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Abstract

Using constraints from literature data on the petrology and texture of erupted material from Stromboli and geochemical
measurements of gas emissions together with a model of gas solubility we construct a conceptual model of quiescent degassing for
this volcano. We find that within a pressure range between 100 MPa and 50 MPa (~3.6 km and ~ 1.8 km depth respectively)
vesiculating magma ascending within the conduit becomes permeable to gas flow and a transition from closed- to open-system
degassing takes place. Above the transition, gas, rich in the most insoluble gases, flows up through degassing magma, and thereby
becomes enriched in more soluble gases during ascent to the surface. The final gas emission is therefore a superposition of gases
released from magma above the percolation transition and gas that has evolved in closed-system below the transition.

Steady-state gas release from Stromboli can only be sustained via magma circulation, driven by the density variation between
ascending vesiculating magma and descending degassed magma. By balancing the buoyant force of ascending vesiculating magma
against the viscous resistance produced by travelling through descending, degassed magma in a simple flow model we determine
that a cylindrical conduit diameter of 2.5-2.9 m produces the magma mass flow rate of 575 kg s ', required to account for the
observed quiescent SO, gas flux on Stromboli of ~2.3 kg s~ ' (200 td™ ).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over timescales of years, persistently active basaltic
volcanoes such as Etna (Eastern Sicily, Italy) and Strom-
boli (Aeolian Archipelago, Italy) produce more gas
during quiescent activity than during eruptions (Francis
et al., 1993). Allard (1997) estimated that ~80% of gas
emissions were generated by magma that never erupted
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on Etna, and the figure is even higher for Stromboli
(Allard et al., 1994). Recent technological developments
(Francis et al., 1998; Galle et al., 2003) allow regular
remote sensing measurements of the composition and
flux of magmatic volatiles from quiescently degassing
systems. The variations observed in these new data re-
quire a deeper understanding of quiescent degassing
processes for complete interpretation.

Previous work on magmatic degassing has highlighted
the important role of a transition from open- to closed-
system degassing in controlling transitions from effusive
to explosive activity. Open-system degassing is associated
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with effusive behaviour as gas escapes along porous
conduit—magma interfaces and through porous magmas
(Eichelberger et al., 1986; Jaupart and Allegre, 1991;
Woods and Koyaguchi, 1994; Jaupart, 1998; Gonner-
mann and Manga, 2003; Rust et al., 2004). A debate has
taken place on the degassing mechanisms that produce
different types of explosive activity in basaltic systems,
ranging from Strombolian activity to lava fountains.
Parfitt (2004) summarised two models of explosive ac-
tivity, the rise speed dependent model (Parfitt and Wilson,
1995) and the foam layer collapse model (Jaupart and
Vergniolle, 1988, 1989) (which was recently invoked to
interpret gas measurements of a lava fountain on Etna
Allard et al., 2005). Several studies (Kazahaya et al.,
1994; Harris and Stevenson, 1997; Stevenson and Blake,
1998) have also discussed the role of density-driven
overturn in persistently degassing basaltic systems, but
until now there have been few attempts at quantitative
determination of the physico-chemical nature of the
magma/gas mixture undergoing such overturn.

The objective of this paper is to combine information
on the nature of volatile exsolution from petrological
(Métrich et al., 2001; Bertagnini et al., 2003; Landi
et al.,, 2004), textural (Lautze and Houghton, 2005,
2007; Polacci et al., 2006a,b, in press) and geochemical
studies (Burton et al., 2007) with fluid mechanical
considerations in order to constrain a conceptual steady-
state model of quiescent magma degassing in basaltic
systems, focussing particularly on Stromboli. Stromboli
is the archetype for persistent, passive degassing inter-
spersed with mild, regular explosive activity and more
rare major and paroxystic explosions and effusive erup-
tions (Barberi et al., 1993). In the following we first
present constraints placed on the degassing process at
Stromboli from a range of recent field observations and
analyses of eruption products. We then use these con-
straints together with a gas solubility model to determine
the vesicularity of magma undergoing closed-system
degassing. Combining these results with considerations
from gas permeability modelling allows us to estimate
the pressure range in which a transition from closed- to
open-system degassing takes place. The resulting
density profile allows us to use a simple conduit flow
model to constrain the geometry of Stromboli’s conduit.
We then use this model to examine the lifetime of
magma in the conduit system, investigate the processes
producing zoned plagioclase (Landi et al., 2004) and
interpret the degassing signature observed in the
quiescent SO,/HCI ratio (Burton et al., 2007). Finally,
we investigate timescales of magma ascent and shallow
residence, as well as bubble rise speeds and slug
coalescence.

2. Constraints

Here we consider the constraints placed on the de-
gassing process at Stromboli from (Section 2.1) petrol-
ogy, focussing on primitive and final dissolved volatile
contents of magma to determine the exsolved volatile
content; (Section 2.2) textural studies of scoria, to
determine the nature of magma vesiculation in the shal-
low conduit; (Section 2.3) gas geochemistry, to examine
if the observed gas composition is consistent with
closed-system degassing, to constrain the original CO,
content of magma, and to calculate the magma supply
rate based on the flux of SO,.

2.1. Petrological constraints

In order to constrain the degassing process we must
know the original and final volatile contents of the
magma, which allows us to determine how much gas
will be produced during its ascent to the surface. Origi-
nal dissolved volatile contents can be determined by
measuring melt inclusions (MI) trapped at high pressure
in primitive olivine crystals that are brought to the
surface during major and paroxystic explosions on
Stromboli. Métrich et al. (2001) and Bertagnini et al.
(2003) report numerous detailed measurements on
volatile contents of such MI, successfully constraining
primitive concentrations of H,O, S and CL CO, is
highly insoluble and had already been extensively de-
gassed from even the most primitive samples, making
determination of the original dissolved amount impos-
sible through direct measurement. Measurements of the
volatile contents of glass in scoria (Métrich et al., 2001;
Landi et al., 2004) erupted during mild Strombolian
activity constrain the final volatile contents of magma in
the shallow conduit. The results from these studies and
derived calculations are reported in Table 1.

K50 contents of scoria glass (4—5 wt.%) are con-
sistent with the expected increase of this incompatible
element due to crystallization of ~50% of the original
melt. Landi et al. (2004) report a phenocryst content of
47-55 vol.% in scoria from Stromboli, with plagioclase
being most abundant (57-71 vol.%), followed by
clinopyroxene (20—34 vol.%) and olivine (4—12 vol.%).

Zonation of plagioclase crystals into layers of skeletal
light grey bytownitic and dark grey labradoritic material
was shown (Landi et al., 2004) to be evidence of a
complex magma supply consistent with cyclic crystal
growth in two different magmas, with H,O<1.6 wt.%
and H,0<0.6 wt.%, respectively. Skeletal features of
bytownitic cores and concentric zones are consistent
with rapid gas loss.



48 M.R. Burton et al. / Earth and Planetary Science Letters 264 (2007) 46—60

Table 1
Summary of measured volatile contents and degassing volumes

Original volatile content (melt inclusions)

®Final volatile content
(scoria, whole rock)

Max exsolved volatiles “Max exsolved gas

volume per volume

of magma
C, Cr AC=C,—C, 100xAC/C,
(Wt.%) (kgm ) (molm %) (wt.%) (Wt.%) (% of Co)  (molm 3)
H,O 3.67 91.75 5097.22 0.05 (Allard et al., 2005)  3.62 98.63% 5027.78 573.16
CO, 2.44 (Allard et al., 61.00 1386.36 0.005 (Allard et al., 2005) 2.435 99.80% 1383.52 157.57
1994; Bertagnini
et al., 2003)
S 0.16-0.23 (Allard 5.75 179.69 0.003-0.03 (Harris and 0.20 98.70% 156.25 17.80
et al., 2005; Kazahaya Stevenson, 1997)
et al., 1994)
Cl 0.17-0.20 (Allard 5.00 140.85 0.036—0.065 (Harris 0.164 82.00% 115.49 13.15
et al., 2005; Kazahaya and Stevenson, 1997)
et al., 1994)
K,0 1.6-2.1 (Kazahaya 156.75 6429.12 1.92-2.07 (Harris and Total 6683 762
et al., 1994) Stevenson, 1997)

# Concentrations were measured in melt inclusions within primitive olivine crystals and corrected for post-entrapment crystallisation by (Métrich
et al., 2001; Bertagnini et al., 2003), apart from CO, which is derived from gas measurements by (Allard et al., 1994; Burton et al., 2007) and in
Section 2.3, and H,O which is derived by a measured concentration of 3.2 wt.% from (Bertagnini et al., 2003) and adding a calculated pre-existing
exsolved H,O gas content calculated from VolatileCalc and the primitive CO, content ( Section 3). Original volatile content in wt.% was determined

assuming a magma density of 2500 kg m ™.

® Concentrations in scoria are derived from (Landi et al., 2004) using S and Cl concentrations in glasses and correcting to whole rock

concentrations.

¢ The maximum volume of exsolved gas was calculated using the ideal gas law at a temperature of 1115 °C and atmospheric pressure.

Métrich et al. (2001) estimated several physical
parameters for Strombolian magmas that we use in our
calculations. The original uncrystallised magma was
estimated to have a viscosity of 20—30 Pa s, a density of
2500 kg m™ > and a temperature of 1145 °C. The shallow,
degassed, 50% crystallised magma was estimated to
have a viscosity of ~ 14,000 Pa s, a density of 2700 kg
m ® and a temperature of 1115 °C. A viscosity of
~14,000 Pa s for degassed magma agrees well with
laboratory and theoretical calculations of the viscosity of
basaltic melts and crystal-bearing magmas. For Strom-
boli degassed magma at 7=1115 °C and H,0=0.1-
0.2 wt.%, the equation of (Giordano and Dingwell, 2003)
provides a melt viscosity of ~200 Pa s. (Costa et al.,
2007) showed that the viscosity of magmas with crystal
content ~50% is found to be two orders of magnitude
higher than that of the related liquid, implying a viscosity
of ~20,000 Pa s for Stromboli’s degassed magma. On
the contrary, much lower viscosity estimates of 300 Pa s
for the magma layer around each explosive gas slug have
been obtained via acoustic measurements (Vergniolle
etal., 1996). We show below that the explosion products
contain an appreciable amount of bubbles as well as
crystals. The rheology of three-phase suspensions such
as this has not been measured. However the rheological
effect of adding either crystals or bubbles separately (i.e.

two-phase suspensions) has been observed. Both are
found to be strongly shear-thinning. The viscosity at high
strain rates of a ~50 vol.% suspension of either crystals
or bubbles is less than at low strain rates by ~ one order
of magnitude (Caricchi et al., in press; Llewellin et al.,
2002a,b, 2003; Rust and Manga, 2002). Moreover
bubble suspensions are viscoelastic and imposed oscilla-
tions, such as the seismic vibrations commonly associ-
ated with slug rise (Vergniolle et al., 1996), will also
cause a reduction in the viscosity by as much as ~one
order of magnitude (Llewellin et al., 2002a,b, 2003). It is
not known how these effects combine in concentrated
three-phase suspensions. Nevertheless, the lower vis-
cosity estimates in (Vergniolle et al., 1996) are probably
indicative of high strain rate conditions around explod-
ing slugs in the shallow bubble-rich magma. By contrast,
quiescent degassing processes occur at low strain rate.
Therefore, 14,000 Pa s remains the most appropriate
estimate for the viscosity of the sinking degassed
magma, and this value is used throughout this work.

2.2. Textural constraints
Recent studies (Lautze and Houghton, 2005, 2007,

Polacci et al., 2006a) of the textures of products from
mild explosive activity on Stromboli and Etna have shed
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new light on the dynamics of their shallow feeding
systems and give fundamental constraints to degassing
models. These products do not show any evidence of
post-eruptive degassing processes, i.e. expansion fea-
tures indicated by bread-crusted surfaces or vesicularity
gradients from clast centre to rim, therefore we assume
that they are representative of the actual state of magma
in the uppermost part of the conduit.

Lautze and Houghton (2005, 2007) found that teph-
ras from Strombolian explosions in 2002 at Stromboli
are characterized by two end-members, low- (LD) and
high- (HD) density scoriae, as well as by products that
represent a mingling of the two textures. LD scoriae are
described to possess a bimodal bubble size distribution
with a population of smaller, spherical to sub-spherical
bubbles with diameter 0.03—1 mm, and larger bubbles
with complex, irregular shapes ranging 2.5-10 mm in
diameter. HD scoriaec have unimodal bubble size dis-
tributions with the larger bubble population described
for the LD scoria type making up most of the bubble
volume fraction.

3D scoria volumes of the 2005 Stromboli explosive
activity reconstructed via X-ray tomographic imaging
(see Polacci et al., 2006b for the methodology) show that
these ejecta are also HD to LD (~0.40—0.70 bubble
volume fraction) clasts with bubble number densities
between 10'® m™* and 10" m > and crystal content
>40 vol.% (Polacci et al., in press). However, visuali-
zation of their 3D microstructure has revealed that >0.90
of the bubble volume fraction is interconnected,
consisting of a network of small to intermediate
coalescing bubbles that form mostly irregularly-shaped,
convoluted, larger individuals. The bulk of the remaining
bubbles are spherical, have a diameter <0.1 mm and
make up the majority of the number density. The nature
of these smaller bubbles is consistent with a late-stage
shallow nucleation, given their spherical non-coalesced
morphology and small size.

The results from tomographic measurements (Polacci
et al., 20006b, in press) are in reasonable agreement with
the observations of (Lautze and Houghton, 2005, 2007),
but the ability to visualise in 3D highlights the intercon-
nected nature of the majority of the bubble volume
fraction (see Fig. 5 in Section 4.3 as an example) in both
LD and HD scoria.

The bubble number density of CO,-rich bubbles in
magma at high pressures is difficult to constrain, but
important for calculating bubble rise speeds in depres-
surising magmas. Recent experimental laboratory stud-
ies of vesiculation in samples of pumice from a major
explosion on Stromboli (Polacci et al., in press) indicate
that typical number densities of ~10'"" m™* are ob-

served for bubbles in water-saturated melts during
decompression from 1000 to 370 MPa. We use this
observation to estimate the order of the bubble number
density produced by high pressure CO, nucleation.

In summary, textural observations allow us to state
that (i) small, spherical bubbles in scoria are the result of
late-stage bubble nucleation; (ii) networks of inter-
connected bubbles are present in both LD and HD scoria
products; (iii) the assemblage is highly permeable to gas
flow; (iv) ~ 10" m ™3 is a reasonable estimation for the
initial bubble number density produced by high pressure
CO;, nucleation.

2.3. Geochemical constraints

The flux and composition of gas emitted during
passive degassing gives further fundamental constraints
on the feeding system of Stromboli. Degassing takes
place via three modes: quiescent degassing directly from
magma via the open-conduits, explosive degassing pro-
duced by gas slugs rising from 1-3 km depth (Burton
et al., 2007) and quiescent degassing from the shallow
hydrothermal system (Allard et al., 1994).

Allard et al. (1994) showed that >95% of the total
flux of SO, came from quiescent degassing of magma
through the open-conduit system of Stromboli. Low
temperature water-saturated fumaroles around the sum-
mit craters of Stromboli are not significant sources of
SO,, but may contribute meteoric water to the total
plume (Burton et al., 2007). During 2006 the aver-
age flux was ~200 t/d (Burton et al., in preparation) or
~2.3 kg s ! which we assume to be typical of steady-
state degassing of Stromboli as there was no anomalous
eruptive activity during 2006. Using the amount of S
lost during decompression (0.2 wt.%, Table 1) we may
deduce the supply rate of primitive magma required to
produce such gas fluxes. One m> of primitive magma
with a density of 2500 kg m ™ * will exsolve 0.2 x0.01 x
2500 kg=5.0 kg of S, which will oxidize to produce
10.0 kg of SO,, since the molecular weight of SO,
(64 g) is double the atomic weight of S (32 g). An SO,
flux of 2.3 kg s~ ' therefore requires complete degassing
of 2.3 kgs '/10.0kgm ?)x2500kgm *=575kgs !
of primitive magma.

We may estimate the total CO, amount by assuming
that input magma degasses all its CO, and SO, during
ascent to the surface (bulk degassing), producing a gas
composition that is indicative of the original CO, con-
tent. A CO,/SO, molar ratio of 7.8 was measured on
Stromboli using passive open-path FTIR measurements
(Burton et al., 2007) during quiescent degassing, equiv-
alent to a CO,/S weight ratio of 10.7. Using the amount
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of exsolved S of 0.20 wt.% reported in Table 1 allows us
to estimate the original CO, content to be 2.44 wt.%,
assuming bulk degassing. This is much higher than the
maximum value of 0.16 wt.% dissolved in the most
primitive melt inclusions (Métrich et al., 2001; Bertag-
nini et al., 2003), but is compatible with recent work
which postulates that original CO, concentrations
may be much greater than those measured in primitive
melt inclusions (Papale, 2005), that are in any case
minimum values of the total gas content (Wallace,
2005).

Measurements of gas emissions from the central
vents of Stromboli with FTIR show that the SO,/HCl
ratio for quiescent degassing is 1.7—1.8 (Burton et al.,
2007). The petrological values reported in Table 1 show
that a complete bulk degassing would produce a gas
with a S/Cl weight ratio of 1.38 and therefore a SO,/HCl
molar ratio of 1.54, similar to the observed value of 1.7—
1.8 given by (Burton et al., 2007). Therefore, to a good
approximation SO,/HCI observations evidence a bulk
degassing composition.

3. Closed-versus open-system degassing

In the following we calculate the amount of volatiles
exsolved during magma ascent in a closed-system per
unit volume of magma, and compare with constraints
from textural studies. The VolatileCalc model (Newman
and Lowenstern, 2002) calculates the solubility of H,O
and CO, as a function of pressure. An SiO, content of
49 wt.% and a constant temperature of 1115 °C was used
throughout. We initialised a VolatileCalc closed-system
degassing path calculation using dissolved amounts of
3.2 wt.% H,0 and 1300 ppm CO, (Métrich et al., 2001;
Bertagnini et al., 2003), for which the model determined
a pressure of 360 MPa and a CO,/H,0 weight ratio in
the equilibrium gas phase of 4.9. The primitive CO,
content was calculated above in Section 2.3 to be
2.44 wt.%, implying that at 360 MPa 2.31 wt.% CO, is
already in the gas phase, together with 2.31 wt.%/
4.9=0.47 wt.% H,0. This calculation therefore suggests
that the actual primitive amount of H,O dissolved in
Stromboli melt is (3.20+0.47)wt.%=3.67 wt.%.

From this starting point the detailed degassing path
for depressurizing magma is calculated between
200 MPa and the surface for 100 levels with 2 MPa
spacing. This pressure range was chosen as it covers the
largest variations in H,O solubility and, as we will show,
magma vesicularity. The results from the model are
shown in Fig. la as the variation in dissolved wt.% of
CO, and H,O with respect to pressure. Exsolved wt.%
of these gases is calculated as the difference between

original and dissolved amounts. Almost all CO, is al-
ready in the gas phase at 200 MPa, and >50% of H,O is
degassed at ~40 MPa. Using these solubility curves we
may determine for a unit volume of magma with density
2500 kg m > how much of each volatile is in the gas
phase at any specific pressure. To determine the volume
occupied by the gas we use the equation of state for CO,
and H,O derived by (Pitzer and Sterner, 1994). The
volume occupied by 1 mol of gas (molar volume, V,,,) as
a function of pressure is shown for CO, and H,O in
Fig. 1b. Note that while H,O shows quasi-ideal behav-
iour, CO, is more incompressible, occupying almost
11% more ¥, compared with H,O at 50 MPa.

Vesicularity is defined as the gas volume divided by
the total volume of gas and magma and is shown in
Fig. 1c. A vesicularity of 0.50 is reached at a pressure of
50 MPa, and 0.30 vesicularity at ~100 MPa. At 1 bar
we calculate that 1 m® of magma will produce 762 m> of
total gas (see Table 1). If all this gas remained in closed-
system with the parent magma we would expect to see a
scoria vesicularity of 762 m*/763 m* ~0.999. The pro-
ducts of mild Strombolian activity are clearly far denser,
possessing vesicularities of 0.40—0.70 (see Section 2.2)
We conclude that purely closed-system degassing can-
not explain the nature of gas release during magma
ascent in the shallow conduit of Stromboli. At some
point within the magma feeding system gas must be
separating from magma and ascending faster. This ap-
pears to be incompatible with the observed SO,/HCI
ratio on Stromboli, as open-system degassing from
magma at high pressure would favour higher SO,/HCI
ratios. Resolving this contradiction is one of the objec-
tives of the discussion below.

4. Discussion

In the following we attempt to constrain the physical
characteristics of magma ascent, degassing and descent
within a cylindrical conduit, based on the Stromboli
system. The actual Stromboli plumbing system may
differ from the simple cylindrical geometry assumed
here. However we imagine that during the long history of
persistent activity on Stromboli any inefficiencies in the
feeding system would tend to be removed, producing the
most energetically favourable method of degassing
magma, which may well be a cylindrical conduit. Mass
is conserved and we assume the system is in a steady-
state condition (Allard et al., 1994; Harris and Steven-
son, 1997). We also assume that no gas is lost through the
walls of the conduit and that the level of magma within
the conduit remains constant. Our model is calculated
over a pressure range from 200 MPa to the surface,



M.R. Burton et al. / Earth and Planetary Science Letters 264 (2007) 46—60 51

\ a - Dissolved H20 - - -Dissolved CO2
\ —— Exsolved H20 ——Exsolved CO2
34

2

E

o) )

[&] 21 \‘\,;\' -

° SO N

[ =4 —

= .

o —

[3] -

I

Y
n

b | —— Ideal molar volume - - - - CO2 molar volume H20 molar volume
w‘_EI.)
©
£ 1E03{ N,
E
E
>
(]
E
3
o
>
(0]
5 1.E-04-
=
1.E-05
0.7 1
0.6

Vesicularity of magma/gas mixture

0 :

0 20 40 60 80

100 120 140 160 180 200

Pressure (MPa)

Fig. 1. Calculated pressure-dependent behaviour during closed-system magma decompression: (a) Exsolved and dissolved wt.% of CO, and H,O
calculated by VolatileCalc (Newman and Lowenstern, 2002); (b) Non-ideal behaviour of CO, and H,O at 1145 °C calculated using the temperature-
dependent second virial coefficient calculated from (Pitzer and Sterner, 1994); (c) Vesicularity calculated as gas volume divided by total gas and
magma volume, with pressures associated with vesicularities of 0.30 and 0.50 highlighted with dashed lines.

chosen as this is the range in which we find vesicularity
variations play a dominant role. From a consideration of
permeability development (Section 4.2) we fix the tran-
sition from closed- to open-system degassing to a vesic-

ularity of 0.50, below which exsolving gas remains in
closed-system, and above which gas escapes through
percolation such that thereafter the vesicularity of 0.50 is
maintained in the ascending magma.
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We first investigate the bubble rise rate prior to the
open-system degassing transition and discuss how this
is related to the initial bubble number density. We then
use our calculations of vesicularity to constrain the
density-driven magma overturn rate below the transition
point, and use mass conservation to determine the con-
duit radius as a function of pressure. We discuss the
relationship between vesicularity and permeability, the
transition from closed- to open-system degassing and
the possibility that bubble networks may collapse to
form gas-bearing channels. Finally, we examine volatile
exsolution at low pressure and compare with textural
observations in scoria.

4.1. Pre-transition bubble rise rate and magma
circulation

Gas bubbles may rise relative to their source magma
during magma ascent. Bubbles of various sizes rise at
different rates and may coalesce to form gas slugs. Parfitt
(2004) used this rise speed dependent model to explain
Strombolian activity as the consequence of such gas slugs
fragmenting near the surface. We may use our degassing
model to examine the typical bubble radius during
decompression, if we assume that degassing occurs ex-
clusively into pre-existing bubbles and if we specify the
original bubble number density. With the calculated
bubble radii, and given an estimate for magma viscosity
and the density difference between the gas bubble and
surrounding magma, we may deduce the bubble rise
speed and hence assess the potential relevance of the rise
speed dependent model for slug genesis at Stromboli.

The low solubility of CO, in basalt suggests that
nucleation of pure CO, bubbles will take place under great
pressures; to dissolve 2 wt.% of CO, in a basalt requires a
pressure greater than 20 kbar or ~2000 MPa (Blank and
Brooker, 1994) equivalent to ~60 km depth. CO, must
therefore exsolve at great depth, prior to degassing of
other volatile components, producing magma with a
certain initial bubble number density (bnd), n,,, defined as
the number of bubbles per total volume of gas and
magma. We assume that as magma slowly ascends in
closed-system, it is energetically favourable to exsolve
other gas species into these pre-existing bubbles, rather
than nucleate new bubbles (Mourtada-Bonnefoi and
Mader, 2004), and that the total number of bubbles
formed at depth remains constant until coalescence and
the transition to open-system degassing. It is worth noting
that, as the bubbles rise and grow, the bnd reduces,
because the total volume increases but no new bubbles are
formed. In general, the bnd # is given by n=(1—¢)n,,
where ¢ is the vesicularity.

Let us examine the fundamental role that the bubble
number density plays in determining the bubble rise
rate. First we calculate the bubble radius 7, by assuming
that all bubbles in a unit volume have the same size,
determined by dividing the vesicularity ¢, which is the
volume of gas per total volume, by the bubble number
density n. Hence,

4 ¢ ¢

e =t P (1)

3 n (1—¢)n,

The rise velocity of the bubbles is dependent on
magma viscosity #, bubble radius and density contrast
between the bubble and the magma Ap, as described by
Stoke’s law:

2 grlz, Ap
n=5 2)
where g is the acceleration due to gravity. We use 4p=
2500 kg m~ > and =20 Pa s (Section 2.1 Métrich et al.,
2001) and 7,=10'" and 10" m > (see Section 2.2).
Combining Egs. (1) and (2) shows that, for given Ap, i
and ¢, the bubble rise velocity v, < n,, 23 and hence a 10-
fold increase in 7, produces a change in v, by a factor of
10 2=0.215, i.e. almost 5-times slower. The calculated
velocities for n,=10'" and 10" m™? (see Fig. 2) increase
with decreasing pressure due to their increasing radius.
Typical bubble rise speeds are ~1.5x107> ms™' for
n=10""and ~3x10 ®ms™ ' forn=10"

The importance of the bubble rise velocity is de-
pendent on the magma ascent rate; if the bubble rise
velocity is small relative to the magma ascent rate then
bubbles remain with their parent magma during rise and
interconnection between bubbles will be hampered. In
order to constrain the magma ascent rate we consider the
rise of vesicular material up a conduit, which we assume
is a simple cylinder of radius R. Koyaguchi and Blake
(1989) and Stevenson and Blake (1998) present
analogue experiments that involve similar systems. In
(Koyaguchi and Blake, 1989) a liquid was forced up a
vertical pipe that was filled with another liquid. By
contrast, (Stevenson and Blake, 1998) observed buoyant
rise of one liquid through a more dense overlying liquid.
In the latter experiments, liquid intruding from below
was found to flow up the centre of a pipe filled with
liquid of a different viscosity when the viscosity ratio
between the two liquids was sufficiently large (>~ 300).
This is analogous to the Stromboli system where the
viscosity ratio between ascending, degassing, low vis-
cosity magma and descending degassed magma is
~ 14000 Pa s/20 Pa s=~700. This geometry of flow is
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Fig. 2. Bubble radius and rise rate as a function of pressure for two bubble number densities. Note that if bubbles are identical size at a certain pressure

then vesicularity is independent of bubble number density.

therefore adopted in the model presented in Fig. 3.
Material with vesicularity ¢ flows at a speed v, up the
centre of the conduit occupying a cylindrical region of
radius r,. We hypothesise that the ascending magma
produces unerupted, degassed magma that sinks back
down the same conduit in the annular region between the
rising material and the conduit walls at speed v,;. A key
distinction between our model and those of (Koyaguchi
and Blake, 1989) and (Stevenson and Blake, 1998) is that
we explicitly calculate the density contrast as a pressure-
dependent parameter controlled by the developing
vesicularity of the ascending magma flow. In (Koya-
guchi and Blake, 1989) and (Stevenson and Blake, 1998)
the effects of vesiculation are neglected and the driving
density contrast is a constant determined from the initial
and final dissolved volatile contents, initial bubble den-
sity in the magma chamber and final crystal content. We
now derive an equation to calculate the magma ascent
velocity in our model.

Simple mass balance dictates that the mass of ascend-
ing magma is balanced by an equal mass of descending
magma (neglecting mass lost through outgassing):

vri (1= ¢) =v(R —17) (3)

The rise of the vesicular material is controlled by the
balance of viscous and buoyancy forces, F, and Fy
respectively.

The buoyancy force per unit height is, to an order of
magnitude:

Fy~r;4pg (4)

where Ap=p¢ is the difference in density between
the ascending vesicular magma and the descending de-
gassed magma.

The viscosity of the sinking, degassed magma is
likely to be much larger than the viscosity of the vesicu-
lated, partially-degassed magma. This is because degas-
sing and crystallisation cause an increase in viscosity by
three orders of magnitude in this case, taking the vis-
cosity of the magma from ~20 Pa s to ~ 14,000 Pa s
(Section 2.1 Métrich et al., 2001), whereas the viscosity
increase due to vesiculation is only around one order of
magnitude (Llewellin et al., 2002a,b, 2003; Rust and
Manga, 2002). Therefore, the dominant viscosity control

« 2,
f |-l
2 .

/ [~ vesicular plug
degassed magma flowing upwards

flowing downwards n £

Fig. 3. Vesicular magma rising at a speed v, up the centre of a conduit
with degassed material descending in the surrounding annular region at
speed v,.
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is provided by the viscous force in the sinking, degassed
fluid.

The viscous force per unit length in the sinking
degassed magma is the viscous stress at the vesicular
plug wall multiplied by the surface area per unit height
of the plug (i.e. its circumference ~ry). The viscous
stress is given by the velocity gradient across (R—ry)
multiplied by the viscosity of the degassed magma 7.
Hence, we obtain, to an order of magnitude:

~vs—|—vd
R —ry

F, nry (5)

Balancing buoyancy (4) and viscosity (5) gives

Vs + vy~ % (Rrs - rf) (6)

We can estimate the radius of the ascending magma
flow by assuming that the flow will adopt a radius such
as to maximise its rise velocity relative to the sinking,
degassed magma. This occurs when d(v,+v,)/dry=0, i.e.
when r,=R/2 in which case

A
Vg + Vg = WRZ (7)

Finding solutions to Eq. (7) for Stromboli requires us
first to take account of mass loss through outgassing. We
showed in Section 2.3 that the primitive magma input rate
on Stromboli is 575 kg s~ '. A total of 6.4 wt.% of gas
(made up of 3.62 wt.% H,0, 2.44 wt.% CO,, 0.20 wt.% S

and 0.164 wt.% HCI, see Table 1) is lost during
magma ascent, producing an effective (1-0.064)x 575=
538.2 kg s~ ' output of degassed magma. Neglecting
scoria emission this is the mass flow rate of degassed
magma travelling back down the conduit.

The velocity of the ascending magma is a function of
the density contrast between ascending and descending
magma Ap=p¢ and the conduit radius R. The density
contrast for each pressure level is determined from
the vesicularity versus pressure relationship shown in
Fig. lc. At each pressure (7) allows us to calculate by
inspection the unique conduit radius R that allows ve-
siculated, ascending magma to achieve a mass flow rate
of 575 kg s~ ' and degassed descending magma to
achieve a mass flow rate of 538 kg s~ '. We find that the
conduit radius is 1.45 m at 200 MPa and decreases to
1.28 m at 50 MPa, (Fig. 4). The radius remains constant
at lower pressures due to the steady density contrast
imposed by the fixed vesicularity of 0.50 associated
with gas percolation (see Section 4.0). A radius of 1.3—
1.5 m is comparable to that reported from observations
of explosions (Chouet et al., 1974) and acoustic mea-
surements (Vergniolle and Brandeis, 1996).

The magma ascent velocity (see Fig. 4) increases
with decreasing pressure as the density contrast between
vesiculating and degassed magmas develops. Ascent
velocities increase from 0.18 ms™' at 200 MPa to
0.37 ms ' at 50 MPa. Descent velocities of degassed
magma are slower, due to higher density, lack of bubbles
and greater area occupied in the annulus of the conduit.
At 50 MPa the descent velocity is 0.053 ms™' and at
200 MPa 0.041 ms '. We note that the Reynolds
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numbers in all regions are <100, so the inherent as-
sumption in our analysis of laminar flow conditions is
justified.

These magma ascent velocities are ~5 orders of
magnitude greater than calculated bubble rise speeds of
~1.5%x10" ms™' forn=10"" and ~3x10"° ms™ ' for
n=10"". Timescales for magma ascent may be estimated
by using the average velocity of ascending magma
between 200 MPa and 50 MPa; from inspection of Fig. 4
this is ~0.22 ms™'. Assuming a lithospheric density of
2750 kg m ™ these pressures are equivalent to depths
of 7.3 km and 1.8 km. The ascent to the gas perco-
lation transition would therefore take (7300—1800)m/
0.22 ms '=25,000 s or ~7 h. Further ascent to the
surface takes place over ~ 1.4 h. The short timescale for
ascent from 200 MPa to 50 MPa may partially explain
the scarcity of trapped melt inclusions from this pressure
range in natural samples (Métrich et al., 2001; Bertagnini
etal.,2003). Bubbles would therefore cover a distance of
~0.35 m and ~0.07 m for bubble number densities of
10" m ? and 10" m * respectively during magma
ascent from 200 MPa to 50 MPa. This assumes all
bubbles are the same size at any given pressure step. In
reality a range of sizes will coexist, with a range of
speeds enhancing the probability of coalescence events
(Parfitt, 2004). However, given the limited timescale,
it seems likely that the greatest number of collisions
will occur at lowest pressures, where the rise speed is
greatest. Therefore, both the size distribution and num-
ber density of the deep initial bubble nucleation play a
critical role in determining magma/gas dynamics at
shallower levels.

If the gas slug genesis process that produces Strom-
bolian activity was controlled primarily by rise speed
dependent collision events (Parfitt, 2004) we may rea-
sonably expect that slugs would mostly form immedi-
ately below the percolation threshold. Measurements of
the gas phase released by slugs during explosive activity
on Stromboli (Burton et al., 2007) show that the source
pressure for gas slugs driving the most explosive activity
lies within the pressure range proposed here for the
transition to open-system degassing, 70—80 MPa. Such
pressures are consistent with the volcano—crust interface
depth (Burton et al., 2007), suggesting that a structural
control may play a role in slug coalescence via foam
accumulation (Jaupart and Vergniolle, 1988, 1989). The
transition to percolation gas flow may itself promote
slug coalescence if pockets of interconnected bubbles
coalesce through bubble expansion prior to full con-
nection with the main degassing pathways. We conclude
that in the transition region several mechanisms may
combine to encourage slug coalescence.

4.2. Vesicularity and permeability

Many studies have examined the relationship be-
tween permeability and vesicularity, both theoretically
(Sur et al., 1976; Rintoul and Torquato, 1997; Blower,
2001; Costa, 2006; Gaonac’h et al., 2003) and on natural
samples (Klug and Cashman, 1996; Saar and Manga,
1999; Mueller et al., 2005), finding that there is a highly
non-linear relationship between the two properties.

We assume that for slowly ascending magmas, bubbles
will be spherical. Blower (2001) presents a model that
calculates the porosity for randomly-sited bubbles, and
finds that the percolation threshold is at a vesicularity of
0.30 and independent of the bubble size distribution in
agreement with other researchers (Sur et al., 1976; Rintoul
and Torquato, 1997). However, maximum permeability
for a network of spherical bubbles requires significantly
higher gas volume fractions. The above studies show that,
when ~ 0.50 vesicularity is achieved, the system, regard-
less of'the size, shape or distribution of the bubbles, will be
highly permeable and allows efficient gas percolation.
Using Fig. 1¢c, we see that 0.30 vesicularity is achieved ata
pressure of 100 MPa, and 0.50 vesicularity at 50 MPa. We
therefore conclude that the transition from closed- to
open-system degassing occurs over the depth range asso-
ciated with the change in pressure from 50 to 100 MPa.

4.3. Closed- to open-system degassing transition and
gas flow rate

The rapid ascent of magma calculated in our flow
model implies a rapid exsolution of water; when the
water concentration drops to <1.6 wt.% at a pressure of
~40 MPa, plagioclase will begin to crystallise, pro-
ducing bytownitic, skeletal crystals, as seen in the cores
of zoned plagioclase on Stromboli (Landi et al., 2004).
Rapid crystallization and continuing water loss will in-
duce a rapid increase in melt viscosity, by up to 3 orders
of magnitude. In the percolation region, ascending and
degassing melt will become a decreasingly important
source of gas compared with the gas flowing through the
magma from below. This may induce an evolution from a
highly vesiculated magma to a magma filled with per-
colation channels (Polacci et al., in press), that may open
and close dynamically in order to release the gas pressure
from below. Such structures are directly observed in
eruption products (Polacci et al., in press). In Fig. 5 we
see an example of one of these channel-like features,
revealed with X-ray tomography (see Section 2.2). The
dynamic nature of the channel structures would allow
rapid reformation after being disrupted by the passage of
a gas slug.



56 M.R. Burton et al. / Earth and Planetary Science Letters 264 (2007) 46—60

Fig. 5. 3D reconstructed volume of a scoria sample from Stromboli via
X-ray tomographic imaging: (a) interconnected bubbles within the
scoria sample; (b) volume rendering of the sample from the same angle
and scale. Note that superficial voids in (b) are internally connected,
producing an open channel through the sample.

We may estimate the gas flow rate within our model.
Below the gas percolation transition, gas will ascend
essentially together with magma, because the bubble
rise velocity (~1x107° ms™') is much less than the
magma ascent velocity (~0.3 ms™'). A minimum gas
velocity above the transition may be calculated by
determining the exsolved gas volume flux at each pres-
sure. This is done by multiplying the magma input rate
(575 kg s~ ') with the volume of exsolved gas produced
per kg of primitive magma as a function of pressure. The
effective flow area open to percolation can be estimated
as the cross-sectional area of the ascending magma
multiplied with porosity. Dividing the gas flux at each
pressure level with the effective flow area gives the gas
velocity shown in Fig. 6. We see that the gas velocity
strongly increases at shallow depths. Gas flow, together
with the dynamics of opening and closing channels in
the permeable ascending magma, are both potential
seismogenetic sources and could potentially produce

volcanic tremor. The calculated peak velocity at the
surface of ~280 ms™ ' is likely to be an overestimate as
the conduit is much wider near the surface, providing a
larger free surface for degassing, as described in detail in
the following section.

4.4. Shallow degassing processes

Melt inclusion studies of Etnean magmas show that
the majority of dissolved HCI and HF exsolve at pres-
sures <15 MPa (Metrich et al., 2004). Gardner et al.
(2006) showed that while CI is highly soluble at low
pressure, the presence of a permeable gas flow promotes
efficient Cl exsolution. Assuming the solubilities of HCI
and HF are broadly similar in Strombolian magmas we
expect that halogens are primarily sourced in the shal-
lowest part of the conduit system. The SO,/HCl ratios on
Stromboli are controlled therefore by the superposition
of a deep-sourced SO,-rich gas flux and a shallow-
sourced HCl-rich gas flux. In steady-state conditions
with constant magma supply rising from depth to the
surface these fluxes produce the bulk degassing
signature SO,/HCI ratio of 1.5-2. This implies that the
average ascending magma flux close to the top of the
conduit is similar to that at depth, and that ascending
magma arrives at the top of the magma column before
sinking back down. The SO,/HCl ratio measured during
quiescent degassing is therefore an important constraint
on the magma dynamics within Stromboli. An increase
in magma supply rate may be seen at the surface as an
increase in SO, flux, before any change in activity, as this
gas ascends quicker than the ascending magma. This will
therefore induce an increase in measured SO,/HCI ratio
during quiescent degassing. On the contrary, if the
magma supply rate slows then we may see a decrease in
SO,/HCI ratio. Such processes may therefore be
important for interpreting variations in SO,/HCI during
quiescent degassing for basaltic systems in general.

The large crater terrace, multiple gas emission points,
location of very long period seismic signals (Chouet
et al., 2003) and voluminous lava effusion observed
during the 2002/03 (Landi et al., 2006) and 2007 erup-
tions evidence probable widening of the superficial
conduit system on Stromboli, suggesting that the poten-
tial volume of the shallowest (<250 m) conduit is larger
than that used in our simple model. Observations made
of the volume of lava outpouring in the first days during
both the 2002/03 (Landi et al., 2006) and 2007 eruptions
of Stromboli suggest that the total volume of magma
resident in the shallow region is ~2x10° m®. This
implies that, for a magma input rate of ~575 kg s~ ' and
a vesicularity of ~0.50 for both resident magma and
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Fig. 6. Calculated gas velocity within the conduit.

initial outpouring lava, the average lifetime of magma in
the uppermost 250 m of the conduit system is ~ 50 days.
Francalanci et al. (1999) calculated a longer magma
lifetime of 19 years based on smooth variations in
87S1/%Sr ratios of erupted scoria and lavas, which
clearly points to a well-mixed magma reservoir that
buffers the Sr ratio. Therefore, while the shallowest
magma may be rapidly flushed, the roots of the conduit
system are probably fed by a buffering magma reservoir.
Armienti et al. (2007) used the 19-year timescale deter-
mined by (Francalanci et al., 1999) to calculate plagio-
clase growth rates based on crystal size distributions on
Stromboli, and found values 1-2 orders of magnitude
lower than literature values. Instead, using a lifetime of
~50 days produces growth rates consistent with the
literature, supporting our hypothesis of rapidly flushed
shallow plagioclase-forming magma.

4.5. Magma recycling

Below the percolation transition, magma ascent is
induced by the density difference between ascending
vesiculating magma and descending degassed magma.
Above the transition, gas percolation will allow efficient
outgassing without further expansion of bubbles. The
viscosity of ascending magma will increase as it
degasses, particularly after plagioclase formation begins
at pressures <40 MPa. Therefore at superficial levels the
viscosity contrast between ascending and degassing
magma would decrease, and the flow may become more
complex in nature. Petrological evidence for mixing in
the shallow system is given by Sr isotope measurements

of the crystal assemblage (Francalanci et al., 2005) and
zonation bands commonly observed within plagioclase
crystals (Landi et al., 2004). Plagioclase zonation sug-
gests that bytownitic cores that form during ascent have
a denser labradoritic rim grow around them in the
shallow magma reservoir. When the degassed magma
cycles back down the conduit a proportion mixes with
ascending magma, producing a second bytownitic rim
around the existing crystals. Several cycles such as this
could produce the multiply-zoned plagioclase observed
on Stromboli.

5. Conclusions

We have used the VolatileCalc model to determine
H,0 and CO, solubilities of Stromboli magma at var-
ious pressures, constrained by both open-path FTIR
measurements of quiescent degassing and melt inclusion
data. This has allowed determination of the magma
porosity and density as a function of pressure. Com-
bining the derived density profile with estimates for the
viscosity of degassed magma and a flow model we have
determined the velocity of ascending magma as a func-
tion of pressure. Combining this information with the
mass flow rate of magma determined from the SO, flux
measured during 2006 on Stromboli allowed us to
constrain the radius of the conduit, and how it varied
with pressure. We conclude that the high vesicularity of
magma would promote gas percolation, with a transition
from closed-system degassing to gas percolation oc-
curring at pressures between 100 MPa and 50 MPa. The
observation of gas channels in explosion products from
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Fig. 7. Schematic model of degassing and magma circulation.

the shallow conduit is clear evidence for the presence of
gas percolation.

A schematic picture capturing the essential features of
the conceptual model proposed here is shown in Fig. 7.
We believe this model may be generally applicable to
persistent basaltic volcanoes systems that have suffi-
ciently low viscosity to allow magma circulation, bubble
growth and channel formation. The major factor which
controls each system is the original dissolved volatile
content, as this determines the depth of the transition to
open-system degassing (more volatiles=>greater
depth).

We have shown that a multidisciplinary approach to
constraining the volcanic degassing system, combined
with a fluid-dynamic model, can yield profound new
quantitative insights into quiescent degassing processes.
Subtle variations in these processes are likely to precede
changes in volcanic activity, and therefore by improving
our understanding of quiescent degassing we may
greatly improve our ability to interpret measurements
from volcano surveillance systems.
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