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Abstract The rates of passive degassing from volca-
noes are investigated by modelling the convective over-
turn of dense degassed and less dense gas-rich magmas
in a vertical conduit linking a shallow degassing zone
with a deep magma chamber. Laboratory experiments
are used to constrain our theoretical model of the over-
turn rate and to elaborate on the model of this process
presented by Kazahaya et al. (1994). We also introduce
the effects of a CO2–saturated deep chamber and adia-
batic cooling of ascending magma. We find that over-
turn occurs by concentric flow of the magmas along the
conduit, although the details of the flow depend on the
magmas’ viscosity ratio. Where convective overturn
limits the supply of gas-rich magma, then the gas emis-
sion rate is proportional to the flow rate of the over-
turning magmas (proportional to the density difference
driving convection, the conduit radius to the fourth
power, and inversely proportional to the degassed mag-
ma viscosity) and the mass fraction of water that is de-
gassed. Efficient degassing enhances the density differ-
ence but increases the magma viscosity, and this damp-
ens convection. Two degassing volcanoes were mod-
elled. At Stromboli, assuming a 2 km deep, 30% crys-
talline basaltic chamber, containing 0.5 wt.% dissolved
water, the F700 kg s–1 magmatic water flux can be
modelled with a 4–10 m radius conduit, degassing
20–100% of the available water and all of the 1 to 4
vol.% CO2 chamber gas. At Mount St. Helens in June
1980, assuming a 7 km deep, 39% crystalline dacitic
chamber, containing 4.6 wt.% dissolved water, the

F500 kg s–1 magmatic water flux can be modelled with
a 22–60 m radius conduit, degassing F2–90% of the
available water and all of the 0.1 to 3 vol.% CO2 cham-
ber gas. The range of these results is consistent with
previous models and observations. Convection driven
by degassing provides a plausible mechanism for trans-
ferring volatiles from deep magma chambers to the at-
mosphere, and it can explain the gas fluxes measured at
many persistently active volcanoes.

Key words Persistent volcanism 7 Volcanic gas fluxes 7
Magma convection 7 Volcano monitoring

Introduction

Persistent volcanism involves prolonged high thermal
and volatile fluxes. Examples include persistent lava
lakes and open vents (Erebus, Kilauea, Stromboli;
Francis et al. 1993), long-lived high-temperature fuma-
role fields (Momotombo; Menyailov et al. 1986), con-
tinuous passive degassing (Etna; Allard et al. 1991),
and hot acidic crater lakes fed by a steady supply of
heat and magmatic volatiles (Ruapehu, Poás; Hurst et
al. 1991; Stevenson 1992; Rowe et al. 1992). The mag-
matic volatiles are typically dominated by water and
SO2, which are relatively soluble in silicate melts, indi-
cating that the volatiles must have evolved from rela-
tively shallow magma sources. Persistent volcanism
lasts for years to millenia and indicates that if gas flux
measurements are representative, huge volumes (of the
order of cubic kilometers) of magma are processed dur-
ing such activity (Giggenbach 1987; Francis et al. 1993).
However, geophysical studies have not detected very
large magma volumes at shallow depths beneath these
volcanoes and suggest instead that large magma cham-
bers typically occur at greater depths (15 km), where
most volatiles are undersaturated.

In this paper we investigate the anomalously high
volcanic gas fluxes from volcanoes that lack very shal-
low chambers. We model the transport of magma from
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Fig. 1 a The modelled magma
system. A cylindrical, degass-
ing magma-filled conduit con-
nects a deep chamber to shal-
low depths. b Representation
of the degassing zone. The
conduit has radius R, and the
rising, volatile-rich magma oc-
cupies radius Rb. Above the
vesiculation level, water bub-
bles nucleate and degassing
occurs, leaving behind rela-
tively dense, degassed magma,
which sinks, forcing volatile-
rich magma upwards

a relatively large, deep chamber to a near-surface zone
of gas loss, and the return flow of degassed magma to
the source chamber. Kazahaya et al. (1994) have also
considered this process and we compare our model to
theirs.

Our model involves convection of magma in a con-
duit connecting a deep chamber to the near-surface
(Fig. 1a). The bulk density of the magma in the shallow
degassing zone is greater than that of deeper magma as
a result of having lost gas bubbles and dissolved vola-
tiles; thus, the degassed magma will sink. Hence, de-
gassing itself provides the driving force for convection.
Unlike the model of this process developed by Kaza-
haya et al. (1994), our model is quantified using meas-
urements from laboratory experiments. Furthermore,
we also consider the vesicularity of deep chamber mag-
ma as an additional driving force for convection and as-
sess the role of adiabatic cooling in increasing the vis-
cosity of the degassed magma.

We first set up a theoretical model of convective de-
gassing and use it to identify the factors influencing the
instantaneous gas flux from a magma body. This model
is complemented with the results from simple laborato-
ry experiments, analyzing the behavior of two fluids
with different densities and viscosities overturning in a
narrow vertical tube. The model is then applied to de-
gassing at Stromboli and following the 18 May 1980
eruption of Mount St. Helens. Stromboli is a classic ex-
ample of persistent volcanism and has been in a similar
state of activity ever since it was first recorded approxi-
mately 2000 years ago. Degassing at Mount St. Helens,
by contrast, peaked shortly after the climactic eruption
and decayed approximately exponentially. Constrained
by gas flux and composition data, the model calculates
a family of possible solutions for the conduit radius, the
amount of water lost from the melt, and the chamber-
gas volume fraction.

Modelling convective degassing in a conduit

Model description

The aim of the model described here is to use measured
gas fluxes and fumarole compositions to constrain the
dimensions and dynamics of degassing volcanic sys-
tems. The model is described in Fig. 1a. A cylindrical
conduit connects a deep magma chamber to shallow
depths. The chamber contains a gas volume fraction of
relatively insoluble gases, assumed to be CO2. Relative-
ly soluble gases (assumed to be H2O) exsolve from the
melt as it depressurizes during ascent in the conduit.
The gas mixture subsequently escapes from the magma,
supplying a gas flux to the atmosphere. The exact me-
chanics of bubble escape are unknown, but the impor-
tant fact is that we know from measurements of gases at
the surface that large-scale, rapid magma degassing
does occur, often for prolonged periods. The process of
gas escape has received a great deal of recent attention
through both experimental and theoretical work (e.g.,
Eichelberger et al. 1986; Jaupart and Vergniolle 1989;
Jaupart and Allègre 1991; Proussevitch et al. 1993;
Woods and Koyaguchi 1993). The consensus view
seems to be that gas can escape relatively easily from
low-viscosity basaltic systems but requires the forma-
tion and collapse of a foam in more viscous magmas.
The rate of degassing at persistently active open vent
basaltic volcanoes, such as Stromboli, Masaya, Erebus,
and Izu-Oshima, is then likely to be limited by the rate
at which gas-rich magma is supplied to the shallow de-
gassing zone (Stevenson 1992; Kazahaya et al. 1994).

Because degassed magma is denser than deeper gas-
rich magma, degassing drives convective overturn in
the conduit, returning degassed magma to the deep
chamber while gas-rich magma rises to replenish the
shallow degassing zone. The gas emission rate is as-
sumed to equal the supply rate of gas to the shallow
degassing zone. This implies that gas emission is not
limited by the gas escape mechanism – a critical as-
sumption that is discussed later. The rate of overturn-
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Table 1 Description of sym-
bols and subscripts used Symbol Description Value/Units

cp Specific heat capacity at constant pressure J kgP1 KP1

cv Specific heat capacity at constant volume J kgP1 KP1

g Acceleration due to gravity 9.81 m sP2

m0 Mass flux of gas (H2O, CO2) kg sP1

v Terminal rise velocity of upwelling magma m sP1

C Water mass fraction in melt
DC Difference in C between chamber and degassed melt
F Gas mass fraction in chamber
Hc Chamber depth m
Pi/f Pressure, initial/final Pa
Ps Poiseuille number (equation 1)
Q Volumetric magma flow rate m3 sP1

R Radius of conduit m
Rb Radius of upwelling magma m
R* Dimensionless radius of upwelling magma (Rb/R)
Ti/f Temperature, initial/final K
a Gas volume fraction in chamber
b Coefficient of compositional expansion for water in melt
f Crystal volume fraction
g Parameter defined by equation (A2)
m Viscosity Pa s
r Density kg mP3

Dr Difference in density driving convection (equations 5 and 6) kg mP3

t Incubation time of convective instability s
t* Dimensionless incubation time (equation 12)

Subscripts
c Chamber or ascending (r, m, f)
d Degassed or descending (r, m, f)
l Liquid or melt (r, m)
m Magma (r, m)
0 Anhydrous (rl)

ing places an upper limit on the rate of gas emission
and depends on the density difference between the de-
gassed and gas-rich magmas (Dr) and the viscosities of
the ascending magma (mc) and descending magma (md).
All of the symbols and subscripts used are defined in
Table 1.

If the rising chamber magma occupies a radius Rb
within the conduit of radius R (Fig. 1b), then, at low
Reynolds number, its terminal rise velocity (v) will be
parameterized by a Poiseuille number (Ps; c.f. Koyagu-
chi and Blake 1989):

Psp
vmd

gDrR2 p f (md/mc,R*), (1)

where R* is the dimensionless radius of the rising fluid,
given by (Rb/R), and g is the acceleration due to gravi-
ty. (A later section describes the experimental determi-
nation of the relationship between Ps, md/mc, and R*,
and verifies the assumption of concentric flow.)

The gas flux then depends on the volumetric magma
upflow rate (Q):

Qpp (Rb)2 vpp (R*)2 Ps1gDrR4

mld
2, (2)

and the amount of gas lost. The amount of water lost is
the difference between the water content of the cham-
ber melt (Clc) and the degassed melt (Cld):

DCpClcPCld. (3)

DC can range between zero (no water degassing) and
Clc (complete water degassing), depending on the effi-
ciency of gas loss.

The densities of the degassed melt (rld) and chamber
melt (rlc) are given by:

rldprl0 (1PbCld) (4a)

and

rlcprl0 (1PbClc), (4b)

where rl0 is the anhydrous melt density and b is the
coefficient of compositional expansion for water. By
calculating the densities of hydrous melts as a function
of water content, with the partial molar volume of wa-
ter in silicate melts assumed to be 17 cm3 mol–1 (Lange
and Carmichael 1990), b was found to range from 1.17
(for dacite) to 1.55 (for basalt). Melt density increases
as dissolved water content decreases. For the simple
case of crystal-free magmas, and a non-vesicular mag-
ma chamber, the density difference driving convection
is:

DrprldPrlcprl0 bDC. (5)

More generally, if the deep chamber contains a volume
fraction a of highly insoluble gas (CO2), with gas densi-
ty rCO2 at the top of the chamber, and a crystal volume
fraction in the chamber fc with the crystal density as-
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sumed to be equal to that of the chamber melt (rlc),
then the density difference driving convection is:

Drprl0 bDC(1Pfd)ca (rlcPrCO2), (6)

where fdpfc / (1Pa); fd is the crystal volume fraction
in the degassed magma. The first term on the right-
hand side represents the contribution due to dehydra-
tion of the melt, and the second term represents the
contribution due to the vesicularity of the deep magma.
The gas density at the top of the chamber is used be-
cause we assume that Q is limited by the minimum val-
ue of Dr in the conduit, which occurs where the magma
enters the conduit. It has also been assumed that crys-
tallization in the conduit is negligible (see Discussion).

The magma flow rate, Q, also depends on the visco-
sities of the magmas (Eq. (2)). Viscosity increases as
the amount of dissolved water decreases (McBirney
and Murase 1984). Removal of 1 wt.% water typically
increases melt viscosity by a factor of F10. Melt visco-
sities (ml) are calculated as a function of composition,
temperature, and water content according to Shaw
(1972) and are then used to calculate the viscosity of
crystal-bearing magma (mm; e.g., Tait and Jaupart
1990):

mmpml (1Pf)P2.5. (7)

The amount of water lost by degassing and the rate at
which magma overturns in the conduit determine the
water mass flux (m0 H2O) from the degassing zone:

m0 H2OpQ(1PfcPa)rlc DC. (8)

The CO2 mass flux (m0 CO2) is given by:

m0 CO2pQrCO2 a, (9)

where the gas density is calculated at the depth of the
top of the chamber. The ratio of the mass fluxes of wa-
ter and CO2 is equivalent to the mass ratio of these
gases in fumaroles ([H2O]/[CO2]), a commonly mea-
sured quantity, and adds a further constraint to the
modelling. Taking the ratio of the fluxes yields:

ap
(1Pfc)rlc DC

rlc DCcrCO2
[H2O]
[CO2]

. (10)

Hence, for a given fumarole composition, the gas vol-
ume fraction in the chamber can be estimated. The
main control on a in this equation is the gas density,
which is proportional to chamber depth. In general, a
higher chamber-gas content increases the density con-
trast and hence increases gas fluxes. However, another
impact of chamber gas on the ascending magma is cool-
ing due to expansion of the gas. This cooling can signif-
icantly increase magma viscosity at high chamber-gas
contents (e.g., Giberti et al. 1992) and reduce gas
fluxes. For most magmas, however, the effect is likely
to be minor (see Appendix).

In summary, the model calculates the maximum
H2O and CO2 fluxes that can be sustained by convec-

tive degassing as a function of input values of magma
composition (chamber-water content, crystal content,
and gas fraction) and temperature, conduit radius,
amount of water degassed, and chamber depth. The
sensitivity of the calculated gas fluxes to these input
variables is investigated. Given a measured gas flux and
a fumarole composition, together with other relatively
well-constrained input variables, inverse application of
the model can be used to estimate poorly constrained
variables such as conduit radius and the amount of wa-
ter degassed.

Before the model can be applied quantitatively, the
relationships between the Poiseuille number (Ps), the
viscosity ratio (md/mc), and the dimensionless radius of
the rising fluid (R*) need to be found experimentally.

Laboratory experiments

To test Eq. (1) and to investigate the style of overturn,
we conducted several laboratory experiments using
miscible fluids of different densities and viscosities and
long, narrow glass tubes. The tubes had aspect ratios of
approximately 100. Water and solutions of golden sy-
rup and glycerol were the fluids used. Viscosities were
measured by the falling-sphere method in a long tube,
taking into account wall effects (Clift et al. 1978). Den-
sities were measured by weighing known volumes. Un-
certainties of F20% in measured viscosity values, due
to the lack of temperature control in the laboratory, are
the major source of error in the experiments. The lower
half of the tube was filled with the denser, more viscous
fluid (density rd, viscosity md); then the rest of the tube
was filled with the less dense, less viscous fluid (rc, mc),
and the top corked. The tube was then inverted. The
interface between the two fluids became unstable after
a short incubation period, and the less dense fluid rose
up the center of the pipe, rapidly reaching a constant
speed, v. Results are summarized in Table 2.

Three different overturn styles were observed: (a) at
low viscosity ratios (md/mc~ F10), the descending fluid
rapidly detached from the wall and descended down
the center of the tube, forming an approximate mirror
image of the rising fluid (Fig. 2a); (b) at intermediate
viscosity ratios (F10~md/mc~ F300), the descending
fluid eventually detached from the wall, then split into
blobs falling down the center of the tube (Fig. 2b); and
(c) at high viscosity ratios (md/mc1 F300), the descend-
ing fluid remained stuck to the walls (Fig. 2c).

It was not possible to accurately measure the radius
of the rising fluid finger in our experiments, because of
optical distortion caused by the glass tubing. To esti-
mate radii, four further experiments were conducted,
where a long bubble (aspect ratio F20) of low-viscosity
fluid was injected into the base of a vertical, open-
ended column of denser, more viscous fluid. By meas-
uring the bubble length and the volumetric displace-
ment of the liquid column when the fluid was injected,
the bubble radius (Rb) and hence the dimensionless ra-
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Fig. 2a–c The three different overturn styles. a At low viscosity
ratios, the descending fluid detaches from the wall and assumes
approximately the same morphology as the rising fluid; b at inter-
mediate viscosity ratios, the descending fluid eventually detaches
from the walls and splits into individual blobs that descend down
the center of the pipe; c at high viscosity ratios, the descending
fluid sticks to the walls

dius (R*) were calculated (Table 2). Values of R* were
approximately constant with values of 0.64–0.53, across
a broad range of values of Ps and md/mc. These long
bubbles were found, within error, to rise with the same
velocity as when the same fluids overturned (Fig. 3; Ta-
ble 2), suggesting that the fluid dynamics are essentially
the same, and that R*p0.6 adequately describes the
overturn experiments. This value is not at odds with
qualitative observations of the experiments.

For constant R*, Eq. (1) becomes Pspf(md/mc), so
Poiseuille numbers were plotted against viscosity ratio
(Fig. 3). At intermediate to high viscosity ratios, values
of Ps averaged F0.064, but smaller values were found
for viscosity ratios less than F10. In the following mod-
els we use values of Ps as follows:

Psp0.064 (md/mc112) (11a)

Psp0.020c0.041 log10 (md/mc) (1~md/mc~12). (11b)

These experimental results can be compared with the
theory of Kazahaya et al. (1994), who solved the equa-
tions for flow in a concentric double-walled pipe, with
upflow in a central pipe balanced by downflow in an
outer annulus. Their solutions indicate that the position
of the boundary between upflow and downflow (R*) is
a function of the viscosity ratio (md/mc; Eq. (13); Kaza-
haya et al. 1994) and lead to a theoretical relation be-
tween Poiseuille number and viscosity ratio plotted in
Fig. 3. There is moderate agreement between the the-
ory and experiments at low viscosity ratio, but as the
ratio increases, the Kazahaya et al. (1994) theory pre-
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Fig. 3 Plot of Poiseuille number (Eq. (1)) against log viscosity ra-
tio (md/mc), for all of the overturn (squares) and bubble injection
(circles) experiments. Ps has an approximately constant value of
F0.064 when md/mc1 F12, but has lower values at lower viscosity
ratios (Eqs. (11a, b)). Error bars are estimated from the uncer-
tainty in viscosity measurements. Also shown is the Kazahaya et
al. (1994) model of counterflow in a pipe

dicts much higher values for Ps, and much lower values
for R*, than experimentally observed (e.g., R*p0.3 at
md/mcp100). The reason for this discrepancy is proba-
bly Kazahaya et al.’s (1994) incorrect assumption of
zero velocity at the interface between the two fluids.

The incubation time (t), or time intercept on the
time-distance graph for the rising fluid finger, is a char-
acteristic feature of the gravitational instability of fluid
interfaces (e.g., Lister and Kerr 1989). A dimensionless
incubation time may be defined as

t*p
tgDrR

mld

(12)

and, according to the accuracy of our technique, ap-
pears independent of viscosity ratio (Table 2), with a
value of F10. Substituting typical values for a large da-
cite-filled conduit (RF40 m) and a small basalt-filled
conduit (RF5 m) yields incubation times of approxi-
mately 1 h and 1 min, respectively. This indicates that
once an unstable density gradient is established, the on-
set of convection is essentially instantaneous.

Application of the model

Here we investigate the influence of four variables
upon the water flux from the degassing zone given by
Eq. (8): the amount of degassed water (DC), conduit ra-
dius (R), crystal content of the chamber magma (fc),
and the chamber-gas volume fraction (a). The magni-
tude of degassing affects the melt’s degassed water con-

tent (Cld) and hence the degassed magma’s density
(rmd) and viscosity (mmd). The chamber-gas volume
fraction influences the ascending density (rmc), the
amount of cooling due to decompression, and hence
the degassed magma viscosity (mmd). An additional
variable is the magma chamber depth (Hc), which de-
termines the chamber-gas pressure and density and
hence the degree of decompression cooling. We calcu-
lated gas fluxes from conduits filled with degassing bas-
altic and dacitic magmas for a range of values for one
variable, while holding the other variables constant.
Results for basalt are shown in Fig. 4, for constant val-
ues of DCp0.004, Rp5 m, Ccp0.005, fcp0.3,
Hcp2 km, Tcp1000 7C, and three values of a (0, 0.02,
and 0.04) in Fig. 4, and three values of Hc (2, 4, 8 km) in
Fig. 4d. These values were chosen to be representative
of Stromboli’s magma system, and they yield water
fluxes of 0–100 kg s–1, of the correct order of magnitude
(see below). Equivalent results for dacite are shown in
Fig. 5, where the constant values used were representa-
tive of the Mount St. Helens magma system:
DCp0.023, Rp40 m, Ccp0.046, fcp0.39, Tcp910 7C,
ap0, 0.01, and 0.02, and Hcp4, 7, and 10 km. These
values yield water fluxes of 0–5000 kg s–1, again cover-
ing the observed range (see below).

Basalt

Figure 4a illustrates that the degassing rate is propor-
tional to the conduit radius to the fourth power. Fig-
ure 4b shows that the water flux increases approximate-
ly linearly with DC. Flux decreases with increased fc

(Fig. 4c), because of the increase in viscosity, reduction
in density contrast, and the reduced amount of melt
available to release water. Figure 4d illustrates that for
reasonable values of chamber-gas volume fraction, wa-
ter flux is enhanced as a increases due to the lower
density of the rising chamber magma. However, for
high values of a (10.05 for Hcp8 km), and especially
for deeper chambers, cooling of the ascending magma
significantly increases the viscosity and reduces the wa-
ter flux (see Appendix).

Application to Stromboli

Allard et al. (1994) reported a mean non-eruptive SO2

flux of 9B5 kg s–1 from Stromboli between 1980 and
1993, measured by COSPEC, and a mean
H2O:CO2:SO2 mass ratio in fumaroles of 7.9 :7.3 :1.
This indicates a water flux of 70B40 kg s–1 and a simi-
lar CO2 flux (Allard et al. 1994). If we assume a cham-
ber depth of 2 km, a chamber melt water content of
0.5 wt. %, and a crystal content of 30% (typical values
for basalt; e.g., Giberti et al. 1992), then for the upper
and lower bounds of the water flux (30 and 110 kg s–1)
and a [H2O]/[CO2] ratio of 1.1, we can calculate a fam-
ily of solutions for R and DC. The chamber-gas volume
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fraction is related approximately linearly to DC through
Eq. 10, fixed by the values for [H2O]/[CO2], Hc (and
hence rCO2), and fc. The solutions (Fig. 6) show that
for reasonable amounts of water degassed from the
Stromboli melt (20–100% water loss), the conduit ra-
dius falls in the range 4–10 m, and the magma chamber
gas volume fraction is 1–4%. Almost complete water
degassing seems likely at Stromboli, as the vents are es-
sentially open to the atmosphere.

These model results seem reasonable in the light of
surface observations of vents at Stromboli that indicate
several conduits of a few meters radius, although it is
not known if these coalesce or change size or shape
with depth. In addition, a significant chamber-gas frac-
tion has been inferred from previous modelling (Jau-
part and Vergniolle 1989) in order to explain the ob-
served periodic Strombolian activity.

Dacite

Results for a degassing dacite-filled conduit are shown
in Fig. 5, using the 1980 Mount St. Helens composition
(Rutherford et al. 1985). These show similar trends to
the equivalent diagrams for basalt with the notable ex-
ception of Fig. 5b, the variation of gas flux with DC,
which shows an optimum degassing amount for this sys-
tem of F25% of the available water. When a larger
proportion of the dissolved water is lost from the melt,
Dr increases, but this effect is overshadowed by the
higher viscosity of the drier degassed melt, so that gas
fluxes decrease. The opposite is true when less than the
optimum amount of water is lost – the decreasing
amount of water exsolved and the lessening density
contrast outweigh the effect of lower viscosity.

Application to Mount St. Helens, 1980

Casadevall et al. (1983) and McGee (1992) report SO2

and CO2 gas fluxes from Mount St. Helens following
the May 1980 eruption. SO2 fluxes peaked in July 1980
at a value of F1500 t d–1, or 17 kg s–1. Fluxes have typ-
ical errors of F30%. CO2 fluxes were F140 kg s–1 at
the same time. Gerlach and Casadevall (1986) used gas
measurements to model the evolution of the gas com-
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Fig. 5a–d Same as Fig. 4, but for dacite. The fixed values used
were Rp40 m, Ccp0.046, DCp0.023, fcp0.39, Tcp910 7C, and
Hcp7 km

Fig. 6 Model results for Stromboli, assuming the following val-
ues: Ccp0.005, fcp0.3, Tcp1000 7C, Hcp2 km, [H2O]/
[CO2]p1.1, and ṁH2Op30–110 kg s–1. For reasonable values of
DC (0.001–0.005; equivalent to 20–100% degassing), calculated
conduit radii are F4–10 m. From Eq. (10), a;8 DC for the above
values, and a falls in the range F1–4%

position in the months following the eruption. They cal-
culated a gas composition (assuming all H2S is oxidized
to SO2 in the plume) with a H2O:CO2:SO2 mass ratio of
50 :12 :1 for mid-June. Using these ratios to calculate a
water flux yields values of F400–1100 kg s–1, with the
lower value derived from the SO2 flux. Gerlach and
Casadevall (1986) also estimated that 20–40% of the
H2O in the gases was hydrothermal in origin at that
time. Assuming a value of 30%, this suggests a magmat-
ic water flux range of F300–800 kg s–1 and that the
magmatic H2O:CO2 mass ratio was 2.9. Assuming a
7 km deep chamber (Pallister et al. 1992), a chamber
water content of 4.6 wt.%, and a crystal content of
39 vol.% (Rutherford et al. 1985), we can calculate a
family of solutions for R and DC. Results (Fig. 7) show
that for conduits of radius 40–60 m, the likely range
suggested by Pallister et al. (1992), two degassing re-
gimes are theoretically possible. The first involves rela-
tively inefficient degassing, of only F2–9 % of the
available water, from a gas-poor chamber
(F0.1–0.2%). The second involves much more efficient
degassing, of F60–90% of the available water, from a
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Fig. 7 Model results for Mount St. Helens in June 1980, assuming
the following values: Ccp0.046, fcp0.39, Tcp910 7C, Hcp7 km,
[H2O]/[CO2]p2.9, and ṁH2Op300–800 kg s–1. For reasonable
values of the conduit radius (40–60 m; Pallister et al. 1992), two
theoretical degassing regimes are identified, one with low values
of DC (inefficient degassing) and the other at relatively high val-
ues of DC (efficient degassing). From Eq. (10), a;0.6 DC for the
above values, yielding a;0.2% in the first case, and a;2% in the
second case

relatively gas-rich chamber (F2–3%). The narrowest
viable conduit has a radius of 22–28 m, corresponding
to the optimum degassing situation depicted in
Fig. 5b.

Discussion of model assumptions

Gas-loss mechanism

We have assumed that convective overturn, rather than
gas exsolution and escape, is the rate-limiting process
for degassing. This assumption is more likely to hold
for low-viscosity magmas, and the model is most applic-
able to persistently active basaltic systems. Application
of the model to more viscous magmas is more uncer-
tain, as the process of gas escape from such magmas
remains poorly understood. However, the model re-
turns reasonable values for the key parameters at
Mount St. Helens, suggesting that it may be valid across
a wide range of magma compositions.

We assume that all of the evolved and chamber-gas
bubbles are lost during degassing, as the retention of
even a small fraction of free gas will lower the density
of the ‘degassed’ magma, causing a stable stratification
in the conduit, inhibiting overturn. In addition to the
gas-loss timescale, the timescale for the segregation of
degassed melt and gas bubbles (e.g., Vergniolle and
Jaupart 1986) may also be important. If gas loss or bub-

ble segregation, rather than convection, is the rate-lim-
iting process for degassing, then we might expect dis-
continuous magma convection to occur in the conduit,
and the model would only give an upper limit for the
gas emission rate.

Crystallization in the conduit

We have neglected changes in the crystal content of the
magma during a convective cycle. This assumption is
more reasonable for basaltic systems, where overturn
rates are high. In the more slowly overturning, higher-
viscosity systems, crystallization is more likely, but its
impact on the model is likely to be relatively easily un-
derstood, inducing an increase in the degassed magma
viscosity (Eq. 7), reducing the gas flux (Fig. 5c).

Conclusion

We have developed a model of convective overturn of
dense degassed magma with buoyant volatile-rich mag-
ma in a conduit connected to a deep magma chamber.
Laboratory modelling of the overturn of two fluids of
different densities and viscosities in a narrow vertical
pipe has shown that the style of overturn involves low-
viscosity material (undegassed magma) rising up the
centre of the conduit, with high-viscosity material (de-
gassed magma) sinking along the walls (Fig. 2). These
experiments define the correlation between flow rate
and viscosity ratio reported in Fig. 3. Modelled gas
fluxes increase as the conduit widens and the crystallin-
ity decreases. Degassing rates from basaltic magmas in-
crease with the amount of water degassed (DC), as this
is directly related to the density difference (Dr) driving
convection. In more silicic magmas, degassing rates in-
crease, then decrease, with DC because the viscosity in-
crease counteracts the increase in Dr. The model also
incorporates the adiabatic cooling of deep CO2-satu-
rated magma as it rises to the degassing zone. Cham-
bers containing more gas generally produce higher de-
gassing rates, but cooling during ascent can cause the
magma viscosity to increase sufficiently to reduce the
gas flux from very deep and/or very gas-rich sources.

At Stromboli, the observed flux of F70 kg s–1 mag-
matic water (and similar flux of CO2) was modelled by
a conduit of radius 4–10 m connecting a 2 km deep bas-
alt chamber to the surface. Degassing releases 20–100%
of the dissolved water in the chamber magma (assumed
to be 0.5 wt.% H2O, 30% crystals) and requires a
chamber CO2 gas volume fraction of 1–4 % in order to
produce the observed fumarole composition. Degassing
of F500 kg s–1 magmatic water from Mount St. Helens
in June 1980 was modelled with a conduit of radius
40–60 m connected to a 7 km deep dacite chamber, with
4.6 wt.% H2O, and 39% crystals. Two theoretical de-
gassing regimes fit the observed fluxes: (a) inefficient
degassing of magma supplied from a relatively gas-poor
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Fig. A1 Variation of water mass flux (ṁH2O) with gas volume
fraction in the chamber (a), for the isothermal case (no decom-
pression cooling) and the adiabatic case, for a basaltic system.
The fixed values used were Rp5 m, Ccp0.005, DCp0.004,
fcp0.3, Hcp8 km, and Tcp1000 7C. The gas volume fraction ex-
tends to its theoretical maximum value of 70% (magma is all gas
and crystals), although the maximum in practice is much lower

chamber; and (b) efficient degassing of magma supplied
from a gas-rich chamber.

In summary, degassing-induced convection provides
an efficient mechanism for gas release at shallow levels
at the expense of the volatile content of a deep magma
chamber.

Appendix: Cooling of the ascending magma due to gas
decompression

The amount of cooling experienced by a decompressing
magma parcel can be calculated, assuming the magma
(melt plus gas mixture) expansion is adiabatic, the par-
cel has a constant mass fraction gas (i.e., there is no dif-
ferential bubble rise or exsolution), and the gas and
melt are in thermal equilibrium, from:

TfpTi1Pf

Pi
2 1gP1

g 2 (A1)

where T and P are temperature and pressure, the sub-
scripts i and f refer to initial and final states, and g is
given by:

gp
(1PF)cv(melt)cFcp(CO2)

(1PF)cv(melt)cFcv(CO2)

(A2)

where F is the gas mass fraction, cv is the specific heat
capacity at constant volume, and cp is the specific heat
capacity at constant pressure. Values used are
cv(melt)p1000 J kg–1 K–1, cp(CO2)p1280 J kg–1 K–1, and
cv(CO2)p1091 J kg–1 K–1 (at 1200 K; Kaye and Laby
1986). Assuming that the density of any crystal fraction
is the same as the melt density, then the gas mass frac-
tion (F) is related to the gas volume fraction (a) by:

Fp
arCO2

(1Pa)rlccarCO2

(A3)

The density of CO2 is calculated by assuming it is a per-
fect gas with a gas constant of 189 J kg–1 K–1. The im-
pact of including adiabatic cooling is shown in Fig. A1,
which is an extension of Fig. 4d, for the case of an 8 km
deep chamber. Figure A1 shows that the effect of adia-
batic cooling is insignificant for values of a~F5 vol.%
(F~F2 wt.%) but then becomes increasingly impor-
tant as the cooling induced by gas decompression in-
creases the viscosity of the magma, causing a reduction
in the water flux with increasing gas content, for
a1F15% (F1F5 wt.%).

The above calculations of cooling only include the
chamber gas, assumed to be pure CO2, and neglect
cooling due to exsolution and expansion of water (Sa-
hagian and Proussevitch 1996); hence, the amounts of
cooling are minima.
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