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Orthoclase dissolution kinetics probed by in situ X-ray reflectivity: Effects of temperature,
pH, and crystal orientation
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Abstract—Initial dissolution kinetics at orthoclase (001) and (010) cleavage surfaces were measured for�2
to 7 monolayers as a function of temperature using in situ X-ray reflectivity. The sensitivity of X-ray
reflectivity to probe mineral dissolution is discussed, including the applicability of this approach for different
dissolution processes and the range of dissolution rates (�10�12 to 10�6 mol/m2/sec) that can be measured.
Measurements were performed at pH 12.9 for the (001) surface and at pH 1.1 for the (001) and (010) surfaces
at temperatures between 46 and 83°C. Dissolution at pH 12.9 showed a temperature-invariant process with an
apparent activation energy of 65� 7 kJ/mol for the (001) cleavage surface consistent with previous powder
dissolution results. Dissolution at pH 1.1 of the (001) and (010) surfaces revealed a similar process for both
surfaces, with apparent activation energies of 87� 7 and 41� 7 kJ/mol, respectively, but with systematic
differences in the dissolution process as a function of temperature. Longer-term measurements (five mono-
layers) show that the initial rates reported here at acidic pH are greater than steady-state rates by a factor of
2. Apparent activation energies at acidic pH differ substantially from powder dissolution results for K-
feldspar; the present results bracket the value derived from powder dissolution measurements. The difference
in apparent activation energies for the (001) and (010) faces at pH 1.1 reveals an anisotropy in dissolution
kinetics that depends strongly on temperature. Our results imply a projected�25-fold change in the ratio of
dissolution rates for the (001) and (010) surfaces between 25 and 90°C. The dissolution rate of the (001)
surface is higher than that of the (010) surface above 51°C and is projected to be lower below this temperature.
These results indicate clearly that the kinetics and energetics of orthoclase dissolution at acidic pH depend on
crystal orientation. This dependence may reflect the different manifestation of the Al-Si ordering between the
T1 and T2 tetrahedral sites at these two crystal faces and can be rationalized in terms of recent theoretical
models of mineral dissolution.Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION

The chemical weathering of feldspars has been studied for
many years using a variety of macroscopic (e.g., powder dis-
solution, surface charging) and microscopic (e.g., spectroscopic
and imaging probe) approaches to gain insight into the associ-
ated microscopic processes, kinetics, and energetics. Feldspar
dissolution is generally thought to proceed by a surface-con-
trolled process involving disruption of the aluminosilicate net-
work through elementary hydrolysis reactions. Laboratory
measurements (e.g., Petrovic¸, 1976; Chou and Wollast, 1984;
Holdren and Speyer, 1985; Casey et al., 1989; Muir et al., 1989;
Schweda, 1989; Inskeep et al., 1991; Stillings and Brantley,
1995; Hellmann, 1995; Hellmann et al., 1997; Gout et al., 1997;
Nugent et al., 1998; Jordan et al., 1999; Chen et al., 2000)
suggest that the mechanisms of feldspar-water interfacial reac-
tions may be distinctly different under acidic and alkaline
conditions, based on the thickness of leached surface layers, the

pH dependence of dissolution kinetics, and the apparent acti-
vation energies measured in each pH regime (Blum and Still-
ings, 1995). This implies that the rate-limiting reactions are
different in these two regimes and that the individual reactions
can be isolated at extreme values of pH. Observations by
numerous workers indicate that dissolution is nonstoichiomet-
ric at acidic pH over a broad range of temperatures (Petrovich,
1976; Chou and Wollast, 1984; Holdren and Speyer, 1985;
Casey et al., 1989; Muir et al., 1989; Hellmann et al., 1990,
1997; Inskeep et al., 1991; Stillings and Brantley, 1995; Nugent
et al., 1998; Chen et al., 2000) and nearly stoichiometric at
alkaline pH near room temperature (Holdren and Speyer, 1985;
Casey et al., 1989; Hellmann et al., 1997), although nonstoi-
chiometric dissolution has also been observed at alkaline pH at
elevated temperatures (Hellmann et al., 1990; Hellmann, 1995).
A substantial body of theoretical work has been developed to
relate these macroscopic observations to the associated micro-
scopic processes. Most of this work has used the analogy with
simpler mineral systems in which the dissolution rate is related
to protonation/deprotonation reactions that occur at the surface
(Walther, 1997; Brantley and Stillings, 1997). Quantum me-
chanical calculations of idealized aluminosilicate clusters have
been performed to test the relative proton affinities of different
bonds (Kubicki et al., 1996).

In many cases, measurements of feldspar powder dissolution
rates as a function of temperature have been analyzed to derive
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apparent activation energies through Arrhenius behavior (Blum
and Stillings, 1995, and references therein; Chen and Brantley,
1997). However, the extent to which powder dissolution results
represent individual molecular-scale processes or an ensemble
average of different processes (e.g., due to the distribution of
surface orientations, morphologies, etc., associated with pow-
der measurements) has yet to be thoroughly explored. To our
knowledge, few measurements have explored the anisotropy of
feldspar dissolution. In one measurement, the anisotropy of
dissolution rates was measured using batch solution chemical
analyses at acidic pH and T � 90°C using thin labradorite disks
polished along the three principle crystallographic directions,
but they did not reveal any systematic anisotropy of the disso-
lution rate or activation energies (Suzuki et al., 1996). Recent
dissolution measurements of fosteritic olivine demonstrated a
�40% variation in apparent activation energy for three crys-
tallographic orientations (Awad et al., 2000).

A more fundamental understanding of mineral dissolution
can be obtained by probing dissolution at the molecular scale.
Since the seminal work of Gratz et al., (1990, 1991), in which
the dissolution rates of quartz surfaces were estimated using ex
situ atomic force microscopy (AFM) and optical microscopy,
there have been numerous in situ measurements of step and
kink motion on well-characterized surfaces that provide a fun-
damental basis for determining overall mineral dissolution rates
(e.g., Hillner et al., 1992; Bosbach and Rammensee, 1994;
Liang et al., 1996; Liang and Baer, 1997; Jordan and Ram-
mensee, 1998; Shiraki et al., 2000). This approach has been
successful, but its application can be limited by a number of
factors. First, measurements of dissolution rates are usually
derived from the velocity of individual steps and consequently
the mineral of interest must dissolve primarily by step motion.
Second, many minerals cannot be studied using in situ AFM,
because the dissolution rates must be compatible with AFM
scanning rates (Dove and Platt, 1996). The advent of the
hydrothermal AFM (Higgins et al., 1998; Jordan et al., 1999)
has extended the range of minerals that can be studied by this
approach by increasing the dissolution rates of less reactive
minerals. Such molecular scale measurements of dissolution
are therefore likely to provide new insight into some of the
widely observed characteristics of feldspar dissolution, includ-
ing non-stoichiometry of dissolution and the initially fast tran-
sient dissolution kinetics.

One promise of molecular-scale approaches to mineral dis-
solution is to determine the extent to which either the dissolu-
tion rates or processes depend on the crystal faces of a mineral.
Face-selected dissolution rates and their associated activation
energy have been determined for the prismatic and rhombohe-
dral faces of natural quartz growth surfaces with AFM, and
little anisotropy was found in the dissolution rates or activation
energies (Gratz et al., 1990). The reported activation energies were
in agreement with powder dissolution studies (Dove, 1995).

We have previously demonstrated the ability to probe the
structure and dissolution processes of the orthoclase (001)-fluid
interface using X-ray reflectivity and atomic force microscopy
(Fenter et al., 2000; Teng et al., 2001). These results are briefly
reviewed since they provide a conceptual foundation to the
present results and highlight the sensitivity of X-ray reflectivity
to probe mineral dissolution processes. Specular X-ray reflec-
tivity measurements revealed the molecular-scale structure and

termination of the orthoclase (001)-water interface in deionized
water, including observations that only the outermost potas-
sium ions are removed after brief contact with de-ionized
water; the surface tetrahedral sites are fully hydroxylated; and
the surface tetrahedral sites are displaced by �0.15 Å with
respect to the bulk structure with significant relaxations ob-
served as deep as �26 Å into the crystal (Fenter et al., 2000).
In situ measurements of the dissolution of orthoclase (001)
surfaces at extreme pH provided new insight into the dissolu-
tion processes (Teng et al., 2001). These results demonstrated
that dissolution follows a layer-by-layer process at both acidic
and alkaline pH, as evidenced by an oscillatory change in the
X-ray reflectivity as a function of time during dissolution. Each
oscillation of the reflectivity corresponds to the removal of a
single layer of orthoclase. This layer-by-layer character of the
dissolution process implies that there are two reactive sites in
each pH regime associated with terrace- and step-specific pro-
cesses. The dominant process at alkaline pH is a step-specific
process, whereas step- and terrace-specific processes have com-
parable rates at acidic pH; that is, the spatial distribution of
reactive sites changes significantly with pH. These results pro-
vide new insight into the transient dissolution kinetics widely
observed in powder dissolution measurements; no clear evi-
dence was found for significant variation of the dissolution
kinetics during dissolution of freshly cleaved surfaces, espe-
cially with respect to the �10� variation observed in powder
dissolution measurements. However, a substantial transient dis-
solution rate was observed after switching from acidic to alka-
line solutions. This phenomenon was explained by the different
reactivity of step and terrace sites in the two pH regimes: (1)
The proliferation of steps during dissolution at acidic pH pro-
vided extensive step densities and (2) the high reactivity of
such sites at alkaline pH resulted in a rapid but brief transient
dissolution period, after which the intrinsic dissolution rate at
this temperature was again observed. We also found, through
high-resolution X-ray reflectivity measurements of reacted sur-
faces, that the dissolution process was fully stoichiometric at
alkaline pH with no significant change in the orthoclase surface
after dissolution. Similar measurements at acidic pH revealed
that dissolution was minimally non-stoichiometric (non-stoi-
chiometric depths of � 6.5 Å were observed after dissolution of
�25 layers).

In this paper we extend these previous results to show that
X-ray reflectivity (Feidenhans’ l, 1989; Robinson and Tweet,
1992) can be used to determine precise crystal face-specific
dissolution rates and their variation with temperature at pH 1.1
and 12.9. We also discuss the accuracy of these results by
comparison with powder dissolution measurements and
through measurements performed over longer time periods.
These are the first in situ molecular-scale measurements of
face-specific activation energies of feldspar dissolution. New
measurements were performed on the orthoclase(001) surface
at pH 1.1 and 12.9 to isolate the individual pH-dependent
dissolution processes (as identified by Teng et al., 2001). The
anisotropy of the dissolution process is also explored at pH 1.1
by comparing the dissolution rates of the structurally similar
(001) and (010) cleavage surfaces. We demonstrate that the
apparent activation energies for dissolution of particular sur-
faces can differ substantially from each other and from those
obtained from powder dissolution measurements. This indi-
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cates that apparent activation energies derived from powder
dissolution measurements are not generally representative of
individual molecular-scale processes, but instead reflect the
average response of a potentially complex distribution of cleav-
age faces and fracture surfaces. The theory of Casey and
Sposito (1992) is used to provide a possible explanation for an
understanding of this kinetic anisotropy and, in particular, the
correlation of apparent activation energies with aluminol site
densities on these two surfaces.

2. EXPERIMENTAL DETAILS

We examined the evolution of dissolving orthoclase (001)
and (010) cleavage surfaces using gem-quality homogeneous
crystals (Itrongay, Madagascar; Kimata et al., 1996). Electron
microprobe analyses yielded a chemical formula, based on
eight oxygens, of K0.96Na0.04Al0.96Fe0.04Si3.00O8.00 (Fenter et
al., 2000). Examination of this material using back-scattered

electron imaging, transmission electron microscopy, cathodolu-
minescence, and transmitted light optical microscopy revealed
no evidence of albite exsolution lamellae or other microstruc-
tures. Based on the crystallographic parameters at 296 K, a �
8.574 Å, b � 13.006 Å, c � 7.191 Å, � � 90°, � � 116.07°,
� � 90° with C2/m symmetry (Kimata et al., 1996), the vertical
separations between the (001) and (020) Bragg planes are,
respectively, d001 � c � sin(�) � 6.459 Å and d020 � b/2 �
6.503 Å (Kimata et al., 1996).

X-ray reflectivity data were collected in situ at 46 to 83°C in
flowing solutions of 0.1-mol/L HCl and 0.1-mol/L NaOH hav-
ing pH values (at 25°C) of 1.1 and 12.9, respectively. Time-
resolved measurements of dissolution kinetics and processes
were performed in a flow-through Teflon sample cell in trans-
mission geometry with a �3.5-mm path-length of X-rays
through water and two 0.13-mm Kapton windows (Fig. 1a).
The sample cell volume was 1.0 mL. The footprint of the X-ray

Fig. 1. (a) Schematic diagram of the transmission sample cell. (b) Schematic diagram of the interference of X-rays
reflected from neighboring terraces at the “anti-Bragg” condition. (c) A rocking curve at n � 1/2 for a freshly cleaved
orthoclase surface. The hashed area is proportional to the integrated reflectivity. Insets in (c) schematically show the
orientation of the sample at three points of the rocking curve, as well as the incident and reflected X-ray beams, the
momentum transfer (bold arrow), and the specular reflectivity rod (dashed line). The specular reflection condition is satisfied
when the momentum transfer vector coincides with the specular reflectivity rod.
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beam was adjusted to be �10% smaller than the sample length
(�3.5 mm) along the beam direction and �1-mm transverse to
the beam direction. Surfaces examined by X-ray reflectivity
were prepared by cleavage of orthoclase crystals along the
(001) or (010) planes; orthoclase has perfect cleavage in these
two directions. Each sample was loaded into the X-ray cell with
1-mL deionized water immediately (within 1 min) after cleav-
age, and sample alignment in the X-ray beam was performed at
25°C. The cell was then externally heated to the desired tem-
perature, taking advantage of the �1000� slower dissolution
rate at pH 6 as compared with pH 1 and 13 (e.g., Blum and
Stillings, 1995, and references therein). To change the pH, we
rapidly displaced the deionized water from the cell with �10
mL of solution resulting in a brief (�2 min) decrease of the
fluid temperature that was monitored continuously by a ther-
mocouple positioned in the solution �2 mm above the sample
surface. We then continued to supply fresh solution to the cell
throughout the experiment using a syringe pump at 3-mL h�1.

Synchrotron X-ray reflectivity measurements were made at
the Advanced Photon Source (beamlines 12-ID, 11-ID, and
12-BM) using monochromatic X-rays (	E/E � 10�4). Photon
energies ranging from 17.5 to 19.6 keV were used for different
experiments but were not varied within a given experiment.
The X-ray reflectivity is defined as the ratio of the reflected-
to-incident flux. With high-brilliance synchrotron sources, re-
flectivities can be measured to � 10�10, although the lower
limit of sensitivity is affected by the level of diffuse X-ray
background in the experimental configuration (e.g., caused by
scattering from the solution, the X-ray window, and air in the
beam path) and the amount of counting time needed to distin-
guish the reflectivity from the diffuse background.

3. RESULTS

3.1. Real-Time Measurements of Dissolution Using X-ray
Reflectivity

Surface dissolution processes can be characterized by time-
resolved measurements of X-ray reflectivity at the “anti-Bragg”
condition. The angle of incidence, �, with respect to the surface
plane is specified by Bragg’s law, n� � 2dhklsin(�), where n �
1/2 for the first anti-Bragg condition, � is the X-ray wave-
length, and dhkl is the Bragg plane spacing of the (hkl) planes.
This scattering condition gives high sensitivity to changes in
the mineral surface (e.g., morphology, structure, termination,
composition) and maximizes sensitivity to interfacial rough-
ness (Robinson, 1986). This sensitivity comes from destructive
interference between X-rays that are reflected from neighboring
terraces that differ in height by a single layer spacing (e.g.,
d001 � 6.459 Å for the (001) surface), as shown in Figure 1b.
The destructive interference at n � 1/2 results in a strong
variation of the reflectivity as a function of the occupation of
this layer. The reflectivity is maximized when the outermost
orthoclase layer is fully occupied and minimized when the
outermost layer is approximately half occupied. In contrast, the
X-rays reflected from neighboring terraces constructively in-
terfere at scattering conditions specified by n � integer corre-
sponding to the Bragg condition; near this condition the reflec-
tivity data are insensitive to changes in surface termination and
instead are sensitive to the bulk crystal structure.

A typical “ rocking scan” at the first anti-Bragg condition for
a freshly cleaved orthoclase (001) surface, where the angular
position of the detector was fixed while the incident angle, �,
was taken through the specular reflection condition (Fig. 1c).
The reflectivity at this scattering condition is �10�6 (Fenter et
al., 2000). The reflectivity signal is clearly observed as a sharp
peak having a width of �0.02° that is superimposed on a flat
background associated with incoherent scattering (e.g., from
the solution). The rocking-curve width was equal to the exper-
imental resolution as determined by half the angular detector
slit size in the scattering plane (�0.04°), implying that the
average surface domain size was larger than our lateral X-ray
coherence length (�2 �m), which is consistent with previous
AFM results (Teng et al., 2001). The integrated reflected flux
and its associated uncertainty for each rocking curve are deter-
mined by least-squares fitting (Bevington, 1969). More details
about our reflectivity measurement procedures are given else-
where (Fenter et al., 2000; Teng et al., 2001).

In situ synchrotron X-ray reflectivity measurements of an
orthoclase (001) cleavage surface as a function of time during
dissolution at 73°C and pH 12.9 are shown in Figure 2a,b. The
reflectivity was measured at regular time intervals. The shape
of the rocking curve at the anti-Bragg condition (n � 1/2) did
not change during dissolution (Fig. 2a). The specular reflectiv-
ity at n � 1/2, however, changed substantially and non-mono-
tonically as dissolution progressed. The integrated reflectivity
at the anti-Bragg condition (n � 1/2) as a function of time is
shown in Figure 2b. The reflectivity shows a significant oscil-
latory variation with a slow decrease in the overall intensity at
subsequent intensity maxima. Separate data taken during the
same dissolution experiment at a scattering condition close to
the orthoclase (002) Bragg condition show no systematic vari-
ation as a function of time in excess of statistical error (Fig. 2b).
(Here, we perform the measurements at n � 1.97 instead of n �
2, because the intensity of the bulk Bragg peak exactly at n �
2 is too high to be measured by our detector. The interference
phenomenon that is responsible for the sensitivity to dissolution
is negligibly different between n � 1.97 and 2.) These invariant
data at n � 1.97 are primarily sensitive to the bulk crystalline
structure and insensitive to the surface structure and termina-
tion and prove that the variations observed in Figure 2a,b near
n � 1/2 are exclusively due to changes in the near-surface
region during dissolution and are not an artifact of the mea-
surement process.

We have previously described how real-time X-ray reflec-
tivity measurements provide insight into orthoclase dissolution
processes (Teng et al., 2001). Specifically, the oscillations in
the reflectivity vs. time can be associated with the successive
removal of individual layers at the orthoclase surface (van der
Vegt et al., 1992). It is important to emphasize that these
measurements probe essentially the same quantity that is de-
rived from a powder dissolution measurement (i.e., the net
amount of material released to solution as a function of time),
although X-ray reflectivity measures this quantity for a single
cleavage surface. The data in Figure 2b show that the removal
of successive layers (noted as “ML” for monolayer in the
figure) at pH 12.9 occur every �2.8 h at 73°C. The correspond-
ing dissolution rate (in units of mole feldspar/m2/s) can be
calculated as 6 � 10�6/tML (where tML is the time in seconds
to dissolve a single monolayer), corresponding to a net disso-
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lution rate of 6 � 10�10 mol/m2/s (a single unit cell of ortho-
clase(001) corresponds to four KAlSi3O8 units/111.5 Å2).

Changes in X-ray reflectivity with dissolution are large with
respect to both the background and the statistical error in the
measurement (derived from counting statistics). Because the
data are also sensitive to interfacial termination, structure, and
roughness, any change in such quantities as a function of time
will be associated with an overall change of the reflectivity at
successive reflectivity maxima. We determined previously that
the termination and surface composition of orthoclase do not
change significantly as a function of time at alkaline pH and
that the overall decrease in reflectivity of successive reflectivity
maxima is associated with a slow increase in the interfacial
roughness during dissolution (Teng et al., 2001).

3.2. Dissolution Kinetics of Orthoclase (001) at pH 12.9

A series of real-time reflectivity measurements during dis-
solution of the orthoclase (001) surface for different tempera-
tures at pH 12.9 is shown in Figure 3a. These data have similar
slightly damped oscillatory reflectivity patterns over the tem-
perature range studied (50–83.3°C), although the time between

subsequent reflectivity maxima varies strongly with tempera-
ture. The dissolution rate is most simply estimated by noting
the times at the first reflectivity maxima, tML. Based on this
simple assessment, the results in Figure 3a confirm that there is
a substantial change in the dissolution rate as a function of
temperature at pH 12.9. This approach, however, has some
inherent limitations. The first is that the time corresponding to
the first reflectivity maximum may not be straightforward to
determine if the reflectivity decreases strongly between re-
flectivity maxima (this is the case for dissolution at acidic
pH). The second is that individual datasets may be incom-
plete (e.g., at or near the reflectivity maxima). Finally, the
dissolution process might exhibit transient dissolution kinetics,
whereby the dissolution rate depends on the amount of material
dissolved.

A more general approach to determine the relative dissolu-
tion rates is to scale the time axis of each dataset by a factor
�(T). For a dissolution process that is invariant with respect to
temperature (except for changes in the dissolution rate), the
scaled reflectivity data, R[t/�(T)]/R(t � 0), should be indepen-
dent of the temperature. The magnitude of �(T) can, in princi-
ple, be chosen arbitrarily for a single reference dataset, and in

Fig. 2. (a) Rocking curves measured as a function of time at 73°C and pH 12.9. The peak shape does not change, but the
integrated intensity of the peak changes substantially and non-monotonically as dissolution proceeds. (b) Integrated
reflectivity as a function of time measured at n � 1/2 (open circles) and n � 1.97 (filled diamonds). The vertical axis for
both sets of data is normalized to the initial value before exposure to the pH 12.9 solution, but the data at n � 1.97 are further
offset by a factor of 5 for clarity. The reflectivities for the individual rocking scans in (a) are labeled for direct comparison.
Each oscillation at n � 1/2 is associated with the removal of an individual orthoclase layer (noted as “ML”), while the
reflectivity at n � 1.97 shows no significant change as a function of time.
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this case, the variation of �(T) with temperature will reflect only
the relative changes in dissolution rates with respect to the
reference data. We can, however, use our understanding of the
dissolution process (specifically, the observation that each os-
cillation corresponds to the removal of a single layer of mate-
rial) to obtain absolute dissolution rates by assigning �(T) to be
the time to remove a single layer at a temperature T. In this
way, the scaled reflectivity data R[t/�(T)]/R(t � 0) will oscillate
with unit period, and the horizontal axis is transformed into a
measure of the number of layers dissolved at the (001) surface
(Fig. 3b). This is indicated by the location of subsequent max-
ima corresponding to integer values of t/�(T), providing a simple
and direct measure of the absolute dissolution rate. Precise
values of the relative dissolution rates are determined by choos-
ing values of � at each temperature that optimize the visual
agreement (i.e., “by eye” ) between different datasets. No one
feature was used to determine � for a particular dataset. In cases
where there may appear to be a conflict between different
aspects of the data (e.g., the location of subsequent maxima or
the initial decrease of the reflectivity), the overall agreement
between datasets was used as the primary criterion. The result-
ing scaled data are shown in Figure 3b. They show a nearly
identical temperature-independent variation of the reflectivity
as a function of scaled time, t/�(T), for all the datasets. This in-
dicates that there are no significant changes in the dissolution
process over the measured temperature range. The dissolution
rate corresponds to 1/�, and the systematic variation of disso-
lution rate with temperature is discussed in detail below. This
approach of scaling the time axis to determine the dissolution
rates allows us to determine dissolution kinetics with partial
datasets (an extreme example is the second dataset at 50°C in
Fig. 3, during which a net dissolution of �1/2 layer was
measured).

3.3. Dissolution Kinetics at pH 1.1

3.3.1. Orthoclase (001)

Real-time reflectivity data taken at pH 1.1 between 50 and
76°C are shown in Figure 4a,b. As we reported previously

(Teng et al., 2001), the data at acidic pH reflect a more random
process in which the surface roughness increases substantially
with increasing dissolution. This results in a substantial (�10-
fold) decrease of the X-ray reflectivity at the first intensity
maximum (Fig. 4a), with the reflectivity decreasing by as much
as a factor of �103 with respect to the initial value. This strong
decrease in the reflectivity during dissolution makes it difficult
to determine the dissolution rate simply from the location of
subsequent maxima, since the precise locations of individual
maxima can be altered by the strong decrease in overall inten-
sity. Instead, the relative dissolution rates as a function of
temperature were determined by normalizing the time axis (Fig.
4b), as described above.

There is greater variability in the time-normalized acidic
dissolution data as compared with the alkaline dissolution data.
For example, we observe a �20% variation in the location of
the second intensity maximum with respect to the predicted
value of two layers in the time-normalized data (Fig. 4b). If we
assume that this variability is due to experimental factors such
as variability of surface quality, this provides an internal mea-
sure of the error in the overall dissolution rates. We also find
that sample-to-sample variations in the shape of reflectivity vs.
time data are also significant. For example, the intensity varies
by factors of 5 at the first intensity minimum (at �0.5 layers
dissolved) and by as much as a factor of 15 at the second
intensity minimum (at �1.5 layers dissolved). However, vari-
ations in the shape of the data in Figure 4b imply that the
interfacial structure is not strictly invariant after a given amount
of dissolution (e.g., after 1/2 layer dissolved), implying that
there are differences in the acidic dissolution process for these
different samples. (A full structural determination at a given
point during dissolution can be performed only when the vari-
ation of the reflectivity as a function of incident angle is
measured over a broad range of angles.) From previous studies,
we know that the acidic dissolution process is complex and
includes substantial surface roughening, terrace etching, devel-
opment of a thin (� 6.5-Å thick) nonstoichiometric layer, as
well as the buildup of a gel-like layer at the surface under slow
flow conditions (Teng et al., 2001). The variability in the data

Fig. 3. In situ X-ray reflectivity measurements of dissolving orthoclase (001) surfaces at pH 12.9 and 50 � T � 83.3°C,
with each dataset vertically offset by factors of 10 for clarity. (a) Reflectivity vs. time and (b) the same data in which the
time axis has been scaled by �(T) to correspond to the number of dissolved layers.
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in Figure 4b does not correlate with the time that the cleavage
surface was in contact with water (ranging from 0.5–4.2 h)
before the acid solution was introduced. The behavior is, how-
ever, weakly correlated with the sample temperature; the first
intensity minimum (near �0.5 layers dissolved) is smallest at
lower temperatures and largest at the highest temperatures. This
suggests that at least part of this variability is intrinsic to the
acidic dissolution process and might be associated with the
variation of potassium or aluminum depletion depths with
temperature.

3.3.2. Orthoclase (010)

We have explored the crystallographic dependence of the
dissolution kinetics through measurements of the orthoclase
(010) surface. In comparing the (001) and (010) surfaces, we
maintain the composition and structure of the mineral and
change only the orientation of the cleavage plane with respect
to the tetrahedral rings. As can be seen in Figure 5, the (010)
surface is similar to the (001) surface in both the type and
distribution of tetrahedral sites (both non-bridging and bridging
oxygen sites), and its area per tetrahedral ring differs by only
0.6% from the (001) surface. As in the case of the (001)
surface, we find resolution-limited rocking curves having
widths of � 0.04° indicative of large flat (010) terrace areas �
2-�m wide.

Real-time dissolution data for the (010) surface at pH 1.1 are
shown in Figure 6a. These data have the same strongly damped
oscillatory behavior as that found for the (001) surface in which
subsequent reflectivity maxima have decreasing intensities.
This implies that the character of the dissolution process for the
(010) surface is similar to that of the (001) surface. After
normalizing the time axis (Fig. 6b), we find that the data
superimpose in a way that is similar to that of the (001) surface
at acidic pH and, again, with a higher degree of variability than
was observed for the (001) surface at alkaline pH.

3.4. Transient Dissolution Kinetics

Before discussing the trends in dissolution rates measured
above, it is useful to first make a comparison of the single-
crystal and powder dissolution processes. Powder dissolution
measurements at acidic pH are complicated by transient kinet-
ics in which the initial dissolution rate is typically � 10�
higher than the steady-state value, and it may take many hours
or even days to reach a quasi-steady-state dissolution rate
(Blum and Stillings, 1995; Chen and Brantley, 1997). There-

Fig. 4. In situ X-ray reflectivity measurements of dissolving orthoclase (001) surfaces at pH 1.1 and 50 � T � 76°C, with
each dataset vertically offset by factors of 10 for clarity. (a) Reflectivity vs. time and (b) the same data in which the time
axis has been scaled to correspond to the number of dissolved layers.

Fig. 5. Schematic diagram of the (001) and (010) cleavage surfaces.
Also labeled are the two distinct tetrahedral sites in the orthoclase
lattice (T1 and T2). The Al occupations are 0.352 and 0.148 for the T1
and T2 sites, respectively (Kimata et al., 1996). The T1 site expresses
an NBO on the (001) surface, and the T2 site expresses an NBO on the
(010) surface. (NBOs are indicated as small filled circles on the
interfacial tetrahedral sites.)
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fore, we must determine whether the present single-crystal
results also show transient dissolution kinetics, and if so, the
degree to which it affects the present results. Powder dissolu-
tion data are typically reported as amount of material dissolved
as a function of time from a sample with a very high surface
area. To compare with the X-ray reflectivity data, we must
convert the amount dissolved to the number of equivalent
dissolved monolayers. It is interesting to note that powder
dissolution data for both microcline and albite (at acidic pH and
T � 100°C) show that the net amount dissolved during the
extreme non-steady-state period is approximately one mono-
layer of material (Schweda, 1989; Hellmann, 1994). After this
period of time, the dissolution rate approaches a quasi-steady-
state value, although results in the literature show that true
steady-state results are achieved only after substantially longer
time periods (Chen and Brantley, 1997).

To assess the degree to which the present single-crystal data
are affected by these transient dissolution kinetics, we show in
Figure 7 longer-term dissolution data for the (001) surface at

pH 1.1 and T at 77°C. To highlight each oscillation in the
reflectivity, we show vertical dashed lines corresponding to
each reflectivity maximum. In Figure 8, we plot the layer-
resolved dissolution rate as a function of the number of layers
dissolved. These data clearly show that there is, indeed, a
transient nature to the dissolution rates for the single cleavage
surfaces, as measured by the oscillation period as a function of
time. The initial dissolution rate is found to be essentially
constant for dissolution of the first two layers. After this initial
period, the dissolution rate appears to decrease by 50% and
remains unchanged through dissolution of layers three through
seven. This implies that the more extreme (� 10� faster)
non-steady-state dissolution kinetics observed with powdered
samples is not an intrinsic characteristic of the dissolution of
orthoclase single crystals. Instead, the dissolution rates mea-
sured for freshly cleaved surfaces show at most a twofold
change in dissolution kinetics. Furthermore, no significant tran-
sient dissolution kinetics have been observed at alkaline pH,
although due to the slower dissolution kinetics at those condi-

Fig. 6. In situ X-ray reflectivity measurements of dissolving orthoclase (010) surfaces at pH 1.1 and 46 � T � 77.5°C,
with each dataset vertically offset by factors of 40 for clarity. (a) Reflectivity vs. time at pH 1.1 and (b) the same data in
which the time axis has been normalized to the number of dissolved layers.

Fig. 7. Extended X-ray reflectivity measurements of dissolving orthoclase (001) surfaces at pH 1.1 and T at 77°C. The
vertical dashed lines indicate the removal of the first to seventh monolayers. The solid line through the points is a guide to
the eye.
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tions, we have not observed dissolution kinetics beyond 3 ML
for any given sample. Together, these observations suggest that
we can directly compare the dissolution kinetics derived from
X-ray reflectivity measurements to those from steady-state
powder dissolution studies, especially given the �10-fold vari-
ation found between individual powder dissolution studies
(e.g., Blum and Stillings, 1995, and references therein).

In the context of these observations, we stress that our
determination of the dissolution kinetics through the scaling the
time-axis of the data emphasizes the relative dissolution rates
that are derived from an analysis of the temperature-dependent
scale factor, �(T). In this sense, the uncertainty in the absolute
dissolution rate due to transient kinetics is less important than
the relative changes in dissolution rate that we can measure
more precisely and from which we derive the apparent activa-
tion energies. Therefore, we expect that the apparent activation
energies that we derive should be minimally affected by the
relatively small transient nature of the dissolution kinetics at
acidic pH.

3.5. Variation of the Dissolution Rate vs. Temperature

The systematic variation of the dissolution rate, 1/�, as a
function of inverse temperature, is shown in Figure 9a for the
(001) surface at pH 12.9, and in Figure 9b for the (001) and
(010) surfaces at pH 1.1. These data are all consistent with
Arrhenius behavior—i.e., rate � A exp(�Eapp/RT), where A is
the preexponential factor, and Eapp is the apparent activation
energy—albeit with significantly different slopes that are pro-
portional to the apparent activation energies for dissolution at
each pH and for each crystal orientation. At pH 12.9, we find
a best-fit apparent activation energy of 65 � 7 kJ/mol for the
(001) surface. At pH 1.1, we find apparent activation energies
of 87 � 7 and 41 � 7 kJ/mol for the (001) and (010) surfaces,
respectively. These measurements reveal apparent activation

energies that are significantly different for the (001) surface at
acidic and alkaline pH, which is expected based on previous
studies. In spite of the high similarity in the nominal structures
and dissolution processes for the (001) and (010) surfaces at
acidic pH, the apparent activation energies for dissolution of
these two surfaces are very different. This difference in appar-
ent activation energies at acidic pH for the (001) and (010)
surfaces is unexpected.

4. DISCUSSION

4.1. Comparison with Powder Dissolution Results

Our face-specific dissolution rates and activation energies
can be compared directly with powder dissolution results, as
both types of measurements quantify the release of material to
solution as a function of time. We begin our comparison of the
dissolution kinetics at alkaline pH, given the relative simplicity
of the dissolution process (i.e., the lack of non-stoichiometry).
Although there are few K-feldspar powder dissolution data
available at alkaline pH, our derived apparent activation energy
for dissolution, 65 � 7 kJ/mol (Fig. 9a) is consistent with a
consensus estimate derived from available powder studies (57.8
kJ/mol; Blum and Stillings, 1995, and references therein). This
agreement is especially good, considering that the other data
were taken at lower pH values, 9 � pH � 11. This indicates a
reasonable correspondence between the powder and single-
crystal dissolution results at alkaline pH.

The dissolution rate as a function of temperature at acidic pH
is shown in Figure 9b for the (001) and (010) cleavage surfaces
with apparent activation energies of 97 � 7 and 41 � 7 kJ/mol,
respectively. This is compared to the dissolution rate variation
for microcline powder at acidic pH (Schweda, 1989; Blum and
Stillings, 1995), which shows an apparent activation energy of
53.6 kJ/mol. (The Schweda [1989] data were measured at pH 3;
we scaled the measured rates to account for measured variation
of the dissolution rate with pH in powder dissolution measure-
ments, R � 10�0.5pH [Blum and Stillings, 1995] so that they
could be compared directly with our data.) The apparent acti-
vation energies derived from the single-crystal studies therefore
bracket the values derived from the powder study. In compar-
ing our data to those of Schweda (1989), we have assumed that
the dissolution kinetics of microcline (the phase used in Schwe-
da’ s experiments) are comparable to those of orthoclase. This is
supported by a compilation of results showing an average
apparent activation energy for “K-feldspar” dissolution of 51.7
kJ/mol (Blum and Stillings, 1995) that is close to the 53.6
kJ/mol result of Schweda (1989) and is comparable with an
average apparent activation energy for albite dissolution at
acidic pH of 60 kJ/mol (Blum and Stillings, 1995, and refer-
ences therein). These single-crystal values are also comparable
to activation energies determined for other feldspars, including
oligoclase, labradorite, and anorthite (Blum and Stillings, 1995,
and references therein). We also find reasonable correspon-
dence between our absolute dissolution rates and those of
Schweda, although the single-crystal rates are consistently
larger than those derived from steady-state powder measure-
ments at acidic pH (Fig. 9). For example, both single-crystal
surfaces have dissolution rates at �50°C that are 2.4 times
larger than the powder results. Yet the single-crystal data in

Fig. 8. Plot of the dissolution rate as a function of the number of
dissolved layers at pH 1.1 and T at 77°C, derived from the data in Fig.
7. A steady-state dissolution rate is achieved upon dissolution of the
third layer of orthoclase. The line is a guide to the eye.
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Figure 9 are not corrected for the approximate twofold change
in dissolution rate that is observed as the single-crystal mea-
surements approach steady state as shown in Figures 7 and 8.
Taking this into account, we find only a �30% difference in
absolute dissolution rates at this temperature between the sin-
gle-crystal and powder results, which is small with respect to
the �10-fold variation in absolute dissolution rates observed in
powder measurements between different laboratories (Blum
and Stillings, 1995).

The observed anisotropy in face-specific dissolution rates for
orthoclase is not associated with any lattice microstructure, as
TEM measurements revealed the orthoclase to be homoge-
neous. Therefore, the observed anisotropy at acidic pH must be
an intrinsic property of orthoclase dissolution. The simplest
explanation for the difference in the measured activation ener-
gies between the (001) and (010) surfaces and that derived from

powders is that the apparent activation energy is crystal-face-
dependent. The substantially lower apparent activation energy
for the (010) surface (with respect to both the (001) surface and
powders) is reassuring in that the powder has a heterogeneous
distribution of surfaces and the mean apparent activation en-
ergy derived from the single-crystal surfaces is close to that of
the powder.

An important consideration bearing on the significance of
these results is the accuracy and precision of the dissolution
rates as measured by X-ray reflectivity. Such measurements
yield precise dissolution rates, because the time resolution of
the X-ray measurement is small relative to the time constant of
the reflectivity changes caused by dissolution. As described
previously (Teng et al., 2001), the most precise dissolution rate
would be obtained by comparing the dissolution curves in
Figures 3, 4, and 6 to an atomistic dissolution model that

Fig. 9. Plot of measured orthoclase dissolution rates vs. 1/T for (a) the (001) surface at pH 12.9 and (b) the (001) and
(010) surfaces at pH 1.1 (shown as open circles and squares, respectively). Also included is a plot of the dissolution rate
derived from K-feldspar powder at acidic pH, shown as filled circles (see Schweda, 1989; Blum and Stillings, 1995). The
activation energies for the acidic dissolution of orthoclase (001) and (010) surfaces are substantially higher and lower,
respectively, than that derived from powder measurements.
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quantitatively explains the variation of the reflectivity as a
function of time. Because of the many complexities in the
dissolution process described above, however, it is not yet
sufficiently well understood to derive dissolution rates in this
manner. Instead, the relative dissolution rates have been esti-
mated by normalizing the datasets to achieve optimal agree-
ment between dissolution measurements at different tempera-
tures. In this context, high precision can be achieved as long as
the dissolution process itself does not change as a function of
temperature Operationally, this implies that the shape of the
time-normalized dissolution curves, R[t/�(T)]/R(t � 0), is in-
variant with changes in temperature.

We observe excellent consistency in our time-normalized
dissolution data at alkaline pH (Fig. 3b) but less consistency for
the time-normalized dissolution data at acidic pH (Figs. 4b, 6b).
One indication of the accuracy of the measurement is the
location of the second intensity maximum in the scaled data
(i.e., after normalizing for the differences in dissolution rates).
While the alkaline data show little or no variation in the
position of the second intensity maximum in the scaled data,
the acidic data show a �20% sample-to-sample variation at the
measured temperatures. We can compare this internal system-
atic error in the dissolution rate to the factor of 12 change in
dissolution rate observed at pH 1.1 between 50 and 76°C, and
the expected factor of 5 change in dissolution rate based upon
the powder dissolution data for the same temperature range
(Schweda, 1989; Blum and Stillings, 1995). The estimated 20%
error associated with the accuracy of our measurements at
acidic pH is substantially smaller than the discrepancy between
our data and that derived from powder dissolution measure-
ments.

We previously concluded that dissolution of the orthoclase
(001) surface at both acidic and alkaline pH is a balance of two
separate molecular-scale processes (i.e., dissolution from ter-
race and step sites), each of which is represented by individual
rate constants, Kd and Ks, respectively (Teng et al., 2001).
Assuming that the activation energy for each of these processes
is distinct, this implies that it should not be possible, in general,
to describe the net dissolution behavior on each surface with a
single activation energy, although this might be a reasonable
approximation under a limited range of experimental condi-
tions. If the relative variations of the individual dissolution
rates as a function of temperature were significant over the
measured temperature range, non-Arrhenius behavior (i.e.,
non-linear dependence of log(Rate) vs. 1/T) should be visible in
Figure 9a,b. No such evidence for non-Arrhenius behavior is
seen in any of these datasets, although only �10-fold changes
in dissolution rates were probed at each set of conditions so that
our sensitivity to non-Arrhenius behavior is limited. While we
cannot uniquely establish that only one activation energy is
present under our conditions, our data clearly demonstrate that
the variation of the dissolution rate on each of these cleavage
surfaces at acidic pH is different from that observed with
powder samples.

The substantial variation of the apparent activation energy
for dissolution as a function of crystallographic orientation at
pH 1.1 implies that the anisotropy in dissolution rates is a
strong function of temperature. The derived preexponential
factors for dissolution of the (001) and (010) surfaces are 3 �
104 and 2 � 10�3, respectively, and differ by a factor of �107.

This explains why the two surfaces that have different apparent
activation energies can also have the same dissolution rate at
�51°C. Thus, while the (001) surface dissolves faster at T �
51°C, the (010) surface is projected to dissolve faster at T �
51°C. There is a �25-fold change in the ratio of projected
dissolution rates for the (001) and (010) surfaces between 25
and 90°C (Fig. 9b). Previous studies of quartz dissolution by
AFM found minimal sensitivity to the orientation of the crystal
face in the apparent activation energy (Gratz et al., 1990) and
found that the face-selected dissolution rates and activation
energies were comparable to values derived from bulk powder
dissolution measurements (e.g., Dove, 1995). We are only
aware of a single study of feldspar dissolution in acidic solu-
tions that explored the anisotropy of dissolution kinetics and
activation energies. These macroscopic measurements of thin
labradorite disks (cut and polished to size) did not show any
clear evidence for anisotropy in either the dissolution rates or
activation energies (Suzuki et al., 1996). Because of the many
differences in mineral composition and surface preparation, it is
not possible to determine if these results reflect intrinsic dif-
ferences between orthoclase and labradorite. The lack of an-
isotropy in the labradorite dissolution measurements, however,
might be extrinsic. Those surfaces were mechanically polished,
which can result in substantial �m-scale surface roughening
and near-surface damage that could obscure the anisotropy that
we observe on freshly cleaved orthoclase surfaces. In consid-
ering other silicate minerals, measurements of fosteritic olivine
dissolution found a substantial (�40%) anisotropy in apparent
activation energies for three principal crystallographic direc-
tions (Awad et al., 2000). These individual apparent activation
energies bracketed the activation energy derived from crystal-
lographically averaged measurements.

Our measured apparent activation energies for dissolution of
the orthoclase (001) and (010) surfaces at acidic pH bracket the
value derived from powder dissolution measurements for K-
feldspar. If these two cleavage surfaces were the dominant
surfaces expressed by powders, the present single-crystal re-
sults would imply that a plot of log(rate) vs. 1/T for the powder
would be non-linear over this temperature range. However, the
powder dissolution data show no evidence for any such non-
Arrhenius behavior. In the case of orthoclase dissolution (and
possibly for other feldspars as well), the range of surface
orientations and the variable distribution of defects inherent to
powder dissolution measurements may produce an apparent
activation energy that is neither simply the average of the
activation energies of exposed crystal faces nor representative
of a single fundamental process. Many complexities associated
with the powder dissolution measurements are eliminated by
using single-crystal cleavage planes for such measurements.

4.2. Dissolution Anisotropy at pH 1.1

The orthoclase (001) and (010) surfaces have similar struc-
tures. Each surface exposes a different side of the same tetra-
hedral ring; the cleavage plane is coincident with the plane in
which the potassium atoms reside in the bulk lattice—this
assumption has been directly confirmed for the (001) surface
(Fenter et al., 2000)—and the (001) and (020) plane spacings
are nearly identical (6.459 vs. 6.503 Å, respectively), as are the
unit cell areas per tetrahedral ring (55.8 vs. 55.4 Å2, respec-
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tively). Each of these cleavage surfaces exposes two crystallo-
graphically distinct tetrahedral sites: the T1 and T2 sites. In
each case, one of these sites is terminated with a non-bridging
oxygen (NBO) due to cleavage, while the other is fully coor-
dinated by bridging oxygen sites. The main difference between
these two cleavage surfaces is that the T1 site is terminated
with an NBO on the (001) surface, while the T2 site is termi-
nated with an NBO on the (010) surface. This difference may
be significant, since the Al occupancies for these two sites are
different. The Al occupation is 0.352 in the T1 site and 0.148
in the T2 site (with corresponding Si occupancies of 0.648 and
0.852, respectively) (Kimata et al., 1996).

The Al tetrahedral site is generally believed to be the primary
reactive site at acidic pH (Kubicki et al., 1996), and our
previous measurements on the (001) surface provide indepen-
dent support that Al is preferentially depleted in the outermost
unit cell, at least during the initial phase of dissolution (Teng et
al., 2001). The number of Al sites that are exposed by the (001)
and (010) cleavage surfaces is the same, but the distribution of
these Al sites between the T1 and T2 sites is different, so that
the number of Al sites having an NBO for each surface will be
different. This indicates that the different dissolution behavior
for the two surfaces may be associated with the incomplete
ordering of Al in the orthoclase lattice. However, the differ-
ences in activation energies and preexponential factors for the
(001) and (010) surfaces, and especially the crossover of the
kinetically preferred surface for dissolution at 51°C, at first
appears difficult to reconcile based solely on the related differ-
ences in the fraction of Al sites having an NBO (which differs
by only a factor of �2.4 for these surfaces).

It is well established that the apparent activation energy for
mineral dissolution can exhibit substantial variation as a func-
tion of pH for otherwise similar solution conditions and that
these changes are typically coupled with orders of magnitude
changes in the preexponential factor (Carroll and Walther,
1990; Casey and Sposito, 1992; Casey et al., 1993). In two
well-documented systems (tephroite and kaolinite), the activa-
tion energies appear to be correlated with the logarithm of the
preexponential factors, such that a reduction in the apparent
activation energy by a factor of �2 to 3 is coupled with a
reduction of preexponential factors by 10 to 12 orders of
magnitude. Our observation of a twofold difference in apparent
activation energies, coupled with a �107-fold difference in
preexponential factors for the (001) and (010) surfaces, indi-
cates that the different dissolution behavior of the (001) and
(010) surfaces is real and may have the same origin as the
pH-dependence of apparent activation energies. There are two
theoretical frameworks that have been used to explain the pH
dependence of the apparent activation energies (Casey and
Sposito, 1992; Lasaga et al., 1994). We discuss the general
characteristics of each formalism in relation to our present
observations.

Casey and Sposito (1992) showed that the apparent activa-
tion energy for proton-promoted dissolution, Eexp, can depend
on not only the temperature variation of the intrinsic rate
constant, �(ln k')/�(1/T), but also on changes in the pH through
the associated changes in protonated reactive site density
through the relation:

Eexp � �R[�(ln k')/�(1/T)] � n(1 � XSOH2�)(	H(int) � F	S)

(1)

where the dissolution rate is assumed to vary as Rdis � k'
xSOH2�

n , where k' is a rate constant, xSOH2� is the fraction of
reactive sites that are protonated, n is the partial reaction rate
order, 	H(int) is a proton desorption enthalpy, 	s is the surface
potential, and F is the Faraday constant. Within this context, the
rates derived in Figure 9a,b are not intrinsic rates (i.e., per
reactive site). Instead, they are averaged over the macroscopic
surface areas over which the site density of reactive sites may
change with solution conditions. An important prediction of
this model is that the apparent activation energy derived from
dissolution experiments is expected to depend on the solution
conditions (i.e., pH) due to changes in the protonation of
reactive sites. The activation energy is linearly proportional to
changes in the second term on the right-hand side of Eqn. 1.
Thus, substantial changes in the reactive site density, fraction
of reactive sites, the proton desorption enthalpy, or the surface
potential for these two surfaces could, in principle, be the cause
of the anisotropy observed in Figure 9b. Given the crystallo-
graphic similarity of these two surfaces, the anisotropy in
apparent activation energies might be reasonably attributed to
the different densities of Al sites having an NBO (i.e., aluminol
sites) for the (001) and (010) surfaces, because that appears to
be the main difference between the two surfaces. In particular,
the 2.4-fold difference in apparent activation energies is, within
error, identical to the ratio of aluminol site densities for the two
surfaces, and the surface with the larger aluminol site density is
the surface with the larger apparent activation energy. Even if
this formalism is ultimately determined to be the main contri-
bution to the anisotropy in apparent activation energies, we
expect this one-to-one correspondence to be fortuitous, since
the apparent activation energy is a sum of at least two terms,
and a one-to-one correspondence would suggest that the first
term in Eqn. 1 is negligible in magnitude.

There are, however, a number of additional issues that must
be considered. First, this relation was derived for the simpler
case of oxide dissolution. Although it has also been applied to
dissolution of silicates (Casey et al., 1993), some of the as-
sumptions that were used to derive this relation may be too
simple to properly represent the more complex dissolution
process for feldspars, especially with respect to inclusion of
differential site reactivity (e.g., of aluminol and silanol sites)
and the possible non-stoichiometry of dissolution at acidic pH.
Second, recent systematic measurements have shown that the
apparent activation energy of albite powder dissolution at
acidic pH is independent of pH (Chen and Brantley, 1997).
This lack of pH dependence of the activation energy for albite
dissolution suggests, at face value, that the contribution of the
second term in Eqn. 1 is insignificant for albite (and by infer-
ence, K-feldspars as well), at least for the powder dissolution
data. The present data, in contrast, demonstrate a strong anisot-
ropy in activation energies. We must consider the possibility
that any pH dependence of the activation energy derived from
powder dissolution might have been obscured by the crystal-
lographic anisotropy of the activation energy, especially given
the potentially wide and inhomogeneous distribution of cleav-
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age faces and fracture surfaces that are intrinsic to powder
dissolution measurements.

A separate theoretical approach that has been used to explain
the variation of the apparent activation energy as a function of
pH is based on the deviation from equilibrium effect (Lasaga et
al., 1994; Cama et al., 1999). Here, the dissolution rate is
assumed to vary with the free energy of the dissolution reac-
tion, 	G, and is assumed to be proportional to a factor, f(	G),
where f(	G) � 1 far from equilibrium and f(	G) � 0 at
equilibrium. Transition-state theory predicts that f(	G) �
�[1 � exp(	G/RT)] (Aagaard and Helgeson, 1982), which
implies that the dissolution rate will be insensitive to 	G for
sufficiently large values (i.e., 	G �� �RT), resulting in a
“dissolution plateau.” The upper limit of 	G in the plateau
regime depends strongly on the mineral; values for various
silicate minerals include 	G � �3 kJ/mol for gibbsite (at pH
3, 80°C) (Nagy and Lasaga, 1992), � �8 kJ/mol for kaolinite
(at pH 3, 80°C) (Nagy and Lasaga, 1993), and � �38 kJ/mole
for albite (at pH 8.8, 80°C) (Burch et al., 1994). This formalism
has been used to explain the strong variation of apparent
activation energies of kaolinite (Cama et al., 1999). This ap-
proach does not appear to explain the present findings. First, it
is not immediately apparent how this formalism would translate
into a substantial difference in apparent activation energies for
two similar crystal faces of the same mineral under otherwise
identical experimental conditions. Second, we have calculated
	G for orthoclase dissolution at pH 1.1 at temperatures ranging
from 78 to 46°C and find 	G � �163 and �198 kJ/mol at the
upper and lower temperature extremes, respectively. While we
are unaware of any measurements of f(	G) for albite or ortho-
clase at acidic pH, these large free-energy differences are
substantially more negative than the values quoted above for
gibbsite, kaolinite, and albite. This suggests that we are well
within the dissolution plateau regime, and, therefore, the dis-
solution rates should be independent of 	G. Third, we note that
a separate measure of the sensitivity of the dissolution kinetics
to 	G is the ratio of fluid flux to reactive surface area, q/A. The
present measurements were performed with single-crystal sur-
faces having q/A � (3 mL/h)/(�30 mm2) 
 1500 mL/m2/min,
whereas a typical value for powder dissolution measurements is
q/A � 0.002 mL/m2/min (Cama et al., 1999), and the impor-
tance of the far-from-equilibrium effect becomes larger as the
value of q/A becomes smaller. The �106-fold larger value of
q/A indicates, therefore, that the present measurements were
performed in a regime in which the sensitivity of kinetics to
changes in 	G were negligible.

We conclude that the present results cannot be explained
simply by differences in the value of 	G for dissolution of the
two surfaces. It is not yet possible to be definitive as to whether
this anisotropy can be understood solely or even primarily
within the context of a proton-promoted dissolution mechanism
(Casey and Sposito, 1992). The results are, however, consistent
with a proton-mediated dissolution mechanism, especially
given the unexpected correspondence between the apparent
activation energy and the aluminol site densities of these two
surfaces. Additional X-ray reflectivity measurements can test
the applicability of Eqn. 1 as a basis to understand the observed
anisotropy in dissolution kinetics at pH 1.1.

4.3. Applicability of X-ray Reflectivity as a Probe of
Mineral Dissolution

The primary limitation of X-ray reflectivity for probing
mineral dissolution rates is the time that is needed to measure
the reflectivity signal (in the presence of an incoherent back-
ground) as compared with the time for dissolving a single layer.
Most of these measurements were performed at the BESSRC
12-BM bending magnet beamline that has a typical flux of �3
� 1010 photons/s at an energy of �19.5 keV. A flux of �2 �
109 photons/s is obtained when the vertical beam size is re-
duced to 0.1 mm (to avoid spill-off from the �4-mm-long
sample at an incident angle of �1.5°). The transmission of our
cell at 19.5 keV is 0.73 due to linear attenuation through the
solution and Kapton windows. Finally, the reflectivity at the
first anti-Bragg condition is �10�6 for a freshly cleaved or-
thoclase (001) surface (Fenter et al., 2000). A specular reflec-
tion signal of �103 photons/s from a freshly cleaved surface
can be measured under these conditions (as shown in Fig. 1c)
with a typical background count rate of �40 counts per second.
Given that the first intensity minimum during a typical disso-
lution experiment at acidic pH is �100� weaker than the
initial reflectivity, it is necessary to measure a reflectivity signal
of �10 photons/s superimposed over a background of 40
photons/s. To measure the reflectivity with a statistical uncer-
tainty of �20% near the reflectivity minima then requires �25
s of counting time per point in the rocking curve, or �10 min
per rocking curve. If we measure the reflectivity at equal
intervals, the time to remove a single layer should be �10�
longer than the time to perform a single scan. Measurement
rates as high as 0.6 layer/h, or 10�9 mol/m2/s, can be achieved
under these conditions. Measurements at alkaline pH can be
performed for faster dissolution rates, because the reflectivity is
never observed to decrease by more than a factor of 10 during
dissolution at alkaline pH; this is reflected in the substantially
smaller error bars on each data point at alkaline pH as com-
pared with acidic pH.

The maximum dissolution rate measurable by X-ray reflec-
tivity could be substantially increased by measuring the rock-
ing-curve data using a linear detector that simultaneously
records the entire rocking-curve scan (resulting in a �20-fold
decrease in measurement time), or by using brighter sources
such as undulators having �100� higher photon flux under
similar conditions. Together, such improvements would further
increase the upper range of dissolution rates by a factor of
�1000, so that dissolution rates as high as �1000 layer/h (or
�10�6 mol/m2/s) could thus be measured. At the other ex-
treme, the ability to measure slow dissolution rates is limited by
the practical length of a given synchrotron experiment (�1
week), putting a lower limit at �1 layer/d or �10�12 mol/m2/s.
Dissolution rates can be measured over the range, �10�12 to
10�6 mol/m2/s. This range of dissolution rates accessible to
X-ray reflectivity measurements encompasses all dissolution
rates reported for alkali feldspars, as reviewed by Blum and
Stillings (1995), with the exception of the slowest dissolution
rates near neutral pH.

A more fundamental limit to the type of systems that can be
studied in this manner is the character of the dissolution pro-
cess. Orthoclase dissolution is ideal for probing with X-ray
reflectivity, because the only microtopographical inhomogene-
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ity that is observed during dissolution (e.g., the formation of
nanometer-sized pores at acidic pH) is well within the resolu-
tion of the X-ray reflectivity measurement. Otherwise, the
mineral dissolves uniformly over the �m-sized coherence
length of the X-ray beam. Systems having a stronger tendency
to roughen during dissolution would be more difficult to study.
The relatively rapid roughening in the present results at acidic
pH was challenging to measure because of the loss of reflected
intensity.

A separate limitation of this approach is that the dissolution
rate is determined by the period of the reflectivity oscillations
as seen in Figure 2. The observation of oscillations requires that
there be two types of reactive sites (e.g., terrace and step sites).
For instance, a mineral that reacts only by a terrace dissolution
process without a separate step dissolution produces an expo-
nentially decreasing reflectivity without oscillations (Teng et
al., 2001), where the time constant of the exponential fall-off is
proportional to the dissolution rate, Kd. However, this approach
would likely be a less accurate measure of the dissolution rate,
as it could be subject to numerous sources of systematic error.
Conversely, minerals that dissolve purely by step motion pro-
duce negligible changes in reflectivity during dissolution.

5. CONCLUSION

We have demonstrated the use of X-ray reflectivity as a
probe of mineral dissolution kinetics through real-time mea-
surements of the reflectivity at the anti-Bragg condition. Direct
measurements of the dissolution kinetics as a function of tem-
perature were presented for the (001) surface at pH 12.9 and for
the orthoclase (001) and (010) surfaces at pH 1.1. These data
provide precise determinations of the face-specific apparent
activation energy associated with orthoclase dissolution. The
activation energy derived here at pH 12.9 for the (001) surface,
65 � 7 kJ/mol, is in reasonable agreement with powder disso-
lution measurements at alkaline pH. Measured activation ener-
gies for the (001) and (010) cleavage surfaces at pH 1.1, 87 �
7 and 41 � 7 kJ/mol, respectively, are substantially different
from results derived from powder dissolution measurements at
acidic pH. This indicates that the kinetics and energetics of
dissolution depend in a non-trivial way on the mineral face on
which dissolution occurs and suggests that the activation ener-
gies derived from powder measurements may not typically
reflect a single dissolution mechanism.

In summary, we can make the following general observa-
tions:

1. The substantial differences in the dissolution behavior of the
(001) and (010) surfaces at acidic pH, coupled with their
similarity in structure and composition (e.g., having similar
surface compositions and distributions of reactive sites),
reinforces previous observations (Teng et al., 2001) that the
dissolution behavior cannot be understood solely on the
chemical nature of individual sites. This would change the
dissolution rates only by modest factors for the (001) and
(010) surfaces and would not explain the large differences in
activation energies or preexponential factors. Instead, we
expect that it will be necessary to develop a more complete
understanding of the reactive surface, including an explicit
description of the spatial distribution of reactive sites (e.g.,
terrace sites vs. step sites).

2. We must still determine if the differences in dissolution
kinetics are related to any structural difference between the
(001) and (010) surfaces. The structure of the (001) surface
has been determined (Fenter et al., 2000), revealing that the
surface tetrahedral sites are fully coordinated through ad-
sorption of an oxygen-containing species (e.g., OH). While
it is likely that the structure of the (010) surface will be
similar in detail, measurements of the (010) surface struc-
ture and termination are in progress and will ultimately help
to determine if the difference in reactivity of the (010) and
(001) surfaces is related to any difference in the structure of
these surfaces.

3. The similar ratio of activation energies and aluminol site
densities between the (001) and (010) surfaces suggests that
the ultimate cause may be described within the context of
the theory by Casey and Sposito (1992). Based on the
limited data presented here, however, it is not possible to
definitely determine if this theory can uniquely explain the
large anisotropy in activation energies observed at pH 1.1.

4. The initial dissolution rates at acidic pH for freshly cleaved
single-crystal surfaces are found to be within a factor of 2 of
the longer-term rates as measured on these single-crystal
surfaces and appear to reach the steady-state value upon
dissolution of three layers. This transient variation of the
dissolution rate is smaller than that observed in powder
dissolution studies. This indicates that the transient initial
rates of powder dissolution measurements for T � 100°C
derive largely from extrinsic characteristics (sample prepa-
ration, surface damage) as opposed to the intrinsic reactivity
of alkali feldspars.
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