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Abstract

The temperature dependence of silica release from bytownite, a Ca—Al-rich feldspar, was determined in solutions of
inorganic and organic ligands at neutral pH from 5°C to 35°C. The apparent activation energy of dissolution in the inorganic
(distilled water and KNO,) solutions was approximately 10 kcal /mol. The rates and temperature dependence of dissolution
in acetate solutions were indistinguishable from those in the inorganic solutions. In contrast, both oxalate and gluconate
enhanced the dissolution of the feldspar framework relative to the KNO; and distilled water controls, presumably by
catalyzing Al release from the mineral surface. The apparent activation energy of Si release from feldspar in the oxalate and
gluconate solutions was approximately 7 kcal /mol and is due primarily to the larger enhancement of dissolution rates at low
temperature. While the catalytic impact of complexing organic ligands on mineral dissolution is clear, this mechanism alone
cannot be responsible for the observed hiotic enhancement of weathering in field situations. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction mechanism controlling atmospheric CO, concentra-
tions and, therefore, global climate (Walker et dl.,
1981; Berner et al., 1983). The dissolution of these
minerals in continental settings releases Ca and Mg
ions to solution, which react, primarily in the ocean,
to produce and deposit sedimentary Ca- and Mg-
carbonates, thereby regulating CO, concentration in

the ocean and atmosphere. At higher temperatures,

The chemical weathering of Ca- and Mg-silicate
minerals is an important component of the feedback
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continental weathering rates and the flux of Ca and
Mg to the ocean increase; as a consequence, the flux
of CO, from the atmosphere to marine sediments
increases. Knowledge of the mechanisms and tem-
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perature behavior of weathering reactions is, there-
fore, an important input into predictive models of
global climate change (Berner et al., 1983; Brady,
1991).

The impact of this feedback mechanism is depen-
dent on the overall temperature dependence of the
weathering reactions. This temperature dependence
is usually described as an apparent activation energy
and is expressed using the Arrhenius equation:

k=Ae’(%), (1)

where Kk is the rate constant, A is a preexponential
factor, E, is the apparent activation energy of the
reaction, R is the ideal gas constant and T is abso-
lute temperature. At higher values of E,, the feed-
back between reaction rate and temperature and the
ability of weathering to control atmospheric CO, is
greater (Brady, 1991, Brady and Carroll, 1994).
While the Arrhenius relationship, in principle, de-
scribes the temperature dependence of only elemen-
tary reactions, the close fit of a large number of
biogeochemical reactions, including mineral dissolu-
tion, to this model argues that many of these reac-
tions have a single important rate-controlling step.

The apparent activation energy for silicate mineral
dissolution has been estimated from both field and
laboratory measurements. Velbel (1993) used stream
water chemistry to calculate a value of 18.4 kcal /mol
for apparent activation energy of mineral dissolution
in the field. A dlightly higher value, 26.2 kcal /mal,
was estimated by Dorn and Brady (1995), who com-
pared microscopic dissolution features on plagioclase
feldspar minerals from basalt flows at different alti-
tudes in Hawaii.

Laboratory estimates of E, for silicate minerals
range from 1 to 30 kcal /mol with most values
falling in the 10 to 20 kcal /mol range (Brady, 1991;
Brady and Carroll, 1994; Wogelius and Walther,
1991; Hellmann, 1994; Lasaga et al., 1994 and refer-
ences therein). Most of these experiments have fo-
cused on weathering reactions at higher tempera-
tures, i.e., from room temperature to hydrothermal or
formation water temperature (= 25-300°C). There is
less direct information on the effects of temperature
on minera dissolution rates at lower temperatures.
This lower range of temperature (= 0-25°C) is im-
portant, however, since continental weathering oc-

curs predominately in these low-temperature envi-
ronments. In these environments, biological produc-
tion of both organic and inorganic acids may influ-
ence the mechanism of reaction, may enhance min-
eral dissolution rates in ways unanticipated by the
high temperature experiments and may, therefore,
moderate the feedback between mineral weathering
and climate in ways not currently understood (Brady
et a., 1999).

The purpose of this study is to determine the
temperature dependence of the dissolution of a Ca—
Al-rich feldspar (bytownite) at near-neutral pH from
5°C to 35°C. Experiments were conducted in short-
duration batch reactors in which Si release was used
as a proxy for overall feldspar dissolution rates, even
though stoichiometric dissolution was neither ex-
pected nor attained (Casey and Bunker, 1990). Batch
reactors were chosen because they allow easy repli-
cation and comparison to other experiments, which
were performed in our laboratory (Welch and UlI-
man, 1999). We assume that the mechanism of silica
release in short-duration experiments is the same as
in long-duration experiments and, therefore, the acti-
vation energy should be the same. Other investiga-
tors have performed long-duration (thousands of
hours) flow-through experiments that yield similar
overall reaction rates to the ones measured here, but
may be more appropriate for determining the pre-
exponentia factor A in Eq. 1 (Stillings and Brantley,
1995; Stillings et a., 1996; Chen and Brantley,
1997). Short-duration experiments (< 360 h) were
chosen as they were sufficiently long to permit linear
release rates to be measured after the initial equili-
bration of the solid with the reactive solution and
sufficiently short to minimize the impact of chemical
affinity on rate determinations. Si-release rates were
used as a proxy for overal dissolution rates as the
breakdown of the feldspar (Si, Al) framework is the
mechanism controlling long-term dissolution rates,
and the other framework element, Al, is subject to a
wide variety of secondary reactions.

The temperature dependence of dissolution was
determined for feldspars dissolved in solutions of
both inorganic and organic ligands to determine the
possible effects of microbial metabolites on the ap-
parent activation energy of feldspar dissolution. Dis-
tilled water and KNO; solutions were used as inor-
ganic controls to determine the hydrolytic dissolution
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rate. Acetate and oxalate were chosen as representa-
tive organic acids because they are produced by a
variety of plants and microorganisms and are among
the most abundant organic acids found in natural
systems (Graustein et al., 1977; Fisher, 1987; Fox
and Comerford, 1990). Both of these compounds
enhance minera dissolution rates in laboratory ex-
periments (Surdam et al., 1984; Manley and Evans,
1986; Mast and Drever, 1987; Welch and Ullman,
1993; Franklin et al., 1994; Stillings et a., 1996)
presumably by catalyzing Al release from the min-
eral surface. Gluconate was also used in these exper-
iments as it is the most abundant low molecular-
weight organic ligand produced by severa naturally
occurring subsurface bacteria used in mineral disso-
lution experiments in our laboratory in which en-
hanced dissolution rates were observed (Vandevivere
et a., 1994; Welch, 1996).

2. Materials and methods
2.1. Solids

Crystal Bay (Minnesota) bytownite (Wards Scien-
tific Establishment, Rochester, NY), a Ca—Al-rich
member of the plagioclase series, was chosen for
these experiments. This feldspar was used in previ-
ous experiments in our laboratory (Ullman et a.,
1996; Welch and Ullman, 1996), has a fairly ho-
mogenous composition, and is nearly free of impuri-
ties. Samples with extensive weathering rinds or
visible mineral impurities were discarded. The re-
maining samples were crushed to a particle size of
less than 1 mm. The 125-250 wm size fraction
(collected by sieving) was used for these experi-
ments. Before the experiments, the feldspar sand was
washed approximately 50 times with deionized water
until the supernatant was clear and then dried at
110°C for several hours. Iron filings introduced in
the crushing procedure and magnetic minerals were
removed using a magnet and a Frantz |sodynamic
Magnetic Separator. To remove the remaining fines
and any very reactive material which can cause rapid
and variable initial dissolution behavior (Welch and
Ullman, 1993), the feldspar sand was further washed
with 0.1 mM HCI for severa hours and rinsed again
with deionized water. This treatment was not ex-

pected to significantly ater mineral surface chem-
istry since dissolution of the major framework ionsis
approximately stoichiometric at this pH (Welch and
Ullman, 1993). Initial surface area as determined by
Kr-gas BET was 0.0815 m? /g (Lowell and Shields,
1984). The composition of bytownite from this local-
ity was determined by X-ray fluorescence (Xral,
Toronto) and is approximately K ,,Na,,;Cag -
Al 7593 550s.

2.2. Solutions

Solutions were prepared by dissolving reagent
grade chemicals in Si-free deionized water. Bytown-
ite feldspar was dissolved in deionized water and in
1 mM solutions of potassium nitrate, sodium acetate,
sodium oxalate and sodium gluconate. The deionized
water (saturated with air) and the KNO, solution
were chosen to demonstrate the temperature depen-
dence of hydrolytic dissolution at neutral pH and to
serve as controls for the organic ligand experiments.
Acetate represents the class of organic ligands that
only weakly complex dissolved Al and only dlightly
enhanced dissolution rates at low temperatures. Ox-
aate and gluconate represent the class of ligands that
strongly complex dissolved Al and strongly enhance
feldspar dissolution rates. Distilled water was used
without further pH adjustment. The initial pH of the
remaining solutions was adjusted to between 6 and
6.5, which is at the lower end of the range where
mineral dissolution rates are lowest and essentially
independent of pH (Chou and Wollast, 1985; Blum
and Lasaga, 1988; Brady and Walther, 1989; Welch
and Ullman, 1993). The pHs of these experiments
were expected to drift toward the neutral range,
athough the buffering capacity of the solutions in
equilibrium with atmospheric carbon dioxide was
expected to minimize this drift. In all cases, pHs
remained in the pH independent dissolution range.
With the exception of the distilled water contrals, the
final experimental pHswerein therange of 6.0 + 0.2.
The fina pH of the distilled water controls were
6.5+ 0.3.

2.3. Experimental

Two grams of clean feldspar sand were added to
100 ml of solution in an acid-washed polycarbonate
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batch reactor. Three replicate experiments were con-
ducted for each treatment: deionized water, potas
sium nitrate, sodium acetate, sodium oxaate and
sodium gluconate. Bottles were placed on a shaker
table (100 rpm) in an incubator maintained within
0.5°C of the experimental temperatures (5°C, 20°C
and 35°C). Five-milliliter aliquots of solution were
removed daily from each bottle for the first 3 days of
the experiment and then every other day for the next
12 days. Dissolved Si, dissolved Al and pH were
determined for each aliquot sample. The pH was
determined potentiometrically with reference to com-
mercial NBS buffers. Dissolved Si concentration was
determined using the silico-molybdenum blue method
using a Perstorp Flo-Solution automated wet chemi-
cal analyzer. The detection limit for this method is
approximately 0.05 wM Si. Dissolved Al was deter-
mined by ion chromatography using lumogallion as a
post-column reagent and fluorescence detection. This
method can detect and distinguish between free (or
weakly complexed) and strongly complexed Al in
solution and has a detection limit of approximately
0.3 nM Al

Accumulated Si-release is determined from mea
sured Si concentrations in solution according to the
following formula:

m(t) =m(t—1) + (c(t) —c(t—1))V(t—-1),

where m(t) and m(t — 1) are the accumulated mass
of silica released at the end of the t and t—1
intervals, c(t) and c(t — 1) are the concentrations of
silica found in solution at the end of the t and t — 1
intervals and V(t— 1) is the amount of solution
remaining in the reactor after the sample was re-
moved at the t—1 interval. The dope of m(t),
normalized to initial surface area, vs. t yields the
silica release rate.

3. Results
3.1. Feldspar dissolution in inorganic solutions

The average silica release (mean and standard
deviation of three replicate reactors, normalized to
initial surface area and taking into account the vol-
ume changes due to sample removal) for the two
inorganic controls is plotted vs. time in Fig. 1. The
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Fig. 1. Si release normalized to the initial surface area for feldspar
dissolved in (a) deionized water and (b) potassium nitrate at 5°C
(@), 20°C (m) and 35°C (a). Dissolution rate was calculated
from alinear fit of the data from day 5 to day 15.

slope of the curve is the instantaneous Si-release
rate. In al of the inorganic experiments, Si release
was more rapid in the first few days, but was slower
and approximately constant after 5 days. Overal
dissolution rates were, therefore, determined from a
linear fit of the Si release curve from day 5 through
day 15. Dissolution rates increased from approxi-
mately 0.1 to 0.6 wmol Si/m?/day as temperatures
increased from 5°C to 35°C (Table 1). Rates were
dightly, but not significantly, lower in the KNO,
treatment than in the deionized water treatment, indi-
cating that there may be a small inhibition of dissolu-
tion due to the effects of ionic strength (Stillings and
Brantley, 1995). Dissolved aluminum release was
not detected in these experiments.

3.2. Feldspar dissolution in organic acid solutions

The results of feldspar dissolution experiments in
1 mM acetate solutions were very similar to the
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Table 1

Silica release rates (wmol /m? /day) from bytownite feldspar and apparent activation energies of bytownite dissolution?

Temperature (°C) DI KNO, Acetate Oxaate Gluconate

5 0.117 + 0.025 0.107 + 0.025 0.107 + 0.011 0.268 + 0.031 0.151 + 0.014
0.121 + 0.029 0.096 + 0.014 0.097 + 0.010 0.193 + 0.059 0.168 + 0.015
0.114 + 0.032 0.088 + 0.025 0.079 + 0.015 0.257 + 0.044 0.152 + 0.010

Mean 0.118 + 0.003 0.097 + 0.009 0.095 + 0.014 0.239 + 0.041 0.157 + 0.010

20 0.301 + 0.025 0.305 + 0.024 0.357 + 0.021 0.488 + 0.042 0.380 + 0.045
0.420 + 0.054 0.324 + 0.042 0.321 + 0.014 0.628 + 0.021 0.362 + 0.056
0.298 + 0.026 0.291 + 0.025 0.310 + 0.019 0.401 + 0.092 0.314 + 0.015

Mean 0.340 + 0.070 0.307 + 0.016 0.329 + 0.025 0.506 + 0.114 0.352 + 0.034

35 0.654 + 0.048 0.570 + 0.032 0.604 + 0.047 0.594 + 0.059 0.595 + 0.020
0.634 + 0.050 0.692 + 0.056 0.624 + 0.056 0.996 + 0.111 0.556 + 0.036
0.632 + 0.050 0.542 + 0.056 0.641 + 0.065 0.702 + 0.041 0.482 + 0.047

Mean 0.640 + 0.012 0.601 + 0.080 0.623 + 0.018 0.764 + 0.208 0.544 + 0.057

E, (kca /mol) 9.7 104 10.8 6.6 7.1

Standard error +0.6 +0.6 +0.8 +10 +05

95% confidence interval +15 +15 +18 +24 +13

®Replicate determinations of release rate ( + standard deviation) are given together with the mean release rate for each treatment. For the
E, determinations, both the standard error, determined from the analysis of covariance, and the 95% confidence interval (df = 7) are given.

inorganic controls at all three temperatures (Table 1
and Fig. 2a). The initial Si-release rate was rapid but
then decreased and became more constant after sev-
era days. There was no significant enhancement of
dissolution rate in the acetate solution, compared to
the inorganic controls (Table 1), and as in the con-
trols; there was no detectable Al release to solution.

Silica release from feldspars dissolved in oxalic
acid at neutral pH follows a similar trend as in the
inorganic controls. However, Si release was signifi-
cantly greater in the oxalate solutions than in the
controls (Table 1 and Fig. 2b). The relative increase
in dissolution was dependent on temperature. Silica
release was approximately 150% higher in the ox-
alate solution than in the nitrate solution at 5°C, 65%
higher at 20°C and 27% higher at 35°C. The higher
Si-release rates correspond to the higher Al-release
rates (Fig. 2d) and is consistent with the previously
advanced hypothesis that feldspar dissolution rates
are catalyzed by the interaction of ligands with Al
sites on the mineral surface followed by Al release to
solution (Welch and Ullman, 1993). Based on the
chromatographic separation of the Al peaks, most of
the dissolved Al was present as Al—oxalate com-
plexes; free AI®** or its hydrolysis products were not
detected in most of the samples analyzed. Dissolu-

tion rates determined from the slope of the Si-release
curves from day 5 to day 15 and ranged from 0.24
pwmol Si/m?/day at 5°C to 0.76 wmol Si /m?/day
at 35°C (Table 1).

Silica release from bytownite in gluconate solu-
tions is plotted in Fig. 2c. Silica release rates are
dlightly enhanced in the gluconate solutions com-
pared to the KNO, controls at 5°C and 20°C (Table
1 and Fig. 2c). Dissolution rate was slightly but not
significantly lower at 35°C in gluconate (0.544 +
0.05 wmol Si /m? /day) compared to the KNO, con-
trol (0.601 + 0.080 wmol Si/m?/day), indicating
that dissolution is perhaps dlightly inhibited in glu-
conate solutions at this temperature. As in the ox-
alate experiment, Al release is highest at the lower
temperatures (Fig. 2e). In contrast to the observa
tions in the oxaate experiments, the chromato-
graphic evidence suggests that the dissolved Al was
present as free, hydrolyzed or weakly complexed Al.

4. Discussion
4.1. Short-duration batch experiments

The short-duration experiments used to determine
the temperature dependence of bytownite dissolution
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Fig. 2. Si and Al release normalized to the initial surface area for feldspar dissolved at 5°C (@), 20°C (m) and 35°C (4 ). () Si releasein 1
mM sodium acetate (no Al detected). (b) Si and (c) Al release in 1 mM oxalate. (d) Si and (e) Al release in 1 mM sodium gluconate.
Dissolution rate based on Si release was calculated from a linear fit of the data from day 5 to day 15.

are not the ideal experiment to determine the long-
term steady-state dissolution rates that may be more
appropriate for inferring the rates of mineral weath-
ering in the field. Nonetheless, these experiments
give useful results for the purpose of determining the

temperature dependence of the dissolution reaction
and the role of ligands in the dissolution process.
The feldspar dissolution rates determined in inor-
ganic solutions in batch reactors ranged from approx-
imately 0.1-0.6 pmol Si/m?/day or 1.2 X 10~ ?—
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7% 10712 mol Si/m?/s. These rates are within an
order of magnitude of the dissolution rates deter-
mined for bytownite in flow-through reactors in our
laboratory using similar solutions and in the same
range as rates determined by other studies under
similar experimental conditions (Stillings et ., 1996,
Welch and Ullman, 1996, and references therein).
Si-release rates were enhanced in solutions of com-
plexing organic acids, oxalate and gluconate, by a
factor of 15% to 150% compared to inorganic and
noncomplexing control solutions. This is consider-
ably less than what was observed for the dissolution
of bytownite in similar conditions in flow-through
reactors where dissolution rates were enhanced by as
much as an order of magnitude (Welch and Ullman,
1993; Vandevivere et d., 1994), but still represents a
significant effect.

4.1.1. Time dependence of reaction

Si release (Figs. 1 and 2) was most rapid in the
first few days of the experiments and then decreased
and became approximately linear with time. This
initial rapid dissolution (so-called ‘ parabolic’) phase
has been observed in many mineral dissolution ex-
periments and has been attributed to a variety of
processes. The rapid initial dissolution rates is most
likely an artifact of the mineral crushing procedure
which creates strained sites, cracks, distortions, and
fine particles, all of which could be sites of preferen-
tial dissolution (Berner and Holdren, 1979; Eggle-
ston et a., 1989). The minera pretreatment (water
and weak acid washing) should remove most, though
possibly not all, of these experimental artifacts. High
initial rates could also be caused by the formation of
a leached layer on the fresh mineral surface (Chou
and Wollast, 1984, 1985) or rapid dissolution of the
primary mineral phase followed by slower precipita
tion of a secondary phase (Holdren and Addams,
1982). The nonstoichiometric dissolution could sup-
port either the leached layer or secondary precipitate
hypothesis, athough there has not been sufficient
reaction in these experiments to create a detectable
diffusion-inhibiting leached layer over the entire
mineral surface. The total amount of Si released
from the feldspar in any of our experiments corre-
sponds to the dissolution of less than one unit cell
thickness over the initial available minera surface.
The slower and more constant Si-release rate after

the initial 5 days was used to calculate apparent
feldspar dissolution rates and the temperature depen-
dence of dissolution.

4.1.2. Chemical affinity and secondary precipitation

The rate of the bytownite dissolution reaction may
be a function of the solution saturation state with
respect to the primary mineral even well away from
equilibrium conditions (Nagy and Lasaga, 1992;
Nagy et a., 1991; Burch et al., 1993). In experi-
ments with the Na—Si-rich member of the plagio-
clase series, abite, Burch et a. (1993) found that
dissolution rates decreased in response to solution
composition when the chemical affinity, AG, = RT
IN(Q/K), where Q is the ion activity product and K
is the equilibrium constant for the homogenous dis-
solution reaction, was greater than —10 kcal /mol.
The critical chemical affinity for gibbsite was —0.5
kcal /mol and for kaolinite was — 2 kca /mol (Nagy
and Lasaga, 1992; Nagy et al., 1991). Our experi-
ments were designed to remain on the *‘dissolution
plateau’’ below the critical value of AG, for bytown-
ite dissolution, where rates are independent of chem-
ica affinity, athough the value for this mineral is
not known. The approximately linear Si-release rates
observed in our experiments after the first 5 days
provides experimental confirmation that the chemical
affinity effect can be neglected.

Another concern is the possibility of secondary
precipitation of Si-containing phases that would af-
fect the reliability of our estimated bytownite disso-
lution rates. We anticipated that Al phases (most
likely gibbsite, AI(OH),) would precipitate in some
solutions but hoped to avoid the precipitation of
mixed Al-Si clays, such as kaolinite, in our experi-
ments. Again, the constant Si-release rate from 5 to
15 days provides experimental evidence that sec-
ondary precipitation of Si-containing phases cannot
be an important effect: either aluminum-silicate sec-
ondary phases are not being precipitated, or the rate
at which they are precipitating is slow enough as to
be neglected.

The impact of the chemical affinity on dissolution
and precipitation can be further addressed using an
ion association thermodynamic model. PHREEQC
(Version 1.6, 20 May 1998, Parkhurst, 1995) was
used together with additional thermodynamic data
(Table 2) to estimate the saturation indices with
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Table 2
Thermodynamic data used in equilibrium calculations

Reaction? log k AH Source or compilation®
(kJ/moal)
Ox2™+ H™ > HOx~ 4266 4.43 Smith and Martell (1993), and references therein
Ox2?™ + 2H" - H,0x~ 5,518 10.04 Smith and Martell (1993) (from tabulated stepwise reactions)

Ox2~+ Na™ — NaOx~ 1.0 5.02
Ox2~ 4 Ca2* — CaOx 319 0°
Ox2~ + AT — AlOox* 734 0°
20x2™ + AI®* > AlOX; 1308 0°
30x2™+ AI*T - AlOx3™ 1678 0°
Gl +H* - HGI 372 0°
Gl~+ Cat — CaGl™* 155 0°
G~ +AI*T = AlGI2T 256 0°
Gl~+ AI®* + OH™ — AIOHGI* 1397 0°
Gl™+ AI*T + 30H™ - AI(OH),;GI ~ 3246 0°
Ac”+H*— HAc 4757 041
Ac™+ Na"— NaAc -018 126
Ac™+ Ca?t — CaAct 118 4
Ac™ + AlI®* = AIAC?T 275 0°
2Ac™+ AlIRT - Al(AQ)S 735 0°
Bytownite (Crystal Bay) Nay ,5Cag 75Al;, 755,505 —19.29  63.42

+8H,0 — 0.25Na* + 0.75Ca?*
+1.75A1(0H); + 2.25H,Si0,

Smith and Martell (1993), and references therein

Mean of values from Bottari and Ciavatta (1968),
Gordienko and Mikhailyuk (1970),

Jaber et al. (1977) and Sjsberg and Ohman (1985)
Mean of values from Bottari and Ciavatta (1968),

Jaber et al. (1977) and Sjéberg and Ohman (1985)

Motekaitis and Martell (1984) (average of two values)
Masone and Vicedomini (1981) (average of two values)

Motekaitis and Martell (1984) (mixed complexes are
equivalent to AIH_,GI* and AIH_,GI~

reported by these investigators with water
equilibrium added)

Smith and Martell (1993), and references therein
Palmer and Bell (1994)

Parkhurst (1995) (linear interpolation between anorthite
and albite end-members in database)

%0x = oxalate = C,02"; Ac = acetate = CH,COO~; Gl = gluconate = C;H,0,CO0O".
PReferences found in Smith and Martell (1993) and Nordstrom and May (1996). Data extrapolated to | = 0 as needed.

°No enthalpy found: H, = 0 assumed.
dQuestionable value used.

respect to both the primary bytownite and potential
secondary phases at the end of each experiment. The
data used (Ca, Al and Na were, in some cases,
estimated) and results of these calculations are given
in Table 3. These calculations indicate that at no
time in our experiments were the experimental solu-
tions saturated with respect to amorphous silica or
kaolinite, the most likely Si-containing secondary
phases, and that the solutions were always signifi-
cantly undersaturated with respect to the primary
bytownite (AG, = —15.8 to —24.5 kca /mol). Al-
though our estimates of Ca concentrations may re-
flect only a minimum concentration (Ca release from
feldspars often exceeds the stoichiometric release
ratio), even an order of magnitude higher concentra-

tions would only lead to less than 1 kca /moal in-
crease in AG,. We have no independent evidence of
the critical value of AG, for bytownite dissolution,
however, the calculated experimental values are sig-
nificantly below the critical value (— 10 kcal /mol)
found for the nearest analog, albite, by Burch et a.
(1993), confirming the experimental conclusion that
dissolution rates in these experiments were deter-
mined on the bytownite dissolution plateau.

4.2. Dissolution kinetics

An expression for feldspar dissolution rate at a
constant temperature can be written as:

r=kf(ay+,l,AG,,L), (2)
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Table 3
Final concentrations of ions (M), saturation indices (SI = log IAP/K) with respect to homogenous dissolution of the primary bytownite
and possible secondary phases. All calculations at pH = 6 and at air saturation, except where noted. AG,; isin Kcal /mol

Experiment (°C) Final experimental concentrations (M) Gibbsite SiO,(am) Kaolinite Bytownite
Si Al ca Na Sl Sl Sl Sl AG
Distilled water

5 5.9 0.14° 2.0 0.62 —-2.34 —-1.13 —15.18 —-19.34
20 16.7 0.05° 52 172 —2.02 —0.64 —12.90 —17.32
35 325 0.04°¢ 10.8 3.62 —-1.86 —-0.44 —-11.16 —15.75
1 mM KNO,

5 5 0.16° 17 0.62 —241 —-1.27 —15.44 —19.67
20 16 0.05° 53 1.82 —-2.04 —0.68 —12.97 —-17.41
35 31 0.05° 10.3 3.42 —1.88 —-0.48 —-11.27 —1591
1 mM Na acetate

5 44 0.08°¢ 14 1000 —247 —-1.39 —14.06 —17.91
20 16.2 0.02°¢ 54 1000 —-2.04 —-0.67 —11.54 —15.50
35 30.7 0.03° 10.2 1000 —1.88 —0.49 —10.01 —14.13
1 mM Na, oxalate

5 11 23 37 2000 —3.60 —2.07 —7.79 —-19.21 —24.47
20 25 32 8.3 2000 —-250 —-1.85 -5.29 —15.43 —20.72
35 40 24 133 2000 -1.82 —-1.77 —3.89 —12.94 —18.27
1 mM Na gluconate

5 7 9 2.3 1000 0.34 —2.27 —0.29 —12.74 —16.23
20 18 5 6 1000 —0.65 —-1.99 —1.88 —12.46 —16.73
35 28 2 9.3 1000 —1.66 —1.92 —3.89 —12.98 —18.32

@Concentrations estimated on the basis of Si concentrations and bytownite stoichiometry.

®Final distilled water pH = 6.5.
°No dissolved Al detected: Gibbsite saturation assumed.

where feldspar dissolution rate (r) is dependent on
an intrinsic rate constant (k), and functions of proton
activity (or pH= —log a,+), ionic strength (1),
solution saturation state (or chemical affinity, AG,)
and ligand activity (L) (Lasaga et a., 1994). All of
these terms have potential temperature dependencies.
The experiments were conducted under conditions
where the chemical affinity term can be neglected
(see above), and the small differences between the
results of the distilled water and KNO, experiments
demonstrate that the effects of ionic strength can be
neglected in these short-duration experiments. There-
fore, only the pH and ligand effects are likely to
influence the rates of dissolution and the temperature
dependence of dissolution in these experiments.
Feldspar dissolution rate is a complex function of
pH. Dissolution rates are lowest and approximately
independent of pH in near neutral solutions (pH 5 to

8), and increase with both increasing and decreasing
pH (Chou and Wollast, 1985; Blum and Lasaga,
1988; Brady and Walther, 1989). The pH depen-
dence of dissolution rate can be empirically de-
scribed, in the absence of chemical affinity, ionic
strength or ligand effects, as (Drever and Vance,
1994):

r="f(ay+) =kaj+ +k, + ksad,-, (3)

where r is dissolution rate; k;, k, and k; are the
rate constants in acidic, neutral and basic solutions;
n and m are the order of the reaction and are related
to the adsorption of protons and hydroxy! ions on the
mineral surface (Blum and Lasaga, 1988; Brady and
Walther, 1989). Our experiments were performed in
neutral pH conditions (the pH range of most natural
environments) where dissolution rates are lowest and



346 SA. Welch, W.J. Ullman / Chemical Geology 167 (2000) 337-354

independent of small changes in pH. Therefore, in
our experiments, the first and third terms in Eq. 3
should be negligible and the reaction rate, r, should
be equal to k, (Hellmann, 1994). The distilled water
and KNO; experiments provide the basis for estimat-
ing the temperature dependence of the rate constant
for hydrolytic dissolution, k,. The remaining experi-
ments provide the basis for determining the addi-
tional impact of ligands on the dissolution process
and the temperature dependence of this additional
process.

4.3. Apparent activation energies

Fig. 3 shows bytownite dissolution rates as a
function of temperature in the different treatments.
The apparent activation energies of dissolution fall
into two groups (Table 1). The distilled water and
KNO; experiments have apparent activation energies
of approximately 10 kcal /mol. The apparent activa
tion energy of bytownite dissolution determined in
the acetate solutions, a ligand that forms only weak
complexes with dissolved Al, is similarly =10
kcal /mol. Based on an analysis of covariance of all
of the data in Table 1 (Soka and Rohlf, 1981), the
activation energies determined in these three experi-
ments are indistinguishable (P = 0.5). The apparent
activation energies of bytownite dissolution in solu-
tions of oxalate and gluconate, both ligands that form
strong complexes with dissolved Al and presumably
at Al-sites on the bytownite surface, are also homo-
geneous (P =0.67) but are significantly different
from the other three experiments (P = 0.0002).

The overall rates of bytownite dissolution in our
oxalate and gluconate experiments represent the net
effect of the rates associated with hydrolysis and
ligand-promoted dissolution (see Eqg. 2). Although
the exact nature of the interaction between the two
reaction mechanisms is not clear and cannot be
determined on the basis of these experiments aone,
the impact of the ligand-promoted effect on the
overall dissolution process is equivalent, in these
experiments, to a 3 kcal /mol catalytic reduction in
the apparent activation energy of bytownite dissolu-
tion.

The apparent activation energy for feldspar disso-
lution has been estimated previously in a number of
laboratory and field studies (Brady, 1991; Brady and

Carroll, 1994; Velbel, 1993; Hellmann, 1994; Lasaga
et a., 1994 and references therein; Dorn and Brady,
1995; Chen and Brantley, 1997). Knauss and Wolery
(1986) calculated an E, of 13 kcal /moal for albite
dissolved in a flow-through reactor at neutral pH for
a temperature range of 25°C to 70°C. Brady and
Carroll (1994) calculated an E, of 11.5 kcal /mol for
Si release from labradorite feldspar in a flow-through
reactor in slightly acidic solutions (pH 4) from 21°C
to 60°C. Tole et al. (1986) obtained values of 12—-15
kcal /mol for the dissolution nepheline, a
feldspathoid, in neutral pH solutions from 25°C to
80°C. Hellmann (1994) determined an apparent acti-
vation energy of 16.5 kcal /mol for albite dissolution
at neutral pH and temperatures between 100°C and
300°C. Chen and Brantley (1997) determined appar-
ent energy for abite dissolution over a range of
temperature and pH (up to 4.5) and calculated a
value of 15.6 kcal /mol. In genera, the E, for
silicate minerals dissolved at low temperatures and
different experimental conditions ranges from 10 to
20 kcal /mol (Lasaga et al., 1994). The value ob-
tained in this study for silicarelease, 10 kcal /moal, is
in the lower end of the range for silicate minerals but
is consistent with other values obtained for plagio-
clase feldspars at near neutral pH conditions.

Our activation energy estimates are based on a
simple, proton and Al®*-independent, kinetic model.
A number of investigators (Carroll-Webb and
Walther, 1988; Carroll and Walther, 1990; Casey
and Sposito, 1992; Hellmann, 1994) have demon-
strated that apparent activation energies may have
pH dependence. Since our experiments were con-
ducted at essentially constant pH, we cannot take this
pH dependence into account in our calculations.
Oelkers et al. (1994) have suggested that aluminosili-
cate dissolution rates may be dependent on Al®*
concentrations in solution. In our experiments with
distilled water, KNO,, acetate and oxalate, free AI**
concentrations were below analytical detection or
fully complexed in solution. For the gluconate exper-
iments, the speciation of AI** could not be deter-
mined analytically. However, equilibrium calcula-
tions, based on the data in Table 3, suggest that AI®*
concentrations would similarly be below our analyti-
ca detection. We, therefore, cannot consider the
possibility of Al3*-dependent kinetics and the impact
of the Oelkers et al. (1994) kinetic formulation on
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Fig. 3. Arrhenius plots for Si release from feldspar in (a) deionized water, (b) 1 mM KNOj, (¢) 1 mM sodium acetate, (d) 1 mM sodium
oxalate, (e) 1 mM sodium gluconate. Data points for replicate experiments are offset by +0.00005 along the x-axis.
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our estimates of the temperature dependence of by-
townite dissolution.

Higher values of E, have been determined from
field measurements of feldspar weathering rates.
Dorn and Brady (1995) use backscattered electron
microscopic images of plagioclase feldspar from
Hawaiian volcanoes to determine the effects of tem-
perature on weathering over long time scales. They
chose sites that had similar rock types and similar
environmental conditions (i.e., same amount of rain-
fall, no encrusting organisms), but different mean
annual temperatures. The apparent activation energy
determined from the extent of plagioclase feldspar
westhering was 26.2 kcal /mol, much higher than the
laboratory estimate of 10-15 kcal /mol. Velbel
(1993) estimated plagioclase feldspar weathering
rates from two catchments that had similar condi-
tions (i.e., rock types, rainfall, soils, topography), but
were at different elevations and, therefore, had dif-
ferent mean temperatures. The E, for feldspar hydro-
lysis (based on Na release) is 18.4 kcal /mol, again
higher than the laboratory estimates of E,. Velbel
(1993) attributes the anomalously low E, in labora-
tory experiments to the artificially high weathering
rates determined in the laboratory at low tempera-
tures, which decrease the slope of the Arrhenius plot.
This may be a factor in our experiments, since
experiments lasted only a short time, atrue long-term
dissolution rate was not attained. However, the E, of
Na release from feldspar is not necessarily equal to
the E, of Al or Si release since these reactions all
occur by different or a different series of mecha
nisms (Casey and Bunker, 1990). There are aso
uncertainties in the field measurements, such as un-
certainties and variations in temperature, and small
differencesin topography, soils and vegetation, which
also contribute to the discrepancies between labora
tory and field measurements.

Part of the discrepancy between laboratory and
field estimates of apparent activation energy of min-
eral dissolution may be due to the effects of seasonal
temperature cycles. Field estimates of E, are calcu-
lated from a mass flux of material from different
areas, assuming an average mean temperature. How-
ever, since weathering rate is a logarithmic function
of temperature, rates increase faster with an increase
in temperature than they decrease for an equivalent
decrease in temperature. The ** kinetic mean temper-

ature’’ is always greater than the actual mean tem-
perature and the apparent activation energies from
field measurements overestimates the real tempera-
ture dependence of the dissolution reaction (Lasaga
et al., 1994). Seasona variations of rainfal and
biological activity may also yield different apparent
activation energies in field compared to laboratory
experiments.

4.4, Soichiometry

Feldspar dissolution in al of these experimentsis
nonstoichiometric over the temperature range tested.
In the inorganic control and acetate experiments,
silica was preferentially released to solution at all
three temperatures compared to Al, which was below
detection in al cases. However, Al was released to
solution in the experiments with complexing organic
acids, in most cases a a stoichiometric ratio above
that of the dissolving mineral (Fig. 4). Similar results
were obtained in previous feldspar dissolution exper-
iments with this minera in flow-through reactors in
our laboratory (Welch and Ullman, 1993, 1996).
Al /Si release ratios were lowest in neutral inorganic
solutions and increased with increased acidity or
organic ligand content. Several other laboratory and
field studies on minera weathering have demon-
strated an increase in Al release to solution in the
presence of complexing organic ligands (Antweiler
and Drever, 1983; Surdam et al., 1984; Mast and
Drever, 1987; Stillings et al., 1996).

Nonstoichiometric dissolution may be the result
of preferential dissolution of a more siliceous phase,
precipitation of secondary Al-rich phases or forma
tion of aresidual leached material (Casey and Bunker,
1990). It is unlikely that excess Si release is due
primarily to the dissolution of a more Si-rich phase.
Bulk feldspar from Crystal Bay contains traces of
garnets, metal oxides and clays, most of which are
removed by the physical and chemical sample pre-
treatment processes. In addition, Si-rich phases, such
as quartz or more siliceous feldspars, which could be
present in the treated sample, dissolve more slowly
than bytownite and, therefore, cannot be responsible
for the nonstoichiometry (Welch and Ullman, 1996).

Another possihility is that secondary phases, such
as gibbsite, kaolinite or amorphous silica, are precip-
itating in the reactor. Our calculations (above and
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Fig. 4. Al/S release rate for feldspar dissolved in (2 1 mM
oxalate and (b) 1 mM gluconate solutions at 5°C (@), 20°C (m)
and 35°C (a).

Table 3) indicate that none of the experimental solu-
tions are supersaturated with these secondary phases
when Al is detectable. It is possible that gibbsite
solubility is controlling Al concentrations in the ex-
perimental solutions where Al was not detected and,
therefore, could account for the observed nonstoi-
chiometric dissolution in the inorganic or acetate
experiments, but not for the excess Al concentrations
and release found in the complexing ligand experi-
ments. Another possibility is that a residual material
is forming at mineral surfaces (Pafes, 1973; Chou
and Wollast, 1984). However, the amount of mate-
rial released to solution in these short-duration exper-
iments is insufficient to account for substantial
leached layer formation.

Oxaate enhanced Si release from minerals at al
temperatures, but it was particularly effective in
enhancing Si release at the lowest temperature (Ta
ble 1). Gluconate enhanced dissolution to a lesser

extent, but again the effect was greatest at the lowest
temperature. This increase in Si release was corre-
lated with Al release (Fig. 2d and e) and Al/Si
release ratios (Fig. 4), indicating that the increase in
Si release rates by oxalate or gluconate is controlled
by the Al release. This probably occurs due to the
decoordination of S tetrahedra as Al is removed
from the mineral surface (Brady and Walther, 1989).
Several other studies have demonstrated an enhance-
ment of alumino-silicate mineral dissolution due to
oxalate (Surdam et a., 1984; Manley and Evans,
1986; Bennett et al., 1988; Bevan and Savage, 1989;
Johnston and Vestal, 1993; Welch and Ullman, 1993).
Microbial production of gluconate also enhances alu-
mino-silicate mineral dissolution in batch reactors
although gluconate was not as effective as oxaate at
enhancing rates (Vandevivere et al., 1994). This
catalytic effect is responsible for the ~ 3 kcal /mol
difference in activation energies found in our two
groups of experiments (see above).

Both oxalate and gluconate form bidentate inner-
sphere complexes with auminum and, therefore,
should attack feldspar surfaces and participate in
alumino-silicate mineral weathering reactions
(Motekaitis and Martell, 1984; Fein, 1991). The
stability constants for various Al—oxalate complexes
in solution increase with increasing temperatures
from 25°C to 100°C (Tait et al., 1992; Thyne et 4.,
1992). Therefore, it could be expected that Al com-
plexing at surface sites and Al release to solution
will increase with increasing temperatures. Given the
similarity in ligand and complex structure, both ox-
aate and gluconate should follow the same trend.
The predicted increase in Al-release rates with tem-
perature, as suggested by the stability trend, how-
ever, did not occur in our experiments. Final Al
concentration in oxalate solution increased with in-
creasing temperatures from 5°C to 20°C but, then,
concentration decreased as temperature increased to
35°C. The Al /Si release ratio in the oxalate experi-
ments decreased with increasing temperatures from
three to four times higher than the mineral stoi-
chiometry at 5°C to approximately stoichiometric
dissolution at 35°C (Fig. 4a). A similar trend was
observed in the gluconate treatments, with Al /Si
release ratios decreasing with increasing tempera
tures (Fig. 4b). Therefore, the temperature depen-
dence of Al-ligand stability in solution cannot be the
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primary factor controlling Al release rates in these
batch experiments.

Since changes in the stability of Al—organic com-
plexes in solution with temperature cannot account
for the observations in these experiments, then other
mineral—organic interactions must be controlling dis-
solution rates. There is little data on the temperature
dependence of adsorption of low molecular weight
organics to mineral surfaces. In one study, Fein and
Brady (1995) found that the adsorption of oxalate to
alumina surfaces did not change significantly from
25°C to 60°C, athough, in general, adsorption of
organics to surfaces decreases with increasing tem-
perature (Afzal et al., 1990; Schwartzenbach et al.,
1993; Piatt et a., 1996). The increase in adsorption
at lower temperatures can be attributed to a decrease
in the solubility of organic compounds as tempera-
tures decrease and a negative enthalpy of sorption
(Piatt et al., 1996). Some experiments have shown
(Carroll and Walther, 1990; Brady and Walther,
1992; Hellmann, 1994; Chen and Brantley, 1997)
that the pH dependence of dissolution rates increases
with increasing temperature due to proton adsorption
to the surface. At a given pH, with increasing tem-
perature, proton adsorption was found to increase
due to changes in mineral surface charge; con-
versely, anion adsorption should increase with de-
creasing temperature. As organic anion adsorption is
an early step in the dissolution process, the enhance-
ment of mineral dissolution due to organic interac-
tions with the mineral surface should be reduced at
higher temperatures. This is consistent with our re-
sults that show the largest relative enhancement of
dissolution rates at low temperatures.

The stability of Al—organic complexes in solution
or on alumina surfaces may not, however, be a good
predictor of the reactions of Al—organic complexes
on the feldspar surface. Kummert and Stumm (1980)
determined that the tendency for organic ligands to
form complexes with surface Al atoms on hydrous
Al,O, was similar to that of organic ligands to form
complexes with Al*2 in solution. However, Al is
octahedrally coordinated in solution and in alumina
and tetrahedrally coordinated in feldspars, which may
affect the interaction between the ligand and the Al
ion or Al surface sites on the feldspar surface. Lig-
ands may more easily bond directly to tetrahedrally
coordinated Al atoms on the feldspar mineral surface

since the Al d-orbitals are empty and available to
accept electron pairs. The formation of the com-
plexed aluminum tetrahedron, particularly the forma-
tion of a bidentate complex, may be the important
step in the conversion to the octahedral soluble form.
The similarity in the E, of bytownite dissolution in
oxalate and gluconate solution suggests that oxalate
and gluconate are similarly effective at catalyzing
the tetrahedral Al to octahedral Al transition on the
feldspar surface, although they differ substantially in
the strength of the Al—organic complex in solution.

4.5. Implications for global weathering

The magnitude of the feedback between Ca—Mg-
slicate mineral weathering and atmospheric CO,
and global climate depends on the apparent activa
tion energy of mineral dissolution, higher E, values
result in stronger negative feedback (Walker et al.,
1981; Berner et a., 1983; Volk, 1987; Brady, 1991;
Brady and Carroll, 1994). Berner (1993) used a
vaue of 15 kcal /mal for E, to estimate atmospheric
CO, concentration and mean global temperature over
geologic time. This model predicted a grester tem-
perature variation than can be demonstrated based on
paleoclimatic data. When higher values of E, are
used (20 kcal /mol), the model predicts both lower
vaues of pCO, and smaller fluctuations in tempera-
ture over geologic time (Brady, 1991). The values of
E, determined in our experiments for the weathering
of Carich plagioclase feldspar would lead to a
weaker feedback and larger excursions in atmo-
spheric CO, and climate. It is unrealistic, however,
to take our measured values of E, and substitute
them directly into these models as the dissolution
reaction is only one component of the natural weath-
ering process: the weathering mechanism may vary
with temperature as well. The experimental tempera
ture dependence of dissolution rate should not be
used alone as a proxy for the temperature depen-
dence of natural mineral weathering. Nonetheless,
our results are consistent with observations of natu-
rally weathered rocks and can have implications for
seasona weathering fluxes or the role of biologically
mediated weathering over a range of temperature.

Observations of naturally weathered rock surfaces
from a Hawaiian lava flow demonstrate that lichen-
mediated rock-weathering rates are faster than for
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uncolonized surfaces by a factor of approximately 2
to 20, though rates varied as a function of tempera-
ture and precipitation (Dorn and Brady, 1995; Brady
et al., 1999). The apparent activation energy for
lichen-mediated weathering of plagioclase and olivine
was approximately 12 kcal /mol, significantly lower
than the 20 to 26 kcal /mol for abiotic weathering of
similar rock surfaces. This is consistent with our
experimental work, which demonstrates the catalytic
effect of organically mediated mineral dissolution.
Although the absolute increase in the rate of mineral
dissolution and of natural weathering increases with
temperature, the relative inCrease, Iy ganic/ Tinorganics 1S
actually greatest at the lowest temperature and, there-
fore, biologically mediated silicate weathering reac-
tions at low temperatures might be more important
than previously suspected. Johnston and Vesta
(1993), for example, have shown strikingly high
rates of minera weathering associated with oxaate
production by lichens in Antarctic soils.

The interesting corollary to thisis that, as temper-
atures increase, organic ligands should have a lesser
effect on catalysis of the dissolution reaction, and at
some temperature, the rates of organically mediated
and hydrolytic silicate mineral dissolution far from
equilibrium should be indistinguishable. This occurs
at approximately 35°C for gluconate (Table 1 and
Fig. 4) and at = 60°C for oxaate (estimated by
extrapolation). This does not mean, however, that at
higher temperatures, these ligands have no effect on
silicate mineral weathering reaction. They still may
be able to affect dissolution by indirect means. Since
the stability constant of Al—organic complexes tend
to increase with temperature, these ligands should be
particularly effective in increasing the overall amount
of material released to solution and the rates of
dissolution closer to equilibrium. This effect may be
less dramatic, but still important, in many geological
Settings.

Even though feldspars are the most abundant
mineral at the Earth’s surface, their weathering rates
and temperature dependence of weathering rate are
generaly lower than for other less stable Ca- and
Mg-silicates (Lasaga et al., 1994; Chen and Brantley,
1998). For example, the dissolution rates of two
Ca—Mg-rich pyroxenes, enstatite and diopside, deter-
mined in laboratory experiments, are approximately
two orders of magnitude faster than the dissolution

rate for feldspars under similar experimental condi-
tions (Lasaga et a., 1994 and references therein).
The experimentally determined temperature depen-
dence of pyroxene dissolution is also larger than for
feldspars (approximately 20 kcal /mol). Therefore,
the chemical weathering of other Ca—Mg-silicate
minerals (such as pyroxenes, amphiboles and olivine)
may be a more available source of Ca and Mg to
solution and, consequently, a more important regula-
tor of atmospheric CO, than the weathering of the
more abundant feldspars.

In addition, other biologically mediated processes
may affect weathering rate and, therefore, the tem-
perature dependence of weathering. For example, as
temperatures increase due to higher atmospheric
CO,, biomass should aso increase due to higher
photosynthesis rates. Increasing plant abundance due
to increased temperature and atmospheric CO, con-
centrations should cause increased production of soil
CO, and organic acids (Volk, 1987; Berner, 1991;
Gwiazda and Broecker, 1994). The rates of produc-
tion of these dissolution-enhancing compounds
should increase with temperature due to higher
metabolic rates.

5. Conclusions

The apparent activation energy for hydrolytic Si
release from bytownite feldspar determined in our
experiments is approximately 10 kcal /mol. This
vaueisin the lower end of the range for E, of other
silicate minerals (10-20 kcal /mol), but it is consis-
tent with other laboratory measurements of feldspar
dissolution. Acetate, a ligand that forms only weak
complexes with Al in solution and presumably at the
Al-sites at the mineral surface, has no affect on
mineral dissolution and the temperature dependence
of dissolution. Both oxalate and gluconate, ligands
that form strong bidentate complexes with Al in
solution, enhanced dissolution by catalyzing the re-
lease of Al from the mineral surface. The catalysis
leads to a decrease in the activation energy of disso-
lution of approximately 3 kcal /mol. These com-
pounds had a relatively larger effect on dissolution
rates at lower temperatures, presumably due to an
increase in the adsorption of these compounds to the
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Al-sites at the mineral surface, an early step in the
dissolution process.
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