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Abstract—This study is aimed at quantifying surface reaction controlled basaltic glass dissolution rates at
far-from-equilibrium conditions. Towards this aim, steady-state basaltic glass dissolution rates were measured
as a function of pH from 2 to 11 at temperatures from 6° to 50°C, and at near neutral conditions to 150°C.
All rates were measured in open system titanium mixed flow reactors. Measured dissolution rates display a
common pH variation; dissolution rates decrease dramatically with increasing pH at acid conditions, minimize
at near neutral pH, and increase more slowly with increasing pH at basic conditions. The pH at which basaltic
glass dissolution minimizes decreases with increasing temperature.

Dissolution rates were interpreted within the context of a multioxide dissolution model. Constant temper-
ature rates are shown to be consistent with their control by partially detached Si tetrehedra at the basaltic glass
surface. Regression of far-from-equilibrium dissolution rates obtained in the present study and reported in the
literature indicate that all data over the temperature and pH range % 300°C and 1< pH < 11 can be
described within uncertainty using

ai” 1/3
Mg = Aa exp’(EA’RT)<$)
wherer ., signifies the geometric surface area normalized steady-state basaltic glass dissolution rate at
far-from-equilibrium conditionsA, refers to a constant equal to19° (mol of Si)/cnf/s, E,, designates pH
independent activation energy equal to 25.5 kJ/moR stands for the gas constafiitsignifies temperature in
K, and g represents the activity of the subscripted aqueous spedspyright © 2003 Elsevier Ltd

1. INTRODUCTION rates of basaltic glass dissolution, a process that is particularly
significant during the early stages of basalt weathering. Hum-
pris and Thompson (1978), Kristmannsiitoand Tanasson
and chemical weathering influences strongly the composition (1978), Krlstman_nsctnr (1982), Colman (1982)_' Eggletor! et
of soil waters, rivers, and the oceans (Urey, 1952; Riley and &l- (1987), Banfield et al. (1991), and Nesbitt and Wilson
Chester, 1971; Holland, 1978: Thompson, 1983; Berner, 1992; (1992) observed, that basaltic and interstitial rhyolitic glass,
Spivack and Staudigel, 1994; Brady and Gislason, 1997; Ches- and olivine are the first phases altered during terrestrial or
ter, 2000; Kump et al., 2000). Because of its abundance at the 0ceanic seafloor weathering. Although the rapid weathering of
Earth’s surface and its high reactivity, chemical weathering of Nnatural glass has been attributed to the faster dissolution rate
both glassy and crystalline basalt plays a significant role in the and higher solubility of the glasses relative to the crystals
global cycle of numerous elements (Gislason et al., 1996; (Gislason and Eugster, 1987; Gislason and ‘Asson, 1990,
Brady and Gislason, 1997; Louvat, 1997; Moulton et al., 2000; 1993; Gislason et al., 1996), basaltic glass weathering may also
Dessert et al., 2001; Sfefasson and Gislason, 2001). Low be enhanced by a relatively high surface area or its better access
temperature alteration by seawater of Ca-bearing silicates in to undersaturated aqueous solutions. For example, the tops and
basalt and of basatic glass is estimated to release as much Ca tbottoms of terrestrial and sub oceanic lava flows are glazed
the world’s oceans as continental weathering (McDuff and with basaltic glass, whereas their interiors are comprised of
Morel, 1980; Alt et al., 1986; Staudigel et al., 1989; Francois crystalline basalt. The same applies to pillow lavas formed on
and Walker, 1992; Spivack and Staudigel, 1994, Berner and the ocean floor; the core of the pillows is crystalline but their
Berner, 1996; Brady and Gislason, 1997). surfaces glassy. The hydraulic conductivity of the basaltic lava
Chemical weathering is a complex process involving cou- flows and pillow lavas is always greatest along the glassy part
pling and feedback of dissolution, precipitation, and mineral gf the flows (Sigurdsson and Ingimarsson, 1990) further en-
re_placement reactions, which can involve stress-mediated COU-hancing the weathering rate of the glass relative to the crystal-
pling between crystal growth and pressure solution of neigh- |ine interior. Basaltic glass dissolution will, therefore, tend to

boring crystals where volume is preserved (i.e., Wang et al., yominate the early weathering stages of oceanic crust and
1995). Of these processes, the present study focuses on the{errestrial basalt

Chemical weathering of Ca, Mg-silicates on land and the
ocean floor governs the long term atmospheric,@0ntent,

Despite its role in chemical weathering, there are very few
*Author to whom correspondence should be addressed dissolution rate data available for basaltic glass at the low
(sigrg@raunvis.hi.is). temperatures and pH typical of many Earth surface processes.
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Chemical weathering on land and the ocean floor takes place at
temperatures from 0° to ~30°C and pH 2to 11 (Gislason et al.,
1992, 1996; Chester, 2000). With the exception of Crovisier's
(2989) work, al basaltic glass dissolution rate determinations
have been performed at the temperatures of 25°C or higher.
Existing experimental studies of weathering and/or alteration of
basalt and basaltic glass have focused on the variation of rates
with temperature, pH, water composition, glass content, basalt-
seawater ratio, and the presence of bacteria (Hoppe, 1940;
Furnes, 1975; Seyfried and Bischoff, 1979; Crovisier et al.,
1985, Berger et a., 1987, 1988, 1994b; Gislason and Eugster,
1987; Crovisier, 1989; 1987; Guy, 1989; Guy and Schott, 1989;
Thomassin et al., 1989; Gislason et al., 1993; Teng and Grand-
staff, 1995; Thorseth et al., 1995; Brady and Gislason, 1997;
Daux et al., 1997; Oelkers et a., 1999; Oelkers and Gislason,
2001).

The overall goal of this manuscript seriesisto 1) determine
the mechanism and develop predictive equations describing
both long and short term basaltic glass dissolution rates as a
function of temperature and solution composition including pH,
organic acid concentration, and basatic glass saturation state,
and 2) apply these equations to the improved understanding of
the extent and conseguences of basaltic glass dissolution in
natural systems. In the first paper in this series (Oelkers and
Gidlason, 2001), steady-state basdtic glass dissolution rates
were measured as a function of agueous Si, Al, and organic
acid concentration at 25°C and the pH of 3 and 11. These data
were used to establish the basaltic glass dissolution mechanism,
and to generate a transition state theory based ‘far-from-equi-
librium’ rate eguation. This second manuscript is aimed at
quantifying basaltic glass dissolution rates as a function of pH
and temperature. Towards this goal far-from-equilibrium ba-
saltic glass dissolution rates were measured over a broad pH
range at temperatures from 6 to 150°C. These results were used
together with rates obtained from the literature to generate a
consistent set of equations describing steady-state far-from-
equilibrium basaltic glass dissolution rates as a function of pH
and solution composition from 0 to 300°C. The purpose of this
paper is to describe the results of this combined experimental
and theoretical study.

2. THEORETICAL BACKGROUND

The standard state adopted in this study isthat of unit activity
for pure minerals and H,O at any temperature and pressure. For
aqueous species other than H,0, the standard state is unit
activity of the species in a hypothetical 1 mola solution refer-
enced to infinite dilution at any temperature and pressure. All
aqueous activities and chemical affinities in the present study
were generated using EQ3NR (Wolery, 1983). Equilibrium
constants used in these calculations were taken from
SUPCRT92 (Johnson et al., 1992) for all species and minerals
other than 1) agueous Al-bearing complexes, which were taken
from Pokrovskii and Helgeson (1995), and 2) hydrated basaltic
glass. The only significant Al-bearing agueous species consid-
ered in the thermodynamic model are AI®*, AI(OH)?*,
AI(OH),*, AI(OH),°, and AI(OH), ™. The equilibrium constant
for hydrated basaltic glass hydrolysis, consistent with the re-
action

SiAlg30,(OH),; g5 + 108 H
= SiOya + 0.36 AIP* + 1.08H,0, (1)

was estimated from the stoichiometrically weighted sum of the
amorphous silica and gibbsite hydrolysis reactions (see
Bourcier et al., 1989; Daux et a., 1997). Vaues of the loga-
rithm of the equilibrium constant of reaction 1 were generated
using the SUPCRT92 computer code. Resulting values were
0.261, 0.027, —0.693, and —1.105 at 0°, 30°, 100°, and 150°C,
respectively.

The overal dissolution rate of a mineral or glass may be
influenced by numerous factors including 1) the aqueous trans-
port of chemical species away from its surface (cf. Murphy et
a., 1989), 2) the effect of inverse reaction at near to equilib-
rium conditions (cf. Oelkers et a., 1994), and 3) the far-from-
equilibrium dissolution rate. The goal of this current study isto
quantify far-from-equilibrium basaltic glass dissolution exhib-
iting surface reaction control. All rates measured and retrieved
from the literature in the present study correspond, therefore, to
surface reaction controlled far-from-equilibrium steady-state
basaltic glass dissolution rates.

One challenge in quantifying mineral or glass dissolution
rates is that there are two different distinct surface reactions
that can lead to rate variation with solution composition: 1) the
inverse reaction, or the tendency to reprecipitate a solid as
equilibrium is approached, and 2) the reaction forming the rate
controlling activated or precursor complex. The first of these
effects is often quantified in terms of the chemical affinity of
the dissolving phase leading to an equation of the form (Aa
gaard and Helgeson, 1977, 1982; Lasaga, 1981; Helgeson et al.,
1984; Murphy and Helgeson, 1987; Oelkers, 2001)

r = r(1— exp(—A*/ oRT)), 2

where r and r__ designate the overall and forward dissolution
rate, respectively, A* refersto the chemical affinity for the solid
surface layer hydrolysis reaction, which may differ from that of
the bulk solid, o stands for Temkin's average stoichiometric
number equal to the ratio of the rate of destruction of the
activated or precursor complex relative to the overall rate, R
designates the gas constant, and T represents absolute temper-
ature. Numerous studies have adopted a form of Egn. 2 to
describe the variation of basaltic glass dissolution on solution
composition at near to equilibrium conditions. For example,
Grambow (1985) and Berger et a. (1994b) observed that the
solid surface layer during glass dissolution consists of an amor-
phous Si-rich layer and suggested that A* can be assumed equal
to the chemical affinity of amorphous silica. In contrast,
Bourcier et a. (1989) and Daux et a. (1997) suggested that A*
can be assumed equal to the chemical affinity of an amorphous
gel containing SIO, + AI(OH); £ Fe(OH),;, Ca(OH), and
Mg(OH),. Each of these studies accurately described various
glass dissolution data sets as a function of solution composition
at near to equilibrium conditions.

In contrast to these previous studies, the present study is
focused on basaltic glass dissolution rates at far-from-equilib-
rium conditions. This allows determination of the effect on
rates of the activated or precursor complex formation reaction
independently of those stemming from the inverse reaction.
The form of Eqn. 2 is such that overall rates (r) equal forward
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rates (r) when A* > ¢RT. As one approaches equilibrium,
overal rates (r) decrease systematically and are equal to zero at
equilibrium with the surface, where A* = 0. According to Eqgn.
2, r is within 10% of r_ when A*/oRT> 2.3. All dissolution
rates measured in the present study were performed at condi-
tions where A*/RT> 5, where in this case A* refers to the
chemica affinity of hydrated basaltic glass in accord with
reaction 1.

The variation with solution composition of r_, the forward
or far-from-equilibrium dissolution rate, can be deduced from
the dissolution mechanism. In accord with Oelkers and Gisla-
son (2001), basaltic glass dissolution is assumed to consist of a
series of metal for proton exchange reactions at the glass
surface of the form:

>M + nH" = >H,+ M*™" 3)

where >M refers to the metal M in the glass near surface
structure and >H,, represents n protons present in this metal
site. Reaction 3 is written such that the number of protons
added to the glass structure balances the charge removed by the
metal M *". Evidence supporting this assumption for a variety
of minerals and glasses is summarized by Oelkers (2001).
Reaction 3 proceeds via the bresking of metal-oxygen bonds
and their replacement with proton oxygen bonds in the glass
near surface structure. Differences in the rates of breaking
different types of metal-oxygen bond within the glass near
surface structure is sufficiently large that after a short time all
of the metal-proton exchange reactions attain equilibrium with
the fluid other than that involving the slowest breaking bond
necessary to hold together the glass structure. For the case of
basaltic glass, these slowest breaking bonds are tetrahedral
Si-O bonds. The equilibrium constants of exchange reactions
involving monovalent and divalent cations, which are com-
monly viewed as being loosely bound to the glass structure, are
sufficiently large such that these metals are essentially com-
pletely removed from the basaltic glass near surface. In con-
trast, equilibrium constants for those exchange reactions in-
volving 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 step is the destruction of tetrahedrally coordinated
Si-O bonds, which are the slowest breaking bonds necessary for
maintaining the basaltic glass framework. Si tetrahedra on the
basaltic glass surface may be connected to the basaltic glass
framework via one, two, or three bridging oxygens; the rate of
liberating any Si atom at the basaltic glass surface decreases
dramatically as the number of bridging oxygen bonds increases
(cf. Gratz et al., 1991; Gratz and Bird, 1993; Gautier et a.,
2001). Any Si atom at the basaltic glass surface bound by only
a single bridging oxygen is rapidly liberated; all but newly
ground surfaces will be essentially free of Si atoms bound by a
single bridging oxygen, and will contain only Si atoms bound
by two or three bridging oxygens. It seems likely, therefore,
that the overall rate of breaking the hydrated basaltic glass will
be controlled by the concentration of Si atoms bridged by two
bridging oxygens (Si'') at the basaltic glass surface (see Oelk-
ers, 2001). The two major sources of Si'' are 1) Si atoms at
glass edges and 2) Si atoms adjoining previously exchanged

trivalent metals; the exchange of aluminum for three protons at
the surface |eads to the formation of three partially liberated Si'"
atoms in accord with

O_
All —O0-Si <O-Si—| +3H"
o-s- /,

O_
2 AP* + 3 H-0-Si <O0-S—|. (4
O-si—

On the left hand side of this reaction, the central Si atoms are
linked by three bridging oxygens to the basaltic glass structure,
on the right side of this reaction the central Si are linked by
only two bridging oxygens to the basaltic glass structure. The
non bridging oxygen, which appears as O- in reaction 4, may be
bonded to nothing (and thus correspond to a -O~ surface
species), one or two protons, or an adsorbed cation, depending
on pH and/or solution composition. It should be emphasized
that exchange reaction 4 does not require agueous protons as
reactants at basic pH; at basic conditions this aluminum ex-
change reaction can be expressed as

Of
All —~0-Si <O0-S— | + 3H,0 + OH"
o-s- |,

O_
= AI(OH), + 3| H—-0-Si <O-S—|. (5)
0-Si—

The following derivation is based on the assumption that the
number of Si'' atoms formed from aluminum exchange reac-
tions is far in excess of those present at glass edges. This
appears to be the case for steady-state dissolution; S at edges
tend to dissolve rapidly as demonstrated by the observation that
glass grains are rounded during dissolution (see below, and
Gautier et al., 2001). In contrast, Si'' atoms formed from
aluminum exchange reactions are continuously renewed by
reaction 4. Assuming basaltic glass forward dissolution rates
(r.) are proportional to the concentration of Si'' atoms formed
from reaction 4, one can write (cf. Oelkers, 2001)

ol (/e 2)) e

where k refers to arate constant, s represents the basaltic glass
surface area, a, stands for the activity of the subscripted aque-
ous species, and K, designates the equilibrium constant for
reaction 4. Eqn. 6 is a general equation valid in all far-from-
equilibrium solutions. The effect of the presence of aqueous
inhibitors and catalysis are accounted for by their affect on
agueous AI®* activity. Moreover, at extremely low agueous
aluminum activities, Eqn. 6 yields a constant rate equa to
ks(1/K,)"3, consistent with the concept of a ‘dissolution pla-
teau’ (cf. Lasaga et al., 1994; Schott and Oelkers, 1995). In
contrast, when there is asignificant Al concentration at the near
surface, which seems to be the case for basaltic glass at most
aqueous solution compositions found in nature and in the
laboratory (see below), K,(a3./a:) is substantially less than 1
and Eqgn. 6 reduces to
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a3+ 1/3
r+=ks< “) . ©)

This approach differs from that suggested by Daux et a. (1997)
who suggested, based only on rates they measured at near-to-
equilibrium conditions, that basaltic glass dissolution rates are
proportional to a Si-Al rich precursor with the same Si/Al ratio
of the dissolving glass. In accord with their model, there would
be no affect of agueous Al on far-from-equilibrium basaltic
glass dissolution rates. Daux et al. (1997) did, however, note
that they could not test this possibility because they did not
mesasure basaltic glass dissolution rates at far-from-equilibrium
conditions. It has subsequently been demonstrated that far-
from-equilibrium basaltic glass dissolution rates are functions
of agueous aluminum concentration at both acid and basic
conditions (Oelkers and Gislason, 2001). The approach adopted
in the present study also differs from that of Berger et al.
(2002), who suggested that aluminosilicate dissolution could
occur either by the hydrolysis of Al-O or Si-O bonds and the
bulk rate equals the faster of these two hydrolysis reactions. It
is unclear to what degree the Berger et al. (2002) model will
apply to basaltic glass, because the destruction of al Al-O
bonds will not destroy the basaltic glass structure. The destruc-
tion of the basaltic glass structure requires the breaking of at
least some Si-O bonds. Moreover, there is no evidence that, as
suggested by the Berger et a. (2002) model, that there is an
affect of agueous Si concentration on basaltic glass dissolution
rates at far-from-equilibrium conditions.
The logarithmic analog of Eqgn. 7 can be written

a.H\

3
I
Ioggz logk + 1/3Iog< ) 8

ap s+

Eqgn. 8 suggests that constant pH far-from-equilibrium basaltic
glass dissolution rates will be independent of agueous Si ac-
tivity, but decrease with agueous Al activity (e.g., increasing
aqueous Al concentration or decreasing aqueous Al complex
formation). Basaltic glass dissolution rates as a function of
aqueous Si, Al, and organic acid concentration at 25°C and pH
3 and 11 were found to closely correspond to those computed
using Eqgn. 8 (Oelkers and Gislason, 2001). Eqn. 8 will be used
below to describe constant temperature basaltic glass dissolu-
tion rates as a function of agqueous solution composition.

3. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

The basaltic glass used in the experiments is volcanic ash collected
from the Stapafell Mountain, southwestern |celand. The glass contains
less than 1% quenched crystals. This sampleisidentical to that studied
and described by Oelkers and Gislason (2001); its chemical composi-
tion is consistent with Nay 05Cay 26sM g 251F€0.185A 10,3565 O3 30 It IS
close to the composition of mean oceanic crust (Ronov and Yaro-
shevsky, 1976) and mean ocean ridge basalt, MORB (GERM, 2000).
The ash was dried, first at ambient temperature in the laboratory and
then at 110°C overnight. This sample was ground then dry sieved to
obtain the size fraction between 40 um and 120 wm. It was then
ultrasonically cleaned, first in deionized water, and then in acetone, by
separating the ultra fine suspension at the end of each cleaning cycle,
which lasted for 10 min. Four to seven water cycles and five to nine
acetone cycles were adequate to remove all fine particles. Subsequently
the sample was dried overnight at 110°C. The specific surface area of
this material before and after the experiment was measured by the three
point BET method using Kr gas with He as carrier for specific surface

Table 1. BET surface area of the basaltic glass powder before and
after the experiments performed in the present study.

Surface area Surface area

Basdltic glass powder (cm?/g Kr) (cm?g N,)
Prior to experiments 23,600 22,900
After experiment BG-1 157,200
After experiment BG-2 296,600
After experiment BG-3 14,010

After experiment BG-4 28,240

After experiment BG-5 290,600

areas smaller than 30000 cm?/g but N, gas when the surface area was
greater than 20,000 cm?g. The precision of the measurements was
+10%. Measured surface areas are shown in Table 1. The BET surface
areaof theinitial powder was 23000 cm?g, which is almost two orders
of magnitude higher than its estimated geometric surface area of 250
cm?/g (see below). Glass powders were analyzed before and after
dissolution experiments using a LEO 435 VP Scanning Electron Mi-
croscope (SEM) at the University Paul Sabatier in Toulouse, France.
SEM images of the glass powder before experiments are shown in
Figure 1. It can be seen in thisfigure that the initial basaltic glass grains
arefree of fine particles, and appear to be smooth on amicron scale. An
enlargement of thisimage, shown in Figure 1b, reveals a large amount
of roughness on a 10—100 nm scale. Thislatter roughness may account,
in part, for the large difference between the BET and geometric surface
area of this glass powder.

All dissolution experiments were performed in atitanium mixed flow
reactor system. Application of mixed flow reactors to measure mineral
dissolution rates have been described in detail by Dove and Crerar
(1990), Berger et al. (1994a), and Oelkers and Schott (1995, 1999). A
High Precision/High Pressure Liquid Chromatography Pump provided
continuous fluid flow ranging from 0.9 to 10 g/min during the exper-
iments. The precision of the fluid flow rates was +4%. The volume of
the titanium reactor was 300 mL. The solution within the reactor was
stirred by a Parr magnetically driven stirrer, the temperature controlled
by a Parr controlled furnace, and elevated pressure was maintained
using a back pressure regulator. Although it has been argued that
stirring mixed flow reactors may lead to increasing surface areas during
dissolution experiments (Metz and Ganor, 2001), this does not appear
to be the case in the present study; measured surface areas of basaltic
glass powders after dissolution in neutral to basic solutions are found to
be similar to that of the unreacted powder (see below and Tables 1, 2,
and 3). Temperature of experimental runs performed below 25°C was
controlled by placing the reactor in a cooling jacket. The temperature
of individual experiments ranged from 6°C to 150°C, and pressure for
experiments performed in excess of 100°C was kept slightly above the
liquid-vapor curve of H,O. The fluid left the reactor through a 1 wm
titanium filter, was quenched, passed through the back pressure regu-
lator, and finally through a 0.2 um cellulose acetate filter to the outlet,
where it was sampled. For experiments performed at pH > 7, outlet
solution pH was measured in a flow cell attached directly to the
pressure regulator outlet to ensure that measured pH was not affected
by atmospheric CO..

Each experimental series consisted of several different experiments
performed on a single basaltic glass powder. A list of the sequence of
conditions performed during each series is listed in Table 2. At the
beginning of each experimental series the reactor was dismantled at
ambient conditions. A specific mass of dry glass powder was placed in
the reactor. The reactor was filled with the starting solution, closed, and
placed in the furnace or cooling jacket. The temperature, pressure, and
flow and stirring rate were adjusted to desired settings. Fluid flow rate
and outlet solution composition were measured regularly. When
steady-state conditions were confirmed for any experimental condition,
the inlet solution composition, temperature, pressure, and/or fluid flow
rate were changed to the next desired setting.

The inlet solutions used in this study were comprised of demineral-
ized H,0 plus sufficient quantities of regent grade HCI, NH,Cl, and/or
NHj; to obtain a 0.01 mol/kg ionic strength solution of the desired pH
at 25°C. Compositions of al inlet solutions are listed in Table 3. Inlet
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Fig. 1. Scanning electron microscope images of the basatic glass
powder used in the present study. Images (a) and (b) are of the initial
glass powder before the dissolution experiments. Image (b) is an
enlargement of part of image (a) showing fine scale surface roughness.
Image (c) and (d) show this glass powder following its dissolution
during experimental series BG-5 (see text).

Table 2. Conditions at which experimental series BG1-BG6 were
performed.

pH at Stirring rate
Experiment Temperature 22°C (rpm)
BG1
BG1-9 30 411 100
BG1-13 30 411 175
BG1-19 30 3.20 175
BG1-22 30 2.09 175
BG1-27 30 211 250
BG1-31 30 2.30 400
BG2
BG2-11 30 4.17 325
BG2-16 30 331 325
BG2-19 30 333 550
BG2-21 30 331 700
BG2-34 30 234 325
BG2-37 30 242 550
BG2-40 30 240 700
BG3
BG3-8 29 7.00 400
BG3-11 30 8.19 400
BG3-20 30 9.13 400
BG3-23b 30 10.20 400
BG3-27 30 10.80 400
BG4
BG4-2 30 5.35 400
BG4-6 60 5.23 400
BG4-9 100 591 400
BG4-15 149 7.12 400
BG5
BG5-2 6 437 350
BG5-5 6 4.85 350
BG5-10 7 6.57 350
BG5-13 7 7.74 350
BG5-17 7 8.97 350
BG5-20 7 9.79 350
BG5-22 7 10.58 350
BG5-27 10 334 400
BG5-28 11 2.25 550
BG6
BG6-2 50 3.94 350
BG6-10 50 7.03 350
BG6-15 50 7.79 350
BG6-18 50 8.93 350
BG6-23 50 9.79 350
BG6-26 50 10.33 350
BG6-37 50 3.10 450
BG6-39 49 214 550

solutions having pH > 7 were continuously purged by N, during the
experiments. This was done to prevent dissolved carbonate precipita-
tion due to CO, entering the reactor.

The aqueous silicaconcentration of al inlet and outlet solutions were
measured using the molybdate blue method of Fishman and Friedman
(1989) with Varyan Spectrophotometer using 1 and 5 cm flow cells. All
standards and blanks were obtained using the experimental inlet solu-
tions as diluents. The precision of the agueous Si concentration mea-
surements was within 3% for concentrations above 50 ug/kg Si, but
close to 10% for the 50—10 wg/kg Si concentration. Si and Al concen-
tration of selected samples were measured by High Resolution Induc-
tively Coupled Argon Plasma Mass Spectrometer (ICP-MS) at the
SGAB laboratory in Luled, Sweden. This was done for samples when
sufficient solution was available after the spectroscopic measurement.
These subsamples were acidified with concentrated suprapure HNOg
before analysis. Generally less than 10% difference was found between
corresponding aqueous Si concentrations determined from the two
different methods. The only exception was for 3 samples having high
aqueous Fe concentration; for these solutions Si  concentrations ob-
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Table 3. Composition of inlet solutions used in the experiments
performed in the present study.

pH HCl NH,Cl NH,OH
(25°C) (mol/L) (mol/L) (mol/L)

2.00 0.01

3.00 0.001 0.00900

4.00 0.0001 0.00990

5.00 0.00001 0.00999

6.30 0.00999 0.00001

7.30 0.00990 0.00010

8.02 0.00950 0.00050

9.03 0.00650 0.00350

9.48 0.00400 0.00600
10.05 0.00150 0.00850
10.80 0.01000

tained by colorimetry were considerably higher than those obtained
from ICP-MS. Thisislikely due to Fe interference of spectroscopic Si
measurements (Fishman and Friedman, 1989). As a consequence of the
potential additional uncertainty originating from Fe interference and to
be consistent with agueous aluminum analyses, the Si analyses ob-
tained from high resolution ICP-M S are reported below when available.
For all other samples, Si analyses obtained from colorimetry are re-
ported. The relative release rates of al major metals during a different
series of basaltic glass dissolution experiments will be explored in
detail in a future manuscript in this series.

Sigurdur R. Gislason and Eric H. Oelkers

4. EXPERIMENTAL RESULTS AND DISCUSSION

Surface areanormalized forward dissolution rates (r , ;) were
computed from measured steady-state outlet solution aqueous
Si concentration using

csF
M s ©)
where cq stands for the outlet agueous Si concentration, F
represents the fluid flow rate, s denotes the total glass surface
area present in the reactor, and the index i corresponds to the
method used to define surface area. Resulting dissolution rates,
together with total dissolved aluminum and silica concentra-
tions in the outlet solution, computed solution pH at each
experimental temperature, and computed chemical affinity of
the outlet solution with respect to hydrated basaltic glass (A*,
seereaction 1) arelisted in Table 4. pH and A* at experimental
temperatures listed in this table were computed from pH mea-
sured at 25°C together with the EQ3NR computer code (Wol-
ery, 1983). This calculation was performed using measured
aqueous Al concentrations when available; in the absence of
measured values, aqueous Al concentrations were estimated
from measured aqueous Si concentrations assuming stoichio-
metric basaltic glass dissolution. EQ3NR was also used to

Table 4. Results of steady-state dissolution rate experiments as a function of pH and T at constant ionic strength. Outlet Si concentrations listed
in italic font were obtained from colorimetry, whereas those listed in roman font were obtained using high resolution ICP-MS. Qutlet aluminum
concentrations that are underlined are supersaturated with respect to gibbsite.

Dissolution rate (mol/

Qutlet solution concentration cm?/s)
Initial BET Outlet Computed
Temp. surface area Flow rate pH at pH at in Si (mg/ Al (ng/ A* (kY I BET M+ geo

Sample (°C) X10° cm? (g/min) 22°C stuT k) kg) mol?) (x10%) (x10%)
BG5-2 6 23.13 2.19 4.37 4.37 0.1623 —18.80 0.915 0.841
BG5-5 6 23.13 2.20 4.85 4.86 0.0895 -17.92 0.507 0.467
BG5-10 7 23.13 2.20 6.57 7.08 0.0643 4.48 —13.72 0.364 0.334
BG5-13 7 23.13 217 7.74 8.25 0.0799 6.42 —14.82 0.447 0.411
BG5-17 7 23.13 2.19 8.97 9.49 0.2084 —-12.90 117 1.08
BG5-20 7 23.13 219 9.79 10.31 0.175 36.1 —15.37 0.985 0.906
BG5-22 7 23.13 2.16 10.58 11.11 0.26 60.9 —14.70 144 1.33
BG5-27 10 23.13 7.55 334 334 1.63 1700 —16.46 317 29.1
BG5-28 11 23.13 7.64 2.25 2.25 7.53 6990 —-17.92 148 136
BG2-11 30 11.47 4.08 417 417 0.224 192 —18.50 4,74 4.36
BG-21 30 11.47 8.40 3.31 331 1.82 1610 —16.58 79.3 73.0
BG2-40 30 11.47 8.82 2.40 240 19.2 17400 —14.23 879 808
BG3-8 29 117 147 7.00 6.75 0.053 8.09 —18.03 3.97 3.65
BG3-11 30 117 3.13 8.19 7.94 0.0464 10.9 —20.27 7.39 6.80
BG3-20 30 117 4.56 9.13 8.88 0.0656 14.9 —21.05 15.2 14.0
BG3-23b 30 117 5.04 10.20 9.95 0.0646 20.2 —22.99 16.6 153
BG3-27 30 117 9.19 10.80 10.55 0.0538 16 —24.93 25.2 23.1
BG6-2 50 1.25 5.99 3.94 3.94 0.0638 27.2 —25.36 18.3 16.8
BG6-10 50 125 5.46 7.03 6.23 0.03 4.36 —-23.34 7.83 7.20
BG6-15 50 1.25 5.77 7.79 6.99 0.0762 95 —21.42 21.0 194
BG6-18 50 1.25 6.07 8.93 8.13 0.0704 15.6 —-24.33 20.4 18.8
BG6-23 50 1.25 8.16 9.79 8.99 0.0585 16.8 —25.37 22.8 21.0
BG6-26 50 1.25 9.33 10.33 9.52 0.106 313 —26.63 47.3 435
BG6-37 50 1.25 9.15 3.10 3.10 0.726 463 —26.63 317 292
BG6-39 49 125 9.06 214 214 3.3080 —22.86 1432 1318
BG4-2 30 111 0.88 5.35 531 0.0593 —14.60 2.78 2.56
BG4-6 60 111 2.04 5.23 5.03 0.193 —13.47 21.0 19.3
BG4-9 100 111 2.03 591 4.80 0.638 —13.12 69.2 63.6
BG4-15 149 111 2.05 7.12 458 2.81 —-13.86 309 284

21n the absence of measured agueous aluminum concentration data, A* was estimated assuming stoichiometric Al/Si release.
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evaluate the saturation state of the outlet solutions with respect
to potential secondary phases. These calculations indicate that
the outlet solutions were undersaturated with respect to silicate
and auminosilicate phases, but several solutions were super-
saturated with respect to potentially precipitating aluminum
oxy-hydroxide phases. Those aqueous aluminum outlet con-
centrations estimated to be supersaturated with respect to
gibbsite are underlined in Table 4.

Rates were computed in the present study using Egn. 9
together with glass surface areas obtained from both 1) BET
gas adsorption techniques (Sget) and 2) geometric surface area
(Syeo) Estimates. Resulting rates are represented by r . gt and
I+ geor FESPECtively and are related by

My = TigerSeer = I+ geoSgeor (10)
Both 1, ger and 1 o, are provided in Table 4 to alow the
results generated in the present study to be compared to the
various rates reported in the literature. Values of r, gy listed
in Table 4 were generated using Sge1 Of theinitial basaltic glass
powder. Note that as the surface areas of basaltic glass in-
creased substantially during experiments performed in solu-
tions having pH<3.5, use of initial surface areas may lead to
uncertainties (see below). To be consistent with the studies of
Guy (1989) and Guy and Schott (1989), the geometric surface
areas used in this calculation was generated assuming the glass
powder used in this study was comprised of identical 80um
cubes, yielding a surface area of 250 cm?/g. As the initial
basaltic glass powder BET surface area was 23000 cm?/g,
I+ geo VAlUes generated in the present study are 92 times larger
than their corresponding r, ger -

BET surface areas of the mineral powders measured follow-
ing experimental series BG1 to BG5 are tabulated in Table 1.
Measured BET surface areas increase by roughly an order of
magnitude during experimental seriesBG1, BG2, and BG5, but
changed little during experimental series BG3 and BG4. The
BET surface area was not measured following experimental
series BG6. As basdtic glass powder was used at severa
different pH and temperature conditions it is difficult to deter-
mine unambiguously which conditions lead to these differing
behaviors. It may be due, however, to the powders being
exposed to and dissolved in acidic solutions. The reactive
solution pH of all experimentsis given in Tables 2 and 4. The
basaltic glass powder in experimental series BG3 and BG4
were only dissolved in neutral to basic solutions. Series BG1,
BG2, BG5, and BG6 were dissolved in solutions having pH as
low as 2.09. It is only those powders exposed and dissolved in
acidic solutions that exhibit alarge BET surface area increases
during the experiments. For this reason, all experiments series
were stopped following their reaction at low pH. SEM images
of basaltic glass following experimental series BG5 are illus-
trated in Figures 1c,d. It can be seen that material has been
heterogeneously removed from these surfaces leading to a
substantial increase in surface roughness. Some parts of these
surfaces appear to be detaching from the origina surfaces.
These phenomena may be due to 1) preferentia dissolution
along wesk areas of the glass structure related to stresses
incurred during cooling; 2) effects of grain drying following the
experiment and/or 3) spalling of an altered layer precipitated on
the surface (see Casey et al., 1989). This latter possibility could
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Fig. 2. Temporal evolution of measured basaltic glass dissolution
rates during experiment BG3-8, which was performed at 29°C, a pH of
~7 and a fluid flow rate of 1.5 g/min. R, gy values shown in this
figure were obtained from agueous Si concentrations measured using
colorimetry and therefore differ slightly from that reported in Table 4
for this experiment, which are based on aqueous Si concentrations
measured using high resolution ICP-MS.

stem from the pH sequence of experimental series BG1, BG2,
BG5, and BG6. In each case, the experimental series was
initiated at near to neutral pH, conditions where secondary
precipitation of aluminum and iron oxy-hydroxides was possi-
ble. The final pH of each series was < 2.5, conditions that
would aggressively dissolve basaltic glass underlying any po-
tential secondary precipitate. Due to the possibility that the
increased surface area observed during experimental series
BG1, BG2, BG5, and BG6 were due to effects of porous altered
formation layer at the surface or sample drying following its
removal from the reactor, the BET surface area of the initial
powder was used to generate r, ger in the present study.
Nevertheless, as the potential effects of the presence of an
atered layer on basdltic glass dissolution rates was not quan-
tified in the present study, r, ger measured during the end of
each of these experimental series are somewhat uncertain.

A typical example of the temporal variation of dissolution
rates during a single experiment is illustrated in Figure 2. This
figure, which illustrates the measured rates during experiment
BG3-8, was performed at 30°C, a pH of ~7 and a fluid flow
rate of 1.5 gm/min. The residence time of this experiment,
defined as the volume of the reactor divided by the reactive
fluid flow rate, is 4 h. A fluid dynamic steady state would be
attained after approximately 4 residence times if the metal
release rate from the basaltic glass powder was constant. Fluid
dynamic steady state may therefore be expected after this
experiment proceeded 20 h. It can be seen in thisfigure, that all
measured rates obtained after this experiment had exceeded
16 h are consistent with steady-state dissolution. To assure that
all rates obtained in the present study correspond to steady-state
rates, steady-state attainment of each experiment was verified
using a minimum of three outlet samples taken over several
residence times.

Guy (1989) and Guy and Schott (1989) noted that their
measured basaltic glass dissolution rates were strongly influ-
enced by the relatively slow diffusiona transport of metals
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Fig. 3. Variation of measured R, g as afunction of stirring rate at
a temperature of 30°C. The open circles and solid squares represent
data obtained at pH 2.25 += 0.17 and 3.30 = 0.1. Dissolution rates
illustrated in this figure were obtained from experimental series BG1
and BG2. R, gy vaues in this figure were obtained from agueous Si
concentrations measured using colorimetry and therefore differ some-
what from those reported in Table 4, which are based on aqueous Si
concentrations measured using high resolution ICP-MS. The error bars
correspond to a 0.1 log unit uncertainty in these rates. This uncertainty
estimate is based on the fact that these dissolution rates were obtained
from consecutive steady states performed on these two powders (see
text).

from the basaltic glass surfaces at pH of less than ~2.5 and at
greater than ~10. At intermediate pH, the surface release rate
of metals from the basaltic glass surface was sufficiently slow
such that their overall basaltic glass dissolution rate is surface
reaction controlled. To assess the potential effect of slow dif-
fusional transport on measured basaltic glass dissolution rates,
several experiments were performed in the present study as a
function of reactor stirring rate at acidic pH at 30°C. Theresults
of these experiments are illustrated in Figure 3. Measured
basaltic glass dissolution rates at pH 2 are independent of
stirring rate above 550 rpm. At lower stirring rates, the rela
tively slow diffusive transport away from the basaltic glass
surface results in a decrease in the overall basaltic glass disso-
Iution rate. Measured basaltic glass dissolution rates at pH 3 are
independent of stirring rate above 325 rpm. To assure, there-
fore, that overall basaltic glass dissolution rates listed in Table
4 are surface reaction controlled, all experiments at pH 2 and 3
were run using stirring rates greater than 550 and 400 rpm,
respectively. As basaltic glass dissolution rates are slower at
higher pH, measured rates, which were performed using stir-
ring rates of 350 to 400 rpm are believed to be surface reaction
controlled.

The aqueous aluminum concentration of all outlet solutions
at steady state are depicted as symbols as a function of their
corresponding aqueous silicon concentration in Figure 4. The
solid line in this figure represents the aluminum to silicon ratio
of the dissolving basdltic glass. Asdl inlet fluidsin the present
study are aluminum and silicon free, stoichiometric basdltic
glass dissolution would produce outlet fluid concentrations
concurrent with the line in Figure 4. It can be seen that many
of the data pointsin the lower left side of thisfigure plot below
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Fig. 4. The logarithm of outlet fluid Al concentration (c,,) as a
function of the corresponding logarithm of outlet fluid Si concentration
(cg)- The symbols represent measured solution compositions and the
solid line corresponds to the Al/Si ratio of the dissolving basdltic glass.
No error bars are shown in this figure, as the uncertainties are close to
the symbol size.

the line indicating that aluminum was preferentially retained by
solid phases during these experiments. This may be due to the
precipitation of an aluminum oxy-hydroxide phase; several
experiments exhibited outlet aqueous aluminum concentrations
that were supersaturated with respect to gibbsite (see Table 4).
It can also be seen that several points on the upper right side of
Figure 4 plot above the line indicating that Al was preferen-
tialy released by the solids during some of the experiments.
These data points correspond to outlet solution compositions
mesasured in low pH solutions at the end of experimental series,
which had previously been reacted at neutral pH/gibbsite su-
persaturated solutions. As such this high Al/S outlet solution
ratio may be due to the dissolution of this previously formed
secondary phase. This high Al/Si outlet solution ratio may also
be due to the preferential leaching of Al from the glass.

The variation of measured r | g areillustrated as afunction
of pH in Figure 5. These rates exhibit a pH variation common
for Al-silicates; dissolution rates decrease dramatically with
increasing pH at acid conditions, minimize at near neutral pH,
and increase more slowly with increasing pH at basic condi-
tions. Although data are scarce at mildly acidic conditions, the
pH of minimum dissolution rate appears to decrease with
increasing temperature, which is consistent with observations
reported by Guy (1989) and Guy and Schott (1989). The error
bars drawn in this figure were set at +0.4 log units. The size of
these error bars were chosen to reflect estimated uncertainties
in the rates, as described below.

The degree to which basaltic glass dissolution rates mea-
sured in the present study are consistent with the multioxide
dissolution mechanism described above and previoudy tested
at pH 3 and 11 by Oelkers and Gislason (2001) can be assessed
with the aid of Figure 6. Despite some scatter, logarithms of
measured constant temperature dissol ution rates appear to be a
single linear function of log (a./a,+) at the three temperatures
considered in the present study. a, s+ values used in this figure
were computed using measured agueous Al concentrations
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Fig. 5. Variation of measured R, gy as afunction of pH. The filled
sguares, diamonds, and triangles correspond to rates obtained at ~9°,
~30°, and ~50°C, respectively.

when available; in the absence of measured values, aqueous Al
concentrations were estimated from measured agueous Si con-
centrations assuming stoichiometric dissolution. The slopes of
the linear regression curves shown in Figure 6 are 0.33 = 0.18,
0.42 + 0.12, and 0.41 = 0.15, respectively at 6-11°, 30°, and
50°C. At each temperature, therefore, measured basaltic glass
dissolution rates are consistent with Egn. 8, and thus with the
basaltic glass dissolution mechanism described above.
Comparison of rates obtained in the present study with those
of Guy (1989) requires careful consideration of the different
starting materials and experimental techniques adopted in this
previous study. As the details of these experiments are only
available in the French, a brief summary is provided. The
material used in these experiments was a synthetic glass made
from the rapid solidification of molten oceanic crust basalt.
This glass was crushed and sieved. The 135 to 200 um size
fraction was recovered and cleaned ultrasonically. Guy (1989)
estimated the surface area of this powder geometrically to be
113 cm?/g based on the assumption that all grains were iden-
tical cubes; BET surface areas of the powders were not mea-
sured. The dissolution of this powder was performed in closed
system reactors. Experiments performed at 50°C were per-
formed in a double walled Pyrex reactor, experiments at higher
temperatures were performed in 450 mL titanium reactors. The
reactive fluids were comprised of 5x1072 mol/L KCI plus
sufficient HCI or NaOH to attain the desired pH. Seven to 10
reactive fluid samples were obtained during each closed system
experiment, which lasted from several hours to 2 weeks de-
pending on temperature and pH. Dissolution rates were deter-
mined from the temporal evolution of measured agueous Si
concentrations. Following an initial transient time, release rate
of al metals other than Al and Fe were consistent with stoi-
chiometric glass dissolution. Al release was nonstoichiometric
at neutral conditions; its low concentration was attributed to
gibbsite precipitation. Dissolution rates in solutions having pH
of less than ~2.5 and greater than ~10 were believed to be

influenced by relatively slow diffusional transport of metals
from the basdltic glass surfaces; only those rates obtained in
solutions having ~3<pH<~9 were believed to be surface
reaction controlled.

Owing to the fact that Guy (1989) did not measure the
surface areas of their powders using gas absorption techniques,
unambiguous comparison of rates obtained in the present study
with those of Guy (1989) can only be made using geometric
surface area normalized rates. Such a comparison, of dissolu-
tion rates obtained in 50°C solutions, is presented in Figure 7.
Degspite the fact that these two data sets may appear to have
somewhat different pH dependencies, constant pH ., 4, val-
ues obtained in the present study appear to be consistent, within
uncertainty of those reported by Guy (1989). The close consis-
tency between these two data sets at 50°C is noteworthy con-
sidering that the two data sets were obtained in different lab-
oratories using significantly different experimental techniques.
The observation that various basaltic glass dissolution rates are
more consistent when normalized to geometric rather than BET
surface area has been further confirmed by Wolff-Boenisch et
al. (2002).

A single equation describing basaltic glass dissolution rates
as afunction of both solution composition and temperature can
be generated through the application of the Arrhenius equation
which is given by

k= A@xp(%—?) 1)

where A, designates a preexponential factor, E, refers to an
activation energy, R stands for the gas constant, and T signifies
temperature in K. Combining this equation with Eqn. 6 yields

o LAYV ad. >>)“3
= meonl o (o) ol

(12)

When K,(&2-/ays+) is substantially less than 1, which seems to
be the case for basdltic glass dissolution in most natural and
laboratory agueous solutions (see below), Egn. 12 reduces to

r —E\/a:\"
P eXp( RT )(aA|3+> (13

A similar approach was used to describe successfully the dis-
solution rates of enstatite as a function of temperature and
aqueous solution composition (Oelkers and Schott, 2001). Re-
gression of r ., obtained in the present study, together with
those reported by Guy (1989), Berger et al. (1994b), Daux et al.
(1997) and Oelkers and Gislason (2001) was performed using
Egn. 13 assuming temperature and pH independent A, and E,.
This regression yielded values of 10~5¢ (mol of Si)/cm(geo)?/s
and 25.5 kJ/mol, respectively for A, and E,. The degree to
which these values can describe the experimentally obtained
basaltic glass dissolution rates can be assessed with the aid of
Figure 8 and the Appendix. The data used in this regression and
listed in the Appendix were chosen for this regression because
1) these experiments were performed at far-from-equilibrium
conditions, 2) agueous aluminum concentrations of the reactive
solutions were provided, and 3) experiments were performed
such that measured rates were surface reaction controlled; such
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Fig. 6. Variation of the logarithm of r_ g oObtained in the present
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The solid line represents a least squares fit of the data; the equation and
coefficient of determination (R?) of thisline are given in the figure. The
dashed curve corresponds to the results of a global fit of basdltic glass
dissolution rate data at temperatures from 6 to 300°C, as generated
using Egn. 13 together with values of 107> (mol of Si)/cm?/sand 25.5
kJImol, respectively for A, and E,, and a surface roughness of 92.
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Fig. 7. Variation of measured geometric surface area normalized
basaltic glass dissolution rates at 50°C as a function of pH.

is not the case for other basatic glass dissolution rate data
available in the literature. As can be seen by the close compar-
ison between all the symbols and the line in Figure 8, Egn. 13
provides a good description of the experimental data. The
average difference between the logarithms of computed and
measured dissolution rates is 0.34 log units. This difference
exceeded 0.5 log units for 22% of the experimental data points.
Note that this comparison includes basaltic glass dissolution
rate data obtained at temperatures from 6 to 300°C, at pH from

predicted log (r, geo/(mol Si/cm?/s))

-14 -13 -12 -11 -10 -9 -8 -7 -6
measured log (r,, geo /(Mol Si/cm?/s))

Fig. 8. Computed r_, 4., as afunction of their experimental counter-
parts. The solid squares correspond to basaltic glass dissolution rates,
whereas the solid line corresponds to equal rates. Computed rates were
generated using Egn. 13 together with values of 10> (mol of Si)/
cm?/sand 25.5 kImol, respectively for A, and E,, and agueous activity
ratios computed using the EQ3 computer code (Wolery, 1983). Exper-
imental data used in this comparison were taken from this study as well
as from Guy (1989), Berger et a. (1994b), Daux et al. (1997), and
Oelkers and Gislason (2001) and cover a temperature range from 6 to
300°C and pH from 1 to 11 (see text and Appendix).
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1to 11, in reactive fluids containing varying concentrations of
aqueous Si, Al, and oxalic acid, experiments performed in
various reactor designs and laboratories. The close correspon-
dence between computed and measured dissolution rates, there-
fore, supports strongly application of Eqn. 13 to describe ba-
sdltic glass dissolution rates. Furthermore, the close agreement
between computed and measured rates illustrated in Figure 8
and tabulated in the Appendix support the likelihood that
basaltic glass dissolution rates are controlled by the single
mechanism described above over the full range of temperature,
pH, and solution composition considered in these studies. Note
that r, g1 values consistent with those measured in the present
study can be obtained from Egn. 13, A, =107%® (mol of
Si)/em(geo)?/s and E, = 25.5 kI¥mol, by dividing resulting
I+ geo VaAUES by 92.

An equation describing basaltic glass dissolution rates over
the full range of chemical affinity, agueous solution composi-
tion and temperature can be generated from combining Eqgns. 2
and 12 to obtain

BT (ES TS

(1 — exp(—A*/oRT). (14)

The application of this equation, however, is currently limited
owing to lack of detailed knowledge of ¢ and K, as a function
of temperature, and A* as a function of both aqueous solution
composition and temperature. Insight into the value of o and A*
is provided by Daux et a. (1997), who reported basdtic glass
dissolution rates as a function of the chemical affinity of the
hydrated basaltic glass surface layer at 90°C. Daux et a. (1997)
noted that their basaltic glass dissolution rates were accurately
described using Egn. 2 where ¢ = 1 and A* refers to the
chemical affinity of the hydrated basaltic glass surface layer.
This observation suggests that both r =~ r, and Egn. 12 are
applicable in al solutions for which A*/RT> 2.3. Insight into
the value of K, can be obtained by recalling that all data
considered in the present study were found to be consistent
with Egn. 13. Because this equation is valid only if
Kq(a3./an:-) is substantially less than 1, a upper possible limit
of K, can be estimated from the log (a3-/a:+) values listed in
the Appendix. Consideration of these values suggests that log
K, isless than 1 at 25°C and less than —3 at 300°C. Never-
theless, considering the wide range of solution compositions of
the experiments in the Appendix, it seems likely that
K,(a3./ass) is substantially less than 1, and therefore Egn. 13
will provide an accurate far-from-equilibrium basaltic glass
dissolution rate estimates at most experimental and natural
conditions.

The Arrhenius parameters, A, and E, generated in the
present study are based on the assumption that basaltic glass
dissolution rates are controlled by the destruction of partially
detached Si tetrehedra formed by reaction 4. As such they
describe the temperature variation of a rate constant that is the
product of the far-from-equilibrium dissolution rate and the
activity ratio (ad./as+). This differs from other applications of
the Arrhenius equation in the geochemistry literature. For ex-
ample, it has often been assumed that aluminosilicate dissolu-
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Fig. 9. Predicted r, ger a temperatures from 0° to 300°C as a
function of pH. Rates correspond to aqueous solutions having an ionic
strength of 0.1 mol/kg, atotal agueous aluminum concentration of 106
mol/kg, and free of aluminum complexing agueous species other than
OH™. All rates were computed using Eqgn. 13 together with values of
10758 (mol of Si)/cm?/s, and 25.5 kJmol, respectively for A, and E,,
a surface roughness of 92, and agqueous activity ratios computed using
the EQ3 computer code (Wolery, 1983).

tion is controlled by an activated complex formed through the
adsorption of protons to the mineral surface (e.g., Hellmann,
1994; Blum and Stillings, 1995). Proton adsorption enhanced
dissolution models yield rate constants that are proportional to
the product r,aj,., where n refers to a reaction order. The
difference in the Arrhenius parameters, A, and E, obtained in
the present study and those generated assuming a proton ad-
sorption enhanced dissolution model stems from the temperature
variation of the aqueous activity of AI**. The activity of agueous
AIP* varies dramatically with increasing temperature due to the
variable relative stability of agueous aluminum bearing species
including AI*, AI(OH)?*, AI(OH),™, Al(OH),, and AI(OH),~.
Significant differences are, therefore, to be expected between A,
and E, obtained in the present study and those reported in the
literature based on other proposed dissolution mechanisms.

Computed values of 1, ger in 0.1 molal ionic strength solu-
tions containing 10~° mol/kg Al and void of Al complexing
aqueous species other than OH™ areillustrated as a function of
pH at various temperatures in Figure 9 and are tabulated in
Table 5. This figure and table were created in terms of BET
normalized surface areas to alow their comparison with BET
surface area normalized dissolution rates of other minerals
availablein the literature. To be consistent with rates measured
in the present study, r, g+ values shown in Figure 9 and listed
in Table 5 were generated by dividing geometric surface area
normalized rates generated from Eqgn. 13 and the parameters
listed above by 92, the surface roughness. It is noteworthy that
far-from-equilibrium basaltic glass dissolution rates at near
neutral conditions and 5<pH<9 and temperatures from 0 to
30°C range from 10~ to 10~ ** mol/cm(BET)?/s. These val-
ues are not significantly larger than corresponding values for
enstatite (Oelkers and Schott, 2001), forsterite (Pokrovsky and
Schott, 2000), or intermediate feldspars (see Blum and Still-
ings, 1995).
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Table 5. Logarithms of computed r, g7 consistent with rates measured in the present study, as a function of temperature from 0 to 300° C and

pH from 1 to 12.2

log (r, ger/(mol Sifcm?/s)

Temperature
pH 0 25 50 100 150 200 300
1 —-11.22 —10.80 —10.45 —-9.84 —9.43 —8.82 —7.59
15 —11.72 —11.30 —10.95 —10.33 —9.87 —9.18 —7.89
2 —12.22 —11.80 —11.45 —10.76 —10.21 —9.51 —8.12
25 —12.72 —12.30 —11.95 —-11.21 —10.56 —9.80 —8.24
3 —13.22 —12.80 —12.45 —11.60 —10.87 —10.01 —8.28
35 —13.72 —13.18 —12.89 —11.95 —11.10 —10.10 —8.29
4 -14.21 —13.75 —1331 —12.23 —-11.21 —10.12 —8.29
4.5 —14.70 -14.17 —13.67 —12.40 —11.22 —10.09 —8.27
5 —15.16 —14.54 —13.96 —12.43 —11.16 —10.02 —8.22
55 —15.58 —14.84 —14.13 —12.37 —11.06 —9.91 —8.13
6 —15.94 —14.99 —14.13 —12.25 —10.92 —9.76 —7.99
6.5 —16.21 —14.97 —14.03 —12.10 —10.76 —9.60 —7.84
7 —16.30 —14.86 —13.88 —11.94 —10.60 —9.44 —7.68
75 —16.23 -14.71 —13.72 —11.78 —10.43 —9.27 —751
8 —16.10 —14.55 —13.56 —11.61 —10.27 —9.10 —-734
85 —15.94 —14.38 —13.39 —11.44 —10.10 —8.94 —7.18
9 —15.78 —14.22 —13.23 —11.28 —9.94 —-8.77 —-7.01
9.5 —15.61 —14.05 —13.06 —-1111 —-9.77 —8.61 —6.85
10 —15.44 —13.88 —12.89 —11.02 —9.60 —8.44 —6.68
10.5 —15.28 —13.72 —12.73 —10.86 —9.44 —8.27 —6.51
11 —-15.11 —13.55 —12.56 —10.69 —-9.27 —-8.11 —6.35
115 —14.94 —13.38 —12.40 —10.53 —9.10 —7.94 —6.18
12 —14.78 —13.22 —12.23 —10.36 —8.93 =7.77 —6.01

aRatesin this table correspond to agueous solutions having an ionic strength of 0.1 mol/kg, atotal agucous aluminum concentration of 10~ ® mol/kg,
and free of aluminum complexing ageous species other than OH™. All rates were computed using Egn. 13 together with values of 10~>¢ (mol of
Si)/em?/s, and 25.5 kJmol, respectively, for A°, and E°,, a surface roughness of 92, and aqueous activity ratios computed using the EQ3 computer
code (Wolery, 1983). To generate r, g, multiply r g=r provided in this table by the surface roughness of 92.

5. EXPERIMENTAL AND COMPUTATIONAL
UNCERTAINTIES

Uncertainties associated with the rate constants generated in
this study arise from a variety of sources, including the mea-
surement of agueous solution concentrations, fluid flow rates,
and glass surface areas. The uncertainties in the measured
values of the total aqueous silica and aluminum concentration
are on the order of +=10% or less, except for the few calori-
metric Si analyses that may have had higher uncertainties due
to Fe interference. Computational and experimenta uncertain-
ties in the pH of these solutions are on the order of +0.1 pH
units. Uncertainties in fluid flow rate measurements are not
more than 4%. In contrast, uncertainties associated with the
measurement of the surface area of the initial basaltic glass
powder are £10%. If uncertainties were estimated exclusively
from the sum of these contributions, an overall uncertainty of
the initial BET surface area normalized dissolution rates listed
in Table 4 would be on the order of 20%. Although this
estimate appears to be consistent with the rates obtained from
a single steady state (cf. Figs. 2 and 3), it is substantially less
than the apparent scatter among the rates obtained from differ-
ent steady-state conditions as depicted in Figure 5. This dis-
crepancy possibly stems from an evolution of basdtic glass
reactive surface area during the course of the experiments.
Valueslisted in Table 1 indicate that basaltic glass BET surface
area evolved significantly during the dissolution experiments
performed in this study. As emphasized by Gautier et al.

(2001), the degree to which reactive surface area varies in
response to BET surface areachangesis currently impossible to
define unambiguously. Consequently, overall uncertainties as-
sociated with the rates reported in the present study are unclear.
Consideration of the scatter in the Figure 6, and comparison of
geometrical surface area normalized rates obtained in the
present study with those reported by Guy (1989), however,
suggests that the overall uncertainty on the basaltic glass dis-
solution rates measured in the present study to be on the order
of £0.4 log units.

6. CONCLUSIONS

Basaltic glass far-from-equilibrium dissolution rates are
found to be consistent with r, « (a5./aas:)Y® over the pH
range 2-11 at temperatures from 6 to 50°C. This observation
suggests that basaltic glass dissolution is controlled by asingle
mechanism over this pH and temperature range. This observa-
tion confirms over a larger temperature and pH range the
basaltic glass dissolution mechanism proposed by Oelkers and
Gislason (2001) consisting of 1) the relatively rapid and essen-
tially complete removal of univalent and divalent cations from
the near surface, 2) aluminum releasing exchange reactions
between three agueous H* and Al in the basaltic glass struc-
ture, followed by 3) the relatively slow detachment of silica
from partially liberated glass network.

Geometric surface area normalized basaltic glass dissolution
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rates obtained in this study were found to be consistent, within
uncertainty, of those reported by Guy (1989). This consistency
allowed simultaneous regression of basatic glass dissolution
rate data obtained from Guy (1989), Berger et al. (1994b),
Daux et a. (1997), Oelkers and Gislason (2001), and the
present study to a single transition state rate equation contain-
ing only two regression parameters, an Arrhenius activation
energy and a preexponentia term. This rate equation allows
description, within uncertainty, of over 100 independently mea-
sured dissolution rates obtained at pH ranging from 1 to 11,
temperatures from 6 to 300°C, and in solutions enriched in
aqueous Al, Si and organic acids. Owing to the success of this
rate equation to describe laboratory measured rates, it seems
likely that it can be used with equal success to describe these
basaltic glass dissolution rates in natural systems, as long as
their surface areas can be accurately characterized. The relative
release rates of metals from basaltic glass during its dissolution
at a variety of pH, and the application to natural systems of
basaltic glass dissolution rates generated using equations re-
ported and parameterized in the present study will be the focus
of further manuscript in this series.
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Appendix. Comparison of experimentally measured and computed log 1, g, Computed rates were generated using Eqn. 13 together with values
of 1075€ (mol of Si)/cm?/s, and 25.5 kJ/mol, respectively, for A, and E,.

‘ log o 109 1", geo 109 T geo A log
Reference T, °C In situ pH (af;/ aA,3+) (expt.) (cal.) My geo
This study
6 437 —5.49 —13.07 —12.18 0.89
6 4.86 —6.66 —13.33 —12.56 0.77
7 7.08 -9.22 —13.48 —13.39 0.09
7 8.25 -8.39 —13.38 —13.12 0.26
7 9.49 —8.22 —12.97 —13.06 —-0.11
7 10.31 —7.16 —-13.04 —-12.71 0.33
7 1111 —7.03 —12.88 —12.77 —-0.11
10 334 —-391 —11.54 —11.59 —0.05
11 2.25 -131 —10.87 —10.71 0.16
30 417 —5.38 -12.36 —11.76 0.60
30 331 —-3.77 —11.14 —11.23 —0.09
30 2.40 —2.05 —10.09 —10.66 -0.57
29 6.75 —-7.34 —12.44 —12.42 0.02
30 7.94 —6.43 -12.17 —12.11 0.06
30 8.88 -5.64 -11.85 -11.85 0.00
30 9.95 —4.73 -11.82 —11.55 0.27
30 10.55 —4.02 —11.64 —-11.31 0.33
50 3.94 —3.76 -11.77 —10.96 0.81
50 6.23 —5.58 —12.14 —11.56 0.58
50 6.99 —-5.32 —-11.71 —11.47 0.24
50 8.13 —4.45 —11.73 —11.18 0.54
50 8.99 —3.64 —11.68 —10.92 0.76
50 9.52 -3.37 -11.36 —10.83 053
50 3.10 —2.58 —10.53 —10.57 —-0.04
49 214 -0.12 —9.88 —-9.77 0.11
30 5.31 —-8.85 —12.59 —12.90 -0.31
60 5.03 —7.65 —-11.71 —12.11 —0.40
100 4.80 —5.86 —11.20 —11.10 0.10
149 458 -3.32 —10.55 -9.84 -0.79
Guy (1989) 50 2 —-0.85 -9.20 -9.99 -0.79
50 25 -235 —10.40 —10.49 -0.09
50 3 -3.85 —11.20 —10.98 0.22
50 4 —5.25 —12.74 —11.44 1.30
50 5.6 —6.80 —13.00 —11.96 1.04
50 8.27 —6.08 —11.00 —11.72 —0.72
50 10.27 —5.08 —10.39 —11.39 —-1.00
100 251 —-1.25 —9.70 —9.58 0.12
100 3.01 —2.66 —10.50 —10.04 0.46
100 4,01 —4.32 —10.60 —10.59 —0.04
100 5.6 —4.70 —10.70 -10.71 -0.01
100 7.24 —3.26 —10.70 —10.24 0.46
100 9.24 —2.25 —10.30 -9.91 0.39
200 4.04 —2.10 —8.90 —9.10 —0.20
200 6.20 —-0.85 -9.0 —8.96 0.04
200 8.18 0.91 -85 -8.10 0.40
Oelkers and Gislason (2001) 25 3.05 —5.38 —11.20 —11.83 —-0.63
25 3.08 —3.99 —10.94 —11.38 —0.44
25 3.01 —5.96 —11.70 —12.03 -0.33
25 3.00 —-3.79 —10.90 —-11.31 —041
25 3.04 —5.06 —11.09 -11.73 —-0.64
25 3.03 —3.52 —10.94 —11.23 —0.29
25 3.09 -3.79 —10.89 -11.31 -0.42
25 3.10 —224 —10.57 —10.80 —0.23

(continued)
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Appendix A. (Continued)

‘ log . 109 T, geo 10T, geo A log

Reference T, °C In situ pH (aﬂ/ aA.3+) (expt.) (cal.) r+vgeob
Oelkers and Gislason (2001) 25 3.08 -4.12 —10.81 —11.42 -0.61
25 3.08 —-3.82 —-10.97 —-11.32 —-0.35
25 3.18 —3.49 —10.69 -11.21 —0.52
25 3.03 —3.49 —10.95 —-11.21 —-0.27
25 3.16 -1.77 —10.58 —10.64 —0.06
25 3.00 —3.51 —10.94 —-11.22 —-0.28
25 2.99 —4.42 -11.19 -1152 -0.32
25 2.96 —5.53 —-11.73 —11.89 —-0.16
25 311 —-5.97 —-11.78 —12.03 —-0.25
25 3.03 —5.46 —11.66 —11.87 —-0.20
25 3.00 -4.19 —11.39 —11.45 —0.06
25 2.98 —-3.31 —11.10 —11.15 —0.05
25 311 —-4.29 —-11.32 —11.47 —-0.15
25 3.04 —4.52 —-11.37 —11.56 —-0.19
25 3.05 —4.09 —11.05 —1141 —0.36
25 3.03 -4.11 —11.03 —11.42 —-0.39
25 2.98 —4.66 -11.22 —11.60 —0.38
25 3.00 —-4.97 —-11.27 —11.70 —-0.43
25 2.95 -5.36 —11.45 -11.83 —0.38
25 2.97 —-5.44 —11.50 —11.86 —0.36
25 3.08 —4.49 —-11.17 —11.55 —-0.38
25 2.98 —4.05 —11.02 —11.40 —0.38
25 3.04 -3.85 —11.30 -11.33 —0.03
25 3.00 —-4.12 —11.28 —11.42 —-0.13
25 3.10 —4.45 —-11.20 —11.53 -0.33
25 291 —4.18 —10.79 —11.44 —0.65
25 3.03 -4.33 -10.91 —11.49 —0.58
25 10.97 —6.80 —12.03 —-12.31 —-0.28
25 10.97 —6.96 —12.15 -12.36 -0.21
25 10.96 —-7.34 —12.29 —1251 —-0.22
25 10.98 —7.06 —12.08 —12.39 -0.31
25 10.98 —-8.37 —12.57 —12.83 —0.26
25 11.00 -7.33 -12.19 —12.48 -0.29
25 10.92 —8.66 —12.66 —12.92 —0.26
25 10.97 —7.60 -12.23 —1257 -0.34
25 11.01 —-7.25 —12.15 —12.49 -031
25 11.00 -7.37 —-12.22 —1250 —0.28
25 11.03 —7.48 —-12.31 —12.53 —-0.22
25 10.99 —7.47 —1224 —1253 -0.29
25 11.00 —7.36 —12.30 —12.49 —-0.29
25 11.02 —7.46 -12.32 —1253 -0.21
25 11.00 —7.43 —12.26 —13.52 —0.26
25 10.94 -8091 —12.76 —13.00 -0.24
25 11.06 —7.85 —-12.34 —12.65 -031
25 11.01 -9.15 —12.96 —13.08 -0.12
25 10.99 —9.08 —12.86 —13.06 —-0.20
25 11.04 —-7.24 —-12.32 —12.45 -0.13
Berger et al. (1994) 150 2.0 —-1.10 —8.54 —-9.10 —0.56
150 20 -1.05 —8.51 -9.08 -0.27
150 2.0 —-0.93 —8.56 —9.05 —0.49
150 20 —0.99 —8.53 -9.07 —0.54
150 2.0 —-1.75 —8.95 —-9.32 —-0.37
150 20 -1.98 -9.01 -9.39 —0.38
150 2.0 —1.88 —9.03 —9.36 —-0.33
300 1.0 2.64 —7.06 -7.05 0.01
300 1.0 2.26 —-7.07 -7.17 —-0.10
300 1.0 271 —7.02 -7.02 0.00
Daux et a. (1997) 90 8.2 —4.42 —10.69 —-10.71 —0.02
90 8.2 —4.48 —10.69 —10.74 —0.05
90 8.1 —4.86 —10.69 —10.86 -0.17

2The activity ratio listed in this table is that computed for the indicated experimental temperature.
PAIOG I oo = 109 T geo (CA.) — 10 1 oo (EXPL.).
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