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INTRODUCTION

Understanding the reactivity of chemical constituents in polymerized silica-based melts is
essential to elucidating the dissolution processes and, ultimately, to predict the long-term
behavior of such glasses in the natural environment. Silicate glasses are currently being
proposed as the disposal media for radioactive and other toxic wastes. Because
radiotoxic substances must be isolated from the biosphere for 1 C4 to 1 05 years, the
durability of these waste forms must be understood with good con fidence. Currently,
relatively little is known concerning the influence of melt structure on dissolution rates of
silicate glasses in the presence of aqueous fluids. Despite several decade's worth of
research by the international community of scientists, the dissolution behavior of
borosilicate waste glass (typically the so-called`R7T7` reference glass) is incompletely
understood. One approach to unraveling the complexities of silicate glasses is to
simplify- the chemistry and first develop a better understanding of the oxide endmember,
fused or vitreous silica (v-Si0 2), as a simple analog of waste glass. Clearly, deciphering
the reactivity of v-Si0 2 in aqueous solutions is essential to formulating effective disposal
strategies for more complex waste glasses.

Much of what is known about silica reactivity in the presence of aqueous solutions is from
experiments examining the dissolution behavior of crystalline and amorphous silica
polymorphs (see reviews in Dove and Rimstidt, 99.4; Dove, 1995). As discussed below,
there are ood reasons to suppose that aqueous corrosi on of v-Si0 2 has behavior
analogous to its better understood crystalline polymorphs. We acknowledge that there
are ample reasons for v-Si0 2 to manifest important differences in reactivity when other
components, such as Al, B, H 20, and a variety of network modifyving cations, are added
to form more complex silicate glasses. The purpose of this review is to develop a
consistent picture of glass reactivity by understanding how the molecular arrangement of
constituents within glass, beginning with the Si - 0 bond, affects the dissolution processes.

- FUSED SILICA: STRUCTURE AND REACTIVITY

Natural silica glasses with compositions approaching that Of V-SiO 2 (lechatelerite) are
found in isolated occurrences as the result of a lightning strike on sandy soils or
sedliments, and make up an insignificant fraction of natural silica. On the other hand,
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synthetic v-SiO2 has become increasingly important in industrialized societies because
of its superb optical properties, durability, and availability. An understanding of
synthetic, as well as natural, glass structures may be germane to developing
quantitative waste disposal strategies. The structure of fused silica has traditionally
been viewed in one of two ways. In the first model, fused silica is made up of
microscopic domains of organized crystallites" (discreet macromolecules having the
structure of crytalline quartz polymorphs) separated by a matrix of more randomly
arranged silica tetrahedra. This theory draws support from X-ray and neutron
diffraction data that appecirs to be inconsistent with a completely random distribution
of silica polyhedra (e.g., K nnert and Karle, 1 972). Alternatively, fused silica may
also be thought of as consisting of an interconnected, infinitely three-dimensional
network of silica tetrahedra whose polymers manifest random distributions (e.g.,
Zachariason, 1 932). In this model, a small fraction of the polymers may be in the
form of rings or other clusters, but "crystallites" are not considered important. Recent
NMR data (e.g., Stebbins, 1988) and ab initio calculations appear to support this
model, but te debate over these models has not been resolved. Distinguishing
between them may be important, since interpretations of the dissolution behavior of v-
SiO2 has drawn heavily on the crystallite model in at least one instance (Mazer and
Walther, 1 99,4).

Physical and thermodynamic data can be reconciled by either of the two models cited
above. Vitreous silica has an extremely low entropy of fusion, suggesting that the melt
structure is not substantially different from the crystallographic arrangement of
tetrahedra. Unlike crystalline quartz polymorphs, which has unsatisfied bonds mainly at
the surface, v-SiO2 appears to have more unsatisfied bonds (at the terminations of
polymers) throughout the mcaterial. The more reactive structure OF v-SiO2 compared with
crystalline quartz is probably the reason why the former appears to dissolve more
quickly (1 02 to 1 03) than the latter in aqueous solutions (Gu, 1994; Mazer and Walther,
1 994). n summary, based on preliminary results, we expect that V-SiO 2 will dissolve
more quickly than crystalline quartz, by mechanisms summarized below.

I - THE SILICA-WATER INTERFACE

The dissolution reaction

The silica polymorphs dissolve in water by the reaction

SiO2(s) + 2 H20 = H4SiO,4(aq) (1)

and the equilibrium constant for this reaction is

K = aHlSiO, (2)
asioaH,
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Although Equation (1) explains most of the solubility behavior of silica, there are reasons
to believe that the ratio f SiO32:H20 in the aqueous species may not be exactly 1:2
(Waither and Helgeson, 1977) so that some prefer to generalize Equation (1) to

SiO (s) + n H 20 = SiO', ?nH20(aq) (3)

The SiO2:H20 ratio is less than 1:2 if hydrogen bonded waters of hydration are counted
into the stoichiometry of the aqueous species.

The Silica Surface

Processes governing the kinetics of silica-water interactions in weathering environments
originate at the interface between solution and solid. Recent advances in quantifying the
reactivity of silica and perhaps all mineral phases emphasize the role of surface structure
and chemistry. Silica surface geochemistry is extensively discussed elsewhere and the
reader is referred to Iler (1 979), Parks (1 990), and references therein. For the purposes
of this contribution, a brief discussion introduces terminology and concepts useful to
subsequent discussion of rates and mechanisms of silica-water interactions.

Most of what is known about silica surfaces comes from studies of amorphous silica
and quartz. ler (1 979) suggests that these findings are largely applicable to all
silica polymorphs as surface chemistry investigations show that crystalline and
amorphous forms share important similarities in the sorption of water and
development of charged interfacial environments. However, there are important
exceptions. ler (1 979) also notes that comparisons between polymorph structures
should account for density differences between the phases and the resultant effect on
silanol surface site densities.

Surface structures and properties

One means of understanding the nature of silanol surface sites is to examine the
nature of the quartz-water interface. Parks (1 98,4) shows the stepwise development
of this interface as a freshly cleaved quartz surface is hydrated to a fully wetted
surface. When quartz is fractured in vacuum, the freshly exposed initial surface is
composed of 'dangling' silicon and oxygen bonds. These 'sites' and the
corresponding surface structures are unstable and hydroxylate instantaneously with
available water, even at ultra high vacuum conditions. This hydroxylated surface is
dominated by >SiOH or silanol groups. As the adsorbed water film increases
beyond approximately three monolayers, its properties become more like bulk water
(Parks, 1 984). In the presence of molecular water, the silanol groups ionize,
producing mobile protons that associate/dissociate with the surface to impart an
electrical conductivity to the surface. As these groups dissociate, hydronium ions
are produced which diffuse from the surface to develop a pH-dependent surface
charge and potential. This surface charge, in turn, attracts a diffuse cloud of
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counterions to preserve electroneutrality. The resulting surface-solution interface
that exists at virtually all wetted mineral surfaces is called the electrical double layer
(e.g. Yates et al., 1 974; Davis et al., 1 978). Discussion of the mechanisms that
develop the interfacial field gradients found at silica-water interfaces are found
elsewhere (see Li and DeBruyn, 1 966; James and Healy, 1 972; Iler, 1 979; Hayes
and eckie, 1 987).

Extensive work shows that adsorbed water adjacent to the surface is oriented and has
properties (e.g. entropy, mobility, dielectric constant, dissociation constant, viscosity,
rates of water exchange, proton transfer) which are different from those of bulk water
(Fripiat et al., 1 965; Anderson and Parks, 1968; Peschel and Aldfinger, 1970; Tait and
Franks, 1971; Churaev et al., 1 972; Drost-Hansen, 1 977; Davies and Rideal, 1963;
Roberts and Zundel, 1979;. Sermon, 1980; Sposito, 1989; Zu and Robinson, 1991;
lsraelachvili, 1 992). Dove (1 99,4) suggested that these high interfacial charge
gradients affect quartz reactivity by promoting reorientation of water in the interfacial
environment tro affect local solvent dissociation or rates of near-surface solvent
exchange. This reorientaticon model was recently confirmed by experimental Infrared-
Sum Frequency Generation (SFG-IR) spectroscopic methods showing that water
molecules at quartz-water interfaces have a strong orientational and bond ordering
dependence upon solution pH and sodium concentration (Du et al., 994). These
investigators showed that a quartz-water interface in an acidic solution has an ice-like
structure where interfacial water exists as a time-averaged symmetrical arrangement of
molecules in tetrahedral coordination. In the transitional range of pH 3 to 8, surface
structures are partially ionized. Under unbuffered conditions where the interfacial
solvent structure is readily modified by changes in pH or solution composition, water
assumes a disordered struct~ure intermediate between the low and high pH 'ordered'
cases. This intermediate structure varies significantly over this pH range, suggesting
that the average solvent molecular arrangement is readily perturbed by small changes
in surface ionization. At high solution pH, surface silanol groups become ionized
(>SiOi) to produce a strong electric field. This affects near-surface solvent structure by
polarizing and reorienting interfacial water so that protons are directed towards the
silica surface.

Electrical double layer of the silica-water interface

Recent advances in surface complexation theory formalize the chemical and physical
structure of the electrical double layer into a model that assumes surface reactions
mimic aqueous complexation (e.g. Davis and Kent, 1 990). In one such model, a
silica-water interface is described as three electrostatically charged regions. Figure
la shows that each of these regions can be defined as the o, b, and dl planes where
each is associated with an electric potential and surface charge. Comparing Figures
la and b, idealized planar surfaces correspond to the decreasing charge
distribution and electrical potential that occurs with increasing distance from the
surface.
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Figure : Schematic illustration of the triple layer model of an idealized planar quartz-water-sodium
chloride interface, ) Each layer has an associated inter facial potential, yi (volts), and charge density, si
(Coulomb M-2), that determine the inner (Cl) and outer (C2) layer capacitances (Faraday m-2), by the
relationship Cj= Aa (Lw )l* The magnitude of these parameters decreases with increasing distance from the
mineral surface into the solution side of the interface and finally to the bulk solution. In this model, the bulk
uncharged solution is beyond the diffuse, dl, layer. Hydrogen ins bind with unsaturated oxygens in the
innermost a layer, whereas, weakly sorbed ions such as sodium interact only from distances associated with
the b layer at lw temperatures. b) Schematic representation of the corresponding charge distribution and the
potential decay away from the surface (after Hayes and Leckie, 987).

Hydrogen ions coordinate with the unsaturated sites of the interface at the innermost 
layer (as an 'inner-sphere comrplex'). Sodium and other weakly bound hydrated cations
are positioned at the P layer (as an 'outer-sphere complex') or the dl layer (near the bulk
solution). Low temperature surface complexation models do not permit sodium to
specifically interact with the srface. This is because potentiometric titration data and
coordination theory suggest sodium is prevented from specifically binding to the surface
because of shielding by its own slvation sphere. However, sodium may exist in the f~
layer in an 'ion pair' coordination with the surface (Fokkink et al., 1 990). Although
hydration spheres are implicitly ignored in this representation, the same relative surface-
metal distances are predicted for the surface coordination of H+- and Na4- at o and f
planes, respectively.

The Berger et al. (1 994) experiments revealed that sodium sorption behavior on silica is
temperature dependent. They showed that at 250C, sodium sorption edges shift with
increasing concentration suggesting that sodium has 'outer sphere' sorption onto the
surface such that the cation interacts only weakly with the surface through its slvation
water. In contrast at 1 500C, these investigators showed that the sodium sorption edge
is independent of ionic strength. This implies an important change in the sodium-silica
surface speciation with temperature and suggests that the hydration energy is lower and
the average slvation sphere may be 'thinned' or lost depending upon system conditions.
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Investigations f SiO 2 surface chemistry have produced a generally. accepted
representation for site distributions on quartz surfaces in aqueous solutions (e.g. hler,
1 979). Quartz in contact with a solution composition containing only an alkali salt (i.e.
quartz-water-sodium chloride system) has surface structures that can be described by
three 'complexes' that are denoted by a '>' symbol and have a population balance of

0>SiOH + O>SiO- + O>,SiONa+ = 1.0 (.4)
where

O>SiOH = fraction of total sites as >SiOH species
O>SiQ- = fraction of total sites as >SiO- species
O>SiONa+= fraction cof total sites as >SiO-Na+ species.

Note that these 'species' are model constructs describing surface titration data and the
surface charge relationships of oxides. Of the three complexes listed, only >SiOH has
been directly observed using spectroscopic methods (Anderson and Wickersheim, 196.4;
Gallei and Parks, 1972; Morrow and Cody, 1 976a,b). The other two complexes may
or may not have physical meaning as they describe the time-averaged degree of surface
ionization. For the purpose of later relating surface complex distributions to dissolution
kinetic data, the >SiO- and >SiO-Na' are co-dependent upon changes in solution pH
and sodium concentration and cannot be evaluated independently. These terms are
added and referred to as >SliO-0,.

Ionization and surface charge

Surface complexes describing silica-solution interfaces are not static, but are rather
calculated distributions reflecting an average electronic state resulting from proton, cation,
and hydroxyl ion interactions with the undersaturated oxygens at the mineral surface
(Prigogine and Fripiat, 1 974). The resulting population balance is largely controlled by the
relative magnitudes of association constants for the surface reactions listed in Table .
Titration studies show the pK,, for ionization of silanol groups to >SiO tot complexes (see
Table ) is about 6.8, indicating that the surface is only weakly acidic. Recent
investigations of surface complexation equilibria by Sveriensky and Sahai (1 996) show
that surface protonation is correlated with dielectric constant and metal-OH Pauling bond
strength for several oxides, including quartz. Their findings suggest the importance of bulk
crystal structure in governing the bonding and equilibria of surface protonated species.

The resulting surface equilibria from these titration and theoretical studies lead to the pH
and sodium dependence of average >SiO-t0, distributions (see Dove, 1995). In general,
net negative charge increases with increasing solution pH and/or alkali cation
concentration until about pH 1 0 or 1 1. Above this pH, further pH increases or addition
of alkali have smaller effects on net negative charge.

Metals other than the alkali cations also interact with silica surfaces, some quite strongly.
Interaction mechanisms appear to range from simple ion exchange into the p3 plane to
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cation-surface specific binding at the innermost o layer. For example, surface
association constants, Ka, vary from 1 0_7.8 for lithium (Dugger et al., 1 96,4) to 1 0-1.8 for
ferric iron (Schindler et al., 1 976) at 250C. Later discussion will show that metal-surface
interactions significantly enhance or inhibit silica reactivity. The direction and degree of
these effects are partially related to interaction strengths although the specifics are
considerably more complex. It is significant to note that silica surfaces can 'scavenge'
strongly sorbed ions such as ferric iron and aluminum from low concentration solutions.
This process of 'super equivalent sorption' is so extensive as to exceed the amount
required to satisfy silica surface charge such that the aluminum reverses charge from
negative to positive (Weise oat al., 1976). This chemisorption occurs even at low pH
where net negative charge is zero (Stanton and Maiatman, 1963).

Table 1. Acid-base quartz surface complex reactions and
corresponding association cnstants at 250C.

Ka Reference

>SiOH = >i0- + H'1 06.8 a

>SiODH + Na = >SiO-Nai + H+1o7.1 b

>SiOH 2 = >SiOH + 1' 02.3 c

>SiOH + +Cl = >SiOH2CI 1 -6.4 dl

a) Sch indler and Karnber, 1 968; 6) Kent et al., 1 988; Dugger et al., 1 964;
c) Schindler and Stumm, 1 987; d) Kent et al., 1 988.

IV - REACTIVITY IN NON-EQUILIBRIUM ENVIRONMENTS: KINETICS

Aqueous diffusion

The rates of reactions between minerals and solutions are either limited y diffusion of
aqueous species to or from the surface or by rates of bond breaking and formation at
the mineral surface. At the temperatures of terrestrial weathering, bond breaking and
formation is usually the rate limiting step for silica dissolution or precipitation. The best
evidence for this is the relatively high activation energies for these reactions. As a rule-
of-thumb, the activation energy for a bond-breaking reaction is about 20% of the
enthalpy of formation of that bond. The AH of quartz is -910.7 Id mol- (Robie et al.,
1978) and each mole of quartz contains four moles of Si-0 bonds so the AHP (Si-0) is
-227.7 Id mol1. Twenty percent value of this is 45.54 Id mol- which is low, but consistent
with experimental measurements of the activation energy for quartz dissolution and
precipitation (see Table 2). The activation energy for diffusion of aqueous species is on
the order of 20 Id mol-. However, because the activation energy for the bond-bekn
reaction is higher than the activation energy for the diffusion reaction, some temperature
exists where these two rates are equal. This temperature varies between systems
depending on the geometry- and flow-controlled diffusion process, but diffusion
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controlled transport occurs well above the temperatures of weathering environments
(e.g. Casey, 1987).

Table 2 also points out that there is a significant difference between reported activation
energies for the dissolution of fused silica (93.7 vs. 37.5 Id mol'l; Mazer and Walther,
199,4, and Gu, 199,4, respectively). The results of Mazer and Walther (1 994) suggest
that the activation energies are similar to those reported for the dissolution of crystalline
quartz; clearly, this discrepency must be addressed by future experiments.

Dissolution and precipitation

A fundamental reference point in describing the kinetics of silica dissolution and
precipitation is the relationship to equilibrium solubility between the mineral phase and
the solution. Considering the simplest scenario for opposing forward and reverse
reactions, one can write the expression as in equation (1) above, where dissolution and
precipitation, rspectively, proceed by

SiO, + 2H20 = (f (5)
(SiO 2*2H20)t = H,4SiO,4 (6)

and
H,4SiO,4 = *(7)

It= SiO2 + 2H 20 (8)

The (*)t indicates an activated intermediate species whose stoichiometry is unknown. At
equilibrium, Reactions (6) and (8) proceed at equal rates. From this basis, Rimstidt and
Barnes (1 980) derived an integrated rate equation which accounted for both reaction
directions to determine that since

r,= (dnH4SiO 4/dt)+ = Ak-iaSiO2 J2 H 20 (9)
and

r-= (dnH,4SiO 4/ldt)- = Ak-aHSiO, (1 0)

where nH4Si0 4 is the number of moles of 4SiO,4, A is the interfacial area (M2) and k÷
and k- are the dissolution and precipitation rate constants, respectively. The net rate is
the sum of (9) and (1 0) such that

r = (dnHSiO,/dt) = A (k.#aSiO2 a 2 H 20 - k-aH4SiO). (1

However, when BET or geometric mineral surface areas are known, experimental
dissolution rate data give the reaction rate, ,H 4SiO4, for a population of water molecules
that reacts per unit area of mineral surface. The apparent rate constant, k'+ (see below),
and rH4SiO 4 are linked by recasting the n et reaction rate in terms of the number of moles
of water molecules per reactive area (mol M-2) such that the reaction rate, ,H 4SiO4, is equal
to the number of adsorbed H 20 molecules multiplied by the apparent rate. This gives
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number moles of adsorbed H2 0 per square meter = XH20 Nt~ad, (1 2)

where XH2 = mole fraction of sites accessible to water molecules
Nt,ad, = moles of reactive sites on the mineral surface (mol M-2)

so that the forward rate is expressed

r =XH 20 Nt,ads K'+ (1 3)

The forward reaction rate in Equation (5) is given by

r = k÷ (a 5jo 2) (aHI~2Q2 (14)

Equating Equations (1 3) and (1,4) and solving for k+ gives

XH2ONt, ads (1 5)
(asio2)(aH 20) 2

The TST formulation of the rate constant, k, describing the frequency that an adsorbed
water molecule binds to a silica surface to form an activated complex, is conventionally
written as

k+= kT)(Ids)( ASt )( -M*t (6

where k+ = apparent rate constant (sec-])

hT = frequency factor (9.85 X 1 01 2 sec-1 at 2000C)

'Ads - ciiycoefficients for adsorbed H 20 and intermediate species

AS~ standard activation entropy (J moll KI

AlWt standard activation enthalpy (J mol-).

Substituting (1 6) for k+, Dove and Crerar (1 990) obtain the rate constant for reaction
of water molecules with the quartz surface

XH20ONt, ads (kT)(Yads (ep St ~(x AH t (17)

(aSo 2) ( H20) h yt' R J\ RT 

where k+, the fundamental rate constant has units of (mol M-2 sec').
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Table 2. Summary of some activation energies reported for the precipitation and
dissolution kinetics of the silica polymorphs.

Reference Solution Temperature Ea
Composition 0C kJ mo1`

Precipitation-Quartz
Bird et al. (1 986) deionized water 121-255 51-55

Precipitation-Cristobalite
Rencders et al. (1 995) deionized water 150-300 53.7

Precipitation-
all silica polymorphs
Rimstidt and Barnes (1 980) deionized water 25-300 4.

Dissolution-Quartz
Rimstidt and Barnes (1 980) deionized water 25-300 67.4 - 76.6
Gratz et al. (1 990) pH 10 to 13 148-236 86.41, 90.22
Casey et al. (1 990) pH 3, 11 20-70 363, 534
Brady and Walther (1 990) pH 2-1 1.7 25, 60 5,45,1 966
Dove and Crerar (1 990) pH 5.7, Na' 0 to 0.2 150-300
Gratz and Bird (1 993) pH 1 0 to 13 148-236 78.6
Tester et al. (1 99,4) deionized water 25-625 89 ± 5
Dove (1 994) pH 2 to 12, Na+ 0 to 0.3 25-300 66.0 - 82.78
House and
Hickenbotharn (1 992) pH 10 5-35 83.2

Dissolution-Cristobalite
Rimstidt and Barnes (1 980) deionized water 25-300 68.79, 65.710
Gu (1 99,4) Na+ 0 to 0. 10 25-75 41 711

Dissolution-Amorphous silica
Rimstidt and Barnes (1 980) deionized water 25-300 60.9 - 64.9
Fleming (1 986) deionized water 25-100 54.8 ± 3.8
Liang and Readey (1 987) hydrofluoric acid 24-70 33, 30, 2612
Mazer and Walther (1 994) deionized water 40-85 93.7± 15.513
Gu (1 994) Na+ 0 to 0.10 25-75 37.513

Ipimaverage; 2rhomb average; 3pH 3; 4pH 1 1; 5pH 3; 6pH 1; low pH range with
transition to 8h pH range; 9a-cristobalite; l 0b-cristobalite; 1 opai-CT, 120%HF, 25%HF,
,49% HF, respectively; 13fused quartz.
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Controls of temperature and solution composition on reactivity

Numerous studies have qucalitatively and quantitatively investigated actors affecting
silica-water reaction rates such as saturation state, temperature, solution pH, salinity,
dissolved metals, and organics. These factors are interrelated, but grouped somewhat
arbitrarily to review some of the most important results. Findings from higher
temperature studies are considered in this discussion of silica reactivity in weathering
environments. This is because they constrain findings of low temperature behavior and
provide information on the temperature dependent behavior of the silica polymorphs in
paleoclimate and predictive studies.

Temperature dependence in deionized water

The dissolution and precipitation kinetics of the silica polymorphs in deionized water
have been investigated in several studies over the temperature range of 250' to 30001C.
In perhaps the first investigation of silica reactivity in hydrothermal systems, Rimstidt and
Barnes (1 980) determined the dissolution rate of four silica polymorphs as empirical
functions of temperature. They found that for dissolution in deionized water, activation
energies of these polymorphs were similar (within the error of their experiments) with
values ranging from 60 to 76 kJ mol1. Table 2 shows that these activation energies are
consistent with more recent findings. Tester et al. (1 994) combined new data with
existing rates published in ten different studies to determine an updated temperature
function (spanning 25 to 6250C) for the dissolution kinetics of quartz in deionized water.
Their experimental design cairefully considered the potential rate-enhancing or inhibiting
effects of dissolved components from fluids or bomb walls on the reaction rate. One
finding of this study was that both geometric and BET-derived surface areas were
successfully used to normalize dissolution rates and determine a simple Arrhenius
expression for quartz dissolution rate in deionized water.

Catalysis by alkali cations

Numerous studies have qualitatively shown that the presence of alkali cations markedly
increases the dissolution rate of quartz and amorphous silica at the conditions of
weathering environments (Dibnert and Wandenbulcke, 1923; Van Lier et al., 1960;
Weigel, 1964; Kamiya and Shimokata, 1976; Fleming, 1 986). Alkali cations enhance
quartz and amorphous silica dissolution rates in near-neutral pH solutions at ambient
and hydrothermal temperatures. Bennett (1991) found that sodium and potassium
chloride increase rates at 25-700 C by a factor of 5-8. Likewise, Dove and Elston (1 992)
and Berger et al. (1 994) determined that electrolytes cause a similar rate increase (factor
of 6) for quartz dissolution pH 6.5 to 7 and 250C. House (1 994) reports that CaCI 2

enhances rates of Fontainbleu sand at ionic strengths less than 0. 1 molal. 29Si-NMIR
studies of silica gel dissolution in basic alkali cation-bearing solutions shows that rates
increase in the order (LiOH= CsOH) < (RbOH NaOH) < KOH (Wi jnen et al., 1989;
Wijnen et al., 1 990). At higher temperatures, the catalyzing effect of salt on quartz
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dissolution increases to a factor of 33 with the addition of as little as 0.05 molal sodium
or potassium chloride to deionized water at 1 00-3000 C (Dove and Crerar, 1 990). The
magnitude of this rate increase is cation-dependent where the effect of Na=K > Li > Mg.

Although few data exist for precipitation kinetics at conditions relevant to weathering
environments, the available rates suggest that the contribution of simple dissolved
components can have catalyzing effects. This has profound implications for the accuracy
of geochemical models as past numerical codes have incorporated kinetic constants from
dissolution experiments conducted in deionized water. Recent work quantifying the
effect of simple salts suggests that predicted rates of silica dissolution from these models
are likely slower than what aictually occurs in the natural surface waters or geothermal
fluids which contain significant concentrations of Ca, Mg, Na and K. The rate-
enhancing effect of alkali is also important for interpreting experimental studies. Cation-
bearing solutions are often used in rate experiments to examine ligand effects (e.g.
Bennett et al., 1 988), control ionic strength or to buffer solution pH (e.g. Thornton and
Radke, 1988; Knauss and Wolery, 1 988; Schwartzentruber et al., 1 987). Bennett
(1991) illustrates the careful experimental design required to clearly separate alkali
effects and organic ligand effects.

Solution pH

Numerous studies have investigated both the general pH-dependent behavior of silica
dissolution rates and specifics of behavior at particular ranges of solution pH. In
general, the silica polymorphs appear to have a dissolution rate minimum near the zero
point of net proton charge, ZPNPC, of pH 2 for silica. In both low temperatures (Liang
and Readey, 1987; Knauss and Wolery, 1988; Wollast and Chou, 1988; Bennett, 1991)
and hydrothermal temperatures (Dove and Crerar, 1 991; Berger et al., 1 99,4) dissolution
rates increase in solutions that are more acidic or basic on either side of this pH. This
discussion focuses on rates measured in the pH range of about 2 to 1 2, which cover the
solution pH values observed in natural systems.

Baumann (1 955) made the first observations of the pH-dependence of silica dissolution
with a qualitative study of a commercial silica gel (Aerosil) at 300C. He showed that the
general pH-dependence of dissolution where rates have a minimum near the ZPNPC of
pH 2 for silica and increases exponentially until leveling off near pH 1 0. Studies of
quartz dissolution rates versus pH have since shown similar trends in reactivity
(Henderson et al.,I 1970; Knauss and Wolery, 1988; Wollast and Chou, 1988; Brady
and Walther, 1990; House and Orr, 1992).

Silica dissolution behavior exhibits a complex rate dependence upon both variable pH
and electrolyte concentration. Wirth and Gieskes (1 979) noted the dependence of both
parameters in measurements cof vitreous silica dissolution rates. Their data shows that
rates of amorphous silica dissolution plotted versus solution pH show considerable scatter
with variable sodium concentration. In contrast, these same data form the single trend
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when rates are replotted in terms of calculated negative surface charge at the interface.
A later analysis of the pH-dependence of quartz dissolution rate by Dove and Eston
(1 992) showed that a direct comparison of experimental values reported by seven
laboratories showed a disconcerting amount of scatter between investigators. Recasting
the reported rate data in terms of the influence of both solution pH and electrolyte
concentration on the predominant negative surface complex distributions, most
discrepancies between investig ators could be explained by the pH-dependent influence
of alkali cations contained in reagents used to adjust pH and ionic strength. Thus, the
data reported by seven laboratories using different sources of quartz and experimental
methods show consistent behavior. Dove (1 99.4) discussed more fully the complex pH-
and alkali cation- rate dependence of quartz dissolution resulting from this study.

The pH and electrolyte dependence of dissolution kinetics is also observed for other silica
polymorphs. Investigations of vitreous silica glass by Mazer and Walther (1 994) show
a similar solution pH dependence to that observed for quartz such that diog k/dpH is
0.5 at pH >7. Also, Mekonnen (1 995) finds that the dissolution rate of amorphous silica
has a strong (OH-) dependence at pH >2.5. Ionic strength has only a small catalyzing
effect on rate at pH 2.5, but strongly affects rates at pH 3.9. Similar findings are
reported by Gu (1 99,4) in studies of amorphous silica and opal-CT dissolution rates.

Combined temperature, electrolyte, and pH relations

The kinetic studies of pH, temperature and electrolyte dependence have been combined
to develop a comprehensive model of quartz reactivity in variable pH and simple salt
solutions. Dove (1 994) uses low temperature and new hydrothermal data with reported
rate measurements to determine a general rate equation that quantifies reaction kinetics

Figure 2. The influence of sodium upon upon the
pH-dependlence of quartz dissolution.
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from 250 to 300'C in solutions having an pHT (in situ pH at temperature of experiment)
of 2 to 12, and 0 to 0.3 molal sodium. The rate equation gives a good fit to
experimental data that span reaction rates over a range of 1 01 1. The expression has
several properties suggesting robustness: It describes the pH dependence of dissolution
rates, cation-specific effects observed at near-neutral pH, the diminishing effects of
cations at higher solution pH, the increasing rate-enhancing effects of alkali with
increasing temperature and has a reaction order near one, implying first order behavior.
Figure 2 shows the behavior of this predictive expression for experiments at 250C.

CONCLUDING REMARKS

The foregoing discussion illustrates that although much progress has been made in recent
years toward understanding the dissolution of silica in the natural environment,
significant gaps in our knowledge still exists. In particular, there is an almost complete
lack of data cncerning the dissolution mechanisms and kinetics f -SiO 2. Studies
quantifying the effect of temperature, solution pH, and simple salts on dissolution rates
of quartz suggest that pH and cation-dependent dissolution trends hold for all of the
silica polymorphs. Although -SiO 2 is compositionally far removed from the kinds of
glasses that are contemplated to host toxic wastes, understanding the dissolution of the
former will be a large step toward bridging the quantitative gaps that frustrate efforts to
constructing acceptable disposal strategies. Fortunately, much of the groundwork has
already been laid; the new challenge for the next century is to integrate these melt
structure data with dissolution models that have proven their viability in simple systems.
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