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O atom sites in natural kaolinite and muscovite: 7O MAS and 3QMAS NMR study
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ABSTRACT

The layer silicates are among the most common minerals in the Earth’s surface environment,
play important roles in many geological processes, and have diverse technological applications.
While it has been suggested that O isotope exchange and dissolution kinetics in aqueous solutions
are controlled by chemical bonding and local atomic structures, the effect of atomic environment
around O atom sites in clay minerals on their site-specific reactivities with H,O are not well known,
mainly because direct experimental evidence is lacking.

Here, we present for the first time detailed high-resolution ’O NMR data for "O-exchanged
natural kaolinite [Al,Si,05(OH),] and muscovite [KAl,(AlSi;)O,,(OH),] using 7O triple quantum
magic angle spinning (3QMAS) and MAS NMR at high fields. At least two basal O atom sites in
kaolinite are resolved: O4, and (O3 + O5). Apical O atoms (*'Si-O-2Al) and hydroxyl groups are
also shown in these spectra. The 7O 3QMAS spectrum for muscovite shows improved resolution
over the 7O MAS NMR spectrum, allowing us to resolve several basal O atoms, including (1*Si-O-
“IAl), as well as hydroxyl groups. The fraction of each O atom appears to deviate somewhat from the
stoichiometric value, suggesting that each crystallographically distinct site may have a different rate

of exchange with the O atom in H,O.

INTRODUCTION

The interaction between layer silicates and water has long
been studied theoretically and experimentally because of its
importance in O atom isotope exchange fractionation and geo-
logic processes such as weathering and diagenesis (Savin and
Lee 1988). Layer silicates have large surface areas and thus
also have important applications to nuclear waste storage and
industrial catalysis (Sposito et al. 1999).

Extensive macroscopic isotope exchange measurements and
statistical thermodynamic analyses have suggested that the ki-
netics of isotope exchange and of dissolution may be strongly
affected by average chemical bonding in specific silicate and
oxide minerals (Cole and Ohmoto 1986; Savin and Lee 1988;
Sverjensky 1992; Cole 2000). Some examples include faster O
atom isotope exchange for minerals with more non-bridging O
atoms (for example, chain silicates vs. tectosilicates) (Cole
2000). The rate-determining step of mineral dissolution is usu-
ally metal-O atom bond dissociation. Thus, dissolution behav-
ior of specific minerals has been semi-quantitatively modeled
using their relative average bond strengths (Sverjensky 1992;
Lasaga 1995). Several theoretical approaches, including quan-
tum chemical calculations, have revealed the importance of
bonding environment and topology in the kinetics of mineral-
fluid interactions, including kaolinite dissolution (Xiao and
Lasaga 1994; Lee et al. 2001). Recent experimental studies
including liquid-state 7O NMR on a simple aqueous alumi-
num complex (Al;3) (Phillips et al. 2000), and solid state 'O
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NMR on zeolites (Xu and Stebbins 1998; Stebbins et al. 1999;
Cheng et al. 2000), have buttressed the theoretical results, re-
vealing that each O atom site in these systems has a distinct
reactivity (rate of exchange of O atoms) with H,O.

Testing these results on more complex but more common
minerals at the Earth’s surface, such as clay minerals, is par-
ticularly important, because clays are among the most impor-
tant indicators of geologic processes in the environment. This
testing, however, is experimentally challenging and can be lim-
ited by the resolutions of spectroscopic and diftraction methods.

As has been previously demonstrated, element-specific
solid-state 'O NMR is one of the most effective and promising
probes of O atom sites and their specific reactivities (Walter et
al. 1988; Xu and Stebbins 1998; Lee et al. 2001), 'O is, how-
ever, a quadrupolar nuclide. Interactions between the electric
field gradient and the quadrupolar moments of the nuclei, com-
bined with overlap in chemical shifts, often yield heavily broad-
ened NMR spectra for O atom sites with similar environments
in complex materials. As a result, there have been few 7O NMR
studies of clay minerals. Previous 'O static NMR studies of
talc [Mg;Si,0,4,(OH),] combined with cross-polarization from
protons revealed three O atom sites, including Si-O-Mg, Si-O-
Si and Mg-OH, that have distinct ranges of structurally rel-
evant NMR parameters, coupling constants (C,), asymmetry
parameter (1), and isotropic chemical shift (8,,), but 7O static
NMR has not allowed further resolution among O atom sites
(Walter et al. 1988). A possible solution for achieving high reso-
lution in solid-state NMR is magic-angle spinning (MAS) NMR
at higher magnetic fields, which reduces the quadrupolar broad-
ening (Stebbins et al. 2000). Further advances, such as triple-
quantum magic-angle spinning (3QMAS) NMR at high fields,
can provide much improved resolution, free from quadrupolar
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broadening, in disordered solids including crystalline and amor-
phous silicates (Frydman and Harwood 1995; Stebbins et al.
1999; Lee and Stebbins 2000a; Lee and Stebbins 2000b; Lee
and Stebbins 2002).

Here we report O 3QMAS and MAS spectra for natural
layer silicates such as kaolinite and muscovite at high field (14.1
and 18.8 Tesla). We also discuss relative reactivities of crystal-
lographically distinct O atom sites in contact with aqueous so-
lutions and the effect of these stabilities on macroscopic
reactivity and O atom isotope exchange kinetics.

EXPERIMENTAL METHOD

Sample preparation and characterization

150 mg of powdered muscovite from a pegmatite in Maine
(Stanford University no. 62780) was sealed in a gold tube with
an equal weight of 46% '"O- enriched water and reacted at 773
K and 1 kbar for 1 month in a cold seal vessel. Standard Geor-
gia kaolinite (KGa-1b, from the Clay Minerals Society, Source
Clay Repository, hereafter kaolinite_Ga) was sieved to <20 um
and placed in a gold tube with the same weight of 46% '"O-
enriched water. The sample was then hydrothermally reacted
at 573 K and 200 bar for 1 month, again in a cold seal vessel.
After the reaction, the samples were dried at ambient tempera-
ture.

SEM of the two samples before and after reaction did not
reveal obvious new phases formed during hydrothermal reac-
tions within the resolution of the method, although the musco-
vite surface appeared to be somewhat altered. Powder XRD
for the hydrothermally reacted kaolinite_Ga showed no impu-
rity phases with a detection limit of about 5%. A MINTEQ
(v.202) calculation for kaolinite shows that about 0.23 mol%
of the initial sample could have been dissolved at 573 K and
that the small volume of fluid could have been oversaturated
with several other phases, including imogolite, which were not
clearly detected by SEM and XRD in the reaction products.
This calculation also suggested a drop in pH to about 3 may
have occurred during the exchange experiment. 2’ Al NMR spec-
tra for kaolinite_Ga showed negligible differences for samples
before and after hydrothermal isotope exchange.

NMR spectroscopy

70 MAS NMR spectra for kaolinite were collected at three
static magnetic fields with a modified Varian-VXR400S spec-
trometer (9.4 T) at a Larmor frequency of 54.2 MHz (5 mm
Doty Scientific probe) and with Varian Inova 600 and Inova
800 spectrometers (14.1 T and 18.8 T) at Larmor frequencies
of 81.3 and 108.4 MHz, respectively (3.2 mm Varian/
chemagnetics T3 probes). The O MAS NMR spectrum of
muscovite was collected at 14.1 T. Relaxation delay was 1 sec
for each sample with spinning speeds of 15, 18, and 20 kHz at
9.4, 14.1, and 18.8 T, respectively. Radio frequency pulse
lengths of 0.25 to 0.3 us were used at each field, correspond-
ing to about a 15° tip angle for the central transition in solids.
The spectra are referenced to ’O-enriched water, or tap water.
The O 3QMAS NMR spectra for kaolinite and muscovite were
collected using a FAM-based (fast amplitude modulation)
shifted-echo pulse sequence (See Zhao et al. 2001 and refer-
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ences therein) comprising hard pulses with durations of 3 and
0.7 us, and a selective pulse with a duration of 20 us at 14.1 T.
The spinning speed was 18 kHz. 7O 3QMAS NMR spectra for
muscovite at 9.4 T were collected with the shifted-echo pulse
sequence comprising two hard pulses of duration 5.2 us and
1.7 us, and a selective pulse with duration of 26 pLs with sample
spinning speed of 15 KHz. Typically, signal averaging for about
2 (muscovite) to about 10 days (kaolinite) was required to ob-
tain the 3QMAS spectra shown.

Comparing hydrothermally enriched kaolinite with clay
minerals of similar composition synthesized with 7O (Lee et
al., in preparation), the ratio of signal intensities (synthetic/
hydrothermal enrichment) in the ’O MAS NMR spectra at 9.4
T is about 2 to 4. Here both spectra were collected at recycle
delays of three times the spin-lattice relaxation times for mus-
covite and kaolinite, which are about 1 and 2.5 s respectively.
Because the intensity ratio reflects the relative amounts of 7O
in the samples, this strongly suggests that there is significant
bulk exchange in addition to the exchange at terminal (sur-
face) O atom sites. The published surface area for KGa-1B
kaolinite, determined by the Brunauer-Emmett-Teller (BET)
method, is 11.1 £ 0.4 m?/g (Ganor et al. 2001), which leads to a
ratio of bulk/surface (edge) oxygen of about 70, confirming
that O atom site exchange was prominent not only on edge and
surface sites but also in the bulk.

RESULTS AND DISCUSSION

70 MAS and 3QMAS NMR results

Kaolinite, which is one of the simplest clay minerals, has
three crystallographically distinct basal O atom sites with equal
populations, two apical O atoms (O1 and O2) linking tetrahe-
dral and octahedral layers with identical site fractions, and four
hydroxyl groups (Fig. 1). The environments of the three basal
O atoms (O3, O4, and O5) are chemically similar with little
variation in Si-O bond length and Si-O-Si bond angle. Among
the four hydroxyl groups, OH4 is located between the octahe-
dral and tetrahedral layers, and the others face basal O atoms
in the adjacent tetrahedral layer, forming weak hydrogen bonds.
Atomic configurations around the two crystallographically dis-
tinct apical O atoms (O1 and O2) are rather similar. Bond angles
and lengths around each O atom site vary slightly among dif-
ferent structural refinements. For example, Neder et al. reported
Si-O-Si angles for O3, O4, and OS5 of 130.1°, 141.8°, and 130.4°,
respectively (Neder et al. 1999), while those from Bish and
Von Dreele (1989) are 130.6°, 142.5°, and 131.4°, respectively.
Muscovite, which can be regarded as a model system for 2:1
dioctahedral clay minerals including illite, has three basal O
atoms, two apical O atom sites with equal populations, and one
hydroxyl group.

Figure 2 illustrates 7O MAS spectra of hydrothermally ex-
changed kaolinite_Ga at varying magnetic fields (9.4, 14.1, and
18.8 T) and muscovite at 14.1 T, demonstrating the effect of
static field on resolution and spectral broadening. Hydrother-
mal reactions allow exchange of O atom isotopes between the
original silicates ('*O) and fluids ("’O, NMR active). Therefore
essentially all NMR signal intensity represents the O atom in
sites that have exchanged with "O-enriched water. Because
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FIGURE 1. O atom sites in kaolinite. Basal O atom sites are O3 [Si-
0-Si(IV)], 04 [Si-O-Si(IlI-1)], and OS5 [Si-O-Si(III-2)]. Two apical O
atom sites are O1 and O2 that can be either Si-O-2Al(I) or Si-O-
2I9A](IT) in Figures 4, 5 and 7. OH1 through OH4 refer to hydroxyl
groups.

Muscovite
41T
CTCIN ;]Si-o-[‘“Si
BIAl-OH
Kaolinite
181 T
41T
9.4T
150 100 50 0 -50 -100 -150 -200
Frequency (ppm)

FIGURE 2. O MAS NMR spectra for '"O-exchanged natural
muscovite and kaolinite at 9.4, 14.1, and 18.8 T.

differences in equilibrium isotope partitioning among differ-
ent sites are expected to be too small to be detectable (at most
a few percent) at the typical precision level of NMR measure-
ment, variation from stoichiometry in the observed relative in-
tensities for O atoms at different sites reflects the extent of
reaction between the sites and the fluids, potentially allowing
quantitative assessment of site-specific stabilities. Basal (*ISi-
O-"ISi) and apical (*1Si-O-2Al) O atom sites and hydroxyl
groups in kaolinite are resolved at 18.8 T. The assignments of
hydroxyl groups and basal O atoms are based on previous stud-
ies of crystalline aluminosilicates (Walter et al. 1988; Xu et al.
1998; van Eck et al. 1999), while the peak centered around 50
ppm at 14.1 T for kaolinite was assigned as apical O atoms. On
the other hand, closely related but crystallographically distinct
sites such as different basal O atom sites are not well resolved
even at one of the highest fields currently available (18.8 T).
70 MAS spectra for the hydrothermally exchanged muscovite
are broadened, probably because of the presence of paramag-
netic impurities including Fe, a common substitution for Al in
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the octahedral layer among natural samples. Thus these spec-
tra do not provide explicit information on O atom sites.

Clay minerals often show preferred orientation in XRD ex-
periments, and silicates such as Na,SiO; that cleave into thin
needles have been shown to produce distorted quadrupolar line
shapes when packed into the narrow ceramic rotors used for
MAS NMR (George 1997; George et al. 1998). To check the
effect of preferred orientation on the kaolinite MAS spectrum,
we collected data at 14.1 T for a mixture of coarse, granular
Si0, (about 60 wt%) and kaolinite (about 40 wt%). In this two-
phase mechanical mixture, some fraction of kaolinite powder
coats the surfaces of the SiO, particles, while much is trapped
between large particles and thus is not compressed during
sample packing, which ensures a further deviation from pre-
ferred orientation. As shown in Figure 3, there is negligible
difference in the spectrum for kaolinite compared to that of the
mixture, which implies that kaolinite particles do not have
strong preferred orientation, possibly due to their small size.

Figure 4 shows the 7O 3QMAS NMR spectrum of kaolin-
ite, which provides improved resolution for apical and basal O
atoms as well as hydroxyl groups. At least two types of basal O
atoms [assigned to O4 and (O3 + O5) on the basis of similari-
ties in bond angles] are resolved in the spectra, as is the dis-
tinction between apical and basal O atoms (Fig. 4a). O3 and
05 may also be partially resolved due to a small difference in
chemical shifts. The two types of apical O atoms, namely “ISi-
O-2[¢AI(IT) and “Si-O-2'A1(T) are not clearly resolved in this
spectrum: the shoulder at 40 ppm (isotropic dimension) may
be due to incomplete overlap of these two sites. Hydroxyl
groups are less likely to be observed in 3QMAS NMR experi-
ments because of the likelihood of short spin-spin relaxation
times and their relatively large quadrupolar coupling constants,
C,, of 6.5-7 MHz (van Eck et al. 1999; Lee and Stebbins 2000b;
Lee et al. in preparation). However, some OH may be detect-
able partly because of its high mole fraction of 44.4%, as rep-
resented by the broad feature at —25 ppm shown in Figure 4b.

Figure Sa shows the isotropic projection (sum of data along

Kaolinite_silica
mixture

Kaolinite_Ga

150 100 50 0 -50 -100
Frequency (ppm)

FIGURE 3. 70 MAS NMR spectra for natural kaolinite and kaolinite
+ silica mixture at 14.1 T. * shows a spinning side band of the ZrO,
rotor.
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FIGURE 4. 70 3QMAS NMR spectrum for kaolinite collected at
14.1 T. (a) Contour lines are drawn from 10% to 80% of relative
intensity with a 5% increment with the addition of contours at 7, 22.5,
27.5,32.5, and 37.5 % to accentuate basal O atoms and low intensity
features. (b) Same spectrum with more apodization (smoothing).
Contour lines are drawn from 10% to 95% of relative intensity with a
5% increment, with a contour at 3% added to show hydroxyl group
(""A1-O-H) signal.

lines parallel to the MAS axis) of the ’O 3QMAS NMR spec-
trum where at least two types of basal O atoms and apical O
atoms are clearly resolved. If the projection from 70 to —50
ppm in the MAS dimension (upper) is compared with that from
70 to 5 ppm (lower), signals from hydroxyl O atoms can also
be seen, as also shown by the projection from —50 ppm to 5
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FIGURE 5. Isotropic projections of ’O 3QMAS NMR spectrum
for kaolinite collected at 14.1 T. (a) Upper plot: data with MAS
positions from 70 to —50 ppm (entire data set shown in Fig. 4b); lower
part from 70 to 5 ppm (approximate range of data shown in Fig. 4a).
(b) Projection of data with MAS position from 5 to —50 ppm to isolate
part of signal from hydroxyl groups. (c) Fitting result of the isotropic
projection using three Gaussian peaks for basal O atom and two for
apical O atoms.

ppm (Fig. 5b).

Intensity in 3QMAS NMR spectra is not quantitative and is
mainly dependent on the magnitude of C,(Medek et al. 1995;
Lee and Stebbins 2000b). On the other hand, the relative inten-
sity among different basal O atoms or among apical O atoms
can be semi-quantitative due to the similar Cgs within each group
(about 4.4—4.8 MHz for basal O atoms and 3.5 MHz for apical
O atom sites). To attempt to estimate the contributions from
crystallographically distinct sites within each of these groups,
the isotropic projection was simulated with five Gaussian peaks



LEE AND STEBBINS: OXYGEN SITES IN NATURAL KAOLINITE AND MUSCOVITE 497

TABLE 1. 7O NMR parameters for kaolinite and muscovite obtained from 7O 3QMAS NMR and 7O MAS NMR

maolinite G, (MHz) 8iso (PPM) n Intensity*(%)
41Si-0-41Si(1V) : O3 4.45 (+0.2) 54.3 (+1) 0.43 (+0.1) 14 (+3.5)
Si-O-18i(I11-1) : O5 4.65 (£0.2) 51.3 (1) 0.38 (+0.1) 12 (£3)
HSi-0-18i(1ll-2) :04 4.75 (£0.2) 46.5 (1) 0.28 (+0.1) 8 (£3)
Hydroxyl group 6.9 (£0.4) 41.5 (+4) 0.55 (+0.15) 46 (+3.5)
41Si-O-28AI(I1) 3.4 (+0.1) 64.0 (£1) 0.8 (+0.05) 14 (£3)t
HSi-O-2@1AI(1) 3.5 (+0.1) 65.0 (£1) 0.8 (+0.05) 6 (£3)1
muscovite G Siso il Intensity$(%)
MSi-O-1Si 4.6 (+0.3) 53.0 (£3) 0.5 (+0.2) 20 (£3)
HSi-O-2BAI(1+11) 3.5 (+0.2) 66.5 (+2) 0.8 (+0.1) 33 (£3)
41Si-O-"Al 3.1 (+0.3) 46.2 (£3) 0.5 (+0.2) 30 (£3)
Hydroxyl group 6.75 (£0.5) 44.5 (£3) 0.5 (+0.2) 17(£3)

Notes. These results given here may not be unique due to overlap of peaks as well as G, dependence of 3QMAS efficiency (see text).

* Stochiometric values for kaolinite are 11.1% for each basal (total of 33.3%) and apical oxygen (total of 22.2%) and 44.4% for all hydroxyl groups.
Those for muscovite are 50, 33, and 17% for basal, apical, and hydroxyl groups.

1 Fractions are from fits to the isotropic projection of the 7O 3QMAS NMR spectrum at 14.1 T (Fig. 6) with calibration of the effect of C, on intensity,
as discussed previously (Lee and Stebbins 2000b). Fraction of hydroxyl groups is from fitting the lower frequency shoulder of the 7O MAS NMR

spectrum (Fig.1).

1 Due to unresolved nature of the two apical O atoms in the 7O MAS NMR spectrum, the fractions are from fitting result of isotropic projection of

3QMAS NMR spectra as given in Figure 5C.

(Fig. 5¢). Peak intensities, widths, and positions were adjusted
manually to avoid problems of noisy baselines with guidance
from the frequencies and shapes of features in the full 2D data
sets. Although results of this process are not unique, they sug-
gest that 7O-exchanged fractions of O atoms in the three basal
sites may not be equal; a similar result is suggested for the
apical O atoms. MAS dimension “slices” of the 2D data, taken
at the position of fitted Gaussians, were analyzed to estimate
corresponding values of §;, and P [= C, (1 +1?/3)"?, where 0
<1n < 1isthe quadrupolar asymmetry parameter]. These val-
ues, and in some cases relative peak areas, were used (see be-
low) to constrain fits of the MAS spectra, which in principle
have more quantitative areas.

As shown in MAS and 3QMAS NMR spectra, apical O at-
oms are more deshielded (higher frequency, left side as plotted
in MAS spectra) than basal O atoms. In addition, the three basal
O atom sites suggested by the 3QMAS NMR spectra have dif-
ferent degrees of shielding and thus different chemical shifts
as well as differences in C, (See Table 1 and below for discus-
sion). O NMR peak assignments within each group are not
trivial, because the local atomic configurations are similar and
the relations between the atomic environment and O NMR
parameters, such as J,, and C,, are not well known. C, for 7O
has usually been shown to increase with increasing Si-O-Si
bond angle (Grandinetti et al. 1995; Vermillion et al. 1998),
but this correlation was not clearly shown in recent NMR and
quantum simulation studies of some zeolites (Bull et al. 2000).
Here, if we use this correlation, the basal O atom site with the
largest C, (4.75 MHz) may be assigned to O4 and the other
sites with smaller C, values may be assigned to O3 and OS5
(Table 1).

70 3QMAS NMR spectra for muscovite are also shown in
Figure 6, where two types of basal O atom sites, “Si-O-“Si
and ISi-O-"ALl, as well as Y1Si-O-2I9Al are resolved, thus be-
ing much more informative than the MAS NMR spectrum (Fig.
2). A small fraction of hydroxyl O atoms are also observed
centered at about —35 and —15 ppm in 3QMAS and MAS di-
mensions respectively. The peak position is close to that calcu-

lated from NMR parameters from simulation of MAS NMR
data (about —37.5 and —6 ppm in the 3QMAS and MAS dimen-
sions), which is also similar to the peak position predicted from
the NMR parameters of bayerite [AI(OH),]: C,, &, and 1 are
6 MHz, 40 ppm, and 0.3 respectively, which leads to —32.8 and
—6.3 ppm in the 3QMAS and MAS dimensions (Walter and
Oldfield 1989).

Simulation results and implications

As mentioned above, quantification of O atom sites in these
two samples from 3QMAS NMR can be complicated by many
factors (Medek et al. 1995; Lee and Stebbins 2000b) but can
be improved by simulating MAS spectra using NMR param-
eters from 3QMAS NMR spectra. Figure 7 shows the results
of the simulation (again done by iterative, manual adjustment
of parameters) of the ’O MAS NMR spectrum of kaolinite at
14.1 T where signals from the six crystallographic sites can be
separated. C,, 8,,, and 1 of each site are given in Table 1. It
should be noted that these results are not unique and thus the
simulation result given here is one of a set of possible solu-
tions. As previously mentioned, peak assignment is also not
trivial, especially for apical O atoms that have similar atomic
configuration as well as similar C, and 8.0 These two peaks
can be either O1 or O2. As shown in Table 1, the C, of basal O
atoms appears to increase with decreasing &, and 1. Future
quantum chemical calculation for large O atom clusters, that
include effects beyond the first coordination shell, and further
7O NMR on crystalline silicates may be helpful to refine as-
signment. For example, a recent O NMR study of chain sili-
cates reports correlation between Si-O and &, where
deshielding increases with increasing Si-O distance (Ashbrook
et al. 2002).

The 'O NMR intensity of each peak may reflect the extent
of exchange with H,'’O and thus the rate of reaction of each O
atom site in contact with aqueous fluids. Due to the inherent
uncertainty in simulation results caused by overlap of the six
peaks, it is impossible to draw any definite conclusions from
the data given above (Fig. 7). First, the ratios of the fractions
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FIGURE 6. 'O 3QMAS NMR spectra for muscovite at 9.4 and
14.1 T. Contour lines are drawn from 4% to 99% of relative intensity
with a 5% increment.

of total basal O atoms : apical O atoms : hydroxyl group ap-
pear to be close to those predicted by stoichiometry (3:2:1)
and equal reactivity (or that equilibrium was obtained). On the
other hand, the fraction of (O3 + 05)/0O4 from the MAS NMR
simulation appears to be somewhat larger than the prediction
of 2 (Table 1); O3 and OS5 have smaller Si-O-Si angles (Bish
and Von Dreele 1989; Neder et al. 1999) and may have greater
reactivity than O4 with an Si-O-Si angle of 141°. The apparent
reactivity difference may result from the fact that the relative
energy of the ISi-O-ISi cluster is a function of bond angle,
and the lattice stability decreases with increasing deviation from
the equilibrium ¥Si-O-“ISi angle of about 144° (Lee et al. 2001).
On the other hand, the similar fraction of O5 and O4 (but smaller
than O3) can also lead to a relatively good simulation results,
implying that the assignment may not be unique. The other
possible reason may be the hydrogen bonds between basal O
atoms and the protons in hydroxyl groups in octahedral layers

150 100 50 0 -50 -100 -150
Frequency (ppm)

FIGURE 7. Simulation results for 7O MAS NMR spectrum for
kaolinite at 14.1 T (top). Simulated component peaks are shown below,
using the C, and &, from 3QMAS NMR as initial parameters (Table 1).

(Neder et al. 1999; Benco et al. 2001). These hydrogen bonds
probably selectively decrease the probability of the protona-
tion of basal O atoms, depending on the configuration of hy-
drogen atoms around basal O atoms. However, the O-H:--O
distance of each basal O atom in kaolinite is similar (2.21—
2.35 A), and thus this may not be a primary reason (Neder et
al. 1999; Benco et al. 2001). A reactivity difference in basal O
atoms has previously been assumed in Monte Carlo simula-
tions of kaolinite dissolution, where multiple rate constants were
modeled for each basal O atom with different topology and
varying number of reactive sites near these O atoms (Lasaga
1995).

The fraction of the two types of apical O atoms is espe-
cially difficult to quantify due to the overlap between their two
peaks in O NMR spectra as well as their similar atomic con-
figuration. As shown in Table 1, the ¥1Si-O-29A1(IT)/ ¥ISi-O-
219A1(T) fraction of about 2.5 is apparently larger than predicted
value of 1 if we include the shoulders in the O 3QMAS NMR
spectrum of kaolinite (Fig. 5c). However, it should be noted
that this assignment is again not unique and requires more ex-
periments with varying reaction times for confirmation. NMR
at even higher field may also be helpful. On the other hand, it
would not be surprising to observe differential O atom site frac-
tions that deviate from the equilibrium values. Distinct hydroxyl
O-atom sites with similar atomic environments in the aqueous
Al,; molecule also have shown significant variations in reac-
tivity (Phillips et al. 2000). The considerable fraction of apical
O atom sites suggests that direct protonation of these O atoms
is favorable, as recently suggested for kaolinite dissolution
(Nagy 1995; Ganor et al. 2001). It is also worthwhile to men-
tion that recent quantum chemical calculations show hydrogen
diffusion into bulk solids, which could allow protonation of
apical O atoms that are not exposed at an edge site (Sohlberg et
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al. 1999). H isotope exchange is much more efficient than that
of O atoms, as has been demonstrated by rapid H isotope ex-
change (Savin and Lee 1988). As previously mentioned, sur-
face O atom exchange alone cannot account for the observed
70 NMR total intensity. Direct H,O or H diffusion in layer
silicates is more likely due to larger cavities in both octahedral
and tetrahedral layers as well as interactions at edge sites, as
inferred from the significant intensity of apical O atoms and in
particular basal O atoms in the NMR spectra for kaolinite.

Due to the severe quadrupolar broadening from their large
C, values, hydroxyl groups are not resolved. However, differ-
ential reactivity among hydroxyl groups may be prominent as
shown for the Al;; molecule (Phillips et al. 2000) because OH(I-
III) sites have different bonding environments than OH(IV) sites
(Fig. 1). Although further resolution could be achieved at higher
fields, the fraction of two basal O atoms “Si-O-“AI/*Si-O-
“ISi in muscovite (=1.5) is apparently larger than 1, the value
predicted from the homogeneous distribution of Si/Al and equal
reactivity in the tetrahedral layer. This suggests that reactivity
of ¥Si-O-"ALI clusters may be greater than that of “1Si-O-“ISi
in tetrahedral layers, consistent with recent results from zeo-
lites (Xu and Stebbins 1998; Cheng et al. 2000) and from quan-
tum chemical calculation showing a lower activation energy
barrier for Si-O-Al (Xiao and Lasaga 1994). The Al-O-Al clus-
ter, which has implications for the extent of disorder among
tetrahedral cations, was not detected, implying that the distri-
bution of Al in tetrahedral layers appears to obey the homoge-
neous distribution of charge, or the Al avoidance rule (Lee and
Stebbins 1999).

The above experimental results may thus show the effects
of structure and chemical bonding environment within a single
crystal on the reactivity of each site as well as on macroscopic
reactivity, and may explain the origin of multiple exponential
behavior in the temporal variation of O atom isotope exchange
ratios found in many minerals, including layer silicates, quartz,
carbonates, and zeolites (Criss et al. 1987; Xu et al. 1998). A
bi-exponential approach, using two exponentials to represent
fast and slow exchange, has been used to analyze the variation
of O atom isotope exchange with time (Criss et al. 1987). On
the other hand, Figure 8 shows the hypothetical exchange frac-
tion of kaolinite with time, using a multi-rate, site dependent
model where each O atom site has distinct first-order exchange
rate with water. Here we further assume that the site fractions
observed in this study may reflect the relative magnitude of
the forward rate constant. For example, the rate constant of
basal O atoms (Kj;.0.5) is smaller than that of hydroxyl group
(K ar-o)-

The superposition of each first-order kinetic solution, scaled
with the stoichiometric fraction of each O atom site, leads to
bulk data that certainly deviate from first order exchange ki-
netics. The results suggest that the superposition of simple first-
order exchange kinetics for each O atom site, tied to their
relative reactivity, can partly account for macroscopic experi-
mental results where the information for all O atom sites is
averaged together. Unfortunately, a quantitative reaction model
cannot be obtained from our present observations because of a
limited data set and the fact that exchange kinetics are a func-
tion of many variables, including surface area and diffusion of

499

water as well as experimental conditions (Cole and Ohmoto
1986; O’Neil 1986; Cole 2000).

This site-specific reactivity also has important implications
for dissolution kinetics at surfaces, in that small variations in
chemical environment and topology can lead to significant dif-
ferences in reactivity, as has recently been demonstrated
(Hochella and Banfield 1995; Lasaga 1995; Phillips et al. 2000).
The mechanism of O atom isotope exchange in a hydrothermal
experiment may include Ostwald ripening by dissolution and
precipitation, which should yield a crystal with identical O atom
isotope fractionation (Stoffregen 1996) since the fractionation
coefficient (k) for "O/'°O, mainly controlled by the effective
mass difference, is close to 1, which is somewhat different from
our experimental data suggesting different O atom site exchange
for basal O atoms. It is possible that the results shown here
could result from a combination of both direct O atom exchange
without further dissolution and possible dissolution and recrys-
tallization (Stoffregen 1996), although no clear evidence of
newly formed phases was found within the resolution of the
XRD and SEM data. HRTEM can be potentially useful to char-
acterize the possible alteration products, whose length scale
can be a few nanometers (Hochella and Banfield 1995). Al-
though uncertainties both in the nature of exchange process
and in the data analysis preclude any quantitative conclusion
on the reactivity of each O atom site, we have attempted here
to provide a qualitative explanation for results that appear to
deviate from the stoichiometric exchange at each O atom site,
in particular for basal O atoms.

In general, a more rigorous description of the macroscopic
kinetic properties of layer silicates in contact with aqueous
solutions can be obtained from detailed atomic scale informa-
tion on reactivity, and '’O NMR can be helpful to shed light on
amore complete, atomic-level understanding of the geological
processes at the Earth’s surface, including weathering and clay
mineral diagenesis.
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FIGURE 8. Hypothetical O atom site-specific reactivity of kaolinite.
p is the apparent reactivity defined as the fraction of O atoms
exchanged. Solid lines refer to the temporal variation of —In(1 — p) for
each O atom and closed square refers to the macroscopic reactivity
variation of bulk kalolinite. The units of time and reactivity in the plot
are arbitrary: quantitative rate constant cannot be obtained from the
data here.
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