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Fluid composition at the blueschist — eclogite transition
in the model system Na,0-MgO-Al,0,-Si0,-H,0-HCl

by Craig E. Manning!

Abstract

The transformation of mafic epidote-blueschists to eclogites in subduction zones liberates water-rich fluids. Solute
activities and concentrations in these high-pressure fluids are here estimated for the first time by taking advantage
of correlations between the density of H,O and selected thermodynamic properties of aqueous ions and speciation
reactions. Model mineral-solution equilibrium relations were computed in the system Na,O-MgO-AlL,0.,-SiO,-
H,0-HCI at 400 to 600 °C and 10 to 20 kb, conditions which span the boundary between the epidote-blueschist and
eclogite facies in mafic rocks. Stoichiometric activity-activity diagrams indicate that Na* concentrations should ex-
ceed Mg*? concentrations by at least a factor of about 10? for diverse crustal lithologies. For a range of mafic bulk
compositions and mineral solid solutions, ftuids in equilibrium with omphacite + garnet + quartz near the blueschist
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boundary were found to have severely restricted values of 3

- = Calculated elemental abundances are

Si0, ~ Na (10-°% molal) > Al (10 to 10- molal > Mg (107 molal) for total Ci concentrations up to 1.0 molal. The pH
is strongly basic. Thus, fluids evolved from mafic rocks during eclogite formation should be rich in Si and Na, and

have significantly higher Al contents than more familiar crustal fluids.

Keywords: NMASH-system, blueschist, eclogite, aqueous species, H,O density, activity diagrams.

1. Introduction

About 2 to 3 wt% of water-rich fluid is liberated
when mafic blueschists transform to eclogites in
subduction zones (PEAcOCK, 1993). Fluid inclu-
sion and phase equilibrium evidence indicate that
many eclogite terranes equilibrated with a water-
rich fluid (e.g., HOLLAND, 1979; SELVERSTONE et
al., 1992; PHILIPPOT, 1993; NADEAU et al., 1993;
MASSONNE, 1995). Large gradients in fluid pres-
sure, coupled with low rock strength at Py,4 near
P, suggest that this fluid migrates away from the
site of its liberation toward lower pressure envi-
ronments, either up-dip in the subduction zone, or
into the overlying mantle wedge. The large varia-
tions in rock composition that may exist along the
flow-path of such a fluid produce the potential for
substantial mass transfer. Oxygen-isotopic evi-
dence and the metasomatic deposits that are com-
mon in exhumed subduction complexes indicate
that mass transfer may be substantial (e.g., BE-

BOUT and BARTON, 1993). Incorporation of slab-
derived alkalis and light rare-earth elements in
high P/T metamorphic terranes and arc magmas
attest to the significance of this process on a larg-
er scale.

Unlike metasomatic environments found at
shallow levels of the earth's crust, comparatively
little is known about the major dissolved con-
stituents of these fluids. Fluid inclusions indicate
that salinities may range widely (PHiLIPPOT, 1993;
GIARAMITA and SORENSEN, 1994), but the relative
abundances of major elements are virtually un-
known. Phase-equilibrium constraints provide in-
dependent predictions of fluid composition in hy-
drothermal environments by successfully repro-
ducing observed element concentrations (e.g.,
BIrRD and NORTON, 1981). However, these meth-
ods require knowledge of the thermodynamic
properties of minerals, fluids, and aqueous species
at the conditions of interest. While important ad-
vances have recently been made in predicting
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standard-state thermodynamic data for high-pres-
sure minerals (e.g., HOLLAND and POWELL, 1990;
EvANS, 1990; MASSONNE, 1995), similar data are
lacking for aqueous species.

In this paper, I show that the equilibrium
constants for reactions among aqueous species
and the Gibbs free energies of relevant aqueous
ions correlate approximately linearly with the
logarithm of the density of H,O at constant tem-
perature. This observation provides a framework
for making provisional predictions of cation ac-
tivities and species concentrations in aqueous so-
Iutions in equilibrium with blueschist and eclogite
mineral assemblages. This paper focuses on
the mineral-solution phase relations at the
blueschist-eclogite transition using the model
chemical system Na,O-MgO-Al,0,-Si0O,-H,0-
HCI (NMASH).

2. Aqueous species at high pressures

2.1. EXPERIMENTAIL AND PREDICTED
THERMODYNAMIC PROPERTIES

The modified Helgeson-Kirkham-Flowers equa-
tion of state (HKF EOS; TANGER and HELGESON,
1988; SHOCK and HELGESON, 1988; SHOCK et al.,
1989) is widely used for the computation of stan-
dard state thermodynamic properties of aqueous
species for geochemical applications. The HKF
EOS utilizes correlations among species-depen-
dent parameters derived from experimental stud-
ies on relatively few solutes, as well as the density
and dielectric constant of H,0, to predict the
properties of a wide range of aqueous species.
However, knowledge of the dielectric constant of
H,O to requisite accuracy is limited to < 5 kb. Al-
ternative approaches for estimating thermody-
namic properties of aqueous species involve iso-
coulombic extrapolations (MESMER and BAES,
1974; Gu et al., 1994), the correspondence princi-
ple (CoBBLE, 1953), and correlations with the den-
sity of H,0O (MARSHALL and FRANCK, 1981; MAR-
SHALL and MESMER, 1984). Of these, density cor-
relations have been explored in greatest detail at
high pressures. The approach is based on the ob-
servation that the logarithms of the equilibrium
constants (K) for many dissociation reactions are
linear functions of the logarithm of the density of
water (py,o) at constant temperature. For exam-
ple, MARSHALL and FRANCK (1981) showed that
log K for the ionization of water was linear in
log py,o to 4 kb (Fig. 1A). Numerous other disso-
ciation reactions display similar behavior (EuG-
STER and BAUMGARTNER, 1987; MESMER et al.,
1988; ANDERSON et al., 1991). MANNING (1994a)

found that such correlations could be extended to
pressures of at least 20 kb based on experimental-
ly determined log K values for the solubility of
quartz (Fig. 1B).

The relations shown in figure 1 suggest that at
constant temperature

log K =a + blog py,o (1)

To describe variations in log K over a range of
temperatures and pressures, the a and b terms can
be expanded to

a= aI + a2T71 + ajT_z + a4T‘3 (2)
b = b[ + szvl + b3T’2 (3)

(e.g., MESMER et al., 1988}. Table 1 gives parame-
ters derived by various authors from experimen-
tal determinations of several dissociation reac-
tions for use with equations 1 to 3.

HoO = H+ + OH-
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Fig. 1 Logarithm of the density of water vs logarithm
of the equilibrium constant for (A) the ionization of wa-
ter, and (B) the solubility of quartz. Experimental data
shown in symbols, polynomial fits (eq. 1 through 3) by
solid lines.
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Tab. 1 Parameters for extrapolating experimentally determined log Ks (equations 1-3).

a, 10-%a, 10-a, 107a, 107p, 10%b,  10%b, ref.
H,0=H*+OH- | 40980  -3.2452 22362 -3.9840 13957 12623 85641 (1)
HCl=H*+CF | -5.4050 3.8749 0 0 13930 0 0 )
NaCl = Na*+ Cl- | -1.1970 1.2600 0 0 09200 O 0 (3)
Quartz = Si0, 42620  -57642 17513  -22.869 02845 -1.0069 35689  (4)

References: (1) Marshall and Franck (1981);(2) Frantz and Marshall (1984); (3) Quist and Marshall (1968); (4) Man-

ning (1994),

Tab.2 Parameters for extrapolating predicted log Ks using equation 1.

400 °C 450 °C 500 °C 550 °C 600 °C
a b a b a b a b a b
NaOH = 0.6964 85001 | 0.8371 8.9479 | 09826 9.1864 | 1.1356 9.4844 | 1.2848 9.7386
Nat+ OH-
Mg+ H,O= |-5.4265 -1.8848 | -5.0752 ~1.7838 [-4.7625 -1.6350 [ -4.4987 -1.6645 {—4.2512 -1.5805
MgOH* + H*
Mg?+Cl = 1.3397 -8.6262 | 1.4776 -9.0882 | 1.6149 -93180 | 17469 -9.5238 | 1.8819 -9.6550
MgCi+
Al¥+H,O= -0.3937 -7.7662 [ -0.0207 -6.5214 | 03423 53773 | 06156 -5.1988 { 0.9293 -—4.5059
AIOH? + H*
AIOH®? = -2.3800 —3.4361 | 24068 -3.2873 (—2.4672 -3.2765 | 25328 -3.1233 | -2.6062 -2.9709
AlO+ + H
AlO"+H,O= {-21274 0.0024 | -2.1764 —0.4251 |-2.2457 -0.6387 | -2.3378 -0.8587 | -2.4333 -0.9612
HAIO, + H*
HAIOQ, = —2.1703 7.0601 {-1.6651 7.4666 (-1.1843 7.7405 | -0.7252 7.9920 | -0.2837 82452
AlQ, + H*

When combined with thermodynamic data of
SHOCK et al. (1997) and SVERJENSKY et al. (1997),
the revised HKF EOS (TANGER and HELGESON,
1988) also predicts isothermal linear dependence
of log K on log py,o. Figure 2 shows the variation
in calculated log K with log py,, for the dissocia-
tion of NaOH and the first association of Mg*?
with OH™ and CI". Values of log K are shown along
the 400, 450, 500, 550 and 600 °C isotherms at log
Pu,0>—0.2 or P > 2 kb, at 0.5 kb intervals to 5 kb.
The range 400 to 600 °C was selected because it is
between these temperatures that the blueschist-
eclogite transition occurs for many mafic bulk-
rock compositions (EVANS, 1990; see below). Also
shown for selected isotherms are estimated
+ 0.5 kcal/mol average uncertainties in the pre-
dictions (e.g., SHOck and HELGESON, 1988). The
distribution of predicted log K values at 0.5 kb in-
tervals at 2 to 5 kb is remarkably linear along
isotherms. Similar results are obtained for Al hy-
drolysis reactions (Fig. 3). In detail the variations
of log K with log py,, are nonlinear to varying de-
grees. This is illustrated in figure 3C, where log K
for the reaction AlO* + H,O = HAIO, + H* at 400
and 450 °C is plotted at a greatly expanded scale.
However, comparison of the average uncertain-
ties of the predicted log K values with the linear
regression results in figures 2 and 3 demonstrates

that fits to higher order polynomials are not justi-
fied by the data set.

The linear isothermal relationship between log
K and standard molal Gibbs free energy (i.c.,
AG°® =-2.303 RT log K) suggests that it would be
fruitful to examine free energy changes with
log py,o for individual ions. Figure 4 shows the
variation in the conventional standard partial
molal Gibbs free energy (AG°®) of Ca** with
log pu,0, as calculated from equation of state pa-
rameters predicted by SHOCK and HELGESON
(1988). At = 500 °C, AGg,+ increases with in-
creasing H,O density to a maximum between 0.4
and 0.6 g cm™, depending on temperature. At
higher densities, AG{,.2 decreases as py,o ap-
proaches 1.0 g cm=, which is the maximum densi-
ty at which the HKF EQS is applicable. At <
500 °C, AGg,+2 decreases with increasing density
over the entire range of applicability of the HKF
EOS. Inspection of the high density (high pres-
sure) portions of each isotherm shows that their
curvatures diminish as pressures increase, such
that linear dependence of AGg,+2 on log py,o 1s ap-
proached at all temperatures. The pressure at
which approximately linear behavior is exhibited
increases from the liquid-vapor saturation pres-
sure at ~ 200 °C to ~ 3.5 kb at 800 °C.

Predicted values of AG® for Na*, Mg*2, and
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Al?3 the three bare-ion species relevant to the
NMASH system, are shown as a function of
log py,o in figure 5. The isothermal changes in
AG? appear to be very nearly linear in log py,o.
Fits to the equation

AG?=a+b10g pHZO (4)
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Fig. 2 Values of log py,, vs log K for Mg*? (A and B)
and Na* (C) reactions at 400 to 600 °C at 50 °C intervals.
Predicted values (circles) are from SHocCK et al. (1997)
and SVERJENSKY et al. (1997), and are plotted at 0.5 kb
intervals from 2 or 2.5 to 5 kb, depending on the iso-
therm. Linear regression results (solid lines) extend be-
yond the predictions to py,o corresponding to 20 kb at
each temperature. Resulting fit parameters given in
table 2. Calculations employed SUPCRT92 (JOHNSON et
al., 1992). Dashed curves in A are isobars.

C.E. MANNING

at constant temperature yield the parameters giv-
en in table 3. The dependence of AG} on density
increases with increasing cationic charge (Fig. 5).
Isothermal values of AGg,+ depend only slightly
on density, especially below 500 °C, whereas
AGj,:3 show a strong change with density at con-
stant temperature. In addition, visual inspection
shows that the greatest deviation from linear be-
havior is exhibited by AG3 .3 at > 500 °C (Fig. 5C).

Generally high correlation correlation coeffi-
cients and visual inspection of departures from
linearity in figures 2,3 and S show that the densi-
ty of water at high pressures provides a good
guide for predicting how log K and AG? changes
with pressure, insofar as a large portion of their
variance is explained by the independent variable.
Moreover, given the average uncertainties in AG$,
higher order polynomial fits are probably inap-
propriate, with the possible exception of Al*3,

A potential explanation for the nearly linear
behavior of log K and AGY{ shown in figures 2
through 5 is the pressure-dependent changes in
solvation and nonsolvation (electrostriction col-
lapse) contributions to the properties of ions or
reactions in the HKF model. At high pressures,
nonsolvation contributions approach constant
values, and the solvation contributions are simple
functions of the density and dielectric constant of
H,O (TANGER and HELGESON, 1988). As illustrat-
ed in figure 6, the isothermal variation in density
and dielectric constant with pressure becomes
markedly less nonlinear above ~ 3 kb. As a conse-
quence, thermodynamic properties should be sim-
ple functions of density (or dielectric constant, or
pressure) at high pressures. This is discussed in
more detail by MANNING (1998a).

22. EXTRAPOLATIONS TO HIGH PRESSURES

While the HKF EOS is accurate over a P-T range
that includes many upper to mid-crustal meta-
morphic environments, inaccuracies increase at
Pm0 > 1.0 g em™ or P > 5 kb, precluding its use for
metamorphic environments in which dense water
1s important. For example, figure 4 shows a
schematic P-T path for subduction zone meta-
morphism in which the blueschist-eclogite transi-
tion is encountered at ~ 600 °C and 20 kb. Water
densities exceed 1.0 g cm™ along the entire path.
The nearly linear isothermal variation of AG®
and log K with log py,, provides a framework for
provisional extrapolation of these properties to
high pressures. Figures 2, 3, and 5 show linear ex-
trapolations of the fits from 5 to 20 kb. Although
crude, there are four reasons that the extrapola-
tions are reasonable estimates of high pressure
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thermodynamic properties in the absence of fur-
ther information. First, where experimental data
exist, linear behavior of log K in log py,o is ob-
served over this P-T range. In addition, as illus-
trated in figure 4, the extrapolation distance in
log py,o coordinates is not extreme. The difference
in log py,o between 2 and 5 kb is about the same
as that between 5 and 20 kb, owing to the smaller
increases in py,o with pressure at high pressure
(Fig. 6). A third reason is that, as illustrated in fig-
ure 6, the variation in the density of water displays
lower curvature at high pressures. Thus, neither
discontinuities nor strong variations in first or sec-
ond derivative properties are to be anticipated
between 5 and 20 kb. Finally, the uncertainties in
log K and AG® shown in figures 2, 3,and 5 indicate
that the additional degrees of freedom introduced
by higher order, nonlinear fits are not justified at
the levels of accuracy and precision of the predic-
tions.

Provisional thermodynamic properties of
aqueous ions and association/dissociation reac-
tions derived through the linear extrapolations
provide a framework for investigating a wide
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range of important mineral-solution equilibria.
Applications to metamorphism along subduction
zone and Barrovian metamorphic paths are dis-
cussed in more detail by MANNING (1998a). Be-
low, I use the provisional data to explore phase
relations and fluid composition in the model
NMASH system at pressures and temperatures in
the vicinity of the blueschist-eclogite transition.

3. Application to high-pressure
solution-mineral equilibria

The transformation of mafic blueschist to eclogite
is an important source of fluids in subduction
zones. The migration of this fluid plays a critical
role in driving retrograde hydration reactions at
higher levels in the slab, and in causing meta-
somatic mass transfer in the overlying mantle
wedge. What are the activity ratios of aqueous
ions in fluids equilibrated with blueschist and
eclogite facies minerals? How are they affected by
mineral solid solutions? Most importantly, what
are the compositions of the fluids released by
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Fig.3 Values of log py,, vs log K for Al hydrolysis reactions at 400 to 600 °C. Predicted values (circles) are from

SHOCK et al. (1997). See caption, figure 2.
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blueschist dehydration? These questions are ad-
dressed by utilizing the extrapolated thermody-
namic data derived in the first section of this pa-
per.

All calculations employ thermodynamic data for
minerals and H,O of HOLLAND and POWELL (1990)
and the HAAR et al. (1984), respectively. HOLLAND and
PoweLL's (1990) data were used instead of BERMAN
(1988) and Evans (1990) because comparisons indi-
cated little difference in calculated phase relations,and
it was desirable to use the data set containing more
mineral phase components (e.g., Mg-carpholite, Mg-
staurolite, and amesite). Standard states for minerals

C.E.MANNING

3.1. EQUILIBRIUM ACTIVITY DIAGRAMS WITH
STOICHIOMETRIC MINERALS

The best starting point for understanding mineral-
solution equilibria is the construction of appropriate
logarithmic activity-activity diagrams for stoichio-
metric minerals (e.g., GARRELS and CHRIST, 1965;
HELGESON, 1970; BowERSs et al., 1984). Through such
diagrams, the constraints imposed by rock-forming
minerals on ion or electrolyte activities in the coex-
isting fluid can be evaluated. The hydrolysis of indi-
vidual minerals such as talc can be written

and H,O are unit activities of pure phases at any pres- Mg.Si,0,,(OH), + 6 H" =
sure and temperature; for ions, the standard state was talc
unit activity in the hypothetical 1 molal solution at any 3 Mg*? +48i0,,, + 4 H,O (5)
P and T, projected to infinite dilution.
PH20 (9/cm3)
0.320.35 04 0.5 0.6 07 08 09 10 11 12
| | I I | l | 1 I | |
118 =
. Ca*t2
-120 C
-122 :
3 E
E 124 1 C
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85 - maccuracy_ -7 eclogite- |-
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-130 ] ‘\critical _
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Fig.4 Convential standard partial molal Gibbs free energy of Ca*? vs 10g py,o from 25 to 800° and from py,o = 0.35
to 1.0 g cm, based on the data of SHoCcK and HELGESON (1988). Solid lines are isotherms;long dashed lines, isobars;
short dashed lines delimit the region within which the Helgeson-Kirkham-Flowers equation of state (HKF EOS) al-
lows calculation of thermodynamic properties to high accuracy. The arrow shows a subduction P-T path that would
encounter the blueschist-eclogite transition; the HKF EOS is not suitable for calculation of AG® of aqueous ions for

this metamorphic environment.
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Tab.3 Parameters for extrapolating AG;® using equation (4).

400 °C 450 °C 500 °C 550 °C 600 °
a b a b a b a b a b
Nat -69.858 1.3984 |-71.229 1.6204 |-72.671 -8.4118 |-74.137 -1.3098 | -75.695 21026
Mg |-100.44 —28.693 1-99.567 -27.995 |-98.649 26714 |-97.690 -25446 | 97.137 -=28.031
Al -91.101 59470 |-87.556 -56.369 |[-83.784 -52.257 |-80.507 -55.248 | -76.635 -53.041

Units: kcal mol

For pure talc and ay,o = 1, the mass action expres-
sion for reaction (5) leads to

log %ﬁ = —210g a50,.4 + 710g K; (6)

which is the equation for a line in log %ﬁvs
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log ago, ., coordinates. Given the standard molal
Gibbs free energies of the pure phases (talc and
H,0) and the conventional standard partial molal
Gibbs free energies of aqueous species (i.e., rela-
tive to AGy. = 0), the equilibrium constant can be
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Fig.6 Comparison of the change in the density (HAAR
et al.,, 1984) and dielectric constant (PITZER, 1983) of
water with pressure at 400 °C.
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ble phase boundaries; dashed lines are metastable.
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calculated. Combining equation 6 with similar
expressions for other minerals in the system
MgO-SiO,-H,0O (MSH) thus allows computation

of the values of log g—%ff and log agq, ., in equilib-

rium with all stable minerals.

Figure 7 shows equilibrium phase relations
among minerals and an aqueous solution in the

C.E.MANNING

system MgO-SiO,—H,O-H(Cl at 500 °C, 20 kb, in
terms of log 2—%}'—2 and log ag,,,. Solid parts of

lines denote stable phase boundaries and dashed
portions are metastable. Lines are isothermally-

isobarically univariant; intersections represent

isothermal-isobaric invariant points. Minerals sta-
ble with a fluid are those requiring the lowest val-
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AMp+2 .
ue of EEL at a given ag, . ecause of the cor-

respondence between activity and chemical po-
tential (e.g., HELGESON, 1970). A system com-
posed solely of a very dilute fluid that is undersat-
urated with respect to all minerals is isothermally
and isobariorcally divariant. Changes in activities
(for example, by reaction with MSH minerals)
cause the fluid to approach mineral saturation
along any trajectory within the divariant field; for

instance, by increasing g—z“ﬁﬁ at constant pH and
H+
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. . A"
Asi0,q) DY INCTEASING A0, o, At constant ggf—z, or by

increasing both variables independently. When a
mineral becomes saturated, the system is univari-
ant because an additional phase has been added,
so the system can only change at constant pres-
sure and temperature by changing activities of
Mg2, H*, or 8i0, ,,. This may occur until a second
solid phase saturates, at which point the composi-
tion of the fluid is isothermally-isobarically in-
variant. The only way to move off of the invariant
point is to dissolve one of the two minerals. Fluid
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See caption, figure 8.
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compositions plotting at higher activity ratios
than the saturation surfaces are supersaturated,
insofar as their activity ratios exceed those for
equilibrium with the appropriate mineral; such
fluids therefore do not reflect stable equilibrium,
and the portions of the diagram beyond the satu-
ration surfaces are not relevant to analysis of
equilibrium phase relations. However, the relative
plotting positions of supersaturated phases is of-
ten useful in unravelling metastable phase rcla-
tions, such as the nucleation and growth of MSH
phases during weathering of ultramafic rocks
(e.g., NESBITT and BRICKER, 1978).

At 500 °C and 20 kb, MSH minerals stable with
a fluid include brucite, antigorite, talc, and quartz
(Fig. 7). The slopes of the saturation surfaces be-
come less negative as log ag;, ,, decreases from a
maximum at quartz saturation, through talc and
antigorite, to brucite. These changes in slope re-
flect the changing Mg/Si in the solids. Similarly, the

values of log 8Me? decrease from a maximum at
afr

brucite saturation. Note that at 500 °C and 20 kb,
the only Mg-bearing phase stable with quartz is
talc, and values below ~ 4 are insufficient to attain
saturation with any Mg-bearing phase. Figure 7 il-
lustrates that interaction between a silica-rich flu-
id liberated from a quartz-saturated rock and a
hydrous ultramafic rock containing, for example,
antigorite + brucite, would result in silica and Mg
metasomatism. The consequences of the migra-
tion of silica-rich fluids in high pressure environ-
ments are discussed by MANNING (1995, 1996a).
Expanding the analysis of solution-mineral
equilibria to more complex systems, such as the
NMASH system, requires additional thermody-

ferroglaucophane riebeckite

acln-: 1.8)(10 -2
aprp=2.2X10 -4
ajg=6.7x10 -1 —

agln=

acjn=1.5x10 -7
aprp:36x10 -3
ajg=5.7x10 -1

agin=

glaucophane magnesioriebeckite

Fig. 10  Sodic amphibole compositional space showing
mineral compositions and activities used in the present
study, after Evans (1990). Activity of paragonite in
white mica was 0.95 in all assemblages. Mineral abbrevi-
ations after KRETZ (1983), except: na-amp, sodic amphi-
bole.

namic components, which in turn means that
phase relations must be projected into two-di-
mensional coordinate systems for plotting pur-
poses. This can be done by writing equilibria
among NMASH phases such that Al is conserved
in the minerals, and by fixing ag;, .- For example,
equilibrium between glaucophane and paragonite
can be expressed as

3 Na,Mg;ALSi;0,,(OH), + 22 H* =
glaucophane
2 NaAl;Si;O,,(OH), + 4 Na* + 9 Mg~ +
paragonite
+188i0, ,, + 12 H,0O (7)
SO

aMg? _ 41,9 AN’
= =-;loga i+

+ (L]_) log Kx b 2 log aSi()z.aq) (8)

for stoichiometric minerals and pure H,O. At con-
stant pressure and temperature, silica activity is
fixed in the presence of quartz (Fig. 7), so the
terms in parentheses are constants, and equation
8 is the equation for a line in the coordinate sys-

log

tem log ﬁ%‘ﬂ vs log gﬁ“ . Alternatively, ago, 4 Can
H* N

be fixed at another silica-buffering equilibrium
(e.g., corundum-kyanite) or at an arbitrary value
below quartz saturation. Diagrams constructed in
this way display the same phase-rule variance re-
lations as described for figure 7.

Figure 8 shows equilibrium phase relations
among stoichiometric minerals in the NMASH
system, at quartz saturation, 400, 500, and 600 °C,
and 10, 15, and 20 kb. These P-T conditions were
chosen to illustrate activity ratios near the
blueschist to eclogite transition (EvANs, 1990).
The diagrams simultaneously illustrate relevant
mineral equilibria and information about fluid
composition for different bulk compositions. Sol-
id phases in the system Al,0;-SiO,-H,O (ASH)
that are stable with quartz include pyrophyllite,
diaspore, and kyanite over the conditions consid-
ered; but neither pyrophyllite nor diaspore is sta-
ble with talc + quartz, whereas the assemblage talc
+ kyanite becomes stable at 600 °C between 15
and 20 kb. The relative stabilities of albite and
jadeite in the presence of quartz illustrate the
well-known pressure sensitivity over the P-T
range considered. Pyrope is metastable over all
conditions considered.

In addition to illustrating the familiar relations
among solid phases, species activities required
by minerals or assemblages of minerals are also
given by the diagrams. For example, albite and

jadeite reside at the highest log g—;"‘j‘ and lowest

log g%‘fﬁ at all conditions, and the activity ratios
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in such limiting assemblages as paragonite-
jadeite-quartz or glaucophane-jadeite-carpholite-
quartz can be determined directly. Glaucophane
stability is limited over the conditions considered,
occupying a restricted compositional region at

high log §¥ and log%‘{"jLz (Fig. 8). Predicted meta-

stability w1th respect to albite + talc at low pres-
sure and quartz saturation is consistent with ex-
perimental studies (Koons, 1982; CARMEN and
GILBERT, 1983; TROPPER et al., 1996, 1997).
Carpholite stability expands with increasing pres-
sure at 400 °C and 500 °C, and clinochlore stabili-
ty is limited to the most Mg-rich and Na-poor bulk
compositions. Both clinochlore and carpholite re-

aNa
ap+ °

quire that coexisting fluids have low log 35

Quartz-absent phase relations are displayed in
figure 9. The degree of silica undersaturation re-
quired to form diaspore or corundum — minerals
that are quite rare in blueschists and eclogites —is
small in terms of log ag,q, .o, typically less than 0.5
log units (e.g, MANNING, f996b) Phase relations at
log a0, €qual to 0.5 units below quartz satura-
tion should therefore correspond to the minimum
silica activity in fluids in mafic rocks at high pres-
sure. Figure 9 shows that diaspore and corundum
are the stable ASH phases over the entire P-T
range. Paragonite is less stable than at quartz sat-
uration, as indicated by the more restricted range

of log 38 aNa* over which it occurs in figure 9 relative

to ﬁgure 8. By contrast, the reduced silica activity
causes jadeite and glaucophane to remain stable
over the entire P-T range because of their lower
silica contents relative to albite and talc. Carpho-
lite, a comparatively silica-rich phase, is meta-
stable with respect to clinochlore + corundum or
diaspore at all conditions. Talc stability is much re-
duced relative to antigorite as compared with
quartz saturation.

Figures 8 and 9 show that at each silica activi-

ty, maximum values of log 21}“?3 (i.e., talc or anti-

gorite saturation) decrease with isobaric increas-
es temperature, and increase with isothermal in-
creases in pressure. In addition, mineral assem-
blages involving a Mg-bearing phase require a

fairly restricted range of log %ﬁ'ﬁ at 400-600 °C
and 10-20 kb, regardless of silica activity. At
quartz saturation (Fig. 8), values of log %2:";5*—2 range

from 3.6 (600 °C, 10 kb, clinochlore + kyanite) to
5.0 (400 °C, 20 kb, talc + clinochlore). At lower sil-
ica activity (Fig. 9), the minimum and maximum
values occur at the same conditions, but are re-

spectively 3.8 and 5.7, indicating that the possible

. a ; . i
range in log ;7= expands with decreasing silica

activity. Such limits do not exist for log 3;’;:’ be

cause there is no saturation surface analogous to
talc; i.e., there is no rock-forming Al-free Na- or
Na-Mg silicate. Thus, the minimum value of

log aNa constrained by the presence of a Na-bear-

ing phase is 3.7 at 400 °C, 10 kb at quartz satura-
tion (Fig. 8), and 5.0 at 500 °C, 10 kb at the lower

a ANat

silica activity (Fig. 9); but log 57 canin theory at-

tain quite large values.

Such limits are important because they pro-
vide a guide to the relative concentrations that
might be anticipated in fluids in equilibrium with
a range of mafic bulk compositions, which always
contain Mg- and Na-bearing phases. Assuming
fixed, neutral to basic pH values (see below) at
400-600 °C and 10-20 kb, the activity ratio limits
imposed by the presence of Na- and Mg-bearing
minerals in figures 8 and 9 translate ay,. greater
than ay,.2 by a factor of more than 10°> at all con-
ditions and all reasonable silica activities.

3.2. EQUILIBRIUM ACTIVITY DIAGRAMS AT
THE BLUESCHIST-ECLOGITE TRANSITION
WITH SOLID SOLUTIONS

The calculated phase relations described in the
previous section can be applied to more realistic
model bulk compositions by considering the ef-
fects of mineral solid solutions. EVANS (1990) pre-
sented an analysis of the phase relations at the
epidote-blueschist to eclogite transition in the
haplobasalt system (NCMASH), in which the fa-
cies boundary is defined by the model discontinu-
ous reaction among phase components:

13 Na,Mg,Al,Si;O,,(OH), +
glaucophane
+ 6 Ca,Al;Si,0,,(OH) =
clinozoisite
9 Mg;ALSI;O,, + 26 NaAlSi, O, +
pyrope jadeite
+ 12 CaMgSi, O, + 19 SiO, + 16 H,O 9)
diopside quartz

In mafic rocks, each phase component is an end
member in a complex solid solution whose com-
position may vary with bulk composition, P, and T.
Evans (1990) explored the effects of different
mineral compositions on the location of equilibri-
um 9; the compositions and phase component ac-
tivities that he used are summarized in figure 10.
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He showed that equilibrium 9 has a steep, nega-
tive Clapeyron slope, and it occurs between ~ 500
to > 600 °C and 13 to > 20 kb for bulk composi-
tions 1-6 (Fig. 10) at ag,c = 0.9.

The mineral compositions and activities of
Evans (1990) may be combined with projection of
the phase relations into the Ca-free NMASH sys-
tem to determine fluid activity ratios near the epi-
dote-blueschist — eclogite transition. Reduced ac-
tivities of phase components shift equilibrium
phase boundaries in activity-activity diagrams
through addition of nonzero terms to logarithmic
mass-action expressions. For example, if glauco-
phane and paragonite are not end-member com-
positions, their activities are not unity, and equa-
tion 8 becomes

log g%{ == —$log g;%JF (G log Ky -2 log agip, aq—
- 2 log apa.ragonitc + 3 lOg aglaucophane) (10)

assuming pure H,O. At quartz saturation and con-
stant pressure and temperature, all the terms
in the parentheses are constants, so equation 10
remains the expression for a straight line in

log :T]“iﬁvs log 83 coordinates. If the two mineral

activity terms do not cancel, the intercept of the
line described by equation 10 is shifted relative to
equation 8, enlarging the stability field of the min-
eral for which the logarithmic activity term is
greater in magnitude. Mineral-solution phase re-
lations were calculated for all bulk compositions
except X5, for which equilibrium (9) lies at > 600
°C below 20 kb; i.e., beyond the P-T range of the
extrapolated thermodynamic data for aqueous
species and association/dissociation reactions,
Quartz was assumed to be present, and ay,, was
assumed to be 1.0 instead of 0.9 (cf., EvaNns, 1990).
For the purposes of comparison, the transition
was assumed to be crossed either isobarically (X1
and X2) or by varying both P and T (X3, X4, and
X6).

Activity diagrams illustrating mineral-fluid
equilibria on either side of the transition from epi-
dote-blueschist to eclogite (reaction 9) are shown
in figure 11. The most important feature of the fig-
ure is that below the transition, the definitive
eclogite assemblage of garnet + omphacite is not
stable; instead, either garnet is unstable (X1), or
assemblages involving sodic amphibole, parago-
nite, and chlorite intervene between omphacite
and garnet. Once the transition is crossed, howev-
er, omphacite and garnet are stable together in all
modeled bulk compositions. The stability of the
assemblage omphacite + garnet is limited by sod-
ic amphibole and paragonite; i.e., permitted true
mafic eclogite assemblages in the presence of

quartz include white mica + omphacite + garnet,
omphacite + garnet, and amphibole + omphacite
+ garnet. The assemblage kyanite + omphacite +
garnet is not predicted to be stable in the presence
of quartz at the investigated pressure, tempera-
ture, and bulk composition; any combination of
lower aSiOZ’ ajadeitc’ apyrape? or hlgher apa_ragonites pI:eS-
sure, or temperature would result in kyanite-
eclogite stability. Note that as glaucophane activi-
ty in sodic amphibole decreases from X1 through
X6, its stability field expands (Fig. 11).

The transformation of epidote-blueschist to
eclogite liberates a fluid phase (eq. 9), and the ac-
tivity diagrams in figure 11 therefore constrain the
equilibrium activity ratios in the fluid for the mod-
el NMASH system. Near the location of equilibri-
um (9), the assemblage omphacite + garnet +
quartz must restrict activity ratios that are possi-
ble in the liberated fluids to a narrow range, re-
gardless of bulk composition, pressure, or temper-
ature (Fig. 11). The range of activity ratios must lie
along the omphacite-garnet phase boundary be-
tween the omphacite-garnet-paragonite and om-
phacite-garnet-sodic amphibole invariant points.

Values of log ?Tf*range from a minimum of 4.5
to a maximum of 5.3; corresponding log 2} val-
af

ues are 3.4 to 4.0. This result implies that, inde-
pendent of bulk composition or the precise pres-
sure and temperature at which fluid is liberated
during eclogite formation, the activity ratios of
aqueous species near the blueschist-eclogite tran-
sition probably vary by no more than a factor of
about ten.

3.3. FLUID COMPOSITION AT THE
BLUESCHIST-ECLOGITE TRANSITION

Activity diagrams such as those in figures 8,9, and
11 are useful for investigating the links between
mineral assemblages, bulk composition, and the
chemical potentials of components in the fluid
phase. However, determining the concentrations
of Na, Mg, Al, and Si in solution requires addi-
tional information. First, the important aqueous
species of each of these elements must be identi-
fied, and thermodynamic data for their formation
from the ionic species must then be derived. Ta-
bles 1-3 give the species considered in this study,
and the parameters used for extrapolation of
equilibrium constants to high pressures (Figs 2
and 3). SiQ, is assumed to be a neutral monomer
species because the pH values encountered in this
study were not sufficiently high to allow for sig-
nificant formation of HSiIO;; NaHSiO,; and
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MgHSiO3 were ignored for similar reasons. Also,
Al-chloride species were not considered, and the
only complex of Na and Cl considered was NaCl
(cf., OELKERS and HELGESON, 1990). Finally, pos-
sible Na-aluminate complexes (e.g., NaAlQO,)
were ignored. Recent studies disagree over the
stability of these complexes (POKROVSKI and
HELGESON, 1995; ANDERSON, 1995); however, pre-
liminary calculations and experiments (LIN and
MANNING, 1997) suggest that even if such com-
plexes are present, they are unlikely to represent
a significant fraction of either Na or Al in high-
pressure soluttons. ‘

The second requirement for translating calcu-
lated activity ratios to concentrations is an activi-
ty model for charged species. Although no exper-
imental or theoretical study has specifically inves-
tigated the behavior of the Debye-Hiickel activi-
ty model at high water densities, there is in princi-
ple no reason why it should not be applicable. Ac-
tivity coefficients (y) were therefore calculated
using the Davies formulation (DAVIES, 1962):

ZAVI
I

1+

+02 AZNT

log v, =— (11)

where Z, is the charge of the ith species, A is the
species-independent Debye-Hiickel parameter,
and I is the true ionic strength;i.e., the sum of the
concentrations () of all species corrected for the
formation of ion pairs and complexes:

(12)

The A parameter varies strongly with pressure
and temperature at low pressures, but it ap-
proaches constant values at P > 4 kb (HELGESON
and KIRKHAM, 1974). Visual extrapolation of val-
ues predicted by HELGESON and KIRKHAM (1974)
to 10 to 20 kb suggest that A will be broadly with-
in the range 0.7-1.2 kg”?mol-'? at 400 to 600 °C.
Sensitivity analyses indicated that speciation cal-
culations show little dependence on the magni-
tude of A within this range, so I used A = 1.0
kg'”mol-'? in the present study.

The Davies equation (eq. 11) is accurate to
several percent at ionic strengths to 0.1 molal
(DAVIES, 1962); at higher ionic strengths, accuracy
is lower because the equation does not account
for increasing ion association. Ionic strengths of
eclogite-facies fluids calculated below are 0.1 to
1 moial, where the equation is probably accurate
only to about ten per cent. Other activity coeffi-
cient equations account for ion association better,
but they introduce additional unconstrained para-
meters. For this reason the Davies equation was

viewed as the best path to a provisional estimate
of eclogite-facies fluid compositions.

Using equations 11 and 12, the concentrations
of relevant aqueous species in equilibrium with
eclogite mineral assembiages can be determined.
Fluid, quartz, omphacite, garnet, and either sodic
amphibole or paragonite are compositionally in-
variant at constant pressure and temperature in
the model NMASH system. Therefore ag,,

dNat +
are » o2 and 22 are fixed through the mass-
H+ H+

action expressions for the hydrolysis of each of
the four minerals (e.g., eq. 6). Solution for the flu-
id speciation and elemental concentrations in-
volving n aqueous species requires n—4 equations
in addition to the four mass-action expressions,
equation 12, and » versions of equation 11. These
are mass-action expressions for association/disso-
ciation reactions (Tabs 1 and 2), and a charge bal-
ance equation or a concentration condition for Cl,
if appropriate. Systems of 2n + 1 nonlinear equa-
tions were solved using the program EQBRM
(ANDERSON and CRERAR, 1993) for Cl-free and
Cl-bearing aqueous solutions.

3.3.1. Cl-free fluids

Species concentrations were calculated for pure
H,O fluids for bulk compositions X1 to X4 and X6
(Fig. 12). Maximum and minimum concentrations
are defined by the presence of paragonite or sod-
ic amphibole; the widths of the rectangles in figure

Eclogite Fluids, pure H20

LI |

e e e

X1

X2

X3

X4

Bulk Composition
(Evans, 1990)

X6
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Fig. 12 Individual species and total elemental concen-
trations for each of the bulk compositions investigated.
Except for SiO,, widths of rectangles correspond to the
range in calculated concentrations for limiting assem-
blages of sodic amphibole eclogites and paragonite
eclogites (see text). Pressures and temperatures of the
calculations are those of the eclogite-facies activity-
activity diagrams in figure 11.
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12 denote the range in compositions permissible
within these limiting assemblages. The calculated
pH is ~ 6, regardless of bulk composition. Acid-
base neutrality is ~ 3.5 at these conditions, so the
calculated fluids are strongly basic. Total Si (as
SiO,,,) and Na both have high concentrations of
~ 0.3 molal in Cl-free fluids in equilibrium with
eclogite. Despite the basic pH, total Na (Na,) is
predominantly Na" because of the large log K for
NaQOH dissociation (Fig. 2). NaOH concentration
is about three orders of magnitude below that of
Na'. The next highest elemental concentration is
Al, which occurs as AlO; due to the high pH. Mg
is very low in concentration and is predominantly
present as MgOH", again as a consequence of the
basic pH of the solution.

The model blueschist to eclogite transition oc-
curs at progressively higher pressures and tem-
peratures as bulk composition changes from X1 to
X6 (Evans, 1990). However, with the exception of
Al, concentrations are only slightly dependent on
these changes in P and T. For Al it can be seen that
calculations performed at 600 °C (X3, X6) yield
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significantly higher total Al concentrations than at
550 °C.

3.3.2. Cl-bearing fluids

Chlorine is an important additional element likely
to be present in fluids liberated at the blueschist to
eclogite transition, and its variation in concentra-
tion will strongly influence speciation and elemen-
tal abundance in solution. Variations in fluid com-
position were calculated for total Cl (CL) concen-
trations of 0.001 to 1.0 molal, or 0.006-6 weight
percent NaCl equivalent. This range in chlorinities
is appropriate for characterizing fluid-mineral
equilibria involving dilute solutions, such as at the
salinities of 1-5 weight percent NaCl (equivalent)
found in fluid inclusions in mafic eclogites of the
Franciscan Complex and the Catalina Schist, Cali-
fornia, and the Samana Peninsula, Dominican Re-
public (GIARAMITA and SORENSEN, 1994). Howev-
er, salinities of up to 14.5 weight percent NaCl
equivalent are reported in the Monviso Complex
of the Italian Alps (PHILIPPOT and SELVERSTONE,

] B |
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e
B MgCk
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Fig. 13 Individual species and total elemental concentrations vs total Cl concentration for X1 amphibole eclogite
at 550 °C and 17.5 kb. Total elemental concentrations in bold lines, individual concentrations in light lines. In (D), or-

dinate is log concentration for OH', but log activity for pH.
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1991); the calculations presented here are not ap-
plicable to such concentrated brines.

Figure 13A shows that Na, and SiO, remain
high as Cl, concentration increases. The relative
abundances cross over, such that Na, > Si0,, at
~ (.2 molal Cl,, as increasing NaCl abundance con-
tributes to additional Na in solution. However,
Na" remains the dominant sodium species
throughout. Total Mg shows behavior similar to
Na,: MgCl" increases with Cl, and yields greater
Mg, in solution (Fig. 13B). This effect is com-
pounded by the increasing abundance of Mg* due
to decreasing pH (Fig. 13D). MgOH " is dominant
until it is superceded by Mg*? at the highest Cl
concentrations. In contrast, Al, decreases with in-
creasing Cl. This is a combined effect of the de-
crease in the pH, which lowers the concentration
of the dominant species AlQO,, and the absence of
Al-Cl species from the calculations. Note that the
extremely low stability of Al-Cl complexes at
crustal conditions implies that, although not con-
sidered here, the calculated change in Al, concen-
tration is probably real.

Figure 13C shows that, as should be expected,
the abundance of all Cl-bearing aqueous species
increases with increasing Cl,. The dominant form
of chlorine in solution is CI throughout the com-
positional range investigated. Increasing CI
concentrations registers an increase in pH only at
> 0.1 molal (Fig. 13D) because the large value for
H,O dissociation (—6.91) yields high concentra-
tions of OH in solution, so high concentrations of
other anions are required before the charge bal-
ance will allow production of additional hydroni-
um ions.

In summary, the calculated elemental abun-
dances in aqueous fluid are SiO, ~ Na > Al > Mg
from Cl concentrations of 0.001 to 1.0 molal; i.e.,
the order of element abundances do not show a
strong dependence on Cl concentration over the
range investigated. Also, pH is little affected by to-
tal Cl, decreasing by ~ 0.6 pH units but remaining
strongly basic over the examined compositions.
Although the accuracy of these calculations is lim-
ited by the applicability of equation 11 to these
fluids, the relative concentrations of elements dif-
fer by orders of magnitude. The results of these
calculations will likely not change significantly
with improved computational methods.

4. Discussion and conclusions

Linear extrapolations of selected thermodynamic
data for aqueous ions and speciation reactions
provide the first opportunity to explore mineral-
solution equilibria in high-pressure metamorphic

environments. Stoichiometric activity-activity di-
agrams for the model NMASH system in the P-T
range spanning the epidote-blueschist to eclogite
transition (EVANS, 1990), indicate that Na" con-
centrations should be significantly greater than
Mg+? concentrations for a broad range of litholog-
ic types. After providing for mineral solid solu-
tions reflecting a range of mafic bulk composi-
tions, activity ratios in fluids are constrained by
equilibrium with the eclogite assemblage om-
phacite + garnet + quartz near the blueschist

boundary to a limited range in g:% and ZTMﬁ.
H+

When the effects of ionic strength are taken
into account, computed fluid compositions show
several important features, which hold true re-
gardless of the range of mineral compositions or
aqueous Cl concentrations that were investigated.
First, the calculated pH is basic (2-2.5 units above
neutrality). This results from the combination of
(1) the consumption of hydrogen ions as mineral
hydrolysis reactions proceed (e.g., eq. 5), and (2)
the predominance of positively charged ions in
the dilute solutions explored in this study, which
requires substantial concentrations of negatively
charged species to maintain electrical neutrality.
Because of the low abundance of CI', OH con-
centration must be significantly higher than that
of H'. Note that the large equilibrium constant for
the ionization of H,O (Fig. 1A) dictates that the
concentrations of both H™ and OH™ will be dra-
matically higher than in more familiar low pres-
sure, low temperature environments.

Another important aspect of the calculated
composition of fluids liberated by the production
of mafic eclogites is that the elements with the
greatest concentrations are Na and Si. High silica
concentrations are to be expected because the
rocks of interest are typically at or near quartz sat-
uration, and quartz solubility in H,O is substantial
at these conditions (MANNING, 1994, 1996b). The
high silica contents and the large gradients in bulk
composition associated with the juxtaposition of
subducted crustal rocks against silica-poor ultra-
mafic rocks of the mantle wedge generate the po-
tential for substantial silica metasomatism; how-
ever, this metasomatism is likely to be localized to
the slab-mantle interface because of the strong ca-
pacity of silica-poor rocks to consume this ele-
ment through the production of progressively
more silica-rich minerals (e.g., BEBOUT and BAR-
TON, 1993; MANNING, 1995, 1996a). Sodium is
somewhat less compatible than Si (e.g., PEARCE
and PEATE, 1995), so the predicted high concen-
trations provide a means for mobilizing Na over
larger length scales in the subduction zone-man-
tle wedge environment. However, the formation
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of Na-silicates, such as sodic amphibole, may con-
sume sufficient Na that its concentration is rapid-
ly lowered as fluids migrate from their site of lib-
eration. This appears to be the case in the mantle
wedge above the Marianas back-arc region
(STOLPER and NEWMAN, 1994).

A surprising result of the calculations of eclo-
gite-facies fluid compositions is the elevated Al
concentrations. These are in part a consequence of
the enhanced solubility of Al because of the pre-
dominance of AlQ,, which means that Al contents
increase as pH rises above the pK for the forma-
tion of this species from HAIQO, in basic fluids. But
independent experimental results also predict
high Al solubilities in pure, nearly neutral H,O.
MANNING (1994b, 1998b) found that Al concen-
trations at 700 °C and 10 kb were ~10-? molal in
equilibrium with kyanite and corundum. The ex-
perimental and theoretical results together sug-
gest that the common observation of quartz and
an aluminous phase such as kyanite in segrega-
tions and veins formed at eclogite-facies condi-
tions (e.g., HEINRICH, 1982) require no special
conditions or unusual ligands (cf., KERRICK, 1988);
rather, they should be expected as a natural con-
sequence of the strong increase of Al solubility
with pressure.

Finally, the Mg concentration is calculated to
be extremely low. This is a consequence of the low
stability of the predominant complex, MgOH", at
the basic pH values dictated by equilibrium be-
tween the dilute solutions and the eclogite-facies
minerals. If this result is true for other divalent
cations as well, then the calculations imply that
low concentrations of Ca and Fe should be anti-
cipated as well.
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