analyses) is ~50 ppm. The 1D
profiles (30-50 points) and 2D maps (~ 300 points) were
collected with a 50 x 50 pm aperture and a distance
between points (i.e. centres) of either 20 or 25 pm. The
data were analysed with the Omnic software and concen-
tration profiles and maps constructed.

All equilibrium gas—melt computations (saturation iso-
bars, H,O and CO, solubilities, closed-system decom-
pression paths) were calculated with the model of Papale
et al. (20006).
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Experimental results

Full information about the glass synthesis experiments is
given in Table 1 and about the decompression experi-
ments in Table 2. Tables 3 and 4 summarize the FTIR
and X-ray tomography data, respectively. Pressure—time
trajectories for two representative decompression
experiments are illustrated in Fig. 1. The heating up
period (not shown) is followed by a dwell of typically
600-1,200 s, occasionally longer, before decompression
starts. For constant decompression experiments, the
ascent rate (Vyamp) is kept constant along the ramp until
Pg, is attained (Fig. la). For variable decompression
experiments, the decompression path is divided into two
ramps, the first above and the second below 50 MPa,
each with a specific vyamp (Fig. 1b).

Pre-decompression glasses

All pre-decompression glasses were bubble-free. SEM
observations reveal the presence of rare quench crystals
and of small (<5 um) Fe-Ti oxides. Pre-decompression
glasses divide into two compositional groups. The first
(S1 to S3, Table 1) corresponds to melts synthesized at
~200 MPa. Glass CO, concentrations are of the order
of 600-850 ppm and H,O concentrations between 2.7
and 3.6 wt%. Although several S3 glasses were used
directly in decompression experiments without being
analysed, they are expected to have volatile concentra-
tions in the same range because XH,O in. and % fluid
(Table 1) were identical for all S3 capsules. The second
group of melts, synthesized at ~250 MPa (S4, S5), has
H,O concentrations (2.7-3.8 wt%) equivalent to the first
group, but higher CO, concentrations (900-1,300 ppm,
Table 1).

Post-decompression textures and vesicularities

Post-decompression charges were generally glassy. They
contain various amounts of bubbles (Fig. 2) and are very
crystal poor. Only charge R16-1 (from the longest
decompression experiment, Table 2) crystallized signifi-
cant amounts (12 wt%) of clinopyroxene plus olivine. Tiny
(=<1-2 pm) oxide crystals (Ti-bearing magnetite, Di Carlo
et al. 2006; Pichavant et al. 2009) occur commonly but
always in very small amounts. Some charges contain
quench crystals identified from SEM (Table 2). The two
R11 charges (Table 2) came out as fine-grained powders.
The recovery of powders (the normal case is glassy blocks)
indicates glass fragmentation in this particular experiment
which spent the shortest time above 50 MPa and the lon-
gest between 50 and 25 MPa of all variable rate decom-
pression experiments.
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Three types of bubbles were distinguished (Fig. 2).
Type 1 occurs at the glass—capsule interface. They range
from 150 to >500 um and represent the space filled by the
free vapour phase in the capsule. Large rounded cavities
found in many glass fragments are probably broken type 1
bubbles. In comparison, type 2 and 3 bubbles both occur
inside the glass (Fig. 2). Type 3 bubbles have sizes in the
10-50 pm and type 2 in the 50-350 pm range. These two
bubble types are interpreted to mark homogeneous bubble
nucleation within the melt, the large size of type 2 bubbles
reflecting both diffusive bubble growth and coalescence.

Vesicularities range from O to 20 vol%. There is a good
match between data from 2D measurements and 3D X-ray
tomography, with maximum differences of ~2 vol%
(taken as the analytical error) between the two methods
(Table 2). Vesicularities of charges ran together in the
same decompression experiment (e.g. of charges 1, 2, 3
from experiments R1, R4 and R12, Table 2) are tightly
grouped, suggesting that they are determined by the
experimental variables (volatile concentrations of starting
melts, decompression parameters) rather than by the
physical state of starting materials (either glass powder,
glass blocks or pumice powder, Table 2). Samples with
low vesicularities (<5 vol%) come from experiments
decompressed either at constant rates to 50 MPa (R1, R4,
R16) or at variable rates to 25 MPa Pg,, (R12-15, Table 2).
Charges with the highest vesicularities are those decom-
pressed under constant ascent rates to 25 MPa Pg, (RS,
R10, Table 2; Fig. 3).

Bubble number densities range from 10* to 10° cm™
(Table 4), in the same range as in basaltic pumices from
Stromboli (Polacci et al. 2006). Although the number of 3D
data is limited, BND stays constant or decreases slightly
when Pg, decreases and when vy, decreases in the
50-25 MPa range. In contrast, vesicularities strongly
increase when lowering Pg,. These trends are consistent
with bubble nucleation systematics in rhyolitic melts
(Mourtada-Bonnefoi and Laporte 2004). Bubble diameters
range from 10-20 to 330 um (Table 4). Both the average
diameter and the maximum diameter strongly increase with
decreasing Pg, as well as with decreasing Vyymp in the
50-25 MPa range. Histograms have asymmetrical shapes
as indicated by the difference between maximum and
average bubble diameters (Table 4), suggesting that bubble
nucleation is accompanied by diffusive bubble growth and
coalescence.

3

Post-decompression glass volatile concentrations

Volatile concentrations in glasses are shown in Figs. 4 and
5, respectively, for the constant and variable decompres-
sion rate experiments. The constant rate experimental data
points divide into two groups. Glasses decompressed to
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Table 3 FTIR data

Run# Charge# nt Thickness (pum) Absorbance 3,530 cm™! H,O (wt%) Absorbance 1,515 cm™! CO; (ppm)

St 2 3 50 (1)° 1.488 (23) 3.13 (11) 0.093 (10) 842 (107)
S2 3 3 64 (4) 1.909 (17) 3.15 (18) 0.089 (12) 636 (119)
4 3 40 (2) 1.354 (100) 3.57 (12) 0.065 (10) 737 (112)
S3 11 4 56 (12) 1.467 (262) 277 (18) 0.080 (32) 626 (147)
S4 12 4 40 (5) 1.410 (167) 3.77 (39) 0.087 (12) 993 (95)
13 3 48 (3) 1.636 (130) 3.63 (32) 0.096 (16) 922 (164)
S5 14 6 532) 1.739 (64) 3.46 (11) 0.147 (4) 1,284 (26)
15 6 72 (2) 1.888 (101) 2.74 (10) 0.179 (10) 1,124 (81)
RI 1 4 46 (3) 0.749 (27) 1.70 (13) 0.041 (18) 408 (184)
2 3 44 (2) 0.793 (95) 1.89 (18) 0.046 (5) 469 (37)
3 4 46 (3) 0.97 (113) 2.23 (24) 0.040 (14) 397 (142)
R4 1 3 45 (3) 0.877 (95) 2.03(20) 0.034 (15) 337 (134)
2 3 51 (1) 1.079 31) 2.20 (2) 0.028 (8) 243 (74)
3 3 39 (3) 0.756 (21) 2.05 (17) 0.001 (2) <50¢
3 5 147 (5) >2 nd 0.196 (13) 598 (27)
3 av. 2.05 (17) 379 (303)
R16 14 3 41 (3) 0.398 (31) 1.00 (4) 0.001 (2) <50°
2 3 28 (2) 0.592 (89) 2.18 (20) 0.014 (30) 198 (442)
R5 1 3 47 (1) 0.605 (18) 1.34 (6) 0.000 (0) <50¢
2 3 50 (1) 0.635 (26) 1.32 (4) 0.000 (0) <50°
RI10 1 4 48 (3) 0.618 (24) 1.33 (10) 0.011 (4) 102 (39)
2 4 48 (8) 0.647 (48) 1.43 (16) 0.011 (8) 101 (92)
RI2 1 4 28 (2) 0.420 (23) 1.55 (17) 0.000 (0) <50°
1 4 46 (5) 0.634 (72) 143 (11) 0.034 (30) 308 (242)
1 5 164 (18) 2.109 (80) 1.34 (12) 0.176 (8) 483 (35)
1 av. 1.43 (15) 257 (244)
2 3 58 (9) 0.771 (65) 1.39 (14) 0.038 (16) 297 (117)
3 3 51 3) 0.771 (54) 1.57 2) 0.040 (26) 344 (210)
R13 1 3 57 4) 0.709 (47) 1.29 (16) 0.038 (11) 298 (105)
2 3 49 (5) 0.706 (59) 1.51 (15) 0.044 (9) 408 (115)
R14 - 4 64 (4) 0.707 (139) 1.14 1) 0.064 (28) 446 (196)
R14 - 6 144 (0) 1.577 (23) 113 (2) 0.069 (10) 215 (32)
- av. 1.14 (11) 302 (161)
RI5 - 3 53 (3) 0.681 (77) 1.34 1) 0.058 (36) 499 (320)
RIS - 6 156 (0) 1.974 (5) 1.31 (0) 0.133 (15) 380 (42)
- av. 1.32 (11) 420 (174)

S1 to S5: glass synthesis experiments; R1 to R16: decompression experiments

R4-3, R14, R15 analysed in duplicate; R12-1 analysed in triplicate. Average H>O and CO, concentrations (av.) and standard deviations are
reported. These are calculated by using all analytical spots

nd not determined (absorbance >>2)

% Number of analytical spots

° One standard deviation in terms of the last digit

¢ CO2 below detection limit (50 ppm). The data are plotted with a concentration of 50 ppm in Figs. 4 and 6

9 R16-1 contains on average 12 wt% crystals as determined by mass balance calculations. Therefore, H,O and CO, values given are minimum
concentrations and the data are not plotted

~50 MPa Pg, have H,O concentrations between 1.70 and glasses (Table 1), both volatiles are significantly depleted
223 wt% and CO, concentrations between 198 and  in post-decompression glasses. However, the data points
469 ppm (Table 3). Compared to pre-decompression  plot well above the 50 MPa gas—melt saturation isobar,
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Fig. 1 Pressure-time diagrams showing decompression trajectories
for a a representative constant decompression rate experiment (R16)
and b a representative variable decompression rate experiment (R15).
Actual pressure—time data points are plotted with an interval of 10 s
between data acquisition. Ascent rates (Vramp), €ither constant (R16)
or variable (R15) are indicated. R16 and R15 are two non-isothermal
experiments. Temperature was varied linearly from 1,180 to 1,150 °C
along the decompression path. See Table 2 for more details. Notice
the difference in experimental duration between a and b

Fig. 2 Composition photo-montage of post-decompression charge
R1-2 showing typical texture of experimental products and bubble
types. Photomicrographs taken under reflected light. AugoPdyg:
capsule material. Notice the large type 1 bubbles close to the capsule
walls, the few large type 2 bubbles inside the glass and the small type
3 bubbles that are present locally. See text for interpretation of bubble

types

except for charge 16-2 if error bars are considered. In the
same way, measured CO, concentrations largely exceed
calculated values for closed-system equilibrium decom-
pression paths (Fig. 4). In contrast, glasses decompressed
to 25 MPa Py, plot either on or close to their corresponding
gas—melt saturation isobar and on extensions of closed-
system equilibrium decompression paths. They have H,O
concentrations between 1.32 and 1.43 wt% and CO,

@ Springer

Fig. 3 Slice through X-ray microtomographic volume of charge R5-2
showing numerous homogeneously distributed bubbles inside the
glass. Notice the difference in size between bubbles. The large type 2
bubble results from both diffusive bubble growth and coalescence.
The smaller type 3 bubbles mark homogeneous bubble nucleation
within the melt

concentrations ranging from below detection (i.e.
<50 ppm, R5) to ~100 ppm (R10, Table 3). Data at
constant Vyymp (0.64 m/s: R1, R10; 1 m/s: R4, R5) show
that decreasing Py, leads to a progressive decrease in glass
H,0 and CO, concentrations. However, the observed vol-
atile depletions differ from those expected along closed-
system equilibrium decompression paths. CO, appears to
be degassed at low pressures in the experiments, mostly
between 50 and 25 MPa, whereas one would expect it to be
lost much earlier, that is, at pressures >50 MPa, on the
basis of calculated equilibrium degassing trajectories
(Fig. 4).

Glasses decompressed under variable rates to 25 MPa
Pg, also show systematic deviations from the 25 MPa
isobar and calculated closed-system decompression paths,
except glass 12-1 if error bars are considered (Fig. 5).
They have H,O concentrations between 1.14 and 1.57 wt%
and CO, concentrations from 257 to 420 ppm (Table 3).
For comparison, volatile concentrations calculated for pre-
decompression melt S5 assuming closed-system equilib-
rium degassing are respectively 1.56 wt% H,O and 6 ppm
CO, at 25 MPa. The data also reveal that the CO,/H,O
ratio of post- and pre-decompression melts are positively
correlated, the starting melts with the highest CO, yielding
the most CO,-rich final melts (Fig. 5).

Decoupling between H,O and CO,

A closer analysis reveals that the behaviour of H,O and
CO; is actually decoupled. Final H;O and CO, concen-
trations in glass are plotted as a function of sample vesi-
cularities in Fig. 6. The data are compared with H,O and
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Table 4 X-ray microtomography data

Run# Charge# Bubble 3D characteristics
n pk. size (pm) range (Um) av. size (um) vol% BND (cm™?)

R1 2 268 10-20 10-110 29 (20) 1 3.25 x 10°
R4 2 70 10-20 10-130 34 (23) 3 5.47 x 10°
R5 2 390 40-50 10-330 59 (38) 11 3.99 x 10°
R10 1 nd nd 270 (25) 20 2.45 x 10*

2 nd nd 190 (15) 9 2.78 x 10°
R14 - 0 - - 0 <10”

X-ray microtomographic data acquired on 1-10 mm?> fragments
n: number of bubbles counted in the analysed volume
pk. size: maximum of the bubble diameter histogram

Range: total range of bubble diameters

av. size: average bubble diameter; number in brackets is the standard deviation

vol%: volume fraction of bubbles

BND: number of bubbles per unit volume (BND). Detection limit is 1 bubble per 10 mm?, or 10> bubbles per cm®

1800
1600 | (Constant ascent rates|  [Pcdecompression elasss|
4 1400 |
= Post-decompression glasses ®
:{; 1200 Phn=45-50 MPam m B ® 250 MPa
; 1000 F Pin =25 MPa @ @
= (o]
T seor : ! ® 200 MPa
- | . .
E 600 |
= 400 | s0MPa = . B : -+ Closed-system
[ 25 MPa | : y equilibrium
200 : L decompression
’ e A
0 1 2 3 4 5

wit% 1120 in glass

Fig. 4 H,O and CO, concentrations in glasses from the constant
ascent/decompression rate experiments. Filled circles pre-decom-
pression glasses; filled squares glasses decompressed to 50 MPa Pg,;
filled diamonds glasses decompressed to 25 MPa Pg,. For the pre-
decompression glasses, colours refer to synthesis experiments S1, S2,
S3, S5 in Table 1. For the post-decompression glasses, symbol
colours specify the pre-decompression glasses used. p indicates a
charge starting from pumice instead of pre-synthesized glass, see text.
Error bars (standard deviations, Table 3) are indicated on the data
points. Thin continuous lines fluid—melt equilibrium saturation isobars
(25, 50, 200, 250 MPa); dashed curves equilibrium decompression
paths calculated for each pre-decompression melt assuming closed-
system behaviour. All equilibrium fluid—melt calculations are per-
formed with the model of Papale et al. (2006)

CO; solubilities calculated at 50 and 25 MPa for H,O0-CO,
fluids of compositions selected to be at equilibrium with
the melts. Molar H,O/(H,O + CO,) of fluids (XH,O fl.)
coexisting at equilibrium with PST-9 melts at various
pressures is known experimentally; below 100 MPa, they
range between 0.8 and 0.85 (Pichavant et al. 2009, their
Fig. 5). So, the solubility calculations have been performed
for XH,O fl. = 0.8 at 50 MPa and 0.85 at 25 MPa. For

1800
- Pre-dec sssion elasses
1600 | | Variable ascent rates | [@ss O/ @55 -
% 1400 |
= - caion s L4
%0 1200 b Post-decompression glasses > 250 MPa
=
E Pin=25MPa & < O
1000 :
S *
< 800 b 200 MPa
S 600} *
! ol closed-sysiem
400 50 MPa 1S v a—equilibrium
200 | 25 MPa 73 decompression
0 : . : '
0 1 2 3 4 8

wit% H20 in glass

Fig. 5 H,O and CO, concentrations in glasses from the variable
ascent/decompression rate experiments. Filled circles pre-decom-
pression glasses; open diamonds glasses decompressed to 25 MPa
Pg,. For the pre-decompression glasses, colours refer to synthesis
experiments S3, S4, S5 in Table 1. For the post-decompression
glasses, symbol colours specify the pre-decompression glasses used.
p indicates a charge starting from pumice instead of pre-synthesized
glass, see also text. Error bars (standard deviations, Table 3) are
indicated on the data points. Thin continuous lines and dashed curves
as in Fig. 4

both Pg, = 50 and 25 MPa, glass H,O concentrations
show no dependence with vesicularity, the data for 25 MPa
including both constant and variable decompression char-
ges (Fig. 6a). In addition, H,O concentrations of post-
decompression glasses show close agreement with solu-
bilities (2.15 and 1.41 wt% H,O, respectively, at 50 and
25 MPa), especially if one notes that Pg, is in fact
<50 MPa for the “50 MPa” charges R1 and R4 (Table 2).

In contrast, post-decompression glass CO, concentra-
tions vary inversely with vesicularity (Fig. 6b). The con-
stant decompression charges to Pg, = 50 MPa have glass

@ Springer
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Fig. 6 H,O (a) and CO, (b) concentrations in post-decompression
glasses (Table 3) plotted as a function of vol% bubbles in the charge
(Tables 2, 4). Data for both constant and variable ascent/decompres-
sion rate are shown. Same symbols as in Figs. 4 and 5. Dashed
horizontal lines are solubilities calculated for fluids with XH,O
(molar H,O/(H,O + CO,)) of 0.80 and 0.85 at 50 and 25 MPa,
respectively (see text). Error bars (standard deviations, Table 3) are
indicated on the data points

CO,; concentrations negatively correlated with vesiculari-
ties up to ~5 %. Their CO, concentrations largely exceed
the calculated solubility (71 ppm at 50 MPa), by up to
nearly one order of magnitude. The variable decompression
charges to Pg, = 25 MPa plot in the same part of the
diagram and their CO, concentrations are up to > one
order of magnitude higher than the calculated solubility
(24 ppm at 25 MPa). When vesicularity increases beyond
5 vol% (constant decompression charges to Py, =
25 MPa), glass CO, concentrations drop to values ranging
from <50 to 100 ppm. These CO, concentrations are in
agreement (within error) or slightly higher than the calcu-
lated 25 MPa solubility, indicating a close approach
towards equilibrium degassing.

CO, is not homogeneously distributed in the CO,-
rich glasses. FTIR profiles and maps performed on two
25 MPa Py, variable decompression rate glasses (R14,
R15) show that the spatial distribution of CO, in glass
is controlled by the proximity to the gas—melt interface.
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H,O stays constant, but CO, is depleted and so H,O/
CO, increases near the interface (Fig. 7). The CO,
concentration gradient is observed over distances of
100-200 pm in the melt. This is in reasonable agree-
ment with distances calculated for CO, diffusion in
hydrous basaltic melt under our experimental condi-
tions (200-400 um, CO, diffusivity calculated from
Zhang and Ni 2010), suggesting that the near-interface
concentration gradient reflects frozen diffusive motion
of CO, within the melt. The absence of H,O concen-
tration gradient is the consequence of the H,O diffu-
sivity being greater than the CO, diffusivity in basaltic
melts (Zhang and Stolper 1991). In addition to the CO,
spatial heterogeneity, the high CO, standard deviations
in glasses 4-3 and 12-1 (both starting from pumice)
probably reflect initial CO, heterogeneity in pre-
decompression melts. This is because, in those experi-
ments, the melt synthesis step (which is directly
followed by decompression) is relatively short and so
pre-decompression melts did not have long enough
times to equilibrate.

Interpretation and discussion of experimental
observations

Bubble nucleation in basaltic melts

Although our experiments were not designed specifically to
study bubble nucleation in basaltic melts, they provide
useful data on this topic critical for magma degassing. So
far, systematics of bubble nucleation in silicate melts have
concerned mostly rhyolitic melts (Mangan and Sisson
2000; Mourtada-Bonnefoi and Laporte 2002; 2004). Da-
citic (Mangan and Sisson 2005; Gardner and Ketcham
2011) and rhyodacitic (Nowak et al. 2011) melts have also
been investigated. During decompression, volatile super-
saturation builds up in the melt; surface tension forces are
overcome and bubbles homogeneously nucleate (Mangan
and Sisson 2000; Mourtada-Bonnefoi and Laporte 2002,
2004). In some cases, the spatial interaction between
growing bubbles can lead to their coalescence (Bai et al.
2007).

In the constant rate decompression experiments, neither
the composition of pre-decompression melts (CO,/H,O
ratio) nor the decompression rate, from 0.26 m/s (R16),
0.64 m/s (R1, R10) to 1.03 m/s (R4, RS, Table 2), strongly
influences vesicularity. Previous work has shown that the
decompression rate has little influence on critical bubble
supersaturation  pressures AP (= Py — Pppn,  With
P, = pressure of fluid saturation, here assumed to be
<Phinit, and Ppp, = maximum Py, at which homogeneous
bubble nucleation is observed, Mourtada-Bonnefoi and
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Fig. 7 FTIR traverse and map
performed on a glass wafer from
charge R14 (Table 2).

a Photomicrograph of the
sample and location of traverse
1 and map. b Analytical results
for traverse 1. The bubble is
located to the right of the
profiles. Top intensity of the
3,530 cm™! band (total water),
intermediate intensity of the
1,515 cm™! (carbonate),
bottom: intensity ratio between
the 3,530 and the 1,515 cm™"
bands. Other traverses (not
shown) have yielded identical
results. ¢ volatile concentration
map showing the spatial
distribution of the 3,530 and
1,515 cm™" intensity ratio and
the CO,-depleted rim around
the bubble (located to the right
of the map)

1900

Laporte 2002, 2004), and our experiments do not reveal
any large influence of vy, €ither. As expected, the main
variable controlling vesicularity is Pg,. Charges decom-
pressed to 50 MPa Py, have small bubbles and thus low
vesicularities, <5 vol% (Tables 2, 4). In contrast, charges
decompressed to 25 MPa show a marked vesicularity
increase (vol% bubbles up to ~20 %) mainly accommo-
dated by a large increase in bubble size (Tables 2, 4).
Bubble number densities are in the same range or decrease
slightly from 50 to 25 MPa Py, (Table 4). Textural evi-
dence thus suggests that homogeneous bubble nucleation
takes place both at 50 and 25 MPa Py, in the constant
decompression rate experiments. Therefore, critical bubble
supersaturation pressures of 150 MPa maximum are
inferred for the H,O- and CO,-bearing basaltic melts of
this study. For rhyolitic (Mourtada-Bonnefoi and Laporte
2002) and dacitic (Mangan and Sisson 2005; Gardner and
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Ketcham 2011) melts, AP are respectively in the same
range and lower than found here. Lensky et al. (2006)
determined a critical supersaturation pressure of
200 £ 100 MPa for CO, bubbles in a synthetic mafic melt
decompressed from 1.5 GPa. From our results, an upper
limit for the melt surface tension (o) of 0.18 N/m is
obtained using data from Table 4 to compute nucleation
rates (see Mourtada-Bonnefoi and Laporte 2004; Mangan
and Sisson 2005; Gardner and Ketcham 2011 for surface
tension calculations). For comparison, ¢ from 0.1 to
0.4 N/m has been determined for basaltic melts (Khitarov
et al. 1979), the lowest end of the range corresponding to
hydrous compositions at 1,200 °C.

The variable rate experiments decompressed to 25 MPa
Pg, lack the large bubbles typical of the constant rate
experiments for the same Pg, Their vesicularities
(0—4 vol%) are in the same range as in the constant rate
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experiments to 50 MPa Pg, (0-5 vol%, Table 2). Thus,
bubble growth did not take place between 50 and 25 MPa
(i.e. during ramp 2) in these experiments. Upon decom-
pression, transfer of volatiles out of the melt occurs at the
gas—melt interface (diffusive volatile transfer). This buffers
the degree of volatile supersaturation in the melt and delays
bubble nucleation (Mangan and Sisson 2000). Bubble
growth is prevented, and previously formed bubbles may
resorb (Yoshimura and Nakamura 2010). In our variable
rate decompression experiments, diffusive volatile trans-
port towards the gas—melt interface is demonstrated by the
spatial distributions of H,O and CO, (Fig. 7). The variable
rate experiments have the lowest v;,mp> and, consequently,
the longest ramps 2 (framp> > 1,860 s, Table 2). Therefore,
timescales for ramp 2-related diffusive volatile transfer are
longer in the variable than in the constant rate experiments,
explaining why bubble growth is preferentially delayed in
the former than in the latter.

Another factor of difference between the variable and
constant rate experiments is compositional. High CO, melt
concentrations negatively influence bubble nucleation
(Bottinga and Javoy 1990b; Mourtada-Bonnefoi and La-
porte 2002; Bai et al. 2007). Variations in CO,/H,0 ratios
between pre- and post-decompression glasses indicate that
CO, is kept in greater amounts within the melt in the
variable than in the constant rate experiments. Short #,mp1
limits diffusive loss of CO, out of the melt during ramp 1.
This, together with the use of pre-decompression melts
with high CO,/H,0O, would inhibit bubble nucleation dur-
ing decompression. This is illustrated by experiments R14
and R15 (short framp1, <5,000 s, pre-decompression melt
S5 which has the highest CO,/H,0, Tables 1, 2), which did
not nucleate bubbles at 25 MPa Pg,. It is concluded that
certain mechanisms act cooperatively to inhibit bubble
nucleation and growth during decompression; in particular,
the variable rate experiments combine P—f trajectories,
ramp durations and initial melt CO,/H,O that promote CO,
retention within the melt during ramp 1 and volatile
transfer out of the melt during ramp 2.

Degassing mechanisms

Our experiments simulate the degassing of H,O- and CO,-
bearing basaltic melts as a result of decompression at
essentially constant temperature. One important observa-
tion is that volatile concentrations of post-decompression
glasses and vesicularities of experimental charges are
correlated (Fig. 6). Therefore, magma vesiculation controls
the degassing process, and two end-member cases can be
distinguished. In experiments decompressed at constant
rate to 25 MPa (RS, R10, Table 2), homogeneous bubble
nucleation takes place. Vesicularities of post-decompres-
sion charges are high (>5 %) since bubbles are relatively

@ Springer

large (Table 4). CO, and H,O concentrations in post-
decompression glasses approach their respective solubili-
ties (Fig. 6). Because of the relatively large gas bubbles
and high vesicularities, diffusive transfer of H,O and CO,
in the melt plays a negligible role. Therefore, a degassing
regime controlled by the equilibrium partitioning of CO,
and H,O between melt and gas bubbles is generated and
gas—melt equilibrium is approached. This is the situation
classically considered in the volcanological literature
(Sparks et al. 1994).

Another case is illustrated by variable rate decompres-
sion experiments to 25 MPa, especially R14 and R15
(Table 2). Because of inhibited bubble nucleation and
growth due to the combination of specific P—t ascent tra-
jectories, volatile transfer out of the melt and high CO,/
H,O pre-decompression melts, homogeneous melt nucle-
ation does not occur in those charges. Degassing thus
proceeds by diffusive motion of volatiles over long dis-
tances in the melt and their loss at gas—melt interfaces
(Mangan and Sisson 2000). Volatile diffusivities, but also
durations of decompression ramps and sizes of experi-
mental charges, control whether diffusive volatile motion is
effective at the scale of the entire charge or is only local.
For H,O, concentrations in post-decompression glasses
show no variation with vesicularity and are in good
agreement with the solubilities (Fig. 6a). This suggests that
melt H,O concentrations imposed by gas—melt interface
equilibrium can propagate diffusively in the whole charge
for our particular experimental durations and sample sizes.
However, for CO,, concentrations largely exceeding the
solubilities are obtained (Fig. 6b). CO, concentration gra-
dients are present near the gas—melt interface, reflecting
diffusive motion of CO, in the melt driven by gas—melt
interface equilibrium (Fig. 7). Away from gas—melt inter-
faces, local CO, concentrations higher than equilibrium
values persist in the melt, generating a disequilibrium
degassing trend (Mangan and Sisson 2000). In this regime,
the behaviour of H,O and CO, is effectively decoupled,
reflecting the difference in melt diffusivity between the two
volatile components. H,O diffuses faster than CO, in
hydrous basaltic melts (7-10 times faster, Zhang and
Stolper 1991), and this translates directly into the con-
trasted behaviour of H,O and CO, illustrated in Fig. 6.
Kinetic effects similar to those found here for CO, are
anticipated for volatiles with diffusivities significantly
smaller than H,O, such as SO, (Baker et al. 2005).

The interpretation of our experimental observations can
be generalized by considering volatile transfer distances in
the melt. In the first end-member case above (constant rate
decompressions to 25 MPa), bubbles have large sizes and
so distances between them are small. Consequently, dif-
fusive volatile transfer in the melt is necessarily limited by
these short distances. In the second end-member case
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(variable rate charges R14 and R15 to 25 MPa), bubbles
are absent and so volatile transfer distances are long, being
limited by sizes of experimental samples and lengths of
volatile diffusion. The intermediate case includes the
constant rate experiments to 50 MPa (R1, R4, R16) and
variable rate experiments to 25 MPa (R12, R13, Table 2).
In those experiments, homogeneous bubble nucleation
takes place, but the bubbles have small sizes (Table 4),
implying intermediate bubble-bubble distances. So, in
these charges, the evaluation of volatile transfer distances
requires comparison between distances between bubbles
and lengths of volatile diffusion. For H,O, the data
(Fig. 6a) confirm that diffusive equilibration can take place
over relatively long distances. For CO,, concentrations
higher than equilibrium persist in the melt (Fig. 6b), indi-
cating that CO, diffuses over distances smaller than dis-
tances between bubbles. As a general conclusion, we
suggest that the degassing process, equilibrium vs. dis-
equilibrium, is controlled by two characteristic distances:
(1) the distance either between bubbles or between gas—
melt interfaces, hereafter designated as the gas interface
distance, and (2) the volatile diffusion distance (Fig. 8).
The former depends on textural characteristics (presence
and size of gas bubbles) imposed by the bubble nucleation
and growth steps and by the size of experimental samples.
The latter is controlled by the diffusivities of H,O and CO,
in the melt and experimental durations. Equilibrium
degassing takes place when the gas interface distance is
shorter than diffusion distances for both H,O and CO,. In
the opposite case (gas interface distance longer than the
diffusion distance for the slowest diffusing volatile, CO5,),
disequilibrium degassing will follow.

Volcanological implications
General

Our decompression experiments were scaled against a refer-
ence volcano (Stromboli), and so the results are considered
applicable to the ascent, decompression and degassing of
basaltic magmas. Probably the most important implication for
volcanology is the demonstration of the possibility of dis-
equilibrium degassing for temperatures, decompressions,
ascent rates and melt compositions typical of a natural sys-
tem. Future interpretations of gas data at basaltic volcanoes
should take this possibility into consideration. Volcanic gas
compositions are classically interpreted assuming gas—melt
equilibrium. For example, variations in measured gas H,O/
CO, ratios at Stromboli have been interpreted to reflect
changes in the depth of explosive gas—melt segregation in the
conduit (Burton et al. 2007). However, this study shows that
degassing regimes are influenced in a complex way by
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Fig. 8 Illustration of the degassing model discussed in text.
a Schematic representation of experimental charges showing capsule,
gas phase, gas—melt interfaces, basaltic melt and two gas bubbles
present inside the melt. M represents a volume of H,O- and CO,-
bearing basaltic melt experiencing degassing following decompres-
sion. M-b and M-g refer respectively to the half distance between
bubbles and the distance to a gas—melt interface, as discussed in text.
dH,0 and dCO, are the diffusion distances for H,O and CO, in the
melt. Diffusion is assumed spherical and diffusivities constant (but
different between H,O and CO,). The diffusion distances are
represented from M to allow comparison with the other distances M-
b and M-g. The drawing illustrates one possible case of disequilibrium
degassing which corresponds to most of our experimental charges.
Bubbles nucleate during decompression but bubble growth is limited,
yielding relatively large bubble—bubble distances. Degassing proceeds
by diffusive volatile transfer in the melt towards gas bubbles and gas—
melt interfaces. The drawing illustrates the case of the half distance
between bubbles (and distance to the gas—melt interface) being longer
than the CO, volatile diffusion distance. Therefore, CO, concentration
(CCO,) gradients are present in the melt, reflecting diffusive motion of
CO, driven by local equilibrium at the bubble-melt interfaces (b).
Away from these interfaces, CO, concentrations higher than solubil-
ities persist in the melt (b). In comparison, for H,O, the diffusion
distance is longer than the distance between bubbles and between the
gas—melt interfaces. H,O concentrations (CH,0O) imposed by local
equilibrium at bubble-melt and gas—melt interfaces can propagate
diffusively in the whole charge as demonstrated in b by CH,0O being
equal to the solubility. A disequilibrium degassing trend is generated
(c) with a melt phase enriched in the volatile component with the lowest
diffusivity (CO, in our experiments) and a gas phase in the volatile
component with the highest diffusivity (H,O in our experiments)
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decompression parameters (Pg,, P—t ascent trajectories and
durations), pre-decompression melt CO,/H,0O ratios and vol-
atile diffusivities. Consequently, gas composition should carry
information on magma ascent mechanisms and timescales.
Although not analysed in this study, the composition of the
experimental gas phase is expected to vary along with the
degassing mechanism. For ascent conditions allowing bubble
nucleation and growth (experiments at constant rate to
25 MPa, RS, R10, Table 2), glass volatile concentrations
suggest equilibrium partitioning of volatiles between melt and
gas, and consequently, equilibrium gas compositions are
expected. For ascent conditions where bubble nucleation is
inhibited or bubble growth limited, the gas phase should be
preferentially enriched in the volatile component with the
highest melt diffusivity (HO in our experiments). This is
because the melt phase keeps enrichment in the volatile
component with the smallest diffusivity (CO, in our experi-
ments). The same reasoning could be tested to interpret
variations in gas CO,/SO, ratios given the difference in dif-
fusivity between these two components (Baker et al. 2005).

This study demonstrates that disequilibrium volatile
degassing of basaltic magmas is the consequence of ascent
conditions that either prevent gas bubbles to homogeneously
nucleate (inhibited bubble nucleation) or limit their growth
(limited bubble growth). In our experiments, conditions for
inhibited bubble nucleation are encountered in the variable
ascent rate experiments to 25 MPa Pyg,, especially those
performed with CO,-rich pre-decompression melts. Condi-
tions for limited bubble growth are found both under constant
ascent rates to Pg, = 50 MPa and variable ascent rates to
Pg, = 25 MPa. Under those circumstances, degassing pro-
ceeds essentially by volatile transfer out of the melt, either at
gas bubble or gas—melt interfaces. When gas interface dis-
tances are larger than volatile diffusion distances, degassing is
kinetically limited by the diffusivities of the different volatiles
in the melt. Thus, sizes, geometries and textures of magmatic
flows (for example width of feeder dykes) should affect
degassing processes. In contrast, when conditions are such
that homogeneous bubble nucleation does occur, and bubbles
can grow to large sizes (our experiments under constant
ascent rates to 25 MPa Pg,), degassing essentially follows
equilibrium, that is, volatile concentrations, both for the melt
and the gas phase, can be modelled assuming gas—melt
thermodynamic equilibrium (Moretti and Papale 2004; Papale
et al. 2006; Allard 2010).

One important practical finding concerns the possibility to
generate CO,-supersaturated melts during ascent and
decompression of basaltic magmas. CO,-rich, H,O-poor
melts that deviate from equilibrium degassing trajectories
occur both as rapidly quenched basaltic flows at mid-ocean
ridges (e.g. Dixon et al. 1988; Pineau and Javoy 1994; Saal
et al. 2002; Aubaud et al. 2004 and references therein) and as
glass inclusions in volcanic systems (e.g. Spilliaert et al.
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2006; Collins et al. 2009; Helo et al. 2011). Such melt
compositions exist at Stromboli, both as glass inclusions and
embayments (Metrich et al. 2010). So far, these CO,-enriched
melts have been explained by flushing of the system with
CO,-rich gases (e.g. Blundy et al. 2010; Metrich et al. 2010;
Pino et al. 2011). Here, we propose as an alternative possi-
bility that such compositions represent CO,-oversaturated
melts generated during magma ascent as a result of disequi-
librium degassing. At Stromboli, both embayments and glass
inclusions in scoriae keep high CO, concentrations for rela-
tively low H,O, <2 wt% (Fig. 9). These compositions and the
variable rate 25 MPa Py, post-decompression experimental
glasses partially overlap, consistent with the suggestion above
about these natural glasses being generated as a result of
disequilibrium degassing. However, the natural glasses have
generally higher CO, contents for a given H,O than the
experimental glasses. Glass inclusions in pumices (represen-
tative of natural pre-decompression melts) also have CO,
concentrations higher than our pre-decompression melts
(Fig. 9). Given the positive correlation between CO,/H,0 in
post- and pre-decompression melts (Fig. 5), post-decom-
pression melts with CO, concentrations more typical of
Stromboli embayments and inclusions would be expected to
be generated from pre-decompression melts slightly more
CO,-rich and H,O-poor than in this study.

Stromboli

Volcanic gas compositions before paroxysms at Stromboli
are characterized by a dramatic increase in CO, fluxes, this
CO,-rich signal occurring over durations of typically sev-
eral days before the eruption (Aiuppa et al. 2010b). Current
models to explain these observations have appealed to the
arrival of either a volatile-rich magma batch or a gas slug at
shallow levels in the volcanic edifice (Metrich et al. 2010;
Allard 2010). One difficulty with either model concerns the
timescale of events, because the CO, signal has durations
much longer than needed for ascent of either magma or
slug, constrained to <10 h from petrological estimates (I Di
Carlo, personal communication 2010). One possibility
arising from our experimental simulations is that parox-
ysms at Stromboli are driven by explosive degassing and
fragmentation of CO,-oversaturated melts. It should be
noted that two of our variable rate decompression charges
to 25 MPa Py, yielded fragmented products. Although
additional experiments are needed on this point, it is worth
considering that the two fragmented charges come from the
experiment with the shortest f,mp; and the longest tmpo
(R11, Table 2), suggesting the possibility of specific frag-
mentation mechanisms for CO,-oversaturated melts.

In our model, the CO, signal observed long before the
paroxysmal eruption would be attributed to low-pressure
(<50 MPa) degassing of CO,-oversaturated golden pumice
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magma batches. Direct evidence for the presence of such
melts at Stromboli is provided by CO,-oversaturated glass
inclusions and embayments (Fig. 9). Rather than a deep
gas signal (Allard 2010; Metrich et al. 2010), we propose
as a working hypothesis that the specific CO,-rich gas
signature marks the degassing of CO,-oversaturated melts,
and the preferential loss of “excess” CO, dissolved in the
melt. The long-term increase in CO, fluxes before parox-
ysms would thus track the progressive arrival of CO,-
oversaturated magmas in the shallow volcanic edifice and
their low-pressure degassing. Emplacement of a critical
amount of supersaturated CO,-rich melts may provide the
triggering factor leading to the paroxysmal eruption. The
possibility to generate CO,-oversaturated melts offers new
perspectives for fragmentation of mafic magmas and
explosive basaltic volcanism.

Conclusions

Continuous decompression experiments have been per-
formed on H,O- and CO,-bearing basaltic melts from
250200 to 5025 MPa at 1,180-1,140 °C. Melt volatile
concentrations (2.7-3.8 wt% H,0, 600-1,300 ppm CO,)
and decompression parameters (Pini, Pgn, P—t trajectories,
ramp durations) were scaled against a reference basaltic
volcano, Stromboli (Aeolian islands, Italy). Ascent rates
were varied from 0.25 to ~ 1.5 m/s. Results directly sim-
ulate basaltic magma degassing and have implications for
gas monitoring and explosive basaltic volcanism. They also
stress the need for systematic experimental studies of (1)
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Fig. 9 H,O and CO, concentrations in glasses from Stromboli and
comparison with experimental glasses from this study. Error bars are
omitted for clarity. Stromboli glasses plotted include glass inclusions
from pumice (pumice mi) and scoriae (scoria mi), and embayments.
Data from Metrich et al. (2010). Experimental glasses include pre- and
post-decompression glasses (Tables 1 and 3, respectively) from
constant (50 MPa Pg,; 25 MPa Py,) and variable (var 25 MPa Py,)
ascent rate experiments. Thin continuous lines as in Fig. 4. The dashed
curve is the closed-system equilibrium decompression trajectory
calculated for 2.4 wt% CO, in bulk magma (after Metrich et al. 2010)

bubble nucleation and (2) volatile diffusion in basaltic
melts and (3) degassing, vesiculation and fragmentation of
CO,-oversaturated melts.

Textural characteristics of post-decompression charges
(vesicularities, bubble numbers and sizes) and volatile
concentrations of post-decompression glasses are closely
correlated. Mechanisms of basaltic melt degassing depend
on the capacity of the system to nucleate and grow gas
bubbles. Constant rate decompression experiments suggest
critical bubble supersaturation pressures of 150 MPa
maximum for the H,O- and CO,-bearing basaltic melts of
this study. Bubble nucleation and growth are both inhibited
in variable rate decompression experiments because P—t
ascent trajectories and initial melt CO,/H,O promote CO,
retention within the melt and diffusive volatile loss.

Both equilibrium and disequilibrium degassing occur in
our experiments. The degassing process is controlled by
two characteristic distances: the gas interface distance
(distance either between bubbles or to gas—melt interfaces)
and the volatile diffusion distance. Equilibrium degassing
takes place when the gas interface distance is shorter than
diffusion distances for both H,O and CO,. When the gas
interface distance is longer than the diffusion distance for
the slowest diffusing volatile (CO,), disequilibrium
degassing occurs; CO,-oversaturated melts and fluids more
H,O rich than equilibrium compositions are generated.

Disequilibrium degassing can occur for temperatures,
decompressions, ascent rates and melt compositions typical
of basaltic systems, and interpretation of gas data at
basaltic volcanoes should integrate this possibility. Frag-
mentation of CO,-oversaturated melts warrants more
detailed consideration as a mechanism driving explosive
basaltic volcanism.
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