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Abstract

The dissolution of prismatic and rhombohedral quartz surfaces by KOH/H2O solutions was investigated by atomic force microscopy.
Rates of dissolution of different classes of surface features (e.g., steps, voids, and dislocation etch pits) were measured. The prismatic
surface etched almost two orders of magnitude faster than the rhombohedral surface, mostly due to the difference in the number and
the rate of dissolution of extended defects, such as dislocations. Because of the presence of imperfect twin boundaries, defect densities
on the prismatic surface were estimated at 50–100 lm�2, whereas the rhombohedral surface possessed only �0.5–1.0 lm�2, mostly in the
form of crystal voids. Crystal voids etched almost one order of magnitude faster on the prismatic surface than on the rhombohedral
surface due to differences in the number and the density of steps formed by voids on the different surfaces. In the absence of extended
defects, both surfaces underwent step-wise dissolution at similar rates. Average rates of step retreat were comparable on both surfaces
(�3–5 nm/h on the prismatic surface and �5–10 nm/h on the rhombohedral surface). Prolonged dissolution left the prismatic surface
reshaped to a hill-and-valley morphology, whereas the rhombohedral surface dissolved to form coalescing arrays of oval-shaped etch
pits.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Quartz is among the most common minerals found in
the Earth’s crust (Correns et al., 1969). Unlike many other
minerals, it dissolves and precipitates under mild condi-
tions in a wide variety of aqueous environmental systems
(Bennett, 1991; Bavestrello et al., 1995; Bolton et al.,
1996; Schulz and White, 1999; Bennett et al., 2001; Wagner
and Jochum, 2002; Gaylarde and Gaylarde, 2004; Green-
wood et al., 2005). Quartz dissolution has consequently
been the subject of multiple studies (see, e.g., Rimstidt
and Barnes, 1980; Dove and Elston, 1992; House and
Orr, 1992; Dove and Rimstidt, 1994; Dove, 1994, 1995,
1999; Tester et al., 1994; Hajash et al., 1998; Duval et al.,
2002; Greenwood et al., 2005).
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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Most works were performed using bulk materials (e.g.,
sand and crushed crystals) that usually have complex sur-
face geometries (e.g., Rimstidt and Barnes, 1980; Brady
andWalther, 1990; Dove and Elston, 1992; Dove and Rims-
tidt, 1994; Jendoubi et al., 1998; Dove, 1999; Alekseyev
et al., 2003). These studies have provided useful insight into
the dissolution behavior of quartz crystals with realistic sur-
faces; however, they did not differentiate between the con-
tribution of specific classes of surface morphological
features (such as facets of various crystallographic orienta-
tions, crystal voids, etc.) to the ‘bulk’ rate laws obtained. In
some cases, successful attempts have been made to reduce
the bulk rate laws to rate laws derived for single-crystal sur-
faces dissolved under similar conditions (Gratz and Bird,
1993a,b; Dove et al., 2005). The applicability of single-crys-
tal rate laws to more complex systems has been credited to
two factors. First, fracture morphologies, which are usually
thought to represent surface morphologies of sand and
crushed-rock particles, have been shown to consist of a vari-
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ety of low-index surfaces, most often rhombohedral as well
as other smaller, low-index facets, including the basal and
prismatic surfaces (Bloss and Gibbs, 1963; Reuschle and
Darot, 1996). Second, it has been argued that, on the
unit-cell scale, quartz dissolution could be described in
terms of common steps e.g., the hydration of the dangling
bonds and the subsequent detachment of the SiO4 tetrahe-
dra from various surface positions (Gallei and Parks,
1972; Gratz and Bird, 1993a,b; Xiao and Lasaga, 1996;
Koretsky et al., 1997; Koretsky et al., 1998; Dove et al.,
2005) regardless of the specifics of the geometry of the dis-
solving crystal face.

Perhaps unfairly, morphologies of quartz surfaces have
received considerably less attention than did quartz ‘bulk’
dissolution kinetics. Until recently, surface studies of
quartz have relied on visible-light and scanning electron
microscopy (Gratz et al., 1990; Gratz and Bird, 1993a) as
the means to observe surface morphologies. Although per-
formed with high accuracy, visible-light measurements
were limited to large etch pits (‘negative crystals’) formed
on the sites of extended crystal defects and defect arrays
(Gratz and Bird, 1993a). While large pits often dominate
the morphologies of quartz surfaces (Gault, 1949; Gratz
and Bird, 1993a), the size and distribution of the defects
giving rise to these pits is not uniform and may vary widely
from crystal to crystal or even from one area of the same
crystal to another, depending on the growth history of
the crystal and the characteristics of the surrounding ma-
trix (Gault, 1949), which may potentially limit the utility
of the rate laws obtained for them. Meanwhile, dissolution
morphologies of the surfaces enclosing such defects remain
virtually unknown. The goal of this paper is to characterize
the dissolution behavior of these surfaces in detail.

2. Experimental

This study used a natural a-quartz crystal from Herki-
mer County, USA (a ‘Herkimer diamond’). The crystal
was transparent and possessed large and optically smooth
prismatic and rhombohedral faces. It was cut into
2 · 2 · 2 mm samples with a low-speed wafering saw so
that each piece had one surface parallel to either a prismat-
ic (100) or a rhombohedral (101) crystal surface. The sur-
faces of the samples were polished to a high-quality finish
(rrms = 0.3–2.5 nm) using a variety of aluminum oxide
pastes (final grit size was 25 nm), then cleaned in acetone,
methanol, and deionized H2O to remove polishing debris.
Prismatic and rhombohedral surfaces thus obtained deviat-
ed by 1.0–1.5� (judging by their step densities) from their
nominal crystallographic orientation. X-ray photoelectron
spectroscopy performed using a monochromatic Al anode
(Kratos Axis 165, Kratos Analytical, New York, USA)
showed that samples contained 0.7–4.3% Na (the Na con-
tent varied slightly from sample to sample). The compari-
son of the results of the low- and the high-angle XPS
analyses showed that the surface Na content matched the
bulk Na content of the crystal.
Dissolution in aqueous KOH solution was performed in
the following way: the samples were immersed in 0.01 M
KOH (20 mL volume using deionized water) in a Teflon
reaction vessel and covered with a Teflon lid. The covered
vessel was placed into a pre-heated stainless-steel acid
digestion bomb (Parr Instrument Company, Moline,
USA). For the purpose of monitoring the internal temper-
ature, a type-K thermocouple (Omega Engineering, Stam-
ford, USA) was placed in contact with the lid of the
vessel in the interior of the bomb. The bomb was tightly
sealed and enclosed in a heating mantle (Barnstead Inter-
national, Dubuque, USA) that was placed on an orbital
shaker that moved at a rate of �70 rpm throughout the
heat-treatments. The temperature of the external bomb
sheath was also monitored with a separate K-type thermo-
couple attached to the upper lid of the bomb. The bomb
was heated to between 400 and 500 K. The main target
temperature was 400 K, although at times, on other sam-
ples, we utilized higher temperatures to explore the devel-
opment of certain dissolution features. Therefore, the
dissolution temperature is implied to be 400 K unless
otherwise noted. The temperature measurement limit of er-
ror was ±2 K. The heating ramp usually took �10–15 min.
Run durations varied between 2 and 20 h. During a run,
the temperature of the vessel inside the bomb did not devi-
ate from the temperature of the external bomb sheath by
more than ±2 K. Upon completion of a run, the bomb
was cooled in cold streaming water. The average cool-
down time was 1–2 min.

After the bomb had been cooled to room temperature,
the sample was taken out of the KOH solution and placed
into a stream of deionized H2O for 10–15 min to help re-
move the products of the reaction. The sample was then al-
lowed to dry in air and was placed into the AFM chamber
for examination. In certain cases, when AFM imaging
showed that the surface of the sample retained excessive
quantities of gelled reaction products, the sample was im-
mersed in a 20 M solution of KOH for 15–30 min at room
temperature and then washed in deionized H2O for 1–3 h.
Runs of selected samples were repeated in 2–20 h incre-
ments for up to 20 cycles (200 h total), with selected areas
re-imaged in the AFM after each run at identical surface
locations.

AFM imaging was performed in air at room tempera-
ture in contact mode using a Digital Instruments BioScope
III (Veeco Instruments, Santa Barbara, USA) with Si3N4

and oxide-sharpened Si cantilevers with nominal spring
constants of 0.8–1.2 N/m.

3. Results

3.1. Initial surfaces

Naturally occurring a-quartz exhibits several stable low-
index surfaces, such as prismatic, rhombohedral, and a
variety of higher index faces that are usually smaller in size
(Correns et al., 1969). The basal (001) orientation is the
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most stable low-index surface (Ernsberger, 1960; de Leeuw
et al., 1999; Rignanese et al., 2000). It is also the fastest-
growing (Ernsberger, 1960); as such, it is often not ex-
pressed in quartz crystals (Correns et al., 1969). When
formed, it tends to exhibit a rough stepped morphology
(Correns et al., 1969), which naturally hinders microscopic
observations of its dissolution dynamics. For these reasons,
it was excluded from this study. (Here and below, Miller
hkl notation will be used to denote crystallographic planes
and orientations. For comparison purposes, the basal
plane is the (0001) plane in the traditional, but redundant,
Miller–Bravais hkil notation, the prismatic planes are the
f10�10g planes and the rhombohedral planes are the
f10�11g planes).

The rhombohedral and prismatic surfaces follow the
basal surface as the second and the third most stable quartz
surfaces (de Leeuw et al., 1999). Their smooth terrace-and-
step morphologies make them an attractive target for sur-
face dissolution studies, especially since most naturally
occurring quartz crystals exhibit large smooth facets of
both of these orientations, even when twinned (Gault,
1949). Both surfaces do not reconstruct at temperatures be-
low the a–b transition (Bart et al., 1992) but the ab initio
calculations and the X-ray reflectivity studies show that
they may undergo some vertical relaxation (de Leeuw
et al., 1999; Schlegel et al., 2002).

The morphology of the polished prismatic and rhombo-
hedral surfaces used in this study appeared essentially fea-
tureless, with small numbers of unevenly distributed large
(>100 nm in lateral dimensions) defects persisting through
the polishing procedure, such as faceted crystal voids.
(Fig. 1A). The root-mean-square roughness (rrms) of the
polished surfaces of all orientations varied from �0.3 nm
for 1-lm images to 1.5–2.5 nm for the 50-lm images. The
voids accounted for most of the roughness variation be-
tween small-scale and the large-scale images of these initial
surfaces.
Fig. 1. (A) An initial prismatic quartz surface after cleaning. Dark ‘dots’ rand
irregularly shaped structures are the polishing debris. The height scale in the im
amorphous silica polishing debris. The surface has the terrace-and-step morph
close to the ½�2�32� crystallographic direction. White streaks in the image are th
Runs in deionized H2O at 400 K for 24 h removed the
amorphous silica layer from the polished surfaces, reveal-
ing, for both surface orientations, terrace-and-step mor-
phologies. The average step height on the rhombohedral
surface was �3.3 ± 0.5 Å, which is close to the distance be-
tween the nearest-neighbor rhombohedral planes in the
quartz structure (d[1 0 1] = 3.4 Å (Schlegel et al., 2002)). Step
alignment on the rhombohedral surface was coincident
with the ½�2�32� direction (Fig. 1B), which is a line of inter-
section between the rhombohedral {101} planes in quartz
(Schlegel et al., 2002). The rhombohedral {101} quartz
surface is thought to consist of SiO4 tetrahedra, each of
which possesses a single unsaturated Si–O bond extending
out of the surface plane (Ernsberger, 1960; de Leeuw et al.,
1999). The 3.3-Å steps are thought to be bounded by SiO4

tetrahedra possessing two dangling oxygen bonds each
(Ernsberger, 1960; Mullins and Hirth, 1963; Schlegel
et al., 2002). These doubly unsaturated SiO4 tetrahedra
have been proposed as the structural units that detach dur-
ing dissolution and attach during growth (Ernsberger,
1960; Mullins and Hirth, 1963).

The direction of step alignment on the prismatic surface
was close to [001] (i.e., the line of intersection between the
(100) and the (011) planes). The average step height on the
prismatic surface was �4.2 ± 0.5 Å, which is close to the
distance between the nearest-neighbor prismatic planes in
the quartz structure (d[1 0 0] = 4.4 Å (Gratz et al., 1991;
Schlegel et al., 2002)).

Prismatic {100} quartz surfaces can form two possible
terminations. The more stable termination exposes the
SiO4 tetrahedra with one Si–O dangling bond each, while
the other, less stable, termination is formed by SiO4 tetra-
hedra with two dangling bonds each (Ernsberger, 1960;
Mullins and Hirth, 1963; Bart et al., 1992; de Leeuw
et al., 1999; Schlegel et al., 2002). The more stable structure
is usually considered to be predominant (Ernsberger, 1960;
Mullins and Hirth, 1963; de Leeuw et al., 1999; Schlegel
omly distributed throughout the image are extended crystal defects. White
age is 50 nm; (B) an initial rhombohedral quartz surface after removal of
ology. The average step height is �3.3 Å, or d[1 0 1]. The steps are aligned
e remnants of the polishing debris. The height scale in the image is 5 nm.



Fig. 2. The area on the prismatic surface shown in Fig. 1A, recorded after the surface has been treated for (A) 6 h in 0.01 M KOH at 400 K. The randomly
distributed extended crystal defects gave rise to rectangular pyramidal pits; (B) 16 h in 0.01 M KOH at 400 K. The active (pyramidal) etch pits are seen as
black rectangles; the inactive (concave) etch pits are seen as gray rectangles. Black arrow marks one of the isolated etch pits that has flattened out (become
concave). White globular objects are the gelled products of the reaction; (C) 35 h in 0.01 M KOH solution at 400 K. The active (pyramidal) etch pits are
seen as black rectangles; the inactive (concave) etch pits are seen as gray rectangles. The gray stripes intersecting the image from the upper left to the lower
right corner are rows of etch pits. (D) 45 h in 0.01 M KOH at 400 K. Most of the large isolated etch pits seen in the image are inactive (concave). Some of
the pits contain secondary pits within. The pit-rows cover 100% of the surface. The individual pits in the pit-rows are seen as ‘ties’ intersecting the rows; (E)
60 h in 0.01 M KOH at 400 K. Most of the large isolated etch pits seen in the image are inactive (concave). The pit-rows have undergone repetitive
coarsening and are now 300–700 nm wide; (F) 95 h in 0.01 M KOH at 400 K. The pit-rows have undergone further coarsening and are now 750–1500 nm
wide. The individual pits in the pit-rows are seen as ‘dips’ inside the rows. Most of the isolated etch pits seen in images A–E have been fully etched out. The
isolated pits that are still visible have repeatedly nucleated secondary and/or tertiary etch pits (inside the ‘parent’ etch pits) that are still active. The height
scale in images A–D is 50 nm, and in images E–F it is 100 nm.
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et al., 2002), although there is some evidence that the other
termination may also be observed (Schlegel et al., 2002).
Similar to the rhombohedral steps, the 4.2-Å steps formed
by the predominant termination on the rhombohedral sur-
face are thought to consist of doubly unsaturated SiO4 tet-
rahedra (Ernsberger, 1960; Mullins and Hirth, 1963;
Schlegel et al., 2002).

The average terrace widths measured on surfaces of
either orientation were comparable, at 30–50 nm. Given
that these surfaces have been formed by polishing, the
widths were not directly related to the pattern of crystal
growth, but, rather, reflected the misalignment (1–1.5�) be-
tween the planes in the crystal and the polishing plane.

3.2. Dissolution of the prismatic surface

Dissolution of either surface led to several classes of
morphological features each with its own distinct dissolu-
tion behavior. On the prismatic surface, one such class con-
sists of isolated rectangular pits originating at pre-existing
crystal voids and other defects such as dislocation tangles
intersecting the surface plane. During the first 2–10 h of
reaction, dissolution within crystal voids changed their
shapes to a rectangular pyramid with pit edges at the sur-
face aligned close to the [001] and the [010] directions
(Figs. 2A and 3). Quartz has an enantiomorphic structure;
prismatic face 

  [010] 

crystal void 

[001] 

etch pit  

etch pit nucleated at the surface 

active (pyramidal) etch pit 

inactive (concave) etch pit 

A

B

Fig. 3. The structure of etch pits on the prismatic surface. (A) A void
emerging on the prismatic surface. (B) The evolution of an etch pit on the
site of a crystal void on the prismatic surface. Initially, the pit is faceted to
a truncated rectangular shape. The edges of the pit are aligned along the
[100] and the [010] directions. In the active stage, the four sides of the pit
have formed step trains. In the inactive (concave) stage, the bottom of the
pit is flat.
the right-handed truncation of rectangular pit openings
indicated that the right-handed form was dominant in the
area where we collected images. The pits rapidly grew both
laterally and in depth for the first 15–20 h after their forma-
tion. We refer to this stage of pit growth as the ‘active’
stage. Pit volumes were calculated as follows: the pits were
assumed to have rectangular pyramidal shape. Pit openings
(measured from AFM images) served as pyramid bases,
while pit depths (also measured from AFM images) served
as pyramid heights for the purpose of pit volume calcula-
tions. The best-fit for the pit volume (Vpit, in lm3) growth
trend was the power law (see Fig. 4).

V pit;a
P ðtÞ ¼ V void þ cpit;aP � tð1:77�0:2Þ

¼ V void þ ð1:61� 1Þ � 10�4 � tð1:77�0:2Þ; ð1Þ

where t is time in hours, cpit;aP is best-fit coefficient in
lm3 h�1.77, the superscript ‘a’ refers to the active stage of
pit growth, the subscript ‘P’ refers to the prismatic surface,
and Vvoid is the volume of the crystal void at the apical part
of the pit. After 15–20 h, the pits usually lost their apices
and attained concave shapes (see Figs. 2B and F and
Fig. 3). The concave pits continued lateral growth by step
retreat, albeit slower than their earlier pyramidal counter-
parts; their deepening usually stagnated (see insert in
Fig. 4). Thus, we consider the initial pyramidal growth of
these pits to be the active stage, and the subsequent lateral
growth of concave pits as the inactive stage. The pyrami-
dal-to-concave pit transformation appeared to mark the
point at which the defects that gave rise to the pits were ful-
ly consumed. The density of the defects on the prismatic
surface could therefore be estimated by counting the pyra-
midal pits. It stayed roughly constant at 0.25–1.00 lm�2

through 200 h of reaction. After the removal of defects
from pit cores, any further pit enlargement proceeded
through step-wise dissolution, and not through the genera-
tion of new steps that would increase pit depths. Due to the
absence of new ledge sources, the enlargement of concave
pits was slow compared to the growth of pyramidal pits
and obeyed the linear trend

V pit;c
P ðtÞ ¼ cpit;cP � t þ V pit;a

P

¼ ð2:6� 0:3Þ � 10�4 � t þ V pit;a
P ; ð2Þ

where V pit;c
P ðtÞ is the average volume of the concave pits on

the prismatic surface measured in lm3, t is time in hours,
cpit;cP is best-fit coefficient in lm3 h�1, the superscript ‘c’ re-
fers to the concave stage of pit growth, and V pit;a

P is the vol-
ume of the pits at the time when they became concave.

After 200 h of dissolution the isolated rectangular pits
covered �60% of the surface. Surface coverage of the iso-
lated rectangular pits is determined, in part, by the frequen-
cy at which bulk defects emerged at the surface during the
dissolution. The frequency of defect emergence (g) was esti-
mated from the frequency of nucleation of isolated etch
pits that was equal to �0.01 lm�2 h�1 (i.e., for a given
square micron of surface area, a new etch pit nucleated
once every 100 h). The pits showed no significant coales-
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Fig. 4. Average volume of active isolated pits on the prismatic surface. Lateral dimensions and depths of active isolated pits in a selected 20 · 20 lm area
of the prismatic surface were calculated through 25 h of the reaction. The insert shows the growth trend of all isolated pits on the prismatic surface. Depths
of isolated pits in a selected 20 · 20 lm area of the prismatic surface were measured through 50 h of the reaction. The depths of the pits increased through
10–15 h of the reaction, and then stabilized after 20–30 h. The pits that grew depth-wise were considered active, whereas the pits with the stagnating or
decreasing depths were designated inactive (concave).
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cence, despite the repetitive cycles of nucleation-growth-
flattening-out of isolated pits that took place every 25–
40 h (Figs. 2C–F). Even on surfaces treated separately un-
der the conditions that allowed for rapid pit expansion
(such as when reacted in 5 M KOH solution at 500 K,
Fig. 5), the isolated rectangular pits had not coalesced.
The expansion of large etch pits has been traditionally con-
sidered as the primary driving force that determines both
Fig. 5. The prismatic surface that has been treated for 2 h in 5 M KOH at
500 K. The repetitive coarsening of the pit-rows has created a ‘hill-and-
valley’ morphology throughout the surface. The height scale in the image
is 1 lm.
the dissolution rates and the dissolution morphologies of
quartz crystals (Gallei and Parks, 1972; Gratz and Bird,
1993a,b; Xiao and Lasaga, 1996; Koretsky et al., 1997;
Koretsky et al., 1998). Our data show, however, that pit-
free areas may constitute a considerable and stable fraction
of the prismatic surface. Their dissolution behavior needs
to be considered when evaluating surface dissolution
kinetics.

Regions of the surface where bulk defects were absent
were dominated by steps, which we consider to be a second
class of morphological dissolution feature on the prismatic
surface. In these areas, steps that were initially straight be-
came jagged and uneven after �10 h of dissolution (Fig. 6).
Here, dissolution involved the removal of material from
steps (step-wise dissolution) while terraces stayed mostly
intact, although a small number of rectangular 4.2-Å deep
holes also developed (e.g., see Fig. 6). The average terrace
widths in defect-free areas remained stable at 30–50 nm
from 0 to 35 h of reaction, although terrace shapes gradu-
ally became highly irregular. Nevertheless, it was possible
to estimate the rate of step retreat, which we did as follows:
The changes in step positions were detected by comparing
the positions and surface areas of terraces in 500 · 500 nm
images of the same defect-free region that was tracked
through several run cycles. The areas between the pre-
and the post-treatment step positions were considered to
be terrace portions that underwent dissolution during the
treatments. The rate of dissolution per unit surface area
(mstepP , in lm/h) was obtained by multiplying the net change
in the surface area of the terraces ðdSterrace

P Þ by the average
step height (hstepP ) and dividing by the duration of the treat-
ment (dt) and the total surface area of terraces tracked
(SP), which yielded



Fig. 6. The prismatic surface that has been reacted for 14 h in 0.01 M
KOH at 400 K. The surface has a terrace-and-step morphology. All
surface steps are 4.2n Å (nd[1 0 0]) high, where n is an integer. Some terraces
exhibit rectangular holes. Black arrow denotes an etch spiral formed on
the site of emergence of a dislocation with a screw component. Most etch
spirals seen in the image are positioned along the straight steps aligned
close to the ½0�11� direction. The height scale in the image is 5 nm.

Fig. 7. The prismatic surface that has been treated for 100 h in 0.01 M
KOH solution at 400 K. The pit-row alignment rotates from ½0�11� to
[011] across a larger-scale twin boundary running diagonally through the
center of the image. The alignment of edges of the isolated etch pits
remains virtually unchanged on either side of the boundary. The height
scale in the image is 200 nm.
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mstepP ¼ dSterrace
P � hstepP

SP � dt
¼ ð0:0976� 0:02Þ � 4:2� 10�4

¼ ð4:10� 0:6Þ � 10�5. ð3Þ

At this rate, each lm2 of the surface lost �300 unit cells, or
600 formula units, per second.

A third class of morphologic features that developed on
the prismatic surface consisted of a large number of small
(�100–150 nm in size) rectangular etch pits arranged in
parallel rows aligned close to the ½0�11� direction (Fig. 6).
The pits consisted of �4.2 Å spiral steps and appeared to
have resulted from the preferential etching of dislocations
with a normal to the surface component of the Burgers vec-
tor equal to d[1 0 0], or 4.2 Å. As seen in Fig. 6, the pits were
often bisected by straight steps aligned along the ½0�11�
directions. In some cases, the steps appeared to have been
dissolved away, leaving the pits arranged along the lines
demarcating the former step locations. The nucleation,
growth and coalescence of the individual etch pits on sites
of these dislocations created distinct ‘pit-row’ morpholo-
gies; these were first observed after 7–10 h of the reaction.
The direction of alignment of pit-rows rotated, usually at a
�98–103� angle, across grain boundaries in the crystal
(Fig. 7). These boundaries occurred on a macroscopic
length scale exceeding the 100 lm lateral range of our
AFM; the length scale was estimated from visible-light
microscopy observations to be �500–1000 lm.

One possible explanation for the pit-rows is that they
originated at the twin boundaries aligned close to the
½0�11� direction in the crystal. The individual pits would
have then formed due to etching of the individual disloca-
tions that marked the boundaries. The dislocations with
Burgers vectors intersecting the (100) plane would then
form etch spirals on the prismatic surface. Quartz crystals
are commonly twinned (Gault, 1949); both Dauphiné and
Brazil penetration twins and, in particular, combinations
of the two (the so-called Liebisch twins) are prevalent in
Herkimer diamonds (Gault, 1949). The observed orienta-
tion and rotation of the alignment of pit-rows across the
larger scale macroscopic boundaries are consistent with
Brazil twinning (Fig. 7). Because of the prevalence of twin-
ning in quartz and the apparent consistency with known
quartz twin laws (Gault, 1949), we will assume that the
pit-rows arise from dislocation arrays formed along twin
boundaries in the crystal. As will be discussed below, the
pits created by these dislocations are different from the pits
associated with the crystal voids, in terms of their growth
rates and their contribution to surface morphology.

The rate of removal of material from a given pit in a pit-
row (mpit�row

P , in lm3/h) was estimated by dividing the net
volume change of the pit by the duration of the treatment,
which gave

mpit�row
P ¼ dV pit�row

P

dt
¼ ð6:60� 0:02Þ � 10�6. ð4Þ

The pits in pit-rows typically reached �1.5–2.5·10�3 lm2

in lateral dimensions before merging with other pits or
etching out. The density of the emergent dislocations that
made up the pit-rows was estimated by counting the pits
and was found to be �50–100 lm�2.



Fig. 8. The rhombohedral quartz surface that has been reacted for 2 h in
0.01 M KOH solution at 400 K. The surface has a terrace-and-step
morphology. All surface steps are �3.4 Å, or d[1 0 1] high. The dissolution
of material at steps has left them jagged. The white arrow denotes the
original direction of step alignment close to ½�2�32�. White globular objects
in the image are the remnants of the gelled products of the reaction. The
height scale in the image is 5 nm.

1120 S.V. Yanina et al. 70 (2006) 1113–1127
The ‘pit-row’ morphology overtook the ‘terrace-and-
step’ morphology as the main factor shaping the prismatic
surface after �35 h when coarsening of the pit-rows led to
elimination of the original terrace-and-step landscape
(Fig. 2C). Although the individual spirals in the pit-rows
typically etched out within �10–20 h, enough new disloca-
tions usually emerged in their vicinities to maintain the pit-
row geometries. Pit-row morphologies proved to dominate
the morphology of the prismatic surface under the high-pH
conditions also (see Fig. 4), when they had coarsened con-
siderably already after 2 h of reaction.

Due to the coalescence of multiple individual pits into
the rows, the row walls evolved into trains of zigzag steps
aligned approximately parallel to the ½0�11� direction. After
�35 h, the inter-step distances in the trains stabilized at
�29.4 ± 1.5 nm, and remained stable through 200 h of reac-
tion regardless of the number of steps in the trains or the
number of trains per unit surface area. Apart from dissolu-
tion at dislocation cores (i.e., the apices of the etch pits in
pit-rows), dissolution inside pit-rows amounted to steady-
state propagation of step trains generated by the disloca-
tions in the rows. The rate of motion of step-trains
(mstep�train

P , in lm/h) was estimated from the measurements
of net changes in the positions of associated steps
(Lstep�train

P ) over time, which gave

mstep�train
P ¼ dLstep�train

P

dt
¼ ð2:10� 0:06Þ � 10�2. ð5Þ
3.3. Dissolution of the rhombohedral surface

Like the prismatic surface, distinct morphologic classes
of dissolution features could be identified on the rhombo-
hedral surface, but in this case only two classes were found.
The first class was associated with step-wise dissolution.
Small-scale (61 lm) images of the rhombohedral surface
showed that surface steps became jagged and developed
numerous kinks after 2–10 h of reaction (Fig. 8), much like
the steps on prismatic surface. Dissolution in defect-free
areas of the surface proceeded through step retreat; no ter-
race holes were ever observed through times up to 200 h.
The rate of dissolution at steps on the rhombohedral sur-
face (mstepR , in lm/h) was estimated using the procedure de-
scribed for the prismatic surface, from the 1 · 1 lm images
of a defect-free surface region that were recorded after sev-
eral dissolution runs, which gave:

mstepR ¼ dSterrace
R � hstepR

SR � dt ¼ ð0:101� 0:02Þ � 3:4� 10�4

¼ ð3:43� 0:5Þ � 10�5. ð6Þ

At this rate, each lm2 of the surface lost �250 unit cells, or
500 formula units, per second.

The second class of dissolution feature on the rhombo-
hedral surface consists of isolated pits originating at crystal
voids. Hexagonally shaped crystal voids (Figs. 9A and 10)
gave rise to trigonal pyramid pits after 2–10 h of dissolu-
tion (Figs. 9B and C and 10). Two sides of the trigonal pits
consisted of facets with edges aligned along the ½�2�32� and
the ½2�32� directions; the other pyramid side was formed
by a series of wide fan-shaped steps (Fig. 10). Pit coverage
of the surface stabilized at 15% after 30 h of reaction and
then remained essentially unchanged through 200 h (Figs.
9D and F). Most of the pits seen on the rhombohedral sur-
face after 200 h of treatment could be traced back to the
initial crystal voids present on the starting surface, with
large areas between these defects appearing essentially de-
fect-free through all reaction times. The defect density on
the rhombohedral surface was estimated to be �0.5–
1.0 lm�2 from pit counts. Due to the sparse pit coverage
and slow pit growth, pit coarsening was considered unim-
portant and was neglected in estimates of the rate of sur-
face dissolution. Only surfaces treated at higher
temperatures in highly concentrated KOH solutions (e.g.,
at 500 K in a 5 M KOH solution, Fig. 11) showed signifi-
cant coarsening of individual etch pits.

The initial pitting and lateral pit expansion was accom-
panied by deepening of the pits. During this fast-growth
stage (Fig. 12), pit volumes (V pit;a

R ðtÞ, in lm3) followed

V pit;a
R ðtÞ ¼ V void þ cpit;aR � tð0:64�0:07Þ

¼ V void þ ð1:22� 0:3Þ � 10�4 � tð0:64�0:07Þ; ð7Þ

where again t is time in hours, cpit;aR is the best-fit coefficient
in lm3/h0.64, the superscript ‘a’ refers to an initial ‘active’
stage of pit growth, and Vvoid is the volume of the void
at the origin of the pit. Within 10–15 h of the nucleation,



Fig. 9. (A) The rhombohedral quartz surface (A) after removal of the amorphous silica polishing debris. This is the initial condition. White arrow denotes
a hexagonally faceted crystal void; (B) after the surface has been treated for 7 h in 0.01 M KOH at 400 K. The voids have refaceted to an asymmetrical
trigonal pyramid shape, with the longer side aligned close to ½2�32�; (C) after the surface has been treated for 10 h in 0.01 M KOH at 400 K. The etch pits
have grown into large shallow triangular pyramids, with a straight side aligned close to the ½2�32� direction; (D) after the surface has been treated for 60 h
in 0.01 M KOH at 400 K. The bottoms of the etch pits have become fan-shaped; (E) after the surface has been treated for 140 h in 0.01 M KOH at 400 K.
Both the number and the size of the etch pits remained essentially unchanged from 30 through 140 h of the reaction. White globular objects seen in the
image are the gelled remnants of the products of the reaction; (F) after the surface has been treated for 200 h in 0.01 M KOH at 400 K. Both the number
and the size of the etch pits remained essentially unchanged from 30 through 200 h of the reaction. The height scale in images A and B is 50 nm, and in
images C–F it is 100 nm.
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Fig. 10. The structure of etch pits on the rhombohedral surface. (A) A hexagonal void emerging on the rhombohedral surface. (B) The evolution of an
etch pit on the rhombohedral surface. In the active stage, the sides of the pit have formed step trains. The steps in the trains are aligned along the ½�2�32� and
the ½2�32� directions. The step-train on one side of the pit advances in the direction opposite to the direction of advancement of the steps outside the pit and
is being eliminated. In the inactive (convex) stage, the bottom of the pit is flat.
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the depths of the pits usually stabilized, and the pits essen-
tially stopped expanding laterally (Figs. 9D–F and 12). As
was the case for the isolated rectangular pits on the pris-
matic surface, depth stabilization indicated that the defects
giving rise to these pits on the rhombohedral surface had
been etched out of the crystal. The evolution of the etch
pits could, therefore, be separated into the active stage
Fig. 11. The rhombohedral quartz surface that has reacted for 2 h in 5 M
KOH at 500 K. The height scale in the image is 1 lm.
where fast defect etching occurred, and the inactive stage
where slow growth of concave pits occurred. The slow
growth of concave pits obeyed a roughly linear trend:

V pit;c
R ðtÞ ¼ cpit;cR � t þ V pit;a

R

¼ ð4:31� 0:4Þ � 10�6 � t þ V pit;a
R lm3; ð8Þ

where V pit;c
R ðtÞ is the average volume of the concave pits on

the rhombohedral surface measured in lm3, t is time in
hours, cpit;cR is the best-fit coefficient in lm3/h, V pit;a

R was
the pit volume by the time they became concave.

4. Discussion

Based on the rate analyses of the various classes of mor-
phologic features, dissolution processes on both the pris-
matic and rhombohedral surfaces could be divided into
two groups according to their rates: (1) step-wise dissolu-
tion and (2) active etching of dislocation cores and other
extended defects. Because the growth of concave pits in-
volved the retreat of step trains forming pit walls, expan-
sion of concave etch pits belongs to the first group. Step-
wise dissolution also encompassed both the etching of the
jagged steps and the motion of step-trains on the prismatic
surface, although the two had different characteristic rates.

The rates of step-wise dissolution in defect-free areas on
both quartz surfaces were comparable [�4.0 · 10�5 lm/h
on the prismatic surface, and �3.5 · 10�5 lm/h on the
rhombohedral surface, see Eqs. (3) and (6)]. Given that, on
average, defect-free areas of the prismatic surface contained



Fig. 12. Average volume of active isolated pits on the rhombohedral surface. Lateral dimensions and depths of active isolated pits in a selected 20 · 20 lm
area of the rhombohedral surface were measured through 30 h of the reaction. The volumes of the pits were calculated using the assumption that the pits
were trigonal pyrimidal in shape. The insert shows the depth trend of all isolated pits on the rhombohedral surface were measured through 200 h of the
reaction. The depths of the pits rose from 0 to �10–15 h of the reaction, and then started falling after 20–30 of the reaction. The pits that grew depth-wise
were considered active, whereas the pts with the stagnating or decreasing depths were considered inactive (concave).
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20–33 steps per micron, the average rate of retreat of an indi-
vidual step on it was�3.0–5.0 nm/h. The rhombohedral sur-
face contained approximately 10–20 steps per micron, and
the rate of step retreat on it was �5.0–10 nm/h. In these cal-
culations, step retreat is assumed to occur only in the direc-
tion normal to the nominal direction of step alignment, i.e.,
normal to the [001] direction on the prismatic surface and
normal to the ½�2�32� direction on the rhombohedral surface.
The increasing irregularity of step shapes, however, ren-
dered both step widths and step velocities of limited use
for the purpose of characterizing surface dynamics.

Although no data on energies of stepped quartz surfaces
are available at present, the kinetic model of quartz disso-
lution in alkali aqueous solutions proposed by Gratz and
Bird (1993a) suggests that reaction mechanisms and the
sites responsible for dissolution (the SiO4 groups that pos-
sess a pair of dangling bonds each) should be similar, if not
identical, on both surfaces. The ab initio simulations of
vacuum-terminated defect-free surfaces of a-quartz per-
formed by de Leeuw et al. (1999) indicate that the free ener-
gy of the rhombohedral surface (2.34 J/m2) should be
somewhat lower than the free energy of the prismatic sur-
face (2.77 J/m2). The difference persists when water is avail-
able: the energy of the hydrated rhombohedral surface
should decrease to 0.32 versus 0.39 J/m2 for the hydrated
prismatic surface (de Leeuw et al., 1999). Since it is reason-
able to assume that both surfaces are fully hydrated in the
KOH/H2O solutions, their energies should be close to their
calculated ‘hydrated’ values. Activation energies for disso-
lution in KOH calculated from visible-light microscopy
measurements of the growth of large etch pits (negative
crystals) by Gratz and Bird (1993a) are within �4% of
one another, at 90.2 kJ/mol for the rhombohedral surface
and 86.4 kJ/mol for the prismatic surface. In light of these
data, similar rates of step-wise dissolution reported here for
the defect-free prismatic and rhombohedral surfaces are
not surprising. Both de Leeuw et al. (1999) and Gratz
and Bird (1993b) point out that the prismatic surface
should be somewhat less susceptible to dissolution than
the rhombohedral surface, and our results are in agreement
with their findings.

Despite comparable step dissolution rates, the dissolu-
tion morphology of the prismatic surface became consider-
ably rougher than the morphology of the rhombohedral
surface. This observation arises from differences in the
number and the nature of defects that emerged on the
two surfaces. The average density of extended defects in
a-quartz is usually between 10�3–102 per lm2 (Liu et al.,
1995); for example, defect densities in crystals used in the
work of Gratz and Bird (1993a) were at the lower end of
this range. Hence, it is reasonable to expect that defect-free
areas would not be common on any of the stable quartz
surfaces. Indeed, the density of extended defects on the ini-
tial quartz surfaces used in this work was determined to be
0.25–1 lm�2, in addition to the defects that were revealed
by etching. Since the contribution of defect-free areas to
the dissolution process was constant and similar on both
surfaces throughout the reaction, any variation in the rate
of dissolution between the prismatic and rhombohedral
surfaces should have depended mostly on variations in
the number and the nature of defects.

On the rhombohedral surface, the newly emerged de-
fects usually etched out approximately within the first
10 h after their appearance at the surface (Figs. 9A and
B). Therefore, the amount of material etching out during
the ‘active’ stage of pit development can be written as

V pit;a
R ¼ V pit;a

R jt¼10 ¼ �V pit;a
R jt¼0 ¼ cpit;aR � ð10ð0:64�0:07Þ � 0Þ

¼ ð1:22� 0:3Þ � 10�4þð0:64�0:07Þ ffi ð5:42� 1Þ � 10�4.

ð9Þ

Here, again, V pit;a
R is the volume of the active pits on the

rhombohedral surface in lm3, t is time in hours, and cpit;aR

is the best-fit coefficient in lm3/h0.64.
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The frequency of emergence of new extended defects (g)
was taken to be equal to the frequency of nucleation of iso-
lated etch pits at quartz surfaces and was estimated at
�0.01 lm�2 h�1. The average rate of dissolution inside
the active isolated pits on the rhombohedral surface
(mpit;aR , in lm/h) could therefore be estimated using

mpit;aR ¼ g � V pit;a
R ¼ 0:01� ð5:42� 1Þ � 10�4

¼ ð5:42� 1Þ � 10�6. ð10Þ

Active isolated pits on the prismatic surface similarly
etched out within 10–15 h of their emergence (Fig. 4). Ignor-
ing the initial volumes of the voids at the pits’ origins, the
amount of material dissolving inside active isolated pits on
the prismatic surface (V pit;a

P , in lm3) could be estimated using
Eq. (3) and the average lifetime of active pits, which gives

V pit;a
P ¼ V pit;a

P jt¼10 � V pit;a
P jt¼0 ¼ cpit;aP � ð10ð1:77�0:2Þ � 0Þ

¼ ð1:61� 1Þ � 10�4 � 10ð1:77�0:2Þ ffi ð1:33� 1Þ � 10�2.

ð11Þ

Here, V pit;a
P is the volume of the active pits on the prismatic

surface in lm3, t is time in hours, and cpit;aP is the best-fit
coefficient in lm3/h0.64. The average rate of dissolution of
material inside active isolated pits on the prismatic surface
(mpit;aP , in lm/h) is then

mpit;aP ¼ g � V pit;a
P ¼ 0:01� ð1:33� 1Þ � 10�2

¼ ð1:33� 1Þ � 10�4. ð12Þ
Surface pit coverage essentially stabilized after �20–30 h
on both surfaces. At this point, isolated pits (at least 80%
of which were inactive at any given time, i.e., concave) cov-
ered �60% of the prismatic surface. On the rhombohedral
surface, isolated pits (at least 90% of which at any given
time were inactive) covered �15% of the surface. There-
fore, the growth of inactive pits became a steady-state pro-
cess after the initial �20–30 h of treatment. Averaging over
the number of inactive pits per square unit area per unit
time and using Eq. (2), the volumes of concave pits on
the prismatic surface (V pit;c

P , in lm) followed

V pit;c
P ¼ 0:60� 0:80 � V pit;c

P ðtÞ ¼ 0:54� ð2:63� 0:3Þ � 10�4 � t
¼ ð1:42� 0:1Þ � 10�4 � t. ð13Þ

On the rhombohedral surface, the volumes of concave pits
[V pit;c

R in lm, see Eq. (8)] followed

V pit;c
R ¼ 0:15� 0:90 � V pit;c

R ðtÞ ¼ 0:14� ð4:31� 0:4Þ � 10�6 � t
¼ ð5:82� 0:6Þ � 10�7 � t. ð14Þ

As can be seen from Eq. (14), the rate of dissolution in-
side concave pits on the rhombohedral surface was very
slow, at �6 · 10�7 lm/h, and for all practical purposes,
the pits stagnated. Since the overall defect density on the
rhombohedral surface was also low and stable throughout,
the contribution of step-wise dissolution in defect-free sur-
face areas to the overall dissolution should be taken into
account, which can be written as
V R ¼ V pit;a
R þ V pit;c

R þ V steps
R . ð15Þ

Given that steps covered �85% of the surface area free of
pits, the dissolution rate on the rhombohedral surface mR
(in lm/h) can be derived by combining Eqs. (10), (14),
and (6), which gives

mR ¼ dV R

dt
¼ mpit;aR þ dV pit;c

R

dt
þ mstepR ¼ ð5:42� 1Þ � 10�6

þ ð5:82� 0:6Þ � 10�7 þ 0:85� ð3:43� 0:5Þ � 10�5

¼ ð3:53� 1Þ � 10�5. ð16Þ

As can be seen from Eq. (16), dissolution on the rhombo-
hedral surface is dominated by the steps (�82%), with the
active pits contributing �16% and the concave pits contrib-
uting less than 2% of the overall dissolution rate. Although
dissolution inside active etch pits was considerably faster
than step-wise dissolution, active pits covered, on average,
only a small fraction of rhombohedral surface, while step-
wise dissolution occurred on at least �85% of the surface
area.

While the defect density on the rhombohedral surface
fell within the low end of the range usually reported for
a-quartz (Liu et al., 1995), the density of defects on the
prismatic surface was closer to the upper limit of this range.
The density of emergent dislocations that made up pit-rows
on the prismatic surface, grow, was estimated to be 50–
100 lm�2. Given that pit-row morphologies persisted
through 200 h of the reaction, it was assumed that the den-
sity of the pit-row dislocations remained essentially un-
changed through all reaction times. Since the dissolution
rate inside a given pit site in a pit-row was estimated using
Eq. (4), the average rate of dissolution in pit-row disloca-
tion sites (mrowP , in lm/h) could be estimated using

mrowP ¼ growP � mpit�row
P ¼ growP � dV

pit�row
P

dt
¼ ð75� 25Þ � ð6:60� 0:02Þ � 10�6

¼ ð4:95� 1Þ � 10�4. ð17Þ

Due to the high-density of the pit-row dislocations, the
roughness of the prismatic surface far exceeded the rough-
ness of the rhombohedral surface within 100 h of the reac-
tion. The pit-row morphologies covered 100% of the
defect-free surface area after �35 h of reaction, with pit
occupation of the surface area given by

Srow
P ¼ ðgrowP � Spit�row

P Þ ¼ ð75� 25Þ%� ð2:00� 0:5Þ � 10�3

¼ 16� 8% of the total surface area of the

prismatic face. ð18Þ

Defect-free surface areas on the prismatic surface became
virtually extinct after 35 h of reaction, and step-wise dissolu-
tion amounted to the motion of step-trains initiated by etch
pits along pit-rows and by the concave pits from 35 through
200 h of reaction. Given that the average velocity of step-
trains was estimated to be mstep�train

P ¼ ð2:10� 0:06Þ�
10�2lm=h, and that the average step height ðhstepP Þ was
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�4.2 Å high, the rate of dissolution calculated per 1 lm-long
projected ½0�11� segment ðlsegment

P ¼ 1lmÞ of a given step in a
step-train could be estimated using

mstepP ¼ mstep�train
P � hstepP � lsegment

P

¼ ð2:10� 0:06Þ � 10�2 � 4:2� 10�4 � 1

¼ ð8:82� 0:3Þ � 10�6; ð19Þ

where mstepP is measured in lm3/h. Since the average inter-
step distance in step-trains was �29.4 ± 0.5 nm, the pris-
matic surface contained, on average, �34 steps per
1 lm2. (This estimate ignores dislocation etch pits and
other surface features that could have altered local step
densities). Step trains were assumed to have covered the
surface more or less uniformly, save for the areas covered
by isolated etch pits (�60% of the surface) and etch pits
arising from dislocation arrays (�16% of the surface).
Step-train surface coverage, therefore, amounted to at least
�24% of the surface. The average rate of dissolution in the
areas covered by step-trains could be calculated using

mstep�train
P ¼ 0:24� 34 � mstepP ¼ 8:16� ð8:82� 0:3Þ � 10�6

¼ ð7:20� 0:2Þ � 10�5; ð20Þ

where mstep�train
P is measured in lm/h.

The velocity of individual steps in step-trains was
�0.021 lm/h [see Eq. (5)]. In comparison with Gratz and
Bird (1993a), the velocity of step-trains forming the walls
of their ‘negative crystals’ reached �0.004–0.054 lm/h for
the 379–421 K temperature interval. The lateral dimensions
of negative crystals (P100 lm in length) exceeded lateral
range of our AFM and thus fell outside the scope of this
work. Nevertheless, our estimates of step-train velocities
are well within the range of those reported by Gratz and
Bird (1993a). Our measurements of the average distance
between steps in step-trains (i.e., 29.4 ± 0.5 nm) were also
very close to the values of 20–25 nm reported by Gratz
et al. (1991) for step-trains forming dislocation etch pits
on the prismatic quartz surface.

The overall rate of dissolution on the prismatic surface
(mP, in lm/h) could be obtained by adding together the
individual rates of dissolution inside pit-row dislocations,
large isolated pits, and step-trains, which gave

mP ¼ mpit;aP þ dV pit;c
P

dt
þ mstep�train

P þ mrowP ¼ ð1:33� 1Þ � 10�4

þ ð1:42� 0:1Þ � 10�4 þ ð7:20� 0:2Þ � 10�5

þ ð4:95� 2Þ � 10�4 ¼ ð8:42� 3Þ � 10�4. ð21Þ
Table 1
The comparison between the rates of dissolution of various classes of surface

Twinned prismatic surface H

Step-wise dissolution 0 0
Etching of active pits 1.33 ± 1 1
Etching of convex pits 1.42 ± 0.1 1
Motion of step trains 0.72 ± 0.02 0
Etching of dislocations in pit rows 4.95 ± 2 0

All rates are in 10�4 lm/h units.
As follows from Eq. (21), active isolated etch pits
accounted for �16% of the overall rate of dissolution
on the prismatic surface; dislocation arrays contributed
almost 59%; and the remaining 25% came from step-train
motion inside concave pits and in pit-rows. The contribu-
tion of the active pits forming pit-rows to the dissolution
process is commensurate with their high-density on the
surface: after 35 h of the reaction, they covered at least
to 25% of the prismatic surface. The active isolated pits
covered, on average, about 2–5% of the surface at a time,
while step-trains and the inactive pits covered the rest of
the surface.

Because the rhombohedral surface did not develop pit-
row morphologies, a direct comparison of the overall dis-
solution rates may not be very meaningful. However, it
could be more informative to make comparison with
the rate of dissolution on a hypothetical ‘untwinned’ pris-
matic surface, i.e., on the prismatic surface that is not
covered by pit-rows. Given our analysis of the dissolution
rates of the various classes of features, such a comparison
is possible. Assuming that pit-row morphologies did not
form, the overall dissolution rate on the hypothetical
untwinned prismatic surface (msP, measured in lm/h)
should have included the contribution of step-wise disso-
lution in defect-free areas (mstepP , see Eq. (3)) that would
occupy �40% of the surface left free by isolated etch pits
that would, presumably, occupy the remaining 60% of the
surface, which gives

msP ¼ mpit;aP þ dV pit;c
P

dt
þ 0:4 � tstepP

¼ ð1:33� 1Þ � 10�4 þ ð1:42� 0:1Þ � 10�4 þ 0:4

� ð4:10� 0:6Þ � 10�5

¼ ð2:91� 1Þ � 10�4. ð22Þ

Comparison of Eqs. (21) and (22) shows that the
twinned prismatic surface dissolved almost thrice as fast
as the hypothetical untwinned prismatic surface, at
�8 · 10�3 versus �3 · 10�4 lm/h, mostly because of the
dissolution inside pit rows (�5 · 10�4 lm/h) that are
excluded from the hypothetical untwinned surface. Disso-
lution of the rhombohedral surface, (mR @ 3.5 · 10�5 lm/
h), was more than 20 times slower than dissolution of the
twinned prismatic surface and an order of magnitude slow-
er than the predicted dissolution rate of the hypothetical
untwinned prismatic surface. Comparing the rates of
dissolution of the individual classes of surface features,
features present on quartz surfaces

ypothetical ‘untwinned’ prismatic surface Rhombohedral surface

.16 ± 0.03 0.29 ± 0.04

.33 ± 1 0.054 ± 0.01

.42 ± 0.1 0.0060 ± 0.0006
0
0
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active isolated pits on the prismatic surface dissolved al-
most an order of magnitude faster than did active isolated
pits on the rhombohedral surface (130 · 10�6 versus
�6 · 10�6 lm/h, Table 1). Since active pits were created
by the same kinds of crystal defects emerging at two differ-
ent surfaces, this discrepancy is likely related to the differ-
ences in the morphologies of the pits, rather than the
defects themselves. The newly formed pits on the prismatic
surface typically had much narrower openings than their
counterparts on the rhombohedral surface (compare, e.g.,
Figs. 2A and 9A): therefore, the defects that gave raise to
these pits likely had shapes that were narrow and elongated
along {101} planes. When emerging on the prismatic sur-
face, such defects formed deep narrow pits; when emerging
on the rhombohedral surface, the pits they formed were
wide and shallow (see Figs. 3 and 10). From the geometric
considerations, the defects emerging on the prismatic sur-
face were likely to produce more steps than they did when
emerging on the rhombohedral surface. The higher number
of associated steps may have also boosted the rate of
expansion of the concave pits on the prismatic surface.
They grew at an appreciable rate (�1.4 · 10�4 lm/h), while
the concave pits on the rhombohedral surface essentially
stagnated.

5. Conclusions

We investigated dissolution morphologies of the pris-
matic and rhombohedral surfaces of a-quartz treated in
0.01 M KOH solutions at 400 K. The prismatic surface dis-
solved �100 times faster than the rhombohedral surface,
mostly due to the presence of dislocations marking the
emergence of extended planar defects (twin boundaries).
The etching of these dislocations accounted for the removal
of 50% of material dissolved on the prismatic surface. The
coalescence of step spirals formed at the points of emer-
gence of these dislocations was responsible for the ‘re-fac-
eting’ of the prismatic surface to the hill-and-valley
morphology. Other extended crystal defects (e.g., crystal
voids, isolated dislocation, etc.) also made considerable
contribution to dissolution morphologies on both surfaces.
These defects were responsible for almost 30% of the over-
all dissolution rate on the prismatic surface, and about 50%
of the overall dissolution rate on the rhombohedral sur-
face. Defect-free areas on both surfaces dissolved through
the motion of surface steps. The rates of step retreat mea-
sured on both surfaces were similar, at �3 to 10 nm/h, as
expected, given the similar energetics of step-wise dissolu-
tion usually proposed for both surfaces.
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