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Hydrous silicate melt at high pressure

Mainak Mookherjee', Lars Stixrude® & Bijaya Karki’

The structure and physical properties of hydrous silicate melts and
the solubility of water in melts over most of the pressure regime of
Earth’s mantle (up to 136 GPa) remain unknown. At low pressure
(up to a few gigapascals) the solubility of water increases rapidly
with increasing pressure’, and water has a large influence on the
solidus temperature, density’, viscosity’ and electrical conduc-
tivity. Here we report the results of first-principles molecular
dynamics simulations of hydrous MgSiO; melt. These show that
pressure has a profound influence on speciation of the water com-
ponent, which changes from being dominated by hydroxyls and
water molecules at low pressure* to extended structures at high
pressure. We link this change in structure to our finding that the
water-silicate system becomes increasingly ideal at high pressure:
we find complete miscibility of water and silicate melt throughout
almost the entire mantle pressure regime. On the basis of our
results, we argue that a buoyantly stable melt at the base of the
upper mantle would contain approximately 3 wt% water and have
an electrical conductivity of 18 Sm™", and should therefore be
detectable by means of electromagnetic sounding.

The hydrogen bond is not well described by the dominantly ionic,
atomistic models that have most often been applied to the study of
silicate melts. First-principles molecular dynamics simulations are
more costly in terms of computer time but have the important
advantage of making no a priori assumptions regarding the nature
of the bonding or the shape of the charge density. Density functional
theory, on which our simulations are based, has been successfully
applied to the study of a number of hydrous crystalline silicates and
oxides’ and to the liquid SiO,-H,0O system at ambient pressure®.

In our first-principles molecular dynamics simulations of a hyd-
rous MgSiO5-H,O liquid with 10 wt% water, the electronic structure,
the Hellman—Feynman forces acting on the nuclei, and thermodyn-
amic properties are computed at each time step in the local density
and pseudopotential approximations. Atomic trajectories extracted
from the simulations reveal the structure, speciation and dynamics of
the melt. To quantify the influence of the water component on
physical properties, we compare our results with a previous first-
principles molecular dynamics study of anhydrous MgSiO; liquid’.

Inspection of the equilibrated liquid structure shows that pressure
has a large influence on the speciation of the water component
(Fig. 1). Whereas at low pressure we find mostly hydroxyls and
water molecules, at high pressure we see a much greater variety of
species. These include Si-O-H-O-Si polyhedral linkages, —O-H—
O-H- chains and O-H-O edge decoration of SiOg4 octahedra, the
last of which was suggested in a previous experimental study of
glasses®. We note another feature at low pressure that had not been
anticipated experimentally: a strong preference for water molecules
to bond to Mg*" cations. This chemical association, together with the
decrease in the proportion of hydroxyls with increasing pressure,
may explain the increase in the MgO/SiO, ratio of eutectic melts in
the MgO-Si0,-H,0O system with increasing pressure up to 15GPa
(ref. 9).

The water component becomes more interconnected with increas-
ing pressure, transforming from isolated molecular species at low
pressure to a structure more reminiscent of bulk phases of water at
higher pressure (Fig. 2a). The H-O coordination number varies in
value from almost one at low pressure to two at the highest pressures
investigated. This coordination number is similar to that in the high-
pressure form of water'® and in ice in which the structure is a com-
plete three-dimensional network of nearly symmetric hydrogen
bonds (ice X). Simultaneously, as compression increases, the very
open silica framework gives way to a much more densely packed
structure in which little free volume remains to accommodate highly
polar molecular species: molecules are squeezed out as pressure
increases, and are replaced by extended structures.

The addition of water disrupts the intermediate-range silicate
structure: the O-Si coordination number of the hydrous melt is
substantially less than that of the anhydrous melt, demonstrating
that added water disrupts interpolyhedral linkages (Fig. 2b). Such
disruption is consistent with experimental evidence at low pressure
for the decrease in viscosity with increasing water content in silicate
melts. Because we find water-induced disruption of the silicate net-
work at all pressures, we anticipate that addition of water will
decrease the viscosity of silicate melts at high pressure as well. In
contrast, the Si—-O coordination number in hydrous and anhydrous
melts is identical at all pressures. Mg—O coordination numbers are
similarly unaffected by the addition of water at pressures greater than
20 GPa; at lower pressures the addition of water decreases the Mg-O
coordination number through the interaction of water molecules
with Mg cations.

We find that protons are highly mobile, presenting a possible
means of geophysical detection of deep melt. The diffusivity of
hydrogen is an order of magnitude greater than that of the other
ions. From our simulations, D, the self-diffusion coefficient of hydro-
gen, is adequately described by the Arrhenius relation (Fig. 3)
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where E* denotes the activation energy, V* denotes the activation
volume, T denotes the temperature, P denotes the pressure, Dy
denotes the value of D in the limit of infinite temperature and k
denotes the Boltzmann constant. The electrical conductivity ¢ due
to charged mobile species is given by the Nernst—Einstein relation
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where xis the number of carriers per unit volume, the Haven ratio Hg
approaches a value of one for small values of x (ref. 11) and g is the
electrical charge of the carrier.

Assuming that protons are the primary charge carriers and that
Hg =1, from equations (1) and (2) we estimate a conductivity of
59¢/10 Sm ™' under conditions thought to represent the mantle at a
depth of 410 km (that is, a pressure of 14 GPa and a temperature of
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1,800 K), where cis the percentage mass fraction of water in the melt.
This corresponds to approximately 18 Sm™" for a neutrally buoyant
melt, which at this depth has ¢ =3 wt% (see below). The electrical

Figure 1| Structure and speciation of hydrous silicate melt. a, 3,000K,
VIV, =1;b, 3,000K, V/V, = 0.5. Red, yellow, green and cyan polyhedra
represent four-, five-, six- and sevenfold Si-O coordination environments,
respectively. Yellow spheres represent Mg atoms. Other spheres represent H
atoms (small spheres) and those O atoms (large spheres) not solely bonded
to Si; they are coloured pink if they are bonded to at least two other H atoms
or O atoms, and are coloured blue if they are bonded to only one other H or
O atom. Red ellipses highlight species discussed in the text, including
hydroxyls (O-H in a), water molecules bound to Mg ions (Mg-O-H, in
a), interpolyhedral bridges (Si-O-H—-O-Si in b), polyhedral edge decoration
(O-H-O in b) and a Si-O-H-O-H-O-Si interpolyhedral bridge (in b). The
apparent equilibrium constant of the reaction* H,O + O = 20H ™ at 3,000 K
and near-ambient pressure computed from our simulations is 3.1, which is
in close agreement with the value (2.3) extrapolated from experimental
measurements on rhyolite compositions® at much lower temperatures and
water contents, and is consistent with the experimentally observed tendency
of water molecules increasingly to dissociate in the melt as temperature
increases. The molecular dynamics snapshots were rendered using the
visualization system of Bhattarai et al.’®. In each panel, the black outline
represents the primary simulation cell.
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conductivity of hydrous silicate melt has not been measured at pres-
sures greater than 1 GPa. Because the expected water concentration
in the solid mantle on either side of a hydrous melt layer is much less
than 1%, the melt layer would represent a large conductance anomaly
(0f 18,000 S, assuming that ¢ = 18 S m~ ! and there is a 20-km-thick
partial melt layer with 5% neutrally buoyant hydrous melt'?) that
should be detectable by means of electromagnetic sounding. Indeed,
recent inversions of electromagnetic data, although non-unique, fita
value of total conductance similar to the values we find".

The equation of state of the hydrous liquid, like that of the anhyd-
rous liquid, differs from that of most crystalline mantle phases in an
important way: the thermal pressure increases markedly on compres-
sion (Fig. 4). The hydrous liquid equation of state can be described by
the Mie-Griineisen form

P(V,T)=P(V.,T)+ % C(T—T,)

where P, denotes the reference isotherm, taken to lie at T, = 3,000 K,
y denotes the Griineisen parameter and C, denotes the isochoric heat
capacity. These quantities are obtained from the simulation: as the
internal energy E and pressure Pvary linearly with temperature along
isochores (to within our uncertainty), the values are calculated at
each volume from y=V(0P/0E),, and C, = (0E/0T),,. The isocho-
ric heat capacity decreases by about 8% upon twofold compression,
from 3.63 £ 0.21 Nk to 3.34 = 0.11 Nk, where N is the number of
atoms. The value of y increases by a factor of three over the same
compression range. This behaviour is opposite to that of mantle
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Figure 2 | H-0O and O-Si coordination numbers. a, Fraction of protons
bonded to one (open circles), two (squares) and three (triangles) O atoms,
and the mean H-O coordination number Z(H-O) (solid line without
symbols) at 4,000 K. The simulated pressure at 4,000 K is indicated along the
top axis. b, Evolution of O-Si coordination number upon compression, for
anhydrous’ (filled symbols) and hydrous (open symbols) melts at 3,000 K
(blue), 4,000 K (green) and 6,000 K (red). Black lines represent temperature-
averaged values.
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crystalline phases and similar to that of anhydrous MgSiO; liquid”:
within our uncertainty, the values of y for hydrous and anhydrous
melts are identical over the entire volume range explored.

The density of the hydrous melt is less than that of the anhydrous
melt under all conditions explored here (Fig. 4a), but the density
contrast is small enough that hydrous melts may be neutrally buoyant
in the mantle, providing a possible explanation of a low-velocity layer
found on top of the 410-km discontinuity'*. The density contrast is
remarkably constant across the pressure—temperature range of the
mantle, varying from 0.3 to 0.4gcm > between 1 and 100 GPa and
3,000 and 6,000 K. We estimate the amount of water that would
produce a neutrally buoyant melt at a depth of 410km as
C/10=([)410 _panhydrous)/ApHZO’ where Paro = 3.54 gcm73 is the
density at the base of Earth’s upper mantle'*, p,nhydrous = 3.66 g cm”?
is the density of a partial melt of anhydrous peridotite'® at 13.4 GPa
and 1,873 K, and Apy;, o = —0.35 g cm ™ is the density contrast that
we find for 10 wt% water. We find from this analysis that ¢ = 3 wt%,
consistent with recent estimates'®'”.

The partial molar volume of water in the silicate melt, Vjy,0,
asymptotically approaches that of pure water, Vy,0, as pressure
increases (Fig. 4b). At the highest pressure that we studied, Vi,0
and Vjy,o are identical to within our uncertainty. This means that
the volume of solution AV, which is large and negative at low pres-
sure, approaches the ideal limit (AV— 0) as pressure increases. The
increasing similarity of the volumes of water in the melt and in pure
form is consistent with our finding that the water component
becomes more structurally interconnected and more like bulk water
with increasing pressure. An important consequence of the increas-
ing ideality of the water—silicate solution with increasing pressure is
the almost constant density of hydration that we find (Fig. 4a): if
AV =0 at all pressures, the density contrast between hydrous and
anhydrous melts varies rapidly with pressure at low pressure.
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Figure 3 | Self-diffusion coefficient of hydrogen. Results at 3,000 K (blue),
4,000K (green) and 6,000 K (red) from our simulations (symbols) and an
Arrhenius fit to the simulation results (lines) (equation (1) with
Dp=9.2%X10""m?s !, E* =86 kJmol ! and V* = 0.11 cm’ mol '). The
value of the activation energy is similar to that found in hydrous basaltic
melts at low pressure® (126 = 32kJ mol ), and the value of the diffusivity
agrees well with that extrapolated to 3,000 K from lower temperature, low-
pressure experiments® (2.4 X 10~ ®m?s™ "), indicating that proton diffusion
does not depend strongly on melt composition. Error bars represent one-s.d.
uncertainties.
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We predict that the solubility of water in silicate melt will increase
as pressure increases and will be essentially unlimited at all mantle
pressure—temperature conditions beyond a few gigapascals. This pre-
diction is based on our finding that the water component behaves
increasingly ideally as pressure increases. The volume of solution
AV =d(AG)/dPis =0 at all pressures investigated, so the Gibbs free
energy of solution AG, which limits solubility, must decrease to a
small, pressure-independent value as pressure increases to around
100 GPa, where AV vanishes. As AG is sufficiently small to permit
complete solubility at 12 GPa (ref. 18), solubility must remain undi-
minished as pressure increases to at least the highest pressure we
study here (100 GPa). The dependence of Vj,0 on silicate composi-
tion remains to be investigated at high pressure. However, we note
that Vi,0 is apparently very insensitive to silicate composition at low
pressure’, indicating that our arguments regarding solubility may be
applicable to natural melt compositions as well.

Essentially unlimited solubility of water in silicate melt over most
of the mantle regime would have potentially important implications
for our understanding of Earth’s origins. In most models of the
accreting Earth, a deep magma ocean, possibly encompassing the
entire mantle, is an important reservoir of water. Our results show
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Figure 4 | Density and partial molar volume of water. a, Comparison of the
density of hydrous (solid lines with symbols) and anhydrous” (dashed lines)
melts along 3,000 K (blue) and 6,000 K (red) isotherms. The inset shows the
density contrast between hydrous and anhydrous melt along 3,000 K (blue)
and 6,000 K (red) isotherms. For comparison, the grey line shows the density
contrast between an anhydrous melt and an ideal hydrous melt (AV = 0) at
3,000 K. b, Partial molar volume of water from our simulations at 6,000 K
(red circles) and 3,000 K (blue circles), compared with that of pure water®
(solid lines). The partial molar volumes of water derived from high-pressure
experiments (upward triangle'® and downward triangles'”) are shown for
comparison. The dashed line represents the partial molar volume from this
study extrapolated to 2,200 K, the experimental temperature in refs 16 and
17. The inset shows the partial molar volume of water (open circles) that we
calculate extrapolated along the isochore V/V, = 1 to zero pressure (dashed
line), in excellent agreement with experiment (solid square®). Error bars
represent one-s.d. uncertainties.
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that this reservoir could easily store all the water delivered to Earth
(probably bounded by the 5-7% by mass present in CI carbonaceous
chondrites'®), which probably exceeds the amount of water in the
present Earth (0.005-0.02% by mass in the source of mid-ocean-
ridge basalts®®) by a large factor. Moreover, water stored in the
magma ocean may have fundamentally altered its thickness, thermal
state and dynamics, by means of water-induced lowering of the
solidus and the viscosity. Extensive solubility of water in the early
magma ocean may have had important implications for the origin of
the hydrosphere”.

METHODS SUMMARY

The simulations were performed in the canonical ensemble with periodic
boundary conditions and a Nosé thermostat®. The primary cell contained 84
atoms (12 MgSiO; molecules and eight water molecules: 10 wt% water). As our
initial condition, a pyroxene structure with water molecules placed in the vacant
space between tetrahedral chains and in the b—c plane was homogeneously
strained to a cubic shape and the desired volume. The system was melted at
6,000 K and then cooled isochorically to first 4,000 K and then 3,000 K. We used a
time step of 0.5fs. Total run durations were 3 ps at 6,000 K, 4.5 ps at 4,000 K
(except for V/V, values of 0.5 and 0.6, for which the duration was 6 ps) and 6 ps at
3,000 K (except for a V/V, value of 0.6, for which the duration was 12.5 ps, and a
VIV, value of 0.5, for which the duration was 15 ps). In all cases the final 80% of
the trajectories were used to compute averages.

Self-diffusion coefficients were determined from the slope of the linear
portion of the plot of mean squared displacement versus time (see the
Supplementary Information). We confirmed that the simulated properties were
not significantly affected if we doubled the cell size or used a different initial
condition. We used ultrasoft pseudopotentials® and VASP*, computing the
electronic structure at the Brillouin zone centre with an energy cutoff of
400 eV. Pulay corrections to the pressure were estimated to be the same as in
the anhydrous case’, varying linearly from 2 GPaat V=V, to 5GPaat V= V,/2,
where V, = 1,033.54 A3 per simulation cell (84 atoms), identical to the reference
volume of our anhydrous simulations. To account for the error inherent in the
approximation to the exchange correlation functional, we added a uniform
correction of 2 GPa to the pressure’. The simulations were confined to the
Born-Oppenheimer surface and include the influence of the finite temperature
through the Mermin functional®*.
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