
Eq. 9 shows that the barrier to formation of vacancy islands by 2D
nucleation depends on solution undersaturation, in contrast to the
energy barrier for etch pits formed at dislocations (Eq. 5). Hence,
as the undersaturation increases, the energy barrier to nucleation
must decrease.

When growth or dissolution occurs at a smooth face through 2D
nucleation, the normal growth or dissolution rate (Rn) of the face
due to formation of 2D nuclei at a rate of J is expressed as (8, 18)

�Rn� � h�2/3J1/3, [10]

where the steady-state nucleation rate, J, is given by (9)

J � ���1/2nsahCe�exp��
��2	h
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�
� � , [11]

where a is the lattice spacing and ns is the density of nucleation sites,
which in turn is proportional to exp(�Eb�kT) where Eb is the
kinetic barrier to etch pit formation associated with removal of
atoms from the surface layer. Note that Eq. 11 shows that the
nucleation process takes over because of the strong exponential
dependence of rate on saturation state in contrast to the weak
dependence that comes from Eq. 4. By substituting Eqs. 4 and 11
into Eq. 10, we rewrite Eq. 10 into a form that is linear in 1��
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To derive an equivalent expression for dissolution at dislocations
we rewrite Eq. 7
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Although this expression is no longer linear in 1��, it allows us to
make a direct comparison with Eq. 12a. The slopes of Eqs. 12a and
12b yield the step edge free energy, �, that corresponds to disso-
lution or growth by nucleation and dislocation processes, respec-
tively. However, these energies are not those of the perfect crystal
surface. Rather they are associated with the region of the crystal in
the vicinity of the dislocation and�or impurity. Consequently, they
are expected to be far less than that of the perfect crystal surface.
Table 2 summarizes � values and all parameters used to make the
estimates.

Fig. 2. AFM images of representative (100) surfaces of quartz exposed to
four different solution chemistries for equivalent extents of reaction show the
different dissolution processes across driving force and solution chemistry.
(Scale bar: 1 �m in all images.) ➀ When � � 0.10 in H2O, surfaces are
dominated by large etch pits with sloping sides that converge at a dislocation
sources. Pits are separated by relatively flat regions on the surface. ➁ For
conditions where � � 0.10 and the solution contains 0.0167 M CaCl2, the
surface is covered with a high density of small pits with flat bottoms and with
flanks that are 25% steeper than those measured for pits in ➀. ➂ At the
intermediate driving force of � � 0.65 in a salt solution of 0.0167 M CaCl2, a
mixture of larger and smaller flat bottom pits form across the surface. ➃ At a
low driving force of � � 0.90 in 0.0167 M CaCl2, the surface shows only
straight-edged steps with no evidence of pitting.

Table 2. Summary of constants used to estimate step edge free energies, �, and kinetic coefficients, �, for quartz, feldspar,
and kaolinite

Mineral Solution*

Constants Dislocation model (Eq. 12b) Nucleation model (Eq. 12a)

Temp,
°C h, Å 	, cm3 mh†, Å �, cm�s

�dislocation,
mJ�m2

�homogeneous,
mJ�m2

�defect assisted,
mJ�m2

Quartz H2O 200 4.33 3.77 � 10�23 4.91 �1 � 10�6 16.2 � 5 — —
Quartz 0.0167 M CaCl2 200 4.33 3.77 � 10�23 — — 79 � 14 32 � 10
Quartz 0.05 M NaCl 200 4.33 3.77 � 10�23 — — 61 � 6 18 � 8
Feldspar‡ KCl�KOH, pH 9 150 7.22 1.80 � 10�22 — — 30 � 4 8 � 4
Kaolinite§ HClO4/NaOH, pH 3 80 7.37 1.65 � 10�22 7.37 �2 � 10�8 2.6 � 0.4 — —
Kaolinite¶ HCl, pH 2 150 7.37 1.65 � 10�22 — — 23 � 2 4 � 2
Kaolinite¶ NH4Cl�NH4OH, pH 7.8 150 7.37 1.65 � 10�22 — — 24 � 2 7 � 3

*Note that the aqueous solutions also contain dissolved aqueous silica and (as applicable) stoichiometric amounts of aluminum.
†The Burgers vector, b � mh, is used to estimate the perimeter, P, in Eq. 12b by the relation 2�rh. Values of rh for quartz and kaolinite are 1.25b and 2.5b,
respectively (16). No value is reported for K-feldspar because only the dislocation model requires b.

‡Dissolution rate data from ref. 22 using log Ksp � �15.24 at 150°C.
§Dissolution rate data from ref. 6 using log Ksp � 3.75 for pH � 3, T � 80°C.
¶Dissolution rate from ref. 23 using log Ksp � �4.00 (pH 2) and log Ksp � �7.45 (pH 7.8) at 150°C.
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