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On the effect of carbonate on barite growth at elevated temperatures
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abStract

The effect of carbonate on the growth of barite {001} surfaces from aqueous solutions supersaturated 
with respect to barite (Ωbarite ∼ 12) was studied by hydrothermal atomic force microscopy (HAFM) 
and Raman spectroscopy at temperatures ranging from 25 to 70 °C. The experiments showed that the 
effects of carbonate depend on the specific location of growth. For mono-layers growing on pristine 
barite, the carbonate-additive promotes growth and the spreading rate of two-dimensional islands 
increases with temperature. However, growth is inhibited in layers growing on surfaces, which grew 
in carbonate-containing solution. The threshold carbonate concentration necessary to completely 
inhibit growth is inversely correlated with temperature. Raman spectroscopy revealed the presence 
of carbonate within crystals, which grew in carbonate-containing solution. Judging by these findings, 
incorporation of carbonate into the structure of growing barite as a thermally activated process likely 
is a controlling factor, which inhibits barite growth. Thus the study shows that additives can exert 
opposing effects on growth not only depending on additive concentration but also depending on the 
specific growth location. The implication of this work, therefore, is that bimodal effects of additives on 
crystal growth occur more frequently than generally recognized. The insights into the mechanisms of 
such bimodal effects of additives can significantly contribute to the understanding and predictability of 
the kinetics of macro-scale processes such as barite scale formation or the behavior of barium sulfate 
in CO2-sequestration fluids.
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iNtroductioN

Barite (BaSO4) occurs in a wide variety of geologic environ-
ments from the early Achaean to the present (Hanor 2000). Due to 
its low solubility in water [Ksp = 10–9.96 at 20 °C; Blount (1977)], 
barite precipitation and dissolution control the geochemical dis-
tribution of barium in surface waters as well as in crustal fluids. 
Mixing of Ba-rich hydrothermal fluids with sulfate-rich meteoric 
or ocean fluids produces supersaturated solutions and results in 
a rapid precipitation (Hanor 1994). Crystal growth from solu-
tion is a complex process comprising of several steps from bulk 
diffusion to the final incorporation of the growth unit (Nielsen 
1984; Sunagawa 1993; Astilleros et al. 2006). Impurities in the 
growth medium strongly influence the kinetics of growth (Sang-
wal 1993). Therefore, the effects of additives on crystal growth 
kinetics have been studied extensively (Davey 1976; Davey and 
Mullin 1974a, 1974b; Kubota and Mullin 1995; Kubota 2001; 
Kubota et al. 1999; Rauls et al. 2000; Sangwal 1993; Sánchez-
Pastor et al. 2007; Sunagawa 1987). High-resolution AFM in-
vestigations and numerical methods have gained insights into the 
molecular processes leading to the observed effects (Astilleros 

et al. 2010; Bosbach et al. 1998; De Yoreo et al. 2001; Dove and 
Hochella 1993; Freij et al. 2004; Higgins et al. 2000; Kuwahara 
2011; Pina et al. 1998; Reyhani et al. 2002; Risthaus et al. 2001; 
Stack et al. 2012). Because carbonate is one of the most important 
anions in meteoric waters, the effects of carbonate on the growth 
of barite are particularly relevant. Sánchez-Pastor et al. (2006) 
studied the effects of carbonate at room temperature and vari-
ous levels of supersaturation. The study revealed that the step 
kinematics on both {001} and {210} faces were strongly affected 
by the presence of carbonate: While the advance of steps of the 
first growth layer was promoted, an increasing inhibition with 
increasing carbonate concentration was found for the steps in 
the second layer. Above a certain threshold concentration, step 
advance completely ceased i.e., a dead zone was reached (cf. 
Cabrera and Vermilyea 1958; Land et al. 1999; Sangwal and 
Owczarek 1993; van Enckevort et al. 1996).

The aim of this work was to study the effects of carbon-
ate at elevated temperatures using Raman spectroscopy and 
hydrothermal atomic force microscopy (HAFM; cf. Higgins et 
al. 1998a, 1998b, 2002; Jordan and Astilleros 2006; Jordan et 
al. 2007; Sánchez-Pastor et al. 2010) to obtain answers to the 
questions: (1) How does the carbonate concentration affect the 
growth kinetics of the first and second monolayer above room * E-mail: nsanchez@ucm.es


