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Abstract

Ž . Ž .Experimental studies on the dissolution kinetics of anorthite under N g and CO g atmospheres at 258C in electrolyte2 2

solutions, pH range 5.5-pH-8.5, have been performed using laboratory flow-through reactors. Aluminum release from
anorthite is accelerated in the neutral to near-basic pH region. Because Al is the slowest dissolving network-forming cation
under these conditions, we propose that accelerated Al release corresponds to a long-term acceleration of anorthite
dissolution. The rate of Al release from anorthite correlates with solution concentration of carbonate ion according to a

Ž . y7 0.76 y1.52 y1fractional-order empirical rate law; ks 1.1"1 =10 mol m h :

0.242yRatesk CO3

We propose a two-step reaction mechanism where inorganic carbon is rapidly adsorbed, forming a reactive bi-dentate
surface Al–carbonate complex that is released to solution in a much slower, irreversible step. The rate expression formally
derived from this dissolution mechanism is consistent with the observed dependence of Al release rate on the master
variables PCO and pH. A comparison with published data on the weathering kinetics of plagioclase in solutions of oxalic2

acid shows that the reactivity of carbonate is similar to that of the organic ligand oxalate. Because of pH effects on the
speciation of these ligands in solution and on mineral surfaces, carbonate promoted weathering is especially important at
near-neutral and basic pH. We propose that the generally termed ‘‘carbonation weathering’’, the effect of elevated
subsurface PCO to accelerate rock weathering through suppression of pH, be extended to include the speciation and2

reactivity of inorganic carbon at neutral and near-basic pH. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Current models of the geochemical carbon cycle
include a weathering feedback mechanism that mod-
erates calculated fluctuations of atmospheric PCO2
ŽWalker et al., 1981; Berner et al., 1983; Volk, 1987;

.Marshall et al., 1988; Berner, 1991; Berner, 1994 .
This negative feedback results from increased weath-
ering of Ca- and Mg-silicates, which provides a
long-term sink for atmospheric carbon, in response
to increasing atmospheric PCO . The mechanism is2

thought to occur through greenhouse and fertilization
effects of increased PCO on global temperature2

and vegetation, respectively, and their associated
impact to accelerate chemical dissolution in soils.

Chemical models for mineral weathering in soils
indirectly address effects of climate and biota by
describing how dissolution rates depend on tempera-
ture and the composition of soil water. In particular
the effects of protons and organic acids, originating
from coupled biological production and decomposi-

Žtion, to accelerate dissolution rates White and Brant-
. Žley, 1995 are considered Schnoor and Stumm,

.1985 .
Elevated carbon dioxide levels have also been

observed to increase weathering rates in laboratory
Ž .studies at high temperature 100–2008C and PCO2

Ž . Ž .2–20 bar Lagache, 1965 . The weathering rate at
these pressures is represented as proportional to
PCO0.3. Models of the geochemical carbon cycle,2

that mathematically formulate a globally averaged
effect of CO on weathering, adopt this relation and2

consequently assume that this same relation holds at
PCO ’s encountered in the atmosphere or in natural2

Žsoils Walker et al., 1981; Volk, 1987; Marshall et
.al., 1988; Francois and Walker, 1992 . Extrapolation

of Lagache’s experiments also provide the basis of
relations between weathering rate and PCO used to2

Žmodel weathering in soils Warfvinge and Sverdrup,
.1992; Sverdrup and Warfvinge, 1993 . The effect of

CO in these experiments has been interpreted as2
Žsolely a pH effect Helgeson et al., 1984; Brady,

.1991 or as a result of carbon dioxide adsorption
Ž .Sverdrup, 1990 . Since the mechanism of the effect
is not known, and the extrapolation to low PCO ’s2

values is not verified, additional studies on the im-
plied link between PCO and mineral weathering is2

needed.

It is often postulated that dissolved carbon dioxide
provides protons for enhanced mineral dissolution;

Ži.e., ‘‘carbonation weathering’’ Holland et al., 1986;
.Schlesinger, 1991 . The upper range of tabulated soil

Ž y2 y1.5 . ŽPCO 10 –10 atm Appelo and Postma,2
.1993 only results in suppression of pH to values

slightly below pH 5, while acceleration of silicate
weathering due to protons generally occurs below

Ž .pH 4–5. Brady and Carroll 1994 also showed
conclusively that at pH 4, weathering of plagioclase
at 258C was not significantly different under CO2

and inert atmosphere. Malmstrom and Banwart¨
Ž .1997 showed no effect of CO on biotite dissolu-2

Ž .tion, while Wogelius and Walther 1991 and Brant-
Ž .ley and Chen 1995 ; citing data from Xie, 1994

showed slower dissolution in the presence of CO2

for olivine and wollastonite, respectively. Bruno et
Ž .al. 1992 , however, observed that iron oxide disso-

lution is enhanced at neutral pH in the presence of
Ž .CO g . They proposed a ligand-accelerated dissolu-2

tion mechanism where adsorbed inorganic carbon
species de-stabilize the mineral surface. This effect is
similar to that proposed for adsorbed organic ligands
such as oxalate to accelerated mineral dissolution,
and is expected considering the structural similarity
between the carbonate ligand and carboxylic acids.

It is clear that adsorbed ligands can influence the
stoichiometry and rate of release for framework ions

Žexposed at the surface of dissolving feldspars see
.review by Blum and Stillings, 1995 . Previous stud-

Žies of bytownite, labradorite Welch and Ullman,
. Ž .1993 and oligoclase Mast and Drever, 1987 disso-

lution showed Al release to be slightly slower than
for Si for 5-pH-9. Studies with albite showed the
dissolution to be more nearly stoichiometric in the
same pH range, with slightly faster release of Si
ŽChou and Wollast, 1984, 1985a; Holdren and Spyer,

.1985 . All authors generally reported non-stoichio-
metric dissolution for pH-5, with preferential re-
lease of Al observed in all cases. For oligoclase
Ž .Mast and Drever, 1987 , bytownite and labradorite
Ž .Welch and Ullman, 1993 , the presence of organic
ligands was found to accelerate Al release such that
nearly stoichiometric release was obtained in the
range 5-pH-9. The dissolution kinetic models of

Ž . Ž .Schnoor 1990 and Malmstrom and Banwart 1997¨
predict that accelerating the release rate of the slow-
est dissolving framework ion will lead to an eventual
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accelerated stoichiometric dissolution of the bulk
mineral. If Al release is slower than Si release at
circumneutral pH, then acceleration of Al release
through formation of reactive surface Al-oxalate or
Al–carbonate complexes will lead to accelerated dis-
solution of the mineral.

Here we present laboratory evidence that the
Žweathering rate of calcium feldspar anorthite;

Ž ..CaAl Si O s relates directly to the activity of the2 2 8

carbonate ligand under conditions of pH, temperature
and total pressure that approximate those of modern
soils. The increase in dissolution rate is significantly
greater, at near-neutral pH, than that predicted from

Žthe published reactivity of oxalic acid Amrhein and
.Suarez, 1988 . We conclude that the speciation and

reactivity of inorganic carbon should be considered
in current models of chemical weathering, and should
be assessed regarding a possible role in the weather-
ing feedback mechanism.

2. Experimental materials and methodology

2.1. Mineral preparation and characterization

Anorthite preparation was carried out at the min-
eralogy department of the National Natural History

Ž .Museum Naturhistoriska Riksmuseet, Stockholm .
Centimeter-sized samples of anorthite-rich rock from

Ž .Grass Valley, CA Wards Scientific were picked
over to select those with the most uniform visual
appearance, excluding samples with darker inclu-
sions or with obvious oxide or carbonate coatings.
The selected pieces were crushed, sieved and then
passed sequentially through a magnetic separator
three times. The white-colored separate was im-
mersed briefly in distilled water to eliminate the
greatest part of any fine dust remaining from the
grinding procedure, then rinsed three times in suc-
cession with sonification in ethanol for 3–5 min each
time, and with decanting and replacement of the
ethanol used in each rinse. The cleaned powder was
then left to air dry. Chemical composition was deter-

Ž .mined by electron micro probe Table 1 , with re-
sults showing no detectable Na. Surface area of the
chosen size fraction, 30–70 mm, was determined
using the B.E.T. method to be 0.43 m2rg. X-ray
powder diffraction analysis of unreacted anorthite

Table 1
Electron microprobe analysis of Grass Valley anorthite

wt.% Element Stoichiometric
coefficient

Al 18.26 1.94
Si 19.64 2.0
Ca 16.79 1.2

samples showed no crystalline phases above the
detection-limit of 5% other than anorthite. Scanning

Ž .electron microscopy SEM and SEM backscatter
imaging showed no adhering fine material, no sur-
face coatings or films and no visible exsolved phases.

2.2. Flow reactor

The kinetic experiments were performed using a
Žthin-film continuous flow reactor Bruno et al., 1991;

Deng and Banwart, 1994; Malmstrom and Banwart,¨
.1997 . The advantages are similar to fluidized-bed

Ž .Chou and Wollast, 1984, 1985a , single-pass
Žmixed-flow Holdren and Spyer, 1985; Rimstidt and
. ŽDove, 1986 and single-pass bed Knauss and Wol-

.ery, 1986 reactors where reaction products are
flushed from the reactor to minimize back-reactions
with the mineral. The solid phase is introduced as a

Ž .thin 1–2 mm layer of powder on a membrane filter
across which a feed solution is continuously pumped.
Dissolution rate is determined from the product of
flowrate and dissolved ion concentration at the reac-
tor effluent, and normalized to B.E.T. surface area of
reacting solid mineral. Flowrate is measured by
weighing effluent sampled during a controlled inter-
val of time. This reactor is, in concept, a differential
cross-section taken perpendicular to the longitudinal
axis of an experimental column. The experimental
reaction rates represent an average rate of solute
accumulation within the reactor during the sampling
interval, and are representative if rates are approxi-
mately steady over the sampling interval.

2.3. Experimental and analytical procedure

Ž .A known mass of anorthite 1.3 g was introduced
into the reactor on a Millipore filter of 0.22 mm
pore-size, and reacted with a feed solution. The total
ionic strength of the feed solution was adjusted to
0.05 molrdm3 by combining standard solutions of
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NaClO and NaHCO . Constant ionic strength was4 3

maintained in order to eliminate the effects of chang-
ing ionic strength on solution and surface speciation
and on the liquid-junction potential of the electrode
system used to monitor pH.

All salts used were of pro analysi or higher
quality. Feed solutions were maintained in equilib-

Ž .rium with high quality gas mixtures AGA Gas with
a composition known within 0.2%. The compressed

Žgas was introduced into the feed solution vessels 1 l
.volume by bubbling slowly from a 2 mm feed tube

immersed in the solution. Feed solutions were main-
tained at the same temperature as the reactors. The
CO gas was washed by bubbling through 10%2

sulphuric acid followed by the ionic medium at the
temperature used in the experiment in order to satu-
rate the gas with water. The N gas was washed in2

the same way but with an additional washing in 10%
NaOH. Solution flowrate through the reactor was
maintained near 2.5 mlrh. Samples of the outflow
were taken regularly over a period of 6–7 weeks, the
time needed to reach a constant outflow concentra-
tion for each ion. After acidification with HNO the3

samples were stored until the end of the experiment,
when all samples were analyzed at one time. Alu-
minum, Ca and Si concentrations were determined
by Inductively Coupled Plasma Atomic Emission

Ž . ŽSpectroscopy ICP-AES on an ARL Applied Re-
.search Laboratories model 3520 B ICP analyzer.

Analyses of samples were compared with calibration
curves obtained from measurements on standard so-
lutions containing Al3q, Ca2q and H SiO prepared4 4

with acidified solution media of the same ionic
composition as used in the experiments. No correc-
tion for interelement interference was necessary.

The pH of the reactor outflow was measured on
line after the reactor in a small flow-through mea-
surement cell using a glass electrode–reference elec-

Ž Ž . Ž .trode pair of the type: Ag s ,AgCl s ,AgNO r3
NaClO rrtest solutionrrglass electrode. The glass4

measurement cell contributed to a low background
contamination of silicon as observed when feed solu-
tions were run through the experimental setup in the
absence of reacting mineral. All samples concentra-
tions were subsequently corrected for this systematic
error in Si concentration by subtracting the amount
released in the absence of anorthite. On average the
error contributed to 37% of the total Si signal. In all

cases the corrected Si signal was at least 6 times the
detection limit. This study focuses on the slower,
rate-determining release of Al from the anorthite
surface. We demonstrate below that there are no
reaction products, such as secondary minerals, that
affect Al release rates.

The kinetics of anorthite dissolution in the pres-
ence of CO was studied first. Feed solutions were2

maintained at a fixed PCO of 0.097 atm and2
Ž0.0097 atm referred to as 0.1 and 0.01 atm in the

.text respectively. The experiments were performed
Ž .at various pH conditions 5.5-pH-8.3 depending

on the PCO selected, and the concentration of2

HCOy in the feed solution.3
ŽThe second set of anorthite-experiments a total of

.two at two different pH was conducted in a glove
Ž .box under N g atmosphere using the feed solution:2

w qx w qx w yx w yxNa q H s OH q ClO s0.05 M. Feed4
Žsolution pH was calculated from Gran titration Gran,

.1981 with residual acidity determinations to be pH
5.5"1 and 8.5"1. Due to slow glass electrode
response and low buffer capacity at these proton
concentrations there is an associated high uncertainty
in measured pH. An additional experiment at the
lower pH condition was carried out in order to
confirm reproducibility of pH measurements and Al
release.

The pH and bicarbonate and carbonate ion con-
centrations were calculated directly from the follow-

Ž .ing CO g rH O equilibria where PCO and bicar-2 2 2

bonate concentration were experimentally fixed:

CO g qH OsHCOyqHq pKŽ .2 2 3 a1

s7.66 258C, 0.05 M NaClOŽ .4

1Ž .
CO g qH OsCO2yq2Hq pKŽ .2 2 3 a2

s17.64 258C, 0.05 M NaClOŽ .4

2Ž .
Thermodynamic constants taken from Bruno et al.
Ž .1992 had been adjusted for ionic strength effects

Žwith the Specific Interaction Theory Stumm and
.Morgan, 1981, p. 412; Grenthe et al., 1992 .

2.4. Solid phase analysis

The anorthite surfaces were compared before and
after experiments using scanning electron mi-
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Ž .croscopy SEM , SEM microprobe analysis and X-
Ž . Ž .ray powder diffraction XPD Philips PW 1130r00

with a detection limit of 5%. Solution compositions
of the reactor effluents were entered into the geo-

Ž .chemical code PHREEQE Parkhurst et al., 1980 .
The code was used to calculate aqueous speciation
using the original WATEQ thermodynamic data base
Ž .Trusdell and Jones, 1974 and the subsequent revi-
sions that are critically reviewed by Nordstrom et al.
Ž .1991 . Calculation results included the degree of
saturation with respect to possible secondary mineral
phases, and were reported as the ratio log
ŽŽ . Ž ..IAP r K where K is the conditional solubil-SO SO

ity constant for a particular phase, and the IAP is the
corresponding ion activity product.

3. Results

3.1. Anorthite dissolution rates in the presence and
( )absence of CO g2

Fig. 1a shows the release rate for Al, Si and Ca
vs. time for one of the carbon dioxide-experiments.
An initial rapid release of all three elements is
followed by a slowly decreasing release rate that
seemingly approaches steady-state on the time-scale
of these experiments. The dissolution is non-
stoichiometric in all the experiments, with Al rates
always slower than that predicted from stoichiomet-
ric release with respect to Si. For experiments with
the fastest steady-state Al dissolution rates, Al and Si
rates approach stoichiometric release. Fig. 1b shows
the cumulative release of all elements with time.
Aluminum release is much less than Si and Ca. The
cumulative release of Al increases approximately
linearly with time, while Si release is parabolic and

1r2 Ž . Žplots as a straight line against t not shown for
.further discussion see Section 4 .

Fig. 2a–c shows the effect of pH on the dissolu-
tion rate of anorthite in the presence and absence of

Ž .CO g . Calcium- and Si-release rates show no pro-2

nounced dependence on pH in either case. Alu-
Ž . Ž .minum release is similar under N g and CO g at2 2

pH 5, and shows no pronounced dependence on pH
Ž .under N g . These results are consistent with those2

Ž .of Amrhein and Suarez 1988 who found the rate of
anorthite dissolution to be independent of pH in the

Ž .Fig. 1. a Release of Al, Si and Ca from anorthite as a function of
time at PCO s0.0097 atm and pHs8.1 in 25 mM NaHCO q2 3

25 mM NaClO. Values for dissolution rate correspond directly to
Ž .reactor outflow concentration C, molrl . For the thin-film reac-

Ž .tor, dissolution rate R; molrh is obtained by multiplying out-
Ž .flow concentration by flow-rate F, lrh ; RsCF. Taking all

experiments into consideration, the error in a single point, corre-
sponding to propagation of analytical uncertainty, was at the most
1%, 1% and 5% for Si, Ca and Al respectively. Reported rates
from all the experiments are taken as an average of the measured
rates during quasi-steady-state. The uncertainty in calculated aver-

Ž .age rates was typically 10%. b Plot of cumulative release versus
time. Cumulative Al release is nearly linear with time, while Si
release is proportional to the square root of time.

Ž .range 5-pH-9 under N g . The extensive compi-2

lation of aluminosilicate mineral dissolution rates of
Ž .Sverdrup 1990 generally shows dissolution kinetics

that are independent of pH in this range; i.e., our
Ž .results under N g are consistent with previous re-2

sults for feldspar dissolution in the absence of carbon
dioxide.

Aluminum release is dramatically higher in the
Ž .presence of CO g above pH 5, showing a strong2
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Ž . Ž . Ž . Ž .Fig. 2. Log dissolution rate of anorthite in terms of: a Si, b Ca and c Al, as a function of pH. d Log carbonate-accelerated dissolution
w 2yxrate of Al as a function of log CO . The error bars represent the 95% confidence interval.3

effect from dissolved inorganic carbon. Experiments
carried out at different PCO can be compared for2

the results near pH 7. Although there is a clear trend
of increasing Al release rate with pH in the presence
of carbon dioxide, the effect of increasing PCO2

from 0.01 atm to 0.1 atm at pH 7 is not dramatic.
This is expected, and arises due to speciation effects
where the master variable pH plays a much larger
role than that of PCO in determining the solubility2

of carbon dioxide, the distribution of reactive dis-
solved carbon species, and thus Al release rates
Ž .discussed below .

We tested for kinetic and transport control of
reaction rate by, after approximately 46 days of
pumping at an average flow rate of 2.5 mlrh, dou-
bling the flow rate. After 4–5 days we took two
more samples. Table 2 lists the release rates for Al,
Si and Ca during steady-state with a flow rate of 2.5
mlrh vs. the release at doubled flow rate. Aluminum
release rate is not affected by the increased flow rate;
doubling the flow rate corresponded to decreasing
the Al concentration in the reactor outflow by almost
exactly one-half. As discussed by Dibble and Tiller
Ž . Ž .1981 and Chou and Wollast 1985a; b , dissolution
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Table 2
Ž . Ž .Experimental flow-rates and corresponding dissolution-rates during steady-state of anorthite in the presence of 1% CO g2

pH Flow Day Rate Rate RateAl Si Ca
2w x w xmlrh nmolrm h

6.7 2.7"0.1 29–46 8.8"0.9 33.0"7 6.2"0.6
5.1 50 8.5 53.2 5.7

7.4 2.5"0.08 38–46 14.4"0.7 17.6"1 8.2"1
4.4 50 15.1 25.6 10.1
3.7 51 13.3 25.1 17.6

8.1 2.5"0.06 39–46 19.2"1 19.0"0.5 8.0"0.3
4.4 50 22.6 27.8 10.1
3.7 51 18.2 19.5 8.3

8.4 2.5"0.1 22–46 18.9"1 38.2"12 8.1"0.6
4.9 50 20.6 54.0 9.8
4.8 51 20.8 60.8 8.8

rates that are independent of flow-rate must be
independent of reaction product concentration, thus
indicating that reaction products do not back-react
with the mineral surface, and that the surface chemi-
cal reaction releasing reaction products to the min-
eral–solution interface is rate-limiting.

For transport-controlled dissolution, rates of Fick-
ian diffusion are proportional to the concentration
gradient between the mineral surface and the bulk of
the solution, and thus depend on solution composi-
tion. Because the solution concentrations of reaction
products decrease with increased flow rates, diffu-
sion-controlled release will likewise increase with
flow rate, although not proportionally. This be-
haviour is observed for Si in Table 2, other than the
experiment at pH 8.1 where release rate changes
little with flow rate, and for Ca except for the
experiment at pH 6.7 where release rate changes

Žlittle with flow rate noting that the release rates of
Ca at accelerated flow are in several cases nearly
within the standard error reported for the dissolution

.rate under slower flow . To conclude, Al release is
surface reaction controlled, while the rate controlling
mechanism is less conclusive for Si and Ca but
appears in most cases to be diffusion controlled,
possibly exhibiting mixed kinetics where neither
rate-controlling mechanism dominates the overall en-
ergetics of Si or Ca release to solution.

3.2. Stoichiometry of dissolution

Table 3 shows the accumulated release of Al, Si
and Ca from the anorthite. In all cases total Al
release is less than that of Si; i.e., the dissolution is
non-stoichiometric for the network-forming cations
Al and Si, with an apparent depletion of Si at the

Table 3
Ž .Cumulative release of Al, Si and Ca from anorthite reacted under 10% CO g during 37 days2

Equivalents of anorthite are calculated using the total moles of each element released and the corresponding stoichiometric coefficient for
Ž .the composition of anorthite according to the electron microprobe analysis Table 1 .

pH Al Ca Si Al Ca Si CarSi AlrSi
2 2w x w x w x w xmmolrm meqrm meq r meq

5.7 6.3 26 27 3.2 22 13 1.6 0.24
6.2 11 15 34 5.5 12 17 0.73 0.32
6.4 11 26 49 5.4 22 25 0.88 0.22
7.1 21 12 43 11 9.7 21 0.46 0.51
7.4 18 11 30 9.2 9.5 15 0.63 0.61
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reacting mineral–water interface. This result is
broadly in agreement with previous studies of by-

Ž .townite, labradorite Welch and Ullman, 1993 and
Ž .oligoclase Mast and Drever, 1987 dissolution which

showed Al release to be slightly slower than Si for
5-pH-9. These studies also showed that the pres-
ence of organic ligands accelerated Al release such
that nearly stoichiometric release was obtained in the
same pH range. These results are consistent with our
data plotted in Fig. 3, which show Al release to be
accelerated sufficiently that release rates approach
values that are stoichiometric with those of Si at the
highest Al release rates.

Ž . Ž w q x2 . Ž .Fig. 3. a Plot of PCO r H rRATE Al as a function of2
Ž w q x2 . Ž . ŽPCO r H . b Comparison of derived rate expression solid2

.line with experimental data. The error bars represent the 95%
confidence interval.

Aqueous speciation calculations show that the
outflow solution in all the experiments was undersat-

Ž . Ž .urated with respect to amorphous Al OH s , cal-3
Ž Ž . Ž ..cite, halloysite Al Si O OH s and amorphous2 2 5 4

silica. The ion activity product, IAP, corresponding
to the solubility of calcite and silica was smaller than
the solubility constant, K , by a factor of, onSO

average, 103.1 and 102.5, respectively. The IAP cor-
Ž . Ž .responding to Al OH a and halloysite was smaller3

than K by a factor of, on average, 101.1 and 101.7,SO

respectively, but was in two extreme cases smaller
than K by a factor of only 3.5. Outflow solutionsSO

were oversaturated with respect to kaolinite by a
factor 102 on average, but were approximately at
saturation in two of the experiments. X-ray powder
diffraction analyses of reacted anorthite samples
showed no crystalline phases other than anorthite.

Ž .Scanning electron microscopy SEM and SEM
backscatter imaging showed no neoformation of sur-
face precipitates or enrichment of the reacted anor-
thite surface by reaction products. Some areas of the
reacted surface showed limited spallation and possi-
ble formation of etch pits. These results and the
flow-rate dependence presented above indicate that
non-stoichiometric dissolution is unlikely to origi-
nate from precipitation or adsorption of reaction
products. In this case, non-stoichiometric dissolution
may result from multi-site dissolution reactions in
parallel, where Si release is faster than Al, and
therefore depleted relative to Al, at the mineral
surface.

4. Discussion

Ž .The kinetic models of Schnoor 1990 and Malm-
Ž .strom and Banwart 1997 predict that the rate of¨

dissolution for the bulk anorthite framework will be
accelerated if release of the slowest-dissolving
framework ion is accelerated. The Schnoor model
assumes that depletion of the more rapidly released
framework ion, Si in our experiments, creates a
depletion layer between the reacting surface and the
solution, which grows until transport of Si across the
layer becomes diffusion controlled. The depth of
layer increases until the diffusion path is sufficiently
long that Si release slows to the rate of Al release
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which is controlled by surface chemical reaction
kinetics. Acceleration of Al release by adsorbed
ligands will thus lead to a more rapid stoichiometric
dissolution. The model of Malmstrom and Banwart¨
assumes that Si is also surface reaction controlled,
and is proportional to the number of Si sites reacting
at the surface. As Si becomes initially depleted, the
release rate slows due to depletion of reactive sites.
The number of sites continues to decrease until the
Si release rate equals that of Al release. For both
models, the slowest dissolving network ion is the
best proxy for the long-term, stoichiometric dissolu-
tion of the mineral.

Acceleration of Al release by carbonate ligands
Žtherefore corresponds to accelerated and eventually

.stoichiometric dissolution of the anorthite. Earlier
application of Schnoor’s model to anorthite dissolu-
tion suggests a time period of 2–5 years to reach

Ž .stoichiometric dissolution Berg and Banwart, 1994 .
It is straightforward to calculate the time to reach
stoichiometric dissolution by using the model of

Ž .Schnoor 1990 . Applying the expressions for accu-
Žw x 1r2 . Žw x .mulation of Si Si sk t and Al Al sk t inSi Al

solution, and setting their first derivatives equal,
yields an expression that can be explicitly solved for

w x w x y1r2time: d Si rd tsd Al rd t, 1r2k t sk . TheSi Al

values of k and k are determined as straight lineSi Al
w x 1r2slopes by linear regression of plots of Si vs. t

w xand Al vs. t, respectively. Malmstrom and Banwart¨
Ž .1997 predict a time period of several decades for
the dissolution of biotite to become stoichiometric
under the reported reaction conditions. Both models
explain the non-stoichiometric dissolution observed
in these experiments as reflecting the individual re-
lease rates for Al and Si during initial development
of the reacting layer. This initial non-stoichiometric
dissolution reaches a quasi steady-state during which
further, much slower development of the Si-depleted
reacting layer leads to stoichiometric dissolution over
a period of years. This transition from the quasi
steady-state to stoichiometric dissolution is too slow
to be observed over the time scale of these experi-
ments.

4.1. Rate dependence on aqueous carbon species

The trend of increasing Al release rate with in-
creasing pH qualitatively correlates with the increas-

ing concentration of total dissolved carbon, hydrogen
carbonate ion and carbonate ion, with pH for an open

Ž . ŽCO g –H O system Stumm and Morgan, 1981,2 2
.pp. 180–182 . The stoichiometry between protons

and dissolved carbon dioxide for the reacting species
can be assessed by quantitatively comparing trends
in carbonate-accelerated dissolution rate with hydro-
gen carbonate ion and carbonate ion, respectively.
We calculated the rate of carbonate-accelerated dis-
solution of anorthite by subtracting the rate observed

Ž .in the absence of CO from the total rate R . The2 tot

dissolution rate of Al in the absence of CO is2

estimated by the average rate from the two determi-
Žnations at pH 5.5 and 8.5 a total of three experi-

. y9 2 Ž .ments ; R s4.4=10 molrm h. Eq. 2 ex-0

presses the carbonate-promoted dissolution of anor-
thite in terms of R and R where R is the rate oftot 0 c

carbonate-promoted dissolution of Al sites and R is0

the rate of dissolution of Al sites unoccupied by
carbonate ligands:

R sR yR 3Ž .C tot 0

The increase in the rate of aluminum release corre-
lates well with the dissolved carbonate ion concen-
tration. Fig. 2d shows the logarithm of the rate of
carbonate-accelerated dissolution plotted against the
logarithm of carbonate ion concentration.

The correlation with carbonate concentration is
represented by the empirical rate law Rate sC
w 2yxnk CO . Linear regression of the data plotted in3

Ž . y7Fig. 2d yields ks 1.1"1 P10 and ns0.24"
Ž0.001 error limits quoted correspond to the 95%

.confidence interval . Combining the mass law for
Ž Ž ..carbonate ion equilibrium Eq. 2 with this rate

w 2yxlaw, by eliminating the variable CO , yields the3
Ž . Ž .following Eq. 4 also written in logarithmic form 5

where the activity of water is assumed unity. This
form of the rate law avoids calculating solution
speciation and shows the direct dependence of disso-
lution rate in terms of the two master variables pH
and PCO :2

nw xPCO H O K2 2 a2
Rate skk 4Ž .C 2qž /w xH

log Rate s log kky0.24 pK q0.24 log PCOŽ . Ž .C a2 2

q0.48 pH 5Ž .
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This rate law predicts only a weak dependence of
dissolution rate on PCO . At fixed pH, the effect of2

a 1 order-of-magnitude increase in PCO would2

lead only to a 38% increase in dissolution rate.
Increasing pH by 1 unit at fixed PCO would2

increase the rate by 91%. At pH 7, values of PCO2
Žwould have to drop by 3 orders-of-magnitude to

y4 .;10 atm in order to decrease Al release rates to
Ž .those observed under N g . Alternatively, increasing2

hydrogen ion concentration by 1–2 orders-of-magni-
tude to around pH 5 decreases the dissolution rate to

Ž .that observed under N g . This effect emphasizes2

that rates increase with carbonate ion concentration,
which in turn is more sensitive to pH than PCO for2

Ž .an open CO g –H O system.2 2
w 2yx ŽThe fractional reaction order for CO ns3

.0.24 is consistent with surface–chemical-reaction
controlled dissolution, where the reaction rate is
proportional to the surface concentration of reactive

Žsorbates Grauer and Stumm, 1982; Blum and
.Lasaga, 1988; Wieland et al., 1988 . Fractional-order

dissolution kinetics arises from the adsorption behav-
ior of many solutes which can be described by the
Freundlich isotherm, C sK C1r m, where C is sur-s f Žaq. s

Ž y2 .face concentration mol m , C is solution con-Žaq.
Ž y1 .centration mol l and K and m are empiricalf

constants with 1rm generally less than 1 for mono-
Ž .layer adsorption Adamson, 1990 . Substituting the

expression for surface concentration directly into a
first-order rate law written in terms of surface con-
centration, RskC , would result in a fractional-orders

rate dependence of the form RskK C1r m, withf Žaq.
1rm-1.

Fractional-order kinetics corresponds to an ad-
sorption saturation effect where surface concentra-
tion of the reactive species starts to level off at
higher concentrations of solution species, due to the
approach to monolayer coverage for the reactive
adsorbate species. Because reaction rates are propor-
tional to surface concentrations of reactive species,
they likewise show a saturation effect; i.e., dissolu-
tion rates level off at higher concentrations of the
dissolved species. Fractional-order kinetics or satura-
tion effects for dissolution rates have been observed
for a number of mineral dissolution studies that
showed a corresponding integral-order rate depen-

Ždence on the surface concentration of protons Fur-
rer and Stumm, 1986; Zinder et al., 1986; Amrhein

and Suarez, 1988; Blum and Lasaga, 1988Blum and
Lasaga, 1991; Carroll-Webb and Walther, 1988;
Wieland et al., 1988; Wieland and Stumm, 1992;

. ŽOxburgh et al., 1994 , ligands Furrer and Stumm,
1986; Zinder et al., 1986; Amrhein and Suarez,

. Ž1988 or reductants Banwart et al., 1989; Hering
.and Stumm, 1990 .

4.2. Proposed mechanism and resulting rate expres-
sion

The correlation between Al release rate and dis-
solved carbonate ion concentration, and the frac-
tional-order rate dependence, are explained by con-
sidering adsorption of carbonate ion. Furrer and

Ž .Stumm 1986 demonstrated that the dissolution rate
of aluminum oxide was proportional to the surface
concentration of adsorbed ligands that accelerated
the release of Al from the surface. We tested this
hypothesis for carbonate-accelerated dissolution of
anorthite by deriving a rate expression where the rate
of Al release is proportional to the surface concentra-

Ž .tion of carbonate ligand. Eq. 6 describes the ad-
sorption of carbonate ion at hydrated Al sites on the
anorthite surface:

)AlOHqqCO2y
´AlCOyqH O 6Ž .2 3 3 2

Ž .Combining this reaction with Eq. 2 for the deproto-
Ž .nation of hydrated CO g to form carbonate ion2

allows us to write formation of the surface complex
in terms of the experimentally-fixed master variables

Ž .PCO and pH. Eq. 7 is the thermodynamic mass2
Ž . Ž .law obtained from combining Eqs. 6 and 2 . Eq.

Ž .8 is the corresponding stoichiometric reaction:

2y qw x)AlCO H� 43
K s ; 7Ž .s q)AlOH PCO� 42 2

We therefore write the overall dissolution of Al in
two steps: rapid establishment of pre-equilibrium for

Žformation of the reactive Al–carbonate complex Eq.
Ž ..8 , followed by slow, irreversible detachment of

Ž Ž ..the metal complex from the surface Eq. 9 :

)AlOHqqCO ´AlCOyq2Hq K 8Ž .2 2 3 s

)AlCOy
™new surface siteqAl 9Ž .3 Žaq .
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Ž .Eq. 10 is the kinetic law of mass action for detach-
ment of the Al–carbonate complex to solution:

w xd Al tot y 2sk )AlCO molrm 10� 4 Ž .Ž .3Ad t

Ž 2 .A m is total surface area of reacting anorthite. k
Ž y1 . � y4h is the first order rate constant and AlCO3
Ž 2 .molrm is the surface concentration of the Al–
carbonate complex.

This mechanism has been demonstrated previ-
ously for the ligand-accelerated dissolution of alu-
minum oxide by combining wet chemistry tech-
niques with fluorescence spectroscopy of reactive

Ž .Al–ligand complexes Hering and Stumm, 1990 .
The authors showed rapid formation of the reactive
surface complex, much slower release of the surface
Al–ligand complex to solution, and linear accumula-
tion of Al in solution with time. They demonstrated

Ž .that linear kinetics corresponds to 1 a constant
concentration of the surface Al–ligand complex
maintained in equilibrium with free ligand in solu-

Ž .tion, and 2 a constant steady-state concentration of
active dissolution sites that were renewed as Al was
released to solution.

For ligand-accelerated dissolution of anorthite,
formation of the Al–carbonate complex can be mod-

Ž .eled by combining the thermodynamic mass law 7
Žwith a mass balance for surface Al species Eq.

Ž ..11 . This modeling approach has been previously
applied to the ligand-accelerated dissolution of alu-

Ž .minum oxide Pulfer et al., 1984 , the proton-accel-
Ž .erated dissolution of albite Blum and Lasaga, 1988

Ž .and calcic feldspars Stillings and Brantley, 1995 ,
Ž .and the reductive dissolution of iron oxide by Fe II

Ž . Žcomplexes Suter et al., 1991 , ascorbate Banwart et
. Žal., 1989 and hydrogen sulfide Dos Santos and

.Stumm, 1992 . In order to find a reaction mechanism
consistent with our experimental data, we systemati-
cally tested possible combinations of reacting surface

Ž .species see Section 4.3 . All models other than the
one presented below failed to provide a correlation
between reaction rate and the surface concentration
of the reactive species.

Ž .Eq. 11 defines the mass balance for total reac-
Ž .tive Al-sites S over the pH-range studied:t

S s )AlOHq q )AlCOy molrm2 11� 4 � 4 Ž .Ž .t 2 3

The following expression for formation of the sur-
face Al–carbonate complex is obtained by combin-

Ž . Ž .ing Eqs. 7 and 11 :

2qw xK S PCO r HŽ .s t 2y)AlCO s 12� 4 Ž .3 2qw x1qK PCO r HŽ .s 2

Ž .Eq. 12 defines the adsorption isotherm for inor-
ganic carbon, and is similar in mathematical form to
the Langmuir isotherm. Implicit in the Langmuir
isotherm is the assumption that all unoccupied sur-
face sites have the same binding energy for the
adsorbate species. In our model, this corresponds to
unoccupied adsorption sites that are described by a
unique free energy of formation and are thus repre-
sented by a single surface chemical species; )
AlOHq.2

Ž . Ž .Substituting Eq. 12 into Eq. 10 gives a rate
expression for carbonate-promoted dissolution, R ,C

defined in terms of the experimentally fixed master
w qxvariables H and PCO :2

2qw xk K S PCO r HŽ Ž .s t 2
R s 13Ž .C 2qw x1qK PCO r HŽ .s 2

The surface chemical coordination theory for disso-
lution kinetics expresses the total dissolution rate as
the sum of contributions from each reactive surface

Žspecies dissolving in parallel reactions Stumm and
Furrer, 1987; Stumm and Wieland, 1990; Stumm and

.Wollast, 1990 . The total rate of ligand-accelerated
Ž .dissolution R is the sum of the release rates fortot

Ž .surface sites complexed by the ligand R and thatL
Ž . Žfor unoccupied sites R ; R sR qR Pulfer et0 tot L 0

al., 1984; Furrer and Stumm, 1986; Zinder et al.,
1986; Amrhein and Suarez, 1988; Wieland and

.Stumm, 1992 . Our surface complexation model con-
siders two surface species; unoccupied sites and
surface Al–carbonate complexes. We calculated the
rate of carbonate-accelerated dissolution of anorthite,
R , by subtracting the rate observed in the absenceC

Ž . Ž Ž ..of CO from the total rate R see Eq. 3 . A rate2 tot

expression for carbonate-accelerated dissolution
alone can now be compared with the rate, R ,C

obtained from the experimental data.
Ž .Taking the reciprocal of both sides of Eq. 13

Ž w qx2 .and then multiplying each side with PCO r H2
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Žgives the following linear equation for PCO r2
w qx2 . Ž w qx2 .H rR as a function of PCO r H :C 2

2 2q qw x w xPCO r H 1 PCO r HŽ . Ž .2 2s q
R kK S kSC s t t

14Ž .

Ž .A plot of the experimental data according to Eq. 14
Ž .should give a straight line with intercepts1r K kSs t

Ž .and slopes1r kS .t

4.3. Determination of model parameters

Fig. 3a shows the experimental data plotted in the
Ž w qx2 . Ž w qx2 .form PCO r H rR vs. PCO r H . The2 C 2

data is linearized by the double-reciprocal plot. Lin-
ear regression of the data plotted in Fig. 4a provides

Ž .a fit of all data to Eq. 15 and yields a value of
Ž . Ž . y8log K sy12"1 and kS s 1.5"0.05 =10s t

Žerror limits quoted correspond to the 95% confi-
.dence interval . The corresponding value of Ks for

formation of the Al–carbonate complex given by Eq.
Ž .6 is log K s5.3"1.s

Fig. 3b shows the total rate of dissolution plotted
Ž 2y.as a function of log CO . There is a slight dis-3

Fig. 4. Distribution diagram for surface speciation of Al-sites on
anorthite. For a surface acidity constant of p K s7.5, deproto-s a1

Ž .nated Al sites )AlOH are minor species in the presence of CO2

in the pH range studied. These sites can therefore be neglected in
Ž Ž ..the mass balance for surface sites Eq. 11 .

agreement between the data obtained at different
PCO at high carbonate concentration which may2

suggest two different rate maxima. In order to exam-
ine this possibility we systematically tested other
models for the formation and reactivity of surface
species, such as introducing competitive adsorption
by OHy. However, we found no plausible model
which gave a fit better than the one we present here.

The stoichiometry of the surface Al–carbonate
complex is well-constrained by the rate dependence
on pH and PCO . We previously attempted to model2

hydrogen-carbonate adsorption with the reaction )
y y ŽAlOHqHCO ´AlCO qH O or, combining this3 3 2

Ž . yreaction with Eq. 3 , )AlOHqCO ´AlCO q2 3
q. Ž .H Berg and Banwart, 1994 . The data showed no

consistent correlation between results obtained at
0.01 atm and 0.1 atm CO . We likewise rejected a2

model that considered formation of a protonated
surface Al–carbonate complex: )AlOHqqCO ´2 2

AlHCO qHq. We tried all reasonable combinations3
Ž q Ž .of reactive species )AlOH , )AlOH, CO g ,2 2

y 2y.HCO , CO for formation of both protonated and3 3
Ždeprotonated surface complexes )AlHCO , )3

y.AlCO . The rate data only correlate with formation3

of a reactive complex having a 2:1 stoichiometry
between protons and carbon, thus the proposed stoi-

Ž .chiometry in Eq. 8 .
This result is consistent with that of Furrer and

Ž .Stumm 1986 who showed that the pH dependence
of ligand-accelerated dissolution correlates with
complete deprotonation of the adsorbed ligand, asso-
ciated with forming a bi-dentate bond with surface
Al sites. They postulate that such multi-dentate bonds
are especially effective in polarizing and destabiliz-
ing the remaining bonds to the mineral lattice, thus
lowering the activation energy for release to solution.

Ž .Recently, Ludwig et al. 1995 elegantly demon-
strated this chelate effect by showing a clear correla-
tion between rates of ligand-accelerated dissolution
for Nickel oxide, the rates of corresponding ligand-
exchange reactions for metal complexes in solution
and the effect of increasing chelation to accelerate
both processes.

Carbonate adsorption on Al- and Fe-oxides has
also been confirmed by IR and Raman spectroscopy;
several studies have indicated that CO adsorption2

on Al- and Fe-oxides occurs predominantly as
2y ŽCO -ions. Russell et al., 1975; White and Hem,3
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1975; Serna et al., 1977; Rochester and Topham,
.1979; Zeltner and Anderson, 1988 .

4.4. Surface speciation on complex minerals

Our conceptual approach to describing the anor-
thite surface is based on a number of previous
studies where the kinetics of dissolution for complex
silicate minerals is described by solute adsorption on

Žthe hydrous mineral surface see review by Casey,
.1990 . The hydrous surface is generally assumed to

Žbe composed of a linear combination of sites, e.g.,
.hydroxo groups Me–OH, whose corresponding

acidity and complexation constants correlate with
those for analogous binary oxides or solution com-

Žplexes Bales and Morgan, 1985; Carroll-Webb and
Walther, 1988; Guy and Schott, 1989; Wieland and

.Stumm, 1992; Malmstrom and Banwart, 1997 .¨
In our model of the anorthite surface, Al sites do

not undergo deprotonation reactions in the pH range
of our study. If we interpret the protonation state of
Al sites on the anorthite surface as analogous to
those for binary Al-oxides, we expect the first acidity

Žconstant to fall in the range 5.2-p K -7.9 sees 1

Schindler and Stumm, 1987; data from Huang and
.Stumm, 1973 and Pulfer et al., 1984 . Fig. 4 shows

the distribution of surface Al-species as a function of
pH, assuming a value of p K s7.5. Although de-s 1

protonated sites will dominate above pH 7.5 in the

absence of adsorbed species other than protons and
hydroxide ions, these would only be minor species in

Ž .the presence of CO g since the Al–carbonate com-2

plex dominates the surface in this pH range. Based
on these calculations along with those of Biber et al.
Ž .1994 , which demonstrated the effect of ligand ad-
sorption to shift the acidity of protonated surface
sites giving higher conditional values for p K ass 1

surface charge changes with ligand adsorption, we
neglected deprotonated Al surface sites in the surface

Ž .sites mass balance in Eq. 11 .

4.5. A comparison of oxalate and carbonate ligand-
promoted dissolution for plagioclase

Many investigators propose that it is organic lig-
ands, such as those with carboxylic and phenolic
functional groups, that cause accelerated weathering

Ž .in soils see review by Blum and Stillings, 1995 .
Our kinetic model for carbonate-accelerated weather-
ing assumes that the rate of dissolution is propor-
tional to the surface concentration of carbonate lig-
and. Although this effect may increase weathering
rates in laboratory systems, it is not necessarily
significant compared to the effect of organic ligands
in natural systems. In order to test the significance of
carbonate-promoted weathering, we have compared
our results with published data on plagioclase weath-
ering in solutions of oxalic acid. This compound is a

Table 4
A comparison of oxalate and carbonate ligand-promoted dissolution for plagioclase

ŽU UU .The stoichiometric equations and provided the best fit to the experimental data. In the mass balance for surface sites, unoccupied
w x w x ŽU . ŽUU .sites were written as )AlOH and )AlOH q , respectively, corresponding to the proton stoichiometry in and . Amrhein and2

Ž .Suarez 1988 reported their dissolution data in terms of release of Si. We assumed stoichiometric dissolution for Si and Al, and converted
Ž .dissolution rate for Si R to dissolution rate for Al by multiplying R with the ratio of the stoichiometric coefficients for Al and Si in theSi Si

Ž .mineral AlrSi mole ratios0.89 .
The error limits given for the constants correspond to a 95% confidence interval.

y3 y1 2w x w xMineral ligand Ref. k 10 h S log K Observed rates molerm rht s

UAnorthite oxalate 1 3.1"0.3 a 4.3"0.1 y11.75- log R-y10.62
UBytownite oxalate 2 10.5"1.0 a 6.4"0.7 y10.15- log R-y7.92
UUAnorthite carbonate 3 0.25"0.1 a 5.3"1.0 y11.76- log R-y11.26

1 — Amrhein and Suarez, 1988. Total ionic strengths6.25 mmolrdm3.
2 — Welch and Ullman, 1993. Total ionic strengths2.5 mmolrdm3.
3 — This study. Total ionic strengths50 mmolrdm3.

Ž y4 2 .I Ž Ž .. Ž .a — S s 1.2=10 molrm = nAlr nAlqnSi ; n denotes stoichiometric coefficient. I from Amrhein and Suarez, 1988.t
U

— K for: )AlOHqHXy
lAlXyqH O, H Xsoxalic acid.s 2 2

UU
— K for: )AlOHqqX2y

lAlXyqH O, H Xscarbonic acid.s 2 2 2
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low molecular weight di-carboxylic acid that is an
analogue to many types of soil organic acids having
carboxylic functional groups that can interact with
mineral surfaces. It is well established in the studies
described below that the oxalate ligand acts to accel-
erate plagioclase dissolution, particularly the release
of Al.

We applied the rate expression derived above to
published dissolution kinetic data for anorthite and
bytownite. Literature data for ligand-promoted disso-

Žlution in the systems anorthite-oxalate Amrhein and
. ŽSuarez, 1988 and bytownite-oxalate Welch and
.Ullman, 1993 were used to estimate the stability

constant K , for the reactive complex, and the values
Ž .of kS . Published values of S , determined indepen-t t

dently, allow the first-order rate constant to be esti-
mated.

Table 4 shows the result of the calculations. The
rate constants for oxalate-promoted dissolution of the
two plagioclase minerals are within a factor of 3. For
anorthite, the rate constant for oxalate-promoted dis-
solution is approximately one order-of-magnitude
larger than that for carbonate.

4.5.1. The effect of pH on carbonate and oxalate
ligand-accelerated dissolution

We calculated the rate of anorthite dissolution in
Ž .the presence of either carbonate this study , oxalate

Ž .or protons Amrhein and Suarez, 1988 as a function
of pH. A soil PCO of 1% and a total oxalate2

concentration of 100 mM reflects the upper range of
field conditions in deeper soil layers and in surface

Žorganic soil layers, respectively Appelo and Postma,
.1993; Drever, 1994 . The results, plotted in Fig. 5a,

show that oxalate and protons are equally important
in accelerating the dissolution at pH 4. For more
acidic conditions, proton-promoted dissolution is by
far the most dominant process. Oxalate-promoted
dissolution dominates the overall dissolution rate
between pH 4 and 6, while the effect of protons
decreases dramatically and the effect of carbonate is
negligible. Where the oxalate-promoted dissolution
approaches zero between pH 6 and 7, the concentra-
tion of carbonate has reached values high enough to
start accelerating the dissolution. At a pH of 9,
carbonate-promoted dissolution has reached its maxi-
mum and the dissolution rate is five times that at pH
6. Fig. 5b compares the degree to which oxalate and

Ž .Fig. 5. a Dissolution-rate for anorthite as a function of pH at
Ž . Ž . Ž .Ts258C in the presence of CO g R , oxalate R , or in2 C Ox

Ž .the absence of reactive ligands other than protons R : proton-H
Ž .accelerated dissolution rate law from Amrhein and Suarez, 1988 ,

w q x2.7 Ž 2 . y9 2R s k H qR molrm h ; R s9=10 mol Sirm htot H 0 0
3 y1 Žand k s5.2=10 h ; oxalate-promoted dissolution rate-lawH

calculated from Si dissolution rate data from Amrhein and Suarez
Ž .1988 converted to Al dissolution rate by assuming stoichiomet-

. Ž 2 . y9ric dissolution , R sR qR mol Alrm h ; R s8=10tot ox 0 0
2 Ž w y x. Žmol Alrm = h and R s kK S C O H r 1 qox s t 2 4

w y x. Ž .K C O H see Table 4 for values of k, K and S ; carbon-s 2 4 s t

ate-promoted dissolution as determined in this study; R sR qtot C
Ž 2 . Ž .R mol Alrm =h . See Eq. 13 for definition of R . R was0 C tot

normalized to the study by Amrhein and Suarez by multiplying
Ž . Ž1 2 . 2 1 1kS with the ratio R r R , and exchanging R for R . Rt 0 0 0 0 0

and 2R represents R in the study of Amrhein and Suarez and in0 0

this study, respectively. See Table 4 for values of k, K and S .s t

All three ‘‘total rates’’ were converted to dissolution of mol
mineralrm2 h by division with the stoichiometric coefficient for

Ž . Ž .Si 2.09 or Al 1.86 in the anorthite mineral used by Amrhein
Ž . Ž . Žand Suarez. b The ratio of R sR qR qR to R qtot 0 ligand H 0

. Ž .R as a function of pH for 100 mM oxalate solid line and 1%H
Ž . Ž .CO g dashed line .2
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carbonate increase the dissolution relative to the rate
in the absence of ligands, as a function of pH.

Although the results in Table 4 suggest that the
reactivity of oxalate and carbonate is similar, these
ligands affect the dissolution of anorthite in different
pH-ranges. The large variation in dissolution rate
with pH shown in Fig. 5a results from changes in
aqueous speciation, that is concentration of respec-

Žw yx w 2yx.tive reactive ligand HC O and CO , with2 4 3

pH. There is a major difference between the specia-
tion of organic ligands in general and that of car-
bonic acid in natural aquatic systems. The former are
non-volatile acids while the latter can interact with a

Ž .reservoir of CO g . Both the solubility of inorganic2

carbon and the carbonate ion concentration increase
Ž .with pH for an open CO g –H O system. For2 2

oxalate however, the concentration of the adsorbed
ligand decreases with increasing pH into the near-

Ž .basic and basic region Balistrieri and Murray, 1987 .

4.6. Implications for weathering in natural systems

We conclude that under laboratory conditions,
carbonate can accelerate feldspar dissolution. If these
weathering reactions qualitatively reflect field scale
processes, we expect carbonate-promoted weathering
to be most significant in environments with elevated
PCO and neutral to near-basic pH. Groundwaters,2

unsaturated zones in deep tills, and deep-ocean inter-
stitial basalt waters are examples of such weathering
environments. The possibility of carbonate-promoted
feldspar dissolution should hence be considered in
chemical weathering models for these type of waters.

Organic acids are assumed to contribute to the
feedback between Ca- and Mg-silicate weathering

Žand climate Berner, 1992; Brady and Carroll, 1994;
.Drever, 1994 . We have shown that under laboratory

conditions carbonate can accelerate the dissolution of
Ca-feldspar as effectively as organic acids. The ef-
fect of carbonate on Ca-feldspar weathering may
hence have important implications for the weathering
feedback in the geochemical carbon cycle. Based on
this laboratory study we may, however, only con-
clude that carbonate ions has the potential to en-
hance anorthite weathering by a factor of 5. Al-
though this may seem to be a weak effect, a corre-
sponding enhancement of anorthite weathering due

to increasing temperature requires a rise of 258C
Ž .Brady and Carroll, 1994 .

Carbonate-promoted dissolution may also be a
possible explanation for two recently proposed
weathering theories in the literature. First, Keller and

Ž .Wood 1993 propose that subsurface microbial ac-
tivity prior the advent of vascular plants on earth
could have generated elevated partial pressures of
CO in the unsaturated zone that are comparable to2

values observed today. They conclude this may ex-
plain the historical weathering record, which indi-
cates no significant change in weathering rates be-

Žfore and after the advent of vascular plants Holland,
. Ž .1984 . If the field studies of Keller et al. 1991

reflect typical conditions in the deeper sub-surface,
i.e., elevated PCO values accompanied by neutral2

to near-basic pH conditions, PCO has no direct2

effect on weathering in terms of proton-promoted
dissolution. An alternative explanation for acceler-
ated weathering in modern or pre-Silurian sub-
surface waters could be carbonate-promoted dissolu-
tion.

Ž .Secondly, Francois and Walker 1992 suggest
submarine basalt weathering rather than continental
silicate weathering as the major weathering feedback
control on atmospheric CO over geologic time-2

scales. They assume that basalt weathering is propor-
tional to deep-ocean total inorganic carbon concen-
tration and Hq concentration, which increases with
increasing atmospheric CO content. Since labora-2

tory studies show no dependence between silicate
weathering rates and pH in the neutral to near-basic
pH region — the pH range of ocean water — the
proposed effect of protons on basalt weathering has

Ž .been questioned Caldeira, 1995 . Also the effect of
inorganic carbon has been rejected in later studies
Ž .Berner, 1995; Caldeira, 1995 by reference to, on
the one hand a kinetic study on olivine showing an
inhibiting effect of CO on dissolution rate at basic2

pH, and, on the other hand the study by Brady and
Ž .Carroll 1994 showing no effect of CO on weather-2

ing rate at acid pH. We show however that, at
neutral pH, inorganic carbon can accelerate anorthite
dissolution. Because plagioclase is a significant com-
ponent of deep ocean basalt, results from anorthite
weathering studies are relevant to these systems.
Based on our laboratory results, the weathering of
anorthite in deep-ocean basalt would be enhanced
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almost five times compared to dissolution in the
absence of carbonate ions, considering a ocean car-
bonate ion concentration of around 0.2 mM.

5. Conclusions

Anorthite weathering is accelerated in the pres-
ence of carbon dioxide. The dependence of dissolu-
tion-rate on pH and PCO is consistent with the2

formation of a reactive surface Al–carbonate com-
plex. We propose that the generally termed
‘‘carbonation weathering’’ should be extended to
include not only proton-promoted weathering but
also carbonate-promoted dissolution.

The contribution of carbonate, organic ligands
and protons to mineral weathering in natural systems
depends on the relative concentration of the reacting
species and the reactivity of the various species
formed; speciation must be considered. We conclude
that in laboratory studies, carbonate ligand has the
potential to accelerate dissolution rates to a degree
comparable with organic ligands such as oxalate. We
propose that the role of carbonate ligand should be
considered in chemical models for feldspar weather-
ing, and therefore in the proton balance and carbon
cycle of natural waters. Carbonate may also have an
important role in the geochemical carbon cycle
through its contribution to the feedback between

Žcontinental deep-ocean basalt weathering continen-
.tal and or deep-ocean basalt and atmospheric PCO .2
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