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Abstract 

The SiO2–H2O binary system serves as a basis for understanding complex silicate-water systems. In this study, 
based on limited existing experimental data of solubility, we propose a new thermodynamic model for SiO2–H2O 
fluid by modifying the traditional non-random two-liquid model with a simplified polymerization reaction. This 
model is applicable from 773 K to the anhydrous quartz melting temperature and from 0.5 GPa to at least 2 GPa 
across the critical conditions. It can predict solid–liquid equilibrium and vapor–liquid equilibrium in good agreement 
with available experiments. The upper critical endpoint of the SiO2–H2O system is predicted to be at ~ 1.14 ± 0.18 GPa 
and 1344 ± 87 K. With the new model, we obtain a quantitative three-dimensional pressure–temperature–composi-
tion phase diagram of the SiO2–H2O fluid, which greatly facilitates the understanding of the complex phase behavior 
of this binary around the upper critical endpoint. In addition, since the model is based on the Gibbs free energy 
foundation, we further discuss the derived density variations of SiO2–H2O fluid along with its complex phase changes 
in typical geochemical processes.
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1  Introduction
The Earth’s unique plate tectonic processes often involve 
a certain amount of water, making water–rock interac-
tions in the Earth’s interiors important. Silicates are the 
dominant minerals in the crust and mantle, so thermo-
dynamics of mixing silicate and water at high tempera-
tures and pressures is critical to understanding deep 
fluid-rock interactions (Hack et  al. 2007a, 2007b; Man-
ning 2004; Tian et al. 2019). Unlike solution in water such 
as alkali salts, silicates generally have negligible solu-
bilities in water at ambient conditions. With increase of 
temperature and pressure, however, their solubilities in 
water increase markedly, and so does the solubility of 
water in silicate melts. At sufficiently high temperature 

and pressure, aqueous fluids (labeled as V phase below) 
and hydrous silicate melts (labeled as L phase below) can 
be completely miscible and become supercritical fluids 
(SCF) (Boettcher and Wyllie 1969; Kennedy et  al. 1962; 
Ni et  al. 2017). Therefore, magma rising from the deep 
interiors would develop significantly altered geochemi-
cal and physical properties during their ascent, which 
may influence many geological processes such as vol-
canic venting and pegmatite formation (Mibe et al. 2002; 
Sowerby and Keppler 2002; Thomas 2000; Thomas and 
Davidson 2016).

As a prototype binary for the silicate-water systems, 
Fig. 1 outlines schematically the complex phase behav-
ior in the SiO2–H2O system. From Fig. 1a, as the tem-
perature rises, the concentration of SiO2 in the aqueous 
fluid phase gradually increases. When the temperature 
reaches the fluid-saturated solidus (T1), quartz begins 
to melt. With a sufficient amount of H2O, hydrous melt 
and aqueous fluid coexist in vapor–liquid equilibrium 
(VLE). In cases of insufficient H2O, quartz undergoes 
partial melting, resulting in solid–liquid equilibrium 
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(SLE). The SLE ends at the anhydrous melting tem-
perature (T3). Between T1 and T2, aqueous fluid and 
hydrous melt coexist with increasing mutual solubility 
till their final miscibility.

Pressure has important effects on the phase bounda-
ries. As the pressure increases, from P1 to P2 in Fig. 1a, 
the temperatures of the consolute point (T2) and the 
hydrous melting point (T1) decrease. The T–P varia-
tions of the consolute point and the hydrous melting 
point are schematically illustrated in Fig. 1b. These two 
curves eventually intersect at a point, which is called 
the upper critical endpoint (UCEP) (Hack et al. 2007b).

Data from existing experimental solubility measure-
ments of SiO2–H2O can be roughly divided into two cat-
egories: SLE (the green ①  and red ②  curves in Fig. 1a) 
and VLE (the purple ④ and orange ⑤ curves in Fig. 1a). 
Available experimental data, with 875 data points, are 
summarized in Table  1. Most of these determinations 
were focused on the quartz solubility in aqueous solu-
tions. Experimental data for hydrous silicate melts at 
pressures higher than 0.5 GPa are scarce. Only Holtz 
et al. (2000) measured several data points for water solu-
bility in SiO2-rich liquid, and there are no experimental 
data constraining the coexisting vapor phase. Experimen-
tal studies on the UCEP of the SiO2–H2O system have 
proven challenging. Kennedy et al. (1962) estimated it to 
be around 0.97 GPa and 1353 K, while some other studies 
concluded that the UCEP should be located at a pressure 
higher than 1.0 GPa (Mysen 1998; Stewart 1967). Naka-
mura (1974) discovered that SiO2–H2O fluids exhibit 
supercritical behavior at 1.5 GPa, thereby establishing the 
upper limit of the UCEP.

A few solubility models have been developed for SiO2–
H2O fluids. Sverjensky et  al. (2014) proposed the Deep 
Earth Water (DEW) model by refining the dielectric con-
stant model at high pressures based on a well-behaved 
equation of state for water (Zhang and Duan 2005). The 
DEW model extends the temperature and pressure of the 
electrostatic model to 6 GPa and 1473 K. Other, empiri-
cal models based on linear relations with pure water den-
sity, have been proposed by a number of studies (Deng 
et al. 2021; Fournier and Potter 1982; Manning 1994; Shi 
et al. 2019; Wei et al. 2012), but these models are gener-
ally applied to aqueous fluids at low temperatures. Hunt 
and Manning (2012) developed a model (HM2012 model) 
based on the excess mixing properties in the SiO2–H2O 
fluids, which is applicable from 773 K to the anhydrous 
quartz melting temperature and from 0.5 to 2.0 GPa.

Acknowledging the potential disparity between local 
and overall mole fractions in the system, Wilson (1964) 
introduced the concept of local composition to the excess 
Gibbs free energy. This refinement facilitates character-
izing equilibrium within polymer solutions.

The non-random two-liquid (NRTL) model introduces 
a correction factor based on the concept of local com-
position, which is advantageous in depicting the immis-
cibility in liquid systems (Renon and Prausnitz 1968). 
However, the traditional NRTL model is commonly 
used to study systems with organic compounds at low 
temperatures and pressures, and the interaction param-
eters are assumed to be pressure independent. To extend 
this model to the deep Earth environment, we modify 
its interaction parameters as a function of temperature 
and pressure. In addition, the NRTL model requires 

Fig. 1  Schematic phase relations of SiO2–H2O binary system, a T–X phase diagram. The solid and dashed curves represent P1 and P2 conditions, 
respectively, with P1 < P2. Green curve represents the solubility of quartz in aqueous fluid (①); red curve represents the solubility of H2O in SiO2 melt 
(②); ③ represents the V–L–S three-phase coexistence; ④ and ⑤ represent the vapor–liquid equilibrium curves. b Critical curve, hydrous melting 
curve and the upper critical endpoint (UCEP). V: aqueous fluid; L: hydrous silica melt; S: solid (quartz); F: single phase fluids
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accounting for the interactions and local orderings 
between every two different species in the liquid. There-
fore, the application of the traditional NRTL model to the 
silicate-water fluid systems seems to be unrealistic with 
too many parameters for fitting. Based on this, we pro-
pose a two-step model: in the first step, we quantify the 
mixing of SiO2 and H2O binary (i.e., no polymerization) 
with the traditional NRTL model; in the second step, 
using polymerization reactions to describe the genera-
tion of other new species. The two-step method has the 
advantage of greatly reducing the number of parameters 
that need to be fitted. It can accurately predict both SLE 
and VLE properties of SiO2–H2O and constrain the den-
sity that is still lacking from experimental measurements, 
thus paving the way to quantify various more complex 
silicate-water systems.

2 � Methods
2.1 � Fundamental two‑step model for the fluid
We model the mixing of SiO2 and H2O in two steps. In 
the first step: we consider a binary system of N moles 
SiO2–H2O fluid with xs mole fraction of SiO2 and 1−xs 
mole fraction of H2O. In this step, we apply the tradi-
tional NRTL model (Additional file 1: Appendix A) and 
obtain the excess molar Gibbs free energy gexNRTL as fol-
lows: (Renon and Prausnitz 1968):

where R is the universal gas constant, τ12 and τ21 are 
dimensionless parameters to characterize the differ-
ence in interaction energy between different mol-
ecules pairs in the local composition, which are related 

(1)

gexNRTL = RTxs(1− xs)
τ21G21

xs + (1− xs)G21
+

τ12G12

(1− xs)+ xsG12

Table 1  Summary of experimental data on the mutual solubility of SiO2–H2O

n is the number of data points; Types in the last column: 1: quartz solubility in H2O; 2: solubility of H2O in quartz-saturated melt; 3: solubility of solid(quartz)–V–L 
coexistence; 4: solubility of H2O in hydrous silicate melts when the two liquid phases are in equilibrium; 5: quartz solubility in supercritical fluid. The superscripts * and 
# indicate the entire or partial experimental data sets used in the parameter regressions or validation, respectively

Solubility studies T/K P/GPa n Types

Kennedy (1950) 433.15–883.15 0.00062–0.175 106 1

Vanlier et al. (1960) 333.15–373.15 0.0001 6 1

Kennedy et al. (1962)# 1316.15–1488.15 0.2–0.95 42 3

Morey et al. (1962) 298.15–573.15 0.00003–0.1013 139 1

Siever (1962) 298.15–413.15 0.0001 14 1

Weill and Fyfe (1964) 673.15–898.15 0.1–0.4 48 1

Anderson and Burnham (1965) 773.15–1173.15 0.1–0.985 79 1

Anderson and Burnham (1967) 973.15 0.4 2 1

Sommerfeld (1967) 673.15–773.15 0.1 24 1

Crerar and Anderson (1971) 392.15–598.15 0.0001 31 1

Mackenzi and Gees (1971) 293.15 0.0001 1 1

Nakamura (1974)# 1171.276–1674.15 1.5 29 5

Novgorodov (1977) 973.15 0.15 1 1

Hemley et al. (1980) 473.15–773.15 0.00155–0.2 18 1

Ragnarsdottir and Walther (1983) 523.15 0.025–0.1 7 1

Walther and Orville (1983) 623.15–835.15 0.1–0.2 20 1

Xie and Walther (1993) 685.15–846.15 0.2–0.2005 7 1

Manning (1994)* 773.15–1173.15 0.5–2 52 1,5

Manning and Boettcher (1994)* 773.15–873.15 0.5–1.25 3 1

Rimstidt (1997) 294.15–369.15 0.0001 10 1

Watson and Wark (1997)# 802.15–1141.15 1 4 1

Holtz et al. (2000)# 1473.15–1623.15 0.101–0.6 16 4

Gunnarsson and Arnorsson (2000) 281.15–583.15 0.0001–0.0098.6 22 1

Newton and Manning (2000)# 873.15–1123.15 0.2–1 8 1

Shmulovich et al. (2001)* 773.15–1173.15 0.5, 0.9 6 1

Wang et al. (2004) 399.15–763.15 0.08–0.89 128 1

Shmulovich et al. (2006)# 673.15–1073.15 0.1–0.9 19 1

Newton and Manning (2008)* 1023.15–1403.15 1 20 2

Hunt and Manning (2012)* 1173.15–1373.15 0.5–2 13 2,5
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to the interaction energy parameters G12 and G21 by: 
G12 = exp(−α12τ12) and G21 = exp(−α21τ21) , where α12 
and α21 (α12 = α21 = α) are the characteristic constants 
of the non-random mixture with an appropriate value 
between 0.2 and 0.47 (Prausnitz et al. 1998).

There is numerous experimental and computational 
evidence leading to the suggestion that SiO2–H2O sys-
tem is dominated by monomers (Si (OH)4) and dimers 
(Si2O(OH)6) at low temperatures and pressures (Mysen 
2010; Zotov and Keppler 2000, 2002). However, with 
increasing temperature and pressure, other higher 
polymers may be present in significant concentrations 
(Doltsinis et  al. 2007). It is possible to extend Eq.  (1) 
and derive a multi-component NRTL model, but it 
would involve too many parameters. Alternatively, fol-
lowing the strategy by Hunt and Manning (2012), we 
further amend the free energy with a second step by 
considering the exchange of three types of oxygen (oxy-
gen in free water molecules (H2O), bridging oxygen 
( Obr ), and terminal hydroxyl oxygen of silanol groups 
( OHtm )) in a simplified polymerization reaction (Gerya 
et  al. 2005; Hunt and Manning 2012; Plyasunov and 
Zyubina 2021):

If we assume that the reaction (2) produces M 
molesOHtm . Then the reaction involves 0.5M moles H2O 
and 0.5M molesObr . This system contains N(1−xs)−0.5M 
moles H2O and 2Nxs−0.5M molesObr . Therefore, for the 
effectively ternary system of H2O, Obr andOH , the sys-
tem contains N(1 + xs) moles oxygen-containing compo-
nents and the concentrations of H2O, Obr and OHtm can 
be expressed as:N (1−xs)−0.5M

N (1+xs)
,2Nxs−0.5M
N (1+xs)

, M
N (1+xs)

 , respec-
tively. If we denote yOH =

M
N (1+xs)

 , then H2O and Obr 
concentration can be simplified as  1−xs

1+xs
− 0.5yOH and 

2xs
1+xs

− 0.5yOH , respectively. Assuming that all the non-
ideality has been accounted for with the NRTL model, 
the equilibrium constant K of Eq. (2) can be expressed as:

where �g◦rec is the standard molar Gibbs free energy 
change of Eq. (2) at any temperature and pressure.

Then, the molar excess Gibbs free energy of this SiO2–
H2O binary can be expressed as:

Note that the yOH in Eq. (4) can be further expressed as 
a function of xs and �g◦rec by solving Eq. (3). Now we have 

(2)
1

2
H2O+

1

2
Obr = OHtm

(3)

K = exp

(

−�g◦rec
RT

)

=
yOH

√

(

1−xs
1+xs

− 0.5yOH

)(

2xs
1+xs

− 0.5yOH

)

(4)gextot = gexNRTL − (1+ xs)yOH�g◦rec

established a fundamental model for the SiO2–H2O fluid 
with only four hyper-parameters (α, τ12, τ21and�g◦rec).

2.2 � Phase equilibrium calculations and the model 
regression

The key property for the phase equilibrium is the activity 
coefficient, which can be derived from excess Gibbs free 
energy by RT lnγi = gex + (1− xi)

∂gex

∂xi
 (Levine 2008; Ma 

2001). From Eq. (4), we obtain the following expressions:

yOH can be solved by Eq. (3) and calculating its derivative 
to xs, the ∂yOH

∂xs
 in Eqs. (5–6) can be further expressed as a 

function of xs and �g◦rec.
For the solid–liquid equilibrium (SLE), the chemical 

potential of quartz and the liquid-phase SiO2 are equal:

where µ◦
quartz is the standard Gibbs free energy of quartz 

(Berman 1988), µ◦

SiO2,liq
 is the standard Gibbs free energy 

of SiO2 in the liquid phase (Mao et  al. 2001), Xs is the 
determined solubility of SiO2 in mole fraction.

For the vapor–liquid equilibrium (VLE) between aque-
ous fluid and hydrous silica melt, we have

where XV
s + XV

H2O
= 1 and XL

s + XL
H2O

= 1.
To describe phase equilibria over a broad range of tem-

perature and pressure, while α is assumed to be constant, 
the remaining three hyper-parameters ( �g◦rec, τ12, τ21 ) in 
the fundamental model are modelled as functions of tem-
perature and pressure:

(5)

RT lnγSiO2
=RTx2H2O

[

τ21G
2
21

(

xs + xH2OG21

)2
+

τ12G12

(

xH2O + xsG12

)2

]

−�g◦rec

[

yOH (1+ xs)+ xH2O

(

∂yOH

∂xs
(1+ xs)+ yOH

)]

(6)

RT lnγH2O =RTx2s

[

τ12G
2
12

(

xH2O + xsG12

)2
+

τ21G21

(

xs + xH2OG21

)2

]

−�g◦rec

[

yOH (1+ xs)− xs

(

∂yOH

∂xs
(1+ xs)+ yOH

)]

(7)µ◦

quartz = µ◦

SiO2,liq
+ RT lnXs + RT lnγSiO2

(8)XV
s γ

V
SiO2

= XL
s γ

L
SiO2

(9)XV
H2O

γ V
H2O

= XL
H2O

γ L
H2O

(10)τ12 = b1 +
b2

T
+

b3P

T

(11)τ21 = b4 +
b5

T
+

b6P

T
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where T is temperature in Kelvin, P is pressure in bars, 
and �g◦rec is the standard molar Gibbs free energy change 
in J/mol.

(12)
�g◦rec = b7 + b8T + b9P + b10P

2
+ b11T

2
+ b12PlnT +

b13P

T

From the available experimental solubility data, we 
obtained parameters of the equilibrium model with non-
linear least squares regressions and Bayesian optimiza-
tion (Wang and Yang 2023). In this process, we tested 
the statistical significance of the fitting parameters, elimi-
nated one parameter that was statistically insignificant, 
and finally obtained the fitting values of 13 independent 
parameters (Table 2).

3 � Results
3.1 � Comparison with experimental data
As shown in Table 1, there are 875 experimental solubil-
ity data points available for the SiO2–H2O system, cov-
ering a wide range of temperature and pressure ranges 
(0.00003–2 GPa, 281.15–1674.15 K). Most of the data are 
in the low pressure-low temperature region (T < 773  K 
or P < 0.5 GPa). However, the purpose of our model is to 
characterize the fluid properties near the upper critical 
endpoint, so we focused on a more appropriate regime 
with pressure higher than 0.5 GPa. A total of 204 avail-
able experimental data points were collected (tempera-
ture from 773 K to quartz dry melting temperature and 
pressure from 0.5 to 2.0 GPa). It should be noted that 
certain experimental data points may not be reliable. For 
instance, Manning (1994) demonstrated that the data 
of Anderson and Burnham (1965) had quench-related 
issues leading to underestimation of quartz solubility, 
so our model does not consider these data. There were 

Table 2  The regressed parameters for the new model

Numbers in the parentheses are the uncertainties for the regressed parameters

b10 was dismissed after the parameter significance test

α12 = α21 = α 0.1961 (0.0086)

b1 − 0.3846 (0.0111)

b2 (K) 1665.6239 (37.2928)

b3 (K/bar) − 0.0537 (0.0006)

b4 − 0.2359 (0.0063)

b5 (K) 3061.3542 (151.5954)

b6 (K/bar) 0.0399 (0.0054)

b7 (J/mol) 12,126.8110 (50.6106)

b8 (J/mol/K) − 23.6453 (0.5641)

b9 (J/mol/bar) − 23.2747 (0.5593)

b10 (× 106) (J/mol/bar2) 0

b11(× 103) (J/mol/K2) 9.1411 (0.2880)

b12 (J/mol/K/bar) 3.0663 (0.0230)

b13 (J*K/mol/bar) 2302.3663 (93.7457)

Table 3  Experimental data used for model calibration and verification

n: Number of experimental data points

AAD and AARD stand for average absolute deviation and average relative deviation respectively between the experimental data and that calculated with the model 
proposed in this study, which are expressed as follows:

AAD = 
∑

N

i=1

∣

∣

∣

∣

x
cal
si

−x
exp
si

N

∣

∣

∣

∣

AARD = 
∑

N

i=1

∣

∣

∣

∣

(xcalsi
−x

exp
si

)/x
exp
si

N

∣

∣

∣

∣

× 100%

References T (K) P (GPa) n AARD (%) AAD

Experimental data used for model calibration

Kennedy et al. (1962) 1316.15–1488.15 0.2–0.95 10 28.953 0.081

Manning (1994) 773.15–1173.15 0.5–1.25 41 13.638 0.002

Holtz et al. (2000) 1473.15–1623.15 0.101–0.6 1 35.257 0.273

Newton and Manning (2000) 873.15–1123.15 0.2–1 4 8.239 0.001

Shmulovich et al. (2001) 773.15–1173.15 0.5, 0.9 6 11.589 0.001

Shmulovich et al. (2006) 673.15–1073.15 0.1–0.9 11 14.341 0.001

Newton and Manning (2008) 1023.15–1403.15 1 14 14.168 0.038

Experimental data used for model verification

Manning (1994) 773.15–973.15 1.5–2 11 13.860 0.001

Nakamura (1974) 1171.276–1674.15 1.5 16 19.246 0.072

Manning and Boettcher (1994) 773.15–873.15 0.5–1.25 3 16.284 0.001

Watson and Wark (1997) 802.15–1141.15 1 3 13.676 0.002

Hunt and Manning (2012) 1173.15–1373.15 1.5–2 13 17.277 0.027

Overall 15.930 0.024
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finally 133 experimental data used to build our model, 
some of the experimental data were utilized for parame-
ter regression, while the remaining data were used to val-
idate the fitting results (Table 3). Table 3 also summarizes 
the averaged absolute deviations (AAD) and averaged 
relative deviations (AARD) of the model predictions. Fig-
ure 2 illustrates the modeled solubilities and the experi-
mental data. The overall AAD and AARD are 0.02 and 
16%, respectively. Furthermore, except for several outlier 
data by Kennedy et al. (1962) and Holtz et al. (2000), the 
model gives good predictions of the measured solubilities 
accurate to 19%.

Figure  3 presents comparison of our and previous 
models for quartz solubility under various temperature 
or pressure conditions. The selected models include 
widely used density models or empirical models, namely 
F1982 (Fournier and Potter 1982), M1994 (Manning 
1994), WDM2012 (Wei et al. 2012), SMH2019 (Shi et al. 
2019), DWP2021 (Deng et al. 2021), G2005 (Gerya et al. 
2005), DM2010 (Dolejs and Manning 2010); the elec-
trostatic model DEW2014 (Sverjensky et  al. 2014) and 
the solute–solvent interaction model HM2012 (Hunt 
and Manning 2012). Under constant temperature con-
ditions, F1982 agrees well with the experimental data 

at low pressures. However, as the pressure increases, 
it deviates significantly from the experimental data 
and underestimates the solubility of quartz in water. At 
873 K, G2005 agrees well with experimental data at low 
pressure, but it overestimates the solubility of quartz as 
the pressure increases (Fig. 3a). By contrast, both M1994 
and DEW2014 models tend to overestimate the solu-
bility of quartz. Additionally, models that demonstrate 
good performance in low-temperature regions (such as 
G2005, DM2010, WDM2012, DWP2021 and SMH2019) 
no longer maintain their accuracy when the temperature 
extends beyond 1173 K. Unlike density and electrostatic 
models, models based on interactions between molecules 
are easier to scale to higher temperatures. Therefore, over 
a wide range of temperatures and pressures, the HM2012 
model and the two-step model are in good agreement 
with the experimental data (Fig.  3d). While these two 
models indeed show quite similar accuracies, as shown 
in Fig.  4, slight differences can be discriminated: from 
Fig.  4a, when the pressure is 1 GPa, HM2012 predicts 
that the system is already supercritical, while our model 
predicts that the miscible gap still exists (green line in 
Fig.  4a). When the pressure is 1.5 GPa and 2 GPa, the 
predicted results of the two models agree well with the 

Fig. 2  Comparison of solubility between this model and experiments. The predicted solubilities of this model were calculated 
with the experimental conditions as input. Since most of the experimental data is concentrated in the lower left corner, an enlarged view of this 
region is provided in the inner plot
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available experimental data (Fig. 4b, c), the fluid is super-
critical fluid, and the miscibility gap disappears.

As shown in Fig.  5a, we estimate the location of the 
upper critical endpoint to be around 1.14 ± 0.18 GPa and 
1344 ± 87 K, while it is predicted by HM2012 to be about 
0.93 GPa, 1340  K. The predictions of these two models 
for the upper critical endpoint as well as the hydrous 
melting curve temperatures agree with the measure-
ments of Kennedy et al. (1962) (approximately 0.97 GPa 
and 1353 K). Besides these similarities, it is evident that 
the miscibility gap predicted by HM2012 is larger than 
that evaluated in the present study. A comparison of the 

X–T relationships (Fig. 5b) suggests that the two models 
show some differences in VLE: HM2012 tends to be more 
asymmetric with the critical curve leaning towards lower 
concentration of silicate components. As mentioned 
previously, experimental measurements of hydrous melt 
solubility for VLE are scarce, with only one Holtz et  al. 
(2000) measurement collected at 0.6 GPa (Fig. 5b).

3.2 � Phase diagram of the SiO2–H2O system
Our thermodynamic model leads to a self-consistent 
phase diagram (Fig.  6). Figure  5a, b corresponds to the 
T–P and X–T projections, respectively. With the P–X 

Fig. 3  Comparison of quartz solubilities in water at different T–P conditions. FP1982: Fournier and Potter (1982); M1994: Manning (1994); G2005: 
Gerya et al. (2005); DM2010: Dolejs and Maning (2010); HM2012: Hunt and Manning (2012); WDM2012: Wei et al. (2012); DEW2014: Sverjensky et al. 
(2014); SMH2019: Shi et al. (2019); DWP2021: Deng et al. (2021)
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projection in Fig. 6, the VLE boundary changes at differ-
ent temperatures and pressures also can be quantified.

Isopleths of SiO2 solubility in the fluid across the criti-
cal region around the upper critical endpoint (UCEP) 
is shown in Fig.  7. As noticed by Hack et  al (2007a, b), 
the aqueous fluid that resides on the most left side of the 

hydrous melting curve often involves small amount of 
silicate solute. The solubility of SiO2 is generally less than 
0.1. Nevertheless, in the vicinity of the hydrous melting 
curve, particularly at high pressures, the solubility of SiO2 
increases remarkably. On the other side of the hydrous 
melting curve, the situation is more complex with several 
phase regimes overlapping from this point of view. As 
indicated by the thin black solid lines, the concentration 
of SiO2 in the fluid could be high when it is equilibrated 
with quartz.

The vapor–liquid equilibrium (VLE) regime between 
the hydrous melting curve and the critical curve greatly 
redefines the compositional range of the fluid. This VLE 
regime determines the lower limit of SiO2 in the hydrous 
melt (gray isopleths), on the other hand, at the same pres-
sure it accommodates much higher concentration of SiO2 
in the aqueous fluid (dashed isopleths) as compared with 
that at lower temperature (left side of the hydrous melt-
ing curve). As will be discussed in the next section, the 
variations of SiO2 solubility would significantly affect the 
density of the fluid and therefore are important for the 
transportations of SiO2–H2O fluids.

4 � Discussion
4.1 � Density of the SiO2–H2O fluid
Density is the key property that controls the physical 
state and transportation of fluid. Experimental evidence 
indicates that the density of SiO2–H2O fluids depends 
on the SiO2 concentration and is correlated with spe-
cies behavior (Mysen 2010). However, directly measur-
ing fluid density in experiments is challenging. With the 
model proposed in this study, it is possible to constrain 
the density of the SiO2–H2O binary.

By calculating the partial derivative of the excess free 
energy gextot in Eq. (4) to the pressure, we obtain the excess 
volume Vex:

Then the volume of SiO2–H2O fluid can be expressed 
as:

where V ◦

H2O
 and V ◦

SiO2
 are the standard molar volumes of 

liquid H2O and liquid SiO2 as given by Zhang and Duan 
(2005) and Mao et al. (2001), respectively. The fluid den-
sity can be easily obtained from the volume:

where MH2O and MSiO2 are the standard molar mass of 
liquid H2O and liquid SiO2.

(13)(
∂gextot
∂P

)
T ,xs

= V ex

(14)V = (1− xs)V
◦

H2O
+ xsV

◦

SiO2
+ V ex

(15)ρ =
xsMSiO2 + (1− xs)MH2O

V

Fig. 4  Comparison with experimental solubility data of quartz 
across the UCEP. We show a short green line for the predicted VLE 
curve with the two-step model
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However, experimental errors and model parame-
ter errors may affect density predictions. We used the 
Monte Carlo method by deploying multiple sampling 
statistics within experimental and parameter uncer-
tainty, yielding an uncertainty for the density of the 
fluid. The maximum uncertainty is 0.06 g/cm3. In Fig. 6, 
we show the predicted density of quartz-saturated and 

vapor-saturated SiO2–H2O fluid with colored con-
tours. Obviously, the density of the fluid is mainly con-
trolled by the concentration of dissolved SiO2 (Xs). The 
effects of temperature and pressure seem to be minor, 
but they may indirectly regulate the density by chang-
ing the composition of the fluid, which may result in 
counterintuitive variation of density with tempera-
ture or pressure. This can be understood by relating it 

Fig. 5  Comparison of T–P and X–T projections of this model and the HM2012 model. a The predicted hydrous melting curve and dry melting curve 
of quartz vs. the experimental constraints. Critical curve (dashed line) is included to show the predicted miscibility gap between aqueous fluid 
and hydrous melt. b comparison of VLE predicted by this study and HM2012 model (Solid lines represent this study, dotted lines represent HM2012 
predictions)

Fig. 6  Three-dimensional phase diagram of the SiO2–H2O system 
predicted by the new model. The black solid line represents 
the hydrous melting curve, and the red point represents the upper 
critical endpoint. Projected phase boundaries on three planes (T–X, 
T–P, P–X) are shown with labels marked in the single or coexisting 
phase regimes. The colored contours are the derived density 
of saturated fluid under different conditions

Fig. 7  Solubility of SiO2 in the fluid predicted by the new model 
as a function of temperature and pressure. The red line represents 
the critical curve, the thick black line represents the hydrous 
melting curve; the thin black lines are the isopleths of SiO2 
solubility under SLE; the black dashed and gray solid lines represent 
the isopleths of SiO2 solubility in aqueous fluids and hydrous silicate 
melts under VLE, respectively
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with the solubility profile as shown in Fig. 7: the aque-
ous fluid would dissolve much more solute as the tem-
perature approaching the UCEP and this would greatly 
compensate the intrinsic decreasing density effect of 
temperature.

Figure  8 shows the comparison and analysis of the 
fluid density predicted by our two-step model (solid 
line) and the HM2012 model (dashed line). While the 
density of aqueous fluids is increased with pressure as 
expected, the abovementioned reverse trend of temper-
ature can be observed at higher temperatures and pres-
sures (Fig.  8a, 1223  K). For quartz-saturated hydrous 
melts, the two-step model is the opposite of what the 
HM2012 model predicts (dashed lines) showing that its 
density decreases with increasing pressure. All these 
features can also be found in Fig. 8b, which reveals the 

variation of density along various isobars. While those 
for quartz-saturated aqueous fluids reveal minor dis-
parity, which explains the resulted close agreements 
between the two models as for the densities of aqueous 
fluids, the volume of saturated hydrous silicate melts 
show noticeable deviations especially under higher 
pressures. The HM2012 model predicts a more rapid 
decline in the volume of hydrous silicate melts with 
pressure, thus compensating for the decreased mass 
with less silica in the fluid at higher pressures (Fig. 8c, 
d). The two-step model proposed in this study, on the 
other hand, predicts a less perturbed volume and the 
density of the melts is therefore decreased at higher 
pressures. In summary, experimental density data for 
silicate solutions are urgently needed to clarify the 
deviations among the existing thermodynamic models.

Fig. 8  Comparison of the density, volume and solubility of quartz-saturated SiO2–H2O fluids predicted by the two-step model and the HM2012 
model. a At isothermal and b isobaric the density of quartz-saturated fluids predicted by the two models; c solubility and d volume 
of quartz-saturated fluids under isothermal conditions predicted by the two models (solid and dashed lines represent the two-step model 
and the HM2012 model, respectively, and the lighter solid line in (b) represents the density of the coexisting VLE fluid)
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4.2 � Thermodynamics of water exsolution from the rising 
magma

The exsolution of hydrothermal fluids from magma con-
trols the many aspects of eruption behavior of volca-
noes. In the deep Earth, the immiscible transition state 
(transition process) fluid may cause deep source earth-
quakes (Wech et al. 2020). This fluid also is an important 

medium for the formation of many metallic mineral 
deposits (Hedenquist and Lowenstern 1994). However, 
the mechanism of magma differentiation of immisci-
ble fluids (often named as “boiling”) is still unclear. This 
process occurred in the Earth’s interior is often classified 
into two types (Fig.  9a): (1) The pressure in the magma 
chamber is suddenly reduced due to tectonic collapse or 

Fig. 9  First and second boiling processes with fluid water exsolution from the rising magma. a Schematic geological settings. b Thermodynamic 
paths in the 3D phase diagram for the boiling processes. The green surface represents VLE, the black grid represents SLE. The dark red, light red 
and gray lines (group marked with ①) indicate different initial conditions for the first boiling process (dark red line: T = 1389 K; xs = 0.5; light red line: 
T = 1370 K; xs = 0.5; grey line: T = 1389 K, xs = 0.45). The purple line marked with ② represents an illustrative path for the second boiling process. In 
(c), (d) and (e), we show the density changes of the fluid evolving along the four paths in (b). M: unsaturated melts before SLE and VLE; L: hydrous 
silicate melts; V: aqueous fluids
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the rapid rising of magma, so that the unsaturated fluid 
at depth quickly decreases the solubility of solute during 
the ascending path and causes the exsolution. This type 
of process is called “first boiling”, which involves essen-
tially invariant temperature. (2) The unsaturated magma 
is temporarily stored at a certain depth and thus the pres-
sure keeps unchanged. As the temperature decreases, the 
melt gradually crystallizes and the water concentration in 
the remaining melt gradually increases, eventually reach-
ing the saturation of water and causing exsolution. This 
type of process is known as the “second boiling” (Can-
dela 1997; Heinrich 2007). Considering that the SiO2–
H2O system is too basic compared to the real complex 
silicate-water system, we only try to discuss the changes 
in the properties of the fluids due to the first and second 
boiling.

The schematic thermodynamic paths for the first boil-
ing process is illustrated in Fig. 9b (dark red, light red and 
gray lines marked as ①, representing three different ini-
tial conditions as discussed below) and the second boil-
ing process (purple line marked as ②).

For a fluid-unsaturated melt (dark red line in Fig. 9b), 
its density would gradually decrease as the pressure 
decreases before the boiling process begins (blue solid 
line in Fig.  9c), when the melt reaches the fluid satura-
tion and begins to exsolve aqueous fluid (Fig.  9b as the 
path touches the VLE surface). With further pressure 
decrease, more dilute aqueous fluid is exsolved and the 
remaining melt becomes more concentrated in SiO2. This 
process results in decreasing density for the exsolved 
aqueous fluid and increasing density for the residual melt 
respectively (green and orange curves in Fig. 9c). When 
the pressure is further reduced to the hydrous melting 
curve, the quartz begins to crystallize and the first boiling 
stops.

Magma is usually thought to be stored at its neu-
tral buoyancy level, where the density of the magma is 
equivalent to that of the host rock (Ryan 1987). How-
ever, another hypothesis suggests that the magma stor-
age depth is influenced by the water content (Annen et al. 
2006; Zellmer et al. 2016). As shown in Fig. 9b, when the 
initial magma at the same temperature and pressure has 
a higher water content (the gray line in Fig.  9b), it will 
reach the VLE surface and start the boiling process at 
higher pressure (Fig. 9c). Therefore, wetter magma would 
boil more readily than dry magma at depth. Rasmus-
sen et al, (2022) found magma storage depths consistent 
with predicted water degassing depths. Although the wet 
magma contains higher water content and has a lower 
density, the degassing process leads to an increase in vis-
cosity, allowing it to stay deeper during ascent.

When the magma of the same composition and depth 
initially is slightly cooler (the light red line in Fig. 9b), the 

boiling process will be started at a higher pressure. In 
addition, as more water enters the aqueous fluid, result-
ing in a larger density difference between the exsolved 
aqueous fluid and the residual melt, this would drive the 
boiling process (Fig. 9d). With further decreasing of the 
pressure till the remaining magma reaches the hydrous 
melting curve, the boiling process would stop more 
quickly. Therefore, the rising magma with lower initial 
temperature would also finish the boiling process at a 
deeper location.

The purple line in Fig.  9b shows the second boiling 
process. The temporarily stored magma becomes denser 
as the temperature gradually decreases (blue curve in 
Fig.  9e). When the temperature reaches the liquidus 
curve (quartz-saturated), the melt begins to crystallize. 
As the temperature decreases further, more and more 
solids would crystallize and the water content in the 
residual melt increases gradually. This process results in 
decreasing of density (orange curve in Fig. 9e). When the 
temperature decreases to the hydrous melting curve, the 
second boiling starts until most of the SiO2 in the fluid 
has crystallized (grey curve in Fig. 9e). Obviously, when 
the fluid becomes saturated during this process, the 
variation of its density should be similar to the trend as 
revealed in Fig. 9b.

5 � Conclusions and remarks
The SiO2–H2O binary system is the basis for under-
standing complex silicate-water systems, but relevant 
high temperature and pressure and density data remains 
scarce. This study considers the vapor–liquid equilibrium 
region using the NRTL model as the basis and modifies it 
with aggregated reactions to establish a two-step model 
that can simultaneously predict SLE and VLE. The two-
step model is fairly accurate and applicable from 773 K to 
the anhydrous quartz melting temperature and from 0.5 
GPa to at least 2 GPa. Based on the model proposed in 
this study, we provide a quantitative 3D phase diagram of 
SiO2–H2O, which greatly helps our understanding of the 
complex phase relations of this binary across the critical 
conditions. The upper critical endpoint is predicted to be 
around 1.14 ± 0.18 GPa and 1344 ± 87 K.

Because the two-step model quantifies the Gibbs free 
energy of the SiO2–H2O fluid under different condi-
tions, we observe nontrivial different trends of density 
along various P–T paths. The temperature and pressure 
are vital for the density through indirectly regulating the 
SiO2 dissolved in the fluid. By further considering the 
complex VLE, such as the boiling processes when the 
volatile exsolution occurs in the rising magma, we find 
distinctive thermodynamics would be involved along dif-
ferent paths.
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Finally, it should be noted that thermodynamic mod-
els inevitably rely on the experimental data. For the 
SiO2–H2O fluids concerned in this study, experimental 
determination of VLE and density of SiO2–H2O fluid 
would be needed in the future.
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