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Abstract

Efforts to estimate the magma decompression rate from the vesicular texture
of volcanic products have progressed through the development of theoretical
models and laboratory experiments. The theoretical model is based on
nucleation theory, with the surface tension between the melt and bubble
nucleus being the parameter that most strongly governs nucleation. Since
direct estimation of surface tension is difficult, it has been calculated by
inverting the bubble number density (BND) from experimental samples
using classical or nonclassical nucleation theory formulas. However, in the
nonclassical case, which accounts for the supersaturation dependence of
surface tension, the pressure at the spinodal limit (where surface tension
becomes zero) was previously unknown, necessitating complex mathematical
operations. In this study, the spinodal pressure determined from the Gibbs
energy curve was substituted into the nonclassical formula by approximating
the water-saturated silicate melt as a two-component symmetric regular
solution composed of silicate and water. This approach allowed for a
more straightforward estimation of surface tension using data from past
decompression experiments. Nevertheless, the resulting surface tension
values were more scattered than those obtained using the classical formula,
suggesting that applying the nonclassical formula to magma vesiculation is
not valid at present. Resolving this issue will likely require an integrated
understanding of the dependence of surface tension on both supersaturation
and bubble radius. Such understanding would enable more accurate
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estimation of surface tension and contribute to reconciling the discrepancy
between theoretical and experimental BND values.

Keywords: magma, vesiculation, nonclassical nucleation theory, spinodal
pressure, surface tension, supersaturation

1. Introduction

The vesicular texture observed in volcanic products has long been
considered to record the dynamics within the conduit from the magma
chamber to the ground surface. For example, elementary processes such
as bubble coalescence, elongation, and rupture have been investigated using
various approaches, including the analysis of natural samples, theoretical
modeling, and laboratory experiments (e.g., Ohashi et al., 2021; Jones
et al., 2022; Maruishi and Toramaru, 2024). In particular, the bubble
number density (BND)—the number of bubbles per unit volume—has been
shown to strongly correlate with the decompression rate of magma, as
demonstrated by both theoretical models and laboratory experiments. Based
on classical nucleation theory (CNT), Toramaru (2006) developed a practical
tool called the BND decompression rate meter, which allows the estimation of
decompression rates using BND along with specific values for the following
parameters: temperature T , initial water saturation pressure PSAT, water
diffusivity in the meltDH2O, and the “microscopic” surface tension σ between
the melt and a homogeneous spherical bubble nucleus.

The parameters T and PSAT can be controlled in experimental systems,
and also in natural systems, they can be estimated based on previous
experimental petrology data (e.g., water solubility or geothermobarometry
using mineral assemblages). DH2O is also well studied experimentally for its
temperature, pressure, and water content dependence, making it relatively
easy to compute (e.g., Zhang and Ni, 2010). These parameters, even with
some uncertainty in their estimates, have only a minor impact on the resulting
nucleation and decompression rates (Shea, 2017). In contrast, the estimated
value of σ significantly affects the calculated nucleation and decompression
rates (Shea, 2017), highlighting that σ is the most influential parameter
in governing nucleation. Constraining σ is key for achieving consistency
between the results of magma decompression experiments and CNT, and for
further improving the ability of BND decompression rate meter to accurately
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estimate the decompression rate of natural magmas. However, due to the
difficulty in directly measuring σ, Toramaru (2006) adopted the capillary
approximation, assuming that σ is equal to the “macroscopic” surface tension
σ∞ of a flat melt interface. The functional form of σ∞ as a function of T and
PSAT was taken from the measurements by Bagdassarov et al. (2000).

An alternative method for estimating σ is by fitting the integrated
CNT-based nucleation rate J over decompression time to the BND obtained
from decompression experiments (i.e., inverting 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 J in CNT (e.g., Hirth et al., 1970). Contrary to the
capillary approximation, the inversion method yielded a lower σ than σ∞.
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 nonclassical nucleation theory (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, and this situation was expressed
mathematically, as described below. However, the pressure at the “spinodal
limit,” where the system is far from equilibrium and σ = 0, referred to as
the spinodal pressure Pspi, was an unknown parameter at that time.

Recently, Nishiwaki (2025) investigated the possibility of spinodal
decomposition occurring during decompression-induced magma vesiculation,
as Allabar and Nowak (2018) proposed, from a thermodynamic perspective.
He treated hydrous magma as a symmetric regular solution consisting of
two components: an anhydrous silicate melt and water vapor. Excess and
mixing Gibbs energies were determined, and based on the shape of these
energies, simple calculations were performed to estimate the binodal pressure
Pbi (= PSAT) and spinodal pressure Pspi at a certain mole fraction of water.
By substituting the value of Pspi into the non-CNT model by Gonnermann
and Gardner (2013), it is anticipated that the value of σ can be determined
more straightforwardly. This study aims to explore this method and assess
the validity of their model’s application to magma vesiculation. Based on
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these results, I present my personal perspective on the future direction of
microscopic surface tension research.

2. Supersaturation dependence of the surface tension:
reinterpretation of Gonnermann and Gardner’s (2013) idea

Notations are listed in Table 1. Based on the non-CNT, Gonnermann
and Gardner (2013) considered a situation where the “microscopic” surface
tension σ depends on the degree of supersaturation: the greater the degree of
supersaturation, the smaller σ becomes. This concept can be interpreted in
the chemical composition–pressure phase diagram at a constant temperature
as discussed in Nishiwaki (2025), as shown in Fig. 1. When the system is
rapidly decompressed, the decompression path extends vertically downward,
as indicated by the black arrow in the figure. This corresponds to a decrease
in melt pressure PM and an increase in the degree of supersaturation.
In contrast, if decompression occurs slowly, equilibrium degassing follows
the binodal curve. In reality, the decompression rate is expected to
fall somewhere between these two extremes. However, in this study, we
specifically focus on rapid decompression to compare it with the results of
single-step decompression experiments, which are discussed later. The rapid
decompression path passes through the following three characteristic points
as it progresses:

1) Blue point: Since the binodal curve corresponds to the water solubility
curve, the pressure on the curve Pbi equals the saturation pressure PSAT

(PM = Pbi = PSAT), and the degree of supersaturation is zero. If phase
separation occurs at this point, nucleation takes place, and the interface
between the melt and bubble nucleus is sharp and clear (σ = σ∞).

2) Black point: As the pressure drops through the nucleation region
between the binodal and spinodal curves, the supersaturation increases. If
phase separation occurs at this point, nucleation still 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 the spinodal curve is reached (PM = spinodal
pressure Pspi), the degree of supersaturation reaches its maximum within
the nucleation region. Below this pressure, spinodal decomposition occurs,
in which phase separation begins without an interface between the melt and
bubble nucleus (σ = 0).
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Figure 1: Schematic diagram illustrating the change in the “microscopic” surface tension
σ between the melt and homogeneous spherical bubble nucleus with decreasing pressure,
based on nonclassical nucleation theory (Gonnermann and Gardner, 2013), in the phase
diagram of the silicate–water system on the plane of mole fraction of water x–pressure P at
constant temperature. Both vertical and horizontal axes are in arbitrary units. The arrow
indicates the rapid decompression path, representing a rapid decrease in melt pressure PM

and a rapid increase in the degree of supersaturation. See Eq. (2) for the definition of
ξ, the index representing the degree of supersaturation. Since the binodal curve coincides
with the water solubility curve, the blue point on the curve, corresponding to the binodal
pressure Pbi, is equal to the saturation pressure PSAT, and the degree of supersaturation
is zero (ξ = 0). At this point, nucleation occurs, and the interface between the melt and
bubble nucleus is sharp and clear (σ = σ∞). The black point, where decompression has
further progressed, corresponds to a state with a certain degree of supersaturation (0 <
ξ < 1). During nucleation at this point, the interface between the melt and bubble nucleus
loses sharpness and diffuses (σ < σ∞). The red point on the spinodal curve corresponds
to the spinodal pressure Pspi, where the degree of supersaturation reaches its maximum
within the nucleation region (ξ = 1). At pressures below this point, spinodal decomposition
occurs, in which phase separation begins without the formation of an interface between
the melt and bubble nucleus (σ = 0).
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They expressed this physical situation (the dependence of surface tension
on the degree of supersaturation) using the following equation (identical to
Eq. (17) in their paper):

σ = σ∞(1− ξ2)
1
3 (0 ≤ ξ ≤ 1). (1)

Here, ξ is an index representing the degree of supersaturation, and its
definition is provided below in Eq. (2). They used Eq. (1) to model
their decompression experiment results. They claimed that the modeling
demonstrated 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 appears self-contradictory. Their claim implies that the relation
σ < σ∞ emerged as a modeling result, even though this relation had already
been assumed in advance by defining the functional form of σ within the
nucleation region as shown above. Despite this logical inconsistency, their
idea is innovative enough to warrant renewed attention. If their idea is
correct, a relatively spinodal decomposition-like texture could emerge during
decompression. For example, when supersaturation is large (i.e., when σ
is small), the distance between bubbles would follow an almost constant
wavelength, even though the mechanism is nucleation.

Now, in Eq. (1), the supersaturation inde ξ is defined as follows:

ξ =
P ∗
B − PM

P ∗
B − Pspi

, (2)

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

nucleus at the critical radius Rc satisfies both mechanical and chemical
equilibrium with the surrounding melt. The mechanical equilibrium is
expressed by the Laplace equation:

P ∗
B = PM +

2σ

Rc

. (3)

From these equations, it can be confirmed that on the binodal curve, PM =
P ∗
B, i.e., ξ = 0, σ = σ∞, and Rc diverges to ∞, while on the spinodal curve,

PM = Pspi, i.e., ξ = 1 and σ = 0. The chemical equilibrium is expressed as
follows:

f(T, P ∗
B) = f(T, PSAT) exp

{
V H2O

kBT
(PM − PSAT)

}
, (4)

6



where f(T, P ), the pure water vapor fugacity at this temperature and
pressure, can be obtained from the real-gas equation of state for water (e.g.,
IAPWS95 by Wagner and Pruß, 2002). V H2O is the partial molar volume of
water in the melt and can be calculated from the empirical equation derived
by Ochs and Lange (1999). This Eq. (4) has been used to determine P ∗

B since
its introduction by Cluzel et al. (2008). The P ∗

B values determined using this
method, as summarized in Appendix table of Shea (2017), are relisted in
Table 2.

Gonnermann and Gardner (2013) assumed Pspi to be a hypothetical
parameter and manually adjusted the numerator and denominator of the
right-hand side of Eq. (2) to reproduce the experimental BND values. In
contrast, Pspi can be computed according to Nishiwaki (2025), and σ can be
calculated directly from Eqs. (2) and (1). It should be noted that, unlike
Gonnermann and Gardner (2013), this method does not require the BND
value of the decompression experiment product, as the value of Pspi is directly
substituted.

3. Surface tension estimation by applying spinodal pressure into
nonclassical nucleation theory

In Table 2, I summarized the physical conditions of the single-step
decompression (SSD) and homogeneous nucleation derived from previous
decompression experiments (Gardner and Ketcham, 2011; Gardner, 2012;
Gardner et al., 2013), as compiled in Shea’s (2017) Appendix table.
Compared to continuous or multi-step decompression and heterogeneous
nucleation, SSD and homogeneous nucleation are simpler processes. This
simplicity makes them more amenable to the direct application of nucleation
theory. In SSD, decompression to the final pressure is instantaneous;
therefore, PM can be regarded as equal to the final pressure.

I calculated σ for each experimental run. To determine σ, it is first
necessary to calculate the spinodal pressure Pspi. In Nishiwaki (2025),
hydrous magma was modeled as a symmetrical regular solution composed of
silicate melt and water vapor. Under this assumption, a relation was derived
between the mole fractions of water x on the binodal and spinodal curves at
a given pressure P (see Eq. (9) in the article). By applying this relation,
along with the fact that the binodal curve coincides with the water solubility
curve, I calculated Pspi for each experimental run. For the temperature and
pressure dependence of water solubility, the following empirical equations
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were used: for rhyolite, Liu et al. (2005); for dacite, Eq. (2) in Gardner and
Ketcham (2011); for Na-phonolite: Eqs. (2) and (3) in Gardner (2012); and
for trachyte, basaltic andesite, and phonotephrite, Eq. (1) in Moore et al.
(1998). As a result, very low values of Pspi—no more than 3.4 MPa—–were
obtained, as shown in Table 2.

In addition, the values of the microscopic surface tension σ calculated
in this study, along with σShea, obtained using the conventional method
(i.e., inversion of BND using the CNT formula) in Shea (2017), and the
macroscopic surface tension σ∞, calculated using the empirical formula
proposed by Hajimirza et al. (2019), are presented in Table 2 and Fig.
7. The values of σ and σShea were notably lower than σ∞, consistent with
previous studies (e.g., Hamada et al., 2010). However, although many of the
σ values were higher than σShea, several were lower, and the variation among
them was quite substantial. Therefore, the validity of the non-CNT-based
Eqs. (1) and (2) proposed by Gonnermann and Gardner (2013) cannot be
conclusively determined, nor can the dependence of σ on supersaturation.
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Table 1: Notation list.

Symbol Unit Definition
a0 m Average distance between water molecules in the melt
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 Boltzman’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)
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
T K Temperature
V H2O m3 mol−1 Partial molar volume of water in the melt
x no unit Mole fraction of one of the two components
δT m Tolman length
ξ No Index of supersaturation (overpressure) defined by Eq. (2)

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

σShea N m−1

“Microscopic” surface tension 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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4. Future directions in microscopic surface tension research

Many BND data from decompression experiments significantly deviate
from the values predicted by BND decompression rate meter (Fig. 4 in
Fiege and Cichy, 2015). Moreover, the BND decompression rate meter tends
to overestimate decompression rates more than other methods (Fig. 5 in
Cassidy et al., 2018). These situations may be attributed to an inadequate
estimation of σ.

The dependence of σ on supersaturation was discussed in Section 2 and
3. In addition, Hajimirza et al. (2019) discussed the dependence of σ on
another factor: the radius of a bubble nucleus, R. This dependence is
known as the Tolman correction (Tolman, 1949) and is based on the following
consideration: when the bubble size is very small (i.e., the interface curvature
is large), as in nucleation, this geometric effect on molecular interactions
results in the relation that σ is lower than σ∞. The Tolman correction is
expressed as follows:

σ

σ∞
=

1

1 + 2δT/R
, (5)

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 increase under conditions of strong supersaturation. This finding
contradicts the supersaturation dependence described by Gonnermann and
Gardner (2013), and this inconsistency remains unresolved.

In light of the current situation, I propose to examine the integration
of the dependence of surface tension σ on both supersaturation and bubble
nucleus radius. As stated by Gardner et al. (2023), a constant Tolman length
δT, the assumption adopted in Hajimirza et al. (2019), is only valid for small
deviations from the thermodynamic equilibrium and is likely to break down
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 on supersaturation and on bubble
nucleus radius, which were considered separately, are interrelated. As
shown in Eqs. (2) and (3), 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. (5) currently used is only a first-order
approximation.
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in Table 2. For symbols, see Table 2.

12



Furthermore, there is room for improvement in the conventional method
of estimating σ: the inversion of BND using the CNT formula. I
propose utilizing high-temporal-resolution data obtained from decompression
experiments. Specifically, monitoring the time evolution of BND in
single-step decompression (SSD) experiments—by varying the time between
decompression and quenching/recovery of the sample—could provide
valuable insight. In this way, the time-dependent variation of J as a process
of resolving the high supersaturation caused by rapid decompression could
be revealed with high precision. In this regard, the work by Hajimirza et al.
(2022) using rhyolitic melt represents the most detailed investigation of BND
at each time point after decompression and has yielded the most accurate J
values reported to date. Their experimental results would therefore provide
the most reliable σ values.

Of course, the discrepancy between the theoretical and experimental BND
values may also arise from factors other than surface tension. Preuss et al.
(2016) mentioned that the diffusion coefficient of water should not be that
of the total H2O, but rather that of H2Om, which is an order of magnitude
larger than that of H2O. This consideration would reduce the theoretical
BND by an order of magnitude. Nishiwaki and Toramaru (2019) noted that
high melt viscosity suppresses nucleation. The BND predicted by Toramaru’s
(1995) viscosity-controlled regime may therefore be overestimated. Hence, it
is necessary to carefully evaluate the discrepancy between the theoretical and
experimental BND values by revisiting the fundamental physical processes
of magma vesiculation, reexamining how each physical property contributes
to nucleation, and reassigning appropriate values to the associated physical
parameters.

5. Conclusions

I estimated the “microscopic” surface tension between the melt and
bubble nucleus for previous decompression experiments by substituting
the spinodal pressure into the equation describing the supersaturation
dependence of surface tension, as proposed in the nonclassical nucleation
theory by Gonnermann and Gardner (2013). However, the surface
tension values obtained through this method exhibited significantly greater
variability than those derived using the conventional approach (i.e., inversion
of bubble number density using the CNT formula). This result suggests
that the application of the nonclassical formula to magma vesiculation

13



remains inconclusive at present. The discrepancy between theoretical and
experimental BND values may stem from inaccuracies in surface tension
estimation. Resolving this issue will require an integrated understanding of
the dependence of surface tension on both supersaturation and bubble radius,
combined with high–temporal-resolution experimental data to constrain
nucleation processes more precisely.

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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