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Abstract 13 

Speciation and transport properties of supercritical fluids is critical for understanding their 14 

behaviour in the Earth's interior. Here, we report a systematic first principles molecular dynamics 15 

simulation study of the structure, speciation, self-diffusivity (D) and viscosity (η) of SiO2 melt, 16 

NaAlSi3O8 melt, SiO2–H2O and NaAlSi3O8–H2O fluids at 2000 – 3500 K with 0 – 70 wt% H2O. 17 

Our calculations show that as the water content increases, the proportion of Q0 species (Qn 18 

species, where n is the number of bridging oxygens in an individual Si/Al–O polyhedra) 19 

increases while Q4 decreases. The proportions of Q1, Q2 and Q3 species first increase and then 20 

decrease with increasing water content. The diffusivity sequence for the supercritical SiO2–H2O 21 

fluids is DH > DO > DSi, and for the supercritical NaAlSi3O8–H2O fluids, on the whole, is DNa ≈ 22 

DH > DO > DAl ≈ DSi. The viscosities of the two systems decrease drastically at the beginning of 23 

the increase in water content, and then decrease slowly. We demonstrate that the exponential 24 

decrease in the viscosity of polymerized silicate melt with increasing water content is due to a 25 

sharp decrease in the proportion of Q4 species and increase in Si–O–H. The typical structural 26 

feature of supercritical fluid is that it contains a large amount of easy-to-flow partially 27 

polymerized or depolymerized silicate units bonded to hydrogen, which leads to a low viscosity 28 

while being enriched in silicate. This feature provides supercritical fluids the potential to 29 

transport elements that are hard to migrate in aqueous fluids or hydrous silicate melts, such as 30 

high field strength elements. 31 
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INTRODUCTION 35 

Silicate melts and aqueous fluids inside the Earth play an important role in magmatism and 36 

mineralization processes. Previous studies have shown that with increasing temperature and 37 

pressure, the solubility of silicate in aqueous fluids increases, and the solubility of water in 38 

silicate melts also increases (Audétat and Keppler, 2005; Dolejs and Manning, 2010; Newton 39 

and Manning, 2008). When hydrous silicate melts are completely miscible with aqueous fluids, 40 

the phase boundary between the two liquids no longer exists and a single phase is formed (Shen 41 

and Keppler, 1997; Wang et al., 2021), i.e. supercritical geofluid, or supercritical fluid 42 

(Hermann et al., 2013; Manning, 2004; Manning, 2018; Ni et al., 2017; Shen and Keppler, 43 

1997). Hydrous silicate melts can transport a large number of elements (Xiong et al., 2009) but 44 

may not be able to migrate over long distances due to their high viscosity. Although aqueous 45 

fluids have high mobility due to their low viscosity, they are generally considered to be too dilute 46 

resulting in a limited capacity to transport solutes (Spandler et al., 2007). Supercritical fluids not 47 

only have compositions and structures close to those of hydrous silicate melts but also have high 48 

diffusivity and low viscosity similar to aqueous fluids. Therefore, supercritical fluids have a 49 

great ability to transport elements, and thus they are thought to be a high-quality agent for mass 50 

transfer (especially for incompatible elements) in subduction zones (Chen et al., 2021; Chen et 51 

al., 2018; Ni et al., 2017; Thomas et al., 2019).  52 

Complete miscibility between some hydrous silicate melts and aqueous fluids has been 53 

observed experimentally, and the location of the second critical endpoint has been determined for 54 

some systems. For example, the second critical endpoint of the SiO2–H2O system was found to 55 

be ~1353 K and 0.93 – 0.97 GPa (Hunt and Manning, 2012; Kennedy et al., 1962). Complete 56 

miscibility between hydrous silicate melt and aqueous fluid in the NaAlSi3O8–H2O system has 57 



 

been observed too, and it was found that the critical temperature decreasing with pressure, from 58 

1262 K at 1.06 GPa to 896 K at 1.65 GPa (Shen and Keppler, 1997). After that, the second 59 

critical endpoint in the NaAlSi3O8–H2O system was found to occur at 973 K and 1.5 GPa 60 

(Stalder et al., 2000). Recently, Makhluf et al. (2020) experimentally determined that the second 61 

critical endpoint of the NaAlSi3O8–H2O system is at 932 K and 1.63 GPa. In addition, the second 62 

critical endpoints in the KAlSi3O8‒H2O, SrAl2Si2O8‒H2O, peridotite‒H2O and basalt‒H2O 63 

systems were also determined (Mibe et al., 2008; Mibe et al., 2004; Mibe et al., 2007; Mibe et 64 

al., 2011). However, many basic properties are still lacking, such as microscopic structure, 65 

speciation, diffusivity, viscosity, etc. (Ni et al., 2017). To our knowledge, in terms of Si 66 

speciation, a very limited number of supercritical systems were studied (Mibe et al., 2008; 67 

Mysen, 2010; Mysen et al., 2013), and a systematic understanding is still lacking. For example, 68 

although most of Si was observed to be in the form of dimer in supercritical KAlSi3O8‒H2O fluid 69 

with a water content of 60 wt% (Mibe et al., 2008), how the speciation changes with water 70 

content remains unclear. In addition, some studies focused on the systems that are close to but 71 

still below the pressure-temperature conditions of supercritical fluids (e.g., Steele-MacInnis and 72 

Schmidt, 2014; Zotov and Keppler, 2002). In terms of viscosity, interestingly, it was found that 73 

with the increase of water content, the viscosity of albite‒H2O system decreases exponentially 74 

within the first 20 wt% H2O but after the supercritical albite‒H2O fluid is formed, the viscosity 75 

decays almost linearly to the viscosity of pure water (Audétat and Keppler, 2004). The 76 

mechanism for this behaviour still needs more understanding. At present, it is still challenging 77 

for experiments to accurately determine the microstructure of supercritical fluids (Mibe et al., 78 

2008) and the viscosity at high pressure and temperature (Sun et al., 2018). The lack of 79 

quantitative studies makes it impossible to establish the relationship between the microscopic 80 



 

properties and its macroscopic behaviors or to draw a picture of the evolution of supercritical 81 

fluids in geological processes. 82 

Molecular modeling is an effective method to study the properties of silicate–H2O systems 83 

over a broad range of temperatures and pressures. But previous theoretical studies mainly 84 

focused on (hydrous) silicate melts and aqueous fluids (e.g., de Koker et al., 2013; Dingwell et 85 

al., 1998; Dingwell et al., 1996; Dufils et al., 2020; Ghosh and Karki, 2011; Gillan et al., 2016; 86 

Karki et al., 2018; Karki and Stixrude, 2010; Manning, 2018; Romano et al., 2001; Sun et al., 87 

2020; Yang et al., 2017). So far, only one work using first-principles method to study 88 

supercritical SiO2–H2O fluid with 23.1 wt% H2O has been reported (Spiekermann et al., 2016). 89 

Therefore, microscopic structure, speciation and transport properties of supercritical silicate‒90 

H2O system are urgently needed for understanding the geological roles of supercritical fluids in 91 

the Earth's interior. 92 

Here, we use first principles molecular dynamics method to study the structure, speciation, 93 

self-diffusivity and viscosity of SiO2–H2O and NaAlSi3O8–H2O systems at 2000 – 3500 K. The 94 

evolution of these properties with increasing water content have been obtained. The transfer 95 

mechanism of H in supercritical fluids is discussed. We uncover the mechanism of the decrease 96 

in the viscosity of polymerized silicate melt with increasing water content and further discuss the 97 

effect of supercritical fluids on element migration. 98 

 99 

COMPUTATIONAL METHODS 100 

First principles molecular dynamics (FPMD) simulations of SiO2–H2O and NaAlSi3O8–H2O 101 

systems (H2O concentration in the range of 0 wt% – 70 wt%) were performed in the DFT code 102 

VASP (Kresse and Furthmuller, 1996a; Kresse and Furthmuller, 1996b; Kresse and Hafner, 1993; 103 



 

Kresse and Hafner, 1994). The Perdew-Burke-Ernzerhof (PBE) functional (Perdew et al., 1996) 104 

was used with Grimme–D3 (i.e., PBE–D3) dispersion correction (Grimme et al., 2010). Many 105 

density functional approximations (such as PBE) do not describe long-ranged electron 106 

correlation effects well. The DFT–D3 scheme is the most commonly used method, which 107 

reproduces the inter- and intramolecular dispersion interactions reasonably (Caldeweyher et al., 108 

2019; Grimme et al., 2010; Grimme et al., 2011). Since the systems in our study contain water, 109 

the use of PBE–D3 method is a better choice (Li et al., 2022). A plane wave cut-off of 500 ~ 520 110 

eV and gamma point Brillouin zone sampling were used. The convergence of k-point mesh and 111 

cutoff energy were tested and found to converge the total energy to within 1 meV/atom and 3 112 

meV/atom, respectively. The electronic self-consistency convergence criterion for the total 113 

energy was set to 10−5 eV. Our simulations were performed in the NVT ensemble with a time 114 

step of 0.5 (1.0) fs for hydrous (anhydrous) liquid. Our research focuses on the properties of 115 

supercritical fluids. For comparison, we also investigated the systems with low water content. 116 

The SiO2–H2O systems and NaAlSi3O8–H2O systems contain 180–210 atoms (Table 1) and 172–117 

316 atoms (Table 2), respectively, depending on the water content. Each SiO2–H2O system was 118 

first melted and equilibrated at 6000 K and then cooled to 3500 K, 3000 K and 2600 K. Each 119 

NaAlSi3O8–H2O system was melted and cooled to 3000 K, 2500 K and 2000 K adopting the 120 

same strategy. The run durations for reaching thermal equilibrium varied from 10 ~ 20 ps. 121 

Following this, we finally performed 100-ps simulations except for the NaAlSi3O8–H2O system 122 

with 60 wt% H2O, which was ran for 50 ps. 123 

For each model, we first calculated the pressure of the models under four different volumes 124 

to obtain the pressure–volume curves. Then, the volume corresponding to approximately 1 ~ 4 125 

GPa was obtained for the simulation (Table 1 and Table 2). This puts the temperature-pressure 126 



 

conditions simulated in this study above the critical curves of the SiO2–H2O and NaAlSi3O8–127 

H2O systems (Figure S1 in Supporting Information). The pressure correction for Pulay stress is 128 

included based on the method of de Koker et al. (2008). The absolute value of the Pulay 129 

correction was less than 0.2 GPa for all models. The pressure correction for PBE under binding 130 

was not applied due to lack of experimental data in the hydrous system. 131 

The self-diffusion coefficient was calculated with the Einstein relation (Allen and Tildesley, 132 

1989). The shear viscosity was derived from the stress autocorrelation function (ACF) over time 133 

according to the Green-Kubo relation (Allen and Tildesley, 1989). Three off-diagonal 134 

components of the stress tensor are used to calculate the shear viscosity. The pairwise radial 135 

distribution function (RDF) was used to analyze the structures. The cutoff radius used in the 136 

analysis of species is defined as the position of the first minimum in RDF. The cutoff radius is 137 

uniquely determined at each state point. The stress ACF and RDF in this study can be found in 138 

Figures S8, S9, S15 and S16 in Supporting Information. 139 

 140 

RESULTS 141 

Speciation and Structure 142 

Qn Speciation. In silicate fluids, both pressure (Wang et al., 2014) and network modifiers 143 

can break the bridging oxygen (BO) bonds (Si/Al–O–Si/Al), resulting in a varying distribution of 144 

Qn species. A Q4 species is a Si/Al–O polyhedra with 4 BOs, and a Q0 species is a Si/Al–O 145 

polyhedra with 0 BO (i.e., it is not attached to any other polyhedra). In most cases, Qn notation is 146 

generally used in structures with 4 coordinated Si/Al. When the pressure increases, Si/Al can be 147 

5-coordinate and 6-coordinate. In this case, n will be greater than 4, and Q5 or even Q6 will 148 

appear in the structure (Bajgain et al., 2019). In addition to pressure and network modifiers, 149 



 

water can also break the Si/Al–O–Si/Al network by reacting with BO, thereby converting higher 150 

Qn species to lower Qn species. Qn species provides information about local network structure in 151 

silicate fluids. As shown in Figure 1, we calculated the Qn species for the SiO2–H2O systems at 152 

2600 K, 3000 K and 3500 K, and for the NaAlSi3O8–H2O systems at 2000 K, 2500 K and 3000 153 

K. Our Q0 ~ Q4 species generally agree with those obtained in the first-principles study by 154 

Spiekermann et al. (2016) for SiO2–H2O system with 23.1 wt% H2O at 3000 K (Figure 1b). In 155 

addition to Q0 ~ Q4 species, there was also a small amount of Q5 species present in the systems. 156 

On the whole, the SiO2–H2O and NaAlSi3O8–H2O systems show the similar distribution of Qn 157 

species. The proportion of Q0 increases with increasing water content while Q4 decreases. The 158 

proportions of Q2 and Q3 first increase and then decrease with increasing water content. 159 

Although we only observed that the proportion of Q1 increases first and then decreases when the 160 

water content exceeds 60 wt% at 3000 K in the SiO2–H2O systems (Figure 1b), it can be inferred 161 

that Q1 will also decrease at higher water content at 2600 K and 3500 K in the SiO2–H2O 162 

systems. This Q1 behaviour can also be inferred to occur in the NaAlSi3O8–H2O systems. The 163 

maximum values for the proportions of Q3 and Q2 in the two systems at 3000 K occur at the 164 

positions where the water content is 20 wt% and 40 wt%, respectively. For example, in the 165 

NaAlSi3O8–H2O systems at 3000 K, Q3 initially increases to 37.4% as H2O increases to 20 wt% 166 

and then decreases to 6.9% as H2O increases to 60 wt%. Q2 increases to 34.4% as H2O increases 167 

to 40 wt% and then decreases. These maximum values also have the same positions in the SiO2–168 

H2O systems at 2600 K and 3500 K and in the NaAlSi3O8–H2O systems at 2000 K. But these 169 

positions are slightly different in the NaAlSi3O8–H2O systems at 2500 K, and the maximum 170 

values for Q3 and Q2 occur at the positions where the water content is 10 wt% and 30 wt%, 171 

respectively. This is actually due to the water content interval that we adopted. We speculate that 172 



 

the true maximum values for Q3 and Q2 in the SiO2–H2O and the NaAlSi3O8–H2O systems occur 173 

in the range of 10–20 wt% H2O and 30–40 wt% H2O, respectively. The maximum value for the 174 

proportion of Q1 probably occurs in the range of 60–70 wt% H2O. Experimental studies on 175 

quenched hydrous [Na2Si4O9–Na2(NaAl)4O9] system by Mysen (2007) also found that the Q3-176 

abundance passes through a maximum in the 7 – 10 wt % H2O with Al/(Al+Si) = 0.25 (Figure 177 

1f). 178 

 179 

Oxygen Speciation and Polymerization. As the only anion in the SiO2–H2O systems and 180 

the NaAlSi3O8–H2O systems, oxygen mainly exists in the form of bridging oxygen (BO, i.e. an 181 

oxygen atom is bonded to more than one network former), nonbridging oxygen (NBO, i.e. an 182 

oxygen atom is only bonded to one network former), free oxygen (an oxygen atom is not bonded 183 

to network former or H, marked as FO), molecular H2O (H2Om), free hydroxyls (OH), and H3O 184 

(an oxygen atom is bonded to three hydrogen atoms). Both the SiO2 melt and NaAlSi3O8 melt 185 

are fully polymerized melts, and the NBO/T (T = Si, Al) of the SiO2–H2O and NaAlSi3O8–H2O 186 

systems can increase from 0 (fully polymerized) to 4 (fully depolymerized) as the water content 187 

increases. We analysed in detail the oxygen species in the two systems (Figure 2) at different 188 

temperatures with increasing water content. At 3000 K, in the SiO2–H2O systems, BO decreases 189 

from 99.5% to 3.6% as the water content increases from 0 wt% to 70 wt% (Figure 2a). NBO 190 

initially increases to 51.3% as the water content increases to 40 wt% and then decreases to 32.2% 191 

as the water content increases to 70 wt%. The other oxygen species (FO, OH, H3O and H2Om) 192 

increase to 64.2% as the water content increases to 70 wt%. The distributions of the oxygen 193 

species at 2600 K and 3500 K are basically the same as those at 3000 K in the SiO2–H2O 194 

systems. These features are also found in the NaAlSi3O8–H2O systems (Figure 2c). The initial 195 



 

increase in the ratio of NBO is due to the reaction between water and BO. As more water is 196 

added, not only is more FO produced, but also the NBO ratio is correspondingly reduced. 197 

NBO/T increases almost linearly from 0.01 to 3.27 as water content increases from 0.0 wt% to 198 

70 wt%, in the SiO2–H2O systems (Figure 2b). Similarly, NBO/T increases linearly from 0.09 to 199 

2.95 as water content increases from 0.0 wt% to 60 wt%, in the NaAlSi3O8–H2O systems (Figure 200 

2d). 201 

 202 

Hydrogen Speciation. Hydrogen atoms in the SiO2–H2O systems and the NaAlSi3O8–H2O 203 

systems mainly exist in the form of H2Om and Si–O–H (one H atom is bonded to the nonbridging 204 

oxygen, marked as NBO–H). In the two systems, both H2Om and NBO–H species show linear 205 

changes with increasing water content at all temperatures (Figure 3). The proportion of H2Om 206 

species gradually increases from 6.2% to 59.4% as water content increases from 10 wt% to 70 207 

wt%, in the SiO2–H2O systems at 3000 K. Correspondingly, the proportion of NBO–H species 208 

gradually decreases from 79.7% to 28.8%. In the NaAlSi3O8–H2O systems at 3000 K, the 209 

proportion of H2Om species increases from 6.9% to 51.4% as water content increases from 10 wt% 210 

to 60 wt%, and the proportion of NBO–H species decreases from 66.5% to 34.5%. Interestingly, 211 

in general, both H2Om and NBO–H species have a negative dependence on temperature. This is 212 

due to the presence of a small number of hydrogen species that have a positive dependence on 213 

temperature in the systems (Figures S2 and S3 in Supporting Information), including free protons 214 

(H), OH, bridging –O–H–O– (HO2), H3O, NBO–H2 (two hydrogen atoms are bonded to the 215 

nonbridging oxygen) and BO–H (one H atom is bonded to the bridging oxygen). Some of these 216 

species are very unstable, such as H, OH and HO2, and in most cases they exist for less than 10 217 



 

fs (Figures S4 in Supporting Information). Since the time step used for the calculation is 0.5 fs, 218 

they can be identified during the transfer of H. 219 

 220 

Transport Properties 221 

Diffusivities. The calculated self-diffusivities for all elements in the SiO2–H2O systems and 222 

the NaAlSi3O8–H2O systems at different temperatures are shown in Figure 4 and Figure 5, 223 

respectively (the corresponding MSD can be found in Figures S5 and S6 in Supporting 224 

Information). In the SiO2–H2O systems at 2600 K, DSi increases by two orders of magnitude as 225 

the water content increases from 10 wt% to 50 wt%. DO and DH increase by more than one order 226 

of magnitude. As the temperature increases to 3500 K, the increases in DSi, DO and DH decrease 227 

with water content. This indicates that a higher temperature can weaken the enhancing effect of 228 

water on diffusivities of ions. In addition, the rate of increase in the diffusivities gradually 229 

decreases with increasing water content. The diffusivity sequence for the SiO2–H2O systems is 230 

DH > DO > DSi. At 2600 K and 10 wt% H2O, DH is 33 times and 9 times higher than DSi and DO, 231 

respectively. At 3500 K and 10 wt% H2O, DH is 9 times and 5 times larger than DSi and DO, 232 

respectively. This shows that a higher temperature reduces the gap between DH and DSi or DO. 233 

These phenomena are also observed in the NaAlSi3O8–H2O systems. At 2000 K, DNa, DO and DH 234 

increase by 3.4, 49.3 and 11.3 times, respectively, as the water content increases from 10 wt% to 235 

50 wt%. At the same temperature, as the water content increases from 20 wt% to 50 wt%, DAl 236 

and DSi increase by 3.7 and 23.0 times, respectively. When the temperature rises to 3000 K, the 237 

increase in the diffusivities for all ions decreases with water content. 238 

 239 



 

Viscosities. The calculated viscosities for the SiO2–H2O and NaAlSi3O8–H2O systems are 240 

shown in Figure 6. Our results are consistent with the FPMD results of hydrous (with 8.25 wt% 241 

H2O) SiO2 liquid obtained by Karki and Stixrude (2010) and the FPMD results for the 242 

NaAlSi3O8 melt from Bajgain and Mookherjee (2020). We compared the viscosity of the 243 

NaAlSi3O8–H2O systems with an experimental model derived from the fitting of experimental 244 

data at 873 ~ 1473 K (Audétat and Keppler, 2004). We found that the model of Audétat and 245 

Keppler (2004) can basically reproduce our viscosities at temperatures of up to 2500 K (Fig. 6b). 246 

And with increasing water content, characteristics of viscosity change obtained by Audétat and 247 

Keppler (2004) at 1073.15 K is in good agreement with our results (Figures S7 in Supporting 248 

Information). In the SiO2–H2O systems, the viscosity decreases by nearly 2 orders of magnitude 249 

as the water content increases from 10 wt% to 30 wt% at 2600 K (Figure 6a). At the same 250 

temperature, as the water content increases from 30 wt% to 50 wt%, the viscosity only decreases 251 

by a factor of 2. At 3000 K, the viscosity decreases exponentially in the first 40 wt% H2O, and 252 

thereafter the change is roughly linear. A higher temperature weakens this sharp change in 253 

viscosity. At 3500 K, the viscosity basically decreases exponentially in the first 40 wt% H2O, but 254 

the magnitude of the decrease is lower than that at lower temperatures. At a water content > 30 255 

wt%, the viscosities of the SiO2–H2O systems at the three temperatures are very similar (inset of 256 

Figure 6a). When the water content exceeds 30 wt%, the viscosity approaches 0.0002 ~ 0.0008 257 

Pa⋅s, that is even lower than the viscosity of liquid water (0.00089 Pa⋅s) under ambient pressure 258 

and temperature (Harris and Woolf, 2004). These changes in viscosity also occur in the 259 

NaAlSi3O8–H2O systems. For example, at 3000 K, the viscosity decreases by a factor of 27 as 260 

the water content increases from 0 wt% to 30 wt%, while it only decreases by a factor of 3 from 261 

30 wt% to 60 wt%. Similar to the SiO2–H2O system, the viscosities of the NaAlSi3O8–H2O 262 



 

systems at the three temperatures are very similar for water contents > 40 wt% (inset of Figure 263 

6b). 264 

 265 

DISCUSSION 266 

Structures of Supercritical Fluids 267 

A typical feature of supercritical fluids is that they are not only richer in silicates than 268 

aqueous fluids, but also maintain a low viscosity. This is mainly due to the structures of 269 

supercritical fluids. According to previous studies on the phase diagrams of the SiO2–H2O and 270 

NaAlSi3O8–H2O systems (Hunt and Manning, 2012; Kennedy et al., 1962; Makhluf et al., 2020; 271 

Newton and Manning, 2008), the SiO2–H2O and NaAlSi3O8–H2O systems with a water content 272 

of more than 30 wt% and 20 wt%, respectively, in this study can be regarded as supercritical 273 

fluids. In the supercritical SiO2–H2O and NaAlSi3O8–H2O fluids, the proportion of Qn species 274 

depends on the water content. When the water content is relatively low (< 50 wt%), some Q4 still 275 

exists in the supercritical fluids. As the water content continues to increase, Q4 decreases until it 276 

disappears completely. Corresponding to it is the continuous increase of Q0 (Figure 1). This is 277 

because the increase in water content promotes the depolymerization of silicate, causing a 278 

transition from higher Qn species to lower Qn species. Steele-MacInnis and Schmidt (2014) used 279 

Raman spectroscopy to study the silicate speciation in H2O‒Na2O‒SiO2 fluids up to 873 K and 2 280 

GPa. They found that as the SiO2 concentration increases to 40 mol%, the proportion of Q0 281 

species decreases, and the proportions of Q1 and Q2 increase and then decrease. In their study, 282 

the maximum values for the proportions of Q1 and Q2 occur in the range of 7–15 mol% SiO2 and 283 

20–30 mol% SiO2, respectively (Figure S10 in Supporting Information). This is consistent with 284 

the results of our calculation. We speculate that the maximum values for the proportions of Q1, 285 



 

Q2, and Q3 occur in the range of 60–70 wt% H2O, 30–40 wt% H2O and 10–20 wt% H2O, 286 

respectively. Experimental studies on quenched (from 1673.15 K at 1.5 GPa) hydrous Na-287 

aluminosilicate melts also found that the Q3-abundance passes through a maximum in the 7 – 10 288 

wt % H2O with Al/(Al + Si) = 0.05 – 0.25 (Figure 1f), and the position of the maximum value 289 

has a positive correlation with Al/(Al + Si) (Mysen, 2007). In addition, we find that the effect of 290 

temperature on the NBO/T and average n of Qn for supercritical fluids is weak (Figure 2 and 291 

Figure S11 in Supporting Information). Hydrogen atoms mainly exist in the form of molecular 292 

water and NBO–H, and both of them have a negative dependence on temperature (Figure 3). The 293 

addition of water not only depolymerizes the SiO2 and NaAlSi3O8 melts, but also converts BO 294 

into NBO–H. Yuan et al. (2020) studied the effect of water on the depolymerized Mg2SiO4 melt 295 

and found that with the increase of water content, the ratio of NBO–H increased linearly though 296 

NBO/T did not change much. Based on the results of this study and previous results (Mibe et al., 297 

2008; Steele-MacInnis and Schmidt, 2014; Yuan et al., 2020), we believe that the presence of a 298 

large number of partially polymerized silicate units bonded to hydrogen is an important 299 

structural feature of supercritical fluids formed from the polymerized silicate melts (Figure 7). It 300 

can be speculated that the structural feature of supercritical fluids formed from depolymerized 301 

silicate melts is that they contain a large number of depolymerized silicate units bonded to 302 

hydrogen. Water will also bring about different changes in the viscosity of polymerized and 303 

depolymerized silicate melts, which we will discuss below. 304 

 305 

Self-diffusion of Hydrogen in Supercritical Fluids 306 

In supercritical fluids, the transfer mechanism of H is different under different water content. 307 

When the water content is relatively low (< 40 wt%), the transfer of H occurs mainly through the 308 



 

exchange of H between NBO and NBO–H: NBO–H ... NBO → NBO ... NBO–H. This is the 309 

same as the transfer mechanism of H in hydrous silicate melt (Karki and Stixrude, 2010). When 310 

the water content is relatively high (> 60 wt%), the main transfer mechanism of H occurs not 311 

only between NBO and NBO–H, but also between NBO and H2Om and between different H2Om. 312 

In this case, a typical transfer of H is carried out like this: NBO–H … H2Om … H2Om … NBO–H 313 

→ NBO … H3O … H2Om … NBO–H → NBO … H2Om … H3O … NBO–H → NBO … 314 

H2Om … H2Om … NBO–H2. The free protons, free hydroxyls, H3O, NBO–H2, and BO–H can all 315 

play a role in the transfer of H, so we can also observe a small number of these hydrogen species 316 

in the supercritical fluids (Figures S2 and S3 in Supporting Information). The diffusivity 317 

sequence for the supercritical SiO2–H2O fluids is DH > DO > DSi, and for the supercritical 318 

NaAlSi3O8–H2O fluids, on the whole, is DNa ≈ DH > DO > DAl ≈ DSi. Previous studies have found 319 

that in the hydrous (4.2 wt% H2O) NaAlSi2O6 melt under low pressure (< 5 GPa), DH < DNa 320 

(Bajgain et al., 2019). This is consistent with our results. When the water content is low (e.g., < 321 

20 wt% H2O, depending on composition and P-T conditions), DH < DNa. With the increase of 322 

water content, DH will increase and approach or even exceed DNa. This is because H mainly 323 

exists in the form of H2Om and NBO–H (Figure 3), and the self-diffusivity of NBO–H species is 324 

affected by Si and O. Therefore, as the water content increases, the proportion of NBO–H 325 

species decreases and the proportion of H2Om increases, leading to an increase in DH that 326 

approaches or even exceeds DNa at higher water content. 327 

 328 

Viscosities 329 

The viscosities of the silicate-H2O systems are closely related to their structures. From the 330 

abovementioned results for the structure and transport properties, we can clearly observe the 331 



 

evolution of these properties for the silicate-H2O systems as the water content increases. For the 332 

fully polymerized silicate melts, both silica and albite melts react with water and rapidly 333 

decompose: Si–O–Si + H2O → 2Si–OH. The bridging oxygen in the silicate melt is transformed 334 

into nonbridging oxygen (Figure 2). As the water content increases, the higher Qn species 335 

transition to the lower Qn species during dissolution: Q4 → Q3 → Q2 → Q1 → Q0 (Figure 1). 336 

This process results in a decrease in viscosity and an increase in diffusivity. In the SiO2–H2O 337 

systems, the viscosity decreases drastically in the first 30 wt% H2O at 2600 K, and thereafter, the 338 

change is slow. At 3000 K and 3500 K, a sharp drop in the viscosity occurs roughly in the first 339 

40 wt% H2O. This corresponds to the sharp drop in the proportion of Q4 species in the first 30 ~ 340 

40 wt% H2O. As the water content increases to 30 wt% (2600 K), 40 wt% (3000 K) and 40 wt% 341 

(3500 K), the proportion of Q4 species decreases to 8.0%, 3.2%, and 3.9%, respectively. This has 342 

also been observed in the NaAlSi3O8–H2O systems. The viscosity in the NaAlSi3O8–H2O 343 

systems decreases drastically in the first 40 wt% H2O, and thereafter the change is slow (inset of 344 

Figure 6b). When the water content increases to 40 wt%, the proportion of Q4 species at 2000 K, 345 

2500 K and 3000 K decreases to 8.1%, 4.9% and 5.9%, respectively. At low water content, H2Om 346 

dissolves into the melts to form Si–OH and gradually breaks the network structure of the 347 

polymerized silicate melts until Q4 is almost exhausted. This leads to a sharp drop in the 348 

viscosity. As the water content further increases, the silicate solute continues to depolymerize, 349 

that is, Q3 → Q2 → Q1 → Q0, while the viscosity of the silicate–H2O systems decreases slowly. 350 

Due to the continuous increase in molecular water in the systems, the viscosity tends to get close 351 

to the viscosity of water. The decomposition of the Q4 species means that the three-dimensional 352 

network structure of the polymerized silicate melts is destroyed, creating easy-to-flow partially 353 

polymerized silicate units (Bockris et al., 1955; Steele-MacInnis and Schmidt, 2014). Yuan et al. 354 



 

(2020) found that both the ratio of NBO–H and the self-diffusion coefficient increased linearly as 355 

the water content increased from 0.0 wt% to 26.7 wt%. From the Eyring relation (Eyring, 1982), 356 

it can be speculated that the viscosity will also decrease linearly. This shows that a correlation 357 

exists between NBO–H and self-diffusion coefficient/viscosity, that is linear at least for the water 358 

content < 30 wt%. Why does the viscosity decrease exponentially in the SiO2–H2O and the 359 

NaAlSi3O8–H2O systems? The same phenomenon was observed in the experimental study of the 360 

NaAlSi3O8–H2O systems (Figure 6b) by Audétat and Keppler (2004). Here we can conclude that 361 

the reason is that the water not only generates a large amount of NBO–H, but also converts 362 

higher Qn species to lower Qn species, i.e. breaking the network structure in the polymerized 363 

silicate melts. Therefore, in the SiO2–H2O and NaAlSi3O8–H2O systems, the superposition of 364 

these two effects leads to a sharp decrease in viscosity when Q4 species decreases sharply. 365 

 366 

IMPLICATIONS 367 

The structures and transport properties of supercritical fluids are key to understanding the 368 

role they play in mineralization processes at subduction zones. The speciation and transport 369 

properties of the SiO2–H2O and NaAlSi3O8–H2O systems can reflect the characteristics of the 370 

silicate–H2O system with NBO/T < 1 such as basaltic and picritic melts. Our results show that in 371 

supercritical fluids with high water content (> 60 wt% H2O), network-forming elements mainly 372 

exists in the form of Q0, Q1 and Q2 species. While in the supercritical fluids with low water 373 

content (< 40 wt% H2O), network-forming elements are mainly distributed in the forms of Q1, Q2 374 

and Q3 species (Figure 1). If the supercritical fluids are formed from depolymerized silicate 375 

melts, their structures are dominated by Q0. Such Qn distribution keeps the supercritical fluid rich 376 

in silicate and at the same time makes the fluid have partially polymerized structures and thus 377 



 

low viscosity and high diffusivity. Therefore, supercritical fluids can transport elements that are 378 

hard to migrate in aqueous fluids (such as high field strength elements). The transport of 379 

dissolved species in supercritical fluids is determined by the transport properties and the 380 

solubility of the species involved. Audétat and Keppler (2004) found that the viscosities of 381 

supercritical fluids with different compositions at similar temperature and pressure are very close 382 

when measuring the viscosities of albite–H2O systems, leucite–H2O systems and pectolite–H2O 383 

systems. Our results also show that when the water content exceeds 20 wt%, the viscosities of 384 

the SiO2–H2O systems at 3000 K are very similar to those of the NaAlSi3O8–H2O systems at the 385 

same temperature (Figure S12 in Supporting Information). Although the pressures of the two 386 

systems are not exactly the same, a pressure difference of less than 1 GPa has a weak effect on 387 

the viscosity under high temperature conditions (Bajgain and Mookherjee, 2020; Karki et al., 388 

2011). Therefore, the viscosity of supercritical fluids with different compositions at the same 389 

temperature and pressure may be similar. If this is the case, the element transport ability of 390 

supercritical fluids in the Earth's interior may depend more on the solubility of that element. This 391 

problem still needs more research (especially supercritical fluids with different compositions) to 392 

confirm. 393 

The next question to be solved is how do supercritical fluids transport elements that are hard 394 

to migrate in aqueous fluids? Our research indicate that the supercritical fluids have such 395 

potential, but the complexations of these elements in the supercritical fluids remain unclear. The 396 

self-diffusion coefficients of elements in the SiO2–H2O and the NaAlSi3O8–H2O systems are 397 

given in this work. Combining these data with future self-diffusion data at low temperatures 398 

obtained through experiments or simulations, a diffusion model for supercritical fluids can be 399 



 

established. According to this model, we can infer the migration rate of supercritical fluid to 400 

various elements under different conditions. 401 
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 579 

FIGURE CAPTIONS 580 

Figure 1. Fraction of Qn species in the SiO2–H2O systems and the NaAlSi3O8–H2O systems at 581 

different temperatures as a function of water content. The green curves represent the average n 582 

for Qn species, and the values correspond to the right y-axis in green. The filled triangles in (b) 583 

are the calculated Q0, Q1, Q2, Q3 and Q4 species (legend in the same color) in the SiO2–H2O 584 

system with 23.1 wt% H2O at 3000 K (Spiekermann et al., 2016), and the average n for Qn is 585 

shown by green filled diamond. The dashed curves in (f) represent the experimental Q1, Q2, Q3 586 

and Q4 species in the hydrous [Na2Si4O9–Na2(NaAl)4O9] system with Al/(Al+Si) = 0.25 (Mysen, 587 

2007). The filled triangles in (f) are the FPMD results of anhydrous (2.28 GPa) and hydrous (4.2 588 

wt% H2O, 2.03 GPa) NaAlSi2O6 melt at 3000 K (Bajgain et al., 2019). 589 

 590 

Figure 2. Oxygen speciation and (oxygen species)/T with increasing water content. (a) Oxygen 591 

speciation in the SiO2–H2O systems at 2600 K (blue symbols), 3000 K (red symbols) and 3500 K 592 

(green symbols). The squares, diamonds and circles represent bridging oxygen (BO), 593 

nonbridging oxygen (NBO) and other oxygen species (FO, OH, H3O, and H2Om), respectively. 594 



 

(b) NBO/T in the SiO2–H2O systems. (c) Oxygen speciation in the NaAlSi3O8–H2O systems at 595 

2000 K (yellow symbols), 2500 K (blue symbols) and 3000 K (red symbols). (d) NBO/T in the 596 

NaAlSi3O8–H2O systems. The curves in (a) and (c) show the connecting lines for the 3000 K 597 

data in the corresponding systems. The lines in (b) and (d) show linear fits to the data at all 598 

temperatures. The open symbols in (a) and (b) are the FPMD results of the SiO2–H2O system 599 

with 23.1 wt% H2O at 3000 K (Spiekermann et al., 2016). The larger open symbols in (c) and (d) 600 

are the FPMD results of the NaAlSi3O8 melt from Bajgain and Mookherjee (2020) at 2500 K 601 

(2.78 GPa) and 3000 K (3.31 GPa). The smaller open symbols in (c) and (d) are the FPMD 602 

results of anhydrous and hydrous (4.2 wt% H2O) NaAlSi2O6 melt at 2500 K (3.21 GPa, 2.72 GPa) 603 

and 3000 K (2.28 GPa, 2.03 GPa) obtained by Bajgain et al. (2019). 604 

 605 

Figure 3. Speciation of hydrogen in the (a) SiO2–H2O and (b) NaAlSi3O8–H2O systems. The 606 

abundance of H2Om species = the number of H2Om species divided by the total number of all 607 

types of hydrogen species. 608 

 609 

Figure 4. Water content and temperature dependence of the self-diffusion coefficients for Si, O 610 

and H in the SiO2–H2O systems. The FPMD results for hydrous (with 8.25 wt% H2O) SiO2 611 

liquid (Karki and Stixrude, 2010) at 2500 K (~ 0 GPa), 3000 K (~ 4.08 GPa) and 3500 K (~ 0.61 612 

GPa) are included for comparison. 613 

 614 

Figure 5. Water content, and temperature dependence of the self-diffusion coefficients (D) for 615 

Na, Al, Si, O and H in the NaAlSi3O8–H2O systems. The FPMD results of the NaAlSi3O8 melt 616 



 

from Bajgain and Mookherjee (2020) at 2500 K (2.78 GPa) and 3000 K (3.31 GPa) and that 617 

from Kobsch and Caracas (2020) at 3000 K (~ 4.8 GPa) are included for comparison. 618 

 619 

Figure 6. Viscosities of the SiO2–H2O and NaAlSi3O8–H2O systems. The error bars indicate the 620 

mean absolute error. (a) The viscosities of the SiO2–H2O systems as a function of water content. 621 

The calculated viscosities (η) of the SiO2–H2O systems in this study at 2600 K (blue filled 622 

squares), 3000 K (red filled squares) and 3500 K (green filled squares) are shown. The FPMD 623 

results for hydrous (with 8.25 wt% H2O) SiO2 liquid (Karki and Stixrude, 2010) at 3000 K (~ 624 

4.08 GPa) and 3500 K (~ 0.61 GPa) are included for comparison. (b) The viscosities of the 625 

NaAlSi3O8–H2O systems as a function of water content. The calculated viscosities of the 626 

NaAlSi3O8–H2O systems in this study at 2000 K (yellow filled circles), 2500 K (blue filled 627 

circles) and 3000 K (red filled circles) are shown. The FPMD results for the NaAlSi3O8 melt 628 

(Bajgain and Mookherjee, 2020) at 2500 K (2.78 GPa) and 3000 K (3.31 GPa) are included for 629 

comparison. The black dashed line and the blue dashed line show the results obtained from the 630 

experimental model of Audétat and Keppler (2004) at 2000 K and 2500 K, respectively. The 631 

insets show our viscosity data plotted with a linear y-axis. The corresponding stress ACF can be 632 

found in Figures S8 and S9 in Supporting Information. 633 

 634 

Figure 7. Snapshot of the SiO2–H2O (left, 2600 K) and NaAlSi3O8–H2O (right, 2000 K) systems 635 

with 50 wt% H2O displayed by the 3D visualization program VESTA (Momma and Izumi, 2011). 636 

In addition to monomers, supercritical fluids contain various partially polymerized silicate units, 637 

including dimers, trimers and more polymerized species such as pentamers. 638 

 639 



 

TABLES 640 

Table 1. The calculated pressures of SiO2–H2O systems. The error bars are calculated using the 641 

method of Flyvbjerg and Petersen (1989). 642 

H2O (wt%) System Number 
of atoms 

Pressure (GPa) 
2600 K 3000 K 3500 K 

0.00 60 SiO2 180 — 3.14 ± 0.13 — 
10.17 45 SiO2 + 17 H2O 186 3.25 ± 0.09 3.47 ± 0.09 3.65 ± 0.06 
19.99 36 SiO2 + 30 H2O 198 3.49 ± 0.07 3.62 ± 0.08 4.07 ± 0.06 
30.22 27 SiO2 + 39 H2O 198 3.25 ± 0.05 3.55 ± 0.05 4.03 ± 0.05 
40.16 21 SiO2 + 47 H2O 204 3.24 ± 0.05 3.57 ± 0.06 4.02 ± 0.04 
49.99 15 SiO2 + 50 H2O 195 3.24 ± 0.04 3.64 ± 0.05 4.12 ± 0.04 
59.17 12 SiO2 + 58 H2O 210 — 3.57 ± 0.04 — 
70.94 7 SiO2 + 57 H2O 192 — 3.66 ± 0.04 — 

 643 

Table 2. The calculated pressures for the NaAlSi3O8–H2O systems. 644 

H2O 
(wt%) System Number 

of atoms 
Pressure (GPa) 

2000 K 2500 K 3000 K 
0.00 16 NaAlSi3O8 208 — — 3.03 ± 0.09 
10.27 12 NaAlSi3O8 + 20 H2O 216 1.92 ± 0.07 2.57 ± 0.09 3.06 ± 0.07 
20.49 8 NaAlSi3O8 + 30 H2O 194 2.09 ± 0.07 2.50 ± 0.07 3.01 ± 0.05 
30.04 8 NaAlSi3O8 + 50 H2O 254 1.94 ± 0.06 2.47 ± 0.06 3.03 ± 0.05 
40.72 4 NaAlSi3O8 + 40 H2O 172 2.03 ± 0.06 2.52 ± 0.05 3.07 ± 0.05 
50.75 4 NaAlSi3O8 + 60 H2O 232 1.88 ± 0.04 2.41 ± 0.04 2.92 ± 0.04 
60.18 4 NaAlSi3O8 + 88 H2O 316 — — 2.86 ± 0.04 
 645 
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