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Abstract

Several crystal-rich, intermediate to silicic magmas erupted at arc volcanoes record a reheating event shortly prior to
eruption: they provide evidence for remobilization of crystal mushes by mafic magmas. As hybridization between the mush and
the mafic magma is often limited, bulk mixing could not be the dominant process in transferring heat. Conductive heating from
a basaltic underplate plays a role, but a few characteristics of these rejuvenated mushes suggest that reheating occurs faster than
predicted by conduction.

In the upper crust, a process that can transport heat faster than conduction, and still remain chemically nearly imperceptible,
is the upward migration of a hot volatile phase (“gas sparging”) that originates in underplated mafic magmas. Using numerical
simulations, we quantified the thermal effects of two-phase flow (a silicic melt phase and a H,O—-CO, fluid phase) in the pore
space of shallow silicic mushes that have reached their rheological lock-up point (i.e., rigid porous medium, crystallinity >50
vol.%). Results show that the reheating rates are significantly faster than conduction for volatile fluxes >0.1 m*/m? yr.
Considering that volatiles can be rapidly exsolved from the underplated mafic magma, these high fluxes can be promptly
reached, leading to fast reheating; sill-like batches of mushes with volumes similar to the 1995—present eruption of the Soufriere
Hills (Montserrat, W.I.) can be reheated by a few tens of degrees and remobilized within days to weeks. At these high fluxes, a
considerable volume of volatiles is needed (similar to the volume of mush being reheated). Large silicic systems (>100-1000
km®) require unrealistic amounts of volatiles to be reheated in a continuous, high-flux sparging event. Rejuvenation of
batholithic mushes therefore requires multiple sparging episodes separated by periods dominated by near-conductive heat
transfer at low-flux sparging (<0.1 m*/m? yr) and may take up to 100-200 ky.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A deeply rooted assumption in the study of mag-
matic processes is that magmas move and differentiate
largely as crystal-poor liquids and are the products of
evolution linked to monotonic cooling prior to erup-
tion. Yet, studies of crystal-rich volcanic units ranging
in size from <1 km® to >1000 km® have shown
evidence that supports an alternative to this prevailing
model: magmas can crystallize to a rigid (but not
completely solid) crystal mush and be reheated and
partially remelted prior to eruption. Examples of ther-
mally rejuvenated and remobilized crystal mushes
include the recent and thoroughly monitored interme-
diate to silicic eruptions at the Soufriére Hills on the
island of Montserrat (see references in Geophysical
Research Letters, vol. 25, no. 18 and 19 (S.R. Young
et al., eds.), the Geological Society of London Me-
moir 21 (T.H. Druitt and B.P. Kokelaar, eds.) and the
2003 issue 44 of Journal of Petrology), Mt. Unzen
(e.g., Nakamura, 1995), and Mt. Pinatubo (e.g., Pal-
lister et al., 1992), but also larger volcanic units such
as the ~100 km® Kos Plateau Tuff, a quaternary
rhyolitic ignimbrite from the Aegean arc (Keller,
1969; Allen, 2001), and the 5000 km® Fish Canyon
Tuff, one of the most voluminous pyroclastic units of
the volcanic record (Lipman et al., 1997; Bachmann et
al., 2002). These systems all share the following
characteristics: (1) a high crystal content (>35-40
vol.% crystals); (2) a near-solidus mineral assem-
blage; (3) a high-SiO, rhyolite interstitial melt; (4)
the absence of systematic compositional and thermal
gradients; (5) <1 vol.% mafic enclaves; and (6) com-
plex textures and mineral zoning, indicative of a
protracted crystallization history and precarious equi-
librium before eruption (in particular, partial remelting
affecting largely the anhydrous mineral phases, as
hydrous, mafic minerals often continue to grow du-
ring the reheating event).

The occurrence of mafic enclaves in the magmas
suggests that rejuvenation and remobilization was
triggered by the injection of hotter, more mafic
magma at the base of the silicic mush in the upper
crust. However, little hybridization occurred between
the two magma bodies: their interaction was largely
limited to heat transfer (Murphy et al., 2000; Couch et
al., 2001; Bachmann et al., 2002; Devine et al., 2003;
Rutherford and Devine, 2003). This important obse-

rvation rules out magma mixing as the dominant heat
transfer mechanism, and begs the question on how
heat was added to the silicic magma. Conduction
definitively played a role, but at least two observa-
tions suggest that some heat can be transported faster
than conduction: (1) the eruption of extremely volu-
minous units (>1000 km®) of rejuvenated magma,
such as the Fish Canyon Tuff (reheating such volumes
by conduction, even by 50 °C, would take a few
millions of years); and (2) fast reheating rates estimated
by diffusional profiles in Fe-Ti oxides of the Soufriere
Hills andesite. Therefore, if some heat advection takes
place in these rejuvenated systems, how could heat be
transported with limited mass transfer?

One possibility, proposed by Couch et al. (2001), is
that thermal convection occurs in the silicic magma
body as a result of heating from below and destabili-
zation of the hot boundary layer at the contact with the
hot mafic magma (i.e., Rayleigh—Taylor instabilities).
However, many of the rejuvenated magmas are very
crystal-rich (>45 vol.% crystals) despite the fact that
they display some remelting of their crystalline mate-
rial, suggesting that they might have reached their
rheological lock-up point (~50 vol.% crystal; Vigner-
esse et al.,, 1996; Petford, 2003). If crystals form a
rigid skeleton, system-wide convection is impeded
and another heat transfer mechanism is required.

On the basis of (1) the predicted occurrence of a
low-density, low-viscosity fluid phase in shallow, vo-
latile-rich magma chambers (e.g., Wallace et al., 1995;
Stix and Layne, 1996; Lowenstern, 2000; Schmitt,
2001; Wallace, 2001); (2) isotopic evidence for the
addition and transfer of a mafic volatile phase in
silicic magmas (Gauthier and Condomines, 1999;
Pichavant et al., 2002; Shimizu et al., 2005); and (3)
petrological evidence for high volatile content during
magma rejuvenation (Bachmann et al., 2002, 2005;
Hammer and Rutherford, 2003), upward heat advec-
tion induced by volatile release from an underplated
mafic magma (“gas sparging”) appears as a potentially
viable physical mechanism for the rejuvenation of
silicic mushes. This paper expands the work reported
in a previous publication (Bachmann and Bergantz,
2003), developing this hypothesis in a more formal
transport model. To illustrate the results, the “gas
sparging” model will be evaluated in light of two
natural examples with vastly different volumes for
which we have abundant data: (a) the Fish Canyon
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Tuff (>5000 km3; Lipman et al., 1997; Bachmann et
al., 2002), and (b) the 1995-to-present eruption of the
Soufriere Hills volcano, (Montserrat, W.I.; <0.5 km?;
e.g., Sparks et al., 1998).

2. A schematic representation of upper-crustal
magma reservoirs

Combining evidence from multiple sources (field
and textural studies, geochemistry, geophysics), a
potential picture of an upper-crustal “magma
chamber” (at least in arc settings) can be portrayed
(e.g., Koyaguchi and Kaneko, 2000; Bachmann and
Bergantz, 2004; Hildreth, 2004; Fig. 1). Here are
two fundamental assumptions that are critical to
this study:

(a) Magmas are stored as mushes (crystallinity
close to or above the rheological locking point of
crystal-melt mixtures; >50 vol.%) for most of their
supra-solidus lifetimes (e.g., Marsh, 1996; Koyaguchi
and Kaneko, 1999; Koyaguchi and Kaneko, 2000;
Marsh, 2002; Hildreth, 2004). Evidence for a high
crystallinity in silicic magmas stored in the upper
crust include: (1) results from seismic ~ tomography
of “hot zones” beneath active silicic magmatic pro-
vinces, which reveal magma bodies with crystalli-
nities above 50 vol.% (Dawson et al., 1990;
Weiland et al., 1995; Steck et al., 1998; Miller and
Smith, 1999; Zandt et al., 2003); and (2) high crystal-
linities (average of 25 vol.%; Ewart, 1982) in most
intermediate to silicic volcanic rocks in arcs, keeping

in mind that erupted rocks sample the least viscous,
and thus the most crystal-poor material stored in the
chamber.

(b) Most magmas in arcs are saturated with a
fluid phase. The high initial volatile content of the
magmas, their high crystallinity (crystal assemblage
dominated by anhydrous phases) and the relatively
shallow depth at which they reside (1-4 kb) often
combine to reach the saturation pressure of CO,
and H,O, triggering the exsolution of a low-density,
low-viscosity volatile phase (e.g., Wallace et al.,
1995; Lowenstern, 2000). Evidence for the presence
of an exsolved volatile phase in these magmas in-
clude: (1) quantities of sulfur ejected during explo-
sive volcanic eruptions in excess of the amount that
can be dissolved in the magma, requiring the presence
of a S-rich fluid phase in the chamber (e.g., Wallace et
al., 1995; Wallace, 2001); (2) evidence from melt
inclusions that crystallization in silicic magmas can
occur in a gas-saturated environment (Wallace et al.,
1999); and (3) the observation of increasing seismicity
and surface doming in magmatic provinces following
large tectonic earthquakes. These effects have been
linked to rising bubbles in magma chambers (Linde
et al., 1994).

2.1. Physics of gas transfer at the interface between
stably stratified magmas

The mechanisms by which bubbles may (or may
not) transfer from a mafic, volatile-saturated magma
to an overlying, more evolved magma have been
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Fig. 1. Schematic diagram of the gas sparging hypothesis. The white rectangle is a blow-up of the interface between the two magmas, and mafic
“wind” refers to the actual process of gas sparging; transfer of hot gas from a mafic intrusion underplating the silicic mush.
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explored by Thomas et al. (1993); Cardoso and
Woods (1999), and Phillips and Woods (2002). This
recent work has been motivated by the early studies of
Eichelberger (1980) and Huppert et al. (1982) on the
potential importance of volatiles in inducing magma
mixing. Using analog experiments and scaling laws,
Phillips and Woods (2002) have proposed two con-
sequences following the vesiculation of bubbles in the
underlying, initially denser mafic magma: (1) if suf-
ficient bubbles remain in suspension, the bulk density
of the mafic magma may fall below the density of the
overlying silicic magma, inducing large-scale over-
turn and thorough mixing (see also Bergantz and
Breidenthal, 2001); and (2) if conditions are such
that bubbles can rise and form a foam at the magma
interface (e.g., low enough viscosity in the mafic
magma, slow cooling rate), large-scale overturn may
be suppressed and bubbles may rise in the overlying
magma by infiltration or small bubble-rich plumes,
carrying with them small amounts of mafic compo-
nents. Clearly, in the model envisaged in the present
study (mafic magma underplating a static, rigid, vo-
latile-saturated silicic mush), large-scale overturn is
highly unlikely, and gas is assumed to cross the
interface by infiltration or small clusters of bubbles,
with minor amounts of entrained mafic components.
This is consistent with the geological observations in
the rejuvenated systems mentioned above (significant
heat, but limited mass transfer).

3. Description of physical model and algorithm

The numerical simulations performed in this study
used a version of STOMP, an acronym for Subsurface
Transport Over Multiple Phases (White and Oostrom,
2000). The STOMP simulator was initially designed
to produce numerical predictions of thermal and mul-
tiphase flow in soils and groundwater at arid sites. It
has been verified by comparison to analytical solu-
tions, and validated against germane numerical, labo-
ratory and field experiments (White and Oostrom,
2000). For the purpose of this study, the code was
modified to account for characteristics of magmatic
systems.

Our modeling was designed to address the multi-
phase flow and enthalpy advection resulting from the
upward percolation of a buoyant fluid phase and a

silicate melt phase in the pore space of a rigid mush
coupled with heat conduction from the hot lower
boundary. In the computational domain, three phases
were distinguished: (1) solid particles (crystals),
which can actually consist of several (up to 11) dif-
ferent mineral phases; (2) a high-viscosity silicate
melt; and (3) a gas (or “fluid”) phase (mixture of
H,0 and CO,). The following assumptions made for
each phase (see Table 1 for symbols and Tables 2—4
for values used in the simulations):

(1) Crystal framework: p,C,, x and porosity (¢)
were assumed constant in the chosen range of P-T
conditions (6001000 °C and 100 to 400 MPa; Mu-
rase and McBirney, 1973; Dobran, 2001). It was
considered static and rigid. In reality, due to the
density difference between the crystals (=2600 kg/
m®) and the interstitial high-SiO, melt (~2200 kg/m?),
these porous framework have the tendency to progres-

Table 1
Symbols and constants

Grain size (m)

Specific heat (J/kg K)
Acceleration of gravity (9.81 m/s°)
Thickness of porous medium (m)
Thermal conductivity (W/m K)
Total permeability (m?)

Relative permeability (m?)
Constant in Eq. (6) (50-200)
Latent heat (J/kg)

Mass (kg)

Pressure (Pa)

Temperature (°C), T;=initial 7, Ty=final T
Volume (m®)

Darcy velocity (or volumetric flux per unit area;
m’/m? yr)

VDgmax Maximum Darcy velocity for the gas phase
(m*/m? yr)

Seepage velocity (m/yr)

Surface of porous medium (m?)
Relative saturation

Time (s)

Vertical direction (m)

Thermal diffusivity (m?/s)

van Genuchten parameters
Thermal expansion (1/K)
Thickness of boundary layer (m)
Thermal conductivity (W/m K)
Viscosity (Pa s)

Porosity

Density (kg/m®)

Proportion of phase change
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Table 2
Material properties for the silicate melt (wetting phase)

Parameter Value or  Source
range
Thermal expansion (f; 1/K) 0.00005 (Dobran, 2001)
Thermal conductivity 2 (Dobran, 2001)
(k; W/m K)

Specific heat (Cp; J/kg K) 1260 (Dobran, 2001)
Thermal diffusivity (o; m%/s) 0.000001 a=x/ (pCp)
Density (p; kg/m®) 2270 Density of Fish
@ 800 °C Canyon interstitial
melt (Whitney
and Stormer, 1985)
Viscosity (u; Pa s) 10*°-10°> (Scaillet et al., 1998)
Surface tension (¢; mN/m) 85 For haplogranitic melt
between silicic melt and @ 800 °C (Bagdassarov
a fluid phase et al., 2000)

Melt considered incompressible, Newtonian. C,, f5, x, p assumed
constant in the chosen P—7 range (600-1000 °C and 100-400 MPa).

sively “compact”, reducing porosity (and therefore
permeability) in the lower part of the system. We
have shown elsewhere (Bachmann and Bergantz,
2004) that melt flow rates in compacting silicic
mushes are on the order of 10~ °-10~'® m/s. By
comparing these velocities with pore velocities of
gas bubbles (>10~° m/s; calculated using the pore
or seepage velocity (V,), obtained by dividing the
Darcy velocity (Vp) by the porosity and gas phase
saturation: V,=Vp/(¢(1—s,,)), we can assume that
porosity reduction due to compaction at the base of
the mush is at least an order of magnitude slower and
will not impede gas sparging. On the contrary, the
occurrence of compaction might actually increase the
reheating rate, as (1) the compacting volume, at the
base of the mush, is closer to the heat source and can
experience more remelting that shallower zones,
which will counteract porosity reduction due to com-
paction; and (2) it will contribute to upward flow in
the pore space.

(2) Silicate melt phase: u, C,, f, and k were
considered constant in the chosen range of P—T con-
ditions. The melt was assumed incompressible and
Newtonian. p was considered temperature-dependant,
and was varied using the Boussinesq approximation
(e.g., Philpotts, 1990: pe= pi(1 —p(T¢—T)))), where
pris the density at T%, p; the density at 7;, and f the
thermal expansion (Table 2).

(3) Gas phase: All physical parameters were cal-
culated assuming ideal mixing of H,O and COy; pu,

Cp, and i were assumed constant in the chosen P-T
range. p was calculated using the molar ratios of
H,0-CO, and the densities of pure H,O and CO,
provided by the National Institute of Standards and
Technology webpage (NIST; http://webbook.nist.gov/
chemistry/fluid/; Lemmon et al., 2003) for the pres-
sure and temperature of interest. These values, which
show a roughly linear dependence in pressure and
temperature for the range of interest (small non-line-
arities produce kinks in the reheating curves; see
Results section), were tabulated and updated during
the simulation. The molar ratio in the gas phase was
chosen to vary between 0.2 and 0.5 (volatile-rich
mafic magmas generally have 1000-1500 ppm of
CO; and 4-6 wt.% H,O; (e.g., Roggensack et al.,
1997; Sisson and Bacon, 1999; Mortazavi and Sparks,
2004).

The wetting characteristics of a magma containing
several mineral phases, a silicate melt and a fluid
phase are complex and poorly understood. It has
been shown (Navon and Lyakhovsky, 1998) that sili-
cate melt has a tendency to wet certain phases (e.g.,
feldspars), whereas the fluid preferentially wets others
(e.g., Fe-Ti oxides). As feldspars are typically the
most abundant mineral phase in the magmatic system
of interest for this study, we use the silicate melt as the
wetting phase.

Quantitative predictions were generated from the
numerical solution (by the integral volume finite
difference method) of partial differential equations
that describe the magmatic environment. Governing
equations include partial differential equations for
conservation of enthalpy (see Table 1 for symbols;
subscript “g” is for gas phase and “m” for silicate
melt phase),

oT oT
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and

ko [ 0Py,
Vom = — . <— + pmg> (3)

m \ 0z

and conservation of mass for the gas phase (H,O-
CO,) and silicate melt,

0pg Vg

0
Y [$pgse] + Voe— TP, = 0 (4)
0 op OV pm

37 [@Pmsm] + Vom =% + ppy——= = 0. (5)

The (total) permeability k4 was calculated using
the Blake-Kozeny—Carman equation (e.g., Dullien,
1979),

e

ke K(1—¢) (6)
where ¢ is the porosity, a the radius of the grain, and
K is a constant (~50-200 for porosities >0.1 and grain
size of >0.5 mm; Rabinowicz et al., 2001; Jackson et
al., 2003). On the basis of petrographic observations
in silicic magmas (Best et al., 1989; Francis et al.,
1989; de Silva et al., 1994; Seaman, 2000; Bachmann
et al., 2002; Maughan et al., 2002), the grain size of
the matrix (crystal framework) was considered to be
on the order of 1-5 mm. Using this range of the grain
size and porosities of 0.4—0.5, permeabilities range
from 10~ '-10~* m”.

In multiphase systems, relative saturation and rela-
tive permeability of the different phases need to be
estimated. Empirical expressions are available, largely
motivated by research on oil-water or water—air
mixtures in porous substrates (Burdine, 1953; Milli-
ngton and Quirk, 1959; Brooks and Corey, 1966;
Mualem, 1976; Corey, 1977; van Genuchten, 1980;
Lenhard and Parker, 1987). For the relative satura-
tion, we used the van Genuchten function (van Gen-
uchten, 1980):

Sm = {H(avg [ngr_nngDH} : for [Py — Pu|>0
()

where

1
m=1—— and s; = (1 —s,)
n

with empirical constants for sandy material (t,,=0.012
cmfl, n=1.62, and m=0.38), and the Corey model
(Corey, 1977) for the relative permeability:

krm = (Sm)4 (8)

fg = (1 —sm)* (1 —5%). (9)

As the equations are based on experiments with
water, air, and oil, we do not have the certainty that
these models are perfectly applicable to a magmatic
system. However, the fitting (van Genuchten) para-
meters in Eq. (7) (¢tyg, 1, m) are thought to scale with
capillary pressure (e.g., Lenhard and Parker, 1987;
Lenhard et al., 2004). We, therefore, chose van Genu-
chten parameters that were characteristic of sandstone
and scaled them using the interfacial tension value of
Bagdassarov et al. (2000). Note that the surface ten-
sion between silicic melt and fluid phase (85 mN/m) is
very similar to water and air (72 mN/m). Simulations
with variable values for o, 7, and m parameters were
run (see Table 1 of van Genuchten, 1980 for the range
of values that we used), and the results showed no
significant differences.

Another potentially important aspect is the depen-
dence of the relative permeability on the viscosity
ratio of the fluid pair employed. It is certain that the
viscosity ratio in the magmatic case (rhyolitic melt—
hydrous fluid phase) is higher than any fluid pairs
used in the water—air—oil systems. However, it has
been shown (e.g., Dullien, 1979; Dullien, 1998) that
the viscosity ratio has no significant influence on
relative permeability when the more viscous fluid is
the wetting phase (which is the case in the present
study).

Constraining the possible range of porosity in
silicic mushes during rejuvenation is a challenging
task. Rejuvenated volcanic rocks erupt with crystal
contents (~45 vol.%) that are slightly below the
rheological transition from “rigid” porous medium
to crystal-rich suspension (rheological lock-up at
~50 vol.% crystals; e.g., Vigneresse et al., 1996)
and show evidence for some mineral dissolution,
but they retain little memory of the highest crystal-
linity they reached. A potential approach is to mea-
sure the concentration of compatible trace elements in
the glass and minerals of such magmas and estimate
how much remelting of the mineral phases is required
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to account for the trace element contents in the melt.
For example, Fish Canyon sanidine and plagioclase,
both showing textural evidence for resorption, reach
concentrations of 1200 ppm for Sty (Srean~700
ppm) and 7500 ppm for Bag, (Bapag,~250 ppm),
whereas the glass contains ~100 ppm Sr and ~500
ppm Ba (Bachmann et al., 2002). With such high
concentrations of Sr and Ba in the feldspars (and
accounting for the dilution effect of quartz remelting),
only <10 vol.% dissolution of each of these two
phases (total of <20 vol.% remelting) is enough to
account for the measured concentrations in the glass.
Adding these 15-20 vol.% crystals to the observed
45 vol.% at eruption, one can estimate that the maxi-
mum crystallinity in the Fish Canyon may have been
around 60—65 vol.%. It should be said that depletion
in compatible trace elements in minerals (such as Sr
in Ba in feldspars) towards the rim are known to exist
(e.g., Michael, 1984), and that this zoning can lead to
an underestimate of the amount of remelting as the
resorbed rims of the crystals may have contained less
Sr and Ba than has been measured.

In addition to the trace element budget, water and
thermal budgets also suggest that erupted mushes
never reached crystallinities higher than 70-80
vol.%. Taking into consideration that most magmas
remain in the crust (plutonic/volcanic ratios are ~5/
1-10/1; e.g., Crisp, 1984), erupted mushes remain an
exception rather than the norm. We can, therefore,
envision that only the most favorable cases will lead
to eruption, requiring both a high input rate of mafic
magmas and the highest possible porosity to (1) re-
duce the heat consumed by phase change and reduce
the amount of water needed to keep hydrous minerals
stable, and (2) keep permeability high to allow a
maximum of gas to percolate. If crystal content
becomes much higher than 60 vol.%, the magma is
highly likely to become a pluton, and the effect of
rejuvenation will remain cryptic (although granitic
bodies with evidence for thermal rejuvenation have
been reported; e.g., Robinson and Miller, 1999; Miller
and Miller, 2002). In this first attempt to understand
gas percolation in magmatic porous media, we, thus,
decided to restrain the range of porosity at 0.4-0.5.

As many magma bodies in the upper crust are sill-
like, we chose to run 1-dimensional (in the vertical
direction) simulations, typically with 100 vertical
nodes. Numbers of grid points were varied from 10

to 1000 to test sensitivity of the discretization interval,
and we determined that 100 nodes provided adequate
resolution of the gradients. We acknowledge the fact
that porosity (and thus permeability) in silicic mushes
can vary in the horizontal dimension, and could lead
to region of higher volatile (and heat) flow. However,
the purpose of this study was to look at the average
behavior of volatile and silicate melt flow in silicic
mush using Darcy’s law; 2-D simulations could have
been performed, but since properties of silicic mushes
are poorly known, an ad-hoc choice for the variability
in porosity did not seem particularly valuable.

As finding a robust expression constraining the
amount of remelting (i.e., the amount of latent heat
of fusion) as a function of temperature in these water-
rich, near-eutectic magmas is problematic, we decided
not to explicitly include latent heat in the energy con-
servation equation (Eq. (1)). Instead, we decided to
correct for latent heat consumption by changing the
specific heat of the silicate framework. This approach
provides a good approximation of the influence of
latent heat on the thermal balance of system when the
temperature variations are relatively small (which is
the case in this study; Carslaw and Jaeger, 1959;
Bergantz, 1990). We also ignored any thermodyna-
mic effects related to exothermic reactions such as
oxidation of magma (Boudreau, pers. comm.), which
can be important in dry, reduced mafic magma bod-
ies, but should not considerably perturb the heat
budget in water-rich, oxidized, silicic mushes. A
more complete treatment of the enthalpy balance
follows in Section 5 (Discussion).

3.1. Initial and boundary conditions

At the onset of a simulation, a H,O—CO, fluid phase
is allowed to enter at the base of a colder porous
medium saturated with high-viscosity silicate melt
(with constant and homogeneous porosity). The dimen-
sionless temperature and pressure (made dimensionless
by (P—Pyp)/(Pg—Pus), and (T — Trush_initial)/
(Tt — Tmush_initial), Where subscripts UB and LB
refer to “upper boundary” and “lower boundary”)
were fixed at 0 for =0, and the system was considered
initially at lithostatic conditions. During the simulation,
temperature and the pressure of the volatile phase were
kept constant at the lower boundary, and pressures for
both the volatile and silicate melt phase were kept
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constant at the upper boundary (temperature was
allowed to vary by advective outflow). The gas phase
could enter and leave the system (computational do-
main open at both the upper and lower boundary),
whereas silicate melt could exit the computational
domain at the top only (no down flow in the lower
boundary). A maximum value for the gas entry velocity
(or volume flux per unit area; m*>/m? yr) could be set at
the lower boundary (¥ pgmax), but below this maximum
value, the gas flux was allowed to vary (i.e., a Dirichlet
flux limited condition). In mathematical forms, these
boundary conditions are:

Pg(oat) = Tg(oat) =1 (10)
Py(z,t) = Pu(z,t) =0 forz=H (11)
Vom(0,1) = 0, 0<Vpg(0, £)<Vpg max (12)

and initials conditions are:

Ty(z,0) = Py(2,0) = Pn(z,0) =0 (13)
Vom(z,0) = Vpg(z,0) = 0. (14)
4. Results

In order to assess the effect of each input para-
meter, we chose a standard set of values (the “primary”
simulation) and ran multiple “secondary” simulations
by changing one parameter at a time, holding all the
others constant (i.e., parametric study). Except for gas
and silicate melt fluxes, the results are all presented
with dimensionless units (for 7" and P, see previous
paragraph; time made dimensionless by a diffusive
normalization; # =to/H?, where ¢ is the time, « is the
thermal diffusivity and A is the thickness of the porous
medium).

The input parameters for the “primary” simulation
are: (1) a AT (Tﬁnal_Tinitial) of 100 OC, (2) a litho-
static pressure gradient (difference in pressure bet-
ween the top and bottom boundary conditions
AP=pgH, where H is the thickness of the porous
medium, g the acceleration due to gravity, and p the
density of the porous medium, (3) CO,/H,O of 0.2,
(4) a permeability of 10~° m?, (5) a viscosity of 10>~
Pa s (based on the viscosity of the Fish Canyon melt;

Scaillet et al., 1998), and (6) a maximum velocity for
gas entering at the base of 10* m*/m? yr.

The results (Fig. 2a—c) show that the flux of gas
through the system increases quickly (Fig. 2a). This
relatively steady and rapid increase in hot gas flux
provokes a steep rise in temperature (Fig. 2b) and
decrease in the silicate melt saturation (Fig. 2c). It
should be noted that at the low fluid-phase relative
saturation (<1 vol.% of the pore space), the fluid
phase will form individual bubbles (not a continuous
network) but there is evidence that, even at fluid

@)

10 4

0.1 4 Lo.1

Flux (m3/m2yr)

0.01 5

£0.01

/ Volatile E
0.001 4 / Volumetric flux £0.001
T Total Volume of gas| f

0.0001 : : [ 0.0001
(b) "o

0.8 1

Total volume (dim.; V/(S*H))

0.6 1

0.4 4

Temperature (dim.)

0.2

0.0 -1
node

0.998 4

0.996

0.994 1

0.992

Relative silicate melt saturation

0.990 T T
0.0 0.1 0.2 0.3

Time (dim.;ta/H?)

Fig. 2. Variable parameters plotted against dimensionless time. (a)
Volumetric flux per unit area of gas at the bottom and top boundary
and total volume of gas flowing through the porous medium (made
dimensionless by dividing it by the area (S) and thickness (H) of
porous medium). (b) Temperature at the middle and top node of the
grid. (c) Relative silicate melt saturation at the middle and top node
(gas saturation=1 — silicate melt saturation).
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Fig. 3. Temperature variations at the top node as a function of
dimensionless time for different initial and boundary conditions.

saturations <1 vol.%, the non-wetting phase is capa-
ble of contributing to flow (Dullien, 1979).

Varying the AP, AT, CO,/H,O, permeability, and
the silicate melt viscosity (keeping everything else
constant) produces the following results (Figs. 3 and
4), all largely expectable from simple physical laws:

1. Increasing the pressure will increase the reheating
rate of the porous medium, as the driving force for
gas percolation is increased.

2. With an increasing AT (200 °C instead of 100 °C)
and CO,/H,O (0.2 to 0.5), the time required to
reach thermal equilibrium does not change signi-
ficantly. The reheating rate is slightly reduced, due
to the fact that more joules need to be added for the
case of an larger AT, and that the specific heat of
CO, is ~2.5 times less than H,O (Table 3).

3. Decreasing the porosity, and thus the permeability
(assuming the grain size remains quasi-constant),
slows down the reheating, as less gas can flow
through the system.

4. Increasing the viscosity increases the drag on the
gas phase, and decreases the reheating rate.

Small kinks appear in the curves of the flux,
therefore inducing kinks in the curves of the other
variables (particularly noticeable for the AT at 200 °C
and CO,/H,0 at 0.5). Slower gas fluxes (i.e., slower
Darcy velocities) are a consequence of the fact that
we have tabulated the volatile densities (H,O and

CO,) as a function of temperature from the NIST
webpage (see “Description of physical model and
algorithm”), and the resulting curves are not perfectly
linear, inducing slight variations in Darcy velocities.
These variations are minor and do not affect the
results significantly (Fig. 3).

Varying the maximum flux of gas entering the
mush at the base is critical to the reheating rate by
gas sparging. To assess it quantitatively, we shall
consider two end-member scenarios. First, we can
assume that gas is continuously available at the
basal interface (i.e., rapid exsolution from the under-
plating more mafic magma), and that it can enter the
system as fast as the porous medium allows it to (i.e.
no maximum limit on the flux of gas at the lower
boundary). This situation may occur for small sys-
tems and/or over fairly short periods of time, but, in
the case of large volume of reheated material or for
small injections of mafic magma, the supply of gas
brought by the mafic reinjection will rapidly be
exhausted. Therefore, the other end-member scenario
involves gas fluxes averaged over long periods. An
obvious lower bound is to use an average mantle-
derived basalt flux in the crust, and obtain a volatile
flux using some estimate of the volatile content in
these magmas. Although these fluxes are subject to
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Fig. 4. Temperature variations at the top node as a function of
dimensionless time for variable silicate melt viscosities. The chosen
range of melt viscosity is very conservative, as our low bound
(1=10%) is the average silicic (>70 wt.% SiO,) melt viscosity
determined by Scaillet et al. (1998).
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Table 3
Material properties for the fluid phase (non wetting phase)

Parameter Value or range

Source

Thermal conductivity (x; W/m K)
Specific heat (Cp; J/kg K)
Viscosity (u; Pa s)

H,0: 0.31 CO,: 0.13
H,0: 3880 CO,: 1400

H,0: 0.00007 CO,: 0.00008

@ 800 °C and 270 MPa, (Lemmon et al.,, 2003)
@ 800 °C and 270 MPa, (Lemmon et al., 2003)
@ 800 °C and 270 MPa, (Assael et al., 2000) (H,0)
(Fenghour et al., 1998) (CO,)

Considered as an ideal mixture of H,O and CO,. x, u and C,, assumed constant over the chosen P—T range (600-1000 °C and 100-400 MPa).

large uncertainties, values of 50-100 km® km™'
Myr~ ! (volume per unit width along the strike direc-
tion of arc) appear to provide a reasonable estimate
(Dimalanta et al., 2002). As volatiles never constitute
more than 4-6 wt.% of the injected mafic magmas
(which translates to 20-30 vol.% using densities of
26002800 kg/m® for the magma and 500-600 kg/m’
for the volatile phase), volatile fluxes must range
from 15-30 km® km™ "Myr~'. These fluxes per arc-
strike-length need to be normalized to a certain width
to obtain a vertical velocity (or volumetric flux per
unit area) in a case of transport in a porous medium.
Typical width of volcanic provinces is on the order of
150-300 km, which give a lower bound for the flux
of ~107°-10~* m*/m? yr.

Simulations with a gas flux ranging from 10* m?/
m? yr (essentially unlimited) to 0 m*/m? yr show the
importance of this parameter in controlling the reheat-

ing process (Fig. 5). At no or low gas flux (up to ~0.1
m’/m® yr), reheating occurs relatively slowly,
although it remains faster than conduction (Fig. 5).
This requires that, at gas flux <0.1 m*/m? yr, heat
transfer is largely conductive, although the simula-
tions predict a slightly higher reheating rate due to
some heat advection by the silicate melt (see next
paragraph). When higher gas fluxes are allowed
(>0.1 m*/m? yr), the reheating rate is much faster,
indicating that both the fluid and the silicate melt
participate in transporting the heat.

The fact that, at no gas flux, reheating is faster than
pure conduction (Fig. 5) implies that some heat is
advected by the silicate melt. The simulations give
exit Darcy velocities for the melt phase at the top of
the system that depend on the AT applied between the
initial temperature and the basal temperature (for
AT=100 °C, maximum exit V'p (~0.001 m/yr) occur
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Fig. 5. Temperature variations at the top node as a function of dimensionless time for a given maximum flux of gas at the lower boundary.
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immediately after the onset of a simulation and then
decrease rapidly). As the Rayleigh-Darcy number
(Ra—D) of the system (Ra—D=(fnmgPmCpmkoHAT)/
UKy, €.2., Eq. 9—129 of Turcotte and Schubert,
2002) is always below the critical value for thermal
convection in the pore space (Ra—D=0.005 for AT=
100 °C and H=3000 m; Ra—D .;itica1 = 40), these small
exit Vp are not due to thermal convection (the thermal
instability is too small to trigger convective move-
ments) but to the differential thermal expansion bet-
ween the silicate melt and crystal framework (3 ,e1¢ =
Pxial)- We neglect the effect of thermal expansion in
the solid phase (fixw assumed to be 0), whereas the
density of the silicate melt changes with temperature
(using the Boussinesq approximation; fmer=>5 % 107>
1/°K; Dobran, 2001). This differential thermal dila-
tation with temperature between the silicate melt and
the crystalline framework leads to the expulsion of a
fraction of the melt at the top of the domain. Using a
Pxtat =0 maximizes this effect, but some thermal
advection by the differential thermal expansion of
silicate melt and solids should nonetheless take
place in nature as well.

At high gas fluxes, gas sparging may also play a
role in driving interstitial melt out of the crystal mush
due to the overpressure resulting from the forceful
injection of a volatile phase in the system (see also

Anderson et al., 1984; Sisson and Bacon, 1999). As
discussed by Bachmann and Bergantz (2003), this
process may contribute to the generation of crystal-
poor rhyolite caps in large silicic mushes but our
calculation suggest that mass flux is small, most likely
due to the low fluid phase saturation (<1 vol.%; Fig.
2¢). Fig. 6 illustrates this inefficiency, with a total
amount of silicate melt expulsed at the upper bound-
ary (nondimensionalized by dividing it by the surface
and thickness of the porous medium) remaining below
5%o of the initial thickness of the porous medium.

5. Discussion
5.1. Application to natural examples

As mentioned in the Introduction, rejuvenated
water-rich systems range in size from batholithic
scale bodies (several thousands of km®) to much
smaller volumes (a few km®). Using our algorithm,
the gas sparging hypothesis can be evaluated by
application to two well-studied systems that are end-
members in terms of volume: (a) the Fish Canyon
Tuff (>5000 km?), and (b) the 1995-to-present erup-
tion of the Soufri¢re Hills volcano, (Montserrat, W.L.;
<0.5 km®). The reason for looking at eruptions of
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Fig. 6. Exit volumetric flux per unit area of silicate melt and total silicate melt accumulated at the top boundary (V'=volume of expulsed melt,

S=area of porous medium, A =thickness of porous medium).
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crystal mushes of widely different size is the follo-
wing: for erupted volumes on the order of 1 km?,
single injections of mafic magmas may bring enough
volatiles to rejuvenate such small batches. Assuming
that the exsolution of the gas phase in the mafic
magma is rapid, a large volume ratio of hydrous basalt
over the rejuvenated silicic mush would allow a large
flux of gas into the system. In contrast, for batholithic
crystal mushes, it is highly unlikely that the whole
erupted volume can be rejuvenated by a single injec-
tion of hydrous mafic magma. The flux of gas (and
heat) into the system should, therefore, be controlled
by short-lived (compared to the lifetime of the system)
high gas flux episodes (=transient sparging events)
separated by periods dominated by conductive heat
balance between heat loss through the roof and heat
addition from below. Therefore, two diverging evolu-
tion paths could arise: (1) a fast reheating for small
systems, controlled by the maximum vertical velocity
of bubbles in the porous medium, and (2) a slower
reheating for large systems, controlled by transient
sparging events. The question of why some systems
erupt small batches of magmas whereas others accu-
mulate enormous volumes in the crust before empty-
ing the chamber is beyond the scope of this paper, but
the reader is referred to Jellinek and DePaolo (2003)
for a discussion on this issue.

5.1.1. The Montserrat andesite

The 1995-to-present eruption of the Soufriére Hills
on the island of Montserrat (W.1.) has provided the
opportunity for a particularly well documented erup-
tive cycle (see references in Geophysical Research
Letters, vol. 25, no. 18 and 19 (S.R. Young et al.,
eds), the Geological Society of London Memoir 21
(T.H. Druitt and B.P. Kokelaar, eds.) and the 2003
issue 44 of Journal of Petrology). On the basis of
experiments coupled with zoning patterns in horn-
blende and Fe-Ti oxides (Devine et al., 2003; Ruther-
ford and Devine, 2003), it appears that most of the
andesite erupted from the Soufriere Hills has been
reheated within ~30 days of eruption. The magnitude
of the reheating is ~30 °C (from ~825 to 855 °C) and
has occurred in the shallow crust (depth of ~5-6 km
beneath the volcano), induced by relatively small,
sill-like injections of hydrous basalt (~900—-1000 °C)
at the base of the andesitic magma storage region. As
for all rejuvenated systems, there is scant evidence

for hybridization; heat, but little mass, has been
exchanged. Currently, the favored model for the
reactivation of this near-solidus magma invokes the
reheating of a thin layer (~2—4 m thick) of andesitic
mush by conduction at the basalt-mush interface,
followed by temperature-induced self-mixing in the
remobilized andesitic boundary layer once it is thick
enough to undergo convection (1-2 m thick; Couch
et al., 2001; Devine et al., 2003). This model assumes
that the mush was able to undergo system-wide
convection at all times. However, it is so crystal-
rich (~50 vol.% of phenocrysts and micropheno-
crysts; Murphy et al., 2000) that it might have been
rigid prior to the mafic reinjection. For this system, a
~30 °C reheating of a 2 m thick layer with a AT of
100 °C and a permeability of 10~° m* by gas spar-
ging is predicted to occur within 9—10 days (~10
times faster than pure heat conduction) and would
require ~0.5 km® of gas (~2—3 km® of mafic magma
with 4-6 wt.% volatiles, assuming an efficient gas
extraction from the mafic magma). This reheating
time scale is in agreement with the estimate of <30
days obtained using diffusional modeling in zoned
titanomagnetite crystals (Devine et al., 2003). Wheth-
er or not the andesite mush was rigid prior to reheat-
ing, high SO, flux (up to 2000 tons/day; Young et al.,
1998) suggests that volatiles are released from a
mafic (basaltic) magma and percolate upward through
the andesite mush.

5.1.2. The Fish Canyon magma

Using unlimited flux, reheating of 7500 km® of
silicic mush by 40-50 °C occurs over ~20 ky, but
unrealistically large volumes of gas are required
(6000-8000 km?; Fig. 2a), which translates into at
least 20,000 to 30,000 km® of water-rich basalt (4-6
wt.% H,0). On the basis of basalt flux estimates in
arcs (50-100 km® km~' Myr'; Dimalanta et al.,
2002), and taking an arc segment of 100 km long
(~N-S length of the caldera associated with the Fish
Canyon eruption, which provides an estimate for the
horizontal dimensions of the mush), a minimum of 2—
3 Myr are necessary to inject enough basalt. This time
period is longer than the lifespan of the Central San
Juan cluster (<2 Myr; Lipman, 2000). Transient
sparging events, using reasonable volumes of volatiles
(200-300 km® of volatiles), would lead to a much
longer reheating time scale (on the order of 100 ky).
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Table 4
Material properties for the crystalline framework

Parameter Value or  Source

range
Thermal conductivity (x; W/m K) 2 (Dobran, 2001)
Specific heat (Cp; J/kg K) 1260 (Dobran, 2001)
Density (p; kg/m®) 2890 (e.g., Whitney and

Stormer, 1985)

x, p and C, assumed constant over the chosen P-T range (600
1000 °C and 100-400 MPa).

5.2. Consequence of remelting the crystal framework

As pointed out in Section 3 (Description of numer-
ical code), the latent heat of fusion does not explicitly
appear in the energy equation. To compensate for
partial remelting of the crystalline framework (10—
20 vol.%) on the heat budget, we modeled enthalpy
exchange with an increased specific heat of the crys-
talline framework (Cp ). We chose to double and
triple the original value (C,=1260 J/kg K; Table 4)
on the basis of the following calculations. The mass of
mafic magma required to thermally drive the reheating
of a mush of known volume by ~50 °C with different
degrees of partial remelting can be estimated by
equating the amount of sensible and latent heat
released by the mafic magma (myasc(Cyp, . (Tinitial —
Ttina) t X cLmatic)) With the energy needed to reheat
and remelt the mush (Myush(Cp  (Tinitial — Tfinal) T
XmLmusn)), Where m is mass, C,, is specific heat, L is
latent heat and y. and y,, are volume fractions crystal-
lized, respectively melted in the mafic, silicic magma.
Using the following values (AT usn 0f 50 °C, AT agic
of 100 °C, 7. 0f90%, %m 0f 0%, L mysh 0f2.7 X 10° J/kg,
Lomafic of 4% 10° J/kg, C,  0f 1370 J/kg K and C,,
of 1484 J/kg K; Bohrson and Spera, 2001), m ¢/
Mmafic 1 ~7.4 for the case of no remelting (i.e., the
minimum mass of mafic magma needed is about 15%
of the mass of mush). This ratio becomes ~5.3 for
«m=0.1 (i.e., for 10% remelting) and ~4.2 if y,,=0.2.
This suggests that ~80% more mafic magma (appro-
ximately twice as much enthalpy) is needed to take into
consideration a 20% net remelting.

Running simulations with Cj, =2 X C, (2520 J/kg
K) and 3xC, (3780 J/kg K) leads, as expected, to
slower reheating rates for the cases with higher spe-
cific heat capacities. The differences are rather signi-
ficant at low gas flux (1072 m*/m” yr), but nearly

negligible at high flux (10* m*/m? yr; Fig. 7). We,
therefore, submit that the effect of 20% remelting of
the crystalline framework should not appreciably
change our conclusions in the case of high-flux spar-
ging. In the case of low-flux sparging, reheating time
scales will be increased by a factor of 1.5 to 2.

5.3. Consequence of heat loss through roof rocks

Reheating time scales for high-flux sparging of
small volumes of mush are generally too short for
heat loss by conduction to the colder surroundings to
be of any significance. Heat loss will only be relevant
for the rejuvenation of voluminous mushes, particu-
larly at low gas fluxes. For example, running simula-
tions for a >5000 km®’ mush with a “cooling”
boundary condition at the top (Neumann condition
with a heat flux of 0.1 W/m?) shows that, after 100
ky, the temperature in the middle of the mush is ~25%
lower than without heat loss.

As mentioned in Section 3, we do not consider
compaction of the matrix, which would accelerate
reheating in the low-flux case due to advection of
the silicate melt. Moreover, transient sparging events,
also not accounted for in the timescales predicted by
simulations at low gas fluxes, are likely to occur in the
large systems following the emplacement of volatile-

Volatile flux: 104 m3/m2yr

ChPytal = 1260 JKg'K
—  — Cpyal = 2520 JKg'K
— — Cpytal = 3780 J/KG'K

1:0-:‘\II'II'I'I'I'I'-

Temperature (dim.)

Volatile flux: 10-2 m3/m2yr
—— =~ CpPyal = 1260 JKg'K|
-------- Cpytal = 2520 J/Kg'K
——— Cpytal = 3780 J/KG'K

T 71T T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 138
Time (dim.;ta/h?)

Fig. 7. Temperature variations at the top node as a function of
dimensionless time for different specific heat capacities of the
crystalline framework (C, ).
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rich mafic magmas at the base of the mush. These
short-lived (in comparison to the rejuvenation time)
events can also potentially increase the reheating
rate. Therefore, these two processes (compaction
and transient sparging events) can partly or com-
pletely compensate for the delaying effect of heat
loss through the cool roof. In summary, we stress
that these simulations are helpful to show that heat
advection by gas or silicate melt can transfer heat
upward faster than conduction, although we concede
that they provide somewhat rough estimates for the
time scales of rejuvenation, particularly for the large
systems.

5.4. Physical evolution of the rejuvenating mush

Our initial condition assumes that the crystals in
the silicic mush form a static, rigid framework (=50
vol.%). For the mush to erupt and allow for partial
obliteration of the thermal gradient that develops by
heat addition from below, the system has to become
“liquid” again, capable of undergoing system-wide
convection; the crystal framework is expected to fail
as some remelting occurs. The transition from a rigid
porous medium to a concentrated suspension will
occur from bottom up (“unzipping” or “defrosting”
of the crystal framework, (e.g., Mahood, 1990). As
the Ra number is likely to reach the critical value of
~1000 when the boundary layer thickness is only a
few meters thick, convective self-mixing (e.g.,
Couch et al., 2001) can occur in a small sill-like
lens. This active layer propagates upward with time,
leading to a crystal-rich magma that is growing is
size and being progressively stirred by convection.
Due to the sluggishness of the convective currents
(low Re#), mixing is not very efficient (mixing
efficiency of <I1; Jellinek et al., 1999). Couch et
al. (2001) have suggested a mixing efficiency of
~0.5 for temperature-induced self-mixing in the
Montserrat andesite, and we argue that, in the sce-
nario envisaged here, an additional convective insta-
bility can be created by the injection of a low-density
gas phase from below (i.e., compositional convec-
tion), leading to a slightly higher mixing efficiency
(but by no means very high). This partial mixing is
in agreement with one of the most diagnostic fea-
tures of these remobilized mushes (Murphy et al.,
2000; Couch et al., 2001; Bachmann et al., 2002):

the absence of a noticeable thermal gradient and a
homogeneous composition on a hand sample scale
(10-20 cm), but not on the thin section scale.

6. Conclusion

Reheating and remobilization of near-solidus crys-
tal mushes may be a common processes in the shallow
crust and occur on large as well as small scales
(Keller, 1969; Pallister et al., 1992; Nakamura,
1995; Matthews et al., 1999; Murphy et al., 2000;
Bachmann et al., 2002). This recycling of the crystal-
rich “leftovers” from previous magmatic episodes is
linked to the injection of hot, hydrous basalt at the
base of the evolved mush pile, although little hybridi-
zation may occur between the two magma types
(Matthews et al., 1999; Murphy et al., 2000; Bach-
mann et al., 2002; Devine et al., 2003; Rutherford and
Devine, 2003). The interaction seems largely con-
strained to heat exchange. For the Montserrat andes-
ite, Couch et al. (2001) have proposed a model of
heat exchange by conduction across the interface,
followed by convective self-mixing of the overlying
andesite once the critical thermal Rayleigh number is
overcome. However, high crystallinity in these reju-
venated magmas can lead to the formation of a rigid
skeleton, which would impede convective self-mix-
ing to occur. A relatively fast process to advect heat
vertically in rigid mushes, which remains chemically
nearly invisible (cryptic chemical hybridization) and
agrees with other petrological observations in erupted
crystal-rich silicic systems, is to exsolve a gas phase
in the hot mafic magma, and allow it to percolate
upward through the silicic mush. The low viscosity
and density, as well as the high specific heat of this
water-rich fluid phase make it an efficient heat
carrier.

Using a numerical model of two-phase flow in
porous media, we have tested the likelihood of gas
percolation (“gas sparging”) occurring in rigid upper-
crustal silicic mushes and its potential effect on their
thermal evolution. For realistic initial and boundary
conditions, the heating rate will be faster than con-
duction. Depending on the remobilized volume, two
endmember case scenarios are envisaged. For erup-
tion of small batches of remobilized mush, such as
the andesite presently produced by the Soufriére
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Hills volcano (Montserrat, W.I.), single injection of
hydrous basalt may contain enough volatiles to reju-
venate the whole erupted volume. In this case, flux
of gas through the mush can be high (>0.1 m’/m?
yr; consistent with measured SO, fluxes at Soufriere
Hills, Montserrat), and reheating occurs on the order
of days to weeks. For very large volumes of rejuve-
nated mush, such as the Fish Canyon magma body,
reheating by ~50 °C could not be achieved by a
continuous high flux sparging event as it would
require geologically unrealistic amounts of hydrous
mafic magmas to drive the process. In order to
assess reheating rates of large systems, we ran simu-
lations at low volatile fluxes (107°~10~* m*/m? yr,
constrained by the average injection rate of hydrous
basalt in the arc’s crust). Results show that gas is not
an efficient heat carrier at these low fluxes, but
heating rates are still faster than conduction (Fig.
5) due to the heat advection by the silicate melt;
time scales to increase the temperature of batholithic
silicic mushes in the upper crust by a few tens of
degrees are on the order of 100 ky.

These remobilized magmas share a common cha-
racteristic: they show no (or weak) thermal gradients
and are relatively homogeneous in whole-rock com-
position, although they display bewildering textural
and petrological complexities. They contain numerous
mineral phases (up to 11 in the case of the Fish
Canyon magma), many of which exhibit strong
resorption textures and chemical zonation. Moreover,
adjacent minerals in an erupted fragment (lava block
or pumice) often display different zoning patterns.
This could be a manifestation of convective self-mix-
ing by rejuvenation at relatively low Re number prior
to eruption. Couch et al. (2001) have suggested that
the convection was uniquely driven by thermal
instabilities. We suggest that the gas sparging hypo-
thesis will enhance convecting self-mixing due to the
coupling of two sources of density instabilities: heat-
ing and injection of a low density gas phase from the
base of the system.
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