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The effect of fluoride on the dissolution rates of natural glasses at pH 4 and 25°C
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Abstract—Far-from-equilibrium, steady-state dissolution rates at pH 4 of a suite of natural glasses, ranging
from basaltic to rhyolitic in composition, have been determined as a function of aqueous fluoride concentra-
tions up to 1.8 � 10�4 mol/kg in mixed-flow reactors. Dissolution rates of each of these glasses increase
monotonically with increasing aqueous fluoride concentration. Measured dissolution rates are found to be
consistent with both the Furrer and Stumm (1986) surface coordination model and the Oelkers (2001)
multi-oxide dissolution model. Application of the latter model yields the following equation that can describe
all measured rates as a function of both glass and aqueous solution composition:

log (r�,geo ⁄ (mol ⁄ m2 ⁄ s)) � [�0.086 · SiO2(wt%) � 2.23] � [�0.0067 · SiO2(wt%) � 0.683] · log (aH�
3 ⁄ aA13�)

(A1)

where r�,geo represents far-from-equilibrium dissolution rate, normalized to geometric surface area,
SiO2(wt.%) refers to weight percent of SiO2 in the glass, and ai denotes the activity of the subscripted aqueous
species. Computed glass dissolution rates increase with increasing aqueous fluoride concentration due to the
formation of aqueous Al-fluoride complexes, which decreases aAl3�. This rate expression can be used to
predict far-from-equilibrium dissolution rates of natural glasses in a variety of natural environments. Com-
parison of rate predictions with the composition of natural fluids suggests that the presence of aqueous fluoride
can enhance natural glass dissolution rates by an order of magnitude or more in a variety of geochemical
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1. INTRODUCTION

The overall goal of this study is the improved understanding
of the dissolution rates of natural glasses as a function of both
their composition and aqueous solution composition. Towards
this goal the dissolution rates of 7 natural glasses of distinct
composition have been measured at 25°C and pH 4 as a
function of total aqueous fluoride concentration. The interpre-
tation of these results through transition state theory leads to a
general equation describing far-from-equilibrium natural glass
dissolution rates. The purpose of this manuscript is to report the
results of this combined experimental and theoretical study.

Owing to its abundance and rapid mechanical and chemical
weathering, volcanic glass is of major importance in the global
and local cycling of numerous elements and chemical species at
the Earth’s surface. The chemical weathering of volcanic
glasses in soils governs the soil fertility and the formation of
clay minerals (e.g., Shoji et al., 1993; Nieuwenhuyse et al.,
2000; Arnalds and Kimble, 2001; Stefansson and Gislason,
2001; Vacca et al., 2003). For example, the high volcanic
activity on the islands and mountains spanning the Pacific
‘Ring of Fire’ produces considerable glassy material like ash,
pumice, and scoria. Its subsequent weathering generates and-
isols, a very fertile soil that supports a dense vegetation cover
in moist climates, including Hawaii, Chile, Indonesia, and
South Japan. Environmental conditions including temperature,
rainfall and vegetation strongly influence the rate of weathering
(Supriyo et al., 1992; Dahlgren et al., 1993; Brady and Carroll,

* Author to whom correspondence should be addressed (dwolff-
boenisch@ucmerced.edu).
1

1994; Gislason et al., 1996; Dubroeucq et al. 1998; Moulton et
al., 2000; Chadwick et al., 2003).

Natural solutions such as those found in soils often contain
complex-forming ligands, many of which have been found to
influence dissolution rates at acid conditions. Such ligand-
promoted dissolution has frequently been attributed to the
capacity of these organic ligands to form surface complexes,
(e.g., Huang and Kiang, 1972; Wieland et al., 1988; Stumm,
1997; Drever and Stillings, 1997, Ullman and Welch, 2002 and
references cited therein). Ernsberger (1959) and Bacon and
Raggon (1959) attributed the dissolution promoting effect of
organic ligands and chelates on synthetic glasses, to an increase
in the Si-solubility. For the case of natural glasses, Oelkers and
Gislason (2001) observed increased basaltic glass dissolution
rates with increasing aqueous oxalate concentration. They as-
cribe this effect to the aqueous complexation of oxalate with
aluminium diminishing thus the dissolution rate inhibitory ef-
fect of aqueous Al3�.

Building upon these previous studies, the present study is
focussed on the effect of aqueous fluoride on natural glass
dissolution rates. The aggressive nature of fluoride towards Al
bearing layer-silicates and oxides was described nearly 40 yr
ago (Huang and Jackson, 1965). Grandstaff (1977) reported an
increase in dissolution rates of bronzite orthopyroxene in the
presence of aqueous fluoride; a similar effect was observed for
clay minerals (Gajam and Raghavan, 1985; Arocena et al.,
1995; Luther et al., 1996). The dissolution rates of feldspars
have been reported to increase notably with increasing aqueous
fluoride concentration (Amrhein and Suarez, 1988; Shotyk and
Nesbitt, 1992, Harouiya and Oelkers, 2004). An increase in the
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dissolution rates of aluminium oxide and (oxy)hydroxides in
the presence of aqueous fluoride was observed by Zŭtić and
Stumm (1984), Kraemer et al. (1998), and Nordin et al. (1998,
1999). Steel et al. (2001) reported the preferential dissolution of
aluminosilicates in the presence of HF. Other studies have
noted the strong formation of aqueous aluminium fluoride
complexes (e.g., Plankey et al., 1986; Tagirov et al., 2002).
Driscoll et al. (1980) stated that aluminium-fluoride complexes
are the dominant inorganic aluminium species in many natural
waters. These studies demonstrate that the presence of aqueous
fluoride not only significantly enhances aluminosilicate disso-
lution rates but also the solubility of these minerals (cf.
Elrashidi and Lindsay, 1987). All of these studies illustrate the
relevance of aqueous fluoride in water-aluminosilicate interac-
tion in natural processes. To further improve our understanding
of such processes, this study presents for the first time mea-
sured dissolution rates of a suite of distinct natural glasses as a
function of aqueous fluoride concentration.

2. THEORETICAL BACKGROUND

The standard state adopted in this study is that of unit activity
for pure minerals and H2O at any temperature and pressure. For
aqueous species other than H2O, the standard state is unit
activity of the species in a hypothetical 1 molal solution refer-
enced to infinite dilution at any temperature and pressure. All
aqueous activities in the present study were generated using
PHREEQC 2.6 computer code (Parkhurst and Appelo, 1999).
Equilibrium constants were taken from the PHREEQC data-
base for all species and minerals other than aqueous Al-bearing
complexes, which were taken from Tagirov and Schott (2001).
The significant Al-bearing aqueous species considered in the
thermodynamic model are Al3�, AlF2�, AlF2

�, AlF3
0, AlF4

�,
Al(OH)2�, Al(OH)2

�, and Al(OH)2F0.
The overall glass dissolution rate may be influenced by

numerous factors including 1) the aqueous transport of chem-
ical species away from its surface (cf. Murphy et al., 1989); 2)
the effect of reverse reaction at near to equilibrium conditions
(cf. Grambow 1985; Oelkers et al., 1994); and 3) the far-from-
equilibrium dissolution rate. The goal of the current study is to
compare the far-from-equilibrium dissolution rates of natural
glasses as a function of the total aqueous fluoride concentration.
Experimental conditions were chosen, therefore, to assure that
all rates measured in the present study are surface reaction
controlled and at far-from-equilibrium conditions.

The variation in the far-from-equilibrium surface area nor-
malized forward dissolution rate with aqueous solution com-
position can be deduced from the dissolution mechanism. Nat-
ural glass dissolution rates measured in the present study are
interpreted in accord with the basaltic glass dissolution mech-
anism proposed by Oelkers and Gislason (2001). Within this
mechanism, basaltic glass dissolution is assumed to consist of
a series of metal for proton exchange reactions at the glass
surface. The equilibrium constants of exchange reactions in-
volving monovalent and divalent interstitial cations, which are
commonly viewed as being loosely bound to the glass structure
(e.g., Berger et al., 1987; Crovisier et al., 1987; Guy and Schott,
1989; Petit et al., 1990), are sufficiently large such that these
metals are essentially completely removed from the basaltic
glass near surface. These metals have also been observed to be
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preferentially removed from the near surface of more silica rich
glasses (Taniguchi, 1980; White and Claassen, 1980; White,
1983; Allnatt et al., 1983; Fiore et al., 1999). In contrast,
equilibrium constants for those exchange reactions involving
trivalent cations, which are generally viewed as being strongly
bound, are relatively small such that only a small fraction of
these cations are removed via proton exchange reactions. The
final and rate limiting step of basaltic glass dissolution is the
liberation of partially detached Si tetrahedra from the basaltic
glass surface. These partially detached Si are those that are
bound to the glass structure by only two bridging oxygens and
can be formed by the removal of adjoining trivalent cations.
Within the formalism of transition state theory, basaltic glass
dissolution rates are, therefore, proportional to the concentra-
tion of these partially liberated Si tetrahedra. Taking account of
the law of mass action of the Al for proton exchange reaction
that creates partially liberated Si at the basaltic glass surface,
Oelkers (2001), Oelkers and Gislason (2001), and Gislason and
Oelkers (2003) proposed the following equation to describe
far-from-equilibrium surface reaction controlled basaltic glass
dissolution rates at constant temperature:

r� � k� aH�
3

aAl3�
�n

(1)

where r� represents the forward dissolution rate, k denotes a
rate constant, ai designates the aqueous activity of the sub-
scripted species, and n stands for a stoichiometric constant
equal to the reciprocal of the number of partially detached Si
tetrahedra formed from each Al for proton exchange reaction.
Oelkers and Gislason (2001) reported that for the case of
basaltic glass 3 partially detached Si tetrahedra form from each
Al for proton exchange reaction and thus n � [1/3]. Eqn. 1 was
shown to successfully describe basaltic glass dissolution rates
as a function of pH and the concentration of aqueous Al, Si, and
organic acids. The logarithmic analog of Eqn. 1 is given by:

log r� � log k � n · log (aH�
3 ⁄ aAl3�) (2)

If the reaction mechanism of the natural glasses investigated in
this study at pH 4 and 25°C is similar to that of basaltic glass,
log r� should be a linear function of log (aH�

3 ⁄aAl3�).
The present study is focussed on the effect of aqueous

fluoride on natural glass dissolution. The effect of aqueous
fluoride on dissolution rates is taken into account in Eqn. 1 and
(2) through its effect on aqueous aluminium activity. Aqueous
aluminium activity decreases at acid conditions with increasing
fluoride concentration through the formation of aqueous alu-
minium-fluoride complexes. Figure 1 depicts the logarithm of
aqueous aluminium bearing species activities computed as a
function of the logarithm of total fluoride solution concentra-
tion in pH 4 solutions and a temperature of 25°C. This figure
was generated using PHREEQC 2.6 assuming a total fixed Al
concentration of 10�6 mol/kg. At very low total fluoride con-
centrations the predominant species is Al3� but with increasing
fluoride concentrations the predominance is taken over succes-
sively by AlF2�, AlF2

�, AlF3, and ultimately AlF4. The for-
mation of aqueous aluminium fluoride complexes leads to a
strong decrease in aqueous Al3� activity from 10�6 in F-free
solutions to 10�21 in solutions containing 0.1 mol/kg total
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fluoride. The decrease in aqueous aluminium activity leads
directly to increased dissolution rates in Eqn. 1 and (2).

3. EXPERIMENTAL METHODS

A thorough description of the glass specimens and the experimental
methods used in the present study is provided in Wolff-Boenisch et al.
(2004). Six of the glass samples used in this study originated from
Icelandic volcanic eruptions; one specimen originated from an ignim-
brite pyroclastic flow from California. The volcanic glasses were dried,
subsequently cleaned with a stiff-bristled brush and shaken to remove
adhered particles. All samples were ground in plastic bags using a
plastic hammer in an attempt to induce minimum strain to the fresh
surfaces. The 45–125 �m size fraction was then ultrasonically cleaned
in cycles of deionized water and acetone, separating and discarding the
ultra fine suspension at the end of each cleaning cycle. Table 1 provides
the chemical analyses of the specimens.

All dissolution experiments were conducted in titanium mixed flow-
through reactors at 25°C, pH 4 and constant ionic strength of 10 mM.
Inlet solutions were comprised of Millipore™ water, and Merck ana-
lytical grade NH4Cl, HCl, and HF. The outlet solution was filtered
through a 0.2 �m cellulose acetate membrane filter, acidified with
concentrated supra-pure HNO3 and analysed for the silica content.
Each experiment was run until steady-state was attained. Steady-state
in the mixed flow reactor experiments is assumed when the silica outlet
concentration remains constant for an amount of time exceeding 10
times the residence time of the reactor. The residence time of the
experiments performed in the present study is between 2 and 6 h.

All dissolution rate experiments were performed as an experimental
series on individual glass powders. The initial inlet solution was
fluoride-free. Once the first steady-state was reached in this fluoride-
free inlet solution a new F-bearing inlet solution was passed through
the reactor, first in the lowest concentration (30 �mol/kg). Then, after
each steady-state, the fluoride concentration of the inlet solution was
increased from 60 �mol/kg to 90 �mol/kg and then to 180 �mol/kg.

Fig. 1. (a) Computed activities of aqueous Al3�, AlF2�, AlF2
�,

AlF3
0, AlF4

�, Al(OH)2�, Al(OH)2
�, and Al(OH)2F0 as a function of

the total aqueous F concentration at pH 4 and 25°C. The curves were
generated with PHREEQC 2.6 and for a solution having a total alumi-
nium concentration of 10�6 mol/kg.

Table 1. XRF chemical analyses of the volcanic glasses in weight pe
for all the oxides.

ame SiO2 TiO2 Al2O3 Fe2O3 FeO

BT 72.62 0.08 12.48 0.78 0.11
Ö62 70.64 0.24 13.00 2.40 1.18
H3W 69.79 0.21 13.79 1.15 2.32
A75 69.28 0.90 12.42 2.48 2.09
HZ0 62.80 0.96 15.34 2.64 4.53
SLN 62.76 1.26 14.36 2.09 4.15
SS 46.48 2.46 16.35 2.57 9.66
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Multi-element analyses were performed by ICP-AES to determine
outlet solution concentrations of Si, Al, Na, Mg, Ca, and Fe in all
solutions. Species distribution calculations, performed using
PHREEQC 2.6, indicate that all pH 4 outlet solutions were undersatu-
rated with respect to all potential secondary phases.

4. RESULTS AND DISCUSSION

All experimental conditions were run until steady-state outlet
solutions were attained. Steady-state in each experiment was
assumed once the outlet solution Si concentration remained
constant, within analytical uncertainty, over a period of at least
10 residence times. Representative examples of the approach to
steady-state during the experimental series can be seen in
Figure 2. For each set of experimental conditions, outlet solu-
tion Si concentration increases smoothly until the steady-state
Si concentration was attained (Fig. 2a). Each steady-state pla-
teau corresponds to a distinct fluoride concentration increasing
from left to right (0, 30, 60, 90, 180 �mol/kg). The release of
other elements exhibits somewhat different behaviours than
that of Si, as can be seen in Figures 2b and c. Al is released
preferentially compared with Si at the onset of each experi-
mental series. The outlet solution Al/Si ratio attains a stoichi-
ometric proportion only after �0.5% of the natural glass is
dissolved. A similar behaviour is commonly observed for the
relative release of Fe, Ca, Mg, and Na, although in some
instances Ca, Mg and/or Na did not attain stoichiometric re-
lease rates before the end of the experimental series. For
example, the results shown in Figure 2c illustrate the release
rates relative to Si of Al, Fe, Ca, Mg, and Na during the
dissolution of the rhyolite BT. All of these metals are released
preferentially compared to Si at the onset of the experimental
series; all but Mg approach stoichiometric release rates relative
to Si after �0.5% of the glass was dissolved. The preferential
release of Al and other elements from the glass surface at the
onset of these experiments is consistent with the multi-oxide
dissolution mechanism described above, which is initiated by
the exchange of these cations with protons at the glass surface
followed by the rate limiting detachment of Si.

Far-from-equilibrium steady-state geometric specific surface
area normalized dissolution rates r�,geo are calculated using:

r�,geo �
CSi · fr

Ageo · m
(3)

where CSi designates the aqueous Si concentration of the outlet
solution (mol/kg), fr represents the fluid flow rate (kg/s), Ageo

is the initial geometric surface area of the dissolving glass
(m2/g), and m the mass of sample (g). The geometric specific

ajor element reproducibility yielded relative standard deviations �2%

MgO CaO Na2O K2O P2O5 LOI

0.09 0.48 3.79 4.38 0.01 4.83
0.02 0.97 5.45 3.41 0.02 1.95
0.11 2.08 4.83 2.48 0.04 1.90
0.97 2.81 3.74 2.21 0.19 1.70
1.4 4.57 4.35 1.55 0.34 0.20
1.05 2.94 4.62 2.55 0.3 2.64
5.88 9.87 3.6 0.67 0.33 �0.13
rcent. M

MnO

0.03
0.1
0.11
0.1
0.17
0.19
0.19
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surface area Ageo used in Eqn. 3 to compute rates is assumed to
be constant in each experiment and is calculated using (Brant-
ley et al., 1999; Gautier et al., 2001):

Fig. 2. Representative examples of the temporal evolution of metal
release rates: a) outlet Si concentrations during experimental series BT
and A75 as a function of elapsed time. Each of the five individual data
clusters represents a steady-state corresponding to distinct aqueous
fluoride concentrations of 0, 30, 60, 90, 180 �mol/kg from left to right
in the figure; b) variation of the ratio of the relative release rate of Al
versus Si as a function of the mass percent glass dissolved during
experimental series of BT (rhyolite), A75 (rhyolite), and SS (basalt); c)
variation of the ratio of the relative release rate of Al, Fe, Ca, Mg and
Na versus Si as a function of the percent glass dissolved during
experimental series BT.

Table 2. Summary of physical proper

ample
Volcanic

Name
Glass Density*

g/cm3

BT rhyolite 2.31
Ö62 rhyolite 2.36
H3W rhyolite 2.42
A75 rhyolite 2.45
HZ0 dacite 2.59
SLN dacite 2.55
SS basalt 3.00

* Corresponds to the particle density.
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Ageo �
6

� · deff

(4)

where � is the glass density and deff is the effective particle
diameter. The number 6 is based on the assumption that grains
have a regular and smooth spherical shape. Assuming a homo-
geneous particle distribution, deff can be obtained from (Tester
et al., 1994):

deff �
dmax � dmin

ln �dmax

dmin
� (5)

where dmax and dmin refer to the maximum and minimum
particle size of the size fraction used in the experiments. The
ratio between BET and geometric surface area (ABET/Ageo) is
the roughness factor (Jaycock and Parfitt, 1981). The surface
areas, roughness factors and calculated glass densities (�) of all
glass powders used in the present study are listed in Table 2.
Rates have been normalized with respect to geometric rather
than BET surface areas because these have been observed to be
more consistent with natural glass dissolution behaviour
(Wolff-Boenisch et al., 2004). The reasons that geometric sur-
face areas are believed to be more consistent with the dissolu-
tion behaviour of natural glass include 1) BET surface area
measurements are influenced by the potential presence of non-
reactive phases such as iron oxides; 2) BET surface area
measurements may be influenced by the presence of less reac-
tive internal surfaces (cf. Anbeek 1992a, 1992b, 1993); and 3)
BET surface areas can change significantly during dissolution
experiments (e.g., Brantley and Chen, 1995) which make ap-
plication of such surface areas ambiguous. Moreover, Wolff-
Boenisch et al. (2004) found that correlations between glass Si
content and geometric surface area normalized dissolution rates
were stronger than those found with their BET surface area
normalized counterparts. All experimentally determined
steady-state dissolution rates are listed in Table 3. Uncertainties
associated with the rate constants arise from a variety of
sources, including the measurement of aqueous solution con-
centrations, fluid flow rates, and the determination of the spe-
cific glass surface areas. An overall uncertainty of the geomet-
ric surface area normalized dissolution rates (r�,geo) generated
in this study are estimated to be �0.3 log units (cf. Wolff-
Boenisch et al., 2004).

All dissolution rates measured in the present study are illus-
trated in Figure 3 as a function of aqueous fluoride concentra-

the glass powders used in this study.

ABET

cm2/g/104
Ageo

cm2/g
Roughness

Factor

3.12 332 94
0.43 324 13
1.08 316 34
1.41 312 45
0.62 296 21
2.65 301 88
0.19 255 8
ties of
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tion. Seven natural glasses (4 rhyolites, 2 dacites, 1 basalt) with
distinct Si contents were studied. At zero total fluoride concen-
tration, r�,geo is highest for the basaltic glass and decreases
with increasing glass silica content. This relationship has been
observed in many glass studies and is consistent with the
concept that the higher the silica polymerisation of the glass the
more resistant it is to dissolution; this relationship is discussed
in detail in Wolff-Boenisch et al. (2004). Measured glass dis-
solution rates increase substantially with increasing aqueous
fluoride concentration, and the trend of decreasing rates with
increasing glass silica content is respected at all of the aqueous
fluoride concentrations considered in this study. It is also ap-
parent in Figure 3 that the effect of aqueous fluoride on basaltic
glass dissolution rates is stronger than that of the more Si-rich
glasses.

4.1. Variation of Rates with (aH�
3 ⁄aAl3�) and Consistency

with the Multi-Oxide Dissolution Model

The degree to which measured rates are consistent with Eqn. 1
and the dissolution mechanism proposed by Oelkers (2001), Oelk-
ers and Gislason (2001), and Gislason and Oelkers (2003) can be
assessed by considering the variation of measured r with log

Table 3. Experimental results of the dissolution rate experiments. Th
F in the glasses’ names denotes the experimental fluoride series (cf. W

Sample
temp.

°C
mass£

g pH*

Flow
Rate

g/min
Sitotal

�mol/kg

BTF-3 25 7.00 4.11 0.83 4.34
BTF-5 25 7.00 4.09 0.97 9.60
BTF-8 25 7.00 4.04 1.37 13.92
BTF-14 25 7.00 3.92 1.79 19.50
BTF-19 25 7.00 3.84 1.84 36.77
Ö62F-4 25 8.01 4.11 0.93 2.34
Ö62F-7 25 8.01 4.14 1.33 10.19
Ö62F-10 25 8.01 4.08 1.61 13.95
H3WF-1 25 4.80 4.03 0.87 2.91
H3WF-5 25 4.80 4.08 0.95 9.85
H3WF-8 25 4.80 4.04 1.37 13.07
H3WF-14 25 4.80 3.92 1.89 16.12
H3WF-19 25 4.80 3.81 2.04 31.20
A75F-1 25 7.61 4.15 0.87 6.23
A75F-5 25 7.61 4.19 0.96 10.40
A75F-10 25 7.61 4.10 1.38 14.82
A75F-14 25 7.61 4.01 1.90 18.95
A75F-20 25 7.61 3.90 2.06 41.21
HZ0F-1 25 5.53 4.04 0.97 2.68
HZ0F-5 25 5.53 4.02 1.20 11.19
HZ0F-8 25 5.53 4.00 1.57 15.34
HZ0F-10 25 5.53 4.04 1.85 17.21
HZ0F-15 25 5.53 3.96 2.68 28.96
SLNF-3 25 5.02 4.12 1.26 6.61
SLNF-6 25 5.02 4.24 1.26 15.37
SLNF-9 25 5.02 4.17 1.65 17.90
SLNF-10 25 5.02 4.12 1.87 18.70
SLNF-13 25 5.02 3.94 2.68 31.20
SSF-4 25 2.50 4.17 0.98 5.87
SSF-5 25 2.50 4.75 1.04 13.27
SSF-12 25 2.50 4.56 1.71 26.91

£ Mass prior to dissolution experiment.
* Measured at 25°C.
# molar (Al/Si)aq/(Al/Si)glass ratio.
�,geo
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(aH�

3 ⁄aAl3�). This relationship is shown in Figure 4. Within uncer-
tainty, r�,geo is a linear function of log (aH�

3 ⁄aAl3�). This observa-
tion is consistent with the possibility that the dissolution rates of
the natural glasses considered in the present study are controlled
by the liberation of partially detached Si tetrahedra and that they
are formed through proton/aluminium exchange reactions. Note
however, the slope of these curves differ from [1/3], which is the
slope found for basaltic glass (Oelkers and Gislason, 2001; Gis-
lason and Oelkers, 2003). Rather, n apparently depends on the
glass chemical composition. This variation is displayed in Figure
5 where n is plotted against the glass silica content. One glass,
SLN, exhibits an n that is very small compared to the other glasses
(see Fig. 4f). However, n of the remaining six glasses plus that
reported for basaltic glasses by Gislason and Oelkers (2003) can
be satisfactorily approximated by a linear least square fit. To
maintain internal consistency, the literature value was not included
in the linear regression analysis, but it is evident that it is consistent
with the results of the present study. The equation for the regres-
sion line is:

n � �0.0067 · SiO2(wt%) � 0.683 (6)

where SiO (wt.%) designates weight percent of SiO in the

glasses are ordered from high to low silica content. The capital letter
oenisch et al., 2004).

ltotal

mol/kg Al/Si# log (aH�
3 ⁄aAl3�)

log r�,geo

mol/m2/s
Ftot

�mol/kg

3.30 3.8 �6.5 �9.56 0
5.95 3.1 �3.9 �9.18 30
3.95 1.4 �2.6 �8.87 60
3.66 0.9 �1.8 �8.60 90
6.08 0.8 �1.1 �8.31 180
2.32 4.6 �6.3 �9.85 0
1.80 0.8 �2.5 �9.06 60
1.26 0.4 �1.7 �8.84 90
3.19 4.7 �6.2 �9.55 0
5.03 2.2 �3.7 �8.99 30
2.81 0.9 �2.5 �8.71 60
1.85 0.5 �1.5 �8.48 90
2.01 0.3 �0.5 �8.16 180
2.81 2.1 �6.5 �9.43 0
7.36 3.4 �4.4 �9.15 30
3.04 1.0 �2.7 �8.84 60
4.27 1.1 �2.2 �8.59 90

10.06 1.2 �1.5 �8.22 180
2.19 2.8 �6.1 �9.53 0
3.24 1.0 �3.2 �8.87 30
3.31 0.7 �2.4 �8.61 60
2.63 0.5 �2.0 �8.49 90
1.97 0.2 �0.8 �8.10 180
6.71 3.8 �6.8 �9.04 0

13.66 3.3 �5.4 �8.67 30
11.26 2.3 �3.8 �8.49 60

9.85 2.0 �3.0 �8.41 90
3.41 0.4 �1.1 �8.03 180
4.25 1.7 �6.7 �8.82 0

15.05 2.7 �5.8 �8.45 60
13.97 1.3 �4.6 �7.92 90
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glass. The increase of n with decreasing glass silica content is
itself consistent with the corresponding increasing non-linearity
of the dissolution rate versus aqueous fluoride curves with
decreasing glass silica content shown in Figure 3. A similar
least square fit can be generated of the log k values (Eqns 1, 2),
as shown in Figure 6, which yields:

log (k ⁄ (mol ⁄ m2 ⁄ s)) � �0.086 SiO2(wt%) � 2.23 (7)

Substituting Eqn. 6 and (7) into Eqn. 2 leads to the following
expression describing the far-from-equilibrium glass dissolu-
tion rates as a function of their silica content at 25°C:

log (r�,geo ⁄ (mol ⁄ m2 ⁄ s)) � [�0.086 · SiO2(wt%) � 2.23]

� [�0.0067 · SiO2(wt%) � 0.683] · log (aH�
3 ⁄ aAl3�) (8)

The degree to which Eqn. 8 can describe measured dissolution
rates can be assessed with the aid of Figure 7. It can be seen that
38 of the 48 measured r�,geo are reproduced within an uncer-
tainty of 0.3 log units; the average difference between mea-
sured and calculated rates is 0.2 log units. The results described
above illustrate that experimentally measured glass dissolution
rates are consistent with the Oelkers (2001) multi-oxide disso-
lution model, where natural glass dissolution consists of a
series of metal-proton exchange reactions at the glass surface
followed by the breaking of partially detached tetrahedrally
coordinated Si atoms. The observation that the parameter n
varies systematically with glass Si content suggests that the
number of partially detached Si atoms created from the removal
of each Al atom via Al-proton exchange reactions depends on
glass composition. The rates measured in the present study
show that the parameter n decreases with the SiO2 content of
the glass. Within the Oelkers (2001) multi-oxide dissolution
model, this implies that the number of partially detached Si
atoms on the glass surface created by the removal of each Al
atoms increases with decreasing glass SiO2 content. The in-
creasing value of k with decreasing SiO2 content may also
reflect an increase in the number of partially detached Si on the
glass surface with decreasing SiO

Fig. 3. Far-from-equilibrium dissolution rates (r�,geo) of the natural
glasses as a function of total F concentration in the solution ([Ftot]).
Each data point represents a steady-state rate at a total F concentration
of 0, 30, 60, 90, or 180 �mol/kg. The dashed and solid lines illustrate
the general trend of each glass.
2 content.
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4.2. Surface Coordination Models

A different approach to describing the variation of dissolu-
tion rates with aqueous solution composition is based on a
surface coordination model. Furrer and Stumm (1986) found
that at acid conditions and in the absence of complex-forming
ligands the dissolution rates of �-Al2O3 can be considered to be
proportional to the concentration of surface attached protons
per unit area {H�}. In the presence of ligands the proton-
promoted (r�,geo,H) and ligand-promoted (r�,geo,L) dissolution
occur simultaneously without affecting each other. Rates within
this surface coordination model can be described using:

r�,geo � r�,geo,H � r�,geo,L � kH{H�}h � kL{L�}l (9)

where kH and kL are rate constants and h and l reaction orders,
respectively. This equation was successfully applied in a mod-
ified form by Amrhein and Suarez (1988) to describe the
ligand-promoted dissolution rates of anorthite. Eqn. 9 can be
arranged to give:

r�,geo � r�,geo,H � r�,geo,L � kL{L�}l (10)

The logarithmic analog of Eqn. 10 is

log (r�,geo � r�,geo,H) � log kL � l · log {L�} (11)

It follows that within the surface coordination model log (r�,geo

— r�,geo,H) should be a linear function of log {L�}; the slope
of this line represents l and the y-intercept yields log kL.
Although the ligand concentration on the surface {L�} is
unknown it is often assumed to be proportional to the aqueous
ligand activity, in this study the fluoride activity (aF�). In the
present study, r�,geo,H corresponds to measured r�,geo in F-free
aqueous solutions. The degree to which this surface coordina-
tion model is consistent with the experimental results obtained
can be gauged with the aid of Figure 8. Only five glasses are
considered in this figure because the remaining glasses SS and
Ö62 were dissolved at only two total fluoride concentrations;
two data points could only yield a straight line in Figure 8. Four
of the five glasses plotted in Figure 8 lie on a straight line
consistent with the surface coordination model. The slopes are
close to one suggesting a first order reaction of the ligand
promoted dissolution r�,geo,L with respect to aF� for all these
glasses. This same reaction order was determined by Furrer and
Stumm (1986) for �-Al2O3 and BeO and by Amrhein and
Suarez (1988) for anorthite. One glass, SLN, has measured
dissolution rates that are inconsistent with this surface coordi-
nation model. Its inconsistent behaviour may be related to iron
coatings that were detected on its surface (SEM images not
shown). These weathering features could have influenced the
surface complexation. Nevertheless, the linear trends illustrated
in Figure 8 demonstrate that the surface coordination model is
consistent with the glass dissolution rate data obtained in this
study. As such it is not possible to distinguish unambiguously
between the surface coordination and the multi-oxide dissolu-
tion mechanisms from the data measured in the present study.

Despite the consistency between the surface coordination
model and measured rates for four of the glasses considered in
the present study, it is not possible to generate a single equation
describing the rates of natural glass dissolution rates as a
function of their composition using this model for several
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Fig. 4. The logarithmic far-from-equilibrium dissolution rates, log r�,geo of a) BT (rhyolite), b) Ö62 (ryholite), c) H3W
(rhyolite), d) A75 (rhyolite), e) HZ0 (dacite), f) SLN (dacite), g) SS (basalt) as a function of log (aH�

3 ⁄aAl3�). The symbols
represent measured rates but the lines correspond to a linear least square fit of these data. The equations and correlation
coefficient (R2) of each fit is provided in the figure. The slope denotes the stoichiometric coefficient n and the y-intercept
stands for the logarithmic rate constant k (see text).
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reasons. First, the relatively small number of data points mea-
sured from each glass over a relatively small range of total
aqueous fluoride concentrations, spanning less than one order
of magnitude, results in significant scatter among the kL and l
values obtained from regression calculations. Moreover, the
surface coordination model requires additional parameters to
describe the effects on dissolution rates of each present aqueous
component, and thus require far more data to quantify rates for
each glass composition. Such is not the case of the Oelkers
(2001) multi-oxide dissolution model, which has successfully
described the dissolution rates of basaltic glass over extensive
pH ranges in the presence of a variety of aqueous components
using a single value of n and k (cf. Oelkers and Gislason, 2001).

Fig. 5. The stoichiometric coefficient n (Eqn. 1 and 2) as a function
of the silica content of the glasses. The symbols correspond to n values
generated from the slopes of the fits illustrated in Figure 4. The line
through the data represents a linear least square fit of n from the values
of this study; the equation and correlation coefficient (R2) of this fit are
provided. The error bars correspond to an estimated �0.05 uncertainty
in n.

Fig. 6. The logarithm of the rate constant k (Eqn. 1 and 2) as a
function of the silica content of the glasses. The symbols correspond to
measured rate constants obtained from the intercepts of the fits illus-
trated in Figure 4. The line through the data represents a linear least
square fit from the values of this study; the equation and correlation
coefficient (R2) of this fit are provided. The error bars correspond to an
estimated �0.3 log unit uncertainty in these rate constants.
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4.3. Fluoride Dissolution Rate Enhancement in
Natural Environments

Eqn. 8 allows prediction of surface-reaction controlled, far-
from-equilibrium natural glass dissolution rates as a function of
both glass and aqueous solution composition at 25°C. One
example of such a calculation is illustrated in Figure 9 for the
rhyolitic glass BT. The curves in this figure were all generated
using aqueous activities computed with PRHEEQC 2.6 at a
total Al concentration of 10�6 mol/kg and the fluoride concen-
trations given in the legend. Note that all aqueous species
present in solution have the potential to alter glass dissolution
rates. For example, the presence of aqueous Si can provoke the
formation of aqueous Si-F complexes, which would lower the
quantity of F� available to form aqueous Al-F complexes. The
bold dashed line in Figure 9 represents r�,geo as a function of
pH in the absence of aqueous fluoride. The other four curves
illustrate how r�,geo varies with increasing F concentration.
Glass dissolution rates are strongly affected by the presence of
aqueous fluoride at acid to neutral conditions. In contrast, there
is no predicted dissolution promoting effect of aqueous F at
pH � 7.5; this stems from the lack of aqueous Al-fluoride
complexing at these conditions. The significance of fluoride
glass dissolution rate enhancement at acid pH can be illustrated
by comparing the fluoride effect on rates with that of temper-
ature. For example, the presence of 90 �mol of total aqueous F
(	1.7 ppm) increases r�,geo of rhyolitic glass dissolution rates
by approximately the same amount as a temperature increase
from 25°C to �75°C (Wolff-Boenisch et al., 2004).

The degree to which aqueous fluoride rate enhancement of
aluminosilicate glasses and minerals is significant in natural
processes depends on the system. There are a number of
sources of aqueous fluoride in volcanic environments. Rapid
losses of F from fresh volcanic deposits were reported
during leaching by rain resulting in F concentrations up to 8

Fig. 7. Comparison between predicted and measured far-from-equi-
librium forward dissolution rates r�,geo at pH 4 and 25°C using Eqn. 8.
The symbols in this figure correspond to both rates reported in the
present study and those reported by Wolff-Boenisch et al. (2004). The
line in this figure corresponds to equal values for these rates; the error
bars correspond to an estimated �0.3 log unit uncertainty in these rates.
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ppm in streams in the regions of ash fall (Stefánsson and
Sigurjónsson, 1957; Óskarsson, 1980; Gíslason et al., 1992).
Ellis and Mahon (1963, 1967) also suggested that significant
F in rhyolite glass occurs as surficial coatings and Óskarsson
(1980) and Frogner et al. (2001) found that F is chemically
adsorbed on the surface of andesitic tephra particles in the
cooling eruption column and is rapidly released as pristine
tephra comes in contact with surface waters. White and
Hochella (1992) ascribed the enrichment of F on the surfaces
of unweathered glassy rinds of chilled tholeiitic lava flows to
the formation of water-soluble salts like CaF2, MgF2, and
AlF3. Moreover, rainwater in volcanic regions itself contains
fluoride. Symonds et al. (1988), Thordarson et al. (1996),
and Thordarson and Self (1996) reported that large volcanic
eruptions may inject significant amounts of HF into the
stratosphere and that passively degassing volcanoes are also
a major source of tropospheric HF. In places like the East
African Rift Valley the principal source of fluoride relates to
emissions from volcanic activity, which can release abun-
dant F into waters to be further concentrated by strong
evapotranspiration to reach levels up to 10 –20 ppm in
potable water (Gaciri and Davis, 1993; Reimann et al.,
2003). A paradigm case is subglacial eruptions and snow-ash
interactions, where volatile components including HF or
SiF4 are condensed immediately and fluoride concentrations
can therefore build up in the meltwater reaching 1200 ppm
(Gislason et al., 1992; 2002). Symonds et al. (1988) showed
that HCl and HF are the dominant species of Cl and F in
volcanic gases, at least several orders of magnitude more
abundant than all other Cl and F species. The pH of these
meltwaters ranges from 2 to 7 so that ideal conditions prevail
for the dissolution of tephra glass particles as shown in
Figure 9. The observations summarized above suggest that
aqueous fluoride concentrations are sufficient in many vol-
canic systems to increase natural glass dissolution rates by
an order of magnitude or more.

Fig. 8. The logarithm of the difference between the dissolution rate
(r�,geo,) and the dissolution rate without a ligand-promoting effect
(r

�,geo, H
) versus the logarithm of the fluoride activity. The symbols

correspond to measured rates of the glasses BT, H3W A75, and HZ0
and the linear curves through the symbols represent a linear least square
fit of these data sets. The equation and correlation coefficient (R2) of
these fits are provided in the figure. The data for the glass SLN are
inconsistent with a linear fit and have been traced using a bold curve.
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Aqueous fluoride is also found in abundance in other
natural environments. Lahermo et al. (1991) reported high F
concentration anomalies in soils, natural surface waters and
shallow groundwaters as a result of draining high F (Rapa-
kivi) granites in Finland. Other high groundwater fluoride
concentrations associated with igneous and metamorphic
rocks have been reported from India, West Africa, Thailand,
China, and Southern Africa. Geothermal fluids are also
commonly noted to be rich in aqueous fluoride. For example,
the natural thermal waters of New Zealand were found to
have fluoride concentrations ranging from 1 to 12 ppm
(Mahon 1964), hot springs and geysers of Yellowstone Na-
tional Park were reported to have aqueous fluoride concen-
trations from 25–50 ppm (Neuhold and Sigler, 1962) and
Icelandic geothermal waters vary from 0.1 to 19 ppm (Ar-
norsson et al., 1983). According to Murrmann and Koutz
(1972) the concentration of F in soil solutions commonly
ranges from 0.1– 0.5 ppm. The latter value is close to the
lowest F concentration of this study (30 �M, see Fig. 3), so
the dissolution rate enhancing effects of fluoride may be as
significant as that of organic acids. Other favourable envi-
ronments of high aqueous fluoride concentrations and low
pH are anthropogenic, e.g., drainage waters from watersheds
that are affected by acid rain. This is especially the case
where the manufacture of phosphoric acid and phosphate
fertilizers occurs (Van Craenenbroeck and Marivoet, 1987).
Other potential F contamination sources include the fluori-
dation of drinking water supplies, the application of F-
containing fertilizers and pesticides, and heavy industries,
such as steel, glass, cement, aluminium smelters and
power stations (Leece and Scheltema, 1983; Fuge and An-
drews, 1988; Skjelkvåle, 1994; Camargo, 1996; Roy et al.,
2000).

Fig. 9. The logarithm of r�,geo versus the pH for the rhyolitic glass
BT. The curves were all calculated using Eqn. 8. The aqueous activities
were computed with PRHEEQC 2.6 at a total Al concentration of 10�6

mol/kg and the fluoride concentrations given in the legend. The bold
dashed line represents r�,geo as a function of pH in the absence of
aqueous fluoride. The other four lines display how r�,geo increases with
increasing F concentration.
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5. CONCLUSIONS

This study demonstrates that the presence of aqueous
fluoride in acid solutions increases significantly natural glass
dissolution rates. This dissolution promoting effect can be
accounted for using the surface coordination model of
Stumm (1992) or the multi-oxide dissolution model of Oelk-
ers (2001). Application of the latter model yields a rate
expression that can be used to predict far-from-equilibrium
dissolution rates as a function of both glass and aqueous
solution composition. It is thus a powerful tool for estimat-
ing natural glass dissolution rates in a variety of natural
environments. Consideration of the compositions of natural
solutions suggests that the presence of aqueous fluoride can
increase natural glass dissolution rates by an order of mag-
nitude or more. In such systems the degree of fluoride rate
enhancement may be more significant that that of organic
acid anions.
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