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ABSTRACT

Experimental studies reveal complex dissolution behavior of quartz in aqueous NaCl solutions at high

temperature and pressure, involving variation from salting-in to salting-out that changes with temperature, pres-

sure, and salt concentration. The behavior is not explainable by traditional electrostatic theory. An alternative

hypothesis appeals to complexing of SiO2 with NaCl and can explain the observations. However, the hypothesis

of complexing, as previously applied, is inadequate in several respects: it neglects polymerization of solute silica,

regards the SiO2-NaCl hybrid complex(es) as anhydrous, which seems unlikely, and invokes an incorrect

stoichiometry of the hydrated silica monomer, now known to be Si(OH)4•2H2O. These neglected features can be

incorporated into the complexing model in a revised formulation based on a simple thermodynamic analysis using

existing quartz solubility data. The analysis leads to a quasi-ideal solution model with silica monomers, dimers,

and two distinct hydrous SiO2-NaCl hybrid complexes with overall NaCl:H2O = 1:6, one Na-bearing and one

Cl-bearing. Their (equal) molar concentrations (Xhc) are governed by a pressure- and temperature-dependent

equilibrium constant, Khc ¼ X 2
hc=ðaNacla

6
H2O

Þ, where aNacl and aH2O are the respective activities of the solvent

components. The stability of the hybrid complexes (i.e., their concentration) is very sensitive to H2O activity. The

entire set of experimental quartz-solubility data at 700°C, 1–15 kbar, is reproduced with high fidelity by the

expression logKhc ¼ �4:585þ 0:2691P � 2:023� 10�3P2 (P is pressure in kbar), including the transition from

low-pressure salting-in to high pressure salting-out. The results indicate that hybrid SiO2-NaCl complexes are the

main hosts for dissolved silica at NaCl concentrations greater than 6 wt%, which are likely common in crustal flu-

ids. At higher temperatures, approaching the critical end point in the system SiO2-H2O, the model becomes pro-

gressively inaccurate, probably because polymers higher than the dimer become significant as SiO2 concentration

increases.

Key words: aqueous geochemistry, brines, crustal fluids, quartz solubility, thermodynamic models

Received 4 April 2015; accepted 20 August 2015

Corresponding author: Craig E. Manning, Department of Earth, Planetary and Space Sciences, University of

California, Los Angeles, CA 90095-1567, USA. Email: manning@epss.ucla.edu. Tel: +1 310 206 3290.

Fax: +1 310 825 2779.

Geofluids (2016) 16, 342–348

INTRODUCTION

Silica is a major solute in crustal fluids, but its concentra-

tion depends strongly on fluid composition. At quartz

saturation, silica solubility in H2O increases strongly with

rising temperature (T) and pressure (P) (Kennedy 1950;

Morey & Hesselgesser 1951; Wyart & Sabatier 1955;

Khitarov 1956; Kennedy et al. 1962; Weill & Fyfe 1964;

Anderson & Burnham 1965; Hemley et al. 1980; Walther

& Orville 1983; Manning 1994; Newton & Manning

2008; Hunt & Manning 2012). At fixed P and T, addition

of CO2 causes solubility to decline (Novgorodov 1975,

1977; Walther & Orville 1983; Newton & Manning 2000,

2009). However, more complex behavior is observed in

alkali- or alkaline-earth halides. For example, in H2O-NaCl

solutions at low P and moderate to high T, quartz solubil-

ity initially increases as NaCl is added to H2O (i.e., silica

‘salts in’) (Fournier et al. 1982; Saccocia & Seyfried 1990;

Xie & Walther 1993; Newton & Manning 2000;

Shmulovich et al. 2006). A maximum is reached at an

intermediate NaCl mole fraction (XNaCl), and then solubil-

ity declines (silica ‘salts out’). The extent of the initial

salting-in diminishes as P increases, until at high P, quartz

solubility declines exponentially with rising XNaCl. In other
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halide solutions, intriguing variations exist: CaCl2 solutions

show no quartz solubility enhancement at any P, whereas

CsCl solutions show initial enhancement followed by salt-

ing-out at high salinity at all P up to 9 kbar (Shmulovich

et al. 2006). The behavior of quartz solubility in H2O-salt

solutions has defied clear theoretical understanding, which

limits our ability to develop robust thermodynamic models

for the transport of one of the most important solutes in

crustal fluids.

Two general approaches have been used to model quartz

solubility in salt solutions. The first is based on

Setch�enow’s (1892) treatment of the solubility of organic

compounds in salty fluids (Shmulovich et al. 2006). The

other emphasizes reactions of quartz with solvent con-

stituents to form soluble SiO2-NaCl-(H2O) complexes

(Evans 2007). Comparison and critique of the merits and

shortcomings of these approaches are given in Newton &

Manning (2010).

The Setch�enow-type formulation provides a mathemati-

cally useful description of the experimental data, but is

lacking in theoretical underpinnings. In particular, there is

no input of pertinent thermodynamic properties such as

standard-state properties or measured activities of H2O

and saline components, data which exist for NaCl and KCl

solutions. The latter restriction ignores the fact that the

P-induced transition from salting-in to salting-out coin-

cides with the P-induced decrease in H2O activity at about

4 kbar, attributed to the ionization of NaCl (Aranovich &

Newton 1996). This change in the solvent would be

expected to have a major effect on the solubility of miner-

als. Also, the formulation gives no account of speciation or

polymerization of solute SiO2.

The alternative approach of Evans (2007) is based on

solute–solvent interaction and provides a more intuitive

basis for understanding quartz solubility behavior. In her

model, quartz solubility is governed by a set of homoge-

neous and heterogeneous equilibria involving quartz and

aqueous species. A key feature is the formation of one or

more hybrid SiO2-NaCl complexes of the general form

SiO2•xNaCl•yH2O. If such a solvent–solute interaction

governs quartz dissolution in H2O-NaCl solutions, then

P-induced changes in the activities of the solvent compo-

nents, such as the rather sudden decreases in H2O and

NaCl activities near 4 kbar (Aranovich & Newton 1996),

would affect the stability of the hybrid complex(es) and

therefore might account for the pattern of quartz solubility

as a function of P, T, and NaCl mole fraction. Evans

(2007) was able to fit Newton & Manning’s (2000) quartz

solubility data reasonably well over a broad range of P and

T with suitable choices of the coefficients x and y; she

chose the proportions x = 1/2 and y = 0 for a single

hybrid complex, with the SiO2 species in the NaCl-free

system assumed to consist entirely of Si(OH)4•1H2O.

The formulation of Evans (2007) is advantageous due to

its flexibility and rigorous formalism. However, for conve-

nience in developing her model, Evans (2007) neglected

silica polymerization and assumed that any hybrid complex

was anhydrous. In addition, the stoichiometry of H2O sol-

vation of the silica monomer is now known to be constant

at Si(OH)4•2H2O over a wide range of P and T (Newton

& Manning 2009). The purpose of the present work is to

show that these neglected features can be incorporated

into an Evans-type model using existing quartz solubility

data and that they lead to a more comprehensive descrip-

tion of quartz solubility in NaCl-H2O solutions at high T

and P, with consistent definition of possible solute species.

THE MODEL

Over a range of crustal P and T, the silica monomer in

H2O has the stoichiometry Si(OH)4•2H2O (Walther &

Orville 1983; Newton & Manning 2009). The concentra-

tion of the monomer in quartz-saturated solutions of

decreasing H2O activity is controlled by the reaction:

Quartzþ 4H2O ¼ SiðOHÞ4 � 2H2O ð1Þ
with an equilibrium constant:

Kqm ¼ am
a4
H2O

ð2Þ

where the subscripts q and m denote quartz and the

monomer, and am and aH2O are, respectively, the activities

of the monomer and H2O. With increasing concentration

of SiO2, increasing amounts of the silica dimer are pro-

duced:

2Si(OH)4 � 2H2O
monomer

¼ Si2OðOHÞ6 � 4H2O
dimer

þH2O ð3Þ

with an equilibrium constant:

Kmd ¼ adaH2O

a2
m

ð4Þ

where the subscript d denotes the dimer. Newton & Man-

ning (2002, 2003, 2010) used SiO2 solubility measure-

ments on various silica-buffering assemblages to show that

the activities of the monomer and dimer in H2O can be

replaced by their mole fractions with a high degree of con-

sistency; that is, these species mix ideally in H2O. They

formulated Kmd as:

logKmd ¼ 1:480þ 0:0012T þ ð0:000119T � 0:1685ÞP
ð5Þ

where T is in Kelvin and P is in kbar. Equations 1–5
demonstrate that any assessment of the importance of

hybrid SiO2-NaCl complexes must account for the silica

hydration number and polymerization.
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We postulate that there exists in H2O-NaCl solutions at

elevated T and P some species of silica complexed with the

solvent components. The postulated complexes coexist

with the hydrous silica species (Newton & Manning 2002,

2003, 2009) and could account for the salting-in behavior

of quartz solubility in the low pressure range. We also

hope to explain the relationship that must exist between

the sudden pressure-induced decrease in the activities of

NaCl and H2O that occurs near 0.4 GPa (Aranovich &

Newton 1996), and the equally sudden transition from

salting-in to salting-out of quartz solubility that occurs in

the same pressure range (Newton & Manning 2000). Fol-

lowing Evans (2007), the solute complexes are formed by

the reaction:

SiO2
quartz

þxNaClþ yH2O ¼ nsolute complexes ð6Þ

This general type of reaction has been used to model

the solubilities of several different minerals in NaCl solu-

tions at elevated T and P, especially for those minerals

that show solubility enhancement by the presence of

NaCl (Newton & Manning 2010, and references

therein).

Assuming that the ideal solution relation used for the

silica polymers holds for the hybrid complexes also, there

exists an equilibrium constant Khc for Eq. 6 involving the

concentration of hybrid complexes (Xhc):

Khc ¼ xnhc
ax
Nacla

y
H2O

ð7Þ

Khc depends on T and P but not on the concentration

factors.

The contribution of the postulated hybrid species to the

total silica concentration, irrespective of the stoichiometric

number of Si they contain, is given by

Xs ¼ Xhc þXm þ 2Xd ð8Þ
where Xs is the total molar silica concentration, and Xm

and Xd are the respective monomer and dimer concentra-

tions. Note that Eq. 8 is applicable only where the concen-

tration of higher Si polymers (trimers, etc.) is negligible.

Figure 1 shows the concentration of the hybrid species at

0.2 GPa and 700°C. At these conditions, the activities of

H2O and NaCl are indistinguishable from their mole frac-

tions, XH2O and XNaCl (Aranovich & Newton 1996), and

the NaCl is inferred to exist in solution as undissociated

molecules. It is evident from Fig. 1 that the solute com-

plex(es) must be substantially hydrous, as there is strong

control on the concentration by H2O activity. The location

of the solute maximum, near 15 mol%, suggests that the

overall NaCl:H2O molar ratio of the complexes is 1:6

(Newton & Manning 2010). With increasing salinity, the

mole fraction of hybrid complexes drops off sharply,

reflecting the strong dependence on H2O activity.

Assuming that mixing of SiO2 species, H2O, and NaCl

molecules is ideal and that solute species possess integer

stoichiometry, the values of the coefficients x, y, and n may

be estimated by plotting the numerator of Eq. 7 against

the denominator, with trial combinations of integers, and

searching for the highest straight-line correlation indicating

closest approach to a constant value of Khc. As we are

interested mainly in the ratios of the integers, we may take

x, the overall stoichiometric coefficient of NaCl in the

complex(es), to be unity. Table 1 shows the correlation

factor R2 for various combinations of y and n. It is

observed that the correlation is very high for the combina-

tion y = 6, n = 2, and poor to nonexistent for all other

plausible combinations. The high degree of consistency of

this model with the experimental data is shown in Figs 1
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Fig. 1. Mole fraction of silica in the form of hybrid complex(es) (Xhc)

formed by quartz dissolution in H2O-NaCl fluids at 700°C and 2 kbar, as a

function of NaCl mole fraction. Data points derived from experimental data

of Newton & Manning (2000) and Eq. 8, text. Curve is calculated with

Eq. 7, text, assuming n = 2. Error bars reflect 1r errors in Xs, Kmd and

aH2O and were derived as follows: r(aH2O) was set to 0.010 for all salini-

ties (Aranovich & Newton 1996), r(Xs) was taken from solubility determi-

nations of Newton & Manning (2000), and r(Kmd) was derived from the

average uncertainty in calculated logKmd of 7.0% (Newton & Manning

2002), which is larger than the 4.4% difference between fitted and derived

logKmd values using Eq. 4.

Table 1 Correlation coefficients (R2) of fits for various combinations of the
constants y and n at x = 1 in Eq. 7.

n y = 5 6 7 8

1 0.902 0.762 0.499 0.209
2 0.922 0.998 0.960 0.810
3 0.902 0.949 0.957 0.910

Data source: 2 kbar, 700°C data of Newton & Manning (2000).
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and 2. This result is strong evidence in favor of dissocia-

tion of NaCl in the complexing process. Presumably, two

hydrous SiO2 complexes are formed, one with Na and one

with Cl.

The predicted contributions of the monomer, dimer,

and the hybrid complex(es) to the total dissolved silica are

shown in Fig. 3. Hybrid complexes become predominant

at XNaCl > 0.02. That is, the hybrid SiO2-NaCl complex(es)

will be the main host for dissolved silica at all dissolved

NaCl concentrations greater than about 6 wt%. This is rel-

atively modest salinity that is common in crustal fluids at

elevated P-T conditions (Yardley & Graham 2002).

IDENTIFICATION OF THE HYBRID
COMPLEXES

Even if mixing is not strictly ideal, the relationships in

Fig. 2 still strongly imply that there are two hybrid com-

plexes formed for every NaCl reacted, which is indeed the

ratio preferred by Evans (2007). This result is also consis-

tent with the neutral pH observed in quench fluids (New-

ton & Manning 2006) because it is likely that any HCl

and NaOH liberated during the quenching process will

maintain acid–base neutrality.

If fractional molecules are avoided, the derived values of

y and n would seem to mean that the NaCl must dissociate

in the reaction to form one silica species with Na and one

with Cl. Assuming neutral monomeric complexes, a reac-

tion which satisfies these conditions is:
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Fig. 2. Plot of Eq. 7, text, from quartz solubility data of Newton & Man-

ning (2000) at 700°C and 2 kbar, assuming n = 1, 2, and 3. The model

most consistent with an equilibrium constant, Khc, in Eq. 7 should yield a

straight line through the origin and is seen to be the model corresponding

to n = 2, or double dissociation of NaCl in forming hybrid complexes. 1r

errors propagated as described in Fig. 1, caption.
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Fig. 3. Contributions of monomer (Xm), dimer (Xd), and hybrid complex

(es) (Xhc) to the total dissolved silica in H2O-NaCl solutions at 700°C and

2 kbar in the presence of quartz.

2SiO2
quartz

þNaClþ 6H2O ¼

Si(OH)4 �H2O �HClþ Si(OH)4 �NaOH
monomeric hybrid complexes

ð9Þ

The HCl in one complex is postulated to play the same

energetic role as a H2O molecule; the other hybrid com-

plex is some very soluble Na silicate. While Eq. 9 is the

simplest equilibrium that can be written, it is not unique.

For example, two monovalent species of opposite charge,

for example Si(OH)4•H2NaO+ and Si(OH)4•H2ClO
�,

could maintain overall electrical neutrality. An alternative

dissolution reaction proposed by Anderson & Burnham

(1967) for quartz solubility experiments in KCl-H2O

would generate two solute species for each KCl reacted, an

alkali silicate, and HCl. This reaction would yield strongly

acidic quenched fluids, which seems unlikely in view of the

results for NaCl-H2O. Regardless of the identities of the

hybrid species, it should be emphasized that the values of

x, y, and n implied by the solubility data must be satisfied.

EXTENSION TO HIGHER AND LOWER
PRESSURES

The quartz solubility data at 700°C and higher pressures

may be analyzed by the same methods. There is ambiguity

regarding the mole fractions of species as NaCl begins to

dissociate with increasing pressure. Following Evans

(2007), we take mole fractions among all molecules and

ions, so that the mole fractions depend on the degree of

dissociation of NaCl. The activity–concentration relations

© 2015 John Wiley & Sons Ltd, Geofluids, 16, 342–348
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of Aranovich & Newton (1996) give, to a first approxima-

tion, the degree of dissociation of NaCl, modeled by the

parameter a, in the solutions:

aH2O ¼ XH2O

1þ aXNacl

aNacl ¼
� ð1þ aÞXNaCl

1þ aXNaCl

�ð1þ aÞ ð10Þ

If there were ideal mixing among H2O, undissociated

NaCl, Na+ and Cl�, the dissociation parameter a should

run from zero for undissociated NaCl to unity for

complete dissociation. In fact, Aranovich & Newton

(1996) found that a becomes larger than unity at

P > 1.0 GPa, exceeding the theoretical limit for complete

dissociation. This is a defect of the Aranovich & Newton

(1996) theoretical treatment of their activity–concentra-
tion measurements, according to which the dissociation

factor, a, is a function of only P and T, but not salinity.

In the present discussion, the dissociation factor is, for

purposes of calculating mole fractions, limited to the

range 1 ≥ a ≥ 0, although, in order to reproduce the

activity data correctly, a has to be 1.22 at 10 kbar and

1.49 at 15 kbar. In spite of this inconsistency, the for-

mulation of Khc in Eq. 9 with n = 2, x = 1, y = 6

appears to work well with the solubility data of Newton

& Manning (2000), as shown in Fig. 4. The model

reproduces the data of Newton & Manning (2000) to

within 5% relative at 2–15 kbar and from pure H2O to

halite saturation.

Values of Khc increase with rising P at 700°C. A quadra-

tic fit to calculated log Khc values yields

logKhc ¼ �4:585þ 0:2691P � 2:023� 10�3P2 ð11Þ
(P in kbar, R2 = 0.9998), shown in Fig. 5. The model

predicts that at constant XNaCl and quartz saturation, the

fraction of dissolved silica in hybrid complexes (Fhc)

decreases with increasing P at low XNaCl; however, at high

XNaCl, Fhc is roughly independent of P over the investi-

gated range. As expected, Fhc increases with XNaCl at all P.

A test of the extrapolability of the model may be made

with reference to the data of Xie & Walther (1993) at 1 kbar

and low salinity. Their data in the range 425–575°C and

mNaCl = 0.83 (XNaCl = 0.0147) were extrapolated with

small uncertainty to 700°C by a least-squares fit of log mSiO2

versus 1/T (Fig. 6), yielding Xs = 0.00152 under these

conditions. Extrapolating our trend of logKhc versus P at

700°C in Fig. 5 to 1 kbar yields Xs = 0.00148 at

mNaCl = 0.83, in nearly perfect agreement with extrapola-

tion of the Xie & Walther (1993) data.

Several features are of interest in the model results

presented in Fig. 4. The 1 kbar quartz solubilities are

predicted to flatten out and become nearly invariant over a

wide range of salt concentration, 0.05 < XNaCl < 0.30.

This behavior is testable by further solubility experiments.

It seems doubtful that the high SiO2 solubility in a fused

salt-like mixture of 50 wt. % NaCl could be simply the

0.000

0.005

0.010

0.015

0.0 0.1 0.2 0.3 0.4 0.5 0.6

X(
Si

O
2)

X NaCl

1

2

4.35

10

15 kbar

Fig. 4. Model quartz solubility curves assuming hybrid complexes com-

posed of 6 H2O and one dissociated NaCl (n = 2) for each two SiO2 dis-

solved. Each curve involves only a single adjustable parameter, the

equilibrium constant Khc (see text). Experimental data points are from New-

ton & Manning (2000). The 1 kbar curve is an extrapolation from the

higher P trends and is supported by the experimental solubility data of Xie

& Walther (1993).
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Fig. 5. Trend of the equilibrium constant for formation of the hybrid com-

plexes in equilibrium with quartz (Eq. 11, text). The curve assumes that

n = 2; that is, that two complexes are formed for each NaCl reacted. A

short extrapolation to 1 kbar is made with the quadratic fit in XNaCl.
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result of electrostatic modification of the H2O component,

as Xie & Walther (1993) attempted to show for their data

at low salinity; rather, it implies a substantial reaction with

the solvent resulting in stable hybrid species. The trend at

4.35 kbar is predicted to have a very small maximum at

low salinity, although the experimental data are not suffi-

cient to show this. The twenty-parameter numerical fit to

all of the experimental data of Newton & Manning (2000)

does, in fact, yield a small maximum at 4 kbar and 700°C
(their Fig. 5a). The solubility curves converge strongly at

high salinity such that, at XNaCl > 0.4, there is little P

effect on the SiO2 solubility. Finally, the higher P fits are

better if the low salinity points are omitted from the

regressions. This is to be expected because such fluids are

highly ionized so that the assumption of ideal mixing may

be inappropriate, and/or because more extensive polymer-

ization of the hybrid complexes is likely at high SiO2

concentration.

The latter point is illustrated at 800°C and 10 kbar,

where Newton & Manning (2000) have the most compre-

hensive coverage (Fig. 7). The fit is acceptable if all of the

solubility data are included in the regression, but if the

low-salinity data are excluded, the fit to the rest of the data

is much better (Fig. 7). Again, this behavior probably

reflects the inadequacy of the model at high SiO2 concen-

trations. At 850 and 900°C and 10 kbar, no good correla-

tions could be made using n = 2, x = 1, and y = 6. This is

likely a consequence of more extensive polymerization of

silica species at the higher concentrations characteristic of

these conditions (Cruz & Manning 2015).

CONCLUSIONS

The present analysis improves on the treatment of Evans

(2007) by adopting an updated silica hydration number,

using measured values of the activities of H2O and NaCl

as input, and by allowing for polymerization of the silica

and the possibility of hydrous solute species. The analysis

shows that the concept of hybrid SiO2-NaCl-H2O com-

plexes leads to a natural interpretation of the salting-in to

salting-out transition with increasing salinity at low pres-

sure, and also the lapse of the salting-in effect at pressures

above about 4 kbar, where ionization of aqueous NaCl

becomes important. The inferred hybrid complexes must

be substantially hydrous. Assuming a quasi-ideal solution

model of SiO2 complexes, H2O molecules, and undissoci-

ated NaCl molecules at low pressure, the solubility data

strongly favor a model in which two complexes are formed

for each NaCl reacted, one complex Na-bearing and the

other Cl-bearing. The inference of separate Na-silica and

Cl-silica complexes is upheld by the observed pH neutrality

of quenched solutions in NaCl-H2O quartz solubility

experiments (Newton & Manning 2006). With increasing

temperature, pressure, and SiO2 concentration, which

becomes very high at low salinity, the simple mixing model

becomes inadequate, indicating that mixing mole fractions

and activities are uncertain because of NaCl dissociation
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present model.
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Fig. 7. Test of the quartz dissolution model at 800°C and 10 kbar with the

experimental data of Newton & Manning (2000). The model with n = 2

gives a reasonable fit when all of the data are regressed, but fits the solu-

bility data at high salinity better. This probably means that the model is less

valid for solutions of high SiO2 and high H2O mole fraction, indicating that

the fused salt-like ideal solution model fails at low salinity, that polymers

higher than the dimer become important or that the hybrid complexes are

polymerized at high concentration.
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and/or polymerization of SiO2, possibly including the

hybrid complexes.
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