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Abstract—The system NaAlSi;Og (albite, Ab)-H,O offers a simple and tractable model to study the thermo-
dynamics of the volatile constituent H,O in felsic magmas. Although it has been studied in this context for

nearly 100 years, developing a comprehensive model that adequately describes the activity of H,O (aHZO) in
hydrous albite liquids and vapors has proven challenging. There are several problems. First, am,0 in hydrous
liquids relies on melting experiments in the presence of mixed fluids with reduced H,O activity (H,O0-CO,
and H,0-NaCl), but models of ay ¢ in these coexisting fluids have lacked sufficient accuracy. Second, the
role of the solubility of albite in H,O has been assumed to be negligible; however, it is important to take sol-
ubility into account at pressure (P) above 0.5 GPa because it becomes sufficiently high that H,O activity at

the wet solidus is significantly less than 1. Third, the dry melting temperatures and wet solidus temperatures
are inconsistent between the datasets. We address these issues by combining previous experimental work on

T—Xy,0 liquidus relations at 0.5—1.5 GPa with accurate activity formulations for H,O in mixed fluids
(Aranovich and Newton, 1996, 1999). This yields isobaric T—ay o sections at 0.5, 0.7, 1.0 and 1.5 GPa. Data
at each isobar were fit to cubic equations, which were used to derive the following equation for liquidus 7" as
a function of ay  and P:

— 2 3 o
T(aHzo, P) =mg + mlaH20 + mzaHZO + m3aH20 C,

where T'is °C, my = 1119.6 + 112.3P, m; = —856.5 — 578.9P, m, = 1004.1 + 952.9P, and m; = —477.1 — 618.0P.
The equation is valid at 0.5 < P < 1.5 GPa and Tyyjiqus < T < Tiyry meling: T he nonzero solubility of albite in pure
H,O is incorporated into the model to give the correct liquidus?‘IzO activity when truncating the model equa-
tion in the limiting case where 7'— T ;;qus at @ given pressure. This model equation reproduces both the liqui-
dus-H,O0 contents and activities from the solubility measurements of Makhluf et al. (2016) in the binary sys-
tem Ab-H,O at 1.0 GPa. The model equation also accurately reproduces the liquidus H,O activities from
Eggler and Kadik (1979) and Bohlen et al. (1982) when the Aranovich and Newton (1999) activity formula-
tion for CO,—H,0 mixed fluids is applied to their datasets.

DOI: 10.1134/S0869591117050046

INTRODUCTION
Importance of the Activity Concept

Lewis and Randall’s (1923) definition of chemical
activity (@) has been an extremely useful concept in the
field of geochemistry. The activity measures the degree
of departure of the Gibbs free energy of a component i
of a solution from the ideal mixing law of statistical
physics:

Ing; =In X, +Invy; @9

at constant temperature and pressure, where JX; is the
mole fraction of component / in a homogeneous mix-

IThe article is published in the original.

ture and the activity coefficient y; measures the non-
ideality. The activity of H,O assumes a major role in
formulation of the thermodynamics of natural fluids
and melts (Khorzhinskii, 1959), as illustrated by the
numerous discussions of model igneous systems,
notably NaAlSi;O4-H,O (Wasserburg, 1957; Burn-
ham, 1975; 1979; Stolper, 1982; Silver and Stolper,
1985; Blencoe, 1992; Paillat et al., 1992; Zeng and
Nekvasil, 1996; Zhang, 1999; Stalder et al., 2000; Hol-
land and Powell, 2001; Makhluf et al., 2016).

Systems of Volatile and Non-Volatile Components

G.W. Morey (1917) showed experimentally that
some refractory silicates, such as K,SiO; and K,Si,0s,
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Fig. 1. Phase relations in the water-rich part of the
NaAlSi;Og-H,O binary, showing experimentally con-
strained liquidus H,O content and solidus temperatures in
the range 0.5—1.5 GPa. Constructed using constraints
from Boyd and England (1963; dry melting temperatures),
Bohlen et al. (1982; solidus temperatures at 0.5 and
0.7 GPa), Paillat et al. (1992; dotted lines), Makhluf (2015;
solid curve at 1.5 GPa), Makhlufet al. (2016; solid curve at
1.0 GPa).

become very soluble in their interaction with H,O at
elevated T and P, to the point where continuous solu-
tions may form over large compositional ranges
between the volatile and non-volatile components.
The important consequence of the solution of H,O
into silicate melts is great lowering of the melting
points of silicate minerals. Bowen (1928) applied
Morey’s (1917) work to discussion of granitic magmas,
thus highlighting the importance of H,O in igneous
petrogenesis. D. S. Khorzhinskii (1959) drew atten-
tion to the mobile (quasi-volatile) nature of the alkali
components at deep-crustal conditions where metaso-
matic and anatectic phenomena impinge on each
other, blurring the distinction between their effects in
granitic systems.

Following on the inspiration of Korzhinskii,
L.Y. Aranovich and his coworkers have defined,
observed and predicted petrological effects of the vol-
atile components H,0, CO,, alkalis and halogens, in a
series of experimental and theoretical contributions:
Aranovich, 2013; Aranovich et al. (1987), Aranovich
and Newton (1996—1999), Aranovich et al. (2010;
2013; 2014).

Albite-H,0 Models

The hydrous melting of albite, NaAlSi;Oy, is a sim-
ple but instructive model for the role of H,O in granitic
melts. Alkali feldspar is the dominant mineral constit-

MAKHLUF et al.

uent of granite; its melting behavior at elevated H,O
pressures illustrates the essential principles of rock
melting under deep-crustal P and T conditions.
Goranson (1938) discovered that H,O pressure up to
0.4 GPa, corresponding to ~15 km depth in the earth,
lowers the melting point of albite from above 1100°C
to below 800°C, a temperature range thought to pre-
vail in high and ultra-high grade metamorphism.
Thus, a link between metamorphic and igneous pro-
cesses was established as a quantitative guide to petro-
genesis in crustal evolution (Brown and Fyfe, 1970).
Subsequent experimental study has provided a great
deal of insight into the phase relations and thermody-
namic properties, including P-V-T measurements
(Lange and Carmichael, 1990), thermophysical prop-
erties (Stebbins et al., 1984) and volumetric measure-
ments of NaAlSi;O3-H,O melts (Burnham and Davis,
1971; 1974). Additional experimental studies of melt-
ing in the system NaAlSi;O4-H,0, extended Goran-
son’s (1938) measurements to higher pressure (Burn-
ham and Jahns, 1962; Eggler and Kadik, 1979; Bohlen
et al., 1982; Paillat et al., 1992; Stalder et al., 2000;
Makhluf, 2015). Several theoretical models of the role
of H,O in aluminosilicate melts have been attempted
to rationalize and extend the experimental measure-
ments (Wasserburg, 1957; Stolper, 1982; Silver and
Stolper, 1985; Blencoe, 1992; Zeng and Nekvasil,
1996). However, the modeling has chiefly focused on
low pressures and the NaAlSi;Og-rich part of the
binary. Modeling of the system at the higher pressures
corresponding to the source region for most granites
remains relatively unexplored, and requires experi-
mental constraints across the entire binary.

The importance of this issue can be seen in Fig. 1,
which shows the liquidus curves in the NaAlSi;O3-H,0
system at 0.5, 0.7, 1.0 and 1.5 GPa, as constructed
from experimental data of Burnham and Jahns (1962),
Paillat et al. (1992), Makhluf (2015) and Makhlufet al.
(2016). The figure illustrates the large effect of H,O on
phase relations: with increasing pressure, H,O satu-
rated conditions cause a dramatic decrease in melting
temperature and a dramatic increase in H,O solubility
in the saturated liquid. These relations also require an
increase in the size of the albite + liquid phase field
(Fig. 1). As pressure increases, the slope ofthe L + V
phase boundary changes from negative to positive due
to the change from retrograde to prograde solubility of
the H,O-rich vapor into the silicate-rich liquid (Paillat
et al., 1992). These facts all point to the onset of criti-
cal phenomena where the liquid and vapor phases are
completely miscible and a critical endpoint (a.k.a
second critical point) pressure where a miscibility
gap ceases to exist. Any thermodynamic modeling of
the albite-H,O system must account for the high-
pressure critical mixing behavior between NaAlSi;Oy
liquid and H,O, which requires consideration of the
speciation of H,O in the mixture and constraints on
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the P-T'trace of the critical curve marking the closure
of the solvus between NaAlSi;Oq liquid and vapor.

The role of water speciation in silicate melts as H,O
vs. OH™ has received wide attention. Burnham and
Davis (1974) and Burnham (1975; 1979) interpreted
their volumetric measurements on H,O-undersatu-
rated albitic melts as evidence for ideal double dissocia-
tion of H,O in low-H,0 melts, following Henry’s Law:

ano = k' X0 ()

where Xy is the mole fraction of H,O in the melt
with NaAlSi;Oq4 and k' is the Henry’s Law constant.
The activity of H,O becomes positively non-ideal, in-

creasing exponentially with X ,, when the latter
quantity becomes greater than 0.50 on the eight-oxy-
gen scale for albite. Stolper (1982) and Silver and
Stolper (1985) recommended that the mole fractions
of H,O and albite be placed on the one-oxygen scale
for each component. This gives rise to the formula
weight of 1/8 of a mole of albite (Na,;Al, 5Si;s0)
equal to 32.78 g/mol, a convenient formulation which
we adhere to in the present paper. They added the con-
cept of a dissociation/equilibrium constant K, con-
trolling interaction of molecular H,O in the melt with

asilicate framework oxygen (Ofn_e 1) to produce two hy-
droxyls in the melt via the following reaction

H2Omolecular, melt + Ofn_ell # 20H;wlt’ (3)

for which

(a;nH7 )2 ) (4)
(ag:-) (@0, mar)

If the mixing is ideal, the activities may be replaced
by their concentrations. The equilibrium constant K,

should depend on 7 and P, but not on Xy . The
degree of dissociation of H,O remains a key issue in
discussions of hydrous silicate magmas.

Similarly, the trace of the critical curve has been
constrained using multiple approaches. Shen and
Keppler (1997) first showed, by optical observation of
albite melting in a diamond-anvil pressure cell, that
coexisting silicate-rich liquid and H,O-rich aqueous
vapor converge in composition at pressures above 0.9—
1.7 GPa and corresponding temperatures of 1000—
700°C, to a single supercritical mixture. The direct
observation of critical behavior in the NaAlSi;O4-H,0
system was predicted by Paillat et al. (1992). These
authors found, in contrast to previous studies, that
above 0.4 GPa the solubility of H,O in NaAlSi;Oq
melts increases with increasing temperature, and they
noted that this results in critical mixing between sili-
cate melt and aqueous fluid at some higher tempera-
tures, depending on pressure. They estimated a critical
temperature of 1250°C at 1.0 GPa. Subsequent studies
used different techniques to estimate P-7 points along
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the critical mixing curve. Stalder et al. (2000) used the
diamond trap method to estimate the critical end
point, or second critical point, at 1.5 GPa and 700°C.
Hayden and Manning (2011) used rutile solubility in
NaAlSi;O4-H,O melts to estimate a critical pressure of
0.9—1.0 GPa at 900°C. Makhluf et al. (2016) found an
intermediate temperature for critical mixing at 1100°C
and 1.0 GPa from albite solubility and H,O-saturated
melt determinations in the binary system.

Critical mixing on the join NaAlSi;Ogz-H,O greatly
complicates discussions of H,O activity and specia-
tion. It must be shown that the first and second deriv-
atives of H,O activity with respect to H,O mole frac-
tion approach zero as the critical temperature is
approached. It is clear that any thermodynamic
account of melting in the system NaAlSi;Os-H,O at
high pressures must involve H,O activity measure-

ments as functions of 7, Pand Xy, .

Recently, Makhluf et al. (2016) built on previous
studies of H,O activity-concentration relations in
albitic melts at high pressure (Eggler and Kaddik,
1979; Bohlen et al., 1982) by equilibrating liquidus
melts (in equilibrium with crystalline albite) with
aqueous NaCl solutions of known H,O activity. This
activity estimate is made possible by the fact that Cl is
very insoluble in the liquidus melts, as determined by
electron microprobe analysis of quenched melts
(glasses), and that the silicate components are, as
Makhluf et al. (2016) also showed, very insoluble in
NaCl-H,0 solutions. These conditions allow the
assumptions that the brines in equilibrium with albite
and melt along the liquidus are, to a good approxima-
tion, binary H,O-NaCl mixtures, and that the coexist-
ing melts are effectively binary NaAlSi;O4-H,O mix-
tures. Therefore, the H,O activity measurements of
Aranovich and Newton (1996) in the binary system at
high temperatures and pressures immediately yield
H,O0 activity in coexisting albitic melts. Furthermore,
Makhluf et al. (2016) measured the solubility of albite
at the vapor-saturated solidus. They found substantial
solubility of albite (8.8 £ 0.6 wt %) in the NaCl-free
system and showed that this results in critical mixing
between silicate melt and aqueous fluid at some higher
temperature. Previous thermodynamic treatments
typically ignored the solubility of albite (exceptions are
Blencoe, 1992, and Zeng and Nekvasil, 1996), assum-
ing that fluids in equilibrium with H,O-saturated melts
can be considered pure H,O. Makhluf et al. (2016)
showed that this assumption is inconsistent with critical
mixing at any finite temperature. A subregular solution
model applied to solidus NaAlSi;O3-H,O melts and
aqueous vapors at 1.0 GPayielded a critical temperature
of 1100°C, quite consistent with the results of Shen and
Keppler (1997), Hayden and Manning (2011) and as
anticipated by melt compositions at lower pressures
measured by Paillat et al. (1992).
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Fig. 2. Liquidus H,O activity as a function of temperature

at 0.5 GPa (a), 0.7 GPa (b), 1.0 GPa (c) and 1.5 GPa (d).
Data from Eggler and Kadik (1979) and Bohlen et al.
(1982) are measurements in NaAlSi;Og-CO,-H,O, con-

verted to H,O activities with the CO,-H,O mixing data of

Aranovich and Newton (1999). Data from Makhluf et al.
(2016) at 1.0 GPa are for compositions in the system
NaAlSi;Og-NaCl-H,O with H,O activity calculated using

the H,O-NaCl mixing properties of Aranovich and New-
ton (1996). CO,-free data from Bohlen et al. (1982) are
plotted at ay o = 1.0 with a triangle to indicate that, due to

albite solubility in H,O, the ay o value is a maximum but

not realized due to the finite solubility of albite in pure
H,O. Error bars reflect bracket widths in temperature and

where not shown are smaller than the symbol size. The
solid curves plotted on each of the graphs was calculated
using Egs. (5) and (6) with parameters from Table 1 (see
next page).

Scope of the Present Work

The present work extends the method of Makhluf
et al. (2016) to pressures covering the deep-crustal
range by making use of experimental determinations
of fluid compositions in equilibrium with albite-satu-
rated melts in the system NaAlSi;O4-H,0-CO,. Two
comprehensive data sets exist on albite melting in the
presence of H,O-CO, fluids over large pressure ranges
(0.5—2.0 GPa: Eggler and Kadik, 1979; Bohlen et al.,
1982). The former study showed that CO, is dissolved
quite sparingly in the hydrous albite melts. Other stud-
ies have shown that silicate minerals are quite insolu-
ble in CO,-rich fluids (Newton and Manning, 2009;
Shmulovich and Graham, 2001). Makhlufet al. (2016)
used these features to convert the Bohlen et al. (1982)
CO,-H,O0 albite melting data at 1.0 GPa to supplement
their H,O activity measurements from albite melting
in NaCl-H,O fluids. A similar approach was used here
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at 0.5, 0.7, and 1.5 GPa. Derivation of the H,O activity
at these conditions makes use of the measurements of
Aranovich and Newton (1999) for H,0-CO, mixing.
This study was based on the CORK formulation of H,O
and CO, P-V-Trelations of Holland and Powell (1991)
and the Holland and Powell (1998) data set. This for-
mulation is adhered to in the present study.

RESULTS OF CALCULATIONS

Temperatures of albite melting under various H,O
concentrations in H,0O-CO, solutions were compiled
from Eggler and Kadik (1979) and Bohlen et al.
(1982), and then fluid compositions were used to
derive H,O activity. Following Stolper (1982) and Sil-
ver and Stolper (1985), the mixing units used to obtain
H,O activity were taken on a one-oxygen basis (H,O
and Na, gAl, 5Si;,50). The 2.0 GPa data from Eggler
and Kadik (1979) and Bohlen et al. (1982) are not
included because the Aranovich and Newton (1999)
activity-concentration formulation is limited to the
range 0.6—1.4 GPa; it is however assumed here that
their H,O activity trends may be extrapolated safely by
0.1 GPa in both pressure directions.

Figures 2a—2d show the liquidus H,O activity-
temperature relations at 0.5, 0.7, 1.0 and 1.5 GPa as
derived from the two data sets. The H,O activity values
resulting from the experimental data are quite consis-
tent, except in the very CO,-rich range. This is because
of the substantially lower melting temperature of dry
albite melting adopted by Bohlen et al. (1982: 1190°C
at 1.0 GPa). We find that using these low temperatures
results in reduced fitting quality (see below). We there-
fore adopted nominally dry melting temperatures of
pure albite of Boyd and England (1963), consistent
with conclusions of Holland and Powell (2001). The
1.0 GPa data (Fig. 2c) also includes derivations from
experimental melting of albite in the presence of
NaCl-H,O0 solutions (Makhluf et al., 2016).

The experimental constraints (Fig. 2) can be used
to determine liquidus 7—ay, , relations over a range of
pressures. Figure 2 shows that the 0.5, 1.0 and 1.5 GPa
data are generally consistent. In contrast, at 0.7 GPa,
the derived Eggler and Kadik (1979) constraints are
substantially displaced to lower H,O activities and
temperatures relative to the Bohlen et al. (1982) data
(Fig. 2b). Accordingly, the 0.5, 1.0, and 1.5 GPa data
were used impartially in regressions to determine H,O
activity curves, while the 0.7 GPa data were omitted.
Derivation of an equation describing 7—ay, , relations
as a function of pressure proceeded by first performing
least squares fits to cubic equations at each pressure.
Bohlen et al. (1982) reported H,O-saturated melting
temperatures, but they did not report fluid composi-
tion. As noted by Clark (1966), Manning et al. (2010),
and Makhluf et al. (2016), the solubility of albite (and
hydrous albite liquid) at H,O-saturated melting may
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be significant and increases strongly with pressure;
i.e., ay o is not strictly 1.0. This is indicated in Fig. 2
by plotting pure H,O data from Bohlen et al. (1982) as

triangles, to indicate that the constrained ay g is
strictly a maximum. For the purposes of deriving a 7—
ay,o model, we assumed that ay; , was approximately
1.0 at wet melting at 0.5 GPa, and we included this
“datum” in the fits. At 1.0 GPa, we used the solubility
data from Makhlufet al. (2016). We omitted the pure-
H,O results of Bohlen et al. (1982) at 1.0 and 1.5 GPa
since the solubility of albite at these pressures has re-
cently been determined to be nonzero (Makhluf, 2015;
Makhluf et al., 2016).

Fits to cubic equations at 0.5, 1.0, and 1.5 GPa
yielded fit parameters at each pressure which varied
approximately linearly with pressure. This was used to
derive an empirical expression for the variation in lig-

uidus temperature with ay,

2 3
T = my + mlaHZO + m2aH20 + m3aH20, (5)
where T'is in °C and
m[ = no + n1P, (6)

where P is in GPa. Parameters m; are listed in Table 1.
Equations (5) and (6) are applicable at 0.5 < P< 1.5 GPa
and Tsolidus <T< Tdry melting. We adopted Tdry melting from
Boyd and England (1963), and took 74, to be 729°C
at 0.5 GPa (Bohlen et al., 1982), 705°C at 0.7 GPa
(Bohlen et al., 1982), 695°C at 1.0 GPa (Makhluf
etal., 2016), 665°C at 1.5 GPa (Makhluf, 2015). Inter-
mediate values for T,.;4,s can be interpolated.

The liquidus surfaces derived from Egs. (5) and (6)
are compared to the data in Fig. 2. Results indicate
that the derived model accurately reproduces experi-
mental data for H,O activity in albitic liquids, inde-
pendent of whether ay,, reduction as achieved in the
H,0-CO, or the H,0-NaCl systems. In contrast and
as expected, results at 0.7 GPa indicate discrepancies
(Fig. 2b). Relative to the model, Bohlen et al. (1982)
data generally yield slightly lower ay  at a given T;
however, the Eggler and Kadik (1979) differ more so.
Uncertainties are large in the latter data set (see their
Fig. 5).

Figure 3 shows T-ay, , relations at 0.2 GPa incre-
ments, as derived using Egs. (5) and (6). The curves
show that H,O activity only varies significantly in
pressure as ay, approaches 0 and I, but are quite sim-

ilar for intermediate values of ay, . H,O concentration
is the predominant control for temperatures 100°C or
more above the solidus. The predicted solubility of
albite (and hydrous albite liquid) at the pure-H,O sol-
idus is seen to increase with pressure, consistent with
expectation (e.g., Anderson and Burnham, 1983;
Stalder et al., 2000; Makhluf et al., 2016).
PETROLOGY Vol. 25
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Table 1. Fit parameters for use in Equation (5)

m; ny ny
my 1119.6 112.3
m —856.5 —578.9
my 1004.1 952.9
ms —477.1 —618.0
DISCUSSION

Thermodynamic Interpretations

Results on liquidus 7-ay  relations can be com-
bined with an NaAlSi;O4-H,0 mixing model at a
given Pand T'to portray, the quantitative relationships
between ay o and Xy  across the full 4b-H,O binary.
Figure 4 shows these relations at 1.0 GPa, the pressure
with the most constraints. In Fig. 4, the liquidus com-
positions and activities are derived from our model
and agree closely with independent measurements of
the liquidus compositions in the binary system
Ab-H,0. The solvus between coexisting silicate melt
(“liquid”) and aqueous fluid (“vapor”) is from Makh-
lufet al. (2016), as are the ay; o — Xy o isotherms in the
liquid/supercritical fluid phase field.
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Fig. 3. Comparison of the isobaric H,O activity liquidus
curves in the system NaAlSiz;Og-H,O derived from tem-
perature-composition melting data of albite with
CO,-H,0 and NaCl-H,O fluids (Fig. 2) at 0.2 GPa inter-
vals. The plot reveals that the overwhelming determinant
of liquidus temperature is the H,O activity; the effect of

pressure is secondary except in the limits of ay ,0
approaching 0 or 1.
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Fig. 4. H,O-activity—concentration diagram for the system
NaAlSi;Og-H,O0 at 1.0 GPa. The liquidus (Ab + lig = liq) is
calculated using results of the present study. Other phase
boundaries and ayy 0 —X'y,0 isotherms in the liquid/super-
critical fluid field are from Makhluf et al. (2016). The figure
illustrates the remarkably high H,O activity at the H,O sat-
urated solidus, as well as in the vapor phase even up to the
closure of the solvus where NaAlSi;Og concentration is
~45wt % and Tijtica = 1100°C. Note that Xy ,o represents
the mole fraction of H,O on a 1-oxygen basis (i.e. mixing
with Nal/8A11/8S13/80).

An important conclusion that can be drawn from
Fig. 4 is that H,O activity in the vapor coexisting with
melt is very high and nearly constant over a broad
range of bulk composition and temperature: the total
variation from the solidus at 695°C (ay,o = 0.96) to
the critical point at 1100°C is only 0.06. At this point
the supercritical fluid has close to 45 wt % silicate
component. The critical activity-composition curve
satisfies the necessary condition of zero slope at the
critical temperature of 1100°C. The high H,O activity
shows that the majority of the hydrous component is
molecular H,O rather than hydroxyl. This conclusion
was reached by Makhlufet al. (2016) by applying Silver
and Stolper’s (1985) modeling approach (Eq. (3)) to
the 1.0 GPa NaCl-H,0 melting data.

Another significant feature of the activity-concen-
tration relations at 1.0 GPa (Fig. 4) is that all of the ac-
tivity-concentration isotherms condense to a tight
spindle as they approach X, o = 0. This is, in effect,
equivalent to Burnham’s (1979) limiting law (Eq. 2)
with £' (on an 8-0O basis) nearly independent of tem-
perature. The limiting &' value from Fig. 4 is 1.40, close
to Burnham’s (1979) recommended value of about
1.68 at 1.0 GPa in the range 800—1100°C. Silver and
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Stolper (1985) also note that ay ¢ is nearly proportion-
al to the square of Xy, , if their KX, is in the range 0.1—
0.2. This condition is realized over much of the dilute
concentration range of H,O in albite melts, which is
consistent with the model for H,O speciation (Stolper,
1982), but not at higher H,O contents.

Burnham (1975; 1979) interpreted the action of
Na™ as a “dissociable” cation which expedites dissoci-
ation of H,O in the silicate melt. His discussion
included protons as a mixing unit, which makes for an
awkward formulation. However, the dissociation reac-
tion in NaAlSi;O4-H,0 melts could be reinterpreted
as a combination of the Burnham (1975) and Silver
and Stolper (1985) concepts:

NaAlSi,; 04 (1) + H,0(1)
= AISi;0, (OH)(1)+ NaOH(1).

NaOH could exist as an independently mixing
component of the melt such that H,O going into solu-
tion behaves as a doubly-dissociating solute, giving

(7)

rise to Xy o dependence of the H,O activity. The very
high alkalinity (pH > 12) found by Makhluf et al.
(2016) in quenched fluids from H,O-rich melting
experiments as well as the dramatic decreases in solu-
bility with increasing NaCl content of the fluid phase
suggest that such a dissociation mechanism could be
operative. Burnham’s (1979) explanation for the

departure of a; o from X 1?120 dependence at high H,O
concentration is exhaustion of the limited supply of
Na* at high H,O; he did not consider possible parti-
tioning of solute H,O between molecular H,O and
hydroxyl. Burnham’s (1979) model also suffers from
the approximation that the fluid coexisting with satu-
rated albite melts is, thermodynamically speaking,
pure H,O. This assumption allows immediate applica-
tion of the H,O equation of state, as determined accu-
rately by the volumetric measurements of Burnham
et al. (1969), but fails drastically at P > 0.2—0.3 GPa,
where albite becomes very soluble in H,O. It is easily
shown that the assumption of a pure H,O fluid coex-
isting with a H,O-saturated albitic liquid can never
lead to critical mixing of the melt and fluid. Similarly,
the recognition by Silver and Stolper (1985) of H,O
partitioning can explain the very high H,O activity
found for H,O-rich albitic melts at high pressures, but
the range of values they derived for K, likewise prohib-
its recognition of critical mixing.

Petrological Interpretations

D. S. Khorzhinskii (1959) recognized the conspic-
uously independent action of the alkali elements in his
classification of immobile and perfectly mobile com-
ponents. This concept revived the subject of alkali
metasomatism, which had languished for many years
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perhaps because of the great attention paid to experi-
mental melting diagrams in hydrous systems (Putnis
and Austrheim, 2010). The physical chemistry of the
system NaAlSi;O3-H,O, with elucidation of the disso-
ciation of H,O in the melts (Burnham, 1975), the par-
titioning of dissolved H,O between molecular H,O
and hydroxyl (Stolper, 1982), and the high solubility of
albite in H,O at deep crustal T"and P leading to critical
mixing of melts and fluids (Paillat et al., 1992; Shen
and Keppler, 1997), have all played important roles in
an approach to understanding of the evolution of
granitic melts in the deeper parts of the crust.

The very mobile nature of the alkalis in high-grade
metamorphism and metasomatism, recognized by
D.S. Khorzhinskii and documented by L.Y. Aranovich
and his co-workers, may be largely the result of inter-
granular migration of concentrated chloride solutions.
Because of the high solubility of carbonates, sulfates,
and, to a lesser extent, phosphates, in aqueous chlo-
ride solutions (summarized by Manning and
Aranovich, 2014), these components behave differ-
ently from the silicate constituents under deep-crust
metamorphic conditions. Besides profound lowering
of the H,O activity (Aranovich and Newton, 1997),
concentrated interstitial brines have low contact
angles with silicate minerals, thus greater intergranular
mobility (Holness, 1992; Gibert et al., 1998).

CO, as an interstitial fluid has effects opposite to
those of brines; it has high surface tension relative to
silicate mineral grains; accordingly, it tends to accu-
mulate and become trapped as fluid inclusions at tri-
ple-juncture grain boundaries (Johnson, 1991). The
presence of CO, increases the H,O activity substan-
tially, leading to immiscibility of CO,-rich and brine-
rich aqueous fluids. This behavior is demonstrated by
experimental studies of quartz recrystallization in the
presence of H,O-NaCl-CO, fluids at high P and T
(Gibert et al., 1998), by observation of apparently
coeval carbonic and saline fluid inclusions in minerals
of high grade metamorphic rocks (Touret, 1985; New-
ton et al., 2014), and by thermodynamic modeling of
phase relations in the ternary system H,0-CO,-NaCl
(Aranovich et al., 2010). The general effect of the
saline and carbonic components in aqueous fluids is to
elevate the solidus temperature in quartzofeldspathic
rocks and thus provide for potent high-grade mineral-
izing fluids in the solid crust.

The foregoing discussion has shown how the simple
system albite-H,O-CO,-NaCl can serve as a basis for
discussion of the interaction of natural fluids and sili-
cate melts under deep-crustal metamorphic conditions.
Extension of the simple system to higher pressures
becomes more difficult because of the high solubilities
of silicate constituents, at conditions approaching criti-
cal mixing in the subsystem NaAlSi;O5-H,O, but is an
important area for further research to elucidate the
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nature of fluids and melts at very deep levels, as in sub-
duction zones (Manning, 2004).

ACKNOWLEDGMENTS

The authors benefited from many stimulating con-
versations with Leonya Aranovich during his stay at
UCLA in 2012, and on many other occasions. This
research was supported by U.S. National Science
Foundation grant EAR 1347987 to CEM.

REFERENCES

Anderson, G.M. and Burnham, C.W., Feldspar solubility
and the transport of aluminum under metamorphic condi-
tions, Am. J. Sci., 1983, vol. 283, pp. 283—297.

Aranovich, L.Y., Fluid—mineral equilibria and thermody-
namic mixing properties of fluid systems, Petrology, 2013,
vol. 21, pp. 539—549.

Aranovich, LY. and Newton, R.C., H,O activity in con-
centrated NaCl solutions at high pressures and tempera-
tures measured by the brucite—periclase equilibrium, Con-
trib. Mineral. Petrol., 1996, vol. 125, pp. 200—212.

Aranovich, L.Y. and Newton, R.C., H,O activity in con-
centrated KCl and KCIl—NaCl solutions at high tempera-
tures and pressures measured by the brucite—periclase equi-
librium, Contrib. Mineral. Petrol., 1997, vol. 127, pp. 261—
271.

Aranovich, L.Y. and Newton, R.C., Reversed determina-
tion of the reaction: phlogopite + quartz = enstatite +
potassium feldspar + H,O in the range 750—875°C and 2—
12 kbar at low H,O activity with concentrated KCI solu-
tions, Am. Mineral., 1998, vol. 83, pp. 193—204.

Aranovich, L.Y. and Newton, R.C., Experimental deter-
mination of CO,—H,O0 activity—concentration relations at
600—1000°C and 6—14 kbar by reversed decarbonation
and dehydration reactions, Am. Mineral., 1999, vol. 84,
pp. 1319—1332.

Aranovich, L.Y., Shmulovich, K.I., and Fedkin, V.V., The
H,0 and CO, regimes in regional metamorphism, /nt. Geol.
Rev., 1987, vol. 29, pp. 1379—1401.

Aranovich, L.Y., Zakirov, I.M., Sretenskay, N.G., and
Gerya, T.V., Ternary system H,O—CO,—NaCl at high
T—P parameters: an empirical mixing model, Geochem.
Int., 2010, vol. 48, pp. 446—455.

Aranovich, L.Y., Newton, R.C., and Manning, C.E.,
Brine-assisted anatexis: experimental melting in the system
haplogranite—H,0—NaCl-KCl at deep-crustal condi-
tions, Earth Planet. Sci. Lett., 2013, vol. 374, pp. 111—120.

Aranovich, L.Y., Makhluf, A.R., Manning, C.E., and New-
ton, R.C., Dechydration melting and the relationship
between granites and granulites, Precambrian Res., 2014,
vol. 253, pp. 26—37.

Blencoe, J.G., A two-parameter margules method for mod-
eling the thermodynamic mixing properties of albite-water
melts, Trans. R. Soc. Edinb., Earth Sci., 1992, vol. 272,
pp. 423—428.

Bohlen, S.R., Boettcher, A.L., and Wall, V.J., The system
albite—H,0—CO,: a model for melting and activities of



456

water at high pressures, Am. Mineral., 1982, vol. 67,
pp. 451—-462.

Bowen, N.L., The Evolution of the Igneous Rocks, New Jer-
sey: Princeton University Press, 1928.

Boyd, F.R. and England, J.L., Effect of pressure on the
melting of diopside, CaMgSi,Og¢, and albite, NaAlSi;Og, in
the range up to 50 kilobars, J. Geophys. Res., 1963, vol. 68,
pp. 311-323.

Brown, G.C. and Fyfe, W.S., The production of granite
melts during ultrametamorphism, Contrib. Mineral. Petrol.,
1970, vol. 28, pp. 310—318.

Burnham, C.W., Water and magmas: a mixing model, Geo-
chim. Cosmochim. Acta, 1975, vol. 39, pp. 1077—1084.

Burnham, C.W., The importance of volatile constituents, in
The Evolution of the Igneous Rocks: Fiftieth Anniversary Per-
spectives, Yoder, H.S., Ed., New Jersey: Princeton Univer-
sity Press, 1979, pp. 439—482.

Burnham, C.W. and Davis, N.F., The role of H,O insilicate
melts: [. P-V—T relations in the system NaAlSi;Og—H,0 to
10 kilobars and 1000°C, Am. J. Sci., 1971, vol. 270, pp. 54—
79.

Burnham, C.W. and Davis, N.F., The role of H,O in silicate
melts; II. Thermodynamic and phase relations in the system
NaAlSi;Og—H,O0 to 10 kilobars, 700—1100 °C, Am. J. Sci.,
1974, vol. 274, pp. 902—940.

Burnham, C.W. and Jahns, R.H., A method for determin-
ing the solubility of water in silicate melts, Am. J. Sci., 1962,
vol. 260, pp. 721-745.

Burnham, C.W., Holloway, J.R., and Davis, N.F., Ther-
modynamic properties of water to 1000 °C and 10.000 bars,
Geol. Soc. Am. Sp. Pap., 1969, vol. 132, pp. 1-96.

Clark, S.P., Solubility, in Handbook of Physical Constants,
Clark, S.P., Ed., Geol. Soc. Amer. Mem., 1966, vol. 97,
pp. 415—436.

Eggler, D.H. and Kadik, A.A., The system NaAlSi;Og—
H,0—-CO, to 20 kbar pressure: compositions and thermo-
dynamic relations of liquids and vapors coexisting with
albite, Am. Mineral., 1979, vol. 64, pp. 1036—1048.

Gibert, R., Guillaume, D., and LaPorte, D., Importance of
fluid immiscibility in the system H,0—NaCl-CO, and
selective CO, entrapment in granulites: experimental phase
diagram at 5—7 kbar, 900 °C and wetting textures, Eur. J.
Mineral., 1998, vol. 10, pp. 1109—1123.

Goranson, R.W., Silicate—water systems: phase equilibrium
in the NaAlSi;Og—H,0 and KAISi;O3—H,0O systems at
high temperatures and pressures, Am. J. Sci., 1938, vol. 5,
pp. 71-91.

Hayden, L.A. and Manning, C.E., Rutile solubility in
supercritical NaAlSi;Og—H,O0 fluids, Chem. Geol., 2011,
vol. 284, pp. 74—81.

Holland, T.J.B. and Powell, R., A compensated-Redlich-
Kwong (CORK) equation for volumes and fugacities of CO,
and H,O in the range 1 bar to 50 kbar and 100—1600°C,
Contrib. Mineral. Petrol., 1991, vol. 109, pp. 265—273.

Holland, T.J.B. and Powell, R., An internally consistent data
set for phases of petrologic interest, J. Metamorph. Petrol,
1998, vol. 16, pp. 309—343.

MAKHLUF et al.

Holland, T.J.B. and Powell, R., Calculation of phase rela-
tions involving haplogranitic melts using an internally con-
sistent thermodynamic dataset, J. Petrol., 2001, vol. 42,
pp. 673—683.

Holness, M.B., Equilibrium dihedral angles in the system
quartz-CO,—H,0—NacCl at 800°C and 1-—15 kbar: the
effect of pressure and fluid composition on the permeability
of quartzites, FEarth Planet. Sci. Lett., 1992, vol. 114,
pp. 171—184.

Johnson, E.L., Experimentally determined limits for H,O—
CO,—NaCl immiscibility in granulites, Geology, 1991,
vol. 19, pp. 925-928.

Korzhinskii, D.S., Physicochemical Basis of the Analysis of
the Paragenesis of Minerals, New York: Consultants Bureau,
1959.

Lange, R.L. and Carmichael, 1.S.E., Thermodynamic
properties of silicate liquids with emphasis on density, ther-
mal expansion and compressibility, Rev. Mineral. Geo-
chem., 1990, vol. 24, pp. 25—64.

Lewis, G.N. and Randall, M., Thermodynamics and the
Free Energy of Chemical Substances, New York: McGraw—
Hill Book Company, 1923.

Makhluf, A.R., Experimental investigations at high tem-
peratures and pressures on melting and mineral solubility in
systems of feldspars with water, with special reference to the
origin of granite: Ph.D. Thesis, Department of Chemistry,
University of California, Los Angeles, 2015.

Makhluf, A.R., Newton, R.C., and Manning, C.E., Hydrous
albite magmas at lower crustal pressures: new results on liqui-
dus H,O content, solubility and H,O activity in the system
NaAlSi;Og—H,0—NaCl at 1.0 GPa, Contrib. Mineral. Petrol.,
2016, vol. 171, pp. 75—93.

Manning, C.E., The chemistry of subduction zone fluids,
FEarth Planet. Sci. Lett., 2004, vol. 223, pp. 1—16.

Manning, C.E., Antignano, A., and Lin, H.A., Premelting
polymerization of crustal and mantle fluids, as indicated by
the solubility of albite + paragonite + quartz in H,O at
1 GPa and 350—620°C, Earth Planet. Sci. Lett., 2010,
vol. 292, pp. 325—336.

Manning, C.E. and Aranovich, L.Y., Brines at high pressure
and temperature: thermodynamic, petrologic and geochem-
ical effects, Precambrian Res., 2014, vol. 253, pp. 6—16.
Morey, G.W., The ternary system H,0—K,Si0;—SiO,,
J. Amer. Chem. Soc, 1917, vol. 39, pp. 1173—1229.

Newton, R.C. and Manning, C.E., Hydration state and
activity of aqueous silica in H,O—CO, fluids at high pres-
sures and temperatures, Am. Mineral., 2009, vol. 94,
pp. 1287—1290.

Newton, R.C., Touret, J.R.L., and Aranovich, L.Y., Fluids
and H,O activity at the onset of granulite facies metamor-
phism, Precambrian Res., 2014, vol. 253, pp. 17-25.

Paillat, O., Elphick, S.C., and Brown, W.L., The solubility
of water in NaAlSi;Og melts: a re- examination of Ab—H,0
phase relationships and critical behaviour at high pressures,
Contrib. Mineral. Petrol., 1992, vol. 112, pp. 490—500.

Putnis, A. and Austrheim, H., Fluid-induced processes:
metasomatism and metamorphism, Geofluids, 2010, vol. 10,
pp. 254—269.

PETROLOGY Vol.25 No.5 2017



H,O ACTIVITY IN ALBITE MELTS AT DEEP CRUSTAL P-T CONDITIONS

Shen, A.H. and Keppler, H., Direct observation of com-
plete miscibility in the albite—H,O system, Nature, 1997,
vol. 385, pp. 710—712.

Silver, L.A. and Stolper, E.M., A thermodynamic model for
hydrous silicate melts, J. Geol., 1985, vol. 93, pp. 161—178.

Stalder, R., Ulmer, P., Thompson, A.B., and Gunther, D.,
Experimental approach to constrain second critical end
points in fluid/silicate systems: near-solidus fluids and
melts in the system albite—H,O, Am. Mineral., 2000,
vol. 85, pp. 68—77.

Shmulovich, K., Graham, C. and Yardley, B., Quartz,
albite and diopside solubilities in H,O—NaCl and H,0—
CO, fluids at 0.5—0.9 GPa, Contrib. Mineral. Petrol., 2001,
vol. 141, pp. 95—108.

Stebbins, J.F., Carmichael, I.S.E., and Moret, L.H., Heat

capacities and entropies of silicate liquids and glasses, Con-
trib. Mineral. Petrol., 1984, vol. 86, pp. 131—148.

PETROLOGY Vol.25 No.5 2017

457

Stolper, E.M., The speciation of water in silicate melts,
Geochim. Cosmochim. Acta, 1982, vol. 46, pp. 2609—2620.

Touret, J.L.R., Fluid regime in southern Norway: the record of
fluid inclusions, The Deep Proterozoic Crust in the North
Atlantic Provinces, Tobi A.C. and Touret J.L.R., Eds., Dor-
drecht: Reidel, 1985, pp. 423—436.

Wasserburg, G.J., The effects of H,O in silicate systems,
J. Geol., 1957, vol. 65, pp. 15-23.

Zeng, Q. and Nekvasil, H., An associated solution model
for albite—water melts, Geochim. Cosmochim. Acta, 1996,
vol. 60, pp. 59—73.

Zhang, Y., H,O in rhyolitic glasses and melts: measure-
ment, speciation, solubility, and diffusion, Rev. Geophys.,
1999, vol. 37, pp. 493—516.



		2017-09-08T14:13:45+0300
	Preflight Ticket Signature




