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Abstract

Identifying reaction mechanisms of minerals is fundamental to understand dia-
genesis, i.e, sedimentary rock formation, construction material, like cement or gyp-
sum, hardening, and biomineralization. The macroscopic reaction rates of minerals
are generally deduced from solution chemistry measurements. Beside the measure-
ment of macroscopic reaction rates, the study of the reactivity of minerals includes
now the investigation of the atomic mechanisms involved in the reactions. This has
been made possible for two decades by the use of tools resolving nanometric objects,
such as vertical scanning interferometry (VSI) and atomic force microscopy (AFM).
Gypsum and calcite are among soft minerals. They are extremely widespread min-
eral that can be found naturally in sedimentary rocks. They are also used in many
industrial fields.

Gypsum (CaSO4, 2 H2O) is an evaporate mineral. Gypsum uses include: man-
ufacture of wallboards, plaster of Paris, soil conditioning, and hardening retarder
in Portland cement. Varieties of gypsum known as "satin spar" and "alabaster" are
used for a variety of ornamental purposes; however, their low hardness limits their
durability. Calcite, the most stable crystalline form of CaCO3, is moreover important
as a bio-mineral and a major constituent of host rock in carbonate reservoirs, which
host drinking water and natural oil and gas. When biological organisms grow their
shells, they control the crystal morphology, size, orientation and even the crystal
phase of precipitated calcium carbonate. This results in materials with physical and
chemical properties that differ significantly from those of inorganically precipitated
calcite. Gaining more insight into the surface reactivity of calcite and the effect of sur-
face impurities will bring us one step closer to being able to synthesize biomimetic
material, which mimic the properties of biogenic calcite.

In this thesis, I had three main focus points. In the first part I studied the effect
of stress on the dissolution mechanisms. I investigated to deduce the dissolution
rate from the atomic kinetics. The second and the most extensive was the study
of the influence of stress on the calcite growth and probing the role of an organic
additive on the dynamics of calcite growth while applying stress. In the third part I
emphasised on quantitative topographic measurements of dissolving calcite crystal
over a relatively large and fixed view at vast range of pH. I considered the influence
of an organic additive on the dissolution and surface reaction kinetics at this larger
scale. Both macroscopic and microscopic dissolution rates can also be deduced from
the dynamics of molecular events (etch pit growth, atomic step migration), but they
hardly ever agree, even qualitatively, and the elaboration of a general theory linking
the kinetics at the two scales is still in progress.

I presented here microscopic dissolution rates of gypsum, measured by atomic
force microscopy (AFM), in quantitative agreement with macroscopic rates. This
agreement has been obtained in taking care to neutralize the bias induced by the
force applied by the AFM tip on the surface, and to identify clearly the driving
molecular mechanism. The force applied by the AFM tip on the surface has been
seen to increase the solubility of the mineral, thereby introducing a bias, so I have
always worked with a constant and low applied force. This result shows that the
determination, among the topographic changes during the dissolution of a mineral,
of the dominant one, and the measurement of its dynamics, may permit deducing
from AFM experiments a reliable macroscopic dissolution rate.
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The transformation of loose grains into a cohesive solid requires the crystallites
to grow eventually constrained by the surrounding grains. Whereas never mea-
sured, this confinement and the associated stress is expected to influence notice-
ably the growth, and the final properties of the material. We report here on atomic
force microscopy measurements of atomic step velocity during calcite growth, with
a varying stress applied by the tip to the surface. The stress has a double influence:
it both slows down the growth, and modifies the material crystalline phase. Fur-
thermore, the addition of a small quantity of oligopeptide in the growth solution is
shown to have no significant influence on the kinetics, but to completely cancel the
phase change under stress. Our results emphasize the previously unknown role of
stress on growth mechanisms and parallely identify a new possible role of organic
molecules in tuning the morphology of bio-mineralized material.

I used vertical scanning interferometer for surface height maps of a dissolving
calcite crystal, which were produced periodically and repetitively at regular time
interval. These reaction-measurement cycles were accomplished without changing
the crystal surface position relatively to the instrument optical axis at every fixed
pH. By this constituted record of reactions, I was able to understand the relation-
ship between changes in the overall dissolution rate of the surface with the pH and
the changes of the morphology of the surface itself, particularly the relationship be-
tween (a) large etch pits related to screw dislocations; (b) shallow etch pits probably
related to point defects; (c) Mega steps, and surface normal retreat and step wave
formation. I observed that different surface mechanisms control dissolution at dif-
ferent pH. Furthermore the addition of a peptide during the dissolution has shown
that the inhibition of dissolution by this organic molecule depends on the pH, where
the rate of inhibition is linked to the predominant mechanism acting on dissolution.

Keywords: AFM, VSI, calcite, gypsum, dissolution, growth, atomic step, biomin-
eralization.
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Résumé

Il est indispensable pour comprendre la diagenèse, i.e., la formation des roches
sédimentaires, le durcissement des matériaux de construction hydrauliques comme
le ciment ou le plâtre, ou la biominéralisation, d’identifier les mécanismes élémen-
taires de la cristallisation minérale. Le taux de réaction macroscopique des minéraux
est généralement déduit de mesures de chimie des solutions. A côté de ces mesures
macroscopiques, l’étude de la réactivité des minéraux inclut maintenant l’analyse
des mécanismes atomiques à l’origine des réactions chimiques. Cela a été rendu
possible depuis deux décennies par l’apparition d’outils capables d’observer des
surfaces avec une résolution nanométrique, tels que la microscopie à force atomique
et l’interférométrie à balayage vertical.

Le gypse et la calcite font partie des minéraux dits mous. Ce sont des minéraux
extrêmement répandus, que l’on peut trouver autant dans la nature sous forme de
roches sédimentaires que dans le monde industriel. Le gypse (CaSO4, 2 H2O) est
une évaporite dont les applications incluent la fabrication des plaques de plâtre,
l’ajout au ciment Portland comme retardateur, l’élaboration du plâtre de Paris et
l’amendement des sols. La sélénite ou l’albâtre sont des variétés de gypse utilisés
comme matériaux pour l’ornement, mais leur faible dureté limite leur durabilité. La
calcite, forme la plus stable de CaCO3, est un des principaux biominéraux, et un
des constituants majeurs des roches des réservoirs carbonatés, stockant naturelle-
ment de l’eau, du pétrole ou du gaz naturel. Quand les organismes biologiques font
croître leur coquille, ils contrôlent la morphologie, la taille, l’orientation et même
la phase des cristaux de carbonates de calcium qui la constituent. Cela conduit à
des biomatériaux présentant des propriétés physiques et chimiques qui diffèrent
significativement de ceux de la calcite inorganique. Une connaissance plus appro-
fondie des mécanismes sous-jacents à la réactivité de surface de la calcite et de l’effet
des impuretés sur celle-ci permettra de nous rapprocher de la possibilité de synthé-
tiser des minéraux biomimétiques, aux propriétés comparables à celles de la calcite
biogénique.

Dans ce contexte, ma thèse s’est développée dans trois directions. Dans la pre-
mière, j’ai étudié l’influence d’une contrainte mécanique sur les mécanismes de dis-
solution. Mon objectif dans cette partie a été de tâcher de déduire le taux de dissolu-
tion macroscopique à partir de la cinétique des mécanismes atomiques. La seconde
partie de la thèse, la plus conséquente, a consisté à étudier l’influence d’une con-
trainte mécanique sur la croissance de la calcite, et à sonder le rôle d’un additif or-
ganique lors de cette croissance sous contrainte. Dans la troisième partie, je me suis
penchée sur la dissolution de cristaux de calcite à l’aide de mesures topographiques
quantitatives sur des aires relativement étendues de la surface des cristaux, dans une
large gamme de pH. J’ai en particulier étudié l’influence d’un additif organique sur
la dissolution et la cinétique de réaction à grande échelle.

Les taux de dissolution macroscopique et microscopique, c’est-à-dire déduits de
la dynamique d’évènements moléculaires (croissance de piqure d’attaque, migra-
tion de marche atomique), ne sont presque jamais en accord, même qualitativement,
et l’élaboration d’une théorie générale liant la cinétique du phénomène aux deux
échelles est encore en cours. Je présente ici des taux de dissolution microscopique
du gypse, mesurés par microscopie par force atomique (AFM), en accord quanti-
tatif avec les taux de dissolution macroscopiques. Cet accord inédit a été obtenu en
prenant soin de neutraliser le biais induit par le fait que la pointe AFM applique
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une force sur la surface qu’elle sonde, et en identifiant avec soin les mécanismes
moléculaires majeurs à l’œuvre lors de la dissolution. Nous avons constaté que la
force appliquée par la pointe sur la surface augmentait localement la solubilité du
minéral, à l’origine d’un biais dans la mesure, ce qui nous a conduits à travailler
systématiquement à basse force appliquée. Ce résultat montre que la détermina-
tion, parmi les changements topographiques ayant cours pendant la dissolution du
minéral, du changement dominant, et la mesure de la cinétique de celui-ci, peut
permettre de déduire d’expériences AFM une mesure fiable du taux de dissolution
macroscopique.

La transformation de grains indépendants en un matériau cohésif nécessite que
les cristallites croissent, en fin de prise du matériau, contraintes par les grains en-
vironnants. Bien que cela n’ait jamais été mesuré, on s’attend à ce que ce confine-
ment et la contrainte associée à celui-ci, influencent notablement la croissance, et
partant les propriétés finales du matériau. Nous rendons compte ici de mesures par
AFM de vitesses de marches atomiques pendant la croissance de la calcite, acquises
pour différentes contraintes appliquées par la pointe de l’AFM. Nous avons constaté
que cette contrainte a une double influence, d’une part elle ralentit la croissance, et
d’autre part elle modifie la phase cristalline du matériau. De plus, l’ajout d’une pe-
tite quantité d’oligopeptide dans la solution de croissance, si elle n’a pas d’influence
sur la cinétique, annule complètement ce changement de phase sous contrainte. Nos
résultats mettent en valeur le rôle jusque-là inconnu d’une contrainte sur les mé-
canismes de croissance, et identifient un nouveau rôle possible des molécules or-
ganiques dans la sélection de la morphologie des matériaux biominéralisés.

J’ai utilisé l’interférométrie à balayage vertical pour cartographier la surface d’un
cristal de calcite pendant sa dissolution, par des mesures périodiques répétées. Ces
cycles de réaction-mesures ont été réalisés en replaçant systématiquement la surface
de l’échantillon à la même position par rapport à l’axe optique de l’instrument. Ces
mesures ont été réalisées à différents pH dans la gamme pH3 – pH10. Grâce à cette
acquisition régulière, j’ai pu comprendre la relation entre les changements de taux de
dissolution d’ensemble aux différents pH et les changements de la morphologie de
la surface elle-même, particulièrement la relation entre (a) des piqures d’attaque pro-
fondes, autour de dislocations émergentes, (b) des piqures d’attaque peu profondes,
autour de défauts ponctuels, et (c) des méga-marches, et la vitesse de retrait normale
à la surface, et l’apparition « d’ondes » de marches atomiques. J’ai observé que la
contribution de ces différents mécanismes variait avec le pH. De plus, l’addition de
peptide pendant la dissolution a permis de montrer que le taux d’inhibition de la
dissolution par cette molécule organique dépend du pH, et dépend du mécanisme
atomique dominant la dissolution.

Mots-clés : AFM, VSI, calcite, gypse, croissance, dissolution, marche atomique,
biominéralisation.
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Chapter 1

Introduction

The work presented in this thesis was part of the European Union’s Horizon 2020
research and innovation program under the Marie Sklodowska-Curie grant agree-
ment No 642976. This European project is an Initial Training Network (ITN) called
"Nano-tailoring organo-mineral materials - Controlling strength and healing with
organic molecules in mineral interfaces", the acronym of which is "NanoHeal".

This project is built up by cooperation of academic and industrial research labs
with a wide range of disciplines and expertise. In this framework 15 PhD students
are trained on different topics with the unique goal of the Nanoheal project. They
focus on the interactions between a model mineral system —calcium carbonate—
and simple organic molecules, to study mechanical properties of mineral materials,
their durability, nano-confinened growth mechanisms and healing properties, span-
ning from atomic to macroscopic lengthscales. The final goal of this project was
to understand the fundamental processes underlying mineral-fluid interactions and
improve the strength and durability of natural sedimentary rocks inside reservoirs,
construction materials and bio-materials.

1.1 Background

The reactivity of mineral-fluid interface was primarily studied for geological reser-
voirs because the thermodynamic reactions on mineral surfaces determine their sta-
bility and destiny in a certain environment. But it has nowadays prominent impli-
cations for society, biology and industry.

Mineral interactions in aqueous solutions play a central role in elemental cycling
at every lengthscale ranging from local soil weathering to global-scale denudation
of continents. First and notable, aquifers reside on bedrocks and groundwater flows
through pores of rocks and soils. Partitioning of pollutant to mineral surfaces, pre-
cipitation and incorporated impurities are factors for predicting toxic mobility and
environmental fate of pollutant, heavy metals and pesticides in environmental sys-
tem.

Concrete is the largest volume manufactured solid on the earth [42]. It is mostly
made of limestone. The most common cement is Ordinary Portland Cement, that
goes through chemical reaction, polymerization and crystallization during mixing
with water. This production contributes to the emission of 60% of fossil CO2. A
multitude of low CO2 concrete with different chemistries an mechanical properties
has been proposed. For instance the tensile strength of concrete is the most impor-
tant in the faced challenges. The limited ductility of the hardened cement paste as
well poses important issues of lack of tightness in deep oil well cementing for zonal
isolation and plug and abandonment. Recent important failures resulted in impres-
sive blow-outs and oil spills [116].
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A substantial part of world’s known largest oil reservoir is hosted by carbonated
rocks [48]. These reservoirs are prone to creep, compaction and subsidence during
oil production. During the injection of water or CO2 to enhance oil recovery, the
compaction causes well damage and leakage. As these reservoirs are economically
interesting large scale storage CO2 option, the risk of further compaction resulting
from CO2 injection needs to be assessed. The CO2 storage in carbonate reservoir
thus requires a very high control of long term strength of the reservoir rock. Numer-
ous living organisms produce organic molecules which can direct the nucleation,
growth, and morphology of biominerals [81, 43].

These composite materials contain an organic matrix and nano- or micro-scale
amorphous or crystalline minerals. Biomineral composite materials include bone,
dentine, enamel, statoliths, otoliths, mollusk and crustacean shells, coccolith scales,
eggshells, sponge silica skeletons, algal, radiolarian and diatom silica micro-shells,
and a variety of transition metal minerals produced by different bacteria.

These biotic materials have stronger and more resilient structures and textures
than the same minerals formed in the absence of the organisms. Although made of
the same minerals, biotic apatite, aragonite, and calcite are quite different from their
abiotic counterparts. Recent investigation show that chalk collected as drill cores
in the North Sea basin were biomineralized by cocolithophores during the Maas-
trichian era (70-65 Ma) and have remained intact until now [49].

In all these examples and also during the sedimentary rock formation and diage-
nesis, fluid-driven mineral reactions take place in nm- to μm-wide confined spaces.
Fundamentally, this process depends on molecular-scale interactions of the species
comprising the aqueous matrix and the mineral surface.

Dissolution and precipitation phenomena lead to cohesion between grains and
make cement from them. Consequently the reactive mineral contacts at grain bound-
aries and asperities often control macroscopic mechanical strength of rocks and build-
ing materials [110]. It is not clear yet what is the relative importance of dissolution,
precipitation and interfacial forces in determining the strength of individual solid-
solid contacts. At solid–solid contact, stress is generally existing, due to the simul-
taneous growth of multiple grains in a constrained space. In geological setting and
in burial condition in the earth mantle, down to several km depth in the subsurface,
lithostatic pressure of up to a few GPa adds to this stress

During cementation, the mineral surfaces come to within a few nanometers of
each others, separated by a nanoconfined water film. This nm-thick water films per-
sists even at high overburden pressures. The properties of this film fluid can signif-
icantly differ from bulk fluid ones. The pressure of a stress at the grain contact may
have dramatic consequences. Indeed, it constitutes a mechanical stimulus that can
trigger chemical reactions, as dissolution (called "pressure solution") or precipitation
[44].

In the case of material cementation, this dissolution or crystallization by stress
takes place in the nanofilm of water, existing between the growing grains. This con-
strained environment limits advection and slows down diffusion [113, 94]. As the
actual contact surface area between grains is generally much smaller than the appar-
ent one, much higher stresses should build up. Recent investigations showed that
the nano-confined situation of mineral interfaces changes nucleation and growth at
adjacent solid surfaces [26].

Understanding minerals response to stress is key important to get a better in-
terpretation of different observed properties of rocks and materials. This under-
standing applies fundamentally to control and predict physico-chemical behaviors
of minerals either in dissolution or growth procedure. This consideration would
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also give us a closer concept of the thermodynamic reactions on mineral surface and
determination of their stability and fate in a specified environment.

Gypsum (Ca SO4, 2 H2O) and calcite (CaCO3) are the most common soft miner-
als, abundant in sedimentary rocks and geological setting with vast implications in
material science. In this PhD project, the focus is on the study of water interaction
with single crystal of gypsum and calcite. These minerals were chosen due to their
existence and application and moreover i) dissolution and growth rates are measur-
able in laboratory times, ii) dissolution and growth proceed through a well-defined
mechanism, and iii) they exhibit a perfect cleavage.

Knowledge of water-gypsum interactions is important in many fields of inquiry,
including geochemistry, crustal deformation, soil science, in trapping large oil and
gas accumulations, and in environmental and material science. Understanding of
gypsum behaviour in contact with aqueous solutions is also relevant for predicting
the evolution of the wide areas of gypsum karsts existing worldwide, their instabil-
ity and potential collapse [54]. The presence of calcium and sulfate ions in water
influences the dissolution of other minerals containing toxic metals as well [59] and
consequently affects the quality of drinking water [99]. As gypsum is one of the
main inorganic scale deposits in hydrocarbon reservoirs [101], understanding its be-
haviour is required in the oil and gas industry. It can significantly affect oil recovery.
A better understanding of gypsum dissolution would also provide insights into the
mechanism of the strong enhancement of creep of plaster boards in humid envi-
ronments [14]. This behaviour is also related to the dissolution of gypsum in the
inter-crystalline water of the plaster.

Gypsum dissolution plays a critical role in the hydration of Portland cement.
Gypsum is added to suppress the rapid hydration reaction of calcium aluminate
during cement setting. Immediately upon wetting of the cement, the dissolution
of gypsum releases calcium and sulfate ions into solution that react with aluminate
and hydroxyl ions forming ettringite (Ca6Al2(SO4)3(OH)12 26 H2O) needles, which
subsequently precipitate on calcium aluminate grains, retarding their hydration [16].

Calcite is the most common polymorph of calcium carbonate and the thermody-
namically most stable at standard conditions (room temperature and atmospheric
pressure). Calcite is one of the most common minerals in the earth’s crust, and the
main component of limestone. Due to its ubiquitousness, surface reactions on calcite
play an important role in geochemical and environmental systems. The reactivity of
its surface makes calcite a potentially important sink for heavy metals, metalloids
and other contaminants in aquifers [27] and soil [135], in travertine [66], lacustrine,
or marine sediments [106]. It also functions as a reservoir that buffers aqueous and
atmospheric levels of CO2. The buffering effect of bicarbonate has a major influence
on the chemical behaviour of soils and sediments.

Moreover calcite has many applications in industrial processes, such as paper
and cement production. It plays a noticeable role in geochemical engineering projects
like nuclear wastes [5], CO2 storage and oil product. The calcite is also used as a pro-
cess chemical (mainly filling material).

One of the most important processes involving calcite in an industrial context
is the production of burnt lime CaO, which is named after the production process
in which natural limestone is burned at temperatures between 900 ◦C and 1300 ◦C
releasing large quantities of CO2 into the atmosphere. Burnt lime is after H2SO4 the
second most produced chemical worldwide. It is the raw material for the production
of slaked or hydrated lime (Ca(OH)2), which can react with CO2 to form calcite.
This process is also applied for the manufacture of precipitated calcium carbonates
(PCCs). These compounds, and to some extent natural limestone powder, ground
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calcium carbonate (GCC), are mostly used as filling material in paper, but also in
cement, synthetics, plastics, paints and varnish. To a lesser extent PCCs are used in
pharmaceuticals and edibles.

Many different experimental techniques have been developed to quantify over-
all dissolution rates. For example, bulk solution chemistry can be used to determine
rates by measurement of element flux within a system. However, this technique
does not provide detailed information about the reaction mechanism at the crys-
tal surface. Since two decades, several precise technological advances like atomic
force microscopy (AFM) and vertical scanning interferometry (VSI) have been used
to characterize mineral dissolution and growth rates in aqueous solution, measur-
ing the surface elevation and topography changing at micro- and nanoscale. By us-
ing these methods we are able to perform direct monitoring of localized changes at
the surface. These techniques provide fundamental insight into the reaction mech-
anisms of crystal-solution interaction and their relationship to thermodynamic de-
scriptions of the bulk system. Our ultimate prospect in this research is an integrated
study of dissolution and precipitation on calcite and gypsum conducted over mul-
tiple spatial and temporal scales. Establishing this crosslink would be a significant
step forward.

1.2 Gypsum

1.2.1 Gypsum properties

Gypsum is a soft sulphate mineral composed of calcium sulphate dihydrate, with the
chemical formula (Ca SO4, 2 H2O). Gypsum is an evaporate mineral most commonly
found in layered sedimentary deposits in association with halite, anhydrite, sulphur,
calcite, and dolomite. Gypsum uses include: manufacture of wallboard, plaster of
Paris, soil conditioning, and a hardening retarder in Portland cement. Varieties of
gypsum known as "satin spar" and "alabaster" are used for a variety of ornamental
purposes; however, their low hardness limits their durability.

Gypsum crystal system is monoclinic in prismatic class. The crystal habit is mas-
sive and flat. It elongates generally in prismatic crystals (figure 1.1). The solubility
of gypsum in pure water at 20◦C is 2.531 g/L, or 14.7 mM/L. It is roughly 140 times
lower than the solubility of common halite (360 g/L) but three orders of magnitude
greater than the solubility of CaCO3 (1.5 mg/L) [57].

FIGURE 1.1: Elongated prismatic gypsum crystals used in this project
from Mazan (Vaucluse) in France.
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1.2.2 Gypsum crystal dissolution

The atomic structure of gypsum constructs as repeating units of Ca and SO4 layers
perpendicular to the b-axis with each individual unit consisting of a plane of Ca
sandwiched by two planes of SO4 such that every SO4 group is tetrahedrally bound
by four Ca atoms. The H2O molecules are positioned in between these Ca–SO4 units
to link adjacent SO4 planes through weak hydrogen bonding. This atomic structure
allows the perfect {010} cleavage of gypsum. In the various studies it was shown that
the growth and dissolution events on the {010} surface is a layer-by-layer process
[47]. Gypsum (010) planes are composed of divalent cations and anions and two
slices of Ca SO4 with an overall height of ∼ 7.6Å (figure 1.2).

FIGURE 1.2: a) Atomic structure of the (010) surface of gypsum and
b) the unit cell with the inter spaced H2O layer shown.

Dissolution on the gypsum cleavage surface starts with the formation of monomolec-
ular holes, then hole growth and forming rhombic etch pits less than a minute af-
ter the input of undersaturated solutions, irrespective of saturation state. The con-
strained atomic structure of the (010) plane reveals that the crystallographic direc-
tions of the steps enclosing any stable etch pits formed on {100} are [100] and [001]
steps (figure 1.3). Based on the reported data and also on our observation, the step
velocity is highly anisotropic with the [100] moving much faster than the [001] at any
saturation conditions. Beside these straight steps, we observed an extensive occur-
rence of high-speed steps that usually did not have well defined orientations, with
concave and convex shape, but were in the general direction of [u0w] [33]. These
steps are called rough steps (see 1.4). Rough steps can sweep the etch pits through
the surface and continuously erode the surface. Their source has not been detected
yet. There are hypotheses like that these steps are initiated by dissolution at the cor-
ners and edges of the samples, or generated by the merger of etch pits. The reason
for their high dissolution rate is unclear, but may be attributed to the lower step sta-
bility in these directions. It was suggested that any [u0w] step should have stability
close to that of [010] and hence dissolves faster than [001] and [100]. The majority of
the observed pits had a depth that ranged from ∼ 0.7 to ∼ 5 nm (a few monolayers),
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and pits deeper than 10 nm were in general not a common occurrence although they
were observed from time to time.

a

b

FIGURE 1.3: a) AFM image of the (010) face of a gypsum single crys-
tal, (b) Etch pits formed on gypsum (010) experiencing dissolution in
a flowing calcium sulfate aqueous solution with saturation index 90%

However, in most cases new pits would continue and elongate due to anisotropy
of step velocities, nucleate and grow, and then merge with the neighbouring pits.
So they become larger pits that also move through the surface (figure 1.5). Step
movement, inducing perpendicular digging and lateral spreading of the etch pits,
control the pit size. To sum up, the lack of deep pits on gypsum surface is a result of
the faster lateral dissolution of the less stable steps in the [u0w] directions.
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a b

FIGURE 1.4: a)Deflection and b) topography AFM image showing
fast-moving rough steps (arrows).

1.3 Calcite

1.3.1 Calcite properties

The structure of the R3̄C calcite is in the hexagonal unit cell. If the c-axis of the calcite
unit cell is oriented vertically, calcium cations form horizontal layers separated by
planar CO3 groups (figure1.6 C). The calcite surface is simply a termination of the
bulk structure. The covalent CO3 group has short C – O bond distances because of
electron-sharing. Ca and C atoms are orthogonally arranged and sit in the {101̄4}
plane, linked by one fully bonded O from each CO3 group. On the 101̄4 plane of bulk
calcite, coplanar Ca and C are separated by 3.2 Å. In this termination, the trigonal
planar CO3 groups are tipped at about 44° such that an underbonded O atom from
each group protrudes about 0.8 Å normal to the plane [114]. The CO3 groups and
the octahedral O coordination around Ca alternate in orientation along step edges
so each alternating site has its own distinct geometry [115]. Carbonate along step
edge is marked as Ac1 and Ac2 on the acute corner and Ob1 and Ob2, at the obtuse
corner. At the Ac2, Ob1 and Ob2 carbonate sites, all oxygen atoms are fixed in the
calcite structure with two O bound to one Ca and a third O bound to two Ca atoms.
The Ac1 group, every second CO3

2 – on acute steps, has one O atom from the calcite
structure free. Hence, the ion that attaches at the Ac1 group can more easily adapt its
orientation than for the Ac2, Ob1, and Ob2 sites. This would influence attachment
rates for the Ac1 groups (figure 1.6 b). It is likely that the ions can attach more easily
at the Ac1 site but they are also more exposed to attack by Brownian motion of the
water molecules and pairing with other ions. Likewise, Ca2+ can attach and also
detach more easily from the acute steps [130].

For this research the rhombohedral Iceland spar calcite crystal from chihuahua in
Mexico were used. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis and scanning electron microscopy energy dispersive X-Ray (SEM-
EDX) analysis were done to detect the impurities of the calcite. Based on the ob-
tained results the calcite was 99% pure and the impurities were mostly Mg and Na.
These results are presented on appendix A.2.
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FIGURE 1.5: AFM image of (010) face of gypsum showing a merger of
etch pits and travelling etch pits through the gypsum surface during
dissolution with saturation index 90% and time interval 1024 seconds

between 2 images.

1.3.2 Speciation of the calcite-water interface

The interaction of water and mineral surfaces leads to a variety of surface processes
containing adsorption of ions and molecules, growth and dissolution. Due to the
widespread existence of calcite in nature and its application in industry, this reac-
tivity has attracted many people since 1960. In 1990 the first spectroscopic study of
water adsorption on calcite was performed by Stipp and Hochella (1991) [61]. They
suggested that water is strongly associated with calcite. Since then the first model
of carbonate minerals by Van Cappellen et al. (1993) [121] built upon the results ob-
tained by Stipp and Hochella in 1991 and on existing surface speciation models for
metal oxides and hydroxides. This model assumed hydroxylated calcium sites as
the primary hydration site, in parallel to metal oxide surface.
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a

b c

FIGURE 1.6: a) The rhombohedral Iceland spar calcite crystal from
Chihuahua, Mexico, b) View of an acute step, Ac (left) and an ob-
tuse step, Ob (right). Gray represents CO3; bright blue, oxygen; dark
blue,Ca2+ (generated by the software Atoms) , c) Crystal structure of

calcite.

This resulted in the following surface reactions:
Surface reaction log K (25°, 1 atm, I = 0 M)

≡ CO3H0 ⇀↽≡ CO3
− + H+ −4.9 (1)

≡ CO3H0 + Me+2 ⇀↽≡ CO3M e+ + H+ −2.8 (2)
≡ M e OH2

+ ⇀↽≡ M e OH0 + H+ −12.2 (3)
≡ M e OH0 ⇀↽≡ M e O− + H+ −17 (4)
≡ M e OH0+ CO2 ⇀↽≡ M e HCO3

0 6 (5)
≡ M e OH0+ CO2 ⇀↽≡ M e CO3

− + H+ −2.6 (6)
The equilibrium constants for the six reactions were estimated so that the model

resulted in a pH at the point of zero charge of 8.2 for calcite at ambient condition and
atmospheric PCO2. The surface complexation model allows an interpretation of the
dissolution kinetics of carbonate minerals based on surface speciation. The observed
enhancement of the dissolution rate of calcite by protons and carbonic acid correlates
with the protonation of carbonate surface sites and carbonation of surface calcium
sites, respectively. The protonation and carbonation reactions promote the release
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to solution of surface lattice cations through the formation of more reactive surface
species. Thus the calcite dissolution and growth depends on many parameters like
PCO2, pH, temperature and alkalinity.

The speciation of the calcite at equilibrium also varies with the pH. The most pH
dependence of speciation predominant pH-dependent species are H2CO3, HCO3

–

and CO3
2 – (figure 1.7). The reactions are the following:

CaCO3 + 2H+ ⇀↽ Ca2++H2CO3
0 Calcite equilibrium at low pH ≤ 6

CaCO3 + CO2(g) + H2O ⇀↽ Ca2++2 HCO3
– Calcite equilibrium neutral pH ≈ 8

Ca2+ + CO2(g) + 2 HO− ⇀↽ CaCO3 + H2O Calcite equilibrium at high pH ≥ 10

FIGURE 1.7: The activity of H2CO3, bicarbonate and carbonate ions as
a function of pH, for a total concentration of 0.1 M. This is an example

of Bjerrum plot.

Addition of other components like salts, acids and bases to the carbonate system,
in addition to the above-mentioned parameters, interacts with carbonate speciations
and results in pH-effects, complexation and change in solubility of calcite and CO2.
Because the ionic strength is increased by additional ionic species the predominant
carbonate species are shifted. This effect explains the strong decrease in the solubility
of CO2 as the electrolyte content of a solution is increased. This is due to the strong
increase in the activity coefficient of CO2(aq) as the ionic strength is increased.

1.3.3 Calcite crystal dissolution

Dissolution rates of calcite far from equilibrium were observed to depend on sur-
face preparation and on surface morphology resulting from defects outcropping at
the crystal surface. The high dissolution rate for mechanically polished surfaces is
attributed to enhanced dissolution at cracks and dislocation loops produced in the
grinding process [75].

The dissolution of the calcite (104) cleavage surface at nanoscale, at far from
equilibrium conditions begins with the formation of monomolecular holes [68]. Dis-
solution then proceeds with the “growth” of the hole into an etch pit, facilitated
by anisotropic retreat of crystallographically-oriented monomolecular steps [52, 45,
114]. A step retreat on the crystal surface is the result of kink formation and kink
propagation represented by the removal of lattice components along monomolecu-
lar step edges. These kink sites are self-replicating, that is, the removal of a kink
atom turns the adjacent atom into a kink atom. Repeated removal of kink atoms
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accounts for the spatial motion of steps across the crystal surface [39]. As etch pits
grow in size and depth, they coalesce with and annihilate neighboring etch pits. If
dissolution continues at undersaturated conditions the crystal will experience retreat
normal to the surface [73, 64].

Dissolution studies in many cases have focused on etch pit development and
coalescence to explain the rate of overall dissolution.Different from this view of
dissolution, based on the theoretical models that have emphasized the concept of
the dissolution process, dissolution occurs as trains of monomolecular “stepwaves”
propagating from the upper bounding edges of etch pits [79]. Etch pit is a source for
the formation of monolayer stepwaves. As etch pits coalesce, stepwaves increase in
length and can travel throughout the crystal surface and control the overall dissolu-
tion. A typical rhombic etch pit and the retreat of steps is shown in figure 1.8.

a

b

FIGURE 1.8: Atomic force microscopy images of typical rhombohe-
dral etch pits with four step edges, two of them aligned along the

[441] and two of them aligned along the [481] orientation.

The shape of the pit is reminiscent of the rhombohedral lattice with the obtuse
angle of 102 ◦ and acute angle of 78 ◦. The height of step is mostly one atomic layer
≈ 0.3 nm, the steps being along either the [481] or [441] direction. Step velocities can
be classified as slow Vs for [441]− and [481]− and fast Vf for [441]+ and [481]+. For
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one type of step, the step-edge atoms on the upper terrace overhang and an acute
angle is formed, while at the opposite side of the pit, an obtuse step is formed. Such
a difference in structure causes two dissolution step velocities, a fast velocity Vf for
the obtuse steps (in sum), and a slow velocity Vs for the acute steps (in sum). The
two obtuse steps due to similarity in geometry and chemistry show the same be-
haviour and usually they are added and called Vf . Respectively the same tendency
are observed for two acute steps and they are displayed as Vs. Thus, the dissolution
is anisotropic. The ratio of the two velocities Vf /Vs remains as a constant having a
value of approximately 2.3 [68].

Since 1990, a major research on the dissolution at nanoscale has been focused on
the relationship between step velocity, spacing, geometry, and observables related to
solution properties like pH, dissolved lattice ions, impurity components, supporting
electrolytes, ionic strength, etc. However the dissolution of the calcite surface at
microscale has revealed a significant complexity in step movement and morphology.
This complexity implies that the general morphology of the surface is a sensitive
reflector, not only of its interactions with the surrounding solution, but with itself as
well [55].

An image of dissolved surface of calcite with a gold coated portion as a height
reference at large scale taken by Vertical Scanning Interferometry is shown in figure
1.9. In figure 1.9a and b the reaction surface after 4 hours of reaction at pH=6 dis-
solution involves several, well-developed, shallow etch pits (the outcrop of shallow
screw dislocations), flat terraces with only few minors etch pits and steps. Figure
1.9c displays the reaction surface after 4 hours of reaction at pH = 4. Here the disso-
lution is associated with giant, well-developed deep etch pits (the outcrop of deep
screw dislocations), flat terraces with only few minors etch pits and mega steps.

Based on reported data and on our observation in this research, dissolution of
the cleaved calcite surface is conducted by the combination of deep growing etch
pits, shallow growing etch pits, step migration on terrace and overall surface retreat.
Dissolution according to the stoichiometry conditions and to the surface morphol-
ogy (defects and dislocation) is driven predominately by one or a combination of
these phenomena.

1.3.4 Calcite crystal growth

Calcite crystal growth occurs when calcite precipitates from supersaturated solu-
tion. The crystal growth depends on supersaturation state [85, 118], pH [104, 53],
[Ca2+]/[CO3

2−] ratio [85, 53, 108] and surface morphology [118, 53, 108]. The super-
saturation, in the form of the Saturation Index SI of calcite in solution, is defined as
:

SI = log(
[Ca2+][CO3

2−]
Ksp,calcite

) (1.1)

Ksp,calcite represent the solubility product of calcite, which is 10−8.48 at 25°C [97]
and [Ca2+] and [CO3

2 – ] the activities of calcium and carbonate ions. The growth rate
increases with increasing supersaturation and depends on pH and [Ca2+]/[CO3

2−]ratio
in a nonlinear manner (see figure 1.10).
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a

b

C

FIGURE 1.9: (a) VSI color map of calcite after 4 hours of reaction at
pH=6, with terrace ("T"), shallow etch pit ("S.E"), step ("S"). (b) VSI
height color map of image (a) after 4 hours of reaction at pH=6. (c)
VSI color map of calcite at pH=4, with terrace ("T"), deep etch pit
("D.E"), step ("S"). The red color region in both images is the gold-

masked reference surface.
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FIGURE 1.10: The dependency of growth rate of calcite growth spiral
on pH, Ca2+/CO3

2 – and growth site geometry. Figure adapted from
Hong & Teng [53].

The most stable calcite surface, {101̄4}, is anisotropic. As detailed in the previous
section, growth steps exhibit an open (obtuse) or closed (acute) geometry (see figure
1.11). Because of the different geometries of obtuse and acute steps, their growth
are not equivalent and their dependence on solution parameters differ, as shown
in figure 1.10. Growth steps generally have a low kink density in the absence of
impurities and it is believed that kink formation is the rate limiting step in calcite
growth [4].
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a) b)

c)

d)

FIGURE 1.11: The 2D growing calcite {101̄4} surface. (a) The
anisotropic nature of the surface with acute and obtuse steps. (b) 2D
nucleation, where Ca2+ and CO3

2− ions are adsorbed from solution
to the flat surface, forming a new growth site. (c) Growth from 2D
nucleation. (d) Deflection AFM image of a layer growing from new

sites of 2D nucleation. Figures a, b and c adjusted from [50]).

There are two common growth mechanisms for the calcite which depend on the
supersaturation of the solution: Spiral growth and 2D nucleation. Spiral growth
starts when steps grow from one or more screw dislocation (see figure 1.12 c). Once
the step reaches the supersaturation-dependent critical length, another step starts
growing and a pyramid forms [118]. Spiral growth from single dislocation produces
single steps pyramid (figure 1.12 a). Spiral growth from double dislocation (Burg-
ers vector two lattice parameter long) produces double steps pyramid (figure 1.12
d) and spiral growth from triple dislocation produces triple steps pyramid (figure
1.12 e). The density of screw dislocations is independent of supersaturation. It de-
pends on the defect density of the underlying calcite surface. If the supersaturation
is high enough, 2D nucleation becomes the dominant growth mechanism [120]. In
2D nucleation, the adsorption of constituent ions occurs spontaneously onto the flat
surface (figure 1.11). Because the newly formed surface is flat, new layers are formed
at the next 2D nucleation event [50]. Teng et al.(2000) have shown that 2D nucleation
becomes dominant at supersaturation above 0.7 [120].

In addition to the solution parameters already discussed, growth rate depends
heavily on the presence of impurities [9, 46, 126, 118, 23] and the effects of impurities
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a) b)

c)

d) e)

FIGURE 1.12: (a) A close AFM image of pyramid as a result of single
spiral growth and steps resulting from spiral growth. (b) AFM im-
age of groups of pyramid. (c) The spiral growth from a single screw
dislocation on {101̄4} surface. The step length depends on the super-
saturation of growth solution (figure c adjusted from [50]). (d) A close
AFM image of double step pyramid as a result of spiral growth on a
double dislocation. (e) A close AFM image of a triple step pyramid as
a result of spiral growth on a triple dislocation.( the images a,b,d and

e are AFM deflection image)

are direction-specific [126, 118, 23]. Impurities can inhibit calcite growth by blocking
surface sites [7, 127] (see figure 1.13) and by imposing strain in the calcite surface
structure when incorporated into the surface or the bulk of the mineral [23]. Some
organic impurities have been shown to promote calcite growth through dehydration
of calcium ion and calcite growth steps, like amino acid glycine and pentaglycine,
two peptides [40, 31, 86] (see figure 1.13). Because impurities interact with obtuse
and acute steps differently they can stabilize other facets on the calcite surface, there-
fore the morphologies of calcite particles change when they grow in the presence of
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impurities [92, 34] (figure 1.13).
Shell forming organisms have been shown to utilize impurities to control crys-

tal shape, size, and even phase, by stabilizing other calcium carbonate polymorphs,
with a combination of organic molecules [8, 126, 40], mostly proteins and polysac-
charides, and inorganic ions [109].

a) b)

c)

FIGURE 1.13: (a) AFM image of inhibited spiral growth due to un-
known impurities. (b) Spiral growth (pyramid) in a growth solu-
tion containing 82 μM of pentaglycine without observable changes of
morphology of the pyramid. (c) Spiral growth (pyramid) in a growth
solution containing 7 mM of hexanoate with rounded obtuse steps
(image c was from collaboration with Tanja Lain Clausen from Uni-

versity of Copenhagen)(All the images are AFM deflection image).

1.4 Thesis objectives

The main objective of my PhD research was fundamentally to contribute to under-
stand the process of material hardening, for instance during rock formation, diagen-
esis, cementation and biomineralisation. This phenomenon proceeds by dissolution
and growth in nano-confined condition, generally in presence of considerable stress
and impurities.

Recent experimental and modelling studies of confined single crystal precipita-
tion suggest that there is a strong link between confined mineral growth and the
presence of stress, that may control the nucleation and growth on the surfaces [67,
25, 41, 26].
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One of the challenges of this research was to find reliable cross-links between
dissolution/growth rates of mineral from nano to mega scale. Studies about disso-
lution, nucleation and growth have started more than 50 years. They had focused on
the chemical reaction and bulk diffusion and advection. Since two decades, the use
of tools resolving nanometric objects, such as vertical scanning interferometry (VSI)
and atomic force microscopy (AFM) have changed our view on these phenomena. In
this research we used these tools to study how the physical changing of the solid sur-
face at atomic scale surface reactivity, in addition to chemistry effects. The objectives
of each of the three different studies presented in this thesis are the following.

In the first study "dissolution rate from molecular measurements", my goal is to iden-
tify the atomic scale mechanisms during gypsum cleaved surface dissolution by the
AFM, with the final aim to be able to upscale their dynamics. Furthermore in order
to understand how aqueous fluids interact with gypsum-bearing rocks loaded either
by overburden, or tectonic stresses, I studied the effect of stress on the dissolution
mechanisms. Concerning the rate of dissolution I focused to deduce the macroscopic
dissolution rate from the atomic kinetics. The main research questions in this study
were:

How does an applied stress affect the atomic mechanisms of gypsum dissolu-
tion?

Can we compute the macroscopic dissolution rate from the atomic step kinetics?

In the second study "Influence of stress on calcite growth", the first objective of this
research is to evidence the influence of stress on the calcite growth, in view of a
comprehensive understanding, taking into account surface elasticity, diffusion and
advection of solution in overburdened conditions. I tried to use a single contact to
apply a force on the surface and studied the dynamics of calcite growth at different
applied forces. For mimicking the nature, and being inspired by bio-mineralization
and how the nature can make brittle materials harder and more flexible, I used pen-
taglycine as an additive to observe its effect on the kinetics of calcite growth. The
main research questions in this study were:

How the surface can adjust nucleation and growth while it is under pressure?

What is the effect of pentaglycine on the dynamics of calcite growth?

What is the influences of pentaglycine and varied applied force on calcite growth?

In the third study "Microscale influence of pH on calcite dissolution" I wanted to fo-
cus on dissolution and quantify the relevant dissolution mechanisms at the calcite
crystal surface over a wide range of length scales. Direct measurements of the three-
dimensional calcite crystal surface can provide fundamental insight into the reaction
mechanisms of calcite dissolution and their relationship to thermodynamic descrip-
tions of the bulk system. My initial objective was to identified detailed information
about the reaction mechanism at the calcite surface at different pH. The most impor-
tant research questions were:

what is the main surface physical mechanism controlling dissolution at differ-
ent pH?
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How the pH can influence calcite dissolution at nano scale?

What is the influence of glycine at different pH on calcite dissolution?

1.5 Analytical techniques

1.5.1 AFM

Atomic Force Microscopy (AFM) was developed when people tried to extend the
Scanning Tunnelling Microscopy (STM) technique to investigate electrically non-
conductive materials, like proteins. The idea of AFM was demonstrated for the first
time by Binnig and Quate in 1986. They used an ultra-small probe tip at the end
of a cantilever. Then in 1987 its setup was developed with a vibrating cantilever
technique which used the light-lever mechanism of Wickramasinghe et al [10].

The AFM analysis technique allows for high resolution imaging of surface in
air or in a solution . This technique works by moving a cantilever, which uses a
micrometric sharp tip to probe the surface features by raster scanning. A ceramic
piezoelectric controls the normal tip moving on the surface. It can do it quickly and
accurately. The tip is often made of silicon nitride.

A highly dense laser beam is focused onto a reflective spot on the cantilever
surface to direct it toward the photodiode so that any changes in the interaction
between the tip and sample causes the cantilever to bend and a deflection of the
laser beam to be recorded [10] (Figure 1.14). AFM can image the surface topography
with atomic resolution and provides thereby the possibility of recording images of
surface during growth and dissolution [117, 120].

Additionally to probing the surface AFM is used for the detection of adhesion
forces between the tip and the surface of the sample. Several studies have been
conducted in this perspective, like [133, 93, 36, 35] for the case of soft materials.
AFM cannot provide users with direct information about the chemical composition
of the surface.

FIGURE 1.14: Schematic illustration of the principle of AFM. The
scanner is composed of three piezo components, which control the

horizontal (x and y) and vertical (z) movement of the sample.

AFM is usually performed in three operational modes: Contact mode where the
tip is in contact with the surface and the deflection of the cantilever is kept constant.
In this mode the probe is in continuous contact with the sample while it raster scans
the surface. The interaction between the tip and the surface can be adhesive or repul-
sive, which depends on the surface. In contact mode with constant force, the output
consists of two images: height (z topography) and deflection or error signal. The
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contact mode can be used for delicate samples in liquid, as long as the force can be
controlled. Non-contact mode, where the tip is oscillated at the resonance frequency
close but not to the surface and the amplitude of the oscillation is kept constant. Fi-
nally the tapping mode where the tip oscillates at its resonance frequency near or just
close to the surface.

For my study of gypsum dissolution and calcite growth, I used a commercial
atomic force microscope (MFP3D, Asylum Research, Oxford Instruments) in contact
mode, equipped with a custom made fluid cell (Figure 1.15) with a peristaltic pump.
This allowed me to image gypsum dissolution and calcite growth in the solution
flowing over the surface at a constant flow rate of 0.275 mL/min.

FIGURE 1.15: The custom fluid cell in my AFM experiments. Fresh
solution continuously flows over the mounted calcite crystal. The
output of the flow is situated at the top of the fluid cell to facilitate

removal of any dust at the air solution interface.

1.5.2 VSI

Vertical Scanning Interferometry (VSI) is based on the principle of a Michelson in-
terferometer. Then it has been adapted to microscopy , and called Mirau interfer-
ometer. This scanning white light phase shift interferometer is used to quantify the
surface dynamics during processes like dissolution and growth, among others. This
scanning technique uses Mirau objectives, and the objective plays the role of the in-
terferometer. The objectives 5×, 10× and 50× are used (see Figure 1.16). A main
advantage compared to other interferometric techniques, which use an open beam
path, is that the system is very compact and does not need an expensive clean lab.
However, it is necessary to avoid vibrations as much as possible. For that an anti-
vibration air table works successfully.

The technique provides near-atomic scale investigations with a vertical resolu-
tion better than 2 nm and a lateral resolution of 0.5 to 1.2 μm (depending on the
objective used). Rather “large” vertical scan range of the analytical system is an im-
portant prerequisite to study mineral surfaces that have often steps with several μm
or even tens of μm height differences. This requirement often limits the application
of atomic force microscopy. This method provides a vertical scan range of up to 1
mm, and, therefore, the possibility to study macro-steps on crystal surfaces [73]. An
optimal setting is to employ a scan range up to 100 μm with a vertical resolution
of about ∼ 20 Å. At the same time, the field of view is large compared to that of
an atomic force microscope, that is, 1252 × 940 microns (5× objective), 626 × 470
microns (10× objective) or 125 × 94 (50× objective), respectively. This large field of
view is critical to be able to study the dynamics of the spatially heterogeneous dis-
solution (or growth) processes, because the same spot on the surface can be found
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more easily, making the comparison of the evolution with time of a given portion
of the surface more straightforward. Vertical changes of the surface topography at
these mentioned scale can be quantified over a relatively long run duration of exper-
iment.

FIGURE 1.16: Adjusted sketch of principle of a VSI [78].

1.5.3 SEM-EDX (Scanning Electron Microscopy Energy Dispersive X-Ray
Analyzer)

a b

FIGURE 1.17: a) Schematic of scanning electron microscopy. b)
Schematic diagram of the type of radiation, scattered electrons and

detected electrons in electron microscopy.

Electron microscopy is the imaging of material by illumination with electrons
[123]. A beam of incident primary electrons interacts with the sample as shown in
figure 1.17. SEM deals with scattered electrons and emitted radiation detected above
the surface of the sample. The beam of primary electrons is scanned over the sur-
face in a raster fashion and the intensity of secondary or back scattered electrons is
plotted against the position of the beam, resulting in a 2D image of nm resolution.
Secondary electrons have undergone elastic scattering, so the kinetic energy of the
reflected electrons is unchanged. This results in an image where, in the absence of
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charging, the intensity of the detected electrons depends only on the topography of
the sample. Back scattered electrons have undergone inelastic scattering. so their
kinetic energy is smaller than before their interaction with the sample. Because the
electrons have a larger tendency to undergo inelastic scattering when interacting
with heavier elements, these tend to be brighter in images recorded from back scat-
tered electrons.

Detailed chemical information can be obtained through the detection of charac-
teristic X-rays, which are emitted when incident electrons cause an atom to emit an
electron of its own. After this, two modes of relaxation are possible: X-ray fluores-
cence or emission of an Auger electron. The probability of X-rays increases with
element mass. By analyzing the energy and intensity of the emitted X-rays (En-
ergy dispersive analysis of X-ray spectra, EDX), the composition of the top several
hundreds of nm of the sample can be determined. Detection limits are element de-
pendent, but values of around 0.1 % are common [102].
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Dissolution rate from molecular
measurements
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2.1 Preface

Understanding the dissolution behavior of gypsum Ca SO4, 2 H2O in aqueous solu-
tions is of primary importance in many natural and technological processes. The
study of the mechanisms and kinetics of water and gypsum interactions may pro-
vide insights into the role of gypsum on crustal deformation in numerous geological
settings and in trapping large oil and gas accumulations [80, 14]. Since 2 decays
AFM is one of the precise used device to observe the evolution of the crystal surface
and to deduce the kinetics of dissolution.

The theoretical model that was provided by Lasaga and Lüttge [63] to better un-
derstanding of the kinetics of mineral dissolution and to observe the importance of
the parameters, like dependence of overall rate dissolution on saturation state of
solution. They developed this dissolution theory based on the movement of disso-
lution step waves stemming from surface defects.

In the first chapter I have introduced the dissolution mechanisms, like etch pit
expansion and step motion, on the gypsum cleavage surface at atomic scale. The
first aim of this chapter is to better understand in details the mechanism of gypsum
dissolution at conditions close to the burial. Therefore this research concerns the
influence of pressure on dissolution. In order to understand how aqueous fluids in-
teract with gypsum-bearing rocks loaded either by overburden, or tectonic stresses,
it is important to identify the effect of stress on the dissolution mechanisms. To get
closer to realistic wet solid-solid contact and imitate real particle interface, i.e., the
dissolution behavior of the gypsum surface under the point contact applied force,
I used in this experiment AFM tip to apply the force, a configuration close to the
actual contact between gypsum grains, occurring at asperities.

In addition gypsum dissolution rates are measurable in laboratory times and the
chemical reaction is rather simple. The gypsum has the existence of a surface normal
retreat during dissolution [73]. The gypsum rhombohedral etch pits have role of step
sequencer source. These two bold properties technically have been made it suitable
for investigation at the nanometric scale.

The macroscopic dissolution rate of minerals is generally deduced from solution
chemistry experiments. The rate is derived from the increase of the concentration in
a liquid where the material dissolves. By using AFM and VSI the microscopic disso-
lution rate can also be inferred from the dynamics of molecular events, among which
the atomic step migration is the dominant ones beside a general vertical retreat of
the surface [71]. The obtained results for both hardly ever agree, even qualitatively.
In the worst cases, orders of magnitude separate the two. Besides a general theory
linking the kinetics at the two scales is still lacking. Keeping this in mind, the second
aim of this chapter is to compute a dissolution rate from the kinetics of the molecular
mechanisms in quantitative agreement with the macroscopic dissolution rate.

This study demonstrates that, if a dominant mechanism exists, the simple upscal-
ing of the dissolution rate from the atomic level to the macroscopic one, is possible.
We should not consider that this upscaling is achievable for every mineral. If several
interacting atomic mechanisms are involved, such a simple relationship is excluded,
and more complex analyses are required.

2.1.1 Pressure solution

Many geological and material studies have focused on compaction behaviour of
sedimentary rocks and material to better predict porosity values [88]. In the early
stage they only considered mechanical compaction. Vertical stress and grain size are
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the main parameters influencing this compaction. However mechanical compaction
does not explain reasonably porosity-depth trends observed in sedimentary basins
[20], so the effect of chemical compaction on porosity must be also considered.

The main chemical mechanism during compaction is pressure solution creep,
which involves local mass transfer by dissolution, diffusion and precipitation pro-
cesses at the grain scale [20]. This process is considered a key aspect to describe the
deformation and compaction of sediments and sedimentary rocks (see sketches in
figure 2.1), playing a determining role in processes such as diagenesis, compaction
and porosity/permeability evolution in sedimentary basins [30, 111, 100].

The driving mechanism of this chemical compaction is pressure solution, i.e.,
crystal dissolution in confinement by effect of an external load . Pressure solution
takes place at surfaces separated by a thin film of solution from the confining wall
(pore surface or other crystal). The dissolution in this process is a consequence of the
stress-induced change of the solid chemical potential, that increases locally its solu-
bility. This process is characterized by the three successive processes of dissolution
of solid minerals at grain contacts, diffusion of solutes along the grain boundaries
and re-precipitation at free surface (see figure 2.1) [84, 111, 2, 134, 58]. Different pa-
rameters are involved in pressure solution, including: applied stress, temperature,
advective and diffusive fluid transfer, liquid composition.

The experimental studies mostly focused on the effect of the stress on the com-
paction. They fitted the data according to power law relations between applied load
and grain size and strain rate:

Ṡ = Pαd−β (2.1)

where Ṡ is the strain rate, d is the grain diameter and P the external stress. Different
values for α and β were reported ranging both from 1 to 3 [100, 44, 21].

FIGURE 2.1: Schematic image of different reactive sites in an ag-
gregate of grains under compression. The aggregate is compressed
by the force F applied on the area A, which results in a stress σ.
The coordinate axis z faces downwards. The close-up in the mid-
dle shows the two reactive sites. One reactive site is the contact be-
tween grains where pressure solution takes place and the other is the
contact of grains with the pore fluid. P is the fluid pressure in the
pores. The close-up on the left-hand side shows the grain-grain con-
tact [58].Theclose-up on the right side exemplifies the Asaro-Tiller-

Grinfeld (ATG) instability.
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The contact morphology in pressure solution is important and the strain rate de-
pends on the grain contact, consequently understanding this phenomenon becomes
complicated. Several morphologies for this complex contact are observed. The mor-
phologies observed on the grain contact surface after being exposed to pressure so-
lution, are for instance smooth, featuring ridge and plateau structures, with fluid
micro-channels and micro-cracks, or dendritic contact regions [24, 19, 44]. Non-
hydrostatic stresses near the surface may lead to the Asaro-Tiller-Grinfeld (ATG)
instability, destabilizing the surface, controlled by competition of two factors, a com-
pressive mechanical force that favor a roughening of the interface and a stabilizing
force due to surface tension. These stresses cause instabilities and various studies
have focussed to understand this phenomenon. However in this part of research,
I focused to study fundamentally the influence of a force applied in a single con-
tact during the dissolution of gypsum to better understand this chemico-mechanical
phenomenon at the atomic scale.

2.1.2 Measuring atomic step movement

For running the experiment, I prepared fresh calcium sulfate aqueous solutions. I
dissolved calcium sulfate powder in ultra pure water until saturation, and diluted
the solution to the desired concentration. The saturation index Ω is computed as

Ω =
C

Csat
, C being the concentration of Ca2+ and SO2−

4 Then for every experiments,

I freshly cleaved the gypsum surface with a clean scalpel. Then I mounted the sam-
ple on the fluid cell (figure 1.15) and it was hold by a spring to prevent its move-
ment during the observation. The room temperature is controlled to be constant
at (22 ± 1)°C. A peristaltic pump is used to prevent a changing of the concentra-
tion during the measurements due to the dissolution of gypsum in the solution. It
pumped through the cell with a flow rate of 0.275 mL/min. The measurements were
performed with a MFP-3D Asylum Research AFM (6310 Hollister Avenue, Santa
Barbara - California 93117 USA). The AFM is used in contact mode. A silicon nitride
tip is used and its characteristics (sensitivity in air, sensitivity in the solution and
stiffness) were determined for every used tip to calculate the applied force. Before
running the solution, I imaged the surface to observe the crystallographic directions
at the surface in air.

As I introduced in the first chapter the gypsum dissolution surface is well-known
concerning the etch pits, retreating by monomolecular steps in the crystallographic
directions [100] and [001] (figure 1.5). As mentioned by Teng, measuring the step
velocities needs accuracy due to AFM electronical drift and lack of stationary refer-
ence in the image area because of the continuous changing of the surface by growth
and dissolution [119]. I used one of the proposed measurement methods, suggested
by Teng, to measure atomic step velocities. In this method, I used the slow-scan-
disabled mode of AFM. After I introduced the solution on the gypsum cleaved sur-
face and the an etch pit was created, I put the considered step parallel to the Y-axis
by adjusting the angle (figure 2.2). At that time I switch on the slow-scan-disabled
mode, consequently the AFM tip moves in line parallel to the X-axis or more pre-
cisely moves along a segment of transverse size equal to the diameter of the tip in
line.
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a) b)

FIGURE 2.2: a) Considered step from an etch pit parallel to the Y axis.
b) Slow-scan-disabled image (kymogram) used to determine the step

velocity from the angle θ.

The step velocity is calculated by the following relation:

VS =
FB.Se

N. tan θ
(2.2)

with:
-FB, the frequency (lines/s).
-Se, the image size or scale (μm2).
-N, the number of lines in the image.

2.1.3 Influence of saturation index on gypsum dissolution

Dissolution of minerals is an important process for many disciplines. It depend on
many factors. These parameters are varied externally or rely on inherent properties
of the solid or from the solution. Processes like the structure of the mineral, the
surface defects, the adsorbed agents, the reactive surface, pressure, temperature, pH,
hydrodynamic conditions, difference in free enthalpy ΔG between solid and liquid,
etc. play major roles on this kinetic mechanism. Understanding how these processes
act is required for an accurate knowledge of mineral surface reaction rates.

Many studies on the kinetics of mineral-water interaction have done based on
dissolution rates measured by volume experiments (reactor, rotating disk, stirred
tube, reactor mixed media and channels). In this research, I did not measure directly
the retraction rate of the mineral, but I measured it from the evolution of the surface
on atomic scale by the AFM. This methods allowed to deduce the dissolution kinetics
from the velocities of the atomic steps or the retreat measurement perpendicular to
the area. For the majority of mineral, this upscaling generally fails. It has been made
possible here thanks to a careful identification of the microscopic mechanisms at
play.

In dissolution often the system is far from equilibrium conditions. There is a
general agreement that the kinetics of mineral dissolution is dependent on saturation
state of the solvent in contact with the mineral. This dependency is very important
since it may entail a change of the mechanism of mineral dissolution.

Few studies have been done on gypsum crystal surface during dissolution and
atomic steps motion in different saturated indices [33, 93]. The two steps [100] and
[001] enclosing the rhomboid etch pit are responsible for its evolution. Due to the
complexity and the number of experiments that should be carried out, I have mainly
studied the movement of the step [100] which, referring to the literature, has a slower
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kinetics [93]. As suggested by Colombani, the overall kinetics of gypsum dissolu-
tion is controlled by a mixed mechanism, due to the similarity of the quantity of
dissolving and diffusing gypsum in the course of an experiment [18]. Consequently
a higher density of steps in one region induces a saturation layer around the sur-
face resulting in a decrease of the driving force of the dissolution and thus a slowing
down of the dissolving of the steps. So, I measured the step velocities in areas of
the surface with a low density of atomic steps and used the flow-cell in AFM with
a constant flow rate. I measured the step [100] velocities at saturation indices Ω =
75, 80, 85, 90 and 94%, these values presented in percent compared to the saturated
solution (100%). Naturally I observed the step [100] moved faster than the step [001]
and consequently the etch pit elongated due to this step kinetic anisotropy (figure
2.3).

a) b)

FIGURE 2.3: Evolution of the etch pit and steps [100] and [001] move-
ment on the gypsum surface at saturation index of 90%. From image
a to b,the time interval is 1024 seconds.The surface morphology is
completely changed. Due to the anisotropy of the step dynamics the

etch pit is elongated in the direction of step [001].

The step velocities increase with the decrease of the saturation index in the so-
lution and this decreasing trend is in agreement with the other reported trends [33].
On the other hand I observed a strong disagreement between the values reported in
the literature and my obtained results. These data are not in agreement with them-
selves as well [11, 47, 33, 14]. These discrepancies did not originate from different
measurement methods for the step velocities, because I used the same method as
Fan and Teng [33] but I also observed a disagreement. So the challenge I faced was
to find a reason for the dispersed data shown in figure 2.4.
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FIGURE 2.4: Evolution with the saturation index of the [100] step ve-
locity on a dissolving gypsum surface in comparison to reported data

If we consider the step propagation mechanism for dissolution, the Transition
State Theory (TST) can help to interpret the obtained results. This model is devel-
oped for extrapolating the dissolution rates obtained experimentally close and far

from equilibrium. This theory connects the reaction rate
dξ

dt
with the difference of

free enthalpy between the solid and liquid ΔG according to this relationship:

dξ

dt
≈ [1 − exp(

ζΔG
RT

)] (2.3)

with
- R gas constant.
- T the absolute temperature.
- ζ the number of reaction elements, in this study equal to one.

If the gypsum is put far from equilibrium by an undersaturated solution, then
the difference in free enthalpy can be expressed as a function of the concentration as
below:

ΔG = RTln Ω (2.4)

with
Ω =

C
Csat

(2.5)

as introduced earlier.
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This leads to the following expression for the reaction advancement:

dξ

dt
≈ 1 − Ω (2.6)

Because the matter detachment, or dissolution reaction, originates from the atomic
step movement on the crystal surface, the velocity of the steps V must also follow
the law described by the TST:

V ≈ 1 − Ω (2.7)

2.1.4 Influence of force on atomic step movement

In the previous section, due to the scattered results, it was very difficult to show
the consistency of the experimental data with equation 2.7, which follows the TST.
According to the literature, this dispersion of data could be originated from the vari-
ation of the applied force by the AFM tip during the measurements [93]. The force
applied by the AFM tip is controlled by three parameters: 1) the stiffness of the
cantilever which depends on the material and geometry, 2) the sensitivity of the
cantilever and 3) the set point. The set point is a voltage value which is stabilized
during scanning with an active feedback loop. It characterizes the strength of inter-
action between the tip and the surface. The first two parameters are constant but the
repulsion force between the tip and crystal surface can be varied by changing the set
point. In the following I describe the calculation of force applied by the AFM:

ΔFapplied = set point[V]× sensitivity[
nm
V

]× stiffness[
nN
nm

] (2.8)

To know the magnitude of the contact force applied by the tip, first I checked that
the set point corresponds to zero volt. The drift of the laser spot on the photodiode
is an unavoidable part of the system. For having precise measurements I regularly
and several times during the experiments monitored the force by checking the set
point. As discussed in section 2.1.2, in the mode slow scan disabled, by the obtained
space-time image, we are able to compute the step velocity. In this image (space-
time), variation in slope means variation in step velocity. To highlight the influence
of the force, I increased the applied force by modifying the set point in the middle of
an image (see figure 2.5). I observed that the gypsum surface reacted immediately
to the changing of the applied force.
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FIGURE 2.5: Spatio-temporal image obtained by AFM of the trace left
by the motion of the step [100] versus time. The solution saturation
index is 90%. The scan direction is from bottom to top. A different

applied force consequently induces a different step velocity.

In reference to this observation, I measured the influence of the applied force by
the tip on step [100]. The influence of force on the dissolution of soft minerals like
gypsum and calcite was studied by Park et al. and Pachon-Rodriguez et al. [95, 96,
93]. Park et al. studied the wear that was generated by a continuous linear scanning
of the AFM tip on the crystal surface. In figure 2.6, reported in the literature [96], is
shown the relationship between the length of the track left by the passing tip on the
calcite surface and the tip applied force of the Scanning Force Microscope (SFM).
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FIGURE 2.6: The wear growth rate of the trace (notch) on the surface
of the calcite crystal generated after a linear scanning of the tip of the

SFM, as a function of the contact force (figure from [96]).

2.1.5 Theoretical approach of the dissolution under stress

When the AFM tip scanned the crystal surface to make an image, it disturbed the
solution around the image area. This local stirring, in addition to the solution flow
rate, kept the solution concentration at that region constant. This process suggested
that the observed dissolution process by AFM was a process limited by the surface
reaction of the crystal and not by the removal of the material, quickly discharged
into the liquid. So the evolution of the solid-liquid interface is a consequence of the
chemical reaction.

Ca SO4, 2 H2O −−⇀↽−− Ca2+
(aq) + SO4

2−
(aq) + 2 H2O (2.9)

This reaction happens on the mineral surface by atomic detachment. In the pure
system, in absence of other salts, to preserve the local electro-neutrality, the two
aqueous species must be in the following condition:

CCa2+ = CSO2−
4

= C (2.10)

When the tip probes the surface to record the topography, it creates a local stress
in the solid. To estimate this constraint, I considered the Hertzian type contact be-
tween AFM tip and crystal surface. In this context, the maximum stress is under the
tip. Thus, the pressure P0 is induced by the tip according to this equation:

P0 = (
1
π
)

[
6FtipE2

((1 − ν2)2r2
tip)

] 1
3

(2.11)
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where
- Ftip is the applied force.
- E, ν are Young’s modulus and solid Poisson’s ratio.
- rtip is the curvature radius of the used tip.
According to the literature, E = 45 GPa and ν = 0.33 were used for gypsum.

From the experiment rtip = 10 nm and Ftip = 10 nN were considered. By using the
equation 2.11, the value of P0 = 1.5 GPa for the normal stress on the surface was
obtained.

The applied stress also generated an elastic field around the contact zone. This
field influences the chemical potential μs of the crystal surface around the contact
zone with the tip. It can be written as [103]:

μs = μ0 + δUe + δUp + δUs (2.12)

where
-μ0 is the chemical potential of the stress-free solid.
-δUe and δUp are the contributions related to the elastic and plastic deformation

energy respectively.
-δUs is the parameter related to surface energy.
In this relation, the fluid above the surface is at atmospheric pressure and the

normal stress outside the Hertzian contact area is zero. Apart from the atomic step
movement, permanent deformations of the solid were not observed. Furthermore
during probing and investigation of the surface by the tip, it remained flat. Conse-
quently, the terms of plastic energy and surface energy could be neglected.

The maximum tensile stress at the periphery of the contact zone is described by
the following relation:

σ = (1 − 2ν)
P0

3
(2.13)

The molar elastic energy stored by the solid can be written as:

ΔUe =
σ2V̄
2E

(2.14)

where V̄ is the molar volume of the gypsum. The obtained value of P0 = 1.5 GPa
was used in equation 2.13 to determine the stress σ. The stress σ was 170 MPa.
The molar volume of gypsum is V̄ = 7.5 × 10−5 m3 mol−1 , then the elastic energy
δUe = 24Jmol−1.

Now the expression of the chemical potential in the constraint condition is known,
it was included in the law of the TST dissolution rate. First, the mechanical contri-
bution was introduced in the expression of the difference of free enthalpy between
the solid and liquid. The obtained relation is:

ΔG = RT ln Ω (2.15)

The term of elastic energy δUe is derived from the molar elastic energy ΔUe stored
during passing the tip.

Consequently, the atomic step velocity can be written with the relation below:

v = vlim[1 − Ω exp(−α∗σ2V̄
2ERT

)] (2.16)

with
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- α∗ a geometric parameter depending on the shape of the elastic deformation
field around the contact zone.

- vlim the maximum atomic step velocity that is intrinsic to the solid-liquid inter-
action.

By using relation 3.2, we found a strong agreement between the experimental
results and the theory (see figure 3 in the paper presented in section 2.2.)

Consequently, considering that the influence of the tip on the solid is related to
the contribution of the elastic strain to its chemical potential led to a good fitting
of the experimental data, thus it validated the hypothesis of dissolution under local
constraint.

2.1.6 Measuring dissolution rate at nanoscale

For many years studies claimed that gypsum dissolution was done by propagation
of a well defined system (etch pit) [131, 124] but these measurements hardly showed
agreement between macroscopic and nanoscale dissolution rates. In this research I
focused to understand the main physical properties of the surface that control disso-
lution. I introduced in the first chapter, in section 1.2, that I observed another type of
steps, called [u0w], which were also reported by Fan and Teng in 2000 [33]. This type
of steps were found in the direction close to the step [100] direction (see figure 1.4). I
had decided to measure their velocities although due to their high velocity it needed
more care. For measuring the step velocities I used the same method as reported
in section 2.1.2 but as it moves very fast and sweep the surface I had to adapt the
methodology. For adjusting this step parallel to the Y axis first, I put a considered
[100] step parallel to the Y axis, as the rough steps were approximately in the same
orientation of as steps [100]. As soon as they appeared I checked their parallelism
and then I switched on the slow-scan-disabled mode. In all rough steps measurement
the scan rate was 3 Hz. I computed velocities for rough, [100] and [001] steps, then
by knowing the density of steps I was able to calculate the dissolution rate by using
the following relation [122].

R =
νnh
V̄

(2.17)

with
- n the number of steps at the surface.
- v the step velocity.
- h the height of a step.
- V̄ the molar volume of gypsum.
The obtained results showed microscopic dissolution rates of gypsum in quan-

titative agreement with macroscopic rates. This agreement has been obtained in
taking care of two features. First, the force applied by the AFM tip on the surface
has been seen to increase the solubility of the mineral, thereby introducing a bias, so
I have always worked with a constant and low applied force. Secondly I have clearly
identified the driving molecular mechanism, namely the migrations of rough steps,
which have often been neglected in former studies. This result shows that a careful
analysis of the topographic changes during the dissolution of a mineral may permit
to deduce a reliable macroscopic dissolution rate.
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2.2 Gypsum dissolution rate from atomic step kinetics

An article detailing these results and published in the Journal of Physical Chemistry C
is presented below.



Gypsum Dissolution Rate from Atomic Step Kinetics
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ABSTRACT: The macroscopic dissolution rate of minerals is generally
deduced from solution chemistry measurements. A microscopic dissolution
rate can also be deduced from the dynamics of molecular events (etch pit
growth, atomic step migration, etc.). Both hardly ever agree, even qualitatively,
and the elaboration of a general theory linking the kinetics at the two scales is
still in progress. We present here microscopic dissolution rates of gypsum,
measured by atomic force microscopy (AFM), in quantitative agreement with
macroscopic rates. This agreement has been obtained in taking care to
neutralize the bias induced by the force applied by the AFM tip on the surface,
and to identify clearly the driving molecular mechanism. This result shows that
the determination, among the topographic changes during the dissolution of a
mineral, of the dominant one, and the measurement of its dynamics, may
permit deducing from AFM experiments a reliable macroscopic dissolution
rate.

■ INTRODUCTION

Besides the measurement of macroscopic reaction rates, the
study of the reactivity of minerals includes the investigation of
the atomic mechanisms involved in the reaction. This has been
made possible for two decades by the use of tools resolving
nanometric objects, such as vertical scanning interferometry
(VSI) and atomic force microscopy (AFM). In the case of the
study of dissolution, these techniques enable ex situ as much as
in situ observations, and they have brought recently a rather
clear view of this phenomenon. For instance, it is now well
accepted that the dissolution kinetics of minerals is driven both
by the deepening and broadening of etch pits and by the
general vertical retreat of the surface.1 Etch pits are now viewed
as contributing to dissolution, not in providing new reactive
surface area, but as being a source of moving atomic steps.2 The
way the undersaturation influences dissolution has also received
a satisfactory explanation: dissolution in close-to-equilibrium
conditions is driven by existing steps, far-from-equilibrium
conditions by the nucleation of etch pits on the plane surface,
and intermediate conditions by the nucleation of etch pits on
defects.3,4

If calcite has received the most interest in dissolution studies,
we are here concerned with the case of gypsum. In the field, the
dissolution of gypsum leads to the formation of karst,5 is a
major source of calcium ion release in drinking water,6 and has
a significant influence on soil quality and plant growth.7 In the
domain of mineral materials, gypsum constitutes a minor
component of Portland cement, and experiences dissolution
during its setting. But it is also the only component of gypsum
plaster (or stucco, or alabaster), and its dissolution under stress
is responsible for the moist creep of this material.8

The main objective of this study is to bridge quantitatively
the gap between the atomic and macroscopic dissolution

kinetics. Indeed, agreement between measured dissolution rates
at these two scales is hardly ever obtained.9 Even studies
measuring the microscopic (with AFM) and macroscopic (with
a flow cell) dissolution rates in one well-defined system do not
get similar values.10,11 This lack of consistency stems from (i)
the fact that the understanding of the molecular mechanisms
underlying dissolution is quite recent, as explained above, (ii)
the difficulty of getting reliable macroscopic dissolution rates
(see ref 12 for the case of calcite), and (iii) the fact that the
elaboration of a general theory showing how the atomic
mechanisms combine into an overall rate is still under way.13,14

The macroscopic rate derives from the combination of
various sources of matter removal (broadening and coalescence
of pits created at point defects, at dislocations, at grain
boundaries, etc.) interacting in a complex manner.15 But even if
the resulting spectrum of microscopic dissolution rates is large,
due to the variety of dynamics of these molecular mechanisms,
one of them may dominate and drive mainly the overall rate. In
this case the upscaling of the dissolution rate is straightforward,
easily deduced from the kinetics of the dominant mechanism.
In the case of gypsum, this upscaling had not yet given values

compatible with experimental macroscopic ones because only
events that had a minor contribution to the rate (migration of
straight steps, etch pit spreading) had been investigated. We
show here that the overall rates computed from the kinetics of
the dominant microscopic mechanism (rough step migration)
agree quantitatively with experimental macroscopic ones.
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■ EXPERIMENTAL SECTION

All experiments have been performed with fresh cleaved
surfaces of natural transparent gypsum (CaSO4·2H2O), from
the quarry of Mazan (Vaucluse, France). This mineral displays a
perfect (010) cleavage plane due to the weak H-bonding
between the water molecules.16 The undersaturated solutions
have been prepared in dissolving calcium sulfate in water up to
saturation, and then adding ultrapure water (resistivity ≥0.18
MΩ·m) until the desired saturation index is obtained. The
saturation index has been computed as Ω = c/csat, where c is the
concentration of dissolved calcium sulfate, and csat = 15 mmol/
kg is its value at equilibrium.17

A commercial atomic force microscope (MFP3D, Asylum
Research, Oxford Instruments) has been used for the imaging
of gypsum surfaces. In this apparatus, a silicon nitride tip is
stuck at the free extremity of a cantilever. When approached
close to the surface, the interaction force between the surface
and the tip induces a bending of the cantilever, detected by a
quadrant detector receiving a laser beam reflected by the
cantilever. In the contact mode, used here, a feedback loop
modifies the vertical position of the tip in order to keep
constant the repulsive force. Then a portion of the surface is
scanned line by line, which provides a two-dimensional map of
the surface height.
The image in Figure 1a is topographic, i.e., shows directly the

height of the surface in the (x, y) plane. But to gain clarity, the
presented image in Figure 1b shows at each point the error
signal, i.e., the difference between the vertical deflection and the
set point, proportional to the desired force, which is equivalent
to the derivative of the height with the position. This signal
emphasizes the relief of the surface. The images have a 256 ×
256 resolution and are collected in about 4.5 min with a 1 line/
s frequency.
The dissolution has been studied in situ, thanks to a

homemade fluid cell, in which the undersaturated solution is
flowing past the mineral surface, with a 0.275 mL/min flow
rate, during the AFM measurements. The continuous flow leads
to the establishment of a steady concentration field above the
surface. Despite being stationary, the concentration distribution
in the flow cell is highly nonuniform and strongly dependent on
its geometry.18 The way this geometry influences the
concentration field and, accordingly, the step velocity, is still
quite controversial. Finite element method modeling has shown
that the flow rate, cell geometry, and heterogeneity of the
surface can strongly influence the gypsum step velocity
measured locally with the AFM.19 But measurements with
microelectrodes at different heights from a gypsum dissolving
surface for a 1.5 mL/min flow rate show the quasi-absence of a
concentration gradient between the surface and the bulk
liquid.20

To reduce as much as possible the dispersion of the results
and gain accuracy in comparison with already existing results,
the measurement of the force applied by the tip on the surface
was calibrated (zero value and sensitivity) between each image,
in order to compensate possible drifts and to guarantee the
reproducibility of the applied pressure and the rightness of its
measured value.
The velocity of steps has been measured in aligning one

monomolecular step with the y scanning direction, and
disabling the scan in this directions. Then a kymogram was
obtained, with the step migration leaving a track in the (x, t)
plane (t is time) and the velocity being the slope of the track.21

■ RESULTS AND DISCUSSION
Surface Topography. In a flowing saturated solution, the

gypsum cleavage surface appears at rest, with atomic steps
moving at velocities lower than 0.03 nm/s. As soon as the
imposed concentration departs from its equilibrium value,
coherent motions are observed at the crystal surface, which can
be classified in two types, as first observed by Fan and Teng.21

First, rhomboidal etch pits growing in depth and width are
continuously observed at the surface. We have not tried to
estimate whether they nucleate at structural defects22 and
whether their nucleation stops close to the saturation.21 They
are enclosed by straight steps, the displacement of which is
responsible for the etch pit growth (see Figure 1a). The shape
of the pit is reminiscent of the monoclinic Bravais lattice of
gypsum, with the obtuse angle of 118° of the monoclinic cell
inducing an equivalent angle of the rhomboids. Two facing
edges of the pit are longer, because the neighboring edges
propagate faster, and vice versa, these fast steps are shorter
because the longer ones go slower. The fast steps have been
identified as the [100] direction of the lattice, and the slow
ones as the [001] direction.21 The chemical origin of the kinetic
anisotropy between [001] and [100] has been analyzed in
detail and derives from the difference of molecular stacking in
the two steps.21 It should be noted that fast steps are sometimes
wrongly identified as [101], whereas these steps are generally

Figure 1. AFM images of the dissolving cleavage surface of a gypsum
single crystal in a flowing solution of saturation index 87%. (a)
Topographic image exhibiting typical rhomboidal etch pits. (b) Error
signal image showing two fast-moving rough steps (arrows).
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not present at a gypsum cleavage surface.21 We observe that
some angles of etch pits are sometimes slightly rounded, as in
other experiments.23

Second, the surface is regularly swept by very fast and rough
steps (see two examples in Figure 1b). These steps have an
unidentified and changing direction. Scanning progressively all
lattice directions of the (010) plane, they have been denoted
[u0w].21 These steps do not belong to any etch pits, and Fan
and Teng have suggested that they are generated at the edges of
the sample.21 Although this should be partly true, molecular
simulations of dissolving calcium carbonate, where similar
rough steps run on the surface, have shown that they may result
also from the merging of neighboring pits.13 These steps are
most probably as unstable as would be [010] steps.21 Their very
high velocity is a consequence of the large density of kink sites,
which are highly reactive, due to their smaller number of bonds
with the surface, compared to atoms in straight steps. These
rough steps erode and often completely annihilate existing etch
pits. For this reason, the pits have generally no time to grow
and pits deeper than a few nanometers are hardly ever
observed, whatever the undersaturation.
These topographic transformations of the surface are the

molecular consequences of the disequilibrium between the
solid and liquid induced by the undersaturation. Therefore, the
kinetics of these modifications should, in some form, be linked
to the distance from equilibrium. Figure 2 shows the change of
the [100] step velocity v with the saturation index Ω, measured
in this work, and reported in the literature.

We have to mention that we have omitted to include the
value measured by Peruffo et al., because it was 2 orders of
magnitude larger than the others (v = 330 nm/s).24 This
discrepancy may probably be explained by the fact that these
measurements have been carried out during the first seconds of
contact of the surface with the solution. Being freshly cleaved
and unreacted, the gypsum surface is likely to be, in these
experiments, highly energetic and therefore much more reactive
than in the other long-term experiments.
If we note an enhancement of the step speed when getting

away from the saturation, the exact dependence of v on Ω
would be difficult to draw from the results in Figure 2. Fan and
Teng have suggested, based on their results, that this evolution

is compatible with a law deduced from the transition state
theory.21

At first order, we have considered here that, for our close-to-
equilibrium conditions, all measurements converge to a rough
proportionality between the step velocity and the distance from
saturation, with a dispersion compatible with the difficulty of
the experiments (see Influence of Applied Force). Therefore,
the atomic mechanism at the basis of dissolution seems to
follow, close to saturation, a first-order evolution with Ω, as has
been observed for its macroscopic counterpart, the dissolution
rate R:25

= − Ωv v (1 )lim (1)

with vlim the step velocity at infinite dilution. Farther from
equilibrium, it is likely that the dependency of v with Ω is no
more linear.21

Influence of Applied Force. As we aim at a quantitative
agreement between atomic and macroscopic dissolution rates,
we need to avoid all experimental biases as much as possible.
We had shown in a previous work that one of the main
instrumental sources of uncertainty in AFM dissolution
measurements was the modification of the equilibrium between
the solid and liquid by the stress σ applied by the tip on the
surface.26 Indeed, the force pressing the surface induces an
elastic strain of the solid, which thereby stores the elastic
energy:

ασ
Δ =

̅U
V
E2e

2

(2)

with α a geometric factor depending on the shape of the elastic
strain field around the tip−surface contact, E the Young’s
modulus of the solid, and V̅ its molar volume.
This elastic energy constitutes a second source of distance

from equilibrium, adding to the undersaturation of the liquid.
In other words, the external stress promotes dissolution, a
phenomenon broadly reported in geology.27 In the case of the
dissolution of gypsum, we had demonstrated that the kinetics of
the slow steps was thereby modified by the passage of the tip,
their dynamics appearing to be driven by a combination of the
chemical (eq 1) and mechanical (eq 2) stimuli, both
contributing to the Gibbs free energy of the system:26

ασ
= − Ω −

̅
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥v v

V
ERT

1 exp
2lim

2

(3)

To further attest to this disturbing influence of the AFM tip
on the surface behavior, we present in Figure 3 the change of
the velocity of the fast steps with the force applied by the tip,
for a given undersaturation (90%). We see here clearly two
distinct regimes. We have ascribed the low-force behavior to
the above-described pressure solution influence. To use eq 3,
we have modeled the impinging of the surface by the tip with a
Hertzian contact. In this case, the maximum tensile stress (at
the contact periphery) is σ = ((1 − 2ν)/π)(2FE2/(9(1 −
ν2)2r2)), with ν the Poisson’s ratio of the solid, r the size of the
contact (r ∼ 40 nm), and F the force applied by the tip. Using
this expression of σ, we have fitted the low-force experimental
results in Figure 3 with eq 3. The agreement between the
experiment and the model is satisfactory. The value of α
brought by the fit is 130, which gives an order of magnitude of
the number of molecules, the elastic state of which is modified
by the tip.

Figure 2. Evolution with the saturation index of the [100] step
velocity on a dissolving gypsum surface. The results of Bosbach and
Rammensee (pink square),22 Hall and Cullen (blue star),23 Fan and
Teng (green diamonds),21 and Burgos-Cara et al. (light blue
triangle)20 have been added to ours (red circles).
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The high-force regime shows a completely different behavior
and can be ascribed to an atomic wear phenomenon. Following
the analysis of nanotribological experiments on calcite in
aqueous solution, we consider that the force applied by the tip
is high enough to detach ions along the tip−step contact, which
means that the tip scratches the step via a mechanical
promotion of the kink nucleation.28 As this mechanically
favored kink nucleation is thermally activated, the step wear is
expected to exhibit an Arrhenius exponential evolution with the
force:28

σ
= ⎜ ⎟⎛

⎝
⎞
⎠v v

V
RT

exp0
a

(4)

with v0 a preexponential factor and Va an activation volume.
The fit of the experimental data at high force with this equation
is shown in Figure 3. The agreement is satisfactory and leads to
confirmation that the increase of velocity in this regime is due
to a corrosive wear phenomenon in the case of gypsum, as was
the case for calcite.28 The best-fit value of the activation volume
is Va ∼ 100 cm3·mol−1. The molar volume of monoclinic
gypsum being 74 cm3·mol−1, this fitted value tends to show that
the tip promotes the removal of one or two unit cells.
The existence of this wear regime enables understanding of

the unexpectedly high value measured by Hall and Cullen,
shown in Figure 2. These authors are the only ones mentioning
the force they apply on the surface with the tip: F = 10 nN.
This value lies clearly in the corrosive wear domain, and the
velocity they measure (v ∼ 13 nm/s) is consistent with the one
we measure with this applied force, as can be checked in Figure
3. Hence their experiment investigates tribologically enhanced
dissolution, not spontaneous dissolution, and their result is
therefore outside the range of expected values of step velocity
during dissolution (see Figure 2).
The force for which the transition between pressure solution

and corrosive wear of the fast steps occurs, Ff ∼ 7 nN, is very
close to the equivalent value for the slow steps, Fs ∼ 10 nN.26 It
should therefore stem from the same molecular quantity, most
probably the binding force of the structural water of the
gypsum molecule with the surface.
We can infer from this investigation of the bias induced by

the AFM tip on the dissolution process that, to get reliable and
reproducible values of the step velocities, particular care will
have to be taken subsequently (i) to choose a small applied

force, at least smaller than 7 nN, and (ii) to keep the value of
the force similar for all velocity measurements. These two
conditions have been always fulfilled thereafter in performing
all experiments with a 1.2 ± 0.7 nN force.

Dissolution Rate from the Step Velocity. The
heterogeneity of the molecular mechanisms at the basis of
dissolution, and the resulting diversity of the local dissolution
rates, has been recently acknowledged.15 In the case of calcite
marble, the local rates measured in a plane surface span from
0.03 × 10−6 to 0.7 × 10−6 mol m−2 s−1, originating from
dislocation-driven etch pit growth, vacancy-driven etch pit
broadening, etch pit coalescence, etc.14 The experimental values
of macroscopic rate found in the literature, measured in very
diverse samples (single crystals, polycrystals, powders, etc.),
range from 0.3 × 10−6 to 5 × 10−6 mol m−2 s−1 in far-from-
equilibrium conditions.12 We note that the orders of magnitude
of the rates do not agree. This discrepancy may originate from
the shape of the samples, with grains being likely to be more
reactive than plane surfaces, due to higher step and kink
density, so to show larger rates. This tiny overlap of the rates of
both scales emphasizes the fact that developments in the
statistical analysis of the basic mechanisms and their interaction
are still needed to recover a unified view of the dissolution of
calcite.29

Two main strategies exist for accessing the microscopic
dissolution rates. The first one uses VSI and measures directly
the microscopic rate from the matter loss deduced from the
local vertical retreat of the surface. The link between a local rate
and its corresponding atomic mechanism is made from the
interpretation of the topographic changes. The advantage of
this technique is that it provides a map of the microscopic rates
(the integration of which gives the overall value); the drawback
is that measurements are carried out ex situ (outside the
solution). Our study concerns the second one, which uses AFM
and attempts to compute microscopic rates from the measured
kinetics of atomic events (step velocity, pit spreading, etc.). The
advantage of this method is that the measurements are
performed in situ (during dissolution); the drawback is that
the computation of the overall rate from the kinetics of
microscopic events is not straightforward.
In the case of gypsum, we have noticed from the AFM

measurements that etch pits do not seem to play a leading role.
Indeed they never get deep or very wide. This absence of
noticeable growth is not a consequence of a large density of
pits, which would lead the pits to coalesce before having time to
grow. This limited growth is a consequence of the sweeping of
the surface by the rough steps, which regularly make the pits
disappear. From this overall assessment of the dissolution
processes, we can make the assumption that the phenomenon
is driven by the rough atomic step motion.
We have observed that the migration of three families of

steps contributes to the release of matter from solid to liquid,
the ultimate measure of which is the dissolution rate. To
quantitatively estimate the total quantity of matter liberated
from the solid by step migration, two quantities are required:
the velocity of the steps v and their number density n at the
surface. The resulting dissolution rate R is30

=
̅

R
vnh
V (5)

with h the height of a step (h = 0.75 nm) and V̅ the molar
volume of gypsum (V̅ = 74 cm3·mol−1).

Figure 3. Step velocity in the [100] direction as a function of the force
applied by the AFM tip on a gypsum surface for a 90% saturation
index of the flowing solution. The open diamond-shaped dot is the
datum from Hall and Cullen.23 The low-force dots are fitted with eq 3,
and the high-force ones are fitted with eq 4.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b00612
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

39



The values of v and n for five values of the saturation index
have been collected in Table 1. From them and eq 5, the

dissolution rate resulting from the migration of all three steps
has been drawn in Figure 4 for the five saturation indices. At

first glance, we see that the contributions from the fast and slow
steps are completely negligible, with their velocity being much
too small to be comparable with the one of the highly unstable
rough steps. Accordingly, the displacement of the [u0w] steps is
the only contributor to the dissolution rate.
To compare these values inferred from atomic events with

the macroscopic dissolution rates, we have added in Figure 4
the evolution of the macroscopic experimental R with the
undersaturation. This R(Ω) line stems from an analysis of
almost all published experimental data of gypsum dissolution
(mostly coming from solution chemistry techniques). In these
experiments, the solution is always flowing and thereby the
measured dissolution rate contains also a contribution from
convection, varying with the stirring rate, dissolving particle
size, etc. This results in highly dispersed and inconsistent
values. Once the blurring influence of hydrodynamics has been
removed, one well-defined dissolution rate constant can be
drawn from all the experiments.25 This rate constant has been
validated by an original measurement using holographic
interferometry in a nonflowing solution, thereby free from
any hydrodynamic contribution.31 Consequently the R(Ω) line

in Figure 4 represents (i) pure dissolution rate values, (ii)
compatible with all the published values of R.
Figure 4 shows that the agreement between the atomic and

macroscopic dissolution rate is extremely good. We stress on
the fact that both measurements are completely independent;
no adjustment has been performed. The fact that both agree
quantitatively is a proof that the dissolution of gypsum is
completely driven by one well-defined atomic mechanism,
namely the migration of [u0w] steps.
This particular analysis, dedicated to gypsum, is the first one

showing a perfect agreement between measurements per-
formed at the two extreme scales of dissolution. It shows that a
thorough examination of the molecular contributions to the
overall dissolution permits bridging the gap quantitatively
between the nanometric and macroscopic values. Obviously,
this examination has to be completed for every different
mineral, and may sometimes be less direct than in the case of
gypsum, but it emphasizes the predictive power of AFM
experiments.

■ CONCLUSION

Dissolution rates deduced from atomic step velocity or etch pit
growth are hardly ever consistent with rates measured
macroscopically. We measure here with atomic force
microscopy dissolution rates deduced from atomic motions at
the surface of gypsum in complete agreement with macroscopic
rates. This consistency can be obtained provided that the bias
induced by the promotion of dissolution by the stress applied
by the tip is taken into account, and that all atomic mechanisms
occurring during dissolution are identified and the driving one
ascertained.
In showing that a coherence can be reached between usually

incompatible scales of dissolution, we do not mean that the
deduction of macroscopic rates from atomic mechanisms is
straightforward. In other minerals, such as carbonates or
alumino-silicates, it is possible that no unique driving molecular
process exists, and that the interaction between several ones has
to be understood and modeled, for instance etch pit merging
rate and vertical surface retreat. In this case, a concept like the
dissolution rate spectrum reveals itself to be necessary and
provides a satisfactory description of the heterogeneity of the
surface reactivity, i.e., of the spatial distribution of atomic
mechanisms.15 It has also recently been shown that the access
to the rate spectrum of one particular polycrystalline material
with VSI enables identification of the main defects acting as
source of etch pits during dissolution, which in turn can be used
to calibrate a kinetic Monte Carlo simulation code, thus
improving its predictive power.14

But we have shown here that, if AFM does not give direct
access to dissolution rates, unlike VSI, it enables a crucial real-
time observation of the atomic processes of the phenomenon.
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Table 1. Velocity and Number Density of the Slow [001],
Fast [100], and Rough [u0w] Steps during the Dissolution of
the Cleavage Plane (010) of Gypsum in Flowing Aqueous
Solutions of Calcium Sulfate of Saturation Index Ω

Ω (%)
v[001]
(nm/s)

n[001]
(μm−1)

v[100]
(nm/s)

n[100]
(μm−1)

v[u0w]
(nm/s)

n[u0w]
(μm−1)

75 1.18 0.48 5.64 0.11 1900 0.54
80 0.88 0.44 5.45 0.11 2230 0.43
85 0.56 0.24 5.28 0.10 757 0.68
90 0.60 0.10 2.42 0.08 494 0.50
94 0.58 0.10 2.62 0.07 391 0.39

Figure 4. Dissolution rates resulting from fast, slow, and rough step
motions at the surface of a gypsum single crystal for various saturation
indices of the flowing solution. The dashed line is the macroscopic
pure dissolution rate of gypsum, compatible with all published
experimental values.25
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Chapter 3

Influence of stress on calcite
growth
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3.1 Preface

In this part of my thesis, I have focused on the calcite surface growth and the effects
of normal stress on the calcite surface while it growing at atomic scale.

After the completion of the first project described in the first chapter, I wanted to
explore calcite growth under varied normal applied stresses. Although numerous
studies deal with calcite growth in aqueous systems, a great deal of relationships
between growth rates and thermodynamic driving force for calcite growth in stoi-
chiometric solutions exists [132]. Most attempts to model calcite surface growth and
dissolution are based on detachment and attachment rates of {Ca2+} and {CO2−

3 }
ions [118, 132], surface speciation models [126, 98, 89] or the adsorption of calcium-
carbonate ion pairs [4]. However we are not yet able to completely explain the dif-
ferences in growth rate that are observed on the structurally distinct sites on calcite
surface at non stoichiometric situation.

Furthermore, growth often proceeds in constrained conditions, when growing
grains enter into contact for instance, or when crystallization occurs in buried sedi-
ments. But the way confinement and stress affect growth has only begun recently to
draw attention. Understanding this phenomenon is a key important for clear expla-
nations of cement setting, rock formation, and calcite diagenesis processes.

Several approaches exist to investigate the calcite growth kinetics, both macro-
scopic (solution based) [62] and microscopic (surface based) [118, 120] and there are
comprehensive studies on calcite growth at varying Ca2+/CO2−

3 ratios and pH and
on the effect of various impurities [23, 120, 7, 53, 108]. The modeling of these data has
proven difficult. Most of the existing kinetic growth models that take into account
the anisotropic nature of calcite surface have only been used in modelling calcite
growth in the absence of impurities [118, 132, 4]. Impurity species significantly in-
fluence the dissolution and growth of calcite crystals, both by blocking reactive sites,
if adsorbed, and by inducing lattice strain, thus changing the surface free energy, if
incorporated into the crystal surface or bulk [23, 91, 90, 7, 62].

Biomineralization is the process by which the biologically mediated activities
of organisms lead to mineral nucleation and growth. This process has been divided
into two fundamentally different types based on the degree of biological control [70].
In biologically controlled mineralization, morphologically complex structures nu-
cleate and grow in concert with a genetically programmed macromolecular matrix
of proteins, polysaccharides, and lipids. The resulting mineral microarchitectures
fulfill specific physiological functions [51]. In opposition, biologically induced min-
eralization occurs as a result of interactions between the biological activities of an
organism and its surrounding physical environment to produce secondary mineral
precipitation. These minerals lack known biological function [112]. In this type of
biomineralization, biological systems exert little direct control over mineral forma-
tion although biological surfaces may be important in the induction of processes [51].
However, the application of molecular genetic techniques to study biomolecules,
e.g., molluscan shell proteins [1, 3], begins to reveal the structure and functions of
the macromolecules involved in the bio-mineralization process. Bio-minerals such
as bones, teeth and seashells are characterized by properties optimized for their
functions. Despite being formed from brittle minerals and flexible polymers, na-
ture demonstrates that it is possible to generate materials with strengths and tough-
nesses appropriate for structural applications [128]. Studies in bio-mineralization
over the 40 years have shown that the interaction between organic molecules and
Ca2+ and CO2−

3 ions and the forming CaCO3 nuclei and crystal surfaces are com-
plex. Even though it becomes even more complicated if we consider stress during
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bio-mineralization. My aim was to explore a simple amino acid (pentaglycine) as im-
purity during calcite growth because it resembles the proteins found in biominerals
[86].

3.1.1 Material

In the analysis of calcite growth in the presence and absence of pentaglycine I have
relied on the methods described by Teng and colleagues [118, 120] for the analysis
of spiral growth (pyramid) on calcite surfaces with AFM. I described it in details
in a previous chapter. Images were obtained on an Asylum MFP-3D atomic force
microscopec (see section 1.5.1). As discussed in the previous chapter and also shown
in previous studies, the tip-surface interaction can influence crystal dissolution [95,
93]. For this work also I used the AFM tip to apply a force on the surface during the
topography probing, to observe the influence of the force on the surface.

For this research I applied two different force regimes: 1) Low force regime with
force constants of (30 ± 5) nN/V with tips from Nanosensors; by using this type
of tip I was able to apply force to maximum 200 nN; 2) High force regime with
force constant 90 ± 10 nN/V with tips from Nanosensors; by using this type of tip I
was able to apply force to maximum 800 nN. I calibrated the force between tip and
sample daily by using the relation 2.8.

At the beginning of each experiment, a calcite rod of section measuring roughly
0.5 × 1 cm2 (Iceland spar purchased from Treasure Mountain mining), was cleaved
in air by gently scratching a scalpel along the {1014̄} cleavage plane to achieve a 1
to 2 mm high calcite crystal with a fresh surface. The fresh surface was cleaned of
any dust by blowing with a jet of pure nitrogen and the crystal was mounted in a
custom made flow cell (see figure 1.15). The surface of the crystal was imaged in air
to assure that the surface looked flat and fresh (see figure 3.1), before introduction of
a growth solution of desired supersaturation index in the flow cell.

FIGURE 3.1: AFM image of calcite surface in air before introducing
the solution.

Fresh growth solutions of supersaturation (equation 1.1) SI = 0.30, 0.42, 0.52, 0.65,
ratio Ca2+/CO2−

3 = 0.34, pH = 9.00 ± 0.02 and ionic strength of 0.1 M were prepared
each time by dissolving CaCl2, NaHCO3 and NaCl (all analytical grade, from Sigma
Aldrich) in ultra pure water (Millipore, resistivity >18.2 MΩ ) and adjusting the
volume, after which the pH was adjusted using a 0.1 MNaOH solution. For experi-
ments in the presence of pentagylcine, after preparation of the pure growth solution
with SI = 0.52, an aliquot was transferred to a new volumetric flask. 82 μM penta
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glycine was transferred quantitatively to the flask and dissolved, and the volume
was adjusted using the pure growth solution to obtain a growth solution with the
same solution parameters as the pure solution and a known concentration of ad-
ditive. I checked that the addition of the pentaglycine did not alter the pH of the
solutions. Each experiment lasted 4 hours and the pH of the solution was monitored
regularly during the experiment. I calculated the amounts of salts needed to obtain
the desired solution composition and saturation indices with the Phreeqc software
using the Minteq.v4 database. All the solutions concentrations were checked ev-
ery hour by Inductively Coupled Plasma Mass Spectroscopy ICP-MS to assure the
agreement between the exact considered solution concentration and the Phreeqc cal-
culation.

Introduction of the growth solution always resulted in some contortion of the
cantilever which led to poor quality. Therefore the system was allowed to relax for
half an hour before the imaging could begin. The first step was always to locate a
whole single growth pyramid (see figures 1.12 and 3.2). In general double disloca-
tion spirals grow faster [120]. I measured growth on spirals growing from single
dislocation. When I had found and example of stable spiral growth, the step veloc-
ities were measured for the all four sides (flanks) of the pyramid at certain applied
forces. The range of applied force during this research was 0 to 750 nN.

a) b)

FIGURE 3.2: AFM deflection mode image showing a) A growth spiral
formed on a freshly cleaved calcite surface in solution. The four line
directions are shown. b) An example of growing spiral, collected with
the Y scan disabled. This tip scans from bottom to top. As the steps
move away from the apex of the pyramid the lines representing the

edge of the steps slants outward.

Step velocities were measured by the same method that I described in the previ-
ous chapter (see section 2.1.2). To sum up, first I aligned the scan direction so two
step edges (either [441]acute and [441]obtuse or [481]acute and [481]obtuse) were parallel
to the Y axis, then disabled the Y or slow scan (assuming instrument drift was negli-
gible). Thereby the same linear area were scaned rapidly. This protocole resulted in
image such as the one shown in figure 3.2. The step velocity was computed from the
angle between the trace left by the step motion and the Y axis. Following every im-
age the force was adjusted and imaging resumed. After the velocities of two parallel
steps had been measured, I imaged the pyramid again (to document the morphol-
ogy) and then rotated the scanning angle by 78°or 102°and measured the velocity
of the other two directions. At least six images with Y-scan disabled were used to
determine and measure the step velocities. Finally, the pyramid was imaged again.
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During the experiments with pentaglycine I have repeated the same procedure
with the regular growth solution. When I measured step velocities in coincidence
with the rest of the experiments the solution with calcite growth was replaced by
a solution with the same saturation index, pH and same ratio of Ca2+/CO2−

3 but
containing 82 μM pentaglycine. After the cantilever had been allowed to relax for
another half an hour, the imaging could resume following the procedure just de-
scribed.

3.1.2 Additive

The term amino acid might mean any molecule containing both an amino group
and any type of acid group; however, the term is almost always used to refer to a
carboxylic acid. The simplest acid is aminoacetic acid, called glycine. Although we
commonly write amino acids with an intact carboxyl group and amino group, their
actual structure is ionic and depends on the pH. The carboxyl group loses a proton,
giving a carboxylate ion, and the amino group is protonated to an ammonium ion.
This structure is called a dipolar ion or a zwitterion (German for “dipolar ion”). In
an acidic solution, the group COO− is protonated to a free COOH group, and the
molecule has an overall positive charge. As the pH is raised further, the group NH+

3
loses its proton and the molecule changes into NH2 with an overall negative charge
(figure 3.3).



3.1. Preface 47

a) b)

c)

d)

FIGURE 3.3: a) The structure of glycine, b) Gly5 pentaglycine, c) dipo-
lar nature of amino acids, d) a titration curve for glycine. The pH
controls the charge on glycine: cationic below pH 2.3; zwitterionic
between pH 2.3 and 9.6; and anionic above pH 9.6. The isoelectric pH

is 6.0. This graph is adapted from [125].

I chose for this study pentaglycine because it is structurally simple and readily
available. Thus it made possible to study the effects of pentaglycine on the dynamics
of atomic steps on calcite surface at different applied force. The effect of pentaglycine
on stress-free calcite growth was studied by Montanari and colleagues [86]. They
prove that pentaglycine at low concentration slightly promotes calcite growth rate.

At the pH of the our experiments (9) carboxyl -COO− functional groups are de-
protonated while the amino groups -NH+

3 are protonated. So this molecule had
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mostly a negative charge.
Pentaglycine (molecular weight 303.30 g/mol; aqueous solubility, at 37°C 1.3

mg/ml) was purchased from Sigma-Aldrich Chemical Company, and used with-
out purification. Pentaglycine is neither hydrophilic not hydrophobic. Therefore
hydrophilicity and hydrophobicity of other amino acids are expressed relatively to
glycine.

3.1.3 Pyramid morphologies

When the calcite {1014} face grows in supersaturation solution, there are two com-
mons growth mechanism: 2D nucleation and precipitation at existing step edges
and defects, which often results in spiral growth [120]. Growth spirals can originate
from one or multiple dislocations and from defects. A more detailed description of
the mechanisms of calcite growth is presented in the section about calcite growth in
the introduction (see section 1.3.4). An example of a spiral growing from a single
dislocation source in a solution without pentaglycine at SI = 0.52, Ca2+/CO2−

3 =
0.34 and pH = 9 is shown in figure 3.2. The spiral forms a pyramid, with straight
edges and sharp corners, similar to previous reports [118, 120]. All the observed
pyramids in all saturated indices showed the same morphology. The morphology of
spirals growing in solutions containing pentaglycine can be compared to the regu-
larly shaped spirals grown in absence of pentaglycine.

The angle θ in a pyramid between two obtuse flanks in direction [441] or [481],
and two acute flanks in direction [441] or [481], in a growing solution, is 149.8°, but
this angle in a pyramid in a growing solution containing pentaglycin increases to
166°. This could be interpreted by the fact that in the absence of pentaglycine the
two obtuse steps move faster, so the angle in this direction less than plane. The
pyramids grown in the presence of pentaglycine, with wider angle between flanks,
showed changes in the ratio of the obtuse and acute steps velocities.

a) b)

FIGURE 3.4: A single spiral growth illustrates the sensitivity of the ge-
ometry to the solution composition: a) The spiral growth in growing
solution displayed paired flanks along the negative (acute) directions
with larger areas than those along the positive (obtuse) direction; b)
The same spiral growth in growing solution (180 minutes) with pen-

taglycine showing all flanks similar in size and slope.
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3.1.4 Influence of stress on step velocities

I calculated the step velocities based on the method explained in section 2.1.2 for the
four flanks. The sum of the steps [441]obtuse and [481]obtuse were displayed as obtuse
and the sum of the steps [441]acute and [481]acute were displayed as acute steps. In
both acute and obtuse steps the step velocities increased with increasing saturation
index.

The step velocities for both acute and obtuse steps decrease when increasing the
applied force until ≈ 180 nN. In the range of applied force between 180 to 200 nN it
became apparent that the step velocities did not show any specific trend. The most
obvious influence of the applied force was observed below 200 nN applied force.
Above 200 nN there was a jump in the step velocities for both obtuse and acute
step for all saturation indices. Beside the step velocity acceleration, the acute steps
displayed higher step velocities than the obtuse ones, that was contradictory with
their behavior for forces < 180 nN (figure 3.5).

FIGURE 3.5: Evolution of step movement rates over varied applied
force in growth solution SI= 0.52.
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a) b)

FIGURE 3.6: a) Morphology of the pyramid probed at 20 nN applied
force. b) Deformed morphology of the pyramid at 140 nN applied
force. The line where the tip has gone back and forth can still be seen

in the middle of the image.

Overall, the changes in the step velocity behavior (obtuse and acute) with varied
applied force can be classified in 2 applied force regimes (low force regime <180 nN
and high force regime >200nN). This change in growth kinetics indicate that there
are specific interactions between the force applied by tip and calcite.

The growth pyramid under the applied force has a healing ability, which means
that after releasing the force it rebuilds the deformed steps. It returns to the vanished
force morphology after releasing the force. In one experiment I proposed to probe
several continuous Yscan-disabled and the tip stayed in the same X direction and
moved forth and back in the line with the considered applied force. Then I released
the force applied by the tip and I imaged the topography (X and Y image) of the
pyramid with a high scan rate. I was able to record the deformed steps and pyramid
under applied force before it self heals (figure 3.6).

Theoretical approach of the growth under stress

This reaction happens on the mineral surface by atomic attachments. Step advance
proceeds preferentially through the attachment of the constituent ions, in this case,
Ca2+ and CO2−

3 or HCO−
3 ,to high energy surface sites along step edges, in kinks or

corner sites:

Ca2+(aq) + CO2−
3 (aq) ⇀↽ CaCO3(s)

>CaCO−
3 + Ca2+ ⇀↽ >CaCO+

3
>CaCO+

3 + CO2−
3

⇀↽ >CaCO−
3

Where > denotes a surface site, as in surface complexation modeling [121, 98].
These reactions describe the reversible attachment of a growth unit Ca2+ or CO2−

3
and the transition from a Ca2+ surface site to a CO2−

3 surface site or vice versa, as the
surface step grows or dissolves [108]. To attach to a kink site, an ion has to diffuse
through the solution and over the surface and then dehydrate. The growth site must
dehydrate before it can accommodate an additional cation or an anion. In the pH
range of this study, HCO−

3 is the dominant carbonate specie (see figure 1.7).
The AFM tip applied a stress on the surface when it recorded the topography

with a surface area of approximately 100 nm2. To estimate this constraint, I consid-
ered the Hertzian type contact between the AFM tip and the crystal surface. The
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model used for this study was the same model as used for gyspum dissolution (sec-
tion 2.1.5). This was a study on growth and the solution is supersaturated. Con-
sidering this condition, I did a few adjustments on the model. The step velocities
depend on the solid-liquid Gibbs free energy difference:

ΔG = RT ln Ω + δUe (3.1)

with R the gas constant, T the temperature, Ω the solution supersaturation and δUe
the molar elastic energy of the solid (see equation 2.14). Finally the step velocity
should follow this relation:

v = v0[Ω exp(− ασ2V̄
2ERT

− 1)] (3.2)

with v0 the velocity without applying any force.

Calcite phase transition

For better understanding the mutation of step velocities by increasing the applied
force I focused in this part to explain the possible structure of calcite in high pres-
sure. The high pressure polymorphs of calcite are possible host structures of natural
storage of C and CO2 in the Earth’s mantle. Pressures reached 13-23 GPa (upper
mantle) and 23-135 GPa (lower mantle) (see figure 3.7) [129].

FIGURE 3.7: Profile of pressure versus distance from the surface of
the earth. Figure adapted from [129].

In addition to pressure, temperature also significantly affects the stability of cal-
cite. The effect of these two thermodynamic variables on CaCO3 results in a rich
pressure-temperature phase diagram containing 9 distinct solid phases: calcite I,
II, III, IIIb, IV, V, VI, aragonite and vaterite. In fact, no other compound exhibits
polymorphic variation as commonly and abundantly in nature as does CaCO3 (see
figure 3.8) [15]. At ambient temperature and by applying pressure, calcite I evolves
from a highly symmetric structure (R3̄c) to lower symmetric structures: calcite II
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(monoclinic) with the space group of P21/c [56], calcite III and calcite VI (both tri-
clinic). There have been a number of investigations of this problem since 1939 [13].
The structure of the high pressure metastable phase, calcite-II, was determined us-
ing the single-crystal X-ray diffraction technique by Merrill and Bassett [83]. They
suggested that the transition of calcite I to calcite II results from two kinds of dis-
placement: 1) the rotation by an angle θ of 11°(see figure 3.9) in opposite directions
of adjacent CO3 groups along the c axis and 2) the small anti parallel displacement
Δ of Ca2+ ions (see figure 3.9). These displacements reduce the lattice symmetry R3̄c
to monoclinic.

As can be seen in figure 3.8, calcite I at ambient temperature and pressure ≈
2 GPa transits to calcite-II (figure 3.9), and then calcite-III (figure 3.10), which can
be an explanation for the behaviour observed in figure 3.5, where the step velocity
changed their trend at an applied force around 200 nN. Indeed, the surface area of
the contacting tip being ∼ 100 nm2, 200 nN corresponds to a stress of ∼ 2 GPa.
So the step rate jump around 200 nN can be interpreted as a phase transition from
calcite I to calcite III (see figure 3.8). I also observed that the step velocity jumping at
200 nN is higher for acute steps (see figure 3.5).

FIGURE 3.8: Experimental phase diagram of CaCO3 gathering all the
available information by David Carrasco de Busturia, Imperial Col-
lege London. The light green arrow shows the applied pressure at

ambient temperature in our work.

For the last 40 years calcite III has been extensively studied [23, 74], but the de-
termination of its structure has generated considerable controversy. In 2012, Merlini
et al. first characterized calcite III using single-crystal synchrotron X-ray diffraction
[82]. At ambient temperature, they observed this phase above 2.5 GPa and up to 15
GPa, a pressure range that corresponds to that in the upper mantle (see figure 3.7).
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FIGURE 3.9: Structure of the calcite I transition to calcite II, result-
ing from two displacements. Figure adapted from David Carrasco de

Busturia, Imperial College London.

Merlini characterized Calcite III as triclinic (space group P1̄). Its structure is iden-
tified by the presence of non-coplanar CO3 groups see in figure 3.10.

FIGURE 3.10: Unit cell of calcite III, with 10 formula units. Figure
adapted from David Carrasco de Busturia, Imperial College London

3.1.5 Effect of pentaglycine on step movement

I calculated the step movement rates, v, of acute and obtuse steps after addition
of 82 μM of pentaglycine. The velocities for obtuse and acute steps versus applied
force are shown in images 3.11 and 3.12. As displayed in figure 3.11, the obtuse step
velocity decreases slightly in the low force regime (< 200 nN), similar to without
pentaglycine. But unexpectedly, pentaglycine has led to the suppression of the jump
around 200 nN. The velocity keeps on decreasing without noticeable accident. Even
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the slope of v seems less steep with pentaglycine, and v eventually tends to keep
constant.

As presented in figure 3.12, the acute step velocity shows the same behaviour,
with pentaglycine having cancelled, even more clearly, the jump around 200 nN,
and a velocity almost constant for the highest forces. The amino acid has therefore
visibly suppressed the phase transition calcite I-calcite III.

FIGURE 3.11: Obtuse step velocity as a function of applied force in
presence and absence of pentaglycine.

FIGURE 3.12: Acute step velocity as a function of applied force in
presence and absence of pentaglycine.
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3.2 Tuning biotic and abiotic calcite growth by stress

An article detailing these results, submitted for publication, is presented below.



Tuning biotic and abiotic calcite growth by stress

Bahareh Zareeipolgardani,1 Agnès Piednoir,1 and Jean Colombani1, ∗
1Institut Lumière Matière; Université de Lyon; Université Claude Bernard Lyon 1;
CNRS UMR 5306; Domaine scientifique de la Doua, F-69622 Villeurbanne, France

Identifying mineral growth mechanisms is fundamental to understand diagenesis, construction
material hardening and biomeralization. This necessity is particularly true for calcium carbonate,
widespread in these three fields. The transformation of loose grains into a cohesive solid requires the
crystallites to grow eventually constrained by the surrounding grains. Whereas never measured, this
confinement and the associated stress is expected to influence noticeably the growth, and the final
properties of the material. We report here on atomic force microscopy measurements of atomic step
velocity during calcite growth, with a varying stress applied by the tip to the surface. The stress
has a double influence: it both slows down the growth, and modifies the material crystalline phase.
Furthermore, the addition of a small quantity of oligopeptide in the growth solution is shown to
have no significant influence on the kinetics, but to completely cancel the phase change under stress.
Our results emphasize the previously unknown role of stress on growth mechanisms and identify a
new possible role of organic molecules in tuning the morphology of biomineralized materials.

The ability to predict mineral nucleation and growth
rate, and the understanding of the underlying mech-
anisms, have fostered recently an intense activity.
Whereas new concepts have lately improved our com-
prehension, among which one can cite hydration layer
disruption [1], polynuclear complex [2], amorphous pre-
cursors [3], or non-stoechiometric growth [4], and despite
some successes of growth rate prediction [5, 6], the basic
molecular events at the heart of growth are not firmly
established yet [7]. Therefore we are still far from having
a comprehensive view of the nucleation and growth pro-
cesses. However, these phenomena involve crucial chal-
lenges in geological, biological and industrial contexts.
We can cite the development of low energy consumption
cements, the need of anthropogenic carbon dioxide se-
questration, or the physical control on biomineralization
as a promising new route for smart materials engineering
[8].

Calcite is a major constituent of sedimentary rocks on
the Earth surface, where it forms in inorganic or biogenic
conditions [9]. Calcium carbonate growth from hydrated
lime is also one of the oldest construction method of Man
[10]. During the setting process of these natural or man-
made materials, the condition for loose grains to trans-
form into a cohesive material is that growing grains end
up entering into contact, and progressively stick to each
other. Thus stress develops between them and growth
proceeds in constrained conditions, with potential dra-
matic consequences on the final properties of the material
[11, 12]. Furthermore in burial conditions in the Earth
Mantle, a lithostatic pressure of up to a few GPa adds to
this stress [13]. As the actual contact surface area is gen-
erally much smaller than the apparent one, much higher
stresses should build up. This fundamental aspect of cal-
cite growth has so far not been addressed and the effect of
stress remains unknown. Even though the consideration
of the crucial importance of the confinement on calcite
precipitation at the atomic scale has been demonstrated

accurately [14], all remains to be done concerning the
way the stress resulting from this confinement influences
the phenomenon.

Biotic calcite is grown by living organisms, using nu-
merous and complex processes among which one can cite
concentration and transport of constituting ions by vesi-
cles [15], polymorph selection by incorporation of organ-
ics [16] or surface templating [17], or nanolayering by
organo-mineral additives [18]. Organics used in these
processes are in turn known to strongly modify the re-
sponse to stress of their host biomaterials, in blocking
dislocation migration [19] or modifying cleavage plane
[16]. They are therefore expected to noticeably modify
the response of the material to stress during growth.

The difficulty of studying stressed calcite lies in the
fact that high applied stresses are likely to exceed the
mechanical strength of the material. To circumvent this
issue, we have used an original method, inspired by the
configuration of real contact between grains, where the
stress develops mainly at asperities. We have applied on
a growing surface a well defined local force with an AFM
tip, playing the role of an asperity, and parallely, used
this tip to image the surface.

We have observed that the stress has a huge influ-
ence on the growth because it changes both its struc-
ture and its kinetics. Indeed on one hand it slows down
significantly the growth rate and on the other hand it in-
duces a phase transition. Furthermore, the addition of an
amino acid at low concentration, widespread in biominer-
alized tissues, whereas having no significant effect on the
growth rate, cancels this phase transition, showing how
biomolecules are prone to tune the influence of stress on
growth.

In all experiments, the ionic strength was fixed at 0.11
M with NaCl, the pH at 9.0 with NaOH (0.1 M), and
the Ca/CO3 activity ratio was held at 0.34. The sat-
uration index SI = log(a(Ca2+)a(CO2−

3 )/Ksp), with a
the activities and Ksp the solubility product of calcite,
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FIG. 1: Top: three dimensional AFM view of a grown spiral
pyramid ∼ 10 nm high on a calcite cleavage surface. The
scanned zone is 10× 10 μm2 wide. Bottom: AFM deflection
mode image of the top of the pyramid. The obtuse and acute
steps are shown. The angle of the two lines sharing acute and
obtuse steps, passing through the apex, is non-plane, due to
nonequivalent velocities of the two steps. The white arrow
shows the tip path during step velocity measurements.

was calculated using the speciation freeware Phreeqc [20]
and controlled regularly by inductively coupled plasma
mass spectrometry (ICP-MS). The supersaturation used
for the chemical potential computation is defined as
Ω = (a(Ca2+)a(CO2−

3 )/Ksp)
1/2.

Among amino acids, we have selected pentaglycine,
because it is already known to contribute to biominer-
alization [21]. At pH 9.0, at which our experiments were
performed, pentaglycine is zwitterionic, with 20% of its
functional groups deprotonated.

The samples were made of Iceland spar from Chi-
huahua, Mexico, the purity of which was estimated as
99% of calcium content with inductively coupled plasma
atomic emission spectroscopy (ICP-AES) and energy

dispersive X-ray spectroscopy (EDX). The calcite was
cleaved in air by gently scratching a scalpel along the
(101̄4) cleavage plane to achieve a 1 to 2 mm thick cal-
cite crystal with a fresh surface, which was cleaned of
any dust by blowing pure nitrogen. The crystal was then
mounted in a custom made flow cell.
In situ AFM imaging at 25 ◦C was performed in con-

tact mode (Digital MFP3D, Asylum Research, Oxford
Instruments) during a continuous flow of supersaturated
solution through a fluid cell at a constant 0.275 mL/min
flow rate, ensuring a step growth velocity independent of
the flow rate.
The step movement rates were measured by aligning

the scan direction so that two facing steps, one acute
and one obtuse (Fig. 1) were parallel to the Y scan di-
rection and then disable this scan direction. Thereby a
kymogram was obtained, with the step migration leaving
a track in the (X, t) plane (t the time) and the velocity
being the slope of the track [22, 23]. With this method
the scanning AFM tip has a double role: it measures the
step velocity and, to achieve this goal, it applies locally
a given force to the crystal.
Si3N4 AFM tip cantilevers of low stiffness, with gold

coating on detector side, were used to apply forces be-
tween 0 and 250 nN, and silicon tip with high stiffness
were utilized to apply forces ranging from 0 to 800 nN to
the scanned surface. The overlapping range was used for
double-checking.
Spiral growth can originate from individual disloca-

tion with Burgers vector being a multiple of the lattice
parameter [24]. Thus we have observed double or triple
spiral growth (see Fig. S1 and video 2 in Supplementary
Information) but we have focused here only on the step
velocity of single spiral growth.
We observe that the growth at the cleavage face (101̄4)

of calcite in a flowing supersaturated solution of satura-
tion index ranging between 0.3 and 0.65 always proceeds
through spiral growth, an hillock progressively forming
from continuously nucleating and growing atomic steps
(see Fig. 1 and video 1 in Supplementary Information).
The starting point of the spirals is likely to be an out-
cropping screw dislocation [25]. This growth mechanism
is characteristic of the range of low saturation indices we
have investigated [24], higher indices inducing addition-
ally island nucleation on flat terraces [26]. The spiral
pyramids exhibit straight edges and sharp corners with
rhombohedral cross section [27]. Each spreading layer is
bounded by two obtuse, in the [4̄41]obtuse and [481̄]obtuse
crystallographic directions, and two acute, [4̄41]acute and
[481̄]acute, steps edges (Fig. 1).
The two classes of steps are seen to migrate at differ-

ent velocities (see Fig. 2 and 3), which induces a non-
plane angle between facing edges of the pyramids (see
Fig. 1). This discrepancy results from the geometric dif-
ference between the two classes of steps, leading in dif-
ferent rates of kink site nucleation at the step edge and
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FIG. 2: Evolution of the acute step velocity as a function of
the force applied by the scanning AFM tip on a calcite cleav-
age surface during growth in a solution of saturation index
SI. The grey box marks the probable phase transition zone
between calcite I and calcite III. The dashed curves are fits of
the experimental data with Eq. 1.

incorporation of ions at these kink sites during growth.
Consequently, this discrepancy has been measured as be-
ing highly dependent on the chemical conditions, espe-
cially on the [Ca2+]/[CO2−

3 ] ratio. Consistent with for-
mer studies, obtuse steps are seen to migrate faster in
the chemical conditions of our solution [28–30].

As expected, step velocities increase when the satura-
tion index raises, the driving force of growth being thus
enhanced. But what had never been observed is that
these velocities depend on the force the steps are sub-
mitted to as well (Fig. 2 and 3). Furthermore the step
velocities display unexpectedly a non-monotonous evolu-
tion with the applied force, with an initial decay, followed
by a kind of jump, and then a resumption of the decrease.
So two distinct regimes appear, separated by an abrupt
transition.

To evaluate the influence of organic molecules on
biomineralization, we have tested the modification of
growth under stress in presence of an oligopetpide. The
addition of 82 μM of pentaglycine in the solution is seen
to provoke a radical change of the step velocity behavior.
Indeed the jump around 200 nN disappears completely
and the velocity exhibits now a smooth and continuous
decrease up to 700 nN (Fig. 4).

As the steps move slower in the vicinity of the tip than
elsewhere on the surface, the tip is expected to leave a
trace of its passage. But the steps relax toward a straight
shape as soon as the tip stops scanning back and forth
along the line. Therefore this trace is difficult to observe.
Nevertheless an example is shown in Fig. S2 in Supple-
mentary Information.

For forces below F ∼ 200 nN, the step velocity in all
conditions exhibits a continuous and monotonic decrease
(Fig. 2 and 3). We interpret this trend as a consequence
of the change of Gibbs free energy of the mineral induced

FIG. 3: Evolution of the obtuse step velocity as a function of
the force applied by the scanning AFM tip on a calcite cleav-
age surface during growth in a solution of saturation index
SI. The grey box marks the probable phase transition zone
between calcite I and calcite III. The dashed curves are fits of
the experimental data with Eq. 1.

FIG. 4: Evolution of the acute step velocity as a function of
the force applied by the AFM tip on a calcite cleavage surface
during growth in a solution of saturation index SI = 0.55 with
and without 82 μM of pentaglycine. The dashed curves are
fits of the experimental data with Eq. 1.

by the elastic strain caused by the tip. Indeed, the step
motion driving force is the chemical potential difference
between the solid and liquid. The supersaturation of the
solution induces an increase of the chemical potential of
the liquid, that triggers the nucleation and growth. The
elastic energy stored by the solid with the passage of
the tip then enhances the chemical potential of the solid,
which in turn reduces the disequilibrium, thus slowing
down the growth. Very high forces could possibly to-
tally hinder the growth, similarly to the dead zone seen
in growth inhibition by impurities, where precipitation
may be completely stopped even for high supersatura-
tion [31]. This inhibiting effect of stress is reminiscent
of the dissolution of crystals in supersaturated solutions,
due to the strain induced by some adsorbed inhibitor [32].
This effect is opposite to the case of dissolution, where

58



4

the elastic energy amplifies the disequilibrium [23].
The velocity v dependence on the solid-

liquid Gibbs free energy difference ΔG writes
v = v0 (exp(ΔG/(RT ))− 1), where v0 is the veloc-
ity at vanishing driving force, R the gas constant
and T the temperature [27]. The driving force con-
tains both the chemical and mechanical contributions:
ΔG = RT lnΩ+ δUe, where Ω is the solution supersatu-
ration and δUe the molar elastic energy of the solid [33].
This last quantity can be obtained via δUe = σ2V̄ /(2E),
with V̄ and E the molar volume and Young’s modulus
of calcite (V̄ = 37× 10−5 m3/mol and E = 86GPa) and
σ the applied stress.
As the space between the pressing tip and the surface

is inaccessible to the solute, growth should proceed at the
periphery of the tip. So we approximate the tip-surface
interaction by a Hertzian contact and take σ as the tensile
stress at the contact line.
Consequently the step velocity should follow the fol-

lowing relationship:

v = v0
(
Ωexp(−ασ2V̄ /(2ERT ))− 1

)
(1)

with α a geometric factor linked to the range of the elastic
field around the tip-surface contact. The experimental
data are satisfactorily fitted by this thermodynamic law
(see Fig. 2, 3 and 4).
An alternative explanation of the influence of the stress

is to consider that this one does not reduce the attach-
ment rate of the solute to the step, which Eq. 1 implicitly
states, but increase the detachment rate, the balance of
which determines the net growth rate [31]. Fig. S3 and
S4 in Supplementary Information show a fit of the ex-
perimental data with the corresponding law. This one is
very similar to the fit of Eq. 1 and it is not possible to
discriminate between both processes.
No abrupt change is expected from this theory. The

origin of the break around 200 nN is accordingly to be
searched for elsewhere. Using again Hertzian mechan-
ics, the corresponding maximal pressure experienced by
the surface under the tip for this force value is ∼ 2 GPa.
Actually, this value is well-known to be the one where cal-
cite exhibits a phase transition between the calcite I and
calcite III polymorph, with a transitory calcite II phase
[34]. So we ascribe the change of behaviour of the grow-
ing surface to a phase change from calcite I to calcite III
triggered in the vicinity of the tip by the applied pressure
[39]. This possible AFM-induced calcite phase transition
had been evoked decades ago but never checked so far
[35]. It originates in a rotation of the carbonate group in
the crystalline cell. The determination of the bulk calcite
III lattice is a challenging issue for years [13].
In the high force regime, the velocity decrease should

again originate in the equilibrium displacement induced
by the elastic energy provided by the tip pressure. But as
the calcite III lattice, and a fortiori its mechanical prop-
erties, are still debated, we have fitted the experimental

data with the same functional law only as a guide to the
eye (see Fig. 2 and 3).
The Bravais lattice of calcite III is different from the

one of calcite I, and the moving steps likewise. Their
crystallographic directions are unknown, but we observe
that their mobility is completely modified, the ex-obtuse
steps moving now slower than the ex-acute steps.
We recall that the two observed growing lattices of

calcite are equilibrium phases, therefore once high forces
are no more applied to the surface, calcite III transforms
progressively into calcite I. A striking example of this
spontaneous relaxation of the surface from its high pres-
sure to its low pressure form is shown in videos 3 and 4
in Supplementary Information.
During dissolution, from a given threshold on, the ap-

plication of a high force by the scanning AFM tip has
been seen to induce a damaging of a gypsum or cal-
cite surface, creating kink sites in the migrating steps
[23, 36]. But the functional dependence of the step speed
on the applied force was observed to be completely dif-
ferent from a pressure solution law, following instead a
much faster Arrhenius increase. With this in mind, we
have ruled out such a corrosive wear here because, in
that case, (i) the v(F ) curve should not follow a pressure
growth law like Eq. 1, and (ii) no abrupt jump in the
v(F ) should be observed.
In the low force regime, no detectable change of step

velocity by the pentaglycine addition is observed (Fig.
4). This absence of amino acid effect is in line with the
weak modification of calcite growth rate by pentaglycine
in bulk experiments in this concentration range [21], a
common characteristic of peptides [37]. This absence of
modification may derive from the fact that pentaglycine
does not occlude within the growing calcite, or from the
fact that the change of calcite rigidity due to its occlusion
is negligible, as in the case of aspartate [38].
Even though the mechanisms of modification of calcite

mechanical properties by incorporated amino acids has
progressed lately [19], the interpretation of the way pen-
taglycine molecules mitigate the action of stress in the
high force regime is delicate. We propose that the bind-
ing of pentaglycine to the surface carbonate groups [21]
prevents their rotation and thus, despite its small con-
centration, impedes the structure change of the crystal.
We have shown that a stress imposed to a growing cal-

cite crystal, an unavoidable step in the formation of a
cohesive material, as much limestone as shells, has two
visible effects: kinetically it slows down noticeably the
mineral growth, and structurally it changes its crystalline
lattice, these two feature having a broad potential impact
on the final material properties. Furthermore, the pres-
ence of a prevalent amino acid in the solution, has no
significant repercussion on the kinetics, but a huge in-
fluence on the structure, canceling the pressure-induced
phase transition of calcite, thus selecting the growing
polymorph. This process should depend on the nature
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of amino acid, concentration, and mineral type, but adds
to the collection of mechanisms by which organics tune
biomineralization.
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4.1 Preface

The reaction kinetics of minerals exerts fundamental constraints on their stability
and fate in the natural systems and in their industrial applications. A comprehen-
sive dissolution rate that integrates individual surface reactions into an overall rate
is a long standing problem. Before the advent of surface microscopic techniques like
atomic force microscopy (AFM) and vertical scanning interferometry (VSI), distin-
guishing potential sources of variation in dissolution rates was not conceivable [87].

The recently widespread use of these instruments has yielded a detailed under-
standing of the interaction of minerals with their ambient solution [105]. The sur-
face microscopic techniques have greatly expanded the understanding of reaction
kinetics for a diverse range of carbonates, silicates, and other important phases.
These means measure the surface elevation and topography at microscopic scales.
They are particularly attractive because they permit direct monitoring of localized
changes at the surface, including the development and growth of etch pits. Conse-
quently, such methods reveal the complexity of dissolution rates even for seemingly
simple minerals, such as calcite [12]. However, despite the overall simplicity of cal-
cite structure, these studies have also revealed complexity in step movement and
morphology. This complexity indicates that the general morphology of the surface
is a sensitive reflector, not only of its interactions with the solution, but with itself as
well. Variations in morphology are tied to heterogeneities in rate. These phenomena
have been termed intrinsic variations. The intrinsic variation is tied to crystallo-
graphic and microstructural factors. By AFM [52, 29, 69, 93] and VSI [73, 6, 37, 22,
12] we are able directly to observe the in situ mineral surface.

Early in situ AFM work determined the crystallographic control of the velocity
of atomic scale steps in pure solutions. However AFM in situ does not provide de-
tails of the dynamics of surface features in minerals over large areas of interest, due
to scanning range limitations, and cantilever constraints limit also the measurable
depths. These limits make the study of variation in dissolution rates ambiguous.
This ambiguity is originating from the probability of how local step velocities and
spacing may be influenced by events or features outside the AFM immediate field
of view.

VSI, with a significantly larger field of view in comparison with AFM, supplies
rapid and accurate rate measurements, when acquisition of data is made in conjunc-
tion with a masked or coated surface portion, used as a reference surface. Although
it is an indirect way, through the quantification of spatially resolved surface retreat
or advance, it allows for quantitative analysis of heterogeneous topography evolu-
tion. The resulting data provide information about spatial distribution of material
flux during reactions. An example of the relationship between the reaction rate and
its distribution over the mineral surface is the dissolution stepwave model intro-
duced by Lasaga & Luttge [65]. The authors illustrated the important role of screw
dislocations that open first into etch pits and are subsequently responsible for the
generation of most steps on the crystal surface. This mechanism ultimately controls
the dissolution of the entire crystal surface through the generation of stepwaves.
The heterogeneous distribution of reactive sites yields a correspondingly heteroge-
neous distribution of surface energy. Fischer et al. [37] concluded that the use of a
single term, mean rate or rate constant, is unsubstantiated. Thus prediction of reactiv-
ity based on laboratory measurements are not directly applicable to natural settings
without considering probabilistic approach. A probabilistic approach must be incor-
porated with both the variation of surface energy as a intrinsic variation, as well as
constraints in this variation owing to the defects of the bulk material. The observed
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intrinsic variability in crystalline materials is manifested as an inherent variability
in dissolution rates from point to point across a given surface, which can be char-
acterized statistically as a rate distribution or spectrum. The rate spectrum concept
applies to identify both etch pits and atomic steps as the main contributors to the
overall dissolution rate [32].

Luttge [72] put forward the assumption that the two different reaction mecha-
nisms exist to dissolve a given crystal surface with two different rates (rate(I) and
rate(I I)). At near-equilibrium conditions mechanism (I) operates alone and step
motion is the leading. If the dissolution system deviates force of further from equi-
librium, by increasing the undersaturation, the critical ΔG value (ΔGcrit, i.e., a critical
undersaturation) will be reached. At this point etch pits can open spontaneously and
the stepwave mechanism becomes active. The result is a significantly increased dis-
solution rate. After steady state is re-established the new dissolution rate will be
given by the following equation:

Rate = rate(I) + rate(I I) (4.1)

The opening and creating of etch pits by screw dislocations serves as the “tran-
sition” between the two rate-controlling mechanisms. It must be considered that
all measured intermediate rates are in fact non-steady-state rates. The result is an
apparent transition between rate(I) and the new rate that is the sum of rate(I) +
rate(I I) because there is no purpose to assume that mechanism for rate(I) shuts
down when pits are opening up. This view of the dissolution process has consti-
tuted a major step forward, because it permits to understand why the rate depends
on the sample history. Indeed, depending on whether etch pits have been opened or
not during a previous phase of the sample history, the dissolution rate may appear
different for the same saturation index.

4.2 Aim of the study

In this part of my thesis I choose to study calcite due to its widespread presence in
the geological setting and industrial application. The calcite properties and impor-
tance have been explained in the first chapter (see section 1.3).

Calcium carbonate is a major constituent of deep-sea sediments, and its dissolu-
tion and burial are important parts of the global carbon cycle. The distribution of
calcite in deep sea sediments is controlled by the kinetics of dissolution competing
with the rate of burial. The ultimate sink for anthropogenic CO2 is thought to be
the uptake into the oceans and neutralization by growth of biogenic calcite. [107].
One of the consequences of massive CO2 uptake in the ocean is ocean acidification,
therefore absorbed anthropogenic CO2 is lowering ocean surface water pH. Anthro-
pogenic ocean acidification perturbs the oceanic CaCO3 cycle, impeding biogenic
calcification and promoting its dissolution. Consequently ocean acidification would
have huge environmental impact.

The overall goal of this research is to try to investigate the calcite surface dissolu-
tion at far from equilibrium condition at varied in a wide pH range. I have focused
to understand which predominant mechanism controls surface dissolution at dif-
ferent pH. The relative abundance of negatively and positively charged surface sites
depends on the relative concentration of H+ and OH– in solution. These ions behave
as potential determining ions for the surface. Consequently, the net surface charge
depends on the solution pH [76].
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One of the objective of this study is to track calcite crystal surface morphology
over several time intervals in a broad pH range to investigate the possibility that rate
spectra may have an intrinsic time dependence. Time-dependent rate spectra, even
at constant pH, would be expected if the density of kink sites were to change with
time and opening the screw dislocations were time-dependent. This could happen
if the density and type of crystalline defects were to vary with depth beneath the
initial surface. If a significant time-dependence of the height digging were to be
observed, it would mean that detailed characterization of the dissolution of a given
material requires three considerations: one of these points is related to the surface,
one of them is related to the height and one specifies the time. Furthermore, time-
dependent rates would imply that the average dissolution rate has no intrinsic value
and changes with sampling time.

Several studies have investigated processes governing biomineralization by ex-
amining calcite growth and dissolution in the presence of proteins, amino acids, and
other organic compounds [70, 51]. Previous studies suggested that the geometry
and chemistry of functional groups that characterize the charged amino acids have
highly specialized interactions with specific surface site types [77]. My observation
(chapter 3) suggests that pentaglycine, as an amino acid, influences the free calcite
growth and changes the calcite growth behaviour in presence of external pressure.
These observations supported the idea that the new forms of calcite are stabilized
by the molecular recognition of amino acid functional groups by specific surface
sites. Regarding these observations, for the final aim of this study, I propose that the
dissolution studies offer as an alternative means of determining the crystal forms
that develop during biomineralizing processes and a more direct means of identi-
fying those surface sites involved. I choose glycine as a zwitterionic amino acid
that shows different charges at different pH (see section 3.1.2) to study in detail the
”recognition” of amino acid by the surface.

4.3 Material and methods

At the beginning of each experiment, a calcite rod of section measuring roughly
1.5 × 1 cm2 (Iceland spar, Mexico, purchased from Treasure Mountain mining) was
cleaved in air by gently scratching a scalpel along the {1014̄} cleavage plane to achieve
a 1 to 2 mm high calcite crystal with a fresh surface. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) of an acid-digested crystal and SEM-EDX
indicated <0.1% magnesium by mass and detected no significant concentration of
any other common impurity in calcite. Details are presented in appendix A.2. Mea-
surements of absolute dissolution rate require the availability of a reference plane
that does not change in elevation during the experiment. This was accomplished
by physical vapor deposition of 5 nm of chromium onto a portion of the surface.
Chromium was used because it was observed to provide better adhesion to the cal-
cite then the surface coated by 50 nm of gold.

The reactant solution used here was ultra pure water (Millipore, resistivity >18.2
MΩ ) and, for adjusting pH, 0.1 M NaOH and 0.1 M HCl were utilized. The so-
lutions used here were identical in composition, with a saturation index equal to
zero. The investigated pH are 3, 4, 5, 6, 7, 8, 9 and 10. After preparation, this solu-
tion was sparged with N2 in order to attain equilibrium with respect to atmospheric
pCO2 and a stable pH. Constant sparging was sufficient to agitate the solution over
the course of the experiment and produced a pH stable over 5 h. Solution pH was
monitored regularly. In solution with presence of glycine, first 0.1 M of glycine was
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transferred to 1 a liter flask, then the volume was adjusted by adding ultra pure
water (Millipore, resistivity >18.2 MΩ ), subsequently its pH was adjusted by 0.1
NaOH or 0.1 M HCl to the desired pH. Glycine did not change the pH. This solution
contained essentially no calcium and was highly under-saturated with respect to
calcite, so the saturation index was considered as 0. The input solution temperature
was maintained at 22°C.

The sample was mounted in the fluid cell and the solution introduced to the cell
open surface. The solution was flown to the cell by a peristaltic pump at a volumetric
flow rate of ≈ 0.6 liter per hour. The sample was reacted 4 hours at a certain pH and
the surface evaluations were done every hour. For surface analyzing the vertical
scanning interferometry (VSI, from Bruker) with a 10× objective was used. The field
of view was detected by VSI before introducing the solution. In every hour interval
the sample was taken out from solution and dried by filtered laboratory air. Then
by mechanical tools it was fixed on VSI to collect topographic data. Consequently
measurements are obtained over the same field of view and the resulting sequence
can be used to evaluate the overall morphological changes in surface topography.
In addition, I subtracted various maps to produce a corresponding difference map,
showing the spatial distribution of dissolution flux. The dissolution rate R computed
by the methodology presented here refers to the surface normal dissolution rate,
defined as:

R =
1

Vm

Δh
Δt

=
vs

Vm
(4.2)

with:

• Vm is the molar volume, which for calcite is 3.693 × 10−5 m3 mol−1.

• vs is the surface normal velocity, which refers to the change in height over time
Δh
Δt

.

The surface normal dissolution rates are computed in each experiment indepen-
dently on different portions of the calcite surface. The gold masked region, which
provided a constant reference height, was not included in any detected view.

4.4 Results and discussion

4.4.1 Evolution of surface topography and dissolution rate maps

The dissolution maps after 1 and 4 hours for pH 3 and 4 are shown in figure 4.1.
Different surface morphologies were observed. These differences expressed differ-
ent mechanisms of dissolution at pH 3 and 4. Different calcite crystal dissolution
morphologies were explained in chapter 1.3.3.

At pH 3 in the first hour of reaction the surface height retreat was ≈ 1μm. The
surface shows several deep etch pits and mega steps. This surface after 4 hours
retreated of ≈ 35 μm and the surface shows mostly mega steps.

At pH 4 in the first hour of reaction the surface height retreat was ≈ 400 nm and
shallow etch pits, terraces and steps were observed. After 4 hours of reaction the
surface height retreated of ≈ 8 μm. The surface shows deep etch pits, few terraces
and mega steps.
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a)

b)
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d)

e)

f)
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g)

h)

FIGURE 4.1: Variability in surface morphology after dissolution at pH
3 and pH 4. Morphological features include: a) Three-dimensional
VSI view of the calcite crystal surface after 1 hour of reaction at pH
3. b) VSI image of the calcite crystal surface after 1 hour of reaction
at pH 3. c) Three-dimensional VSI view of the calcite crystal surface
after 4 hours of reaction at pH3. d) VSI image of the calcite crystal
surface after 4 hours of reaction at pH 3. e) Three-dimensional VSI
view of the calcite crystal surface after 1 hour of reaction at pH4. f)
VSI image of the calcite crystal surface after 1 hour of reaction at pH
4. g) Three-dimensional VSI view of the calcite crystal surface after 4
hours of reaction at pH4. h) VSI image of the calcite crystal surface

after 4 hours of reaction at pH 4. Red colour is masked area.
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The dissolution maps after 1 and 4 hours for pH 6 and 10 are shown in figure 4.2.
At pH 6 in the first hour of reaction the surface height retreat was ≈ 100 nm. After 4
hours of reaction the surface height retreated of ≈ 600 nm. The surface shows deep
etch pits, terraces and steps. At pH 10 in the first hour of reaction the surface height
retreat was ≈ 100 nm and opening of etch pits, terraces and steps were observed.
After 4 hours of reaction the surface height retreated of ≈ 600 nm. The surface
shows shallow etch pits, terraces and steps.
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d)

e)

f)

FIGURE 4.2: Variability in surface morphology after dissolution at pH
6 and pH 10. Morphological features include: a) Three-dimensional
VSI view of the calcite crystal surface after 4 hours of reaction at pH6.
b) VSI image of the calcite crystal surface after 4 hours of reaction at
pH 6. c)Three-dimensional VSI view of the calcite crystal surface after
1 hour of reaction at pH10. d) VSI image of the calcite crystal surface
after 1 hour of reaction at pH 10. e) Three-dimensional VSI view of
the calcite crystal surface after 4 hours of reaction at pH 10. f) VSI
image of the calcite crystal surface after 4 hours of reaction at pH 10.

Red colour is masked area.
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4.4.2 Height retreat over time and rate spectra

For the calculation of the dissolution rate for every pH, first the rate of changing
of the average surface height was computed for every pH. Plots of average surface
height versus time for different pH (3, 4, 6 and 10) show different trends. Linear
and non linear trends were observed, depending on the pH (see figure 4.3). The
frequency distribution of rates measured at different pH (3, 4, 6 and 10) are shown
in figure 4.3.

The average surface height versus time for pH 3 displayed a linear trend. The
peak rate value for the frequency distribution of rates measured at pH is 3 ≈ 5.8 ×
10−5 mol m−2 s−2.

The average surface height versus time for pH 4 displayed a non-linear trend.
The retreating surface height accelerated after 2 hours. The dug depth for the first 2
hours was 1μm, then it increased to 7μm for the last 2 hours. The peak rate values
for the frequency distribution of rates measured at pH 4 is ≈ 1.2 × 10−5 mol m−2

s−2.
The average surface height versus time for pH 6 showed a linear digging trend

and ≈ 600 nm digging over 4 hours. The peak rate value for the frequency distribu-
tion of rates measured at pH 6 is ≈ 1.1 × 10−6 mol m−2 s−2.

The average surface height versus time for pH 10 displayed a linear trend and
≈ 600 nm digging over 4 hours. The peak rate value for the frequency distribution
of rates measured at pH 10 is ≈ 1 × 10−6 mol m−2 s−2.
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a)

b)
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d)
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e)

f)

g)

h)

FIGURE 4.3: Average surface height over time for unmasked surfaces
and surface normal dissolution rate spectra at different pH. a) Aver-
age surface height for pH 3. b) Surface normal dissolution rate spec-
trum for pH 3. c) Average surface height for pH 4. d) Surface normal
dissolution rate spectrum for pH 4. e) Average surface height for pH
6. f) Surface normal dissolution rate spectrum for pH 6. g) Average
surface height for pH 10. h) Surface normal dissolution rate spectrum

for pH 10.
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These observed nonlinearity and linearity of digging height evolution proves
that the surface normal velocity is not constant at different depths. It changes abruptly
over 1 μm dug depth. If the dissolution during the first hour is fast enough to dig
more than 1 μm —case of pH 3— this acceleration is not observable because it occurs
before the first measurement. If the dissolution for 4 hours is not enough to dig 1
μm, this increasing is not observable. Consequently in both cases the surface height
versus time showed a linear trend.

Thanks to the VSI height measurements, the dissolution rate can be computed
in each pixel of the image of a given area on the surface. From these local dissolu-
tion rates, a histogram of the distribution of the rates can be constructed, providing
a statistical sampling of the behaviour of this portion of the surface. The analysis
of this histogram provides information about the frequency of given contributors
to the reaction for given conditions. The shape of the function (single peak versus
several discrete peaks) is relevant to analyze surface energy range and distribution.
Secondly the peak heights provide information about the frequency of distinct ener-
getic sites [38].

FIGURE 4.4: Surface normal dissolution rate spectra at different pH

The frequency distribution of rates measured at different pH are presented in fig-
ures 4.3 and 4.4. Three overall calculated rate ranges for different pH were observed.
For the pH range of 5, 6, 7, 8, 9 and 10 the dissolution rate is less than 1.3 × 10−6 mol
m−2 s−2, for pH 4, it is ≈ 1.2 × 10−5 mol m−2 s−2 and for pH 3, it is larger than
5.8 × 10−6 mol m−2 s−2. The lowest rates corresponded to the opening and creating
of etch pits (rateI in equation 4.1), and characterize the neutral and alkaline regimes.
The highest rates correspond to the retreat from highly reactive sites like deep etch
pits and mega steps movement (RateI + RateI I in equation 4.1), and characterize the
acidic regime.

Negative dissolution rates, i.e., net growth, in our experiment was not observed.
This phenomenon was reported in other dissolution studies [12].
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FIGURE 4.5: Dissolution rates reported in the literature for the calcite
surface compared to

this research.

In figure 4.5, the reported data for calcite dissolution measured in different ways
like batch, rotating disk, VSI . . . in comparison of this research were plotted. The
peak of dissolution this work is similar to the same condition (freshly cleaved calcite)
as in the works reported in the literature. This lower amount of dissolution in freshly
cleaved calcite is due to lower energy surface and less surface defects in comparison
to polished surface and small grains.

FIGURE 4.6: Average dissolution rate, for the overall surface, for etch
pits, and for terraces, at different pH.

Evolution of surface topography presented in the section 4.4.1 showed different
surface morphologies depending on time and pH. In sum the propagating mega
steps were the dominant morphology changes for pH 3,growing deep etch pits and
terraces were major morphology changes for pH 4 and for pH 5, 6, 7, 8, 9 and 10
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etch similarly etch pits and terraces were observed. Three dissolution rates were
then calculated for every pH and plotted: a dissolution rates concerning etch pit,one
corresponding to terraces and a third one for the overall dissolution (see figure 4.6).
At pH 4 the overall dissolution rate is mainly controlled by etch pit motion and
terrace movement showed a minor role on the dissolution. On the contrary the etch
pit dissolution rate shows an equal dissolution rate as terrace dissolution rate for
all other pH. This clearly shows that a major change of reaction is occuring at the
surface when the dominant attacking specie switch from H2O to H+.

4.4.3 Effect of glycine on dissolution rates and surface morphology

To better understand the dissolution of the calcite and also bio-mineralisation, glycine
as additive was used in this study. Glycine is a widespread amino acid and it is zwit-
terionic. Glycine properties were explained in chapter 3 (section 3.1.2). The reacted
calcite surface in presence of glycine showed shallow etch pits and terraces.
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a)

b) c)

d) e)

FIGURE 4.7: a) Surface morphology after dissolution at pH 4 and 0.1
M glycine. b) Three-dimensional view of the calcite crystal surface
imaged in absence of glycine at pH 4. c) Three-dimensional view of
the calcite crystal surface imaged in presence of glycine at pH 4. c)
Average surface height for pH 4 and 0.1 M glycine. d) Surface normal

dissolution rate spectra for pH 4 and 0.1 M glycine.

The average surface height versus time showed a non linear trend. In the first
hour of dissolution, the surface height retreated of ≈ 700 nm, then the dissolution
rate decreased dramatically. The last 3 hours the surface was dug of only ≈ 300 nm
(see figure 4.7). The peak rate value for the frequency distribution of rates measured
at pH was 6 ≈ 1.8 × 10−6 mol m−2 s−2.
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FIGURE 4.8: Surface normal dissolution rate spectra at pH 4 and 8 in
absence and presence of 0.1 M glycine.

The surface normal dissolution rate in presence of glycine at pH 4 is one order
of magnitude lower than without glycine. So at pH 4 the glycine hindered the dis-
solution rate significantly (see figure 4.8). On the contrary the dissolution at pH 8
with glycine showed the same dissolution rate as dissolution rate without glycine
(see figure 4.8). This varying influence of glycine between acidic and alkaline condi-
tions should be linked to the change of atomic mechanism of dissolution when the
attacking specie switches from H+ to H2O. Apparently, glycine acts exclusively on
the mechanism driving the acidic dissolution, but shows a negligible influence on
the mechanism at play during the alkaline dissolution. The origin of this difference
of behaviour should be searched in the noticeable modification of the surface charge
of calcite with pH [76].
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Any modern attempts to quantify complex natural systems require accurate rate
laws for the mineral surface reactions including dissolution and growth [28, 73]. But
these Mineral-fluid reactions depend on a variety of parameters. These parameters
include the mineral structure, the surface defects, the reactive surface area, adsorbed
ligands, pH, temperature, pressure, and ΔG of the mineral reaction. The majority of
the kinetic data that can be used to determine the relation between the parameters
listed above and the mineral reaction rate result from bulk fluid experiments [17].
On the simulation side, molecular simulations, like kinetic Monte Carlo, shed light
on the possible mechanisms of material release from solid to liquid at the atomic
scale [60]. Ab-initio methods have been used to analyze the relation between the
bonding energetics of surface and solution atomic and molecular species and the rate
constants, activation energies, and mechanisms of the mineral-fluid reactions [73].
An essential element needed in addition to the bulk experimental and the numerical
methods is the direct observation of the dynamics of mineral surfaces in contact with
fluids. Since two decays technological invention such as AFM and VSI have allowed
researchers to focus on and quantify the relevant reaction processes at the crystal
surface over a wide range of scale.

This thesis is an integrated study of calcite and gypsum reaction —dissolution
and growth— conducted over multiple spatial and temporal-scales. It aims at being
a step forward in establishing crossed-links between atomic and macro-scale.

By using AFM a microscopic dissolution rate can be inferred from the dynam-
ics of molecular events, among which the atomic step migration are the dominant
ones. Unfortunately, both hardly ever agree, even qualitatively. In the worst cases,
orders of magnitude separate the two. Besides a general theory linking the kinetics
at the two scales is still lacking. Therefore in the first part of thesis I addressed the
gypsum dissolution with the objective to bridge these two scales. I used AFM not
only to probe the dissolution of gypsum but also to apply a force while scanning the
surface. I observed that the force applied by the AFM tip on the surface increased
the solubility of the mineral and the rate of dissolution. With this in mind, work-
ing with a low non-disturbing applied force, I identified the the driving molecular
mechanism of dissolution, namely the migration of rough steps, which has often
been neglected in former studies. I was able to measure the rough step velocity and
finally deduced a macroscopic dissolution rate from this atomic scale observation,
in agreement with the bulk measurements. This result showed that a careful anal-
ysis of the topographic changes during the dissolution of a mineral may permit to
deduce a reliable macroscopic dissolution rate.

In the second part of the thesis, I studied calcite, the most widespread crystalline
form of calcium carbonate, because it is ubiquitous both in nature and in the indus-
try. In particular the knowledge of its mechanisms of growth, both biogenic and
inorganic, are of foremost importance, in the modelling of the carbon cycle, in the
simulation of oil reservoirs, or in the design of better cements. One parameter, of-
ten present during calcite growth, has not been considered in most studies. When
calcite grains grow from nuclei, they eventually enter into contact, and stresses de-
velop at their interfaces, particularly if the material grows inside a mold (cement),
or in geological setting and rock diagenesis. To address this issue, I used an atomic
force microscope (AFM), both to apply a local stress on a growing calcite surface,
and to image it. I found that the stress has a double influence: it slows down signif-
icantly the growth and more important it induces a change of the type of growing
phase from calcite I to calcite II, as a transition phase, and finally to calcite III. I ob-
served that calcite has an ability to recover and heal itself from the damages created
by a high applied force. Calcite biomineralization proceeds in presence of organic
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materials, among which amino acids are widespread. Therefore I investigated the
influence of pentaglycine on the growth kinetics. This amino acid showed the strik-
ing ability to cancel or postpone the phase transition induced by the applied force
and seemingly made the calcite harder.

In the third part of this work I worked in the larger than nm scale to study the
dissolution mechanism of the calcite at different pH by VSI. The obtained results
showed that the dissolution mechanisms changed with the pH. In fact, by using
dissolution rate spectra, I observed that different mechanisms control dissolution at
different pH. For pH 3 dissolution is mainly controlled by the motion of mega steps.
The spreading of deep etch pits triggered the dissolution at pH 4. For the pH 5, 6,
7, 8, 9 and 10 the dissolution proceeded by a combination of shallow etch pits, step
migration and terrace retreat. Respectively I observed a higher dissolution rate for
pH 3 than pH 4 and pH 5, 6, 7, 8, 9 and 10. The dissolution rate is a combination of
two dissolution rates (rateI and rateI I). Dissolution rateI characterizes the weath-
ering of the very surface of the mineral, the part of it influenced by the preparation
of the sample. It is non-stationary regime and it is not representative of bulk defects
but the defects induced by the surface creation. Dissolution rateI I is stationary and
it is driven by bulk defects. I used glycine as an additive to investigate the effect of a
simple amino acid, widely present in living organisms, on dissolution. This additive
was seen to hinder dissolution at pH 4 but had no effect at higher pH.

Among future works, one will be to estimate the feasibility of deducing macro-
scopic dissolution rates from the atomic dissolution rate for the calcite. This topic has
already attracted considerable interest but final conclusions have not been reached
yet, concerning the predictability of calcite dissolution rates.

Other supplementary works will be using different amino acids, monosacharid
and carboxylic acids, which present small parts of more complex polymeric chains,
on the growth of calcite at load of different forces to study their influence on calcite
phase changing, and growth rate. To get closer to a realistic inter-grain contact, the
study of growth in presence of multiple contacts constitutes the next step. This type
of configuration could be experimentally modelled in the lab in applying a nano-
patterned surface on the growing face. The simplicity of the chosen geometry would
help in interpreting the way contacts at asperities interact, via the solid and liquid,
and drive the growth.
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Appendix A

Calcite crystal impurities

A.1 Calcite purity test ICP-MS

Elements concentration ppb
Mg 1010.00
Mn 227.39
Fe 1.97
Al 4.51
Na 2.03
V 1.04
Cr 0.15
Co 0.56
Ni 0.25
Cu 0.14
Zn 0.22
Ba 0.43
Sr 197.62
Y 4.33

TABLE A.1: Calcite: Impurity measurements by inductively coupled
plasma atomic emission spectroscopy (ICP-AES).
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A.2 Calcite purity test SEM-EDX



 
                                     SEM – EDX analysis of calcite 

 

 

SEM-EDX analysis of calcite surface 
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                                     SEM – EDX analysis of calcite 

 

 

 

 SEM-EDX analysis of salt inclusion on calcite surface 
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