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[1] We perform a series of experiments to investigate the situation in which a melt-rich layer formed by a
magma intrusion ascends through a crystalline magma chamber. The initial condition is such that a heavier
granular layer overlies a liquid layer. The particles consisting the upper granular layer are in a jammed state,
and only the particles near the interface can move to form a dilated boundary layer. The dilated layer
detaches from the upper granular layer, and forms downwelling plumes which drive a cellular convection
within the liquid-rich layer. The convection erodes the upper granular layer, and the liquid-rich layer
migrates upwards with time. This upward migration of the liquid-rich layer differs from the previously
known mechanisms of liquid transport; permeable flow in which the liquid migrates at the Darcy velocity,
the Stokes settling in which the individual particle settles, and diapirs formed by the Rayleigh-Taylor insta-
bility. We find that the velocity of the upward migration of the liquid-rich layer can be scaled by the volu-
metric flux of the liquid ascending through the narrow channel between the particles. The upward migration
of the liquid-rich layer is faster than the Darcy velocity. In a mushy magma chamber whose crystals are in a
jammed state, neither the Stokes settling nor the Rayleigh-Taylor instability can occur. We propose that the
upward migration of the melt-rich layer observed in our experiments can become an efficient mechanism of
melt transport in a crystalline magma chamber.
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1. Introduction

[2] Reactivation of a magma chamber by the intru-
sion of a more mafic magma has been suggested at
several volcanoes [e.g., Pallister et al., 1992;
Nakamura, 1995;Murphy et al., 2000; Couch et al.,
2001; Bachmann et al., 2002]. Petrological obser-
vations of andesitic lava erupted at the Soufriére
Hills volcano, Montserrat, indicate the presence of
a heating event and the intermingling of crystals
suggests that convection within the magma layer
occurred [Murphy et al., 2000; Couch et al., 2001].
Similar remobilization and convection within the
magma layer has been suggested for the Fish
Canyon magma in Colorado [Bachmann et al.,
2002].

[3] Since a solidifying magma is polycrystalline
[e.g., Ghiorso et al., 2002], the melt is distrib-
uted along the grain boundaries. The rheology of
such a solid–liquid mixture depends strongly on
its crystallinity [Lejeune and Richet, 1995; Costa,
2005; Caricchi et al., 2007; Walsh and Saar,
2008; Ishibashi, 2009]. When the crystallinity
is close to the maximum packing volume frac-
tion, solid grains jam each other and become
immobile.

[4] Measured crystallinity of the lava at Soufriére
Hills volcano, Montserrat, is 45–55% [Murphy
et al., 2000], and that for the Fish Canyon magma
is 40–45% [Bachmann et al., 2002]. These values
are close to the maximum volumetric solid fraction
in which the mobility of the grains is severely
limited [e.g., Saar et al., 2001]. Since the crystal-
linity of the erupted lava corresponds to that
after the reactivation event, the crystallinity in the
mushy magma chamber before the reactivation
is possibly higher than the measured one. The
mushy magma may be immobile. The estimate
of the energy balance indicates that the injection
of a new magma alone cannot explain the reacti-
vation of midsize and large crystal mushes [Huber
et al., 2010].

[5] On the other hand, convection within the magma
chamber has been investigated by several previous
works. Huppert and Sparks [1988] conduct experi-
ments using waxes and aqueous solutions having
different densities, to model the process of basaltic
magma intruding into the continental crust which
results in the roof melting. Eutectic system can
make another melt layer between the roof and the
intruding magma [Kaneko and Koyaguchi, 2000].

The intruding magma can also melt the sidewalls
[Leitch, 2004].

[6] The melt-rich layer generated by the magma
intrusion is less dense than the overlying crystalline
mush. If the Rayleigh-Taylor (gravitational) insta-
bility occurs between the melt-rich layer and the
overlying highly crystalline layer, it can provide an
explanation for the petrologically observed remobi-
lization and convection within the magma chamber
[Burgisser and Bergantz, 2011]. It is however not
obvious whether the immobile-crystalline mushes
can deform sufficiently fast to cause the Rayleigh-
Taylor instability from the buoyancy of the melt-rich
layer alone.

[7] Even when the crystals in the mush are in a
jammed state, crystals near the interface with a
melt-rich region is mobile [e.g., Forterre and
Pouliquen, 2008]. An experiment of the Rayleigh-
Taylor instability between a close-packed granular
layer and a liquid layer shows that, when the roof
consists of a particle-jammed layer, only the lower
most part of the jammed layer becomes mobile and
descends [Michioka and Sumita, 2005].Huber et al.
[2011] suggest that internal overpressurization of
the mush induced by small amounts of melting
makes microfractures around the interface between
the crystalline mush and the melt-rich layer, and
breaks the crystalline framework. The fractured
region may descend before the whole crystalline
layer deforms. The particle settling in the magma
chamber has also been investigated previously
[Martin and Nokes, 1989; Koyaguchi et al., 1990;
Huppert et al., 1991]. However, whether such a
liquid layer can ascend through the thick jammed
layer remains unsolved. In order to understand the
melt transport in a reheated magma chamber, we
should know how the grains close to the jammed
state become mobile and how the unlocked grains
descend into the melt-rich layer.

[8] In this paper we report a series of experiments
to clarify how a liquid-rich layer ascends through
a granular layer in which the particles are in a
jammed state. From the experiments, we find that
the descending particles organize themselves into
plumes which drive a cellular convection pattern
within the liquid layer. The granular layer is grad-
ually being eroded by the convection and the liquid-
rich layer migrates upwards as time progresses.
This is different from the classic Rayleigh-Taylor
instability for the superimposed layers of miscible
liquids. Based upon the experiments, we construct
a scaling law which explains the velocity of the
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upward migration of the liquid-rich layer, and apply
the scaling to the crystalline magma chamber.

2. Experimental Method

[9] Experimental procedure is as follows. First, we
leave a tank filled with a specified fraction of glass
beads, fms, and silicone oil to allow the glass beads
to settle. Next, we quickly invert the tank upside
down to attain the initial condition as shown in
Figure 1a. We observe the flow pattern of the beads
and record them by a digital video camera with a
resolution of 1980 � 1080 pixels at 30 frames per
second. For the case in which the flow is slow, we
use a digital camera with a resolution of 3648 �
2736 pixels at 1 frame per 5 s.

[10] We varied the initial thickness of the liquid-
rich layer h which is related to the mean volume
fraction of the glass beads fms, liquid viscosity m,
and bead radius a. Details of the experimental
parameters are listed in Table 1. Beads radii have
ranges around their mean values, 0.025 � 0.0065,
0.11 � 0.020, 0.31 � 0.063 mm whose densities
are rs = 2500, 2450, and 2500 kg m�3, respec-
tively. The liquid density is rl = 970 kg m�3. In

most of the experiments, we invert the same tank
4 times under similar waiting times to confirm the
reproducibility of the results. In Table 1, the
experiments with the same fms and tank size
indicates that the same tank is used. In our
experiments, we use spherical glass beads. The
experimental tank is illuminated from behind by a
linear halogen light source which is passed
through an unwoven fabric in order to uniformly
illuminate the tank. Here the granular layer
appears as a dark region and the liquid-rich layer
appears as a bright region. For some experiments,
we have also illuminated the tank from the front
(e.g., Figure 2e), and for this case, the glass beads
appear grayish. Using different methods of lighting
does not affect the observed phenomena, suggest-
ing that there are no significant differences of the
flow pattern depending on the distance from the
tank wall.

[11] The images are analyzed using MATLAB by
introducing a threshold brightness to define the
boundary between the upper granular layer and the
liquid-rich layer. In some experiments, a fraction of
the descending particles are being suspended in the
liquid-rich layer and the interface becomes increas-
ingly blurred as time proceeds. For such cases, we

Figure 1. (a) A schematic diagram of the initial condition of the experiments and the corresponding situation in the
magma chamber. (b–d) The possible mechanisms to transport the liquid-rich layer based on the previous works.
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track its height only until the time in which the
interface appears clear. The particles eventually
settle at the bottom of the tank to form a sediment
layer. We do not analyze the interface between the
newly formed sediment layer and the liquid-rich
layer, because this interface is also blurred.

[12] We calculate the initial solid fraction of the
upper granular layer from fs = (r � rl)/(rs � rl),
where subscripts s and l correspond to solid and
liquid, respectively, r is the mixture density of the

upper granular layer which is calculated from the
total mass M, tank volume V, the measured thick-
ness of the liquid-rich layer h, and the upper gran-
ular layer l as r = {M � rlVh/(l + h)}/{Vl/(l + h)}.
The initial liquid fraction in the upper granular
layer can then be calculated from fl = 1 � fs. The
thickness h cannot be measured to a precision of
less than 1 mm which results in an uncertainty of
the liquid fraction of < 0.02. The inner tank volume
can be calculated from the mass of the beads and
the oil. In some experiments denoted by asterisks in

Table 1. A Summary of the Experiments and Their Parametersa

Viscosity
(Pa s)

Initial h
(mm)

Waiting
Time
(day) f1 fs fms

Radius
(mm)

Tank Size
(mm mm mm) Figure

0.49 8.0 7 0.36 0.64 0.53 0.11 45 � 170 � 9 Figure 4a
0.49 8.6 7.5 0.35 0.65 0.53 0.11 45 � 170 � 9 Figure 4a
0.49 9.4 7.5 0.33 0.67 0.53 0.11 45 � 170 � 9 Figures 2a, 4a, and 4b
0.49 9.5 7.5 0.33 0.67 0.53 0.11 45 � 170 � 9 Figure 4a
0.49 4.1 7 0.37 0.63 0.57 0.11 45 � 170 � 9 Figure 4a
0.49 4.9 8 0.36 0.64 0.57 0.11 45 � 170 � 9 Figure 4a
0.49 4.7 7.5 0.36 0.64 0.57 0.11 45 � 170 � 9 Figure 4a
0.49 4.7 7.5 0.36 0.64 0.57 0.11 45 � 170 � 9 Figures 2b and 4a
0.49 12.6 7 0.5* 0.5* 0.4* 0.11 45 � 170 � 9 Figure 4a
0.49 15.0 6 0.5* 0.5* 0.4* 0.11 45 � 170 � 9 Figure 4a
0.49 15.9 12 0.4* 0.6* 0.4* 0.11 45 � 170 � 9 Figure 4a
0.49 15.5 7.5 0.5* 0.5* 0.4* 0.11 45 � 170 � 9 Figure 4a
0.49 1.9 7 0.38 0.62 0.59 0.11 45 � 170 � 9 Figure 4a
0.49 2.3 7.5 0.38 0.62 0.59 0.11 45 � 170 � 9 Figure 4a
0.49 1.3 7 0.39 0.61 0.59 0.11 45 � 170 � 9 Figure 4a
0.49 1.6 7 0.38 0.62 0.59 0.11 45 � 170 � 9 Figure 4a
0.097 10.0 4.5 0.42 0.58 0.45 0.11 45 � 170 � 9 Figure 2c
0.097 10.4 4 0.41 0.59 0.45 0.11 45 � 170 � 9
0.097 11.2 4 0.40 0.60 0.45 0.11 45 � 170 � 9
0.097 10.3 4 0.41 0.59 0.45 0.11 45 � 170 � 9
0.097 6.8 4.5 0.4* 0.6* 0.5* 0.11 45 � 170 � 9
0.097 6.0 4 0.4* 0.6* 0.5* 0.11 45 � 170 � 9
0.097 6.3 4 0.4* 0.6* 0.5* 0.11 45 � 170 � 9
0.097 6.0 4 0.4* 0.6* 0.5* 0.11 45 � 170 � 9
0.097 1.4 4.5 0.39 0.61 0.59 0.11 45 � 170 � 9
0.097 1.7 4 0.39 0.61 0.59 0.11 45 � 170 � 9
0.097 1.4 4 0.39 0.61 0.59 0.11 45 � 170 � 9
0.097 1.4 4 0.39 0.61 0.59 0.11 45 � 170 � 9
0.097 3.0 4 0.4* 0.6* 0.6* 0.11 45 � 170 � 9
0.097 2.6 4.5 0.4* 0.6* 0.6* 0.11 45 � 170 � 9
0.097 3.2 4.5 0.4* 0.6* 0.6* 0.11 45 � 170 � 9
0.097 2.9 4.5 0.4* 0.6* 0.6* 0.11 45 � 170 � 9
0.097 7.0 5 0.40 0.60 0.50 0.11 45 � 170 � 9
0.097 6.4 4.5 0.41 0.59 0.50 0.11 45 � 170 � 9
0.097 12.8 5 0.37 0.63 0.53 0.31 82 � 122 � 15 Figure 2d
0.097 7.7 5 0.40 0.60 0.54 0.31 79 � 172 � 28
0.097 20.6 5 0.39 0.61 0.46 0.025 82 � 122 � 15 Figure 2e
0.49 7.1 7 0.41 0.59 0.57 0.11 179 � 179 � 10 Figures 3a and 4b
0.49 7.3 7 0.41 0.59 0.57 0.11 179 � 179 � 10 Figure 4b
0.49 9.4 7 0.40 0.60 0.57 0.11 179 � 179 � 10 Figures 3b and 4b
0.49 8.2 7 0.41 0.59 0.57 0.11 179 � 179 � 10 Figure 4b
aEach column indicates liquid viscosity, initial thickness of the liquid-rich layer (h), waiting time allowed for the particles to settle prior to

inverting the cell, liquid fraction in the upper granular layer (f1), solid fraction in the upper granular layer (fs), average solid fraction in the tank
(fms), particle radius, inner dimensions of the tank, and the corresponding figure numbers in which the experimental results are shown. Asterisks
indicate that accuracy of fs is limited. See text for details.

Geochemistry
Geophysics
Geosystems G3G3 SHIBANO ET AL.: UPWARD MIGRATION OF A LIQUID LAYER 10.1029/2011GC003994

4 of 17



Table 1, these are not measured and we use the
volume of another tank measured by filling water.
The tank which we use is commercially supplied
and the volume difference between each tank is
estimated to be less than 10%.

3. Possible Mechanisms of Liquid
Transportation

[13] For our experimental situation, previous fluid
mechanical studies suggest that the following 3
mechanisms are candidates of liquid transportation:
i.e., (1) permeable flow, (2) Stokes settling, and
(3) diapirs formed from the Rayleigh-Taylor insta-
bility, which we show schematically in Figure 1.

[14] First, we consider permeable flow (Figure 1b)
in which the buoyant liquid ascends through the
interstitial granular space. As the liquid rises, the

whole granular layer slides downward as a counter
flow. For this case, the volumetric flow per unit
area (Darcy velocity) can be expressed as

q ¼ k

m
Dr 1� flð Þg; ð1Þ

where k is permeability,Dr = rs � rl, is the density
difference between the solid and liquid, g is the
gravitational acceleration, and m is the liquid vis-
cosity. For the permeability k, we use the Kozeny-
Carman equation [e.g., Carman, 1937; Bear, 1972]

k ¼ a2

k ′

f3
l

1� flð Þ2 ð2Þ

where a is the particle radius, and k′ is an empirical
constant which depends on the shape of the parti-
cles. The flow velocity of the liquid becomes q/fl.
Carman [1937] compiles experimentally measured

Figure 2. Images of the liquid-rich layer ascending through the upper granular layer. See Table 1 for the details of
the parameters. The brighter region corresponds to the region with a large liquid fraction. Numbers indicate the time
elapsed after the tank is inverted. (a) Standard case with a liquid viscosity of 0.49 Pa�s, thickness of the liquid-rich
layer of 9.4 mm, and a bead radius of 0.11 mm. (b) The case for a thinner liquid-rich layer of 4.7 mm. (c) The case
for a smaller liquid viscosity of 0.097 Pa�s. (d) The case for a larger particle radius 0.31 mm, and a liquid viscosity
of 0.097 Pa�s. (e) The case for a smaller particle radius 0.025 mm, and a liquid viscosity of 0.097 Pa�s. The variation
of color contrasts in these figures mainly arises from the difference of the methods used for illumination. In Figure 2e,
0–500 s, the tank is illuminated from the front. In Figures 2d and 2e, the dark regions at the both ends are the double-
faced tapes used to anchor the tank. In Figure 2d, pink beads are mixed with the white beads.
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k′ and concludes that a value of k′ � 45 is suitable
for uniform spherical particles. Maaløe and Scheie
[1982] deform the glass spheres and measure
permeability at lower liquid fractions (0.05 <
fl < 0.25) and McKenzie [1984] calculates an
appropriate value to fit their measurements to
obtain k′ � 1000. In this study, we use k′ � 45 to
calculate the permeability, since we use spherical
beads in our experiments.

[15] Second mechanism is the Stokes settling
(Figure 1c). When the individual particles at the
bottom of the upper granular layer descend through
the liquid-rich layer, the liquid-rich layer migrates
upwards as a counter flow. The descending velocity
of a single particle can be estimated using the
Stokes velocity

vs � 2

9

Drga2

m
: ð3Þ

In a suspension, particles settle slower than the
Stokes velocity because of the viscous interaction
between the adjacent particles. This is known as the
hindered settling, and can be expressed as a func-
tion of liquid fraction [Davis and Birdsell, 1988;
Huppert et al., 1991]

vh ¼ f5
l vs: ð4Þ

[16] Third mechanism is the fluid transport by dia-
pirs which forms as a consequence of the Rayleigh-
Taylor instability (Figure 1d). The Rayleigh-Taylor
instability occurs if the upper granular layer
deforms similar to a viscous fluid. For viscous
fluids, it is known that the undulation of the inter-
face initially grows exponentially as a function of
elapsed time t (∝ exp(nt)). The growth rate n of the
interface undulation scales with the thickness of the
liquid-rich layer h [e.g., Selig, 1965;Whitehead and
Luther, 1975]

n / r� rlð Þgh
h

m
h

� �1=3

; ð5Þ

where r is the density of the upper granular layer,
h is the thickness of the lower liquid-rich layer, and
h is the effective viscosity of the upper granular
layer.

[17] The effective viscosity of a dense granular
media can be expressed using an empirical formula,
Krieger-Dougherty equation [e.g., Krieger and
Dougherty, 1959],

h
m
¼ 1� fs

fsc

� ��m

; ð6Þ

where m is a constant in the range of 1.5 < m < 5,
fsc is the volume fraction of the solid particles
when the particle packing is maximum. The value
for the random close packing fraction of uniform
spheres is around fsc = 0.635 [e.g., Onoda and
Liniger, 1990; Mavko et al., 1998]. According to
equation (6), the effective viscosity of the close
packed upper granular layer becomes infinitely
large for our initial condition. Therefore, the time-
scale for the growth of the undulation becomes
quite long. This is because the particles are in a
jammed state and the granular media cannot
deform. In reality, even a dense granular media
shows finite viscosity because of particle rear-
rangement. Costa [2005] and his comment (http://
arxiv.org/abs/physics/0512173) provide a modified
form of equation (6),

h
m
¼

1þ fs
fmax

� �b

1� aerf
ffiffi
p

p
2a

fs
fmax

1þ fs
fmax

� �gh in o� �2:5fmax
: ð7Þ

Caricchi et al. [2007] calculate the empirical rela-
tions between the shear rate and the fitting param-
eters fmax, a, b, g.

[18] If the undulation grows to form low viscosity
diapirs, their ascending velocity can be estimated by

vd � 1

3

ro � rið ÞgR2

h
; ð8Þ

where ro � ri is the density difference of the fluids
outside and inside of the diapir. Here the size of the
diapir R which has formed from the Rayleigh-Taylor
instability should be scaled by the thickness of the
liquid-rich layer R� h. Since the effective viscosity h
of the close packed upper granular layer is quite large,
the ascending velocity of the diapir is also slow.

[19] Differences of the particle size and the liquid
fraction of the granular layer affect which mecha-
nism operates to transport the liquid. When the
upper layer consists of a dilute suspension of fine
solid particles or immiscible liquids, we may approx-
imate the upper layer as a homogeneous fluid
having a larger effective viscosity compared to the
suspending fluid. For such case, Rayleigh-Taylor
type instability occurs, whose characteristic growth
rate and wavelength can be explained by applying
the theories formulated assuming viscous fluids [Voltz
et al., 2001; Olson and Weeraratne, 2008].

[20] Bagdassarov et al. [1996] experimentally
study the gravitational instability for the situation in
which platinum powders overlie a partially molten
granite, and show that both Stokes settling and
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Rayleigh-Taylor type instabilities are possible,
depending on the parameters which control the
velocity of these two instabilities. Deubelbeiss et al.
[2010] conduct a 2-D numerical calculation of the
gravitational instability for the case in which the
polyhedral particles consist the upper granular
layer. They also show that the Stokes settling and
the Rayleigh-Taylor instability are possible and
obtain the conditions under which these two types
are realized.

[21] When the upper granular layer is close packed,
none of the above mechanisms may work.Michioka
and Sumita [2005] show that a limited region near
the interface with the liquid-rich layer dilates to
become mobile, to form descending plumes. Similar
plumes are also observed in the experiments with
bubbles and in numerical experiments with particles
[Thomas et al., 1993; Bergantz and Ni, 1999]. We
call this type of instability as “partial instability.”
Michioka and Sumita [2005] study the initial stages
of the partial instability when the thin upper granu-
lar layer overlies a thick liquid layer. The question
of how a liquid-rich layer ascends through a thick
granular layer remains unanswered.

[22] Vinningland et al. [2007] perform experiments
with a thick granular layer and air, and show that
the plumes which consist of several particles con-
tinuously emerge and the air layer ascends through
the upper granular layer. The air layer eventually
separates into several pockets. However, it is not
obvious whether similar phenomena occur in a
viscous fluid. Finally, Rabinowicz et al. [2001]
numerically study how the melt layer ascends
through the compacting partially molten medium
and show that the layer migrates upwards maintain-
ing its sill-like shape which sometimes becomes melt
pockets. In their calculations, however, the motion of
individual particles is not taken into account.

4. Results

4.1. Qualitative Features of the Upward
Migration of the Liquid-Rich Layer

[23] Figure 2a and Animation S1 show an experi-
mental result for the case with a liquid-rich layer
thickness of h = 9.4 mm, waiting time to invert the
tank of 7.5 days, liquid fraction in the granular layer
of fl = 0.33, and a liquid viscosity of 0.49 Pa�s.1
This value of liquid fraction is smaller than that for
random close packing, � 0.365 [e.g., Onoda and

Liniger, 1990; Mavko et al., 1998], suggesting
that the granular layer is in a jammed state.

[24] At 0 s immediately after the tank is inverted,
the interface between the upper granular layer and
the bottom liquid-rich layer remains flat. After 20 s,
the interface moves downward indicating the dila-
tion of the granular layer. Thereafter the glass beads
start to fall at locations approximately equally
spaced to form descending plumes as shown by the
red arrows in Figure 2a. The initial stages of the
instability described above are the same as that
observed by Michioka and Sumita [2005].

[25] An important finding from the present experi-
ments is that this phenomenon continues and
evolves as we describe below. In the liquid-rich
layer, the descending plumes drive cellular con-
vection and a counter upwelling flow is observed.
As time elapses, the downwelling plumes which are
adjacent to each other coalesce and the plume
spacing gradually increases. The glass beads which
consist the downwelling plumes eventually settle at
the base of the tank. As a result, after � 240 s, a
three-layered structure becomes evident, which
consists of a bottom granular layer, a middle liquid-
rich layer and a top granular layer. As time pro-
ceeds, the downwelling plumes continually erode
the interface and the thickness of the upper granular
layer decreases. The liquid-rich layer thus migrates
upwards maintaining its sill-like shape. The particle
concentration within the liquid-rich layer increases
with time as is evident from the image at 2160 s.
The convection within the middle liquid-rich layer
becomes increasingly sluggish, as a consequence of
the increase in effective viscosity. We have con-
ducted the experiment using the same tank 4 times
and obtained essentially the same result.

[26] None of the 3 mechanisms which we summa-
rize in Figure 1 accurately describe the above phe-
nomena. After the particles begin descending to
form a dilated layer, the particles quickly organize
themselves into plumes. Only the particles near the
interface with the liquid-rich layer are involved in
the instability, and therefore differs from the image
shown in Figure 1d, in which the whole granular
layer deforms. In addition, the plumes consisting of
several particles drive cellular convection which is
also different from the Rayleigh-Taylor instability
of viscous fluids. Note that since the convection is
driven by downwelling plumes, it resembles the
convection pattern driven by internal heating in
which a thermal boundary layer forms at the top
boundary only and descending plumes form. This is
also similar to the convection driven by bubbles

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GC003994.
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that are continuously supplied from the bottom [Iga
and Kimura, 2007].

4.2. Effects of the Liquid-Rich Layer
Thickness, Fluid Viscosity and Particle Size

[27] Figure 2b and Animation S2 show the case for
a thinner liquid-rich layer h (= 4.7 mm) compared
to the case shown in Figure 2a. Similar to Figure 2a,
as time proceeds, the liquid-rich layer migrates
upwards. The widths of the individual plume
observed in Figure 2b are similar to those observed
in Figure 2a, but the widths of the convection cells
in the liquid-rich layer are smaller such that the
aspect ratio of the cells remain similar. This is
another feature resembling thermal convection. At
1500 s, the downwelling plume and the bottom
granular layer become connected such that the
liquid-rich layer is separated into several pockets
with small particle concentration. The number of
liquid-rich pockets increases with time, and finally
the liquid-rich layer disappears at 3040 s. On the
other hand, a clear liquid-rich layer appears at the
top of the tank as indicated by a red circle. This layer
should have formed from a permeable flow accom-
panied by the downward sliding of the jammed gran-
ular layer, as we show schematically in Figure 1b.

[28] We also vary the liquid viscosity (Figure 2c
and Animation S3) and particle radius (Figures 2d
and 2e and Animations S4 and S5), and confirm
that the same phenomena occurs; i.e., the liquid-rich
layer migrates upwards accompanied by an internal
convection. We confirm that when the liquid vis-
cosity becomes smaller (Figure 2c), the upward
migration velocity becomes faster.

[29] Similarly, we find that the upward migration
velocity scales with the particle size; i.e., faster for
a larger particle size (Figure 2d), and slower for a
smaller particle size (Figure 2e). In the case for
large particles (Figure 2d), the liquid finally erupts
out at the top, forming a distinct topography as
indicated by a red circle. In the case for smaller
particles (Figure 2e), undulation of the interface
between the liquid-rich layer and the upper granular
layer becomes larger compared to the case for a
larger particle size. Aggregates of the particles
exceeding the size of the individual plumes inter-
mittently descend as indicated by a red circle and an
arrow. As a consequence, the migration velocity of
the liquid-rich layer is found to fluctuate with time.

4.3. Long-Term Evolution

[30] In order to investigate the long term evolution
of the flow pattern, we conduct experiments using a

larger tank (Figure 3 and Animations S6 and S7).
Apart from the initial thickness of the granular
layer, the conditions are similar to the case shown
in Figure 2a. Here two experimental runs with the
same total content of the solid particles are shown.
In both Figures 3a and 3b, the granular plumes
descend from the interface, and the interface
migrates upward with time, which is similar to those
observed in Figure 2a. The intermittent descending
of large aggregates of the particles as shown in
Figure 2e is also observed.

[31] As time proceeds, we observe a difference
between Figures 3a and 3b. The undulation of the
interface grows rapidly with time for Figure 3a
compared to Figure 3b. In Figure 3a, a liquid-rich
blob forms at t � 3510 s which rises by eroding
the surrounding granular layer. The eroded particles
descend along the wall of the granular region. The
shape of the liquid-rich region is diapir-like but its
ascending mechanism is different from that for the
diapir observed in the viscous fluid in which the
diapir ascends by the deformation of the surround-
ing fluid.

[32] On the other hand, in Figure 3b a sill-like shape
persists longer, and the fluid migrates at a slower
velocity compared to Figure 3a. The above com-
parison indicates that the upward migration velocity
depends on the shape of the liquid-rich region; a
region with a diapiric shape ascends faster than the
region with a sill-like shape.

[33] We also note that a liquid-rich layer appears at
the top of the tank after 3510 s in Figure 3a and
5610 s in Figure 3b, similar to that observed in
Figure 2b. This indicates that the permeable flow
and the downward sliding of the granular layer as
shown in Figure 1b is occurring at the same time.

[34] The observed features in our experiments are
similar to those observed in the study by
Vinningland et al. [2007], in which the interparticle
fluid is air. Vinningland et al. [2007] show that the
air layer migrates upwards by forming plumes
which consist of particles around the interface. The
air layer eventually becomes several pockets. The
upper granular layer slides downward.

4.4. Time Evolution of the Interface

[35] Figure 4a shows how the average height of
the interface migrates upwards with time for the
experiments with the same viscosity 0.49 Pa�s,
particle radius 0.11 mm, but with the different ini-
tial thickness of the liquid-rich layer (Table 1), as
indicated by the different colors and different
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starting heights at t = 0. The error bars indicate the
maximum and minimum heights, which correspond
to the amplitude of the undulation. The slopes which
correspond to the migration velocity, are approxi-
mately constant at least until 1000 s and do not
depend on the initial thickness of the liquid-rich layer.

[36] The possible mechanisms of the upward
transport of the liquid-rich layer which we

summarized in Figure 1 are permeable flow, which
results in the sliding down of the granular layer at
the Darcy velocity (Figure 1b), the Stokes settling
(Figure 1c), and diapirs which have been pinched
off by the Rayleigh-Taylor instability (Figure 1d).
Comparison shows that the upward migration
velocity is smaller than the Stokes velocity,
equation (3), 8 � 10�2 mm s�1, as indicated by
a thin line, but faster than the Darcy velocity,
equation (1), 4 � 10�4 mm s�1, as indicated by a
thick line. Experiments show that the measured
upward migration velocity does not depend on the
initial thickness of the liquid-rich layer (Figure 4a).
This is different from the characteristics of diapirs
formed from the Rayleigh-Taylor instability. Growth
rates of the Rayleigh-Taylor instability, equation (5),
and the velocity of the diapir, equation (8), are scaled
with the initial thickness of the liquid-rich layer h,
since diapir radius R depends on h [e.g., Whitehead
and Luther, 1975]. In addition, unlike the Ray-
leigh-Taylor instability of viscous fluids, the undu-
lation of the interface does not fully develop as is
evident from the approximately constant length
of the error bars in Figure 4a. Therefore, neither of
the above 3 mechanisms sufficiently explain the
upward migration of the liquid-rich layer.

[37] Figure 4b shows the maximum height of the
liquid-rich layer, which increases with time, for the
experiments shown in Figure 3. The migration
velocity of the interface for different runs is similar
as is evident from the close overlap of the height
data until � 1000 s. However, variations of the
height growth among the different runs become
evident after � 1000 s. The experimental runs
shown by the curves in green and light blue are the
cases in which the liquid-rich layer remains hori-
zontal throughout the experiment in the form of a
sill. The ascending velocity is close to the data
plotted by blue diamonds which corresponds to
the case shown in Figure 2a. On the other hand, the
experimental runs shown by red and pink curves
are the cases in which the liquid-rich layer finally
becomes a diapir which results in a faster ascent
rate. This indicates that the upward migration
velocity can be modified depending on the shape of
the interface.

[38] In Figure 4b, we also plot the minimum height
of the interface between the granular layer and the
newly formed liquid-rich layer at the top of the
tank. For comparison, we calculate the Darcy
velocity, equation (1), as indicated by a black line
which shows a good agreement with the experi-
ments. We therefore interpret the appearance of a
new liquid-rich layer at the top of the tank as a

Figure 3. Images of the liquid-rich layer ascending
through the granular medium for a longer vertical dis-
tance (179 mm). Numbers indicate the time elapsed after
the tank is inverted. See Table 1 for the details of the
parameters.
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consequence of the laterally homogeneous perme-
able flow as we have shown schematically in
Figure 1b. The fact that the downward sliding of the
upper granular layer is scaled by the Darcy velocity
indicates that localized channels observed in the
soluble porous media [e.g., Kelemen et al., 1995]
do not develop in our experiments.

[39] Note that the liquid in the new layer at the top
does not come from the initial liquid-rich layer at
the bottom, but originates from the inter-granular
liquid. Such permeable flow will accompany
downward sliding of the whole granular layer.
However, apart from the initial dilation stage, the
initial liquid-rich layer is found to migrate upwards
with time. This indicates that in our experiments,
the permeable flow has only a secondary role in the
liquid transport.

5. Discussion

[40] Figure 5a compares the measured upward
migration velocities with those estimated using 4
different velocity models. Here we calculate the
velocity from the slope shown in Figure 4a during

the time span in which the liquid-rich layer
migrates upwards maintaining its sill-like shape and
a cellular convection develops within the liquid-
rich layer. For the case in which aggregates of the
particles intermittently descend (Figure 2e), we
average the velocity before such intermittent des-
cending commences. We only plot the experiments
in which the initial liquid fraction fl are accurately
measured which correspond to those without
asterisks in Table 1. The black line with a slope of 1
is a reference line indicating that the measured and
the calculated velocities agree. Green, blue, pink
markers indicate Stokes, equation (3), Darcy,
equation (1), and hindered settling velocities,
equation (4), respectively. Comparison shows that
the measured upward migration velocity is slower
than the Stokes settling velocity, and faster than the
hindered settling and Darcy velocities.

[41] Red markers are calculated using the following
model (Figure 5b), and agree best with the mea-
sured velocity. Dilation of the granular layer
implies that the interparticle distance gradually
increases and that there is an upward flow of the
liquid into the increased space between the particles

Figure 4. (a) Average heights of the interface as a function of time after the tank is inverted for the experiments with
different initial thickness of the liquid-rich layer. Apart from the initial thickness, other parameters are similar to those
for the case shown in Figure 2a. Experiments conducted with the same tank which has similar initial thickness of the
liquid-rich layer are plotted using the same color and symbols. Error bars indicate the maximum and minimum heights
of the interface. Slope of the thick black line labeled q corresponds to the Darcy velocity calculated using equation (1).
The slope of the thin black line labeled vs corresponds to the Stokes velocity calculated using equation (3). (b) Heights
of the interface between the granular layer and the liquid-rich layer as a function of time for the experiments conducted
in the large tank as shown in Figure 3. The data points which increase with time correspond to the maximum height of
the ascending liquid-rich layer. The data points which decrease with time correspond to the minimum height of the
newly formed liquid-rich layer at the top of the tank. The marker colors (red, pink, green, light blue) correspond to
those of the experiments in the order tabulated in Table 1 (the lowermost 4 cases). The data points in blue correspond
to the experiment shown in Figure 2a. A thick black line labeled q is the Darcy velocity estimated using equation (1)
and fl = 0.4.
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[e.g., Davis et al., 1989]. When particles descend at
a velocity U, the required volumetric flux of the
liquid becomes pa2U. The liquid flows upwards
through the narrow channel between the particles.
We assume that this narrow channel is modeled as
an annulus whose width and length is averaged
liquid thickness d. We can approximate d by
[Princen et al., 1980; Proussevitch et al., 1993]

1� fl ¼
a

aþ d=2

� �3

: ð9Þ

Upward volumetric flux of the liquid through the
annulus balances the downward volumetric flux of
the particles. Since adjacent particles share the
annulus, we approximate the half of the volumetric-
liquid flux through the annulus is used to descend
one particle

pa2U ¼ pad
d2

12m
Dp

d
: ð10Þ

The pressure difference arising from the negative
buoyancy of the particle can be estimated from

Figure 5. (a) Comparison of the measured and calculated upward migration velocities of the liquid-rich layer. The
symbols �, ⋄, and ○ correspond to the case for the liquid viscosity of 0.097, 0.49, and 0.97 Pa�s, respectively.
Difference of the symbol size represents the bead radius. The colors indicate the different methods used to estimate
the velocities; i.e., red is calculated by the model shown in Figure 5b and equation (12), blue is the Darcy velocity q,
equation (1), calculated using the liquid fraction in the granular layer (fl), green is the Stokes velocity vs, equation (3),
and pink is hindered settling velocity vh, equation (4). The black line with a slope of 1 is shown as a reference and indi-
cates that the measured and calculated velocities are equal. (b) A schematic diagram showing the descending of a par-
ticle at the bottom of the granular layer, and the upward counter flow through the annular region.
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Dp = 4pDrga3/(3pa2). As a result, the descending
velocity of the particle is estimated as

U ¼ 1

9

Drgd2

m
: ð11Þ

Michioka and Sumita [2005] have shown that when
the liquid fraction of the dilated layer becomes
fl = 0.58, partial instability which causes the
detachment of the dilated layer commences. This
corresponds to d/a = 0.7 where d is the interparticle
distance. Accordingly, we infer that after the time-
scale in which the dilation causes the interparticle
distance to increase by d = 0.7a, partial instability
occurs, and the bottom of the granular layer
migrates upwards by a length scale of 2a. Since this
timescale becomes (0.7a � d)/U, the velocity scale
becomes

2U

0:7� d=a
ð12Þ

which are shown by the red markers in Figure 5a.

[42] Since the red markers are closest to the black
line, we conclude that our model shown in
Figure 5b best explains the upward migration of the
liquid-rich layer which is accompanied by internal
convection.

6. Geological Implications

[43] Our experiments suggest a new image of liquid
transport within the Earth; when the upper poly-
crystalline granular layer is in a jammed state, the
underlying liquid-rich layer migrates upwards by
eroding the upper granular layer maintaining its
sill-like shape. Eventually the liquid-rich region
forms a diapiric shape, and it migrates upwards
continuously eroding the granular layer without
deforming the whole granular layer.

[44] We apply our experimental results to a crystal-
rich magma chamber in which the crystals jam each
other. When a fresh magma intrudes and reheats the
overlying immobile crystalline mush, the crystals
around the interface melt and form a melt-rich layer
which becomes mobile [Burgisser and Bergantz,
2011]. Under such a situation, two types of melts
form; one is that consisting the melt-rich layer and
the other is the suspending melt in the crystalline
mush layer. Here we assume that these melts
have similar density and are miscible with each
other. The suspending melt coats each crystal.
This situation is similar to the initial condition of
our experiments (Figure 1a). Our experiments are

conducted with a liquid having a lower viscosity
and smaller particles compared to the actual mag-
matic melt and crystals. However, in all experi-
ments, Reynolds number estimated by the Stokes
velocity of the particle settling becomes Re =
rsDrga3/m2 ≪ 1, indicating that viscous stress
overwhelm the inertial stress. This is consistent
with the condition in a silicic magma chamber, since
crystal sizes in the magma chamber is <10�2 m,
and melt viscosity is > 100 Pa�s. In our experi-
ments, the ratio of gravitational to Brownian forces
is greater than unity, Drga4/(kBT) ≫ 1, where kB is
Boltzmann’s constant and T is temperature. This is
also consistent with the condition in the magma
chamber. Our scaling in equation (12) based on our
experiments is thus applicable to the phenomena
within the magma chamber.

[45] In section 3, we summarized several possible
mechanisms of melt transport. The permeable flow
velocity, equation (1), and hindered settling veloc-
ity, equation (4), are slower than the measured
upward migration velocity of the melt-rich layer
(Figure 5a). Stokes settling, equation (3) does not
occur in our experiments, and accordingly, we do
not consider its possibility here. This is because
when crystals in the magma chamber are in a
jammed state, individual crystals cannot descend in
the form of Stokes settling. We therefore compare
the upwardmigration velocity, equation (12) with the
diapiric ascent rate, equation (8).

[46] Figure 6 compares the estimated upward
migration velocities (red and blue lines) with the
diapiric ascent rate (green curves) in a crystalline
magma chamber. In order to estimate the velocities,
we assume the following conditions. The initial
thicknesses of the melt-rich layers which become
the radii of the diapirs are 0.1, 1, 10 m. The crystal
radii are 2, 10 mm. The radius 2 mm approximately
corresponds to the size of the largest phenocrysts in
the magma of Unzen volcano which are supposedly
to have been reheated [e.g., Nakamura, 1995;
Nakada and Motomura, 1999]. The density differ-
ence between the crystals and the suspending melt
is 300 kg m�3 [e.g., Geschwind and Rutherford,
1995]. This density difference corresponds to that
between plagioclase and melt, and is a minimum
estimate. The viscosity of the suspending melt is
assumed to be 104 Pa�s corresponding to the
andesitic to dacitic melt at around 900°C [e.g.,
Takeuchi, 2011]. The viscosity of the melt-rich
layer is assumed to be 104 (blue dotted lines) and
102 Pa�s (red lines). The former is the same as that
of suspending melt in a crystalline mush. The latter
implies that the temperature within the melt-rich
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layer is higher than that in the crystalline mush by
about 200°C. This corresponds to the situation
where the melt layer is in contact with the newly
intruded hot basalt.

[47] The effective viscosity of the granular layer is
calculated by equation (7), in which the fitting
parameters, fmax, a, b, g, depend on the shear rate
[Caricchi et al., 2007]. Shear rate should be cal-
culated using the diapiric ascent rate in equation (8)
and the diapir radius, vd/h. However, we do not
know the effective viscosity in the crystalline mush
and therefore we cannot estimate the shear rate.
Accordingly, we assume the mush viscosity of
109 Pa�s to calculate the shear rate, which is close to
the viscosity near the jammed state obtained from
equation (6).

[48] Figure 6 shows that the upward migration
velocity (red and blue lines) has a weaker depen-
dence on the solid fraction compared to the diapiric
ascent rate (green curves). This is due to a strong
dependence of the effective viscosity on the solid
fraction, equations (6) and (7). Diapiric ascent rate
depends on the inverse of the effective viscosity,
equation (8), whereas the upward migration veloc-
ity, equation (12), is independent of the effective
viscosity. Figure 6 also shows that the diapiric
ascent rate depends on the melt-rich layer thick-
ness, equation (8), whereas the upward migration
velocity is independent of the melt-rich layer
thickness. As a result, when the solid fraction in the

mush is high and the thickness of the melt-rich
layer is thin, the upward migration velocity of the
melt-rich layer overwhelms that of the diapiric
ascent and therefore becomes an efficient mecha-
nism of melt transport.

[49] The relative magnitude between the upward
migration velocity and the diapiric ascent rate
depends on the viscosity in the melt-rich layer and
the crystal size. The upward migration velocity
becomes faster as the phenocryst size becomes
larger and the viscosity of the melt-rich layer
becomes smaller.

[50] Based upon the characteristics of these veloci-
ties, we propose the following scenario of magma
ascent. When the melt-rich layer is initially thin
(<0.1 m) and the solid fraction of the overlying
mush fs > 0.55, the upward migration of the melt-
rich layer occurs, because it is faster than the dia-
piric ascent. At this stage, the interface between the
melt-rich layer and the crystalline mush dilates and
descending plumes form (Figure 7). The pheno-
crysts descend through the melt-rich layer and settle
above the basaltic layer or descend through the
basaltic layer (Figure 1). When some phenocrysts
remain in the melt-rich layer (Figure 3) or descend
through the basaltic layer, the thickness of the melt-
rich layer increases as time elapses. Even when the
length scale of the melt-rich region becomes as
thick as 10 m (green thick curve), the upward
migration velocity is still faster than the diapiric

Figure 6. Estimated velocities as a function of solid fraction fs. Red solid and blue dotted lines indicate the upward
migration velocity of a liquid-rich layer accompanied by the internal convection as observed in our experiments esti-
mated by equation (12) assuming a melt viscosity of 102 and 104 Pa�s respectively. The thicknesses of the lines indi-
cate the radii of crystals, 10�2, 2 � 10�3 m, and are thicker for larger crystals. The green curves show the ascending
velocities of diapirs with radii of 0.1, 1, 10 m estimated by equation (8), in which the effective viscosity of the granular
layer is estimated by equation (7). Here we assume that the viscosity of the suspending melt of 104 Pa�s, and the den-
sity difference between crystals and melt of 300 kg m�3.
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ascent velocity if the melt-rich region remains hot
enough such that the viscosity is around 102 Pa�s
(red lines). The melt-rich layer eventually may
become round in shape but ascends by the upward
migration as shown in Figure 3a.

[51] After the melt-rich region is separated from the
hot basalt and entrains cold phenocrysts, it becomes
cold and the viscosity will rise. The upward migra-
tion of the melt-rich region (blue dotted thin line)
becomes slower than the diapiric ascent rate (green
thick curve). At this stage, the melt-rich layer may
ascend as a diapir by deforming the surrounding
mush [e.g., Burgisser and Bergantz, 2011].

[52] If there are size and density variation of the
phenocrysts, small or light phenocrysts will not
settle and remain suspended in the melt. The melt-
rich region will thus contain phenocrysts which
have originated from different parts of the mush.
Variation of originated location of the phenocrysts
can explain the intermingling within the magma
chamber [Murphy et al., 2000; Couch et al., 2001].

[53] Phenocrysts, which keeps on growing in the
magma chamber long before the reheating event,
is expected to become large. Indeed, the observed
phenocrysts in the magma of the Unzen volcano

and Fish canyon which are supposed to have been
reheated is quite large with a size of up to 5 mm
[e.g., Nakada and Motomura, 1999; Bachmann
et al., 2002]. We infer that this is the largest size
which can be suspended by the internal convection
of the melt-rich layer. If there exist larger pheno-
crysts in the mush, the upward migration of the
melt-rich layer will become faster (red thick line).
If particles make aggregates [e.g., Nakada and
Motomura, 1999] or blocks are generated from
microfracturing [Huber et al., 2011], aggregates
or blocks will behave as large individual particles,
and will also accelerate the upward migration veloc-
ity (Figure 2e).

[54] Our experiments are performed with spherical
particles although the actual phenocrysts are poly-
hedral in shape. In our scaling, equation (12), the
critical melt fraction above which the partial insta-
bility occurs is taken as fl = 0.58. If the shape of the
phenocryst is prolate or oblate, the critical melt
fraction for the partial instability to occur becomes
larger [e.g., Saar et al., 2001; Walsh and Saar,
2008]. On the other hand, the magma viscosity
under the same melt fraction becomes larger com-
pared to the spherical case [Ishibashi, 2009]. The
non-spherical shape of the phenocrysts thus affects

Figure 7. A schematic diagram showing the essential features of the experiments in which the liquid-rich layer
migrates upwards accompanied by an internal convection.
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both the thresholds for the whole mushy layer
deformation and the partial instability similarly. We
infer that the basic features of the flow remain
unchanged even though the shape of the phenocrysts
modifies the quantitative values of the thresholds
which are used to calculate Figure 6. Accordingly,
we consider that regardless of the shape of the phe-
nocrysts, there exist a regime where the phenocrysts
around the interface descend as plumes before the
whole mushy layer deforms, resulting in the upward
migration of the melt-rich layer.

[55] Another finding in our experiments is that a
new liquid-rich layer appears at the top of the tank
which has formed from a permeable flow accom-
panied by the downward sliding of the jammed
granular layer, as we show schematically in
Figure 1b. Bachmann and Bergantz [2004] have
suggested that crystal-poor rhyolites are extracted
from batholithic crystal mushes. Masotta et al.
[2012] experimentally confirm that thermally
zoned environment can make crystal-poor, differ-
entiated magma above a crystalline mushy layer.
As the mechanisms for causing these differentia-
tions, hindered settling and compaction has been
suggested. Sliding down of the whole mushy layer
which we observed in our experiments, may also
contribute to extract rhyolitic magmas.

[56] When a basaltic magma intrudes beneath a
silicic magma chamber, the density of the basaltic
magma is similar to or lighter than that of the crystals
but is heavier than the inter-granular melt. If there
is no silicic melt layer between the basaltic magma
and the crystalline mush, both the upward migration
and the Rayleigh-Taylor instability do not occur.
Instead, the whole mushy layer can slide down.

[57] If the crystal-poor rhyolites are generated by
the extraction process, the typical thickness of the
rhyolite melt layer before the eruption is estimated
as 500 m [Bachmann and Bergantz, 2004].
Assuming the permeability of silicic mushes as
10�8 m2 [Bachmann and Bergantz, 2004], and the
physical properties used in Figure 6, the timescale
to form a 500 m thick crystal-poor melt layer is
estimated as 104 years which is shorter than the
residence time of the silicic mushes >105 years
[Bachmann and Bergantz, 2004]. We thus infer that
the downward sliding of the mushy layer can con-
tribute to extract the crystal-poor rhyolites.

7. Conclusions

[58] We have conducted a series of experiments to
investigate how a liquid-rich layer ascends through

a close packed granular medium and have found
that it ascends maintaining its sill-like shape as
shown schematically in Figure 7. This is because
the particles which consist the granular layer are in
a random close packed state and only the particles
near the interface can become mobile to form a
loose boundary layer. This boundary layer becomes
gravitationally unstable and detaches to form
downwelling plumes which are accompanied by
counter upwelling flow such that the liquid-rich
layer convects. The granular layer is being contin-
ually eroded, and by repeating this process, the
liquid-rich layer migrates upwards. Simultaneously,
the granular layer slides downward and a new
liquid-rich layer appears at the top of the granular
layer by permeable flow. The upward migration
velocity can be scaled by the volumetric flux of
the liquid through the thin liquid film between the
particles as shown in Figure 5b. In the crystalline
magma chamber, this upward migration of the
melt-rich layer can become an important mecha-
nism to disintegrate the jammed crystals and
transport melt.
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