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Non-Newtonian flow of bubbly magma in volcanic conduits
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Abstract The dynamics of magma ascent along volcanic conduits toward the Earth’s surface affects
eruptive styles and contributes to volcanic hazard. The rheology of ascending magmatic mixtures
is known to play a major role on mass flow rate as well as on pressure and exit velocity at the vent,
even determining effusive versus explosive eruptive behavior. In this work we explore the effects of
bubble-induced non-Newtonian rheology on the dynamics of magma flow in volcanic conduits. We develop
a quasi 2-D model of magma ascent that incorporates a rheological constitutive equation describing the
strain-dependent effect of gas bubbles on the viscosity of the multiphase magma. Non-Newtonian magma
flow is investigated through a parametric study where the viscosity of the melt and the water content are
varied over natural ranges. Our results show that non-Newtonian rheology leads to greater exit velocity,
mass flow, and density. The pressure distribution along the conduit remains very similar to the Newtonian
case, deviating only at the conduit exit. Plug-like velocity profiles develop approaching the conduit exit,
when mixture velocity is high, and are favored by smaller liquid viscosity. Since the mass flow rate, the
density and the velocity of the mixture exiting from the conduit are fundamental for quantifying and
assessing the transport and emplacement dynamics, neglecting that the non-Newtonian effect of
bubble-bearing magmas may result in misinterpretation of the deposit and, consequently, eruptive
behavior.

1. Introduction

Rheological properties play a fundamental role in determining how magma rises in volcanic conduits. Magma
viscosity is recognized as a critical property, together with water content, in determining both flow conditions
(emitted mass flux, exit velocity, and exit pressure) and eruptive styles [Parfitt and Wilson, 1994a; Papale et al.,
1998; Papale, 1999; Melnik and Sparks, 2005; Caricchi et al., 2007]. Most conduit models assume a Newtonian
rheology [Papale, 2001; Mastin, 2002; Macedonio et al., 2005; Degruyter et al., 2012; Colucci et al., 2014], although
silicate melts can exhibit non-Newtonian rheology [Gonnermann and Manga, 2007], which also arises from
the presence of dispersed phases, either solid particles (e.g., crystals and lithics) or gas bubbles [Mader et al.,
2013]. Suspended solid particles are rigid obstacles in the flow and tend to increase viscosity by forcing the
fluid flow lines to deviate around them [Costa, 2005; Costa et al., 2009; Ishibashi, 2009; Cimarelli et al., 2011;
Deubelbeiss et al., 2011; Mader et al., 2013]. Bubbles behave quite differently because they are deformable,
inviscid, and compressible, and their surface is a free-slip boundary that, contrary to rough crystals, offers
no shear resistance. Small bubbles at low strain rates generally increase the mixture viscosity, while large,
deformable bubbles at high strain rates reduce it [Manga et al., 1998; Manga and Loewenberg, 2001; Llewellin
et al., 2002a; , 2002b; Rust and Manga, 2002; Stein and Spera, 2002; Pal, 2003; Llewellin and Manga, 2005; Mader
et al., 2013]. While crystal and lithic components are sometimes scarce in magmas, bubbles are always present
and play important roles even in small quantities [Proussevitch and Sahagian, 2005].

A number of constitutive rheological equations have been proposed for bubble-bearing magmas. Llewellin
et al. [2002a] developed a semiempirical constitutive model for the viscoelastic rheology of bubble sus-
pensions with gas volume fractions <0.5 and small deformations. Llewellin et al. [2002b] generalized this
constitutive model to include arbitrarily large strains and found that the model provides a good fit to experi-
mental data, even when bubbles are not spherical. Pal [2003] developed and validated new equations for the
relative viscosity of concentrated bubble-bearing suspensions including one additional parameter given by
the volume fraction of bubbles at their maximum packing.

The effect of bubbles on volcano fluid dynamics has been investigated by Llewellin et al. [2002b] for the spe-
cial case of a 2-D, steady, incompressible, single-phase flow in a circular pipe that was adopted as an analogue
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for magma flow in a volcanic conduit. Velocity profiles across the conduit were found to be parabolic or plug
like, depending on a dimensionless parameter. Gonnermann and Manga [2003] examined the role that bubble
suspension rheology plays in determining conduit flow dynamics, by modeling the ascending magma as the
steady, isothermal flow of a single-phase incompressible liquid at constant mass flow rate. The authors investi-
gated the occurrence of plug flow and fragmentation at the conduit wall, suggesting that such fragmentation
may be important for magma degassing and, consequently, can inhibit explosive behavior. Llewellin and
Manga [2005] evaluated the effect of bubbles in a simplified 1-D model, assuming a parabolic velocity pro-
file. Their model predicts that for a gas volume fraction smaller than 0.5, the relative viscosity varies from 5 to
70. They concluded that as a first approximation, the magnitude of this effect is small compared to viscosity
changes due to crystallization and volatile exsolution during magma ascent.

Building on these preliminary works that have addressed the role of gas bubbles in controlling the rheolog-
ical properties of magma and discussed the potential implications in the velocity distribution toward plug
flow adopting simplified magma ascent models, we fully integrated the effect of bubbles in a fluid dynam-
ics framework for magma ascent, developing a quasi 2-D (or 1.5-D) numerical model of non-Newtonian,
compressible, two-phase, isothermal steady magma flow along a volcanic conduit. The model, named
CONDUIT4nN, extends the 1-D conduit flow model of Papale [2001] by introducing a specific algorithm
to include non-Newtonian rheology of bubble-bearing magmas using the Pal [2003] rheological equation.
Non-Newtonian results for a basaltic melt (intentionally chosen to avoid the complexities related to modeling
fragmentation dynamics in a multidimensional domain) with different water contents and liquid viscosities
are compared with their Newtonian counterparts in terms of computed mass flow rates, vertical distribution
of flow variables, and radial distributions of stress, strain, and velocity.

2. Physical and Mathematical Modeling

The 1-D mass and momentum balance equations for gas (subscript g, represented by disperse gas bubbles
below the fragmentation level, and by a continuous gas phase above it) and dense phase (subscript d, com-
posed by a homogeneous liquid + crystals phase below fragmentation, and by pyroclasts above it) are given,
respectively, by Papale [2001]:
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ṁ

dwg

dz
− Πd𝜔

dz
,

(2)

In the above equations (notations in Table 1) 𝛼 is the gas volume fraction, 𝜌 is density, u is velocity, ṁ is the
mass flow rate per unit area, w is mass fraction, z is the vertical coordinate upward positive, p is pressure, g is
gravity acceleration, F is the friction term, 𝜉 is the interphase drag coefficient, 𝛿 is the coefficient of interphase
momentum transfer due to mass transfer, 𝜔 is the normal stress due to particle-particle collisions, and Π is =0
below fragmentation, and =1 above it. Although the equations of motion (equations (1) and (2)) describe also
the occurrence of fragmentation, we avoid the complexities related to modeling its dynamics in a multidimen-
sional domain, which has never been tackled to date and falls outside the scope of this work. Temperature is
assumed to be constant throughout the conduit, according to the high thermal capacity of liquid magma and
the assumed constant conduit diameter [Papale, 2001]. In the 1-D conduit flow model of Papale [2001], the
friction term for the dense phase (Fd) is analytically determined, for the Newtonian case, using the Poiseuille
flow approximation. In such a case, mixture viscosity varies along the conduit only, mainly as a consequence
of degassing, that we assume at equilibrium. In the present study where non-Newtonian flow conditions
are evaluated, mixture viscosity varies not only vertically but also radially. Therefore, we developed an algo-
rithm that couples the 1-D system of equations (equations (1) and (2)) with non-Newtonian momentum and
continuity equations along the radial direction. The details of the algorithm are described in the appendix.

The non-Newtonian mixture viscosity is obtained from a rheological constitutive equation proposed by
Pal [2003]. Pal [2003] proposed four models for bubble-bearing suspensions at different concentrations,
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Table 1. Notation

Variable Description Units

Ca capillary number dimless

D conduit diameter m

F friction term Pa m−1

g gravity acceleration m s−2

G∞ elastic modulus at infinite frequency m s−2

k constant for Maxwell relation dimless

ṁ mass flow rate per unit area kg m−2 s−1

p pressure Pa

r radial coordinate m

Rb bubble radius m

u velocity m s−1

w mass fraction dimless

z vertical coordinate m

𝛼 gas volume fraction dimless

𝛼pack gas volume fraction dimless

�̇� shear strain rate s−1

𝛿 interphase momentum transfer coefficient dimless

𝜇 viscosity Pa s

𝜇eff effective viscosity Pa s

𝜇mix mixture viscosity Pa s

𝜇melt melt (liquid phase) viscosity Pa s

𝜇r relative viscosity dimless

𝜉 interphase drag coefficient kg m−3 s−1

𝜌 density kg m−3

𝜎 surface tension N m−1

𝜔 normal stress due to particle-particle collision Pa

Subscripts and Superscripts

avg radial average

d dense phase

g gas phase

l liquid phase

nN non-Newtonian

applying a differential scheme to the Frankel and Acrivos rheological equation for a dilute system [Frankel
and Acrivos, 1970]. These models reproduce the available numerical and experimental data on bubbly sus-
pensions; for high gas volume fractions (𝛼 > 0.6), the lack of experimental data prevents validation. Other
rheological models available in the literature [Mader et al., 2013, and references therein] can reproduce the
experimental data sets and are consistent with the exact theories of Taylor [1932] and Frankel and Acrivos
[1970] for dilute systems. We adopt Pal’s model since we found it easier to implement in the model equations.
In particular, we used the model 4 since it appears to be somewhat superior to the other models proposed
by Pal when compared with the limited amount of experimental and numerical data available [Pal, 2003].
Furthermore, model 4 accounts for the effect of bubble size distribution on the viscosity of bubble-bearing
suspensions through the maximum packing parameter 𝛼pack. In the original work [Pal, 2003] the maximum
packing parameter has been set to either 0.637 for a monodisperse suspension of random closely packed
spheres or to 0.76, for a bimodal suspension; larger values are allowed by the theory. We set 𝛼pack = 0.98,
corresponding, for example, to the value reached by a reticulite [Mangan and Cashman, 1996]. The increasing
𝛼pack can account for the effect of size polydispersity that increases the maximum packing. Pal’s model, though,
as any other model for the rheology of volcanic mixtures, does not account for bubble deformation which can
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Table 2. Simulation Runs

Input Data Results
Newtonian Non-Newtonian

H2O ṁ pexit uexit ṁ pexit uexit
avg

Liquid Viscosity (wt %) (kg s−1 ⋅ 108) 𝛼exit (MPa) (m s−1) (kg s−1 ⋅ 108) 𝛼exit (MPa) (m s−1)

𝜇l 1.5 0.17 0.87 2.80 73.4 0.30 0.82 4.00 87.3

𝜇l ⋅ 5 1.5 0.063 0.93 1.68 45 0.24 0.85 3.33 86.1

𝜇l ⋅ 10 1.5 0.037 0.99 1.01 157.5 0.20 0.88 2.76 85.2

𝜇l
a 3a 0.40a 0.83a 7.90a 123.4a 0.60a 0.75a 11.4a 130.5a

𝜇l ⋅ 5 3 0.25 0.87 5.9 104.4 0.55 0.78 10.35 129.5

𝜇l ⋅ 10 3 0.16 0.89 4.78 83.3 0.49 0.8 9.30 128.1
aReynolds number not consistent with the laminar flow assumption.

also significantly increase the maximum packing even in a monodisperse population. Anyway, such large gas
volume fractions were rare in the non-Newtonian simulations (see Table 2). The rheological model chosen is
defined by

𝜇r

[
1 − 12

5
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5
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]− 4
5
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In the above, 𝛼pack is the maximum packing volume fraction of undeformed bubbles and 𝜇r is the relative
viscosity that is related to non-Newtonian mixture viscosity 𝜇nN

mix and to the viscosity of the melt phase 𝜇l by

𝜇r =
𝜇nN

mix

𝜇l
. (4)

We have selected a low-viscosity basaltic magma (Etna basalt, chemical composition and constitutive
equations from Giordano and Dingwell [2003]) at the temperature of 980∘C. Under these conditions, the melt
is found to be Newtonian; the non-Newtonian magma rheology is thus solely due to the presence of bubbles.

Ca is the capillary number:

Ca =
Rb𝜇l�̇�

𝜎
, (5)

where Rb is the bubble radius, �̇� is the shear strain rate, and 𝜎 is surface tension. The capillary number repre-
sents the ratio between viscous forces and surface tension acting at the interface between the bubbles and
the melt. Large capillary numbers correspond to viscous-dominated regimes, where bubbles deform under
the action of shear stress; conversely, at small Ca surface tension is dominant and the spherical shape of bub-
bles is preserved. As a consequence, Ca controls the conditions at which non-Newtonian rheology due to gas
bubble shearing and deformation emerges causing a decrease of the relative viscosity (pseudoplastic or shear
thinning effect) [Pal, 2003; Llewellin et al., 2002a, 2002b; Llewellin and Manga, 2005].

The rheological equation (3) predicts that in a relatively narrow interval the relative viscosity 𝜇r strongly
decreases with increasing Ca, while for small or large Ca 𝜇r is roughly constant (Figure 1). This behavior
identifies three rheological regions: for low and high Ca, the effect of gas bubbles is that of increasing or
decreasing viscosity, respectively, with no or negligible effect of the rate of strain on viscosity; for interme-
diate Ca the effect is that of progressively decreasing viscosity, with a substantial dependence on the rate
of strain (Figure 1). The intermediate Ca region has often been neglected in previous studies [Llewellin and
Manga, 2005]; it is instead crucial for the development of plug-like velocity profiles [Llewellin et al., 2002b] .

We avoid the complexities related to modeling fragmentation dynamics in a multidimensional domain,
which has never been tackled to date and falls outside the scope of this work. Conditions for fragmentation
are checked by using the viscous-to-elastic response criterion in Papale [1999], for both elongational and
shear rates of strain calculated along the conduit radius. The choice of a low-viscosity magma [Giordano and
Dingwell, 2003] limits the possible occurrence of fragmentation conditions.
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Figure 1. Relative viscosity 𝜇r = 𝜇mix∕𝜇l as a function of the capillary number Ca for different values of gas volume
fraction 𝛼 from the rheological constitutive equation of Pal [2003] (equation (3)). At low capillary number, the relative
viscosity is >1 and approximately constant; at high Ca, 𝜇r is still approximately constant but <1 and the velocity profile
approaches a parabola; at intermediate values, 𝜇r decreases by increasing Ca. Increasing 𝛼, the difference between low
and high relative viscosity increases.

3. Numerical Simulations

Our numerical simulations aim at investigating the effects of non-Newtonian rheology caused by the pres-
ence of bubbles on conduit flow dynamics. With that purpose, a parametric study is conducted, whereby the
same simulation is repeated by excluding or including the non-Newtonian behavior at equation (3). When
Newtonian behavior is assumed, gas bubbles are taken as nondeformable; therefore, their effect is always that
of increasing the mixture viscosity. That is modeled by a simplified form of the Ishi and Zuber [1979] equation,
which takes into account the fact that the viscosity of the gas phase is negligible with respect to the viscosity
of the liquid phase at magmatic conditions:

𝜇mix =
𝜇melt

(1 − 𝛼)
. (6)

The vertical velocity profile is parabolic by definition; therefore, it does not need to be solved; the friction term
Fd at equation (2) has an analytical expression obtained by integrating such a priori known profile [Papale,
2001, equation (39)], and a 1-D approach is sufficient to solve the flow along the conduit. Pal’s model 4 reduces
to the Ishii and Zuber model at Ca equal to zero only for pack equal to one. As we have set 𝛼pack = 0.98, the
rheological behavior in our non-Newtonian simulations does not reduce exactly to the Newtonian case for
Ca that tends to zero. Anyway, since the minimum of Ca is expected at the conduit bottom (where the profile
is parabolic), the gas volume fraction, 𝛼, will be relatively low and, consequently, the deviation from the Ishii
and Zuber model negligible.

When instead non-Newtonian rheology is included, gas bubbles deform when the local Ca number is suffi-
ciently large (Figure 1), causing a local decrease of mixture viscosity. Since the Ca number depends on the
rate of strain, which varies largely from the conduit centerline to conduit walls, non-Newtonian mixture vis-
cosity also varies radially, deforming the velocity profile and ruling out the use of analytical expressions for
the friction term FnN

d . In such a case, vertical velocity must be computed from point to point along the radial
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Figure 2. (a–c) Mixture velocity and (d–f ) pressure distribution along the conduit at increasing liquid viscosities, for
Newtonian (black) and non-Newtonian (red) rheologies.

direction. In order to ensure consistency between vertical and radial distributions of flow quantities, the
algorithm described in the appendix is employed.

The effects of non-Newtonian magma rheology emerge by comparing the results obtained with or without
non-Newtonian flow behavior for any given set of simulated conditions, defined in terms of magma temper-
ature and composition (10 major oxides plus the 2 volatile species H2O and CO2), crystal content, conduit
length (and pressure at conduit base), and conduit diameter. H2O content has been varied from 1.5 to 3 wt %,
while the CO2 content has been fixed to zero in the present simulations. To extend the range of investigated
conditions, we have repeated the parametric study by arbitrarily varying the liquid viscosity over a 1 order of
magnitude range. All simulations assume a vertical conduit with cylindrical shape and diameter of 30 m.

4. Results

The model has been used to compare two groups of simulations made with the same input quantities but by
assuming Newtonian or non-Newtonian rheology. The simulations performed are described in Table 2. The
variations in the flow conditions (emitted mass flux, exit velocity, and exit pressure) due to differences in water
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Figure 3. Mixture viscosity along the conduit at increasing liquid viscosities, for (d–f ) Newtonian (black) and
(a–c) non-Newtonian rheologies (red). In Figure 3d, the abrupt viscosity decrease corresponds to the fragmentation
region. Conduit length axis starts from the exsolution level; before exsolution there is no gas phase and the mixture
viscosity is constant.

content and liquid viscosity are not dissimilar from those illustrated elsewhere [e.g., Papale et al., 1998; Colucci
et al., 2014] for both sets of simulations, Newtonian and non-Newtonian. However, these variations are much
smaller for the non-Newtonian case.

A relevant effect of non-Newtonian rheology is an increase of mass flow rate, by a factor of 1.8 to 5.4, generally
increasing with increasing liquid viscosity or decreasing total water content (Table 2). Pressure and velocity
computed at the conduit exit are larger for the non-Newtonian compared to the corresponding Newtonian
cases. Consequently, exit gas volume fractions are lower for the non-Newtonian case. Non-Newtonian rhe-
ology causes the exit from the conduit of a denser and faster volcanic mixture with higher mass flow rate,
inhibiting fragmentation. At the highest liquid viscosity and lowest water content (Table 2), the model predicts
fragmentation just below the conduit exit and nonchoked flow at exit for the Newtonian rheology. There-
fore, under these conditions the Newtonian mixture is further accelerated and the resulting mass flow rate is
higher than its non-Newtonian counterpart, although the comparison is less meaningful.

In Figures 2 and 3 non-Newtonian and Newtonian vertical profiles of velocity, pressure, and viscosity
along the conduit are compared for a subset of the performed simulations. The non-Newtonian velocities
reported in Figure 2 are average values computed over each horizontal section along the cylindrical conduit
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Figure 4. Friction term (Fd) along the conduit at increasing liquid viscosities, for different water contents.

(equation (A18) in the appendix). Pressure differences are very small all along the conduit. On the contrary,
velocity differences are relevant and have their maxima near the conduit exit, before the onset of acceleration
due to rapid expansion when approaching the exit. The large Newtonian velocity at conduit exit in Figure 2a
is due to fragmentation occurring just below the exit.

Figure 3 shows Newtonian versus non-Newtonian mixture viscosity distributions along the conduit. While the
Newtonian viscosity is constant along each horizontal plane at any level in the conduit, the non-Newtonian
viscosity varies with distance from the conduit centerline. To compare the two distributions and plot a
non-Newtonian mixture viscosity along the conduit, we refer to an effective mixture viscosity defined as the
viscosity of a Newtonian case which would produce the same vertical distribution of all flow quantities as for
the non-Newtonian case. Such an effective viscosity is given by [Papale, 2001]

𝜇mix =
D2

(
FnN

d

)
𝜌d

32ṁ
, (7)

where D is the conduit diameter and FnN
d is the non-Newtonian friction term. The mixture viscosity dis-

tributions in Figure 3 show striking differences, as expected, reflecting Newtonian versus non-Newtonian
conditions in the two sets of simulations. While the Newtonian mixture viscosity always increases from the
bottom of the conduit to the top (Figure 3, panels on the right), the non-Newtonian effective mixture viscos-
ity reaches a maximum and then decreases (Figure 3, panels on the left). The maximum is more pronounced
for low liquid viscosity (Figure 3c). The increase of mixture viscosity along the conduit for the Newtonian
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Figure 5. Velocity profiles along conduit radius as a function of the depth into the conduit for increasing values of liquid
viscosity, at 1.5% of water, for the (d–f ) Newtonian and the (a–c) non-Newtonian case. Conduit length axis starts from
the exsolution level; before exsolution there is no gas phase and the flow is one dimensional and Newtonian.

case encompasses 1 order of magnitude or more; with non-Newtonian rheology, mixture viscosity increases
by only a fraction of its value at conduit base then decreases remaining confined in a relatively narrow range.
Non-Newtonian rheology largely buffers viscosity changes during magma ascent. The substantial differences
in the viscosity trends in Figure 3 are not reflected by the pressure distributions (Figure 2). The shallow frag-
mentation occurring in the Newtonian, high-viscosity case, and determining higher velocity at the conduit
exit is evidenced by the mixture viscosity distribution in Figure 3d.

Figure 4 shows the distributions along the conduit of the friction terms of the dense phase. Newtonian
trends show lower initial values and more pronounced increase when approaching conduit exit, while
non-Newtonian cases display less steep trends with smaller variability at intermediate values with respect to
the Newtonian cases.

In Figure 5 the Newtonian and non-Newtonian velocities in the conduit are compared for selected simulations.
Newtonian profiles correspond by definition to parabolic curves. Non-Newtonian profiles vary from parabolic
to plug like, the latter developing in the shallower parts of the conduit. The plug extends more toward the
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Figure 6. Distributions of shear stress versus shear strain rate as a function of the depth into the conduit for increasing
values of liquid viscosity, at 1.5% of water. Conduit length axis starts from the exsolution level; before exsolution there is
no gas phase and the flow is one dimensional and Newtonian.

conduit margins for lower liquid viscosity. Increasing water contents (not shown) do not change significantly
the extent of the plug-like region.

The shear stress-strain rate diagram in Figure 6 shows close-to-linear (Newtonian) trends at larger depths.
At shallow depths a marked pseudoplastic behavior emerges with initial steep gradients, especially at larger
liquid viscosity, followed by a close-to-linear trend.

The computed mixture viscosity distributions are shown in Figure 7 (note the largely different vertical scales
for the different panels). The mixture viscosity decreases when approaching the conduit margins as a conse-
quence of the higher rates of strain. Viscosity variations along the conduit radius are small at the base and
increase toward the exit, reaching a maximum of 2 orders of magnitude when total water content is low and
liquid viscosity is large (Figure 7a).

For two simulations (low liquid viscosity and 3% of water, Newtonian and non-Newtonian; denoted with a in
Table 2) the Reynolds numbers reach 104, indicating a turbulent flow regime. Our model is not consistent in
these conditions because of the laminar flow assumption. The flow in pipes for fully developed turbulence
regimes is characterized by plug-like velocity profiles, where the thickness of the sublayer next to the pipe
wall is typically very small (much less than 1% of the pipe diameter) but plays a dominant role because of the
large velocity gradients [Pope, 2000]. Such high strain rates close to the conduit wall are expected to be more
pronounced than that ones obtained in our non-Newtonian simulations. A proper treatment of the turbulent
friction term is needed to quantify the effect of such plug-like velocity profiles on conduit dynamics.

COLUCCI ET AL. NON-NEWTONIAN MAGMA FLOW 1798



Journal of Geophysical Research: Solid Earth 10.1002/2016JB013383

Figure 7. (a–c) Distributions of non-Newtonian effective mixture viscosity (equation (7)) as a function of the depth into
the conduit for increasing values of liquid viscosity, at 1.5% of water. Conduit length axis starts from the exsolution level;
before exsolution there is no gas phase and the flow is one dimensional and Newtonian.

5. Discussion

The present study reveals the effects of non-Newtonian behavior of bubble-bearing magma on the overall
dynamics of steady magma flow along the volcanic conduits, in the assumption that such a behavior is well
represented by the rheological equation of Pal [2003]. One additional assumption in this investigation is the
neglect of horizontal velocity components, which is reasonable due to the much larger vertical dimension
(order of kilometer) of volcanic conduits, with respect to their horizontal dimension (order of tens of meters).
This allows a quasi 2-D modeling approach, whereby the vertical velocity varies along the radial direction
according to the local shear stress-strain rate conditions, originating non-Newtonian velocity profiles. By com-
paring the flow conditions originating from sets of numerical simulations made by accounting or not for
non-Newtonian rheology, any other condition being equal, the net effect of bubble-induced non-Newtonian
flow behavior on conduit ascent dynamics is highlighted.

Our results show that, overall, the inclusion of non-Newtonian magma rheology increases sensibly the mass
flow rate, as was observed by Llewellin and Manga [2005] under the assumption of a parabolic profile, and
results in exit conditions characterized by a faster, less expanded magmatic mixture. The mean vertical veloc-
ity of the ascending magmatic mixture is significantly larger everywhere along the conduit compared to the
Newtonian case. On the contrary, mixture viscosity is generally lower and it is characterized by a nonmono-
tonic dependence from depth (Figure 3). It is possible to identify two regimes: a “liquid controlled regime,”
where mixture viscosity increases during ascent, because the increasing liquid viscosity due to water exso-
lution overcomes the effect of bubbles; and a “bubbles controlled regime,” where the effect of bubble
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deformation is predominant and the viscosity of the mixture decreases during ascent. However, the pressure
distributions for the Newtonian and non-Newtonian cases are very similar over most of the conduit, differing
only when approaching the conduit exit level.

This similarity between Newtonian and non-Newtonian pressure vertical profiles may look surprising, given
that the average (effective) mixture viscosities for the two cases differ by 1 to 2 orders of magnitude (Figure 3).
As viscosity is expected to modify pressure by dissipating mechanical energy, the large pseudoplastic
behavior due to bubble deformation (Figure 1) would suggest a much larger effect on pressure.

The boundary conditions at the top and bottom of the conduit can explain such counterintuitive behavior.
In a steady flow model the conditions along the conduit must be such that the pressure is consistently dis-
tributed to connect a deep reservoir at pressure close to lithostatic to the atmosphere. Choked flow conditions,
reached in all but one simulations, imply a degree of disequilibrium between the magmatic mixture exiting
the volcanic conduit and the atmosphere, so that pressure at conduit exit is larger than atmospheric. Choked
flow conditions represent therefore an additional degree of freedom in the way pressure is distributed from
the base of the conduit to its exit. While having relevant effects on the dynamics of expansion of the mag-
matic mixture inside and above the crater region [Carcano et al., 2013], pressure variations at conduit exit
among the different simulations are 2 to 3 orders of magnitude smaller than the pressure difference between
conduit base and exit (Table 2). Therefore, for all the simulated scenarios the pressure distribution along the
conduit must consistently connect base and exit at almost the same pressure and cannot change drastically
to accommodate viscosity changes.

During the flow, the pressure drop along the conduit is balanced by friction, which in turn is determined by
the interplay between viscosity and velocity. Since when using non-Newtonian rheology the viscosity in the
conduit is generally lower (Figure 3), an increase in ascent velocity is required to maintain the pressure drop
(Figure 2). The decrease of friction due to decreased viscosity is therefore counteracted by an increase due to
increased velocity, and the result is a friction term which overall mediates the trend for Newtonian rheology
(Figure 4), maintaining similar pressure profiles (Figures 2d–2f ). This mediating effect is not effective at the
conduit exit. The viscosity in the Newtonian case increases by orders of magnitude as gas expands at low pres-
sure (Figures 3d–3f ), causing a steep increase in the friction term (Figures 4d–4f ). Non-Newtonian rheology,
on the contrary, predicts decreasing viscosity due to bubble deformation at shallow depths (Figures 3a–3c),
resulting in smaller variations of the friction term (Figures 4a–4c). As a consequence, the non-Newtonian pres-
sure profiles deviate from the Newtonian when approaching conduit exit, resulting in larger exit pressures
(Table 2).

Our results allow us to understand the conditions leading to the development of nonparabolic velocity pro-
files. The controlling factor appears to be an interplay between liquid viscosity and the maximum flow velocity
at conduit centerline that determines the shear stress distribution. When the velocity is sufficiently small,
the mixture can accommodate the local shear stress-strain rate conditions (see Figure 6) without the devel-
opment of a central plug-like region. When the velocity along the centerline increases further, the rate of
strain required to maintain a parabolic profile becomes too large; a close-to-flat, plug-like velocity distribution
(Figure 5) develops identifying a central region of very low rate of strain (Figure 6) where bubble deforma-
tion is very limited or absent, and mixture viscosity is high (Figure 7). Large rates of strain, therefore efficient
bubble deformation and significant mixture viscosity decrease (Figure 7), are concentrated toward the con-
duit margins. The extent of the plug-like region depends on the viscosity of the melt; lower viscosities allow
easier mechanical detachment, therefore favor larger expansion of the plug-like region toward the conduit
walls (Figure 5c).

The emergence of a plug profile at shallow depth was also shown by Gonnermann and Manga [2003]. Their
model predicts fragmentation at the conduit wall, albeit neglecting the gas-particle flow at shallow depths
that must influence the overall dynamics in the conduit. In their work fragmentation is favored by the larger
melt viscosity adopted, at least 2 orders of magnitude compared to this study. Our results show that simple
shear at the conduit wall is generally larger than elongation shear at the conduit centerline (not shown in the
figures) and may favor the occurrence of simple shear-induced fragmentation for viscosities higher than the
values investigated here.

Our model is isothermal, and it thus neglects viscous dissipation and shear heating [Gonnermann and Manga,
2007]. Viscous dissipation can dramatically change the shape of the velocity profile, enhancing the formation
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of a plug [Mastin, 2005]: the flow profile can evolve from a parabolic shape to a diameter-sized plug very
rapidly. The bubble rheology-induced shear thinning analyzed here does not produce such large plugs, their
maximum extension being roughly 1/3 of the radius (Figure 5). Viscous heating depends on the rate of work
done to strain a volume of material V in a viscous flow, and it scales with the viscosity and the square of the
rate of strain (W = 𝜂𝛾2V). For low-viscosity melts, as, for example, the basalt in our simulations, the viscosity
can be up to 6 orders of magnitude lower if compared to a high-viscosity melt (e.g., rhyolite). On the contrary,
the rate of strain increases with decreasing the melt viscosity. Its increase though is expected to be smaller
than 1 order of magnitude [see, e.g., Papale, 1999]; thus, the net effect will be a smaller rate of work, thus
a smaller viscous heating. Since the non-Newtonian rheology decreases the viscosity of the mixture, it will
further reduce viscous dissipation.

Polydispersity of the bubble size distribution cannot be fully accounted for by Pal’s rheological model
(equation (3)). Polydispersity tends to flatten and broaden the curve of the capillary number in Figure 1,
skewing the transitional region to higher capillarity, as a result of the tail of small bubbles which have short
relaxation times [Mader et al., 2013]. This is expected to enlarge the range of strain rates for which a non-
parabolic velocity profile develops, due to the broader transitional Ca region, but smoothing the profile
themselves, thus decreasing the plug-like nature of the flow. This aspect needs to be further investigated by
possibly developing a proper method for treating the time-space evolution of the bubble size distribution.

Significant strain on a foam can lead to bubble breakage and the development of permeable pathways [Mader
et al., 2013]. The consequent loss of gas is expected to reduce the effects of bubbles on viscosity (especially
at shallow depths), as the gas volume fraction decreases.

Nonequilibrium degassing not included in our study can further reduce the available amount of gas, thus
limiting the effects of bubbles on viscosity and determining changes in the capillary number as a consequence
of the changes in surface tension determined by supersaturation [Colucci et al., 2016].

Non-Newtonian rheology of bubble-bearing basaltic magma has been thus shown to cause smaller mix-
ture viscosities and higher ascent velocities, because changes in pressure drop along the conduit are not
significant. Neglecting the non-Newtonian effect of bubble-bearing magmas during the ascent in the con-
duit may result in misinterpreting the eruptive behavior. For example, the density and the velocity of the
mixture exiting from the conduit are fundamental inputs for modeling the dynamics of the volcanic plume,
determining the column height and the buoyant-collapsing behavior of the plume [Colucci et al., 2014].
Also, the larger mass flow rates associated with non-Newtonian rheology imply that overpressure at depth
needed to initiate basaltic mildly explosive activity is lower than previously thought [Parfitt and Wilson, 1994b].
Finally, the development of nonparabolic velocity profiles in basalts, with a central plug-like region more
extended for low liquid viscosity magmas, can explain the typical textures observed in sustained lava foun-
tain eruptions, characterized by the predominance of simple ellipsoidal to spherical bubble shape in respect
of stretched elongated vesicles (e.g., Kı̄lauea Iki 1959 eruption) [Stovall et al., 2011], although they can also be
the consequence of postfragmentation relaxation processes.

6. Conclusions

This work presents an analysis of non-Newtonian flow along volcanic conduits for steady state phases of
basaltic volcanic eruptions. Non-Newtonian behavior considered here arises from the presence of gas bub-
bles that can deform under sufficient rates of strain determining local decrease of the viscosity of the
magmatic mixture. Unlike previous work that investigated the effect of bubbles on rheology by using simpli-
fied, incompressible single-phase steady models and imposing fixed mass flow rates [Llewellin et al., 2002b;
Gonnermann and Manga, 2003; Llewellin and Manga, 2005], we developed a quasi 2-D numerical model of
non-Newtonian, compressible, two-phase, steady magma flow along a volcanic conduit that evaluates mass
flow rates consistently with atmospheric pressure or choked flow conditions at exit.

We have found that non-Newtonian rheology generates higher flow velocities and mass flow rates, while
keeping the pressure distribution substantially unchanged except very close to the conduit exit. Nonparabolic
velocity profiles emerge when the velocity increases approaching the conduit exit, resulting in a plug-like
flow the extent of which increases with decreasing liquid viscosity. This work includes some approximations
that might have a larger impact on observed mass flow rates at conduit exit, such as, most importantly,
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constant radius. Nevertheless, the results presented here highlight the net effect of bubbles on the rheology
of magma ascent and can be included in more complex models to obtain more detailed information.

Besides gas bubbles, crystals have also the capability to induce non-Newtonian, pseudoplastic (or
viscous-thinning) rheology at increasing rates of strain [Mader et al., 2013]. Future investigation should there-
fore include complex rheology for the multiphase magmatic mixture, arising from the presence of crystals
and gas bubbles, as well as the intrinsic non-Newtonian behavior of silicate melts. Furthermore, future work
should deal with magma fragmentation that we have intentionally avoided in this analysis.

Appendix A: Numerical Algorithm

The expression for the friction term F in a 2-D Newtonian, incompressible, single phase flow in a horizontal
cylindrical pipe (Poiseuille flow) is, in radial coordinates (r = R, pipe wall),

𝜇
d
dr

(
r

d(u(r))
dr

)
= rF, (A1)

where 𝜇 is viscosity. Integrating for r, we get

∫
d
dr

(
r

d(u(r))
dr

)
dr = ∫

r
𝜇

Fdr (A2)

r
d(u(r))

dr
= r2

2𝜇
F + C1. (A3)

Using the boundary condition,

d(u(r))
dr

∣r=0= 0, (A4)

C1 = 0. Multiplying by r−1 and a second integration

∫
d(u(r))

dr
dr = ∫

r
2𝜇

Fdr, (A5)

we obtain

u(r) = r2

4𝜇
F + C2. (A6)

Using the no slip boundary condition

u(R) = 0, (A7)

we obtain the radial velocity profile

u(r) = R2

4𝜇
F

(
r2

R2
− 1

)
. (A8)

Averaging the above, we obtain the 1-D velocity to be used in the mass conservation equation

uavg = 2
R2 ∫

0

R

R2

4𝜇
F

(
1 − r2

R2

)
rdr = R2

8𝜇
F. (A9)

Combining the last two equations, we obtain the parabolic velocity profile as a function of uavg

u(r) = 2uavg

(
1 − r2

R2

)
, (A10)

and solving for F, we obtain the Newtonian friction term:

F =
8𝜇uavg

R2
. (A11)
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In the non-Newtonian case it is not possible to obtain an explicit solution, since viscosity is not uniform along
the radius. Integrating along r gives

∫
d
dr

(
r

du(r)
dr

𝜇(r)
)

dr = ∫ Frdr, (A12)

r
du(r)

dr
𝜇(r) = r2

2
F + C1. (A13)

Using the boundary condition

du(r)
dr

∣r=0= 0, (A14)

we obtain

𝜇(r) = F
r

2�̇�
, (A15)

where �̇� is the shear strain rate du(r)∕dr.

Combining (A15) with the Pal [2003] rheological equation, we obtain

1
𝜇l

Fr
2�̇�

⎡⎢⎢⎢⎣
1 − 12

5

(
1
𝜇l

Fr
2�̇�

)2 ( Rb𝜇l �̇�

𝜎

)2

1 − 12
5

(
Rb𝜇l �̇�

𝜎

)2

⎤⎥⎥⎥⎦
− 4

5

=
[

1 − 𝛼

𝛼pack

]−𝛼pack

, (A16)

Using a root finding technique, we find �̇� in (A16) as a function of r, for a given friction term, and F, in the
integration interval [R,0], and then we integrate numerically, with the no slip boundary condition, to find the
velocity profile:

u(r) = −∫
0

R
�̇�(r)dr. (A17)

The average velocity, for the mass conservation, is calculated numerically by

uavg = − 2
R2 ∫

0

R
u(r)rdr. (A18)

To couple the 1-D system of equations (equations (1) and (2)) with the 2-D momentum and continuity
equations above, we developed an algorithm that provides a Non-Newtonian friction term FnN

d “on the fly.”
For each integration step along the conduit the algorithm (i) starts with a guess on FnN

d (Newtonian friction
term at the first integration step at the conduit bottom, then that one calculated at the previous integration
step); (ii) it calculates pressure, p, phase velocities, ud and ug, and gas volume fraction, 𝛼, solving the 1-D sys-
tem of equations in (equations (1) and (2)) with the guess on FnN

d ; (iii), it calculates the 2-D velocity profile, and
the associated average velocity uavg, by solving the 2-D equations with 𝛼 and 𝜇l(p, 𝛼) obtained from the 1-D
model and the guess on FnN

d as inputs; finally, if the 2-D average velocity is consistent with the 1-D velocity
(uavg =ud), it accepts FnN

d and it goes to the next integration step along the vertical direction z, otherwise goes
back to (i) and iterates changing the guess on FnN

d .

References
Carcano, S., L. Bonaventura, T. Esposti Ongaro, and A. Neri (2013), A semi-implicit, second order accurate numerical model for multiphase

underexpanded volcanic jets, Geosci. Model Dev., 6, 1905–1924, doi:10.5194/gmd-6-1905-2013.
Caricchi, L., L. Burlini, P. Ulmer, T. Gerya, M. Vassalli, and P. Papale (2007), Non-Newtonian rheology of crystal-bearing magmas and

implications for magma ascent dynamics, Earth Planet. Sci. Lett., 264, 402–419, doi:10.1016/j.epsl.2007.09.032.
Cimarelli, C., A. Costa, S. Mueller, and H. M. Mader (2011), Rheology of magmas with bimodal crystal size and shape distributions: Insights

from analog experiments, Geochem. Geophys. Geosyst., 12, Q07024, doi:10.1029/2011GC003606.
Colucci, S., M. de’ Michieli Vitturi, A. Neri, and D. M. Palladino (2014), An integrated model of magma chamber, conduit and column for the

analysis of sustained explosive eruptions, Earth Planet. Sci. Lett., 404, 98–110, doi:10.1016/j.epsl.2014.07.034.
Colucci, S., M. Battaglia, and R. Trigila (2016), A thermodynamical model for the surface tension of silicate melts in contact with H2O gas,

Geochim. Cosmochim. Acta, 175, 113–127. [Available at http://www.sciencedirect.com/science/article/pii/S0016703715007024.]
Costa, A. (2005), Viscosity of high crystal content melts: Dependence on solid fraction, Geophys. Res. Lett., 32, L22308,

doi:10.1029/2005GL024303.

Acknowledgments
We would like to thank Ed. Llewellin
and an anonymous reviewer for
the helpful suggestions and the
constructively critical review that
improved the quality of this paper.
Financial support from MIUR
PREMIALE 2012 (UNIVOL, grant ref-
erence 0669.010) and the European
Unions Seventh Programme for
research, technological development,
and demonstration under grant
agreement 308665 MED-SUV is
acknowledged. Further data for
this paper are available by contact-
ing the corresponding author at
simone.colucci@ingv.it.

COLUCCI ET AL. NON-NEWTONIAN MAGMA FLOW 1803

http://dx.doi.org/10.5194/gmd-6-1905-2013
http://dx.doi.org/10.1016/j.epsl.2007.09.032
http://dx.doi.org/10.1029/2011GC003606
http://dx.doi.org/10.1016/j.epsl.2014.07.034
http://www.sciencedirect.com/science/article/pii/S0016703715007024
http://dx.doi.org/10.1029/2005GL024303
mailto:simone.colucci@ingv.it


Journal of Geophysical Research: Solid Earth 10.1002/2016JB013383

Costa, A., L. Caricchi, and N. Bagdassarov (2009), A model for the rheology of particle-bearing suspensions and partially molten rocks,
Geochem. Geophys. Geosyst., 10, Q03010, doi:10.1029/2008GC002138.

Degruyter, W., O. Bachmann, A. Burgisser, and M. Manga (2012), The effects of outgassing on the transition between effusive and explosive
silicic eruptions, Earth Planet. Sci. Lett., 349–350, 161–170, doi:10.1016/j.epsl.2012.06.056.

Deubelbeiss, Y., B. J. P. Kaus, A. D. Connolly, and L. Caricchi (2011), Potential causes for the non-Newtonian rheology of crystal-bearing
magmas, Geochem. Geophys. Geosyst., 12, Q05007, doi:10.1029/2010GC003485.

Frankel, N. A., and A. Acrivos (1970), The constitutive equation for a dilute emulsion, J. Fluid Mech., 44, 65–78.
Giordano, D., and D. B. Dingwell (2003), Viscosity of hydrous Etna basalt: Implications for Plinian-style basaltic eruptions, Bull. Volcanol., 65,

8–14, doi:10.1007/s00445-002-0233-2.
Gonnermann, H. M., and M. Manga (2003), Explosive volcanism may not be an inevitable consequence of magma fragmentation, Nature,

426, 432–435, doi:10.1038/nature02138.
Gonnermann, H. M., and M. Manga (2007), The fluid mechanics inside a volcano, Annu. Rev. Fluid Mech., 39, 321–356,

doi:10.1146/annurev.fluid.39.050905.110207.
Ishi, M., and N. Zuber (1979), Drag coefficient and relative velocity in bubbly, droplet or particulate flows, AlChE J., 25, 843–855,

doi:10.1002/aic.690250513.
Ishibashi, H. (2009), Non-Newtonian behaviour of plagioclase-bearing basaltic magma: Subliquidus viscosity measurement of the 1707

basalt of Fuji volcano, Japan, J. Volcanol. Geotherm. Res., 181, 78–88, doi:10.1016/j.jvolgeores.2009.01.004.
Llewellin, E. W., and M. Manga (2005), Bubble suspension rheology and implications for conduit flow, J. Volcanol. Geotherm. Res., 143,

205–217, doi:10.1016/j.jvolgeores.2004.09.018.
Llewellin, E. W., H. M. Mader, and S. D. R. Wilson (2002a), The rheology of a bubbly liquid, Proc. R. Soc. A, 458, 987–1016,

doi:10.1098/rspa.2001.0924.
Llewellin, E. W., H. M. Mader, and S. D. R. Wilson (2002b), The constitutive equation and flow dynamics of bubbly magmas, Geophys. Res. Let,

29(24), 2170, doi:10.1029/2002GL015697.
Macedonio, G., A. Neri, J. Mart, and A. Folch (2005), Temporal evolution of flow conditions in sustained magmatic explosive eruptions,

J. Volcanol. Geotherm. Res., 143(1–3), 153–172, doi:10.1016/j.jvolgeores.2004.09.015.
Mader, H. M., E. W. Llewellin, and S. P. Mueller (2013), The rheology of two-phase magmas: A review and analysis, J. Volcanol. Geotherm. Res.,

257, 135–158, doi:10.1016/j.jvolgeores.2013.02.014.
Manga, M., and M. Loewenberg (2001), Viscosity of magmas containing highly deformable bubbles, J. Volcanol. Geotherm. Res., 105, 19–24,

doi:10.1016/S0377-0273(00)00239-0.
Manga, M., J. Castro, K. V. Cashman, and M. Loewenberg (1998), Rheology of bubble-bearing magmas, J. Volcanol. Geotherm. Res., 87, 15–28,

doi:10.1016/S0377-0273(98)00091-2.
Mangan, M. T., and K. V. Cashman (1996), The structure of basaltic scoria and reticulite and inferences for vesiculation, foam formation, and

fragmentation in lava fountains, 1, 73, 1–18, doi:10.1016/0377-0273(96)00018-2.
Mastin, L. G. (2002), Insights into volcanic conduit flow from an open-source numerical model, Geochem. Geophys. Geosyst., 3(7), 1037,

doi:10.1029/2001GC000192.
Mastin, L. G. (2005), The controlling effect of viscous dissipation on magma flow in silicic conduits, J. Volcanol. Geotherm. Res., 143, 17–28,

doi:10.1016/j.jvolgeores.2004.09.008.
Melnik, O., and R. S. J. Sparks (2005), Controls on conduit magma flow dynamics during lava dome building eruptions, J. Geophys. Res., 110,

B02209, doi:10.1029/2004JB003183.
Pal, R. (2003), Rheological behavior of bubble-bearing magmas, Earth Planet. Sci. Lett., 207, 165–179, doi:10.1016/S0012-821X(02)01104-4.
Papale, P., A. Neri, and G. Macedonio (1998), The role of magma composition and water content in explosive eruptions: 1. Conduit ascent

dynamics, J. Volcanol. Geotherm Res., 87, 75–93, doi:10.1016/S0377-0273(98)00101-2.
Papale, P. (1999), Strain-induced magma fragmentation in explosive eruptions, Nature, 397, 425–428, doi:10.1038/17109.
Papale, P. (2001), Dynamics of magma flow in volcanic conduits with cariable fragmentation efficiency and nonequilibrium pumice

degassing, J. Geophys. Res., 106(B6), 11,043–11,065, doi:10.1029/2000JB900428.
Parfitt, E. A., and L. Wilson (1994a), Explosive volcanic eruptions—IX. The transition between Hawaiian-style lava fountaining and

Strombolian explosive activity, Geophys. J. Int., 121(1), 226–232, doi:10.1111/j.1365-246X.1995.tb03523.x.
Parfitt, E. A., and L. Wilson (1994b), The 1983–86 Pu’u ’O’o eruption of Kilauea Volcano, Hawaii: A study of dike geometry and eruption

mechanisms for a long-lived eruption, J. Volcanol. Geotherm Res., 59(3), 179–205, doi:10.1016/0377-0273(94)90090-6.
Pope, S. B. (2000), Turbulent Flows, chap. 7, Cambridge Univ. Press, Cambridge, U. K.
Proussevitch, A. A., and D. L. Sahagian (2005), Bubbledrive-1: A numerical model of volcanic eruption mechanisms driven by disequilibrium

magma degassing, J. Volcanol. Geotherm. Res., 143(1-3), 89–111, doi:0.1016/j.jvolgeores.2004.09.012.
Rust, A. C., and M. Manga (2002), Effects of bubble deformation on the viscosity of dilute suspension, J. Non-Newtonian Fluid Mech., 104,

53–63, doi:10.1016/S0377-0257(02)00013-7.
Stein, D. J., and F. J. Spera (2002), Shear viscosity of rhyolite-vapor emulsions at magmatic temperatures by concentric cylinder rheometry,

J. Volcanol. Geotherm. Res., 113, 243–258, doi:10.1016/S0377-0273(01)00260-8.
Stovall, W. K., B. F. Houghton, H. Gonnermann, S. A. Fagents, and D. A. Swanson (2011), Eruption dynamics of Hawaiian-style fountains:

The case study of episode 1 of the Kı̄lauea Iki 1959 eruption, Bull. Volcanol., 73, 511–529, doi:10.1007/s00445-010-0426-z.
Taylor, G. I. (1932), The viscosity of a fluid containing small drops of another liquid, Proc. R. Soc. A, 138, 41–48.

COLUCCI ET AL. NON-NEWTONIAN MAGMA FLOW 1804

http://dx.doi.org/10.1029/2008GC002138
http://dx.doi.org/10.1016/j.epsl.2012.06.056
http://dx.doi.org/10.1029/2010GC003485
http://dx.doi.org/10.1007/s00445-002-0233-2
http://dx.doi.org/10.1038/nature02138
http://dx.doi.org/10.1146/annurev.fluid.39.050905.110207
http://dx.doi.org/10.1002/aic.690250513
http://dx.doi.org/10.1016/j.jvolgeores.2009.01.004
http://dx.doi.org/10.1016/j.jvolgeores.2004.09.018
http://dx.doi.org/10.1098/rspa.2001.0924
http://dx.doi.org/10.1029/2002GL015697
http://dx.doi.org/10.1016/j.jvolgeores.2004.09.015
http://dx.doi.org/10.1016/j.jvolgeores.2013.02.014
http://dx.doi.org/10.1016/S0377-0273(00)00239-0
http://dx.doi.org/10.1016/S0377-0273(98)00091-2
http://dx.doi.org/10.1016/0377-0273(96)00018-2
http://dx.doi.org/10.1029/2001GC000192
http://dx.doi.org/10.1016/j.jvolgeores.2004.09.008
http://dx.doi.org/10.1029/2004JB003183
http://dx.doi.org/10.1016/S0012-821X(02)01104-4
http://dx.doi.org/10.1016/S0377-0273(98)00101-2
http://dx.doi.org/10.1038/17109
http://dx.doi.org/10.1029/2000JB900428
http://dx.doi.org/10.1111/j.1365-246X.1995.tb03523.x
http://dx.doi.org/10.1016/0377-0273(94)90090-6
http://dx.doi.org/0.1016/j.jvolgeores.2004.09.012
http://dx.doi.org/10.1016/S0377-0257(02)00013-7
http://dx.doi.org/10.1016/S0377-0273(01)00260-8
http://dx.doi.org/10.1007/s00445-010-0426-z

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


