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INTRODUCTION

Calcite plays a major role in the chemical regulation of
aquatic environments at the Earth’s surface. Matter exchange
between calcite and solutions is produced via dissolution-pre-
cipitation and sorption-desorption reactions. These reactions,
in turn, are often controlled by the processes taking place at the
interface between the crystal structure and bulk solution (Morse
1986). In the oceans, the carbonate-water system generally lies
near equilibrium conditions, whereas in acid mine drainage,
geothermal systems, and acid rain, the interaction between cal-
cite and acidic solutions proceeds under far from equilibrium
conditions. Previous work by Plummer et al. (1978) investi-
gated the kinetics of calcite dissolution as a function of pH and
partial pressure of carbon dioxide at 298 K. Their study used
fine-grained calcite particles and determined rate constants by
measuring changes in solute concentration. They found that
calcite dissolution is surface-controlled for pH values >5.5,
whereas for pH values <3.5, diffusional processes (transport
control) govern the reaction mechanism. Between these two
pH values, the reaction displays mixed kinetic controls. This
behavior may be interpreted as follows: when calcite dissolves
in acidic solutions and the dissolution rate is controlled by dif-
fusion, the rupture of chemical bonds and subsequent detach-

ment of molecules from the surface is faster than the diffusion
of reaction products through the mineral-water interface, thus
reaction products accumulate at the interface. Molecular-scale
investigations allow direct probing of several properties of cal-
cite surfaces during reaction with slightly acidic or basic solu-
tions. Scanning Force Microscopy (SFM) measurements have
shown that the calcite surface dissolves in distilled water by
formation of rhombohedral etch pits that grow and, eventually,
coalesce (e.g., Hillner et al. 1992a, 1992b). These pits are de-
limited by elementary steps oriented along the crystallographi-
cally equivalent directions [4–41] and [481–], whereas steric
factors at these step edges result in anisotropy in the retreat
velocity, and step edges are distinguished by the notations [44

–
41]±

and [481–]± (Hillner et al. 1992a, 1992b; Liang et al. 1996; Teng
and Dove 1997; Jordan and Rammensee 1998). Lea et al. (2001)
found that the velocities of those steps show an inverse rela-
tion with CO3

2– concentration in solution; for CO2–
3 <1 mM, [44–

41]+ and [44
–41]– steps edges show, respectively, fast and slow

retreat velocities, while for CO2–
3  = 900 mM the retreat velocity

of [44–41]+ decreases more than that of [44–41]–. In agreement with
general Terrace Ledge Kink theory, reactive sites are step-edge
kink sites, and the amount of reactive surface should be mainly
controlled by step density. High resolution X-ray reflectivity
showed that at the point of zero charge (i.e., pH = 8.3) there is
an adsorbed monolayer of hydroxyl species bonded to Ca ions,
whereas at pH = 12.1 surface O atoms become deprotonated* E-mail: gbgiudic@unica.it
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ABSTRACT

The reaction of the (101–4) calcite surface during dissolution was studied as a function of pH (HCl)
by liquid-cell Atomic Force Microscopy (AFM) under ambient conditions of both temperature (22 ∞C)
and partial pressure of carbon dioxide (PCO2

). A flow through AFM liquid reaction cell was used, and
solutions were renewed at a controlled flow rate and sampled for chemical analysis.

In the pH range 7.5–4.3, surface dissolution proceeds via the formation of etch pits delimited by
steps of height 3.3 ± 0.3 Å or a multiple of this elementary distance. Rhombohedral pits form and
grow at the surface by anisotropic step retreat, at a velocity of 4.2 ± 0.2 nm/s for the steps oriented
along the two equivalent directions [44

–
41]+ and [481

–
]+, and 1.1 ± 0.2 nm/s for the steps oriented along

the other two equivalent directions [44–41]– and [481–]–. At the pH value of 2.7, the slower rate slightly
increases and is equal to 1.6 ± 0.2 nm/s. At the pH value of 1.7, microtopography measurements
indicate that micrometric steps have a meandering shape, and move as a family at a velocity higher
than 10 nm/s. These meandering steps are made of nanometric segments oriented along [4–41]+,
[481–]+, [44

–41]–, and [481–]–, and they terminate their run against sloped rough etch pits with sides
made of narrow terraces delimited by steps oriented along the [481

–
]+.

Finally, the present study indicates that reactive area (i.e., the total amount of reactive atomic
sites) of a calcite surface increases in response to higher solution acidity firstly by an increase in the
step density, and secondly by production of additional roughness at step edges. The change in step
edge-velocity observed below pH = 2.7 was interpreted as the response of the dissolving surface to
the loss of buffering capacity at the Stern layer.


