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In-situ measurement of dissolution of anorthite in Na-Cl-OH solutions at 22 °C using
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ABSTRACT

In-situ measurements of anorthite dissolution in Na-CI-OH solutions at an ionic strength (IS)
of 0.5 mol/L (M) and in artificial seawater (IS = 0.7 M) were conducted at 22 °C using white-light,
phase-shift interference microscopy (PSI-M). Nanometer-scale surface topography by PSI-M revealed
three-dimensionally inhomogeneous surface dissolution, which is commonly observed as retreating
steps on anorthite surfaces. Continuous dissolution of the anorthite cleavage surface (010) was suc-
cessfully measured within a day. The vertical dissolution velocity was 4.3 x 107 to 1.4 X 107 nm/s.
The obtained dissolution rates showed a typical dependency on pH with a reaction order of 0.191,
and could be consistently extended to the previous data obtained under acidic conditions (Luttge et al.
1999). In-homogeneities in the vertical dissolution velocities at each pH condition could be interpreted
by the step dynamics explained by the Burton-Cablera-Frank (BCF) theory (Burton etal. 1951). These
results emphasize that the velocity of step retreat is a strong function of the step density, which has to
be taken into account when describing the global dissolution phenomena on mineral surfaces.
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INTRODUCTION

Dissolution of silicates in groundwater recently has been
considered an important issue in assessments of the endurance
of cement-built underground repositories for supercritical CO,,
for liquid propane gas, and for radioactive wastes. Since late
in the last century, dissolution of silicates has been studied ex-
tensively by laboratory experiments using wet-chemistry with
batch or flow-through methods (Nagy et al. 1992; Burch et al.
1993; Taylor et al. 2000; Cama et al. 2000), which have provided
many kinetic data about mineral dissolution rates. Based on
these experiments, the rates of mineral dissolution have been
interpreted using a rate law that is a function of reactive surface
area and that takes into account crystal imperfections (outcrops
of dislocations), step density, adsorbed ligands, pH, temperature,
pressure, and AG of the dissolution reaction (e.g., Lasaga 1995,
1998). Incorporating classical theory for crystal growth, this
kinetic model has been recently refined to give the stepwave
dissolution model (Lasaga and Luttge 2001), which considers
the dissolution not only to be a result of chemical reactions, but
also to be a result of step-generation from dislocations and the
retreat of the step fronts on the mineral interfaces.

Direct observations of the dissolution of plagioclase surfaces
have only been reported by Jordan et al. (1999) for in-situ mea-
surements by atomic force microscopy (AFM) and by Luttge et
al. (1999) and Arvidson et al. (2004) for ex-situ measurements
by vertical scanning interferometry (VSI). These measurements
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were performed under acidic conditions (pH-3) or in high-
temperature solutions (125-200 °C). Up to now, there was no
reported in-situ observation of anorthite dissolution at room
temperature and at near-neutral pH, due to the requirement to
make long-term measurements to recognize the expected ultra-
slow dissolution.

Phase-shift interferometry (PSI) can realize the long-term
measurement to quantify dissolution velocities. Laterally, PSI
covers a wider scale of interface dissolution (e.g., 100 x 100 um)
than that of AFM (10 x 10 um). Therefore, etch pits or macrosteps
in the field of view can be observed more easily. PSI can optically
identify topographic features over a vertical scale of less than
1 nm, which is similar to the resolution of AFM. Furthermore,
to study realistic reactions at various geo-environmental condi-
tions, PSI allows real-time, in-situ observation at low, as well
as elevated, temperature and pressure conditions, if the optical
arrangement and the reaction-cell are optimized.

PSI enables quick observation to study transient phenomena.
Onuma et al. (1989) established real-time PSI (RPSI) and applied
it for the first time to measure the interfacial supersaturation of
growing and dissolving K-alum crystals. Using short time-reso-
lution (Af = 1/60 s), Tsukamoto et al. (1992) applied RPSI for
in-situ observation of etch-pit formation on calcite in detail (step
velocity = 3—6 nm/s). Nishimura et al. (2004) applied RPSI for
ex-situ, 3-dimensional visualization of faint dissolution features
on pyrite surfaces (normal velocity = 1E-5 nm/s at pH = 6, by 9
days run). Luttge et al. (1999) applied VSI for the study of anor-
thite dissolution by ex-situ measurements to quantify the global
dissolution volume over the field of view of the interface.
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Here, we integrated the PSI technique into a microscope
(PSI-M), which is optimized to quantify the very slow dissolution
of minerals under controlled conditions (temperature, pressure,
flow rate, and chemistry). Using PSI-M, we conducted in-situ
dissolution measurements of anorthite in aqueous Na-Cl-OH
solutions at pH =7.0-12.4 and a temperature of 7=22 °C. These
measurements allow us to interpret the dissolution mechanism
attributed to step dynamics.

Optical method

Phase-shift interferometry is 100X more sensitive over the
vertical scale than conventional interferometry. Therefore, the
topographic survey could be achieved precisely for nanometer-
scale dissolution on pyrite (Nishimura et al. 2004). The phase-shift
interferogram which differs from the fringes in conventional
interferograms, corresponds linearly to a height map, consisting
of phases that are displayed as contrasts in the interferogram. Our
PSI-M was developed from an Olympus Fabulous interferometer,
which uses modified Linnik-type (Maki-type) interference optics
(Fig. 1a). Since the PSI-M is equipped with a Xe-lamp as a non-co-
herent white light source, the qualities of both bright-field images
and phase-shift interferograms are improved compared to laser-
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FIGURE 1. A phase-shift interferometry system used for in-situ
measurement of dissolution processes showing the optics of the PSI-
M and the solution path (a), and design of the dissolution cell (b: top
view; ¢: side view).

based conventional interferometers with speckles. For the special
purpose of ultra-slow (1E-5 nm/s) dissolution measurements, the
PSI-M system is reinforced with: (1) a heavy-parts assembly; (2) a
windshield with internal air-conditioner; (3) an air-actuated sample
stage; and (4) an air-suspended optical table, placed in a clean-
room laboratory. Using reaction cells with a static flow-system
(Fig. 1b), in-situ dissolution measurements can be achieved with
high precision even for long-term measurements.

Principally, the phase-shift interferogram is obtained from
three normal interferograms (fringe interval is 21) taken at phase
positions of 0, 2/3w, and 4/37 by shifting the reference mirror
using a piezo actuator (Fig. 1a). Images are captured sequentially
by a mega-pixel Peltier cooled CCD camera (Olympus DP70)
and PC software (Olympus, DP70 controller) at an acquisition
period of >1 s. The collected raw data are in a format of 680 x
512 pixels in 24-bit BMP. Because monochromatic processing
at A = 532 nm was used in this study, the original 24-bit color
BMP images are downsized to 8-bit grayscale images (0 to 255
in contrast value). The calculation procedure for a phase-shift
interferogram is based on the three conventional interferograms
at known phase-shift positions.

The intensity distribution of each fringe can be expressed by
the following equation:

1,(x.y) = a(x.y) + b(x.y)cos[(x,y) + 3,] (M

where /, is the intensity of the conventional interferogram at each
phase-shifting position, a is the background, b is the amplitude
of the fringe wavelet, ¢ is the phase, and J, is the phase shift,
which is known exactly at position n. When we take /,at §,=0,
2/3m and 4/37 positions (n = 3), @ as a linearized interferogram
can be obtained from each /, by canceling the other independent
variables:

V3|1 (x.9) ~ L,(x.y)]
211(3‘,)’) - Iz(xsy) - ]3(35,)’) '

The conversion from the contrast of the phase-shift inter-
ferogram @, to the height difference, Az can be realized on the

basis of optical refractive indices of the solutions at 22 °C (n,,)
as below:

d(x,y) = arctan

2

X

Az(x,y) = =32 x Al(x,y) 3)
2n, 255

where Al is the relative contrast value of the interferogram of

the sample to the value of the interferogram of the reference

surface:

A[(xsy) = [samp]e(xsy) - 1reference(xay)' (4)

When we use the wavelength of the incident beam mono-
chromized to 532 nm (As3,), the calculated minimum height
resolution (Az) is 0.78 nm for a 0.5 M NaCl solution at 22 °C
(ny,=1.338). Normal velocity v, (m/s) and rate as flux (mol/m?/s)
were determined by the following equations,

and Az(x,y) 5)
At
v, (x,») (6)

V
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respectively. Where At is the sampling interval and V), is the
molar volume of anorthite (100.75 x 10°¢ m*/mol).

Reference for PSI Measurement

Interferometry is such a sensitive measurement that any
disturbance from stage vibration, cell distortion, or variations in
ambient conditions (temperature and air draft) cannot be ignored
during measurement. To compensate for these disturbances, an
insoluble reference is always needed within the observation area.
Every interferogram can be normalized to the contrast value of
the initial reference surface. This filtering process allows us to
obtain an absolute interferogram without disturbance. For ex-situ
interferometry, Luttge et al. (1999) utilized a masked pristine
mineral surface with silicone glue as an insoluble reference point.
However, especially for in-situ measurements, such a mask can-
not be used to get an interferogram due to its low reflectance.
Furthermore, under a high-pH condition, such glue may suffer
alteration and might affect the solution composition.

For ex-situ AFM dissolution measurement on anorthite,
Sorai et al. (2002) utilized gold masks made from a sputtered Au
coating. In the early trial of our experiments, we also used gold
masking prepared by a vacuum-coating method. However, such a
coating was easily penetrated by the solution and was not stable
over long periods. As a simple method to overcome this problem,
we found that the gold nanosheet method is useful for keeping
the reference stable (Fig. 1¢) and can cancel any disturbance by
stage drift and distortion of the cell itself.

EXPERIMENTAL METHODS

Dissolution runs were carried out using a titanium cell (Fig. 1¢) connected to
a syringe pump with a 1/16" PEEK capillary. A constant volume flow rate of 47
UL/min was applied. Assuming a fluid depth of 1.0 mm at the crystal holder in
the center of the cell, the linear flow velocity over the specimen was estimated to
be ~100 um/s. The experimental temperatures for all the runs were kept at room
temperature (i.e., 7= 22 + 0.2 °C, controlled by air-conditioners). Dissolution
specimens of anorthite were prepared from cleaved megacrysts of Miyakejima
anorthite [Ca/(Ca + Na + K) = 0.96, Jordan et al. 1999]. Anorthite with a gold
nanosheet (a few millimeters in size, ~60 nm in thickness) was fixed on a Ti holder
with silicone glue (Fig. 1¢). The procedures for the preparation of a gold nanosheet
reference sample were as follows: (1) a glass side was vacuum coated; (2) the coat-
ing was removed by immersion in 1.0 A NaOH for several days; (3) the resulting
nanosheets were transferred into pure water; and (4) a gold nanosheet was placed
manually on each specimen while the sheet was floating in pure water, and was
then flattened and fixed by using a heat gun. We tested the gold nanosheets on a
substrate of titanium using vertical electron spectroscopy for chemical analysis
(ESCA) with Ar-sputtering. Neither Na” nor OH was significantly detected as
residual ions across the coated area. Based on this normalization at an appropriate
position on the gold nanosheet (Al = I,,, — I,,i4), we can precisely detect the net
retreat of the anorthite surface itself, even if disturbances accidentally occurred
during long-term measurements. When dissolution takes place at an ultra-slow
velocity (~1 um/year), a long-term measurement that exceeds the statistical error
is required to detect the net retreat. This gold nanosheet method can support the
PSI-M measurement with sufficient precision.

Solutions were prepared by mixing of 0.5 M (mol/L) of NaCl with NaOH to
adjust the pH and to maintain a constant ionic strength (IS) of 0.5 M. In addition,
to represent groundwater of seawater-origin, simulated seawater without carbonate
(ASW, 0.469 NaCl + 0.028 MgCl, + 0.025 MgSO, + 0.010 CaCl, mol/L, initial
pH=19.0.) was used for the dissolution run. The optical refractive indices of 0.5 M
NacCl, 0.5 M NaOH solutions, and ASW, and their temperature dependencies, were
measured with an Abbe refractometer (Shimadzu Co.) at 20-40 °C. At 22 °C, the
optical indices for these NaCl and NaOH solutions were calculated to be 1.3381 +
0.0006 (SE of linear regression), 1.3380 +0.0026, and 1.3430 + 0.0006, respectively
(Table 1). The values of the optical refractive indices for the experimental solutions
were calculated on the basis of an ideal mixing assumption.
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Dissolution runs were continued up to ~17 h with interferogram acquisitions
at every ~1 min. The obtained interferograms were batch-processed by a position-
time (x-t) scanning program (TimeLine.exe, E. Yokoyama, pers. comm.) to obtain
the normal retreat velocities at the specimen surface.

RESULTS

Because the dissolution of anorthite at pH =7 and 7=22 °C is
expected to be extremely slow, a cleavage step that contains many
elementary steps was used as a dissolution surface. Comparing the
initial and the final interferograms in an area of 12.6 X 12.6 um,
a very small amount of dissolution was detected successfully. In
the 3D topography shown by the initial interferogram, a relatively
thick and flat cleavage step can be seen on the pristine (010) surface
(Figs. 2a and 2b). However, the final image (1= 67864 s) shows that
the surface was slightly eroded and that the step edge had retreated
laterally (Figs. 2c and 2d). The height profiles across the step edge
before and after the run also exhibit quantitative for evidence dis-
solution. Against the initial bottom plane (dashed lines in Figs. 2¢
and 2d), the height differences for the initial and final cleavage-
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FIGURE 2. Observed phase-shift interferogram of anorthite (010) in Na-
CI-OH 0.5 M solution (pH = 7.0): (a) original PSI interferogram showing
aslight height contrast at a cleavage step on the (010) face; (b) differential
interferogram of PSI interferogram (a) (= d/, ,/d,.,, x-y deferential) visually
emphasizing the macrostep occurrence; (¢) 3-dimensional map of the
framed area (12.6 x 12.6 um) with height profile along the line A-A'
before dissolution (7 = 0 s), showing flat terraces across a step edge; (d)
3-D map with height profile after dissolution (¢ = 67,864 s), displaying a
little retreat both vertically at the terrace and laterally at the edge, in the
profile along the line A-A'. Contrast scale (0-255) in the interferograms
corresponds to 198.80 nm.
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TABLE 1. Experimental conditions for anorthite dissolution
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Run no. Solution T pH IS flow rate flow velocity refractive index ~ sampling rate
(°Q) (M) (uL/min) (um/s)t NpoF (s)
ano-na-ii-70 Nacl 22 7.0 0.5 40 105 1.338 68
ano-na-ii-109 NacCl 22 10.9 0.5 40 105 1.338 66
ano-na-ii-124 NaCl 22 12.4 0.5 40 105 1.338 66
ano-asw-90 ASW* 22 9.0 ~0.7 40 105 1.343 66

* Artificial seawater.
t Calculated velocity based on a depth of 1.0 mm at the center of the cell.

F Estimated errors are +0.00059 to +0.00256 from the standard error of the fitting for T vs. n;, plots.

steps display 10 to 25 nm of normal retreat in cross-sections (15
um in width). This feature further suggests that the dissolution
did not occur homogeneously. The most significant retreat was
recognized near the slope of the macro-step edge.

The measurements at pH = 12.4 also showed evidence of dis-
solution. On a cleaved (010) surface with a large number of mac-
rosteps, dissolution occurred successively. This case also showed
inhomogeneous dissolution without any proportional retreat of
the initial surface over the field of view. The normal dissolution
rate near a macro-step edge with a large gap (~70 nm) seems to
be enhanced. Thus, local variations were always recognized by
in-situ observations of anorthite dissolution under the studied pH
conditions, even on a terraced surface without etch pits.

To determine the dissolution rates, we have employed image
processing for every set of sequential interferograms by means
of: (1) reference-based normalization using the gold nanosheet;
and (2) position-time scanning (x-# imaging) to accumulate a
record of each set of interferograms along a selected line, like a
chart records. Using the x-¢ images, height changes at any posi-
tion along the line can be detected and corresponding velocities
can be calculated. Figure 3a shows examples of vertical retreat
velocities (nm/s) of anorthite (010) in a 0.5 M NaCl solution (pH
=7.0). Two positions at 2.65 and 5.88 um in the cross-section
(Figs. 2¢ and 2d) were found to exhibit minimum and maximum
velocities in the vertical retreat, ranging from 1.96 +0.06 x 10
t0 2.69 +0.08 x 10~ nm/s, respectively (Fig. 3a). The measured
positions over the whole surface in the field of view showed a
wider velocity range, from 0.43 + 0.04 x 10~ to 2.87 + 0.09 x
10* nm/s, than the area profiled in Figure 2. All the observed
velocities and their calculated rates are summarized in Table 2.

The positions where the dissolution occurred at various ve-
locities can be identified clearly in the velocity profile across the
macrostep edge (Fig. 3b). During the dissolution, height changes
at each position mostly showed constant slopes, which suggests
that the rate-determining process is related to the step or kink
density at the dissolution interface, and it can be assumed that this
density is at a steady state during the dissolution processes.

Variations in the observed normal velocity could result from
the surface topography and step dynamics. This will be discussed
carefully in a later section of this paper. Representative normal
retreat rates of the observed surfaces at each pH were tentatively
obtained from analyses of random multiple points. It was as-
sumed that the points cover the overall topographic surfaces
sufficiently to represent the averaged step density.

DISCUSSION

Rate law

As proposed by Lasaga (1995, 1998), the dissolution rate law
can be expressed as in Equation 7:
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FIGURE 3. (a) Examples of in-situ measurements at the positions
of x = 2.65 and 5.88 um on the profile in Figure 2c. These two
positions showed the slowest and the fastest velocities (arrows) at this
condition (pH = 7.0). (b) Distribution of dissolution velocities along
the line A-A' shown in Figure 2c. (¢) Comparison between the normal
dissolution rate of anorthite obtained with the PSI method (this study),
conventional methods (acidic field: Blum and Stillings 1995), and ex-
situ interferometry (VSI: vertical scanning interferometry, Luttge et al.
1999; Arvidson et al. 2004).
il
m| =2
RT

In this equation, the rate constant is k; the reactive surface
area is 4; the apparent activation energy is E,; activities of pro-
tons and other ions are represented by ay. and a;, respectively;
and the reaction orders of these ions are represented by 7. and
n;, respectively. The rate is a function of ionic strength g(/), and

rate k,-A-e "' .a, " Ia"-g(I)-{1—exp

(N
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undersaturation AG [=RTIn(Q/K,,)], where R is the gas-constant,
Q is the ionic activity product, and K|, is the solubility product,
with log K, = —20.567 at 22 °C (Arnorsson and Stefansson
1999). The terms m and n are factors depending on the reac-
tion mechanisms (e.g., Cama et al. 2000; m, n = 1 for classical
transition state theory).

Lasaga and Luttge (2001) have recently proposed a nonlinear
rate law based on the stepwave model. Since the ionic strength
and the cationic composition of the solution system are constant
for each run, the undersaturation AG can also be assumed to be
constant for each run. It can be assumed that there will be insig-
nificant changes in the concentrations of components derived
from the anorthite at large negative saturation indices, since
these occur when the flow rate is very fast (ideally close to —oo
when the flow rate is very fast).

Ifthe dissolution surface is associated with the generation of
etch pits, the variable 4 should be increased. If the dissolution oc-
curs at higher temperature, the rate constant should be increased
as a function of ke ®¥®T, In our experiment, no etch pits were
recognized in the observed field of view at room temperature (22
°C). Therefore, dissolution should have occurred at a rate near
the dissolution plateau for that temperature. Since the cationic
concentration of the solution can affect the adsorption of protons
on the dissolving surface (Stillings and Brantley 1995; Stillings et
al. 1995), we compared the rates at a constant Na* concentration
while keeping the ionic strength constant. In our experiments,
therefore, the logarithms of the rates can be evaluated simply
with respect to pH (=—log ay;.) and the reaction order. According
to Blum and Stillings (1995), the dissolution rate of plagioclase
can be expressed as a function of pH and plagioclase composi-
tion [e.g., Ca/(Ca + Na + K)], at least under acidic conditions.
However, there is no previous report of dissolution rates having
been investigated at higher ionic strengths and pH conditions.

pH dependency

We compared the normalized dissolution rates observed by
PSI-M (Table 2) with previous data measured under acidic con-
ditions (Blum and Stillings 1995). As shown in the pH vs. log
rate plot (Fig. 3¢), the dissolution rates increased with increasing
pH. Although dissolution in artificial seawater (ASW) was under
slightly different conditions with respect to ionic strength (IS =
0.7 M) and a;, the pH dependency agrees with the trend of the
results of the Na-CIl-OH solutions. For the system Na-CI-OH,
anorthite dissolution rate can be expressed as:
log rate =—14.484 + 0.191pH  (at pH 7.0-12.4, R>=0.752) (8)
showing a small reaction order of pH of 0.191. Previous data
obtained by Blum and Stillings (1995) under acidic conditions
showed a larger reaction order, and a considerably higher dis-
solution rate than data obtained from the VSI measurement by
Luttge et al. (1999). All the previous data may be consistently
extrapolated to a minimum at pH = 7. The VSI data seems to
be connected symmetrically to our data, although a significant
discrepancy is obvious between data obtained by the powder dis-
solution method and in-situ measurements. Probably, the powder
method tends to show accelerated rates due to enhanced grain
boundary dissolution (Arvidson et al. 2003). Our observed small
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reaction order suggests that the dissolution under basic conditions
is not promoted by hydroxyl to as great an extent as under acidic
conditions, which is similar to the case of calcite.

Dissolution mechanisms based on step dynamics

Generally, inhomogeneous dissolution is common in most
minerals at acidic to neutral conditions. Etch pits are always
developed at dissolution centers in the cases of calcite (Tsuka-
moto et al. 1992; Shiraki et al. 2000) and plagioclase (Luttge et
al. 1999, at pH 3 and 25 °C; Jordan et al. 1999, at pH 2 and 125
°C; Arvidson et al. 2004, at pH 8.6 and 200 °C). In basic solutions
at 22 °C, no generation of typical etch pits was recognized by
in-situ interferometry, but an etched relief appeared in the form
of linear steps across the anorthite cleavage surface (Fig. 3b).

The dissolution, which occurred on the interface, substantially
consisted of the retreat of elementary steps. Recently, most
observations on step behaviors were achieved with AFM (e.g.,
Pina et al. 1998; Jordan et al. 1999; Davis et al. 2000; Freij et al.
2004). However, AFM can usually monitor only limited areas
where step density is moderate, so that it is rather difficult to
observe an interface having dense steps and a steep slope. For
example, cleavage steps have relatively steep slopes with height
differences that might reach ~50 nm over a distance of ~2 pm
(Fig. 2). The slope angle relative to the (010) terrace varies from
0 to 2.1°. Based on the measured angle (0) of the slope, and the
measured vertical velocity (v) of the (010) plane, the step velocity
of the analyzed slope can be calculated simply by:

v

Y0 = tang ©

The upper limit of slope resolution can be calculated to be
38.7° from the minimum pixel size (~300 nm) and the maximum
height contrast for one phase as 21t (~200 nm). The theoretical
limit of the slope resolution from PSI can be assumed to be
smaller than the pixel-by-pixel slope and is given by a minimum
PSI contrast (= 0.78 nm), i.e., 0.15° when the slope is composed
of many neighboring steps with the same height and a gap with
minimum PSI contrast. [f the observed slope is constructed from
elementary steps giving a height difference of 1.287 nm (= b)
between neighboring pixels (294 nm), the slope can be converted
into the number of elementary layers. Using the height of elemen-
tary layers (d) and the slope (= tan®), the interstep distance, A
(nm) can be calculated by:

_d . (10)
tanf

These data, vy, and A, can be used to examine the behavior
of steps during dissolution. If the crystal growth and dissolution
occur at steady-states, so that the surface topography does not
change significantly, step dynamics can be interpreted by the
BCF theory (Burton et al. 1951), in which the step velocity can

be expressed as:

X
Vaep = Ve tanh[ZX ] s (1)
where v.. is the maximum velocity for an individual step without
any influence from the neighboring steps, and X; is the surface

diffusion distance of solutes liberated from the dissolving step
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edge. As shown in Figure 2, the analyzed cleavage step appears
as a linear step-front. The dissolution velocity over the analyzed
area was constant (Fig. 3a), which suggests that the dissolution
process had a steady state.

As shown in Figure 3b, there is a significant variation in
normal retreat velocity over the interface across a cleavage
macro-step. Such a variation may be explained by the BCF step
dynamics. The rate determination for the total surface (e.g.,
Luttge et al. 1999) may be the average of the varied local rates
caused by heterogeneities in step density. However, observation
of dissolution as a retreat of isolated steps (v, to v..) can provide
fundamental information to estimate the overall dissolution of
an interface with varied topography.

In Figure 4, two representative examples of the relationship
between the calculated A and the step velocity for the runs at pH
=7.0 and 12.4 are illustrated. Eliminating data with significant
error, attributed to the vy, estimation at small slopes, these dis-
solution examples exhibit curves that are well-fitted by the BCF
model. Step velocities at pH = 7.0 and 12.4 are estimated to be
v.. = 0.069 and 0.143 nm/s, respectively, and surface diffusion
distances to be X; = 180 and 168 nm, respectively. Although
the estimation may have a large error due to the lack of data,
especially at higher A (i.e., at low angle), it indicates clearly that
the step velocity is directly accelerated by pH (i.e., OH"). On the
other hand, if the surface diffusion distance exceeds the interstep
width, steep slopes result in a decrease in step velocity by step
interaction. Interstep distances typically range from about 0 to
several hundreds of nanometers, as observed for the growth of
NaCl (Bethge et al. 1968), garnet (Tsukamoto and van der Hoek

TABLE 2. Summary of rate measurements for anorthite dissolution

Run no. pH Min/max  Velocity error Rate Log rate
velocity (hm/s) (xnm/s)*  (mol/cm?/s)t (mol/cm?/s)
ano-na-ii-70 7.0 4.32E-05 4.49E-06 4.28E-14 -13.37
7.0 2.87E-04 8.55E-06 2.85E-13 -12.55
ano-na-ii-109 10.9 3.96E-04 7.14E-05 3.93E-13 -12.41
109  6.40E-04 8.54E-05 6.36E-13 -12.20
ano-na-ii-124 124  1.21E-03 3.48E-05 1.20E-12 -11.92
124 1.35E-03 2.75E-05 1.34E-12 -11.87
ano-asw-90 9.0 2.18E-04 8.63E-06 2.16E-13 -12.67
9.0 3.30E-04 9.13E-06 3.27E-13 -12.48
* Evaluated by the standard error of linear regression.
T Rate conversion based on molar volume as 100.75E-6 m*/mol.
03 T T T T
Vo SV tanh(i2X —— Vstep (nm/s) pH 7.0
sop = VocSBNMAIZX) —— Vstep (nm/s) pH 12.4
D I i
E 02 V,, =0.143 nm/s
£ X, =168 nm (R2 = 0.979)
" DA
>§ 01l V., = 0.068 nm/s i
X, =180 nm (R? = 0.975)
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FIGURE 4. Plot of interstep distance, A vs. step velocity, v,,,. The
fitting curves are based on the BCF theory that estimates both the isolated
step velocity (v..) and the diffusion distance (X;) each for the dissolution
experiments at pH = 7.0 and 12.4.
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1982), and calcite (Davis et al. 2000). For the above cases, the
surface diffusion distance (X) decreased with an increase in su-
persaturation (Bethge et al. 1968; Davis et al. 2000). In the case
of anorthite dissolution, X; does not decrease significantly with
increase in OH™ (Fig. 4). The variation in X can be interpreted
to mean that the mean free path of surface-diffusing species such
as Si(OH), and AI(OH),, given by X, = (D,Af)*> (where D;is the
surface diffusion coefficient as a function of absolute temperature
and At is the residence time on the terrace), can be decreased by
shortening A¢, assuming a constant D,. Probably, Af may vary
owing to competition between high concentrations of adsorbed
OH" and hydrated species on the interstep terrace.

Thus, room-temperature dissolution of the anorthite (010)
surface under basic pH conditions could be explained by the
BCF theory (Burton et al. 1951). For mineral dissolution, the
retreat velocities of isolated steps that are far from neighboring
steps (v..) is the most important term, and is corresponds directly
to the surface undersaturation. The diffusion distance (X)) in the
presence of competitive molecules is also important for determin-
ing the step density and the surface topography. Our advanced
PSI-M enabled us to recognize, visualize, and measure the very
slow dissolution even at room temperature and neutral pH. In-
vestigation with PSI-M is very useful to survey the dissolution
topography (etch pits and steps) and to analyze the dissolution
mechanisms attributed to the step dynamics.

This study is the first attempt to recognize, within one day,
the very slow dissolution that occurs on insoluble minerals at
room temperature. Also, it is an important first achievement for
the accurate assessment and validation of mineral dissolution
rates around an underground repository for radioactive waste, as
well as for natural weathering processes. The next phase of this
research program will involve measurement of the dissolution
rates of the smectite clay that comprises the engineered barrier
of a radioactive waste repository.
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