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Abstract Supercritical fluids play a crucial role in material
transport within Earth’s deep interior. Investigating the pres-
sure-dependent atomic structures and transport properties
of such fluids is essential for understanding their petrologi-
cal, chemical, and geophysical behaviors. In this study, we
employed first-principles molecular dynamics simulations
to explore the structures, self-diffusion coefficients (D), and
viscosities (#7) of supercritical NaAISi;O4—H,O fluids under
conditions of 2000 K and 3—-10 GPa, with water contents
of 30 wt% and 50 wt%. Our calculations indicate that at a
water content of 30 wt%, Q? and Q> exhibit a certain degree
of positive and negative pressure dependence, respectively,
while other Q" species (n represents the number of bridging
oxygens connected to Si/Al) show minimal changes. At a
water content of 50 wt%, Q? and Q° exhibit a certain degree
of positive and negative pressure dependence, respectively,
while other Q" species show minimal changes. At both water
contents, Si—O—H and molecular water in the system exhibit
negative pressure dependence, suggesting that the migra-
tion of supercritical fluids from deep to shallow regions is
accompanied by the release of water. The self-diffusion coef-
ficients in the supercritical NaAlSi;Og—H,0 fluid follow the
order Dy, ® Dy > Do > Dy, = Dyg;, with an overall weak
negative pressure dependence. By comparing the viscosities
of anhydrous and hydrous silicate melts from previous stud-
ies, we found that the addition of water caused a transition
from negative to positive pressure dependence of viscosity,
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corresponding to a structural change from polymeriza-
tion to depolymerization. Additionally, we calculated the
fluid mobility Ap/n of supercritical NaAlSi;Og—H,0O fluids
and found that their mobility is several orders of magni-
tude higher than that of basalt melt and is also significantly
greater than that of carbonate melt. As supercritical fluids
ascend from deeper to shallower regions, their mobility is
further enhanced, significantly contributing to the transport
of elements from subducting slabs to the overlying mantle
wedge.

Keywords Supercritical fluids - NaAlISi;Og—H,O - First-
principles - Speciation - Transport properties

1 Introduction

Silicate melts and aqueous fluids are critical carriers for the
transport of material and energy in Earth’s interior. They
play key roles in crust-mantle cycling, magma formation,
element migration, and mineralization processes (Manning
2004). Under high temperature and pressure conditions,
silicate melts and aqueous fluids exhibit enhanced mutual
solubility. This reduces miscibility gaps and can lead to
complete miscibility (Makhluf et al. 2020; Shen and Kep-
pler 1997; Tutolo et al. 2015; Zheng et al. 2016), forming a
single-phase supercritical geological fluid, hereafter referred
to as "supercritical fluid" (Ni et al. 2017). Supercritical flu-
ids exhibit unique physical and chemical properties, includ-
ing enhanced solubility for elements (Kessel et al. 2005;
Zheng et al. 2011), fluid-like viscosity, melt-like wetting
properties, and exceptional element transport capacity (Ni
et al. 2017, 2025). These properties make supercritical fluids
extraordinarily effective in transporting sulfur, carbon, and
other volatiles, as well as high field-strength elements, from
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subducting slabs to the mantle wedge (Ni et al. 2017; Wang
et al. 2025). Thus, they serve as essential carriers in deep
subduction zones and magmatic-hydrothermal systems. The
formation and evolution of supercritical fluids are therefore
vital to Earth’s deep material cycling, particularly in subduc-
tion-related magmatism and mineralization processes (Jin
et al. 2023; Manning and Frezzotti 2020; Ni 2020).
Previous studies have determined the second criti-
cal endpoints for some supercritical fluids, such as
NaAlSi;O4—H,0 (Makhluf et al. 2020; Shen and Keppler
1997; Stalder et al. 2000), SiO,—H,O (Hunt and Manning
2012; Kennedy et al. 1962), KAISi;04—-H,O (Mibe et al.
2008), basalt-H,0O (Mibe et al. 2011) and peridotite—-H,O
systems (Kessel et al. 2015; Mibe et al. 2007). Supercriti-
cal fluids can form when silicate-H,O systems are above
the second critical endpoint. Therefore, these previous
studies have laid an important foundation for understand-
ing the properties of supercritical geofluids. However,
research on the physicochemical properties of supercriti-
cal fluids remains insufficient. The NaAlISi;O4—H,0O sys-
tem is often used as a typical pseudo-binary simple model
to understand the fundamental properties of supercritical
fluids in subduction zones. Shen and Keppler (1997) used
hydrothermal diamond-anvil cell experiments to study
the NaAlSi;Oq4—H,O system, directly observing for the
first time the process of phase boundary disappearance.
Makhluf et al. (2020) used a piston-cylinder apparatus to
measure the second critical endpoint (SCEP) of this sys-
tem as 932 K and 1.63 GPa, respectively. Audétat and
Keppler (2004) measured the viscosity of NaAlSi;Og—H,0
systems (873—-1223 K, 1-2 GPa) using the falling sphere
method and found that viscosity decreases exponen-
tially with water content up to 20 wt% H,O. However,
as the water content continues to increase, the viscosity
of NaAlSi;O4—H,O system almost linearly decreases to
that of pure water. Sun et al. (2023) explained the rela-
tionship between viscosity and microstructures from an
atomic perspective, finding that the proportion of high Q"
species rapidly decreases when water is added to silicate
melts, replaced by more depolymerized or partially polym-
erized protonated silicate units, which is the reason for
the low viscosity. Fluid inclusions in pegmatites, highly
enriched in elements such as Be, B, Cl, P, As, Cs, and
certain ore-forming elements (e.g., Sn, Ta), provide indi-
rect evidence of supercritical fluid activity (Thomas and
Davidson 2016; Thomas and Rericha 2025; Thomas et al.
2012). Recently, Jin et al. (2023) analyzed multiphase fluid
inclusions in ultrahigh-pressure metamorphic veins in
subduction zones, discovering that the fluids preserved in
these inclusions exhibit supercritical properties and com-
positional characteristics. In the subduction zones, silicate
composition, water content, temperature, and pressure are
considered the main factors influencing the structure and
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transport properties of supercritical NaAlSi;O4—H,O flu-
ids. Based on SiO, solubility data, Newton and Manning
(2002) and Hunt and Manning (2012) conducted thermo-
dynamic modeling, showing that under the SCEP condi-
tion (1 GPa, 1353 K), polymerization in SiO,—H,O fluids
increases with SiO, concentration. Previous studies have
also highlighted the significant impact of water content
on the viscosity of supercritical fluids and preliminarily
explored temperature effects (Audétat and Keppler 2004;
Sun et al. 2023). However, the pressure dependence of
structures and transport properties remains poorly under-
stood. The mobility of supercritical fluids is controlled by
their viscosity and density (McKenzie 1989). The migra-
tion process of supercritical fluids from deep to shallow
regions is accompanied by a decrease in pressure. This
pressure reduction may affect the viscosity and density
of supercritical fluids. Therefore, investigating the pres-
sure effect is of significant importance for understanding
the migration of supercritical fluids. Furthermore, previ-
ous research has elucidated the effects of water and tem-
perature on the transport properties and structures of the
supercritical NaAlSi;Og—H,O system (Sun et al. 2023).
Investigating the influence of pressure will provide a more
comprehensive understanding of this typical model system
and better constrain the factors controlling its transport
behavior. This contributes to the evaluation of element
migration from subducting slabs to the mantle wedge.

The water content of typical supercritical geofluids
ranges from 20 wt% to 80 wt% (Ni et al. 2025). Therefore,
to ensure that our research subject is in a supercritical geo-
fluid state, and to understand the pressure effects under dif-
ferent water contents, we selected systems with water con-
tents of 30 wt% and 50 wt% as our research objects. This
study uses first-principles molecular dynamics (FPMD)
to investigate the structures, species, self-diffusion coef-
ficients, and viscosity of supercritical NaAISi;04—H,0
systems with 30 wt% H,O and 50 wt% H,O at 2000 K.
We obtained the variation trends of these properties under
different pressures and discussed the changes in the coor-
dination of network-forming ions (Si/Al) and the rela-
tionship between viscosity and polymerization driven by
pressure. The research reveals the pressure dependence
of the structures and transport properties of supercritical
fluids and explores the impact of pressure on the behavior
of supercritical fluids in subduction zones. The tempera-
ture employed in this study are higher than those found in
actual subduction zones. This is due to the significant chal-
lenges (convergence difficulties) associated with obtaining
the transport properties of the system using first-principles
methods at lower temperatures. Nevertheless, this study
provides qualitative insights, and the qualitative under-
standing of pressure effects obtained herein remains appli-
cable at lower temperatures.
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2 Computational methods

First principles molecular dynamics (FPMD) simulations
of NaAlSi;O4—H,0 systems were performed in the DFT
code VASP (Kresse and Hafner 1993, 1994; Kresse and
Furthmiiller 1996a, b). The Perdew-Burke-Ernzerhof (PBE)
functional (Perdew et al. 1996) was used with Grimme—D3
dispersion correction (Grimme et al. 2010). A plane wave
cut-off of 520 eV and gamma point Brillouin zone sam-
pling were used. The convergence of k-point mesh and cutoff
energy were tested and found to converge the total energy to
within 1 meV/atom and 2 meV/atom, respectively. Our sim-
ulations were performed in the NVT ensemble with a time
step of 0.5 fs. To understand the effect of pressure on super-
critical fluids at different water contents, we conducted stud-
ies on systems with 30 wt% (254 atoms) and 50 wt% (232
atoms) water content in the pressure range of 3 GPa to~10
GPa. These two water contents represent relatively low and
high water contents in the supercritical NaAlISi;Og—H,O flu-
ids, respectively. The initial equilibrium structures at 2000 K
are from a previous study (Sun et al. 2023). For each model,
we first calculated the pressure of the models under different
volumes to obtain the pressure—volume curves. Then, the
volume corresponding to approximately 3—10 GPa (Table 1)
was obtained and simulated for at least 60 ps. The tempera-
ture and pressure ranges calculated in our study are all above
the critical curve of supercritical NaAlSi;Og—H,O fluids
(Supplementary Fig. S1).

To validate the size effect of this system, we employed
classical molecular dynamics simulation. We constructed
two systems of different sizes with the same density and a
water content of 50 wt%. The large system contains 1856
atoms, and the small system contains 232 atoms, where the
small system model is exactly the same as the model used
in the first-principles method in this study. The details of the
simulation can be found in the supplementary material (Text
S1). The results of the classical molecular dynamics simula-
tion show that the results for H, O, and Q" species are very

Table 1 Calculated pressure of the NaAlSi;Og-H,O system at
2000 K

H,0 (wt%) Number of Density (g Pressure (GPa)
atoms cm™)
30.04 254 1.91 3.53+0.07
30.04 254 2.05 4.97+0.07
30.04 254 2.20 7.08+0.07
30.04 254 2.38 10.22+0.08
50.75 232 1.67 4.52+0.05
50.75 232 1.79 6.08 +0.06
50.75 232 1.93 8.16+0.06
50.75 232 2.03 10.20+0.06

close between the 232-atom model and the 1856-atom model
(Supplementary Fig. S10). This indicates that the system
size used in this study can already obtain reasonable results.

Self-diffusion coefficients were calculated using the
Einstein relation (Allen et al. 1989). Shear viscosity was
derived from the stress autocorrelation function (ACF) via
the Green—Kubo relation (Allen et al. 1989). Three off-
diagonal components of the stress tensor were employed
to compute the shear viscosity. Pairwise radial distribution
functions (RDFs) were used to analyze structural properties
(Supplementary Fig. S2).

3 Results
3.1 Q" species

In the silicate-water system, we use Q" to describe the net-
work structure of silicate fluids, where n represents the num-
ber of bridging oxygens (BO) connected to Si/Al. Pressure
can break bridging oxygen (BO) bonds (Si/Al-O-Si/Al),
leading to changes in the distribution of Q" species (Wang
et al. 2014). For example, in hydrous NaAlSi,Og4 (~4 Wt%
H,0) melts, the coordination number of Si/Al can increase
to 5 or even 6 under high pressure (Bajgain et al. 2019). In
such cases, the proportion of Q* species decreases, while Q°
and Q° species increase. However, the pressure dependence
of Q" species in supercritical NaAlSi;O4—H,O fluids is not
obvious. As shown in Fig. 1, we calculated the Q" species
of supercritical NaAlSi;04—H,O systems with 30 wt% and
50 wt% H,O at different pressures at 2000 K. The results
indicate that in the 30 wt% H,O system, the proportions of
Q%and Q° species are the highest, while those of Q%and Q°
species are the lowest. With increasing pressure, the pro-
portion of Q? species gradually increases, while that of Q*
species generally decreases. We infer that Q* species convert
to Q? species with increasing pressure (mainly in the range
of 3.53 to 7.08 GPa). The proportions of Q! and Q* species
show a slight decreasing trend with increasing pressure. The
proportion of Q° species shows minimal variation with pres-
sure, remaining relatively stable across the studied pressure
range. The proportion of Q° species slightly increases with
pressure. Additionally, the trend in the average n of Q" is
not significantly affected by pressure. In the 50 wt% H,O
system, the proportions of Q! and Q? species are the high-
est, while those of Q* and Q’ species are the lowest. Under
pressure, the proportion of Q? species increases slowly (from
an initial 32% to a maximum of 41% at 10.20 GPa). The pro-
portion of Q" species shows a continuous decreasing trend
(from an initial 17% to a minimum of 5% at 10.20 GPa).
The proportions of Q!, Q?, Q*, and Q’ species show slight
changes with increasing pressure. Compared with the 30
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Fig. 1 Relationship between Q" species and pressure in supercritical NaAlSi;04—H,O systems with a 30 wt% H,O and b 50 wt% H,O. The
black dashed lines represent the average value of n in Q", corresponding to the right y-axis. Data for 30 wt% H,O at 1.94 GPa and 50 wt% H,O
at 1.88 GPa are from Sun et al. (2023). The solid lines represent linear fits to the data, serving to facilitate an overall understanding of the data

trends

wt% H,O system, the average value of Q" in the 50 wt% H,O
system shows a continuous increasing trend with pressure.

The occurrence of Q is correlated with changes in the
coordination number within the system. With increas-
ing pressure, both 4-coordinated Si and Al decrease, cor-
responding to an increase in 5-coordinated Si and 5- and
6-coordinated Al (Supplementary Fig. S6a and b). The aver-
age coordination number of Si shows little variation within
the considered pressure range, while the average coordina-
tion number of Al exhibits a slight increase (Supplementary
Fig. S6d and f).

In summary, increasing pressure results in an increase in
the proportion of Q? species in both systems, accompanied
by a decrease in Q? species in the 30 wt% H,O system and
a decrease in Q" species in the 50 wt% H,O system. Addi-
tionally, increasing the water content from 30 wt% to 50
wt% causes depolymerization of the fluid structure, with the
effect of water being greater than that of pressure.

3.2 H and O species and polymerization degree

In the supercritical NaAlSi;Og—H,O system, hydrogen
mainly exists in the forms of H,O and Si/Al-O-H (with
one hydrogen atom bonded to a non-bridging oxygen,
labeled as NBO-H) (Fig. 2a). Oxygen primarily exists
as bridging oxygen (BO, an oxygen atom connected to
multiple network formers), non-bridging oxygen (NBO,
an oxygen atom connected to only one network former),
free oxygen (FO, oxygen in a free state), molecular water
(H,0,,), free hydroxyl (OH), and H;0 (an oxygen atom
connected to three hydrogen atoms). Overall, the propor-
tions of H,O and NBO-H in both systems decrease with
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increasing pressure. Correspondingly, the proportions of
BO-H (one hydrogen atom bonded to a bridging oxygen)
and NBO-H, (two hydrogen atoms bonded to a non-bridg-
ing oxygen) increase (Fig. S8). Additionally, we conducted
a detailed analysis of the oxygen species in both systems.
The differences in oxygen species distribution between the
two systems are mainly due to the reaction of water with
BO (Sun et al. 2023). Increasing water content disrupts
the aluminosilicate network and drives depolymerization
(Mysen 2014). In the 30 wt% H,O system, NBO content
is the highest (36%—45%), followed by BO (34%-39%),
with the lowest content found in other oxygen species
(FO, OH, H;0, and H,0,,). With increasing pressure, the
proportion of other oxygen species decreases (Fig. 2d),
reaching a minimum of 18% at 10.22 GPa. The propor-
tion of BO remains relatively stable, showing a weak
dependence on pressure (Fig. 2b), while the proportion
of NBO shows a slight increase with increasing pressure
(Fig. 2c). The NBO/T (T =Si, Al) value in the 30 wt%
H,0 system shows a slight increasing trend with pressure
(Fig. 2e). In the 50 wt% H,O system, the other oxygen
species have the highest content (41%-44%), followed
closely by NBO (40%—42%), with BO having the lowest
content (13%—16%). With increasing pressure, the con-
tents of NBO, BO, and other oxygen species show minimal
changes. The NBO/T value in the 50 wt% H,O system is
less affected by pressure, remaining around 2.4. In sum-
mary, compared to the 30 wt% H,O system, the H (mainly
H,0 and NBO-H) and O species in the 50 wt% H,O sys-
tem are less sensitive to pressure. The increasing water
content may weaken the pressure effect on the proportions
of H and O species.
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Fig. 2 Pressure dependent behavior of a hydrogen species, b—d oxygen species and e NBO/T in the NaAlSi;O4—H,O systems at 30 wt% and 50
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3.3 Self-diffusion

The self-diffusion coefficients of various elements in
NaAlSi;O4—H,O0 systems with water contents of 30 wt%
and 50 wt% at 2000 K under different pressures are shown
in Fig. 3 (the corresponding mean square displacement can
be found in Supplementary Figs. S3 and S4). The order of
self-diffusion coefficients is Dy, & Dy > Dy > Dy = Dg;,

which is similar to the diffusion sequence of elements in
hydrous NaAlSi,O (4.2 wt% H,0) melt at 2500 K reported
by Bajgain et al. (2019). Within the studied pressure range,
the self-diffusion coefficients of Na, O, and H decrease with
increasing pressure, and the Dy, and Dy are significantly
higher than those of network-forming ions (Si/Al), particu-
larly around 2 GPa. In the 30 wt% H,O system, Dy, is about
15 times that of Dg; or D,;, and Dy is about 10 times that of
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Fig. 3 a—e Comparison of self-diffusion coefficients at 2000 K in supercritical NaAlSi;Og—H,O systems with 30 wt% H,O and 50 wt% H,O
with FPMD results at 2500 K for NaAlSi;Og melt (Bajgain and Mookherjee 2020) and hydrous (5 wt% H,0) NaAlSi;Og4 melt (Ashley et al.
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Dyg; or Dy;. In the 50 wt% H,O system, Dy, is about 6 times
that of Dg; or D, and Dy is about 5 times that of Dg; or D.
This difference is mainly because Na atom, with its larger
atomic radius and lower field strength compared to Si or
Al, have diffusion rates primarily dependent on valence and
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radius size, exhibiting lower activation energies and nega-
tive pressure dependence (referred to as intrinsic diffusivity)
(Dingwell 2006). Additionally, the weak bonding of Na with
O ions allows Na to easily dissociate and move. Thus, Na
can traverse the fluid structure more freely, diffusing rapidly
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at lower pressure. However, as pressure increases and free
space progressively collapses, the self-diffusion rate of Na
decreases. H mainly exists as NBO-H (Si-O-H) and H,0,,
(Fig. 2a), and the presence of a large amount of H,0,, keeps
Dy at a relatively high level. D exhibits a trend similar to
Dy, showing weak negative pressure dependence, as most
H and O diffuse together in the forms of NBO-H and H,O,,,.
As network-forming cations, Si has a lower self-diffusion
rate. In the 30 wt% H,O system, Dg; shows a weak positive
correlation with pressure. In the 50 wt% H,O system, D
si gradually decreases with increasing pressure, consistent
with the trend observed in depolymerized CaMgSi,O4 melts
(Reid et al. 2001). At a constant pressure, D, is slightly
higher than Dg;, and D, generally shows a slight increase
with increasing pressure. The impact of pressure on ion
diffusion usually follows the Arrhenius relationship (Allen
et al. 1989):

E,+PV,
—> (1)

D= Doexp(— RT

where D, is the pre-exponential factor, E, is the activation
energy, V, is the activation volume, R is the ideal gas con-
stant, and T is the temperature. The key to the positive or
negative pressure dependence of the self-diffusion coeffi-
cients of elements lies in the sign change of the activation
volume. In the 30 wt% H,O system, the activation volume
of Dy; is negative, while it is positive in the 50 wt% H,0
system. In both systems, the activation volume of D, is
negative, while those of Dy,, Dy, and Dy are positive. A
negative activation volume indicates that the activated com-
plex for diffusion is more densely packed than the ground
state (Lesher 2010).

In order to determine the impact of water content on self-
diffusion rates, we compared the ionic diffusivity in systems
with 30 wt% H,O and 50 wt% H,O in this study (Table 2).
The results indicate that increasing water content decreases
the activation energy of the NaAlSi;Og—H,O system, con-
sistent with observations for hydrous aluminosilicate melts
reported by Ashley et al. (2024). Consequently, the diffusion
rates of each element in the 50 wt% H,O system are signifi-
cantly higher than those in the 30 wt% H,O system. This
also aligns with the fact that water enhances melt fluidity by
disrupting the melt structure (Mysen 2014; Sun et al. 2023).

3.4 Viscosity

Viscosity (#7) plays a fundamental role in controlling the flow
of silicate melts (Giordano et al. 2008). Early studies on
melt viscosity indicated that at low pressures, the effect of
pressure is most pronounced on highly polymerized melts,
while the impact on depolymerized fluids is minimal or even
negligible (Ardia et al. 2008; Fortier and Giletti 1989; Hui

et al. 2009; Kushiro 1978). Our FPMD results show that
the viscosity of the supercritical NaAlSi;Og—H,O fluid with
different water contents exhibits a weak positive pressure
dependence within the studied pressure range. By comparing
the viscosity of the supercritical NaAlSi;O¢g—H,O fluid with
anhydrous NaAlSi;Og melt (Bajgain and Mookherjee 2020;
Mori et al. 2000) and hydrous NaAlSi;Og (5 wt% H,0) melt
(Ashley et al. 2024), we found that the pressure depend-
ence of viscosity in supercritical fluids is different from that
in polymerized silicate melts. At 2500 K, the viscosity of
anhydrous NaAlSi;O4 melts decreased tenfold when the
pressure increased from 1.15 GPa to 11.56 GPa (Fig. 4).
The addition of water causes significant depolymerization
and viscosity reduction in the melts, greatly weakening this
effect. For example, in hydrous NaAlSi;Og melts (5 wt%
H,0) at the same temperature, the viscosity remains gen-
erally unchanged with increasing pressure (Fig. 4). For
NaAlSi;O4-H,O fluids at 2000 K, as the water content
increases to 30 wt% and 50 wt%, the pressure dependence
of viscosity gradually shifts from negative to positive.

4 Discussion

4.1 Pressure dependence of the structure
of the supercritical NaAlSi;Og—H,O fluids

The structure of silicate fluids is closely related to tempera-
ture, pressure, and water content, which significantly influ-
ence their physicochemical properties (Audétat and Keppler
2004; Mysen 2014). In supercritical NaAlSi;04—H,O fluids,
with increasing water content, Q* species gradually decrease
until they disappear completely, corresponding to a continu-
ous increase in Q° species. This occurs because increasing
water content promotes the depolymerization of silicates,
leading to a transition from higher Q" species to lower Q"
species (Sun et al. 2023). Previous studies on silicate fluids
in subduction zones have shown that increasing pressure
increases the solubility of silicates in water, thereby increas-
ing their degree of polymerization (Makhluf et al. 2020;
Manning 2004; Newton and Manning 2008). Bajgain et al.
(2019) studied the pressure dependence of the structure of
anhydrous and hydrous (~4 wt% H,0) NaAlSi,O, melts at
2500 K, finding that within the range of 2—-10 GPa, the melt
structure adapts to compaction by adjusting bond lengths
and coordination numbers, favoring the formation of high
coordination numbers for Si—O and Al-O. To understand
the pressure dependence of the structure of supercritical
NaAlISi;04-H,0 fluid, we calculated the coordination envi-
ronment of different cations. At 2000 K, with increasing
pressure, the coordination numbers of Si/Al (especially Al)
show more high-coordination species at the expense of low-
coordination species, with a decrease in four-coordinated
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Table 2 Pre-exponential factors Species Composition Dy (x 107 m2s71) E, (KJ-mol™") V., (em*mol™!)
(Dy), activation energies (E,),
and activation volumes (V) for Na NaAlSi;Og (30 wt% H,0) 1595 + 94 67+10 1.6+0.4
a‘ﬁf;ﬁft‘%oﬁ;gﬁ;y;éﬁf% NaAISi,O; (50 wi% Hy0) 19194238 6342 11204
H,0 obtained from Arrhenius NaAlSi; O (5 wt% H,0)? 200+ 100 60+ 10 50+3.0
equation fits (Eq. 1) NaAISi;Og° 314+10 72+1 3.2+0.0
NaAlSi,O (~4 wt% H,0)° 356 +66 7245 2.1+0.1
NaAlSi,0° 309 +32 77+3 2.0+0.1
Al NaAlSi; 04 (30 wt% H,0) 308+ 19 86+ 10 - 0.5+0.2
NaAlSi; 0y (50 wt% H,0) 463 +59 8342 -13+03
NaAlSi; O (5 wt% H,0)* 1100+ 500 150+10 —-2.0£3.0
NaAlSi;Og 1686+ 190 190+4 -35+0.1
NaAlSi,O (~4 wt% H,0)° 356+210 129+13 —-22405
NaAlSi,O° 245+ 128 136+ 12 -23+04
Si NaAlSi; 0 (30 wt% H,0) 238+ 14 91+1 - 0.6+0.2
NaAlSi; 0 (50 wt% H,0) 238+13 62+9 1.0+0.1
NaAlSi; Oy (5 wt% H,0)" 3000+ 1000 197+38 -5.0£3.0
NaAlSi;Og 1814+574 199+8 ~3.1+02
NaAlSi,Og (~4 wt% H,0)¢ 255+ 164 133+ 14 -2.0+05
NaAlSi,0¢¢ 2214125 143+13 ~2.5+0.4
0 NaAlSi; 0 (30 wt% H,0) 81360 761 1.74£0.2
NaAlSi;Og (50 wt% H,0) 1595 + 84 69+1 1.94+0.1
NaAlSi;Og (5 wt% H,0) 1600+ 500 165+7 -3.0£3.0
NaAISi;O5° 1535+ 154 18742 —4.1+0.1
NaAlSi,Og (~4 wt% H,0)¢ 3844248 130+ 14 ~1.9+05
NaAlSi,0¢¢ 370+ 179 14411 —2.7+0.4
H NaAlSi;Og (30 wt% H,0) 1151 +60 72+1 0.4+0.1
NaAlSi;Og (50 wt% H,0) 1800+ 66 65+1 1.2+0.1
NaAlSi;Og (5 wt% H,0)* 1600+ 400 112+6 ~2.0+2.0
NaAlSi,Og (~4 wt% H,0)°¢ 450+£285 83+ 14 —0.7+£04

“Hydrous NaAlSi;O4 melt (5 wt% H,0) at 2500 K and 0 GPa from Ashley et al. (2024)
® Anhydrous NaAl1Si;Og melt at lower pressures along the 2500 K and 3000 K isotherms from Bajgain and

Mookherjee (2020)

¢Anhydrous and hydrous (~4 wt% H,0) NaAlSi,Og melts at low-pressure regime (~0— 12 GPa) along the
2500 K and 3000 K isotherms from Bajgain et al. (2019)

Si/Al and an increase in five- and six-coordinated species
(Supplementary Fig. S6).

Compared to the continuous shift to higher Q" species
(with a decrease in Q* and Q* and an increase in Q° and Q)
in hydrous and anhydrous NaAlSi,O, melts with increas-
ing pressure (Fig. S9b), the Q" species in supercritical
NaAlSi;O4—H,0 fluids show weak changes with pressure
(Fig. S9a). Additionally, compared to polymerized anhy-
drous or hydrous silicate melts, the proportion of bridging
oxygens (BO) in supercritical NaAlSi;O4—H,O fluids is
lower, while the proportion of non-bridging oxygens (NBO)
is higher (Fig. S9c and d). This is mainly due to the large
amount of water in the supercritical fluid, which disrupts
the cation-polymerized chains forming the network and cre-
ates abundant protonated silicate units (Sun et al. 2023).
These bonds are much weaker than T-O bonds, offering a
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"buffering” mechanism similar to depolymerized fluids for
the compression of TO, tetrahedra (Wang et al. 2014). This
also implies that due to the depolymerizing effect of water,
the structure of supercritical fluids resembles that of depo-
lymerized melts when subjected to pressure.

4.2 Pressure dependence of transport properties

Self-diffusion coefficients are unique among transport
properties because they refer to specific elements or com-
ponents rather than the entire system (Ni et al. 2015). We
compared the self-diffusion coefficients of elements in
supercritical NaAlSi;Og—H,0 fluids at 2000 K with anhy-
drous NaAlSi;Ogz melt (Bajgain and Mookherjee 2020) and
hydrous (5-wt% H,0) NaAlSi;Og melt (Ashley et al. 2024)
at 2500 K (Fig. 3). The results show that dissolved H,O
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Fig. 4 Variation of viscosity

with pressure in NaAlISi;Og—

H,0 systems with 30 wt%

and 50 wt% H,O at 2000 K, 101

O~ NaAlSi,04-30 wt% H,0, 2000 K, PBE-D3 (This study)
O NaAlSi,0,-50 wt% H,0, 2000 K, PBE-D3 (This study)
—@— NaAlSi;0q, 2500 K, LDA, Bajgain and Mookherjee (2020)

compared to NaAlSi;Og melts
and 5 wt% H,0 NaAlSi;Oq4
melts. The data for NaAISi;Og
melts at 2000 K and 2500 K 0
are from Mori et al. (2000) and 10"
Ashley et al. (2024); Bajgain
and Mookherjee (2020). Green
and orange open symbols rep-
resent the viscosity of systems
with 30 wt% H,O (2.47 GPa)
and 50 wt% H,O (2.41 GPa) at
2500 K, respectively, based on
data from Sun et al. (2023). The
corresponding stress ACF can
be found in Supplementary Fig.
S5. The error bar of the viscos-
ity adopted the mean absolute
error

HOA
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. NaAlSi;04-5 wt% H,0, 2500 K, LDA, Ashley and Mookherjee (2024)
O NaAlSi; Oy, 2000 K, Experimental, Mori et al. (2000)
NaAlSi;04-30 wt% H,0, 2500 K, PBE-D3, Sun et al. (2023)
NaAlSi;04-50 wt% H,0, 2500 K, PBE-D3, Sun et al. (2023)

3 e
o

affects the pressure dependence of ionic self-diffusion rates
by depolymerizing the melt structure at all studied tempera-
tures and pressures. Notably, the pressure dependence of Dy
and D, is negative in supercritical NaAlSi;Og—H,O fluids,
whereas it is positive in anhydrous or hydrous NaAlSi;Oq
melts. In NaAlSi;Og melt with low water content, H trans-
fer mainly occurs between NBO and NBO-H (Karki and
Stixrude 2010b; Sun et al. 2023), relying more on NBO
self-diffusion, showing positive pressure dependence. In the
supercritical NaAlSi;O4—H,O fluids, H primarily exists as
NBO-H and molecular H,0,,, with a significant portion of
H diffusion controlled by H,O diffusion. We infer that the
negative pressure dependence of Dy may be related to the
decreasing proportion of H,O,, and NBO-H species with
increasing pressure (Fig. 2a). In anhydrous and hydrous
NaAlISi;Og melts, oxygen mainly exists as BO and NBO.
Therefore, its self-diffusion behavior is closer to that of
Si/Al. In supercritical NaAlSi;O4—H,O fluids, oxygen, in
addition to forming BO and NBO by bonding with Si/Al,
also exists in other oxygen species such as FO, OH, H,;0,
and H,0,,. With increasing pressure, the other oxygen spe-
cies transform into NBO/BO, and since their self-diffusion
rates are higher than those of NBO/BO, the O self-diffusion
coefficient decreases with increasing pressure. Within the
studied pressure range, the self-diffusion of Si/Al in anhy-
drous NaAlSi;Og4 melts and hydrous NaAlSi;Og melts shows
a slight increase with increasing pressure (Fig. 3c and d). In
the supercritical NaAlSi;O4—H,O systems, the Dg; exhibits

(o)}
o
—_
(e
—_
\S)

P (GPa)

arelatively weak variation within the error range at 30 wt%
H,O, but shows a significant negative pressure dependence
at 50-wt% H,0. Generally, an increase in pressure leads to a
decrease in free volume, thereby reducing the self-diffusivity
of elements. Therefore, the decrease in Dg; with decreasing
pressure at 50-wt% H,O might be attributed to the reduc-
tion of free volume. However, D, shows a positive pressure
dependence at both 30-wt% and 50-wt% H,O. This may be
due to the higher content of 5-coordinated Al (Supplemen-
tary Fig. S6b), which act as a transition state for viscous
flow in silicates (Karki and Stixrude 2010a), facilitating the
self-diffusion of Al.

The pressure dependence of melt viscosity is primar-
ily controlled by structural changes under compression.
At low pressures (<1 GPa), the effect of pressure on the
viscosity of hydrous melts is negligible or only slightly
dependent on pressure (Ardia et al. 2008; Liebske et al.
2003). At higher pressures, the pressure dependence of
hydrous melt viscosity varies depending on the composi-
tion and degree of polymerization. Generally, the pres-
sure dependence of melt viscosity is mainly determined by
the degree of polymerization (decreasing with increasing
NBO/T) (Behrens and Schulze 2003). Within the studied
pressure range, the viscosity of highly polymerized melts
(NBO/T < 1) usually decreases with increasing pressure.
As shown in Fig. 5, the viscosity of anhydrous NaAlSi;Oq
melts (NBO/T ~ 0) at 2500 K decreases tenfold with
increasing pressure (Bajgain and Mookherjee 2020). For
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Fig. S Comparison of pres-
sure dependence of viscosity
between supercritical fluids
and anhydrous/hydrous silicate

NaAlSi,O4-30 wt% H,0, 2000 K, PBE-D3 (This study)
NaAlSi,O4-50 wt% H,0, 2000 K, PBE-D3 (This study)
CaMgSi,0,, 2073 K, Experimental, Taniguchi (1992)
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et al. (2024), and Bajgain et al. 100 _ |
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NaAlSi,O¢ melts with low water content (~4.2-wt% H,O0,
NBO/T = 0.25) (Bajgain et al. 2019) and NaAlSi;O4 melts
with ~5-wt% H,O (NBO/T = 0.3) (Ashley et al. 2024),
increasing water content causes melt depolymerization.
This leads to a decrease in BO and an increase in NBO,
resulting in an increase in NBO/T value. Thus, their vis-
cosity just shows a slight decreasing trend. Conversely,
the viscosity of less polymerized melts typically shows
a positive pressure dependence (Wang et al. 2014). For
instance, at 2000 K, the viscosity of depolymerized
CaMgSi,04 melts (NBO/T = 2) increases with increas-
ing pressure (Reid et al. 2003; Taniguchi 1992). In this
study, the viscosity of the supercritical NaAlSi;O4-H,O
increases slowly with increasing pressure. Due to the high
water content, the system is essentially in a depolymer-
ized state, so the pressure effect on the system’s viscosity
is similar to the pressure effect on depolymerized silicate
melts. Wang et al. (2014) demonstrated that as pressure
increases, the coordination number of Si/Al in depolymer-
ized silicate melts increases, leading to further packing of
the silicates and an increase in density and viscosity. It can
be observed in our study that with the increase of pressure,
the Si/Al coordination number increases (Supplementary
Fig. S6), thereby allowing further packing of the system,
and simultaneously leading to an increase in the viscosity
and density.
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5 Implications

The high migration ability of supercritical fluids is closely
related to their low viscosity (Ni et al. 2017). Following
Darcy’s law (McKenzie 1989), gravity-driven fluid trans-
portation is proportional to fluid mobility, Ap/n, where Ap
is the density contrast between the fluid and the surrounding
rock and 7 is the viscosity. Sakamaki et al. (2013) studied
basaltic magmas and found that the fluid mobility Ap/n of
basalt melt ranges from 0.03 to 0.58 gxcm ™ xPa~!xs™!
at depths between 0 and 210 km. Kono et al. (2014)
found that the Ap/n of carbonate melt ranges from 101 to
148 gxcm™> x Pa~! xs~! at depths between 30 and 180 km.
It can be seen that the mobility of carbonate melt is hun-
dreds to thousands of times higher than that of basaltic
melts. However, Bajgain and Mookherjee (2021) found
that the fluid mobility of aluminosilicate melts is several
orders of magnitude lower than that of basalt melt. So, how
does the presence of a large amount of water in alumino-
silicate melts affect their fluid mobility? We calculated
the Ap/n of supercritical NaAlSi;Og—H,O fluids using the
density (3.537 g/cm3) of olivine (Zha et al. 1998) as sur-
rounding solid rock. In Fig. 6, the Ap/n of supercritical
NaAlSi;O4—H,O fluids exhibit a linear relationship with
pressure at various water contents. The Ap/n of supercriti-
cal NaAlSi;O4—H,O0 fluid with 30 wt% H,O increases from
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Fig. 6 The fluid mobility Ap/n of supercritical NaAlSi;Og—H,0 fluid
at 30 wt% H,0 and 50 wt% H,O. The Ap/y values for carbonate melt
(Kono et al. 2014), basalt melt (Sakamaki et al. 2013), and Jadeite
melt (Bajgain and Mookherjee 2021) are included for comparison

166 to 402 gxcm—>xPa~!xs7! as the pressure decreases
from 10.2 to 3.5 GPa. For the supercritical NaAlSi;O¢—H,0
fluid with 50 wt% H,0O, the Ap/n increases from 1256 to
2833 as the pressure decreases from 10.2 to 4.5 GPa. The
fluid mobility of supercritical NaAlSi;O¢—H,O fluids is
several orders of magnitude higher than that of basalt melt
and is also significantly greater than that of carbonate melt.
In particular, a supercritical NaAISi;04—H,O fluid with 50
wt% water content exhibits a mobility more than 10 times
higher than that of carbonate melt. Our study indicates that
supercritical fluids containing a high concentration of sili-
cates still exhibit high mobility. As these supercritical fluids
ascend from deeper regions to shallower depths, their mobil-
ity is further enhanced. This enhancement effect becomes
more pronounced with increasing water content in the super-
critical fluids. Even at low volume fractions, supercritical
fluids can migrate from the subducting slab into the overly-
ing mantle wedge, playing a significant role in the transport
of elements.

6 Conclusion

In this study, we employed first-principles molecular dynam-
ics simulations to investigate the NaAlSi;O4—H,O systems
with water contents of 30-wt% and 50-wt% at a temperature
of 2000 K and under varying pressures. The results indicate
that within the studied pressure range, properties such as struc-
ture, self-diffusion, and viscosity are closely related to pres-
sure. In both systems, increasing pressure leads to a rise in
the proportion of Q? species, with a corresponding decrease
in Q° species in the 30-wt% H,O system and a decrease in Q°
species in the 50-wt% H,O system. The average n of Q" does

not change in the system with 30% H,O system, but shows a
slight positive correlation with pressure in the system with
50 wt% H,O system. The proportions of H,O,, and Si-O-H
in both systems decrease with increasing pressure, and the
increasing water content can weaken the pressure effect on the
proportions of H and O species. Within the studied pressure
range, the self-diffusion coefficients of Na, O, and H decrease
with increasing pressure. Dg; shows a weak positive correlation
with pressure in the 30 wt% H,O system, while it gradually
decreases with increasing pressure in the 50 wt% H,O system.
Under the same pressure, D, is slightly larger than Dg;, and D
a1 generally shows a slight increase with increasing pressure.
The order of self-diffusion coefficients is D y, & D ; > Dy >
D, = Dg;. The viscosity of supercritical NaAlSi;Og—H,O fluid
shows a weak positive pressure dependence. By comparing
the viscosities of anhydrous and hydrous silicate melts from
previous studies, we found that the addition of water caused
a transition from negative to positive pressure dependence of
viscosity, corresponding to a structural change from polymeri-
zation to depolymerization. We also calculated the fluid mobil-
ity Ap/n of supercritical NaAlSi;O4—H,O fluid and found that
their Ap/n is several orders of magnitude higher than that of
basalt melt and is also significantly greater than that of carbon-
ate melt. As supercritical fluids rise from deeper regions to
shallower depths, their fluid mobility increases further. This
increase becomes more significant with higher water content
in the supercritical fluids. Even at low volume fractions, these
fluids can migrate from the subducting slab into the overlying
mantle wedge, contributing significantly to element transport.
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