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The flux of oxygen from the basal surface of gibbsite (�-Al(OH)3) at equilibrium
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Abstract—Experiments were conducted on gibbsite to determine whether oxygen-isotope exchange rates at
hydroxyl bridges (�2-OH) on the basal sheet exhibit similar reactivity trends as in large aluminum polyoxocations,
for which high-quality kinetic data exist. We followed the exchange of18O from the mineral surface to solution by
using a high-surface-area solid that had been enriched to tens ofpercent in 18O. To establish this high enrichment,
we initially react the solid hydrothermally with highly enriched H2

18O in order to tag all oxygens near the mineral
surface, and then back exchange the most reactive oxygens with isotopically normal water. This enrichment
procedure isolates18O into the least-reactive sites, which are presumably�2-OH on the basal surface. By analogy
with aqueous aluminum complexes, including large multimers, the�-OH2 sites exchange within fractions of a
second and should be isotopically normal using this procedure.

When suspended in isotopically normal electrolyte solutions, we find that the rates of release of18O from the
mineral fall close to the rates of dissolution. The lack of steady isotopic exchange of�2-OH on gibbsite surfaces
contrasts with the aluminum polyoxocations, where the�2-OH exchange many hundreds of times with bulk water
molecules before the molecule dissociates. Additional experiments were conducted in solutions at near-neutral pH
to determine the flux of oxygens at conditions near thermodynamic equilibrium. As in more acidic solutions, rates
are close to values expected from dissolution of the mineral and there is no evidence for steady exchange of

hydroxyl bridges with water molecules in the bulk solution.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Advances in X-ray spectroscopy led geochemists to
ognize that metal adsorbates often polymerize into sec
ary minerals by combining with the aluminum that is
leased by slow dissolution of clays (e.g.,Charlet and
Manceau, 1992; O’Day et al., 1994; d’Espinose de la C
lerie et al., 1995; Thompson et al., 1999; Scheidegger e
1998). To establish a quantitative model for these reacti
geochemists need information about the rates of poly
ization of mineral surfaces, and particularly near therm
namic equilibrium. Although high-quality kinetic stud
exist for 1–2 nm-sized aluminum polyoxocations [Al13 �
AlO4Al 12(OH)24(H2O)12

7�; Al30 � Al 2O8Al 28(OH)56

(H2O)26
18�; seeTable 1], these experiments yield puzzli

results because the hydroxyl bridges in these mole
exchange oxygen isotopes with solution much more rap
than the molecules dissociate. Hydroxyl bridges betw
two Al(III) atoms (�2-OH) exchange over time scales t
vary from seconds to months at 298 K. Conversely,
bound waters (�-OH2) isotopically exchange with bulk s
lution within milliseconds at 298 K and fall within the sa
range as aluminum monomer complexes (Table 1). The
structural formalism (�2-OH, �-OH2) indicates oxygen co
ordination chemistry but not charge and the protona
states can change with pH.

These results plea for direct studies of the surfaces of min
like gibbsite, that also expose�-OH2 and�2-OH sites to solutio
(Fig. 1). This mineral has a particularly simple surface chemi
although the oxygens can change protonation states and o
pects that the reactivities of�2-OH at the basal plane and

* Author to whom correspondence should be addre
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crystallite edges will differ considerably. It is yet impossible
determine rates of oxygen exchanges at the gibbsite surface
17O-NMR spectroscopy (seeWalter and Oldfield, 1989), as was
done for theAl13 and Al30 polyoxocations. Therefore, we he
report results using classical18O-exchange experiments and try
isolate the least-reactive oxygens that lie in�2-OH sites on th
basal plane.

There are two potential contributions to the oxygen flux f
�2-OH sites on the basal plane of gibbsite: (i) steady exch
of oxygens with bulk-solution water molecules via a pro
enhanced pathway that does not depolymerize the surfac
(ii) dissolution of the surface by retreat of monomolec
steps, that releases the oxygens as inner-sphere water mo
bound to aqueous aluminum complexes. Reaction via thes
pathways, of course, could potentially proceed simultaneo
For theAl13 andAl30 molecules, exchange via the first pathw
could be via proton transfer that converts a�2-OH bridge to a
weak�2-OH2 bridge, followed by exchange of this bridge w
a bulk water molecule and then deprotonation to reform
�2-OH bridge (seeCasey et al., 2000, 2001;Casey and Swa
dle, 2003). Exchange via the second pathway entails com
dissociation of theAl13 and Al30 molecules into monomer
complexes that exchange their oxygens with bulk solution w
seconds. This comparison gives rise to some clear question

Question 1) Do the�2-OH at the gibbsite surface exchan
oxygens with bulk solution more rapidly than
mineral dissolves?

Question 2) Does deprotonation of the gibbsite surface, w
is manifested as changes in surface-charge de
(e.g., Hiemstra et al., 1999), affect rates of ex
change of oxygens in�2-OH?

The rates of exchange at�-OH2 sites are expected to i

crease dramatically with pH, by analogy with ligand-exchange
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rates in aqueous complexes. For example, the rates of exchange of
a bound water in the AlOH(OH2)5

2� complex is �104 times faster
than the Al(OH2)6

3� complex (Nordin et al., 1998). However, the
dependence of exchange rates on �2-OH sites on pH is largely
unknown. For the Al13 and Al30 molecules the accessible pH
range is too narrow to unambiguously answer questions about the
effect of deprotonation on the exchange rates on �2-OH sites. The
gibbsite surfaces are positively charged throughout the pH range
studied here (3–7) but there is an appreciable change in the ratio
between protonated and deprotonated surface groups. Further de-
tails about the protonation/deprotonation of gibbsite surfaces can
be found in Rosenqvist et al. (2002).

Any aluminum complexes that are released to the aqueous
solution by dissolution of gibbsite would exchange oxygens
isotopes with bulk solution in fractions of a second. Therefore,
if the surface of 18O-rich gibbsite were recrystallizing by the
advance and retreat of elementary steps on the basal plane (see
Peskleway et al., 2003), one would observe a flux of 18O to the
aqueous solution even though there were no measurable change
in dissolved aluminum concentration or pH. This steady flux
can be expressed using the rate laws that ignore the molecular
details, yet which are familiar to those geochemists who study
mineral dissolution. For any elementary reaction written in this

form: �
i�1

n

vi · Ri � �
j�1

m

�j · Pj, the net rate of reaction can be

separated into contributions from the forward and reverse re-
actions:

rnet � r� � r� (1)

rnet � k��
i�1

n

�Ri�
vi � k��

j�1

m

�Pj�
�j (2)

Table 1. Characteristic times for exchange of bound water molec
inner-coordination sphere of Al(III) with the bulk solution at 277
pseudo-first-order rate coefficients (kex) according to: � � 1/kex. Sourc

Species �277 (s)

Bound waters (�-O
Al(H2O)6

3� 10.4 (�0.3)
AlOH2� 9.7 (�3.2) · 10�5

AlF2� 4.7 (�0.8) · 10�2

AlF2
� 4.4 (�0.3) · 10�4

Al(ox)� 7.6 (�1.1) · 10�2

multime
Al13 4.6 (�0.5) · 10�3

GaAl12 3.0 (�0.7) · 10�2

GeAl12 2.9 (�0.9) · 10�2

Hydroxyl
Al13

�2-OHfast 3.0 (�1.0) · 104

�2-OHslow 1.5 (�0.1) · 106

GaAl12

�2-OHfast 1.1 (�0.1) · 106

�2-OHslow 1.1 (�0.1) · 108

GeAl12

�2-OHfast minutes or less
�2-OHslow 1.9 (�0.1) · 104

abbreviations: Al13 � AlO4Al12(OH)24(H2O)12
7�(aq); GaAl12 � Ga

ox � oxalate.
where: [Ri] and [Pj] represent the molalities of reactant ’i’ and
product ’j’, respectively, �i and �j are the stoichiometric coef-
ficients, which also correspond to rate orders since these are
elementary reactions, and Equations 2 and 3 are rate coeffi-
cients for the forward and reverse reaction steps. At equilib-
rium, Eqn. 3 is satisfied:

k��
i�1

n

�Ri�
vi � k��

j�1

m

�Pj�
�j � 0 (3)

as the rates in the forward and reverse directions are equal, but
not necessarily zero.

Although Eqns. (1)–(3) correspond to an elementary reac-
tion, the result can be made general through choice of an
appropriate average stoichiometric number (Temkin, 1971;
Boudart, 1976) that scales the overall reaction Gibbs energy,
which is easily calculated, to equal the Gibbs energy of the
rate-controlling step. In no geochemical reaction is the Gibbs
energy of the rate-controlling step confidently known, so these
stoichiometric numbers are de facto adjustable parameters that
are modified to make the rate law fit the experimental data as
experiments approach equilibrium. Adjustments can easily be
made to the equations to account for heterogeneous reactions.
The important point is that a conventional mineral-dissolution
experiment cannot detect the directional flux at equilibrium
because only the net change of a solute concentration, such as
dissolved Al(III) or protons, is detected.

The important point is that there should be a measurable flux
of oxygens from a mineral surface near equilibrium due to
advance and retreat of elementary, or to rapid isotopic ex-
change at individual oxygen sites via a proton-enhanced path-
way. This flux could be measured by making the surface
oxygens isotopically unique. Previously this approach was dif-
ficult because geochemists had no knowledge of the relative

-OH2) and hydroxyl bridges between two metals (�2-OH) from the
8 K and 323 K. The characteristic times are estimated from the
listed in Casey et al (2001).

�298 (s) �323 (s)

nomeric complexes
7.8 (�0.2) · 10�1 5.4 (�0.2) · 10�2

3.2 (�1.0) · 10�5 1.0 (�0.4) · 10�5

4.2 (�0.6) · 10�3 3.5 (�0.6) · 10�4

6.1 (�0.4) · 10�5 8.0 (�0.5) · 10�6

9.2 (�1.3) · 10�3 1.1 (�0.2) · 10�3

plexes
9.1 (�0.9) · 10�4 1.7 (�0.2) · 10�4

4.4 (�1.0) · 10�3 6.2 (�1.3) · 10�4

5.3 (�1.5) · 10�3 9.2 (�2.7) · 10�4

(�2-OH)

6.3 (�2.0) · 101 1.1 (�0.4) · 10�1

6.3 (�0.4) · 104 2.4 (�0.2) · 103

5.6 (�0.3) · 104 2.6 (�0.1) · 103

2.4 (�0.2) · 106 4.9 (�0.3) · 104

minutes or less minutes or less
1.5 (�0.1) · 103 1.2 (�0.1) · 102

(OH)24(H2O)12
7�(aq); and GeAl12 � GeO4Al12(OH)24(H2O)12

8�(aq);
ules (�
K, 29

es are

H2) mo

ric com

bridges

O4Al12
rates of different oxygen sites. From experiments on the 1–2
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nm sized aluminum-hydroxide clusters, we now know that the
�-OH2 exchange many orders of magnitude more rapidly than
the �2-OH [Table 1] and this difference can be exploited to
create a surface that is isotopically enriched in �2-18OH and
�-16OH2.

2. EXPERIMENTAL METHODS

2.1. Rate Measurements

The use of 18O/16O ratios to follow ligand-exchange reactions at
mineral surfaces is rarely undertaken at low temperatures (see Cole and
Chakraborty, 2001 for review). The problem is a matter of sensitivity.
Even if the surface oxygens are enriched to tens of per mil in 	18O, one
usually cannot observe a measurable change in 	18O values of the
aqueous solution as these oxygens exchange with bulk waters. The
following calculation illustrates the problem. Most mineral powders
have specific surface areas in the range 0.01 to 1 m2/g. Assuming an
area of 1 m2/g and an oxygen-site density of 10 sites/nm2, the total
number of surface oxygens is: 1 m2/g * 1018 nm2/m2 *10 nm�2/6.022
· 1023 mol�1 � 1.66 · 10�5 mol/g. In Standard-Mean Ocean Water
(SMOW) the percentage of 18O is 0.20052%. If this mineral had a 10
‰ enrichment in 	18O, the corresponding proportion of 18O would be
0.20253%. The number of surface sites with 18O can therefore be
calculated as: 1.66 · 10�5 mol/g * 0.20253% � 3.36 · 10�8 mol/g. A
flux of 18O from the mineral could be measured easily if the solution
exhibited a range of 	18O of �1 ‰, but the number of 18O atoms
needed to achieve this range is: 1 ‰ * 0.20052% * 55.5 mol/L � 1.11
· 10�4 mol/L. The solid concentration required to achieve this signal is:
1.11 · 10�4 mol/L/3.36 · 10�8 mol/g � 3309 g/L, which is impossibly

Fig. 1. Polyhedral representations of gibbsite. The {001} face is
shown at the top and the {010}face is shown on the bottom, with both
orientations in the plane of the paper. Oxygens as bound water mole-
cules (�-OH2) and as hydroxyl bridges between two aluminums
(�2-OH bridges) are identified.
high.
The method can, however, be modified to become more sensitive.
Use of nanometer-size particles can increase the surface area consid-
erably. Also, water that is enriched in the range of 10–95% 18O is now
commercially available and a mineral treated with such a solution
would have a concentration of 18O at the mineral surface that is several
percent (not per mil) 18O. As we show, these adaptations increase the
sensitivity of the method and make it possible to measure fluxes from
gibbsite surfaces even at low temperatures. Hypothetically, sensitivity
could also be improved by studying 17O instead of 18O, as the natural
abundance of 17O is about five times lower (0.037% versus 0.20052%).
However, eliminating the contribution to the mass 45/44 signal from
the 13C content of the CO2 gas can be complicated. We found that small
fluctuations in the 13C content significantly affected the 	17O signal so
we chose to follow the flux of 18O from the gibbsite surface, not 17O.

2.2. Solid Material

Gibbsite of uniform size was prepared using a method similar to
Gastuche and Herbillon (1962). Briefly, a 1 mol/L AlCl3 solution was
titrated with 4 mol/L NaOH until pH �4.6, at which amorphous
aluminum hydroxide precipitated. The suspension was heated for 2 h at
313 K, transferred into Spectra/Por® cellulose-ester dialysis mem-
branes and dialyzed against 18 M� cm�1 water at 323 K for 4 weeks.
The dialysis water was refreshed daily during the first two weeks and
every second day thereafter. The resulting suspension had a solid
content of �12 g/L. The X-ray diffraction pattern showed well-re-
solved peaks that are characteristic for gibbsite and no signs of other
crystalline phases were detected.

Scanning-electron microscopy (SEM) images of the gibbsite sample
[Figure 2] showed it to consist of thin, pseudohexagonal platelets. To
enrich the surface of this gibbsite in 18O we reacted it at 388 K for 24 h
(see below). This hydrothermal treatment caused a slight change to the
initial dimensions of the platelets, increasing the thickness and decreas-
ing the diameter. This thickening occurred by deposition of material in
18O enriched water, so the basal planes must be enriched in 18O. The
isotope composition of the edge planes is more difficult to gauge, since
the decreased diameter indicates that the edges dissolve during the
hydrothermal treatment. The particle dimensions were determined from
the electron micrographs using standard image-analysis software and,
after the hydrothermal treatment, the particles had a diameter of
209(�43) nm and a thickness of 49(�27) nm (n � 1400). Using the
particle dimensions and a density of 2.414 g/cm3 for gibbsite (Saalfeld
and Wedde, 1974), a total surface area of 25 m2/g, distributed as 7.9
m2/g edge area and 17 m2/g basal plane area, was calculated. The BET
area was measured using N2 adsorption (5 points) and found to be
19.6(�0.1) m2/g. To conform to earlier reports on fluxes from mineral
surfaces (e.g., Nagy, 1995), all calculations were performed using the
BET surface area.

2.3. Experimental Procedure

The flux of 18O from gibbsite surfaces was followed in a series of
experiments at 323 K at different pH values [Table 2] in 0.010 mol/L
NaCl ionic medium. The only exceptions were experiments #1 and #2,
both at pH 2.5, which were performed in 0.100 mol/L NaCl medium to
avoid excessively high liquid-junction potentials. For the experiments
at low pH (2.5 
 pH 
 4.5) a pH-stat apparatus was employed along
with a Metrohm combination electrode, filled with the ionic medium.
The electrode was calibrated in separate titrations before, and after, the
oxygen-exchange experiment and 0.001 mol/L or 0.010 mol/L HCl
solutions were added to keep pH constant. In the pH � 6 and pH � 7
experiments, buffer solutions were used to control pH. For experiments
at pH � 6, a 0.010 mol/L buffer solution was prepared from solid MES
(4-Morpholinoethanesulfonic acid) and 1 N NaOH. For the experiment
at pH � 7, a 0.010 mol/L solution of PIPES (1,4-piperazinebis(ethane-
sulfonic acid)) and NaOH was used. In experiment # 15 (Table 2), the
pH was allowed to drift freely and the solution reached pH � 7.1 in a
few days. In the pH-stat experiments, the fluxes of protons, soluble
aluminum and 18O were measured simultaneously, whereas for the
near-neutral pH experiments only the 18O flux was measured. At
near-neutral pH and 323 K, the solubility of gibbsite is on the order of
�10�7 M (Wesolowski and Palmer, 1994), which is well below our

detection limit.
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Each experiment was started by equilibrating a gibbsite suspension
(typically 30 mL) at the desired pH value [Table 2] in ionic medium at
323 � 0.5 K. These equilibrations were conducted for either one week
or overnight, depending upon the goals of the particular experiment.
Gibbsite particles were then separated by centrifugation at 24 000 g and
resuspended in 1 mL H2

18O enriched water (6%, 11.5% or 84% H2
18O,

Isotec Labs). The suspension was transferred to a 10 mL polycarbonate
centrifuge tube and placed in a hydrothermal reactor, where it was
reacted at 388 K for 24 h. The suspension was then again centrifuged
at 24 000 g at 273 K and the H2

18O was collected. Diluted samples
from the H2

18O were analyzed using mass spectrometry to determine
the 18O concentration. The particles were washed three times with
isotopically normal water (precooled to 277 K) to remove any entrained
bulk H2

18O. In the last washing step, the suspension was sonicated for
2 min before centrifugation.

The rinsing step is important because it is intended to exchange
oxygens in the �-18OH2 sites at particle edges with H2

16O in bulk
water. Studies of aluminum monomers and 1–2 nm sized polyoxoca-
tions (Al13; Al30) indicate that the �-OH2 probably exchange oxygen
isotopes within seconds at 277 K [Table 1]. In contrast, the hydroxyl
bridges probably retain the 18O at the surface oxygens during this
rinsing. The rates of exchange of �2-OH sites in the Al13 and Al30

polyoxocations, which we employ as a guide to possible results on
gibbsite, are too slow to allow isotopic equilibration of more than a
percent of the hydroxyl bridges during the rinsing step. We also found
in preliminary experiments at low temperatures that the flux of 18O
from the gibbsite surfaces was much slower than predicted from the

Fig. 2. SEM images of untreated (top) and hydrothermally reacted
gibbsite (bottom).
data for multimeric aluminum complexes. Therefore, all gibbsite dis-
solution experiments were performed at 323 K, although rinsing was
performed at 277 K.

The last part of the experiment was begun when the washed particles
were resuspended in 30 mL of solution at 323 K. Depending upon the
goals of the particular experiment, these solutions were either fresh
ionic medium or ionic medium that had been saved from the equili-
bration step and stored at 323 K. After initiating an experiment,
two-milliliter samples of the gibbsite suspension were collected peri-
odically over the next days or weeks. Solids were removed from these
samples by centrifugation (7500 g, 273 K) in Millipore Ultrafree-CL
centrifugal filter devices (filter pore size 0.1 �m). The 18O concentra-
tion in the fluid was determined by mass spectrometry. For the low pH
samples, a small part of the solution was diluted, acidified and analyzed
for soluble aluminum using an ICP-MS instrument. The centrifugal
filters were dried and weighed to determine the solid concentration.

2.4. 18O Measurements

The sample water was equilibrated with CO2 at constant temperature
for ten hours. The CO2 was then extracted from the reaction vessel,
treated to remove water and analyzed on a Finnigan MAT 251 Isotope-
Ratio Mass Spectrometer versus a reference CO2. Because we want to
estimate 18O fluxes, it is most convenient to express the concentrations
of 18O in molar units [Appendix 1]. The precision of measurement is
better than �0.01 mM (1�) as determined by repeated analysis of
samples and standards.

3. RESULTS

The pH of the suspensions typically decreased slightly dur-
ing the hydrothermal treatment and increased again during a
dissolution experiment if not controlled. The pH drift, when
uncontrolled, was usually less than a pH unit. We nevertheless
eliminated the pH drift by employing a pH-stat method in
acidic solutions and through use of buffer solutions in near-
neutral-pH experiments. The pH-stat experiments at lower pH
were intended to relate the 18O fluxes to dissolution rates of the
mineral.

In experiments #11–15, the 18O tagged particles were sus-
pended into the same solution in which they had previously
reacted. These solutions were presumably saturated with re-
spect to gibbsite, so that the 18O-flux would correspond to
conditions close to equilibrium, as described by Eqn. (1)-(3).
The observed fluxes of 18O, protons and soluble aluminum are
listed in Table 3, and the results from different techniques for
one experiment are shown in Figure 3. The rapid release of 18O
in the beginning of the experiment may be due to minor
amounts of entrained H2

18O that was not fully removed by the
washing step, or to oxygen sites at the crystallite edges that
react much more rapidly than those on the basal plane, or to
particularly reactive sites that are eliminated rapidly by disso-
lution. Nevertheless, excluding these first few points in each
experiment gives linear relationships between 18O concentra-

Table 2. Experimental conditions.

Experiment # Equilibration pH Reaction pH pH control

1, 2 4.0 2.5 pH stat
3–6 4.0 3.0 pH stat
7, 8 4.0 3.5 pH stat
9, 10 4.0 4.0 pH stat

11, 12 4.5 4.5 pH stat
13 6.0 6.0 MES buffer
14 7.0 7.0 PIPES buffer
15 7.5 6.7-7.1 None
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tion and time, allowing calculation of the flux of 18O, which is
close to the dissolution rates of the solid [Table 3 and Figures
3–5]. The difference in fluxes estimated by proton, 18O and
aluminum concentrations as a function of time are small rela-
tive to other uncertainties in estimates of the absolute rates. The
uncertainties given for aluminum and 18O in Table 3 are
standard deviations from the linear regression. Because there
are so many points in the pH measurements, these standard
deviations are deceptively small; for the proton-flux data, the
uncertainty is probably on the order of one percent. Repeated
experiments yield rates that are reproducible to within about
twenty percent [Table 3]. As we discuss below, however, the
systematic uncertainties in the rate estimates are probably much
higher than the experimental precision. For example, one large
uncertainty in our 18O flux estimate is the estimated fraction of
18O at the surface of the mineral. We used as our estimate the

Table 3. Observed fluxes (in mol m�2 s�1) of gibbsite from the
different experiments, according to different analytical techniques. All
values are expressed per square meter of total BET area. Included are
also numbers from experiments performed in isotopically normal wa-
ter. Uncertainties are assigned from the standard error of the regression.

Exp.
# pH Protons Aluminum 18O

1 2.5 5.7 · 10�11 4.1 (�0.1) · 10�11 3.7 (�0.4) · 10�11

2 2.5 — 3.5 (�0.1) · 10�11 —
3 3.0 4.1 · 10�11 3.0 (�0.1) · 10�11 2.0 (�0.9) · 10�11

4 3.0 5.4 · 10�11 3.3 (�0.1) · 10�11 3.1 (�0.7) · 10�11

5 3.0 3.2 · 10�11 3.0 (�0.2) · 10�11 —
6 3.0 3.8 · 10�11 3.5 (�0.1) · 10�11 —
7 3.5 1.2 · 10�11 7.7 (�0.3) · 10�12 2.0 (�0.6) · 10�11

8 3.5 9.5 · 10�12 7.6 (�1.1) · 10�12 —
9 4.0 2.0 · 10�12 1.3 (�0.3) · 10�12 2.8 (�0.2) · 10�11

10 4.0 1.7 · 10�12 8.0 (�1.1) · 10�13 —
11 4.5 — — 2.1 (�0.1) · 10�11

12 4.5 3.4 · 10�12 — 1.3 (�0.1) · 10�11

13 6.0 — — 3.8 (�0.3) · 10�12

14 7.0 — — 4.5 (�0.6) · 10�12

15 6.7-7.1 — — 2.3 (�0.2) · 10�12

Fig. 3. Results from gibbsite dissolution experiment at pH 2.5 (exp.
#1). The fluxes are expressed as flux of gibbsite per square meter of
total BET area, i.e., the fluxes of protons and oxygens have been

divided by a factor of three.
measured 18O concentration of the solution used in the hydro-
thermal enrichment step, but after the enrichment reaction was
complete. Isotopic exchange between this solution and the
gibbsite surface was sufficient to change the 18O concentration
of the solution by many percent.

The efficiency of the hydrothermal treatment was evaluated
in an experiment where the treated gibbsite particles were
totally digested in strong acid and the resulting 18O concentra-
tion of the solution was measured. The results indicated that the
oxygens in the first seven to eight layers of an average-sized
particle had been isotopically exchanged, if we assume an even
distribution of 18O over the surface. In contrast, the amount of
18O released to the solution in a dissolution experiment was
equivalent to less than a single monolayer of gibbsite. We
cannot, of course, prove that the 18O flux is only from the
surface �2-OH at the basal plane, although the results are not
particularly sensitive to exchange of oxygens from the crystal-
lite edges since these contributions are relatively small. Crys-
tallographically, a gibbsite particle exposes 13.7 �2-OH sites
per nm2 of basal area and 8.8 �2-OH and 8.8 �-OH2 sites per
nm2 of edge (e.g., Rosenqvist et al., 2002). For the experiment
at pH � 2.5 [Figure 3], for example, the total contribution from
�-OH2 (present at the surface only) would amount only to 0.12
�mol/m2, which is much smaller than the total flux of 18O to
solution. As stated above, the �-OH2 sites should have been
isotopically equilibrated in our rinsing steps. The �2-OH sites
at the particle edges might contribute more to the total 18O flux.
However, for a gibbsite particle that is 200 nm in breadth and
50 nm in thickness, the �2-OH sites on the edges only amount
to �23% of the total �2-OH sites.

4. DISCUSSION

These experiments provide clear answers to Question 1 and
Question 2, posed above. First, there is no rapid and steady
exchange of oxygens between �2-OH sites on the basal plane
of gibbsite and bulk water molecules. In all cases, the 18O
fluxes were close to those expected from dissolution of the
solid [Figures 4, 5]. Secondly, the rates decrease with increased

Fig. 4. The logarithm in base ten of the fluxes of 18O from gibbsite
at different pH conditions.
pH, as one expects from dissolution, but opposite to that
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predicted from the kinetics of ligand-exchange reactions where
deprotonation commonly accelerates rates.

Our interpretation is that oxygen fluxes at the mineral surface
correspond to the steady advance and retreat of steps on the
basal plane, which can occur even when there is no net disso-
lution rate. These movements yield the flux of 18O that is
measurable at near-neutral pH, in solutions that are presumably
near thermodynamic equilibrium with the suspended solid. We
recognize that these rates probably correspond to high esti-
mates of the true steady-state flux because several researchers
have shown that dissolution rates determined in short-term
experiments, such as these, are commonly much more rapid
than in longer-term experiments (e.g., Strandh 1999). The
important point, however, is that there is no steady exchange of
�2-18OH apart from dissolution of the mineral surface, during
which the �2-18OH sites are hydrolyzed to form �-OH2 (and
�-OH) sites.

These measurements lead us to speculate about the reactive
lifetimes of different surface oxygens on gibbsite. In these
experiments, the lifetime of oxygens in �2-OH on the basal
planes of gibbsite is �50 d or greater at 323 K, which is
estimated by calculating the time necessary to remove a mono-
layer of mineral from the basal sheet using the data compiled in
Table 3 for the pH range 6–7. For comparison, �2-OH in the
Al13 molecule exchange within 0.1 s and 40 min at 323 K
[Table 1]. By analogy with aqueous aluminum complexes

Fig. 5. The 18O fluxes from gibbsite measured at 323
aluminum and proton fluxes at 298 K (from Nagy, 1995).
that the fluxes of 18O are slightly higher than dissolution r
same general range and exhibit a similar pH dependence
[Table 1], �-OH2 bound to the edges of gibbsite probably
exchange with the bulk solution in timescales of milliseconds
or less.

The rates of exchange of the �2-OH sites at edges of the
crystals are difficult to estimate with confidence. It is possible
that the edge �2-OH can form hydrogen bonds to adjacent
�-OH2 groups, since the distance between a �2-OH and a
�-OH2 site on the gibbsite edges is (probably) �2.7–2.8 Å (as
calculated from the bulk structure) and the different groups
exist in a 1:1 ratio. The O-O distance in structures with con-
siderable hydrogen-bonding, such as potassium-dihydrogen
phosphate, is commonly near 2.50 Å (Nelmes et al., 1982).

The possibility of hydrogen bonding to a bound water mol-
ecule, forming a H3O2

� moiety, introduces an important path-
way for isotopic exchange that does not exist for �2-OH sites
on the basal planes. To exchange oxygen isotopes, the H3O2

�

moiety need only exchange the positions of the �-OH2 and
�2-OH within the H3O2

� moiety. Such a mechanism for oxy-
gen-isotope exchange is illustrated in Figure 6. The first step is
rapid exchange of a �-OH2 with a bulk water molecule, fol-
lowed by hydrogen bonding between the �-OH2 to the adjacent
�2-OH to form the H3O2

� structure. Exchange of positions
leads to isotopic enrichment in the edge �2-OH. We can assign
a characteristic time of hours for these exchanges at 323 K by
analogy with the rates observed for polyoxocations, which also
have �2-OH adjacent to �-OH2. We recognize that these esti-
mates are highly uncertain, yet can be improved with further

18

ared with rates of dissolution determined by monitoring
fference in temperature undoubtedly accounts for the fact
98 K. The important point is that the rates fall within the
K comp
The di

ates at 2
experiments using this O-enrichment method.
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5. CONCLUSIONS

There are key observations reported here that help organize
reactivity trends for other minerals:

1) The oxygen fluxes from gibbsite basal planes are controlled
by the retreat and advance of surface steps that convert
�2-OH bridges to �-OH2, and back (Fig. 7). This steady
recrystallization of the gibbsite surface yields a measurable
flux of oxygen isotopes to the aqueous solution, even at
equilibrium, because �-OH2 exchange oxygen isotopes in

Fig. 6. A schematic diagram illustrating a possible isoto
�2-OH bridges at crystallite edges may react much more
basal plane because the hydrogen-bonding to adjacent n
oxygen-isotope exchange.
fractions of a second whereas oxygens in the basal �2-OH
bridges are inert. Similar rates are expected for the basal
planes of other dioctahedral clays that expose a gibbsite-like
surface to the aqueous solution. The dissolution rates for
these minerals are often known (e.g., Nagy, 1995), yielding
testable hypotheses about the oxygen fluxes.

2) These experiments are consistent with conclusions derived
from isotope-exchange experiments on minerals at higher
temperature (see Cole and Chakraborty, 2001). Previous
workers commonly found that near-surface isotope ex-
change involves recrystallization of the structure (see, for
example, O’Neil and Taylor, 1967).

hange pathway at �2-OH on the edges of gibbsite. These
than those �2-OH situated in six-membered rings on the
ing �-OH2 leads to exchange of positions and, hence,
pe-exc
rapidly
onbridg
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3) The �2-OH at the basal plane are much less reactive than in
hydrolytic aqueous complexes, where rates of ligand ex-
change increase with the number of structural hydroxide
ions. For example, Crimp et al. (1994) showed that ligand-
exchange rates in aqueous Cr(III) complexes (monomers to
tetramers) increase by up to �105 as the OH/Cr ratio
increases from 0 to 2. Our data on gibbsite indicate that this
reactivity trend is reversed as more metals and hydroxide
bridges are linked together into six-membered rings of
�2-OH bridges in a solid like gibbsite. Therefore our mea-
sured rates of oxygen-isotope exchange are much slower
than would be predicted by analogy with the aluminum
polyoxocations (see Casey and Swaddle, 2003.)
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APPENDIX I

Converting �18O Values to the Molarity Scale

Unlike most studies of oxygen-isotope exchange in minerals, we
need to calculate the concentration in molar units, not in per mil values
relative to an accepted standard, such as SMOW. To establish the molar
concentrations, we constructed a standard curve [Figure A1] from
highly enriched stock solutions of H2

18O and used this standard curve
to convert the measured 	18O values into molar units. Solutions with
different contents of H2

18O were prepared by diluting weighted
amounts of a 7.4% H2

18O stock solution (Isotec Labs). Because the
fluxes of 18O into the solution are unaffected by constant, systematic
offset in 18O concentration, we defined the concentration of H2

18O in
the 18 M� cm�1 water that we used for the standards, and in all the
experiments, as a baseline. The concentration of 18O in standards and
samples were then expressed as excess 18O over this baseline and the
time-rate of change of 18O concentrations yielded the flux.

Figure A1 shows the calculated concentrations of H2
18O in the

standards versus the measured 	18O values. A least-squares optimiza-
tion was performed to obtain the mathematical relationship between the
	18O values (in per mil) and the concentration of 18O (in mM). The

precision and accuracy of the obtained values were checked by re-
peated analysis of samples and standards. Small uncertainties in the
standard curve, or the calculation of molar 18O concentration, do not
affect the essential results.

Calculating the Depth of 18O Enrichment into the Mineral

The average density of �2-OH sites was calculated by assuming that
one third of the total surface area was at the particle edges, as is
indicated in the electron micrographs [Figure 1]. This assumption
results in an average density (�OH) of 24.4 �2-OH sites per nm2 per
gibbsite layer. To calculate the density of 18O in the surface layers of
the gibbsite particles, �OH value was multiplied by the mole fraction of
18O (Ctag) in the tagging solution:

�OH * 1018 nm2/m2 * Ctag/NA

� 18O-moles/m2 on gibbsite basal surface (A1)

The total amount of 18O contained in the particle is measured by
completely digesting the solid in acid and measuring the resulting
concentration of 18O in the solution. The total amount of 18O contained
in the gibbsite particles can be calculated from this measured 18O
concentration (Cmeas) of the solution, the specific surface area (SA) of
the solid and the solid concentration of the suspension (S):

Cmeas/
SA * S� � 18O-moles/m2 (A2)

Dividing the value given by Eqn. (A2) by the value from Eqn. (A1)
yields the number of surface layers that were enriched in 18O to give the
measured concentration of 18O in the solution after complete digestion

Fig. A1. Calibration curve for converting measured 	18O values into
molar units.
in acid.
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