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ABSTRACT

Chloride-rich brines are increasingly recognized as playing an important role in high pressure and temperature

metamorphic and magmatic systems. The origins of these saline multicomponent fluids are debated, but experi-

mental evidence suggests that regardless of their origin they must be important agents of rock alteration and

mass transfer wherever they occur. Studies of the solubility of quartz in H2O, CO2–H2O and salt–H2O solutions

provide a framework for understanding the role of brines in the deep crust and upper mantle. While quartz solu-

bility in the system SiO2–H2O–NaCl–CO2 is maximal at a given high pressure and temperature if the solvent is

pure H2O, the decline in quartz solubility with NaCl content (salting-out) is less severe than in CO2–H2O fluids at

comparable H2O activities. Moreover, at lower pressures, quartz solubility initially salts in at low salt contents,

before reaching a maximum and then declining. The behavior of quartz solubility in salt–H2O solutions has not

yet been fully explained and is the subject of active debate. Experimental investigations of the solubility of some

other rock-forming oxides and silicates show enhancements due to NaCl addition. As illustrated by the well-stud-

ied CaO–Al2O3–SiO2–NaCl–H2O system, enhancements initially increase to maxima, and then decline. This

behavior can be explained by formation of a range of hydrated aqueous complexes and clusters with specific

NaCl:H2O stoichiometries. In contrast, solubilities of calcium salts, including calcite, fluorite, fluorapatite and

anhydrite, rise monotonically with increasing NaCl, implying complexing to form anhydrous ionic solutes and ⁄or
ion pairs. The experimental studies offer new insights into fluid-rock interaction in a range of settings, including

carbonatite–fenite complexes, granulite-facies metamorphism, porphyry ore deposits and aluminum-silicate vein

complexes in high-grade metamorphic terranes.
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INTRODUCTION

The generation and migration of chloride-rich brines is an

important geologic process in the lower crust and upper

mantle (e.g. Touret 1985; Newton et al. 1998; Yardley &

Graham 2002). Fluid inclusions containing chloride brines

with >10 wt% NaCl equivalent have been reported from

granulites (Touret 1985; Crawford & Hollister 1986; Smit

& Van Reenan 1997; Touret & Huizenga 1999; Van den
Berg & Huizenga 2001), eclogites (e.g. Philippot & Sel-

verstone 1991; Fu et al. 2001), and mantle diamonds (e.g.

Izraeli et al. 2001, 2004; Klein-BenDavid et al. 2007). In
addition, crystalline salts have been observed in high-grade

metamorphic rocks (Markl & Bucher 1998). Calcium-rich
silicates record equilibration of minerals with saline brines

in a range of metamorphic settings (e.g. Munoz 1981;

Mora & Valley 1989; Nijland 1993; Kullerud 1996; Markl

et al. 1998). Finally, magnetotelluric observations suggest

the presence of conductive, saline fluids in deep-crustal

fault zones (e.g. Wannamaker et al. 2004).
Saline fluids can be produced or concentrated in deep

fluid-flow systems by a variety of mechanisms (Newton
et al. 1998; Yardley & Graham 2002), including inheri-

tance of an originally saline connate fluid, dissolution of

salts of sedimentary origin, H2O loss by preferential

partitioning into hydrous minerals during retrograde
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metamorphism or into hydrous silicate liquids during melt-
ing and infiltration of externally derived magmatic fluids.

Regardless of origin, a fundamentally important factor in

the evolution of brines in the deep crust and upper mantle

is their immiscibility with CO2-rich aqueous fluid over a

wide range of pressure (P) and temperature (T) (Bowers &
Helgeson 1983; Johnson 1991; Duan et al. 1995; Hein-

rich 2007). Fluid inclusion evidence suggests that, in many

instances, saline fluids of the lower crust and upper mantle
may coexist across a miscibility gap with CO2-rich fluids

(e.g. Touret 1985; Gibert et al. 1998). The CO2-rich flu-

ids are more commonly observed as inclusions in minerals

because they are trapped more efficiently due to their rela-

tively low ability to wet grain boundaries (Watson & Bre-

nan 1987). Also, postentrapment modification of fluid

inclusions due to diffusion (Sterner & Bodnar 1989) or

deformation (Barker 2007) is more likely for salty inclu-
sions than for CO2-rich inclusions because of higher min-

eral solubility and reactivity. However, in spite of their

volumetrically minor representation as fluid inclusions, it is

likely that the saline components play a more important

role than CO2 in metasomatic mass transfer in the deep

crust and upper mantle.

The potential role of saline fluids in mass transfer has

only recently gained experimental attention, but a growing
body of data offers important and surprising insights into

interactions among salty fluids and minerals at moderate to

high P and high T. Here, we review experimental results

on mineral solubility in saline fluids at conditions relevant

to the lower crust and upper mantle. The data point to the

conclusion that alkali halide brine components of deep-

crustal and upper-mantle fluids represent powerful solvents

capable of significant mass transfer – not just of metals,
but of nearly all major rock forming oxides. This behavior

helps explain petrologic observations from a wide range of

deep geologic environments.

SILICA IN HIGH-GRADE FLUIDS

Silica is among the most abundant solutes in H2O-bearing

fluids of the deep crust and upper mantle, even when
diluted by significant CO2 or salts, or when fluids coexist

with bulk compositions possessing low silica activity

(Anderson & Burnham 1965; Manning 1994; Newton &

Manning 2000, 2002). Thus, investigation of the interac-

tions between fluids and minerals in the lower crust and

upper mantle most conveniently begins by consideration of

SiO2.

Quartz solubility in H2O

The dissolution of quartz into H2O at deep-crustal and

upper-mantle conditions is strongly dependent on P and

T, and on the polymerization of solute silica (Manning

1994; Zotov & Keppler 2000, 2002; Newton & Manning
2003, 2008a). Equilibrium between quartz, H2O and neu-

tral monomeric silica, can be described by the reaction

SiO2 þ nH2O ¼ Si(OH)4 # ðn % 2ÞH2O

quartz silica monomer
ð1Þ

Equation 1 includes two forms of interaction between

solvent H2O and solute SiO2: for each mole of SiO2, two

moles of H2O form hydroxyls, and n ) 2 moles of molecu-

lar H2O form a hydration shell (e.g. Weill & Fyfe 1964;

Sommerfeld 1967). Polymerization of solute silica is an
additional interaction. Taking the H2O of hydration as

implicit, homogeneous equilibrium in an H2O–SiO2 fluid

can be written

2Si(OH)4 ¼ Si2O(OH)6 þH2O

monomer dimer
ð2Þ

(Newton & Manning 2002a, 2003; Zotov & Keppler

2002). Newton & Manning (2002a, 2003) showed that a

simple mixing model which assumes only monomers and

dimers adequately describes phase relations in SiO2–H2O
fluids to ‡20 kbar and approximately 900"C. By equating

activities (ai) of the monomer (m) and dimer (d) to their

mole fractions (Xi), the equilibrium constant for Equation

2 (Kmd) is

Kmd ¼ XdaH2O

X 2
m

ð3Þ

When H2O is the only solvent component, aH2O '1 over

a wide range of crustal and mantle conditions, and Kmd

values can be described by

logKmd ¼ 1:480þ 0:0012T þ ð0:000119T % 0:1685ÞP
ð4Þ

where T is in Kelvins and P is in kbar (Newton & Manning

2002a, 2009).

This description of quartz solubility fails as temperatures

rise above 900"C and pressures approach 10 kbar. Along

the quartz hydrothermal melting curve, there are increases
with rising P in SiO2 solubility in H2O, and in H2O solu-

bility in coexisting melt. These factors lead to critical mix-

ing of SiO2-rich aqueous fluid and hydrous silica melts at a

critical end point on the hydrothermal melting curve of

quartz near 10 kbar and 1080"C (Kennedy et al. 1962;

Newton & Manning 2008a). Under these P–T conditions,

SiO2-rich fluids and liquids must be highly polymerized,

with constitutions similar to pegmatitic rock melts; it is of
some interest to inquire what effect saline and carbonic

components have on critical mixing of fluids in the system

SiO2–H2O at high P and T.
Figure 1 shows logKmd isobars at deep-crustal and

upper-mantle temperatures. With rising T, logKmd
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increases isobarically, indicating increasing fraction of dis-
solved silica in dimers relative to monomers. In contrast,

isothermal increases in pressure yield depolymerization of

aqueous silica. Higher oligomers such as the ring trimer

become increasingly abundant at 10 kbar within approxi-

mately 150"C of the critical end point at 1080"C in the

system SiO2–H2O (Newton & Manning 2008a), but at

lower temperatures appear to have negligible concentration

in SiO2–H2O fluids.

Quartz solubility in CO2–H2O fluids

The solubility of quartz in CO2–H2O fluids at high P and

T declines steadily with increasing CO2 content. This is

illustrated in Fig. 2A, using data from Newton & Manning

(2009) at 800"C, 10 kbar. The data indicate that quartz is

effectively insoluble in pure CO2, consistent with the
absence of interaction or complexing between CO2 and

SiO2 in the fluid phase. Thus, CO2-rich solutions are very

poor solvents for silica.

Data on mixed solvents in which one component does

not interact with dissolved silica can be utilized to gain

insight into the interactions between the silica and solvent

H2O. A priori, it is uncertain whether the number of H2O

molecules that hydroxylate and hydrate dissolved SiO2 are
fixed or variable, or whether they change with T, P or

H2O activity. In the absence of direct in situ observation,

the value of n in Equation 1 can be derived from quartz

solubility measurements in CO2–H2O fluids because CO2

does not interact detectibly with solute silica. Following

Walther & Orville (1983), the hydration state of solute sil-

ica can be derived from the equilibrium constant (K1) for

Equation 1 at fixed T and P,

K1 ¼ am
an
H2O

ð5Þ
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Fig. 1. Variation in the equilibrium constant (Kmd) for homogeneous equi-

librium between silica monomers and dimers (Equation 2) as a function of P

and T, as calculated from Equation 4 (Newton & Manning 2002a, 2009).
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Fig. 2. (A) Variation in the molality of SiO2 at quartz saturation with CO2

(filled circles) and NaCl (open circles) at 800"C, 10 kbar. Data from Newton

& Manning (2000, 2009). (B) Variation in calculated activity of the aqueous

silica monomer with H2O activity for same data as in (A). Activity models

from Aranovich & Newton (1996, 1999). Slopes from linear fits to data cor-

respond to n, the total hydration number; n in CO2–H2O of 4 indicates 2

molecular H2O of solvation; the lower n and higher solubility of quartz in

NaCl–H2O at a given H2O activity implies solubility enhancement; however,

the mechanism is debated (see text).
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where the activity of quartz is assumed to be unity, am is
the activity of the monomeric species, and aH2O is the

activity of H2O. Taking logarithms and rearranging leads

to

log am ¼ n log aH2O þ logK1 ð6Þ

from which it can be seen that n is given by the variation

in monomer activity with H2O activity.
Walther & Orville (1983) proposed that the number of

H2O molecules per silica unit is two (i.e. n = 4) based on

their quartz solubility measurements in CO2–H2O. How-

ever, they had to assume that H2O and CO2 form ideal

mixtures at their experimental conditions (2 kbar and

600"C) and that SiO2 solubility was low enough that total

molality could proxy for monomer activity. Subsequent

studies gave n = 3.5 or 2, or suggested that n varies with
XCO2 (Newton & Manning 2000; Shmulovich et al. 2006;
Akinfiev & Diamond 2009).

With the advent of accurate and precise solution models

for CO2–H2O (Aranovich & Newton 1999) and aqueous

silica (Newton & Manning 2002a, 2003), it is now possi-

ble to evaluate n more rigorously. As shown in Fig. 2B,

results on quartz solubility in CO2–H2O over a wide range

of CO2 contents at 10 kbar, 800"C, show that n = 4
(Newton & Manning 2009). The same analysis for the

dimer yields n = 7. Other high-quality data on quartz solu-

bility in CO2–H2O at lower P and T yield the same values

for n when SiO2 and H2O activities are calculated with the

same models. Evidently, the aqueous silica monomer and

dimer possess fixed stoichiometry of Si(OH)4Æ2H2O and

Si2O(OH)6Æ4H2O – i.e. two solvating H2O molecules per

Si – in H2O–CO2 fluids for a large range of crustal and
mantle conditions. To the extent that CH4 and CO are

also unreactive with SiO2, the simple model for quartz sol-

ubility in CO2–H2O should apply generally to quartz solu-

bility in COH fluids over a wide range of oxygen

fugacities.

Quartz solubility in alkali–halide salt solutions

Comparison with CO2–H2O

At high P and T, quartz solubility in NaCl–H2O solutions

behaves as in CO2–H2O solutions: it declines systematically

with increasing NaCl (Fig. 2A, Newton & Manning 2000;

Shmulovich et al. 2001). Quartz solubility is not greatly

different in the two solvent media on an H2O mole frac-

tion basis. More importantly, however, at the same H2O

activity, quartz solubility is much higher in the salt solu-
tions (Fig. 2B). Because the difference grows larger with

decreasing XH2O, NaCl brines will be more effective sol-

vents than CO2–H2O fluids – not just for metals, but also

for SiO2, the major rock forming oxide.

The more subdued decline in solubility with decreasing

XH2O is not the only way in which quartz interacts differ-

ently with NaCl solutions than with CO2 solutions. Quartz
solubility in H2O–NaCl solutions at low but constant

P and T displays the interesting behavior of initially

increasing with added salt (Fig. 3); i.e. it ‘salts in’. At 1

kbar, quartz solubility increases substantially with increas-

ing NaCl concentration (Novgorodov 1977; Xie & Wal-

ther 1993). At 2 kbar and 700"C, the solubility first

increases, but reaches a maximum at about 10 mol % NaCl

and then decreases with further increase in salinity (Fig. 3).
This transition from salting-in to salting-out behavior

probably has to do with ionization of NaCl, considering

that solute NaCl at low pressures, high temperatures is

strongly associated (e.g. Quist & Marshall 1968), but at

pressures higher than about 4 kbar at 700"C becomes pro-

gressively ionized at all temperatures and concentrations

(Aranovich & Newton 1996; Tropper and Manning

2004). This is supported by the solubility behavior at
4.35 kbar, 700"C (Fig. 3).

In addition, dissolved silica appears to interact differently

with different salts. Shmulovich et al. (2006) investigated

quartz solubility in a variety of salt solutions to 9 kbar and

800"C. Large-ion alkali halides (with Cs+, I), etc.) have a

greater tendency toward salting-in of silica, such that the

enhancement persists to high pressures. In contrast, these

authors found that CaCl2 produces no enhancement, even
at low pressure (Fig. 4). The unique behavior of quartz

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.1 0.2 0.3 0.4 0.5 0.6

Newton & Manning (2000)
Manning (1994)
Anderson & Burnham (1967)
Anderson & Burnham (1965)
Xie & Walther (1993)
Novgorodov (1977)

m
S

iO
2

XNaCl

15 kbar

10

7

5
4.35

4

2

1 kbar

700°C

Halite sat
3

1.5

Fig. 3. Variation in quartz solubility with NaCl mole fraction and pressure

at 700"C (Newton & Manning 2000). At low pressures, quartz solubility ini-

tially rises (‘salts-in’) with increasing NaCl concentration. The behavior dis-

appears above approximately 5 kbar, so that quartz salts out at all NaCl

concentrations (with permission from Elsevier).
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solubility in different salt solution indicates complex inter-

action that may have to do with complexing, polymeriza-

tion, hydration state, mixing statistics (possibly including
or excluding ionized units) and local electrical environment

of the SiO2 units. Shmulovich et al. (2006) showed that,

to a good approximation, the solubility of quartz at a given

P and T in a mixed-salt solution is proportional to the sum

of the solubilities in the individual salt solutions. This

applies also to solvent mixtures of salt and CO2.

There are several empirical formulations of the variation

in quartz solubility with salt concentration (e.g. Fournier
et al. 1982; Fournier 1983; Shibue 1996), but more recent

efforts have focused on developing models that explicitly

account for the physical chemistry of salting-in and salting-

out behavior. The salting-out of silica is readily understood

if the solute silica consists of hydrated species, because of

the decrease in H2O activity. The physical chemical expla-

nation for salting-in is, however, the subject of ongoing

debate. Current hypotheses can be regarded as falling into
two categories:

(1) the effect is a property of the solvent; i.e. salt com-

ponents alter electrostatic properties of H2O, especially the

dielectric constant, so that uncharged species like silica

become more compatible with the hydrous matrix; and

(2) the effect is a property of the solute, in that more

soluble species are formed by reaction of the silica with salt

constituents.
Resolution of this question will require additional accu-

rate and specifically directed solubility and spectroscopic

studies.

Solubility enhancement as solvent modification

A conventional line of approach followed by several

authors (Xie & Walther 1993; Shmulovich et al. 2001,

2006) makes use of a parameter first defined by Setchénow
(1892) to understand the effect of dissolved ionic salts on

the solubility of organic compounds. Departures from ideal

mixing behavior (i.e. solubility negatively proportional to

the mole fraction or molality of the salt) are embodied in

the expression:

log !i ¼ BiI ð7Þ

where ci is the activity coefficient of the organic (or

uncharged) solute, I is the ionic strength of the solution

(for alkali halides simply the salt molality) and Bi is the
Setchénow coefficient, unique to each salt and uncharged

solute and generally a function of T and P. This approach

cannot explain salting-in followed by salting-out at higher

salt concentration unless the Setchénow coefficient is also

made a function of salt concentration. For quartz solubility

in salt solutions, the expression of Shmulovich et al.
(2006) is:

logmSiO2 ¼ logm(
SiO2

þ 3:5 logXH2O þ amb
i ð8Þ

where mi indicates total molality of the subscripted constit-
uent, and the superscript zero refers to initially pure H2O.

The third term on the right embodies the Setchénow con-

cept while allowing the term to be a function of salinity

and, through the empirical parameters a and b, pressure

and to a lesser extent temperature. The second term

describes the effect of decreasing H2O activity with salinity,

and models the average total hydration number (n) of sol-

ute silica as 3.5. The parameter b must be less than unity
when salting-in occurs (almost always at low H2O density).

The authors give a table from which to obtain a and b by

interpolation in the pressure range 1–9 kbar and tempera-

ture range 400–800"C. Figure 4 compares the quartz solu-

bility predictions of Shmulovich et al. (2006) for various

salt solutions, T and P.
The advantage of this method is that it assigns all

non-ideality in the solubility calculation to a term which
is effectively a function of H2O activity. A disadvantage,

noted by Evans (2007), is that the model does not

directly address the dissociation of NaCl at high pres-

sures and concentrations, so that the mole fraction of

H2O is ambiguous (taken by Shmulovich et al. 2006; to

be 1 ) XNaCl). Therefore, the model is to some extent

non-physical. Also, no account is taken of polymerization

of SiO2 in solution, which is an important contributor
to SiO2 solution non-ideality at the high concentrations

associated with elevated P and T (Newton & Manning

2002a, 2003). Shmulovich et al. (2006) maintain that

neglect of these factors is necessary for a unified account

of their experimental results for a variety of salts, since
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activity coefficients and SiO2 speciation are not as yet
known for most salt solutions at high T and P. Akinfiev

& Diamond (2009) proposed a similar reconstruction.

They showed that experimental measurements on quartz

solubility in ionic fluids at high T and P can equally well

be represented with n = 2.

Solubility enhancement as solvent interaction

A different approach implies that salting-in is due to a reac-
tion of SiO2 with salt (and possibly H2O) to produce solu-

ble hybrid species. Tanaka & Takahashi (1999) showed by

high-resolution mass spectrometry at ambient conditions

of quartz-saturated NaCl solutions that there is consider-

able complexing of Na with polymeric silica forms (mono-

mer, dimer and tetramer). Anderson & Burnham (1967)

suggested that enhancement of quartz solubility in KCl

solutions at 3 kbar and 600"C could be explained by a
reaction:

SiO2þKClþ 2H2O ¼ KH3SiO4þHCl ð9Þ

The postulated solvent interaction should therefore

generate acid solutions under P–T conditions where salt-

ing-in occurs; this has not yet been verified for quartz

solubility (e.g. by pH measurements, either in situ or on

quenched solutions). Anderson & Burnham (1967) did

not attempt to show that their hypothesis could account

for the phenomenon of salting-in followed by salting-out
at higher salinity. Several experimental and theoretical

studies (summarized in Frank et al. 2003) have shown

that, if Al is present, as in aluminosilicate minerals and

melts, acid solutions are generated by reaction with

NaCl.

Another approach was adopted by Evans (2007). She

postulated the dissolution reaction:

SiO2þdNaClþeH2O ¼ SiO2ðNaClÞdðH2OÞe ð10Þ

which implies that NaCl is complexed as an undissociated

unit. All species in solution are regarded as an ideal mix-

ture, including H2O, NaCl, Na+, Cl), SiO2Æ3H2O (the

assumed hydration state of the monomeric complex), and

the postulated hybrid complex in Equation 10. Her formu-

lation incorporates non-ideality of the H2O–NaCl solu-

tions as a consequence of pressure-induced ionization, but
does not use measured activity values of H2O as primary

input; rather, she uses the dissociation constant a as a fit-

ting parameter. Evans (2007) was able to obtain reasonable

fits to the solubility data of Newton & Manning (2000)

and Shmulovich et al. (2006) with a broad range of d and

e values; she chose the values d = 0.5 and e = 0. Figure 5

compares the predictions of Evans (2007) for NaCl–H2O

at 700"C and various pressures with the experimental data
of Newton & Manning (2000). The main advantage of her

method is that change of the activity coefficients of H2O

and dissolved salts is explicitly taken into account; indeed,

Evans (2007) showed that this effect can account for the

transitions from salting-in at low pressure to salting-out at

high pressures. This is evident from Equation 10, where it

is seen that decreasing the activity of both NaCl and H2O,
which decrease occurs with increasing pressure, destabilizes

the hybrid complex.

Newton & Manning (2006) attempted to incorporate

both pressure-induced ionization of NaCl and polymeriza-

tion of SiO2 in a single theory. This formalism uses H2O

activity measurements of Aranovich & Newton (1996) and

makes the assumption that solute SiO2 forms an ideal sub-

stituent among all other solution entities (H2O, NaCl,
Na+, and Cl)) subject to the formula:

XSiO2 ¼
mSiO2

mSiO2 þ 55:51 1þ 1þ"ð ÞXNaCl

XH2O

h i ð11Þ

where mole fraction and molality of SiO2 refer to total sil-

ica in solution and a, the dissociation parameter, character-

izes the non-ideality of NaCl solutions (Aranovich &

Newton 1996). Theoretically, a should run from zero for

undissociated NaCl to unity for completely dissociated

NaCl. In fact, a as fitted by Aranovich & Newton (1996)
to their activity data actually exceeds unity by about 10% at

the highest pressures (15 kbar). At 10 kbar and 800"C it is

almost exactly unity. This assumption and the polymeriza-

tion model of Newton & Manning (2002a, 2006) lead to

the formula:
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aSiO2 ¼ Xm ¼ 1þ 8XSiO2Kmd=aH2Oð Þ
1
2%1

4Kmd=aH2O
ð12Þ

where aH2O is closely equal to XH2O ⁄ (2 ) XH2O), again

subject to the same ideal solution model of all ions and

neutral molecules and Kmd is the equilibrium constant for

dimer formation, Equation 2, assumed to apply to SiO2

solutions in H2O–NaCl solvents.

Critique of the quartz solubility models
All of the above attempts to quantify quartz solubility and

silica activity in salt solutions in terms of physical chemical

properties have advantages in data organization, but also

significant defects. The Newton & Manning (2006) model

yields a Walther–Orville slope of 1.86 (Fig. 2B), very near

2, suggesting that n = 2 in Equation 2a, and consequently

that there no hydrogen-bonded H2O molecules in mono-

meric silica. The parameter n = 2, together with Equations
11 and 12, fits the Newton & Manning (2000) experimen-

tal quartz solubility data at 800"C and 10 kbar very well.

However, the hypothesis leads to a contradiction in that,

at the limit of NaCl dilution, the number n must be 4 to

be in accord with the results for H2O–CO2 solubility

(Newton & Manning 2009). Such a change of Walther–

Orville slope at low XNaCl is not evident in the Newton &

Manning (2000) data. It seems probable either that the
assumption of ideal mixing of neutral silica complexes with

charged ions is incorrect or that there is indeed some addi-

tional complexing with NaCl, in the manner envisioned by

Evans (2007).

The quartz solution hypothesis of Anderson & Burn-

ham (1967) embodied in Equation 9 supposes that quite

acid solutions result from the dissolution of quartz in

alkali halide solutions. Newton & Manning (2006) tested
this hypothesis by measuring the pH of quenched fluid

from a solubility experiment at 10 kbar and 800"C and

XNaCl = 0.17. Their measurement of pH 7 was not signif-

icantly different from acid–base neutrality at 25"C. How-

ever, pH measurements have not been performed on

fluids quenched from low-pressure quartz solubility exper-

iments; it is possible that Anderson & Burnham’s (1967)

model may apply to quartz solubility in the ‘salting-in’
range.

Shmulovich et al. (2006) ascribe the effect of dissolved

salts on quartz solubility to change in solute properties,

according to Setchénow’s formulation. Their discussion is

more comprehensive than that of Newton & Manning

(2006), who considered only NaCl solutions or than that

of Anderson & Burnham (1967), who considered only

KCl solutions, but takes no account of such phenomena as
hydration state, polymerization or ionization of the salts.

Also, as Evans (2007) pointed out, the Setchénow coeffi-

cient must change drastically with pressure and salt concen-

tration in order to explain the transition from salting-in to

salting-out. Therefore, much of the utility of the Setché-
now formulation is lost.

The hypothesis of Evans (2007) that SiO2 reacts with

dissolved NaCl to form a neutral hybrid solute complex

has the ability to explain salting-in to salting-out in terms

of changing NaCl and H2O activities. Her hypothesis also

supposes that the SiO2-salt complex is neutral, which sup-

ports the observation of pH-neutral quenched fluid

observed by Newton & Manning (2006). However, her
formalism does not take into account what must be one of

the most important properties of solute silica, that of poly-

merization.

In summary, the physical–chemical basis for quartz

dissolution in natural fluids, at high P and T, and especially

those containing ionized salts, is currently in an imperfect

state. Although key data, such as pH measurements, are

lacking, empirical equations predict quartz solubility
adequately in a variety of simple media which contain both

neutral and ionized constituents.

SOLUBILITY ENHANCEMENT OF ROCK-
FORMING MINERALS BY NaCl

In addition to quartz, the solubilities of various simple oxi-

des or silicate minerals in concentrated NaCl solutions have
now been measured, though data are still sparse. Neverthe-

less, the data are sufficient to reveal a general pattern of

the enhancement of mineral solubility in H2O–NaCl rela-

tive to that in pure H2O at high P and T. Shmulovich

et al. (2001) found marked increase in the solubility of

diopside, CaMgSi2O6, at 5 kbar and 650"C in aqueous flu-

ids of salinity up to XNaCl = 0.26, and Macris & Manning

(2006) found a similar enhancement at 800"C and 10
kbar. The dissolution is incongruent: the Ca–silicate por-

tion is more soluble and forsterite is left as a residue. Wol-

lastonite (CaSiO3), corundum (Al2O3), and grossular

(Ca3Al2Si3O12) show even greater enhancement, reaching

concentrations of up to 10 times the pure-H2O solubility

at 800"C and 10 kbar (Fig. 6; Newton & Manning 2006,

2007). The only silicate mineral investigated thus far which

does not show enhancement by NaCl is zircon (ZrSiO4;
Newton et al. 2010).
The marked solubility enhancements cannot result sim-

ply from alteration of the solvent properties, but must

reflect strong reactions of the mineral constituents with the

dissolved salt components. The example of wollastonite is

instructive. The initial salting-in with increasing NaCl con-

centration is followed by a flat maximum at about XNaCl =

0.35 and then a salting-out at still higher salinity (Fig. 6).
Quenched fluids are strongly basic (pH 11–12), which

indicates that when Ca enters the solution some OH- is

created in the dissolution reaction. We adopt an approach

similar to that of Evans (2007) and postulate a wollastonite

dissolution reaction of the form:
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CaSiO3þaNaClþbH2O ¼n hybrid species ð13Þ

It may be shown quite generally that, if wollastonite sol-

ubility as a function of XNaCl has a maximum (salting-in

going to salting-out), then, the maximum in solubility
occurs at a NaCl content (X )

NaCl) determined from the

reaction coefficients by:

X )
NaCl ¼

a

a þ b
ð14Þ

Equations 13 and 14 state that solubility enhancement is

eventually arrested and reversed by decreasing H2O activity

with increasing salinity. The observed maximum in the

wollastonite solubility curve near X )
NaCl = 0.35 can be

explained most simply by the dissolution reaction:

CaSiO3þNaClþ 2H2O ¼ CaClþþOH%þH3NaSiO4 ð15Þ

wherein X )
NaCl = 1 ⁄3 and the basic nature of the quenched

fluids is explained. The neutral complex H3NaSiO4 is anal-

ogous to that previously postulated by Anderson & Burn-

ham (1967) for quartz solubility in KCl solutions (see

Equation 9).
Corundum dissolution in NaCl solutions at 10 kbar and

800"C shows a different behavior. There is a nearly

ten-fold increase in solubility over that in pure H2O with a

maximum near XNaCl = 0.15 (Fig. 6), if, following Evans

(2007), the mole fraction of Al2O3 is taken with respect to

all molecules and ions in the solution (NaCl counts for
two mixing units, Na+ and Cl), in a completely dissociated

aqueous fluid). In Newton & Manning’s (2006) corundum

solubility measurements, quench pH was 7, implying that

neither H+ or OH) are involved in the dissolution reac-

tion. A reaction which satisfies the above observations is:

2Al2O3þNaClþ6H2O¼ NaAlðOHÞ4
þAlðOHÞ2Clþ2AlðOHÞ3

ð16Þ

(Newton & Manning 2006), for which a = 1, b = 6, and
X )

NaCl = 0.143. The neutral complex NaAl(OH)4 was pro-

posed by Walther (2001) in his study of corundum solubil-

ity in NaCl solutions at low P and T.
When SiO2 is added to the system Al2O3–H2O–NaCl,

Al2O3 solubility enhancement becomes very strong and, in

fact, quartz solubility is simultaneously enhanced over that

at the same salinity in the absence of Al2O3 (Newton &

Manning 2008b). This mutual enhancement culminates in
the precipitation of albite at higher salinities and SiO2 con-

tents of the fluid (Fig. 7). Quenched solutions are very

acid (pH 1–2), implying that the dissolution reaction of

corundum involves complexing with Na and Si, leaving an

excess of Cl). A consistent dissolution reaction must be

something like the following:

Al2O3þ2NaClþ 6SiðOHÞ4 ¼ 2NaAlSi3Oð3þdÞ

ðOHÞð10%2dÞþð1þ 2dÞH2Oþ 2HCl
ð17Þ
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Fig. 6. Enhancement of solubilities of corundum, wollastonite and grossular

by NaCl in NaCl–H2O solutions. All solubilities are observed mole fraction

relative to that in initially pure H2O. Data from Newton & Manning (2006,

2007). Dashed vertical line is halite saturation.

Fig. 7. Variation in corundum solubility (as 104 times mole fraction of

Al2O3) with NaCl and SiO2 concentration at 800"C, 10 kbar. The light solid

lines are lines of constant SiO2 mole fraction, and the bold solid line is

quartz or albite + silicate liquid saturation; the transition between saturating

phases occurs at the maximum in solubility. Dashed vertical line is halite

saturation.
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The average Si ⁄Al ratio of the solute aluminosilicate spe-
cies estimated by mass balance by Newton & Manning

(2008b) is near three at albite precipitation, which sup-

ports the hypothesis of Anderson & Burnham (1983)

that Al can exist in Si and Na bearing fluids in the form

of a feldspar-like molecule. The hydration state of the

complex, characterized by the parameter d, is indetermi-

nate.

In view of the marked enhancement of CaSiO3 and
Al2O3 solubility in aqueous NaCl and NaCl–SiO2 solu-

tions at high P and T, the solubility of a compound of

these components, such as grossular garnet (Ca3Al2-

Si3O12), is of interest. Newton & Manning (2007)

found that grossular solubility is congruent even at very

high salinity, with relative enhancement greater than

either wollastonite or corundum (Fig. 6). The solubility

of Al2O3 can be enhanced over that of corundum in
pure H2O by a factor of nearly 100 in solutions contain-

ing also NaCl and CaSiO3 (Newton & Manning 2007).

Quenched fluids were very basic, showing that Ca–chlo-

ride production drives the high solubility. Interestingly,

similar enhancement by NaCl solutions at high P and T
of the analogous Fe3+ garnet, andradite, does not occur;

evidently, Fe2O3 is a much more refractory component

than Al2O3 in salty solutions of calc-silicates (Wykes
et al. 2008).

SOLUBILITY ENHANCEMENT OF Ca SALTS
BY NaCl

The greatest solubility-enhancements by brines are found

in systems with calcium carbonate, sulfate, fluoride and

phosphate. Figure 8 shows enhancement factors for calcite,
anhydrite, fluorite and fluorapatite, Ca5(PO4)3F. The solu-

bility versus XNaCl curves are strongly convex to salinity,

indicating that the H2O activity is not a major influence,

which in turn suggests that the solute species are not

hydrates and that multiple hybrid species form upon disso-

lution. For calcite, the dissolution reaction must be some-

thing like:

CaCO3þ2NaCl ¼ CaCl2þNa2CO3 ð18Þ

In this reaction calcite, a mineral very insoluble in pure

H2O, becomes very soluble in concentrated NaCl solutions

at high T and P. Anhydrite undergoes a similar dissolution

reaction, but solubility enhancement is extreme. In both

systems the solubility becomes so high at high salinity and

temperature that critical mixing between saline fluids and

mixed-salt melts is anticipated at moderately high tempera-
tures and salinities (probably 900–1000"C and XNaCl of

0.3–0.4; Fig. 9).

APPLICATIONS TO PETROLOGY

Solubility studies of various minerals in salty fluids over the
last decade have suggested that such fluids may be impor-

tant agents in petrogenesis, capable of explaining some oft-

observed metasomatic phenomena that may not be other-

wise readily interpreted. A few examples are discussed

below.

Deep-crustal fluids in general

Various mechanisms have been suggested for the origin of

concentrated brines in deep-crustal igneous and metamor-

phic processes, including involvement of deeply-buried

evaporites (e.g. Yardley & Graham 2002), downward

circulation of dissolved salts of surficial origin in thermally

excited convection cells (McLelland et al. 2002) and mag-

matic fluids emitted in the late stages of crystallization of

igneous rocks at depth (Ryabchikov & Hamilton 1971;
Hansteen & Burke 1990). The last hypothesis has gotten

considerable momentum from the experiments of Webster

et al. (1999), which have shown that concentrated brines

can be emitted from Cl-saturated magmas at depth, most

abundantly from basaltic intrusions. Whatever the sources

of the salty fluids, their high affinity for carbonate and sul-

fate militates that they must become complex brines in

their passage through crustal rocks. The properties of low
H2O activity yet relatively high solution capability for
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Fig. 8. Solubility enhancement of Ca salt and oxysalt minerals, including

calcite, fluorite, fluorapatite and anhydrite, at 800"C, 10 kbar. Enhance-

ment, as mole fraction relative to that in initially pure H2O, was calculated

using equations given in Newton & Manning (2002b, 2005), Tropper &

Manning (2007) and Antignano & Manning (2008).
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quartz and silicate minerals, including actual enhancement

for some rock components, indicate that the concentrated

brines must be important in rock alteration and mass trans-
port in the deeper parts of the crust.

Carbonatite–fenite complexes and carbonated shear zones

The association of carbonatite intrusions of obviously igne-

ous origin surrounded by wide tracts of alkali-metasoma-

tized rocks has been described from many localities (e.g.

Alnö Island, Sweden: Morogan & Wooley 1988). Students
of these complexes have largely come to the conclusion

that they result from fluid immiscibility in the intrusion

process between carbonate-rich and saline aqueous compo-

nents (e.g. Hamilton et al. 1979). Figure 9 shows a semi-

quantitative diagram of the pseudo-ternary system CaCO3–

NaCl–H2O at 10 kbar, after Newton & Manning (2002b).

The very high solubility of calcite in NaCl–H2O solutions

at high T and P indicates that such T- and ⁄or P-dependent
fluid immiscibility must take place in this model carbona-

tite–fenite system. Depending on the initial bulk composi-

tion, a supercritical carbonatite magma may either split

into carbonate-rich and NaCl-rich fractions during cooling
(path A), in which case a carbonatite–fenite association

may develop, or pass continuously into ultrasaline fluids

(path B) capable of voluminous carbonate alteration of

country rocks, as in the carbonate-metasomatized mega-

shear zones like the Attur Fault Zone of South India

(Wickham et al. 1994).

Sulfur-rich magmatism

The anhydrite solubility study of Newton & Manning

(2005) suggested a new mode of anhydrite involvement in

Mt. Pinatubo-type S-rich volcanism. Many authorities now

envision a ‘basalt trigger’ for the massive 1991 eruption in

the Philippines (e.g. Pallister et al. 1992) and, in view of

the findings of Webster et al. (1999) of Cl-induced early

magmatic outgassing, the possibility arises that the sulfur
could have originally been released as sulfate in a magmatic

brine. The highly oxidizing fluids which apparently affected

the rocks under Mt. Pinatubo (Cameron & Hattori 1994)

and which were ultimately vented massively to the surface

in the form of sulfate aerosols, could have been in the form

of a concentrated brine of magmatic origin.

Hattori & Keith (2001) imagined a close genetic con-

nection between Mt. Pinatubo-type eruptions and the por-
phyry Cu–Mo ores of western North America, which are

invariably found in the aureoles of small Late Mesozoic

and Tertiary granitic intrusions. These sulfide ore vein

deposits are always characterized by massive oxidation and

anhydrite deposition. It seems reasonable to suppose that

Cl- and S-laden basaltic magmas ‘triggered’ the hypabys-

sal intrusions in much the same manner as for the

Mt. Pinatubo dacite eruptives.

Fluid-present granulite-facies metamorphism

Deep-crustal granulite-facies metamorphism, which gener-

ated the extensive high-grade terranes characteristic of the

Precambrian shields of all continents, yields mineral assem-

blages that indicate formation at low H2O activity, yet pos-

sess geochemical and petrological characteristics which in
some cases require interaction with a mobile fluid phase

(Newton et al. 1998). This evidence, for example from the

Archean craton of southern India, includes orthopyroxene-

bearing metasomatic rocks, massive quartz veins with orth-

opyroxene-bearing selvages (Fig. 10), whole-rock deple-

tions of Rb and Th across isograds (Hansen et al. 1995),
and incipient charnockitic alteration of amphibole-biotite

gneisses, as at the amphibolite facies-granulite facies
boundary in southern India (Hansen et al. 1987). Early

models invoked CO2-rich fluids to explain much of the

metasomatism associated with granulite metamorphism

(e.g. Newton et al. 1980). Petrologic considerations posed

problems for this simple model (e.g. Lamb et al. 1987;

Fig. 9. Schematic CaCO3–NaCl–H2O pseudo-ternary showing solubilities at

10 kbar, from Newton & Manning (2002b). Critical mixing between a

hydrous, NaCl-bearing carbonatite liquid and a CaCO3-rich hypersaline

aqueous solution may occur near 1000"C and 30 mol % NaCl, 25 mol %

CaCO3. A hydrous carbonatite liquid (composition A) with calcite at

1000"C will, upon cooling to 950"C (point P), emit a concentrated salt

solution (point P¢). Both fluids will crystallize calcite upon further cooling

over a narrow T interval. At P¢¢, only the CaCO3-rich brine phase remains

and deposits most of solute CaCO3 in cooling only 200"C further.

A calcite-saturated brine of composition B, generated at 1000"C, will avoid

the two-fluid region and deposit nearly all of its substantial solute carbon-

ate in isobaric cooling past 800"C.
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Yardley & Valley 1997); however, mounting evidence sug-

gests that CO2-rich fluids coexisted with an immiscible

alkali–halide-rich solution, consistent with the large misci-

bility gap in the H2O–CO2–NaCl system at high P and T
(Johnson 1991; Gibert et al. 1998; Heinrich 2007).

Studies of mineral solubility in saline fluids offer insights

on the granulite-fluid controversy. Early models were heav-

ily influenced by the plethora of dense CO2-rich fluid
inclusions found in many or most granulites, first recog-

nized by Touret (1971). Concentrated brine inclusions in

quartz have also been reported from granulites (Touret

1985; Crawford & Hollister 1986); these are rarer and less

well preserved than the CO2 inclusions. The fluid inclusion

evidence may be questioned in light of the demonstrated

likelihood of postentrapment alteration (Sterner & Bodnar

1989; Barker 2007). However, saline fluids trapped in
minerals undergoing granulite-facies metamorphism must

originally have been very concentrated if they coexisted

with an immiscible CO2-rich fluid. The importance of salty

fluids has probably been underestimated because of diffi-

culty of capture as fluid inclusions – brines have much

greater wetting ability for gain boundaries in silicate min-

eral aggregates and quartz than does dense CO2 (Watson

& Brenan 1987). It is clear from the solubility studies that
halide (±carbonate, ±sulfate) solutions at high T and P are

much more efficient than dense CO2 in promoting mineral

reactions and performing mass transport in the deeper

parts of the crust. The amounts of the fluids need not have

been excessive to perform important functions such as des-

iccation and trace element depletion (Aranovich & Newton

1996). For instance, the high solubility of apatite, a princi-

pal rare-earth-element carrier, in high P–T brines could
explain REE mobility inferred in some granulite terranes

(Pan & Fleet 1996). The great wetting ability of salt

solutions for mineral grain boundaries, in contrast to

CO2, may also be an important factor in deep-crustal

metasomatism.

The high solubility of CaSO4 in alkali halide solutions

(Fig. 11) could be a factor in the origin of some highly
oxidized terranes, like Wilson Lake, Labrador (Currie &

Gittens 1988) and Labwor, Uganda (Sandiford et al.
1987). These extensive Precambrian terranes reveal high

oxidation states in their high Mg ⁄ (Mg + Fe) ratios of sili-

cates, even in felsic compositions and in the compositions

of the Fe, Ti oxide minerals, including, in some cases,

modal hematite. This oxidation could only be the result of

pervasive infiltration of highly oxidizing solutions at high
grade conditions; highly oxidized protoliths as envisioned

by Arima et al. (1986) could not account consistently for

the syndrome of related phenomena, which include pro-

found shearing deformation with related vein mineraliza-

tion, high positive gravity anomalies centered upon the

granulites and Archean age of some, in spite of the reduc-

ing surficial weathering conditions that prevailed at that

time. Cameron & Hattori (1994) ascribed the oxidizing
metamorphism to the passage of SO2-bearing fluids

released from underplated basaltic magmas; Newton &

Manning (2005) modified this concept to include the

action of orthomagmatic brines carrying concentrated

sulfate.

Wannamaker et al. (2004) present evidence from mag-

netotelluric sounding data that the lower crust under the

Great Basin of the western US contains highly conductive,
interconnected pore fluids and they suggest that these flu-

ids have their origin in underplated basaltic intrusions.

Such a view of regional deep-crustal fluid action is conso-

nant with the ‘Basin-and-Range’ model of granulite-facies

metamorphism advanced by Hopgood & Bowes (1990).
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Fig. 10. Synmetamorphic quartz vein in charnockite with orthopyroxene

selvage from near Dharmapuri, Tamil Nadu, South India. Knife for scale.
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Aluminum mobility in high-grade metamorphism

The element Al has long been thought to be effectively

inert in metasomatic processes. The assumption of fixed

Al in metasomatic mass transfer has been used to anchor

calculations of mineral reactions in high-grade rocks in

open systems (e.g. Hansen et al. 1987). This point of

view has been influenced in part by the low hydrothermal

solubility of corundum compared to that of quartz at
high P and T. However, many authors have pointed to

the existence of widespread Al–silicate veining in high-

grade terranes (Kerrick 1988; McLelland et al. 2002),

where Al transport seems to have been a major process.

Anderson & Burnham (1983) argued for the transport of

solute Al in the form of feldspar-like complexes. Simpler

complexes arising from interaction between Si and Al in

alkali-free fluids have also been inferred (Manning 2007).
The possible role of Al–Si and alkali–Al–Si complex trans-

port has received only limited attention (e.g. Manning

et al. 2010), chiefly because the basic thermodynamic

properties of such species are still not tabulated; however,

there is evidence that such transport may be further pro-

moted at elevated salinity.

The sillimanite-quartz veins described by McLelland

et al. (2002) (Fig. 12) are characterized by very salty fluid
inclusions in quartz with up to 25 wt% NaCl equivalent. It

is possibly significant that this concentration range is the

location of a very sharp Al solubility maximum (Fig. 7),

according to the solubility experiments of Newton & Man-

ning (2008b). We can propose a scenario in which brines,

liberated from the abundant intrusions in the area,

increased in salinity as H2O was absorbed into migmatites

in the country rocks and the NaCl concentration increased
until Al was more or less suddenly mobilized at about 25

wt% NaCl). Further increase in salinity would then begin

to have a decreasing effect on Al solubility.

The grossular solubility study of Newton & Manning
(2007) showed that Ca–Al silicates are also quite soluble

in concentrated brines at high T and P. In the case of

calc-silicates, the driving force of Al solubility enhance-

ment is the formation of CaCl+ ion, creating very basic

fluids in the dissolution process. Chemical studies of

calc-silicate lenses in granulites from Australia (Buick

et al. 1993) showed that Al is a relatively mobile compo-

nent, whereas Fe3+ is more inert, tending to remain at
fixed levels in calc-silicate lenses interacting with sur-

rounding quartzofeldspathic rocks. This observation con-

certs with the finding of low solubility of Fe3+ in high

P–T NaCl solutions at least at relatively high oxygen

fugacity (Wykes et al. 2008). Iron becomes much more

soluble at lower oxygen fugacity and lower-grade condi-

tions in rock compositions (Althaus & Johannes 1969;

Chou & Eugster 1977).

SUMMARY

Solubility studies lead to the conclusion that concentrated

brines may be important agents in metasomatic alteration

of deep-seated rocks. While providing low H2O activity,

which is necessary that aqueous fluids be compatible with

anhydrous silicate minerals, especially pyroxenes and gar-
nets, they nevertheless retain relatively high solubility for

silicate constituents, high Al-transporting ability in either

calcareous or aluminous rocks and high affinity for other

salt components, which makes them effective in trace-

element mobilization. These specific properties contrast

with the limited ability of CO2-rich solutions to mobilize

rock constituents.

The solubility enhancements by alkali halide solutions at
high P and T show contrasting mechanisms in aluminous

versus calcareous rocks. Acid solutions are generated in alu-

minous rocks due to the stability of soluble Na–Al com-

plexes, as shown by a number of earlier workers (Candela

1990; Frank et al. 2003). In calcareous rocks, the stability

of Ca ions in chloride solutions drives solubility enhance-

ment.

It is certain that concentrated brines will strongly inhibit
critical phenomena in rock-H2O systems; this narrows the

geologic opportunities for critical mixing between silicate-

rock melts and intergranular fluids in the crust, because all

such fluids are likely to be salty to some degree. However,

the high solubility of rock materials in such fluids shows

that they are capable of extensive metasomatism under

some conditions such that the affected rocks can be recon-

stituted to almost the same degree as by actual rock melt-
ing. Study of trace element behavior and fluid inclusions

will doubtless further elucidate the comparative roles of

mineralizing fluids and rock melting in the deep crust and

upper mantle.

Fig. 12. Sillimanite-quartz vein network in Lyon Mountain granitic gneiss,

Adirondack Mountains, New York, USA. Courtesy J. McLelland (McLelland

et al. 2002). Lens cap for scale.
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tions des à sels acids forts. Annales de Chimie et de Physique, 25,
225–70.

Shibue Y (1996) Empirical expressions of quartz solubility in
H2O, H2O + CO2, and H2O + NaCl fluids. Geochemical Jour-
nal, 30, 339–54.

Shmulovich KI, Graham CM, Yardley BWD (2001) Quartz,
albite and diopside solubilities in H2O-NaCl fluids at 0.5-
0.9 GPa. Contributions to Mineralogy and Petrology, 141, 95–
108.

Shmulovich KI, Yardley BWD, Graham CM (2006) The solubility
of quartz in crustal fluids: experiments and general equations for
salt solutions and H2O-CO2 mixtures at 400-800 "C and 0.1-
0.9 GPa. Geofluids, 7, 1–17.

Smit CA, Van Reenan DD (1997) Deep crustal shear zones, high-
grade tectonites, and associated metasomatic alteration in the
Limpopo Belt, South Africa. Journal of Geology, 105, 37–58.

Sommerfeld RA (1967) Quartz solution reaction: 400–500 "C,
1000 bars. Journal of Geophysical Research, 72, 4253–57.

Sterner SM, Bodnar RJ (1989) Synthetic fluid inclusions: VII.
Re-equilibration of fluid inclusions in quartz during laboratory
simulated metamorphic burial and uplift. Journal of Metamor-
phic Geology, 7, 243–60.

Tanaka M, Takahashi K (1999) The identification of chemical spe-
cies of silica in sodium hydroxide, potassium hydroxide and
sodium chloride solutions by FAB-MS. Analytical Sciences, 15,
1241–50.

Touret JLR (1971) Le faciès granulite en Norwège Méridionale.
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