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Abstract-Polished
surfaces of glass and crystal of albite composition were analyzed using atomic force microscopy (AFM) before and after dissolution at pH 2.0 and 9.0, and changes in topography were compared to
dissolution rates of powders of the same phase. The roughness of the crystal plates was greater when dissolved
at pH 2.0 than at pH 9.0, reflecting greater extent of etching at intrinsic crystalline and polishing defects at lower
pH. In contrast, the RMS roughness of the glass plate was identical within error when dissolved at pH 2.0 and
pH 9.0. The similarity in roughness of the polished glass plate as a function of pH of dissolution may be related
to lack of reproducibility in polishing, different controls on dissolution for glass vs. crystalline substrates, or the
presence of a thick, porous leached layer developed on the glass during dissolution at pH 2.0. The AFM only
documented an increase in RMS roughness by a factor of 7 on the glass dissolved at pH 2.0 after 5000 h, while
BET surface area increased by a factor of 30 on glass powder dissolved at pH 2.0 after 4000 h of dissolution.
However, total roughness of the surfaces could not be quantified by AFM through analysis of only RMS roughness; spatial distribution (fractal dimension D) also had to be measured. D was calculated from the roughness
exponent and from the power spectral density on several samples. These two methods of calculating D did not
always yield comparable values for all samples. The surface area calculated from the RMS roughness and fractal dimension measured for several samples increased only slightly over 5000 h of dissolution at pH 2.0 for both
phases, demonstrating that the AFM documented only insignificant topographic effects related to nonstoichiometric dissolution (leaching). Feldspar dissolution rates estimated from AFM measurements were within a factor of 10 of dissolution rates based upon solution results, even though rate of retreat of entire surface layers
could not be quantified. Further research should continue to emphasize using AFM to document changes in
roughness for comparison to dissolution measured from solution chemistry.

made between changes in BET surface area of minerals during dissolution and changes in surface topography as measured by AFM.
In order to investigate the evolution of feldspar surfaces with dissolution, atomic force microscopy was
used to analyze the surface topography of a unique
suite of glass and crystal samples prepared by Hamilton et al. (2000). In these preparations, polished
plates of albite glass and crystal (compositions summarized in Hamilton et aI., 2000) were dissolved at
pH 2.0 or 9.0 in batch reactors under ambient conditions far from equilibrium, Based upon comparisons
of dissolved solute chemistry and thermodynamic
data, Hamilton et al. (2000) concluded that secondary
phases did not precipitate during dissolution. Polished plates were used so as to provide flat surfaces
amenable for elemental analyses (x-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry (SIMS» and topographic analyses. Significant effort was expended to polish the surface with
little chemical alteration.
Hamilton et al. (2000) also dissolved powders
(grain size = 75-150 µm) in flow experiments at room

1. INTRODUCTION

The development of surface topography related to
crystallographic features during dissolution of minerals has been noted by many workers (e.g. Helgeson et
al. 1984; Brantley et al., 1986; Lasaga and Blum,
1986; Casey et al., 1988; Blum et al., 1990; White and
Peterson, 1990; Anbeek, 1992; Lee and Parsons,
1995; Lee et aI., 1998; Fenter et aI., 2000), but quantitative measurement of the evolution of topography
during dissolution is generally lacking. Instead, dissolution rates are usually related simply to the surface
area as determined through gas adsorption using the
Brunauer,
Emmet, and Teller (BET) isotherm
(Brunauer et aI., 1938). The BET measurement provides total surface area accessible to the adsorbate
molecule (for a review, see Brantley et al., 1999;
Brantley and Mellott, 2000). New surface techniques
such as scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) now make documentation of microscopic (µm to nm scale) to atomic
(-1-5 A) roughness possible on both conductive and
nonconductive surfaces. Few comparisons have been
83
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temperature and reported that the albite crystal and
glass powders dissolved at the same rate (± 40%) at
pH 2.0 (HCI-H20) when rates were normalized by
initial surface area. Error was determined by propagating uncertainties
in the measurement of rates
(Hamilton et al., 2000). Although the crystal and
glass powders had similar initial BET surface areas
(Table 1), after dissolution for 4000 h at pH 2.0, the
surface areas of the glass and crystal powders increased by a factor of 30 and 2, respectively. Structures of altered, leached layers on albite crystal and
glass are presumed to be more open and porous than
the unaltered surface (Casey and Bunker, 1990; Hellmann, 1995, 1997; Hamilton et aI., 2000), allowing
proton-bearing species access deep into the near surface. However, as per the observations of Casey et al.
(1989) for a different feldspar composition, Hamilton
and coworkers saw no increase in dissolution rate
with time for the glass dissolved at pH 2.0. They
therefore interpreted the increase in specific surface
area of the glass dissolved at pH 2.0 as the result of
the formation of a porous leached near-surface layer.
This increase in specific surface area was not thought
to represent an increase in reactive area, and rates
were thus normalized by initial surface area. Although most other researchers investigating feldspar
dissolution have similarly normalized rates by initial
surface area, some have normalized by final surface
area (see Stillings and Brantley, 1995).
Hamilton et al. (2000) also observed that these albite crystal and glass powders dissolved in LiOHH20 at the same rate within error (± 40%) at pH 8.4
(= outlet pH, inlet pH = 9.3). For these powder samples, BET surface areas differed minimally after dissolution for 5400 h (reacted/unreacted surface area =
1.5 for glass and 1.1 for crystal).
AFM is used here to analyze surface topography of
the plates prepared by Hamilton in order to address
the following questions: How does crystallinity affect
RMS roughness and power spectral density of roughness during dissolution of albite? How do AFM measurements of bearing volume correlate with observed
dissolution based upon solution chemistry? Can
AFM-measured surface area correlate with BET surface area?
2. ANALYTICAL METHODS

2.1. Sample Preparation
Samples analyzed in this study are some of the identical plates described by Hamilton et al. (2000). Albite
crystal was obtained from Wards Scientific and albite
glass was prepared by melting crystalline Amelia albite
and annealing it at 700 DC for -12 hours (Zellmer,

1986; Hamilton et al., 2000). Compositions of albite
crystal and glass are equal to within better than 1 wt. %
for all major oxides (Hamilton et al., 2000).
Albite crystal and glass plates were cut with a diamond saw to 2 ern x 1 ern x 0.2 em. The plates were
polished to 0.1 µm using a LECO AP-60 automatic
polisher in an oil-based diamond spray, followed by a
final polishing to 0.05 µm with a cerium oxide/chrome
oxide spray. No attempt to orient the polycrystalline
samples prior to polishing was made. Based on limited
observations under an optical microscope, grains of
Amelia albite varied from at least a few mm to much
larger in diameter. The sample preparation procedure
was chosen from among many others because it provided glass and crystals with surface chemistries, as
measured by x-ray photoelectron spectroscopy (XPS),
that were as close as possible to the bulk stoichiometry
for all elements (Hamilton et aI., 2000).
Crystal plates used for this study came from batch
experiments run for either 1000 or 5000 hrs (note that
plates run for 5000 h were separate plates from those
run for 1000 h). Glass plates were similarly reacted,
but only unleached plates and plates dissolved for
5000 h were available for this study. Solutions used for
dissolution experiments included: 1) trace-metal grade
HCI and reverse-osmosis (RO) water at pH 2.0 2)
LiOH and RO water at pH 9.0. All vessels were held at
25±1 DC in an oven and pH was constant to within
±0.3 pH units. Each reaction vessel had an initial surface area to volume ratio of 5.0 x 10-3 cm+, Following
dissolution experiments, plates were rinsed with RO
water, ultrasonically cleaned in acetone, blown dry
with nitrogen, and stored in a vacuum dessicator.
Scanning electron microscopy (SEM) revealed no evidence for the cracking of the leached layers.
2.2. Microscopy
Plates were imaged using differential interference
contrast microscopy (DIC) and a Digital Instruments
Nanoscope IlIa Dimension 3100 Atomic Force Microscope before and after dissolution. Both height
and amplitude images were collected in Tapping
Mode®, with a sharpened tip, at a scan rate of 1.0-1.5
Hz. Multiple scans (-20) were completed on each
sample at different locations on the surface. From
these, three to ten representative 10 µm x 10 µm areas
of each sample were then chosen for further analysis.
In choosing scanning sites, cracks, grain boundaries,
rip-up clasts, etc. were avoided where possible. While
scanning, the cantilever records a fixed number (256)
of height measurements throughout each scan line.
Therefore, for a 10 µm x 10 µm scan, the lateral resolution is about 40 nm per pixel. The AFM tip also impedes resolution below approximately
10-30 nm,
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Fig. 1. Atomic force microscope images of polished albite crystal and glass samples showing distribution of surface features: (a) albite crystal unleached, (b) albite glass unleached, (c) albite crystal leached at
pH 2 for 5000 h, (d) albite glass leached at pH 2 for 5000 h, (e) albite crystal leached at pH 9 for 5000 h,
and (f) albite glass leached at pH 9 for 5000 h. Note the prevalence of polishing lines on most surfaces. All
images are 10 µm x 10 µm.

depending upon whether a new or duller tip is used.
Except where noted, all roughness values referred to
in the text were derived from images of 10 µm x 10
µm areas of the surface.
RMS roughness calculations were performed with
Digital Instruments software (Digital Instruments,
1997). Third-order plane fitting was performed on
each image prior to analysis to remove any image distortions caused by the curvature of the piezoelectric

material, thermal drift, or lateral forces from sample
images (Ruppe and Duparee, 1996). Third-order
plane fitting calculates a third-order polynomial fit
from the image, removing tilt and S-shaped bow
(Digital Instruments, 1997).
Root mean squared roughness (RMS) is defined as
the root mean square average of height deviations
from the mean elevation plane (standard deviation of
the height measurements), calculated from the rela-
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tive heights of each pixel in the image:
RMS= ~((

Z12 +Z22

+

2

+ZN

X)

(1)

where zi equals the difference in height from the
mean plane for each point i, and N equals the number
of points measured.
Surface area, A, was calculated on three to seven 10
µm x 10 urn scans of each albite glass and crystal
plate using a tiling method, wherein the areas of triangles drawn between measured points are summed
(Digital Instruments, 1997). Roughness ratio (A), was
calculated for one representative scan so as to be similar to the roughness as defined by Helgeson (1984):

(2)
where Ageo is the surface area calculated from the
product of the length and width of the scanned field.
Random surface topography can be modeled as a
summation of sine waves through two-dimensional
Fast Fourier Transform (FFT) analysis; the power
spectral density (PSD) function is defined as the
square of the FFT (Bennet and Mattson, 1989). Power
spectral density (PSD) plots describe the spatial distribution of roughening by plotting the roughness amplitude squared as a function of frequency or wavelength
(Digital Instruments, 1997). Power spectra were determined on leached (pH 2.0) and unleached samples as
an average over all directions in the data. In contrast to
the images used for RMS roughness, the images used
for PSD plots were made of different scan areas (1 µm

Sample

pH
(±O.3)

Crystal
2.0
2.0
9.0
9.0
Glass

-2.0
9.0

Table
Duration
of leaching
(h)
0
1000
5000
1000
5000
0
5000
5000

x 1 urn, 5 urn x 5 urn, etc.) representing different resolutions chosen from different places on each sample.
Every attempt was made to use images for power
spectral determinations which were void of identifiable tip artifacts, noise, and "dust".
3. RESULTS

Unleached albite crystal plates are polycrystalline,
and even after polishing, twin planes, cleavage
planes, scars from rip-up clasts, and grain boundaries
are imaged with DIC microscopy. Albite crystal
plates dissolved in all solutions show similar features.
In contrast, polished albite glass exhibits no such features under DIC before or after dissolution (DIC images not shown).
Under the AFM, polished, unleached mineral and
glass plates show smooth surfaces with few polishing
scratches (Figs. la, b). The number, width, and depth
of pits or scratches all increased with dissolution
(Figs. 1c, d, e, and f). In general, crystal plates dissolved at pH 9.0 showed fewer pits or scratches than
crystal plates dissolved at pH 2.0 for comparable
times. In contrast, glass plates dissolved at pH 9.0
showed more pits or scratches than glass plates dissolved at pH 2.0 for comparable times. Twin boundaries were observed under SEM (Hamilton et al.,
2000) and AFM (this study) on crystalline samples
leached in pH 9.0 solution for 1000 hours, but not on
other samples.
As described previously, topographic data were obtained on 10 µm x 10 µm areas of the surface in order

1. Surface measurements
'},_2
RMS
roughness!
(nm)
1.23±0.14
1.02
7.37±0.24
8.10±0.37
1.03
4A7±0.33
1.94±0.04

on albite crystal and glass
D4
H

2.02±0.19
5.04±0.24
6.31±0.50

1.003
1.005

1.03
1.02

,,3

D5

ABET
(m2/g)6

1.006

0.13±0.1l

2.S7±0.11

2.80±0.OS

0.06±0.02

1.189

0.02±0.07

2.92±0.07

2.29±0.07

0.12±0.04
0.06±0.02

0.18±0.01
0.05±0.06

2.S2±0.01
2.95±0.1l

2.67±0.05
2.74±0.06

1Calculated as the average for 3-20,5 µm x 5 µm sub-areas, as described in text.
2Calculated using a tiling algorithm (Digital Instruments, 1997).
3Calculated on one 10 µm x 10 µm area using the algorithm ofLai and Irene (1999a) and Eqn. 2 in the text.
4Calculated using the equation: D = 3-H (Eqn. 4 in text).
5Calculated from the slope of the power spectral density plot, as described in the text.
6As measured using BET Kr adsorption by Hamilton et al. (2000) on powders dissolved in flow experiments for
3000-5000 h. Final pH of solutions was either pH 2.0 or S.4 (inlet pH was 2.0 or 9.3, respectively).

0.04±0.01
1.2±OA
0.06±0.02
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to maintain constant resolution. However, sub-areas
of these scans were typically analyzed in order to
avoid dust and tip artifacts in the larger scans. Even
with constant resolution, measured RMS roughness
was observed to increase with the size of the sub-area
analyzed (Fig. 2a). Above 5 µm x 5 µm, the increase
in RMS roughness with sub-area dimension was minimal for both glass and crystal; for this reason, roughness was compared for different samples as measured
on 5 µm x 5 µm scans.
In general, RMS roughness was larger on samples
after dissolution, but varied depending upon where it
was measured on the sample. To compare RMS
roughness among samples, a best estimate for RMS
roughness for each sample was determined as the
mean of RMS roughness calculations from 3 - 20, 5
µm x 5 µm sub-areas, from at least 3 representative
10 µm x 10 µm images of each sample (Table 1). Implicitly, we have assumed that the measured values of
RMS roughness for a sample form a normal distribution and that the mean of these measurements is the
best estimate of the true RMS roughness. Uncertainties in the determinations of the means for samples
(Table 1) represent the standard deviations of the 3 20 RMS measurements on all sub-areas divided by
the square root of the number of sub-areas.
RMS roughness of unleached glass and crystal
plates was 1 - 2 nm (Table 1) and changes during dissolution were on the order of 1 to 8 nm for all samples
(Figs. 3a, b). In acidic solutions, the RMS roughness of
the crystal plates increased to a greater extent (by a factor of 6.6) than the glass (factor of 2.5) after 5000 hours
of dissolution (Fig. 3a, b). In contrast, during dissolution in basic solutions for 5000 h, the glass plate roughened to a greater extent (factor of 3.1) than the crystal
(factor of 1.6) after 5000 hours of dissolution (Fig. 3a,
b). As a result, RMS roughness is greater on crystalline
samples dissolved for 5000 hours at pH 2.0 than pH
9.0, while RMS roughness is greater on glass plates
dissolved for 5000 hours at pH 9.0 than 2.0.
For the crystal plates, the RMS roughness increased with dissolution at pH 2.0 up to 1000 h, and
then increased or stayed roughly constant to 5000 h.
In contrast, the RMS roughness of the crystal plate
was lower after dissolution for 5000 h at pH 9.0 than
after 1000 h. The crystal plate dissolved for 1000 h at
pH 9.0 was also the only sample to show etching of
twin boundaries.
Little variation in power spectral density for different images of the same sample at the same scan size
was observed (Fig. 4a). Thus, the power spectral density plots showed stationarity at this scale (see Dumas
et al., 1993).
To compare 4 samples (crystal and glass, unleached and leached), 5 representative plots, with
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Fig. 2. (a) RMS roughness of albite crystal leached at pH
2 for 1000 h as a function of scan size measured at the same
resolution. Each symbol represents a different scan on a different area of the sample. (b) Dependence of RMS roughness on scan size measured at different resolutions on
unleached albite glass. A linear relationship implies a selfaffine surface

scan dimensions of 1 µm x 1 urn, 5 µm x 5 urn, 10 µm
x 10 µm, 30 µm x 30 urn, and 50 µm x 50 µm were
analyzed and their power spectra plotted (Figs. 4b, c).
For each plot, data for frequencies greater than or
equal to the Nyquist frequency for that resolution (0.5
x number of pixels!linear scan dimension) were not
used since aliasing can bias the measurement of such
signals (Russ, 1994). Unleached glass plates exhibited slightly higher or equal power compared to the
unleached crystal plates at all frequencies. For both
the crystal and glass plates leached at pH 2.0, increased power with dissolution was observed at all
frequencies (Figs. 4b, c); however, the roughness increase at frequencies <10 um! was greater for the
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Fig. 3. RMS roughness as a function of dissolution time:
(a) albite crystal dissolved at pH 2 (closed squares) and pH 9
(open squares) (b) albite glass at pH 2 (closed triangles) and
pH 9 (open triangles).

crystal plates than for the glass plates. RMS roughness determined for each sample (see Fig. 2b for albite glass unleached) for images collected at these
five resolutions (1 µm xl µm,5 µm x 5 um, 10 µm x
10 µm, 30 µm x 30 µm, and 50 µm x 50 µm) increased nonlinearly with scan size.
4. DISCUSSION
4.1. Roughness
Only one sample (albite crystal dissolved at pH
9.0) showed higher roughness after 1000 h than after
5000 h (Fig. 3a). This sample was also the only sample where etched twin boundaries were imaged under
AFM. Roughness as measured by AFM for the crystal
dissolved at pH 9.0 may therefore have been affected
by variability in crystallographic orientation or non-

reproducibilities
in surface preparation. If it is assumed that the crystal RMS values at a given pH are
the same (within error) after 1000 and 5000 h of dissolution (i.e., assuming that steady-state conditions of
dissolution were achieved after 1000 h, see pH 2 results, Fig. 3a), then it is possible that the difference in
RMS measured at pH 9 for the crystal (RMS = 4.47
nm after 1000 h, RMS = 1.94 nm after 5000 h, see
Table 1) may also simply be due to the variability inherent to crystal orientation and surface preparation.
Thus, based on this difference in RMS values, we assume an error of approximately ±2.5 nm with respect
to measured values of roughness for all crystal samples. Therefore, based on this estimated error, the difference in RMS of unleached glass and crystal plates
(Table 1) is insignificant.
Increased roughness values (compared to unleached samples) for the samples dissolved at pH 2.0
for 5000 h were documented in both RMS roughness
values (Table 1) and in increased power at all frequencies in the power spectra (Fig. 4). Simple geometric arguments might suggest that roughness
develops on a dissolving surface as a balance between roughening due to pitting, and smoothing due
to annihilation of pits through overlapping growth.
For example, Affatigato et al. (1996) argued that
RMS roughness on polished glass developed due to
etching of flaws caused by diamond abrasive particles, but that annihilation of flaws due to lateral
growth of these features smoothed the surface. A
third process that could smooth surfaces is surface
retreat; for a pitted surface in which pits are not deepening as fast as the overall surface is retreating, a
smoother surface should develop.
On crystalline surfaces, pits can develop at point,
line, and planar defects, as well as on perfect surfaces. Etching of point defects creates pits which
disappear with continued etching (e.g., MacInnis
and Brantley, 1992). In contrast, etching of line defects continues until the line defect terminates on
another linear or planar defect; however, pits develop at dislocations only if the solution concentration is less than the critical concentration
(e.g.,
Brantley et al., 1986). All solutions at pH 2.0 and 9.0
were far from equilibrium (Hamilton et al., 2000),
and development of pits at intrinsic and polishinginduced defects on the crystal plates is therefore expected to have been spontaneous. The difference in
RMS roughness on crystals dissolved at pH 2.0 and
9.0 therefore probably results from the difference in
the extent of etching at crystallographic
defects
rather than differences in the initiation of etch pits
on the surface. The greater extent of etching is consistent with the faster observed rate of dissolution at
pH 2.0 as compared to pH 9.0 (Hamilton et al.,
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2000). However, in relatively strain-free crystals
such as the Amelia albite used here, the density of
line defects is -106 cm-2 (e.g. Casey et al., 1988)
and only about 1 defect outcrop per 10 µm x 10 µm
image would be expected. Roughness of the surface
measured by AFM was therefore most likely related
to pitting on perfect surfaces, or at defects induced
by polishing. However, variability in crystallographic orientation from one spot to another on the
Amelia albite samples makes unambiguous interpretation of roughness impossible for these polycrystalline samples.
The greater roughness on the crystal plates dissolved at pH 2.0 as compared to pH 9.0 might also
be hypothesized to be related to nonstoichiometric
leaching of the surface (and near surface) and structural changes in that leached (near) surface. Hamilton et al. (2000) reported that at pH 2.0, both Na and
Al were significantly depleted in the upper 10 nm of
the crystal plate surface after dissolution for a thousand hours. The extent of Na and Al depletion was
much smaller at pH 9.0 than at pH 2.0. If RMS
roughness correlated with surface leaching, however, then we would have expected a much larger
roughness on the acid-dissolved glass plates than
was observed, since the upper 10 nm of the albite
glass was almost 100% depleted after dissolution at
pH 2.0 compared to significantly less depletion after
dissolution at pH 9.0 (Hamilton et al., 2000). Despite this enhanced surface leaching at low pH, the
glass plates dissolved at pH 9.0 showed the same
RMS roughness as the glass plates dissolved at pH
2.0 (Table 1), assuming an uncertainty of ±2.5 nm.
Preferential leaching at the surface and near surface
apparently does not introduce significant RMS
roughness on albite glass or crystal at the scale of
measurement of the AFM.
In contrast, adsorption of Kr on the glass powder
(Table 1) after 4000 h of dissolution at pH 2.0 documented the development of a leached layer which is
porous to gas adsorbate atoms. If the leached layer on
the dissolved plate was also porous, the pores that outcropped on the surface were only minimally accessible
to the AFM tip or were not present in great abundance.
The cross-sectional area ofKr adsorbate gas is 15.2 A2
(at 78 K, Gregg and Sing, 1982), while the diameter of
the AFM tip is on the order of 10-20 nm.
While the RMS roughness of the crystal plates was
larger when dissolved at pH 2.0 than at pH 9.0, the
roughness of the glass plate was the same within error
(±2.5 nm) after dissolution at these two values of pH.
For both crystal and glass powders, the difference in
the dissolution rates at pH 8.4 and 2.0 in the flow experiments was approximately an order of magnitude
(Hamilton et al., 2000). Affatigato et al. (1996) ob-
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feldspar as a function of time as calculated from powder dissolution rates from Hamilton et al. (2000) for
crystal or glass in flow experiments with outlet values of pH of 2.0 or 8.4 (inlet pH of 2.0 and 9.0, respectively). Moles of feldspar calculated from AFM measurements have been corrected so that the release at
time zero equals zero (i.e., calculations were corrected for starting roughness).

served that deepening of initial flaws on silica glass
occurred quickly during dissolution, while lateral
growth (smoothing) occurred more slowly and became more important in the latter stages of dissolution. It is possible that such smoothing occurred to a
greater extent on the acid-dissolved than on the basedissolved sample, explaining the similarity in roughness of the two samples.
It is also possible that the presence of a leached,
porous layer, if it developed on the glass plates, encouraged smoothing instead of roughening. Jordan et
al. (1999) observed dissolution of anorthite and
labradorite at pH 2.0 with AFM at above ambient
temperatures and concluded that dissolution occurred
mainly beneath an altered surface layer. They concluded that the topography of the outer surface mirn-

icked that of the interface beneath the layer. Similar
results were also found in a study of in situ albite dissolution at 25 DC with AFM by Hellmann (1992). If
such a dissolving interface exists below a porous surface layer on the albite glass studied here, and if the
dissolved concentration of solutes in the pore solutions within the porous layer are higher than in bulk
solution, then the surface topography beneath the
porous layer might be expected to be smoother than if
no layer were present. In other words, within the
porous layer, the driving force for dissolution would
be lower because of the higher activity of dissolved
solutes than at the outer surface-aqueous solution interface, where the activity of dissolved solutes might
be relatively lower. With a lower driving force for dissolution, the dissolution would not open up pits on the
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surface, but would instead occur equivalently at all
surface sites, smoothing the interface. This effect, if
important, would be expected to be most important on
the glass sample leached at pH 2.0, possibly explaining the relatively smooth surface of that sample.
Removal of complete layers of material (i.e., without roughening) will contribute to dissolution. However, such removal is difficult to quantify by the AFM
without a reference for the initial surface height. For
our samples, the apparent rate of dissolution was estimated using AFM by calculating the bearing volume.
The bearing volume is an estimate of the minimum
volume of material removed from the plates (Digital
Instruments, 1997); this volume is defined by the difference between a reference plane and the geometric
surface area of the sample. The bearing volume was
determined for ten to twenty 5 µm x 5 µm scans on at
least 4 different images of each crystal and glass sample. Of these measurements, one representative determination of bearing volume was chosen. For this
image, the reference plane for the calculation was set
as the highest point on the image. The bearing, or "removed" volume, was converted into moles of released
feldspar per unit area for each batch experiment using
the molar volume of albite crystal or glass. These removed volumes were normalized by the scan area for
calculation of dissolution rates. However, Si concentrations in solution as measured by Hamilton et al.
(2000) for the plates dissolved here were too low for
detection by ICP-AES «0.1 ppm Si) and solutions
were not stored for other types of analysis. For comparison, however, the extent of dissolution of the samples is compared to the measured rates of dissolution
on the powders as reported by Hamilton et al. (2000)
at steady state for similar values of pH in flowthrough reactors (e.g., Fig. 5).
Calculated feldspar released per unit area based on
AFM is observed to be always within about an order
of magnitude of feldspar released as calculated from
solution chemistry. In most cases, the number of
moles of feldspar released based on AFM is larger
than that based on the powder dissolution experiments
(Hamilton et al., 2000). The surprisingly close agreement between rates based on solution chemistry and
surface topography may suggest that AFM could be
used to measure dissolution rates using this methodology for these phases. Possibly, with these slowly
dissolving phases, no overall surface retreat had occurred, even over 5000 h. However, the relative agreement documented by Fig. 5 may also be fortuitous
given that the powder dissolution rates were normalized by BET surface area but were extrapolated to this
system using the geometric surface area of the AFM
scanned image (25 µm2). The discrepancy between
the BET and AFM surface areas for these plates is un-
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known. The relative agreement exhibited in Fig. 5 suggests, however, that future investigations might eventually yield meaningful dissolution rates based on
such AFM measurements, especially if the initial surface height is measured.
4.2. Fractal Dimension
Several authors have pointed out (Varnier et al.,
1989; Dumas et aI., 1993; Lai and Irene, 1999a) that
RMS roughness is only a measure of the vertical component of roughness and does not describe the distribution of topography at the surface. To understand
one such measure of the distribution, the fractal dimension, it is helpful to note that RMS roughness of
images of the same resolution increased non-linearly
with image size (Fig. 2a). Other workers have similarly reported a critical scan dimension above which
the change in RMS roughness of a polished surface
became minimal with image dimension (e.g. Dumas
et al., 1993; Affatigato et al., 1996). By definition, if a
surface shows self-affine fractal behavior, the RMS
roughness values for the surface should scale as a
power law of the image size (Dumas et al., 1993; Gollion and Grenet, 1996):

(3)

where L is the linear dimension of the scan, and H is a
constant known as the scaling factor or roughness
index. Gollion and Grenet (1996) point out that L in
Eqn. 3 can be varied using AFM by changes in imaged area at one resolution (Fig. 2a) or by a variation
in the resolution of images (Fig. 2b). They also point
out that the latter method is preferable for calculation
of H. The second method, when applied to the unleached albite glass surface (Fig. 2b), yielded H =
0.18±0.01. When applied to a limited data set collected for the three other samples, the linear model
could not be rejected, suggesting these four surfaces
(surfaces of glass and crystal, unleached and leached
for 5000 h) are self-affine (Table 1).
Dumas et al. (1993) showed that this scaling factor
H is related to the fractal dimension D:
D=3-H

(4)

Thus, the fractal dimension defines the scaling law relating roughness and sampled area (Fig. 2). Fractal dimensions for rough surfaces are non-integral numbers
between 2 and 3, where a value of 2 represents the dimension of a Euclidean plane and 3 an infinitely
rough surface (e.g., Dumas et al., 1993; Spanos and
Irene, 1994; Lai and Irene, 1999a). Surfaces with low
fractal dimension are simpler, with more surface features of low aspect ratio, while surfaces with fractal
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dimension near 3 approach volume-filling surfaces,
dominated by surface features of high aspect ratio.
Spanos and Irene (1994) point out that both the irregularity and the volume-filling nature of a surface increases with increasing D. They also give examples of
surfaces with different total roughness that have identical RMS roughness but differing D.
Values of D calculated from Eqn. 4 are identical
within error for the unleached glass and crystal plates
(Table 1). D increases slightly for the glass plates
after dissolution at pH 2.0 (Table 1), while the crystal
shows only a slight increase or no change in D with
dissolution.
Numerous other methods of quantifying the fractal
dimension of a surface are available, and their respective advantages and disadvantages have been investigated (Pfeifer, 1984; Dubuc et aI., 1989; Mitchell and
Bonnell, 1990). In this study, the 2-D Fast Fourier
method is applied (Russ, 1994; Dumas et aI., 1993).
According to Dumas et al. (1993) and Vatel et al.
(1993), when log power is plotted against log frequency for scans of different areas at different resolution, the slope (SpSD) of the line defines D:
SPSD

= -8+2D

(5)

To estimate Dusing Eqn. 5, the slope of the power
spectral data (Fig. 4) was fit over the entire frequency
range, discarding data at < 1 cycle per micron frequency. Furthermore, no data above 30 cycles per micron, where tip dimension would impair resolution,
were used. However, because of curvature in the
PSDs, several fits were also made, including smaller
subsets of the data, to estimate the error associated
with truncation of the frequency range. Error estimates for values of D summarized in Table 1 therefore represent variability in the slope as calculated
over different ranges of data.
In three of four samples, the value of D calculated
from H using Eqn. 4 was close in magnitude to the
value calculated from Eqn. 5 (Table 1). Only the
crystal plate dissolved at pH 2.0 yielded values of D
that differed markedly when calculated with the two
equations.
The values of D calculated from Eqn. 5 show that
the 2 starting materials have identical D within error
and that D may have increased slightly for the glass
after dissolution (Table 1). However, D calculated
from Eqn. 5 decreased significantly for the crystal
plate after dissolution at pH 2.0. Given the curvature
in the PSDs, especially for the PSD for the crystal
plate dissolved at pH 2.0, estimation of a slope is
difficult and this decrease in fractal dimension may
not be accurate. Furthermore, this value of D is calculated from data for five different images on the

surface. Given that the surface was polycrystalline,
calculation of D may be suspect or meaningless for
this sample.
Both calculations of D show that the fractal dimension of the glass plates remains unchanged or
increases after dissolution at pH 2.0. This observation can be seen qualitatively in Fig. 4C, based on
the similarity in slopes for both glass samples. Henderson et al. (1997) also observed no change in D for
glasses after dissolution. Again, assuming that the
fractal dimension of a porous surface layer should
be significantly closer to 3 than D for the polished
surface, we infer that the AFM is not measuring the
internal surface area of such a layer on the acid-dissolved glass sample, as expected based on the geometry of measurement by an AFM tip. Hamilton et al.
(2000) concluded from XPS and SIMS data that the
thickness of the leached layer was in the range 9 - 50
nm on glass plates leached at pH 2.0.
4.3. Increases in Surface Area
Although RMS roughness increased with dissolution for all samples, A, the ratio of measured surface
area to geometric surface area (see Eqn. 2), calculated
using a tiling algorithm (Digital Instruments, 1997;
see also, discussion in Brantley et al., 1999), increased for the crystal plate but decreased for the
glass plate after dissolution (Table 1). This observation is puzzling since measured BET surface areas increased for all samples after dissolution (Table 1).
However, Lai and Irene (1999a) have suggested that
the tiling method may underestimate surface area for
surfaces with RMS roughness values such as those reported here (Table 1), where the magnitude of deviations in the z direction (vertical) are much less than
the horizontal resolution. The algorithm for calculation of surface area by tiling is neither accurate nor
sensitive due to round-off error (Lai and Irene,
1999a). These workers suggest an alternative algorithm to calculate surface area, A(rms,Dj)' using AFM
data:
A (rms,Dj

bD

)

= ( a' RMS e

)

2

(6)

where a' and b are weighting factors dependent upon
scan dimensions, D is the fractal dimension, and RMS
is RMS roughness. This equation should yield a more
accurate estimation of surface area for samples with
microscopic roughness such as those in this study (Lai
and Irene, 1999a), as compared to the tiling calculation
(Digital Instruments, 1997). Using Eqn. 6, Lai and
Irene (1999a) have shown that two surfaces with identical RMS roughness can differ in surface area and total
roughness, due to the spatial distribution of roughness
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(fractal dimension). The authors show that for surfaces
with identical RMS roughness, the area increases as
fractal dimension increases (Lai and Irene, 1999b).
Using the Lai and Irene algorithm (1999a), and calculating values for a' and b according to the empirical
methods outlined in Lai and Irene (1999a), the surface area was calculated based upon D and RMS
roughness measured on one 10 µm x 10 µm area on
both glass and crystal plates. For both cases surface
area increased with dissolution, albeit by a small fraction (Table 1). In contrast to the BET data for similarly dissolved powder, however, the surface area of
the crystal increased more drastically than the surface
area of the glass (Table 1). Again, this re-emphasizes
that BET measures the outer surface and some part of
the porous leached layer internal near surface,
whereas the AFM only measures some part of the
outer surface.
Mineral dissolution rates are almost always cited
as moles of phase "x" released per unit time per unit
surface area (as measured by BET), even though
many workers have suggested that the reactive surface area might differ from the BET measured area
(see Brantley and Mellott, 2000 for a review). However, Hamilton et al. (2000) point out that Si release
rates of albite glass did not increase during dissolution even while surface area increased by a factor of
30x. Casey et al. (1989) made similar conclusions
based on observations of increased surface area without an increase in dissolution rate for labradorite
feldspar. The main arguments for normalization of
most mineral dissolution rates by BET surface area
of the mineral instead of reactive surface area are: i)
there is no agreement about how to assess reactive
surface area, and ii) reactive surface area is assumed
to be proportional to BET surface area. Apparently,
the ratio of reactive/total (BET) surface area for the
albite glass changed during dissolution at low pH.
Other authors have observed similar phenomena for
naturally weathered phases (Lee and Parsons, 1995).
One positive attribute of the AFM measurement of
surface area is that this surface area remained relatively constant during dissolution of the albite glass
plate at pH 2.0, instead of increasing drastically, as
was observed for the BET surface area of the albite
glass powder. Brantley et al. (1999) discussed the
difference between surface area measured using BET
and using AFM on naturally etched quartz grains and
pointed out that little is known about the topographic
features that are measured by both tools. Further assessment of surface area algorithms and measurements of roughness (e.g., RMS, power spectral
density, correlation lengths) based on AFM measurements may be useful in clarifying the notion of reactive surface area.
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5. CONCLUSIONS
Atomic force microscopy (AFM) of polished surfaces of glass and crystal of albite composition were
analyzed before and after dissolution at pH 2.0 and
9.0. The roughness of the crystal plates dissolved at
pH 2.0 was larger than the same phase dissolved at
pH 9.0. Enhanced RMS roughness on the dissolved
crystal plates at pH 2.0 is interpreted as evidence of
the greater extent of etching at defects at the lower
pH, consistent with faster dissolution at lower pH. In
contrast, the RMS roughness of glass plates dissolved
at pH 2.0 was identical within error to that phase dissolved at pH 9.0, despite faster dissolution at low pH.
The difference in roughness developed on crystal and
glass plates cannot be explained unambiguously
given the polycrystallinity of the crystal plates and the
possibility of variations in polishing effects. However, AFM did not document large increases in RMS
roughness due to nonstoichiometric dissolution in either crystal or glass.
Total roughness of the surfaces could not be measured without measuring the spatial distribution (fractal dimension D) as well as the vertical component of
roughness (RMS). RMS roughness and fractal dimension were used to calculate surface area of plates
dissolved at pH 2.0. The surface area measured by
the AFM at this scale increased only slightly over
5000 h of dissolution at pH 2.0 for both phases. In
contrast, the BET surface area of glass powder dissolved at pH 2.0 showed a 30-fold increase in BET
surface area after 4000 h dissolution, despite the observation that the Si release rate of the glass showed
no significant increase with extent of dissolution.
Feldspar dissolution rates calculated from AFM
measurements were within a factor of 10 of inferred
dissolution rates, even though no attempt was made
to measure the initial surface height nor the rate of
surface retreat by removal of entire atomic layers. If
results from polished samples can be extrapolated to
powders, then the AFM-measured surface area may
be a better proxy for reactive surface area on albite
samples than BET surface area. Significant problems
remain, however, in calculating surface area from
AFM measurements for polished samples or powders. Additional research should focus on comparing
solution measurements with AFM measurements of
topography including RMS roughness, correlation
length, and power spectral density.
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