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In situ hot-stage AFM study of the dissolution of the barite (001) surface in water at 30–55 °C
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abstract

This paper reports in situ observations of the dissolution behavior of the barite (001) surface in 
pure water at 30–55 °C using hot-stage atomic force microscopy (AFM). The dissolution at 30 and 
40 °C occurred in three stages; however, at 55 °C, the dissolution behavior observed at the former 
temperatures started immediately after injecting water into the AFM fluid cell. The first stage of the 
dissolution was characterized by the retreat of the initial steps and continued for about 60 min at 30 
°C and about 10 min at 40 °C. The second stage of the dissolution was characterized by the splitting 
of the initial <hk0> one-layer step into two half-layer steps [fast (“f”) and slow (“s”) retreat steps] 
with different retreat rates and by the formation of etch pits. The large difference in the retreat rate of 
the “f” and “s” steps led to the formation of a new one-layer step, which showed slightly faster retreat 
rates than the “s” half-layer step at all temperatures. The splitting of the [010] one-layer step into 
two half-layer steps was observed only at 55 °C. During the third stage, the development of angular 
deep etch pits from an initial form with a curved outline differed at each temperature. The deep etch 
pits grew rapidly at higher temperature, but showed at least two different retreat rates for the (001) 
plane at each temperature, indicating the development of the pits along different dislocations (screw 
and edge dislocations).

The activation energies (62–74 kJ/mol) for the step and face retreats in this study were significantly 
higher than those reported in earlier studies. Recalculations performed using only data obtained under 
similar conditions in previous studies led to activation energies of 66–79 kJ/mol. These results and 
the earlier report showing that the form of the deep etch pits changed from angular to bow-shaped at 
about 60 °C may indicate that the activation energy of barite dissolution in water is higher at lower 
temperatures as compared with higher temperatures, thus changing the rate-limiting step. Whether the 
vertical and lateral retreat rates of the barite (001) plane differ in dependence of temperature remains 
unclear; however, the activation energies of the retreat of the (001) face in deep etch pits tended to be 
slightly higher than that of the lateral retreat rates of steps or other faces in deep etch pits.
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introduction

Dissolution reactions at the mineral-water interface are 
important in many global-scale, geochemical phenomena. 
These reactions ultimately control most of the dissolved load 
of cations and anions that feed the ocean via rivers and ground 
water (Hochella and White 1990) and exert a degree of control 
over the global climate (Ruddiman 2001). Mineral dissolution 
occurs preferentially at kink sites, edges, steps, and defect out-
crops, depending on the surface micro-topography. Therefore, 
investigating mineral dissolution at a site or molecular level is 
very important.

In situ atomic force microscopy (AFM) allows the direct ob-
servation of the dissolution process at the mineral-water interface 
at a site or molecular level (Bosbach et al. 2000; Becker et al. 
2005; Kuwahara 2006a). Furthermore, AFM with a temperature-
controlled fluid-cell system enables in situ observations of 
mineral dissolution at elevated temperatures [e.g., hydrothermal 
AFM (HAFM) (~150 °C): Higgins et al. 1998, 2000, 2002; 
Jordan and Astilleros 2006; Jordan et al. 2001, 2011; Aldushin 

et al. 2004; Sánchez-Pastor et al. 2010; AFM with an air/fluid 
heater cell (hot-stage AFM) (below the ambient boiling point 
of water): Workman and Manne 2000; Kuwahara 2006b, 2008]. 
This technique allows a comparison of the dissolution behaviors 
at the step or site level at different temperatures, elucidating the 
effect of temperature on the dissolution rate. The advantage of 
the dissolution experiment at elevated temperatures also holds for 
relatively insoluble minerals that have dissolution rates that are 
far too low for in situ observations by AFM at room temperature 
(Higgins et al. 1998).

Barite (BaSO4) is the most abundant mineral of barium and 
occurs in a wide variety of geologic environments that span 
geologic time from the Early Archean to the present (Gaines 
et al. 1997; Hanor 2000). Because of its low solubility (Ksp = 
10–9.99 at 25 °C) in water, the dissolution and precipitation of 
barite control the concentration and mobility of Ba in ground and 
surface water (Bosbach et al. 1998; Putnis et al. 2008). Barite 
is also a common scale mineral, and its formation, with its low 
solubility in water, is almost inevitable in industrial water, oil, 
and gas-production systems (Bosbach et al. 1998; Wang et al. 
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