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Abstract The fate of pre-eruptive bubbles depends lar-
gely on their buoyancy, which can be strongly modified by
the presence of crystals attached to the bubble—melt
interface. We define the attachment energy and attachment
force as those resulting from the attachment of a crystal to
a bubble. The attachment energy is such that (1) attachment
of crystals to bubbles is always favored energetically, and
(2) oxide minerals attach to bubbles much more strongly
than silicates, because the attachment energy is a strong
function of the wetting angle. Attaching crystals to bubbles
can cause bubble—crystal pairs to become neutrally buo-
yant. There is a critical bubble radius below which the
attachment force will be strong enough to keep the pair
together; we show that crystals as large as 1 mm in
diameter can form neutrally buoyant pairs. For early
erupted Bishop magma, if all magnetite forms neutrally
buoyant pairs with gas bubbles, ca. 0.1-0.2 vol% gas can
be stored in the magma; 2—-3 vol% of gas can be accounted
for if all minerals form neutrally buoyant aggregates. These
values are an order of magnitude lower than what is
inferred from melt inclusions. Hence, both magnetite-free
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and magnetite-rich bubbles might have existed, but only a
very small fraction of them could have been neutrally
buoyant. Importantly, an intrinsic association between
magnetite crystals and bubbles is expected. However, most
magnetite crystals in the early erupted Bishop are free of
bubbles; the puzzling conclusion is that nucleation away
from crystals is favored over heterogeneous nucleation on
crystal substrates.

Introduction

The propellant for explosive volcanic eruptions is the
exsolution and growth of bubbles in ascending magmas
(Wilson et al. 1980). It is generally assumed that when
eruptions are triggered, magmas are bubble-free, and all the
vesicularity observed in pumice is due to nucleation and
growth during ascent. This assumption may seem reason-
able at first given that: (1) nucleation may be limited under
pre-eruptive magmatic conditions due to the relatively high
supersaturation implicated by experiments (Mangan and
Sisson 2000); (2) even if bubbles form in the pre-eruptive
magma, they tend to rise and escape from the magma body.

Decompression experiments show that bubbles tend to
nucleate on magnetite crystals (Hurwitz and Navon 1994;
Mangan and Sisson 2000, 2005), what greatly reduces the
supersaturation needed for nucleation. In the case of the
Bishop Tuff, it has been argued that an exsolved gas phase
must have been present in order to account for the evolu-
tion of H,O/CO, ratios with melt differentiation (Wallace
et al. 1995, 1999). Furthermore, in the accompanying
paper (Gualda and Anderson 2007), we present direct
evidence for the presence of pre-eruptive bubbles in the
Bishop magma, in the form of a large vesicle with abun-
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dant magnetite crystals attached to its walls. Hence, we
conclude that bubbles do nucleate under pre-eruptive
conditions.

The fate of pre-eruptive bubbles depends directly on
their buoyancy, but the buoyancy of bubbles in magma can
be strongly modified by the presence of crystals attached to
the bubble—melt interface. That such attachment occurs is
indicated by experiments (Hurwitz and Navon 1994;
Mangan and Sisson 2000, 2005) and observations (Gualda
and Anderson 2007), and can be readily explained theo-
retically. Whether, however, magnetite crystals and bub-
bles can be held together by interface forces is yet
uncertain. In this contribution, we use the available
knowledge on surface energies of phases under magmatic
conditions to explore this problem.

Furthermore, while experiments and observations indi-
cate an intrinsic association between magnetite and bub-
bles, no such association between bubbles and quartz or
feldspars is implicated (Mangan and Sisson 2000). We
show that this distinction is to be expected, based on
available experimental data on the wetting angles of sili-
cate and oxide phases in silicate melts.

The formation of bubble-magnetite aggregates has
important petrologic consequences. Particularly, it can be
argued that if bubbles collect magnetite crystals efficiently,
they may become neutrally buoyant, giving rise to a per-
manent exsolved-gas reservoir in magmas. We test this
idea using the available data for the Bishop Tuff.

Theory
The attachment energy
Definitions

The change in free energy due to the attachment of a
bubble to a mineral substrate is simply the change in

Fig. 1 Diagrams illustrating Separate

surface energy between the state where bubble and mineral
are apart (Fig. 1a) and that where bubble and mineral are
attached (Fig. 1b). We call this energy change the attach-
ment energy (Ao):

Ao = O_Jomt _ GSeparate (1)

Separate Joint

where the components ¢ and ¢ are given by:

Separate __ 4 Separate o
a = ABubble—Liquid 7 Bubble—Liquid

ASeparate ) o (2)
+ Mineral—Liquid 9 Mineral—Liquid

Joint __ 4 Joint o
0" = ABubble—Liquid TBubble~Liquid

Joint
+ AMineral - Liquid @Mineral ~Liquid (3)

Joint
+ ABUbblefMineral O Bubble—Mineral

where A denotes area, and ¢ denotes surface energy (per
unit area).
The attachment energy, after simplifications, becomes:

_ Joint Separate o
Ao = (ABubblefLiquid - ABubble—Liquid) OBubble—Liquid

+ AJB(EbL]efMineral OBubble—Mineral (4)
Joint

- ABOL:Ir;b]efMineral OMineral—-Liquid
The attachment energy (Ag) is the total change in free
energy from the fully separated state to the fully attached
state. However, the energy that binds bubble and mineral
together after attachment is given by what we may call the
adhesion energy (Ag”dresion)

Adhesion __ 4 Joint
Ac = ABubble—Mineral

(JBubble—Mineral — OBubble—Liquid — O'Mineral—Liquid)
(5)

The remainder of the energy change encompassed by Ac
corresponds to the energy necessary to deform the bubble

Joint

two possible configurations for
coexisting bubble, liquid and
mineral. In a the bubble is
entirely within the liquid, while
in b the bubble is attached to the
solid substrate. The balance of
forces at the bubble—mineral
contact point is shown in c¢. In

Liquid

Liquid

GBubble-Liquid

0¥

the text, geometries are
considered to be three-
dimensional, and can be derived
from the geometries shown by
assuming cylindrical symmetry
for the bubble

Mineral

(a)
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from the separated configuration to the joint configuration,
and it would be appropriate to call this the deformation
energy (AO_Deformatlon):

Deformation __ Joint Joint
Ac = (ABubble—Liquid + ABubble—Mineral

ASeparale o
~“Bubble—Liquid OBubble—Liquid

(6)

The total energy change can then be understood as the
combination of a deformation step given by Eq. 6, and an
adhesion step described by Eq. 5 (Adamson and Gast
1997):

Ag = A O_Deformatlon =+ A O_Adhesmn (7)

The significance of these two components will be discussed
in a later section.

Relation to wetting angle

In this contribution, we aim at solving Egs. 4-6 as a
function of the wetting angle. The surface energies in
Egs. 4-6 can be related to each other by using the defini-
tion of the wetting angle (\V; see, for instance, Adamson
and Gast 1997):

GBubble—Mineral — OMineral—Liquid (8)

cos¥ =
O Bubble—Liquid

The wetting angle ¥ is analogous to 0 in Fig. 1, except that

Y is the angle formed when a liquid wets the surface of the

mineral. The angle 0 is simply related to the wetting angle

¥ (0 = 180 — W), such that:

OBubble—Liquid COS 0= OMineral—Liquid — O Bubble—Mineral (9)

Equations 4 and 5 then reduce to:

Separate Joint
Bubble—Liquid — ABubble—Mineral €08 9)

_ Joint
Ao = (ABubblefLiquid —A
OBubble—Liquid
(10)

Adhesion Joint
Ao = —Apubble_Mineral (1 T €08 0) TBubble—Liquid

(11)

It is relevant to note here that the only surface energy term
in Egs. 6, 10, and 11 is ogubble-Liquid-

To isolate the effect of the wetting angle, the areas in
Eqs. 4-6 can be described as a function of 0 and the ori-
ginal bubble volume. We assume that the detached bubble
is spherical, and the attached bubble is a spherical cap
(Weisstein 2007). The implicit assumption is that gravita-

tional forces are negligible; the appropriateness of this
assumption will be discussed in a later section.
From Fig. 1, it can be deduced that:

Separate
ABuFt))blethiquid = 4nR’ (12a)
A%Otigt)lefLiquid =2nr 2(1 —cos 0) (12b)
) o,
A{SOI;rbltjlefMineral = n(rsm 6) (IZC)

The volume of the spherical cap occupied by the bubble in
Fig. 1b can be computed as:

(13)

As the volume of the detached spherical bubble (Fig. 1a) is
the same as the volume of the attached bubble (Fig. 1b), it
follows from Eq. 13 that:

VBubble = %mﬁ [2 — 3 cos(0) + cos’ ()]

4 1/3
r=k {2 —3cos(0) + cos3(0)}

(14)

Substituting Eqs. 12a and 14 into 6, 10, and 11 leads to:

Ac = 41R?
2 — 3cos(0) +cos*(0)\ ' “1le .
4 Bubble—Liquid
(15)
AgA®eson — 7 R*[sin 0 (cos 0 + 1)
2 —3cos(0) + cos3(0) OBubble—Liquid
(16)

AgDeformation _ - p2 [(2 —2cosf+ sin? 9)

4 2/3
—4 ubble—Liqui
(2—3005(0)+C053(9)> ]UB bble—Liquid
(17)

The significance of these expressions is hard to grasp due
to their complexity. Equation 15 can be much simplified by
using Eq. 13:

(18)

Ao = 3VBubbie [; - E} OBubble—Liquid

Because R < r, then it follows that Ac¢ < 0. In other
words, the attachment of a bubble to a mineral substrate is
always favored energetically, such that the configuration
shown in Fig. 1b is always the thermodynamically stable
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Fig. 2 a Variation in the 0.0
attachment energy (normalized (a)
to the area of the detached

bubble and the bubble-liquid -0.2 1
surface energy) as a function of
the wetting angle V. Note that
A is always negative, but its
absolute value is rather small for
¥ < 25 and increases
significantly for ¥ > 45. b
Contributions of Ag™™*5°" and
Ao_Deformalion to AO’, all .0.8

normalized like in a. Both
AO_Adheslon and AO_Deformatmn

-0.4

-0.6 |

Ac/(47tR2*Gauhb|e-Liquid)

are

very small for ¥ < 25 and WO T T T T T T T T T
increase very rapidly for large
¥ AO_Deformation and AaAdhesion 3.0
are the barriers to attachment (b)
and detachment, respectively, 2.0 1
such that with increasing ‘¥, the _
attachment efficiency decreases, % 10l AgPeformation
but once bubble and crystal are g
attached, it becomes 3
increasingly more difficult to & 0.0
detach, and the overall energy < Ac
reduction increases (see text for % -1.0 4
details) <
AGAdhesion
2.0 1
3.0 +—/———————— — ——— ——
0 45 90 135 180

configuration, regardless of the wetting angle. This has
important consequences to the fate of bubbles in magmas,
because a bubble plus crystal aggregate will be less
buoyant than a solitary bubble (see Sect. 3).

The variation of Ac as a function of the wetting angle is
shown in Fig. 2a, while the relative contributions of
AgAIesion and AgPeformation to Ag are plotted in Fig. 2b.
What Fig. 2a shows is that, even though always negative,
Ao is very small for ¥ < 25, but starts increasing much
more rapidly with increasing wetting angle. Hence, the
larger the wetting angle, the stronger the attachment of
bubble and mineral.

Figure 2b shows that both contributions to Ac¢ are small
for ¥ < 25, and increase markedly with wetting angle. It
can also be seen that Ag”™UM i always positive, as it
corresponds to the energy spent deforming the bubble from
the spherical shape in Fig. 1a to the spherical cap shape in
Fig. 1b (Adamson and Gast 1997). In this sense, it can be
taken to represent a barrier to attachment. The inference is
then that the barrier is small for small W, but increases
significantly with increasing ¥, such that the attachment
efficiency tends to decrease with increasing wetting angle.
The contribution of Ag***°" arises from the conversion
of Bubble-Liquid and Liquid—Mineral interfaces into a
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single Bubble-Mineral interface. This contribution is al-
ways negative, and becomes more negative with increasing
wetting angle; in fact, Fig. 2b shows that the absolute value
of Ag™®°M increases faster than that of AgPeformation
While AgPe™" can be understood as a barrier to
attachment, Ag*®"**° can be interpreted to be the equiv-
alent barrier to detachment. The inference is thus that the
higher the wetting angle, the harder it is to detach bubble
from mineral.

The interplay between Ao
interesting one with significant petrologic implications. For
a given system, for a mineral with small wetting angle (i.e.
VY < 25), the barriers to attachment or detachment are
small, as also is the net energy reduction due to attachment.
It is to be expected that, in a dynamic system, even if
mineral and bubble do attach, they can be easily detached,
and bubble—mineral aggregates are not particularly stable.
On the other hand, for a mineral with large wetting angle
(e.g. ¥ > 45), the efficiency of bubble—mineral attachment
tends to be diminished. However, once attached, the total
energy difference is large, and the barrier to detachment
even larger, such that bubble—mineral aggregates are bound
to be preserved. This result is at the heart of the experi-
mental and petrographic observations of a preferred

Adhesion and AO_Deformatlon is an
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magnetite-bubble association (in relation to felsic silicates)
in rhyolitic systems (Gualda and Anderson 2007; Hurwitz
and Navon 1994; Mangan and Sisson 2000, 2005).

Relative attachment energy

One of our goals here is to compare the attachment prop-
erties of different minerals and bubbles in magmatic con-
ditions. Such a comparison can be made in a quantitative
way by using the ratios between Egs. 15, 16, and 17 for
different wetting angles:

3
Aowineratt (2 —3¢08(Owmtinera1) +€08” (Outinera1 )) 13 _ 4173

Ab\inerala B (2 -3 COS(HMineraIZ) + cos? (HMineraIZ)) 13 _ 4173

(19)
2
$in” OMineral1 (€08 Onineral1 +1)
Adhesion
A0 finerall (23 o5 (Onineratt)+¢08? (Optinerain )™ (20)
Adhesion SN2 Ot 1 (008 Oniry 1
AO-MineralZ Minerat2 ( Mineral2 +1)

(2—3 o8 (Otinerai2 4083 (Onineraiz ) )/

sn2
(2_2 €05 OMineral1 +8in” OMineral1 )

Deformation 4! /3
AO-Minera] 1 (23 cos(Ominerar1 ) +c08? (Otinerat D& (2 | )
AcDeformation ™ (2205 finers +550° Ovinei2) 4173

(23 co8(Outinerai2 )08 (Ontineratz))

In Fig. 3, we show the variation in the ratios Eqs. 19-21 as
a function of Wyfineral 1 for several values of Wyginerar 2. It
can be seen that, especially for low values of Wyineral 2, all
3 ratios increase very rapidly with increasing Wysineral 1- AS
we will see below, this is particularly interesting in cases
where minerals of varied wetting angle are present in the
same system.

Application to natural magmas

In order to consider relevant magmatic situations, knowl-
edge of the wetting angles for different minerals under the
same conditions is necessary. The advantage of Egs. 19-21
is that no knowledge of ogypbie-Liquia 1S NECEssary, as long
as the comparison is between minerals in the same magma.
Relatively little data are available on the wetting angles
of different minerals in the same liquid and at the same
conditions. For silicic magmas in particular, some infor-
mation is available from experiments (Hurwitz and Navon
1994; Laporte 1994; Mangan and Sisson 2005; Mangan,
et al. 2004), which indicate relatively low wetting angles
for felsic silicates (i.e. quartz and feldspar, ¥ < 20-25),
with significantly higher values for magnetite (i.e. ¥ =
35°-50°). In the companion paper (Gualda and Anderson
2007), we have shown that magnetite wetting angles can be
determined in a natural sample from the Bishop Tuff, and
yield values in the range 45°-50°, in agreement with the
experimental data of Mangan and Sisson (2005).

We can now solve Egs. 19-21 and compare the
attachment energies of magnetite (Wyiagnedte = 45°-50°),
and that for felsic silicates (Wsjjicates = 5°—25°), which
results:

AGMagnetite

9< < 8,000 (22)

Aosilicates
A notable dataset exists for wetting angles of several
minerals in mafic magma (Schafer and Foley 2002), which
includes wetting angles for several crystal faces of spinel,
diopside, enstatite, and forsterite in a basaltic melt. Their
data show that spinel has wetting angles between 35° and
42°, while the various mafic silicates are in the range 2°-
24°, which leads to:

AGSpinel

4< <16-10° (23)

OSilicates

It should be noted that diopside and forsterite are very
anisotropic, with wetting angles close to the minimum of
2° on (010) faces and maximum of 24° on (100) faces,
while enstatite is more isotropic, with corresponding
wetting angles of 6° and 15°. As expected, spinel is
much less anisotropic, with most wetting angles close to
35° (Schafer and Foley 2002). Consequently, values
for the ratio Acspinel / Aosilicates are more likely close to
50-300.

In any case, it becomes clear that the energy reduction
due to attachment of spinel to a bubble is much larger than
the energy reduction resulting from the attachment of a
mafic silicate to the same bubble in this basaltic liquid.
Hence, we expect that spinel grains will attach to the
bubble much more strongly than any of the mafic silicates.
The case is very similar to that of magnetite and felsic
silicates in rhyolites.

The similar results in both systems should not be sur-
prising. Interface energies result from the mismatch in
structure and differences in the bonding between the two
phases separated by that interface. Under this perspective,
it is easy to explain the large wetting angles for spinel and
magnetite and the relatively low wetting angles for the
mafic and felsic silicates in basalts and rhyolites, respec-
tively. Spinel and magnetite have structures and bonding
much different from that of basaltic or rhyolitic liquids,
which, in turn, are more similar to that of mafic and felsic
silicate minerals (Mysen and Richet 2005). Hence, we
predict that any oxide mineral in a silicate liquid will have
wetting angles much larger than any silicate mineral.

The important conclusion from this section is that, in
silicate melts, the reduction in surface energy resulting
from attachment of an oxide to a bubble is at least one
order of magnitude larger (and potentially much larger)
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Fig. 3 a Variation in the ratio 300
between attachment energy for (a)
two solids with Wetti.ng angles 250 { |
V¥ and Y, as a function of the
wetting angle V. Different 200
curves correspond to distinct 3 10
. >
values of W, as indicated. 5 15
Curves for values of ¥, smaller § 150 1 20
than 15° are very steep and lead % o5
to very high Aomineral1/ < 400 4
AGMineral 2 Tatios even for 3
r.elatively low wetting angles 50 4
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than the surface energy reduction due to attachment of a
silicate mineral to a bubble.

Given the similarity between the shapes of Egs. 19, 20,
and 21, it can also be concluded that the attachment and
detachment barriers will be significantly larger for oxides
than for silicates, as discussed above (cf. Fig. 3).

The attachment force
In the preceding section we showed that there is always a
surface energy reduction upon attachment of a crystal to a

bubble, irrespective of the size of the bubble. In magmatic
conditions, however, a crystal-bubble aggregate will only

@ Springer

be stable if the attachment force is stronger than the
gravitational force that tends to separate the two particles.

Derivation

In order to convert from the attachment energy to an
attachment force, the equilibrium configuration presented
in Fig. 1c must be considered. Equation 9 is a definition of
the wetting angle based on the balance of forces in the
horizontal direction. The force that keeps the particles to-
gether (FA"*M™enty corresponds to the vertical component
of the same balance of forces. For the spherical cap con-
sidered here, this force corresponds to:
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JrAttachment. _ ]{ (G ®2)ds = 2m (rsin 0) (GBupble—Liquia Sin 0)

FAttachment —21R sin2 0
4 1/3
[2 — 3cos(0) 4 cos?(0)

OBubble—Liquid

(24)

where (G o Z) is the vertical component (i.e. orthogonal to
the surface of the solid phase in Fig. 1b) of the resultant
shown in Fig. lc, which is integrated over the perimeter of
the surface cap.

The variation of the attachment force with wetting angle
is illustrated in Fig. 4. The attachment force is a strong
function of W. Interestingly, the curve goes through a
maximum at W= 114.5°, rather than at 90° as would be
expected from inspection of Fig. 1c. The reason for this is
that the attachment force depends not only on the vertical
component of ogypple-Liquids DUt also on the radius of the
contact surface, both of which are functions of the wetting
angle.

Similarly to the approach used for the attachment energy
(see Sect. 2.1.3), relative attachment forces can be calcu-
lated. As observed in Fig. 5, the variation in relative
attachment force is large when one of the mineral phases
involved has low wetting angle (i.e. <15°), while the var-
iation is limited otherwise. In the cases considered above,
the ratio between the attachment force for magnetite and
the attachment force for felsic silicates in silicic melt is
close to 5, and the situation is similar for spinel and mafic
silicates in basaltic melts.

Neutral buoyancy of crystal-bubble pairs

One interesting consequence of the attachment of grains to
a bubble is that this can be a mechanism which causes these
bubble—crystal pairs to be neutrally buoyant, preventing
bubbles from rising and crystals from sinking relative to
the melt.

The buoyancy force for any particle is given by:

4
B 3
F Pzﬁ‘(t)i}:lter:lcy = g T (RPHTtiClC) Ap Particle 8§ (25 )

where Ap]’article = PParticle — PMelt> such that Fg:r?%:ﬁrelcy >0 for
positively buoyant particles and Fpeo¥i2® < 0 for nega-
tively buoyant particles.

For a bubble—crystal pair, the net buoyancy force is
given by:

Buoyancy _ p-Buoyancy Buoyancy
Fret = Fytinerat - 1 FBubble

(26)

The bubble—crystal pair is neutrally buoyant when the
apparent weight of the crystal and the bubble are opposite
and equal, such that FEe¥™™Y = (. Assuming that both
bubble and crystal are spherical, the ratio between the radii
of mineral and bubble needed to obtain a neutrally buoyant
pair can be computed:

Buoyancy __ 4 3
F Net - gTC (RMineral) ApMineral

Jr(RBubble)SApBubble} g=0 (27)
Rwtineral (ApBubble> 3 (28)
RBubble APMineral

Evidently, crystals are usually not spherical, such that
Ruinerar 18 in fact the equivalent radius, i.e. the radius of the
sphere with the same volume as the crystal, and can be
used as a first order estimate of the size of the crystal.

Critical size of bubble—mineral pairs

In order to keep the neutrally buoyant bubble—mineral pair
joined, the attachment force has to be equal to or larger than
the separating force due to the difference in buoyancy of
bubble and crystal. This separating force can be defined as:

Fig. 4 Variation in the
attachment force (normalized to
a bubble perimeter 27R and the
bubble-liquid surface energy)
as a function of the wetting
angle W. Note that fAtachment
goes through a maximum at W=
114.5°, which results from the
attachment force depending not
only on the vertical component
of GBubble - Liquia> but also on the
radius of the contact surface,
both of which are functions of

0.5

-Attachment,
F /(ZTER*GButhe-Liquid)

the wetting angle 0.0
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Fig. 5 Variation in the ratio 200

between attachment force for
two solids with wetting angles
V¥ and Y, as a function of the
wetting angle V. Different
curves correspond to distinct
values of W, as indicated.
Variations in the ratio are
relatively small for values of ‘¥
larger than 15°

(¥o)

150 4

100 4

(¥)/F

50 1

Buoyancy __ j-Buoyancy Buoyancy
FDifference - FMineral - FBubble (29)
When the bubble—crystal pair is neutrally buoyant,
FRpoyaney and Fpeeyi™® are equal in magnitude but have
opposite signs, such that Eq. 29 simplifies to:

Buoyancy

3
Difference — 37 (RBubble)” Appunble 8 (30)
Since the attachment force is linear on R (Eq. 24), and the
separating force is proportional to R cubed (Eq. 30), there
is a limiting condition where Fpyiney, = pAtachment ‘prom

Difference
this condition, a bubble size can be determined, here called
the critical bubble radius:

. 3 OBubble—Liquid .
RCritical _ [ = 7 Bubble—Hiquid 10 9
Bubble 4 g Apgupbic (31)

{2 =3 <;> T cos3<e>} :

Neutrally buoyant pairs with a bubble of radius smaller
than Rgfjggfg will tend to remain attached, while, in the
case of Rpypple > Rsitcal the attachment force will not be
strong enough to keep the pair together. In all cases, the
condition for neutral buoyancy is given by Eq. 28, such
that the radius of the mineral is determined for a given
bubble radius.

For bubbles smaller than the critical size, crystals with
radii larger than that given by the buoyancy condition
Eq. 28 can remain attached to the bubble, as long as the
condition FBigyaney < pAttachment 3o oatisfied, in which
case the bubble—mineral pair would be negatively buoyant.
Evidently, the presence of multiple crystals in a single
bubble would also be possible, such that bubbles larger
than the critical size could become neutrally or negatively

buoyant. Naturally, given that the attachment of crystals to
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bubbles is always favored energetically (Eq. 18), formation
of positively buoyant bubble—crystal pairs is always pos-
sible.

Application to natural magmas

We can now consider the formation of magnetite-bubble
pairs in silicic melts. In particular, we are interested in the
application of the formulation above to the early erupted
Bishop Tuff.

For a rhyolitic magma of composition representative of
the early erupted Bishop Tuff, appropriate values for the
densities of the solid, melt and gas phases can be computed
(Anderson and Liu unpublished data) as pmagnetice = 5.2,
PQuartz = 2.65, PMelt = 2.15, PBubble = 0.4 g/Cm3' The
resulting radii ratios derived from Eq. 27 for magnetite and
quartz are RMagnetile/RBubble = 0.83 and RQuarlz/RBubble =
1.52.

In order to solve Eq. 31, absolute values of ogyppie-Liquid
must be known, ideally in conjunction with ¥ values for
the same system. Such data are not available, and we use
available values for Ggupble_Liquia (Mangan and Sisson
2005) in conjunction with the ¥ values reported above (i.e.
WMagnetite = 35, ¥Quarz = 15). Mangan and Sisson (2005)
compile values for ogupbie_Liquia Obtained experimentally
for systems of variable composition, from dacitic to rhy-
olitic, under variable water concentrations. In all cases,
OBubble—Liquid 18 in the range 0.04-0.14 J/m?, a rather nar-
row range given all simplifying assumptions and diversity
of techniques used.

We can now calculate the critical bubble radii for
magnetite and quartz in a rhyolitic melt (Table 1). The
solution to the problem is illustrated graphically in Fig. 6,
where FBUOYaNeY apd pAtachment are plotted for magnetite
and quartz. Analysis of Fig. 6 and Table 1 shows that
crystals larger than 1 mm in diameter could be attached to
bubbles and form neutrally buoyant pairs.
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Table 1 Values of the critical radii for bubble-magnetite and bubble-
quartz pairs as a function of distinct values of bubble-liquid surface
energy

2
OBubble-Liquid (J/m”)

0.04 0.09 0.14
Bubble critical radius (pum) 761 1,142 1,424
Magnetite critical radius (pm) 633 949 1,184
Bubble critical radius (um) 342 513 640
Quartz critical radius (um) 520 779 972

Gravitational force and Bond number

In Sect. 2.1 and 2.2, the theoretical treatment as presented
ignored changes in bubble shape as well as changes in the
wetting angle due to gravitational forces. Inclusion of
gravitational effects makes the treatment much more
complex (Adamson and Gast 1997), and is dealt with in
specific literature on floatation (Boucher and Jones 1981;
Rapacchietta and Neumann 1977; Rapacchietta et al. 1977;
Smith and van de Ven 1985).

Smith and van de Ven (1985) present numerical solu-
tions to the problem of a pendant fluid drop attached to a
stationary spherical crystal, immersed in a second fluid.

The solutions are such that they are valid for the case where
the attached fluid is less dense that the surrounding liquid,
analogous to the situation of interest here, where a crystal
is attached to a bubble, and both immersed in a liquid. The
details of the theoretical work by Smith and van de Ven
(1985) are beyond the scope of this work. Importantly,
however, they argue that the relevant dimensionless num-
ber for this problem is the Bond number, given by:

Bond 4 — Ritinera ABuonte & 52
OBubble—Liquid

The Bond number is the ratio between the gravitational
forces and surface forces. Surface forces act to make the
bubble spherical, while gravitational forces tend to distort
the bubble from the spherical shape.

Figure 7 shows the variation of the Bond number with
particle size for ogypbie-Liquia in the range 0.04-0.14 J/m?,
and Apgubble = 1.75 g/cm3. As expected, the importance of
gravitational forces grows rapidly with increasing particle
size. Table 1 shows that crystal critical radii are in the
range 500-1,000 pm. For particles 1,000 pm in radius, the
Bond number is between 0.12 and 0.43 (depending on ¢),
while for particles 500 pm in radius, the Bond number is in
the range 0.03-0.11. In effect, the deformation of the

Fig. 6 Variations in the 0.9
buoyancy and attachment forces (a)
as a function of the radius of the
solid phase. Various curves for
the attachment force correspond
to distinct values for the

bubble-liquid surface energy, as

indicated. The point where
FBuoyancy _ FAltachmcm

0.6

Force (10° N)

corresponds to the critical radius 0.3 1
for the solid phase (for bubble
and melt with densities of 0.4
and 2.15 g/em?, respectively).
The critical radius is defined
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Fig. 7 Variation in the Bond 1.0
number as a function of the 094 (c=0.04)
radius of the solid particle.
Various curves for the 081
attachment force correspond to 0.7 4
distinct values for the bubble— ] (0=0.09)
liquid surface energy, as g 81
indicated. For R < 500 pm, 2 05
Bond number < 0.1, such that g 04 4 (c=0.14)
effect of gravity forces is @
negligible, such that the 031
treatment presented here should 0.2
be valid at least for particles 014
1 mm in diameter or smaller
0.0
0 500 1000 1500 2000

bubble due to gravitational forces is negligible for particles
<500 pm in radius, such that the treatment presented above
should be applicable for particles as large as 1 mm in
diameter.

Petrologic implications

From the theoretical considerations above, it can be con-
cluded that: (1) attachment of magnetite crystals to bubbles
is strongly favored over attachment of silicate minerals; (2)
attachment of crystals to bubbles can lead to neutrally
buoyant crystal-bubble aggregates; (3) magnetite crystals
of at least several hundred pym (and maybe up to 1 mm)
diameter can be held attached to a bubble of similar size by
surface forces. Below, we explore some of the conse-
quences of these to the evolution of silicic magmas, in
particular the Bishop Tuff, for which a wealth of data is
available.

A gas storage mechanism in pre-eruptive magmas

The possibility that bubbles may become neutrally buoyant
by attaching magnetite crystals to them gives rise to the
idea that magmas may be characterized by a permanent
bubble population that is dynamically stagnant relative to
the melt. We are particularly interested in testing whether
this mechanism can account for the bubble abundance in-
ferred to exist in the pre-eruptive Bishop magma (Wallace
et al. 1995, 1999).

Based on the evolution of H,O/CO, ratios in melt
inclusions, Wallace et al. (1995) argued that an exsolved
gas phase had to be present during differentiation and
crystallization of the Bishop rhyolitic magma. They esti-
mated the amount of exsolved gas present to be 3-6 wt%
(14-25 vol%) in the early, 1-3 wt% in the middle, and
~0.5 wt% in the late-erupted Bishop magma.

@ Springer

Radius (um)

We have recently studied in detail the textures of three
pumice clasts from the early erupted Bishop Tuff (Gualda
2006; Gualda et al. 2004; Gualda and Rivers 20006).
Relative abundances, as well as crystal size distributions,
are available for quartz, sanidine and magnetite crystals in
these samples, and can be used to infer the maximum
proportion of gas that can be stored as neutrally buoyant
bubble—crystal aggregates.

As argued above, magnetite is much more likely to be
attached to bubble surfaces than other crystals. Under the
limiting assumption that all magnetite crystals form neu-
trally buoyant pairs with gas bubbles, from Eq. 28, it is
possible to compute the maximum gas volume fraction that
can be stored as neutrally buoyant bubble—magnetite
aggregates. In the samples studied by Gualda and Rivers
(2006), magnetite corresponds to about 1% of the total
crystal volume. The crystal volume fraction (i.e. crystal
volume/[crystal volume + glass volume]) is close to 10%,
such that the total abundance of magnetite is only ca.
0.1 vol%. This yields maximum gas volume fractions on
the order of 0.1-0.2 vol%. These values are at least one
order of magnitude lower than the values calculated by
Wallace et al. (1995). An even more extreme assumption
can be made, by considering that all crystals (i.e. not only
magnetite) are associated to bubbles and form neutrally
buoyant bubble—crystal aggregates. In this extreme case,
2-3 vol% of gas could be accounted for.

It becomes clear that the formation of neutrally buoyant
crystal-bubble aggregates cannot explain the abundance of
exsolved gas inferred by Wallace et al. (1995) for the early
erupted Bishop magma. Nonetheless, the recognition of a
large vesicle with abundant magnetite crystals attached to
its walls forming a nearly neutrally buoyant aggregate
(Gualda and Anderson 2007) suggests that this is indeed a
viable mechanism for storing exsolved gas in magmas. In
the case of the early erupted Bishop magma, the inevitable
conclusion seems to be that a range of pre-eruptive bubbles
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existed, from magnetite-free, to magnetite-rich bubbles.
The figures above suggest that only a very small fraction of
the pre-eruptive bubbles—possibly on the order of 1-
2%—may be attached to magnetite crystals. In this sense,
the recognition of a bubble—magnetite aggregate (Gualda
and Anderson 2007) is quite fortunate, given the small
sample volumes analyzed so far.

Magnetite-bubble association: not so simple!

One of the main conclusions from the above discussion is
that there should be an intrinsic association between
magnetite crystals and bubbles. That such an association is
present is clearly shown by decompression experiments
(Hurwitz and Navon 1994; Mangan and Sisson 2000, 2005)
and by some petrographic observations (Gualda and
Anderson 2007). However, study of our tomography
datasets shows that most magnetite crystals are free of
bubbles (Fig. 8; Video 1). Not only is this surprising, but
also relevant to the understanding of nucleation under pre-
eruptive conditions.

In particular, there is abundant experimental evidence
that magnetite crystals are the predominant nucleation sites
for bubbles at low degrees of supersaturation. At higher
degrees of supersaturation, the barrier for homogeneous
nucleation can be superseded, such that nucleation does not

Vesicles

Fig. 8 Three-dimensional view of Sample F7-12; glass was sup-
pressed for clarity. Magnetite crystals are shaded dark gray (blue in
the online version), feldspar intermediate gray (red), quartz light gray
(green), and vesicles very light gray (yellow). Notice that most
crystals are not attached to large vesicles. Small vesicles (<50 pm)
are suppressed from this view. Field of view is ca. 8§ X 7 mm. An
animated version of this figure is available online as Video 1

take place exclusively on magnetite crystals (Hurwitz and
Navon 1994; Mangan and Sisson 2000, 2005). There is no
apparent reason to believe, however, that heterogeneous
nucleation should cease at this stage, given that the energy
barrier for heterogeneous nucleation is always smaller than
that for homogeneous nucleation (Adamson and Gast
1997). In this context, it is quite remarkable that magnetite
crystals in the early erupted Bishop Tuff do not commonly
have vesicles associated to them. The puzzling conclusion
that arises from this observation is that somehow, nucle-
ation away from crystals (homogeneous nucleation?) is
favored over heterogeneous nucleation on crystal sub-
strates. Solids with even larger wetting angles could be
present in the melt as impurities, and could be strongly
favored over magnetite as nucleation sites; while it is
conceivable that such impurities would be of difficult
detection due to their minute size, there is no evidence to
support this hypothesis. Another aspect not taken in con-
sideration is the strain state of the melt, which could favor
“‘homogeneous’’ over heterogeneous nucleation (Anderson
2006). These two possibilities are rather speculative,
however, and future research should be aimed at addressing
this problem.

Conclusions

In this contribution, we review the fundamentals of the
energetics of bubble—crystal surface interactions and derive
equations that can explain the usual association between
bubbles and magnetite crystals indicated by experiments
and some isolated observations.

We define the attachment energy as the surface energy
change due to attachment of a crystal to a bubble. We show
that attaching a bubble to a mineral substrate is always
energetically favored over keeping bubble and mineral
separate. Because the attachment energy is a strong func-
tion of the wetting angle, different minerals will be more
strongly attached to bubbles than others. In particular,
oxide minerals will attach to a given bubble much more
strongly than any silicates in silicate melts. The barriers to
attachment and detachment increase with increasing wet-
ting angle, such that the efficiency of attachment should
decrease with increasing wetting angle (i.e. from silicates
to oxides); at the same time, once attached, it becomes
more difficult to detach bubble from crystal for large
wetting angles.

One interesting consequence of the attachment of grains
to a bubble is that this can cause these bubble—crystal pairs
to be neutrally buoyant, preventing bubble rise and crystal
sinking. From the definition of the wetting angle, we derive
an expression for the attachment force, and show that
neutrally buoyant aggregates consisting of crystals up to
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I mm diameter and bubbles of similar size can be held
attached by surface forces.

While gravitational forces will deform the bubble and
change the wetting angle, for particles smaller than 1 mm,
the contribution of gravitational forces is negligible, such
that the treatment presented here should be valid.

Under the limiting assumption that all magnetite crystals
form neutrally buoyant pairs with bubbles, the maximum
gas volume fraction that can be stored as neutrally buoyant
bubble-magnetite aggregates is orders of magnitude
smaller than the abundance of exsolved gas inferred from
melt inclusions in the Bishop magma (Wallace et al. 1995).
Nonetheless, our recent observation of one such aggregate
in the early erupted Bishop Tuff (Gualda and Anderson
2007) suggests that this is indeed a viable mechanism for
storing exsolved gas in magmas, such that a range of pre-
eruptive bubbles existed, from magnetite-free, to magne-
tite-rich bubbles. Yet, only a very small fraction of them
could have magnetite crystals attached to them.

Our treatment shows that there should be an intrinsic
association between magnetite crystals and bubbles.
However, the existing evidence for Bishop pumice clasts
reveals bubble-free magnetite crystals, which leads to the
puzzling conclusion that ‘‘homogeneous’ nucleation is
favored over heterogeneous nucleation on crystal sub-
strates.
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