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INTRODUCTION

Examination of natural volcanic products shows that because 
crystal nucleation rate determines crystal number density and 
ultimately crystal size distributions, it governs the texture of 
crystallized materials (Brandeis and Jaupart 1987; Kirkpatrick 
1981; Lofgren 1980; Toramaru 2001). It is also the least under-
stood aspect of crystallization in magmatic systems, in which 
melt composition and structure evolve during crystallization. 
Experimental studies of nucleation kinetics in silicate melts 
have traditionally focused on low-pressure, cooling-induced 
crystallization of terrestrial and lunar basalts (Baker and Grove 
1985; Berkebile and Dowty 1982; Lofgren 1974, 1983), rhyolites 
(Fenn 1977; London 1992; Swanson 1977), and simple systems 
(Davis et al. 1997; Deubener 2000; James et al. 1997). Numeri-
cal treatments of thermodynamically well-characterized simple 
systems are starting to yield insights into the transient period 
before crystals are detectable (Davis and Ihinger 2002). 

Effective undercooling by H2O loss is another mechanism for 
crystallization in which the thermodynamic driving force is the 
progressive increase in the liquidus temperature accompanying 
devolatilization (Westrich et al. 1988). This mechanism has been 
studied recently in natural arc magmas, where it is recognized 
as an important contribution to changing melt composition 
and magma rheology during volcanic eruptions (Cashman and 
Blundy 2000; Hammer et al. 1999; Kuritani 1999; Nakada et 
al. 1995; Simakin et al. 2000). Thus, it is crucial to study crys-

tallization in hydrous magmas undergoing decompression and 
devolatilization for application to volcanological problems. The 
ability to forward model crystallization rates and textures that 
develop during magma ascent requires an understanding of the 
thermodynamic driving forces as well as the kinetics of all the 
relevant reactions and phase transformations. We approach the 
challenge of uniquely interpreting volcanic processes from the 
textures of erupted products by collecting experimental data for 
natural magma compositions and critically examining classic 
physical models of these fundamental processes. In this paper, the 
results from an experimental study (Hammer and Rutherford 2002) 
are analyzed in the context of classical and non-classical theoretical 
views of crystal nucleation to investigate thermodynamic controls 
on feldspar nucleation in H2O-saturated silicate melts. 

METHODS

Natural dacite from the 1991 eruption of Mt. Pinatubo was selected as the start-
ing material for an experimental study of decompression-induced crystallization 
because syn-eruptive crystallization due to decompression and devolatilization may 
have modulated this 50 h eruption sequence (Hammer et al. 1999; Polacci et al. 
2001). This material is phenocryst-rich (~45 vol%) and has rhyolite matrix glass 
composition (78 wt% SiO2). With respect to crystal nucleation during experimental 
runs, the system of interest is the hydrous interstitial melt from which feldspar 
grew upon devolatilization. Nucleation rate information was gathered for the most 
abundant nucleating phase, plagioclase feldspar (An40-20) (Hammer and Rutherford 
2002). In addition to nucleation of new crystals, crystallization occurred by growth 
of pre-existing phenocrysts. Crystal growth phenomena are beyond the scope of 
this paper, and are not considered further. 

The experiments analyzed in this study comprise Series A runs of Hammer 
and Rutherford (2002); the reader is referred to that paper for a detailed description 
of techniques. In summary, crushed dacite pumice with suffi cient distilled water * E-mail: jhammer@hawaii.edu
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ABSTRACT

Feldspar nucleation rate data obtained by laboratory decompression of hydrous silicate melt are 
interpreted in view of the classical theory of nucleation (CNT) and a non-classical variation, the dif-
fuse-interface theory (DIT). The nucleation rate data can be modeled by the CNT formalism only if the 
interfacial free energy (σ) is allowed to vary as a function of composition. The values thus obtained vary 
by a factor of four (0.024–0.100 J/m2) and decrease systematically over a sixfold increase in dissolved 
H2O content (0.8–4.8 wt%). This result is qualitatively consistent with the effects of dissolved H2O 
on the liquid-vapor interfacial free energy in haplogranite magma (Mangan and Sisson 2000) and the 
liquid-crystal interfacial free energy in the one-component Li-disilicate system (Davis et al. 1997).

The DIT states that the interfacial region between the bulk solid and bulk melt has thermodynamic 
properties intermediate between these phases, and that σ is defi ned as the difference between the 
interfacial enthalpy (Hint) and interfacial entropy (TSint). If the DIT model is correct, the nucleation 
rate data for feldspar may indicate that: (1) dissolved H2O content controls the spatial distribution of 
enthalpy and confi gurational entropy around incipient crystals, and (2) the spatial gradients of these 
potentials diverge during devolatilization. 

This study suggests that crystal nucleation studies may yield insights into the structure and ther-
modynamics of hydrous melts; likewise, experimental studies are important for refi ning a physical 
understanding of nucleation phenomena. Our results can be applied to quantitative numerical models 
of ascent-driven magma crystallization.
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added to ensure saturation at the starting pressure was brought to 780 °C and 220 
MPa in cold-seal hydrothermal pressure vessels. The charges were held at these 
initial conditions for 24 hours, rapidly decompressed to fi nal pressure (130, 100, 
75, 50, 40, 25, 10, or 5 MPa), held for 168 hours, and then quenched. 

Minerals and glasses of matrix materials were analyzed by EPMA, and quan-
titative textural data were obtained using digital BSE imagery and established 
stereological techniques (Hammer et al. 2000; Russ 1986). Feldspar nucleation 
rate was determined as the number of microlites per unit volume of matrix divided 
by the duration at low pressure. Rates obtained are thus integrated over the entire 
crystallization interval. They are signifi cantly less than the initial nucleation 
rates following decompression as determined from shorter-duration experiments 
(Hammer and Rutherford 2002), because progressive crystallization in the charges 
reduced the effective undercooling driving solidifi cation over time. 

A primary objective of this study was to place the results of these decompres-
sion experiments into the framework of the classical theory of nucleation, which 
was developed using isobaric cooling experiments on molten metals (Christian 
1965; Turnbull 1952). To facilitate this, the effective undercooling (ΔTeff) experi-
enced by these samples was computed as the difference between the experimental 
temperature (780 °C) and the feldspar liquidus temperature at the experimental 
pressure. In this case, the feldspar liquidus curve was obtained by assuming that it 
is parallel to the H2O-saturated liquidus for the system NaAlSi3O8-H2O (Tuttle and 
Bowen 1958), and passes through two points for which the liquidus temperature 
and pressure for the relevant melt and feldspar compositions are known: 825 °C 
and 100 MPa (James and Hamilton 1969), and 780 °C and 160 MPa (Hammer 
and Rutherford 2003). 

RESULTS

Nucleation rates obtained for each experiment and calculations 
of corresponding ΔTeff, dissolved H2O content, and liquid viscosity 
are given in Table 1. Feldspar nucleation rates vary over two orders 
of magnitude, ranging from 3 × 107 to 4 × 109 1/(m3⋅s), with the 
maximum occurring at intermediate pressure corresponding to 
ΔTeff ≈ 165 °C. Uncertainty in nucleation rate is ~40% relative, and 
is assessed as one standard deviation from the average of several 
processed BSE images. The high groundmass crystallinity of the 
charges precluded direct measurement of dissolved H2O content, 
so an empirical solubility model (Moore et al. 1998) was used 
in combination with measured glass compositions (Hammer and 
Rutherford 2002) to calculate the dissolved H2O content in melts at 
the experimental pressures. Dissolved H2O content is the most im-
portant factor controlling melt viscosity; viscosity was calculated 
at the experimental temperature using an empirical non-Arrhenian 
model for rhyolite melts (Hess and Dingwell 1996). 

CLASSICAL THEORY

The classical view of nucleation is that crystal-like clusters of 
atoms, possessing properties of the bulk phases, form by random 
fl uctuations in a homogeneous one-component melt held below 
its liquidus temperature (Becker and Doring 1935; Volmer and 
Weber 1926). The excess free energy associated with maintaining 

the crystal/liquid interface causes clusters below a critical size to 
shrink and those above it to grow to macroscopic size. The steady 
state rate equation for the formation of critical nuclei [I(1/(m3⋅s))] 
as a function of temperature according to the classical theory of 
nucleation (CNT) has the form (James 1985):
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Here, the pre-exponential factor A includes the frequency of 
attachment attempts and the specifi c number density of reac-
tant atoms in the melt (A = kB Tnv/h; where kB is the Boltzman 
constant, T is temperature, nv is the volumetric concentration 
of reactant atoms, and h is Planckʼs constant), ΔG* is the free 
energy required to form a spherical critical nucleus having bulk 
properties; σ is the free energy associated with the crystal-liquid 
interface, ΔGV is the bulk free energy change per volume of the 
transformation, defi ned ΔGV = ΔG/VM, where VM is the molar 
volume of the crystallizing phase and ΔG is the bulk free energy 
decrease driving solidifi cation), ΔGD is the activation energy 
required for the attachment of atoms to a cluster (a kinetic bar-
rier), and θ is the wetting angle between the nucleus-wall and 
nucleus-liquid interfaces. 

In the event that nucleation is homogeneous, S(θ) =1 and the 
thermodynamic barrier is simply a function of the volumetric 
free energy difference between liquid and solid (James 1985). 
Heterogeneous crystal nucleation is rare in metals and alloys, 
but common in analogous silicate systems (Greer and Kelton 
1991; James 1974). There was no evidence of bubbles nor of  
co-precipitation of plagioclase with another mineral, and only 
crystals from the interior of the charges were considered in this 
study. However, it is possible and perhaps likely that fragments of 
other phases served as sites on which plagioclase nucleation oc-
curred. [Growth on existing plagioclase fragments was observed 
and quantifi ed in Hammer and Rutherford (2002).] As a result, we 
cannot be confi dent that all the groundmass plagioclase crystals 
formed as a result of homogeneous nucleation.

Several simplifying assumptions are needed to compare ex-
perimental data with the CNT. The fi rst of these is that activation 
energy of atomic jumps across the liquid-nucleus interface is the 
same as that of shear relaxation of the liquid [i.e., the Stokes-Ein-
stein approximation; Ree and Eyring (1958), Dingwell and Webb 
(1989)], allowing ΔGD to be expressed in terms of viscosity (η). 
Following Christian (1965):

TABLE 1. Experimental results and calculations
Run Pf H2O ΔTeff  I, nucleation rate  η, melt viscosity σ’, interfacial free energy
 (MPa) (wt%) (°C) [microlites 1/(m3⋅s)] (1 S.D.)  (Pa⋅s) (J/m–2)

P08 5 0.8 212 3.10E+7 (9.30E+6) 1.12E+8 0.1001
P07 10 1.2 187 3.97E+9 (1.78E+9) 2.71E+7 0.0897
P02 25 2.0 140 3.81E+9 (2.03E+9) 3.91E+6 0.0751
P06 40 2.6 111 1.72E+9 (4.13E+8) 1.38E+6 0.0652
P13 50 3.0 95 6.17E+8 (2.17E+8) 8.23E+5 0.0594
P11 75 3.7 68 4.54E+8 (2.99E+8) 3.41E+5 0.0479
P04 100 4.3 46 7.70E+7 (2.82E+7) 1.81E+5 0.0375
P10 130 4.9 24 3.30E+7 (2.06E+7) 1.03E+5 0.0245

Notes:  All experiments were decompressed from the same initial pressure (220 MPa) after a 24 hour equilibration period, then held at the fi nal pressure (Pf) indicated 
for 168 hours.  Experiments were run isothermally (780 °C). 
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where λ is the atomic jump distance. Combined with the pre-
exponential terms, the rate equation for homogenous crystal 
nucleation becomes:
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Second, for a crystal-liquid system at the liquidus tempera-
ture, the thermodynamic driving force ΔG for crystallization is 
defi ned by Turnbullʼs approximation:

∆
∆ ∆

G
H T

TL

=  (4)

The temperature dependence of ΔCP for the phase change of 
solidifi cation should be taken into account to accurately com-
pute ΔG, but for small undercoolings ΔCP ≈ 0 and the additional 
terms vanish. In the absence of the appropriate calorimetric data, 
we follow James (1985) and invoke Equation 4, noting that the 
validity of this assumption decreases as ΔT increases. Finally, 
an additional substitution is required to use the CNT because the 
present experiments are isothermal (ΔT = 0). The driving force 
for crystallization is a change in composition (concentration of 
dissolved H2O, cH2O) caused by decompression. Because the 
effect of devolatilization on the liquidus temperature is embed-
ded in the above defi nition of effective undercooling, ΔTeff., this 
derived parameter is inserted into Equation 4 in place of ΔT to 
estimate the magnitude of ΔG imposed by decompression and 
devolatilization.

The crystal-liquid interfacial free energy (σ), with units of 
energy per unit area, is distinct from the one-dimensional (energy 
per unit length) surface tension used in the description of bubble 
nucleation (also commonly denoted as “σ”). It is a key parameter 
in the CNT that is exceedingly diffi cult to obtain independently 
from nucleation data. The few such values in existence were de-
rived from measurements of crystal-melt dihedral angles (Cooper 
and Kohlstedt 1982; Ikeda et al. 2002; Rose and Brenan 2001) 
and numerical studies of hard-sphere molecular interaction po-
tentials (Battezzati 2001; Davidchack and Laird 2003; Granasy 
et al. 2002); there are no crystal-melt σ data for natural, hydrous 
silicate melts with coexisting feldspar. One method of obtain-
ing σ for the case of homogeneous nucleation is to assume the 
CNT is valid and determine its value from the slope of a plot of 
[1/(TΔGV

2)] vs. ln (I η/T) (Gonzalez-Oliver and James 1980). 
However, for the data analyzed here, the terms are not well de-
scribed by a linear correlation (r2 = 0.59), and thus the CNT in 
its original form does not adequately describe these data. 

Another common approach is to consider the possibility that 
the form of the CNT is correct but that the interfacial energy is 
not single-valued (Greer and Kelton 1991; James 1974). Rear-
ranging Equation 3 to solve for σ using nucleation rate data, a 
separate value for each experiment may be calculated. In the 
event of heterogeneous nucleation, it is impossible to solve for 
σ in this way without knowledge of θ. For the present purposes, 
in which both σ and θ are completely unconstrained, we provi-
sionally take S(θ) = 1 (Eq. 1), and fi nd a value of σ correspond-
ing to each of the nucleation rate measurements (Table 1). The 

result is expressed as σ  ̓to acknowledge that the free energy thus 
obtained incorporates any reduction in the barrier to nucleation 
due to the presence of additional phases and submicroscopic 
crystalline substrates.

The computed interfacial free energies are not constant, but 
vary by a factor of four and decrease systematically with increas-
ing H2O content over the range ~1−5 wt% (Fig. 1c). A factor of 
2.5 increase in dissolved H2O content appears to have caused 
σ to decrease by a factor of fi ve and nucleation rate to increase 
by about two orders of magnitude. A qualitatively similar result 
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FIGURE 1. Parameters calculated for each experiment (fi lled circles, 
values in Table 1) and corresponding polynomial fi ts (solid curves) used 
in the calculation of nucleation rate according to classical theory (Eq. 3). 
Viscosity (a) and dissolved H2O content (b) calculated using the empirical 
models of Hess and Dingwell (1996) and Moore (1998), respectively. 
Estimated uncertainty in ΔTeff is ±10 °C. Interfacial free energy, σ in 
(c) solved by rearranging Equation 3; other parameter values used in 
calculation are: VM, = 1.003 × 10–4 m3/mol (calculated for An30 as a linear 
combination of albite and anorthite values (Klein 1994)), λ = 3 × 10–10 m, 
ΔHf for An30 plagioclase at 200 MPa PH2O = 74 300 J/mol (Burnham and 
Nekvasil 1986; Muncill and Lasaga 1988), nV = NA/VM (NA = Avogadro 
constant). Fit equations shown are: σ = –0.0176⋅(H2O) + 0.1121 (solid 
curve), and σ = –0.0001⋅(H2O)5 + 0.0016⋅H2O)4 – 0.0100⋅(H2O)3 + 
0.0308⋅(H2O)2 – 0.0633⋅(H2O) + 0.1354 (dashed line). 
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was obtained for the behavior of σ with dissolved H2O in the 
H2O-Li2Si2O5 system (Davis et al. 1997), although the concen-
trations of H2O examined were much smaller. In that study, an 
order- of- magnitude increase in H2O content (from 130 to 975 
ppm) is correlated with an increase in the crystal nucleation rate 
of two orders of magnitude. 

What might cause this compositional dependence of nucle-
ation rate on nucleation kinetics? Heslin and Shelby (1993) sug-
gested that the infl uence of H2O on nucleation in Li- disilicate 
is strictly a result of the viscosity dependence on H2O content, 
and is thus a factor infl uencing the kinetic barrier to atomic 
attachment. A viscosity effect is not solely responsible for the 
apparent σ-H2O relationship in this case, since melt viscosity 
consistently decreases with increasing H2O content whereas 
the observed nucleation rates do not (Table 1). Here, H2O loss 
provides a chemical driving force for crystallization, and we 
surmise therefore that devolatilization affects the free energy 
term in the nucleation rate equation.

Given adequate expressions for the co-variation of viscosity, 
H2O content, σ, and ΔTeff (Fig. 1), the full nucleation rate curve 
can be calculated for this system according to a modifi ed (i.e., 
σ-varying) CNT expression (Fig. 2a). The calculated curve is 
bell-shaped, as expected, with the location of maximum nucle-
ation rate at 165 °C effective undercooling. At all values of ΔTeff, 
the calculated nucleation rate is within the error estimates for 
the data, and the curve fi ts the data well (r2 = 0.924). Notably, 
the maximum nucleation rate for this system as indicated by the 
CNT, 8.8 × 109 1/(m3⋅s), is about twice the maximum observed 
rate, 3.8 × 109 1/(m3⋅s).

Of course, a good fi t to the nucleation data by the rate equa-
tion (Eq. 3) is a foregone conclusion because σ' was treated as 
an adjustable parameter in formulating the rate equation. One 
possibility is that σ', as calculated, has no physical meaning 
and simply accumulates errors associated with the model as-
sumptions. Although this possibility cannot be eliminated, a 
compositional control on nucleation kinetics is suggested by 
the systematic σ'-H2O trend shown in Figure 1c. It is worth not-

ing that the approximately linear σ'-H2O relationship is not the 
result of circularity. The rate data (used to determine σ') do not 
vary linearly with melt viscosity, ΔTeff, or cH2O (Table 1). The 
objective of interpreting these data further is that theory provides 
a basis for investigating the underlying physical chemistry of 
solidifi cation. 

Forward calculation of nucleation rate values using the 
CNT is extremely sensitive to the expression for σ'. If a linear 
(rather than 5th-order polynomial) σ'-H2O relationship is used 
in computing the nucleation rate curve, the maximum rate ob-
tained increases by a factor of 3.4 (dashed curve Fig. 2b). Even 
more importantly, the position of the maximum is displaced 
to lower effective undercooling (ΔTeff ~100 degrees below 
observation), and the correlation between the nucleation curve 
and data becomes statistically insignifi cant (r2 = 0.161). These 
discrepancies may seem intuitively disproportionate. It may be 
helpful to compare the crossover points in the two nucleation rate 
predictions (marked with arrows in Fig. 2b) with the crossover 
points in σ' shown in Figure 1c (but note difference in x-axis 
directions). For H2O concentrations where the linear fi t produces 
greater σ' values, the corresponding nucleation rate is lower than 
observed, and vice versa. The differences arise from the extreme 
sensitivity of nucleation rate on σ' that is inherent to the CNT. In 
combination with theory, nucleation rate experiments provide a 
means of computing σ' (James 1974; Zanotto and James 1985). 
The converse is not true; σ' data must be fantastically precise to 
predict nucleation behavior. 

NON-CLASSICAL THEORY

Key assumptions at the heart of the CNT are (1) a critical 
nucleus has the thermodynamic properties of the bulk solid; (2) the 
interface between nucleus and melt is a sharp boundary; and (3) 
regardless of critical cluster size, the nucleus-liquid interfacial free 
energy can be treated as a macroscopic property equal to the value 
for a planar interface. These assumptions have been implicated in 
the failure of the CNT to describe nucleation kinetics for a variety 
of systems (Greer and Kelton 1991; James 1985). One alternative 
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has been to incorporate variation in σ as a function of temperature 
(Zanotto and James 1985), roughness (Sen and Mukerji 1999), or 
interface curvature and thus particle size (Weinberg et al. 1992). 
The approach taken here is to consider a non-classical theory that 
posits a spatial distribution of thermodynamic properties in the 
vicinity of clusters (Turnbull 1964). In essence, this model takes 
into account gradations between bulk-solid and bulk-liquid values 
of enthalpy and entropy within an interface region. This region is 
not a separate phase, but rather a transitional interval that exists 
solely because solid and liquid surround it. 

This diffuse interface theory (DIT) works well in explain-
ing the temperature dependence of σ in various systems (e.g., 
Li2O⋅2SiO2, BaO⋅ 2SiO2, Hg, etc.; Granasy 1993; Spaepen 1994). 
The model states that relative to the bulk melt and cluster center 
(which possesses properties of a bulk solid), the crystal-melt 
interfaces are regions in which excess free energy (σ) increases 
to a maximum at some radial distance from the center of a sub-
critical cluster. In contrast to crystal-crystal boundaries, which are 
sharply defi ned regions of large enthalpy due to a high density of 
broken bonds, cluster-liquid interfacial regions contain a lower 
density of broken bonds. Bonding arrangements in this region 
are somewhat similar to those in the neighboring solid (Spaepen 
1994). Because undercooling a melt to produce glass is impos-
sible without positive interfacial free energy [otherwise there 
would be no thermodynamic barrier to crystallization (Turnbull 
1952)], the interfacial free energy, defi ned as Hint–TSint must be 
greater than zero. Thus, the energetic contribution of enthalpy 
(Hint) must increase more steeply than entropy (TSint) with radial 
distance from the nucleus (Fig. 3). 

In essence, this thermodynamic description implies that 
at a given radial distance from the core of an atomic cluster, 
the solid exerts a structural (enthalpic) infl uence into the melt, 
yet the atomic confi guration (entropy) within the region more 
closely resembles a liquid than a solid. According to this model, 
σ' varies spatially within the diffuse interfacial region (Fig. 3a). 
In practice, only one value of σ' is obtained by solving Equation 
3 for a given experiment. For simplicity, the calculated value 
of σ' is taken as proportional to the area under the σ'-distance 
curve predicted by the DIT (Fig. 3b), and conversely, the curves 
separate as H2O is exsolved. 

The existing formulations of the DIT treat the changes in 
σ due to temperature variation only. However, compositional 
factors could profoundly infl uence the Hint and TSint gradients, 
simply because the chemical makeup of the melt and solid con-
trol the bonding and confi guration of the interface. The negative 
correlation between calculated σ' and H2O (Fig. 1c) is the most 
striking result of the present analysis; the following discussion 
introduces a possible explanation for this relationship.

FELDSPAR-MELT INTERFACIAL FREE ENERGY

One interpretation holds that the magnitude of the crystal-
liquid interfacial free energy is proportional to the compositional 
dis-similarity of the phases (Toshiya et al. 1991). In the present 
case, melt with little dissolved H2O is structurally and composi-
tionally more similar to plagioclase than is H2O-rich melt. Thus 
the observed negative correlation of σ' with H2O content (Fig. 2c) 
is inconsistent with this idea. Instead, the observed relationship 
implies that the magnitude of the difference between Hint and TSint 

decreases with the addition of H2O to the system (Fig. 3b) and, 
conversely, the curves separate as #20 is exsolved. Separation 
of the curves due to H2O loss may be the result of (1) fi xed Hint 
gradient position with a shift in TSint toward the cluster center; 
(2) fi xed TSint gradient with a melt-ward shift in the Hint curve; 
(3) shifts in both TSint and Hint in opposite senses toward an 
intermediate point; or (4) differential shifts of both gradients 
in the same direction (either toward or away from the cluster 
center), such that the quantity (Hint-TSint) remains positive and 
progressively decreases. 

From solubility measurements and in situ spectroscopic 
observations of hydrous melts and glasses, H2O is known to 
initially dissolve in silicate melt by a dissociation reaction in 
which tetrahedally coordinated bridging O atoms are converted 
to non-bridging O atoms, and local charge balance is accom-
modated by protons or monovalent cations (Burnham 1975). 
Above ~1 wt% total H2O, molecular H2O becomes signifi cant 
(McMillan 1994; Silver and Stolper 1989), although in situ stud-
ies indicate that OH- incorporation continues to be important up 
to 22 wt% total H2O (Nowak and Behrens 2001; Sowerby and 
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FIGURE 3. Schematic cross section of the interfacial region between 
a subcritical cluster and the surrounding melt showing thermodynamic 
properties of a diffuse interface (modifi ed from Spaepen 1994). (a) 
Gradients in enthalpy (Hint) and entropy (TSint) with radial distance 
from a subcritical cluster for H2O-rich (dashed line) and H2O-poor 
(unbroken line) melts. Materials in “solid” and “liquid” regions possess 
thermodynamic properties of bulk (i.e., macroscopic) phases. Area 
enclosed by curves in (a) is proportional to the interfacial excess free 
energy, σ, shown separately in (b). The inverse σ-H2O trend (Fig. 1c) 
suggests that the Hint and TSint gradients in H2O-rich melts are positioned 
closer to the “solid” than in H2O-poor melt, and that the curves diverge 
during decompression and H2O-loss. The result is an increase in the 
magnitude of σ with decompression; the direction and magnitude 
of the horizontal shift in the σ peak is arbitrary in this schematic 
representation.
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Keppler 1999). The homogenous equilibrium among dissolved 
molecular H2O, O in the melt, and dissolved OH- groups may 
be written as an oxygen reaction:

O0  +  O2–  =  2O– (5)
(free)  (bridging) (non-bridging)

As a result of dissolution as both OH- groups and molecular 
H2O, the distribution of O atoms among free, bridging, and non-
bridging sites is shifted toward greater non-bridging site occu-
pancy. Increased occupancy in diverse site types could increase 
entropy if the dominant contribution is a confi gurational term 
sensitive to the number of equivalent microstates of the solution. 
This phenomenon affects the melt everywhere, not just within the 
interface region. For the site occupancies of O atoms to have an 
effect on crystal nucleation, the confi gurational entropy increase 
must be localized around incipient crystals. The local entropy 
around crystals could increase if slightly higher concentrations 
of H2O develop in a boundary layer surrounding subcritical clus-
ters because it is a rejected component during crystallization of 
anhydrous phases (Kirkpatrick 1981). Increased confi gurational 
entropy around clusters, particularly in H2O-rich melts, would 
be consistent with a shift of the TSint gradient toward the cluster 
at high H2O contents. Melt enthalpy is also related to the oxygen 
reaction (Hess 1995). Thus, the Hint gradient may also shift toward 
the crystal because the structural infl uence of the solid into the in-
terfacial region decreases proportionally with increasing H2O.

If the DIT model describes the thermodynamics of the inter-
facial region in hydrous silicate melt, and increased H2O content 
causes a shift in both the confi gurational energy gradient (TSint) 
and the enthalpic energy gradient (Hint) toward the incipient 
crystal, then the observed σ-H2O relationship may be achieved 
by process 4, described above. A thermodynamic feature inher-
ent to the DIT is that Hint begins to increase closer to the cluster 
center than TSint (Fig. 3a); otherwise, σ is negatively valued. The 
experimental data taken in the context of the DIT further indicate 
that with the addition of H2O, the TSint curve must shift more than 
the Hint curve to produce the observed inverse σ'-H2O relationship 
(Fig. 3b). Conversely, during decompression and H2O loss from 
hydrous melt, σ' progressively increases because the gradient in 
TSint retreats from the cluster more swiftly than Hint.

Further tests of the DIT as a model for nucleation in hydrous 
silicate melt are needed. In addition to gathering additional 
experimental data (e.g., more values of ΔTeff), including mea-
surements of nucleation induction times, tests include fi nding 
independent evidence that the magnitude of enthalpy change 
with varying dissolved H2O content is less than that of entropy. 
An examination of entropic and enthalpic effects of H2O dis-
solution would link melt structure at a molecular scale with 
macroscopic thermodynamic properties and support or refute 
the diffuse interface model for incipient plagioclase crystals 
forming in hydrous silicate melts. 

A second avenue of testing is to determine crystal-melt 
surface energies as a function of dissolved H2O content using a 
method independent from nucleation kinetics experiments. Such 
determinations would address the validity of applying classical 
nucleation theory, essentially a rate equation constructed on a 
thermodynamic energy balance, to natural multicomponent sili-

cate melts undergoing decompression. Correspondence of surface 
free energy values recently obtained for hydrous silicate melt 
and coexisting vapor using different experimental techniques 
are encouraging in this regard. Bagdassarov et al. (2000) deter-
mined values of the vapor-liquid surface free energy in hydrated 
haplogranite liquid by a sessile drop technique that are identical 
within error to values obtained by back-solving the CNT equa-
tion with bubble nucleation experimental rate data (Mangan and 
Sisson 2000). Another interesting and potentially relevant result 
of the high-pressure sessile drop experiments is a clear negative 
linear correlation of σvapor-liquid and cH2O, wherein σ decreases by 
a factor of ~4.5 as cH2O increases from 0.2 to 10.5 wt%. Close 
agreement of surface energy values obtained by the nucleation 
rate and sessile drop techniques is one indication that the CNT 
formalism describes feldspar nucleation driven by H2O loss from 
silicate melt.  The similar negative dependence of σvapor-liquid and 
σcrystal-liquid on dissolved H2O in melt is additional support for the 
utility of nucleation experiments in continued examination of 
liquid-crystal surface free energy phenomena.
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