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Abstract 

Crystal Dissolution Kinetics: Linking Surface Processes at the Solid-Solution Interface 
over Multiple Length-Scales 

By 

Michael David Vinson 

This thesis presents a multiple-scale experimental study of mineral dissolution 

kinetics, utilizing direct measurement of crystal surface morphology in great detail to 

determine rates and mechanisms acting at the reactive solid-solution interface. The 

overall approach uses primarily vertical scanning interferometry (VSI) to analyze three-

dimensional crystal surface morphological change and quantify rates of dissolution. 

Integration of VSI with atomic force microscopy (AFM), theoretical kinetic models, and 

thermodynamic calculations has permitted the recognition of rate-controlling processes 

and mechanisms, thus strengthening our ability to link dissolution kinetics over a broad 

range of length and time scales. The motivation for this thesis arises from an incomplete 

understanding of how molecular-scale surface processes, acting at the solid-solution 

interface, control large-scale natural dissolution phenomena. 

Mineral dissolution is a fundamental geologic process that exerts control over a 

number of significant geochemical events which can affect both man and the 

environment over a broad range of spatial and temporal scales. At the Earth surface, 

rates of dissolution are largely surface-controlled, and thus influenced by the three-

dimensional nature of the crystal surface. The goals of this thesis involve improving 

overall understanding of dissolution rate-scaling issues by investigation of crystal surface 

dissolution kinetics, identification of rate-controlling mechanisms. 
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This thesis reports investigations into the dissolution kinetics of calcite, rhyolite 

and uraninite over a range of far-from-equilibrium laboratory conditions. The results 

presented within this work demonstrate that: 

1. Monomolecular "rough" step retreat controls the overall rate of calcite crystal 

dissolution, which in turn can be inhibited by impurity adsorption at a level 

dependent on the physical and chemical properties of the adsorbing impurity and 

the presence of carbonate in solution. 

2. Heterogeneous retreat of volcanic glass phases control overall rhyolite dissolution 

rate and the steady-sate release of ions into solution, which in turn may be 

influenced by the formation of a surface reprecipitation phase. 

3. Dissolved carbon species influence the steady-state dissolution uraninite, although 

this dissolution fails to produce resolvable surface-normal retreat. 

In total, this original work constructs a clearer understanding of the kinetics at the 

reactive solid-solution interface and reveals how dissolution phenomena can scale across 

time and space. 
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Chapter 1. Thesis Overview: Introduction to Dissolution Kinetics 

INTRODUCTION 

The rates of mineral dissolution exert a fundamental control on a variety of 

geochemical processes, impacting both man and the environment over a broad range of 

spatial and temporal scales. Mineral dissolution reactions involve the transfer of both 

mass and energy at the mineral-water interface. At many Earth surface conditions, this 

transfer of mass and energy occurs at conditions far-from-equilibrium with respect to the 

mineral surface. Therefore, the properties of the mineral itself and the morphology of the 

three-dimensional crystal surface largely influence the kinetics at the mineral-water 

interface. The rates of surface-controlled mineral dissolution, however, can vary because 

of catalytic or inhibitory effects introduced by dissolved ions in the surrounding solution. 

This interplay between mineral surface kinetics and solution thermodynamics produces a 

representative dissolution rate expression that varies with the scale of measurement. The 

motivation for this thesis arises from dissolution kinetics measurement-scaling issues, 

and the kinetic and mechanistic relationships that these measurements describe. 

This thesis presents research that expands the current understanding of chemical 

dissolution kinetics. Through an integrated experimental approach, combining vertical 

scanning interferometry (VSI) and atomic force microscopy (AFM) we have determined 

that key molecular-scale surface processes have been shown to control mineral surface 

reaction kinetics, mass-transfer, and overall dissolution rate, thereby establishing a link 

between rates of mineral dissolution over a range of length and time-scales spanning 

several orders of magnitude. Overall, the approach undertaken for the present study 
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considers both the kinetics of the three-dimensional reacting solid crystal surface, and the 

thermodynamics of the surrounding solution. Using VSI as the primary technique, in 

addition to supplemental correlation with AFM, this work directly evaluates and 

quantifies mineral surface dissolution kinetics, integrating the results with both 

theoretical and thermodynamic models. This type of integrated approach permits the 

direct comparison of surface-derived rates to steady-state rates derived from the bulk 

solution. Although experiments presented in this work have been performed at far-from

equilibrium conditions, the specific components chosen represent the various solid and 

dissolved constituents that can be found within a single natural geologic system. 

Specifically, this research targets: 

1. identification and analysis of the rate determining mechanism of calcite 

dissolution kinetics in the presence of a rate inhibiting impurity cation, over 

multiple-length scales (Chapter 3); 

2. evaluation of impurity induced calcite dissolution inhibition, possible mechanisms 

of impurity cation adsorption, and the role of dissolved inorganic carbon in 

inhibition (Chapters 4 and 5); 

3. integration of volcanic tuff surface dissolution kinetics with the steady-state bulk 

effluent chemistry at far-from-equilibrium and at silica saturation (Chapter 6); 

4. assessment of the maximum uraninite dissolution rate and the kinetic aspects 

controlling this rate (Chapter 7). 

The overall approach in this thesis elucidates possible kinetic pathways and rate 

controlling mechanisms of dissolution, acting at the solid-water interface in a number of 

different systems. The research presented in this thesis has direct applications to current 
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problems in the environmental, geologic, geo-chemical, biologic, and surface sciences. 

Finally, the type of integrated dissolution study presented here realizes a significant step 

forward in establishing a link that would ultimately connect molecular-scale kinetic 

processes to macro-scale thermodynamic phenomena found in natural environments. 

The remainder of Chapter 1 introduces basic concepts and problems related to 

mineral dissolution kinetics. This opening chapter also serves a contextual platform upon 

which the specific issues dealt with throughout the bulk of this thesis are introduced. 

General Considerations 

Mineral dissolution, and associated chemical weathering phenomena, set in 

motion a number of important Earth surface processes which have relevant consequences, 

spanning geologic to human scales of perspective. For example, the long term chemical 

weathering of silicate minerals constitutes major controls on climate and the carbon cycle 

over geologic time (e.g., Berner et al., 1983). This control results from precipitation of 

calcite from silicate dissolution product -one mole of calcium, Ca, released in silicate 

dissolution can fix one mole of C02 (e.g., Berner and Berner, 1996). Carbonate mineral 

dissolution can shape landscapes over geologic time-scales, or lead to sinkhole formation 

which can have immediate local environmental and economic impacts. In addition, 

mineral dissolution (and precipitation) control the release and uptake of impurities within 

the environment, across a range of scales. Over shorter time scales, the leaching of 

nutrients from soils can result in soil acidification and crop failure; while the release of 

contaminant ions and radionuclides (e.g., 90Sr) into ground and surface water can require 

large-scale clean-up projects and cause long term ecological problems (e.g., Bryant and 

Loutit, 1964). The magnitude with which any of the above processes progress over time 
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will be a function of the dissolution rates within that system. Given the importance of the 

above issues, it would be appealing to have the capability to predict and mitigate 

potential problems arising from dissolution associated phenomena. Before geochemical 

problems can be properly assessed, however, the dissolution kinetics at the mineral-water 

interface needs to be understood at a mechanistic level. 

To understand dissolution on a fundamental level, the govemmg reaction 

mechanisms and the resulting dissolution rates must first be determined. Given the 

magnitude of scales involved and the complexities inherent within natural dissolution 

related phenomena, determination of natural weathering rates and mechanisms can be 

problematic. Additionally, any correlation of dissolution rates derived from natural 

systems, with rates obtained under the controlled conditions of the laboratory, offers its 

own set of rate inconsistency issues (cf Velbel, 1985, 1993; Swoboda-Colberg and 

Drevers, 1993; Yokoyama and Banfield, 2002; White and Brantley, 2003). For example, 

Yokoyama and Banfield (2002) highlight that rate discrepancies can vary by up to five 

orders of magnitude between those collected in the field and those obtained from 

laboratory experiments. Rate comparison inconsistencies suggest possible differences in 

mineral or rock surface reactivity, surface coating, and chemical affinity within natural 

environments compared with those found in the laboratory (e.g., White and Brantley, 

2003). Moreover, unresolved issues relating to dissolution kinetics and mechanisms still 

exist within the experimental and theoretical geochemical communities. For example, 

Dove et al., (2005) argue that mineral crystal dissolution is merely the reverse process of 

crystal growth. However, our work demonstrates a distinct difference between the rate

controlling mechanism for calcite dissolution compared to what has been shown for 
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growth (cf. Davis et al., 2000). By and large, ambiguities found in laboratory derived 

rates represent a gap in the understanding of how specific processes can affect overall 

mineral dissolution kinetics across time and space, and also across measurement 

techniques. In some cases, theoretical models of mineral dissolution have been useful in 

bridging the divides created in experimental work (e.g., Lasaga and Luttge, 2001; Luttge, 

2005). For example, Chapter 3 of this thesis uses concepts from the stepwave model of 

Lasaga and Luttge (200 1) to link together rates of calcite dissolution spanning several 

orders of magnitude. Similar, integration of experimental work with theoretical models 

will ultimately be needed to solve some of the more complex scaling issues found in the 

laboratory and nature. Moreover, to connect the knowledge gained from laboratory 

dissolution research to complex natural systems, we must first understand how reaction 

mechanisms and basic processes influence mineral dissolution kinetics across temporal 

and spatial scales measurable within the controlled environment of the laboratory. 

MINERAL DISSOLUTION KINETICS 

Conceptually, mineral dissolution kinetics can be defined as a succession of 

physical and chemical processes that can be broken down into different basic steps. A 

recent mineral dissolution review paper by Morse and Arvidson (2002) distills the 

minimum number of basic steps down to the following list: 

1. "diffusion of reactants through solution to the solid surface, 

2. adsorption ofthe reactants on the solid surface; 

3. migration of the reactants on the surface to an active site (e.g., dislocation); 
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4. the chemical reaction between the adsorbed reactant and solid which may involve 

several intermediate steps where bonds are broken and formed, and hydration of 

Ions occurs; 

5. migration of the reaction products away from the reaction site; 

6. desorption of the products to the solution; 

7. diffusion of products away from the surface to the 'bulk' solution." 

Steps 1 and 7 involve the diffusive transport of reactants and products through the 

solution to and away from the surface. When diffusive transport constitutes the rate

determining process, the reaction is considered diffusion-controlled. Steps 2 through 6 

occur on the surface of the solid. If one of them limits the rate, then reactions are 

considered surface-controlled (Morse and Arvidson 2002). 

The gap in knowledge about kinetics arises from an inability to recognize how 

molecular interactions at the mineral-water interface scale up to larger processes which 

are then thermodynamically defined. To understand how basic processes will influence 

kinetics at larger scales, an important distinction needs to be made regarding the 

operation of the above steps in the overall dissolution process. Specifically, reactions 

occurring parallel to one another produce a rate determined by the fastest process, 

whereas reactions occurring in a series produce a rate determined by the slowest 

processes (e.g., Lasaga, 1998 and references therein). For example, the surface

controlled dissolution of oxide minerals generally results from a series of basic processes, 

producing a rate determined by the slowest process; that is, surface oxidation of the 

lattice cation (Blesa et al., 1993 and references therein). By comparison, surface

controlled dissolution of carbonate minerals occurs through parallel processes, thereby 
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producing a rate determined by the fastest process (e.g., Schott et al., 1989). The work 

presented in this thesis identifies the rate determining parallel process for both calcite 

crystal dissolution (Chapter 3) and rhyolitic tuff dissolution (Chapter 6). Identification of 

the rate-determining process constitutes the first step in analyzing how molecular-scale 

surface interactions control much larger processes. To guarantee surface-control of the 

kinetics, however, the rate-determining process needs to be constrained at far-from

equilibrium conditions. 

Surface-controlled Dissolution Kinetics 

Many relevant natural weathering phenomena occur at conditions far-from

equilibrium (e.g., metal oxide corrosion, uptake and release of impurities in surface and 

groundwater, and carbonate dissolution in aquifers). In general, far-from-equilibrium 

conditions favor surface-controlled dissolution kinetics, therefore placing much emphasis 

on the mineral crystal structure expressed at the solid-liquid interface. Both theoretical 

models and experimental research have shown that dissolution at far-from-equilibrium 

occurs as a result of a many-body process, largely controlled by the morphology of the 

dissolving crystal surface (Lasaga and Luttge, 2004a). 

Experimental and theoretical studies have shown that mineral surface morphology 

and defects on the crystal surface may influence the reactivity of that surface (e.g., 

Holdren and Speyer, 1985; Tang et al., 2001; Hodsen, 2002; Lasaga and Luttge, 2004a

c ). The reactivity of a mineral surface, and therefore the dissolution kinetics expressed, 

will be a function of the types and distribution of defects, or high-energy sites, on that 

surface (e.g., Luttge, 2005). High-energy sites relevant to dissolution consist of lattice 

imperfections, dislocations, edges, microfractures, point defects, line defects, kinks, etc. 
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Active sites can be thought of in terms of two general classes: (1) dislocations, with 

screw dislocations being probably the most important; and (2) steps, ledges and "kinks" 

(Figure 1.1) (cf, Burton et al., 1951). These sites act together to increase the potential 

energy of the crystal surface, thereby influencing the dissolution kinetics expressed at the 

surface (e.g., Lasaga, 1998 and references therein). For example, Schott et al. (1989) 

demonstrated that active sites have the ability to act in a parallel manner to influence the 

overall dissolution rate. Additional work has shown that high-energy sites comprise 

favorable locations for attachment of reaction inhibitors, thereby facilitating large 

changes in reaction rates (cf, Burton et al., 1951; Davis et al., 2001; Lea et al., 2001). By 

comparison, the results presented in this thesis demonstrate that reaction inhibitors attach 

at site specific locations on the calcite surface, and although impurity adsorption itself 

can influence the rate of dissolution the degree of influence largely reflects the properties 

of the dissolved impurity and the influence that these properties impart on the process 

that controls the overall dissolution rate (Chapters 3-5). 

Although general acceptance of concepts related to surface reactivity has been 

shown in the literature, an uncertainty still exists concerning the relation of surface 

reactivity to mineral dissolution rates and in what capacity external factors influence 

surface reactivity expressed at the crystal surface. For example, Lea et al. (2001) were 

able to show that for calcite dissolution the concentration of dissolved inorganic carbon 

(DIC) has a large influence on the rates of calcite step dissolution at constant pH. 

Building on Lea and co-worker's work, this thesis demonstrates that the speciation of 

DIC in solution has an additional influence on impurity adsorption (Chapter 4-5). For 

example, at constant pH and high DIC concentration a specific impurity can activate 
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terraces that are separated by a single step edge, and (B) a block model of a 
mineral crystal grain comer and edge. The "kink" -site along the step edge 
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"vacancy" constitutes a hole that has been created by the removal of one 
crystallographic unit (Modified after Burton et al., 1951; Arvidson et al., 2003c ). 

9 



10 

surface steps, yet inhibit overall dissolution (Chapter 4). Furthermore, given that surface 

defects or high energy sites represent atomic- or molecular-scale features, it remains 

debatable how rate-controlling surface processes and associated mechanisms, influence 

the dissolution kinetics of surfaces composed of multiple minerals or multiple crystal 

faces. Relevant examples include dissolution of mineral composite surfaces such as 

aggregates, ceramics, igneous, or metamorphic rocks. Our work with U02 has shown 

that if individual grains are assembled into a single ceramic-like aggregate monolith, the 

increased surface energy of each individual surface particle is offset with a decrease in 

surface area, thus reducing the surface area normalized rate of overall dissolution 

(Chapter 7). This finding, however, would not have been possible if not for technological 

advances in surface imaging techniques. 

Dissolution Kinetics and Technological Advances 

Because of recent advances in computing and imaging techniques, the study of 

mineral surface processes has undergone great advances. Techniques such as scanning 

probe methods (SPM) including atomic force microscopy (AFM), vertical scanning 

interferometry (VSI), and transmission electron microscopy {TEM) have enabled 

researchers to view the mineral surface at a range of sub-micron scales (Hillner et al., 

1992; Macinnis and Brantley, 1992, 1993; Stipp et al., 1994; Dove and Platt, 1995; Liang 

et al., 1996; Jordan and Rammensee, 1998; Arvidson et al., 2003 a-c). In conjunction 

with molecular dynamics simulations, surface imaging techniques have demonstrated the 

ability to resolve a number of dissolution processes in great detail. Recent experimental 

and theoretical work has shown that, in general, far-from-equilibrium crystal dissolution 

begins with the nucleation of monomolecular holes on flat terraces (e.g., Lasaga and 
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Luttge, 2003; Sangwal, 1987 and references therein). These holes are assumed to form 

at defects or dislocations, outcropping at the mineral crystal surface. Dissolution then 

proceeds with the "growth" of the hole into an etch pit, facilitated by retreat of 

crystallographic monomolecular steps, a direct result of ion detachment at kink sites 

(Burton et al., 1951 ). The terrace-ledge-kink (TLK) model for surface dissolution and 

growth is commonly used to explain the movement of kinks and steps on surfaces (Figure 

1.1 ). As dissolution continues, etch pits grow in size and depth, coalescing with 

neighboring etch pits (Macinnis and Brantley, 1992; 1993). Continued far-from

equilibrium dissolution of the crystal will result in retreat of the surface (i.e., overall 

dissolution of the mineral) and release of lattice ions into solution (Luttge et a/., 1999; 

Arvidson et a/., 2003c; Beig and Luttge, 2006). 

Although recent technological advances have helped to gain insight into a number 

of crystal surface processes and mechanisms, the problem of how a particular dissolution 

rate fits into the overall picture still looms. Specifically, every process noted in the 

preceding paragraph will produce a rate that can be measured (or at least a rate that can 

be inferred from measurement of some other process). For example, monomolecular step 

velocity on carbonate minerals can be directly measured through SPM, and the rate of 

kink formation can be mathematically derived from the step rate (e.g., Liang et al., 1996; 

Jordan et al., 2001). A common problem, however, in trying to infer a dissolution rate 

from related processes stems from an inability to recognize the rate-controlling step in a 

succession of reactions. Examples include dissolution studies that have focused on 

processes such as etch pit growth to account for the overall rate of mineral dissolution 

(e.g., Macinnis and Brantley, 1992; Dove and Platt, 1996; Duckworth and Martin, 2004). 
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In contrast, the results of other studies provide uncertainty that etch pit development 

alone can determine the overall dissolution rate (e.g., Cygan et al., 1989; Schott et al., 

1989; Blum et al., 1990; Luttge et al., 2003). In addition, recent theoretical models of 

crystal dissolution kinetics conceptualize that dissolution occurs as trains of 

monomolecular "stepwaves" propagating from the upper layers of etch pits (e.g., Lasaga 

and Luttge, 2001; 2003). In the stepwave model, etch pits have little influence on the 

overall dissolution rate. Work presented in this thesis establishes that surface steps on 

calcite crystals, originating at points of etch pit coalescence and moving vicinal to 

facetted steps, actually control the overall rate of dissolution (Chapter 3). Once 

recognition of the rate-controlling mechanism has been established, however, scaling 

issues can result when attempting to attribute rates measured by different laboratory 

techniques to that of the mechanism. 

Rate correlation problems originate when trying to compare a dissolution rate 

derived, using one particular method to another rate quantified under the same conditions, 

but with a completely different method. For example, rates of mineral dissolution at 

similar conditions have been shown to vary by an order of magnitude, depending on 

whether the rate was quantified from bulk solution chemistry versus direct measurement 

of the mineral surface with SPM (cf. Arvidson et al. (2003c) for calcite dissolution, 

Duckworth and Martin (2003) for rhodochrosite dissolution, and Gimenez et al. (2005) 

for uraninite dissolution). This thesis will evince that once a dissolution mechanism is 

established then rates can be derived and correlated across different laboratory 

techniques. In the case of calcite, we can connect AFM derived rates to those of VSI 

(Chapter 3). In the case of rhyolite tuff, we can link the surface-normal dissolution of 
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specific crystal phases to the steady-state rate of ion flux from the surface to solution 

(Chapter 6). 

Finally,. in order to fundamentally understand dissolution rates and how the 

kinetics of a specific system get expressed over a range of spatial and temporal scales, a 

rate determining mechanism first needs to be identified and the controls on that 

mechanism need to be established. Realization of this may warrant an integration of 

approaches that covers both experimental techniques and theoretical models. This thesis 

establishes mineral surface kinetic mechanisms and relationships on both mineral crystals 

and rocks, and then for each case, connects these relationships into a contextual 

framework using vertical scanning interferometry as the central tool. 

SUMMARY 

The material presented in this thesis represents a multi-perspective experimental 

analysis of mineral dissolution kinetics over multiple-scales and across several mineral 

systems (i.e., carbonates, silicates, and oxides). The specific objectives within this thesis 

are included as introductory sections of the chapters, composing the body of this work. 

Subsequent chapters of this thesis present five separate studies of mineral dissolution 

kinetics. These chapters contain a detailed account of experimental results and the 

significance of those results within a geochemical perspective. In total, this thesis 

constructs a clearer understanding of interactions at the reactive solid-liquid interface, 

involving ion uptake, release, and mineral dissolution kinetics. 

With the exception of Chapter 2, which explains the imaging techniques and 

general equations used in this study; the body of this thesis (i.e., Chapters 3-7) presents 
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self-contained studies, each having a different focus. The data presented in the body have 

already been published or is in preparation to be submitted for publication. Each of the 

chapters 3-7 is prefaced by an abstract, and a bibliographic citation if applicable. The 

final chapter of this thesis will refine the major conclusions found in each subsequent 

chapter, and synthesize the overall conclusions of this thesis. 
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Chapter 2. Direct Measurement of the Crystal Surface (Methodology) 

INTRODUCTION 

This thesis evaluates mineral surface dissolution kinetics, through direct 

measurement of reacted mineral and crystal surfaces. The primary approach employed 

for this research uses microscopic experimental observations to assess morphological 

changes on mineral crystal surfaces over time. The microscopic work allows the 

quantification of step retreat velocities, etch pit growth rates, and rates of overall mineral 

dissolution (i.e., surface-normal retreat). In addition to rate quantification, the 

microscopic work creates a platform for detailed analysis of mineral surface processes, 

thereby allowing reaction mechanisms to be determined through analysis of surface 

morphological changes. The majority of the microscopic work has been performed using 

vertical scanning interferometry (VSI). VSI can provide subnanometer-scale vertical 

resolution, and micron to millimeter-scale lateral resolution. In addition, atomic force 

microscopy (AFM) is used to supplement the VSI observations. Atomic force 

microscopy can provide angstrom-scale vertical resolution, and nanometer to micron

scale lateral resolution. Integration of AFM and VSI facilitates the connection of 

angstrom-scale changes in height to broader surface processes, operating over relatively 

large areas of the mineral surface. This type of approach has enhanced our understanding 

of the mechanisms that influence mineral dissolution kinetics and the inhibition effects 

imparted by aqueous impurity ion surface adsorption. 

The remainder of this chapter provides a general description of the VSI and AFM 

instruments, including the methodologies and equations used for data collection and 
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surface characterizations, which are presented within the succeeding chapters. This 

chapter, however, does not cover details (i.e., sample prep, experimental conditions, etc.), 

relating to the experimental designs unique to each of the studies presented in Chapters 3-

7. The reader is referred to the Methods sections of each of those chapters for specific 

experimental information. Additional information relating to the method has also been 

presented in the Appendix for this thesis. 

IMAGING TECHNIQUES 

Vertical Scanning Interferometry (VSI) 

We have used vertical scanning interferometry (MicroXAM ADE-Phaseshift) 

with 1 Ox and 50x Mirau objectives and white light source to quantify and analyze 

mineral dissolution kinetics. Ex situ VSI enables both the quantification of nanometer

scale surface processes and the characterization of nanometer to millimeter-scale changes 

in surface morphologies over time. By using a narrow band of green light (550 nm +- 20 

nm), VSI enables both the quantification of subnanometer-scale surface processes and the 

characterization of subnanometer to millimeter-scale changes in surface morphologies 

over time (e.g., Luttge et al., 1999; Arvidson et al., 2003a-c; Luttge et al., 2003; Vinson 

and Luttge, 2005; Arvidson et al., 2006; Beig and Luttge, 2006). The instrument is 

capable of resolving height differences of 0.07 nm to 4 microns with green light and <2 

nm to 100 microns (J.lm) with white light. A 50x magnification achieves a lateral 

resolution of --0.5J.1m, with a data pixel density of 740x480 and a field of view of 164J.lm 

xt24J.lm. At lOx magnification the field of view becomes 809J.1m x612J,lm, with a pixel 

density of 740x480. The lateral resolution is, therefore, a function of the objective 
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magnification. Each pixel represents the mean height of the mineral surface within that 

area of pixel. Data capture, in combination with Map Vue software (ADE-Phaseshift) 

capabilities, generates a detailed statistical analysis of surface height variation across the 

740x480 pixel field (i.e., >3.55xl05 data points). In addition to white light, in some 

cases we have applied a green light filter for data collection. Many of the figures 

presented in this thesis represent surfaces imaged with green light. Monochromatic green 

light allows the user to obtain higher resolution images of the surface, while maintaining 

a broad field of view. 

Optical interferometry enables the measurement of microscopic topography. 

Mineral surface reaction processes that have been quantified and characterized with VSI 

include surface normal dissolution (Arvidson et al., 2006), etch pit growth (Luttge et al., 

2003), growth hillock development (Arvidson et al. 2003b ), and surface roughness 

(unpublished). A basic schematic of how the instrument itself works can be seen in 

Figure 2.1. This figure illustrates the white light beam, being split into a reference-beam 

and a sample-beam. The reference-beam travels to a reference surface and the sample

beam travels to the sample surface, both beams are then reflected back to a charge

coupled device (CCD). Measurements of surface topography represent the differences in 

path length of the reference-beam compared to the sample-beam. Through the use of a 

high precision piezo-ceramic, the sample stage is continuously moved along the vertical 

axis, during data collection, in order to scan the surface topography. The resulting 

"interferograms" produced are then digitized with a CCD-camera and converted into a 

topographic map with Map Vue software. 



CCD Camera 

Controller t----....., 

Beam Splitter 

Mirau 
Interferometric 
Objective 

,..A~~~::_, Mineral Sample 

t a....--PZ..--T ____.. 

Figure 2.1. Schematic of a double-beam Mirau interferometer with CCD 
camera. Sketch illustrates piezo-ceramic (PZT) motion and the light path 
relative to the sample surface (modified from Luttge et al., 1999). 
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VSI can measure overall changes in surface height as a function of time, with the 

aid of a fixed surface datwn on the sample surface. By placing a mask on the sample 

surface before reaction and then removing the mask after a fixed reaction interval, a 

measurement data set of reacted versus unreacted surface area can be obtained. Figure 

2.2 is a VSI image of a reacted crystal surface that has experienced approximately one 

micron of surface normal retreat relative to an unreacted datwn. The vertical change in 

surface topography (fl.h) can then be quantified against the original pristine (i.e., 

unreacted) surface datum. A representative sampling of measurements taken at many 

locations across the surface create a mean height change ( tlh ) for that sample surface. 

When quantified with respect to reaction time (~t), the resulting data set represents the 

average overall mineral retreat velocity ( VsNR) normal to the surface within a fixed 

reaction time interval. The surface normal retreat velocity can then be divided by the 

molar volume ( V ) of the mineral (i.e., the ratio of mineral density to mineral molecular 

weight) to produce a surface area normalized rate constant (Rvs1). The equations 

describing the formulation of the overall dissolution rate are 

~h 
-=VsNR 
~t 

(2.1) 

R _ VSNR 
VSI- -v (2.2) 

where VsNR is normally expressed in nm s-1 and Rvs1 is expressed in mol cm-2 s-1• Rates of 

etch pit growth, Retchp;r, were determined over a time interval of not more than four hours, 

using the following equation: 



Figure 2.2. Three-dimensional VSI image of a mineral crystal surface 
imaged under a white light source. This view shows 186 nm of surface
normal retreat. The image was taken after the protective silicon mask had 
been removed from the area labeled "Surface Datum", following dissolution. 
The dissolution surface is also indicated. The dimensions of the 3-D cube 
are 124 x164 x0.5 microns (pm). 
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( 
!l. vetchpit ) (-)-1 ( )-1 

Retchpit = X V X /l.t , 
/l.Aetchpit 

(2.3) 

where A.Vetchpit is the change in etch pit volume, Metchptt is the change in etch pit surface 

area, and Retchpit is normally expressed in mol cm·2 s·1
• 

Atomic Force Microscopy (AFM) 

The AFM used in this research was a MultiMode Nanoscope Ilia (Digital 

Instruments, Santa Barbara, CA, USA), with fluid cell attachment capability. The AFM 

was used to image mineral surface features in either air or within a flow-through fluid 

cell. In situ images of the mineral surface were collected, using Fluid Contact Mode, at a 

scan rate of 6Hz inside a 5x5 J.Lm scan area. Ex situ images were collected after surface 

reaction, using Air Tapping Mode. The ultimate resolution in contact mode is at the 

atomic level (on mica, calcite, and graphite surfaces). Microscope resolution in tapping 

mode reaches approximately nanometer scale laterally and Angstrom scale vertically. 

The maximum scan area is 150x150 ~m. 

AFM operates by measuring repulsive forces between a cantilever tip and the 

sample surface (Binning et al., 1986). Local surface height can be detected by the 

cantilever and optical lever. The optical lever operates by reflecting a laser beam off of 

the cantilever. A photodetector, consisting of two photodiodes, identifies the position of 

the reflected laser beam and therefore the position of the cantilever relative to the surface, 

as illustrated in Figure 2.3 (Baselt, 1993). Three-dimensional positioning of the 

cantilever is accomplished through a voltage sensitive piezo-ceramic. Applications for 

AFM include direct measurement of colloidal surfaces (Ducker et al., 1991 ), membrane 



Figure 2.3. Basic schematic of an AFM with optical lever and 
laser beam: (A) tube scanner and optical lever; (B) a cantilever 
touching a sample. The tube scanner measures 24 mm in 
diameter, while the cantilever is 100 pm long (modified from 
Baselt, 1993). 
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surface topography (Koyoncu et al., 2005), crystal growth and dissolution (Hillner et al., 

1992). 

In this thesis, we use AFM for the direct analysis of surface processes and 

quantification of dissolution rates. While employing Fluid Contact Mode, estimation of 

step velocity (i.e., for calcite surfaces only) has been determined by direct measurement 

of step displacement. Step velocity has been measured as the change in distance from the 

midpoint of the step edge to a fixed reference point, over a fixed time interval -usually 

spanning several minutes (cf Davis et al., 2000). Finally, velocity of monolayer etch pit 

growth was measured as change in distance between two opposite bounding 

monomolecular steps of a single etch pit over a fixed time interval. 

CHAPTER SPECIFIC DESCRIPTION OF TECHNIQUES 

Chapters 3-4 focus on the influence of aqueous impurities in the overall process 

of calcite dissolution inhibition. These chapters use a combination of VSI and AFM to 

investigate monomolecular step retreat, etch pit growth, secondary precipitation, and 

overall surface-normal retreat. 

Chapter 5 establishes a relationship between the effects imposed on calcite 

dissolution kinetics by the physical and chemical properties of an aqueous impurity. For 

this work, VSI was used along with thermodynamic modeling (MINTEQA2, Allison et 

al., 1991) to create an approach by which impurity adsorption could be understood in 

terms of homogeneous complex stabilities. 

Chapter 6 analyzes rhyolite tuff dissolution at elevated temperatures. This work 

uses a combination ofVSI, AFM, electron probe surface analysis, and effluent chemical 
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analysis to answer questions regarding the phases contributing to the overall dissolution 

process and flux of ions from the surface to solution. 

Chapter 7 presents characterization ofuraninite, U02, dissolution. Here, VSI has 

been used to analyze U02 aggregate monolith dissolution and establish a maximum rate 

of dissolution for this type of surface. 



Chapter 3. Multiple Length-Scale Kinetics: An Integrated Study of Calcite 
Dissolution Rates and Strontium Inhibition 
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The following chapter is a reproduction of Vinson, M.D. and Luttge, A. (2005). Tables 

and figures have been modified for inclusion in this thesis, as noted. 

ABSTRACT 

Through an integrated experimental approach, utilizing both vertical scanmng 

interferometry (VSI) and atomic force microscopy (AFM), we have been able to directly 

link calcite (104) dissolution rates over multiple spatial and temporal scales. By 

adjusting the concentration of strontium in both C02-saturated and C02-free solutions, 

we have determined that "rough" step edge retreat across the surface controls the rate of 

overall dissolution. An exciting result of our study is that measurements of rough step 

velocity can be directly correlated with rates of calcite (104) surface-normal retreat. The 

effect of added strontium on the dissolution kinetics of calcite is variable, depending on 

the presence or absence of dissolved inorganic carbon. Results show that, under C02-

saturated conditions and pH 8.6-8.9, increases in strontium concentration lead to 

decreased etch pit growth rate and reduced etch pit density, resulting in a partial 

passivation of the crystal surface. An important result is that these events seemingly have 

little effect on the rates of overall dissolution, supporting our suggestion that the 

dissolution mechanism is controlled by rough step retreat. 
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INTRODUCTION 

The rate of calcite dissolution has been the subject of a wealth of scientific 

literature over the last 15 years (e.g., Schott et al., 1989; Stipp et al., 1994; Dove and 

Platt, 1996; Liang et al., 1996; Liang and Baer, 1997; Alkattan et al., 1998; Jordan and 

Rammansee, 1998; Morse and Arvidson, 2002; Arvidson et al., 2003c; Duckworth and 

Martin, 2004). This attention reflects the mineral's importance in terms of both reactivity 

and overall abundance. Calcite is a common substrate for cations and oxyanions of 

environmental significance (e.g., Davis et al., 1987; Zachara et al., 1991; Pingitore et al., 

1992; Staudt et al., 1994; Paquette and Reeder, 1995; Gutjahr et al., 1996; Reeder, 1996; 

Tesoriero and Pankow, 1996; Rimstidt et al., 1998; Lea et al., 2001; de Leeuw, 2002; 

Davis et al., 2004; Arvidson et al., 2006). The rates at which calcite dissolves, 

precipitates, and incorporates impurities can have a strong effect on the transport of 

contaminants throughout the environment (e.g., Colman and Dethier, 1986; Rochella and 

White, 1990). Many different experimental techniques have been developed to quantify 

overall dissolution rates. For example, bulk solution chemistry can be analyzed and rates 

determined by measurement of element flux within a system (e.g., Sjoberg and Rickard, 

1983; Schott et al., 1989). However, this technique does not provide detailed information 

about the reaction mechanism at the crystal surface. Technological advances such as 

AFM and VSI have allowed researchers to focus on and quantify the relevant dissolution 

processes at the crystal surface over a wide range of scales (e.g., Ohmoto et al., 1991; 

Hillner et al., 1992; Dove and Platt, 1996; Higgins et al., 2002; Arvidson et al., 2003b; 

Luttge et al., 2003). Direct measurements of the three-dimensional crystal surface can 

provide fundamental insight into the reaction mechanisms of crystal dissolution and their 
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relationship to thermodynamic descriptions of the bulk system. We propose that an 

integrated study of calcite dissolution conducted over multiple spatial and temporal

scales would be a significant step forward in establishing this link. This study builds on 

the previous research of Lasaga and Luttge (2003, 2004a, 2004b), Luttge (2004). We 

present this paper as a starting point to directly connect nano-scale kinetic processes like 

step movement with macro-scale observations, such as overall dissolution rates. 

General Considerations 

There is general agreement among researchers that dissolution of the calcite (104) 

cleavage surface, at far-from-equilibrium conditions, begins with the formation of 

monomolecular holes (e.g., Liang et al., 1996; cf Lasaga, 1998). These holes are 

assumed to form at defects or dislocations, outcropping at the crystal surface. 

Dissolution then proceeds with the "growth" of the hole into an etch pit, facilitated by 

anisotropic retreat of crystallographically-oriented monomolecular steps (e.g., Hillner et 

al., 1992). Step retreat on the crystal surface is the result of kink formation and kink 

propagation represented by the removal of lattice components along monomolecular step 

edges (e.g., Lasaga, 1998). The terrace-ledge-kink (TLK) model for surface dissolution 

and growth is commonly used to explain the movement of kinks and steps on surfaces 

(Burton et al., 1951 ). As etch pits grow in size and depth, they coalesce with and 

annihilate neighboring etch pits (Macinnis and Brantley, 1993). If dissolution continues 

at undersaturated conditions the crystal will experience retreat normal to the surface (e.g., 

Luttge et al., 1999; Arvidson et al., 2003c). 

Many dissolution studies have focused mainly on etch pit development and 

coalescence to explain the rate of overall dissolution (e.g., Macinnis and Brantley, 1992; 
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Dove and Platt, 1996; Duckworth and Martin, 2004). Other experimental studies, 

however, have raised doubt that etch pit development alone is the determining factor for 

the overall dissolution rate (e.g., Cygan et al., 1989; Schott et al., 1989; Blum et al., 1990; 

Luttge et al. 2003). For example, Cygan and others varied defect density on silicate 

minerals by several orders of magnitude, yet found that the overall rate of dissolution 

varied only slightly. Recent theoretical kinetic models of crystal dissolution have been 

shown to support Cygan's observations. These theoretical models have centered on the 

concept that the dissolution process can be treated as a stochastic many-body problem, 

that occurs as trains of monomolecular "stepwaves" propagating from the upper 

bounding edges of etch pits (e.g., Lasaga and Luttge, 2001, 2003). Lasaga and Luttge 

explain that the etch pit is a source for the formation of mono-layer stepwaves. As etch 

pits coalesce, stepwaves increase in length and can travel throughout the crystal surface 

and eventually control the overall dissolution rate. According to the stepwave model, 

etch pits have little to do with the overall dissolution rate. This idea is supported by 

experimental and theoretical work (Tang et al., 2001, 2003). Tang and co-workers argue 

that the importance of etch pits in the overall dissolution process stems not from the 

localized formation of a hole but rather from the ability of growing etch pits to generate a 

continual sequence of monolayer steps (that is, stepwaves). A layer by layer dissolution 

process is consistent with experimental AFM observations by Liang et al. (1996) and is 

shown to ultimately lead to surface-normal retreat of the entire mineral crystal surface 

(Luttge et al., 2003). 
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Impurity-Calcite Interactions 

The presence of impurities in mineral-solution reactions can significantly 

influence the rates of dissolution and growth (e.g., Hochella and White, 1990). 

Following the framework established by Sangwal (1999), we accept that impurity ions in 

solution attach to the crystal surface in exactly the same manner (that is, through 

sorption), whether the crystal is growing or dissolving. The impurity ions are then 

believed to move into and attach at open kink site positions along step edges, through 

surface diffusion. Once attached, the sorbed impurities can effectively inhibit kink 

propagation at those points along the step edge. This leads to a slowing of step 

movement (Cabrera and Vermilyea, 1958). The slowed step movement can alter the 

morphology of growth hillocks on actively growing crystals or the morphology of etch 

pits on actively dissolving crystals. At a minimum, the attachment of impurity ions along 

step edges on calcite (104) is thought to be dependent on site-specific characteristics of 

the crystal surface, as well as aqueous calcium concentration and impurity ion size 

(Zachara et al., 1991; Paquette and Reeder, 1995; Reeder, 1996). Recent work by 

Elzinga and Reeder (2002) has shown that the coordination geometry of the adsorbing 

metal complex may also influence impurity attachment. Elzinga and Reeder were able to 

show that this is the case for copper(II) and zinc(II), during crystal growth and speculate 

that it may be the case for other cations such as strontium. 

The strontium ion (Sr2+) has been shown to inhibit calcite dissolution (Parkman et 

al., 1998; Lea et al., 2001; Astilleros et al., 2003; Hay et al., 2003), but there exists an 

uncertainty regarding the actual inhibitory mechanism of strontium on calcite dissolution. 

This uncertainty stems, in part, from most experiments having been performed under 
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conditions in which precipitation and dissolution reactions were occurring at the same 

time. Recent research has constrained calcite dissolution inhibition by strontium to two 

possible mechanisms: (1) dissolution inhibition by ion adsorption along step edges at low 

strontium concentrations, and (2) dissolution inhibition as the result of coating the crystal 

surface with a secondary precipitation phase at higher strontium concentrations. Lea et 

al. (2001) used AFM to investigate the interaction of strontium with calcite (104). They 

were able to show that the retreat velocity of the [ 481 ]+ and [ 441 ]+ steps decreased with 

addition of strontium into solution. They also observed rounding of etch pits at the 

[ 481 ]+/[441 ]+ comer (from here on referred to as the +/+ comer). They argued that 

strontium interacts primarily with the sterically open kink sites on the calcite surface to 

inhibit dissolution. Recent work by Hay et al. (2003) employed lateral force microscopy 

to study the interaction of strontium with the calcite surface in solutions both saturated 

and unsaturated with respect to strontianite. They observed strontium to have relatively 

no effect on dissolution in solutions undersaturated with respect to strontianite (SrC03). 

However, at saturated conditions they reported precipitation of a secondary Sr-phase. 

Hay and co-workers explained that the saturated conditions restrict the pathway to either 

the direct adsorption of the metal ion to the calcite surface or the cooperative dissolution 

of calcite and growth of a secondary Sr-phase growing in shallow etch pits. Although 

these recent experiments constrain inhibition of calcite surface dissolution by strontium 

to two possible mechanisms, they fail to address the question of how adsorption and/or 

secondary phase precipitation would affect dissolution rates and surface morphologies 

over much longer time scales. Specifically, are strontium adsorption and secondary 
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carbonate precipitation phase (meta)stability important in the context of overall crystal 

dissolution. 

In order to understand strontium as a dissolution inhibitor, we first must 

understand the calcite (104) dissolution mechanism. Once the mechanism is established, 

we will be able to examine strontium's affect on the dissolution mechanism. The present 

study was designed to observe calcite dissolution in the presence of strontium in great 

detail over length and time-scales spanning several orders of magnitude. We have used 

two complimentary analytical techniques, AFM and VSI, to gain a better understanding 

of impurity-mineral interactions in the context of crystal dissolution. This study aims to 

bridge the gap between molecular kinetic processes and bulk thermodynamic phenomena. 

MATERIALS and METHODS 

Calcite crystals used for all our AFM and VSI studies were >99.95% pure 

Icelandic spar from Commercial Crystal Laboratories Inc. (Naples, Florida, USA). This 

is the same material used by Lea et al. (200 1) and Arvidson et al. (2003c ), (2006). The 

water used for solutions had a resistivity~ 18 M!l-cm. NaCl, Na2C03, and NaOH used 

in our experiments were reagent grade chemicals. The SrCh used was >99.996% pure. 

The PC02 of our reactant solutions was fixed by sparging with filtered laboratory air 

passed through a single water trap. Similarly, C02 was excluded from NaCl solutions by 

sparging with high-purity N2, also passed through a single water trap. 

Experiments were conducted at room temperature ( ~22°C) and pH > 8.5, to 

ensure that dissolution was dominated by the reaction: 

CaC03(s) ~ Ca2+ + col· (3.1) 
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(Plummer et al., 1978). Varying concentrations of SrCh were added to two separate 

master solutions: a 2.2x10"3 molal Na2C03 solution (4.4 ± 5% meq kg-1 titration 

alkalinity) and a 4.4x10"3 molal NaCl solution (162 ± 10% Jleq kg"1 titration alkalinity). 

The combination of fixed alkalinity and fixed PC02 was sufficient to fix the pH, and thus 

the concentration of CO/"-species in solution. The Na2C03 master solutions were 

sparged with laboratory air and allowed to reach equilibrium with atmospheric PC02 

(~10-3 · 5 atm) at a pH 8.6-8.7. The NaCl master solutions were sparged with pure N2 to 

effectively eliminate dissolved inorganic carbon (DIC). Aliquots of NaOH were then 

added to all NaCl solutions to bring the pH >8.5. A new master solution was prepared 

for each strontium concentration, with the exception of those solutions used in the AFM 

experiments, where one Na2C03 and one NaCl master solution each was used across the 

full range of strontium concentrations. Total alkalinity and solution chemistry for all 

solutions were verified by titration. The approximate saturation states of solutions with 

respect to strontianite were estimated using the computer program EQ3NR (Wolery, 

1983). Secondary precipitation phases were analyzed, using EDS Microanalysis in 

conjunction with a JSM-840 scanning electron microscope. 

VSI Experiments 

We measured calcite dissolution rate by time-lapse changes in mineral surface 

topography, as mapped by VSI. The VSI system used was a MicroXAM MP-8, ADE 

Phase Shift. The instrument and basic approach have been previously described in detail 

by Luttge et al. (1999), (2003). We used a white light source to quantify the surface 

dynamics during and after the dissolution process. The vertical resolution in white light 

is better than 2 nanometers (nm), and the lateral resolution is 0.5 to 1.2 microns (Jlm). 
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The field of view was 124x 164 J.Uil, using a 50x Mirau objective (Nikon). We used a 

green light filter for many of the images that are included in the figures. This allowed us 

to obtain higher resolution images of the surface. 

Single crystal rhombs of calcite were cleaved along the ( 1 04) surface with a razor 

blade and mounted immediately with a commercial epoxy resin to a flat titanium holder. 

Each pristine cleavage surface was then inspected with VSI. All cleavage surfaces were 

characterized by broad, flat terraces (several hundred microns in area) bounded by 

macro-steps and ledges (a result of the cleavage process). Portions of the surface were 

masked with silicone to provide a protective seal over that area of the crystal surface and 

create a surface datum as described by Luttge et al. (1999), (2003), Arvidson et al. 

(2003b- c), (2006), and Beig and Luttge (2006). The silicone masks were allowed to 

completely cure before experimentation, ensuring that the seal between the mask and the 

crystal surface would be maintained throughout the length of the experiment. The 

mounted sample was placed into a fluid flow cell reactor and allowed to react under flow 

for a fixed amount of time. The sample mount was then removed from the flow-through 

cell and mounted with constant orientation and position on the interferometer stage. For 

comparison, we used the same fluid flow cell as Arvidson et al. (2003c ), (2006) and a 

flow rate of 200 mL hr-1• The basic set up and experimental design has been described by 

these authors in detail. VSI measurements of surface topography were taken ex situ after 

the sample was removed from the cell at the completion of each fixed time interval. The 

sample was then returned to the flow cell and allowed to react under flow for the next 

time interval. Surface height data as a function of time and strontium concentration were 

acquired by repeating this procedure. Figure 3.1 is a VSI image of a reacted crystal 



Figure 3.1. Three-dimensional VSI image of the calcite (104) crystal 
surface obtained under a white light source. This view shows -1x103 nm of 
surface-normal retreat. The image was taken after the protective silicon 
mask had been removed from the area labeled "Masked Surface", following 
16 hours of dissolution. The dissolution surface is also indicated. The 
dimensions of the 3-D cube are 124 J..lm x 164 J..lm x 1.2 J..lm (from Vinson 
and Luttge, 2005). 
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surface that has experienced approximately one micron of surface normal retreat relative 

to an unreacted datum. Rates of etch pit growth and overall surface-normal retreat were 

quantified using techniques established by Luttge et al. (1999, 2003), Arvidson et al. 

(2003b-c), (2006), and Beig and Luttge (2006). The above references also contain a 

discussion of the uncertainty in this technique. 

Rates of overall dissolution and etch pit growth were quantified using the 

following set of equations (e.g., Luttge et al. 1999; see also Chapter 2 of this thesis). 

Again, the equation for surface-normal retreat ( v SNR) is defined as 

llh 
VSNR =-, 

Ill 
(2.2) 

where llh is the average change in height of the dissolved crystal surface with respect to 

the unreacted (previously masked) surface, and llt is the reaction time interval of 

interest. We can divide the velocity by the molar volume, V to get a rate in moles per 

unit area per unit time: 

VSNR 
Rvsi =-=-- · 

Vca/cite 

(2.3) 

Velocities of surface-normal retreat ( v SNR) were measured against previously masked 

surface datums after 16 hours total reaction time for NaCl solutions and 20 hours total 

reaction time for Na2C03 solutions (mask removed prior to measurement). Rates of etch 

pit growth, Retchpit. were determined over a time interval of not more than four hours, 

using the following equation: 

R ( ll Vetchpit J(- )-' ( )-' 
etchpit = /lA Vca/cite flt ' 

etchpit 

(2.4) 



36 

where L1Vetchpit is the change in etch pit volume, and Metchpit is the change in etch pit 

surface area. 

AFM Experiments 

The AFM used was a MultiMode Nanoscope Ilia (Digital Instruments, Santa 

Barbara, CA, USA) equipped with a fluid cell. Images of the calcite (1 04) surface were 

taken using Fluid Contact Mode at a scan rate of6 Hz inside a 5x5 micron scan area. 

Calcite crystals were cleaved immediately before experiments. Experimental 

conditions and master solution concentrations were kept as close as possible to those set 

in our VSI experiments (see above). Solutions were introduced into the AFM flow cell 

using a syringe pump and Tygon tubing, with a flow rate of 30 mL hr"1• Strontium 

concentration was adjusted in each master solution by adding aliquots from a 

standardized 0.1 mol kg-1 SrCh solution. Each solution was allowed to pass through the 

flow cell for 20-30 minutes. In situ step velocities and rates of monomolecular etch pit 

growth were directly measured as a function of strontium and col· concentration. 

Estimation of step velocity was determined by direct measurement of step displacement 

and was measured as the change in distance from the midpoint of the step edge to a fixed 

reference point over a fixed time interval, spanning several minutes ( cf Davis et al., 

2000). Velocity of etch pit growth was measured as change in distance between two 

opposite bounding monomolecular steps of a single etch pit over a fixed time interval. In 

order to minimize sample drift, only single scan directions were used to obtain 

measurements. Measurements were made only after a time interval that was sufficient to 

ensure a constant solution concentration inside the flow cell. Conditions favoring high 

rates of etch pit coalescence, or decreased rates of etch pit nucleation within the field of 
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v1ew, dictated that the measured time intervals be adjusted slightly to achieve more 

precise step velocity measurements. In general, all velocities measured at a given 

strontium concentration were measured over the exact same time interval. The only 

exception however was "rough" step velocity, which had to be measured over a time 

interval of 86 seconds (the time interval between each complete scan), due to the "rough" 

step's relatively high retreat rate. 

RESULTS 

Utilizing both AFM and VSI, we observed that all calcite (104) cleavage surfaces 

exhibited dissolution by the formation and growth of inhomogeneously spaced etch pits 

and by the anisotropic retreat of monomolecular steps across the crystal surface. Steps 

moving parallel to the [441] and [ 48 T] directions appeared "smooth" under AFM and 

generally defined the boundaries of growing etch pits. Steps that retreated along the 

[ 22 T] and [0 10] directions were characteristically "rough" and either convex or concave 

in shape at the AFM scale of investigation. All monomolecular step movement was 

initiated by the formation and growth of etch pits. Etch pits were distinguished as being 

either flat-bottomed or inverted pyramid-shaped (e.g., Macinnis and Brantley, 1992). As 

dissolution proceeded, all etch pits grew in size, and in most cases coalesced with 

neighboring etch pits. Overall, both types of etch pits varied in shape (that is, they were 

either rhombic or showed varying degrees of curvature at the+/+ comer). After several 

hours of dissolution, all reacted (104) surfaces measured with VSI exhibited surface

normal retreat for every solution concentration used in our experiments (cf Figure 3.1). 
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AFM Experiments 

Our data show an overall decrease in the rates of step retreat and etch pit growth 

with increased strontium concentration. The AFM observations never indicated the 

presence of any secondary precipitation phases at any strontium concentration and all 

observable step movement always consisted of retreat. Measured velocities of step 

retreat and etch pit growth are given in Table 3.1. We will use the notation V+ and v_ to 

represent the velocities of obtuse angled steps ([ 441 ]+ and [ 48 T ]+ steps) and acute 

angled steps ([441]- and [ 481].), respectively. Results for both the Na2C03 and NaCl 

solutions are plotted as strontium concentration versus velocity in Figure 3.2. 

Na2C03 solutions.-- Strontium inhibition was more pronounced on V_, under COz

saturated conditions. The V_ decreased from 1.14 nm s-1 in strontium-free solutions to 

0.40 nm s-1 at 220x 10-6 molal strontium (Figure 3.2). All V+ were slower than all v_ at 

every strontium concentration, exacerbating the anisotropy effect in the dissolution 

kinetics of calcite. The [ 441 ]+ and [ 48 T ]+ steps exhibited rounding at the +/+ comer of 

all monomolecular etch pits (Figure 3.3). These comers were also effectively "pinned" 

and showed no significant retreat. The pinning at the +/+ comer and slow V+ influenced 

etch pit growth and overall surface morphology throughout the dissolution process. In 

comparison, the measured velocities of rough steps, Vrough, appeared unaffected by 

changes in strontium concentration. Vrough remained much greater than V+ and V at all 

concentrations (Table 3.1 ). 

Surface morphology was examined across the range of strontium concentrations 

given in Table 3.1. We began by flowing a strontium-free, 2.2x10-3 molal NazC03 



Table 3.1. 
Experimental results are given for each strontium concentration in 2.2 xl o-3 molal 

Na2C03 and 4.4 xl o-3 molal NaCl solutions as measured by AFM. The velocities of 
[ 441 ]+ and [ 48 I]+ steps, V +; [ 441]- and [ 48 I]- steps, V .; rough steps, Vrough; and etch 

pit growth, Vetch pit are given. The measured pH of all solutions and calculated 
saturation state of carbonated solutions with respect to strontianite, Slstrontianite, are 

given, as well (modified from Vinson and Luttge, 2005). 
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Average 
[Sr] pH log v+ v_ Vetch pit Yrougb terrace 

SI widths, 
(x10-6 molal) strontianite (run s"1) (run s"1) (run s" 1) (om s" 1) I 

(f.Ull) 

2.2 xl0-3 molal Na2C03 Solutions 
0 1 8.6 n/a ! 0.27 ± 0.10 1.14 ± 0.20 1.37 ± 0.25 7.44 ± 3.00 I 0.30 
10 I 8.7 1.54 I 0.28 ± 0.10 0.98 ± 0.15 1.31 ± 0.20 7.74± 3.00 0.50 
25 8.7 1.94 0.20± 0.10 0.90 ± 0.10 1.17±0.10 1.21 ± 2.5o I 1.20 
50 8.7 2.15 I o.2o ± o.1o 0.81 ± 0.10 1.00 ± 0.10 6.98 ±2.80 1.03 
100 8.7 I 2.45 I 0.16±0.10 0.60 ± 0.10 0.75 ± 0.10 6.97± 2.20 1.06 
220 8.7 1 2.78 0.13±0.10 0.40 ± 0.10 0.49 ± 0.10 4.42 ± 2.10 1.25 

4.4 x10"3 molal NaCl Solutions 

0 19.0 I n/a 

I 
1.98 ± 0.30 1.51 ± 0.20 I 3.41 ± 0.30 I _ -

25 9.1 I n/a 1.86 ± 0.25 1.29 ± 0.20 3.31 ± 0.40 14.30 ± 4.00 0.47 
50 I 8.9 n/a 

I 
1.46 ± 0.25 o.92 ± o.1o 1 2.46 ± o.3o 1 8.95 ± 3.so 0.29 

100 18.9 n/a 1.44 ± 0.25 0.88 ± 0.10 I 2.16 ± 0.30 I 7.91 ± 3.00 0.20 
220 8.8 n/a 1.16 ± 0.25 0.58 ± 0.10 1.82 ± 0.30 12.32 ± 4.20 0.34 

solution over an atomically flat (104) surface, which allowed for the development of 

inhomogeneously distributed etch pits defined by "smooth" monomolecular step edges. 

The nucleation of etch pits within the field of view was pervasive. As described earlier, 

all monomolecular etch pits exhibited+/+ comer curvature (Figure 3.3A). In contrast, all 

other etch pit comers remained euhedral throughout the full range of strontium 

concentrations. Rough step edges were produced when two or more etch pits coalesced. 

Once created, the rough step always moved vicinal to the [ 441 ] and [ 48 T] directions, 

annihilating shorter smooth steps and smaller etch pits in its path. An increase in solution 
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Figure 3.2. AFM measured calcite (104) dissolution results of (A) strontium 
concentration versus measured step retreat and monomolecular etch pit growth 
velocities presented in Table 3.1. Graph (B) presents step retreat velocities 
from Table 3.1 that have been normalized to unity at [Sr] = 0. Velocities 
measured under 2.2 x10·3 molal Na2C03 solutions are represented by dashed 
lines and open shapes. Velocities measured under 4.4x10·3 molal NaCl 
solutions are represented by solid lines and colored shapes (modified from 
Vinson and Luttge, 2005). 
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Figure 3.3. Four AFM images of calcite ( 104) dissolution in 2.2x 1 o-3 molal 
Na2C03 solutions. Each image is indicative of surface morphology observed at 
a given strontium concentration, [Sr]: image A, B, C, and D = 0, 25, 50, and 
220 x1Q-6 molal, respectively. Black arrows in (A) represent the directions of [ 
481 ]+ and [ 441 ]+ step movement. White arrows throughout indicate the 
position and retreat direction of selected rough step edges. The field of view is 
5 x 5 microns. Images of the calcite surface were taken after several minutes 
of dissolution at each [Sr]. Step edges are shown by abrupt changes in shading 
(dark-to-light= up) and are monomolecular in height. All etch pits exhibit +I+ 
comer rounding. Images demonstrate a general trend to surface passivation 
with increasing [Sr] from (A) to (D) (from Vinson and Luttge, 2005). 
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concentration to 1 Ox 1 o-6 molal strontium concentration had no observable effect on the 

system. 

As strontium concentration was increased from 10 to 25 x 1 o-6 molal, we observed 

a sharp decrease in monomolecular etch pit formation and coalescence. The transition to 

decreased etch pit formation was short (<10 minutes) and was followed by slower 

uniform rates of etch pit nucleation, throughout the remainder of 25 x 1 o-6 molal strontium 

solution flow. These surface conditions led to the formation of longer but fewer smooth 

steps retreating parallel to the [ 441 ] and [ 48 T] directions. This allowed etch pits to 

increase in diameter before they coalesced, resulting in the formation of longer rough step 

edges and broader terrace widths along [ 441 ]+ and [ 48 T ]+ (Figure 3.3 B). 

Increases in strontium concentration to 50, 100, and 220x 1 o-6 molal led to greater 

surface passivation, characterized by decreasing etch pit nucleation and depressed etch pit 

growth rates. The decrease in new etch pit formation, at SOx 1 o-6 molal strontium, 

allowed monomolecular etch pits to increase in diameter up to approximately 2 microns 

before coalescence or annihilation. Step edges continued to lengthen and decrease in 

density until only a small number were visible (Figure 3.3C). While the number of 

visible rough step edges had decreased, they continued to retreat at much faster rates than 

smooth steps (Table 3.1). At 220x10"6 molal strontium, new etch pit nucleation 

essentially ceased. No new etch pits nucleated within the field of view for over a 15 

minute period. This permitted terraces to increase in width to 3 microns along the [ 48 T ]_ 

direction (Figure 3.3D). Although the calcite surface was almost completely passivated 

at this concentration (220x10"6 molal strontium), rough steps several microns in length 
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were still observed to periodically move through the field of view over an observed 20 

minute time interval. 

NaCl solutions.--- In contrast to C02-saturated conditions, evidence of strontium 

inhibition was not as obvious under C02-free conditions. V+ remained greater than V:. at 

all strontium concentrations tested, and all etch pits remained rhombic in shape. 

Measured velocities for V+ and V_ in C02-free solutions were greater than those velocities 

measured in carbonated solutions at every strontium concentration (Table 3.1, Figure 

3.2A). Nevertheless, decreases in V+ and V_ with increased strontium concentration were 

measured under C02-free conditions (Table 3.1 ). Our measured Vetch pit under strontium

free conditions was slightly slower than the summed-step velocities or pit-opening 

velocities reported by Liang et al. (1996) (Vss = 4.9 ± 0.7 nm s-1) and Lea et al. (2001) 

(Vss = 3.95 ± 0.35 nm s"1). Our measured V+ showed a decrease of 59% across the full 

range of strontium concentrations compared to a decrease of 38% in V:.. This 38% 

decrease in V:. for C02-free solutions is proportional to a 35% decrease in V:. for C02-

saturated solutions. Figure 3.2B presents relative step velocities that have been 

normalized to the strontium-free step rates of both the NaCl and Na2C03 solutions. We 

find that the degree of inhibition on [ 441 ]+ and [ 48 T ]+ step movement was quite similar 

to the inhibition of [ 441]. and [ 48 T]. step movement. The Vrough appeared uninhibited 

by the presence of strontium and was always faster than v+ or v_ by at least a factor of 

five (Table 3.1). 

Under C02-free conditions, the calcite surface never exhibited passivation at any 

strontium concentration. All steps moved freely, and new etch pit nucleation was 

pervasive. Monomolecular etch pits coalesced soon after formation or were quickly 
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annihilated by rough step retreat. High rates of etch pit nucleation under strontium-free 

conditions led to the creation of many short ( < 1 micron) rough step edges. No change in 

crystal surface behavior was observed as the strontium concentration was increased from 

zero to 25x10-6 molal inside the flow-cell. When strontium concentration was increased 

to SOx 1 o-6 molal, a noticeable decrease in all step velocities was observed. Further 

increases in strontium concentrations to 1 oox 1 0"6 and to 220x 1 0"6 molal had little affect 

on monomolecular etch pit nucleation and growth (Figure 3.4 ). 

In summary, surfaces dissolving under C02-free conditions appeared much more 

active at all strontium concentrations. While the presence of strontium did have an 

inhibitory effect on smooth step velocity, it was clear from our C02-free experiments that 

the presence of DIC was the determining factor in producing the surface passivity 

observed during the C02-saturated experiments. 

VSI Experiments 

Results of the VSI experiments demonstrate that strontium inhibition is more 

distinct in etch pit growth than overall dissolution (that is, surface-normal retreat). 

Additionally, the presence of DIC in solution enhances the dissolution inhibition. We 

found the rates of surface-normal retreat to be convergent at the field-of-view scale, but 

variable at the crystal diameter scale. Surface-normal retreat varied across the sample 

surface on average by a factor of four. These measurements illustrate how variations in 

surface topography and heterogeneous (104) dissolution can influence dissolution rates 

differently across the surface. Repeated experiments reproduced rates within a factor of 

two. This reproducibility illustrates that, although local rates may vary across the 

surface, the average retreat rate is highly repeatable. Rates of single "deep" etch pit 



Figure 3.4. Four AFM images of calcite (104) reacted in DIC-free 4.4x10-3 

molal NaCl solutions. Each image represents a different Sr concentration: 
image A, B, C, and D = 0, 50, 100, and 220x10-6 molal, respectively. Calcite 
surfaces under these conditions show no change in etch pit geometry with 
increased [Sr] (from Vinson and Luttge, 2005). 
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Table 3.2. 
Experimental results of VSI quantified etch pit growth rates, Retchpit. and 

overall dissolution rates, Rvsi. for each SrCh concentration (modified from 
Vinson and Luttge, 2005). 

[Sr] 
pH 

n -log Retchpit -IogRvsi 
(x10-6 molal) strontianite (mol cm'2s'1) (mol cm·2 s'1) 

2.2 x10'3 molal Na2C03 Solutions 
0 I 8.7 nla 11.10 ± 10% 11.15 ± 40% 

24 8.6 1.92 11.88 ± 10% 11.30± 43% 
100 I 8.7 2.45 12.09± 10% 11.25 ± 36% 
250 I 8.7 2.84 12.53 ± 10% 11.56 ± 41% 

4.4 x10'3 molal NaCI Solutions 

0 8.6 nla 11.63 ± 10% 10.56± 23% 
24 8.8 nla 11.44± 10% 10.44±45% 
100 8.7 nla 11.62 ± 10% 10.58±27% 
250 8.7 nla 11.58 ± 10% 10.57 ± 27% 

46 

growth, Retchpit. and overall dissolution, Rvsi. for both the Na2C03 and NaCl solutions are 

reported in Table 3.2. These values are plotted against strontium concentration in Figure 

3.5. For comparison, the overall dissolution rate for our strontium-free, C02-saturated 

solution (Rvsi= 10'11.1° mol cm'2 s'1) is comparable to a 10-11.04 mol cm-2 s-1 rate published 

by Arvidson et al. (2003c ). 

Na2C03 solutions.--- Our experiments show an overall decrease in the rates of 

deep etch pit growth and surface-normal retreat with increasing strontium concentration 

{Table 3.2). However, the rate decline for Retchpit was far greater than for Rvs1. Figure 

3.5A illustrates that, under strontium-free conditions, the rate of deep pit growth was 

equal to the rate of surface-normal retreat, within the error of measurement. The 

relationship reversed when crystals were reacted in 24xl0'6 molal strontium solutions. 

At 24x10'6 molal strontium, Retchpit was significantly lower than Rvs1• Experimental runs 

at strontium concentration of lOOxl0'6 and 250xl0'6 molal resulted in a measured linear 

decrease in Retchpit· Figure 3.5A illustrates one of our most important results. 
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Figure 3.5. VSI calcite (104) dissolution. Data quantified from VSI, 
illustrating strontium concentration versus -log rates of etch pit growth, 
Retchpit (red squares), and overall dissolution, RvsJ (green diamonds) for 
(A) 2.2xto-3 molal N~C03 solutions, and (B) 4.4xl0-3 molal NaCl 
solutions (modified from Vinson and Luttge, 2005). 
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Specifically, we found that although the rates of overall dissolution declined slightly with 

increased strontium concentration, they were always greater than the rates of deep pit 

growth at strontium 2:24x10"6 molal, and the difference between Retchpit and RvsJ increased 

with increasing strontium concentration up to 250x 1 o-6 molal. 

Our VSI observations of calcite surface morphology gave us a broader 

perspective and allowed us to put into context what we had witnessed with AFM. Again, 

we found a general trend toward surface passivation as strontium concentration was 

increased. Observations showed that as the concentration of strontium was increased the 

entire crystal surface developed fewer etch pits within each time interval and over the 

total length of an experiment, and etch pit growth became inhibited, allowing for the 

development of broad, flat terraces. Under strontium-free conditions, we observed the 

development of deep etch pits that were inhomogeneously distributed across the crystal 

surface. The ratio of pyramid-shaped etch pits to flat-bottomed pits appeared to be about 

2 to 1. When strontium concentration was increased to 24x10"6 molal, several ofthe flat

bottomed etch pits were observed having developed "jagged" [441 ]+ and [ 48l]+ step 

edges after a total of 20 hours of reaction (Figure 3.6). We also found evidence of a 

secondary precipitation phase that appeared to have developed within several deep etch 

pits at the+/+ corner (Figure 3.7A). Increasing the strontium concentration to 100x10"6 

and 250x 1 o-6 molal, led to decreased etch pit density and inhibition of deep etch pit 

growth. At these higher strontium concentrations, we also observed a change in the ratio 

of the dominant deep etch pit type, with flat-bottomed etch pits becoming more prevalent. 

Occurrences of pyramid-shaped etch pits were sparse compared to flat-bottomed pits, at 

250x 1 0"6 molal strontium. After a total of 20 hours of dissolution at 250x 1 o·6 molal 



Figure 3.6. Three-dimensional VSI image of irregular shaped deep etch pits 
on calcite (104) after 20 hours dissolution at 24xto-6 [Sr], under C02-

saturated 2.2x10-3 molal Na2C03 solutions. Arrows indicate the directions of 
[ 481 ]+ and [ 441 ]+ step retreat. The surface was imaged under white light. 
The vertical scale is exaggerated 1000x (from Vinson and Luttge, 2005). 
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Figure 3.7. Two three-dimensional VSI images of calcite (104) 
dissolution, under C02-saturated 2.2x10-3 molal Na2C03 solutions. 
Image A shows a portion of a large etch pit that has become "filled in" at 
the +I+ comer by a possible secondary precipitation phase, after 13 
hours reaction at 24x10-6 molal Sr. Image B shows a deep pyramid
shaped etch pit that has a similar infill of the +I+ comer, after 20 hours 
reaction at 250x10-6 molal Sr. Images were taken through a green light 
filter. Vertical exaggeration is 1000x (from Vinson and Luttge, 2005). 
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strontium, we found patchy distributions of etch pits separated by flat terraces that were 

etch pit-free. Many of the deep etch pits exhibited+/+ comers that lacked observable 

stepped ledges and appeared to be filled-in by an anhedral secondary precipitation phase 

(Figure 3.7B). We were able to confirm the presence of a Sr-phase within these deep 

etch pits, using EDS Microanalysis, but were unable to resolve the relative distribution of 

strontium within an etch pit. 

All etch pits that developed on the calcite surface exhibited varying degrees of 

+/+ comer rounding, under C02-saturated conditions. Both rhombic pits and ones with 

rounded+/+ comers were often observed within the same field of view, and this situation 

was recurrent throughout all strontium concentrations. In general, we found that as 

rounded etch pits grew in size and depth the degree of+/+ rounding appeared to decrease. 

Although these observations are interesting and worth noting, we feel that further 

analysis would be outside the scope of this paper. 

NaCl solutions.--- The rates of deep etch pit growth and overall dissolution 

appeared uninhibited by the presence of strontium, under COrfree conditions (Figure 

3.5B). However, in contrast to the rates measured under C02-saturated conditions, the 

rate plots for C02-free Retchpit and Rvsi seem to co-vary over the strontium concentration 

range (that is, any change in Retchpit is mirrored by a similar change in Rvs1) (Figure 3.5B). 

In comparison to the C02-saturated experiments, etch pit development and morphology 

was quite different under C02-free conditions. All etch pits remained rhombic in shape 

with well-developed euhedral faces and sharp comers at all strontium concentrations 

(Figure 3.8). Anisotropic step movement manifested in the development of deep etch pits 

that had steep [ 441]- and [ 48 T 1- sloping walls and gently sloping [ 441 ]+ and [ 48 T ]+ 
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walls (Figure 3.8). This etch pit morphology was always observed independent of total 

reaction time and strontium concentration and was more apparent in pyramid-shaped etch 

pits. Etch pit development and distribution across the surface did not appear to be 

affected by increases in strontium concentration. The ratio of flat-bottomed to pyramid

shaped etch pits appeared to remain quite equal at all strontium concentrations. No 

change in etch pit morphology was observed at any strontium concentration, under the 

C02-free conditions. 

Overall, our VSI experiments reflected what we had observed at the nanometer

scale with AFM. In both cases we determined that the presence of DIC affected 

strontium's influence on dissolution inhibition. Most importantly, we were able to 

determine that surfaces which were relatively free of etch pits could undergo measurable 

surface-normal retreat. 

DISCUSSION 

The most important result of our study is the observation that the movement of 

rough steps across the crystal face is indeed the rate-controlling mechanism for the 

overall dissolution of calcite (104). By using the velocities of rough step motion, we can 

establish a link between velocities of monomolecular step retreat and rates of overall 

dissolution. In the following discussion we will present arguments supporting this 

observation. In addition, we will examine how strontium inhibition influences this 

complex dissolution mechanism. 



Figure 3.8. Three-dimensional VSI images of calcite (104), illustrating 
characteristic calcite surface morphologies observed after dissolution in 
C02-free 4.4x10-3 molal NaCl solutions. Image A is after 7 hours of 
dissolution at 24x10-6 molal Sr and shows a high density of flat
bottomed etch pits. Image B represents the surface after 4 hours of 
dissolution at 1 OOx 1 o-6 molal Sr and exhibits a high density of 
predominantly pyramid-shaped etch pits. Images were taken through a 
green light filter. Vertical exaggeration is 1000x (from Vinson and 
Luttge, 2005). 
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The Calcite (104) Dissolution Mechanism 

Since, the introduction of AFM, the appearance of "roughened" step edges on 

dissolving carbonate crystals has been reported by numerous authors, including Britt and 

Hlady (1997), Jordan et al. (2001), Higgins et al. (2002), and Duckworth and Martin 

(2003). For example, Jordan and co-workers discussed rough step propagation on 

dissolving magnesite crystal surfaces in detail, particularly under acidic conditions. 

While they regarded rough step motion as significant, they did not consider it a key 

dissolution mechanism for magnesite. Our observations of rough step behavior, however, 

suggest that their movement is the rate-determining process of overall calcite dissolution 

at the (1 04) surface. Figure 3.9 illustrates the motion of curved rough steps relative to the 

growth of etch pits, which are defined by smooth steps. The sequence of images proves 

that over the same time interval, the amount of material removed along a rough step is 

much greater than the amount of material removed by a nearby smooth step during etch 

pit growth. This rough step behavior varied, but was apparent under all experimental 

conditions. 

The high velocity and nature of movement of rough steps is a function of the 

mineral crystal structure and also the solution chemistry at the crystal-fluid interface. 

Specifically, rough steps are formed when two etch pits or smooth steps coalesce. This 

effect creates a step consisting almost entirely of kinks that moves vicinal to [ 441 ] and 

[ 481] step directions at a high velocity (e.g., Jordan et al., 2001). Steps that form 

through coalescence can move very rapidly because the excess energy (resulting from the 

excessive unpinned kinks) that the rough step inherits through coalescence is rapidly 

dissipated in the form of extremely high step velocities. Jordan and others (2001) 



Figure 3.9. Sequence of AFM images, illustrating rough step movement 
relative to the retreat of smooth steps moving along the [ 481] and [ 441] 
directions. The history of this surface is such that it had been reacted for 
several minutes, under C02- free flow, before the solution inside the 
flow-cell was replaced with a C02-saturated solution. The four images 
reflect dissolution under C02-saturated 2.2x10-3 molal Na2C03 with 100 
x10-6 molal [Sr] solution. Rough step edges and the direction of motion 
are indicated in frame A by white arrows. The rough steps are then 
highlighted in frames B-D. Rough steps indicated are each moving on a 
different terrace. Each frame in the sequence represents 86 s of 
dissolution (from Vinson and Luttge, 2005). 
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explained that if the exchange flux between the surface and the bulk fluid were large a 

completely roughened step would move at a maximum velocity limited by surface 

diffusion away from the step and/or the kink detachment rate. Diffusion and kink 

detachment rates would also affect the degree of curvature of the rough step. De Y oreo 

and Vekilov (2003) found that during crystal growth, rough steps moved up to ten times 

faster than smooth steps. Our results show that this is also the case with calcite 

dissolution (Table 3.1). The reason rough step movement is always vicinal to [441] and 

[ 48 T] can be explained by periodic bond chain (PBC) theory (Hartman and Perdock, 

1955). On calcite (104), PBC theory predicts that stronger straight PBCs exist parallel to 

the [441] direction, while relatively weaker sinuous chains exist parallel to the [ 22 T] and 

[010] directions (e.g., Heijnen, 1985; Paquette and Reeder, 1995). Therefore, step edges 

that form parallel to the [221] and [010] directions would have to consist entirely of 

weakly bonded kinks. All other factors being equal a curved rough step will advance at 

higher velocity than a smooth step (De Yoreo and Vekilov, 2003). 

To illustrate how rough-step motion can be considered a rate determining 

mechanism for dissolution let us consider the three-dimensional analog of crystal growth 

as discussed by Hartman (1987), and Paquette and Reeder (1995). Growth, normal to flat 

(F) faces, occurs by the movement of both monolayer stepped (S) faces, and kinked (K) 

faces. The growth surface of K-faces consists primarily of kinks, resulting in continuous 

growth, in which the rate of surface-normal advance is faster than either S or F-faces. 

Therefore, K and S-faces would be absent from equilibrium crystal morphologies. In 

other words, the K-faces are doing the majority of the work during crystal growth, but are 

not a permanent feature on the surface because K-faces will vanish once they reach a 
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termination point (corresponding to an S or F-face). We can relate this three-dimensional 

example for growth to a two-dimensional case of calcite (104) dissolution. If each 

terrace on the (104) surface represents an F-face that is dissolving through parallel 

processes then rough-step retreat can be considered the rate determining mechanism. 

This is because the faster moving rough steps (K-faces) are being continually created by 

etch pit coalescence and are active on many different F-faces at any given time, thereby 

controlling the rate of surface retreat. 

Calcite (104) surface conditions have a profound influence on the formation and 

lifetime of rough steps. Specifically, rough step length is proportional to etch pit 

diameter and also terrace width. We found that longer rough steps were favored under 

C02-saturated conditions with strontium concentration ~25 x 1 o-6 molal. These conditions 

also lead to decreased step densities and a smaller population of rough steps moving on 

the surface. Conversely, under C02-free conditions and high etch pit nucleation rates; a 

relatively large number of shortened rough steps are favored. The distance a rough step 

may travel depends on the width of the terrace that it is moving on. In general, longer 

rough steps can move greater distances than shorter rough steps. A rough step will move 

freely across a terrace until it comes into contact with a longer smooth step or catches up 

to the bounding edge of a terrace, resulting in increased step bunching. Based on the 

above observations, we would expect that rough step retreat should be just as effective at 

controlling overall dissolution on an active crystal surface (C02-free conditions) as on a 

surface passivated by high strontium concentrations and C02-saturated conditions, as 

long as etch pits are growing and coalescing. 
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The behavior of the rough steps and their significance for dissolution kinetics 

need to be discussed in the context of the stepwave model of Lasaga and Luttge (200 1 ). 

The stepwave model conceptualizes that, during dissolution, a train of monolayer steps 

emanate from the outskirts of etch pits. As etch pits coalesce, the stepwaves grow and 

continue to travel across the crystal surface ultimately controlling overall dissolution. 

This description of the stepwave is quite similar to our AFM observations of rough step 

retreat. Our observations show that a significant amount of material is removed through 

cumulative movement of steps originating at etch pits. While we still acknowledge that 

etch pits are a continual source for stepwaves, our new experimental observations of the 

impact of curved rough steps on the overall dissolution rate require a future extension of 

the current model to account for this effect. In the meantime and for simplicity we shall 

now adopt the term "stepwave" to describe the curved rough steps. Our experiments 

show that step and etch pit density control the development and "life span" of a stepwave, 

as in Lasaga and Luttge's model (cf Tang et al., 2001, 2003). When the entire crystal 

surface is considered, our data give evidence for the original stepwave model. 

Specifically, movement of monomolecular stepwaves results in the overall retreat of the 

calcite crystal normal to the surface. 

We construe from our results that calcite (104) slirface-normal retreat is a result of 

a layer by layer retreat of stepwaves. However, we also emphasize that growing and 

coalescing etch pits indeed remove material (by making holes) and thus lower the 

surface, but the effect is only local to the etch pit(s). Macinnis and Brantley (1993) found 

that the degree of dissolution caused directly by etch pits is strongly dependent on the 

local etch pit density. Furthermore, other studies have shown that overall dissolution 
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rates are not known to be strongly dependent on etch pit densities (e.g., Cygan et al., 

1989; Schott et al., 1989; Blum et al., 1990; Luttge et al., 2003). The latter observations 

suggest already that etch pit formation alone is not the rate controlling factor in crystal 

dissolution. Our VSI observations support this conclusion by showing that localized 

retreat caused by high etch pit densities cannot explain the surface-normal retreat 

displayed across the entire (1 04) surface. For example, at strontium concentrations 

~ 1 OOx 1 o-6 molal, under carbonated conditions, we observed surface passivation 

characterized by patches of scattered etch pits and broad flat terraces. Yet, after 20 hours 

of dissolution we had a measurable change in surface relief relative to the previously 

masked areas on the surface. The measurable retreat of the entire surface cannot be 

accounted for by the sparsely scattered etch pits. Under the same passivated surface 

conditions, we observe (with AFM) relatively long stepwaves that are moving on broad, 

atomically flat terraces at relatively high velocities. Therefore, we can assume that 

dissolution on the calcite surface strongly depends on surface-normal retreat caused by 

movement of monomolecular stepwaves. These findings are similar to those found 

experimentally for calcite by Liang et al. (1996), and more recently for barite 

(unpublished). 

Relationship of Dissolution Rates Measured by VSI and AFM 

We begin here by restating an important result of our study: strontium, acting in 

the presence of DIC, had a significant affect on etch pit growth and density, but only a 

slight inhibitory effect was observed on overall dissolution (Figure 3.5A). Again, our 

results demonstrate that etch pit development cannot entirely account for the overall 

change in surface height reflected by our VSI measurements of surface-normal retreat. 
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This idea was originally conceived by Luttge et al. (2003) for the dissolution of dolomite. 

They found that the overall dissolution of dolomite was not a result of etch pit 

development. Following the reasoning of Luttge and co-workers it is important to 

recognize that the significance of etch pit density, however, lies in its influence on 

stepwave creation and propagation, which does control the rate of over all dissolution. 

The relationship of stepwave movement to overall dissolution can be shown 

quantitatively. We can treat the dissolution of the (104) surface at the nanometer scale 

the same way it is treated in growth theory (e.g., Burton et al., 1951; Lasaga, 1998). In 

other words, the conditions and assumptions for the TLK model would be the same for 

both growth and dissolution. For example, Lasaga (1998) discussed that if growth occurs 

by the advance of steps across the surface, the rate of growth can be described by the 

equation 

(3.2) 

where Vstep is the step velocity, hstep is the step height, and Lis the step spacing. The time 

it takes to cover the distance between steps by a new step is LIVstep· In that time, the 

entire surface moves up a distance of hstep· Equation (3.2) is the basis of various growth 

rate laws. We will adopt this equation to describe the retreat of rough steps across the 

surface, during dissolution. The only difference is that the entire surface is being lowered 

by hstep· We now adjust Equation (3.2) to reflect our AFM observations by changing the 

term Vstep to represent the stepwave velocity (Vstepwave). The step spacing, L is measured 

as the average distance between the [ 441 ] and [ 48 T ] steps in the direction of stepwave 
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retreat. The rate of dissolution normalized to surface area would also be dependent on 

the molar volume, vca/cite • The rate now becomes 

R _ V stepwave h step 
AFM -

L 

1 
(3.3) 

vca/cite 

The result is in moles per unit area per unit time. We now have a dissolution rate 

equation that accounts for the retreat of stepwaves across the calcite surface. The 

question of whether our rates are representative of a "steady-state" rate is a natural one. 

The concept of steady state is certainly key for mineral powder experiments that derive 

dissolution rates from changes in bulk solution chemistry. However, considering 

arguments presented by Macinnis and Brantley (1992) and Arvidson and others (2003c), 

it is still not clear whether a steady-state rate can even be achieved in single-crystal 

dissolution laboratory experiments. Our study investigates and quantifies the rates of 

various microscopic processes on a single-crystal surface and identifies the rate 

controlling processes that will ultimately constitute the steady-state rate. Therefore, our 

integrated AFM and VSI approach indeed establishes a valid method of investigation that 

does not depend on the concept of steady state as a prerequisite. 

Using Equation (3.3) we can now compare the AFM rates to VSI rates. We take 

the AFM-measured values for I and Vrough at a given strontium concentration (Table 

3.1), and substitute them into Equation (3.3). Here Vsrepwave is equal to the measured 

Vrough. We will use accepted values for hsrep = 3 .2 A (Liang and Baer, 1997) and Vcatcite = 

36.9 cm3 mol"1• The computed results for stepwave dissolution compared to overall 

dissolution rates in the presence of strontium for our Na2C03 solution experiments are 

presented in Figure 3.1 OA. We find an excellent match between the rate of stepwave 



Figure 3.10. Comparison of AFM stepwave dissolution rate and VSI overall 
dissolution rate versus strontium concentration. AFM rates, RAFM' (solid red 
triangles) are quantified from Eq. 3.3. VSI dissolution rates, Rv51, (open 
squares) are from Table 3.2. The graphs demonstrate the very good match of 
AFM and VSI rates for both (A) Na2C03 solutions, and (B) NaCl solutions 
(modified from Vinson and Luttge, 2005). 
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retreat (RAFM) and overall dissolution (Rvs1) at strontium concentrations ~24x 1 o·6 molal. 

The rates for strontium concentrations <24x 1 0"6 molal are not plotted, but were matched 

to a factor of three. It is not entirely clear why there is a poor match between these AFM 

and VSI rates at less than 24x 1 o·6 molal strontium. It is exceedingly difficult to eliminate 

all kinetic factors that may influence the rate. For example, Macinnis and Brantley 

(1992) and Stipp et al. (1994) have hypothesized that the actual cleaving process may 

increase the potential energy of the crystal surface. The increased surface energy 

inherited by cleaving may have an affect on short-term dissolution rates (AFM measured 

rates), under pure conditions, that may not be expressed over long term overall 

dissolution (VSI measured rates). 

Our comparisons of AFM and VSI results for C02-free solutions are given in 

Figure 3.10B. Overall dissolution rates for COrfree solutions calculated from the curved 

rough stepwave velocities and surface normal retreat rates are comparable to within a 

factor of 1.5. The close match of the C02- free RAFM and Rvs1 indicates that stepwaves 

control the overall dissolution rate even when etch pits are ubiquitous across the surface. 

Effect of Strontium on Dissolution Rates and Surface Morphologies 

Calcite surface passivation.--- Another important result of our study is that 

increased strontium concentration leads to an overall passivation of the calcite surface. 

Both AFM and VSI observations show decreases in the rates of etch pit nucleation and 

growth of pyramid-shaped pits in particular. This decrease results in the development of 

broad, flat terraces that are relatively etch pit-free. The passivation of the surface seems 

to be related to the combined interaction of col· and s?\aq) ions with the calcite 

surface. We present our argument in terms of surface complexation. According to the 
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original surface complexation model presented by Van Cappellen et al. (1993) and 

discussions by Pokrovsky and Schott (2002), a calcite surface at pH - 8.7 (our 

experimental conditions) would have an abundance of deprotonated >CaOH2° sites along 

with >CaHC03 ° and >CaC03- complexes distributed on the surface. Strontium on the 

surface would form a surface complex with an existing surface carbonate group (>C03 -) 

in the form of >C03Sr+ or >C03Sr+·nH20. Kerisit and Parker (2004) suggest that as 

adsorbed ions accumulate on the surface, there may be some sort of competition for water 

molecules between the surface and the adsorbed ion complex. They explain that in the 

case of strontium the water-cation bond is slightly weaker than the water-surface bond. 

Parkman and others (1998) used X-ray adsorption fine structure spectroscopy to show 

that strontium adsorption complexes at the calcite surface are only partially dehydrated. 

This inability of strontium to "win" the competition for surface water molecules and the 

possibility that SrC03 (strontianite) may be forming on the surface, may influence the 

basic process that initiates etch pit nucleation. We cannot say with certainty what the 

carbonate species' roles are in passivation of the dissolving crystal surface (cf Chapters 4 

and 5). However, the presence of DIC appears to play an integral role in the passivation 

ofthe calcite surface by strontium. 

Step edge inhibition . --- Although passivation of the calcite surface, under C02-

free conditions was not observed at any strontium concentration, our data show that 

strontium does inhibit step movement at these conditions. Figure 3 .2B illustrates that the 

normalized rates of C02-free V+ and V:. decrease similarly with increased strontium 

concentration. These decreased velocities are relative and still produce significant 

dissolution anisotropy expressed in etch pit morphology (e.g., Figure 3.8). These data 
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demonstrate that the presence of DIC in solution influences strontium adsorption 

behavior. Lea et al. (2001) speculate that the differential inhibition, under C02-saturated 

conditions, is the result of back reactions, involving col·, at the sterically open kink 

sites along [ 441 ]+ and [ 48 T ]+ steps. These back reaction influence the adsorption 

behavior of strontium along the structurally open [ 441 ]+ and [ 48 T ]+ steps, but not along 

the [441 ]- and [ 48 T ]- steps. Conversely, the absence of back reactions under COr free 

conditions allows strontium adsorption to inhibit both V+ and V.. to a similar degree across 

the entire range of strontium concentrations. 

The contrast between the affect strontium has on surface morphologies and step 

edge inhibition results from the presence or absence of DIC, which would be present in 

the form of col- and HC03-. Our observations show clearly that under C02-free 

conditions an increase in strontium concentration has no effect on etch pit morphology. 

These results are similar to those published by Hay and others (2003) who also noted no 

changes in etch pit shape with additions of strontium to pure water (pH ~5.9). In 

addition, Lea and others (2001) observed+/+ comer rounding, under conditions where 

col· was present but in low concentrations ([Col·] ::::: 150x 1 o-6 molal), that they 

attributed to the adsorption of strontium. We give evidence here that under C02-free 

conditions ([Col·] ::::: 0), strontium concentrations :S250x 1 o-6 molal have no effect on 

etch pit morphology. Yet, C02-saturated solutions ::::: 123x10·6 molal (i.e., our C02-

saturated conditions) have a noticeable affect on etch pit+/+ comer development at zero 

added strontium and throughout the range strontium concentrations. While our 

observations do not contradict those of Lea and others, we hypothesize that it is primarily 
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col- (or HC03) that causes the +/+ comer "pinning" and eventual rounding, and not 

necessarily strontium. 

Strontium uptake in COrsaturated solutions.--- The mechanism of strontium 

uptake in our experiments is difficult to ascertain solely from experimental work, but 

seems to be a combination of temporary adsorption coupled with more permanent uptake 

into a secondary precipitation phase. Regardless, our observations suggest that the 

strontium uptake mechanism appears to be dependent on both, solution concentration and 

the length of time the dissolving calcite surface is exposed to aqueous strontium species. 

Specifically, the results of our AFM experiments, using strontium doped Na2C03 

solutions, never showed any evidence of a secondary precipitation phase, suggesting only 

adsorption was taking place. These results are matched by our VSI observations over 

time intervals of 0-7 hours. However, over longer time-scales (7-20 hours of total 

reaction time), we have evidence that strontium may be additionally taken up by the 

precipitation of a secondary phase. After long dissolution intervals typical of our VSI 

experiments, we observed etch pits that appeared to be partially filled-in by an anhedral 

strontium precipitation phase (Figure 3. 7). Similar phenomena have been reported, 

within smaller-scale shallow etch pits, by Astilleros et al. (2003), at supersaturated 

conditions, and also by Hay et al. (2003), under no-flow conditions. In addition, 

Parkman et al. (1998) found evidence of an anhedral strontianite like phase, growing on 

calcite powders during dissolution. 

Based on our VSI results, we suggest that strontium-phase precipitation within 

etch pits can be related to two factors: (1) The increased length of time the dissolving 

crystal surfaces were continually exposed to carbonated solutions that were saturated 
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with respect to strontianite (Tables 3.1 and 3.2), and (2) flow affects and the resulting 

changes in crystal surface boundary concentrations that may develop within deep etch 

pits. Results reported by Liang and Baer ( 1997) demonstrate that small variations in fluid 

flow can occur within deep etch pits, causing a concentration gradient to develop inside a 

deep etch pit that would then be different than the rest of the dissolving surface. Looking 

closely at Figure 3.7B, we can see that the etch pit (depth ~200 nm) in the upper-right 

comer of the image has no secondary precipitation, in contrast to the much deeper pit 

(depth ~900 nm) in the center of the image. Under our experimental conditions, pit depth 

clearly has some control on the development of the secondary precipitation within. 

While our flow rate was constant and high enough to ensure that the surface reaction 

would control the dissolution rate, it is probable that our calcite surfaces (inside etch pits) 

were sensitive to small changes in surface diffusion that may have become more 

pronounced as etch pit size and depth increased over the long time intervals of our VSI 

experiments. It is not clear if there is a critical etch pit depth that allows secondary phase 

precipitation to begin forming. VSI observations reveal that the +/+ comer of an etch pit 

containing the strontium-phase is characterized by a lack of definable terraces along the 

[441 ]+and [ 48l]+ walls of the etch pit (Figure 3.7). The known affinity of Sr+ for the 

structurally open kink sites along the [ 441 ]+ and [ 48 T ]+ step edge (e.g., Paquette and 

Reeder, 1995), coupled with a more saturated solution chemistry within the etch pit, may 

allow for the incorporation of Sr2+ and the development of a substrate (e.g., Hay et al., 

2003), thereby resulting in precipitation of an amorphous secondary strontium-phase. 

The fact that we observe a shift in the dominant type of etch pit morphology from 

pyramid-shaped to flat-bottomed is not well understood at this point. Specifically, we 
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show that as strontium concentrations increase calcite surfaces develop relatively more 

flat-bottomed etch pits than pyramid-shaped etch pits, under C02-saturated conditions. 

Baer et al. (2001) observed pyramid-shaped pits that eventually became flat-bottomed in 

their AFM studies of calcite. In addition, Macinnis and Brantley (1992) suggested that 

abrupt changes in crystal properties allow pyramid-shaped pits to become flat-bottomed. 

While this explanation appears valid, it does not explain why our calcite surfaces exhibit 

a change in the relative ratio of dominant etch pit type from pyramid-shaped to flat

bottomed as strontium concentration is increased. We hypothesize that the increased 

number of flat-bottomed etch pits might indicate the presence of a secondary 

precipitation phase covering the floors or cores of deep etch pits, thus causing some 

pyramid-shaped pits to appear flat-bottomed. These observations are consistent with 

those of Hay and others (2003), who also reported secondary strontium-phases on the 

floors of growing etch pits. Nevertheless, our methods were insufficient in determining 

the underlying etch pit morphology beneath what may have been flat secondary-phases 

on etch pit floors. More work is needed to determine why flat-bottomed etch pits become 

the dominant pit type as strontium concentration is increased. 

SUMMARY and CONCLUSIONS 

We have shown that measurements of calcite dissolution rates can be matched 

over multiple spatial and temporal scales. Using the concept of the stepwave model, we 

have successfully linked molecular-scale processes with macro-scale observations. Our 

results based on the stepwave concept confirm the importance of a theoretical model to 

put processes that occur over different length and time scales into context. It is evident to 
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us that a quantitative link between molecular or nano-scale measurements and 

macroscopic observations cannot be successful without a theoretical concept that spans 

the range of scales. Through an integrated approach we have confirmed that far-from

equilibrium dissolution is the result of a layer by layer removal of monomolecular steps, 

causing retreat normal to the entire crystal surface. While this view of crystal dissolution 

is not unique, we have shown that the curved rough stepwaves can be rate controlling for 

overall dissolution on the calcite (1 04) surface. In this context, we show that strontium 

has a significant inhibitory affect on the velocities of [ 441 ] and [ 48 T] steps and 

therefore the development of etch pits, but relatively no affect on the dissolution 

mechanism that is, rough step retreat. 

We have argued that the surface-normal retreat of calcite (104) cannot simply be a 

result of etch pit growth, while understanding that etch pit growth and coalescence is 

essential for the creation and the lifespan of the dissolution mechanism. Additionally, 

our findings reinforce the idea that the presence of DIC in solution influences the effect 

strontium sorption has on the dissolving calcite surface. Specifically, there may exist 

some interaction of co/- (or HC03 ") and strontium with crystal lattice ions. Here, the 

passivation of the calcite surface and secondary Sr-phase precipitation are important 

observations. While our experimental conditions are far removed from what is generally 

found in nature, our findings are significant, and thus need to be considered when 

mineral-impurity interactions in natural systems are examined. 
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Chapter 4. Magnesium Inhibition of Calcite Dissolution Kinetics 

This chapter is a reproduction of Arvidson R. S., Collier, M., Davis, K. J., Vinson, M. D., 

Amonette, J. E., and Luttge, A. (2006). Some portions of this paper have been formatted 

for inclusion in this thesis. 

ABSTRACT 

We present evidence of inhibition of calcite dissolution by dissolved magnesium through 

direct observations of the (104) surface using atomic force microscopy (AFM) and 

vertical scanning interferometry (VSI). Far-from-equilibrium, the pattern of magnesium 

inhibition is dependent on solution composition and specific to surface step geometry. In 

C02-free solutions (pH 8.8), dissolved magnesium brings about little inhibition even at 

concentrations of 0.8xl0-3 molal. At the same pH, magnesium concentrations of less 

than O.OSxl0-3 molal in carbonate-buffered solutions generate significant inhibition, 

although no changes in surface and etch pit morphology are observed. As concentrations 

exceed magnesite saturation, the dissolution rate shows little additional decrease; 

however, selective pinning of step edges results in unique etch pit profiles, seen in both 

AFM and VSI datasets. Despite the decrease in step velocity, magnesium addition in 

carbonated solutions also appears to activate the surface by increasing the nucleation rate 

of new defects. The relationships suggest that the modest depression of the bulk rate 

measured by VSI reflects a balance between competing reaction mechanisms that 

simultaneously depress the rate through selective inhibition of step movement, but also 

enhance reactivity on terraces by lowering the energy barrier to new etch pit formation. 
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INTRODUCTION 

Magnesium dissolved in natural waters is one of the most important components 

to interact with the calcite surface, and the thermodynamics and kinetics of this 

interaction have long been a focus of studies in carbonate geochemistry (e.g., Berner, 

1975; 1976). Much of the current focus involves understanding the role of magnesium 

during biomineralization through direct, in situ observations of reacting calcite surfaces. 

Recent AFM work has shown how increasing magnesium brings about reductions in step 

velocity and changes in step morphology (Davis et al., 2000; 2001; 2004; Wasylenki et 

al., 2004). These changes are thought to reflect increased solubility from lattice uptake of 

magnesium, thus reducing the driving force for growth at screw dislocations. However, 

this mechanism cannot explain the magnesium inhibition of the dissolution reaction, 

which by comparison has received less attention. Although, it is generally accepted that 

Mg inhibition of dissolution reflects sorption at specific surface sites, this process is not 

understood in any detail. Our purpose in this paper is to present direct observations and 

quantification of this inhibition on the calcite surface. In an integrated approach, we have 

used vertical scanning interferometry (VSI) to measure the dissolution rate as a function 

of magnesium concentration over tens to hundreds of hours, complemented with atomic 

force microscopy (AFM) fluid cell experiments to provide details of specific step 

movement over shorter time periods. This work is an extension of that presented in 

Arvidson et al. (2003c ), in which we applied VSI to the study of calcite dissolution in 

simple carbonated solutions. With few exceptions, the base NaHC03/Na2C03 solution 

(prior to Mg addition) used in the experiments here was prepared identically to that of 

previous work. 
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Only a relatively small number of papers from the voluminous literature on calcite 

dissolution report explicit measurement of magnesium inhibition. In this paper we have 

excluded reference to work in diffusion-controlled (e.g., Buhnamm and Dreybrodt, 1987) 

or quasi-equilibrium regimes, as well as in seawater, where the variation in the 

dissolution rate is primarily a complex function of the distance from equilibrium (Berner 

and Morse, 1974; Morse, 1974). As used below, the distance from equilibrium is defined 

as the free energy (~Gr) for the overall dissolution reaction CaC03(calcite) = Ca2+(aq) + 

col-(aq), such that exp(I:::..Gr!RT) = (na;; )/K, where Gj are the activities computed from 

free ion concentrations and single ion activity coefficients, Vi are the stoichiometric 

coefficients for the reaction as written, K is the thermodynamic equilibrium constant, and 

the solid is assumed to be a pure calcite having unit activity. 

Sjoberg (1978) fitted calcite dissolution rate data (5-60x 10"3 molar Mg2+, pH 8.3) 

to a Langmuir adsorption isotherm 

1-R/Ro = a[Mg2+]/(1 + b[Mg2+]) (4.1) 

having empirical parameters a = 1.38x102 and b = 1.68x102, and observed that 

magnesium's effectiveness as an inhibitor increased as equilibrium was approached. In 

the presence of both calcium and magnesium ions, he speculated that their competitive 

adsorption led to the development of a Ca-Mg surface phase consistent with an ion 

exchange equilibrium. Compton and Brown (1994) observed a -50% rate reduction at 

MgS04 = 40x 1 0"3 molar (pH 8-9, pC02 ~ 0). Alkattan et al. (2002) observed no 

inhibition at higher concentrations (100x10"3 molal MgCh) but very low pH (1-3). 

Closer to equilibrium (~Gr = -0.7 kJ mol"1), Gutjahr et al. (1996) found magnesium to 

have no effect on dissolution rate at Mg(N03) 2 :::; 0.3 x 1 0"3 molal. This last result is 
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consistent with the work of Sabbides and Koutsouk:as (1995), who observed a threefold 

reduction in rate using synthesized calcite seed crystals at -ll.Gr = 0.3-0.2 kJ mor1 and 

Mg2+ = 40x10-6 molar. Thus, although it is clear that magnesium suppresses dissolution 

under certain conditions, the diversity in experimental regimes makes it difficult to draw 

precise conclusions regarding its inhibitor role versus that of other components. 

Although it is frequently assumed that magnesium's interaction with the calcite surface 

behaves according to a Langmuir adsorption isotherm, it is also unclear whether true 

reversibility can be demonstrated, and furthermore this conclusion contains no 

mechanistic insight. One means of gaining this insight is through direct observation of 

step motion on the surface. 

The oblique intersection of the ( 1 04) cleavage surface with its c-axis creates 

monomolecular (0.3 nm) step edge faces that lie at obtuse and acute angles to the surface 

(nominally 102° and 78°, respectively). These step edges are present in symmetrically 

equivalent orientations ( (48 T), (441), Paquette and Reader, 1995). For clarity and 

consistency, obtuse and acute steps in this paper will be denoted by "o" and "a" 

subscripts, respectively, instead of the signed (+, -) notation found elsewhere in the 

literature. AFM step velocities are generally higher for obtuse compared with acute steps 

during growth and dissolution (Gratz et al., 1993; Liang and Baer, 1997), although this 

relationship is sensitive to the distance from equilibrium (e.g., Teng et al., 1999), 

Ca2+/CO/- activity ratio (Arvidson et al., 2003b) and impurity burden (Teng et al., 1998; 

Davis et al., 2000). Velocity differences may reflect the orientation of trigonal carbonate 

groups at obtuse versus acute step edges: leading "out-of-plane" oxygen atoms reside 

above the upper cleavage surface at acute steps and below at obtuse steps. In addition to 
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direct AFM observations, calcite molecular dynamics simulations also show preferential 

dissolution on obtuse versus acute stepped surface (de Leeuw and Parker, 1999), and 

preferential uptake of Mg2+ (versus growth of pure CaC03) on calcite step edges (de 

Leeuw, 2002). 

METHODS 

We measured magnesium inhibition of calcite dissolution on single crystal (104) 

surfaces by two complimentary approaches: 

1. A single cleavage rhomb mounted within a fluid cell was reacted with a flowing 

solution of fixed composition for discrete time intervals. The changes in surface 

topography of the mineral were recorded by vertical scanning interferometry 

(VSI). This method, described in detail in Arvidson et al. (2003c ), allows 

quantitative mapping of relatively large areas of the mineral surface at 

subnanometer vertical resolution, and obtains absolute surface-normal retreat 

rates (see also Chapter 2 of this thesis). 

2. Step velocities were measured using similarly prepared calcite surfaces with 

flowing reactant solutions in an AFM fluid cell (Digital Instruments Nanoscope 

III Multimode SPM operated in contact mode). Scanning frequencies were 

typically 12 Hz, with can areas ranging between 5x5 and 30x30J.1m. This 

approach is also described in detail in Davis et al. (2000) (cf Chapter 2 of this 

thesis). 

The flow cells and flow rates used in these experiments are similar to those of 

previous VSI (Arvidson et al., 2003c) and AFM (Davis et al., 2000) experiments. We did 
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not attempt to establish hydrodynamic descriptions of these flow experiments (e.g., Coles 

et al., 1998; Higgins et al., 2002), and have instead employed sufficiently high flow rates 

to measure dissolution rates that reflect surface control. This strategy is consistent with 

many of the published AFM experiments that address both calcite dissolution (Liang et 

al., 1996; Liang and Baer, 1997) and growth (e.g., Tang et al., 1998). In our VSI work, 

the nominal volume (i.e., before the sample crystal is mounted) of the reactor cell is 350 

!J.L. This wetted volume is reduced by a factor at least two by the addition of the single 

crystal during the experiment. The flow rate for all experiments was maintained at 85 

!J.Ls-1, giving a maximum computed residence time of -2s. Although providing no 

insight into flow regime hydrodynamics, this residence time is below that indicated for 

the onset of diffusively limited step velocities (cf 2.5 !J.L s-1 flow rate, -20 !J.L reaction 

volume, Liang et al., 1996; Liang and Baer, 1997). In previous VSI experiments 

(Arvidson et al., 2003c), we have also found that increases in flow rate using this cell 

brought about no increase in dissolution rate (within error). We are thus confident that 

both our AFM and VSI measurements represent only surface-controlled reactions, and 

are independent of flow regime and cell geometry. 

All experiments used cleavage rhombs derived from synthetic calcite 

(Commercial Crystal Laboratories, Naples FL) tested for compositional (Varian Vista Pro 

ICP-AES) and mineralogical (Rigaku DMAX 2000) purity. Standard reactant solutions 

were prepared from 18.2 MO-cm water and high purity reagent NaHC03 (total alkalinity 

4.4x 10-3 eq/kg-H20). These were continuously equilibrated with atmospheric C02 (pH 

8.80 ± 0.03 at 25 °C, measured by combination glass electrode (cf. Liang et al., 1996; Lea 

et al., 2001). Mg was added as MgCh to give concentrations of 0.01xl0-3, 0.05x10-3, 
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0.3xl0-3, and 0.8x10-3 molal. The lower and upper limits of concentrations were chosen 

on the basis of detection limits and the desire to avoid nucleation of magnesian phases 

(brucite, magnesite). The effect of dissolved inorganic carbon was evaluated in 

additional experiments at 0.8x 1 o-3 molal MgCh by excluding C02 through continuous 

sparging with high purity Nz, pH adjustment with NaOH, and ionic strength adjustment 

by NaCl addition. In the text, we shall often refer to the NaHC03-buffered solutions as 

"carbonated" to distinguish them from their COz-free counterparts. 

Total dissolved magnesium was measured by colorimetric EDTA titration (for 

concentrations greater than 0.1 x 1 o-3 molal, 0.3% precision) or by nitrous flame AA (2% 

precision). Total chloride was determined by potentiometric titration with AgN03 (0.3% 

precision). Total sodium was generally not measured but computed by charge balance 

from alkalinity and chloride concentrations. Input solutions were Ca2+-free. Calcium 

concentrations of reacted solutions were also not measured directly, but instead computed 

on the basis of the rate measured by VSI (see below) applied to the total surface area of 

the wetted crystal surface. Solution (total) alkalinity was measured by high precision 

potentiometric Gran titration with HCl (0.1% precision) but no differences in total 

alkalinity between input and reacted solutions could be found. The equilibrium 

concentrations and activity of dissolved species (e.g., Figure 4.1D) were computed from 

measured pH, total alkalinity, and total dissolved components using an ion-association 

model (Arvidson and Mackenzie, 1999), and calculations using this model confirmed far

from-equilibrium conditions with respect to calcite (Ca2+ T between 4 and 0.4 nM, with 

11Gr between -23 and -28 kJ mor1). Experimental conditions are given in Table 4.1. 
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Table 4.1. 
Experimental conditions 

Ntime Total 
pH T Total 

MgCI2 NaCI steps t alkalinity 
(h) ("C) (eq kg"1 xt03) (molal xt03) (molal xt03) 

VS/runs 
VIC 172 8.80 21.0 4.40 
V2C 7 24.0 8.81 24.0 4.40 
V3C 5 20.9 8.77 22.4 4.40 0.01 
V4C 5 4.9 8.76 21.4 4.40 0.05 
vsc 5 20.8 8.76 22.9 4.40 0.30 
V6C 1 22.5 8.71 21.0 4.40 0.80 
V7N 24.0 8.80 22.0 0.0012 0.80 4.40 

AFMruns 
See Table 3.1 of Ch. 3 8.8 22.0 4.40 

A4C 8.80 22.0 4.40 0.80 
A3N 8.80 22.0 0.0012 0.80 4.40 
ASN 11.0 22.0 1.2 0.80 4.40 

In VSI run V7N and AFM runs A3N and A5N, C02 was excluded by continuously sparging with 
high purity N2, and total Na and pH were adjusted by NaCl and NaOH addition, respectively. In all 
other runs, alkalinity was fixed with NaHC03 and pC02 was maintained at approximately constant 
value by continuous sparging with laboratory air. Also, note that AFM run A4C alternated Mg 
concentration between 0 and 0.8x 10"3 molal at constant alkalinity (see text and Figures 4.3 and 4.4). 

As dissolution proceeds, etch pits typically form on the calcite surface, decreasing 

the mean height of the original surface. Reaction rates were computed from the VSI data 

by measuring the decrease in the mean height of the surface as a function of time. These 

height data were compared with those of an area of the sample surface protected by an 

inert polymer applied as a mask, which thus provided an unreacted reference surface (for 

a complete description of these techniques, see Luttge et al., 1999; Luttge et al., 2003; 

Arvidson et al., 2003c ). From the AFM experiments, step velocity data were collected by 

measuring the distance over which a monomolecular step edge traversed between 

individual (deflection) scan images, with the crystal oriented such that one step direction 

was perpendicular to the scan axis. Step velocity measurements were always made from 

images scanned in the same direction. This technique assumes that there is no significant 
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physical drift between scans, a condition we verified by evaluating the consistency of 

velocities recorded under the same conditions, and by observation of "fixed" landmarks 

on the mineral surface. 

RESULTS 

VSI results are summarized in Table 4.2, Figure 4.1 and Figure 4.2. In 

carbonated solutions at pH 8.8, we observed that the VSI rate varied from 

0.23 ± 0.01x10-7 mol m-2 s-1 (Run V2C, no Mg) to 0.02 ± 0.02xi0-7 mol m-2 s-s (Run 

V6C, 0.8 x 10-3 molal Mg). Figure 4.1B shows that most of the decrease in rate occurs at 

relatively low Mg concentrations, i.e., less than 0.1 x 10-3 molal, close to the region of 

approximate magnesite saturation (the thermodynamic constant for magnesite is 

computed from SUPRCT92, Johnson et al., 1992). As magnesium concentrations 

increase beyond this point, little additional inhibition is observed and rates at 0.3 and 

0.8xi0-3 molal Mg are identical within the error of the measurements. However, this 

inhibition is not accompanied by any reduction in etch pit nucleation. Long term VSI 

experiments clearly show that new pits continue to nucleate on the surface even at 

0.8 x 10-3 molal Mg, and our AFM data indicate that the etch pit nucleation rate responds 

rapidly and positively to Mg introduction. To compare with the results of Sjoberg (1978), 

we fitted our data to a Langmuir adsorption isotherm (see Eq. (4.1) and Figure. 4.1B). 

The parameters from this fit (a= 6.1 x 10\ b = 6.5 x 104, using the same units) are 

substantially larger than those found by Sjoberg (1978) and suggest that the effectiveness 

of Mg as an inhibitor is increased under the conditions of our experiments. 
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Figure 4.1. Experimental results from VSI and AFM runs. (A) Change in mean 
surface height (expressed here as depth) of (104) surface measured by VSI as a 
function of time from runs V2C through V 6C, plotted for different MgC12 

concentrations (diamond, 0; solid square, 0.01 ; triangle, 0.05; circle, 0.3 ; and 
crossed square, 0.8x1o-3 molal), in 4.4x1o-3 molal NaHC03, atmospheric pC02, 

pH 8.8. Error bars reflect repeat determinations from the same reacted surface. 
Absolute rates are not available for runs V 1 C and V7N rates because of mask 
failure. (B) Combined plot of specific dissolution rate computed from velocity 
data (LH axis, diamonds) and Langmuir adsorption plot (RH axis, triangles). 
Vertical line is computed magnesite equilibrium. The error bars reflect primarily 
variations in etch pit density (e.g., Blum and Lasaga, 1990 and Macinnis and 
Brantley, 1993). (C) AFM step velocities compared at constant 
[Mg2+] = 0.8x10-3 molal in carbonated (closed bars, 4.4 x10-3 molal NaHC03, 

AFM Run A4C) versus C02-free (open bars, 4.4x1o-3 molal NaCl, AFM Run 
A5N) solutions, measured at acute versus obtuse steps; "ac + ob" are summed 
velocities. "Rough" steps are discussed in the text. (D) Distribution of dissolved 
species in the standard solution (4.4x10-3 molal NaHC03) as a function of 
magnesium concentration; !J,.Gr for magnesite shown for comparison (reproduced 
from Arvidson et al. 2006). 
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Figure 4.2. Mg influence on etch pit morphology, VSI. (A) 20 and 3D view of etch 
pits developing on calcite surface at O.Olxto-3 molal Mg. Black arrows point to slight 
pinning of obtuse steps comprising etch pit margins. (B) Etch pit formed in 
0.8xto-3 molar Mg by motion (large black arrows) of acute steps ("a") only; obtuse 
steps are completely pinned. Triangular regions with diagonal hatching show the 
difference between an ideal rhombohedral symmetry (solid black outline) and the 
actual etch pit boundary (dotted lines at white arrows are the obtuse step edges). The 
hatched regions thus represent the volume of undissolved material that is not removed 
due to incomplete migration of obtuse-facing kinks along the acute step edge. Scale bar 
10 Jlm (reproduced from Arvidson et al. 2006). 
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Table 4.2. 
VSI fi 1 d' 1 . dAFM sur ace norma 1sso utlon rates an step ve oc1t1es. 

VSI Runs Rate (mol cm-2 s-1 xt07) 

VIC -
V2C 0.23 ± 0.01 
V3C 0.07± 0.05 
V4C 0.1 ± 0.03 
vsc 0.03 ± 0.02 
V6C 0.02 ± 0.02 
V7N -

AFMRuns Step velocities (om s-1) 

Acute (v.) Obtuse (v0 ) V0 + V0 vofv. 
zero Mg datum 1.14 1.1 1.34 1.31 
(Table 3.1 Ch. 3) 
A4C (0.8 x 10-3 0.74± 0.07 0.04± 0.03 0.78 ± 0.08 0.05 ± 0.04 
molal Mg) 
A3N 0.9 ± 0.09 2.05 ± 0.05 2.95 ± 0.10 2.3 ± 0.2 

ASN 0.35 ± 0.02 1.68 ± 0.09 2.03 ± 0.09 4.8 ± 0.4 
Subscnpts o and a refer to obtuse and acute steps, respectively. 

At magnesium concentrations equal to or less than 0.05xl0-3 molal, etch pit 

development followed a consistent pattern. After their initial appearance on the surface, 

etch pits would increase in diameter at a constant rate, until coalescence with neighboring 

pits. However, most pits did not steadily increase in depth, and reduction in the rate of 

deepening resulted in flat-bottomed, steep-sided profiles. After variable increase in the 

diameter of a flat-bottomed pit, new pits would nucleate within the interior floor, and 

deepening would begin anew. This process produced a variation in the profiles of etch 

pit walls, and many "mature" pits exhibited a flat-bottomed interior floor bounded by 

steeply sloping, but commonly "stair-stepped" sides (Figure 4.2A). These observations 

are also consistent with numerous AFM calcite dissolution experiments (e.g., Liang et al., 

1996). 
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Our most striking observation is the change in etch pit morphology at higher Mg 

concentrations. At 0.05x 10-3 molal Mg and below, etch pits at any point in time 

maintained a symmetric rhombic outline. We observed variable minor pinning at the 

vertex of the (48l)o (441) 0 step edges (arrow, Figure 4.2A). Previous AFM and VSI 

studies have shown that etch pits developing in carbonated (Mg-free) solutions (pH 8.8) 

develop rounding at the intersection of the obtuse step edges ( cf. AFM data of Lea et al., 

2001, VSI data of Arvidson et al., 2003c). Lea et al. (2001) attributed this result to the 

action of dissolved carbonate or bicarbonate species and a reduction in the velocity of the 

obtuse steps, whose nominal velocity in pure water is 1.5-2.3 times that of the acute 

steps. 

With increasing Mg concentrations (>O.OSxl0-3 molal), we observed that etch pit 

morphology progressively departed from the characteristic rhombic symmetry. First, the 

minor rounding of obtuse-obtuse ( o, o) intersections disappeared, and these comers were 

instead sharp and well defined. Second, comparison of time-lapse sequences using pixel 

registration of a fixed reference point showed severe obtuse step pinning along the entire 

length of the step, resulting in no detectable movement. The expansion of etch pits thus 

reflected migration of acute steps only. In addition, the movement of acute steps 

produced obtuse step edges that curved toward the (o, a) intersection. Figure 4.2B shows 

this development: the thin, triangular, hatched areas represent the difference between the 

actual obtuse step traces and ideal ones symmetrical to their acute counterparts. This 

pattern was highly reproducible as a function of time, and pits growing for over 24 h 

maintained this asymmetric outline. 
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AFM Experiments 

We compared our observations of dissolution rate, inhibition, and etch pit 

morphologies made with the interferometer to those achieved at higher resolution with 

the AFM. Here the ability to rapidly exchange solutions in the flow cell allowed us to 

immediately assess the dissolving surface's response to the appearance of inhibitor 

species. In AFM Run A4C, we exchanged our "standard" Mg-free solution 

(4.4xl0-3 molal NaHC03, pH 8.8) with a solution having 0.8xl0-3 molal Mg at the same 

pH and carbonate alkalinity (Table 4.1; the step velocity data for this standard solution 

are taken from work already published by Vinson and Luttge (2005), but were acquired 

during the same experimental session, cf also Chapter 3 of this thesis). Figure 4.3 shows 

a sequence in which a previously developed etch pit, grown in carbonated Mg-free 

solution, is the site of new etch pit formation once Mg is introduced. This sequence 

confirms our previous VSI observations that (1) the obtuse steps are severely inhibited 

after Mg introduction and do not measurably advance, and thus (2) subsequent etch pit 

growth occurs almost entirely by the advance of acute steps. 

Although we observed some pinning of obtuse steps in Mg-free standard solution 

(see Figures 4.4Bl-B3), net movement of these steps still occurs under these conditions. 

However, once 0.8 x 10-3 molal Mg is introduced, migration at these step edges 

immediately ceases. This can be seen in Figure 4.3F: obtuse step edges that were in 

motion prior to Mg introduction reside adjacent to (newer) obtuse steps that have never 

been in motion. 

The introduction of Mg in carbonated solutions also brought about rapid changes 

in etch pit density. Figure 4.4 (Al-A3; Run A4C) shows the rapid emergence of 



Figure 4.3. Mg influence on etch pit morphology, AFM Run A4C, showing time 
lapse sequence immediately after introduction of 0.8x1Q-3 molal Mg to base 
solution. (A and B) Arrows at left indicate margin of "rough" step departing margin 
of large etch pit with subsequent annihilation of smaller etch pits; scan field is 
10 x10f.lm. Motion of obtuse steps ("o---." symbols) indicated for clarity. (C) Same 
area after 38 minutes. (D and E) Detail of previous area, showing coalescence of 
small etch pit's acute steps with pinned older etch pit's obtuse steps after 50 min. 
Scan field is 4 x 4J..lm. (F) 1 x 1 J..lm image detail of obtuse-obtuse comer of large 
older pit, contrasting ragged step edges with those of newer pit formed after Mg 
introduction having sharp obtuse-obtuse comer (Images (C-F) are adapted from 
Arvidson et al. (2004} all other reproduced from Arvidson et al. 2006). 
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Figure 4.4. Sensitivity of surface to introduction and removal of dissolved Mg in 
carbonated solutions, AFM Run A4C. (A1 ---+ A3; at t = 0, 6, and 13 min). Time lapse 
sequence immediately following introduction of 0.8 x 10-3 molal Mg in base solution 
(4.4x10-3 molal NaHC03), followed by (B 1 ---+ B3 ; at t = 0, 6, and 12 min) base 
solution only. Arrows ("o---+" symbols) indicate motion of obtuse steps for clarity; all 
images are 5 x5 J.lm scans (reproduced from Arvidson et al. 2006). 
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numerous 0.3 run deep etch pits immediately following introduction of magnesium. This 

change was not a transient artifact: new pits continued to nucleate on the surface, leading 

to a large increase in etch pit (and thus step) density. This effect was also reversible: the 

subsequent sequence (Figures 4.4Bl-B3) shows that magnesium's removal from the 

fluid cell input immediately re-establishes both the lower etch pit and step densities 

preceding its introduction; in addition, movement along obtuse step edges is also re

established. 

We also observed rough steps traveling at velocities substantially greater than 

those measured in the same field of view under the AFM (Run A4C, Figures 4.3A and 

B). Their velocity (measured normal to the c-glide) was greater than 3 run s-1, much 

greater than the rate of straight acute steps. These rough steps appear to advance from 

the boundary of an etch pit (leading edge of the vicinal face), thereafter traveling rapidly 

over the surface, annihilating newly formed etch pits in their path, and leaving an 

essentially atomically flat plane in their wake. They are characterized by very high kink 

densities. Although they may be similar in terms of curved morphology to the pinned 

obtuse steps on the opposite side of the etch pit, they are clearly different in terms of 

velocity. These features have been described and discussed in detail in Vinson and Luttge 

(2005; see also Chapter 3 of this thesis). 

Lastly, we also measured step velocities as a function of dissolved inorganic 

carbon (DIC = C02 + HC03- + CO/) content, exchanging Nrsparged solutions having 

no carbonate alkalinity and NaOH added to pH 8.8 (with NaCl added to maintain ionic 

strength), with carbonated solutions at the same pH and Mg content (0.8x 1 o-3 molal, 

Runs A3N and A4C, Table 4.1 and Table 4.2). Mean step velocities of obtuse steps were 



87 

greater than acute steps (2.05 ± 0.05 versus 0.90 ± 0.09 run s·1, respectively, 

vofva = 2.3 ± 0.7) in the C02-free solutions. In the carbonated solutions, acute step 

velocities fell only slightly (0.74 ± 0.07 run s·1), while obtuse step velocities were 

reduced to close to zero (0.04 ± 0.03 run s-1), giving a vofva < 0.1. At higher pH (Run 

A5N, pH 11, 0.8x10-3 molal Mg, DIC- 0), obtuse and acute AFM step velocities fell to 

1.68 ± 0.09 and 0.35 ± 0.02 run s·1, respectively (vJ v8 = 4.8 ± 0.4). 

DISCUSSION 

The fact that we record magnesium inhibition of calcite's dissolution rate is not 

surprising, as this effect has been described previously in the literature. Instead, our goal 

here is to understand how inhibition works as a surface process. Our key results are: 

1. Mg added in the absence of DIC does not appear to interact strongly with the 

surface, even at the highest concentrations. This result is consistent with other 

observations at much lower pH (e.g., Alkattan et al., 2002). No variation in terms 

of etch pit morphology is observed at pH values between 8.8 to "'11 

(oversaturated with respect to brucite, Mg(OH)2, at pH> 9.9), although step 

velocities decrease at higher pH. 

2. In the presence of DIC, the addition of sufficient Mg brings the velocity of obtuse 

steps essentially to zero, while acute step velocities are reduced only slightly. 

This is distinct from the action of carbon species alone, which generate some 

pinning and velocity reduction of obtuse steps, but do not arrest step motion 

entirely at the DIC concentrations used in these experiments (cf. Lea et al., 2001). 

The measured step velocities (AFM) and dissolution rates (VSI) are consistent 
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with the observations of unique etch pit morphologies, maintained even after 

extensive dissolution. These relationships are discussed in further detail below. 

3. The addition of 0.8xi0-3 molal Mg to our carbonated base solution yields 

substantial increases in etch pit density (Figure 4.4), and thus appears to lower the 

energy required for etch pit nucleation, increasing etch pit nucleation rate and 

effectively activating the surface. This leads to a roughening of the surface and 

an increase in step density, and must thus lead to an increase in surface area as 

well. In the same solution, we also observed the appearance of roughened, "fast" 

acute steps departing the margins of etch pits, with velocities several times that of 

"normal" (straight) acute steps. These steps are capable of annihilating newly 

nucleated etch pits in their path. The presence of these "upstream" pits further 

increases the advance rate of these steps, as the advancing "fast" step front moves 

instantaneously forward once upstream pits are assimilated. At the moment, we 

do not fully understand the relationship between the appearance of these steps and 

Mg concentration, or even if the two are necessarily related: Vinson and Luttge 

(2005) have observed their occurrence in Mg-free solutions under variable DIC 

concentrations (see also Chapter 3 of this thesis). 

Control of Step Morphology 

Regardless of their magnesium content, experiments using carbonated solutions 

and monitored either by interferometry or the AFM record the collective or individual 

movement of steps that are straight (within the limits of resolution of these instruments) 

or curved. Step curvature can be understood in the context of a simplified terrace-ledge

kink (TLK) surface model as the outcome of two related kinetic processes: the rate of 
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double kink nucleation (RKK), and the rate of single kink detachment at obtuse-obtuse 

(RKoo), acute-acute (RKaa), or mixed obtuse-acute (RKoa, RKao) sites. The movement of 

kinks and kink pairs along a given step face is shown schematically in Figure 4.5A. If 

RKK is slow relative to RK, kinks tend to annihilate one another before new kinks can 

form (Figure 4.5A, t 1 --+ t3). Steps thus remain relatively straight and kink densities are 

low. This is the expected relationship because of differences in coordination: the energy 

barrier for detachment of a calcium ion at a pre-existing kink site (3 Ca-0 bonds) is 

lower than that at a step edge. Although step movement on long steps depends on both 

double kink nucleation and single kink detachment, in this case average step velocity is 

limited by the slow nucleation rate of new double kinks (Frank, 1974; Jordan et al., 2001; 

Higgins et al., 2002). Liang et al. (1996) showed that straight steps and a constant step 

velocity require a balance between RKK and the annihilation of adjacent kink pairs, with 

double kink nucleation rates at 0.301 and 0.129 Hz for obtuse and acute step edges under 

C02- free conditions. In contrast, their rates of single kink detachment at obtuse-obtuse, 

acute-acute, and obtuse-acute sites (RKoo, RKaa, and RKoa) were much larger, at 330.6, 

60.3, and 141.2 Hz, respectively. 

If the single kink detachment rate, RK, is reduced to the point where RKK is 

competitive, then existing kinks may be preserved prior to the next cycle of kink 

nucleation, resulting in roughened step edges. If this situation is compounded with a 

pronounced difference in the velocity of one kink direction versus another, then curved 

step edges with high kink density are the likely result. This is the morphology often 

observed along obtuse step edges in Mg-free carbonated solutions, which Lea et al. 

(2001) attributed to carbonate ion inhibition. 
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Figure 4.5. Simplified schematic diagrams illustrating relationships between anisotropic 
kink nucleation and detachment rates and step morphology, not to scale. (A) View of 
obtuse and acute step edges of etch pit, with time increasing from t 1 ---... t6• In t 1 ---... t3 

(Mg-free conditions), single kink detachment rate (RK) double kink nucleation rate 
(RKK) along obtuse steps, resulting in straight step morphology. In contrast, Mg 
(0.8xlo-3 molal) has been introduced in t4 ---... t6, resulting in subsequent inhibition of 
obtuse steps, and etch pit growth occurs through kink detachment along acute step only; 
ineffective removal of kinks along obtuse step edge results in curved morphology. (B) 
Summary of relationship of selective kink inhibition, step movement, overall etch pit 
morphology, and fast, rough steps (large arrow) in carbonated, 0.8xlo-3 Mg solutions 
(reproduced from Arvidson et al. 2006). 
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In the case of Mg inhibition in carbonated solutions, the fact that we observe very 

little net obtuse step movement indicates that both RKoo and RKoa have been reduced 

substantially. Etch pit growth is thus controlled by kink movement along the acute step 

edges only (Figure 4.5A, t4 ---+ 16). Morphologic changes in etch pits are most apparent at 

the highest Mg concentrations (0.8xi0-3 molal), whereas inhibition in the rate measured 

by VSI occurs at Mg concentrations that are significantly lower. The most likely cause of 

the morphologic change is progressive inhibition of the RKao rate along the acute step 

edge, leading to the buildup of excess kinks at the dead obtuse step edge. In contrast, the 

acute step velocity is reduced in the 0.8x10-3 molal experiments by only ~15%. The fact 

that the acute steps are straight, not curved, also suggests that RK > RKK along these step 

edges. 

Step Velocities and Enhanced Defect Nucleation Rates 

Although it is possible to measure constant step velocities by the AFM in areas of 

etch pit formation, even in the absence of inhibition it is clear from VSI etch pit depth 

profiles that step velocities are not everywhere constant. Except for deep pits, most of 

the etch pits deeper than one monolayer consist of relatively flat floors bounded by much 

steeper vicinal faces forming the perimeter. Flat-bottomed pits may simply reflect a 

termination of the original defect. Alternatively, however, they may form if the velocity 

of steps radiating immediately from an interior source defect is greater than the collective 

motion ofbounding steps composing the steep vicinal faces or "walls" of the pit. 

We have confirmed this relationship by comparing the lateral expansion rates of 

etch pits with VSI over long time intervals (data not shown). These rates are slightly 

more than half the summed step velocities at just-formed monolayer pits recorded by the 
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AFM. Although this problem is not resolved and is a focus of our ongoing work, we 

speculate that the evolution of flat-bottomed etch pits in general reflects a common 

process in calcite, in which a step at some point suffers a decrease in kink detachment 

rate. The decrease in detachment rate produces a corresponding reduction in step 

advance. At the perimeter of an etch pit, once the velocity of the topmost, superior steps 

(those farthest from the etch pit center) decrease from the maximum velocity by 8v, the 

steps immediately below will arrive with a frequency proportional to 8v/L (t), where L (t) 

is the time-dependent terrace width separating parallel steps. An inferior step will only 

approach a superior one to the point where they begin to diffusively interact. This 

interaction in tum may reduce the inferior step's velocity; as this process continues 

minimum terrace widths, steep vicinal faces, and bunched steps develop, a morphology 

that is the essentially the rule, not the exception, in all of our observations. 

The rough, fast steps described above may arise due to the coalescence of steps 

along, ( 48 I) a, (441) a and thus the frequency of their appearance and their apparent 

velocity may depend in part on etch pit and step density. Step coalescence produces 

roughened, often curved, step edges with a high density of acute-acute kinks, and is also 

shown schematically in Figure 4.5B. These steps combine high kink density with 

minimal inhibition (acute-obtuse, obtuse-acute, and obtuse-obtuse sites are absent or 

rare). Thus the high density of minimally inhibited acute-acute kink sites yields rough 

steps that are capable of high step velocities. Step roughening and increased kink 

densities have been observed during the dissolution of magnesite (Jordan et al., 2001; 

Higgins et al., 2002) and calcite (De Guidici, 2002) with decreasing pH under acidic 

conditions, and fast steps have also been noted by Jordan and Rammensee (1998). 
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Roughened, fast steps have been observed by Vinson and Luttge (2005) in similar calcite 

dissolution experiments in the presence of dissolved strontium (cf Chapter 3 of this 

thesis). Steps emanating from the perimeter of defect-centered etch pit are also a basic 

feature of the model of Lasaga and Luttge (200 1 ). In this theoretical treatment based on a 

modified Gibbs-Thomson equation, dissolution is the manifest result of the coordinated 

movement of step chains (stepwaves) across the crystal surface. With sufficient 

undersaturation, the transit of surface stepwaves leads to a steady reduction in absolute 

surface height over the entire crystal surface, and thus dissolution is not limited solely to 

localized removal at etch pits themselves. These results mimic but are not clearly related 

to those achieved by Teng et al. (2004), who observed changes in etch pit nucleation rate 

as a function of undersaturation, whereas all solutions in our experiments are highly 

undersaturated. This was a surprising result of these experiments, and we shall defer a 

complete explanation of this behavior to a future paper. 

We suggest that this behavior may relate to the differences in hydration enthalpy 

between Mg2+ and Ca2+ ions. At the moderate pH of most of our experiments, calcite 

dissolution can be viewed as a hydration reaction (Sjoberg, 1978), in which the tendency 

for a calcium ion to detach from the surface is a function of the competition between 

lattice oxygen and solvent water-oxygen for the lattice cation. It is possible that 

magnesium interferes substantially with this process. Recent molecular dynamics and 

free energy calculations (Kerisit and Parker, 2004) indicate that close to the calcite 

surface, the hydration shells of magnesium and calcium coordinate one carbonate-oxygen 

from the surface, with the remaining oxygens contributed by water. The hydration shell 

for Ca is still incomplete, whereas magnesium is able to complete its 6-fold coordination 
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using lattice carbonate-oxygen. There are also differences in the strength of the bond of 

water to a given metal cation within the first hydration shell versus that of water to the 

mineral surface. A water molecule may form a bond with the surface either between its 

oxygen and a surface calcium, or by hydrogen bonding with a surface oxygen (Kerisit 

and Parker, 2004). The bond between water and free calcium is weaker than that 

• 
between water and surface calcium, whereas in the case of magnesium, the situation is 

reversed: it forms a substantially stronger bond with water, and is thus able to out 

compete the surface for water of hydration. This may allow Mg to disrupt the surface 

hydration, favoring the formation of inner sphere over outer sphere complexes, and gives 

Mg a greater residence time on the calcite surface, as each water molecule also has a 

correspondingly longer visit in the magnesium (versus calcium) hydration shell (Kerisit 

and Parker, 2004 ). 

These differences in basic behavior between Ca and Mg could support a reaction 

scenario in which Mg uses carbonate oxygen exposed at the calcite surface to complete 

its hydration shell, and upon departing is able to leave with the carbonate oxygen, or its 

surface detachment destabilizes the surface hydration layer and provides a mechanistic 

opportunity for subsequent detachment of lattice ions at defect sites. Mg2+ ion binding at 

steps clearly has a much different effect (e.g., de Leeuw, 2002), and magnesium addition 

in the presence of DIC evidently leads to stabilization of obtuse kinks, possibly by direct 

coordination in a metal kink site, a reaction step that would require more complete 

dehydration and provide for greater coordination on the part of the surface versus the 

solvent. 
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The latter conclusions are obviously speculative, and require support from both 

direct measurement and modeling. However, understanding of these effects is an 

important step in quantifying the role of other impurities as well. There is also a need to 

reconcile these direct observations of surface topography with approaches to dissolution 

kinetics involving surface complexation (Van Cappellen et al., 1993; Pokrovsky and 

Schott, 2002; Pokrovsky et al., 1999; Pokrovsky et al., 2005), and understand to what 

degree inhibition is controlled by the surface species distribution. 

SUMMARY and CONCLUSIONS 

Under specific conditions, net dissolution must reflect the cumulative result of the 

motion of individual steps across a crystal surface. The combination of vertical scanning 

interferometry and atomic force microscopy experiments yields an integrated approach to 

the problem of resolving how specific step motion contributes to the overall dissolution 

rate. Here we have used this approach to investigate how the addition of magnesium 

inhibits calcite dissolution in a site-specific manner. 

We have documented that the addition of magnesium inhibits dissolution on 

calcite cleavage surfaces under far-from-equilibrium conditions in carbonated, alkaline 

solutions primarily through interfering with obtuse step motion. At 0.8x10-3 molal Mg, 

obtuse step velocities are reduced to near zero and dissolution by etch pit growth 

proceeds via acute step movement only. Summed step velocities thus decrease from 2.95 

to 0.78 nm s-1, a 75% reduction. This decrease is less than the 90% reduction in 

dissolution rate derived from the VSI data at this same concentration. The significance of 

this discrepancy is still under investigation. We note, however, that the VSI data also 
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reflect the potential changes in terrace width and step spacing (step density was not 

measured in the AFM data), as well as the integration of far larger portions ofthe mineral 

surface (mm2 versus J..Lm2), and longer cumulative run times. 

The effectiveness of Mg as an inhibitor is also a function of carbonate alkalinity, 

and the ratio of obtuse to acute step velocities measured in N2-sparged solutions with no 

added carbon (pH 8.8, 0.8x 1 o-3 molal Mg) is similar to the ratio in published AFM data 

for Mg-free solutions. Sufficient Mg addition results in the accumulation of excess kinks 

along obtuse step faces and creates unique etch pit morphologies. No evidence of 

epitaxial formation of a magnesium carbonate phase is seen. In contrast to the observed 

reduction in step velocities, etch pit nucleation rates on terraces are actually enhanced by 

the addition of Mg, leading to an increase in surface roughness. 
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The bulk of the following chapter is a reproduction of Vinson, M. D., Arvidson, R. S., 

and Luttge, A. (2006). At the time of Thesis submission, this manuscript was under 

review with the Journal of Crystal Growth. 

ABSTRACT 

This study presents evidence of calcite (104) dissolution inhibition by dissolved 

manganese(II) through detailed observations of crystal surface morphology. Rates of 

dissolution have been quantified by direct measurement of surface-normal retreat and 

etch pit growth at far-from-equilibrium conditions using vertical scanning interferometry. 

The approach provides new insight into the control that dissolved inorganic carbon (DIC) 

exerts on manganese inhibition kinetics. Our results show that at 2x10-6 molal manganese 

the rate of overall dissolution is suppressed to close to zero, but only when sufficient 

col- is available in solution. The near arrest of surface-normal dissolution is brought 

about by the likely reduction in step retreat, inferred through observed variation of etch 

pit and surface morphology. The inhibition mechanism likely reflects the strong affinity 

of Mn2+(aq) for carbonate ion. In solution, this affinity is expressed by formation of a 

strong complexing ligand (MnC03°). On the (104) surface, this affinity may govern 

formation of a similar surface complex that stabilizes reactive sites, thereby inhibiting 

step movement and defect nucleation. Comparison with results from other metals 

suggests that inhibition may be understood in the context of the relative energetics of 

dehydration versus carbonation reaction steps. 
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INTRODUCTION 

The interaction of foreign ions with calcite (CaC03) crystal surfaces has a 

significant impact on overall reactivity. Published experimental work has shown that the 

rates of calcite dissolution and growth are influenced by the presence of aqueous 

impurities (e.g., Terjesen et al. 1961; Sjoberg, 1978; Bunham and Dreybrodt, 1987; 

Gutjahr et al., 1996; Davis et al., 2000; Lea et al., 2001; Arvidson et al., 2006). In 

addition to laboratory observations, recent molecular dynamics simulations have yielded 

insight concerning the surface energies, bonding environments, and mechanisms that 

influence dissolution, precipitation, and sorption reactions (e.g., Sangwal, 1999; de 

Leeuw, 2002; Kerisit and Parker, 2004). Direct observations of the reacting calcite 

surface by atomic force microscopy (AFM) (e.g., Davis et al., 2000; Lea et al., 2001; 

Arvidson et al., 2006; Astilleros et al., 2003; Lea et al., 2003; Freij et al., 2005; Vinson 

and Luttge, 2005) and vertical scanning interferometry (VSI) (Arvidson et al., 2003a, c; 

2004; Vinson and Luttge, 2005; Arvidson et al., 2006) have yielded insight into the role 

of the crystal surface in terms of its interaction with dissolved species during growth and 

dissolution. Taking into consideration the breadth of impurity-surface research, we 

hypothesize that the overall potential for inhibition can be understood by reconciling the 

energies of interactions between aqueous impurities (free ions and ligands), solvent 

water, and the structure of the crystal surface itself. Our goal is to present support for this 

hypothesis using the specific example of manganese(II) and calcite dissolution inhibition. 

We interpret our VSI results of calcite dissolution experiments in light of simple 

thermodynamic calculations describing the speciation of dissolved components. Because 

under certain conditions MnC03 ° is the most abundant species in solution, we suggest 

this ion pair may be important mechanistically. Thus the extent of manganese inhibition 
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must be understood in the context of the collective interaction of manganese and 

carbonate with the calcite surface. 

Previous Work 

The influence of impurities on calcite dissolution (e.g., Terjesen et al. 1961; 

Sjoberg, 1978; Bunham and Dreybrodt, 1987; Gutjahr et al., 1996; Lea et al., 2001) has 

received much less attention compared to that directed at their influence on growth (e.g., 

Pingitore et al., 1988; Zachara et al., 1991; Paquette and Reeder, 1996; Sangwal, 1999; 

Davis et al., 2000; de Leeuw, 2002; Elzinga and Reeder, 2002; Astilleros et al., 2003; 

Kerisit and Parker, 2004; Rouff et al., 2005). The distinction between growth and 

dissolution is critical in terms of impurity interaction with the surface. For example, 

during crystal growth, impurities may become permanently incorporated within the 

growing bulk crystal, whereas in dissolution the impurity ion may be only a temporary 

resident on the surface. Lattice incorporation is favored for cations that achieve inner 

sphere coordination with the surface (Keisit and Parker, 2004) at energetically favorable 

sites (i.e., kinks) along step edges (de Leeuw, 2002). Surface site preference is also 

mediated by the steric geometry and the distribution of charge in dissolved species 

(Zachara et al., 1991; Elzinga and Reeder, 2002). Impurity incorporation can lead to 

important feedback effects. Once coordinated at a step edge, an impurity cation can 

inhibit growth rate, thereby influencing the development of surface topography 

(Astilleros et al., 2003) and the impurity component's distribution within the growing 

crystal lattice (Paquette and Reeder, 1996). 

Because of fundamental differences between growth and dissolution processes 

(but cf Dove et al., 2005), we anticipate that the interaction of dissolved metals such as 
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manganese(II) with the crystal surface during calcite dissolution may differ from those 

described above for growth. Current work demonstrates that adsorption of impurity 

cations influences rates of kink and step edge retreat, etch pit development, and surface 

morphology (Lea et al., 2001; Hay et al., 2003; Freij et al., 2005; Vinson and Luttge, 

2005; Arvidson et al., 2006). These relationships are complex, both in terms of the 

reactivity of individual surface features and the overall rate of crystal dissolution, and are 

specific to the impurity cation (Hay et al., 2003; Arvidson et al., 2006). In addition, the 

effect of a given impurity on calcite dissolution may be dependent on the presence of 

additional solution components, most notably dissolved carbon species (Lea et al., 2001; 

Vinson and Luttge, 2005; Arvidson et al., 2006). 

The effects of divalent manganese on calcite dissolution and growth are well 

documented. The results of previous work suggest irreversible chemisorption of 

manganese(II) on the calcite surface (Pingitore et al., 1988; Zachara et al., 1991; Paquette 

and Reeder, 1995; Temmam et al., 2000), and recent direct observations of the mineral 

surface itself document strong inhibition of the dissolution process (Lea et al., 2001; 

Arvidson et al., 2003c). These recent studies also indicate that surface uptake of 

manganese is favored on specific crystallographic directions (i.e., obtuse [ 481 ]+ and 

[ 441 ]+step edges). Finally, at sufficient concentration, dissolution inhibition may derive 

from formation of a nascent (Mn,Ca)C03 phase (Lea et al., 2003). 

MATERIALS and METHODS 

High purity reagents were used exclusively in all experiments (solvent water 

resistivity 2: 18 MO-cm), ultra high-purity gases were filtered and humidified prior to 
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their introduction to solution, and solutions were freshly prepared for each experiment. 

Calcite crystals used for all our VSI studies were >99.995% pure Icelandic spar from 

Commercial Crystal Laboratories Inc. (Naples, Florida, USA). The same material used 

by Lea et al. (2001), Arvidson et al. (2003c, 2006) and Vinson and Luttge (2005). The 

majority of experiments were conducted at 23°C at pH 8.5-8.9. Supplemental 

experiments were performed at pH 7.8. Under these conditions, Sjoberg (1978) argued 

that calcite dissolution was essentially a hydration reaction: 

H20 + CaC03(s) ~ Ca2+(aq) + col-(aq) (5.1) 

In order to evaluate the role of dissolved carbon, reactant solutions were 

composed by adding MnCh (standardized by chloride titration, 0.6% precision) to 

carbonated and C02-free solutions. Carbonated solutions contained Na2C03/NaHC03 

(total alkalinity 4.5x10-3 eq kg-1 at pH 8.8 and 0.5xl0-3 eq kg-1 at pH 7.8, determined by 

HCl titration) sparged with a C02-N2 gas mixture to fix pH and exclude free oxygen. 

Here, we have made the assumption that all manganese in solution from added MnCh 

will remain divalent with exclusion of free oxygen from solution. Solutions were 

allowed to either equilibrate with mixed gas to a pH 8.5-8.9 or were adjusted to pH 7.8 

with aliquots of concentrated HCl. The Na2C03/NaHC03 (2.2xl0-3 molal) solutions are 

referred to in the text as "DIC-buffered". In the C02-free experiments, NaCl ( 4.4x 10-3 

molal) solutions were sparged with pure N2 to exclude both C02 and 02, and titrated with 

NaOH to set final pH. These solutions are referred to as "DIC-free" (the carbon derived 

from the dissolving crystal is quite small, see discussion below). Saturation states were 

computed from measured pH and titration alkalinity using MINTEQA2 (Allison et al., 

1991). 
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Calcite dissolution rate was verified by time-lapse changes in mineral surface 

topography, as mapped by vertical scanning interferometry (MicroXAM MP-8, ADE 

Phase Shift). The instrument and basic approach have been previously described in detail 

(Luttge et al., 1991, 2003; Arvidson et al., 2003c; Vinson and Luttge, 2005). Image data 

were collected using a white light source (vertical resolution <2 nm, lateral resolution 

0.5-1.2 J..lm). Calcite single crystal rhombs were cleaved along the (104) surface with a 

razor blade and mounted immediately to an oriented titanium holder using commercial 

epoxy resin. Cleavage surfaces typically consisted of broad, flat terraces several hundred 

microns in area bounded by macro-steps and ledges, the latter a common artifact of the 

cleavage process. Portions of the sample were masked with silicone to create a reference 

surface (cf Luttge et al., 1991, 2003; Arvidson et al., 2003c). Samples were allowed to 

cure for 24 hours under vacuum prior to use. The mounted sample was then placed into a 

fluid flow cell and reactant solution pumped through the cell (200 mL hr-1) for a fixed 

amount of time. The sample mount was then removed from the flow-cell, and the change 

in surface topography subsequently measured in the interferometer. The sample was then 

returned to the flow cell and the process repeated. The change in mean surface height 

over time gives the rate of reaction. Rates were measured in this fashion at total 

manganese concentrations from 0 to 2.0xl0-6 molal for a total of 16 hours (DIC-free) and 

20-24 hours (DIC-buffered). Rates of overall surface-normal retreat were reproducible 

within a factor of two. 

Calcite (1 04) Surface 

In the following results and discussion sections, we shall characterize steps on 

calcite (104) according to convention and refer to symmetry distinctions between 
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nonequivalent [ 48 T] or [ 441 ] step pairs by denoting with ( +) versus (-) subscripts (i.e., 

[48l]+, [441]+ and [48l]-, [441]-). Specifically, positive ([48l]+, [441]+) step 

edges form an obtuse angle with the surface, whereas negative ([48l]-, [441]-) step 

edges are acute with respect to the (104) surface. These crystallographic differences 

produce an anisotropic distribution of velocities between ( +) versus (-) steps, observed 

under both growth and dissolution (Hillner et al., 1992). In pure water, the velocity ratio 

of(+) to(-) steps ranges from 1.5 to 2.3 (Lea et al., 2001). Current work shows this ratio 

is highly sensitive to the ratio of framework ions in solution (Arvidson et al., 2003a), the 

distance from equilibrium (Teng et al., 1999), and the concentration of impurities (Teng 

et al., 1998; Davis et al., 2000; Lea et al., 2001; Vinson and Luttge, 2005; Arvidson et al., 

2006). It has also been shown conclusively that variation in step velocity ratio during 

dissolution produces diagnostic changes in etch pit morphology; velocity distributions 

along a given step can also be related to kink formation and propagation dynamics (Lea 

et al., 2001; Arvidson et al., 2003c, Vinson and Luttge, 2005; Arvidson et al., 2006). We 

shall exploit these relationships by using etch pit morphology as an indicator of the 

relative velocities of ( +) versus (-) steps. 

RESULTS 

All reacted calcite (1 04) surfaces exhibited etch pits of variable distribution; 

development; and morphology, properties that were sensitive to the solution chemistry 

imposed at each experimental condition. Deep etch pits (>50 nm) either terminated at a 

single point or were flat-bottomed (cf Macinnis and Brantley, 1992). These variations 

were also influenced by dissolved carbon (Na2C03/NaHC03 DIC-buffer versus DIC-free 



Table 5.1. 
Results of calcite ( 104) dissolution experiments. Rates of overall dissolution, 

RsNR, and etch pit growth, Retch pit. quantified from VSI measurements. Measured 
temperature and pH are also given (modified from Vinson et al., 2006. 

[Mnhotat pH T ('C) -log1o RsNR -log1o Retch ~it 
Exp (xt0-6 molal) (mol cm"1s"1) (mol cm"1s" ) 

4.4 x10"3 molal Na1C03-NaHC03 Solutions 

1a 0.00 8.79 23.1 11.09 ± 44% 11.16 ± 19% 
1b 0.50 8.77 22.5 11.69 ± 20% 11.96 ± 29% 
1c 1.00 8.85 22.5 12.52 ±47% 11.79 ± 37% 
1d 1.50 8.79 23.4 12.77 ± 26% 13.38 ± 68% 
1e 2.00 8.79 22.8 0 12.85 ± 60% 
2a 0.00 7.79 24.6 10.73 ± 15% n/m 
2d 1.50 7.86 22.7 10.70 ± 21% n/m 

4.4 xl0-3 molal NaCl Solutions 

3a 0 8.77 22.3 10.94 ± 45% n/m 
3b 0.5 8.66 22.4 10.94 ± 61% n/m 
3d 1.5 8.57 22.7 10.55 ± 30% n/m 
3e 2.0 8.70 23.2 10.44 ± 23% n/m 

104 

NaCl solution) and manganese concentration (Figure 5.1 ). Maximum observed etch pit 

depths over the course of all experiments decreased systematically from over 500 nm in 

DIC-free solutions to less that 20 nm in Na2C03/NaHC03 solutions at the highest 

manganese concentration (2.0x 1 o-6 molal). As detailed below, rates of overall 

dissolution (surface-normal retreat rate) and etch pit expansion (with respect to both, 

depth and diameter) were strongly dependent on manganese and DIC concentrations as 

well as pH. No evidence of secondary phase growth was observed in any of our 

experiments. 

DIC - Free Solutions 

The VSI data obtained for DIC-free experiments (4.4x10"3 molal NaCl) show no 

reduction in dissolution rate as a function of manganese concentration (Table 5.1). 

Surprisingly, the surface normal retreat rate at 2.0xi0-6 molal manganese is actually a 

factor of three greater than that observed in manganese-free solutions. Manganese 



B-1.5 24 hrs 

B-2.0 21 hrs 

Figure 5.1. Three-dimensional VSI images of calcite (1 04) etch pits characteristic 
of dissolution at [Mn] = 0.0, 0.5, 1.5, 2.0x1o-6 molal. Images in (A) are 
characteristic of dissolution under DIC-free conditions. Images in (B) are 
characteristic of dissolution at DIC-buffered conditions. These images illustrate 
the variation in dissolution anisotropy between DIC-free and DIC-buffered 
conditions and the influence of added MnC12 at each condition. Arrows in each 
image indicate the direction of obtuse [ 481 ]+ and [ 441 ]+ step retreat. Etch pit 
depths in (A) are >400 nm. Depths in (B) vary from >200 nm to <20 nm, going 
from [Mn] = 0.0 to 2.0 x10-6 molal. Field of view is approximately 160x125 
microns at sox magnification (from Vinson et al., 2006). 
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concentrations ~ 2.0x 1 o-6 molal in DIC-free solutions had no influence on etch pit 

development throughout 16 hours of dissolution, and results are otherwise consistent with 

previous work in manganese-free solutions (e.g., Hillner et al., 1992). All etch pits were 

rhombic in plan view with euhedral comers and faces regardless of size (Figure 5.1A). 

All Etch pits, whose deepest interior point was a well-defined apex (thus resembling an 

inverted pyramid), faces composed of (-) steps were steep compared to gently sloping 

opposed faces of ( +) steps. Apices of pyramidal etch pits were thus always located nearer 

to the [ 48 1 ]-/ [ 441 ]- comer (cf figures 5.1A and 5.2). 

DIG-Buffered Solutions (pH-8.8, 4.5x1 o-3 eq kg-1 Total Alkalinity) 

In contrast to the results in DIC-free solutions, dissolution rates in carbonated 

solutions were strongly reduced by manganese addition, but only at pH >8.5. The rate 

observed in manganese-free solutions at pH --8.8 (10-1
1.

1 ~ol cm-2 s-1
) is in good 

agreement with previous work (Arvidson et al., 2003c; Vinson and Luttge, 2005). 

Dissolution rates measured by surface-normal retreat drop by an order of magnitude 

between 0.5 and 1.5x10-6 molal manganese {Table 5.1 and Figure 5.3). At 2.0x10-6 

molal manganese the dissolution rate is zero within the error of measurement over the 24 

hour time interval. Addition of manganese to DIC-buffered solutions also strongly 

influenced the development of etch pits and other dissolution features even at the lowest 

concentration (0.5 x 10-6 molal). Etch pit morphology contrasts strongly with that 

observed in DIC-free experiments (Figure 5.1), and these differences became more 

pronounced with added manganese. At zero manganese concentration, the deepest point 

(apex) of pyramidal etch pits is located near the pit center (cf Figures 5.1B and 5.2). 

With progressive increase in manganese concentration, the deepest point developed much 
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Figure 5.2. Schematic illustration of the morphology of etch pits as a function of 
the relative velocities v of ( +) and (-) steps. At lower right, in the etch pit forming 
at a single spiral dislocation, v+ dominates over v-, resulting in low angle vicinal 
faces composed of(+) step edges and steep vicinal faces composed of(-) edges. 
At upper left (e.g., under inhibition of(+) steps), v- dominates, transposing the 
deepest point of the inverted asymmetric pyramid, and creating the opposite 
pattern (steep(+) vicinal faces and shallow(-) faces). Ifvelocities are equal, 
interior angle created (f) will be 180°. These relationships (in growth hillocks) are 
discussed in Teng et al. (2004) (from Vinson et al., 2006). 
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Figure 5.3. Rates of(104) overall dissolution, RsNR' versus manganese 
concentration for all experimental runs reported in Table 5.1. Rates are 
quantified from VSI measurements of crystal surface average retreat 
normal to a surface datum for each experimental condition (from 
Vinson et al., 2006). 
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Figure 5.4. Three-dimensional VSI images of etch pit deformation 
over time at [Mn] = I.Ox1o-6 molal, under DIC-buffered conditions. 
Each frame represents the same area of the ( 104) surface at a different 
time step within the experiment. Time interval is noted within each 
frame. White arrows indicate the location of the same etch pit at each 
time interval. Field ofview is approximately 150x120 microns (from 
Vinson et al., 2006). 
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closer to the [ 481 ]+/ (441 ]+ comer (cf DIC-free results above). At manganese 

concentrations ~l.Ox 1 o-6 molal, flat-bottomed etch pits developed shield-like 

morphologies with concave [ 48 T ]+1(441 ]+ sloping faces (Figure 5.4). At manganese 

concentrations ~ 1.5 x 10-6 molal, etch pit nucleation and growth were in effect completely 

arrested, and the only pits observed after 20 hours of reaction were those that formed 

during the initial 6 hours. Figure 5.5 shows a time lapse progression of VSI data 

characteristic of surfaces observed at 2.0x10-6 molal manganese. After 21 hours of 

reaction, only sparse, heterogeneous distributions of severely undersized etch pits 

separated by broad flat terraces were present. Our results are consistent with those of 

previous work (Arvidson et al., 2003c). Subsequent experiments where Mn-free reaction 

of the (104) surface was followed by addition of manganese at 2.0x10-6 molal, 

demonstrated near complete arrest of all surface processes for the total reaction interval 

of9 hrs (Figure 5.6). 

DIC-Buffered Solutions (pH 7.8, 0.5x1 o-3 eq kg-1 Total Alkalinity) 

Our results obtained for DIC-buffered solutions at pH--7.8 more closely resemble 

those found under DIC-free conditions. Rates of surface-normal retreat at 1.5x10-6 molal 

manganese are identical within error to those at zero manganese {Table 5.1). Etch pit 

morphology and growth was also similar to those formed at DIC-free conditions. 

However, the results at pH --7.8 contrast strongly with those observed at DIC-buffered 

pH --8.8 (Figure 5.7). 



6 hrs 

21 hrs 

Figure 5.5. Three-dimensional VSI images of inhibited calcite etch pit 
growth at [Mn] = 2.0 x10-6 molal, under DIC-buffered conditions. 
Each frame represents the same area of the (104) surface at a different 
time step within the experiment. There was no measurable surface 
normal retreat at these conditions. White arrows indicate the location 
of the same two etch pits at each time interval. Field of view is 
approximately 150x120 microns (from Vinson et al., 2006). 
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Figure 5.6. Three-dimensional VSI image sequence of etch pit growth 
inhibition at [Mn]=2.0 x10-6 molal and DIC-buffered conditions. Sequence of 
images collected after 4 hrs of dissolution at Mn-free conditions. At t = 0, 
2.0x10-6 molal Mn was added to solution and dissolution allowed to proceed 
for a total reaction time of 9 hr. Sequence of images illustrate near complete 
inhibition of all resolvable surface processes. Field of view is approximately 
160x 125 microns at SOx magnification. 
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pH 8.8 
Figure 5.7. Three-dimensional VSI images of etch pit growth at 
[Mn]=1.5 x10-6 molal and DIC-buffered conditions after >20 hrs of 
dissolution. The top frame is an etch pit characteristic of dissolution at 
pH--7.8. The bottom frame illustrated etch pits characteristic of 
dissolution at pH--8.8 for the same [Mn]. No inhibition is observed 
under DIC-buffered conditions at pH--7 .8. This is in contrast to the 
strong inhibition observed under DIC-buffered conditions at pH--8.8. 
Field ofview is approximately 160x125 microns at 50x magnification 
(from Vinson et al., 2006). 
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Table 5.2. 
Calculated concentrations of DIC species in solution and saturation 
index (SI) for rhodochrosite (MnC03(s)) based on our experimental 

conditions (modified from Vinson et al., 2006). 
log10 concentration (molal) 

Exp M z+ n (aq) MnC03" MnHC03+ MnOW HzCOJ(tot) Hco3· col· IO.f.to SI 
Rho ochrooite 

1a - - - - -4.90 -2.39 -3.81 -
1b -7.04 -6.40 -8.26 -8.96 -4.90 -2.39 -3.81 -0.09 
1c -6.74 -6.09 -7.96 -8.66 -4.90 -2.39 -3.81 0.21 
1d -6.56 -5.92 -7.78 -8.48 -4.90 -2.39 -3.81 0.38 
1e -6.44 -5.79 -7.66 -8.36 -4.90 -2.39 -3.81 0.51 
2a - - - - -4.90 -3.44 -5.89 -
2d -5.84 -7.29 -8.11 -8.81 -4.90 -3.44 -5.89 -0.988 
3a - - - - -9.35 -6.88 -8.34 -
3b -6.31 -10.19 -12.02 -8.27 -9.35 -6.88 -8.34 -3.89 
3d -5.83 -9.34 -11.15 -7.81 -8.94 -6.49 -7.96 -3.04 
3e -5.71 -9.11 -10.91 -7.69 -8.82 -6.38 -7.86 -2.81 

DISCUSSION 

The purpose in independently varying total dissolved manganese and carbon in 

our experiments was to yield insight into the individual roles of these components (Table 

5.2). In the case of experiments in which C02 was eliminated from the input solution, the 

only source of dissolved carbon would have been from the dissolving mineral itself. This 

contribution is below detection in terms of changes in pH and titration alkalinity: based 

on cell residence time, flow rate, and observed dissolution rate we have estimated DIC 

concentration at ~4xl0-7 molal, under our "DIC-free" conditions. Thus for a given 

manganese concentration, we have measured rates as carbonate ion concentration varied 

from ~ 1 X 1 o-S molal tO ~ 1 X 10-4 molal. 

Our results provide evidence of complex, site-specific inhibition, and can be 

summarized as follows: 
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1) In solutions containing abundant carbonate ion (-O.Ixi0-3 molal and above, 

Table 5.2), introduction of manganese at concentrations as low as 0.5xi0-6 

molal strongly depresses calcite dissolution. At manganese concentrations of 

2.0x 10-6 molal, dissolution is effectively arrested, as the net change in surface 

height is below VSI's limit of vertical resolution (-1 nm) after >20 hours of 

experiment, and nucleation of new etch pits after >6 hours is not observed. 

Based on the progressive change in etch pit morphology (Figure 5.2), this 

reduction in bulk rate is associated with a greater reduction in positive (v+) 

versus (v-) step velocities. 

2) As carbonate ion concentrations are decreased to -10-6 molal, via pH and 

alkalinity reductions, the dissolution rate becomes invariant with respect to 

manganese concentration. 

3) In solutions where carbonate ion concentration is decreased to extremely low 

values (~1 0-6 molal), increasing manganese concentration at the same pH as 

in 1) results in a 3-fold increase in dissolution rate. This enhanced rate is 

associated with an increase in the obtuse (v+) relative to acute (v-) step 

velocities, opposite the pattern observed in 1 ). 

We discuss the probable origin and implications ofthese results below. 

DIC - Free Solutions 

The fact that manganese addition to DIC-free solutions increases dissolution rate 

can be explained by the surface interaction characteristic of cations that form strong 

hydration shells. For example, in their molecular dynamics modeling of calcite crystal 

growth, Kerisit and Parker (2004) observed that divalent cations which form strong bonds 
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with oxygen in solvent water are more likely to form innersphere coordination with the 

oxygens of crystal surface water, thus disrupting diffusion in the surface hydration layer. 

Similarly, de Leeuw et al. (2002) argued that a control on impurity uptake at calcite steps 

reflects "the relative strengths of the interactions between water and impurity ions at the 

surfaces compared to the calcium ions, which will affect the relaxation and hence the 

stability of the surfaces and their affinity for the impurity (cations)." These arguments 

should also apply to dissolution reactions. A key property that mediates the behavior of 

ions in solution is the enthalpy of hydration, /)J/hyd, which is a function of ionic charge 

and effective radius (reff). Mn2\aq) has a reff = 83 pm for 6-fold coordination (Shannon, 

1976), giving rise to a hydration enthalpy /)J/hyd = -1845.6 kJ mol-1 (Phillips and 

Williams, 1965). The /)J/hyd of Mn2+(aq) is -14% greater than that for Ca2\aq) (!)Jfhyd = 

-1592.4 kJ mol-1; Phillips and Williams, 1965). It is thus possible that a consequence of 

manganese adsorption creates a competition for water molecules in the crystal surface 

diffusion layer. The result of this competition would be an effective transfer of water 

away from surface calciums, allowing Mn2\aq) ions to complete their primary hydration 

sphere. Mn2+(aq) has an exchange constant kex ~ 2.15x107 s-1 for water in its primary 

hydration sphere and a measured Mn-OH2 bond length of~ 191 pm (Richens, 1997). By 

comparison, the bond lengths of the Ca2+ca1cite-OH2 are longer and weaker, with a length 

of 237-238 pm (Kerisit and Parker, 2003). In addition, the residence time of a water 

molecule in the Ca2+(aq) primary hydration shell (Ca2+(aq) kex ~ 6.9x108 s-1; Richens, 1997) 

is about an order of magnitude less than that of Mn2+ (aq)· Consistent with the arguments 

of de Leeuw (2002) and Kerisit and Parker (2004), we conclude that Mn2+(aq) out

competes lattice calcium for water molecules at the (104) surface. More precisely, the 
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slow rate with which Mn2+(aq) exchanges water permits it to spend sufficient time on the 

surface (relative to surface diffusion) to destabilize (104) surface water, and ultimately 

enhance dissolution in DIC-free solutions. 

DIC- Buffered Solutions 

An important result of our study is the apparent dependence of dissolution 

inhibition on the presence of carbonate in solution. This dependency of manganese(II) 

inhibition effectiveness on dissolved carbon species is not unexpected and is anticipated 

by our previous work. For example, the addition of strontium (Vinson and Luttge, 2005) 

and magnesium (Arvidson et al., 2006) brings about a far greater reduction in step 

velocities and overall dissolution rate of calcite in the presence of dissolved carbon. 

Dissolved carbon (either as carbonate or bicarbonate) is also a significant inhibitor even 

in the absence of other dissolved cations (including calcium, Lea et al., 2006). Several 

pieces of information are potentially relevant to these observations. For example, the 

works of Sigg and Stumm (1981) and Schindler and Stumm (1987) have shown that the 

magnitudes of surface complex formation constants are correlative with those of the 

corresponding homogeneous system. These relationships have also provided a means of 

characterizing carbonate surface dissolution reactions in a constant capacitance model 

(e.g., Van Cappellen et al., 1993; Pokrovsky and Schott, 2002). Here, we use the 

calculated distribution of electrolyte species in the homogeneous system (HC03 -, CO/-, 

Oir, Mn2+, MnC03°, MnHC03+, and MnOH+), to provide insight to the interaction of 

manganese with the dissolving calcite surface. 

Our results suggest that the metal-carbonate complex plays a significant role in 

inhibition of calcite dissolution. Homogenous speciation calculations using MINTEQA2 
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(Allison et al., 1991) indicate that at pH 8.8, >80% of total dissolved manganese is 

present as MnC03°, with the bulk of the remainder as free Mn2+ (Figure 5.8). At pH 7.8, 

however, MnC03° is reduced to ~4% of total dissolved manganese, with Mn2\aq) 95% by 

comparison. Both MnOH- (<0.3%) and MnHCO/ (~1%) are insignificant under either 

experimental conditions. The distribution of dissolved manganese thus depends strongly 

on the stability of carbonate ion pair. Our calculated Kassoc for MnC03 ° (log Kassoc= 4. 70) 

is 2.5 orders of magnitude greater than that of MnHC03 + (log Kassoc= 1.29). The Kassoc 

values reflect the trends of published Kassoc constants, but vary from those of Langmuir 

(1979) and Nordstrom et al. (1990). Our evidence for the significant role of MnC03° 

stability during inhibition is consistent with recent work by Rouff et al. (2005a, b). Their 

careful batch adsorption and X-ray spectroscopy work demonstrate that Pb(II) adsorption 

to calcite (104) varies with pH, resulting in greater Pb(II) uptake under conditions that 

favored higher PbC03° bulk solution concentrations. Similarly, our data demonstrate 

greater dissolution inhibition under conditions favoring higher bulk MnC03 ° 

concentrations (cf Figures 5.3 and 5.8). 

Furthermore, we argue that the stability of the MnC03 ° complex may be relevant 

to that of the analogous surface complex, which in turn may play a central mechanistic 

role in inhibition. Although surface complexation can provide insight into the likely 

surface species distribution and equilibrium reactions involved, it should be emphasized 

that the theory itself does not account for any site specific kinetic effect. We assume that 

cation and anion surface sites are 1: 1 across the calcite surface. According to the model 

of Van Cappellen et al. (1993), at 7.8spHs8.8 the majority of active surface sites would 

be >C03- and >CaOH2+ having surface concentrations of approximately 10"5 and 10"5·5 
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Figure 5.8. Distribution of aqueous manganese-carbonate species in 
DIC-buffered homogeneous solution versus pH ([Mn] = 1.5 x 10-6 
molal, T=23°C), as modeled by MINTEQA2. Percentage of total (y
axis) is calculated from values given in Table 5.2 Both MnC03°(aq) 
and Mn2+(aq) vary from 0 to 99.9% across the pH range. By contrast, 
MnHC03 + reaches only 1.4% at its maximum and MnOH+ is less than 
0.4% across the pH range given. Also included for comparison is the 
calculated S~hoctochrosite (from Vinson et al., 2006). 
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mol m-2, respectively (Van Cappellen et al., 1993). In terms of manganese interaction 

with the surface, there are six reactions relevant to the distribution of surface complexes 

(Table 5.3). At the moment, there are insufficient data to evaluate these reactions on a 

thermodynamic basis. However, the fact that no change in rate is observed at low 

carbonate ion concentrations despite abundant free Mn2+(aq) suggests that reaction (3) 

does not play a strong mechanistic role in terms of inhibition. Reactions (4)-(6) involve 

stepwise reactions of HC03- with a surface >C032- that has previously complexed with 

Mn2+(aq)· Although the product sites should be stable at a pH >7 (Van Cappellen et al., 

1993), because bicarbonate alone does not appear to exert much inhibition (i.e., at pH 

7.8) regardless of added manganese concentration it seems unlikely that these reactions, 

all of which involve the anion surface site, are important for inhibition. 

We propose that reaction (1) may be mechanistically significant: despite the 

neutral charge on MnC03°, this reaction may be critical because it provides a means of 

surmounting the barrier imposed by dehydration. Formation of the metal carbonate in 

solution would involve loss of at least some water molecules from the first hydration 

shell, and thus a reduction in the energy penalty involved in subsequent surface 

attachment. In this way, carbonate ion may catalyze exchange of innersphere solvent 

water, an avenue not available in reaction (2), for example (Table 5.3). This argument is 

supported by the work of Sternbeck ( 1997), who concluded that dehydration of MnC03 ° 

on >MnHC03° and >MnC03- sites was the rate determining process for rhodochrosite 

growth. Similarly, Terjesen et al. (1961) demonstrated that adsorption ofCu(II) to calcite 

decreased with decreasing solution pH, indicating that Cu(II) adsorbed mainly as 

CuHC03+ or CuC03°. 
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Table 5.3. 
Selected surface complex reactions in the system 
MeC03(s)-H20-C02 in DIC-buffered solutions 

(7 8< H 8 8 I 0 004 T 23° ~pJ < . ' = . = C). ' 
(1) >CaOH2+ + MnC03° = >CaC03Mn+ + H20 

(2) >CaHC03° + Mn2+ = >CaC03Mn• + H+ 

(3) >C03H0 + Mn2• = >C03Mn+ + H+ 

(4) >C03Mn• + HC03- = >C03MnCo3- + H+ 

(5) >C03Mn• + H20 = >C03Mn0H0 + H+ 

(6) >C03MnOH0 + HC03- = >C03MnC03- + H20 

Alternatively, if successive stepwise reactions such as (4)-(6) are indeed 

important, especially at pH ~8.8, the surface would require an induction period of some 

time before adsorption imposed a significant influence on the dissolution process. 

Consistent with this assumption is the expectation that the strength of inhibition would 

increase with reaction time as the surface becomes stabilized. This argument is supported 

by the lack of new etch pit formation after the initial stages of our runs 1 d-1 e at> l.Ox 1 o-6 

molal manganese (Figure 5.5). Our results are analogous to those of Terjesen et al. 

(1961), who found that cation adsorption had an increasingly stronger influence on 

inhibition over time, with little to no influence at the onset of an experiment. They 

concluded that the adsorbed impurity cation increases carbonate ion concentration in the 

diffusion layer thus increasing the rate of the reverse reaction and causing the formation 

of a protective adsorption layer (Terjesen et al., 1961). The protective surface layer 

concept also supports our observations of a cessation in new etch pit nucleation at >6 h 

total reaction time for DIC-buffered runs ld-le (Table 5.1). The lack of defect nucleation 

is important if we consider that surface-normal dissolution occurs through the retreat of 

monolayer steps across the crystal surface (Liang et al., 1996; Lasaga and Luttge, 2001; 
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Vinson and Luttge, 2005). Absence of defect nucleation and lack of etch pit coalescence 

may effectively eliminate new step production. In addition, results indicate that even if 

etch pit coalescence is allowed to occur in the absence of manganese, upon manganese 

addition all steps including the dissolution mechanism (i.e., the rough step; cf also 

Chapter 3) become inhibited (Figure 5.6). Coupled with strong inhibition of etch pit 

growth, this result would lead to the formation of broad, atomically flat, energetically 

stable terraces, thereby eliminating surface-normal retreat and overall dissolution. 

However, we cannot unequivocally reconcile Terjesen and co-worker's (1961) 

concept of a protective surface adsorption layer with the site specific nature of our 

observations. Consistent with recent AFM results (Lea et al., 2001 ), the pattern of etch 

pit morphology indicates that added manganese preferentially inhibits retreat of ( +) 

versus ( -) steps as etch pits develop (Figures 5.1 B and 5.4). While suppression of V+ is 

more obvious at low manganese concentrations, there is also clear evidence that both v+ 

and V- are inhibited based on the appearance of severely undersized pits characteristic of 

higher manganese concentrations (Figure 5.5). Reduced v+ and V- caused by the reverse 

reaction along both (+) and (-) steps might be the essential factor leading to complete 

arrest of overall dissolution. By comparison, complete overall inhibition is not observed 

in other recent divalent cation adsorption studies (i.e., strontium and magnesium) even at 

metal concentrations orders of magnitude above those used here. For example, 

observations of dissolution inhibition by 800x 1 0"6 molal magnesium (Arvidson et al., 

2006) or 250x 1 0"6 molal strontium (Vinson and Luttge, 2005) suggests that their overall 

influence on calcite dissolution is relatively minor compared to that of 2.0 x 1 o·6 molal 

manganese. Modeling has also shown that the affinity of magnesium for the calcite 
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surface is significantly larger than that of strontium (Kerisit and Parker, 2004). 

Acknowledging that manganese also has a strong calcite surface affinity, the extent of 

actual inhibition may reflect a balance between the penalty of dehydration (i.e., Mg2+(aq) > 

M 2+ c 2+ s 2+ ) . • n (aq) >> a (aq) > r (aq) versus the benefit denved from carbonatiOn, regardless of 

whether the metal-oxygen bond involves a lattice oxygen or solution component. In the 

case of manganese, the stability provided by a carbonate bond is greater than that offered 

by hydration, thus chemisorption of manganese is essentially irreversible (Zachara et al., 

1991), but only in the presence of significant dissolved carbonate. The important 

observation here is that irreversible manganese adsorption apparently occurs along both 

( +) and (-) step edges. In contrast, strontium and magnesium adsorption and formation 

of surface carbonate complexes is more selective (i.e., V- is only slightly reduced), 

because hydration is preferential to carbonation at pH~8.8. Inhibition is therefore 

reversible (Arvidson et al., 2006), leading to net bulk dissolution even at high metal 

concentrations. 

CONCLUSIONS 

This study demonstrates that the extent of calcite dissolution inhibition is 

critically dependent on dissolved carbonate concentration and speciation. We suggest 

that this relationship reflects a key mechanistic role of the metal-carbonate complex in 

inhibition. In DIC-buffered bulk solutions, the MnC03 ° complex constitutes a major 

percentage of total dissolved manganese at pH >8.5. We propose that this complex may 

also be important in surface kinetics in terms of reducing the barrier to dehydration and 

surface attachment, thereby providing a pathway to overall dissolution inhibition. At pH 
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<8.5 and DIC-free conditions this pathway is absent, and dehydration (or partial 

dehydration) of Mn2\aq) on the surface does not occur. Eventual molecular dynamics 

simulations may be needed to reconcile the precise mechanism of inhibition. However, 

our qualitative model explains our observations and fits the observed patterns of 

dissolution inhibition presented in other work. Employing a model that directly relates 

the stabilities of homogeneous manganese-carbonate complexes to overall calcite 

dissolution inhibition has allowed us to suggest potentially significant inhibition 

pathways. If correct, this would permit recognition of a systemic behavior of metal 

impurities with respect to the calcite surface, leading to a generalized model for their 

interaction with carbonate minerals and their role in dissolution kinetics. 



Chapter 6. Acidic Dissolution Kinetics of a Rhyolite Volcanic Tuff at Far
From-Equilibrium Conditions and at Silica Saturation 

ABSTRACT 
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The dissolution kinetics of a rhyolite volcanic tuff was studied after reaction under 

continuous-flow at pH 2, 90°C in de-ionized water and in solutions saturated with respect 

to amorphous silica, Si(am)· Direct measurement of overall surface-normal dissolution and 

characterization of important dissolving mineral-crystal and amorphous-crystal phases 

were performed using vertical scanning interferometry (VSI). Through an integrated 

approach also involving microprobe analysis of the unreacted tuff surface and 

quantification of effluent capture, we have found that under pure water flow overall tuff 

dissolution is controlled by devitrified glass and spheroidal glass, releasing dissolved 

components into solution on the order of Si > AI > Na > K total concentration. By 

comparison, under Si(am)-saturated flow (5.5x10"3 molal Na2Si03 solutions), overall tuff 

dissolution is also controlled by glass components, but with an ion release order ofNa > 

Si > AI > K by concentration. The differential ion release order suggests a change in 

mechanism, but data show that this change has little influence on overall VSI surface-

normal retreat rates. Additional atomic force microscopy (AFM) data point to the 

formation of an altered or reprecipitation surface layer, which may be more significant 

under Si(am)-saturated conditions, and may also account for the measured changes in ion 

release into solution. By recognition of the mineral and crystal phases that contribute to 

surface dissolution and ion release rates, the results of this work further ameliorate our 

understanding of how kinetic processes on the rock surface influence geochemical 

thermodynamic phenomena expressed in the bulk solution. 
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INTRODUCTION 

The chemical weathering of silicate minerals is a fundamental geologic process 

that exerts significant control over long-term climate change and element cycling at the 

Earth surface. Silicate rocks make up over 65% of the Earth's upper crust (Blatt and 

Jones, 1975; Taylor and McClellan, 1981). Of this, extrusive volcanic glass (tuff) 

composes approximately 12% of all exposed continental crust (Nesbitt and Young, 

1984). In many locations, volcanic tuff represents the predominant rock through which 

surface and groundwater flow. The physical and chemical character of a volcanic tuff 

varies, depending on the compositions of the parent magma, surrounding country rock, 

energy of eruption, and cooling history (e.g., Lipman, 1965). Rhyolitic tuffs generally 

contain heterogeneous or zoned assemblages of pumice, vitric and silicate phases, and 

silicate mineral crystals, which can all vary in stability (e.g., Marshall, 1961). At far

from-equilibrium conditions, volcanic tuff dissolution will be a function of the structural 

and chemical stabilities of the respective components. Therefore, the rate of release of 

elements to solution should reflect the overall contribution of all dissolving components. 

However, the chemical flux from the tuff to the solution provides little information about 

which particular phase, within the tuff, contributes the most to the dissolution rate and 

thus the release of ions to solution. 

The objective of this work is to directly determine the dissolution kinetics of a 

rhyolitic volcanic tuff by employing flow-through laboratory experiments, and using a 

combination of vertical scanning interferometry (VSI), atomic force microscopy (AFM), 

and chemical analysis of the solid surface and effluent solution. 
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Silicate Crystal Dissolution 

The dissolution of volcanic tuff in laboratory studies has been generally 

approached through a combination of flow-through experiments with powder samples 

and bulk effluent solution analysis (e.g., Karkhansis et al., 1980; White and Claasen, 

1980; Petit et al., 1990; Bischoff and Rosenbauer, 1996; Silber et al., 1999; Oelkers, 

2001; de la Fuente, 2002; Yokoyama and Banfield, 2002; Wolff-Boenisch et al., 2004). 

The breadth of this work has shown that surface-controlled far-from-equilibrium 

dissolution of volcanic tuff occurs through a general pathway similar to that of major 

rock forming silicate minerals (e.g., Chou and Wollast, 1984; Nesbitt et al., 1991; Chen 

and Brantley, 1997; Rufe and Rochella, 1999; Berger et al., 2002; Arvidson et al., 

2003a). Surface-controlled dissolution of volcanic tuffs begins with cation exchange at 

the solid-liquid interface, proceeding to the destruction of silica framework. The 

dissolution or chemical breakdown of the lattice ultimately leads to either the retention of 

ions in an altered (hydrated or leached) surface layer, or ion transfer to the solution. The 

breaking of Si-0-Si bonds would be considered the limiting reaction in the overall 

dissolution process. Therefore, many studies that derive dissolution rates from solution 

chemistry measure the steady-state flux of silica concentration present in bulk effluent. 

These studies have shown that factors such as rock crystallinity, solution pH, 

temperature, and concentration of dissolved inorganic cations can influence silicate and 

volcanic tuff dissolution. For example, a list of dissolution rates compiled by Wolff

Boenisch et al. (2006) illustrates that under similar conditions dissolution rates of natural 

glasses can be significantly higher than those of crystalline silicate minerals. White and 

Claassen (1980) determined that at pH <5 the dissolution of rhyolite glass occurs with the 
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stoichiometric release of ions into solution; but at pH >7, dissolution is not 

stoichiometric, releasing Na ions to solution preferentially. While the sufficiency of 

flow-through results published thus far has revealed many of the factors that control the 

exchange of ions at the solid-solution interface for specific silicate minerals or volcanic 

tuffs in general, it remains poorly known how the explicit mineral and amorphous 

components of a single volcanic tuff surface contribute to the overall dissolution kinetics 

and thus the release of ions to solution. 

Dissolution Kinetics of Silicate Rocks 

Various laboratory techniques which allow the direct measurement of the solid 

surface have unveiled much information into the role that the silicate surface plays in 

dissolution. Recent work, involving VSI and AFM, has demonstrated that the surface

controlled dissolution crystalline silicate minerals occur through the opening of 

crystallographically defined defect etch pits on the crystal surface (e.g., Luttge et al., 

1999; Rufe and Rochella, 1999; Arvidson et al., 2003a; Dove et al., 2005; Luttge, 2005; 

Beig and Luttge, 2006). Imaging techniques have also shown that alteration layers can 

form on the actively dissolving surface in unison with the formation of etch pits (cf Rufe 

and Rochella, 1999). In the case of silicate glass or tuff, however, it is not envisaged that 

the dissolution of the solid surface will proceed in the same manner, given the partially 

amorphous and composite nature of the overall tuff surface. Furthermore, laboratory 

studies have been able to produce evidence of a formed surface alteration or 

reprecipitation layer on dissolved volcanic tuffs and silicate minerals (e.g., Petit et al., 

1990; Yokoyama and Brantley, 2002, de La Fuente et al., 2002; Hellmann et al., 2003). 

The studies have shown that altered layer formation can have an influence on the release 
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rate of cations from the solid into solution. For example, Yokoyama and Banfield (2002) 

used scanning electron microscopy and transmission electron microscopy to show that 

weathering products that formed on the surfaces of rhyolites, dissolving under continuous 

flow-through conditions, had a direct influence on effluent ion concentration. In 

addition, De Ia Fuente et al. (2002) argued that the composition of the tuff, itself, exerts 

overall chemical control of altered layer formation at short time-scales, but as reaction 

times increase solution chemistry exerts more control. Earlier work done by Petit et al. 

(1990), using Ruthorford backscattering and Resonant Nuclear Reaction Analysis, has 

demonstrated that the thickness of formed alteration layers on dissolved silicate glass 

increases with surface defect density and increasing temperature, but decreases with 

increasing sodium concentration in the bulk solution. By comparison, Hellmann et al. 

(2003) reported evidence of reprecipitation layers on dissolved labradorite feldspar. 

Using high-resolution and energy-filtered transmission electron microscopy, they were 

able to demonstrate that the feldspar solid-fluid interface was essentially a "sandwich", 

composed of a thick outer-layer of clays and metal oxy-hydroxides precipitated on top of 

a hydrated silica gel, which forms on the stoichiometrically dissolving mineral surface. 

While it has been established that the formation of a so-called "altered" layer will 

influence the rates of release of ions to solution, the question remains whether this layer 

imparts any diffusion control over an otherwise surface-controlled rate of dissolution; and 

if so will the influence increase over reaction time? 

The specific goals of this study were to: (1) determine the steady-state dissolution 

kinetics of a volcanic tuff through analysis of surface morphology change and direct 

measurement of surface normal dissolution, (2) categorize which of the amorphous or 
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mineral phases outcropping at the tuff surface contribute the most to the overall 

dissolution rate, and (3) identify whether an altered layer if present exerts any diffusion 

control over volcanic tuff dissolution kinetics. We have employed continuous flow

through experiments at pH 2 and 90°C to investigate the dissolution kinetics of a rhyolitic 

volcanic tuff "block" at far-from-equilibrium conditions and at saturation with respect to 

amorphous silica. This study will show that the volcanic tuff surface dissolves in a 

heterogeneous manner, reflecting the chemical and structural components ofthe surface; 

and although the formation of an altered surface layer controls the release of ions into 

solution, relatively little influence is shown in the overall dissolution rate. 

METHODOLOGY 

The volcanic tuffs used in this study were collected from Nye County, Nevada, 

USA. The tuff samples are classified as being 12.8 Main age (Sawyer et al., 1994) and 

representative of the rocks comprising the Topopah Spring Tuff which is the Lower 

Member Paintbrush Group of volcanic rocks. A geochemical investigation performed on 

similar Topopah Spring Tuff collected near the same location has been published by 

Peterman and Cloke (2002). Table 6.1 presents the average geochemistry ofthe Topopah 

Spring Tuff, as reported by Peterman and Cloke. The samples used in this study can be 

generally characterized as phenocryst-poor rhyolite rocks of differential welding and 

compaction composed of mainly pumice shards and glass fragments, which are separated 

by very fine-grained granular material decorated with lithic fragments, secondary phases, 

and groundmass. A more detailed analysis of the composition of the samples used in this 

study will be given in the Results section of this chapter. 
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Sample Preparation 

Hand specimen size samples of the volcanic tuff were divided and cut at random 

into smaller size pieces, which were then mounted in an epoxy resin, then cut down to 

expose an approximately 2cm diameter flat sample surface. Each sample was then 

polished, using a commercially available polish paste, and finally carbon coated. The 

carbon coated sample surfaces were subsequently analyzed at the University of 

Oklahoma, using a Cameca SXSO electron probe micro-analyzer equipped with five 

wavelength-dispersive X-ray spectrometers, and integrated energy-dispersive X-ray 

analyzer. After microprobe analysis, each sample surface was re-polished. The samples 

were then sent to Rice University for experimental work. At Rice Universty, each sample 

was cut into approximately 2cm x2cm x0.3cm flat wafers, and removed from the epoxy 

resin encasement. Finally, the thin wafer samples were mounted on titanium stages, 

using silicone adhesive. The titanium stages would later serve as platforms on which the 

samples would sit during reaction within a continuous flow-through reactor. 

Table 6.1. 
Geochemical analysis of Topopah Spring Tuffs 

(compiled from Peterman and Cloke, 2002). 

Trace Normative Normative 
Oxides wt% Elements ppm Minerals wt% 

Si02 76.29 Rb 186 Quartz 36.40 
Ah03 12.55 Zr 114 Orthoclase 28.55 
FeO 0.14 Ce 85 Albite 29.66 

Fe203 0.97 Ba 53 Anorthite 1.92 
MgO 0.13 La 49 Corundum 0.85 
CaO 0.5 y 33 other 2.62 
Na20 3.52 Sr 26 
K20 4.83 Nb 25 total 100.00 
Ti02 0.11 
MnO 0.07 

total 99.11 
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Experimental Design 

Experimental and vertical scanning interferometry (VSI) work carried out at Rice 

University and reported here has been performed under Pacific Northwest National 

Laboratory (PNNL) Quality Assurance (QA) guidelines supervised and audited by PNNL 

QA authorities. 

All solutions were prepared using 2:18 MO cm-1 de-ionized water (DIW), which 

was adjusted to pH 2.00 ± 0.02 with appropriate amounts of 15.8N nitric acid (HN03) 

purchased from Fisher Scientific. Two separate acid solutions of pH 2 were prepared: a 

pure DIW solution, and a 5.5x10-3 molal sodium meta-silicate (Na2Si03) solution. The 

thermodynamic speciation modeling program, MINTEQ A2 (Allison et al., 1991), was 

used to ensure that the proper amounts of HN03 and Na2Si03 were added to produce a 

pH 2 solution saturated with respect to Si02(am) at a temperature of 90°C. The two 

solutions will be referred to as either "DIW" or "Si-saturated" throughout the remainder 

of the text. It was determined that a solution of pH 2.00 at 23°C would produce a pH 

2.01 solution at 90°C with a Si02(am) saturation index equal to 0.01. Rhyolite tuff 

samples were reacted in either the pH 2 DIW solutions or the pH 2 Si-saturated solutions. 

Total reaction time varied between samples, ranging from 144 hr to 432 hr. Solution 

effluent was collected into 50-1 OOmL sample bottles and pH measured every 24 hrs. The 

effluent samples were then treated with concentrated OPTIMA grade HN03 from Fisher 

Scientific at a ratio of 50J.1.L HN03 for every 1 Og of reactor effluent. Select captured 

effluent samples were subsequently analyzed by Varian VISTA AX inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) for AI, K, Na, and Si content. 
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For the dissolution experiments, we employ a continuous flow-through reactor 

design. The flow-through reactor is composed of a titanium base and clear Plexiglas top. 

The Plexiglas top contains ports for solution input, output, and thermocouple 

emplacement. The inner area of the reactor top contains circular cavities which can be 

used to affix four Masterflex ™ tubing masks. When constructed with sample in place, 

the masks compress to the sample surface creating a protective barrier against reaction 

for the duration of the experiment. This unreacted surface can later be used as a 

"pristine" surface datum against which dissolution, normal to the sample surface, can be 

measured (e.g., Luttge et al., 1999). The assembled reactor has an inner volume of 2.48 

mL, after sample and mount are in place. Rhyolite dissolution experiments were 

conducted under fixed continuous-flow, using a Teledyne Isco syringe pump. The flow 

rate for each experiment was a constant 15 mL hr-1, which resulted in a solution residence 

time of9.92 minutes within the reactor. This flow rate was sufficient enough to maintain 

far-from-equilibrium conditions, within the reactor, and thus ensure surface-controlled 

reaction kinetics. The reactor was kept on a heating plate connected to a temperature 

controller and thermocouple, maintaining a 90.0 ± 0.5°C constant temperature, for the 

duration of experimental runs. The illustration in Figure 6.1 demonstrates the basic 

experimental set-up. Further information regarding the Method can be found in Chapter 

2 or the Appendix of this thesis. 

Rate Quantification and Surface Imaging 

Rhyolite sample surfaces were imaged, using vertical scanning interferometry 

(VSI) both before and after reaction. Surface normal retreat was measured as the average 

height of the reacted rhyolite surface compared to the average height of unreacted pristine 
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Figure 6.1. Schematic of the experimental set-up for volcanic tuff 
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Figure 6.2. Schematic of a dissolved rhyolite surface. Geometry of 
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labeled "Sample area Rand i" represent areas of data collection, and 
!:,.h is the mean height difference between the average heights of areas 
Rand i. Drawing not to scale. 
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surface, within a fixed area of the VSI field of view at lOx magnification. Three 

reacted/pristine areas of fixed dimensions (nominally 158J.1m x 354JJ.m in size = 39,852 

data points) along each of the four surface datums were analyzed, giving 12 separate 

average surface retreat measurements per sample (Figure 6.2). Average surface height 

measurements were quantified using ADE-Phaseshift Map Vue software. Rates of overall 

dissolution were quantified as the average of all surface retreat measurements per sample 

surface. See Chapter 2 of this thesis and Appendix for further explanation of the VSI 

technique. 

Additional images of select rhyolite samples were collected, using a Digital 

Instruments Multimode Nanoscope Ilia atomic force microscope (AFM). Images were 

collected, using ex situ Air Contact Mode at a scan rate of 6Hz (see Chapter 2). AFM 

was used to gain a more detailed understanding of the reacted rhyolite surface 

morphology and to enhance the VSI investigation. Rates of dissolution were not 

quantified with AFM. 

RESULTS AND DISCUSSION 

Microprobe Characterization 

Results of the microprobe work exemplify the heterogeneous nature of crystalline 

mineral and amorphous phases, outcropping at the volcanic tuff surface. The following 

descriptions are taken from the University of Oklahoma's microprobe report, by George 

Morgan, prior to the shipment of the volcanic tuff samples to Rice University. Visual 

inspection and microprobe examination shows that all samples are comprised of 30-40% 

reddish-brown glass shards and collapsed pumice fragments separated by white or gray 
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very-fine grained granular material. Results of microprobe analysis are given in Table 

6.2. Large scale X-ray mapping demonstrates that the surface can be described as 

devitrified K -rich shards separated by intergranular zones of massive silica, and fine

grained regions dominated by Na-Ca-aluminosilicates. Back scatter electron imaging 

highlights that areas of coarser glass shards devitrify into intergrowths of fine-grained 

skeletal to spheroidal material, ternary potassic feldspar and silica (Si02 = 100%). The 

average composition of the devitrified shards nearly matches that of potassic rhyolite, and 

correlates with the geochemical data published by Peterman and Cloke (2002). Glass 

shards are separated by two types of intergranular material: fine grained and porous 

material containing less potassium (K20 = 0. 77%) than that of resistive shards, and 

possible amorphous silica (Si02 = 100%). Composition, fine grain size, and friability of 

the Na-Ca-aluminosilicate zones may suggest the presence of zeolite-group minerals. 

Phenocrysts or xenocrysts (since a distinction is not warranted we will simply 

refer to all as phenocrysts) within the tuff constitute generally small crystal fragments, 

with most ~1 00 - 200J.1m in maximum dimension. An exact volume fraction was not 

determined, but recognizable phenocrysts represent approximately ~1 to 5% volume of 

samples. Phenocrysts outcropping on polished surfaces are dominated by plagioclase that 

may be homogeneous or zoned compositions, ranging from --..An55 in the core to --..An20 at 

the rim. Ternary potassic alkali feldspar comprises the second most abundant mineral, 

with a composition very similar to that produced by devitrification and/or slower post

extrusive crystallization of glass shards. Rounded fragments of quartz have sub-equal 

abundance to alkali feldspar, being discriminated from amorphous silica by an abundance 
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Table 6.2. 
Results of microprobe characterization ofTopopah Spring Tuff performed at the University of Oklahoma. 

Potassic 

Devitrified Devitrified alkali Zoned plagioclase 

Oxide glass spheroid feldspar Plagioclase core rim Biotite Oxide Zircon 

wt% 

Si02 78.30 83.33 66.53 57.47 54.77 64.36 39.92 - 37.56 

Al20 3 11.78 10.27 19.40 27.17 28.65 22.82 12.47 - -

CaO 0.42 0.89 0.65 9.56 11.46 4.23 - - -

N~O 2.10 3.25 3.86 5.52 4.85 7.52 - - -

K20 6.55 0.77 9.56 0.28 0.27 1.07 10.70 - -

Ti02 - - - - - - 5.06 3.41 -

MnO - - - - - - 2.54 2.89 -

MgO - - - - - - 19.55 - -

Zr02 - - - - - - - - 62.44 

FeO - - - - - - 9.76 - -

Fe20 3 0.85 1.49 - - - - - - -

Fe30 4 - - - - - - - 93.70 -

100.0 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0 100.00 
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of desiccation features. Other accessory phases include biotite altering to oxide, Fe-Ti

Mn oxide, and zircon. 

The results of the microprobe characterization constitute a framework upon which 

the following VSI investigation of tuff dissolution kinetics builds. 

VSI Analysis 

Vertical scanning interferometric analysis of reacted volcanic tuffs show that 

dissolution proceeded in a manner reflecting the complex structure of the mineralogy and 

morphology expressed at the sample surface. Dissolution appears to have proceeded in 

approximately the same manner regardless of the input solution composition (i.e., pH 2 

DIW versus pH 2 Si-saturated). In general, a distinct roughening of the reacted tuff 

surface occurred, over time, compared to that of the masked pristine surface. This 

roughening was especially evident on areas of the surface composed of glass shards and 

pumice. Analysis of VSI data revealed an increase in the average surface roughness

factor by factor of -11, for DIW conditions, compared to an increase by a multiple of -5 

for Si-saturated conditions. VSI surface-normal retreat measurements demonstrate that 

although the surface became rougher it did not retreat in a uniform manner as has been 

shown in single-crystal silicate dissolution studies (e.g., Beig and Luttge, 2006). In fact, 

inhomogeneous portions of the surface exhibit no retreat at all, when compared to pristine 

areas. The "unreactive" areas of the tuff surface generally correspond to areas of 

resistive, ordered crystalline material or pure silica phases. In addition, phenocrysts on 

the surface generally showed resistance to dissolution compared to that of the tuff matrix, 

leaving plateaus standing above the dissolved glass and pumice surface. Overall, the tuff 

matrix exhibits a much higher degree of surface roughening and surface-normal retreat 
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than do the phenocrysts. However, phenocrysts do show evidence of dissolution 

reaction. No explicit evidence of a surface alteration layer was observed with VSI. 

The degree of phenocryst dissolution depends on the particular phenocryst and is 

generally much less than that of the tuff matrix. For example, dissolution of alkali 

feldspar progressed through the opening of a large number of etch pits and removal of 

mass along crystal edges and surface cracks (Figure 6.3). By comparison, the more 

subtle dissolution of a zoned plagioclase occurs mainly along grain edges and cracks, 

with the core of the zoned plagioclase surface exhibiting a larger number of etch pits 

compared to the rim (Figure 6.4). The increased dissolution found in the core may be the 

result of structural differences, due to the differential chemical zonation in the lattice. If 

we consider only chemical differences between the core and the rim of the zoned 

plagioclase surface, then the higher concentration of calcium (i.e., reported as CaO in 

Table 6.2) in the core may lead to a higher rate of dissolution for that area of the crystal. 

The dissolution of biotite (100) exposed at the surface proceeded at a much faster rate 

than the surrounding tuff matrix, resulting in substantial local surface retreat (Figure 6.5). 

While the observations of phenocryst dissolution are interesting and worth analysis, 

because phenocrysts comprise such a small area of the total tuff surface, the overall 

dissolution rates measured by VSI reflect the dissolution of the tuff matrix components 

(i.e., devitrified glass, pumice, amorphous silica). 

Although all sample surfaces are heterogeneous with respect to each other, the 

overall dissolution rates obtained for each sample correlate well. Overall rates of rhyolite 

dissolution as determined through VSI measurements of surface-normal retreat are 

presented in Table 6.3 and plotted in Figure 6.6. The overall dissolution rate, Rvsh 
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Figure 6.3. Before and after VSI height maps of an alkali feldspar phenocryst. 
Images represent the polished (A) and reacted (B) surface of the volcanic tuff 
(reacted under pH 2, 90°C DIW flow for 192 hrs). Cross-sections are of both 
pristine and reacted surfaces across lines shown in (A) and (B), scale indicated. 
Dissolution on the feldspar crystal preferential along grain boundary and along 
surface cracks. The surrounding glass matrix has undergone more significant 
dissolution than the phenocryst. Both images collected with VSI at lOx 
magnification. See Table 6.2 for chemical description of alkali feldspar. 
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Figure 6.4. Before and after 3-dimensional VSI images of a zoned plagioclase 
phenocryst. Images represent the polished (A) and reacted (B) surface of the 
volcanic tuff (reacted under pH 2, 90°C DIW flow for 192 hrs). Cross-sections 
are of both pristine and reacted surfaces across lines shown in (A) and (B), 
scale indicated. Dissolution on the phenocryst is preferential within the zoned 
core and along surface cracks. Both images collected with VSI at lOx 
magnification. See Table 6.2 for chemical description of zoned plagioclase. 
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Figure 6.5. Before and after VSI height map of a biotite phenocryst. Images 
represent the polished (A) and reacted (B) surface of the volcanic tuff reacted 
under pH 2 90°C Si-saturated flow for 336 hrs. Cross sections are of both 
pristine and reacted across lines shown in (A) and (B), scale indicated. Biotite 
crystal shows higher dissolution than the surrounding glass matrix. Both 
images collected with VSI at lOx magnification. See Table 6.2 for chemical 
description of biotite. 
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Table 6.3. 
Results of volcanic tuff dissolution experiments. The input solution pH was measured at lab room 

temperature. The overall rate of dissolution, Rvsi' was quantified with Eq. 2.3, using a density of2.28 
g cm·3 and molecular weight of 65 g mol·1 (Jonathan Icenhower personal communication). 

Input solution Solution Reaction Reaction Roughness 

(Na2Si03] pH temperature time Pristine Reacted -JogRVSI 

Experiment (molaJ)xto·3 @-23°C (OC) (hr) (mol cm·2 s·1) 

EXP 1 0 2.008 90.0 ± 0.5 192 1205 2464 11.00 ± 45% 

EXP2 0 2.008 90.0 ± 0.5 288 3073 3142 11.20± 41% 

EXP3 5.5 2.005 90. 0± 0.5 336 1879 2710 11.28 ± 43% 

EXP4 5.5 2.005 90.0 ± 0.5 432 1164 2163 11.43 ± 31% 

EXP6 0 2.007 90.0 ± 0.5 144 1876 2897 10.77± 34% 

EXP7 5.5 2.024 90.0± 0.5 192 nd nd 11.26 ±59% 

nd= not determined 



10r-------------~----~~~~ 
b. EXP 1 

12 

100 200 

... -· - ·- -- - -- - ···' -· -· - - - - -· - -· - I 

+ f 

300 
Time (hr) 

400 

•EXP2 
eEXP3 
eEXP4 
•EXP6 
eEXP7 

+ 

500 

Figure 6.6. VSI tuff dissolution rates derived from surface-normal retreat. 
Rvs1 taken from Table 6.3. 
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correlates across the range of experiments within error, but exhibits a declining trend over 

time by a factor of 4.5 from the shortest pure DIW experiment (EXP 6) to the longest Si

saturated experiment (EXP 4). Although the overall range of Rvs1 constitutes a rather 

large difference, the rate variation is less across each experimental condition. 

Specifically, Rvsi varies by a factor of 2.7 in DIW experiments, and by a factor of 1.5 in 

the Si-saturated experiments. While the VSI derived rates represent highly reproducible 

values, the rate variation at a specific condition should reflect the heterogeneous nature of 

the dissolved phases at the rhyolite tuff surface. The rate variation may also reflect 

surface heterogeneity differences along mask boundaries and between samples, which 

would be expressed in the surface-normal retreat measurement. Interestingly, there 

seems to be an apparent time dependent decline in Rvs1 for the DIW experiments. Based 

on this time dependent nature of the data trend the following possibilities should be 

considered: (1) an inability in achieving steady-state dissolution over the short-term 

experiments, which would lead to a higher surface-normal retreat rate for short-term 

experiments; and (2) time dependent formation of surface hydration or reprecipitation 

layers on reacted surfaces, which can then either decrease the rate of dissolution, or 

reduce the overall change in height between the pristine surface datum and the dissolved 

surface. 

Steady-State Tuff Dissolution 

If steady-state had not been reached in the experiments, then evidence should be 

expressed in either the VSI or effluent chemistry data. At this point, the possibility that 

steady-state may not have been established in the short-term experiments which led to 

differences in Rvs1 over time is investigated. Initially, it was assumed that surface 
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roughness should continue to increase with increased reaction time. Results of previous 

experiments on silicate minerals have shown that surface area will increase with 

increased reaction time. For example, Chen and Brantley (1997) found that albite 

mineral surface area increases with reaction time and the increase in surface area 

becomes greater as solution pH decreases. In addition, Yokoyama and Banfield (2002) 

were able to determine that, during rhyolite dissolution, pore water fully infiltrates into 

the highly porous tuff surface. They also found that once infiltrated into the permeable 

pore space, pore water can freely interact with the bulk solution, thus allowing 

dissolution below the surface. It was assumed that in our study the high degree of pore 

water infiltration below the surface would continue to increase the surface roughness over 

time. Specifically, as surface roughness increases the surface area will increase, thereby 

allowing a greater mass transfer into the solution (White and Claassen, 1980). However, 

direct analysis of VSI surface roughness data point to the establishment of a steady-state 

surface roughness. This idea is in part supported by measured steady-state effluent 

chemistry (discussed below). Results suggest that a surface roughness steady-state is 

achieved after an initial surface roughening event probably related to the excess of 

surface energy and higher rates at the onset of dissolution. The presence of an abundance 

of high energy sites at the onset of our experiments can be explained in part by sample 

preparation techniques. Because all of sample surfaces used in this study were cut and 

polished prior to reaction, surface defects and energy were imparted to the surface of the 

tuff. These defects give rise to increased surface free-energy and a thus higher reaction 

rate until excess energy has been reduced to a steady-state (cf Lasaga and Luttge, 2004; 

Luttge, 2005). We theorize that at some point soon after dissolution has begun the 
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average distance between surface "peaks" and "valleys" (i.e., surface roughness) reaches 

a maximum amplitude controlled by the volcanic tuff surface. The early-on 

establishment of steady-state surface roughness should therefore not have any influence 

on the overall rate across the time-scales of our experiments. However, surfaces reacted 

under DIW flow exhibit a greater degree of average surface roughness than do samples 

reacted under Si-saturated flow (Table 6.3). So, it appears that solution chemistry may 

impart some influence on surface processes. 

Tuff Dissolution Effluent Chemistry 

Experimental results show that input solution composition has an affect on 

surface roughness, but only a minor influence on the rate of VSI overall dissolution 

(Table 6.3). Reactor effluent concentrations show that changes in input solution 

chemistry has a definite control on ion release from the surface to solution. Figure 6. 7 

demonstrates that pH increases to a steady-state with reaction time, reflecting 

consumption of hydrogen ion, H+, during dissolution. Hydrogen uptake during volcanic 

tuff dissolution is consistent with the results of previous work (e.g., White and Claassen, 

1980; Petit et al., 1990; Silber et al., 1999; de la Fuente et al., 2002). A detailed 

examination of the data plotted in Figure 6.7 shows a rapid uptake ofH+ from the system, 

occurring over the first 24 hours of reaction, under both the DIW and Si-saturated 

experiments. This initial rapid hydrogen uptake may be the result of W consumption at 

an increased number of high energy sites on the volcanic tuff surface present at the onset 

of the experiment. Indeed, after this initial rapid H+ uptake, the system reaches a steady

state with respect to hydrogen ion consumption and a linear trend in the data persists. 

However, Figure 6.7 demonstrates that the uptake of hydrogen is greater under DIW 
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Table 6.4. 
Results of effl t h 1 · uen c emtca analysts. 

Sample 
Effluent concentration (mol L"1) x 10-4 
[Si] [AI] [Na] [K] 

EXP 1 DIW 
1.0 0.000 0.000 0.000 0.000 
1.1 1.396 0.460 0.257 0.324 
1.2 2.504 0.912 0.421 0.346 
1.3 2.728 0.966 1.184 0.429 
1.4 2.923 1.073 0.587 0.499 
1.5 2.947 1.070 0.440 0.352 
1.6 3.228 1.159 0.493 0.440 
1.7 3.876 1.418 0.643 0.518 
1.8 2.633 0.927 0.383 0.390 

EXP 3 Si-saturated 
3.0 55.415 0.058 119.926 0.233 
3.1 74.488 0.395 162.661 0.466 
3.2 57.759 0.334 124.810 0.401 
3.3 52.549 0.330 113.390 0.380 
3.4 51.314 0.331 110.167 0.454 
3.5 53.810 0.380 115.188 0.369 
3.6 54.570 0.389 117.045 0.464 
3.7 55.178 0.410 118.147 0.389 
3.8 67.807 0.497 145.166 0.597 
3.9 62.631 0.468 134.747 0.444 
3.10 43.326 0.315 92.591 0.331 
3.11 59.083 0.473 126.713 0.457 
3.12 53.494 0.407 112.895 0.460 
3.13 63.164 0.503 132.980 0.442 
1.14 49.807 0.391 105.740 0.342 

experimental conditions, suggesting that input solution chemistry influences hydrogen 

ion consumption and therefore dissolution. 

Under DIW flow, ion release follows a Si > AI > Na > K trend, whereas under Si-

saturated flow, ion release follows aNa> Si >AI> K trend (i.e., given as percent of total 

and after correction accounting for increased input ion concentration at Si-saturated 

conditions). Results of effluent analysis are presented in Table 6.4. Effluent 

concentrations of silica and sodium show a similar progression to steady-state through the 
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course of reaction (Figure 6.8). We can compare W uptake (Figure 6.7) and Na release 

at both experimental conditions. An explanation for the higher uptake of hydrogen in the 

DIW experiments compared to the Si-saturated experiments might be accounted for by 

the increase of Na in the input solution. De la Fuente (2002) posited that solutions with 

higher Na concentrations could compete more affectively for ion exchange sites on the 

tuff surface, thereby resulting in fewer W ions consumed during reaction. Plots of 

aluminum and potassium effluent concentration illustrate that DIW conditions promote 

AI release whereas Si-saturated conditions stabilize the release of AI (Figure 6.9). 

Specifically, AI release does not appear to achieve steady-state under DIW conditions 

(Figure 6.9B). By comparison, K release seems unaffected by changes in input solution 

concentration. Our results seem to indicate a changing dissolution pathway with a 

change in input solution. We hypothesize that, under DIW water flow conditions, 

hydrogen attack liberates AI and to some extend Na ions from the surface and into 

solution. In contrast, Si-saturated flow limits the release of AI ions, but promotes the 

release of Na ions. This argument contrasts with the results of Petit et al. (1990) who 

showed that increases in input sodium concentration (i.e., added NaCl in their case) 

lowered the concentration gradient at the solid-solution interface and reduced the release 

of sodium. The build up of an altered surface phase may account for the differential ion 

release flux, although no altered layer was observed with VSI. Nevertheless, under our 

experimental conditions the pathway change does not appear to reflect changes in Si-0 

bond destruction mechanism, and has relatively little influence on the release of K into 

solution. It is possible to conclude that, when compared to VSI results, our chemical 
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Figure 6.8. Results of ICP-AES effluent chemical analysis. 
Concentrations of sodium, [Na], and silica, [Si], are shown for DIW 
EXP 1 (A) and Si-saturated EXP 3 (B). Data have a measurement error 
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eftl.uent data does not demonstrate significant evidence that there has been a change in 

the dominant dissolving surface phase affecting the surface rate or the release rates. 

Rate-Determining Dissolution 

VSI results of overall dissolution plus ion release data present good evidence of 

the phases most likely contributing to the overall dissolution of the volcanic tuff surface. 

Based on dissolved volcanic tuff morphology change, effluent chemistry, and microprobe 

analysis (Table 6.2), it has been determined that the devitrified and spheroidal glass 

contribute the most to the dissolution kinetics under all experimental conditions, with the 

more porous and amorphous areas most susceptible to chemical dissolution. In addition, 

effiuent data indicate a possible plagioclase-phase influence based on the higher 

concentrations of Na in effluent compared to the amount of Na measured in the surface 

glass phases. This result may be coincidence, however, as VSI data show slow 

plagioclase dissolution. In addition, there is no effluent Ca data to support this 

hypothesis. Nevertheless, all phases including phenocrysts and pure silica phases 

contribute kinetically to some extent. For example, biotite appears to dissolve quite 

rapidly compared to other phases in the area (Figure 6.5). This relatively high dissolution 

rate would contribute ions such as Fe, Mg, Mn, and Ca into solution. The fact that the 

tuff samples are phenocryst poor has a likely influence on the relative contributions 

determined here. Nevertheless, data from the DIW experiments indicate a release of ions 

into solution that correlates fairly well with chemical analyses of the solid sample (Tables 

6.1 and 6.2). The effluent captured from Si-saturated experiments produces an ion 

release order, with the exception of Al, indicative of the relative composition of 

groundwater measured at Yucca Mountain (i.e., Na > Si > K > Al; Ogard and Kerrisk, 
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1984; Yang et al., 1998; Browning et al., 2003). Specific ambiguities found between our 

two experimental conditions, such as differences in surface roughening and a shift in 

relative effluent concentrations, suggest the participation of an alteration or 

reprecipitation layer formation during rhyolite tuff dissolution. 

Altered Surface or Reprecipitation Layer Formation 

It is interesting to consider that formation of an altered layer on the surface of 

dissolving volcanic tuffs may influence the overall rate of dissolution. The VSI data of 

this far-from-equilibrium investigation demonstrated no evidence of leached or hydrated 

layer formation on any of the reacted surfaces. However, effluent chemical data raise 

questions, regarding ion flux differences between the two experimental conditions. To 

investigate the formation of an altered layer, additional imaging of reacted tuff surfaces 

was performed with AFM, using Air Contact Mode. These images are shown in Figure 

6.1 0. At the AFM scale of measurement, analysis of reacted tuff surfaces demonstrated 

three general textures: (1) botryoidal or globular masses; (2) sheeting by small sub

rounded flat particles; and (3) broad flat areas of stacked sheets. The globular or 

botryoidal masses were found in the glass matrix of the reacted surface, based on 

morphology and relative hardness we assume these areas represent amorphous silica 

(Figures 6.10A-B). No discemable surface alteration or secondary surface phases were 

apparent at these areas. All other areas chosen on the surface exhibited what was 

determined to be secondary precipitation (Figure 6.10C-D), and surface alteration 

(Figures 6.10E-F). The area of secondary precipitation was found on a phenocryst 

assumed to be felsdpathic. Based on morphology and texture the reprecipitation layer 

appears to be clay-like in origin. Figures 6.10C-D illustrate the small sheet-like discs, 
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Figure 6.10. 



Figure 6.10. AFM images of dissolved volcanic tuff surfaces reacted 
at pH 2 and 90°C. Images A and B (inset) are of a tuff surface reacted 
under DIW flow for 96 hr, showing botryoidal or globular masses on 
the tuff surface without an altered layer. Images C and D (inset) are 
also a DIW reacted tuff, illustrating a surface reprecipitation phase 
composed of small stacked claylike discs. Images E and F (3-d 
perspective of E) are of a tuff reacted in Si-saturated conditions and 
demonstrate surface reprecipitation or a surface alteration phase. 
Scales are indicated on images. 
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measuring -1 micron in diameter. Finally, a tuff reacted under Si-saturated conditions 

exhibits a surface alteration phase within the saccharoidal glass matrix which appears to 

be claylike in origin. A layered surface is evident, but individual grains are not 

discemable (Figures 6.1 OE-F). Although, this layered surface could be evidence of a 

multi-layered reprecipitation "sandwich" (Hellmann et al., 2003), AFM did not resolve 

differential reprecipitation textures within a single field of view. 

Given that these phases were found on both the tuffs reacted under DIW and Si

saturated flow conditions, it does not seem likely that the formation of these phases had a 

strong influence on the VSI derived rate. Consistent with DIW experiment effluent 

analysis presented here, Hellmann and co-workers' (2003) work on feldspar dissolution 

under acidic DIW flow demonstrated that release of ions from the reprecipitation-covered 

solid surface should be stoichiometric. Addition, BET measurements of altered feldspar 

by Casey et al. ( 1989) showed that a silica rich altered layer should be highly porous. 

However, a reduction of Rvs1 over the range of our experiments indicates that secondary 

phase precipitation may have an increasing influence on the dissolution rate as reaction 

time increases. Yokoyama and Banfield (2002) were able to determine an increase in 

thickness over time of alteration and hydration layers on chemically weathered rhyolites, 

suggesting an increase in diffusion control with time. If this theory is correct, then a 

continual reduction in surface roughness should be observed. We do observe a decrease 

in the roughness of tuff samples reacted in Si-saturated solutions compared to those 

reacted in DIW; this surface morphology difference may be accounted for by an 

increased formation of an altered or reprecipitation layer. Although, the overall change 

in surface roughness does not appear to be time dependent. Also, altered layer thickness 
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and surface distribution could not be determined with the methods used in this study. 

The steady-state nature of our solution chemistry does not indicate a decrease of ion 

release over time, pointing to steady-state alteration layer development, which should not 

affect the overall dissolution rate differently over time (cf Doremus, 1983; Lasaga, 

1984). Over much longer reaction times, however, this may not be the case for Si

saturated conditions. Results of thermodynamic modeling calculations by MINTEQA2 

showed that in addition to oversaturation with respect to Si(am) our 5.5xl0"3 molal 

NazSi03 solutions were also oversaturated with respect quartz, cristobalite and 

chalcedony. If the release of silica from the surface is being taken up by an alteration 

layer or secondary precipitation phase in the Si-saturated experiments, as suggested by 

AFM and effluent chemistry; then it might reflect a change in the surface-controlled 

regime exemplified by the DIW experiments and VSI derived rates. Therefore, under Si

saturated conditions, a VSI interpretation would argue for surface-controlled dissolution 

rates, whereas a case could be made for diffusion-controlled rates if AFM data and 

effluent chemistry is additionally considered. 

SUMMARY and CONCLUSIONS 

In this paper, we have shown that rhyolite volcanic tuff dissolution proceeds 

through the heterogeneous retreat of the surface. Through an integrated approach 

combining VSI, microprobe, bulk chemistry, and AFM, this work presents a detailed 

analysis of tuff dissolution kinetics and demonstrates how mineralogy and structure 

influence dissolution rate. Though all phases generally appear to participate in the 

dissolution process, the overall dissolution rate reflects the chemical destruction of the 
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poorly ordered devitrified and spheroidal glass phases of the tuff surface, rather than the 

mineral crystal or pure silica phases. Using VSI measurements for rate quantification of 

dissolution on a composite rock surface has shown great reproducibility in this study, 

given the heterogeneity of each tuff sample surface. While the dissolution of tuffs at 

90°C and pH 2 produce a VSI derived rate that varies with input solution chemistry, this 

variation is relatively minor. Effluent hydrogen concentration confirms steady-state tuff 

dissolution consumes more W under DIW flow conditions than at Si-saturated 

conditions. The steady-state flux of Si, Al and Na from the surface appears to be 

particularly sensitive to input solution chemistry or may possibly reflect the involvement 

of reprecipitation or alteration phases present on the surface. Over the time scales of our 

experiments, the affect imparted by observed surface reprecipitation or alteration phases 

appears to govern steady-state ion release into solution, rather than VSI rates of overall 

dissolution. Although laboratory conditions may be a simple example of what is 

generally found under natural conditions, the results of this paper reflect the specific 

components and processes that can be found in natural environments. Therefore, these 

results should be accounted for when constructing dissolution models or determining 

dissolution rates in natural settings. 



161 

Chapter 7. Interferometric Study of Uraninite Monolith Dissolution Kinetics 
in the Presence of Dissolved Inorganic Carbon 

ABSTRACT 

The results of this study produce a potential maximum rate for uraninite, U02, monolith 

dissolution, RminVSI ~ 1.4x10"15 ± 0.2x10-15 mol cm·2 s·1. Using vertical scanning 

interferometry (VSI) and flow-through experiments at pH 8.5, 30°C we have shown that 

overall retreat of the monolith surface is less than the error of measurement within a fixed 

time interval of 240 hours. Although the VSI dissolution rate is slow under both pure 

water and 5 x 1 o·3 molal added carbonate conditions, monolith surfaces appear to react 

more vigorously at grain boundaries and surface defects. These processes, however, have 

no resolvable influence on overall surface-normal retreat, but may influence the rate of 

uranium release. This is demonstrated by differences in the bulk uranium (U) release 

rates measured under carbonate-free conditions compared to those of C02-buffered 

conditions. Effluent chemical data show a tendency to steady-state U release under COr 

buffered conditions, whereas steady-state is not achieved under carbonate-free flow, thus 

supporting a change in dissolution mechanism. 
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INTRODUCTION 

The mobilization of radionuclides from the dissolution of uraninite (U02) within 

natural ore deposits and spent nuclear fuel waste packages will be largely dependent on 

the nature of competing dissolution and precipitation reactions that define the mineral

solution interface. Competing reactions at this interface can act to limit the rates of U02 

dissolution, thereby influencing whether the release of uranium into the environment 

becomes surface controlled or transport controlled. Under conditions that favor surface 

controlled dissolution kinetics, the morphology ofthe uo2 crystal surface is predicted to 

play a significant role in determining the overall rates of mass-transfer and release of ions 

into surface and ground water. Therefore, understanding the three-dimensional nature of 

the dissolving uo2 surface, over time, is fundamental for understanding the kinetic 

effects it imposes on overall dissolution rates and the release of uranium into solution. 

This study presents a new approach for analysis of U02 surface dissolution 

kinetics, which utilizes vertical scanning interferometry (VSI). Interferometry allows for 

both characterization of the reacted three-dimensional surface and the direct measurement 

of the overall mineral dissolution rate. The specific objective of our experimental study 

is to examine the surface of a U02 aggregate, or "monolith", in an effort to better 

understand how the dissolution kinetics of this uo2 monolith compares to what has been 

reported for natural uo2 powders. 

Uraninite Dissolution Kinetics 

The uo2 dissolution mechanism can be described by a senes of three basic 

processes: 1) surface oxidation of U4+ lattice ions to U6+; 2) binding of HC03- to U6+ 

surface sites; and 3) detachment of U6+-carbonate complexes (e.g., Grandstaff, 1976; 
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Shoesmith et al., 1989; Casas et al., 1994; Torrero et al., 1996; De Pablo et al., 1999; 

Pierce et al., 2005). Although still under debate, the rate-controlling process for U02 

dissolution is hypothesized to be either the charge transfer to the surface to form U6+ at 

reactive surface sites; or the detachment of U6+ from the surface by complexation. In 

addition, the rate determining mechanism can shift as a function of pH, dissolved C02 

(i.e., carbonate concentration in solution), p02, and temperature (e.g., Grandstaff, 1976; 

Torrero et al., 1996; De Pablo, et al., 1999). In total, these external factors either promote 

or suppress U02 surface site availability for oxidation, or facilitate the formation or 

removal of oxidized uol+ surface complexes. For example, Torrero et al. (1997) were 

able to demonstrate that in the acidic pH regime, surface limited U4+ oxidation exerts 

control on the H+ promoted dissolution rate. The effect of carbonate (i.e., col· or 

HCOJ) on U02 dissolution rates at ambient pressures and equilibrium pH reflects the 

strong complexation of this ion with U022+. The principal influence of carbonate species 

facilitates the removal of corrosion products from the U02 surface, thereby allowing 

continued surface oxidation (Shoesmith et al., 2000 and references therein). In C02-

buffered solutions, co/-IHC03- act to increase U02 solubility by facilitating the removal 

of oxidized ions from the mineral surface. The majority of information about U02 

dissolution has been derived from flow-through bulk powder experiments and surface 

probe data (i.e., Ruthorford backscattering spectroscopy, X-ray photoelectron 

spectroscopy, and nuclear magnetic resonance). While such studies can resolve much 

information regarding kinetics, surface phases, and surface bonding environments, the 

surface morphology of the U02 crystal itself holds much of the information related to 
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surface kinetic control of dissolution (compare e.g., Lasaga and Luttge, 2004a-b; Vinson 

and Luttge, 2005). 

Uraninite Monolith Dissolution 

Uraninite (OU2(cr)) is the primary matrix component of commercial nuclear fuel 

(natural or enriched; Shoesmith, 2000). For this reason, numerous dissolution studies 

have used U02(cr) as a natural analogue for spent nuclear fuel (e.g., Bruno et al., 1998; 

Casas et al., 1994; Amme et al., 2005; Gimenez et al., 2005; Pierce et al., 2005). The 

majority of these studies have used flow-through bulk powder experiments to derive uo2 

dissolution rates. However, a bulk powder may not be a good analogue for solid nuclear 

fuel forms commonly dealt with in the energy industry or stored within nuclear 

repositories. Nuclear fuel is produced from U02 powders sintered into a ceramic-like 

material at 1700°C under a reducing atmosphere (Shoesmith et al., 2000 and references 

therein). This type of aggregate should more closely approximate a single solid surface 

rather than a collection of grains or powders. Theoretical and experimental work in other 

mineral systems have raised concerns regarding the comparisons of dissolution kinetics 

of powders with those of single crystals (e.g., Dove et al., 1996; Arvidson et al., 2003a, c; 

Luttge et al., 2003; Luttge, 2005; Beig and Luttge, 2006). These studies reflect the idea 

that differences exist in the distribution of surface reactivity between single crystals and 

powders. For example, in powder dissolution studies it can be assumed that, over long 

reaction time intervals, the many reacting surfaces of the mineral powders will adopt a 

similar surface morphology that averages out over time and thus produce a steady-state 

rate (e.g., Luttge, 2005). In the case of single crystal dissolution, however, it is 

questionable whether the surface will ever reach a steady state (e.g., Macinnis and 
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Brantley, 1992; Arvidson et al., 2003 b). It remains to be seen if the dissolution kinetics 

of a single-composite sample surface can be more adequately described in terms of 

steady-state or in terms of single crystal dissolution. The results of two recent U02 

monolith dissolution studies illustrate inherent issues. For example, data published by 

Pierce et al. (2005) reported U02 monolith dissolution needed 42 days to reach a bulk 

steady-state rate. However, in a comparable study Gimenez et al. (2005) showed that 

after 120 days of U02 monolith dissolution, a bulk steady-state rate was never reached. 

In addition, these previous monolith studies ( cf also Amme et al., 2005) have used rate 

calculations based on monolith geometric surface area to quantify the steady-state rate of 

dissolution. Conceptual work has cautioned that a geometric surface area underestimates 

that area of surface available for reaction and therefore can lead to erroneous rate 

calculations (e.g., Luttge et al., 2003; Luttge, 2005). Given these initial ambiguities, the 

fact that the U02 monolith is a composite of many individual surfaces might actually 

provide the ideal properties for a more robust correlation of mineral surface derived rates 

to bulk steady-state rates. Also, because the dissolution kinetics of a powder may not 

give a realistic picture of the kinetics at the nuclear fuel solid-solution interface, our goal 

here is to analyze the kinetics of a U02 sample surface which more closely approximates 

that of solid nuclear fuel or spent nuclear fuel. Additionally, we evaluate if U02 

monolith dissolution kinetics reflects that of a single crystal or that of bulk powder. 

Finally, it is of particular interest and a first step forward to answer the question if an 

aggregate monolith surface will produce surface-normal retreat as a consequence of the 

dissolution process. 
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In an.. effort to approach this problem, we have devised a series of laboratory 

experiments that enables us to directly view the uo2 monolith surface after dissolution in 

alkaline solutions and at ambient temperatures. We use this U02 monolith as an 

analogue, approximating the surface of commercial nuclear fuel. These experiments 

have been designed to produce evidence of (overall) uo2 surface dissolution, under 

continuous flow conditions in the presence and absence of dissolved inorganic carbon. 

Previous VSI studies in other mineral systems have demonstrated that highly 

reproducible overall surface dissolution rates can be quantified directly from single 

crystal minerals and rock-composite crystal surfaces (i.e., Luttge et al., 2003; Beig and 

Luttge, 2005; Vinson and Luttge, 2005; Arvidson et al., 2006; cf also Chapter 6 of this 

Thesis). This report marks the first attempt at the VSI measurement of overall surface 

dissolution on a synthesized aggregate monolith surface. 

METHODS 

All work in this study was conducted under quality assurance conditions (QA) 

supervised and audited by Pacific Northwest National Labs (PNNL) QA authorities. 

The uranium dioxide monoliths used in this study were similar to those used by 

Pierce et al. (2005) and prepared in a similar way to those used in their work. The 

samples were prepared at Pacific Northwest National Laboratories using commercially 

available uranium(IV) dioxide crystalline powder, with an average particle diameter of 

<74 J.tm. The powder was pressed into 1.12cm x 0.51cm discs at a pressure of 1.91 MPa, 

yielding samples, averaging 5.15 g with densities of 10.47 g cm-3• This density is 96% of 

the theoretical U02 density of 10.96 g cm"3 (Pierce et al., 2005). Taking into account 
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sample mass, the calculated average geometric surface area of the monolith is Ageo = 

3.74x104 m2. After production, monoliths were calcined in a furnace at approximately 

900°C in a reducing atmosphere to remove any surface oxidation. Prior to reaction, 

portions of the monolith surface were masked, using a commercially available silicone 

resin, to create a pristine surface datum (see below and also Chapter 2). The monoliths 

were then stored in an inert N2 gas atmosphere until reacted. 

Dissolution experiments were carried out at Pacific Northwest National 

Laboratories. Uranium dioxide monoliths were reacted at 30°C, under continuous flow of 

pH 8.5 (measured at 25°C) solutions that consisted of either de-ionized water with zero 

added carbonate (referred to here as carbonate-free) or C02-buffered 5.0x10"3 molal 

sodium bicarbonate (NaHC03) solvent. Ionic strength in all experiments was adjusted to 

0.1 molal with addition ofNaCl. Experiments were doubled for each concentration. All 

solutions were allowed to reach equilibrium with atmospheric C02 before adjustment 

with appropriate amounts of NaOH or HN03 to yield a pH 8.5 at 30°C. The pH was 

measured at 25°C and calculated for the 30°C conditions inside the reactor; using 

MINTEQA2 (Allison et al., 1991). A calculated pH 8.47 at 25°C was sufficient to yield 

pH 8.50 at 30°C. Flow rate was adjusted to maintain pH 8.5 throughout experiment 

duration. 

U02 monoliths were reacted in a single-pass flow-through reactor (SPFTR), at a 

flow rate of ~100 mL d"1 for 16.2 days (388.8 hours). The SPFTR used here was the 

same as that used in Pierce et al. (2005). The reader is directed to that work for details, 

regarding SPFTR experimental apparatus. Reactor effluent solution was captured at 

approximately 24 hr intervals and analyzed for total uranium concentration at PNNL 
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usmg Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Bulk rates of 

dissolution were quantified using the following equation: 

(7.1) 

where Cu is the effluent uranium concentration, Cub is the background uramum 

concentration, Q is the flow rate, UFw is the formula weight of uranium.. As is the 

geometric surface area, and ru is the rate of bulk uranium release into solution recorded 

After reaction, the U02 monoliths were transferred to Rice University; surface 

masks were removed and dissolution of the reacted surface was characterized in the 

following manner. We have used vertical scanning interferometry (MicroXAM ADE-

Phaseshift) with lOx and SOx Mirau objectives with both white and green light sources to 

quantify and characterize U02 dissolution kinetics. By using a narrow band of green 

light (SSO nm ± 20 nm), VSI enables both the quantification of subnanometer-scale 

surface processes and the characterization of subnanometer to millimeter-scale changes in 

surface morphologies over time (e.g., Luttge et al., 1999; Arvidson et al., 2003a-c; Luttge 

et al., 2003; Vinson and Luttge, 200S; Arvidson et al., 2006; Beig and Luttge, 2006). The 

instrument is capable of resolving height differences of 0.07 nm to 4 microns with green 

light and <2 nm to 100 microns with white light. A SOx magnification achieves a lateral 

resolution of ~O.S J.lm (using a data pixel density of 740x480 and a field of view of 164 

J.lm xl24J.lm). At lOx magnification the field of view becomes 809 J.lm x612 J.lm, with a 

pixel density of 740x480. The lateral resolution is, therefore, a function of the objective 

magnification. Each pixel represents the mean height of the mineral surface within that 

area of pixel. Data capture, in combination with MapVue software (ADE-Phaseshift) 
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capabilities, generates a detailed statistical analysis of surface height variation across the 

740x480 pixel field (i.e., >3.55x105 data points). Mineral surface reaction processes that 

have been quantified and characterized with VSI include surface normal dissolution (e.g., 

Arvidson et al., 2006), etch pit growth (e.g., Luttge et al., 2003), secondary phase 

precipitation (e.g., Vinson and Luttge, 2005), growth hillock development (e.g., Arvidson 

et al. 2003b), and surface roughness (cf Chapter 6 and Fischer and Luttge, 2006 In 

press). The reader is directed to Chapter 2 and the Appendix of this thesis for methods 

regarding VSI surface measurement and the governing equations. 

RESULTS and DISCUSSION 

After 16 days of dissolution, U02 monolith surfaces were imaged by VSI and 

both reacted and unreacted surfaces were characterized. Figure 7.1 demonstrates the 

unreacted U02 monolith surface as imaged by VSI. Both reacted and unreacted surfaces 

are characteristically hummocky and generally defined by gently rolling "hills" and 

"valleys" averaging approximately 1 J.Lm in relief change. A further detailed inspection 

of the monolith surface shows that individual crystal surfaces are resolvable, and grain 

boundaries are clearly visible, as well (Figure 7.1 ). In addition, pitting can be seen on all 

surfaces. The overall effect can be described as being a collection of mottled irregular 

surfaces that appear sutured together. With respect to the experimental conditions, 

surfaces reacted in both the C02-buffered and carbonate-free solutions exhibit similar 

characteristics (cf Figures 7.2 and 7.3). The figures epitomize the homogeneous nature 

of the U02 composite surface. The sutured character of the surface appears to represent 

the curvilinear boundaries at grain edges and other surface cracks. While the original 



Figure 7.1. VSI height map images of an unreacted U02 monolith 
surface. The dark spot in the upper image is a small amount of masking 
residue on the surface. Inset height map demonstrates the homogeneous 
surface morphology, including sutures and grain boundaries 
characteristic of the aggregate surface (dimensions indicated). Data 
collected at SOx magnification. 
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grain sizes of the starting uo2 powder averaged <74JJ.m in diameter, the individual 

surfaces between the sutures range from 1 0-30JJ.m in maximum dimension. Some of the 

surface cracks may be desiccation-like cracking related to the dissolution process. In 

general, these cracks protrude away from the sample surface. Similar, although much 

more significant, desiccation cracking of U02 monoliths reacted in H20 2 solutions have 

been reported by Amme et al. (2002). The more subtle evidence of cracking produced in 

our experiments can be seen in Figures 7.2 and 7.3 insets. Based on morphology the 

cracking does not appear to be the result of secondary phase formation, although some 

evidence of secondary phase precipitation is observed. 

The mottled nature of the reacted surface appears to be a result of minute 

inhomogeneously distributed spots of oxidation product deposition, or secondary phase 

formation on the surface. In general, the spotting can be found at sutured grain 

boundaries, cracks, and pitting; although it does not appear to be related to the 

desiccation cracks noted earlier. Where present, the spotting represents a minute portion 

of exposed surface; comprising a fraction of the larger exposed individual grain faces. 

The oxidation product was observed on all reacted surfaces. These mottled areas can be 

seen in the insets of Figures 7.2 and 7.3 and appear much rougher than other areas of the 

surface. With the exception of this oxidation spotting, reacted surfaces exhibit a lack of 

any other resolvable secondary precipitation phases on both the carbonate-free and C02-

buffered solution reacted surfaces. MINTEQA2 calculations of bulk homogeneous 

complex stability at our experimental conditions show that although U02(C03)3 4- was a 

significant dissolved complex of total tf+ in C02-buffered solutions, all of our conditions 

were well below saturation for any uranium-carbonate secondary precipitation phases. 



Figure 7 .2. VSI height map images of U02 monolith surface reacted at 
5xl0-3 molal NaHC03 concentration. Inset is a three-dimensional 
representation of the reacted surface, illustrating the presence of various 
surface features , such as pitting (arrow), dissolution along grain boundaries, 
and possible surface oxidation product (circle). Data collected at 50x 
magnification. 
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Figure 7.3. VSI image of U02 monolith surface reacted at carbonate-free 
conditions. Inset is a three-dimensional VSI image which highlights various 
surface features, such as pitting (arrow), dissolution along grain boundaries, and 
possible surface oxidation product (circle). Data collected at 50x magnification. 
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Though, our calculations did show that all reacted solutions were saturated with respect 

to schoepite, a uranyl oxyhydroxide phase. The surface spotting therefore might 

represent a limited precipitation of this phase. Strong surface carbonate complexation 

has been shown to be a mechanism of surface oxidation removal (e.g., de Pablo et al., 

1996). However, we found no significant differences in the amount of oxidation product 

present on carbonate-free reacted surfaces versus those reacted in COrbuffered solutions. 

Based on the minor scattering of spots, it does not appear that this phase created a 

diffusion barrier to dissolution. 

Finally, VSI imaging reveals that the monolith surfaces contain numerous 

inhomogeneously distributed pits (Figure 7.4). On average, surface pits measure 

approximately 5-10 J..lm in diameter by 1-2 J..lm deep (Figure 7 .5). Both reacted and 

pristine areas of monoliths reacted in carbonate-free and C02-bufferd solutions exhibit 

the pitting, thereby highlighting that the pitting most probably represents damage 

incurred during sample preparation (i.e., caused by pressing or high-temperature 

calcining processes). Although these pits represent defects due to damage, by definition 

they should correspond to areas where preferential dissolution would occur. Indeed, 

some pits seem to correspond to areas where oxidation spots have formed, thus indicating 

sites of preferential oxidation (Figures 7.2 and 7 .3). The pitting here is consistent with 

the observations of Gimenez et al. (2005), who measured the dissolution at high energy 

defect sites on U02 monolith surfaces. An attempt was made to determine an average 

rate of pit growth for a number of individual pits, taking a statistical measure of pit size 

for both reacted and unreacted pits. However, our methods yielded no clear results, due 



Pristine 

Figure 7 .4. Pitting on the U02 monolith surface. Images show pitting 
representative of the (A) unreacted pristine surface and (B) the surface reacted at 
5xl0-3 molal NaHC03 concentration. Both images obtained at lOx magnification. 
Lines drawn represent cross-section transects shown in Figure 7.5. 
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Figure 7.5. Cross section lines following transects given in Figure 7 .4. Lines of 
cross-section demonstrate pit dimensions characteristic of both the pristine (A) and 
reacted (B) U02 monolith surface. 
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to the large variability of pit s1ze on both the pristine and reacted portions of the 

monolith. 

Measurements of surface-normal retreat were performed by taking a sampling of 

data along the pristine/reacted boundary for both carbonate-free and 5x10"3 molal HC03-

reacted monoliths. Both white light and green light VSI measurements showed no clear 

indications of surface-normal dissolution. Statistical analysis of reacted surface versus 

pristine surface data by MapVue software also showed no evidence of surface normal 

dissolution. Due to an incompatibility of green light with the roughness of the monolith 

surface that caused data dropout, we had to rely on white light for the majority of surface 

statistical measurements. However, both green light and white light at 50x magnification 

showed differences in surface roughness between reacted and pristine areas, though, not 

in all cases. Additional statistical analysis of surface roughness over broader areas of the 

surface (i.e., 1 Ox magnification, white light) on reacted versus pristine monolith further 

demonstrated that the amount of surface roughness change and surface-normal retreat 

was below the resolvable vertical and lateral VSI measurement limit. Since no 

significant accumulation of a secondary phase was resolvable at any experimental 

condition (other than the previously mentioned areas of spotting, which added essentially 

zero surface height increase), we have assumed that secondary precipitation did not cause 

reacted surfaces to advance relative to the surface datum. This result is supported by X

ray diffraction characterization and scanning force microscopy measurements of reacted 

U02 discs by Gimenez et al. (2005), who were able to show that 97 days of dissolution at 

25°C in 1 x 10-4 molal HC03- solutions did not result in formation of secondary 

precipitation phase or significant changes in surface roughness, under continuous flow 
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conditions. We conclude from our results that the overall rate of dissolution should be 

less than or equal to that which can be derived from the 2-0.07 nm maximum resolution 

ofVSI. 

U02 Dissolution Rate Limit 

Based on the resolution of the VSI instrument, a maximum limit for the rate of 

U02 dissolution can be quantified. Because our surface measurements have accounted 

for both white and green light resolution, we assume that in this case a value of 0.1 nm is 

the absolute minimum amount of surface-normal retreat detectible by VSI. Given that no 

surface-normal retreat was resolvable (i.e., with white or green light) under any of our 

experimental conditions, the actual dissolution rate would therefore need to be less than 

or at best equal to a rate given by this limit of surface-normal retreat. An upper rate limit 

for uo2 dissolution can be arrived at by employing equations (2.1) and (2.2), where ll.h = 

0.1 nm (i.e., surface-normal retreat detectable limit) and the molar volume, V = 25.81 

cm3 mor1• The upper rate limit for U02 dissolution is then, Rerr = 2.8x10"16 ± 1.9x10-16 

mol cm-2 s-1• Again, this value does not represent necessarily the actual dissolution rate 

but represents the lowest rate that would conceivably be detectable with VSI. However, 

as stated, Rerr is nearly equal to the measurement error itself. Also, because U02 

monolith surfaces are not atomically flat planes, a 0.1 nm change in amplitude due to 

dissolution may be obscured by the ~ 1 f..Lm surface roughness amplitude. Taking the 

surface roughness into consideration, we arrive at an upper rate limit a factor of five 

greater than the calculated error of measurement, RminVSI;::::; 1.4x 1 0"15 ± 0.2x 10"15 mol cm"2 

s"1. With the "roughness corrected" RminVSJ, we should be able to discern a uo2 
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dissolution rate, leaving ample room to offset measurement error. Therefore, the rate in 

our study should be less than RminVSI· 

A comparison of our rate limit, Rm;nvs1, can be made to the rates listed in Table 

7.1. However, here we assume RminVSI more closely applies to U02 dissolution in C02-

bufferd solutions of millimolar concentrations. It has been shown in previous work that 

U02 dissolution rates vary significantly as a function of HC03- concentrations ::;10-2 

molal (e.g., Grandstaff, 1976; De Pablo, 1999; Gimenez, 2005). From this previous work 

and our bulk rate data (see below) we expect that dissolution rates should be higher in 

C02-buffered solutions than in carbonate-free solutions. Table 7.1 exemplifies that 

RminVSI is lower than other rates measured at ~10-3 molal HC03-. Although slower, VSI 

rates have shown to be consistent and reproducible within a factor of three in a number of 

different mineral systems (e.g., Vinson and Luttge; Vinson et al. 2006; Vinson et al., cf 

Chapter 6). A low VSI measured dissolution rate, as compared to bulk steady-state rates 

measured for powders, has been shown to exist in several mineral systems, including 

carbonates and silicates (e.g., Arvidson et al., 2003a, c; Luttge et al., 2003). We therefore 

have high confidence that the overall dissolution rate should be less than the derived 

RminVSI· Quantification of steady-state U release rates in this study highlight challenges in 

correlating surface derived rates to those determined from bulk steady-state. 

U02 Steady-State Dissolution 

Uranium effluent data exhibit differences in the release rates of uranium under our 

experimental carbonate-free conditions as opposed to C02-buffered conditions. 

Dissolution rates quantified from uranium release for both experimental conditions are 

shown in Table 7.2 and Figure 7.6. This figure also illustrates that under carbonate-free 



Table 7.1. 

Published U02 dissolution rates. Rates reflect dissolution at ambient partial 
pressures and low temperature in the presence of dissolved inorganic 

carbon. 

T [HC03-) pO:z Rate 
('C) pH (mol L"1) (%) (mol cm"1 s"1) Citation 
23 8.3 4x 10"3 20 1.6x 10-14 Grandstaff et al. (1976) 

23 8.3 1 x 1 o-3 20 4.3 x 1 o-15 Grandstaff et al. (1976) 

23 9.9 2x 10·3 20 8.7x10--15 Gray et al. (1992) 

25 8.3 1 x 1 o-3 20 4x 1 0"15 De Pablo et al. (1999) 

45 8.1 1 x w-3 20 8.3x 1 0"15 De Pablo et al. (1999) 

30 8 1 x10"3 20 1 X 10-14 Pierce et al. (2005) 

25 8.1 0.1 X 10"3 21 1.2x10-14 Gimenez et al. (2005) 

25 8.1 0.1 x 1 o-3 21 1.1 x 1 o-15 Gimenez et al. (2005) 
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conditions dissolution never reached a steady-state. By comparison, under 5 x 1 o·3 molal 

HC03 · solution flow dissolution achieved a higher steady-state rate of~ 1.6x 1 o·13 mol em· 

2 s·1 by the 8th day of the experiment. These results suggest a surface influence imparted 

by the presence of DIC (i.e., HC03- or col·) in solution. We speculate that under 

carbonate-free conditions the U release rate is unable to reach steady-state during the 

time frame of our experiments because of oxidation limited dissolution at the surface. 

However, under C02-buffered conditions, uranium-carbonate complexation at the surface 

facilitates the release of U ions to solution and also stabilizes U ion release, thus 

achieving steady-state. Previous U02 dissolution experiments have suggested that U03 

xH20 surface phases forming under carbonate-free conditions limit U release into 

solution and may reduce the bulk rate (Casas et al., 1994; Torrero et al., 1997; Pierce et 

al., 2005). By comparison, other work by de Pablo et al. (1996), Gimenez et al. (2005), 

and Pierce et al. (2005) has shown that under C02-buffered conditions and alkaline pH, 

that rapid removal of uol+ ions by strong carbonate complexation prevents these surface 
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Figure 7.6. Bulk rates of uranium release over time (Table 7.2). Rates quantified 
from ICP-MS data collected at PNNL, normalizing to Ageo using Eg. 7.1. The 
carbonate-free ru has a calculated error of 29%, whereas the C02-bufferd ru has a 
calculated error of 19% (error bars not shown). Uranium release rates under C02-

buffered conditions attain steady-state by day 10. Release rates under carbonate
free conditions do not attain steady-state over the time-scale of our experiments. 
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Table 7.2. 
Results ofU02 dissolution. Given are the measured effluent U concentration 

' [U]r, and rates quantified from Eq. 7.1. 

Effluent Effluent Average 
Time pH Temperature Q [U]r Q [U]r -log ru 
(d) ec) (L d"1) (ug 1"1) (L d"1) (ug 1"1) (mol cm·2 s"1) 

O.ONaHC03 

Run O.a Run O.b 
0 - - - 0.040 - 0.036 -

1.13 8.5 30 0.092 3.60 0.120 7.16 14.11 ±29% 
2.05 8.5 30 0.100 8.00 0.114 9.99 13.85 ± 29% 
4.95 8.5 30 0.098 10.19 0.103 11.78 13.79 ± 29% 
6.17 8.5 30 0.088 12.68 0.110 11.47 13.76± 29% 
7.20 8.5 30 0.041 27.72 0.050 31.43 13.70 ± 29% 
9.25 8.5 30 0.108 20.36 0.138 15.80 13.49 ± 29% 
12.08 8.5 30 0.104 26.52 0.105 20.09 13.45 ±29% 
13.92 8.5 30 0.110 38.05 0.139 32.26 13.19±29% 
15.27 8.5 30 0.052 51.63 0.064 55.20 13.34 ± 29% 
16.20 8.5 30 0.111 72.04 0.135 55.40 12.94±29% 

5.0x 1 0"3 molal NaHC03 

Run 5.c Run 5.d 

0 - - - 2.5 - 0.311 -
1.13 8.5 30 0.104 66.69 0.114 62.17 12.98 ± 19% 
2.05 8.5 30 0.105 94.10 0.114 87.62 12.84 ± 19% 
4.95 8.5 30 0.027 159.42 0.028 175.18 13.17 ± 19% 
6.17 8.5 30 0.026 571.39 0.033 616.43 12.60 ± 19% 
7.20 8.5 30 0.115 228.47 0.139 170.58 12.43 ± 19% 
9.25 8.5 30 0.114 104.53 0.139 95.03 12.73 ± 19% 
12.08 8.5 30 0.104 44.94 0.104 98.13 12.99 ± 19% 
13.92 8.5 30 0.115 103.73 0.140 97.41 12.73 ± 19% 
15.27 8.5 30 0.115 104.92 0.139 100.64 12.72 ± 19% 
16.20 8.5 30 0.112 102.61 0.137 95.53 12.74 ± 19% 

phases from forming, thus facilitating a higher U release rate and producing a greater 

bulk dissolution rate. Taking into account both sets of experimental results, we conclude 

that U02 monolith dissolution can achieve steady-state over the short time scales of our 

experiments, but this requires the strong complexation of carbonate to facilitate the 
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mobilization of VOl+ from the solid surface. A direct comparison of the bulk rates 

sho\Vll in Figure 7.6 to surface derived Rm;nvs1 is not straight forward, however. 

Analysis of bulk uranium effluent concentration demonstrates a discrepancy 

between the surface derived VSI rate limit, RminVSI::::: 1.4x10-15 ± 0.2x10-15 mol cm-2 s-1 

and the bulk steady-state dissolution rate of ru = 1.9x 1 o-13 ± 0.4x 1 o-13 mol cm-2 s-1. The 

steady-state ru is greater than Rm;nvs1 by over an order of magnitude. This large 

discrepancy may be the result of an under estimation of surface area in the bulk rate 

calculation (Eq. 7.1). Here a surface area estimated by the geometric surface area was 

used. Luttge (2005) argues that in the case of surface area normalization the use of 

geometric surface area may produce an overestimation of the dissolution rate constant 

when compared to rate constants extracted from total surface areas. However, total 

surface area measurement by BET methods is problematic because the monolith has a 

low surface area to volume ratio. To counter this, previous monolith studies have used a 

geometric surface area approximation with varying degrees of success (e.g., Amme et al. 

2005; Gimenez et al., 2005; Pierce et al., 2005). For example, Gimenez et al. (2005) 

presented results of uo2 surface normal dissolution, under 0.1 X 1 o-3 molal HC03- flow, 

that were measured ex situ with scanning force microscopy. They reported a surface 

derived rate an order of magnitude different than the rate quantified from uranium 

release. By Gimenez and co-workers' O\Vll admission, the rate discrepancy may have 

resulted from a rate quantification calculated from only 6 reported surface data points, 

which were assumed to represent fast reaction at high-energy sites. By comparison, our 

method (interferometry) makes >3.5x105 simultaneous surface height measurements, 

which would encompass numerous locations of "fast" dissolution (i.e., high energy = 
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more retreat) and vast expanses of "slow" dissolution (i.e., low energy = less retreat). 

Although dynamic during reaction, the ratio of high to low-energy surface sites should be 

assumed to be less than unity for slow-dissolving minerals (e.g., Luttge, 2005). The VSI 

evaluation of f).h would therefore be a function of the surface site ratio, and thus produce 

a slower rate, as evinced by RminVSI· The rate measured by VSI should therefore represent 

a truer estimation of the global dissolution rate than a bulk rate normalized to geometric 

surface area, although both derivations of the rate would be a function of the surface 

reactivity. In this case, surface reactivity which appears to be concentrated at grain 

boundaries. 

This investigation demonstrates that a correlation of surface derived rates with 

those of bulk steady-state ion release requires a better estimation of surface reactivity. 

Although quantification of surface energy distribution is not possible here, we can still 

determine how RminVSI and ru are related using a surface area normalization approach. 

Surface derived rates and bulk derived rates both measure the volume of mass transfer 

from the surface to solution. In addition, we assume the concentration of U in the bulk 

solution and the amount surface dissolution should be proportional. It has already been 

shown that VSI can measure large portions of the surface in great detail, and quantify 

overall dissolution rates with high reproducibility (see earlier references). Our results 

evince that an estimation of surface area based on the geometric surface area is a poor 

approach in this case. From the rate limit and a C02-buffered bulk steady-state U 

concentration of -0.42x10"6 molal, we can quantify an approximate surface area of 

-0.044 m2 available for dissolution. This surface area is greater than the geometric and 

less than a total BET surface area, thus demonstrating that RmsnVSI should be a good rate 
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approximation. Although our surface area approximation doe not give insight into the 

reactivity of the surface, it does fall in line with what should be expected in relation to 

geometric surface area and total surface area, according to the Luttge (2005) model. 

Finally, a connection of the VSI rate limit with the bulk steady-state rate indicates an 

internal surface area (in addition to dissolution along grain boundaries) might contribute 

ions to solution, and would thus have no influence on surface normal dissolution. 

CONCLUSIONS 

The mam conclusion of this work is that for a given set of experimental 

conditions the rate of U02 monolith dissolution measured directly from overall surface 

retreat should be lower than rates reported by previous bulk powder dissolution 

investigations. Considering the homogeneous nature of the U02 aggregate monolith 

surface, results from interferometry measurements have demonstrated that surface 

dissolution can be quantified and characterized with high precision. We were able to 

demonstrate U02 dissolution achieves steady-state under C02-buffered conditions but not 

at carbonate-free conditions. From the overall results, we ascertain that U02 monolith 

dissolution kinetics reflect preferential dissolution at the grain boundaries of exposed 

crystal faces. In this case, it appears that under C02-buffered conditions dissolution 

proceeds by what should be expected for a powder. As has been the case for other 

mineral systems, valid comparisons of uo2 bulk derived steady-state rates to rates 

derived from surface measurements are problematic because of an inability to estimate 

surface reactivity. Our calculation of an upper limit from VSI measurements for the rate 

of uo2 monolith dissolution may be important with respect to spent nuclear fuel storage 
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and the release of radionuclides into the environment. The next step in U02 monolith 

research will be to establish how the uo2 dissolution mechanism(s) influence the 

microscopic distribution of rates across the monolith surface, and thereby control the rate 

of overall dissolution and release of ions into solution. 
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Chapter 8. Overall Summary and Thesis Conclusions 

GENERAL REMARKS 

This thesis synthesizes a clearer understanding of mineral-water interactions 

through an integrated approach designed to examine dissolution kinetics from multiple 

perspectives. The use of laboratory experiments and analytical techniques, combining 

vertical scanning interferometry, atomic force microscopy, steady-state bulk chemistry, 

and models of dissolution permit the determination of mechanisms and the evaluation of 

kinetics across spatial and temporal scales. Specifically, this methodology has provided 

a framework to connect the rate-determining processes on the three-dimensional crystal 

surface with phenomena defined at larger scales, such as overall dissolution and bulk 

steady-state rates. In this respect, VSI serves as a consistent and powerful tool through 

which kinetics can be analyzed and quantified. The following paragraphs restate the 

major results and the possible implications of the work presented in this thesis. 

CALCITE DISSOLUTION KINETICS 

In the case of calcite dissolution, the combined use of VSI and AFM have 

established the rate-determining mechanism for far-from-equilibrium overall calcite (1 04) 

crystal dissolution, and the influence that divalent cation adsorption has on the 

dissolution kinetics and the dissolution mechanism. Results demonstrate that the retreat 

of monomolecular rough step edges control the overall dissolution of the (104) crystal 

surface. Uniting experimental results, with the stepwave and periodic bond chain models, 

reveals that etch pit coalescence creates a step direction composed of a high density of 
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kink sites held by weak bonds that move vicinal to the facetted [ 441 ] and [ 48 T] step 

directions. This rough step or stepwave retreat lowers the entire surface layer by layer. 

The presence of carbonate in solution has a major influence on impurity adsorption and 

dissolution inhibition. It is shown that in C02-buffered solutions at pH ~8.8 (23°C) both 

Mn(II) and Sr adsorption passivate surface processes, but Mn(II) has a far more dramatic 

inhibitory influence on step retreat and overall dissolution rates. By comparison, Mg 

adsorption activates defect nucleation, but has an inhibitory influence on obtuse step 

retreat and overall dissolution. The differential influence that Sr, Mn, and Mg have on 

calcite (104) dissolution kinetics appears to stem from the ability of each cation to 

complex with the carbonate anion, and the level of stability produced once a metal

carbonate complex is formed. The stability arises from the advantage gained by 

homogeneous complex formation versus the penalty of cation dehydration. We 

hypothesize that these factors also influence surface adsorption and strength of inhibition. 

In the case of Mn2+, the strength of inhibition is the result of the high MnC03° stability 

versus a lower penalty for dehydration. In the case of Mg2+, the high penalty of 

dehydration is not offset by the stability of MgC03 ° complex formation, thus resulting in 

surface activation and mild inhibition. 

The significance of the calcite-impurity work demonstrates that dissolution 

kinetics can be understood by an approach that can connect kinetic processes over a range 

of length- and time-scales. If we expand our scope to include a broader range of cations, 

then we should be able to determine how these cations will interact with the calcite 

surface, according to their physiochemical properties and homogeneous complex 

stabilities. In the broader case of carbonate minerals, once the rate controlling process 
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has been identified and the kinetics defined, the strength of interaction of an impurity 

cation with crystal surface should be able to be understood in a systematic way. Though 

mineral-impurity-water interactions in natural carbonate systems may be complex, the 

recognition of key processes and mechanisms presented in this thesis should be 

considered when evaluating natural processes or remediation techniques directly related 

to carbonate dissolution and impurity contaminant uptake and release. 

RHYOLITE TUFF DISSOLUTION KINETICS 

Combining VSI measurements with chemical analysis of the tuff surface and 

reaction effluent, has shown that rhyolite tuff dissolution kinetics reflect the 

heterogeneous nature of the crystalline phases at the solid-solution interface. Although 

the release of ions to solution reflects the dissolution of all phases at the tuff surface, it is 

primarily the spheroidal and devitrified glass phases that control the overall dissolution 

rate. Through analysis of reactor effluent, results indicate that tuff dissolution proceeds 

'at steady-state after an initial high rate of dissolution at the onset of reaction. Under de

ionized water flow at pH 2 and 90°C, the steady-state release of ions follows a Si > Al > 

Na > K order of element release by concentration. In contrast, dissolution under Sicam)

saturated flow (at pH 2, 90°C) produces a change in steady-state ion release and a 

reduction in hydrogen consumption. The differences between experimental conditions 

may be attributable to the formation of an altered surface phase (identified through AFM 

analysis) that may have a more significant affect at Si-saturated conditions and an 

increasing influence over time. However, neither the change in ion release nor the 

formation of an altered surface phase has a significant influence on the overall dissolution 
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rate determined by VSI. This rate remains essentially constant (within error) across 

experimental conditions. 

Although the rhyolite tuff experiments presented in this thesis represent 

dissolution in simple systems, the kinetics and mechanisms acting at the solid-solution 

interface should also be relevant in natural settings. In many locations natural glass is the 

predominant rock through which groundwater flows. In addition, the location of where 

this study's tuff samples were collected (i.e., Yucca Mountain, Nevada) may eventually 

be used as a spent nuclear fuel repository. Considering that ambient temperatures 

adjacent to spent nuclear fuel storage containers will be close to 100°C for many years 

(e.g., Buscheck et al., 2003), substantiate that results presented in this thesis could have 

direct application to those systems. For example, our results demonstrate steady-state 

rhyolite dissolution rates in the range of 10"11 mol cm-2 s-1 at both far-from-equilibrium 

and near equilibrium with respect to Sicam)· Although this rate and steady-state is 

dependent on many factors, including a continuously wetted rock surface, it suggests that 

the rate of tuff dissolution may not be dependent on the chemistry of groundwaters. 

However, the formation of altered surface layers should have a greater importance under 

conditions where the surface undergoes wetting and drying cycles. The fact that our 

effluent chemistry data are consistent with the relative distributions of cations found in 

natural groundwaters evince that dissolution of similar vitrified and devitrified glass 

phases contribute the majority of ions released in rhyolite tuff dominated landscapes. 
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UOz DISSOLUTION KINETICS 

The far-from-equilibrium dissolution kinetics of the U02 monolith at 30°C and 

pH ~8.5 exhibit a change in mechanism that corresponds to the addition of 5x10"3 molal 

NaHC03. This result has been determined from U effluent data. Under C02-buffered 

conditions, U02 monolith dissolution proceeds in a steady-state manner. By comparison, 

carbonate-free dissolution conditions do not reach steady-state over the time-scale of our 

experiments. Consistent with other published work, this new data suggests a change in 

the uranium release mechanism. The results of the present study demonstrate that the 

change in mechanism affects steady-state dissolution. We hypothesize that strong 

complexation ofUOl+ with col· or HC03-, facilitating the removal of uranium from the 

surface, helps establish the steady-state dissolution at C02-buffered conditions. This 

mechanism is partially supported by VSI observations of the reacted U02 monolith 

surface. However, surface-normal dissolution was below the resolution of both green

light and white-light over the >388 hr total reaction interval. Based on the VSI resolution 

a maximum rate limit, ~1.4x10"15 ± 0.2xl0"15 mol cm·2 s·1 has been determined for 

overall U02 monolith dissolution ofU02. When normalized to surface area, a connection 

of the VSI rate limit with the bulk steady-state rate indicates a participation of internal 

surface area or a preferential dissolution along grain boundaries. Although dissolution at 

these areas contributes ions to solution, surface normal dissolution is near zero. 

Used as an analogue for solid nuclear fuel, U02 monolith dissolution exhibits 

characteristics that may be more akin to a powder than a solid geometric surface. 

However, recent studies including this one have attempted to normalize the bulk U

release rate with respect to a geometric surface area. It should be assumed that the 
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concentration of uranium in effluent solution represents a real measurement of ion flux. 

In addition, the overall dissolution of the crystal surface should constitute a real 

measurement of volume loss related to that flux. Surface area normalization serves as a 

way to equate these two measurements. Considering recent theoretical and experimental 

treatments of dissolution kinetics, it would appear that surface area normalization (either 

total or geometric) may not be an adequate normalization parameter, especially in this 

case. Given the implications of analogue studies such as this one, underestimation or 

overestimation of the solid nuclear fuel "analogue" dissolution rate could influence time

scale determinations by orders of magnitude. Finally, if the reactivity of the solid 

influences dissolution kinetics, then it would appear that more work needs to be done in 

order to fully understand the role of surface reactivity. 
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Appendix 

The sections below provide technical information on the experimental Methods 

used in this thesis. In addition, the Vertical Scanning Interferometry (VSD technique 

used in the overall approach is described in more technical detail than that presented in 

Chapter 2. While some dissolution kinetic theory will be alluded to, this Appendix 

serves a procedural guideline for crystal dissolution in the laboratory. Some portions of 

the following text have been reproduced from Luttge et al. (1999). 

Vertical Scanning Interferometry 

Optical interferometry techniques can be used to create contour maps of surfaces 

and also quantify time elapsed changes in surface morphology. Surface height data are 

obtained by VSI through measurement of light path length difference. Figure 2.1 

(Chapter 2) and Figure A.l show the general idea of the technique. In Figure 2.1, white 

light is emitted from a conventional light source. One of the beams travels to a 

reference surface (i.e., the reference-beam) and is reflected. In the case of a Mirau 

objective, the reference is a mirror that is built into the objective. The other beam 

travels directly to the surface of the sample (i.e., the sample-beam) and is reflected. The 

path length of the sample-beam varies by 2~h; relative to a point on the surface (~h; is 

the difference between a certain location i on the sample surface and the reference 

height). As the sample-beam and reference-beam are reflected back they will interfere 

with one another. Constructive and destructive interference of the light will produce 

maxima and minima of light intensity, seen through the microscope as a succession of 

light and dark fringes (Figure A.l ). The fringed image produced is termed the 
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Figure A.l. Sketch illustrating the basic idea of white light scanning 
interferometry: the sample is continuously moved along the vertical axis in order to 
scan the surface topography. A series of interferograms are taken during the 
scanning process. Due to the complex focal conditions for white light, there is only 
a small range of fringes observed at any time. All interferograms are automatically 
overlayed using Map Vue software. From the interferogram stack, the topographic 
information is extracted resulting in a height field representing the topography of the 
surface (figure and caption reproduced from Luttge et al., 1999). 
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interferogram, and contains all the information about surface the topography. 

Quantitative information can be extracted from the interferogram data. The distance 

between the interferogram maxima and minima is exactly half of the wavelength of the 

light source (/J2). The vertical resolution is therefore limited to /J2. However, vertical 

resolution of the technique is improved by moving either the reference or the sample 

vertically by a fraction of the light-path wavelength, using piezo-ceramics (PZT) (Figure 

2.1 ). By doing this, several interferograms are produced and overlaid (Figure A.1 ). 

Their "phase shifts" can be compared by computer software. Phase shift interferometry 

(PSI) is a technique that proves 1 nm height resolution and 1 J..I.ID lateral resolution (e.g., 

Onuma et al., 1993; 1994). In the case of white light VSI, the sample stage is 

continuously moved along the vertical axis in order to scan the surface of the sample, 

producing a number of interferograms. The high precision PZT allows 7 J.lm of vertical 

relief to be imaged per second. The surface height (i.e., the surface in focus at a point in 

time) is generally small if white light is used. In this case, the focal condition is more 

complex if a variety of wavelengths are used at one time. The resulting interferogram 

therefore shows only a small range of fringes that move across the sample surface 

during the scan process (Figure A.1 ). Up to 100 J.lm of surface relief can be scanned in 

this way. The interferograms are then digitized with a charge-coupled device (CCD) 

and converted into a topographic map, using ADE-Phase Shift Map Vue software. 

By using monochromatic light, the scan range can be limited to only 4 J.lm. This 

range is comparable to the range in AFM and scanning force microscopy. This 

improvement in the scan range in addition to the high vertical resolution and large field 
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of view (cf Chapter 2) is essential for the investigation of surface processes over a 

broad range of length and time scales. 

Dissolution Rate Determination and Rate Comparison 

As evinced by the results presented in this thesis, VSI provides a complimentary 

method to AFM and chemical analysis for understanding surface processes and 

dissolution rates. By measuring heights relative to the height of the preserved plane, the 

computed rates are absolute and can be compared with those obtained from 

conventional powder experiments. Unlike powder experiments, in which reaction rates 

must be normalized by total surface area, rates measured by VSI do not require and are 

independent of bulk surface area determinations [note that VSI is limited by the CCD 

camera's resolution, in that each pixel's value is actually an average height of the surface 

at that point (Figure A.2), cf also discussions in Luttge et al. (1999) and Arvidson et al. 

(2003c)]. 

Comparison of bulk powder rates with those obtained by VSI or AFM can be 

made by normalization of the measured rate with respect to surface area. Determination 

of rates in bulk powder dissolution requires steady-state conditions within the system. In 

addition, knowledge of solution flow-rate, solution residence time, and sample surface 

area are intrinsic to the determination of the surface area normalized rate constant (see 

also Eq. 7.1, Chapter 7). By comparison, rates of dissolution obtained with VSI and 

AFM methods represent a change in distance of a point on the surface over time (!lh/!lt). 

For this reason, a surface area normalized rate must be obtained by dividing the surface 

velocity (i.e., !lhl!lt) by the molar volume (cm3 mol"1) of the sample material. The molar 

volume is equal to the molecular weight (g mo1"1) divided by the density (g cm-3). Either 



Figure A.2. Relationship of continuous mineral surface topography (B) to the 
discretized result (A) collected by the interferometer. Surface height measured 
per pixel as the average height (h) of the pixel Pxy over a single pixel geometric 
area Px x Py· (figure and caption modified from Arvidson et al., 2003c). 
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approach used produces a surface areas normalized rate constant generally expressed in 

mol cm"2 s-1. 

A fundamental uncertainty in geochemical kinetics is the dependence of reaction 

rates on bulk surface area (e.g., Lasaga 1998 and reforences therein). As said above, 

bulk rates are normalized by the total surface area. This parameter is usually measured 

with BET, a gas absorption technique (Brunauer et al., 1938). In contrast, the recognition 

that mineral surface features can react at vastly different rates has led to the concept of 

reactive surface area. Reactive and total surface area can vary by orders of magnitude. 

This fact causes severe problems if rate data measured in the laboratory are extrapolated 

and applied to natural systems (e.g., Casey et al., 1993; Sverdrup and Warfvinge 1995; 

Vel bel, 1989; 1993 ). The critical independence of VSI rates from surface area 

determinations allows us to address the relationship between bulk rates and surface area. 

Because measured rates are absolute, the dissolution rate of flat terraces can be 

compared, for example, with those of etch pits. In this manner the rate-limiting step in 

surface-controlled reactions can be determined directly. For example, by equating rates 

of step retreat measured by AFM with rates of overall dissolution measured by VSI, the 

identification of the rate-limiting step for calcite dissolution has been shown (Chapter 3 

of this thesis). In addition, implications of comparing dissolution rates normalized with 

respect to surface area and the importance of accounting for surface reactivity have also 

been discussed in Chapter 7 of this thesis. 

Experimental Method 

The dissolution experiments reported in this thesis were performed in the 

laboratory using various tools, components, and machinery. Additional information on 
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the philosophical aspects of the approach and experimental specific information 

pertaining to solutions, crystals, or compounds can be found within Chapters 3-7 of this 

work. 

General Set-up and Experimental Technique 

A single-pass flow-cell (i.e., chemical reactor) consisting of titanium base and 

Plexiglas cover, with an input and output on either side, was used for all VSI experiments 

(a similar dimensioned standard AFM flow cell was used for all calcite in situ AFM 

work). Within the cell, the masked crystal is mounted to a titanium stage. Solution is 

then allowed to flow over the single crystal surface, under laminar flow conditions. 

Delivery of the solution from a master container to the flow-cell should be facilitated 

using either a Cole/Parmer peristaltic pump (calcite experiments) or a Teledyne Isco 500 

mL syringe pump (volcanic tuff experiments). Tephlon PEEK tubing was used to deliver 

solution into and away from the flow cell. In general, the tubing used was 118 inch outer 

diameter (OD), 1116 inch inner diameter (ID). Flow velocity of solution into the cell was 

adjusted to limit residence time within the reactor chamber, thereby allowing the 

conditions within to remain at far-from-equilibrium. Crystals were reacted within the 

flow-cell for fixed time intervals. Changes in surface height are then measured with VSI 

at the end of each time interval and dissolution rate quantified. The reader is also 

directed to the information and figures in Chapter 2, and also the Methodology sections 

of Chapters 3-7 for further details. 
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