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INTRODUCTION

Earth is distinct from other terrestrial planets in part because of its endowment with more H,O. Water
influences a wide range of terrestrial processes, but few so dramatically as terrestrial silicate mag-
matism. Water participates in the generation of silicate magmas when it is present in rock-forming
minerals, and/or in pore fluids, yielding a greater range of liquid compositions and stability than
would obtain in a dry planet.

Water plays a significant role in the production of silicate liquids from the surface to at least as deep
as the base of the mantle transition zone. Minor H>O in mantle minerals expands the melting regime
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during generation of midocean ridge basalts (Hirth and Kohlsetdt, 1996; Asimow and Langmuir, 2003;
Asimow et al., 2004) and ocean island basalts (Aubaud et al., 2004; Hirschmann, 2006). Subduction
carries H,O into the mantle, bound as hydroxyl (or less commonly as molecular H,O) in hydrous
minerals and as a trace constituent in nominally anhydrous minerals. Redistribution of HyO during
slab metamorphism can trigger melting, dehydration, and/or diapiric rise of buoyant hydrous slab
material (Poli and Schmidt, 1995, 2002; Schmidt and Poli, 1998; Gerya and Yuen, 2003; van Keken
et al., 2011). The upward transfer of H,O-bearing materials contributes to mantle melting at
convergent margins (Kushiro, 1990; Ulmer, 2001; Grove et al., 2006; Till et al., 2012), producing
basaltic liquids richer in H,O than those in other settings (e.g., Grove et al., 2012; Plank et al., 2013).
Some hydrous mantle melts are transported to the surface to erupt, while others are trapped in the
crust where they transfer their heat and H,O (and other volatiles) to generate crustal melts. The
interplay of melting, H>O transfer, and melt migration is expressed in the complex, crustal-scale
plumbing systems of magmatic arcs (Annen et al., 2006; Cashman et al., 2017), and ultimately
facilitates the magma-assisted generation of continental crust (e.g., Campbell and Taylor, 1983) and
powers the explosive eruptions characteristic of this tectonic setting.

The H,O retained in the subducting lithosphere is carried farther into the mantle, where it may
contribute to back-arc basalt genesis (e.g., Stolper and Newman, 1994; Kelley et al., 2006, 2010) and
very likely to melt generation in deeper mantle environments. Slab stagnation in or passage through
the mantle transition zone, coupled with comparatively high H,O in wadsleyite and ringwoodite
(Kohlstedt et al., 1996; Bolfan-Casanova, 2005), may contribute to elevated water concentrations in
this part of the mantle (Pearson et al., 2014; Palot et al., 2016), with important consequences for deep
generation of hydrous silicate melts (Bercovici and Karato, 2003; Karato et al., 2006; Karato, 2011).
Geophysical studies identify possible melt at and above the 410-km discontinuity (e.g., Revenaugh and
Sipkin, 1994; Toffelmier and Tyburczy, 2007; Tauzin et al., 2010), which could be neutrally buoyant
and therefore gravitationally stable for significant time (Matsukage et al., 2005; Sakamaki et al., 2006).
Similar regions have been inferred just below 660 km (Schmandt et al., 2014; Liu et al., 2016).
Water-bearing melts derived from local upwelling of hydrous transition-zone rocks could produce
voluminous continental flood basalts (Wang et al., 2015). Finally, the oceanic low-velocity zone may
be caused, at least locally, by a spatially discontinuous layer of melt stabilized by the presence of H,O
in the liquid (Hirschmann, 2010, and references therein; Schmerr, 2012; Sakamaki et al., 2013;
Beghein et al., 2014). A similar layer of hydrous melt may occur at the lithosphere—asthenosphere
boundary beneath continents (Crépisson et al., 2014).

In each case above, melt genesis and transport at elevated pressure are strongly influenced by H,O.
The addition of even minor H,O to an anhydrous silicate-dominated rock causes a strong decrease in
the melting temperature at a given pressure. The effect is common to all silicate systems and it is
amplified by compression. This makes it possible for silicate systems to melt at lower temperature than
they otherwise might, regardless of their composition. The solubility of H,O in silicate magmas is low
at ambient pressure but rises dramatically as pressure increases. Thus, silicate melts are important
transport agents for H,O and they play a central role in the planetary water cycle (Hirschmann, 2006;
Hirschmann and Kohlstedt, 2012). H,O strongly modifies primary melt compositions and liquid lines
of descent, so it helps modulate planetary differentiation processes. The addition of H,O also
fundamentally changes melt physical properties, strongly influencing rates and direction of movement,
connectivity, viscosity, diffusivity, electrical conductivity, and seismic velocities.
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The role of H,O in silicate melts has been widely studied and reviewed (e.g., Burnham, 1979, 1997,
Mysen, 1988; Johannes and Holtz, 1996; Mysen and Richet, 2005). Here I focus on the influence of
pressure on the generation and properties of hydrous silicate melts. I start with the dramatic increase
in H,O solubility with pressure. I then review solution mechanisms and melt structure, illustrating that
the manner in which H,O interacts with silicate components in the liquid exerts a primary control on
phase equilibria and mixing properties of HyO and silicate melts. After establishing the links between
H;O0 solubility, solubility mechanisms, and the generation of hydrous silicate melts, I turn to the role
of pressure on the physical properties of hydrous melts. A common theme is that advances in
experimental techniques coupled with the growing capabilities of first-principles computational
methods are overcoming the limitations of studies based on quenched liquids, leading to improved
understanding of hydrous silicate melts at depth in the crust and mantle.

H20 SOLUBILITY AND SPECIATION IN SILICATE LIQUIDS
H20 SOLUBILITY

A convenient starting point for understanding the role of H,O is through the changes in its solubility in
silicate melts with pressure up to ~0.5 GPa (e.g., Dingwell, 1986) (relations at higher pressure are
considered later). Experimental data on the solubility of H,O in NaAlSi3Og melts (Fig. 3.1A) indicate
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(A) Variation in H,O solubility in NaAlSi;Og melt with pressure. Filled circles, experimentally determined H,O
solubility at 1098—1400°C, compiled by Silver and Stolper (1989). Solid line, calculated solubility at 1200°C,
assuming ideal mixing of OH_;;, HyOpeie, Ozm;h (Stolper, 1982a,b; Silver and Stolper, 1989). (B) Variation in HO
solubility with pressure in albite liquid (1200°C), midocean ridge basalt (MORB, 1200°C, Dixon et al., 1995), and
haplogranite (1000°C, Holtz et al., 1995). Dashed lines show speciation of OH_ .. H,O,;, in MORB (Dixon et al.,

melt>
1995).
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that H,O concentration at vapor saturation rises with pressure. At ambient pressure, H,O is effectively
insoluble in the liquid, but as pressure increases to about 0.5 GPa, the concentration rises to 9—10 wt%,
or ~60 mol%. Thus, with a relatively modest change in pressure, the ability of the silicate liquid to
dissolve H,O increases to the point that, on a molar basis, it contains more H,O than NaAlSi3Og.

The solubility behavior exhibited by H,O in NaAlSi3Og liquid is also seen in more complex
compositions, including simple granite and basalt (Fig. 3.1B), as well as other natural liquids with a
range of alkalinity and silica content (e.g., Moore et al., 1998). The H,O solubility pattern in each
composition is similar: it initially increases steeply with compression at near ambient pressure, but the
increase shallows once pressures rise above about 0.2 GPa.

SOLUBILITY MECHANISMS

At the pressures shown in Fig. 3.1, H,O dissolves into silicate melts by forming two main species,
molecular H;O (HOpe1¢) and hydroxyl (OH;leh) (Stolper, 1982a, and references therein). The relative
abundance of the two species changes with pressure, temperature, and composition, modulated by
interaction with oxygen in the silicate melt (O?n_elt). Homogeneous equilibrium at a given pressure and

temperature and composition can thus be described by

HyOmeit + Opeye = 20H 1 3.1)
for which
2
AAi—
Kj= o (32)
aHZOxnelta027

melt

where K is the equilibrium constant and a is activity of the subscripted species. At relatively low H,O
concentrations, mixing is nearly ideal and activity coefficients are unity (Stolper, 1982a; Silver and
Stolper, 1985, 1989; Silver et al., 1990). Activities can therefore be replaced by mole fractions in
Eq. (3.2) (1 oxygen basis), and knowledge of K; values can be used to investigate species distribution
in hydrous liquids. Early experimental determinations of K; were based on quenched hydrous glasses,
which require rapid quenching (e.g., Zhang, 1999 and references therein). However, as reviewed by
Zhang (1999), even with rapid quenching it is difficult to obtain accurate species distribution for
magmatic T due to the rapid rates of Reaction (3.1) and the T dependence of IR extinction coefficients.
While quenched glasses can furnish useful quantitative information, at least at low magmatic T,
alternative approaches are desirable. The development of diamond cell methods for in situ infrared
(IR) spectroscopy at high pressure and high temperature greatly clarified results based on quenched
glasses and allowed investigation to higher H,O contents (Shen and Keppler, 1995; Sowerby and
Keppler, 1999). However, in situ techniques also come with tradeoffs: they require careful calibration,
have lower precision, and bulk H,O concentration is difficult to constrain.

An alternative, indirect approach is to exploit experimentally determined variations in liquidus
surfaces with H,O concentrations. Fig. 3.2 gives examples using recent results on the system
NaAlSi3Og—H,0 at 1 GPa (Makhluf et al., 2016). Assuming ideal mixing (Stolper, 1982a; Silver and
Stolper, 1989) yields Kj = 0.254 at 1000°C. As shown in Fig. 3.2A, OH,,, is the dominant species at
all H,O concentrations to the liquidus value of 4.2 wt%. In contrast, near HyO-saturated melting at
700°C, K, is lower (0.014), liquidus H,O content is much higher, and HyOp,); predominates over
nearly the entire range of H,O concentration (Fig. 3.2B). The value of K| decreases with temperature
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FIGURE 3.2
(A)—(C) Speciation of OH_.;;, HyOpe1; in hydrous NaAlSizOg melt at 1 GPa based on the results of Makhluf et al.

(2016). Calculations used thermodynamic data for albite and albite liquid from Holland and Powell (1998, 2002
update) and assumed ideal mixing. Panel (C) shows speciation along the liquidus; H,O concentration
increases with decreasing temperature. (D) Change in the abundance of H species with pressure in basalt with
5 wt% H,0 (30 mol% H) at 2000K. Results based on first principles simulations of Bajgain et al. (2015).

(Silver and Stolper, 1989; Zhang, 1999), leading to a change in speciation along the liquidus
(Fig. 3.2C). Thus, at the liquidus, OH_ ., generally predominates at higher temperature where bulk
H,0 is lower, whereas molecular H,O predominates at lower temperature and higher bulk H,O
concentrations. Note that if the restriction of equilibrium with crystals is removed (i.e., at supra-
liquidus conditions), HoOpep will increase with bulk HyO concentration.
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The general trends for the speciation of water in natural silicate melts are broadly similar to those in
NaAlSi3Og melts at crustal and uppermost mantle pressures. For example, Fig. 3.1B illustrates the
variation in the abundance of OH_,;, and HyOp,}; with pressure at 1200°C in midocean ridge basalt
(MORB). As pressure increases, HyOpej¢ becomes the predominant species at ~0.2 GPa.

A key conclusion for relatively low pressures of the lower crust and upper mantle is that OH_
is the predominant species at low bulk H,O concentrations and high temperatures. At high bulk
H,O concentrations and relatively low temperature, HyOp,e}¢ is the predominant species. However,
additional species likely become relevant at higher pressures. For example, at 6 and 13 GPa in the
MgO—Si0,—H,0 system, liquidi can generally be explained by the temperature variation of Ky, but the
model fails to fit liquidi for SiO,—H,0 and MgSiO3—H,0 at 13 GPa (Myhill et al., 2017; Novella
et al., 2017).

Ab initio molecular dynamics studies provide insights into this problem. Work on SiO,—H;0
indicates that at a pressure of ~4 GPa, hydroxyl and molecular H,O predominate (Pohlmann et al.,
2004; Anderson et al., 2008; Spiekermann et al., 2016). At the very high temperature of these
simulations (>2400 K), OH™ greatly exceeds molecular H,O in abundance, consistent with increasing
K, with temperature. Mookherjee et al. (2008) carried out first principles molecular dynamics
simulations on MgSiO3—H;0 to conditions approaching the base of the mantle (~ 135 GPa). They
found that at pressures higher than those of the upper mantle, OH™ and molecular H,O species give
way to extended structures involving Si—O—H—O—Si and Si—O—H—O—H—0O—Si interpolyhedral
bridges. Similar results are found for more polymerized SiO, melts (Karki and Stixrude, 2010) and
basalt—H,O (Bajgain et al., 2015). These additional forms of H,O incorporation could explain why
high-pressure liquidus relations in the MgO—SiO,—H;0 system cannot be fit by simple speciation of
OH™ and molecular HyO (Myhill et al., 2017; Novella et al., 2017). However, it is not yet possible to
derive equilibrium constants for homogeneous equilibria involving these species.

EFFECTS ON MELT STRUCTURE

Silicate melts can be modeled as variably polymerized oxide liquids composed of network-forming
cations (chiefly Si** and Al"™) and network-modifying metal cations (Toop and Samis, 1962; Hess,
1971, 1980; Mysen and Richet, 2005, and references therein). Polymerized aluminosilicate melts are
dominated by Orzn’elt in bridging, network-forming positions. In anhydrous liquids, compression leads
to a decrease in nonbridging oxygens in favor of higher O coordination numbers about network-
forming Si and Al (e.g., Lee et al., 2004). Similar trends are seen in anhydrous and hydrous liquids,
but at a given pressure and temperature, H,O decreases O—Si and O—Al coordination (Mookherjee
et al., 2008; Bajgain et al., 2015). For a given pressure, temperature, and coordination environment,
addition of H,O shifts Eq. (3.1) to the right, replacing bridging Oﬁl’eh with two OH ™. Thus, H,O acts as
a network modifier in silicate liquids, regardless of pressure.

The role of H,O on silicate melt polymerization has been widely studied. An extensive literature on
quenched glasses (e.g., see Mysen and Richet, 2005) yields fundamental insights but is problematic
due to large changes in glass structure with temperature (and pressure). However, as with speciation,
in situ experimental approaches and first-principles computational methods are now adding
significantly to our understanding of hydrous melt structure at high pressure.

Fig. 3.3A provides an example confirming that addition of HyO depolymerizes silicate liquids.

Using the concentration of nonbridging O, (NBO) relative to tetrahedral cations (T) as a measure of
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(A) Variation in NBO/T with H,O concentration in sodium aluminosilicate melts at 1400°C and 1.5 GPa
(Mysen, 2007, 2014). (B) Change in abundance of Q" species as a function of H,O concentration in
Na aluminosilicate glasses quenched from 1400°C, 1.5 GPa (Mysen, 2007, 2014).

the extent of polymerization (polymerization decreases with rising NBO/T), Mysen (2007) showed
that increasing H,O concentration correlates with increasing NBO/T in alkali aluminosilicate melts at
1.5 GPa and 1400°C. Regardless of bulk composition, addition of H,O yields a greater degree of
depolymerization at low H,O relative to high H,O. This is consistent with the expectation that OH__;,
is most abundant at low bulk H,O concentration, whereas HyOy,e}; predominates at higher bulk H,O
(Fig. 3.2). Evidently both species disrupt the network, but OH, ., does so to a greater degree. Fig. 3.3B
shows the effect on the abundance of specific oligomers in the melt (Q4, T0,; Q3, 1055, ..., QO, TOy,
where T is a tetrahedrally coordinated cation). The most polymerized species (Q*) decrease in
abundance with rising H,O, whereas less polymerized Q* species increase. Note that Q> species

increase to a maximum at ~ 15 mol% H,O and then decline.

EFFECT OF PRESSURE ON HYDROUS MELTING
HYDROUS MELTING AT LOW TO MODERATE PRESSURE
At elevated pressure, the addition of H,O decreases the temperature of melting of silicate rocks.

Fig. 3.4A illustrates the effect of HyO on melting of diopside:

CaMgSi,0¢ = CaMgSi,Og
(3.3)
diopside melt

The preferred dissolution of H,O into the melt relative to diopside reduces the activity of CaMgSi;Ogq
melt (Eq. 3.3), isobarically shifting the melting point to a lower temperature. The more the H,O
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Melting phase relations for the system CaMgSi,Og—H,0 (after Perchuk and Kushiro, 1991).

dissolved, the greater the decrease in melting temperature. The polythermal, polybaric loci of melting
points for a given H,O content define the H,O solubility isopleths (Fig. 3.4). Where the maximum
capacity to dissolve H,O is reached, melting occurs in the presence of a saturated H,O-rich fluid phase.

A vast number of high-pressure experimental investigations have been carried out to explore
melting temperatures, liquidi, H>O solubility, and H,O-saturated melting conditions. A detailed review
is beyond the scope of this chapter. However, three points are important in considering the properties of
hydrous silicate melts at high pressure.

First, it is extremely challenging to constrain experimentally the polybaric liquidus surfaces at H,O
undersaturation. High-pressure solubility relations such as those shown in Fig. 3.4 are poorly known
even for simple systems. Isopleths of HyO concentration are typically derived from experiments and/or
thermodynamic modeling, and link liquidus phase relations with H,O speciation and activity.
High-pressure examples include NaAlSi;Og—H,0 (Makhluf et al., 2016), CaMgSi,O¢—H,O (Perchuk
and Kushiro, 1991), and MgO—SiO,—H;0 (Inoue, 1994; Myhill et al., 2017; Novella et al., 2017).
Such systematic studies are nearly impossible for complex natural systems. Examples of the
challenges can be seen in a recent study of the haplogranite liquidus (Makhluf et al., 2017a), which
required well over 100 individual experiments, some of over 1 week in duration. An alternative is
melting models based on experimental results covering a range of pressure, temperature, and
composition (e.g., Katz et al., 2003, and references therein). Regardless, simple but important
generalizations are that (1) HyO always lowers the melting point of any silicate system and (2) HO
solubility isopleths have a positive dependence on pressure, so HyO solubility in silicate melt always
increases with rising pressure at constant temperature (e.g., Fig. 3.4).

A second point involves HyO-saturated melting of natural compositions, which is essential for
establishing minimum melting temperatures as a function of pressure. There still remain fairly large
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discrepancies for systems important for high-pressure environments, most importantly here,
peridotite—H,O. Early work on H;O-saturated peridotite melting gave conflicting results. Kushiro
et al. (1968a) showed that in the presence of H,O, the maximum depression of the anhydrous solidus
for spinel peridotite is to about 1000°C at 3 GPa. Several subsequent studies yielded similar results
(Green, 1973; Millhollen et al., 1974; Kawamoto and Holloway, 1997). However, Mysen and
Boettcher (1975) found much lower melting temperature of ~800°C at the same conditions. Grove
et al. (2006) revisited the problem and identified evidence for H,O-saturated melting at temperatures
similar to Mysen and Boettcher. Key to the results is the interpretation of quench products. Green et al.
(2010) suggested that the material identified by Grove et al. (2006) as quenched melt was actually
precipitate from a subsolidus, solute-rich fluid phase. Till et al. (2012) and Grove et al. (2012)
reconfirmed the results of Grove et al. (2006), noting problems with Green et al.’s quench
interpretations, compositional criteria, and run durations. Thus, it remains possible, if not likely, that
hydrous peridotite melting may occur at surprisingly low temperatures.

Finally, H,O plays a crucial role in melt composition and melt fraction, with important
consequences for the properties of hydrous silicate melts. Early work on MgO—Si0,—H,O established
that in the presence of H,0, incongruent melting of enstatite persists to high pressure, yielding
SiOs-oversaturated liquids (Kushiro et al., 1968b). This led to the proposal that hydrous mantle
melting produced primary andesitic magmas, potentially explaining their common occurrence at
convergent margins. However, SiO,-undersaturated basalts are also abundant in this setting, and later
studies showed that hydrous peridotite melting typically produces hydrous basaltic liquids (e.g.,
Green, 1973; Gaetani and Grove, 1998). H>O increases melt fractions, changes the compositions of
primary hydrous basaltic melts, and modifies liquidus phases (Gaetani and Grove, 1998; Miintener
etal., 2001). H,O also changes the liquid line of descent, as in basalts where H,O differences can lead
to a calc—alkaline versus tholeiitic trend. Similar effects are seen in other compositional systems. For
example, high-pressure hydrous melting of garnet peridotite yields liquids poorer in MgO and CaO
and richer in SiO; and A;Os3 than in the absence of water (Tenner et al., 2012); trace element parti-
tioning is also strongly affected (Kessel et al., 2015). At the other end of the compositional spectrum,
high-pressure melting of subducted sediments produces compositions that may be trondhjemite,
metaluminous granite, or peraluminous granite, depending on pressure and temperature (Schmidt
et al., 2004; Hermann and Spandler, 2008; Mann and Schmidt, 2015), which can lead to important
variations in physical properties (Schmidt, 2015). In short, consideration of the properties of hydrous
silicate melts at high pressure demands the recognition that H>O also intermediates the composition,
evolution, and abundance of liquid produced.

HYDROUS MELTING AT HIGH PRESSURE: SUPERCRITICAL FLUIDS

The increase in the solubility of H,O along the H;O-saturated solidus in albite and diopside is
portrayed over a limited range of pressure (Figs. 3.1 and 3.4). At higher pressures, H,O solubilities in
all silicate systems grow at an accelerating rate as pressure rises. This is shown for NaAlSi;0g—H,0 in
Fig. 3.5A. The inflection at ~ 1 GPa signals a change in the sign of the second derivative of H,O
solubility with pressure. Between 1.6 and 1.7 GPa, the first derivative of solubility with respect to
pressure is infinity. At this point, HoO and NaAlSi3Og liquid become fully miscible, yielding a single
phase typically termed a “supercritical fluid” (the term is used here exclusively in the context of
complete mixing in multicomponent systems). Complete mixing occurs in simple systems as well as
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Phase relations in the system NaAlSi;Os—H,0. (A) Polythermal variation in liquid—vapor solubility with
pressure along the H,O-saturated solidus. Black circles, Burnham and Jahns (1962); red circles (dark gray in
print version), Makluf (2015, Ph.D. dissertation). (B) Pressure—temperature projection of the H,O-saturated
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mixing curve. Data constraining the critical curve are from Shen and Keppler (1997, black circles), Hayden
and Manning (2011, black square), and Makhluf (2015, Ph.D. dissertation, red squares). (C) Schematic T—X
phase relations at subcritical pressure. (D) Schematic T—X phase relations at supercritical pressure.
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natural silicate—H,O systems at terrestrial conditions, though the pressure and temperature range at
which this takes place varies strongly with composition. Previous reviews highlight the significance of
supercritical fluids in a range of high-pressure environments (Manning, 2004; Hack et al., 2007a,b;
Zheng et al., 2011; Hermann et al., 2013; Ni et al., 2017).

Fig. 3.5A shows that, at low, subcritical pressures, a saturated hydrous liquid coexists with a
low-density, HyO-rich vapor phase. As pressure increases the solubility of the hydrous melt in the
vapor increases as H,O solubility rises in the melt (Makhluf, 2015). The two solubility curves join
at the second critical end point (CEP) on the hydrous melting curve. The CEP is defined by the
intersection of the hydrous melting curve with the pressure—temperature trace of the critical mixing
curve marking the crest of L =V solvus (Fig. 3.5B). Fig. 3.5C and D show schematic isobaric T-X
diagrams for the system albite—H,O at P < CEP and P > CEP, respectively. At P < CEP and
subsolidus conditions, rising temperature results in increasing solubility of albite (Ab) in H;O.
Ab + Hy0 melts to hydrous liquid at the solidus temperature 7. Depending on bulk H,O content,
increasing temperature above Ty will yield Ab 4+ hydrous liquid, hydrous liquid & vapor, or solute-
bearing vapor. Increasing temperature to T > CEP results in complete mixing between liquid and
vapor. The range of composition of the supercritical fluid increases with rising temperature until, at the
dry solidus, it spans the full Ab—H,O binary. In contrast, at P > CEP, there is no discrete melting
temperature. Instead, as temperature rises, solubility of Ab in H,O increases dramatically over a finite
temperature interval. Below this interval, Ab coexists with a phase with properties of the HyO-rich
vapor, whereas above, Ab coexists with a phase with properties of a hydrous liquid. Within the
interval the fluid phase has properties intermediate between liquid and vapor. It is important to note
that the term “supercritical fluid” applies to a fluid of any composition at pressure and temperature
greater than the critical curve (Fig. 3.5B). (Some authors restrict use of the term to a fluid with
arbitrary, intermediate composition; this is discouraged.)

Early experimental investigations hypothesizing critical mixing in silicate—H,O systems required
interpretations of quench textures whose ambiguities led to skepticism. For example, evidence for a
second critical end point on the wet melting curve of quartz (Kennedy et al., 1962) was questioned by
Stewart (1967) and Mysen (1998). However, independent solubility relations confirm critical mixing in
the system at the conditions that Kennedy et al. (1962) proposed (Nakamura, 1974; Newton and
Manning, 2008; Hunt and Manning, 2012). A wide range of techniques have now been applied to
investigate critical mixing ranging from simple to complex systems (Boettcher and Wyllie, 1969;
Paillat et al., 1992; Shen and Keppler, 1997; Bureau and Keppler, 1999; Stalder et al., 2000, 2001;
Mibe et al., 2004, 2007, 2011; Kessel et al., 2005a,b; Hermann and Spandler, 2008; Hayden and
Manning, 2011). The effusion of methodologies has led to controversy as to the pressure—temperature
conditions of critical mixing in some key systems (Ni et al., 2017). For example, H,O solubility in
basaltic liquids is ~21 wt% at 1 GPa, suggesting a change with pressure similar to Fig. 3.5A (Mitchell
etal., 2017). However, there is substantial disagreement on the location of the second critical end point
on the hydrous basalt melting curve: it has been proposed to lie at 5.5 £ 0.5 GPa and 1050 & 50°C by
Kessel et al. (2005b), but at 3.4 GPa and 770°C by Mibe et al. (2011). The discrepancy arises from
large uncertainty in the pressure—temperature trace of the critical curve. The nominally conflicting
results might be explained by a large increase in the pressure—temperature slope of the curve in the
vicinity of the end point (Ni et al., 2017), though such a change implies variations in entropy and/or
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volume for which there is no independent evidence. More likely, detection of phase relations near end
points is problematic for the methods used. The narrow two-phase loop separating liquid and vapor
possessing very similar properties challenges detection limits in the X-ray radiography methods of
Mibe et al. (2011). Similar issues may plague the conflicting results on the peridotite—H,O system
where discrepancies are even greater (Grove et al., 2006, 2012; Mibe et al., 2007; Till et al., 2012). In
spite of disagreements about pressure—temperature locations, it should be noted that there is no
disagreement as to the existence of CEP and supercritical fluids at some pressure—temperature for any
of the systems considered here.

Why does complete mixing occur? As noted above, incorporation of H,O into silicate is
associated with depolymerization of the aluminosilicate network, pointing to a role for polymerization/
depolymerization reactions in melt and coexisting fluid (Manning, 2004). Support for this inference can
be found in studies of mineral solubility in H,O, which show evidence for increasing polymerization of
silicate and aluminosilicate species with rising solute concentrations at high pressure and temperature.
Zotov and Keppler (2000, 2002) performed hydrothermal diamond-anvil experiments on the solubility
of quartz in H,O and detected an increasing concentration of aqueous silica dimers with rising pressure
and temperature. This is consistent with excess silica solubility in the presence of quartz (Gerya et al.,
2005; Newton and Manning, 2008) and at quartz undersaturation (Zhang and Frantz, 2000; Newton and
Manning, 2002, 2003; Mysen et al., 2013). Manning et al. (2010) and Wohlers et al. (2011) inferred that
a rapid increase in solute polymerization occurs near the solidus in hydrous albite-bearing systems.
These observations imply that, just as depolymerization of hydrous silicate liquids is accompanied by
rising H,O concentration, so too is polymerization of dissolved silicate components accompanied by
increasing solubility (i.e., decreasing H,O concentration). Critical mixing in a given system simply
occurs at pressure—temperature conditions where homogeneous polymerization/depolymerization
reactions occur continuously across the binary, with no phase change.

Thermodynamic modeling of polymerization in the system SiO,—H;O (Hunt and Manning,
2012) shows that accounting solely for quartz solubility and mixing of H,O, OH- and bridging O*~
(Eq. 3.1) correctly predicts the experimentally derived CEP and melting curve (Kennedy et al., 1962;
Newton and Manning, 2008) and ab initio molecular dynamics calculations point to substantial
polymerization at intermediate compositions (Spiekermann et al., 2016). This strongly supports
the hypothesis that silicate—H,O mixing properties are controlled by polymerization chemistry.
Further support comes from the degree of silicate polymerization in hydrous Na—Al silicate
systems (Mysen, 2014). Fig. 3.6 shows experimental results from isochoric hydrothermal diamond
cell experiments in which pressure increases with temperature. This peralkaline system
(NagAlSig0,, 5—H;0) exhibits critical mixing with HyO at ~600°C and 0.9 GPa. In the subcritical
region, rising temperature (and pressure) causes NBO/T to decrease in the hydrous melt, indicating
depolymerization. The NBO/T of solutes in the coexisting HyO-rich phase is relatively unchanged,
suggesting a steep solvus limb. A single phase with intermediate NBO/T is observed at ~610°C. The
trend of NBO/T in the one-phase region indicates continued depolymerization of the supercritical
fluid to higher pressure and temperature. Similar relations are seen in a less polymerized Na silicate
bulk composition (Mysen, 2014).

The H,O component in supercritical fluids is almost entirely molecular HyO. As shown in Fig. 3.2,
high bulk H,O favors HyOpelr over OH;, at lower-crustal and upper-mantle pressures. For silicate
melt—H;0 binaries, this implies that dissolved molecular H,O is sufficient to disrupt the aluminosilicate
network and drive depolymerization. First-principles simulations indicate that at transition-zone and
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Variation in degree of polymerization (NBO/T) of NagAlSigO,, s—H,O with temperature and pressure. Results
from Mysen (2007), determined by Raman spectroscopy in a hydrothermal diamond-anvil cell. Experiments are
isochoric (pressure increases with temperature as shown on the right axis). The melt is more polymerized
(lower NBO/T) than the vapor, but NBO/T increases with temperature. A single fluid is observed in the cell at
T > 600°C; its NBO/T is intermediate between that of melt and vapor at lower temperature.

lower-mantle pressure, H,O forms extended, polymerized structures linked to cation polyhedra, and
HyO—melt mixing tends toward ideality (Mookherjee et al., 2008; Bajgain et al., 2015).
Thus, continuous polymerization/depolymerization reactions among melt polyhedral units and
incorporation of molecular and extended forms of HO combine to cause supercritical mixing of all
silicate melt—H,O systems at high pressures.

Importantly, the activity of H,O in supercritical fluids is high even at modest H;O concentration
(Fig. 3.7), at least at conditions corresponding to the lower crust and upper mantle. Makhluf et al.
(2017b) combined constraints on liquidus relations in hydrous NaAlSi3Og melts in the presence of CO,
or NaCl with H;O—CO, and H,O—NaCl activity to derive a-X relations for H,O in NaAlSi;Og—H,0
melts and fluids at 1 GPa. H,O activity rises rapidly along the polythermal trace of the liquidus. At
temperatures below the critical temperature of 1090°C (Makhluf et al., 2016), the shallowing slopes of
isotherms with rising temperature indicate decreasing nonideality of mixing. At 7. = 1090°C, H,O
activity is >0.8 at Xy,0 > 0.38 (4 wt% H,0). Thus, for a wide range of H,O concentrations, the
activity of HyO is surprisingly close to one.

This has profound implications for the role of supercritical fluids in the mantle. A supercritical fluid
produced by dehydration “melting” at P > CEP may be low in total fraction, but will have intermediate
H,O concentration and will possess H,O activity sufficiently high (an,0 = 0.8—0.9) to have the
chemical effects of nearly pure water. Such a fluid can readily trigger fluid-saturated, high ap,o
melting along its flow path. A simple example is slab sediment “melts” contributing to the generation
of arc magmas (e.g., Hermann and Spandler, 2008; Plank et al., 2009; Mallik et al., 2016). The results
of Cooper et al. (2012) reveal that this situation may be common. Fig. 3.8 shows that of the 10 global
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H,O0 activity versus H,O mole fraction in the system NaAlSi;Og—H,O at 1.0 GPa. Mole fraction on a 1 oxygen
basis. Liquidus (black) after Makhluf et al. (2017a,b). Isotherms in the liquid/supercritical fluid field (colored
lines) and other phase boundaries (black lines) from Makhluf et al. (2016). The figure illustrates the high H,O
activity at modest H,O concentration.
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Melting and solubility relations for slab sediment—H,O, from Hermann and Spandler (2008). Inferred solubility
isopleths converge on the critical end point just below 4 GPa. Green rectangles reflect temperature calculated
from H,O/Ce thermometry and subarc depth to slab for 10 global subduction systems (Cooper et al., 2012).
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subduction systems for which estimates could be made, five indicated pressure and temperature
consistent with production of a supercritical fluid derived from sediment at the slab—mantle interface.
There is also ample evidence of at least transient existence of hydrous supercritical fluids in other
high-pressure contexts, including ultrahigh-pressure metamorphic rocks (Ferrando et al., 2005; Zhang
et al., 2008; Zheng et al., 2011; Hermann et al., 2013; Zheng and Hermann, 2014; Huang and Xiao,
2015) and diamond genesis (Klein-BenDavid et al., 2007; Weiss et al., 2015).

PHYSICAL PROPERTIES OF HYDROUS SILICATE MELTS
VOLUME AND DENSITY

The density of silicate liquids in the lower crust and mantle exerts a fundamental control on mobility
and seismic properties. At 1 bar, silicate melt densities are simple functions of the partial molar
volumes of component oxides (Bottinga and Weill, 1970; Lange and Carmichael, 1987, 1989). The
addition of H,O increases the volume and decreases the density of a silicate melt. Experimental studies
indicate that the partial molar volume of H,O in hydrous silicate melts (‘_/Hzo) is lower than in free
H,0, and—crucially—appears to be independent of H,O speciation or melt composition and structure
(Orlova, 1964; Burnham and Davis, 1971; Ochs and Lange, 1997, 1999; Richet and Polian, 1998;
Richet et al., 2000). Vi, possesses higher isothermal expansivity than other oxides, but expansivity is
lower than that of free H,O vapor.

Characterization of the changes in the density of hydrous silicate melts with pressure has long
presented experimental challenges. Early dilatometry measurements on NaAlSi3;Og—H,O (Burnham
and Davis, 1971, 1974) were exceptionally useful, but they were arduous, relatively restricted in
pressure, and difficult to extend to other compositional systems. Studies of hydrous glasses quenched
from high pressure and temperature demonstrated the compositional independence of Vi,o (Ochs and
Lange, 1997, 1999) but were limited with respect to the role of pressure. Sink-float experiments (Agee
and Walker, 1988) permit bracketing of density at high pressure and temperature and have been
deployed on a range of hydrous silicate melt compositions (Fig. 3.9A) (Matsukage et al., 2005;
Sakamaki et al., 2006; Agee, 2008b; Jing and Karato, 2012). However, the nature of the experiment
intrinsically limits the pressure, temperature, and composition space of a given study. Newly emerging
X-ray absorption, diffraction, and imaging methods applied to hydrous silicate melts (e.g., Sakamaki
et al., 2009; Malfait et al., 2014) hold great promise for expanding our understanding in the coming
years. The experimental data have been incorporated into a variety of equations of state for Vo and
hydrous silicate melts to characterize changes in the volume with pressure (Agee, 2008a.,b; Jing and
Karato, 2009, 2012; Sakamaki et al., 2009; Malfait et al., 2014; Ueki and Iwamori, 2016).

Despite minor differences due to experimental methods and equation of state employed, there are
several key conclusions that appear to be robust. All results indicate that, with rising pressure, the volume
of a hydrous melt decreases to a greater extent than its anhydrous equivalent; that is, the HyO component
in melts is more compressible than other oxide components. At high pressure, the isobaric expansivity of
H,0 in melts is lower than at low pressure, as is the case for pure HyO. At all pressures, Vy, 0 is less than
the molar volume of pure H,O, indicating that the volume change for the transfer of HyO from the free
vapor phase to a dissolved component in silicate melt, HyO, = HyOpe, is always negative. This helps
explain why the solubility of H,O in silicate melt rises with pressure (Figs. 3.1, 3.4, and 3.5).

On the atomic scale, the increasing density of anhydrous melt with pressure is partly a consequence
of increasing coordination of constituent cations. Ab initio simulations indicate that the same is true for
hydrous melts. However, the space available for molecular H,O becomes very small, making it
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(A) Partial molar volume of H,O in hydrous melts. Experimental data (Ochs and Lange, 1999; Matsukage et al.,
2005; Sakamaki et al., 2006, 2009) corrected to 1700°C. VHZO is independent of melt composition. (B) Variation
in density of basalt (solid lines) and peridotite (dashed lines) liquids with pressure and H,O concentration,

at 1600°C. Results are compared from the Preliminary Reference Earth Model (PREM, Dziewonski and
Anderson, 1981), showing that basalt with <3 wt% H,0 and peridotite with <6 wt% H,O are more dense than
the mantle immediately above the 410-km discontinuity. Such liquids could therefore be trapped at this depth,
supporting models of a transition-zone water filter (e.g., Bercovici and Karato, 2003).

relatively unstable compared to more compressed forms involving the extended linkages between melt
units referred to in earlier sections (Mookherjee et al., 2008; Karki and Stixrude, 2010; Bajgain et al.,
2015).

The seismic properties of hydrous melts are strongly influenced by H,O content (Wu et al., 2014;
Ueki and Iwamori, 2016). This has important consequences for the detection of hydrous melt in the
mantle. Assuming that isothermal bulk modulus is equal to adiabatic bulk modulus, Ueki and Iwamori
(2016) calculated the seismic velocities and V},/V; for partially molten mantle and lower crustal rocks
at 1 GPa and 800—1000°C, relevant to the uppermost mantle wedge in a subduction zone. As with
anhydrous melts, V}, drops with increasing melt fraction, but to a smaller degree as H,O content
increases. Similarly, V,,/V rises with melt fraction, but this grows less pronounced with increasing H,O
in the silicate melt. Notably, Ueki and Iwamori (2016) limit consideration to 6 wt% H,O in the melt.
Extending these results to deeper conditions will require accounting for the possibility of much higher
H,O concentrations.

Understanding the pressure—temperature dependence of density and seismic properties of hydrous
silicate liquids is essential for testing hypotheses which invoke the ponding of hydrous silicate melt to
explain geophysical anomalies in a variety of mantle environments. Key to such hypotheses is that
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the melting temperature must be reduced by a fluxing agent such as H,O, but density must remain
sufficiently high to cause the melt to be neutrally buoyant at the depth of interest. Experimental and
modeling investigations have shown that hydrous melts of plausible composition and H,O content
could be gravitationally stable at the top of the transition zone and elsewhere (Matsukage et al., 2005;
Sakamaki et al., 2006; Agee, 2008b; Jing and Karato, 2009, 2012).

Fig. 3.9B uses results from Sakamaki et al. (2006) to illustrate that MORB and model transition-
zone peridotite melts are gravitationally stable at ~410 km for H,O contents up to ~3 and ~ 6 wt%,
respectively, assuming constant temperature of 1600°C. However, the likely high H,O content of
transition-zone minerals yields peridotite liquids with as much as 10—15 wt% H;O, which would be
too buoyant to be trapped at 410 km in the model of Sakamaki et al. (2006). Jing and Karato (2012)
evaluated several equations of state, a wider range of compositions, and accounted for temperature
variations with depth. They concluded that hydrous peridotite with 10—15 wt% H,O could be neutrally
buoyant at 410 km depth; the addition of other volatiles, such as CO,, increases trapping potential
because their density is greater than that of H,O. It is important to note that evaluations of gravitational
stability based on one-dimensional profiles, as in Fig. 3.9B, should be made with caution in light of
complex global variations in the interactions between slabs and the transition zone (Goes et al., 2017).

MELT CONNECTIVITY

Melt migration by porous flow at low differential stress and low buoyancy may be driven by surface
tension (Watson, 1982), which, on the grain boundary scale, is controlled by the interfacial energy of
contacting grains. Interfacial energy is a function of the dihedral angle defined by the intersection of
grain edges and a melt-filled pore (Watson, 1982; von Bargen and Waff, 1986). When the dihedral
angle is <60 degrees, the melt wets the grain boundaries, forming an interconnected network
that permits melt migration. If the dihedral angle is higher, the melt remains trapped in pores in the
absence of any dynamic transformation of the grain interfaces. Variations in dihedral angle reflect a
strong dependence on chemical interaction between minerals and melt through dissolution and
reprecipitation processes (Watson, 1982). Therefore, for hydrous melts, the dependence of mineral
solubility and liquid composition on H,O concentration should have an important influence on the
melt’s wetting properties and hence the matrix permeability.

Experimental investigations of wetting properties of rocks at high pressure have focused chiefly on
(nominally) anhydrous melts and aqueous fluids. In solid monomineralic and polymineralic matrices
of mantle minerals, nominally anhydrous basaltic liquids generally form triple junction pores with
dihedral angles between 25 and 50 degrees consistent with a matrix favorable to melt migration (Waff
and Bulau, 1979, 1982; Watson, 1982; Jurewicz and Jurewicz, 1986; Toramaru and Fujii, 1986; von
Bargen and Waff, 1986). A possible exception is pyroxene-rich rocks (Fujii et al., 1986; Toramaru and
Fujii, 1986), though likely only under very dry conditions and strong preferred orientations (von
Bargen and Waff, 1986). At conditions relevant to deep crustal melting, a wide range of more siliceous,
nominally anhydrous liquids also form dihedral angles <60 degrees with typical lower-crustal min-
erals (Laporte and Provost, 2000). Intriguingly, Maumus et al. (2004) concluded that nominally
anhydrous SiO;-rich melts hypothesized as transport agents in subduction zones form dihedral angles
with olivine that are too high to admit substantial melt migration.

There have been comparatively few studies of the wetting properties of hydrous melts. Fujii et al.
(1986) investigated the effect of H,O saturation on melt dihedral angles in peridotite comprised of
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olivine, plagioclase, and pyroxenes at 1.5 GPa and 1250°C. They found that whereas pyroxene-rich
grain junctions may have dihedral angles >60 degrees under anhydrous conditions, H,O saturation
leads to lower angles and a connected melt phase. A key limitation of this work is that very large melt
fractions are produced at H,O saturation, which makes it difficult to compare the results with lower
melt fractions used in nominally anhydrous systems. For example, Raterron et al. (1997) found that
volumetrically minor early melt fractions at H,O saturation may be very Si-rich and become trapped in
grain boundaries, suggesting they form dihedral angles >60 degrees.

Insights can be gained from studies of the effect of H,O on dihedral angles at subsolidus conditions.
At low temperatures and crustal pressures, mean dihedral angles in olivine, pyroxene, quartz, and
polymineralic aggregates equilibrated with H,O £ CO; are typically >60 degrees (e.g., Watson and
Brenan, 1987; Watson and Lupulescu, 1993). However, Mibe et al. (1999) showed that dihedral angles
formed by H,O in forsterite decrease to <60 degrees with increasing temperature from 800 to 1200°C
and 3—6 GPa. At these conditions, the solubility of forsterite in H,O rises dramatically (Stalder et al.,
2001).

Anticorrelation between solubility and dihedral angle is consistent with the hypothesis that
dihedral angles <60 degrees are generated by dissolution—reprecipitation reactions with the fluid
(Watson, 1982). If true, rising solubility should promote this behavior. Thus, HyO may play a key role
in enhancing wettability of grain boundaries by enhancing or shifting dissolution reactions. Addition
of H,O to the SiO,-rich mantle metasomatic fluid studied by Maumus et al. (2004) so that it is a
supercritical intermediate fluid would likely lead to much lower dihedral angles than they found for
the dry system, and hence greater mobility.

VISCOSITY

Viscosity exerts a fundamental control on the mobility of silicate melts (e.g., Hess and Dingwell, 1996;
Mysen and Richet, 2005; Giordano et al., 2008, and references therein). Most silicate melts are
Newtonian liquids, or nearly so (e.g., Ni et al., 2015), and viscosity, 1 (Pa s), depends strongly on melt
structure and temperature. Viscosity therefore varies over many orders of magnitude for the wide range
in compositions and temperatures of terrestrial magmas.

On a molar basis, HyO has a greater effect on viscosity than any other cation (e.g., Dingwell, 2015).
Early work on the effect of water on melt viscosity confirmed a link between depolymerization and a
decrease in melt viscosity (Friedman et al., 1963; Shaw, 1963; Burnham, 1975; Stolper, 1982b). Initial
studies concluded that pressure had a negligible influence on the viscosities of hydrous melts (Schulze
et al., 1996, 1999; Liebske et al., 2003). However, the studies covered a relatively narrow range of
pressure, H,O concentration, and viscosity, and it remained possible that there was a small pressure
dependence, as in anhydrous silicate melts (Kushiro, 1976, 1978; Kushiro et al., 1976). Any pressure
effect should be most evident in more polymerized liquids, such as rhyolite. Ardia et al. (2008) inferred
a modest but nonnegligible dependence of viscosity on pressure in anhydrous and hydrous rhyolite
liquids. Hui et al. (2009) used an independent approach to confirm a pressure effect of a magnitude
similar to that of Ardia et al. (2008), though they proposed a nonlinear functional form for which the
effect is greatest at low pressure and diminishes at higher pressure.

Fig. 3.10A and B show variations in the viscosity at high pressure (np) relative to that at ambient
pressure (Mg par) at 800 and 1350°C and different H,O concentrations, using the linear model of
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Viscosity of hydrous silicate melts at high pressure. (A) and (B) Relative change in viscosity of hydrous rhyolite
melts with respect to 1 bar values at 800°C (A) and 1350°C (B), calculated from Ardia et al. (2008). (C) Change
in viscosity with H,O concentration for supercritical albite—H,O fluids, at 600—1200°C (Audetat and Keppler,
2004). (D) Variation in viscosity of slab sediment melt along the solidus for 2, 7, and 15 wt% H,O (Schmidt, 2015).
Melt composition and temperature change with pressure. The 2 and 7 wt% H,O compositions are undersaturated
with H,O at pressures above 3.2 and 3.7 GPa, respectively. Regardless of pressure (and temperature and

composition), these melts possess low viscosity at all conditions shown.
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Ardia et al. (2008). It can be seen that the viscosity of dry rhyolite liquid at 2.5 GPa is lower than at
1 bar by 2.2 and 1.2 log units at 800 and 1350°C, respectively. Addition of H,O decreases the effect of
pressure. For rhyolite with 5 wt% H;0O, the viscosity decreases from 1 bar to 2.5 GPa is only 1.3 and
0.9 log units at 800 and 1350°C, respectively.

The viscosity of HyO-bearing rhyolite changes less with pressure than its anhydrous equivalent
because H,O addition at any pressure produces a dramatic depolymerization and viscosity reduction,
dwarfing changes in pressure. Fig. 3.10C illustrates the effect of HyO addition at high pressure for the
system NaAlSi3zOg—H,0 (Audetat and Keppler, 2004). The diagram reflects a compilation of results at
1.2—1.9 GPa assuming no pressure dependence and is relevant to near- and supercritical pressures.
Viscosity of supercritical fluid along the NaAlSi;Og—H;O join is a strongly nonlinear function of H;O
concentration. More than half of the decline (log units) with H,O addition occurs in the first 10 wt% of
H,0 (17 mol% on 1 oxygen basis). Fluids with >30 wt% H,O have viscosities <1 Pa s, only modestly
greater than the viscosity of pure HyO (~10~* Pa s). Models suggest that potassic fluids should have
even lower viscosity (Hack and Thompson, 2011).

Schmidt (2015) calculated the viscosity of hydrous granitic liquid produced by the melting of
subducted sediment. Fig. 3.10D shows viscosity variations with pressure at 2.5—5 GPa—pressures at
which the temperature of melting increases with pressure. The viscosities of melts produced at the
solidus lie in the relatively narrow range of ~ 10~ >—10°7 at the conditions portrayed. However, there
are minor changes with pressure along the melting curve. The melts are saturated with H,O at 15 wt%
bulk H,0, and viscosity decreases nearly linearly by ~ 10* from 5 to 2.5 GPa. Smaller declines are
seen at 2 and 7 wt% H,O. Departures from linearity arise from HyO undersaturation at high pressure.
The main controls on the viscosity variations are H,O concentration, temperature, and to a lesser
extent pressure, as melt composition changes little over this interval. A key observation is that, as
shown in Fig. 3.10C, the viscosity of pure H,O is only ~2—4 log units lower than the hydrous silicate
liquids. Such liquids must be highly mobile.

The viscosities of hydrous mafic and ultramafic liquids are likely less sensitive to pressure, at least
over the pressure range shown in Fig. 3.10. However, the pronounced structural modifications induced
by water at very high pressure (Bajgain et al., 2015) should be expressed in viscosity reduction as well.

ELECTRICAL CONDUCTIVITY AND DIFFUSIVITY

Electrical conductivity and diffusivity are closely linked properties because conductivity is controlled
by the diffusivity of the most mobile ions in the liquid. Both parameters depend on pressure,
temperature, bulk composition, and H,O concentration. Focusing first on diffusivity, pressure and H,O
concentration have opposite effects for a given bulk composition and temperature, such that diffusivity
declines with pressure but rises with HyO content (Watson, 1981); major cations show different
dependence on H,O (see also Mysen and Richet, 2005, and references therein). First principles
simulations yield similar results, except for SiO,—H;0, which shows an initial increase in Si, O, and H
diffusivity with pressure (Karki and Stixrude, 2010).

Experimental characterization of the electrical conductivity of hydrous melts is challenging at high
pressure, which limited the number of early investigations (Tyburczy and Waff, 1983). However,
advances in impedance spectroscopy and sample confinement have enabled a surge in new studies
(Gaillard, 2004; Pommier et al., 2008; Ni et al., 2011b). Gaillard (2004) proposed that Na is the
primary charge carrier in hydrous natural siliceous melts. Conductivity increases with the addition of
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(A) Variation in electrical conductivity with pressure in hydrous NaAlSi;Og melts. Calculated at 1100 (black)
and 1300°C (blue; gray in print version) at 0—6 wt% H,0, after Ni et al. (2011b). (B) Variation in electrical
conductivity with melt composition and polymerization at 1200°C, from 0 to 6 wt% H,O. Data at 1 GPa, except
basalt at 2 GPa (Guo et al., 2017).

H;O0, but the effect is chiefly to increase the mobility of Na rather than the addition of H,O dissociation
products. That is, as with other properties, the primary influence of H,O is through its modification of
melt structure. Sodium was also found to be the primary charge carrier in hydrous albitic, dacitic, and
basaltic liquids (Ni et al., 2011a,b; Laumonier et al., 2015). First principles simulations of simple
Na-free compositional systems show that high proton mobility yields high conductivity (Mookherjee
et al., 2008; Karki and Stixrude, 2010), suggesting that H* has a secondary but important role.

The roles of pressure, temperature, and H,O on electrical conductivity can be illustrated using
the model of Ni et al. (2011b) for NaAlSi3Og3—H,0 (Fig. 3.11A). Electrical conductivity increases
with rising temperature and H,O concentration, but decreases with pressure. Limited experimental
constraints suggest these trends continue to 10 GPa, at least for HyO-poor liquids (Ni et al., 2011b).
Models for more complex compositions yield similar trends, but appear to underestimate the effect of
H,O concentration (Pommier and Le-Trong, 2011).

Fig. 3.11B illustrates that electrical conductivity of hydrous melts is a comparatively weak function
of melt structure, as reflected by bulk composition (Guo et al., 2017). At a given pressure and
temperature and 4—6 wt% H;0, conductivity increases with decreasing polymerization from rhyolite
to basalt by about half an order of magnitude.

Calculation of electrical conductivities of hydrous silicate melts is essential for interpreting
magnetotelluric survey data in, for example, subvolcanic regions and the mantle wedge above
subduction zones (Pommier et al., 2008; Ni et al., 2011a,b; Laumonier et al., 2015; Guo et al., 2016,
2017). Of particular interest is that the presence of <1% hydrous silicate melt may afford sufficiently
high bulk electrical conductivity to explain anomalously conductive regions corresponding to the
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seismic low-velocity zone beneath midocean ridges (Evans et al., 2005; Baba et al., 2006), supporting
hypotheses of deep hydrous melting beneath ridges (e.g., Hirschmann, 2010)—especially if CO; is
also included (Sifré et al., 2014).

CONCLUDING REMARKS

Hydrous silicate melts are present in a wide range of deep terrestrial environments, and their properties
exhibit important changes with pressure which influence their generation, composition, mobility,
and detection. The pressure-dependent physical properties are expressions of H,O concentration, and
the manner in which H;O interacts with and modifies the anhydrous structure of the liquid, regardless
of the abundance and identity of hydrous species. For a given composition, HyO content, and
temperature, rising pressure decreases both the bulk melt volume and the molar volume of H;0O, as
well as viscosity, conductivity, and diffusivity. Compressibility is enhanced. At high pressure, the
solubility of H,O becomes so great in silicate melts that fully miscible solutions likely form for all
natural compositions. As with physical properties, this is a direct consequence of the role of H,O in the
polymerization chemistry of silicate systems. For many cases where hydrous silicate melts have been
proposed to explain mantle geophysical anomalies—e.g., hydrous basalt at the top of the transition
zone—the binary silicate—H;O system is supercritical, permitting (but not requiring) very high HO
concentrations at appropriate conditions. In any case, whether supercritical or subcritical, hydrous
silicate melts are likely to be important geologic agents to at least as deep as the base of the transition
zone.
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