
Highlights

Can spinodal decomposition occur during decompression-induced
vesiculation of magma?
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• Vesiculation of magma during decompression was interpreted by simple
thermodynamics.

• Binodal and spinodal curves of silicate–water systems were drawn
versus pressure.

• Vesiculation of magma occurs by nucleation, not by spinodal
decomposition.

• Supersaturation dependence of the bubble nucleus’ surface tension was
revisited.

• Estimation of surface tension by nonclassical nucleation theory remains
difficult.
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Abstract

Volcanic eruptions are driven by decompression-induced vesiculation of
supersaturated volatile components in magma. The initial phase of
this phenomenon has long been described as a phase of nucleation and
growth. Recently, it was proposed that spinodal decomposition (an
energetically spontaneous phase separation that does not require the
formation of a distinct interface) may occur during decompression-induced
magma vesiculation. This suggestion has attracted considerable attention
and is currently only based on qualitative textural observations of
decompression experiment products (the independence of bubble number
density on decompression rate; the homogeneous spatial distribution of
the bubbles). In this study, I used a simple thermodynamic approach to
quantitatively investigate whether spinodal decomposition can occur during
the decompression-induced vesiculation of magma. I drew the binodal
and spinodal curves for each magma on the chemical composition-pressure
plane by approaching hydrous magmas at several conditions of temperature
and chemical composition as two-component symmetric regular solutions of
silicate and water, and using experimentally determined values of water
solubility in these magmas. The spinodal curve was much lower than the
binodal curve for all the magmas at pressures sufficiently below the second
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critical endpoint (≲ 1000 MPa). In addition, the final pressure of all
the decompression experiments performed to date fell between these two
curves. This suggests that spinodal decomposition is unlikely to occur in the
pressure range of magmatic processes in the continental crust or at realistic
decompression rates, and that decompression-induced magma vesiculation
results from nucleation, as previously suggested. To test this thermodynamic
approach, I estimated the ‘microscopic’ surface tension between the melt and
the bubble nucleus in previous decompression experiments by substituting
the pressure of the spinodal curve into the equation for the dependence
of surface tension on the degree of supersaturation. The resulting values
were significantly more scattered than those obtained by the conventional
method of inversion of the experimental bubble number density using the
classical nucleation theory formula. Therefore, it is difficult to judge whether
the equation of surface tension as a factor of supersaturation (based on the
nonclassical nucleation theory) is appropriate for magma systems. Further
careful consideration should be given to both experimental and theoretical
aspects of magma vesiculation.

Keywords: hydrous magma, decompression-induced vesiculation,
nucleation, spinodal decomposition, symmetric regular solution, surface
tension

1. Introduction

Magma degassing is one of the strongest controlling factors in the
dynamics of volcanic eruptions. Specifically, it is the decompression-induced
vesiculation of volatiles (e.g., H2O, CO2, H2S) originally dissolved in magma
deep underground, that is, phase separation into silicate melt saturated
with volatiles and volatile vapor saturated with trace amounts of silicate.
The initial stage has long been understood as nucleation and growth (e.g.,
Shimozuru et al., 1957; Murase and McBirney, 1973; Sparks, 1978), and
theoretical numerical models were constructed by Toramaru (1989, 1995)
to predict the bubble number density (BND) based on classical nucleation
theory (CNT, e.g., Hirth et al., 1970). In addition, in the last 30 years
since the innovative work by Hurwitz and Navon (1994), many experiments
have been conducted to reproduce decompression-induced vesiculation
of mainly water-dissolved (hydrous) magmas in laboratory experimental
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systems with controlled decompression rates. As data from decompression
experiments to date generally agreed with numerical predictions (BND
∝ |decompression rate|1.5 by Toramaru, 1995) based on CNT, Toramaru
(2006) constructed the BND decompression rate meter (BND DRM).
This theoretical model has been used extensively to estimate magma’s
decompression rate in a volcanic conduit based on quantitative analysis of
the bubble texture of natural pyroclastic products, such as pumice.

However, some laboratory experiments performed thus far have reported
results that are anharmonic to the above equations; Allabar and Nowak
(2018) performed decompression experiments on hydrous phonolitic melts
over a wide range of decompression rates, including 0.024–1.7 MPa/s, and
obtained results independent of high BND values (5.2 mm−3). To explain
this result, they proposed a scenario in which spinodal decomposition, rather
than nucleation as used in previous explanations, occurs in the early stages
of decompression-induced vesiculation. Spinodal decomposition is the phase
separation of a multi-component mixed or solid solution due to energetic
instability (e.g., Cahn and Hilliard, 1959; Cahn, 1965). If the sign of
the second-order derivative of the system’s molar Gibbs energy of mixing
∆gmix with the chemical composition is positive, the system is metastable,
and nucleation occurs, with distinct phase boundaries (interfaces) appearing
spatially random. Conversely, if the sign is negative, the system is unstable,
and spinodal decomposition occurs, wherein the two phases separate at a
certain wavelength and the phase boundary remains unclear. Nucleation is
downhill diffusion, whereas spinodal decomposition is uphill diffusion. In
Allabar and Nowak (2018), spinodal decomposition was proposed for two
reasons: (1) the timescale for spinodal decomposition in gas–liquid systems
is much shorter than the timescale for decompression (Debenedetti, 2000),
which could explain no dependence of BND on the decompression rate. (2)
The spatial distribution of the bubbles in the experimental products was
homogeneous, that is, they appeared to phase-separate at a given wavelength.
Subsequent work by Sahagian and Carley (2020) raised the problem that “the
surface tension between the melt and the very small bubble nucleus should
act to push dissolved volatiles back into the melt, but bubbles of such size
are still formed” as the “tiny bubble paradox.” They extended the ideas of
Allabar and Nowak (2018) as follows: if spinodal decomposition—rather than
nucleation—occurs, this paradox can be resolved because interface formation
is no longer necessary and explains the homogeneous spatial distribution of
bubbles observed in some laboratory products.
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Thus, the new theory that “decompression-induced vesiculation of magma
can occur not only by nucleation but also by spinodal decomposition” has
been actively discussed and has attracted much attention in the last six
years. Gardner et al. (2023) also stated that future interpretations of BND
and bubble size distributions of natural volcanic products must consider the
possibility that various mechanisms of bubble formation may occur, including
nucleation (homogeneous and heterogeneous) and spinodal decomposition.
However, the discussion on spinodal decomposition has remained qualitative,
and it is unclear whether spinodal decomposition actually occurs during
decompression-induced magma vesiculation. Nonetheless, owing to the
small spatiotemporal scale of the physical phenomena under investigation,
it is likely to be extremely difficult to confirm via laboratory observational
experiments such as in situ X-ray radiography. Therefore, in this
paper, I quantitatively discuss which nucleation or spinodal decomposition
mechanism occurs during decompression-induced magma vesiculation, based
on a simple thermodynamic approach.

This study first reviews the thermodynamic definitions of nucleation and
spinodal decomposition. Spinodal decomposition, which has traditionally
been treated only when it occurs with temperature change at a constant
pressure, can also be treated with pressure change at a constant temperature.
It attempts to consider hydrous magmas in a simplified way as a symmetric
regular solution of silicate and water and to quantitatively draw binodal
and spinodal curves on the chemical composition–pressure plane using
a simple calculation. Based on the results, I then discuss whether
spinodal decomposition can occur during decompression-induced vesiculation
of magma and give the author’s views on the arguments in previous related
papers. Finally, the above results are applied to calculate the “microscopic”
surface tension between the melt–bubble nucleus using the the non-CNT
equation proposed by Gonnermann and Gardner (2013). Finally, I present
a personal perspective on the future direction of microscopic surface tension
research.

2. What is spinodal decomposition?

2.1. Energetics of phase separation

Notations used in this study are listed in Table 1. If the mole fraction
of one of the components is x (0 < x < 1) and the interaction parameter
between the two components, which represents the non-ideality of mixing,
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is w, then the molar Gibbs energy of mixing ∆gmix for a two-component
symmetric regular solution can be expressed as follows:

∆gmix = RT{x lnx+ (1− x) ln(1− x)}+ x(1− x)w. (1)

In mixed systems with a miscibility gap, w is positive and the ∆gmix curve has
two troughs, as shown in the upper panel of Fig. 1. When the temperature
T and pressure P change, the system is metastable in the interval where
the ∆gmix curve is convex downwards, that is, the sign of the second-order
derivative with x is positive, and nucleation occurs with distinct phase
boundaries (interfaces) appearing randomly in space. Conversely, in the
interval where the ∆gmix curve is convex upward, that is, where the sign
of the second-order derivative with x is negative, the system is unstable, and
spinodal decomposition occurs wherein the two phases separate at a certain
wavelength without a clear phase boundary.(

∂∆gmix

∂x

)
T,P

= RT ln

(
x

1− x

)
+ (1− 2x)w = 0, (2)(

∂2∆gmix

∂x2

)
T,P

=
RT

x(1− x)
− 2w = 0. (3)

Binodal and spinodal curves appear on the cut surfaces of binodal and
spinodal surfaces in temperature–pressure–chemical composition space (e.g.,
Aursand et al., 2017). Hence, either temperature or pressure can be selected
for the vertical axis in the lower panel of Fig. 1. Hereafter, we denote the
x values that satisfy Eqs. (2) and (3) as xbi and xspi, respectively. In other
words, xbi and xspi are the x values that constitute the binodal and spinodal
curves, respectively.

2.2. The relation between binodal and spinodal curves

Although x and w inherently vary with temperature and pressure, they
are treated here as functions xbi(P ), xspi(P ), and w(P ), which depend only
on pressure, assuming that temperature is constant. Combining Eqs. (2) and
(3) and eliminating w, the following relation between xbi and xspi is derived:

xspi =
1

2

1−

√√√√√1− 2(1− 2xbi)

ln
1− xbi

xbi

 . (4)
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Figure 1: Schematic molar Gibbs energy of mixing ∆gmix (upper panel) and corresponding
phase diagram (lower panel) for a general two-component symmetric regular solution. In
the interval where the ∆gmix curve is convex downwards, the system is metastable, and
nucleation occurs with clear phase boundaries (surfaces) appearing randomly in space.
On the other hand, when the ∆gmix curve is convex upward, the system is unstable and
spinodal decomposition occurs, in which the two phases separate at a certain wavelength
while the phase boundary remains indistinct. Note that the phase diagram’s vertical axis
can correspond to temperature T or pressure P .
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Figure 2: The relation between xbi and xspi at an arbitrary fixed temperature, derived
from a series of Eqs. (2) and (3), which represent the first- and second-order derivatives of
∆gmix by x. xbi and xspi are the x values that constitute the binodal and spinodal curves,
respectively. The range 0 < x < 0.5 corresponds to the left half of Fig. 1. The relation
xspi > xbi holds for all the ranges.

This relation is shown in Fig. 2 in the 0 < x < 0.5 range, corresponding to
the left half area of Fig. 1.

2.3. Spinodal decomposition with pressure change

Since spinodal decomposition is a phenomenon discovered in the
field of inorganic materials such as ceramics and alloys (e.g., Cahn,
1965), it is typically discussed in terms of phase separation into
solid–solid/solid–liquid/liquid–liquid systems that occur with decreasing
temperature at normal pressure. Thus, temperature is typically used as the
vertical axis when drawing phase diagrams such as the one in the lower panel
of Fig. 1. In contrast, when considering whether spinodal decomposition
occurs in the phase separation of magma into gas–liquid systems, in this
study, I assumed constant temperature and focused on the phase separation
that occurs during decompression, since pressure decrease plays a much larger
role than temperature increase as a cause of phase separation. Therefore,
I adopted pressure as the vertical axis in the phase diagram in the lower
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panel of Fig. 1. There are very few previous studies dealing with spinodal
decomposition into gas–liquid systems in response to pressure changes, except
for some studies on magmas (Gonnermann and Gardner, 2013; Allabar and
Nowak, 2018; Sahagian and Carley, 2020; Gardner et al., 2023; Marks and
Nowak, 2024; Hummel et al., 2024). Incidentally, when considering the
phase separation of magma into a gas–liquid system by taking temperature
as the vertical axis of the phase diagram, the diagram becomes a lower
critical solution temperature (LCST) type phase diagram, in which the
miscibility gap appears on the high-temperature side. Its direction is reversed
from that of the phase diagram with pressure on the vertical axis. The
next section 3.1 explains the interpretation of the mole fraction of mixing
on the horizontal axis, i.e., it explains why magma can be treated as a
two-component symmetric regular solution of silicate and water.

3. Binodal and spinodal curves in silicate–water systems

3.1. Thermodynamic assumptions

In this study, following Allabar and Nowak (2018), for simplicity, magma
is treated as a symmetric regular solution composed of two components:
silicate and water. Note that water in magma exists as two molecular
species, the molecule H2Om and the hydroxyl group OH (e.g., Stolper,
1982a; 1982b), but we consider them together here. That is, x is the
mole fraction of total water. In Fig. 1, the left end member (x = 0)
corresponds to silicate and the right end member (x = 1) to water. Notably,
at and near the silicate end member, a crystalline phase precipitates at low
temperatures (e.g., Fig. 4 in Ostrovsky, 1966 for the SiO2–H2O system;
Fig. 7 in Paillat et al., 1992; and Fig. 3 in Makhluf et al., 2020 for the
albite–H2O system); however, in this study, it is neglected assuming minute.
Between each end member, namely, silicate and water, the binodal curve
corresponds to hydrous melt and aqueous fluid, respectively. Thus, when
a pressure change occurs that cuts the binodal curve at a fixed chemical
composition, the reaction “magma (supercritical fluid) ↔ water-saturated
silicate melt (hydrous melt) + almost pure water vapor (aqueous fluid)”
occurs. The rightward reaction indicates exsolution with decompression,
whereas the leftward reaction indicates mutual dissolution with compression.
For example, according to the results of high-temperature and high-pressure
experiments shown in Fig. 3 of Makhluf et al. (2020), for the albite–water
system at 900◦C, the second critical endpoint (the vertex of the miscibility
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gap) is in the range of 1.25–1.40 GPa and 42–45 wt%, i.e., x = 0.57–0.60
(on a single oxygen basis). Although the value of the mole fraction of water
at the second critical endpoint can vary depending on the temperature and
chemical composition of the silicate, in this study, it is assumed to be a
symmetric regular solution, as it does not deviate significantly from x = 0.5
on a macroscopic scale at possible magma temperatures in the crust from the
upper mantle (see Fig. 7 in Paillat et al., 1992); its dependence on systematic
changes in the chemical composition of silicates has not been experimentally
determined.

3.2. Calculation methods

The section for x < 0.5 of the binodal curve on the x–P plane at constant
T , shown in the lower panel of Fig. 1, should coincide with the solubility
curve of water in the silicate melt at that temperature with respect to pressure
change. In other words, the water solubility c(P ) in the silicate melt is equal
to xbi(P ), which constitutes the binodal curve. From this and the relation
Eq. (4) between xbi and xspi shown in Section 2.2, we can calculate the value
of xspi that constitutes the spinodal curve. The value of the silicate–water
interaction parameter w(P ) can also be determined by substituting the value
of xbi(P ) into Eq. (2).

3.3. Conditions on the temperature, chemical composition, and water
solubility in magma

Three types of silicate melts are assumed for temperature and chemical
composition: K-phonolitic melt at 1050◦C, basaltic melt at 1100◦C, and
albite melt at 900◦C. For the phonolitic melt, the conditions are the same
as those used in all experiments of Allabar and Nowak (2018). Basaltic
and albite melts were chosen to compare and examine the spinodal curves’
behavior at higher pressures. The temperatures employed are those at which
the pressure dependence of water solubility in the melt is systematically
determined from experiments. According to Iacono-Marziano et al. (2007),
who performed decompression experiments using AD79 Vesuvius pumice as
did Allabar and Nowak (2018), since the water solubility in K-rich phonolitic
melt at 1050◦C agrees well with the value calculated from the empirical
model of Moore et al. (1998), their formula was also used in this study in
the range 0.1–300 MPa. Note that Moore et al. (1998) defined the mole
fraction of water by treating each oxide (e.g., SiO2 and Al2O3) as one unit,
but this definition is no longer in common use, and here, the mole fraction
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was converted to the currently commonly used single-oxygen basis values
(see Section 1.2 in Zhang, 1999). The water solubility in the basaltic melt
at 1100◦C was obtained by digitizing the fitting curve of the experimentally
determined values for ≲ 600 MPa, as shown in Fig. 2 of Hamilton et al.
(1964). The water solubility in the albite melt at 900◦C was obtained by
digitizing the fitting curve of the experimentally determined values for≲ 1000
MPa, as shown in Fig. 8 of Burnham and Jahns (1962).

4. Calculation results

The binodal and spinodal curves drawn on the x–P plane for the three
silicate–water systems are shown in Fig. 3. The geometric characteristics
of both curves are similar, regardless of the silicate composition. Fig. 6 in
Allabar and Nowak (2018) and Fig. 1 in Sahagian and Carley (2020) show a
conceptual phase diagram in which both the binodal and spinodal curves are
convex upward over the entire chemical-composition range, with a large area
inside the spinodal curve. The lower panel of Fig. 1 in this study is identical.
However, when considering their actual position and shape quantitatively
based on chemical thermodynamics, the solubility curve (= binodal curve)
is convex downward at ≲ 400 MPa (approximately the relation c(P ) ∝ P 0.5

holds); therefore, the spinodal curve is also convex downward. In the pressure
range examined in this study, the spinodal curve is situated at a much lower
pressure relative to the binodal curve when fixed at a certain water content.
For example, at x = 0.10, the (water solubility (wt%), Pbi (MPa), Pspi (MPa))
for the phonolitic melt, basaltic melt, and albite melt are (5.4, 219, < 1),
(5.2, 239, 6), and (5.8, 166, 10), respectively. Furthermore, as x increases,
the corresponding Pspi gradually transitions to the high-pressure side, but the
difference from Pbi is still very large. In other words, the nucleation region is
much wider than the spinodal decomposition region, at least in the x < 0.25
range plotted in Fig. 3. For example, in the case of albite melt, Pbi = 1000
MPa, which corresponds to approximately Pspi = 190 MPa.

The calculation results for w(P ) are shown in Fig. 4. Although w is large
at 0.1 MPa (phonolite: 75 kJ/mol, basalt: 85 kJ/mol, and albite: 95 kJ/mol),
for all three chemical compositions it monotonically decreases rapidly with
increasing pressure over the entire pressure range. This is consistent with
the fact that the mutual dissolution of silicate and water proceeds at higher
pressures, which narrows the miscibility gap.
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5. Discussion

5.1. Can spinodal decomposition occur during decompression-induced
vesiculation of magma?

All nucleation pressure values in 88 previous laboratory experiments–from
Gardner et al. (1999) to Le Gall and Pichavant (2016)–compiled and
calculated by Shea (2017), fall within the nucleation region shown in Fig. 3
if variations in melt chemical composition are not considered. Additionally,
all Allabar and Nowak (2018) experimental runs were performed in the range
of the initial pressure of 200 MPa to final pressures of 70–110 MPa. Since
the final pressure is higher than Pspi, the nucleation pressure of these runs
inevitably falls into the nucleation region. Therefore, the innovative scenario
proposed by Allabar and Nowak (2018) and Sahagian and Carley (2020),
i.e., “spinodal decomposition during decompression-induced vesiculation of
magma,” cannot occur in the pressure range of magmatic processes in the
continental crust at depths of several hundred MPa. In addition, since
Pspi << Pbi as shown in Fig. 3, for spinodal decomposition to occur
without nucleation in the P–x range, it is necessary to maintain sufficient
supersaturation, despite a very large decompression from an initial pressure
higher than Pbi to a pressure lower than Pspi, which requires an unrealistically
large decompression rate of at least several hundred MPa/s. Whereas
Gardner et al. (2023) stated that we must consider the overlap of various
bubble formation mechanisms, including spinodal decomposition, to interpret
BND and bubble size distributions in natural pyroclasts, I argue that we can
focus only on homogeneous and heterogeneous nucleation as before.

Of course, in regions of higher pressure and higher water content outside
the drawn area of Fig. 3, Pspi asymptotically approaches Pbi, and spinodal
decomposition is more likely to occur. In other words, if decompression
occurs such that it passes near the top of the binodal curve (second
critical endpoint, corresponding to high pressure in the upper mantle and
a chemical composition of x ≃ 0.5), spinodal decomposition may occur. In
addition, because the second critical endpoint of silicate–water systems has
been reported to shift to lower temperatures and pressures with increasing
amounts of alkali metal oxides (e.g., Na2O and K2O) in the silicate (Bureau
and Keppler, 1999; Sowerby and Keppler, 2002), Allabar and Nowak (2018)
suggested that spinodal decomposition at low pressures may be more likely
to occur in alkali-rich phonolite melts than in other silicic silicates. However,
as long as the symmetric regular solution approximation is assumed, the shift
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of the second critical endpoint to lower pressures, i.e., the shift of the binodal
curve to lower pressures, is accompanied by a shift of the spinodal curve to
lower pressures because xbi and xspi change in tandem, as shown in Fig. 2.
In this case, the region of spinodal decomposition shown in Fig. 3 would be
narrower and spinodal decomposition would be less likely to occur. Therefore,
if spinodal decomposition occurs in the phonolitic melt, the binodal curve of
the phonolite–water system is expected to have a highly asymmetric shape
to which the symmetric regular solution approximation cannot be applied.
This might be related to the effective ionic radius of potassium (1.38 Å) that
is abundant in the phonolitic melt and is as large as that of oxygen (1.40
Å) (Shannon, 1976). The packing ratio is higher than that in alkali-poor
silicates (e.g., albite and rhyolite). Still, the shape of the binodal curve of
the phonolite-water system has yet to be determined and requires exploration
in detail using high-temperature and high-pressure experiments in the future.

5.2. On the manner of compiling experimental results by Allabar and Nowak
(2018)

Allabar and Nowak (2018) added selected data from previous
decompression experiments (Iacono-Marziano et al., 2007; Marxer et al.,
2015; Preuss et al., 2016) conducted under the same chemical composition
and physical conditions (phonolitic melt, 1050◦C, initial pressure 200
MPa, and continuous decompression) to reinforce their newly obtained
experimental data and plotted them on the decompression rate–BND plane
(Fig. 8 in their paper), claiming that the BND is almost independent of the
decompression rate. The BND values of the data selected were all in the
same order of magnitude as the high BND values of the experimental data
obtained by Allabar and Nowak (2018).

However, as Fig. 5 shows, for all four papers, even low BNDs were
measured by Iacono-Marziano et al. (2007) and Marxer et al. (2015).
In Iacono-Marziano et al. (2007), the variation in the BND for the same
decompression rate is so large that it is not mentioned here. In Marxer et
al. (2015), the BND increased with increasing decompression rate, which
seems to be in harmony with the original BND DRM of Toramaru (2006)
(see also Fig. 4 in Fiege and Cichy, 2015). In other words, the trends of the
dependence of the BND on the decompression rate are quite different between
the reports by Marxer et al. (2015) and those by {Preuss et al. (2016) and
Allabar and Nowak (2018)}. However, the experiments were performed under
almost identical conditions. While Allabar and Nowak (2018) focused only
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on the high-value BND data that did not depend on the decompression rate
and proposed spinodal decomposition to explain the discrepancy from BND
DRM, I think we should first consider the causes of the discrepancy between
the findings reported by Marxer et al. (2015) and those by {Preuss et al.
(2016) and Allabar and Nowak (2018)} data, rather than jumping to such a
novel idea.

Moreover, assuming that all the experimental results plotted in Fig. 5
are correct, they suggest that the decompression rate dependence of BND in
phonolitic melts is extremely varied. It is known from magma crystallization
experiments that the crystal number density can depend on the cooling
rate (proportional to the 3/2 power of the cooling rate; consistent with the
CNT-based prediction assuming diffusion-limited growth) as in Toramaru
(2001) or shows no dependence, or even decreases (Martel and Schmidt, 2003;
Cichy et al., 2011; Andrews and Befus, 2020). Toramaru and Kichise (2023)
proposed that this wide range of cooling rate dependence can be explained
by varying the pre-exponential factor of the nucleation rate and the surface
tension. If there were a bubble version of this crystallization model, it might
be possible to explain the wide variety of decompression rate dependence of
BND.

5.3. On the “microscopic” surface tension between the melt and bubble
nucleus

5.3.1. Supersaturation dependence of the surface tension: the suggestion by
Gonnermann and Gardner (2013)

As discussed thus far, the theory of “spinodal decomposition during
decompression-induced vesiculation of magma” proposed by Allabar and
Nowak (2018) and Sahagian and Carley (2020) was rejected because it is
unlikely to occur at the naturally realizable magma decompression rate.
Notably, one of the remarkable properties of spinodal decomposition is that
there is no “microscopic” surface tension between the melt and vapor (bubble
nucleus) (σ = 0), as this process does not require the creation of a new
interface. This idea connects smoothly on the phase diagram with the idea
based on the non-CNT discussed by Gonnermann and Gardner (2013) that
the greater the supersaturation, the lower the surface tension (Fig. 6).

In this section, I differentiate the surface tension based on the size scale
of interest: in the case of a homogeneous spherical bubble nucleus, I call it
the “microscopic” surface tension σ. Although σ is a very strong parameter
governing nucleation, its direct measurement is currently still impossible;
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therefore, it has been calculated only by fitting the integrated value of
the CNT-based nucleation rate J over time with the obtained BND from
decompression experiments (the inversion of BND using the CNT formula)
(e.g., Mourtada-Bonnefoi and Laporte, 2004; Cluzel et al., 2008; Hamada
et al., 2010; Shea, 2017). See Appendix A for the detailed expression of
the equation of J in CNT (e.g., Hirth et al., 1970). On the other hand,
in the case of a flat interface, I call it the “macroscopic” surface tension
σ∞. There are only a few examples of direct measurements of σ∞, and the
measurements by Bagdassarov et al. (2000) are widely used. In BND DRM
(Toramaru, 2006), a theoretical model for estimating magma decompression
rates using values of BND and several physical property parameters (e.g., the
diffusion coefficient of water in the melt, viscosity coefficient of the melt, and
surface tension) obtained from microtextural analyses of natural pyroclasts,
the capillary approximation has been applied to ignore the curvature at the
melt-bubble nucleus interface, i.e. assuming it is flat. In other words, it has
been assumed that σ = σ∞.

Contrary to this approximation, it has been found that σ obtained via
the CNT formula tends to be significantly smaller than σ∞ (e.g., Hamada
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et al., 2010). Gonnermann and Gardner (2013) attributed this discrepancy
to applying the capillary approximation, which is strictly valid only near
equilibrium, to a non-equilibrium melt-bubble nucleus system with large
supersaturation. According to the recent non-CNT, the interface between the
original and new phases loses sharpness and diffuses under non-equilibrium
conditions (e.g., Chapter 4 in Kelton and Greer, 2010). In other words, such
interfacial diffusion should also occur during the vesiculation of magma with
supersaturated water, which is no longer soluble due to decompression.

Based on the non-CNT, they considered a situation where σ depends
on the degree of supersaturation: the greater the degree of supersaturation,
the smaller σ becomes. When the “spinodal limit” far from equilibrium
is reached, σ is zero. This can be reinterpreted in the chemical
composition–pressure plane phase diagram at constant temperature drawn
in this study, as shown in Fig. 6. Decompression corresponds to the decrease
in the melt pressure PM and the increase in the degree of supersaturation,
which passes through the following three points as it progresses:

1) Blue point: The saturation pressure PSAT is the pressure on the binodal
curve (= binodal pressure Pbi), and the degree of supersaturation is 0. If
phase separation occurs at this point, nucleation occurs, and the interface
between the melt and bubble nucleus is sharp and clear (σ = σ∞).

2) Black point: The supersaturation increases as the pressure drops
through the nucleation region between the binodal and spinodal curves.
If phase separation occurs at this point, nucleation occurs; however, the
interface between the melt and bubble nucleus loses sharpness and diffuses,
and σ becomes lower than that in 1) (σ < σ∞).

3) Red point: When reaching the spinodal curve (= spinodal pressure
Pspi), the degree of supersaturation reaches maximum in the nucleation
region. At pressures below this point, spinodal decomposition occurs, where
phase separation starts from the absence of an interface between the melt
and bubble nucleus (σ = 0).

Gonnermann and Gardner expressed this physical situation (the
dependence of the surface tension on the degree of supersaturation) in
a mathematical formula. They used it to model the results of the
decompression experiments. They claimed that the modeling showed that
σ strongly depends on the degree of supersaturation and that its value is
smaller than σ∞. However, it should be noted that this logic seems to be
self-contradictory. While their claims seemed as if they had discovered for the
first time that the relation σ < σ∞ always holds as a result of the modeling,
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which is a natural consequence, because prior to the modeling, the relation
between σ and σ∞ within the nucleation region had been defined as follows
(the same as Eq. (17) in their paper). Here, ξ is an index of supersaturation,
and its definition is presented in the next section 5.3.2.

σ = σ∞(1− ξ2)
1
3 (0 ≤ ξ ≤ 1). (5)

Nevertheless, despite this logical flaw, their idea is so groundbreaking that
it is now worth reconsidering. If their ideas are correct, a relatively spinodal
decomposition-like texture could emerge. For example, when supersaturation
is large (i.e., when σ is small), the distance between bubbles would follow an
almost constant wavelength, even though nucleation is occurring.

5.3.2. Estimation of the surface tension based on the nonclassical nucleation
theory

Based on the above discussion, it is necessary to quantify the decrease
in the microscopic surface tension σ with increasing supersaturation in the
nucleation region to quantitatively investigate the role of bubble nucleation
during decompression-induced magma vesiculation. This implies obtaining
the specific value of an index of supersaturation ξ in Eq. (5), defined by
Gonnermann and Gardner (2013) as follows:

ξ =
P ∗
B − PM

P ∗
B − Pspi

, (6)

where P ∗
B is the internal pressure of a critical bubble nucleus. A bubble

nucleus at the critical radius Rc satisfies mechanical and chemical equilibrium
with the surrounding melt. The mechanical equilibrium is expressed as
follows:

P ∗
B = PM +

2σ

Rc

. (7)

Note that Eq. (6) was formulated assuming that P ∗
B = PM holds i.e. Rc

diverges to ∞ (from Eq. (7)) on the binodal curve, that is, ξ = 0 (σ = σ∞).
On the other hand, on the spinodal curve, it is PM = Pspi, that is, ξ = 1
(σ = 0). The chemical equilibrium is expressed as follows:

f(T, P ∗
B) = f(T, PSAT) exp

{
V H2O

kBT
(PM − PSAT)

}
, (8)

where f(T, P ), the pure-water vapor fugacity at this temperature and
pressure, can be obtained from the equation of state for water as a real
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gas (e.g., IAPWS95 by Wagner and Pruß, 2002). V H2O is the partial
molar volume of water in the melt and can be obtained from the regressed
data in Ochs and Lange (1999). This equation (8) has been used for the
determination of P ∗

B since it was invented by Cluzel et al. (2008). The
determined P ∗

B values from Eq. (8) summarized in Shea (2017)’s Appendix
table are relisted in Table 2. Gonnermann and Gardner (2013) assumed Pspi

to be hypothetical and varied the numerator and denominator values on the
right-hand side of Eq. (6) so that the experimental BND values could be
reproduced. Here, in contrast, Pspi is a known parameter, and σ can be
calculated from Eqs. (6) and (5).

I extracted the results of the single-step decompression (SSD) and
homogeneous nucleation experiments (Gardner and Ketcham, 2011; Gardner,
2012; Gardner et al., 2013), summarized in Shea’s (2017) Appendix table,
and calculated σ corresponding to the experimental conditions of each run.
SSD and homogeneous nucleation processes are simpler than continuous or
multi-step decompression and heterogeneous nucleation; as such, they lend
themselves to the application of the nucleation theory more readily than the
latter two processes. The experimental conditions used for each run are listed
in Table 2. In SSD, decompression to the final pressure is instantaneous;
therefore, PM can be regarded as equal to the final pressure, Pf .

To obtain σ, Pspi must be initially determined. Pspi is indeed
calculable using Eq. (4) because the water solubility xbi at PSAT has been
experimentally determined before the decompression experiments in most of
the earlier studies. However, it is difficult to accurately determine Pspi as
solubility measurement errors are often large. Furthermore, when comparing
the PSAT values in these decompression experiments (121–200 MPa) with Fig.
3 while ignoring the differences in temperature and chemical composition, all
the Pspi values fall within the 0–10 MPa range. Therefore, Pspi was uniformly
set to 5 MPa for convenience.

Table 2 and Fig. 7 show the values of the microscopic surface tensions
σ calculated in this study and σShea calculated by the conventional method
(the inversion of BND using the CNT formula) in Shea (2017), and the
macroscopic surface tension σ∞ calculated using the empirical formula Eq.
(1) in Hajimirza et al. (2019). The values of σ and σShea were significantly
lower than σ∞–a result consistent with previous reports (e.g., Hamada et al.,
2010). However, some of the σ values were higher, and others were lower
than σShea, and their variation was very large. Therefore, nothing can be
said with certainty about the validity of the non-CNT-based equations (5)
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and (6) proposed by Gonnermann and Gardner (2013) and, by extension,
about the dependence of σ on supersaturation. This relationship should be
carefully explored, both experimentally and theoretically, in the future.

20



Table 1: Notation list.

Symbol Unit Definition
a0 m Average distance between water molecules in the melt
c no unit Water solubility in the melt (mole fraction)
DH2O m2 s−1 Diffusivity of total water in the melt
f Pa Fugacity
J No m−3 s−1 Nucleation rate
kB J K−1 Boltzmann’s constant
n0 No m−3 Number of water molecules per unit melt volume
P Pa Pressure
Pbi Pa Pressure on the binodal curve (= binodal pressure)
Pf Pa Final pressure of decompression experiments
Pspi Pa Pressure on the spinodal curve (= spinodal pressure)
PM Pa Melt pressure
PSAT Pa Water saturation pressure
P ∗
B Pa Internal pressure of the critical bubble nucleus

R m Radius of a bubble nucleus
Rc m Critical bubble radius
R J K−1 mol−1 Gas constant
T K Temperature
V H2O m3 mol−1 Partial molar volume of water in the melt
w J mol−1 Interaction parameter between two components
x no unit Mole fraction of one of the two components
xbi (P) no unit The x that constitutes the binodal curve at pressure P
xspi (P) no unit The x that constitutes the spinodal curve at pressure P
δT m Tolman length
∆gmix J mol−1 Molar Gibbs energy of mixing
ξ No Index of supersaturation (overpressure) defined by Eq. (6)

σ N m−1 “Microscopic” surface tension between the melt and
homogeneous spherical bubble nucleus with a large curvature

σShea N m−1

σ calculated by inverting the bubble number density (BND)
of decompression experiments using the classical nucleation
theory (CNT) formula in Shea (2017)

σ∞ N m−1 “Macroscopic” surface tension at the flat interface between
the melt and vapor
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5.3.3. Future directions in microscopic surface tension research

As also explained by Fig. 2 in Shea (2017), σ is very poorly constrained,
even though its importance for the estimation of the nucleation rate
or decompression rate is much more significant than that of the other
parameters. Constraining σ is key for achieving consistency between the
results of magma decompression experiments and nucleation theory, and
for further improving the ability of BND DRM to accurately estimate the
decompression rate of natural magmas. Currently, a considerable number
of BND data from decompression experiments significantly deviate from the
values predicted by BND DRM (Fig. 4 in Fiege and Cichy, 2015). Moreover,
BND DRM tends to overestimate decompression rates more than other
methods (microlite number density, experiments, hornblende rims, seismicity,
extrusion rate and diffusion rates) (Fig. 5 in Cassidy et al., 2018).

The dependence of σ on supersaturation was introduced in Section 5.3.1.
In addition, Hajimirza et al. (2019) discussed the dependence of σ on
another factor, the radius of a bubble nucleus R. This dependence is
called the Tolman correction (Tolman, 1949) and is based on the following
considerations: when the bubble size is very small (i.e., the interface
curvature is large); as in nucleation, this geometric effect on the molecular
interaction results in the relation that σ is less than σ∞. The Tolman
correction is expressed as follows:

σ

σ∞
=

1

1 + 2δT/R
, (9)

where δT is a length scale called the Tolman length. By applying this theory
to the results of decompression experiments, Gardner et al. (2023) found
that R and σ are large in conditions of strong supersaturation. This finding
contradicts the supersaturation dependence described by Gonnermann and
Gardner (2013). This contradiction remains unresolved.

In light of this discussion, I propose two ideas for future research on this
topic:

1) To integrate the dependence of σ on the supersaturation and the
bubble nucleus radius: As stated by Gardner et al. (2023), a constant
Tolman length δT, the assumption imposed in Hajimirza et al. (2019),
is only valid for small deviations from the thermodynamic equilibrium,
and is likely to collapse as nucleation proceeds at a higher degree of
supersaturation (Joswiak et al., 2013). In other words, δT appears to depend
on the degree of supersaturation. This implies that the dependence of σ
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on supersaturation and the bubble nucleus radius, which were considered
separately, are interrelated. As shown in Eq. (7), the bubble radius is
determined by the degree of supersaturation; therefore, these two factors
should not be considered separately. As mentioned in Section 3.6.1 of
Toramaru (2022), a higher-order Tolman correction (e.g., Schmelzer and
Baidakov, 2016; Tanaka et al., 2016) should be applied since Eq. (9) used
currently is only a first-order approximation.

2) To use data from high-temporal-resolution decompression experiments
to estimate σ: specifically, it is expected that the time evolution of the BND
can be investigated in detail in the case of SSD by varying the time after
decompression to quench the collection of the experimental product. Thus,
the time variation of J as a process of resolving the high supersaturation
caused by the rapid decompression can be revealed with precision. In this
regard, the work by Hajimirza et al. (2022) is the most detailed investigation
of the BND at each time point after decompression and has yielded the most
accurate J values between each time point to date. Their experimental results
would provide the most reliable σ values to date in the series of attempts for
its estimation by the inversion of BND using the CNT formula.

The discrepancy between the theoretical and experimental BND values
may also be owing to reasons other than the surface tension. Preuss et al.
(2016) mentioned that the diffusion coefficient of water should not be that
of the total H2O; instead it should be that of H2Om, which is an order of
magnitude larger than that of H2O. This would reduce the theoretical value
of BND by an order of magnitude. Nishiwaki and Toramaru (2019) indicated
that, when the viscosity of the melt is high, it suppresses nucleation. The
BND in Toramaru’s (1995) viscosity-controlled regime may be overestimated.
Therefore, it is necessary to carefully evaluate the discrepancy between the
theoretical and experimental BND values by revisiting the basic physical
processes of magma vesiculation, reexamining how each physical property
contributes to nucleation, and reassigning appropriate values to the physical
property parameters.

6. Conclusions

I calculated the positions of the binodal and spinodal curves on the
chemical composition-pressure plane by assuming that hydrous magma is a
two-component symmetric regular solution of silicate and water and using
the chemical thermodynamic equation and experimental data on water
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solubility in magma. The spinodal curve was significantly lower than the
binodal curve at pressures sufficiently below the second critical endpoint
(≲ 1000 MPa). The magmatic processes associated with volcanic eruptions
in most natural continental crusts and the pressure ranges of all previous
decompression experiments fell between these two curves. Therefore,
decompression-induced vesiculation of magma occurs through nucleation,
and spinodal decomposition is highly unlikely. This result contradicts the
recent qualitative inference that spinodal decomposition can occur based on
observations of the bubble texture of decompression-experimental products.

As an application of this thermodynamic approach, I estimated the
“microscopic” surface tension between the melt and the bubble nucleus
in previous decompression experiments by substituting the pressure of the
spinodal curve into the equation that relates the surface tension to the
degree of supersaturation (Gonnermann and Gardner, 2013). However, the
surface tension values estimated by this method varied much more than
those obtained by the conventional method (inversion of the bubble number
density using the CNT formula). Therefore, the validity of this equation for
a magma system based on the nonclassical nucleation theory is difficult to
evaluate at this point and should be carefully tested, both experimentally
and theoretically, in the future.

Appendix A. Equation of the nucleation rate in classical
nucleation theory (CNT)

The equation for J in CNT (Hirth et al., 1970) is as follows:

J =
2n2

0DH2OV H2O

a0

√
σ

kBT
exp

{
−16πσ3

3kBT
(P ∗

B − PM)

}
, (A.1)

where n0 is the number of water molecules per unit volume, DH2O is the
diffusivity of total water in the melt, V H2O is the partial molar volume of
water in the melt, a0 is the average distance between water molecules in
the melt, σ is the “microscopic” surface tension between the melt and the
bubble nucleus, kB is the Boltzmann’s constant, T is the temperature, P ∗

B is
the internal pressure of the critical bubble nucleus, and PM is the pressure of
the melt.
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