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Abstract

ABSTRACT

Aqueous fluids are of great importance in a variety of chemical and geochemical processes.
From the Earth’s crust to the mantle, fluids and fluid-rock interaction play a key role in element
distribution and mobility. As geochemists we are largely interested in the elemental mobility and
interactions throughout the Earth’s geological, hydrological, and biological systems. What are the
factors that govern the mobility of different elements? How do some elements get concentrated to
form an economic ore deposit? How do some trace elements such as radioactive elements get
leached and transported from disposed radioactive waste? What would be the impact of surface
fluids on different industrial materials such as concrete? Such question can be answered by field
investigations, experimental studies and numerical simulations. With the increase in computational
power large advances were made in the development of numerical models for geochemical
processes close in complexity to real natural systems. The geochemical simulations are powerful
methods that help us understand the processes governing the natural fluid-rock systems helping us
answer questions as the ones above. An important advantage of computer simulations is that it
allows us to systematically explore and understand the governing processes at conditions and over
time scales not accessible to direct observation or laboratory experiments.

The results of the geochemical computations models rely critically on the robustness of the
geochemical models and, hence, on the availability, accuracy, precision and consistency of
thermodynamic (and kinetic) parameters.

The main objective of this thesis was to develop an internally consistent thermodynamic dataset
for fluid-rock equilibria in the core system Na-K-Al-Si-O-H-CI with the extension to Ca-Mg-C.
Part of this work was to investigate and develop methods and tools for optimizing the
thermodynamic properties of aqueous species in a consistent way.

The first part of the thesis deals with the parameter optimization tool, GEMSFITS, developed
for fitting internally consistent input parameters of chemical thermodynamic models against
experimental data. GEMSFITS codes can import, manage and query extensive sets of the
experimental data accumulated in database files which does not need a priori knowledge of the
data structure. Many types of experimental data can be inserted. The tool can simultaneously refine
many parameters of several types, independent or constrained, against selected different type of
experimental data, using a suite of local and global, gradient or non-gradient based parameter
optimization algorithms (NLopt library ab-initio.mit.edu/nlopt). The optimized parameters are
reported with confidence intervals generated using Monte Carlo simulations. Statistical evaluation
of fitting results such as sensitivities of measured data and parameters, distributions, correlation
coefficients are also available. GEMSFITS is part of the GEM Software package for geochemical
modeling (http://gems.web.psi.ch/).

The second part of the thesis deals with generating an internally consistent thermodynamic
dataset for fluid-rock equilibria in the core system Na-K-Al-Si-O-H-CI. A large collection of
experiments on mineral solubility covering a wide range of temperature pressure and composition

G. D. Miron

\l



Abstract

conditions was critically evaluated. Data on association equilibria of major electrolytes (NacCl,
KCI, HCI, NaOH, KOH) was evaluated and used to separately refine the standard state properties
and equation of state parameters of neutral ion pairs. The selected experimental data was used to
simultaneously optimize the standard state Gibbs energies of aqueous ions and complexes but
maintaining the agreement with the association equilibria for ion pairs and complexes that were
independently derived from conductance and potentiometric data. The work on this system served
as a proof of concept for the optimization strategy.

In the third part of the thesis the core dataset was extended with the addition of Ca, Mg, and C
to the core system. The experimental data on solubility the solubility of Ca-Mg silicates,
hydroxides, and carbonate minerals was critically evaluated. The association equilibria of
important complexes (calcium and magnesium hydroxide and chloride species, aqueous carbon
dioxide, carbonate and bicarbonate with and without alkali and alkali-metal complexes) was
revised. Their standard state properties and equation of state parameters were separately optimized
based on experimentally derived association constant data from conductance, potentiometric and
exceptionally from solubility measurements. The standard state Gibbs energies of aqueous ions
and complexes in the system Ca-Mg-Na-K-Al-Si-O-H-C-Cl were simultaneously optimized
against the full selection of experimental data form the core system and the extension.

The new dataset is consistent with the Holland and Powell (1998) mineral dataset (Thermocalc
dataset ds55) and with all experimental mineral phase equilibria used to derive these data, as well
as with experimental constraints on aqueous speciation equilibria. The main assumption was that
the mineral database (ds55) is “fully consistent” and no adjustment of the thermodynamic
properties of minerals was done. The dataset reproduces all available fluid-mineral phase equilibria
and mineral solubility data with good accuracy over a wide range in temperature, pressure and
composition (25 to 800°C; 1 bar to 5 kbar; salt concentrations up to 5 molal).

The method used in this study provides a clear guide to future experimentation, by highlighting
the most sensitive gaps in fluid-mineral phase equilibria experiments. More experimental data is
needed to solve existing discrepancies and provide missing data on the stability of calcium and
magnesium hydroxide and chloride complexes, different carbonate and bicarbonate complexes,
and also silica-potassium, calcium-silica, magnesium-silica complexes.

The method developed in this study together with the GEMSFITS optimization tool allows
repeating the optimization procedure whenever new and improved experimental constraints
become available, better thermodynamic models are developed, when different speciation model
is used, and more chemical elements are added. For the future it is desirable that the standard-state
properties of minerals, aqueous species and complexes will be simultaneously optimized to create
a next-generation internally consistent dataset for fluid-mineral equilibria. The goal is always to
have better thermodynamic models as well as accurate and consistent thermodynamic data for
these models.

VIl
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Zuzammenfassung

Zuzammenfassung

Wassrige Losungen (Fluide) sind von grosser Bedeutung fur eine Vielzahl chemischer und
geochemischer Prozesse. Fluide und Interaktionen zwischen Fluiden und Gesteinen spielen eine
zentrale Rolle in Bezeug auf Verteilung sowie Beweglichkeit chemischer Elemente in der
Erdkruste als auch im Erdmantel. Als Geochemiker interessieren wir uns v.a. fir die Beweglichkeit
und die Interaktionen chemischer Elemente in samtlichen geologischen, hydrologischen und
biologischen Systemen. Welches sind die Faktoren, welche die Beweglichkeit verschiedener
Elemente bestimmen? Wie werden gewisse Elemente genligend konzentriert, um wirtschaftlich
bedeutsame Erzlagerstatten zu bilden? Wie werden gewisse Spurenelemente sowie radioaktive
Elemente aus radioaktiven Endlagern ausgelaugt und wegtransportiert? Was waére der Einfluss
oberflachennaher Fluide auf industrielle Materialien wie beispielsweise Beton? Mithilfe von
Felduntersuchungen, Experimenten und nummerischen Simulationen kdnnen solche Fragen
beantwortet werden. Mit zunehmender Rechnerleistung wurden grosse Fortschritte der
nummerischen Modellierung geochemischer Prozesse erzielt, welche sich in ihrer Komplexitat
natlrlichen Systemen annédhern. Diese geochemischen Simulationen sind wirkungsvolle
Methoden, welche uns helfen die Prozesse zu verstehen, die natiirliche Fluid-Gesteins Systeme
bestimmen und sie helfen uns ebenfalls die oben gestellten Fragen zu beantworten.
Computersimulationen haben den grossen Vorteil, dass sie uns erlauben die massgeblichen
Prozesse flir Umgebungsbedingungen und Zeitrdume systematisch zu untersuchen, welche Uber
diejenigen hinausgehen, welche mithilfe direkter Beobachtung oder durch Experimente studiert
werden kénnen.

Die Ergebnisse solcher geochemischer Berechnungen sind dabei stark von der Robustheit der
verwendeten geochemischen Modelle abhangig und somit ebenfalls von der Verfugbarkeit sowie
der Richtigkeit, der Préazision und der Konsistenz der verwendeten thermodynamischen (und
kinetischen) Parameter abhéngig.

Das Hauptziel der vorliegenden Arbeit war die Entwicklung einer innerlich konsistenten
thermodynamischen Datenbank der Fluid-Gesteins-Interaktionen des Kernsystems Na-K-Al-Si-O-
H-CI inklusive einer Erweiterung fir Ca-Mg-C. Teil der Arbeit war die Entwicklung und die
Untersuchung von Methoden zur Optimierung thermodynamischer Eigenschaften aquatisierter
Spezies auf eine konsistente Art und Weise.

Der erste Teil der Arbeit befasst sich mit dem GEMSFITS Parameter Optimierungswerkzeug,
welches entwickelt wurde, um innerlich konsistente Eingabeparameter thermodynamischer
chemischer Modelle mit experimentellen Daten in Ubereinstimmung zu bringen. GEMSFITS
Kodes kdnnen umfangreiche experimentelle Datenmengen importieren und bearbeiten, welche in
Datenbank Dokumenten gespeichert sind, und welche keine a priori Kenntnis der
zugrundeliegenden Datenstruktur voraussetzen. Viele unterschiedliche Arten experimenteller
Daten kodnnen somit eingeftigt werden. GEMSFITS kann gleichzeitig Parameter verschiedenster
Art (unabhdngig oder eingeschrankt) gegeniiber ausgewdhlter verschiedener experimenteller
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Daten verbessern. Dies geschieht unter Verwendung lokaler und globaler, gradient- oder nicht
gradientbasierter ~ Parameter  Verbesserungs  Algorithmen  (NLopt Bibliothek  ab-
initio.mit.edu/nlopt). Die optimierten Parameter werden mit Konfidenzintervallen angegeben,
welche mithilfe von Monte-Carlo Simulationen bestimmt werden. Ebenfalls verfligbar sind
statistische Auswertungen, Sensitivitdten der gemessenen Daten und Parameter, Verteilungen
sowie Kaorrelationskoeffizienten. GEMSFITS ist ein Teil des GEM Softwarepakets fur
geochemische Modellierungen (http://gems.web.psi.ch).

Der zweite Teil der Arbeit beschéftigt sich mit dem Aufbau eines intern konsistenten
thermodynamischen Datensatzes fir Fluid-Gesteins Gleichgewichte im Kernsystem Na-K-Al-Si-
O-H-CI. Zu diesem Zweck wurde eine grosse Sammlung von Minerallgslichkeitsexperimenten
uber einen weiten Bereich von Temperatur, Druck und Zusammensetzung kritisch evaluiert. Die
Daten tiber Assoziationsgleichgewichte der wichtigen Elektrolyte (NaCl, KCI, HCI, NaOH, KOH)
wurden evaluiert und dazu verwendet die Standardzustandseigenschaften und
Zustandsgleichungen fur neutrale lonenpaare gesondert weiterzuentwickeln. Die ausgewéhlten
experimentellen Daten wurden verwendet um die Gibbs Energien unter Standardbedingungen von
wassrigen lonen und Komplexen simultan zu optimieren. Dabei wurde die Ubereinstimmung mit
den Assoziationsgleichgewichten fiir lonenpaare und Komplexe, die unabhédngig Uber die
Leitfahigkeit und potentiometrische Daten hergeleitet wurden, beibehalten. Dieses System diente
als Nachweis flr die Gultigkeit des Konzeptes fur die Optimierungsstrategie.

Im dritten Teil der Arbeit wurde der Kerndatensatz um die Elemente Ca, Mg und C erweitert.
Experimentelle Daten (ber die Loslichkeit von Ca-Mg Silikaten, Hydroxiden und
Karbonatmineralen wurde kritisch evaluiert und die Assoziationsgleichgewichte von wichtigen
Komplexen (Calcium- und Magnesiumhydroxiden, Chlorid Verbindungen, wassrigen
Kohlendioxiden, Karbonaten und Bikarbonaten mit und ohne Alkalimetallkomplexen) wurden
Uberarbeitet. Basierend auf experimentellen Assoziationskonstanten aus Leitfahigkeits-,
potentiometrischen- und gelegentlich Loslichkeitsmessungen wurden die
Standardzustandseigenschaften und Zustandsgleichungen gesondert optimiert. Die Gibbs Energien
unter Standardbedingungen von wassrigen lonen und Komplexen im System Ca-Mg-Na-K-Al-Si-
O-H-C-Cl wurden mithilfe der vollstdndigen Auswahl von experimentellen Daten des
Kernsystems und der Erweiterung simultan optimiert.

Der neue Datensatz stimmt sowohl mit dem Mineraldatensatz (Thermocalc dataset ds55) von
Holland und Powell (1998) und mit allen experimentellen Mineralphasengleichgewichten, die
diesen Daten zugrunde liegen, als auch mit experimentellen Bedingungen von waéssrigen
Bildungsgleichgewichten Uberein. Die Pramisse bestand hauptséchlich daraus, dass der
Mineralien-Datensatz (ds55) "vollstandig konsistent” ist und keinerlei Anpassungen an den
thermodynamischen Eigenschaften der Mineralien vorgenommen wurde. Der Datensatz
reproduziert die verfligbaren Fluid-Mineral Phasengleichgewichte und Minerall6slichkeitsdaten
uber einen weiten Bereich von Temperatur, Druck und Zusammensetzung (25 bis 800°C; 1 bar bis
5 kbar; Salzkonzentrationen bis zu 5 molal) mit guter Genauigkeit.
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Die Methode, die in dieser Arbeit verwendet wurde, stellt einen guten Leitfaden fir zukinftige
Experimente dar, indem sie die empfindlichsten Licken in  Fluid-Mineral
Phasengleichgewichtsexperimenten beleuchtet. Mehr experimentelle Daten werden bendétigt um
die existierenden Widerspriiche zu Iésen und fehlende Daten zur Stabilitdt von Calcium- und
Magnesiumhydroxiden, Chloridkomplexen, verschiedenen Karbonat- und Bikarbonatkomplexen,
Silicium-Kalium-, Calcium-Silicium-, und Magnesium-Silicium-Komplexen zu ergénzen.

Die Methode, die in dieser Arbeit entwickelt wurde, und das GEMSFITS
Optimierungswerkzeug ermdglichen es das Optimierungsverfahren zu wiederholen sobald neue
und verbesserte experimentelle Bedingungen zur Verfligung stehen, bessere thermodynamische
Modelle entwickelt werden, unterschiedliche Speziationsmodelle verwendet werden oder mehr
chemische Elemente hinzugefugt werden. In Zukunft wére es winschenswert, dass die
Standardzustandseigenschaften von Mineralen, wassrigen Losungen und komplexen simultan
optimiert werden, um eine neue Generation intern konsistenter Datensétze flr Fluid-Mineral
Gleichgewichte zu schaffen. Das Ziel sind sowohl stdndig verbesserte thermodynamische Modelle,
als auch richtige und konsistente thermodynamische Daten fiir diese Modelle.
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1. Introduction



Chapter 1

1.1.  Why thermodynamic modeling?

Fluid-rock interaction processes are of central importance for a wide range of geological
systems such as hydrothermal ore deposits, hydrothermal systems at mid-ocean ridges, fluid flow
in subduction zones and geothermal reservoirs. Information about these processes can be retrieved
form field studies, experimental studies or predictive methods such as geochemical modeling. In
field studies samples are often affected by many processes which happened over large periods of
geological time. The results are therefore often ambiguous and difficult to interpret. Experiments
on simple systems are rather straightforward to perform, but experimental studies of more complex
fluid-mineral equilibria face a number of considerable methodological and technical challenges.
The use of computer simulations such as reactive transport (coupled fluid flow and geochemical
reactions between fluids and minerals) can give valuable insights into the key physical and
chemical processes in many geological systems. Advances in computational methods and
technology have facilitated the development of efficient and comprehensive (geo)chemical
thermodynamic and physical-chemical models for simulation of the behavior of natural systems.
Geochemical modeling has the advantage that it can simulate multicomponent—multiphase systems
at different pressure—temperature conditions and over timescales that are not accessible to direct
observation and laboratory experiments. These simulations are useful for solving environmental
problems (e.g. long-term prediction of radioactive waste disposal or contamination of
groundwater), designing and improving industrial processes (e.g. formation and stability of
different materials), and understanding the evolution of geochemical systems from the surface to
the deep Earth. In particular, geochemical reactive-transport simulations that couple
thermodynamic fluid—mineral equilibria, Kinetics of mineral dissolution and precipitation, and
fluid flow in the subsurface have become essential for understanding and predicting the processes
in geosystems relevant for carbon dioxide sequestration, exploitation of geothermal energy, and
formation of mineral resources (e.g. Reed, 1982; Steefel and Maher, 2009; Xu et al., 2001).

Thermodynamic modeling can be divided into two essential parts: models and parameter
datasets. Thermodynamic models are mathematical relations between different physical properties
of the system. In the ideal case, the thermodynamic models are developed obeying basic
thermodynamic principles and are based on solid theoretical foundations. Some models, however,
are just empirical representation of observed data. They are called empirical models. Models which
have a sound theoretical background usually have high predictive capabilities, while empirical
models mostly fail to predict properties outside their calibration conditions. In many cases it can
be extremely difficult to develop a theoretical model and thus an empirical model can be more
suited for a certain problem. Often models are constructed by combining theoretical and empirical
parts.

Thermodynamic datasets are collections of values for the fundamental thermodynamic
properties of substances and other model parameters like empirical parameters, parameters of
solution mixing, surface and kinetics model parameters, etc. They are often compiled from direct
measurements of the thermodynamic properties or indirectly derived from other experimental data.
Different thermodynamic datasets have parameters with different levels of accuracy and internal
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consistency. Therefore “even if the thermodynamic model is rigorous, a blind faith in the database
attached to a computer program can be a recipe for disaster” - Anderson (2005). None of the
existing thermodynamic datasets contain values for all possible substances, and often the reported
parameters were not derived in an internally consistent way. For example, we can independently

obtain the best values of the Anggg‘l of pyrophyllite, H-0, kaolinite, and SiO.°, from different

sources of experimental data. However, these values can be in disagreement (would be
inconsistent) with the experimental data of the reaction: pyrophyllite + H.O = kaolinite + SiO°.
Often one thermodynamic dataset is consistent just with certain thermodynamic models, and,
therefore, values of parameters taken from different datasets can be inconsistent with each other.
It is important to note that “internally consistent” does not necessarily mean “more accurate”. But
an internally consistent set of parameters will accurately reproduce the experimental data used to
derive it, and can be extremely efficient in reproducing complex multi-component.

1.2. From data to models

Experimental data on simple and well controlled systems can give us insights into more
complex systems. These measurements contain information on the fundamental thermodynamic
properties that describe the system. Some types of experiments are especially useful for extracting
values of the reference properties and model parameters, which can be then used to model more
complex systems. To extract useful numbers from experimental data, first, we need quantitative
models that relate the experimental observations (measured properties) to the thermodynamic
parameters. Secondly, we need an algorithm that can find the combination of parameters which
best describes the input experimental data, within the measurement errors. When calculating or
optimizing fundamental properties, it is important to do it in such a way, that they are mutually
consistent. To produce a reliable estimate of the thermodynamic properties of the chemical system
components, it is necessary to use a large number of independent constraints which have to be
considered simultaneously (Engi, 1992). A combination of constraints from measurements of
fundamental properties, reaction data, phase-equilibria, and solubility allows refinement of the
thermodynamic properties of individual components (species) (Engi, 1992). To derive an internally
consistent thermodynamic database, a large number of experiments of different type of data
covering a wide range of temperature, pressure, composition conditions have to be processed
simultaneously to minimize the difference between the calculated and measured experimental
values and avoid systematic errors. It is important to consider that when working on a method of
data analysis and processing, for deriving an internally consistent database “we make a clear
distinction between our ideal goal and the practical results we can achieve” - Engi (1992). Often
there is not enough experimental data to cover all the temperature-pressure-composition space that
we want to model in our calculations, or there are not enough constraints on the mineral fluid-
speciation equilibria, to make a refinement of all parameters possible at the same time. In such
cases, assumptions have to be made in a form of constraints or rough approximations of parameters
for which there is no experimental data. After refining the system parameters, it is crucial that the
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geochemical calculations are done in the same thermodynamic framework (i.e. using the same
equation of state, models) as was used in the parameters refinement process (Engi, 1992).

A frequently applied method in parameter optimization is the least squares (non-linear)
regression. Special algorithms were developed to find the best parameter combination for which
the sum of squared residuals (differences between measured and calculated values) has the
minimum possible value. The least-squares regression method was employed by Powell and
Holland (1985), Holland and Powell (1998) and Holland and Powell (2011), for generating an
internally consistent thermodynamic database for minerals. The experimental data they used were
mineral phase equilibria. During optimization they assumed a normally distributed Gaussian
probability between the half phase equilibria brackets. This was criticized by researches employing
linear mathematical algorithms for their optimization (e.g. Berman et al., 1986). Kolassa (1991)
analyzed this method and came to the conclusion that the distribution is far from normal and that
the assumption that equilibrium is found in the middle of the brackets would result in parameters
which are inconsistent with some equilibrium constraints (Engi, 1992). Holland and Powell (1990)
responded to the criticism of Berman et al. (1986), Berman (1988) and introduced weighting
related to the bracket width to reduce this effect in their fit. While there are some debates on which
data optimization method should be used for treating equilibrium brackets experiments (Berman
et al., 1986; Engi, 1992; Holland and Powell, 1990), in the case of solubility experiments, the
measured properties represent equality constraints. This means that the least-squares optimization
method chosen in the current study is appropriate.

1.3. Types of experimental data

Different type of experiments can be related to thermodynamic properties. These can be direct
measurements such as calorimetry, or so called indirect experiments such as reaction equilibria
between different minerals or between minerals and a fluid phase (solubility experiments). It
follows form the thermodynamic principles that one can use thermodynamic properties derived
from simple experimental settings to model more complex systems. Complex experiments trying
to duplicate natural conditions as close as possible are often difficult to interpret and thus can be
of limited usefulness for extracting fundamental properties (Anderson, 2005). It is desired to have
many simple experiments covering a wide range of conditions. In some cases, the experiments
need not be too simple, so that the component we want to study is correctly represented by the
experiment.

1.3.1. Thermophysical and thermochemical measurements

Electrochemical cells can be used to accurately extract the Gibbs energy of reactions and
dissolved substances. A potentiometric cell, where a reversible electrochemical reaction takes
place, is used to measure the electrode potential (also known as electromotive force) which is then
related to the standard Gibbs energy of the chemical reaction (Lvov and Palmer, 2004). Standard
electrode potentials for many reactions have been measured at ambient conditions but there is
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limited data available at elevated temperatures and pressures (Lvov and Palmer, 2004). Standard
state free energies of formation for ions such as K™ and Na* were determined from electrode
potential measurements between amalgams and aqueous and non-aqueous solutions (Cerquetti et
al., 1968; Dill et al., 1968; Smith and Taylor, 1940).

Another source for the Gibbs energy, enthalpy, entropy and heat capacity are calorimetric
measurements. Solution calorimetry is often used to determine the enthalpy of formation of
minerals and aqueous species. This method is based on several calorimetric cycles / reactions
which, combined in a series of algebraic calculations, lead to the desired heat of formation.
Usually, to get the heat of formation of one component one needs the heats of more than two other
reactions. The large number of reactions that have to be considered often leads to a large
accumulated error in the final value for the desired enthalpy of formation of the component. The
large accumulated errors into this property is also one of the arguments used by Powell and Holland
(1985) for choosing to optimize just the enthalpy of formation of minerals in their database.
Cryogenic calorimetry is often used for determining the heat capacity at very low temperatures.
Integrating these values from temperatures very close to absolute 0 up to 298.15 K lets us get the
standard state entropy at 298.15 K (Robie, 1987). Differential scanning calorimetry is the
experimental technique used to determine the heat capacity as a function of temperature. The
investigated sample and a reference material are slowly heated. The temperatures of the sample
and reference materials are always kept equal. Heat capacity of the sample can be inferred based
on the difference of heats supplied to the sample and the reference material.

Molar volumes of minerals can be determined using X-Ray diffraction. The change in the
molar volume of minerals with temperature and pressure is rather low and it is approximated by
using a constant molar volume or accounting for the small changes using simple models. In the
case of aqueous components, the molar volume is far from constant and largely changes with
temperature, pressure and composition. Two frequent methods for studying the molar volumes in
aqueous solutions are density measurements, which measure the densities of a solution at different
conditions, and dilatometer measurements, which directly measure the change in solution volume.
These measurements are then related through activity models to the infinite dilution standard state
volume. They are also used for extracting the activity model parameters from the variation of the
molar volume with composition.

Electrolyte solutions are much better conductors than pure water solvent. Their conductance is
dependent on the degree of association. For example, if some of the Na* and CI" ions associate to
form the NaCl® neutral ion pair, the conductance of the solution decreases. Conductance
measurements are thus important for determining the degree of association of solutes and the
stability constants of associated species. The derived values of the ion pairs equilibrium constants
are often dependent on the models used to relate them to the measured electrical conductance, and
on the activity models used to extrapolate them to infinite dilution. At low concentrations (< 0.01
mol/kg water), the existing conductance equations and activity models can be used to accurately
determine the limiting conductance and ion association constants (Corti, 2008; Sharygin et al.,
2002).
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The isopiestic (constant pressure) method is used to derive the activity of a component in a
multicomponent system using the measured activity coefficient of a standard for different
concentrations of a solute. This relationship comes from the Gibbs-Duhem equation, which states
that the solution components are not always independent of one another (Anderson, 2005). This
method is useful for extracting activity model parameters but also standard sate properties.

1.3.2. Phase equilibrium experiments

Phase equilibrium experiments are done to study the reaction between different phases. A
detailed chemical characterization of the experimental results allows the calculation of
fundamental thermodynamic parameters of the phases involved in the reaction. Reversal phase-
equilibrium experiments are used for constraining mineral stabilities. The relative stabilities of
reactant and product minerals are studied over a wide range of pressures and temperatures. These
experiments are then used to approximate the equilibrium which is bounded by the experimental
P-T half brackets. This is done by fitting the parameters of univariant equilibrium to pass it between
all the experimental half-brackets. In this process the standard state properties of the product and
reactant mineral phases are optimized (Berman et al., 1986; Powell and Holland, 1985).

1.3.3. Solubility experiments

Solubility experiments are a subgroup of the phase equilibrium experiments. They involve the
equilibrium between one or more solid phase (and/or gas) and an aqueous solution. For this kind
of experiments, it is important to demonstrate the attainment of equilibrium. This is done by doing
the experiments from both undersaturated and supersaturated conditions. In some cases, proximity
to equilibrium is approximated by a “sufficiently long” time of the experiment or by the constant
concentration value measured in a time series experiment. The most accurate results from
solubility measurements are obtained by sampling the aqueous solution at equilibrium conditions.
Often these experiments are done at elevated temperatures and pressures, where the experimental
technique does not allow sampling of the solution at equilibrium conditions. In these cases, the
experimental capsule is quenched to room conditions, and then the solution is analyzed. This
method is plagued by possible backward reactions and changes in the sample composition. The
pH of the agueous solution is an essential property in solubility experiments and gives important
information about the stability and speciation of aqueous components. Determining the pH of the
solution at the experimental conditions is a difficult task. In many experiments the pH at the
equilibrium conditions is estimated form the measured pH of the quenched solution. This can be
largely affected by the change in speciation and other quench related reactions. The hydrogen-
electrode concentration cell (HECC) method is useful to monitor the H* ions concentration at the
conditions of the experiments (Bénézeth et al., 2001; Palmer et al., 2001). This method is used
only up to 300 °C at SWVP (saturated water vapor pressure) due to difficulties in accounting for
non-idealities (activity coefficients) of the standard solution used in the experiments at
supercritical conditions (Lvov and Palmer, 2004). Improved in situ spectroscopic methods (i.e.
Raman spectrometry) are now used to study the solubility of various minerals in diamond anvil
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cells at extreme conditions (Facq et al., 2014). Synthetic fluid inclusion method is used for
sampling the aqueous phase at the experimental conditions (Schmidt et al., 1998). An important
factor when retrieving thermodynamic properties from solubility experiments is the accurate
knowledge of the speciation in the aqueous phase and the properties of the components. Missing
species or inaccurate properties of components can lead to accumulated errors in the optimized
property of other components. Because the solubility and phase equilibrium experiments involve
reactions, the thermodynamic parameters optimized from such experiments are not independent,
but are determined by all the properties of reactants and products involved in the reaction. To
minimize the error between different components and ensure internal consistency, it is thus
important to simultaneously evaluate multiple experimental systems (multiple reactions) covering
a wide range of temperature-pressure-composition conditions.

1.4. Equation of state and activity models

For calculating the standard state Gibbs energy at the temperature T and pressure P of interest

of all the components in a chemical system we would need to know the Angg&l and 8398,1 at the

reference temperature Tr = 298.15K and reference pressure Pr = 10°Pa (1bar) and the change in
molar volume and heat capacity with pressure and temperature. For minerals the changes in volume
can be approximated to be close to zero, while the changes in heat capacity with temperature are
taken form calorimetric experiments fitted to a heat capacity function (e.g Maier-Kelley fucntion).
In the case of aqueous phase components, things become more complicated because the standard
partial molar volumes of the aqueous ions and species vary with temperature and pressure. One of
the most widely used model for calculating the standard state partial molal Gibbs energy of
aqueous components at the temperature and pressure of interest is the HKF (Helgeson-Kirkham-
Flowers) equation of state (Helgeson et al., 1981). It is a semi empirical model that can evaluate
the change in the standard state partial molal volume and heat capacity with pressure and
temperature using several constant parameters. To calculate the standard state Gibbs energy at the
temperature and pressure of interest for an aqueous species in the framework of HKF, the values
for the standard partial molal Gibbs energy, standard partial molal entropy, and the HKF
parameters at reference conditions are needed. For most ions and some aqueous species, the HKF
parameters were obtained by Tanger and Helgeson (1988). The authors used experimental standard
partial molal volumes, isothermal compressibilities, and isobaric heat capacities of several aqueous
electrolytes (e.g., HCI, NaCl, KCI, NaOH, KOH; Tanger and Helgeson, 1988) over a range of
temperatures. They regressed this experimental data to obtain the HKF equation of state parameters
for the respective electrolytes. From the resulting values, they calculated the HKF parameters for
the ions using the constraint that a given parameter of the electrolyte is equal to the sum of the
respective parameters of its constituent ions. Although some of the standard state properties and
HKF parameters of aqueous species have been derived from different experiments (e.g. solubility,
association reaction data), there are numerous aqueous species which have scarce or no data. Shock
and Helgeson (1988) and later studies by Shock and Helgeson (1990), Sassani and Shock (1992),
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Shock et al. (1997), Sverjensky et al. (1997), and Plyasunov and Shock (2001) proposed several
empirical correlations between the standard state properties and HKF parameters, so it is possible
to estimate missing properties for many aqueous species, for which there is no experimental data.
The experiments on the partial molal heat capacity and volume available at the time of the earlier
studies were restricted to low temperatures - below 100 °C, and mostly bellow 50 °C, making some
extrapolations not always in agreement with more recent experiments (Plyasunov and Shock, 2001;
Tremaine et al., 2004). While there is experimental data at ambient conditions, a lot of
experimental data related to the aqueous phase is missing at elevated pressure and temperature
conditions. The fact that these correlations make it possible to predict properties for aqueous
components with no or scarce experimental data made the HKF model widely used in high
temperature and pressure geochemical applications. Other models used to describe the properties
of solutions at elevated conditions are the so called “density models”. In contrast to the HKF model,
which is based on the static permittivity (dielectric constant) of the solvent, the density models are
based on the volumetric properties (Anderson et al., 1991; Dolej$ and Manning, 2010; Holland and
Powell, 1998).

The HKF model calculates the thermodynamic properties in their standard state (i.e. at infinite
dilution). To calculate chemical equilibrium of a real system, the activity coefficients (y) have to
be calculated using an activity model. Models based on the Debye-Hiickel theory (Debye and
Huckel, 1923) with different extensions are frequently used in low electrolyte concentrations. One
such extension is the D-H-Helgeson (Helgeson et al., 1981) which is used in connection with the
HKF equation of state for the standard state properties. Another way to calculate activity
coefficients is using the Pitzer formulations (Pitzer, 1973). While the HKF model refers to the
properties in the standard state and needs a separate activity model, the Pitzer equations lead to
excess properties, calculating the real system properties. The HKF parameters can be fitted to
experimental data only after extrapolating to infinite dilution, while the Pitzer parameters are fitted
to the actual experimental data at various concentrations (Anderson, 2005). The Pitzer model
describes very well systems at conditions close to the Earth’s surface and for concentrated
solutions. There are little or no parameters known for high pressure and temperature conditions
and the model does not explicitly consider the formation associated species and ion pairs. The HKF
model complemented by the D-H-Helgeson activity model is more suitable for low concentrated
solutions and aqueous solutions related to metamorphic and hydrothermal fluids at conditions
where speciation and ion paring become important. In this study an extended Debye-Hickel
equation (Helgeson et al., 1981) was used to calculate the activity coefficients for charged species
(see Chapter 3, Egs. 3.2-3.4).

Since the parameters of this activity model were not optimized and taken as such from different
sources, a test was done to evaluate the impact of different parameters on the calculated solubility
values. The solubility of corundum was modeled at 600 °C and 2000 bar from 0.5 to 5 mNaOH
concentration. A comparison was made between the results using the extended term activity model
parameter for NaOH reported by Pokrovskii and Helgeson (1995), as 0.098 (pressure and
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by Dolejs and Wagner (2008).
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Figure 1.1 Test for the effect of different activity model parameters for calculating the total aluminium
concentration in NaOH solutions in equilibrium with corundum and diaspore at different conditions.
Continuous lines are calculated using the activity model parameters as reported by Pokrovskii and Helgeson
(1995) for NaOH background electrolyte. Dashed lines represent values calculated using different values
for the activity model parameters (see figure legend). (A), (B) and (C) corundum solubility, (D) diaspore
solubility.

In Fig. 1.1 one can see that up to 5 molal NaOH concentration the difference in the calculated
aluminium solubility is almost identical for the two cases. Although there are large differences in
the calculated activity coefficients and concentrations of the charged and neutral species due to the
mass balance and the interdependence between the components coming out of the Gibbs-Duhem
relation, these differences cancel out in the total concentration of aluminium. The same system
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was modeled using the & and b, parameters for a KCI background electrolyte solution (Pokrovskii
and Helgeson, 1997a; Fig. 1.1B). The solubility of corundum was calculated at constant
temperature and 1.5 mNaOH concentration with changing pressure (Fig. 1.1C) and the solubility
of diaspore was calculated at the same NaOH concentration with changing temperature at SWVP
(Fig. 1.1D). The comparisons were done between using the parameters for NaOH background
electrolyte and using the parameters for KCI background electrolyte, or using a b, of 0.03
independent of temperature and pressure. In all cases of using different activity model parameters,
the difference between the calculated total dissolved aluminum is very small. The only noticeable
differences are between the amount of different species and their activities, which increase with
concentration. At very low concentrations, the differences between the activities of the species
should be minimal since the extended term contribution is decreasing with concentration. This test
demonstrates that the activity model chosen for this study has a minimum impact on the
calculations of the total elemental concentrations used for comparison with their experimental
measured counterparts and representing the main contribution in the parameter optimization.

1.5. Uncertainties

Uncertainties in geochemical modeling are difficult to fully quantify. This is due to the
complex mathematical structure of the thermodynamic models. The total uncertainty is related to
the uncertainties in the thermodynamic data and the uncertainties in the calculation procedure
(Anderson, 1977). Usually the thermodynamic parameters are also correlated and just a simple
error propagation will overestimate the uncertainty (Holland and Powell, 1985; Wolery et al.,
2007), and thus the actual error on the resulted thermodynamic value is difficult to quantify. This
is why a common practice when building a thermodynamic database is to give higher priority to
internal consistency than accuracy. This means that the parameters from this database will
accurately reproduce the constraining experimental measurements, inside the thermodynamic
framework used to extract them even if they are not the most accurate (Wolery et al., 2007).

Large part of the uncertainties in the thermodynamic data and geochemical calculations come
from the way the original data is processed. The thermodynamic properties which are not directly
measured contain uncertainties both from original data measurements and from the models which
relate the original data with the derived parameters. These models can have their own parameters
which have associated uncertainties. The calorimetric measurements on minerals have an average
uncertainty around 4-6 kJ/mol. Solubility measurements have in the good cases errors around 1%
for the soluble salts and around about 10 % for elements which are less soluble but still much
above the limit of detection (Wolery et al., 2007). As the concentration of an element gets close to
the limit of detection the uncertainty also increases.

To test the sensitivity of the calculated aqueous phase composition to changes in the Angg&l

of aqueous species, we simulated the solubility of microcline-muscovite-quartz mineral
assemblage in pure water from 200 °C to 550 C°, at 1000 bars (1 mol of each mineral reacting with
10 g of water). The major Al species at the condition of the simulation is Al(OH)4", which is over
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2.5 orders of magnitude more abundant than AI(OH)s°. The A; Ggggll of AI(OH)4 aqueous species

was incremented in steps until a value +7000 J/mol from the original value (Table 1.1). Any change

in the Angg&1 of the aqueous species involved in the solubility linearly affects the Gibbs energy

of the reaction. The final value of +7000 J/mol corresponds to a difference of 0.64 log units at 200
°C and to 0.44 log units at 550 C° in the logK of the solubility reaction. In Table 1.1 the deviations

in percentages are shown as a function of temperature and of the change in the Angg&l of

Al(OH)4. In general, the differences for aluminium decrease with temperatures while in the case
of potassium the differences increase. This is due to the formation of more microcline, which
contains more potassium and less aluminium than muscovite. In this way we have less potassium

in the fluid but more aluminium with the stepwise increase in the A GS%J of Al(OH)4". As aresult,

with increasing temperature, the error in the calculated potassium increases, while the error in
calculated aluminium decreases. The error in calculated potassium reaches a maximum around 500
°C from where it slightly decreases. This is because the KAIO2® species becomes more abundant
with temperature, and start to have a meaningful concentration from this temperature. This effect
counter balances the difference in aluminium concentration but also in potassium concentration.

In Fig.1.2 the computed aqueous composition is shown using the initial value Angg&l of

Al(OH)4 and using a value 7000 J/mol more positive. One can see that the difference of the total
calculated concentration of aluminium in solution, between these two cases at the same
temperature, decreases from more than 1 log unit, at lower temperatures, to less than 0.5 log units,
at higher temperatures. This is due to different combined effects. One is the effect of increasing
pH, for the +7000 J/mol case. This means that the activity of OH" in solution is also increased. This
leads to more AI(OH)4 forming and thus an increase in total aluminium which acts to cancel the
lower stability of the species (+7000 J/mol effect). Another reason for this decrease in the
difference with increasing temperature is the change in the activity / activity coefficient of

Al(OH)4". Its value decreases more with temperature for the case when Angg&l of AI(OH)4 is

made 7000 J/mol more positive. The lower activity coefficient has the effect that more AI(OH)4
forms in the solution, thus reducing the difference in the total dissolved aluminium between the
two cases. In this multi element system one can notice that a change in the properties of the
alunimium species is correlated with changes in other elements as well. The difference between
the calculated amount of dissolved potassium increases between the two cases with increasing
temperature. This is due to the formation of more microcline in the +7000 J/mol case, which
contains more potassium and less aluminium than muscovite. The formation of microcline as
opposed to muscovite is also a cause of the increase in the pH of the aqueous phase in the +7000
J/mol case compared to the initial value case.

In many geological fluid systems, chlorine is an important component (see: Fyfe et al., 1978).
With increasing temperature in the chlorine bearing systems, the associated species between
chlorine and the alkaline, alkaline-earth elements start to form. The standard state properties of
these species are important in determining the composition of the aqueous phase. One of the

G. D. Miron




Chapter 1

essential species common to all chlorine systems is the neutral HCI® ion pair. This species
influences the pH, but also has a role in the availability of chlorine for other chlorine species to

form.
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Figure 1.2 Simulated solubility of mineral assemblage muscovite+microcline+quartz in water at 1000 bar
with changing temperature. Lines with full symbols represent the calculated agueous composition using the

initial value of the AfGSQSJ of AI(OH).. Lines with empty symbols represent the calculated aqueous
composition with the A Gé’g&l of AI(OH)4 7000 J/mol more positive.

To test the effect of changed standard state properties of HCI? ion pair, the solubility of
diopside-talc-quartz was calculated at 600 °C and 2000 bars in a solution of 1m CaCl,. At these
conditions, CaCl-°, MgClI.°, CI- and HCI are the main chlorine species. If we consider that the

AfGé’g&1 of HCI® would be off by 3000 J/mol (~0.18 log units), the necessary correction to the

A {Ge1 0f CaCl2°, MgCl? would be around 6800 J/mol (~0.41 log units) to get the same aqueous

composition. This shows that the impact of the standard state properties is not uniform and that at
high temperatures the properties of HCI® are essential. In many studies, the properties of HCI® were
taken from different sources and used in the process of obtaining the association properties of other
chlorine species. Even a small change in the HCIC properties leads to large differences between the
resulting properties of the other chlorine species. This can be one of the reasons for the
discrepancies of the determined association constant values between different studies. Saccocia
and Seyfried (1990) calculated the dissociation constant for MgCI* from talc-quartz solubility
experiments and found that their value at 400 °C and 500 bar is 0.68 log units more positive than
the one reported in the study of Frantz and Marshall (1982). They also noted that just an adjustment
of -0.2 log units to the dissociation constant of HCI® could account for the discrepancy.
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Table 1.1 Calculated relative differences (in percentage) for the total dissolved molality of Al (aluminium) and K (potassium) in equilibrium with

muscovite+microcline+quartz using the value for AfGS%,l of AI(OH)4 (Initial) and a stepwise increase of the AngQS’]_ (New): (Initial —
New)/Initial*100

AG T (°C) 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550
+50 Al 122 116 109 103 09% 089 082 074 067 060 053 048 043 038 032
K 000 001 002 003 006 008 012 016 020 023 026 028 028 027 025
+100 Al 246 233 220 207 193 179 164 149 134 120 107 09 08 076 0.65
K 001 003 004 007 011 017 024 032 040 047 053 056 057 055 0.0
+200 Al 489 462 437 411 38 357 328 298 268 240 215 193 172 152 129
K 003 005 009 014 022 033 047 064 080 094 106 112 113 109 1.00
+400 Al 95 9.05 857 808 758 7.04 648 590 531 477 427 383 343 3.02 257
K 005 010 017 027 043 065 093 125 158 187 209 222 225 217 198
+600 Al 1400 1328 1258 11.88 1116 1040 958 874 789 709 636 571 511 450 384
K 008 014 024 040 064 09 138 18 234 277 310 330 335 3283 295
+1000 Al 2224 2115 2010 19.04 1794 16.77 1551 1419 1286 1159 1042 937 839 740 631
K 013 023 039 064 102 15 222 300 379 451 506 539 548 530 484
+2000 Al 39.54 3785 36.19 3451 3275 30.86 28.80 26.59 2431 22.06 1995 18.00 16.16 1427 12.18
K 023 041 070 117 186 283 409 556 7.08 847 956 1023 1043 1012 9.27
+3000 Al 5298 51.01 49.05 47.05 4494 4265 4012 3736 3443 3148 28.63 2594 2334 2064 17.65
K 030 055 09 159 254 390 566 774 992 1194 1354 1456 1491 1451 1332
+5000 Al 7153 69.52 67.49 6538 6313 60.64 5782 5465 5114 4741 4362 3985 36.07 3203 27.45
K 041 075 131 220 356 550 807 1115 1445 1759 20.16 2187 2256 2210 20.38
+7000 Al 82.70 8098 7920 7732 7528 7299 7036 67.31 6381 59.92 5576 5141 46.83 4177 3592
K 048 087 153 259 423 658 974 1357 17.76 2182 2525 27.63 28.71 2829 26.22
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talc+diopside+quartz, 1 mCl, 2000 bar
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Figure 1.3 Comparison between the measured (Luce et al., 1985) and calculated Ca or Mg/H? (total)
molality ratios from an aqueous solution with 1 molal CI concentration, at 1000 bars, with increasing
temperature, and in equilibrium with talc+diopside+quartz. The standard state properties and HKF
parameters for HCI® were taken from Sverjensky et al. (1991); the properties of Ca*?, Mg*2, MgOH"* and
CaOH* were taken from SUPCRT92 (Johnson et al., 1992; Shock et al., 1997). The dotted line was
calculated using the standard state properties and HKF of CaCl*, CaCl.?, MgCl*, and MgClI,° derived in this
study. The continuous line was calculated using the HKF parameters of the calcium and magnesium

chloride species derived in this study but with the A G;’g&l of calcium and magnesium ions and complexes
increased by 11000 and 13000 J/mol, respectively.

Another example is modeling the dissolved Catot/H?%ot ratio in equilibrium with diopside-
talc-quartz mineral assemblage and using the standard state properties and HKF parameters
reported by Sverjensky et al. (1991) as opposed to the ones reported by Tagirov et al. (1997) ,
which are also used in this study (Fig. 1.3). One can see in Fig. 1.3 that there is a large disagreement

between the measured (Luce et al., 1985) and calculated values (dashed lines). The temperature
trend seems to agree though. To achieve an agreement between the calculated (full lines) and

measured values, the Angggll of Ca*2, CaOH*, CaCl", CaCl2° had to be increased by 11000 J,
while the Angggyl of Mg*?, MgOH*, MgClI-, MgCI.° had to be increased by 13000 J. In Fig. 1.4

the Angg&l/lOOO for HCI® is plotted at different temperatures and pressures for the two different

sources. This is an example of an inconsistency between two sets of standard state properties and
HKF parameters for HCI? and the large impact it has on the modeled aqueous solution. It also
shows that, if the temperature and pressure trends of the properties of the aqueous species are

appropriate, the remaining discrepancies can be corrected just by adjusting the Angg&lOf the ions
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while maintaining the agreement with the ion association equilibria using reaction constraints. The
same principle is applied in this study.

These examples show that the uncertainty in the Gibbs energy of aqueous species can have a
tremendous impact on the modeling of mineral solubility. The effect can be temperature-, pressure-
and composition-dependent. The relationships are not simple and changes in the properties of
aqueous species are correlated. Therefore, a simple error propagation in this kind of geochemical
calculations can lead to unreasonable uncertainties.

HCI® Tagirov et al. (1997) 1000 bar
HCI® Tagirov et al. (1997) 2000 bar
-150 &~ HCI Tagirov et al. (1897) 3000 bar
b = = = HCI"Sverjensky et al. (1991)

AG’; . (kJ/mol)

T T T T T T T
400 500 600 700 800
Temperature (°C)

Figure 1.4 Comparison between the calculate Gibbs free energies of HCI® using the standard state properties
and HKF parameters from Tagirov et al. (1997) and Sverjensky et al. (1991).

Some of the uncertainties in the calculated equilibrium composition come from the
approximate character of the thermodynamic models used to calculate the thermodynamic
properties of the system’s components. In case of the HKF model the uncertainties in the estimated
parameters are propagated to the uncertainties of the calculated partial molal properties. If all errors
of the HKF parameters would be added up (all have the same sign), this would result in a maximum

additional error of the AG?yp between 2.4 kJ/mol at 500 °C and 2 kbar and 6.0 kJ/mol at 1000 °C

and 5 kbar (Shock and Helgeson, 1988). More likely, these additional uncertainties should be
below 2 kJ/mol (around 0.1 units in logK).

A good way of determining the uncertainties in correlated parameters is using the Monte Carlo
method (Miron et al., 2015; Motulsky and Christopoulos, 2003). This method was investigated in
applications for calculating errors related to geochemical calculation as early as 1976 by G. M.
Anderson (Anderson, 1976). In this method the input experimental data is randomly varied
according to their residuals’ distribution and new sets of parameters are optimized in each case.
After a large number of calculations, the resulting parameters will describe the distribution of all
possible parameters from the variation of the experimental data. The measure of the dispersion of

G. D. Miron



Chapter 1

this distribution represents the uncertainty in the parameters (Anderson, 1976). The Monte Carlo
method is also employed for uncertainty calculations in this study.

1.6. Thermodynamic compilations and databases

There are different types of databases for thermodynamic properties that have been developed
over the years. Two important categories are: (1) compilations of thermodynamic properties from
different sources and (2) databases that were generated by refining the parameters against different
types of experimental data (separate for different components or simultaneously). Several
compilations containing the thermodynamic properties for key aqueous species exist. A
comprehensive review was made by Wolery et al. (2007). These compilations contain standard
state properties for pure substances such as gaseous species and stoichiometric compounds, but
usually not for complex aqueous species. Two of these compilations, which are most used in
geochemical applications are: NIST89, and CODATAS89.

NIST89 is a product of the National Institute of Standards and Technology (NIST). The set of

thermodynamic values was published in several reports such as Wagman et al. (1982) The dataset

contains the recommended standard thermodynamic properties (Angg&l,Af Hgg&l, Szoggyl, and

Cp(z)ggvl) for a large number of elements and gas, aqueous and solid components. While it is

generally considered as a reliable source, it has been criticized for the lack of details on how the
data was extracted or why some of the values were selected instead of other possible alternatives
(Wolery et al., 2007).

CODATA®89 (Committee on Data for Science and Technology) is a result of the work of
several CODATA task groups over the 1970s and 1980s, on updating and improving the
recommendations for key thermodynamic data. The latest published work was CODATA Key
Values for Thermodynamics by Cox et al. (1989). The thermodynamic properties given are the
reference standard state enthalpies of formation and standard state entropies. CODATA also
sufferers from similar drawbacks as NIST89. It is difficult to trace back the way the data was
selected or derived. Compared to NIST89, CODATAS89 gives uncertainties in the reported data
which represent “worst case” results (Wolery et al., 2007).

Wolery et al. (2007) made a comparison between these two datasets and found that most of the
disagreements are on the order of tens of Joules, mostly less than 500 J. However, they also found
disagreements going above 500 J and even up to 7 kJ for a few components, such as discrepancies
for AI¥* (6.5 ki/mol), HPO4*(6.8 ki/mol), H.PO* (6.9 kJ/mol), and F (2.7 k/mol). Although
Wagman was an author in both CODATAS89 (second author to Cox) and NIST89 (first author), the
discrepancies between the two datasets were not addressed by the authors (Wolery et al., 2007).

Gibbs free energies and enthalpies cannot be measured absolutely and by convention they are
related to the formation from chemical elements in their standard state forms (Wolery et al., 2007).
This means that the reference standard state data found in thermodynamic compilations are in fact
related to other data such as the entropy of elements in their standard states. For example, the
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values given in Cox et al. (1989) are not Gibbs energies of formation but standard enthalpies of
formation. One can calculate the reference standard state Gibbs energy of formation using the
reported standard state entropies (not entropies of formation) and the entropy of elements in their
standard states. Wolery et al. (2007) made a review of different sources for the entropies of the
chemical elements in their standard states. They concluded that there are discrepancies, but they
are relatively small in most cases. For example, the elemental entropy of Ca in the reference form
(zero oxidation state) reported in CODATAS89 is 41.59 J/molK, while the one reported by Robie
and Hemingway (1995) is 42.90 J/molK. This would amount to a difference of 390 J/mol in the
calculated standard state Gibbs free energy at 298.15 K and 1 bar for a Ca containing component.
An issue mentioned by Wolery et al. (2007) could also be that the reference of the elemental
entropy is zero oxidation state while the oxidation state in the components of interest may be
different.

Some thermodynamic databases contain more complex components like associated species for
aqueous phase, gas, and mineral components.

SUPCRT92 is the name of the computer program developed by Johnson et al. (1992) for
calculating the standard state properties of aqueous, gases, and solid components form their
reference conditions to elevated temperatures and pressures conditions (using the HKF equation
of state for aqueous species). The thermodynamic database associated with SUPCRT92 is a result
of numerous studies originating from the work of Harold C. Helgeson (Helgeson et al. 1978) and
continued in numerous studies mainly done by Helgeson and his students (Oelkers and Helgeson,
1988; Pokrovskii and Helgeson, 1995; Shock and Helgeson, 1988; Sverjensky et al., 1997). It
contains the standard state properties and HKF parameters for many aqueous inorganic and organic
species, but also standard state properties of gas components and pure mineral endmembers.
Although the dataset was established in 1992 (Johnson et al., 1992), some components were
subsequently updated with improved reference standard state thermodynamic properties and HKF
parameters for several chemical subsystems. For example, the properties of aluminium species
were later refined by Pokrovskii and Helgeson (1995) and Pokrovskii and Helgeson (1997b), or
the later developed correlations and refined standard state properties from Sverjensky et al. (1997)
and Shock et al. (1997). The thermodynamic properties of minerals present in this database are
based on the review of Helgeson et al. (1978). Many of these values were, however, updated and
superseded by more recent compilations and internally consistent datasets such as from Berman
(1988), Robie and Hemingway (1995), and Holland and Powell (1990).

Another thermodynamic database which contains minerals, aqueous and gas species is the
LLNL database. This database is used in the EQ3/6 (Wolery, 1992) and PHREEQC (Parkhurst
and Appelo, 2013) computer programs. The LLNL contains the reaction constants (logK) values
for many reactions containing aqueous species, minerals and gases. These logK values were mainly
derived from SUPCRT92 properties. The database uses the B-dot Debye-Huckel activity model
and it is applicable up to 300 °C on the SWVP curve. The thermodynamic data from EQ3/6 and
PHREEQC databases contain also Pitzer activity model parameters. These are useful when
modeling concentrated solutions, but the calculations are limited to low temperatures (mostly
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below 100 °C) and pressures (SWVP). Recently Appelo (2015) extended the applicability of the
Pitzer database for selected elements and components up to 200 °C and 1000 bars. The mineral
properties from these databases are mainly taken from Helgeson et al. (1978), Robie and
Hemingway (1995), and other sources. These databases were not derived in an internally consistent
way but represent just critically assessed compilations.

Some of the existing databases, with applications in petrology, consider only the properties of
mineral endmembers with addition of the thermodynamic properties for pure H.O or H,O-CO»-
CHa mixtures, and possibly melt components. Three most important mineral databases which were
derived in an internally consistent way are summarized below. While there are differences between
these datasets, due to the fact that most of the experimental data used by the authors overlap there
is in fact a relative agreement between them.

The BERMAN internally consistent mineral database (Berman, 1988) was obtained using
linear mathematical programing. The standard state thermodynamic parameters of each mineral
were refined using the calorimetric and phase-equilibria data available at that time. A few non ideal
solid-solution models were also incorporated.

Gottschalk (1997) produced an internally consistent thermodynamic database for minerals
using a limited number of calorimetric measurements and phase equilibria. The standard molar
enthalpies of formation and standard molar entropies were refined using an iterative regression. In
this method, all the experimental data is considered in the beginning (irrespective if it is conflicting
or not) but during the iterative process, the conflicting data is systematically eliminated.

The Holland and Powell database (Holland and Powell, 1985; Holland and Powell, 1990,
1998; Holland and Powell, 2011; Powell and Holland, 1985) is one of the most extensive and most
used database for minerals in petrologic studies. The enthalpies of formation of pure solid mineral
components were refined using least-squares regression. Uncertainties and correlations are
reported for all parameters. Other thermochemical data such as the heat capacity and entropy were
treated separately. The mineral properties in this database were refined using the most recent (at
that time) calorimetric and phase-equilibrium data. Many more non-ideal solid-solution models
are consistent with the “Thermocalc” dataset ds55 (referred to as HP02) (Holland and Powell,
1998) as compared to the more recent version of the database (Holland and Powell, 2011).

1.7. Internal consistency

Engi (1992) has formulated four conditions for internal consistency in a thermodynamic database:
1. The thermodynamic framework used to derive the parameters from experimental data has
to be compatible with the basic thermodynamic principles.
2. When extracting the parameters from the experimental data, a uniform set of reference
standard state conditions and physical constants should be used (e.g. reference temperature
and pressure, gas constant, atomic weights).
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3. The refinement of the parameters should be done by simultaneously processing all of the
experimental data to obtain a “best compromise”. A parameter set that best reproduces the
data.

4. The optimized parameters should be compatible with all relevant experimental and field
data (within the uncertainties), except the rejected data based on critical evaluation of the
employed methods.

Furthermore, he classifies the datasets in three quality groups:

1. “formally consistent, if only the first two points are satisfied”

2. “partially consistent, if the third point is also guaranteed”

3. “fully consistent, if points 1, 2, 3 and 4 are ensured”

In this study, the derived thermodynamic database fulfils all four points of consistency being a
fully internally consistent database.

As noted before, it is important to understand that the level of consistency does not necessarily
correlate positively with the accuracy of the parameters. When building an internally consistent
database, it is important to use all types of the available experimental data covering a large
pressure, temperature and composition interval.

Often, when deriving a thermodynamic database, anchor components (substances) are used.
Their thermodynamic properties are independently constrained from calorimetry or other types of
experiments (e.g. conductance data). An error in one anchor component is then propagated to all
the other dependent components. For example, in the case of the mineral database from
SUBCRT92, the reference standard state properties of aluminosilicates were derived using the
standard state properties of kaolinite as anchor for the Al>Os component in the other aluminium
bearing minerals. This was done in a complex chain of reactions holding the results from previous
steps constant, thus accumulating errors. The reference standard state Gibbs energy of formation
of kaolinite was not retrieved from calorimetry, but from solubility data of a natural groundwater
assumed to be in equilibrium with kaolinite and gibbsite. The resulting standard state Gibbs energy
of kaolinite does not only depend on the assumption of equilibrium in the system but also on the
set of thermodynamic properties used for gibbsite. This could be one of the reasons for the conflict
in data for aluminosilicates between Helgeson 1978, Robie and Hemingway, 1995, and also the
newest databases for minerals (Holland and Powell, 1998).

It is often the case, that most of the error on the standard state properties of different
components is accumulated in the enthalpy or Gibbs energy of formation. A simultaneous
refinement of the Gibbs energy of formation of components against experimental data can result
in an internally consistent database. But, while the Gibbs energy of formation may contain the
largest uncertainty of all the thermodynamic parameters, the restriction of optimizing only this
parameter can be a source of systematic errors. It can be so because other thermodynamic data can
be a large source of error (Engi, 1992). It is thus important that the other thermodynamic properties
are also evaluated and that they are consistent as well. These are usually extracted from different
reliable independent sources.
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In the best case scenario all thermodynamic parameters for both minerals and aqueous
components (even gas components) should be optimized simultaneously against different types of
experimental data; from thermochemical and thermophysical measurements to different phase
equilibrium experiments covering a wide temperature, pressure and composition space. In many
cases mineral phase-equilibria and solubility experiments used simultaneously can largely improve
the consistency of thermodynamic data for rock-fluid equilibria. Usually, it is best if some
thermodynamic data such as association data from conductance measurements of aqueous species
or heat capacity measurements of minerals can be treated independently before it is used to refine
thermodynamic parameters.

1.8. Tools and methods

To proceed in investigating different methods and principles for deriving an internally
consistent thermodynamic database the following points have to be considered:

1. Access to a large collection of experimental data.

2. An efficient numerical method to perform thermodynamic computations for all
experimental chemical systems.

3. Use of different system properties to simultaneously refine the parameters.

4. A complex algorithm that can find the optimum combination of parameters for which the
sum of differences between the calculated and the measured experimental data is at a
minimum.

5. A way to propagate and determine the uncertainty of the optimized parameters.

To test and define the strategies for deriving an internally consistent dataset for aqueous

species, the following tasks were performed in this study:

1. A large number of mineral solubility experiments were collected and critically evaluated
(quartz, corundum, gibbsite, alumosilicates, feldspars, micas). Experimental datasets were
assessed for the quality of data (attainment of equilibrium, no impurities, no re-precipitation during
the experiment). The agreement between different experimental datasets was checked.

2. Results from new high-precision conductance experiments on electrolyte association were
used to derive more reliable and accurate equilibrium constants.

3. The conductance and potentiometric data on the association constants of several complexes
were collected to constrain the properties of such complexes for those cases where they are
insensitive to the solubility data.

4. A computational method was developed that allows to freely optimize the properties of some
aqueous species while constraining others trough reactions using the data from speciation
equilibria.

5. The GEMSIFTS fitting tool was developed for regressing consistent thermodynamic
parameters against various types of experimental data. GEMSFITS optimization tool has the
following characteristics:

a. Simultaneously refines many parameters of several types, independent or constrained.
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b. Manages a large experimental database which does not need a priori knowledge of the
data structure; many types of experimental data can be inserted.

c. Uses a suite of local and global, gradient or non-gradient based parameter optimization
algorithms (NLopt library ab-initio.mit.edu/nlopt).

d. Performs a statistical evaluation of fitting results: sensitivities of measured data and
parameters, distributions, correlation coefficients, and parameter confidence intervals from Monte
Carlo simulations.

e. GEMSFITS uses GEMS3K chemical solver (Kulik et al., 2013) includes the TSolMod
library (Wagner et al., 2012) of equations of state and activity models of solution phases (part of
GEM-Selektor).

f. Is equipped with a graphical user interface (GUI) and is parallelized.

During the global optimization process, the Gibbs free energy (or enthalpy) of formation of
several ions and aqueous species is adjusted while entropy, heat capacity, molar volume, thermal
expansion, compressibility and related HKF parameters are accepted without further modification.
The standard state properties of the rock-forming minerals are accepted as is from the internally
consistent dataset of Holland and Powell (HP02) (Holland and Powell, 1998). The mineral
database is assumed to be “fully consistent” and their properties are not changed during the
optimization. Thermodynamic equilibrium was calculated with the GEM-Selektor v.3 code (Kulik
et al., 2013) using the revised Helgeson-Kirkham-Flowers (HKF) model (Tanger and Helgeson,
1988). The extended Debye-Hiickel aqueous electrolyte model (Helgeson et al., 1981) was used
for calculating the activity coefficients of individual species. The confidence intervals of the
parameters are estimated from the scatter of the experimental data points using a Monte Carlo
method (Miron et al., 2015).
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Chapter 2

Abstract

GEMSFITS is a new code package for fitting internally consistent input parameters of GEM
(Gibbs energy minimization) geochemical-thermodynamic models against various types of
experimental or geochemical data, and for performing inverse modeling tasks. It consists of the
gemsfit2 (parameter optimizer) and gfshell12 (graphical user interface) programs both
accessing a NoSQL database, all developed with flexibility, generality, efficiency, and user
friendliness in mind. The parameter optimizer gemsfit2 includes the GEMS3K chemical
speciation solver (http://gems.web.psi.ch/GEMS3K), which features a comprehensive suite of
non-ideal activity- and equation-of-state models of solution phases (aqueous electrolyte, gas and
fluid mixtures, solid-solutions, (ad)sorption. The gemsfit2 code uses the robust open-source
NLopt library for parameter fitting, which provides a selection between several nonlinear
optimization algorithms (global, local, gradient-based), and supports a large-scale parallelization.
The gemsfit2 code can also perform comprehensive statistical analysis of the fitted parameters
(basic statistics, sensitivity, Monte Carlo confidence intervals), thus supporting the user with
powerful tools for evaluating the quality of the fits and the physical significance of the model
parameters. The gfshel12 code provides menu-driven setup of optimization options (data
selection, properties to fit and their constraints, measured properties to compare with computed
counterparts, and statistics). The practical utility, efficiency, and geochemical relevance of
GEMSFITS is demonstrated by examples of typical classes of problems that include fitting of
parameters of thermodynamic mixing models, optimization of standard state Gibbs energies of
aqueous species and solid-solution end-members, thermobarometry, inverse titrations, and
optimization problems that combine several parameter- and property types.

Keywords: parameter optimization, regression tool, thermodynamic modeling, Gibbs energy
minimization, experimental database
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2.1. Introduction

Advances in computational methods and technology have facilitated the development of
efficient and comprehensive (geo)chemical thermodynamic and physical-chemical models for
simulation of the behavior and complex feedbacks of natural systems. Computational
thermodynamics has many applications in geochemistry, petrology, chemical engineering,
chemistry, and materials research, because multicomponent-multiphase systems can be simulated
at pressure-temperature conditions and over timescales that are not accessible to direct observation
and laboratory experiments. These simulations are useful for solving environmental problems (e.g.
long-term prediction of radioactive waste disposal or contamination of groundwater), designing
and improving industrial processes (e.g. formation and stability of different materials), and
understanding the evolution of geochemical systems from the surface to the deep Earth. In
particular, geochemical reactive-transport simulations that couple thermodynamic fluid-mineral
equilibria, kinetics of mineral dissolution and precipitation, and fluid flow in the subsurface have
become essential for understanding and predicting the processes in geosystems relevant for carbon
dioxide sequestration, exploitation of geothermal energy, and formation of mineral resources
(Steefel and Lasaga, 1994, Steefel et al., 2005; Xu et al., 2011; Zhang and Parker, 2012; Hoffmann
etal., 2012).

One of the main steps in thermodynamic equilibrium modeling is to calculate the molar Gibbs
free energy of all components of all phases as a function of temperature, pressure, and composition.
The equilibrium state (at fixed composition, temperature and pressure) is then determined by the
global minimum of the total Gibbs energy of the system. The Gibbs Energy Minimization (GEM)
algorithm (Karpov et al., 1997; Kulik et al., 2013) finds the unknown phase assemblage and
speciation of all phases by minimizing the total Gibbs energy of the system while maintaining the
mass balance. Conversely, the Law of Mass Action (LMA) algorithm (Reed, 1982) finds the
equilibrium speciation by solving a system of nonlinear equations that combine mass balance and
mass action expressions. The method directly minimizes the mass balance residuals and performs
additional loops if the stable phase assemblage is not known in advance. Although LMA
algorithms can perform faster in simple chemical systems, the GEM method is better suited for
solving for the equilibrium in complex heterogeneous chemical systems with many non-ideal
multicomponent solution phases (Kulik et al., 2013; Leal et al., 2014). The main input and output
parameters and properties used in the GEM approach are listed in Table 2.1.

As any numerical model, a chemical-thermodynamic model is a mathematical formulation that
describes the relevant features of a natural system or its parts. Key components of thermodynamic
models are the control (input) parameters, which may be empirical (e.g. compositions of fluids and
rocks, fluid/rock ratios) or may represent some physical-chemical properties of the system
(thermodynamic properties, temperature, pressure). For example, the Helgeson-Kirkham-Flowers
equation of state (HKF EoS) (Helgeson et al., 1981; Shock and Helgeson; Tanger and Helgeson,
1988; Shock et al., 1992), which describes the temperature and pressure dependence of the
standard-state thermodynamic properties of aqueous species, uses 7 semi-empirical parameters.
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These parameters are not accessible to direct observation or measurement, but need to be derived
by regressing experimental data for measurable quantities (mineral solubility, heat capacity and
volume of aqueous solutions).

Table 2.1 GEM method input and output parameters/properties.

GEM input GEM output
* List of independent components (elements) * Chemical system speciation (mole amounts of
dependent components in all phases)
* List of phases * Total volume and Gibbs energy of the system

* List of species (dependent components) in all phases < Activity coefficients of dependent components in
their respective phases

« Standard state Gibbs free energy (G°) for each « Amount, volume, mass, and bulk elemental
species at T,P of interest composition of the multicomponent phases
* Bulk (elemental) chemical composition « Effective aqueous ionic strength (IS), pH, pe, Eh (in

aqueous systems).
» Temperature T and pressure P of interest

* Parameters of activity models for components of
solution phases

Optional:

* Specific surface areas of phases
* Kinetic rate parameters for phases

 Additional metastabilty restrictions for some phase
components

Regression of model parameters involves adjusting them by iterative numerical methods in
such a way that the differences between model-calculated properties and their experimentally
determined counterparts become minimal. Input parameters derived using different models and
separate sets of the experimental data may not be mutually consistent and will lead to unrealistic
model predictions. Simultaneous processing of large sets of experimental data and regressing them
with the same thermodynamic model ensures that the derived thermodynamic properties are
internally consistent and accurately reproduce the experimental data (Anderson and Crerar, 1993).
To make this possible, a single code framework must integrate a comprehensive collection of
appropriate thermodynamic models, an efficient numerical method to perform the thermodynamic
computations, a numerically stable and efficient optimization algorithm to adjust the parameter
values, and an extensible, flexible collection of the experimental data and parameter optimization
tasks.

GEMSFITS is a code package that can adjust any input parameters or properties (see Table
2.1) for GEM-based modeling of (geo)chemical equilibria, provided that experimental datasets are
available and that the input parameters are sensitive to them. This is a much more extended scope
than that of the previous prototype GEMSFIT (Hingerl et al., 2014), which was aimed only at
fitting interaction parameters of thermodynamic activity models. The GEMSFITS codes are fully
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compatible with the GEM-Selektor software package (http://gems.web.psi.ch/GEMS3) and the
GEMS3K numerical kernel (Kulik et al., 2013). The GEMSFITS package consists of gemsfit2
(parameter optimizer) and gfshel12 graphical user interface (GUI) codes, which both access
the same NoSQL database files. The package offers a general and flexible way for handling the
experimental database, setting up parameter optimization or inverse modeling tasks, and
visualizing and analyzing the results of the fitting. The gemsfit2 code can efficiently run
complex multi-dimensional parameter optimization problems and can be parallelized. In this paper,
we describe the main features and computational methods of the GEMSFITS package and
demonstrate the efficiency of its application to chemical-thermodynamic problems of aqueous
geochemistry and petrology.

2.2. Review of software for optimization of thermodynamic model
parameters

Generic fitting code packages like MATLAB (MathWorks, 2012), HOPSPACK (Plantenga,
2009), UCODE (Poeter and Hill, 1998), DAKOTA (Eldred et al., 2007), or PEST (Doherty and
Hunt, 2010) perform nonlinear parameter estimation using data exchange via input and output
files; the user has to manually implement all thermodynamic models involved in the parameter
fitting. In many cases, complex scripts are needed to call the objective function subroutine that
compares the model output properties with their empirical (experimental) counterparts. One of the
benefits of these methods is that they are independent of the modeling software package.

Another approach is to couple the optimization routine to a chemical solver. The FITEQL code
(Herbelin, 1999) uses nonlinear least-square optimization for determining chemical equilibrium
constants from experimental solubility and titration data. Due to limitations of the implemented
algorithms, the program has convergence issues in more complex fitting problems. Furthermore,
because of a lack of normalization options, the fitting results are more sensitive to the data points
with high absolute values (Karamalidis and Dzombak, 2010). The program comes together with
the MINEQL LMA chemical solver that can be used to perform calculations only in aquatic
systems with pure solids, simple ideal solid-solutions, and/or adsorption at low temperature (0-50
°C) and low to moderate ionic strength (<0.5 M) (Westall et al., 1976). This substantially limits
the range of possible applications.

The PhreePlot package (Kinniburgh and Cooper, 2011) includes the embedded PHREEQC
LMA chemical solver (Parkhurst and Appelo, 2013) and thus has a direct access to all chemical
speciation models available in PHREEQC. However, preparing a more complex fitting task in
PhreePlot (e.g., when experiments with more than one dependent value are regressed and/or when
parameters belong to separate models) is regarded as quite an advanced task (Kinniburgh and
Cooper, 2011). The program involves only local non-gradient based (derivative-free) optimization
algorithms, and the output summary statistics is minimal (calculation of confidence intervals and
sensitivity and parameter correlation analysis are not performed). The possibilities for optimization
of several model parameters against large experimental datasets are limited because the code is not
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parallelized. The LMA algorithm used in PHREEQC also makes the parameter regression for
complex non-ideal solution models or non-ideal fluid mixtures not possible.

2.3. Key features of GEMSFITS

In comparison with the software packages reviewed above, GEMSFITS offers a robust
collection of non-linear (global, local, gradient based, and non-gradient based) optimization
algorithms, coupled with the efficient GEMS3K chemical solver (Kulik et al., 2013) that includes
a broad range of mixing models for solution phases collected in the TSo1Mod library (Wagner et
al., 2012). Another relevant feature of GEMSFITS is that it can store, retrieve, and manage in a
flexible and efficient way large amounts of structured experimental data in a NoSQL database.
This feature also allows the user to produce and store different optimization tasks using various
selections of data sets and experimental samples. In contrast, other available codes (see Section 2)
do not provide the convenient tools for managing the experimental data and optimization tasks,
which makes it very difficult to develop and maintain comprehensive datasets with experimental
data for large chemical systems.

Unlike the earlier prototype GEMSFIT (Hingerl et al., 2014) that used an structured query
language (SQL) database server, the GEMSFITS codes can manage and access the experimental
data collected in databases in the industry-winning NoSQL BSON format (Binary JSON
JavaScript Object Notation; http://www.mongodb.com/nosql-explained; http://bsonspec.org/).
This difference is important, because in SQL databases, the individual records (e.g., for
experiments or samples) are stored similar to rows in tables, whose columns contain properties
(e.g., chemical element amount, temperature, pressure) that all must be initially specified. Different
data types are stored in separate tables that are connected with the join tables needed to execute
complex selection queries (e.g., selecting experiments with a certain phase). The SQL relational
database implementation becomes extremely complex when describing hierarchical chemical
systems with all properties, phases and components, because it has to rely on dozens of data and
join tables.

Conversely, a NoSQL database (as used in GEMSFITS) stores the data as documents, each
defined as a JSON object. The simplest object is a { <key> : <value> } pair, for instance {
“temperature” : 298.15 }. The <value> can be either a constant (string, number, binary data block),
an ordered array of values [ <valuel>, <value2>, ... ], or a nested key-value pair. This allows
describing complex hierarchical data structures in a natural, straightforward and human-readable
way, similar to structured types in object-oriented programming languages. Each JSON document
can contain any number of nested key-value pairs. Compared to the structure of SQL databases,
which require a defined schema before adding the data (i.e., SQL databases need to know all
column headers in all tables in advance), the NoSQL databases allow inserting data without a
predefined schema because every JSON document (database record) may, in principle, have a
different data structure. This approach is much better suited for storing large volumes of weakly
structured data without making any changes to the already stored documents, and implementing
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future extensions of the database. Thus, the NoSQL database can store definitions of complex
chemical systems or experimental data, which are flexible and easy to process in codes based on
object oriented programming.

Based on our experience with the earlier prototype GEMSFIT (Hingerl et al., 2014), the
GEMSFITS package has been completely redesigned to efficiently solve the following classes of
parameter optimization problems (combinations are possible as well):

1) Fitting of interaction parameters of mixing models including aqueous activity models;

2) Optimization of thermodynamic properties such as standard state Gibbs free energy A ; Gggg of

compounds, or equilibrium constants of chemical reactions;

3) Thermobarometry (finding temperature and pressure of formation for the known phase
speciation);

4) Inverse titrations (e.g. finding the bulk composition that results in prescribed pH);

5) Combined (nested) titration-solubility, titration-adsorption and similar fitting problems.

Thus, the GEMSFITS package has the capability to optimize any GEMS3K input properties
or parameters (see Table 2.1). Several parameters from different groups can be fitted
simultaneously, either as unconstrained parameters, or some of them can be bounded, reaction-
constrained or linearly-constrained. GEMSFITS can perform extensive statistical evaluation of the
fitted parameter values, thus helping the user to evaluate the quality and physical significance of
the regression results. The program can also be executed on parallel computer architectures,
reducing the amount of computing time, and making it possible to run very large optimization
problems with the Monte Carlo generated statistics. The GEMSFITS package is available for free
download from http://gems.web.psi.ch/GEMSFITS, eventually open-source.

2.4. Methods and data

The GEMSFITS package is composed of the gemsfit2 parameter optimizer and the
gfshell2 graphical user interface (GUI), both accessing the same NoSQL database in
JSON/BSON (EJDB, http://ejdb.org) format where the experimental data, the fitting task
definitions, and the task calculation results are stored. This functionality enables the user to access
and manage the database, to specify the fitting tasks by editing their definitions, to run the
parameter optimization (optionally generating statistics of the fitted model parameters), to view,
and to plot and print fitting results and statistics. In this way, an efficient and flexible workflow of
GEM input parameter optimization is made possible.

The setup of the fitting task (to be performed by the gemsfit2 code) is provided in the
task input specification file that can be exported from the gfshel12 or prepared using any
external text editor. The task setup controls the selection of experimental data from the database,
defines what model output values are retrieved, and how they will be compared within the global
and/or nested objective function. Furthermore, it selects the model input parameters that should be
fitted (and provides initial values, optionally lower and upper bounds), and defines the choice of
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the optimization method, the sample weighting rules, and the options for statistics. Upon execution,
the gemsfit2 code reads the task specification input file, the GEMS3K chemical system
definition files, and the NoSQL database with experimental data, performs the requested
calculations (writes the steps into a log file), and finally writes the results into output files in
comma-separated values (csv) format (results can be imported into NoSQL database in connection
with the fitting task that generated them).

2.4.1. Architecture of GEMSFITS

The GEMSFITS software package consists of four main components:

1) The NoSQL database (collection of documents describing experimental samples, fitting task
definitions, and fitting task results) in BSON/JSON format, with tools for the database
management;

2) The gemsfit2 parameter optimization code that reads the experimental data from the
database, executes a “fitting task™ as described in the task specification file (exported from the task
definition database record, or edited separately), and writes results into a set of csv format output
files;

3) The GEMS3K chemical solver (including the TSo1Mod library of mixing models) (Wagner et
al., 2012; Kulik et al., 2013) embedded into the gems £ 1 t 2 code, which reads the chemical system
definition from the set of GEMS3K input files provided, and calculates chemical equilibria and/or
phase activity models whenever called by the parameter optimizer;

4) The gfshel12 GUI with graphics widget and help viewer that assist the user in accessing the
database, preparing the input files, running the fitting tasks, and exploring the results. It keeps track
of the task definition (which generates the task specification file) and task results records in the
database, and provides text editors and graphics for input and result data.

The GEMSFITS GUI-based workflow is organized in projects consisting of one or more fitting
tasks, as illustrated in Fig. 2.1. A project defines one general parameter optimization application.
Each project refers to an experimental database file and a set of GEMS3K chemical system
definition files. A fitting task is defined by a task specification record containing all the settings
for the optimization process. The user can configure alternative task definitions with different
optimization options, save task definitions to the database, run these different optimization tasks,
and view and save their results.
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Figure 2.1 Flow chart of the gfshell2 code illustrating the four main modes of code operation (Project
Mode, Database Mode, Fitting Task Mode and Fit Results View Mode) and the links to the EJDB database.

2.4.2. Experimental and task database management

Currently, the NoSQL database is implemented as files within the local computer application
using the EJDB library (Embedded JSON Data Base engine, http://ejdb.org), which is a lightweight
variant of the MongoDB database (http://mongodb.org). GEMSFITS databases can be transferred

to a MongoDB server in the future, if required for distributed database development projects. The

G. D. Miron



Chapter 2

database is initially created, extended, or updated by importing the experimental data in csv format,
using the gfshe112 menus. The csv files can be exported from pre-formatted spreadsheets.

The database operations can be performed directly in the database using the EJDB console
(http://ejdb.org) or viathe gfshe112 GUI. The latter allows also for exporting the data into JSON
format files. The database stores the data in a BSON (Binary JSON) format (http://bsonspec.org/).

An advantage of the JSON format is that the data is represented through a hierarchical structure

[T9N13

as { <key>: <value> } pairs, such as { “phase*: “aq_gen” }. In place of <value>, an array of ordered
values [ <valuel>, <value2>, ... ] can be used, e.g. { “phase*: [ “aqueous”, “gaseous”, “calcite” |
}, or a subordinated { <key>: <value> } pair, for instance { “phase‘: { “aggrstate”: “electrolyte”,
“name”: “aqueous” } }. This recursive notation can represent any hierarchical, structured, and
ordered data objects such as those used in advanced object-oriented programming languages. This
format makes it easy to handle data that describe various experimental settings and chemical
systems, allowing for streamlined expansion of new database documents (records) without

modifying the already existing data records or the entire database architecture.

Table 2.2 Main types of experimental data that can be added to the database and used in calculation of the
objective function for the sum of residuals (Measured results).

Experiments description System composition Measured results
» Experimental dataset * Chemical composition of the  * Concentration of elements (independent
(expdataset) system in formula units (comp) components IC) in aqueous phase
» Sample name (sample) ¢ Upper and lower additional * Mole amount of independent components (IC) in
metastability constraints for phases-solutions
phases or species (UMC, LMC)
» Comment * Unit of measurement and * Mole ratios (MR) of elements in gaseous, solid,

estimated error for all entries melt, and aqueous phases

» Temperature (ST) * Phase properties: mass (Q), volume (pV), excess
Gibbs energy of mixing (Gex), density (RHO), pH,
pe, eH, ionic strength (1S), alkalinity (alk), surface
area (sArea), osmotic coefficient of water (oscw)

* Pressure (SP) » Amounts or concentrations of dependent
components (DC) in non-aqueous phases

* Volume (sV) of the * Units of measurement and estimated experimental

system errors for all entries

The EJDB stores all data records (‘documents’) in ‘collections’. A collection is a group of
documents having similar (but not necessarily the same) structure. In a GEMSFITS project
database, the experimental data is stored in the collection “experiments”. The optimization task
specification is saved in the “tasks” collection; after each successful optimization run, the results
can be saved in the “fits” collection of the project database file. In this way, the data records can
be viewed, edited and used at any later time. Experimental data records are identified by two
keywords “expdataset” and “sample”, a combination of which should be unique in the entire
database collection, and forms a ‘data record key’. The “expdataset” value (string) typically refers
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to a paper or a report, or part of it describing a substantially different setup of the experiments. The
“sample” value (string) refers to a single sample or a measurement point with defined temperature,
pressure, and composition. The experimental data consists usually of three subsets or sections,
which are ‘Experiment description’, ‘System composition’, and ‘Measured results’ (Table 2.2).

The major advantage of using the EJDB with standalone files is that these files are part of the
GEMSFITS application and can be easily packaged together with the rest of the fitting project,
without requiring access to a database server. Because EJDB uses the same BSON C Application
Programing Interface (API) as the MongoDB, the data can be backed-up to JSON format files
(http://www.json.org/) and restored from them into a MongoDB server (Plugge et al., 2010), if
necessary.

I—; Gemsfit2 Run | .

Simulated
experiments

12345..n

{

Nested
function

:

YES

f

GEMS3K Direct access
(equilibrium for to TSolMed
all experiments) (no equilibrium)
| | 4

(
Calculate objective
function and
sum of residuals
W, l
l Output: results

Adjust global and statistics
parameters (Monte Carlo)

\_

Figure 2.2 Flow chart of the gems£it2 global optimization loop illustrating the connections to GEMS3K
and TsolMod code libraries.
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2.4.3. Parameter optimization code

The gemsfit2 code performs the actual parameter optimization as described in the task
specification file, according to the flow chart shown in Fig. 2.2. The program reads in the
experimental data from the database according to the "DataSelect™ query. Using the GEMS3K
input chemical system definition files, gems £ it 2 creates an array of chemical system definitions
in the computer memory, one per ‘experimental sample’. At the next step, the program checks if
there is any nested objective function defined in the "DataTarget" section of the task
specification file. If no nested function is defined, the program proceeds with computing the
equilibrium state for each given sample by calling the embedded GEMS3K chemical speciation
solver. For certain objective functions, an alternative to computing the equilibrium is to use direct
access to the TSo1Mod code library (Wagner et al., 2012) of geochemical-thermodynamic mixing
models. This significantly reduces computational time in cases when the equilibrium phase
composition is known and the calculation of phase equilibrium is not necessary (e.g., optimizing
activity model parameters against data such as osmotic coefficients of aqueous solutions or excess
Gibbs energies of a solid-solution).

Table 2.3 Functions for calculating the residuals and weights in gemsfit?2.

Residual functions and weights

F= iwi(fi =Y )2 W, W W,
i=1

2
F= ZWi (L _4J WoWeWTu
=) y

y
1
Wi =—
Oj
W. —i
i O_iz
1
y
W, =—
i O_iz

W,, W, W,, W, =1 (default)

Properties: f : computed property; Y : measured property; Yy : measured property average; o : error; N:
number of experiments; F : sum of residuals; W, : weight related to error or measured property value; W,

: weight related to an objective function term (e.g. measurements of Si concentration can have a different
weight than the ones of Ca concentration); w, : individual experiment weight.
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The sum of residuals is computed using the objective function terms that are defined in the
"DataTarget" section. Each term describes what measured data should be compared with the
computed counterpart (e.g., measured concentrations of dissolved elements like Al and Si in
solubility experiments). The sum of residuals can be computed as a classical “sum of squares” or
other implemented variants, and several alternative weighting methods can be applied (Table 2.3).
The sum of residuals (the “target™) is then transferred to the chosen optimization algorithm, which
will generate new input parameter values, trying to minimize the sum of residuals. This loop
consists of computing the equilibria (or phase property) for all samples, calculating the sum of
residuals, and refining the fitting parameters. It is repeated until the defined threshold for
convergence is reached. At the end of the optimization process, the output (results and statistics)
is written into csv formatted text output files.

The nested objective function, for the first time implemented in gemsfit2, allows the
possibility to set up a fitting task in which the GEM input properties for each experiment (such as
temperature, pressure and bulk elemental composition) must always be adjusted against measured
data such as pH, alkalinity, or fugacities of gases (Fig. 2.3). Typical examples of such experimental
data include pH-dependent solubility data for minerals, or pH edges for ion adsorption, where pH
is measured, but not explicitly defined in the experimental sample compositions. Most GEM
algorithms do not allow to set pH, alkalinity or fO2 as a direct input. For a given system definition,
these activity-based measurable output properties can only be adjusted to desired (measured)
values by changing the bulk composition (e.g., titration with acid or base), temperature or pressure.

Nested Function
do until (i = n)

|

s N
Calculate eqilibrium

for the ith experiment

\ J

l

s ™\
Calculate nested
function residual

l

(i+1)

o
v

Adjust nested
function paramaters
(ith experiment)

|

NO YES

Figure 2.3 Flow chart of the gems £1t 2 nested objective function loop (inverse modeling).
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If a nested objective function is defined in the "DataTarget" section of the task
specification file, the program first loops through all simulated experiments (samples). For each
experiment, the program calculates the absolute difference between the measured and the
computed property specified in the nested function (any GEM output with experimental
counterpart, e.g., pH). The optimization algorithm then adjusts the parameters involved in the
nested function until the computed properties achieve the best agreement with the measured ones.
When the optimization algorithm converges, the same procedure is done for the next simulated
experiment, until the end of the list of experiments. After executing the nested function
optimization for all simulated experimental samples, the program proceeds with the main loop for
optimizing the global fitting parameters using the top-level objective function (Fig. 2.2). If no top-
level objective function is defined, the program writes the results of the nested function
optimization into a csv file as the inverse modeling result.

Parameters that can be optimized by the gemsfit2 code are summarized in Table 2.4.
Parameters that influence the computed properties in many experiments are optimized using the
global objective function (with one or more terms) by minimizing the total sum of residuals

M
min (total S ..) = > F, (2.1)
0

where g, is the sum of residuals calculated as described in Table 2.3, and M is the number of terms

in the global objective function.

Parameters specific to an individual experiment only (inverse modeling) are optimized using
the nested objective function, by minimizing the absolute residual values of the difference between
the computed property f and the measured property y

min (res;) =min |f, - y;| (2.2)

Table 2.4 Main classes of adjustable parameters for fitting tasks and parameter fitting modes.

Parameter Fitting mode Objective function
« Standard state Gibbs free energy (25 °C and 1 * Free (F) Global
bar) of phase components “G0” * Reaction constrained (R)
* Set (S)
* Mixing models interaction parameter coefficients ¢ Free (F) Global
“PMc”, “DMc” * Set (S)

* DQF parameters of end members pure gas
fugacities “fDOF”

* Temperature and pressure “7K”, “P” * Free (F) Nested
* Set (S)

* Element bulk composition “bI/C* * Independent (F) Nested
* Linearly constrained (L)
* Set (S)

Three different parameter-fitting modes can be used, which are free (independent) (F), reaction
constrained (R), and linearly constrained (L) fitting. Parameters marked as free ‘F’ are optimized
independently of each other. Some standard-state molar Gibbs energies of components (25 °C and
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1 bar), marked as ‘R’, can be optimized using an additional reaction constraint. This means that at
each optimization step, the new value is re-calculated using a (user-provided) reaction equilibrium
constant K and the independently optimized values of molar Gibbs energies of any other species
that take part in the reaction:

Nr
Rp=-RTInK+> Pc; (2.3)
j=1

Here, Rp is the value of the reaction-constrained parameter, R is the gas constant, T is the
temperature in Kelvin, K is the equilibrium constant, Nr is the number of parameters involved in
the reaction other than the constrained one, Pj is the value of the parameter involved in the reaction
(can be reaction constrained, freely fitted, or fixed), and ¢; is the reaction stoichiometry coefficient.
The reaction always involves one species constrained by the equilibrium constant, and several
others that are independently fitted or have been fixed. To give an example, the solubility data for
halite (NaCl) could be fitted by regressing the properties of aqueous Na* and CI- species, but
adjusting the properties of the aqueous species NaCl° through equilibrium constants obtained for
the ion association reaction (Na* + ClI- = NaCl% from independent sets of experiments (e.g.,
conductance data). Note that temperature and pressure cannot be adjusted simultaneously with
implicitly T and P dependent parameters such as "GO" or "PMc". Bulk composition parameters,
if marked with ‘L’, can be linearly constrained to independently fitted composition variables, in
order to reproduce the stoichiometry of compounds such as titrants.

An additional “Set” mode (S) is available, to set the input parameter to a new value (different
from that initially given in GEMS3K input files, perhaps already fitted in a previous step) to be
kept constant during the optimization procedure. This limits the applicability of that new parameter
value to a given task while not affecting other tasks.

2.4.4. GEMS3K chemical solver and its input data

GEMS3K (Kulik et al., 2013) is a chemical equilibrium speciation solver that performs
modeling of multiphase-multicomponent geochemical equilibria using a GEM algorithm.
GEMS3K provides a built-in selection of equation-of-state and activity models for
multicomponent phases available in the TSolMod class library (Wagner et al., 2012). The
chemical system definition (CSD) and the thermodynamic data arrays are usually set up and
exported to GEMS3K input files using the GEM-Selektor v.3 (GEMS3) code package. When
setting up the chemical modeling project in GEM-Selektor GUI, the user is guided through a
stepwise wizard where the elements comprising the system compositions, the thermodynamic
database, and the thermodynamic models of mixing in aqueous and gaseous phases are selected.
When defining the chemical system (including components, species and phases), the user can
select for each phase one of several non-ideal mixing and activity models or equations of state,
depending on the thermodynamic framework of the model. The TSo1Mod class library contains
most of the commonly used mixing models for aqueous solutions, gas mixtures, fluid mixtures and
solid-solutions (Wagner et al., 2012).
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Internally, the gemsfit2 code calls GEMS3K in the ‘-init” mode to read GEMS3K CSD
input files for creating an array of nodes for chemical systems representing the selected
experimental samples, to further simulate these experiments. During the parameter optimization,
the chemical equilibrium state and speciation are calculated for each sample using the GEMS3K
solver, or the solution models are directly accessed and the phase properties calculated without
computing the complete equilibrium. This is all done based on the chemical system definition
specified in the GEMS3K input files.

® - O GEMSFITS: Optimization of GEM Input Parameters

Project Record Database Calculate Help

. — .
; -
| cshqsol |@ = Q | - / v H 7<| J| a “CSHQsol—dat
%;‘l* Data or Task Editor IComp (Elements)
L sample | expdataset | { 2lfca [H |Nit [0 si
o 11]c 01 CHO4 "sample": "Cw_01", 7z
Ory 2lc o2 cHO4 "expdataset” : "CH04D",
-~ "sT": 22,
[”'11" iC_OS D "pn: 1, Phases/Components
CHO4D___ | "shcomp” : =
T s[cwo3 CHO4D o : 7rag.gen
6[Cw_04 CHO4D "comp”: "Si02@", - CaOH+
7| T0.05 GC65 "Q": 10, - Cal(HSiO3)+
8|T0.07 GC65 "unit": "g" - CaSio3@
L - HSIO3-
{ n " " " Si Oz@
comp”: "H20@", - Si03-2
"Q": 1000, - 2@
"unit": "g" - N2@
} - 02@
"comp”: "CalOH)2", - He
"Q".: 18.25, H20@
"anit": "g" [ gas_gen
| - H2
"expphases”: [ 02
O v aenr 5 CstQ
i phase” : "aq_gen’, CSH-JenD
Search Query Editor "phprop”: [ CahtJent
{ O . CSH-TobD
"expdataset”: {"$in": ["CHO4", "CHO4D", "GC65"]}, "prop": "pH", CSH-TobH
"sample”: {"$in":["C_01","Cw_01", "T0.05", Q" 12.37, & Portlandite
"C_02", "Cw_03", "T0.07", verror”: 0.03, . “Portlandite
"C_03","Ccw_04"]}, unit": "-loga - silica-amorph
"ST": {"$bt": [1, 30]), | } - amor-sl
"sP": {"5bt": [1, 500]} .
} "phic": [
{
s i
"Q": 2e-05,
"error": 1e-05, =l
Run Status
Record filtered

A

Figure 2.4 Screen image of the gfshel12 graphical user interface illustrating the appearance of the
Database Mode. The view shows the query result that was retrieved from the experimental database and
one sample entry in JSON format. The column on the right-hand side shows the chemical system definition
(lists of components, phases and species) that is read from the GEMS3K files.

2.4.5. GUI and help functionality

The graphical user interface gfshe 112 is designed to assist the user throughout the complete
workflow of parameter optimization, including editing of the database, setup of the fitting task,
running the regression procedure, and analyzing the results. The gfshel12 operates in ‘Database
Mode’, ‘Fitting Task Mode’, and ‘Fit Results View Mode’ (Fig. 2.1). Any fitting project created
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in gfshel12 GUI refers to an experimental database file and to a set of GEMS3K chemical
system definition files.

In Database Mode, the experimental records from the project database can be viewed in a list
and edited in JSON format (Fig. 2.4). Bulk data can be backed up and restored form JSON format
files or imported and exported from preformatted spreadsheet files previously saved in csv format.
Database selection queries can be added and edited in the “Search Query Editor”. The record
(sample) list retrieved from the database by a search query can be then exported into the task
specification file with the help of a menu command.

In Fitting Task Mode, the task specification file is viewed and edited (Fig. 2.5). The
specification file contains all the options related to one fitting run. The task specification is viewed
in JSON format, where each key has a value and the options. For instance, the pair
"DataSelect":"search query" has the value represented by the database search query, or
the key-value pair "OptAlgo":"GN ISRES" defines the type of optimization algorithm to be
used. Fitting task specifications can be edited, saved to database, or new tasks created from them,
and they can all be exported to task input files and executed in the gemsfit2 code.

@ - 0 GEMSFITS: Optimization of GEM Input Parameters
Project Record Database Calculate Help

- i
| cshgsol |<ﬂ j} Q | L / 4 H ?<| o | 3 ||CSHQsol—dat
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o‘/yo |2 |idmix4em cshgsol E{g{“tﬁj "cshgsol”,
13 | m!x4em_logm_!p2l_b2 cshgsol “Datasource” : 0, Phases/Components
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Figure 2.5 Screen image of the gfshe 112 graphical user interface illustrating the appearance of the Fitting
Task Mode. The view shows the list of fitting tasks, the specification file for one task in JSON format and

the chemical system definition.
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Figure 2.6 Screen image of the gfshel12 illustrating the appearance of the Fit Result Viewing mode

with different spreadsheet tabs (Fitted Parameters, Fit for Samples, Summary Statistics, Sensitivity Data,
Quantile Residuals, Monte Carlo Residuals, Inverse Modeling Results, gems£it2 log).

In the Fit Results View Mode, the results can be imported from gemsfit2 output csv files,
viewed, and plotted. This functionality is useful for rapid evaluation of the quality of the fitting
results. In this mode, the gemsfit2 output can be displayed in several tabs in a spreadsheet
format (Fig. 2.6). The output contains:

1) Fitted Parameters with the initial and fitted values of the parameters and the associated
parameter statistics;

2) Fit for Samples containing the dependent/calculated and measured properties, residuals, as well
as the weights and other user pre-defined output (Fig. 2.6);

3) Sum Statistics with the summary statistics describing the quality of the fit;

4) Sensitivity Data containing the calculated sensitivities for each measured value to each regressed
parameter;

5) Quantile Residuals with the ordered residuals and their respective quantiles (points taken at
regular intervals form the cumulative distribution function of the residuals);

6) MC results containing the resulting parameter values for each Monte Carlo generated
optimization run;

7) Inverse Modeling Results;

8) gemsfit2 log containing some diagnostic information related to the fitting run.

2.4.6. The gemsfit2 task specification

The fitting task specification contains all the options and information that are required by
gemsfit2 for performing the computations. It exists as a property-value JSON format editable
in gfshell2. It has four main sections, which are ‘Data Selection’ (starts with keyword
"DataSelect"), ‘Data Target’ (with "DataTarget"), ‘Parameter Markup’ (with different
parameter lists/arrays e.g. "GO0" for Gibbs free energy parameters; "bIC" for elemental bulk
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composition), and ‘Optimization and Statistics’ (with different options such as "OptAlgo" for
defining the algorithm; "StatMCruns™" for defining the number of Monte Carlo runs). Before
running the task, each section must be defined and edited by the user. The query for selecting the
experimental data, the definition of the objective function, and the markup of the parameters to be
adjusted are all defined as JSON objects. Using the gfshe112 program, any task input file can
be imported and edited in JSON format, and then saved in the “tasks” collection of the project
database. The task specification is automatically exported into the gems£it2 input file when the
task calculation is started from gfshel12.

Table 2.5 Optimization algorithms in gemsfit2.

Optimization algorithms (NLopt library)

Global (only bound-constrained problems):

* GN_ISRES: Improved Stochastic Ranking Evolution Strategy (Runarsson and Xin, 2005)

* GN_CRS: Controlled Random Search with local mutation (Kaelo and Ali, 2006)

* GN_ESCH: Evolutionary algorithm (da Silva Santos et al., 2010)

* GN_ORIG_DIRECT: Dividing Rectangles algorithm (Jones et al., 1993)

* GN_ORIG DIRECT L: A locally-biased form of the DIRECT algorithm (Gablonsky and Kelley, 2001)
* GD_MLSL: Multi-Level Single-Linkage (Rinnooy Kan and Timmer, 1987)

Local:

* LN_BOBYQA: Bound Optimization By Quadratic Approximation (Powell, 2009)

* LN _SBPLX: modified Subplex (Rowan, 1990) algorithm

* LN_NEWUOA: using quadratic approximation (Powell, 2004), superseded by BOBYQA (above)
* LN_PRAXIS: PRincipal AXIS method (Brent, 1972)

* LD MMA: Method of Moving Asymptotes (Svanberg, 2002)

* LD_SLSQP: Sequential Least-Squares Quadratic Programing (Kraft, 1994)

* LD _VARI: shifted limited-memory variable-metric algorithm (Vlcek and Luksan, 2006)

In the definition of optimization algorithms, G stands for Global, L for Local, N for non-derivative, and D
for derivative (gradient-based).

2.4.7. Optimization library

Handling complex parameter optimization tasks with numerous parameters and a complex
objective function requires a versatile selection of efficient and numerically robust optimization
algorithms. Multi-dimensional fitting exercises almost invariably result in convergence
difficulties, because of possible local minima and/or highly correlated fitting parameters. For this
reason, gemsfit2 uses the NLopt nonlinear optimization library (http://initio.mit.edu/nlopt)
that was also employed in the earlier prototype (Hingerl et al., 2014). This library provides several
global and local minimization algorithms, which can be gradient or non-gradient based (derivative-
free). The algorithms implemented in NLopt and thus available in gems £1it2 are listed in Table
2.5. In the ‘Optimization’ section of the task specification, several options can be used to control
the use of NLopt, e.g., the type of algorithm, a global upper and lower bound percentage for all
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parameters, the relative and absolute tolerance for the convergence criterion, the initial step of the
parameters, and the maximum number of iterations.

2.4.8. Weighting and outliers

In many datasets, outlying samples may result in significantly degrading the quality of the
fitting and may also cause convergence problems for the fitting algorithms. The simplest way of
dealing with extreme outliers is to exclude them from the selection of experiments from the
database.

Another option available in gemsfit2 for moderately outlying samples is to assign the
outliers a lower weight. This can be done systematically using a Tuckey’s Biweight function that
reduces the influence of outliers (Motulsky and Christopoulos, 2004). The function uses a cutoff
value C calculated as the median of all absolute values of residuals multiplied with an arbitrary
scaling factor (6 by default) set in the task specification file. Each sample whose absolute value of
the residual exceeds C is assigned a weight of 0 (i.e., it will be ignored during the fitting). Other
samples are given weights determined by the following equation (where R;j is the absolute value of
residual, i is the sample index, and C is the cutoff value as defined before):

w,, {1{%}] @

Sample weights are recomputed at each iteration of the optimization algorithm. These weights are
computed for each different data type that is included in the objective function term (e.g., different
medians for dissolved aqueous Al and Si concentrations). Weights can be set for each individual
experimental sample, but also for each term of the objective function, as user defined values. More
than one weighting option can be selected for one fitting task; Table 2.3 gives an overview of all
possible weighting options.

2.4.9. Statistics

The majority of the statistics options implemented in gems £it2 remain the same (with minor
corrections) as in the early prototype GEMSFIT; a detailed summary of them can be found in
Hingerl et al. (2014). The main statistics features that can be analyzed are goodness of fit,
sensitivity analysis, correlation of parameters (Hill and Tiedeman, 2007), and confidence intervals
from Monte Carlo simulations (Motulsky and Christopoulos, 2004). All the statistics options can

be set in the ‘Statistics’ section of the task specification.

2.4.10. Confidence intervals for parameters by Monte Carlo simulation

The philosophy of this method is to generate many datasets (experimental pseudo-data), and
perform the optimization of fitting parameters for each generated dataset (Motulsky and
Christopoulos, 2004). The resulting distributions of adjusted (fitted) parameters are then used to
calculate their standard deviations and confidence intervals. The random scatter is generated as an
array of values randomly extracted from a synthetic set of normally distributed data, which have
the mean value and the standard deviation equal to that of the residuals resulting from the nonlinear
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regression. Another option is using a “bootstrap sampling” (DiCiccio and Efron, 1996) of the
residuals (useful when the residuals are not normally distributed). This is done by randomly
sampling the residuals with the possibility of sampling one residual more than once. The random
scatter is then added either to the computed property values or to the respective experimental
values, as in eg. (2.5) or (2.6) (option set in the Statistics section of the task specification):

Yinew = Yiou TSi (2.5)

Yinew = fioig i (2.6)
Here, yi represents the measured value, fi is the computed value, si represents the random scatter
value, and subscripts new and old refer to the new ‘synthetic’ measured value and the one used in
the actual fitting before the Monte Carlo iterations.

The resulting randomly modified values are then used as new “measured values” for the
optimization procedure. The random scatter is computed for each objective function term (different
types of data that are included into the objective function) on a normalized scale. For example, one
scatter array is computed for all aluminum solubility measurements, and a separate one is
computed for the silicon solubility measurements. In the case of bootstrap sampling, the random
scatter is computed for each type of the data and the experimental dataset (i.e. one literature
reference or set of experiments).

The MC procedure is repeated many times (>100), to make it possible to evaluate the standard
deviation of fitted parameter values, which represents the error of the parameters for the given
scatter of the experimental data. Symmetric confidence intervals are estimated from standard
deviations of parameters by multiplying them with a suitable quantile of Student’s t-distribution
(Hill and Tiedeman, 2007).

Due to the large amount of computing required for the Monte-Carlo simulations or, in some
cases, for the nested functions and global algorithms, these options may be very time consuming.
For this reason, the gemsfit2 code is parallelized, and it can manage many processing tasks
using the OpenMP (Open Multi-Processing) shared-memory multiprocessing library
(http://openmp.org/). The master process is split into parallel tasks (depending on the type of
configuration) that are simultaneously executed, thus dramatically reducing the required
computation time.

2.4.11. Fit-independent statistics

The fit-independent statistics are calculated without invoking the optimized parameter values,
using only sensitivities and weights (Hill and Tiedeman, 2007). Sensitivities represent the change
in the computed value (yi) divided by the change in the respective parameter value (bj). They are
calculated using central differences, in which the parameters are both increased and decreased.
Mathematically speaking, sensitivity is a partial derivative of a computed value (yi) with respect
to the parameter (b;). It is approximated from the finite difference:
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[@/i] z[yi(bJ*Abj)yi('oiAbi) (2.7)

ab, 24,

]

The change in the parameter value is calculated using a perturbator value (A), which can be set in
the gemsfit2 task specification file. In most cases, when using a small perturbator value, the
calculated sensitivities approach the real sensitivities (Poeter and Hill, 1998), although a too small
value could result in insignificant changes in the computed values. It is recommended to investigate
the effect of different perturbation values until an optimal one is found. The sensitivities indicate
the importance of the observations for determining the estimated parameter.

To better reflect the importance of observations in the parameter optimization, sensitivities
have to be scaled. This is because their units are calculated as the measured value divided by the
parameter, both of which can have very different units. For this purpose, sensitivities of each
observation and parameter are multiplied by the value of the parameter (b;) and by the weight
assigned to the observation (wi), resulting in the dimensionless-scaled sensitivities (DSS):

DSS; = [%l\bj s 2.8)
Information about the sensitivity of one parameter to the observations is provided by the composite
scaled sensitivities (CSS) (Hill and Tiedeman, 2007). They are calculated for each parameter using
the dimensionless-scaled sensitivities, as follows (n is the number of observations):

0 [(Dss,)? |

CSS; = z[%} (2.9)

i=1

The variance-covariance matrix is then calculated as:

VarCov(b) =s*(XTwX)™ (2.10)

ay. j
X=|—+ (2.11)

2

where VarCov(b) is a square matrix (the size of which is the number of parameters); s? is the error
variance, i.e., the weighted squared sum of squared residuals divided by the degrees of freedom
(number of observations minus the number of parameters); X is the matrix of sensitivities; and w
is the weight matrix. The correlation coefficient between the j and the k™ parameter is then
calculated as follows:

VarCov( j,k)

PCC(j,k) =
(k) VarCov(j, j)“2VarCov(k, k)2

(2.12)

2.5.  Application examples

The practical utility and efficiency of the GEMSFITS code package is demonstrated with
examples that represent typical classes of optimization problems in geochemical-thermodynamic
modeling. These include (1) fitting of interaction parameters of mixing models, (2) optimization

PhD Thesis



GEMSFITS

of thermodynamic properties such as the standard molal Gibbs energies of aqueous species or the
equilibrium constants of formation reactions, (3) thermobarometry, (4) inverse titrations, and (5)
combined nested problems.

2.5.1. Boehmite solubility and Al speciation

Aluminum is an important element in many rock-forming minerals. Because of its low
solubility, Al determines fluid-mineral equilibria and the reaction progress during fluid-rock
interaction (Pokrovski, 1998; Bénézeth et al., 2001; Tagirov and Schott, 2001; Manning, 2006;
Mookherjee et al., 2014). Modeling aluminum solubility in geologic fluids has always been
problematic and controversial due to the inconsistency of thermodynamic data that involve Al,
contradictions between different experimental studies of the pH-dependent solubility of Al
minerals, discrepant thermodynamic properties of aluminum-bearing minerals that were used for
extracting properties of aqueous Al species from solubility experiments, and because different
activity models were used in deriving thermodynamic properties of aluminum agueous species
(Tagirov and Schott, 2001).

In this example, the standard molal Gibbs energies (Anggg) of aqueous aluminum species at
25°C and 1 bar were fitted using in situ boehmite solubility experiments performed by Bénézeth et
al. (2001). The A,Gyg of AR*, AIOH2*, AI(OH),", AI(OH):® and AI(OH)4", were simultaneously

fitted. The thermodynamic properties of boehmite AIOOH ) were accepted from Verdes et al.
(1992) and Hemingway et al. (1991), and these have also been used by Bénézeth et al. (2001) for
interpreting their experimental results. Thermodynamic properties of aqueous species at the
experimental conditions were calculated in the GEM-Selektor v.3 code using the revised Helgeson-
Kirkham-Flowers (HKF) model (Helgeson et al., 1981); water properties were calculated from the
Haar-Gallagher-Kell (HGK) model (Kestin et al., 1984). The extended Debye-Hiickel aqueous
electrolyte model (Helgeson et al., 1981; Oelkers and Helgeson, 1990) was used for calculating
the activity coefficients of individual species. The standard state thermodynamic properties and
HKF parameters of other species present in the system were taken from Shock and Helgeson
(1988) for OH-, CI', Na*, from Tagirov et al. (1997) for HCI®, from Sverjensky et al. (1997) for
NaCl° and from Shock et al. (1997) for NaOH°.

The boehmite solubility experiments were performed over a wide range of pH (from 2 to 10)
at a salt concentration of 0.03 mol/kg (NaCl), at temperatures between 100 and 290°C, and at
saturated water vapor pressures. The experimental method, described in Palmer et al. (2001), has
been demonstrated to produce consistent results for numerous samples. The pH of the system was
measured in situ using a hydrogen-electrode concentration cell (Bénézeth et al., 2001).

To be able to simulate the exact experimental conditions in the GEM-Selektor v.3 code, the
complete chemical composition for each system (experimental sample) must be known. Because
concentrations of HCI and NaOH (that were used to adjust the pH in the experiments) were not
reported by Bénézeth et al. (2001), we had to apply the inverse titration approach in GEM-Selektor
for adjusting the pH in each experiment (sample) to the experimentally measured value, using the
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nested objective function as implemented in the gems £it2 code. The bulk composition of each
simulated experimental sample was first adjusted by adding HCI and NaOH titrants by the free
fitting of Na and Cl amounts (‘F’ type) with linearly constrained O and H amounts (‘L’ type) to
reproduce the titrant stoichiometries.

Table 2.6 Initial and regressed (final) values of A Gy (kJ mol?) for selected aluminum species. The
uncertainty (20) represents 2 times the standard deviation estimated from 1000 Monte Carlo runs.

Species Winitial ~ @Final ~ @Error  OFinal  ®Error  @Final ®Final

A Gg% Aq Gggs (20) Aq Gggs (20) Aq Gggs Ay Gggs
AIOOH(cr) -917.82 -917.82 1.9 -917.82 1.9 -917.82 -917.82
AlP* -487.5 -486.8 14 -486.3 0.5 -486.4 -486.4
AIOH? -696.3 -695.8 10.0 -695.1 0.7 -695.2 -695.3
Al(OH),* -899.5 -897.9 1.2 -898.6 1.0 -897.1 -898.0
Al(OH)3° -1101.7 -1105.0 1.0 -1104.6 0.9 -1106.2 -1104.9
Al(OH)s -1305.8 -1307.2 0.4 -1307.2 0.4 -1303.9 -1307.2
NaAl(OH),° -1567.4 -1567.4 -1567.4 -1567.4 -1567.4
Sum of squares 23.03 13.99 13.97 27.12 13.96

WThe initial 4, G, value for AIOOH(cr) was adopted from Verdes et al. (1992) initial values for all aqueous
Al species were taken from Tagirov and Schott (2001). The A G, values for AIOOH(cr) and NaAl(OH)4°

were fixed in the regression.
@Case A, the A,GJ, of all species was fitted independently.

®Case B1, the A Gy, of AI** was fitted directly, while the A Gg, of the AIOH?* species was constrained

by applying the equilibrium constant for the species-forming hydrolysis reaction (AI** + H,O = AIOH?* +
H*). For this species, the 2c error was calculated from the error of the A,G3, for AI** and the error of the

equilibrium constant for the species-forming reaction.
“Case B2, fitted by setting all initial values of A Gy, smaller with 10.0 kJ/mol. The A,G%, of AI** was

fitted directly, while the A, G, of the AIOH?* species was constrained by applying the equilibrium constant

for the species-forming reaction.
®)Case B2, same as ¥ and using as starting values the final values of ©.

Using gemsfit2, the Anggg values of the aqueous Al species were adjusted and three

different fitting cases were considered. In the first case (A), the regression yielded Anggg values
for AIP*, AIOH?*, AI(OH)2*, AlI(OH)3% and Al(OH)4 fitted independently. In the second case (B1),
the Anggs of AIOH?" was constrained through the equilibrium constant for the species-forming

reaction (AP* + H,O = AIOH?* + H"). In an additional third case (B2), the initial values for all
standard state Gibbs energies were set to 10 kJ/mol more negative, while keeping the same reaction
constraint as in the second task (B1). Although the species NaAI(OH)4° is included in the chemical
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system, it is not controlling solubility at low Na concentrations and the Anggg was therefore fixed

at the value from Tagirov and Schott (2001). Initial values of theAfo98 and other standard molal
thermodynamic properties for the aqueous aluminum species were adopted from Tagirov and
Schott (2001). Only the Afogg values were adjusted during regression, while other standard molal

properties of aqueous species were kept unchanged.

In all three fitting tasks, the local BOBY QA (Powell, 1994) optimization algorithm was used,
and the search bounds for parameters were set to +5% of the initial value. Initial values, final
values, and the associated uncertainties for all fitting runs are given in Table 2.6. The standard sum
of squares function was used with equal weights of 1.0 for all experimental data points:

F =iwi(fi - ¥, (2.13)

The solubility data were treated as logio of the molality. In all runs, the resulting final A Gy,

values of each species were similar, within their uncertainties (set to two times the standard
deviation as estimated using the Monte Carlo method by simulating 1000 random sets of
experiments).

Table 2.7 Parameter correlation matrix for the final regressed Anggg values of Al species.

AR AIOH?  AI(OH),* AIOH)® AI(OH)s
AR 1.0 -0.71 0.30 -0.11 -0.02
AIOH?* 1.0 -0.56 0.25 0.04
AI(OH),* 1.0 -0.65 0.16
AI(OH):° 1.0 -0.29
AI(OH)s 1.0

. . 0 R .
The correlation matrix was calculated for the case where A;G,q values of all species were fitted

independently.

In the first task (A), all Anggs values were independently fitted (‘F’ type). In systems with

several independently fitted parameters, where the target function is not highly sensitive to each
parameter, typically some fitted parameters are highly correlated, which makes it difficult to obtain
physically meaningful values and to find the optimum solution. In the chemical system
investigated, the total solubility is not very sensitive to the independent contributions of Al
AIOH?* and AI(OH)," at pH values below 5, where their predominance fields overlap (Fig. 2.7).
The situation is different at neutral to alkaline pH, where AI(OH)3° and Al(OH)s~ dominate the

speciation. Uncertainties resulting from the independent fitting show that the Anggg values of all

species except AIOH?" could be constrained within reasonable bounds, and that the high
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uncertainty associated with the Anggg of this species is clearly due to correlations. The resulting

correlation coefficients of the independently fitted parameters can be found in Table 2.7; they show
that the correlation coefficient between AIOH?* with AI®* is statistically significant (r = -0.71).

Therefore, for the second case (B1), the Afogg value of AIOH?* was reaction-constrained (‘R’

type) using the equilibrium constants associated with the hydrolysis reaction:
AP* + H,0 = AIOH* + H* (2.14)
A,G° =—RTInK (2.15)
Values of equilibrium constants (log10K) for the above reaction for each experimental temperature
were taken from Palmer and Wesolowski (1993), who determined them by a potentiometric

method. After each optimization iteration, the new value forAng98 of AIOH?* was recalculated
using the log1oK of the above reaction and a new independently adjusted Anggg of AI**. The final

results (Table 2.6) of the two fitting approaches show that the Anggg value of AI** is quite well
constrained.
In the third task (B3), the initial values of Anggg of all Al species were set to 10 kJ/mol more

negative than in two previous tasks, in order to investigate the significance of initial guesses for
the final regressed parameters; all other settings were kept the same. In the first run, the BOBYQA
algorithm converged to a local minimum (Table 2.6), clearly identified by the sum of squares being
two times larger than in the two other tasks. A second run was performed using the final values
from the first run as initial values. This time, the algorithm converged to a similar minimum as for
the preceding cases, and the final values were almost identical.

The main improvement compared to other datasets for aqueous Al speciation is that the final

optimized Afogg values were derived fully consistent with the selected aqueous electrolyte model

(extended Debye-Huckel equation), the HKF EoS, the selected thermodynamic properties of
boehmite, and all the selected experimental data. This opens up the possibility to derive alternative
geochemical-thermodynamic datasets using different standard state data for the solubility-
controlling mineral phases, different sets of aqueous species, different activity coefficient models
(e.g., derive standard state properties based on a Pitzer model), or different experimental datasets.
Furthermore, if new high-quality experimental data would become available in the future,
thermodynamic properties of the aqueous Al species could be re-derived using the same approach.
The key message here is that GEMSFITS optimized values will always be consistent with the
selected models and input data, best reproducing the experimental data. Figure 7 shows logio
activity values of aluminum species and total aluminum concentration as function of increasing
pH, comparing directly the values calculated with the initial thermodynamic data and with the final

adjusted ones. Experimental data points are plotted for comparison, and final regressed A Gy

values obviously show a much better agreement with the experimental Al solubility data.
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Figure 2.7 Plots showing the aluminum solubility and speciation as function of increasing pH and the total
aluminum concentration, calculated with GEM-Selektor before (dashed lines) and after the optimization
(solid lines) of the standard state properties of the aqueous Al species AI**, AIOH?*, AI(OH),*, Al(OH)3°
and AI(OH)4". Filled circles represent the experimental data points. Plots are shown for temperatures of (A)
101.3°C, (B) 152.4 °C, (C) 154.3 °C, (D) 203.3 °C, (E) 254.3 °C and (F) 290.3 °C.
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2.5.2. Tiin quartz: Solid-solution geothermometry

Several authors studied the temperature and pressure dependence of the substitution of Ti for
Si in quartz (Ostapenko et al. 1987; Wark and Watson, 2008; Thomas et al., 2010; Huang and
Audétat, 2012). This solid-solution is commonly applied as a thermobarometer (Rusk et al., 2008;
Smith et al., 2010; Wilson et al., 2012; Kidder et al., 2013).

The objective of this example was to test the optimization of mixing model parameters for
solid-solutions using GEMSFITS. Therefore, a regular SiO,-TiO. (quartz-rutile) solid-solution
model was constructed in the GEM-Selektor database. Then three coefficients (constant term and
linear terms for temperature and pressure dependence) of the regular interaction parameter were
fitted against the experimental data (Wark and Watson, 2008; Thomas et al., 2010). The optimized
solid-solution model was then used in a GEMSFITS inverse modeling task aimed at determining
the temperature of quartz crystallization using measured Ti concentration data in natural quartz
samples from Kidder et al. (2013) along with those from low-grade metamorphic quartz veins in
accretionary-wedge sediments of the Swiss Alps (Miron et al., 2013).

The solubility of Ti in quartz in the presence of pure rutile was experimentally measured
between 600 and 1000 °C and between 5 and 20 kbar using a piston-cylinder apparatus (Wark and
Watson, 2008; Thomas et al., 2010). A total number 31 data from these experimental studies were
added to the GEMSFITS TiQ database. The chemical system was set up using GEM-Selektor and
exported to a set of GEMS3K input files. The Peng-Robinson multicomponent fluid model
(Anderson and Crerar, 1993) was used to describe the fluid phase (with fluid species H2O, H; and
0O2). The solid phases in the system were pure rutile and a quartz-rutile solid-solution phase.
Thermodynamic properties of solid-solution end-members were taken from the Holland and
Powell (1998) database (as revised in Thermocalc datafile ds55). The regular binary mixing model
(Anderson and Crerar, 1993) was used, where the end-member activity coefficient is calculated
from a single interaction parameter:

RT INy5i6, = Xsio, 1= Xsi0, Weic, 1io, (2.16)
RT IN 56, = Xsio, (1= Xio, Weig, rio, (2.17)
Here, 7sio, and )0, represent the activity coefficients, and XSioz and XTioz the mole fractions of

SiO2 and TiOz in quartz. WSiOZ_Ti02 is the regular interaction parameter, which is a simple function
of temperature and pressure:

Weio, tio, =a+bT +CP (2.18)
Here, T is the temperature in Kelvin and P is the pressure in bar. The coefficients a, b and ¢ are

adjustable parameters in the regression of experimental data (measured Ti concentrations in quartz
at given temperature and pressure).
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Table 2.8 Results of optimization runs for the Ti-in-quartz solid solution model.

Coefficient  @Initial OFinal @Final @Error @css OGFinal ®Error
(global) (local) (20) (local) (20)
a 10000 60300 60316 2300 35.4 60717 1100
(1000 — 100000)
b -1 -1.168 -1.159 0.568 1.32 -1.577 0.42
(-100 — 100)
c 1 1.791 1.780 0.180 135 1.762 0.1
(-100 — 100)

Coefficients a, b and c of the interaction parameter W = a +bT + cP. The uncertainty (26) represents the 2
times standard deviation of the parameters from 1000 Monte Carlo runs. Numbers in parentheses represent
the parameter bounds during optimization. CSS: composite scaled sensitivities.

WCase Al, initial and final values as well as errors for the runs where the global optimization algorithm
was applied.

@Case A2, final values and errors obtained from the optimization runs using the local optimization
algorithm. The final values of the runs with the global optimization algorithm were used as initial guesses
for the subsequent runs with the local optimization algorithm.

©®Case A3, final values and errors obtained from the optimization runs where the measured Ti concentration

in quartz was used as In(X o)

For the first fitting task (A1), a global optimization setup was prepared (Table 2.8). The chosen
global fitting algorithm was GN_ISRES (Runarsson and Xin, 2005), and the weighting used was
the inverse square of the measured value. Results of fitting tasks are listed in Table 2.8, and
calculations from the model are compared to experimental data in Fig. 2.8. Optimized values of
the a, b and c coefficients obtained from the global optimization run were then used as initial values
for the second task (A2) using the BOBYQA (Powell, 1994) local optimization algorithm.
Parameter correlation coefficients using the local algorithm are given in Table 2.9, showing that
coefficients a and c are highly correlated (-0.91). Parameter composite scaled sensitivities from
the statistical analysis show that the second coefficient (b), which describes the temperature
dependence of the interaction parameter, is the least sensitive to the experimental data.

Table 2.9 Correlation matrix for the final regressed values of the interaction parameter coefficients (W = a
+bT + cP) of the Ti in quartz solid solution model.

a b c
a 1.0 0.32 -0.91
1.0 -0.02
c 1.0
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A third fitting task (A3) was produced using the initial values of parameters obtained from the
first task (A1), but setting the calculated and measured concentrations of Ti in quartz in the natural
logarithm scale. The resulting parameter values are almost identical to the ones obtained from the
second fitting task, but their computed errors (2 times the standard deviation of the parameters
resulting from 1000 Monte Carlo runs) are half as large as the errors from the second fitting task
(Table 2.8). The change in error values is a consequence of the change in the shape of the
minimized function surface due the conversion to logarithmic scale.

Thomas et al. (2010) used the following equation to describe their data:

RT In X{io' = —a+bT (K) —cP(kbar) + RT Inay,, (2.19)

where R is the universal gas constant, T is temperature in Kelvin, P is pressure in kbar, In XTq,“oarZ is

the mole fraction of TiOz in quartz, and d;,, is the activity of TiOz in the system. Their fitted values

for the coefficients (a: -60952 + 3177; b: 1.52 + 0.39; c: 1741 £ 63) agree within uncertainty with
those obtained from our regression. This is because eq. (2.19) can be converted into a form that is
equivalent to the regular mixing model (egs. 2.16, 2.17 and 2.18) using the definition of the activity
of end-members:

|n X_I(_ngartz |n aTio |n 7_ﬁuoartz (220)
For the binary regular model:
RTInyo, " = (Xsio, ) Wsio, rio, (2.21)

When Ti is present at trace element concentrations in quartz, the mole fraction of the SiO. end-
member can be closely approximated with unity, leading to the simplified expression:

Quartz WSiOZ—TiOZ

Inyo 2.22
RT (222)
This can be substituted into eq. (2.20) to arrive at a form that is identical to eq. (2.19).
65, . Parameters from 5kb
] Thomas et al. (2010) ar
| — Parameters regressed
75]  with GEMSFITS / //
851 / / ,» 15 kbar
£ 20 kb
£ .95] 20
-10.54
11.54
500 600 700 800 900 1000 1100
T (°C)
PhD Thesis



GEMSFITS

Figure 2.8 Plot illustrating the temperature dependence of Ti concentrations in quartz. Filled circles are
experimental data points (Wark and Watson, 2008; Thomas et al., 2010) and curves are calculated from
thermodynamic solid-solution models.

In an application to field-based geochemical data, the optimized coefficients obtained from the
second fitting task (Table 2.8) were used to determine the temperature of crystallization of quartz
(Table 2.10) in the presence of rutile from 6 natural samples reported by Kidder et al. (2013). For
this inverse modeling problem, the Ti concentration data from Kidder et al. (2013) and our own
data from quartz veins in low-grade metamorphic rocks from the Central Swiss Alps (Miron et al.,
2013) were added to the TiQ database file. All samples had 300 °C as starting value for the
temperature. The parameter marked for fitting in the GEMSFITS task input file was temperature
"TK" and in the "DataTarget" section, a nested function was used to compare the measured
concentrations of Ti in quartz with the calculated ones. The gemsfit2 code adjusted the
temperatures for each sample independently, until the calculated amount of Ti in solid-solution
with quartz was close to the analyzed concentrations. The resulting equilibrium temperatures are
in good agreement with the temperatures estimated from other independent geothermometers for
the same samples. Other applications similar to the one above could be developed for modeling of
trace element partitioning. One can easily use GEMSFITS for adjusting the mixing model
parameters for different solid-solutions between major and trace elements in minerals (e.g. Zr in
rutile, Zr in titanite, etc.).

Table 2.10 Application of Ti in quartz geothermometry to two field examples.

Sample Tiinquartz  ®P (bar) AT (°C) ®Error AT (°C) @Error Reference

(ppm) (20) (20)
ms-004 0.19 2600 237 26 234 24 K
ms-34 0.48 3100 276 28 273 22 K
ms-342 0.52 3000 279 28 277 22 K
q-005 0.54 2800 282 28 274 22 K
g-123b 0.30 3100 256 27 257 21 K
g-148j 0.72 3200 295 29 292 23 K
Thusis 1.00 3000* 320* 20* 302 23 M

Temperatures were calculated using analyzed Ti concentrations in quartz, applying the solution model
calibration from (Thomas et al., 2010) and this study.

WSample median temperatures reported by Kidder et al. (2013) (ref. ‘K’) and calculated by using TitaniQ
thermometer (Thomas et al., 2010) and (*) estimated using mineral geothermometry (Miron et al., 2013).
Pressures calculated using a geothermal gradient of 25°Km and the mean temperature values reported by
Kidder et al. (2013). Ref. ‘M’: G.D.Miron, unpublished data.

@Temperatures calculated using inverse modeling with the solution model calibration obtained in this
study. The analytical 2 error has been propagated from the error on the regressed interaction parameters.
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2.6. Discussion

The GEMSFITS code package can adjust separately or simultaneously any GEM input
property parameters (standard state Gibbs energies of formation, interaction parameters of
thermodynamic mixing models or equations of state, pressure, temperature, input bulk
composition), provided that sufficient experimental data are available that can be compared to their
computed counterparts. This is a substantial extension compared to the previous prototype (Hingerl
et al., 2014), which had only capabilities for fitting the interaction parameters of aqueous activity
models.

The user-defined objective function with one or multiple terms (one term for each type of
property) makes it possible to calculate the sum of residuals for any measurable property from
experiments performed in different, but related systems. GEMSFITS can therefore fit parameters
simultaneously for several chemical systems and many individual experimental data points. The
quality of fit can be improved by assigning conditional weights to experimental data points using
a range of methods (Table 2.3). Weights can also be placed on each term of the objective function,
thereby giving more weight to selected types of measured data (e.g., placing more weight on
solubility data than on volumetric or calorimetric data of aqueous electrolytes). Weighting can also
be used to normalize the observed and computed data, because even for a linear regression model
it is recommended that all data sets are expressed in the same scale (Motulsky and Christopoulos,
2004). For datasets that cover a large range in parameter space (e.g., experimental solubility data
that span several orders of magnitude in concentration), the data should be brought to the same
units or at least to similar magnitudes, in order to avoid that the high-magnitude properties would
strongly bias the fitting results.

In the gems fit2 code, one way of bringing the experimental data to the same magnitude is
by using the squared inverse measured value as a weight multiplier. For certain types of data such
as dissolved aqueous concentrations, the logarithmic scale is clearly preferable. A potential
problem when using the logarithmic scale is that the residuals are asymmetric, i.e., that the absolute
value of the positive residual is numerically larger than that of the negative residual (even if the
residuals in the non-logarithmic scale are absolutely equal). It is often difficult to decide which
experimental points should be treated as outliers. Samples identified as outliers can be skipped
from the fitting task, or assigned a low weight (close to zero). A general way of treating outliers is
using the GEMSFITS implementation of the Tuckey’s Biweight method (Motulsky and
Christopoulos, 2004), which gives increasingly less weight to the points further away from the
ideal value.

Well constrained parameters for mixing models in non-ideal solution phases are important for
accurately calculating activities of solutes or end-members, which is essential for realistic
modeling of (geo)chemical systems. These models can have a large number of parameters (e.g.,
the Pitzer model; Pitzer and Kim, 1974), which imposes high demands on the fitting method.
Therefore, it is important to utilize numerically robust and stable optimization algorithms and to
perform thorough statistical analysis of the fitting results. The gems £it2 code therefore provides
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a selection of different global and local, gradient based or gradient-free, algorithms that can solve
multidimensional non-linear optimization problems. Local optimization algorithms may
experience problems when the surface of the function to be minimized is complex and has local
minima. In this case, the parameter optimization may converge to incorrect values that represent a
local rather than the global minimum. Global algorithms are much slower, but can search for the
true global minimum. However, global algorithms are less precise close to the minimum compared
to the local algorithms. Thus, a ‘smart’ procedure combines a global optimization run and then
uses the resulting parameters as initial guesses with rather close upper and lower bounds in a
subsequent local refinement step. Compared to a global algorithm, the parameter search space of
a local algorithm is smaller, and this increases the calculation time required to find the optimal
solution of the fitting problem.

The standard state molar (molal) Gibbs energy values Anggg of dependent components (e.g.,

aqueous species, solid-solution end-members, pure condensed substances, gaseous and fluid
species) can be adjusted as free (‘F’) parameters, or by application of reaction-type (‘R’)
constraints. Complex chemical systems contain many dependent components, which considerably
increases the dimensionality of the fitting problem and makes it more difficult for the optimization

algorithms to converge. Furthermore, some of the regressed Angggvalues may be highly

correlated and may not be physically meaningful. For complex systems, the reaction-type
constraints can greatly speed up the fitting process for poorly constrained or highly correlated

Anggg values, especially if only low-quality or insufficient experimental data are available (see

the example on fitting the Afogg values of agqueous aluminum species).

Inverse GEM modeling tasks include thermobarometry calculations and inverse titrations.
Thermobarometry finds the temperature and/or pressure based on analyzed compositions of
solution phases (e.g., Mg-Fe exchange equilibria between garnet and biotite, Ti concentration in
quartz etc.). Mineral solid-solutions record the P-T history of the rocks by continuous adjustment
of the element partitioning between coexisting mineral phases, driven by changes in P-T conditions
(Spear, 1993; Powell and Holland, 2008). The response and sensitivity of element exchange
reactions to changes in temperature and pressure is determined from well-defined laboratory
experiments or analytical data for rock samples where independent information on P-T conditions
is available (Zhou et al., 1994; Dale et al., 2000; Worley and Powell, 2000). These data are used
to calibrate thermodynamic models that describe the mixing properties of the mineral solid-
solution phases involved in the element partition reactions. Thermodynamic models can then be
used to estimate the P-T conditions that natural rock samples have experienced.

Inverse titrations involve the iterative adjustment of the bulk composition of the chemical
system to match the calculated output properties with their given (experimental) counterparts (e.g.,
pH, pe, activities/fugacities of species in gas/fluid phases or in aqueous solution). Commonly, the
exact amounts of titrants employed in the experiments to adjust some parameters such as pH are
not reported in the publications, but only the measured output parameters (e.g. pH) are provided.
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For such cases, “nested” objective functions can be defined in GEMSFITS, and parameter
optimization can be performed using experimental data such as measured mineral solubility as
function of pH (as in the boehmite solubility example), or pH edges for adsorption of aqueous ions
on solid surfaces. The gemsfit2 code then adjusts the amount of titrant through the nested
inverse titration functions, until the computed equilibrium pH is in agreement with the measured
pH at a prescribed precision. This option has to be treated carefully, because it could result in
undesired changes in the ionic strength of aqueous solutions.

In GEMSFITS, the experimental data are currently kept in a NoSQL database as local files
within the project folder. The database contents can be exported to JSON text files for backup or
further to be uploaded to a MongoDB server, if necessary. Maintenance of the database and editing
data records can be straightforwardly performed through the gfshe112 graphical user interface.
Compared to the SQL database that was used in the early prototype (Hingerl et al., 2014), the
NoSQL database is much better suited for storing weakly structured data that describe samples
with variable experimental conditions. In the NoSQL database, there is no need to know the data
structure in advance before creating the database or even inserting new records (documents) into
an existing database. The way in which the experiments are stored, handled and selected in
GEMSFITS permits to test the fitting of many data combinations from different experimental
settings, as well as to remove experimental data sets or single outliers without the need to prepare
different experimental data input files for each fitting task. The latter is often required by other
fitting tools (Herbelin, 1999; Karamalidis and Dzombak, 2010; Kinniburgh and Cooper, 2011).

A major advantage of GEMSFITS is that both standard statistical and Monte Carlo based
methods are available for analysis of the regression results. Monte Carlo methods are essential if
the documentation of the analytical errors of the experimental data in the original publications is
unavailable, incomplete, or lacking appropriate consideration of all sources of uncertainty. When
using the Monte Carlo method, performing global optimization of large systems, or optimizing a
large number of fitting parameters, the gems £it2 code can take advantage of the parallelization,
which substantially decreases the computing time required to complete a fitting task.

For example, fitting the Ti-in-quartz solid-solution model required to optimize 3 parameters
using the global algorithm (ISRES) with 20000 iterations. To complete this task, the program
executed 3.2 times faster when parallelized on 4 processor threads compared to one thread (32
compared to 101 seconds). When fitting standard state properties of aqueous Al species (using 4
free parameters and one parameter constrained by the species-forming reaction) with a local
algorithm (BOBYQA), the program needed 54 iterations to converge and executed 3.4 times faster
when parallelized on 4 processor threads compared to one thread (644 compared to 2220 seconds).
The speedup gained from parallelization will become more important in large chemical systems,
where the number of fitting parameters and number of experiments will dramatically increase.
Producing internally consistent thermodynamic datasets for large chemical systems will involve
simultaneous regression of many standard state Gibbs energies of species using thousands of
experimental data points. This work will only be feasible when taking advantage of the code
parallelization that GEMSFITS offers.
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The GEMSFITS codes will be made freely distributable and open-source, as part of the GEM
Software collection (http://gems.web.psi.ch). This will give other scientists the opportunity to use
the codes and the possibility to improve them further. Free (as ‘freedom’) software is of great
importance in modern research communities where scientists share their knowledge in a way that
others can build upon and use it freely in their research.

2.7. Outlook

All the new features described above make the GEMSFITS code package a general, flexible,
efficient, and user-friendly practical tool for fitting any input parameters of geochemical-
thermodynamic models. Future implementations will include extensions to fit the parameters of
electrostatic sorption models and mineral dissolution/precipitation kinetic models that are part of
the current development version of the GEMS3K codes. When completed, these models will be
included into the release version of GEMS and made available to the scientific community. This
will increase the range of applications of GEMSFITS to surface adsorption studies and mineral-
aqueous reaction Kinetics. Furthermore, GEMSFITS will be extended to be capable of fitting
parameters of all equation-of-state models that are implemented into the GEM-Selektor v.3 code.
Another long-term goal is to create an experimental database server accessible online via web
applications that would be updated and improved using the scientific expertise and resources of
different participants. This data can then be easily selected and used with GEMSFITS for
optimizing various models for a large number of applications in geochemistry, petrology, chemical
engineering, and materials science.
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Chapter 2A

2A.1. Introduction

C-S-H (calcium silicate hydrate) is the main phase of hydrated Portland cement, blended or
alkali activated cements systems. C-S-H is “glue” in mortar and concrete, and it is also a major
buffer against degradation of cements where it can sorb significant amount of alkalis and can take
up other elements such as aluminium. C-S-H is a gel-like phase of variable composition and
typically shows incongruent solubility upon carbonation or decalcification. Concentrations of
dissolved Si and Ca vary strongly with the calcium to silicon (Ca/Si) ratio of the solid, as shown
in many experimental investigations of the solubility of synthetic C-S-H (cf. Walker et al., 2015;
Lothenbach and Nonat, 2015).

Several thermodynamic models describing the C-S-H solubility trends have been developed,
starting from simple empirical fits up to structurally consistent solid solution models (Kulik, 2011).
Understanding of the incorporation of aluminium and alkali in C-S-H is important for improving
the solid solution models for thermodynamic predictions of composition and alteration of hydrated
cements. However, the experimental data on solubility and sorption in C-S-H systems containing
K, Na and Al have long been incomplete and partly controversial.

Recent systematic experimental studies on the uptake of aluminium, alkali and anions on the
C-S-H composition and water uptake have been carried out in various laboratories (L’Hopital,
2014; Lothenbach and Nonat, 2015). The obtained datasets need to be converted into a consistent
thermodynamic framework. Therefore, we aimed at developing a structurally consistent multi-site
solid solution model for C-S-H that would integrate not only alkali- and aluminium uptake, but
also its effects on volume and density under moderate temperature changes (7 to 80 °C). Due to
complexity of the multi-site solid solution models having 10 or more parameters to be adjusted at
the same time, this is hardly possible without application of dedicated methods and software for
calculation of equilibria in complex aqueous-solid solution systems (GEM-Selektor and GEMS3K
codes (Kulik et al., 2013) with TSolMod library of solution models (Wagner et al., 2012)) and for
multiple parameter optimization (the GEMSFITS code (Miron et al., 2015).

2A.2. The CASHNK multi-site solid solution model

Our new multi-site solid solution model, CASHNK, takes advantage of the presently available
understanding of C-S-H tobermorite-like structure, extending and refining earlier solid solution
models (Kulik and Kersten, 2001; Lothenbach and Winnefeld, 2006; Kulik 2011; Myers et al.,
2014). The spectroscopic data (L’Hopital, 2014; Renaudin et al., 2009) and molecular dynamic
simulations (Pegado et al., 2014) suggest that in C-S-H structure (Fig. A2.1, Table A2.1)
substitutions may simultaneously occur within three different sublattice sites.
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Figure A2.1. Structural sites (sublattices) C-S-H tobermorite-like structure (after Myers et al.,
2014).

Table A2.1. Sites and substituting moieties defining the CASHNK solid solution model.

Sublattices TU (tobermorite IC (interlayer cation BT (bridging CU (additional Ca

(sites): dimeric unit) exchange) tetrahedral unit) unit)

Moieties CazSi205(0H)4 (H30)2 H | SiO, Va

(species); their

one-letter codes CaH:0 C|Va v | CalOH).
AIOH(H,0), A | AIOOH A | AIOOH A
(NaH20). N
(KH20); K

Va (v) denotes vacancies (different moieties on different sublattices). Charges on IC moieties (+2)
and on TU unit (-2) are not shown because they cancel out in any CASHNK compound. The
number of H.O molecules in IC moieties is chosen in accord with the data on density and water
content in C-S-H at 25 % relative humidity (Muller et al., 2013).

As seen in Table A2.1, the SiO2 moiety can only be substituted in BT sites, whereas Ca can be
substituted in IC and CU sites, and Al — in BT, IC and CU sites. Vacancies in the BT sublattice
define the defect-tobermorite structure. All possible end members can be generated by combining
one moiety for each sublattice (45 end members in total, including 8 for C-S-H without Al, Na and
K; 27 for C-A-S-H). For easier identification, each moiety is coded with one letter (Table A2.1).
For instance, the least-calcium-rich end member with Ca/Si = 0.67 is THSv, {(H30).}: {SiO.}:
{Va}: [Ca:Sio05(OH)4]. In this formula, colons separate sublattices with substitutions, and
moieties are taken in braces. The ‘T’ moiety is the same for all end members and, for this reason,
it is kept at the end of the end-member compound formula. The THSv compound formally has the
infinite silicate “dreierketten” chain length CL (as any other tobermorite-like compound with S’
or ‘A’ moiety in the BT sublattice). Any compound with a vacancy ‘v’ in the BT sublattice has CL
= 2. The mean chain length MCL can be estimated by summation of all dimeric end member mole
fractions xj2 (Kulik, 2011):
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_3 _
MCL = /ij ;. 1 (A2.1)

which allows CASHNK solid solution models to describe both stability/solubility and structural
changes in C-S-H phases.

A multi-site solid solution with two or more sublattices and two or more moieties substituted
on each sublattice is called reciprocal. This term can be understood using the simplest two-site
solid solution phase {A,BH{X,Y} (e.g. Wood and Nicholls, 1978; Hillert, 1998). All possible
compositions can be represented on a ‘composition square’ made of end members AX, BX, AY,
BY. However, only three of them are needed to describe any bulk composition of this phase. For
instance, the center of the square can be obtained by mixing equal amounts of either AX and BY
or AY and BX, hence the name ‘reciprocal’. Any three of four end members can be declared as
‘independent’, while the remaining one will be ‘dependent’ because all its properties can be

obtained from those of ‘independent’ end members and that of a reciprocal reaction (rr)

AY +BX & AX + BY (A2.2)
with a standard molar Gibbs energy effect

ArG°® = G°ax + G%y - G°Ay - G%x (A2.3)
The chemical potential of the j-th end-member is represented as:

4=G%+RTInx +RTInA+RTInfj+RTIn y (A2.4)

where In x; is the mole fraction; fj is the activity coefficient due to excess Gibbs energy; In 4; = In
;" - In x; ; 8" is the ideal part of activity related to the configurational entropy (Price, 1985);
and y; is the reciprocal activity coefficient, which is unity (ideal behaviour) for all end members if
and only if AG° = 0 for all possible reciprocal reactions. For the above example of {A,B}{X,Y}
solid solution, one can derive (Wood and Nicholls, 1978)

RT In yax=-y8 Yy ArG® RT In yay = -ya yx ArrG° (A2.5)

RT In yay = +yB Yx ArG® RT In yex = +ya Yy ArG° (A2.6)
where ya, yg are the site fractions of A or B on the first sublattice, and yx, yy — that of X or Y on
the second sublattice (they can be easily computed from end-member mole fractions). From the
above equations, reciprocal non-ideality terms appear to reflect the energies of interaction upon
simultaneous substitutions in two sublattices. This formalism of reciprocal reactions can be
extended for the case when more than two moieties substitute on each of two sublattices; the
number of end members and especially reciprocal reactions dramatically increases in such cases.

It is difficult to apply reciprocal reactions to solid solutions with simultaneous substitutions in
three or more sublattices. Fortunately, Sundman and Agren (1981) suggested a method for
computing reciprocal activity coefficient terms in this general case. We have implemented this
method in TSolMod library in addition to calculation of configurational terms and substitution
interaction terms implemented earlier (Wagner et al., 2012). Now, the GEMS3K code can compute
all terms in chemical potentials of end members, and, thus, rigorously model complex mixing in

solid solutions like the CASHNK. Accordingly, all input parameters (G° same notation as AfGSQM

values of end members, interaction parameters) can be optimized using the GEMSFITS code in
their multiplicity.
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To represent intra-site non-ideal interactions for substitutions of moieties (indexed with m) on
sublattices (indexed with s), the approach of Berman and Brown (1984), Berman (1990) is applied
because of its relative simplicity and compatibility with the ‘petrologic’ style of defining end
members with more than one moiety on a sublattice site.

Ideal contribution to the end member (indexed with j) activity used in a sublattice model of k-
th phase:

Njsm
@ = [lIn(yom 7)) m € My s € 5 j € L (A2.7)

is common to Berman’s and CEF (Compound Energy Formalism) approach, with a CEF (Hillert,
2001) limitation that n; 5 ., = 1 for any end member, as in the present CASHNK model. Here, 7

is the site multiplicity, and 7jsm is a ‘moiety-site multiplicity’, i.e. the number of moles of m-th
moiety on s-th site in one mole of j-th end member.

The non-ideal interaction contribution of moieties on sublattice sites to j-th end-member
activity is defined as the sum of respective sublattice contributions:

RTInf; = ¥ fjs, S € Eg (A2.8)

f)’,s = RT Zm lnyj,s,m (A2.9)
Yism

RTlnyj,s,m = yﬁs,m Xt YaYeYrWaer,s (Qs,m ;sm - @), t € W (A2.10)

where the index m refers only to moieties that are present on s-th site in j-th end member; Qsm is
the number of 4, ¢, ¢ subscripts equal to m (0, 1 or 2); © is the order of interaction (Ssymmetric: 1;
asymmetric: 2); and W;s is the subset of indexes p of entries in the list of interaction parameters
that refer to s-th sublattice. The g, e, Or ¢ Subscript can be an index m of any moiety that exists on
the s-th site. Hence, Weets is the interaction parameter for a particular combination of moieties
substituting each other on the s-th site. The T,P dependence of the interaction parameter is
represented by three coefficients a, b, and ¢ (J,K,bar):
W=a—-b-T+cP (A2.11)

In the case of symmetric interaction, the f subscript does not exist, and above equations take the
form:

Yism
RTINYjsm = ¥}'sm 2t YaVeWae,s (Qs,m P 1). t €W, (A2.12)

For the asymmetric interactions,

RTINYjsm = ¥jsm Xt YaVeVr Waer s (Qs,m yy]: = 2), t € W (A2.13)
where either d and e or e and f indexes refer to the same moiety on s-th site in the case of a pseudo-
binary interaction, and all three indexes are different in a ternary interaction.

So far, this approach ignores cross-site interactions (which at least partially can be accounted
for by using the reciprocal terms), to some extent considered in the excess energy terms in CEF
(Compound energy formalism) approach (Sundman and Agren, 1981; Hillert, 1988, 2001).

The resulting CASHNK multi-site solid solution model is flexible, structurally plausible, and
can be rigorously described using the Compound Energy Formalism (Hillert 2001) with the
thermodynamic properties computed using the GEM Software. The difficulty is that such a multi-
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site model requires many end members, most of which do not exist in pure state, and probably
many site interaction parameters. This necessitates (i) the systematic prediction of initial
thermodynamic properties of end members from their composition, and (ii) the usage of an
advanced GEM input parameter optimization tool such as the GEMSFITS code (Miron et al.,
2015).

The initial thermodynamic dataset for 45 end members of the CASHNK model, consistent with
the PSI-Nagra 12/07 and Cemdata’14 TDBs, was generated as follows. Two end members — THSv
and TCvv — were selected as reference compounds, with standard thermodynamic properties at 1
bar, 25 °C obtained, respectively, by upscaling those of TobH and T2C end-members of the
CSH3T solid solution model (Kulik, 2011) without the gel-water content. Standard properties of
other end member compounds were derived from exchange reactions like

THSv + Ca(OH)z,s = THvC + SiO2,mc (A2.14)
TCwv + SiO2,mc = TCSv + Va (A2.15)
THSvV + Al(OH)3,s = TASV + 2H,0 (A2.16)
TCvv + 2KOH,s + H,0 = TKvC + Va (A2.17)

and so on, assuming zero effects of reaction (ArG°=0, ArS°=0, A/Cp°=0, A;V°=0), and all zero
standard properties of vacancy Va. Properties of the following compounds were used: from
Cemdata and PSI-Nagra databases - Ca(OH).,s — portlandite (CH); Al(OH)s,s — gibbsite; H.O —
water; from (Wagman et al., 1982): solid KOH,s and NaOH,s; by simultaneous adjustment to
typical low-Ca C-S-H solubility data [Ca]=1.6e-3 M and [Si]=3.8e-3 M: THSv and SiOz,mc —
microcrystalline silica. Calculations were performed using the ReacDC module of GEM-Selektor
v.3.2. We assumed the uncertainty of such initial estimates of standard Gibbs energy per mole G°
of end members in about 50 kJ/mol, except 10 kJ/mol for THSv and TCvv end members.

2A.2. Parameterization of multi-site solid-solution models of C-S-H with
alkali and aluminium contents

Our CASHNK multi-site (sublattice) solid solution model aims to describe the effect of
aluminium and alkali sorption on C-S-H solubility and structure. It is based on a defect-tobermorite
structure, in which three sites (interlayer IC, bridging tetrahedra BT, and additional calcium unit
CU) with substitutions of Ca, K, Na, Si, Al moieties or vacancies can be identified (Lothenbach
and Nonat, 2015). All end members were generated by permutation of moieties on their respective
structural sites. Such apparently complex solid solution models with many end-members and many
site interaction parameters, easily computed with the GEM software, can reproduce stability and
water content of C-S-H, as well as its structural properties such as MCL (mean chain length). The
objective was to obtain a consistent thermodynamic data set for the CASHNK model by stepwise
multi-parameter optimization for sub-models against selected C-S-H solubility datasets and known
trends in MCL or in Al distribution between structural sites as functions of Ca/Si ratio in C-S-H.
Such a demanding parameterization effort would not be possible without a dedicated software tool
GEMSFITS (Miron et al. 2015), developed as part of in-house GEM software
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(http://gems.web.psi.ch). The following strategy was used in fitting the solid solution model
against the available data.

(1) Start with the C-S-H sub-system (initial G° of 8 end members) with zero interaction parameters;
proceed with fitting G° values of end members against the C-S-H solubility and MCL data, then
fine-tune the model by optimizing the on-site interaction parameters. Keep all parameters fitted at
this step fixed in subsequent parameterization stages.

(2) Extend the C-S-H sub-system to C-S-H-K by adding 4 potassium-containing end members; fit
G° values of these end members to available solubility data, then fine-tune interaction parameters,
if necessary.

(3) Apply the same procedure as at Stage 2 to derive the C-S-H-N sub-system with added 4 sodium-
containing end members. Keep all parameters optimized at steps 1 to 3 fixed in subsequent
parameterization stages.

(4) Step back to the C-S-H sub-system and extend it to C-A-S-H system by adding 19 Al-
containing end members; adjust G° values of 19 end members to solubility data, then fine-tune the
interaction parameters; check against the available MCL data, solubility and aluminium speciation
data in GEM-Selektor trial calculations.

(5) Merge C-S-H-K and C-A-S-H sub-systems and extend it to C-A-S-H-K sub-system by adding
5 end members that simultaneously contain Al and K; adjust G° values of these end members and
newly-added interaction parameters to the available solubility data.

(6) Merge C-S-H-N and C-A-S-H sub-systems and extend it to the C-A-S-H-N sub-system by
adding 5 end members that simultaneously contain Al and Na; adjust G° values of these newly-
added end members and newly-added interaction parameters to the available solubility data.

(7) Verify the parameterized CASHNK solid solution model by forward modelling of C-A-S-H-

N-K solubility in various sub-systems; if needed, adjust the interaction parameters between K and
Na moieties.

In the following, we illustrate this strategy by stage (1), which involves optimization of 11
parameters to obtain an internally consistent thermodynamic dataset for the CSH sub-model of the
CASHNK solid solution model.

At this step of GEMSFITS parameterization, we used the following experimental C-S-H
solubility datasets:

CHO04D: “Curve C*” or double decomposition data (Chen et al., 2004);

ELH: C-S-H co-precipitation data (L’Hopital et al., 2014);

Haas: Data from (Haas and Nonat, 2015; Haas, 2012).
The trends in all three datasets are very similar, common to C-S-H obtained by co-precipitation
synthesis methods. The least-square objective function included M parts as follows (cf. Miron et
al., 2015):

min(total Tye5) = Yoy wely (A2.18)
where F, is the g-th sum of residuals, w, is the weight coefficient related to g-th part of the
objective function, and

2
Fy = 3 weiwiwry (Vg — fa.) (A2.19)
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where N is the number of experimental samples; f;; is the g-th property computed for i-th
experimental sample; y,; is the g-th property measured in i-th experimental sample; w, ; is the
weight coefficient related to (input) error of measured g-th property value in i-th sample; w; is the
individual (input) weight coefficient for i-th sample; and wr,, ; is the Tuckey biweight coefficient
to suppress the outliers (see Miron et al., 2015, eq. 4). By default, all weight multipliers equal to
1. In this work, the samples weights w; = 1 were used if not stated otherwise, and w,; weights
were calculated (the inverr3 option) as

Wi = 1/3’§i (A2.20)

The objective function was constructed from M = 4 parts (Table A2.2).

Table A2.2: Setup of objective function for C-S-H fitting steps using the global or local

optimization.

q Yq.i (Mmeasured) fq,i (computed) wq (step 1)  wq (step2)  wq (step3)  wy (step 4)

1 log;om(Capq) log;om(Capq) 1 1 1 1

2 log1om(Siag) log1om(Siaqg) 1 1 1 0.3

3 n(Ca) . n(Ca) . 1 0.1 0.1

/n(Si) in C-S- n(si) i

H CSH

4 MCL (restored MCL fromeq (1)  0.001 1 0.1 0.3
NMR)

The overall quality of the fit for each individual experimental dataset is defined by the normalized
root mean square error (NRMSE):

N

PANOERE0)S

NRMSE = |- S (A2.21)
PR0%
where yi represent the measured (experimental) value, fi is the calculated value, and N is the number

of experiments. The mean chain length was calculated from the mole fractions of dimeric end
members using eq (1). In the GEMSFITS task definition, MCL is calculated from GEM output as:

“expr": "3/sum({TCvC}, {TCvv}, {THvC}, {THvv})-1" (A2.22)

where braces denote mole fractions of the respective end members.

Based on a striking similarity of C-S-H solubility data for samples obtained by co-precipitation
or double-decomposition methods, the CH04D, ELH and Haas datasets were taken together. Of 62
samples in total, 2 were excluded as outliers ("4k™,"4j" from the CHO4D dataset).

At the first round of fitting, we used the global fitting method GN_ESCH (genetic evolutionary
algorithm) with relative and absolute tolerances of 0.01 and maximum 2000 loops.

At step 1, the only 8 freely adjustable parameters were the G°gg values of all 8 end members
of the CSH phase (all interaction parameters W in the Berman model were zeroed off). The lower
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bounds (LB) for G°gs values of all end members except THSv were set 50 kJ/mol more negative
than initial values (IV) taken from Table A2.5; the upper bounds (UB) for G°gg values of all end
members except THSv were set 50 kJ/mol more positive than initial values (IV). For the THSv
end member, UB was set 10 kJ/mol more positive and LB — 10 kJ/mol more negative than the
initial value. The MCL part (q=4) of the objective function was suppressed by setting its weight to
w, = 0.001.

From the fitting results (not shown), it was evident that the fit for Caag is good, for Siag is
reasonable (too high at target C/S > 0.9); and the fit for MCL was bad at 0.75 < C/S < 1.3.
Conversely, to improve the MCL fit, i.e. the structural consistency of the sublattice solid solution
model of CSH, the objective function must include the MCL data with the high weight w, > 0.1,
comparable to that for the solubility data. However, the 2°Si MAS NMR data from which the MCL
data was derived are scarce and not available for all samples in all datasets. Fortunately, the
available MCL data plot very well into the same trend as function of Ca/Si ratio in C-S-H for all
three co-precipitation datasets (Fig. A2.2).

80
Calculated with eq. A2.23
B Exp. data (Chen et al., 2004)
70 4 ® Exp. data (Haas and Nonat, 2015; Haas, 2012)
| A Exp. data (UHopital et al., 2014)
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Figure A2.2. MCL data plotted against Ca/Si ratio in C-S-H. MCL-fit is the curve of eq. (A2.23).
Scattered symbols denote the experimental data sets.

Keeping in mind that the MCL data result from deconvolution of NMR peaks and, thus, are not
very precise, we have regressed the data from Chen et al. 2004 and L’Hopital, 2014 (using the
SigmaPlot software) with an exponential decay function

2.3024+0.267
MCL = (0.391 + 0.083)exp ¢ /;_(Oll%iolols)

(A2.23)
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where C/S stands for the Ca/Si ratio in C-S-H. With this function, which fits the measured MCL

data well, the MCL values were restored for all data points in all three experimental datasets, and
then used in the fourth part of the objective function (Table A2.2) as the “regressed” MCL data.

At step 2, to improve the fit for MCL, the previous GEMSFITS task was cloned into another
task where the default weight w, = 1 was restored, and run with the same global algorithm and
settings as in step 1. The results of this exercise showed a perfect fit for the MCL data, but bad fit
for both Ca and Si solubility data. Clearly, the solid solution model without the excess Gibbs
energy terms cannot fit well the solubility and the MCL trend at the same time. To prepare an
initial dataset for local fitting runs and for introducing the Gex interaction parameters, the fitted G°
values were compared, and their averages were taken as initial values, with the bounds UB (upper
bound) and LB (lower bound) taken slightly greater as half-differences.

At step 3, the GEMSFITS task was cloned into a new task, and the initial values for G°gg of
end members were taken from fitted values from step 2, with LB values set as (IV — 10 kJ/mol),
and UB values as (IV + 10 kJ/mol). G%gs= -851.0 kJ/mol was set for SiO2,am phase to improve
the convergence of the optimization. The weight for the MCL part was set to intermediate value
w, = 0.1.

The model was fitted at this stage with the local LN_BOBY QA optimization algorithm (with
initial parameter values obtained from global fitting steps and parameter brackets of 10 kJ/mol),
using the asymmetric or the symmetric Berman model for excess Gibbs energy of mixing (in GEM-
Selektor v.3.2 implementation) on top of the sublattice model with reciprocal terms. As there are
two substituting moieties per structural site in the CSH model, and cross-site interaction parameters
are not permitted, this leads to six interaction parameters of the asymmetric model (Table A2.3) or
three interaction parameters of the symmetric model (Table A2.4).

Table A2.3. Site interaction parameters (Berman) for the CSH asymmetric model of mixing.

Site . .
. ] Interaction Name in i .
Sublattice  index Interacting moieties
parameter GEMSFITS

S
c ° Wanco  CSHIOR]  oon o
' H,OCa*
Wicea CSHL[0] H,OH* H,OCa?*
’ H.OCa?*
BT 1 Wssy 1 CSH[2/|0] SiO2 SiO; Va
Wsyv 1 CSH[3|0] SiO2 Va Va
cu 2 Weews ~ CSH[40]  Ca(OH), Ca(OH)z Va

Wewv,2 CSHI[5/0] Ca(OH), Va Va

PhD Thesis



GEMSFITS C-S-H Application

Table A2.4. Site interaction parameters (Berman) for the CSH symmetric model of mixing.

Site
_ _ Interaction ~ Name in . -
Sublattice index Interacting moieties
q parameter GEMSFITS
IC 0 Whc,o CSHI[0[0] H,OH* H.0Ca?
BT 1 Wsy 1 CSH[1/|0] SiO2 Va
CU 2 Wey 2 CSH[2/0] Ca(OH). Va

Comparison of fits with symmetric and asymmetric Berman model shows that they are of the

same (good) overall quality, although the symmetric model yields slightly worse fit of MCL data
but better fit for dissolved Caaq concentrations. This fact allows considering the symmetric non-
ideality (with binary parameters) as the basis for further extension of the CSH model because of
less number of fitting parameters.

Parameters fitted for symmetric case (Table A2.5) were entered into GEM-Selektor project

CASHNK, and forward Process calculations were performed to test the quality and performance

of the parameterized CSH model. It was found that a strong smoothing parameter (s.p. 0.001 or
less) is required in GEM calculations to obtain smooth curves of end-member properties (the bulk

properties of the whole phase and solubility curves were smooth even at much larger smoothing
parameter of 0.01; no convergence at s.p. >= 0.1). The results are shown in Fig. A2.3.

Table 2A.5. Initial and fitted parameters of the CSH multi-site solid solution sub-model.

Parameter, end Initial Fitted value ~ Confidence Sensitivity Fitted —
member estimate (kd/mol) interval
(kJ/mol) 95% (MC) (kJ/mol)
G%98 TCSC -6205.14 -6225.45 4.45 55.5 -20.31
G298 TCSV -5308.13 -5328.42 2.54 83.5 -20.29
G298 TCVC -5354.53 -5336.29 7.51 59.1 18.24
GP98 TCwV -4457.51 -4456.72 0.50 148.0 0.79
G%9s THSC -6014.85 -6042.95 0.66 352.1 -28.1
G298 THSV -5117.84 -5124.53 0.25 316.3 -6.69
G298 THVC -5164.24 -5155.60 1.34 109.2 8.64
GP98 THvV -4267.22 -4264.86 0.41 318.1 2.36
Whc,o 0 -2.29 0.95 0.66 -2.29
Wsv1 0 -10.77 0.75 1.11 -10.77
Wey,2 0 -19.28 1.32 0.95 -19.28

Monte Carlo (MC) sampling was performed in 300 trials (see details in Miron et al., 2015).

Evidently, the optimization of 11 parameters has led to good fits to both solubility and MCL
data (with reasonable estimates of density and non-gel water content of C-S-H — not shown). From
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Table A2.5, it can be seen that the initial estimates of thermodynamic properties of end-members
(and initial zero interaction parameters), in fact, have much smaller uncertainty (20 - 30 kJ/mol or
less) than initially assumed uncertainty 50 kJ/mol used in global fitting steps. In Fig. A2.3C one
can see peaks at mole fractions of THSC and THvv endmembers around Ca/Si = 0.96 of about
equal height. Because THSC corresponds to chain length of infinity and THvv to chain length of
2, the MCL is close to 5 in accord with the assumed ordering in C-S-H corresponding to the T5C
endmember of the earlier CSH3T model of C-S-H solid-solution (Kulik, 2011, Table A2.3).

Table A2.6. Aqueous speciation at bulk Ca/Si = 1.6.

Species Logio(molal) %Ca,aq %Si,aq
Ca* -1.7916 79.0900

CaOH"* -2.3718 20.7919

CaHSIiOs" -7.0757 0.0004 0.3349
CaSiOs,aq -4.6191 0.1177 95.8475
HSIiO3 -6.1209 3.0183
SiOz,aq -8.8741 0.0053
SiO3? -6.7009 0.7939
N2,aq -3.1879

0240 -5.8819

OH- -1.4369

H* -12.3867

pH = 12.48, Caagtota = 20.43 mm, Siagotat = 0.0251 mm. Note that in the GEMS database,
CaSiO2(OH)2(aq) is represented as CaSiOsz,aq under assumption that K = 1 of the reaction
CaSiO2(0OH)2(aq) = CaSiOs,aq + H20.

Our structurally consistent model somewhat over-predicts the experimental data for dissolved
Si at Ca/Si ratios above 1, as nearly all earlier C-S-H solubility models (Kulik, 2011; Lothenbach
and Winnefeld, 2006). Inspection of aqueous speciation of silicon at bulk Ca/Si ratio about 1.6
(calculated with GEM-Selektor), Table A2.6, reveals that the predominant species at these
conditions is CaSiOs,aq complex.

Selection of data for this complex in PSI-Nagra database 12/07 (Hummel, 2014; Thoenen et
al. 2014) is based on a single set of results of potentiometric titrations of Si(OH)as(aq) in the
presence of Ca?* and Mg?* in 1 M NaClOa up to pH 9 reported by (Santschi and Schindler, 1974).
In this work, in order to avoid the formation of polymeric silicate species as well as the
precipitation of amorphous silica, the total ligand concentration did not exceed 2.3-10° M. In
preliminary experiments it was found that the complexes formed are rather weak. Comparatively
high concentrations of both the reacting metal ions and the inert salt were therefore required. The
results of this experimental study are not unambiguous in terms of the speciation model. Based on
chemical arguments, interpretation of the experimental data could be done in terms of two
equilibria.
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Ca*" + SiO(OH)3™ = CaSiO(OH)s* (A2.24)

Ca?* + SiO2(OH),* = CaSiO2(OH)2(aq) (A2.25)
Leading to the values log:10K°(eq. A2.24) = (1.2 + 0.1) and log10K°(eq. A2.25) = (4.6 £ 0.2). Note
that the underlying experimental data were obtained at pH < 9, although in pH region between 11.5
and 12.5 relevant for solubility of Ca-rich C-S-H, the CaSiOs,aq (CaSiO2(OH).(aq) = CaSiOs,aq
+ H20) complex becomes really predominant. Therefore, the uncertainty of logi0K°(eq. A2.25)
must be much greater than £ 0.2 and can only be reduced when new experimental data for Ca-Si
complexation at pH between 9 and 13 become available.
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Figure A2.3. GEM-Selektor v.3 diagrams for the parameterized C-S-H model: A: solubility, B:
MCL data, C: end-member mole fractions. Dotted curves correspond to the initial parameter values
from Table A2.5; solid curves result from using the fitted parameter values. Panel D compares the
same calculation with fitted parameters as in (A) (solid curves) and that with G°9s 0f the CaSiO3,aq
aqueous complex corrected by +2.854 kJ/mol or -0.5 logK units less stable (dotted curves).
Scattered symbols correspond to the same composite dataset of 60 co-precipitation samples that
has been used in fitting exercises (data EL14, Chen04 and Haas14), including the regressed MCL

data.
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Indirect testing of a hypothesis that log:10K°(eq. A2.25) = 4.6 is too strong can be performed on
our C-S-H aqueous — solid solution model against the available C-S-H solubility data.

A GEM speciation calculation at bulk Ca/Si = 1.6 (0.16 mol CH, 0.1 mol SiO2, 1 kg H20, 1 mol
N2) at 1 bar, 25 C reveals (Table A2.6) that CaSiOs,aq complex contains 96% of total dissolved
Si, but only 0.12% of total dissolved Ca.

It is seen also that in this system (with stable CSH and portlandite), the total dissolved Si is
about 2.5 times higher than typical experimental values about 0.01 mm. To fix this by adjusting
the stability of CaSiOs,aq complex, its initial G%gg = -1517.557 kJ/mol was changed to Ggs = -
1514.703 kJ/mol by adding 2.854 kJ/mol or -0.5 log1oK units, and the speciation calculation was
repeated (Table A2.7). Now the total dissolved Si is less than 1-10° m, although the CaSiOs,aq
complex is still predominant with 88%. The impact of such correction on the C-S-H solubility
diagram is seen on Fig. A2.3D. We also tried the adjustment of G%gs of CaHSiIO3" by 0.5 logi0K
units, but this had no visible effect on the solubility diagram of C-S-H (Fig. A2.3A) because at pH
above 9.7 this complex remains insignificant.

At step 4, we undertook one more fitting exercise with GEMSFITS to see how the adjustment
of stability of the CaSiOs,aq complex can improve the overall fit of the CSH solid solution model
against the solubility data. The fitting task was cloned from that used at step 3, and the initial G°gs
= -1517.557 kJ/mol of CaSiOs,aq was adjusted (by 1.5 to 3.0 kJ/mol). In a series of calculations,
we found that the optimal fit can be achieved at G%gg = -1515.845 kJ/mol (1.713 kJ/mol more
positive, or 0.3 pK units). The results are given in Fig. A2.4 and Table A2.8.

Table A2.7. Speciation at bulk Ca/Si = 1.6 with G°9s of CaSiOs,aq corrected by +2.854 kJ/mol

(0.5 pK).
Species Ig(molal) %Ca,aq %Si,aq
Ca'*? -1.7917 79.1563
CaOH"* -2.3720 20.8061
CaHSiOs" -7.0756 0.0004 0.9719
CaSiOs,aq -5.1190 0.0373 87.9479
HSIOs" -6.1207 8.7609
SiOz,aq -8.8737 0.0155
SiO3? -6.7008 2.3038
N2,aq -3.1879
O2,aq -5.8819
OH" -1.4370
H* -12.3866

pH =12.48, Caaq,total =20.41 mm, Siaq,total =0.00865 mm
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Table A2.8. Initial (from Table A2.5) and re-adjusted parameters of the CSH sub-model.

Parameter, end Initial Fitted value  Confidence Sensitivity Fitted —
member estimate (kJ/mol) interval
(kd/mol) 95% (MC)
GP%98 TCSC -6225.45 -6225.68 1.807 111.9 -0.23
GP%98 TCSV -5328.42 -5327.71 1.207 142.5 0.71
GP%098 TCVC -5336.29 -5335.98 7.234 72.3 0.31
G098 TCWV -4456.72 -4456.67 0.598 202.5 0.05
G%9s THSC -6042.95 -6042.74 0.314 794.8 0.21
G098 THSV -5124.53 -5124.59 0.273 421.5 -0.06
GP%98 THVC -5155.60 -5155.01 1.021 185.9 0.59
GP%98 THVV -4264.86 -4265.12 0.237 819.9 -0.26
Whc,o -2.29 -3.27 0.888 1.99 -0.98
Wsy,1 -10.77 -10.78 0.328 1.74 -0.01
Wey,2 -19.28 -19.56 0.633 2.10 -0.28
-1 50
|A |B m Exp.data (Chon et 2008)
® Exp. data (Haas and Nonat, 2015; Haas, 2012)
Lo ® A Exp. data (L'Hopital et al., 2014)
2 o 40—/
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Figure A2.4. GEMSFITS plots for the re-parameterized C-S-H model (Table 8): A: solubility (in

log molal units), B: MCL data.

2A.3. Conclusions

This worked example of simultaneous fitting of 11 parameters of the CSH sub-model of the
sublattice CASHNK model shows the efficiency of GEMSFITS code in obtaining internally
consistent thermodynamic datasets by using various kinds of experimental and spectroscopic data.
The description in this chapter covers only the first stage of the multi-stage fitting process,
described in full in other manuscripts (Kulik, Miron, Lothenbach, 2016, in preparation).
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In parallel, the fitting results show that the stability constant of the CaSiOz,aq
(CaSiO2(0OH)2,aq) aqueous complex as given in the PSI-Nagra 12/07 database is about 0.3 to 0.5
pK units too high. Reconsideration of experimental data (Santschi and Schindler, 1974) shows that
at pH < 9 the neutral species, CaSiOs,aq, is minor and its stability as determined in eq. A2.25 is
quite uncertain. It turns out that the C-S-H solubility data at Ca/Si > 1 can be the only source to
constrain the stability of this species (to make it 0.3 — 0.4 pK units less stable, to log10K°= 4.3 +
0.4 in eg. A2.25) in fitting the aqueous solid-solution models of C-S-H.
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Chapter 3

Abstract

A large amount of critically evaluated experimental data on mineral solubility, covering the entire
Na-K-Al-Si-O-H-Cl system over wide ranges in temperature and pressure, was used to
simultaneously refine the standard state Gibbs energies of aqueous ions and complexes in the
framework of the revised Helgeson-Kirkham-Flowers equation of state. The thermodynamic
properties of the solubility-controlling minerals were adopted from the internally consistent dataset
of Holland and Powell (2002; Thermocalc dataset ds55). The global optimization of Gibbs energies
of aqueous species, performed with the GEMSFITS code (Miron et al., 2015), was set up in such
a way that the association equilibria for ion pairs and complexes, independently derived from
conductance and potentiometric data, are always maintained. This was achieved by introducing
reaction constraints into the parameter optimization that adjust Gibbs energies of complexes by
their respective Gibbs energy effects of reaction, whenever the Gibbs energies of reactant species
(ions) are changed. The optimized thermodynamic dataset is reported with confidence intervals for
all parameters evaluated by Monte Carlo trial calculations. The new thermodynamic dataset is
shown to reproduce all available fluid-mineral phase equilibria and mineral solubility data with
good accuracy and precision over wide ranges in temperature (25 to 800°C), pressure (1 bar to 5
kbar) and composition (salt concentrations up to 5 molal). The global data optimization process
adopted in this study can be readily repeated any time when extensions to new chemical elements
and species are needed, when new experimental data become available, or when a different
aqueous activity model or equation of state should be used. This work serves as a proof of concept
that our optimization strategy is feasible and successful in generating a thermodynamic dataset
reproducing all fluid-mineral and aqueous speciation equilibria in the Na-K-Al-Si-O-H-ClI system
within their experimental uncertainties. The new dataset resolves the long-standing discrepancies
between thermodynamic data of minerals and those of aqueous ions and complexes, by achieving
an astonishing degree of consistency between a large number of fluid-mineral equilibrium data.
All of this at the expense of changing the standard state properties of aqueous species, mainly the
Gibbs energy of formation. Using the same strategy, the core dataset for the system Na-K-Al-Si-
O-H-CI can be extended with additional rock-forming elements such as Ca, Mg, Fe, Mn, Ti, S, C,
B. In future, the standard-state properties of minerals and aqueous species should be
simultaneously optimized, to create the next-generation of fully internally consistent data for fluid-
mineral equilibria. Although we employ the widely used HKF equations for this study, the same
computational approach can be readily applied to any other speciation-based equation of state for
multicomponent aqueous solutions.

PhD Thesis



TDB: Na-K-Al-Si-O-H-Cl

3.1. Introduction

Fluid-rock reactions play a key role in a wide range of geological processes such as mass
transfer and hydrothermal convection at mid-ocean ridges, melting and fluid transfer in subduction
zones, metamorphic devolatilization in compressional orogenic belts, the formation of
hydrothermal ore deposits, and fluid circulation and permeability evolution in natural and
engineered geothermal reservoirs. Detailed insight into fluid-rock reactions can be gained from
quantitative field studies, high-temperature and -pressure laboratory experiments, and numerical
geochemical and reactive transport simulations. Geochemical modeling combined with
experimental studies of the equilibrium solubility of minerals and mineral assemblages are
essential for constraining the transport capacity of natural aqueous fluids, for evaluating mass
fluxes in fluid-rock systems, and for understanding reaction progress during hydrothermal
alteration (e.g. Helgeson, 1969; Reed, 1982; Engi, 1992; Stefansson, 2001; Zhu and Anderson,
2002; Anderson, 2005; Bénézeth et al., 2009; Sverjensky, 2014).

Numerical reactive transport modeling is a powerful approach for simulating geochemical
processes in natural fluid-rock systems (e.g. Lichtner et al., 1997; Xu et al., 2001; Steefel and
Maher, 2009; Zheng et al., 2009; Xu et al., 2011; Leal et al., 2014; Zhang et al., 2015), which are
inaccessible to direct field studies and too complex for controlled laboratory experimentation.
Reactive transport models rely critically on the robustness of the geochemical models and, hence,
on the availability, accuracy, precision and consistency of parameters such as standard state
properties of minerals and aqueous species, equilibrium constants for solubility reactions, activity
and equation of state parameters for non-ideal multicomponent phases (mineral solid-solutions,
aqueous solutions, fluid and gas mixtures), and Kinetic rate constants for mineral dissolution and
precipitation (Engi, 1992; André et al., 2006; Schott et al., 2009; Thien et al., 2014).

Considerable progress in the thermodynamic description of minerals and their solid-solutions
at high temperatures and pressures has been driven by the development of internally consistent
thermodynamic datasets (Holland and Powell, 1985; Powell and Holland, 1985; Berman et al.,
1986; Berman, 1988; Chatterjee et al., 1994; Gottschalk, 1997; Chatterjee et al., 1998; Holland
and Powell, 1998; Holland and Powell, 2011). Typically, properties of minerals and fluids that are
known from high-precision experiments or sufficiently accurate estimation techniques (Berman
and Brown, 1985; Holland, 1989) such as heat capacity, molar volume, thermal expansion and
compressibility, are accepted without further modification, and only enthalpies of formation (and
sometimes entropies) as the most critical and least accurately known parameters are refined during
the global fitting process.

If changes are applied to the formation Gibbs energies of mineral endmembers, adjustments of
similar magnitude should be applied to the Gibbs energies of formation of the respective aqueous
ions and complexes, to maintain the internal consistency. Adjustment of aqueous species data
should be done in a simultaneous manner, by considering numerous mineral solubility experiments
and always taking care that the complex electrolyte association equilibria known from
conductance, electromotive force or spectroscopic experiments are maintained. However, aqueous
electrolyte fluids at elevated temperatures and pressures have never been subject to any
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simultaneous derivation of internally consistent data, because such fitting needs to combine very
diverse types of experimental data including mineral solubility as well as direct fluid property
measurements. Instead, all thermodynamic databases commonly used for aqueous geochemistry,
such as SUPCRT92 (Johnson et al., 1992; Shock et al., 1997; Sverjensky et al., 1997), the LLNL
database (Delany and Lundeen, 1990), and the FreeGs database (Bastrakov et al., 2005), are based
on sequential evaluation of individual solubility equilibria or fitting of a few selected reactions
(Pokrovskii and Helgeson, 1995, 19974, b).

As a consequence, large discrepancies between modeled and experimentally determined
mineral solubilities and speciation equilibria may persist in these datasets. Paradoxically, the
situation is becoming worse, because the mineral data present in the geochemical databases have
since been refined by new algorithms and simultaneous fitting against solid-solid phase equilibria
experiments but without including mineral solubility (Holland and Powell, 1998; Holland and
Powell, 2011). Prominent examples illustrating these discrepancies are the large mismatch between
predicted and measured fluid compositions in the feldspar-mica-quartz system (Montoya and
Hemley, 1975; Popp and Frantz, 1980; Gunter and Eugster, 1981; Sverjensky et al., 1991; Haselton
et al.,, 1995), substantial disagreement between calculated and accurately measured carbonate
mineral solubility products (Bénézeth et al., 2009, 2011), and the poor description of ion
association equilibria of major aqueous electrolytes such as HCI, KCI, NaOH, KOH and CaCl»
(Tagirov et al., 1997; Ho and Palmer, 1996, 1997; Ho et al., 2001; Méndez de Leo and Wood,
2005). Reasons that have prevented developing internally consistent datasets for aqueous and
hydrothermal geochemistry are the strong interrelation between standard state and activity model
data (Helgeson et al., 1981), limitations in computational techniques and capacities required for
the global fitting of very large datasets, and the uneven distribution of high-precision experimental
data in temperature — pressure — composition space.

The body of experimental data for fluid-rock equilibria has grown considerably since the last
concerted effort by Helgeson et al. (1981), Tanger and Helgeson (1988), Johnson et al. (1992),
Sverjensky et al. (1997), and Shock et al. (1997). Of particular importance are high-precision
experimental studies of electrolyte association using conductance methods. The experimental
studies have covered most of the major aqueous electrolytes that are present in natural geofluids
such as NaCl, KCI, HCI, NaOH, and KOH (Ho et al., 1994; 2000a, 2000b, 2001; Ho and Palmer,
1996, 1997). The experiments were conducted with modern high-precision static and flow-through
conductance instruments using very dilute salt solutions, which makes the derived ion pair
association constants largely independent of the aqueous activity model that was used. In addition,
these studies used improved and theoretically sound conductance models for data processing,
which resulted in much more reliable and accurate equilibrium constants (Sharygin et al., 2001,
2002). The speciation equilibria for the most important constituents of natural geofluids are now
well constrained by high-quality experimental data that cover wide ranges in temperature and
pressure.

Connecting the thermodynamic properties of aqueous species with those of the rock-forming
minerals requires experimental data for mineral solubility in agueous solutions. A large amount of
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solubility measurements under crustal conditions at temperatures and pressures up to 600 °C and
10 kbar has been accumulated, including the solubility of rock-forming oxides, silicates,
aluminosilicates and carbonates in pure water, aqueous salt solutions and H.O-CO> mixtures. New
solubility experiments of corundum and aluminum hydroxides (Bénézeth et al., 2001; Palmer et
al., 2001), quartz (Manning, 1994; Newton and Manning, 2000; Shmulovich et al., 2001) and
aluminosilicates (Shinohara and Fujimoto, 1994; Haselton et al., 1995; Manning et al., 2010;
Wohlers et al., 2011) have become available. Most importantly, phase equilibria experiments have
been performed in the multicomponent system Na-K-Al-Si-O-H-Cl at temperatures and pressures
up to 650 °C and 2 kbar, involving the solubility of synthetic metapelite (K-feldspar, albite,
aluminosilicate, quartz) in moderately saline aqueous solutions (Hauzenberger et al., 2001; Pak et
al., 2003).

In summary, it is timely to develop a new approach to derive the first internally consistent
thermodynamic dataset for fluid-rock equilibria that will resolve the discrepancies of the existing
data. Our long-term vision is to develop a fully consistent dataset that covers at least the system
Na-K-Ca-Fe-Mg-Mn-Al-Si-Ti-C-S-CI-F-B-O-H, with possible extension to important ore metals
and other trace elements. This dataset should simultaneously describe all experimentally
determined mineral reaction equilibria, solubility measurements, spectroscopic data, and
potentiometric and conductance constraints on aqueous speciation within experimental accuracy.
As a first step towards that vision, we derive in this study an internally consistent dataset of the
thermodynamic properties for aqueous species in the core system Na-K-Al-Si-O-H-Cl by
simultaneously refining the standard state molal Gibbs energies of aqueous ions and complexes
utilizing a large database of critically evaluated solubility, conductance and potentiometric
experiments that cover a wide range in temperature, pressure and composition. The properties of
the aqueous ions and complexes are derived using the Holland-Powell mineral dataset (Holland
and Powell, 1998) as a given basis. The mineral properties from this dataset are assumed to be
fully consistent and no adjustments were allowed to their thermodynamic properties. The dynamic
approach to dataset regression makes it possible to repeat the procedure whenever new and
improved experimental constraints become available or when more agueous species and chemical
elements are added.

3.2.  Thermodynamic framework

The standard state convention for aqueous species adopted in this study is the ideal one molal
solution referenced to infinite dilution. For water solvent, the standard state is pure water at any
pressure and temperature, and water activity is based on the mole fraction concentration scale. For
minerals, the standard state is unit activity of pure solids at any pressure or temperature (Oelkers
et al., 1995). The standard partial molal Gibbs energies applied for aqueous species in this study
are the apparent standard partial molal Gibbs energies, defined as (Helgeson et al., 1981):

AG‘I('),P :AfG'I(')r,Pr +(G'I('),P_G'I(')r,Pr) (3.1)
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where AfGﬁ’Pr represents the standard state partial molal Gibbs energy of formation (at reference
temperature T, = 298.15 K and reference pressure Pr = 1 bar) of the substance from the elements
at their standard states at 298.15 K and 1 bar, and (G, —G?rvpr) represents the difference in the

standard partial molal Gibbs energy of the substance at the temperature (T) and pressure (P) of
interest and that at the reference temperature (Tr) and pressure (Pr).

The molar properties of minerals in this study were calculated from the Holland-Powell
internally consistent thermodynamic dataset (Holland and Powell, 1998; updated Thermocalc 2002
dataset ds55) and the thermodynamic framework of this dataset. This dataset is referred to as HP02
in the remainder of this paper. The Gibbs energy of minerals at elevated temperatures and pressures
is calculated by temperature integration of a 4-term heat capacity equation and pressure integration
of a Murnaghan equation of state for molar volume. For phases with order-disorder transitions, a
Landau model term is added (Holland and Powell, 1998). The following minerals were used during
regression of solubility data: albite, andalusite, corundum, diaspore, kaolinite, kyanite, microcline,
muscovite, nepheline, paragonite, pyrophyllite, quartz, sanidine, sillimanite, and topaz. The
thermodynamic data for these minerals can be found in the electronic supplementary material
(Table 3.EA1L). Recently, a new updated mineral dataset has been published (Holland and Powell,
2011), but we have preferred to use the previous dataset because it is supported by comprehensive
solid-solution models for all relevant rock-forming minerals (feldspars, micas, amphibole, chlorite,
pyroxene, epidote etc.) and the data for key minerals of the system Na-K-Al-Si-O-H-CI are more
consistent with calorimetric constraints and the aqueous species data (Holland and Powell, 1998;
Dolejs and Wagner, 2008). This results in smaller adjustments to the standard state properties of
aqueous species during regression of the large body of experimental solubility data in this study.

Thermodynamic properties of water were calculated with the 1APS-84 equation of state
(Kestin et al., 1984). The calculated Gibbs energies of H2O liquid using this model were compared
with the values calculated using the compensated Redlich-Kwong (CORK) model that is used in
the HP02 dataset (Holland and Powell, 1991). The standard Gibbs energy per mole of H.O
calculated using the CORK model is slightly more positive than that calculated using IAPS-84 (in
the range of 100-1000 °C and 1 bar to 5 kbar) with an average difference of 130 = 90 J/mol. This
difference is considerably smaller than the uncertainty of the experimental data that were used to
derive both equations of state (Kestin et al., 1984; Holland and Powell, 1991) and thermodynamic
properties predicted from both models are fully consistent with each other.

The properties of aqueous species were modeled within the framework of the revised
Helgeson-Kirkham-Flowers (HKF) equation of state (Helgeson and Kirkham, 1974a, 1974b;
Tanger and Helgerson, 1988; Shock et al., 1992). The HKF equation of state accounts for solvation
and non-solvation properties of aqueous ions and complexes. The thermodynamic properties are
calculated from A;Ggs,, Sxs. and seven empirical coefficients (a1, az, as, as, C1, C2, ®o), Which
describe the temperature and pressure dependence of partial molal volume and heat capacity. HKF
equation of state parameters were derived for a large number of aqueous species by regression of
experimentally determined equilibrium constants, volume and heat capacity data (Tanger and
Helgeson, 1988; Shock and Helgeson, 1988; Shock et al., 1989; Shock et al., 1997; Sverjensky et
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al., 1997; Sverjensky et al., 2014). Subsequently, empirical correlations between the partial molal
properties were developed and used to predict the properties of a large number of aqueous species
for which no or insufficient experimental data are available (Shock and Helgeson, 1988; Shock et
al., 1989; Sassani and Shock, 1992; Shock et al., 1997; Sverjensky et al., 1997; Plyasunov and
Shock, 2001; Sverjensky et al., 2014). These data were incorporated into the SUPCRT92 dataset
(Johnson et al., 1992), which has become a de facto standard in geochemical modeling. We
therefore use the SUPCRT92 dataset as a reference when comparing the calculations with our new
dataset with experimental mineral solubility and phase stability data.

The activity coefficients for charged aqueous species were calculated with the extended
Debye-Hickel equation (Helgeson et al., 1981):

~AZiVI Njy
“AENL b1+ logy 3.2
1+&B T 0y (32)

where A, and B, represent the Debye-Hiickel solvent parameters, & stands for the ion size

log,, 7 =

parameter, b, is a semi-empirical extended term parameter, | represents the true ionic strength
(corrected for ion pairing and complexing), and the last term represents the conversion from mole
fraction to molality (with n;, being the mole amount of water solvent, and n,, the total mole amount

of the aqueous phase including water-solvent). In the model of Helgeson et al. (1981), & and b,
are common for all charged aqueous species in the predominant electrolyte. Revised models that
account for the temperature and pressure dependence of b, for the four major background
electrolytes (NaCl, KCI, NaOH, KOH) (Oelkers and Helgeson, 1990; Pokrovskii and Helgeson,
1995; Pokrovskii and Helgeson, 1997b; Pokrovskii and Helgeson, 1997a) were used in this study.
In this model framework, the ion-size parameters are pressure and temperature dependent as well
(Shock et al., 1992). The activity model is thought to be applicable for true ionic strengths up to 1-
3 molal, but due to the formation of ion pairs with increasing temperature it can be used to total
salt concentrations of up to 5 mol/kg (Oelkers and Helgeson, 1990; Sharygin et al., 2002; Dolejs
and Wagner, 2008). For neutral species, the activity coefficient is assumed to be a linear function
of the effective ionic strength:

logy, ; = b, | + 100, rr']ﬂ (3.3)

W

where by is the empirical Setchenow coefficient and is approximated to be equal to the common

third parameter b, used for the charged species. The activity coefficient of water is calculated from

the osmotic coefficient as in Helgeson et al. (1981):
¢ M

55.508435

where my is the sum of molalities of all aqueous species, and ¢ is the osmotic coefficient,

Ina, =— (3.4

calculated as in Helgeson et al. (1981).

An additional thermodynamic constraint was to retain the properties of the CI ion as reported
in Shock and Helgeson (1988). This was done because for each chemical element in an internally
consistent thermodynamic dataset, one anchor substance is needed, whose thermodynamic
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properties are accepted from calorimetric data (Holland and Powell 1990; 1998). Chlorine is a fluid
volatile element and there are no chlorine-bearing silicate mineral phases in the HP02 dataset that
would be suitable as anchor phases; the properties of halite (NaCl) in the HP02 dataset were
adapted from Robie and Hemingway (1995) without being linked to other mineral phases by
reaction equilibria. The standard state partial molal Gibbs energy, enthalpy, and entropy of CI-
originate from the CODATA compilation (Cox et al., 1989) and were determined using
electromotive force data at different temperatures (Bates and Kirschman, 1919; Bates and Bower,
1954; Cerquetti et al., 1968) and heat of solution data of gaseous hydrogen chloride (Vanderzee
and Nutter, 1963). The values of the standard state partial molal heat capacity and volume of CI
were estimated by regressing standard partial molal volume, isothermal compressibility and
isobaric heat capacity data (up to 100 °C) for aqueous HCI electrolyte solutions (Tanger and
Helgeson, 1988), which were then used to derive the HKF parameters (Shock and Helgeson, 1988).

The H.O dissociation constants calculated with the properties of the OH™ ion from the
SUPCRT92 database differ by as much as 0.3-0.4 log units from those calculated from the denity
equation of Marshall and Franck (1981). However, the values for the H>O dissociation constant
calculated with the SUPCRT92 data are much closer to the data obtained from the new formulation
by Bandura and Lvov (2006). This formulation is now recommended by the International
Association for the Properties of Water and Steam as a replacement of the older formulation by
Marshall and Franck (1981). The average deviation between the values calculated using the
SUPCRT92 data for the OH" ion and the formulation of Bandura and Lvov (2006) is better than
0.1 log units, which is well within the original experimental uncertainty. Consequently, we have
retained the properties of the aqueous OH" ion from the SUPCRT92 database.

3.3. lon association properties of major electrolytes

Revision of the ion pair association constants for major electrolytes (NaCl, KCIl, NaOH, KOH)
was required due to many contradicting data and new high precision conductance experiments at
high temperatures and pressures that became available since the major reviews by Sverjensky et
al. (1997) and Shock et al. (1997). The partial molal standard state properties and HKF parameters
of the neutral ion pairs NaClI°, KCI°, NaOH® and KOH° were refined using the OptimB
optimization program (Shvarov, 2015), using equilibrium constants derived from recent
conductance experiments. These experimental data have the advantage over the older datasets that
the conductance was measured in very dilute solutions (Ho and Palmer 1997; Ho et al., 2000a, b;
Ho et al., 2001; Sharygin et al., 2002; Zimmerman et al., 2007; Arcis et al., 2014) and that
equilibrium constants were derived with more theoretically sound models for the conductivity of
electrolyte solutions (Tagirov et al., 1997; Ho and Palmer 1997; Ho et al., 2000 a, b; Ho et al.,
2001; Tagirov et al., 1997; Zimmerman et al., 2007; Plumridge et al., 2015). This makes the
equilibrium constants retrieved from the conductance data largely independent from the aqueous
activity model employed.
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Table 3.1. Standard state properties (partial molal entropy, heat capacity and volume) and HKF parameters of neutral ion pairs derived from association
constant data based on new conductance experiments.

Species s CP2as Vies a1-10 a,-10? as a;-10* C1 c2-10* wo-10°
(J/mol’K)  (J/mol'’K)  (J/bar) (cal/ (cal/mol)  (cal'K (cal'K (cal (cal'’K (cal/mol)
mol/bar) /mol/bar)  /mol) /mol/K) /mol)
WNaCI° 110.8 47.5 24 5.0828 4.6290 3.9306 -2.9704 13.6339 -0.7212 0.0889
ONaOH? 424 113.5 -0.022 1.7792 -3.4372 7.1010 -2.6369 22.8222 2.6543 0.1189
WKCI° 182.16 33.32 2.99 5.8341 7.0550 29771 -3.0707 -5.7084 7.6228 0.1996
WKOHO 90.6 41.46 141 3.7562 1.3900 5.2037 -2.8365  13.4990 -1.0192 0.1665
@HCI° 1.76 149.5 1.64 16.1573  -11.4311 -46.1866 -2.3036 46.4716 -5.2811 0.0000

(1 Optimized using association constant data.
@ Taken from Tagirov et al. (1997).
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Figure 3.1. Comparison between calculated and experimentally determined (Ho et al., 1994; Ho and
Palmer, 1996; Ho and Palmer, 1997) association constants for the major electrolytes (A) NaCl, (B) KClI,
(C) NaOH and (D) KOH. Calculated association constants are from this study, the SUPCRT92 dataset
(Shock et al., 1997; Sverjensky et al., 1997) and critical assessments of individual systems (Pokrovskii and
Helgeson, 1995, 1997a, 1997b).

3.3.1. NaCl° association constant

A considerable body of experimental data on the association constant of NaCI® has become
available that was not used in the data analysis by Sverjensky et al. (1997). The association constant
of NaCI° has been determined by high-precision conductance measurements of dilute aqueous
NaCl solutions (with both a static and a flow-through cell) over wide ranges of temperature and
pressure of 250-600 °C and 0.1-3.4 kbar (Ho et al., 1994, 2000a; Zimmermann et al., 1997;
Gruszkiewicz and Wood, 1997). In addition, the association constant has been derived from mean
stoichiometric activity coefficients in the temperature interval 200-350 °C at saturated water vapor
pressure (Plyasunov, 1988). We have obtained thermodynamic properties of NaCI° from regression
of the association constants based on the new conductance data only. The association constants
calculated with the new thermodynamic properties of NaCl° are fairly consistent with the ones
derived in the supercritical region (400-800 °C, 0.5-4.0 kbar) by Oelkers and Helgeson (1988)
from the older conductance data of Quist and Marshall (1969). Figure 3.1A shows a comparison
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between the calculated values from this study, those calculated with the data from SUPCRT92
(Sverjensky et al., 1997), and the experimental data of Ho et al. (1994).

3.3.2. KCI° association constant

Substantial experimental datasets were published after the comprehensive data analysis
presented by Sverjensky et al. (1997). The association constant of KCI° has been determined using
high-precision conductance measurements (Ho and Palmer, 1997; Ho et al., 2000a) in the
temperature range of 50-600 °C at pressures from saturated water vapor pressure (SWVP) to 3.4
kbar. In addition, association constants for KCI° were derived from mean stoichiometric activity
coefficients in the temperature range 100-325 °C at saturated water vapor pressure (Pokrovskii and
Helgeson, 1997a). The conductance data below 300 °C (Ho et al., 2000a) have a very large
associated error and are inconsistent with those at higher temperatures. The association constants
derived from mean stoichiometric activity coefficients at low temperatures were found to be
inconsistent with the conductance data of Ho and Palmer (1997) and introduce larger errors in the
properties of KCI® when included into the regression. Therefore, we have only considered
dissociation constants derived from the conductance data above 300 °C for retrieving new
thermodynamic properties of KCI° (Fig. 3.1B).

3.3.3. NaOH? association constant

The thermodynamic properties for NaOHC derived by Shock et al. (1997) are mainly based on
few experiments at low temperatures and saturated water vapor pressure. Predictions of the
association constants in the supercritical region at temperatures exceeding 400 °C are in gross
disagreement with newer experimental data that extend to higher pressures and temperatures. The
dissociation constant of NaOH® was recently determined using conductance measurements at
temperatures of 100-600 °C and pressures of 0.1-3.1 kbar (Ho and Palmer, 1996; Ho et al., 2000b).
Additional data were derived from mean stoichiometric activity coefficients in the temperature
range 25-250 °C at saturation pressure (Pokrovskii and Helgeson, 1995) but, like in the case of
KCI°, they introduce larger errors for the properties of NaOHC at supercritical conditions when
fitted together with the conductance data. We have therefore retrieved thermodynamic properties
of NaOH? from dissociation constants based on the conductance data above 300 °C (Fig. 3.1C).

3.3.4. KOH? association constant

The thermodynamic data for KOH® given by Shock et al. (1997) are essentially based on
correlations and estimations. Pokrovskii and Helgeson (1997b) have obtained thermodynamic data
for KOH® from regression of association constants that were derived from conductance
measurements of Franck (1956) and Lukashov et al. (1975). The conductance models employed
by Franck (1956) and Lukashov et al. (1975), which were used to extract the limiting equivalent
conductance and association constants from the experiments, were shown to be very inaccurate
compared to more recent studies (e.g., Ho et al., 2000b; Sharygin et al. 2001; Sharygin et al. 2002).
Consequently, association constants in the supercritical region calculated with the models of Shock
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et al. (1997) and Pokrovskii and Helgeson (1997b) are in considerable disagreement with the most
recent experimental data. The association constants of KOH® were derived from high-precision
conductance measurements in the temperature range 100-600 °C and at pressures of 0.14-3.4 kbar
(Ho and Palmer 1997; Ho et al., 2000b). We have retrieved the thermodynamic properties of KOH®
from regression of those new experimental data (Fig. 3.1D).

3.3.5. HCIO association constant

Based on the consideration of available datasets, we have concluded that the critical assessment
of the properties of HCI® given by Tagirov et al. (1997) is the most consistent with the majority of
experimental data, and we have accepted this dataset. The data that were derived by Tagirov et al.
(1997) represent virtually all the experimental data available at the time when the evaluation was
performed (e.g., Frantz and Marshall, 1984; Ruaya and Seward, 1987; Simonson et al., 1990;
Sverjensky et al., 1991; Sretenskaya, 1992; Tagirov et al., 1997), except the experimental data
points from Frantz and Marshall (1984) in the low-density region. Furthermore, the data from
Tagirov et al. (1997) are in excellent agreement with recent potentiometric measurements by
Reukov and Zotov (2006) and reasonably consistent with the new conductance measurements by
Ho et al. (2001). Note that most of the experiments by Ho et al. (2001) were performed in the low-
density region (350-400 °C, 0.26-0.31 kbar) where calculations using the revised HKF model are
not accurate.

3.4. Selection of experimental solubility data

A large range of experimental mineral solubility datasets was reviewed prior to regression of
the thermodynamic properties of aqueous species. Not all the experimental datasets could be used
for fitting, because of mutual inconsistencies between different solubility datasets and, sometimes,
insufficient documentation of the experimental conditions. The critical evaluation of experimental
data was based on the following set of criteria:

(1) Proof of attainment of equilibrium. Preferred solubility experiments were the ones
performed from both undersaturated and supersaturated conditions. In case where solubility
equilibrium was only approached from undersaturated conditions, the documentation of the
experimental conditions was carefully screened for sufficiently long run times and proper
demonstration that indeed equilibrium solubility was measured.

(2) Potential problems encountered during the experiments. The documentation of the
experimental conditions (where possible) was checked for possible reactions with the capsule or
autoclave material, presence of contaminant phases or impurities in the reactants, or precipitation
of mineral phases during quench.

(3) Experimental and analytical methods. The simplest way to perform solubility
measurements is by the weight loss method, where only the weight loss of the reactant mineral is
measured before and after the experiment (Morey et al., 1962; Manning, 1994). Using this method,
it is impossible to demonstrate attainment of equilibrium from both undersaturated and
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supersaturated conditions, but the problem is often addressed by investigating the required time
for attainment of equilibrium or by comparison with reversed equilibrium experiments (Anderson
and Burnham, 1965). The potentially largest source of error in weight loss experiments is mineral
precipitation during the quench of the solutions (Manning, 1994). Therefore, experiments that use
a fast quench method are preferred. Experimental settings that avoid problems due to quenching
are the ones that extract the aqueous solution to be analyzed at run temperature and pressure. The
analytical methods used for analyzing the elemental composition of the aqueous solutions can have
a great impact on the accuracy of the measurements. Some elements, like aluminum, have very
low concentrations under most experimental conditions studied. We have therefore preferred
studies that demonstrate the reproducibility of measured dissolved element concentrations using
different analytical techniques.

(4) Consistency of the experiments. The agreement between different independent
measurements of the same quantity and the agreement between data obtained with different
experimental methods served as an important selection criterion. In cases where many
experimental studies have investigated one chemical system over the same range in pressure and
temperature, it is critical that the reported values are consistent with each other within their stated
uncertainty. However, the observation that several experimental datasets are consistent with each
other while another dataset is not, is not a proof that the inconsistent dataset is the incorrect one.
Therefore, our strategy was based on identifying at least one high quality dataset that would meet
the strictest quality criteria (reversed equilibria, well documented experimental conditions and
results, accurate analytical techniques) as a basis for evaluating the quality of other datasets. The
high quality datasets would also need to show reasonably consistent trends in temperature, pressure
and composition space and not a large scatter of the measured properties.

In a number of cases, the experimental uncertainty associated with the data is not specified, or
it is difficult to assess. Commonly, the total error of the experiments does not account for the
accuracy of the experimental conditions and the accuracy of the analytical methods. The selected
high quality studies would always report the total errors, while others would not report them. For
this reason, in our study the experimental errors could not be directly applied as weights in the
optimization routine.

Due to the limitation of the revised HKF model (Tanger and Helgeson 1988) to pressures up
to 5 kbar, only experiments at conditions equal or below 5 kbar were used during data regression
(and experiments at pressures above 5 kbar are not considered in the following experimental data
review). Sverjensky et al. (2014) proposed an extension of the HKF model to much higher
pressures based on a different equation of state for water properties (Zhang and Duan, 2005) and
an empirical expression for the dielectric constant of water valid up to 60 kbar. In their model, they
used new correlations for the pressure dependence of the HKF parameters, as well as different
speciation models for silica and aluminum including dimers and polymers that are needed for the
high pressure systems. Understanding of the solubility and aqueous speciation of rock-forming
elements at very high temperatures and pressures is still far from complete, and substantially more
experimental data are needed to resolve some of the disagreements between different studies
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(Audetat and Keppler, 2005; Antignano and Manning, 2008; Dolejs and Manning, 2010; Hayden
and Manning, 2011; Mookherjee et al., 2014).

Because the extended Debye-Hiickel activity model (Helgeson et al., 1981; Oelkers and
Helgeson, 1990; Pokrovskii and Helgeson, 1995; Pokrovskii and Helgeson, 1997b; Pokrovskii and
Helgeson, 1997a) used in our study is only valid up to salt concentrations of about 5 molal,
experiments at higher concentrations (Sharygin et al., 2002) were excluded from the regression. A
restriction of 2 and 3 molal for the calculated effective ionic strength was placed on experiments
below and above 100 °C, respectively. Appelo et al. (2015) showed that the calculated activity
coefficient for NaCl solutions starts to deviate from the measured values above 2 molal NaCl
concentration at 25 °C. Nevertheless, we do compare the calculated mineral solubility data with
their experimental counterparts at higher salt concentrations to evaluate the extrapolation
capability of the thermodynamic model.

3.4.1. Quartz solubility

The solubility of quartz in water and salt solutions has been extensively studied over a wide
range of pressure and temperature using various experimental methods and analytical techniques.
A summary of the experimental datasets selected for the final database is presented in Table 3.2.
These datasets were divided into three categories.

The first category contains experiments for which the authors demonstrated solubility
equilibrium by approaching it both from undersaturated and supersaturated conditions (Morey et
al., 1962; Crear and Anderson, 1971; Walther and Orville, 1983). These experiments involved the
usage of pressure bombs or extraction-quench vessels and sampling of the solution in equilibrium
with quartz at run conditions.

The second category of experiments were those where equilibrium was reached only from
undersaturated conditions, but they employed (depending on the conditions) run times on the order
of several days or even weeks (sufficient time to reach equilibrium). Equilibrated solution in these
experiments was sampled at run conditions (Lier et al., 1960; Rimstidt, 1997) or for experiments
above 100 °C after fast quenching (in less than 1 minute) (Siever, 1962; Hemley et al., 1980).
Because of the slow dissolution rate of quartz, experiments at low temperatures require
equilibration times on the order of many days, sometimes years (Rimstidt, 1997). Rimstidt (1997)
studied the solubility of quartz at ambient conditions by analyzing the solution in equilibrium with
quartz at 21 °C after more than 13 years. The thermodynamic data derived from these experiments
are consistent with the ones obtained from amorphous silica solubility experiments widely
investigated due to the technological importance for the glass manufacturing industry (Rimstidt,
1997). Rimstidt (1997) convincingly argued that the previously determined value for quartz
solubility at ambient conditions (Morey et al., 1962) is incorrect because equilibrium was not
attained.

The third category of experiments considered were those that used weight loss of a single
quartz crystal and employed a very fast quenching procedure (less than 1 minute). This included
the experiments from Manning (1994) and Newton and Manning (2000). Their approach
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minimized the possibility of silica precipitation on the primary quartz crystal or on the capsule
walls. All experimental data from categories 1 through 3 discussed above were included into the
final experimental database.

Several studies determined quartz solubility using the weight loss method (Kennedy, 1950;
Wyart and Sabatier, 1955; Kitahara, 1960; Weill and Fyfe, 1964; Novgorodov, 1975; Novgorodov,
1977) at conditions between 160 and 400 °C, from saturated water vapor pressure up to 2 kbar.
Kennedy (1950) and Weill and Fyfe (1964) demonstrated the attainment of equilibrium by
performing a series of dissolution rate experiments, thereby establishing the time required for
obtaining a stable value for the concentration of dissolved silica. A drawback of their experimental
procedure was the slow quench time used, increasing the risk of silica precipitation. Another
important source of error was the determination of water present in the capsule at different
conditions, which is essential for calculating the correct solubility (Weill and Fyfe, 1964). When
compared with the preferred datasets reviewed above (Table 3.2), these experiments show
systematically lower solubility. This most likely reflects problems related to silica precipitation
during slow quenching, and we have therefore not included these data into the final experimental
database.

A number of studies have measured quartz solubility by weight loss in perforated gold capsules
containing quartz grains (Anderson and Burnham, 1965, 1967; Shmulovich et al., 2001, 2006).
These capsules were enclosed in larger sealed gold capsules during the experiments. The difference
in weight of the inner capsule after the completion of the runs was then taken as the amount of
quartz dissolved in the solution of the outer capsule. Using this method, the fluid in the outer
capsule is partially separated from the quartz in the inner capsule, preventing the precipitation of
silica on the quartz crystal during quench (Anderson and Burnham, 1965). The authors
approximated the time required to attain equilibrium by performing time series dissolution
experiments (Anderson and Burnham, 1965) or by allowing relative large run times for
equilibration (Shmulovich et al., 2001; Shmulovich et al., 2006). When compared with the datasets
that employed a fast quench method or measured the solubility of quartz from both undersaturated
and supersaturated conditions, the measured quartz solubility of these experiments is
systematically lower. Manning (1994) reports on average about 10% higher quartz solubility for
experiments above 600 °C compared to Anderson and Burnham (1965). One possible explanation
for the lower solubility reported by Anderson and Burnham (1965) is the precipitation of quartz in
the outer capsule during quench (Manning 1994). Shmulovich et al. (2001) report that in some of
their experiments quartz could have precipitated on the cold end of the quartz crystal due to a small
temperature gradient present in their capsules. These data were therefore not included into the final
experimental database.

The dataset of Morey et al. (1962) shows considerably lower solubility at temperatures below
130 °C, compared to the trend of the data at higher temperatures. This most likely reflects that
equilibrium was not attained in the lower temperature experiments. Therefore, the experimental
data below 130 °C were not included into the final experimental database.
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Experimental measurements of quartz solubility in NaOH solutions were performed by Crear
and Anderson (1971) and agree with those done in pure HO when considering Si-Na
complexation. The quartz solubility in KOH solutions reported by Cloke (1954) shows a large
scatter of £1 log units, which is possibly due to corrosion of the experimental capsule. When
compared with quartz solubility in pure water, the values reported by Anderson and Burnham
(1967) and Pascal and Anderson (1989) for quartz solubility in KOH solutions are higher by 0.1
log units, indicating the presence of a K-Si complex. The quartz solubility experiments performed
by Ostapenko et al. (1969) in NaOH solutions show better agreement with the selected data for
quartz solubility in pure water. However, Ostapenko et al. (1969) used a slow quench method,
which casts doubt on their results. The data of Ostapenko et al. (1969) were therefore not included
into the final experimental database.

The solubility of quartz in NaCl solutions has been investigated in a number of studies (see
review by Akinfiev and Diamond, 2009). The well-documented experiments of Fournier et al.
(1982) were done using a gold bag hydrothermal apparatus. Equilibrium was reached both from
undersaturated and supersaturated conditions, and the experimental solution was extracted at run
conditions, quenched to below 80 °C and analyzed. This dataset also agrees with the experimental
data for quartz solubility in H2O and NaOH solutions reviewed above, and was therefore included
into the final experimental database. A second dataset accepted for the final experimental database
was that of Newton and Manning (2000), which was performed with the weight loss method but
with a fast quench technique. The quartz solubility experiments in NaCl, KCI, and HCI solutions
of Anderson and Burnham (1967) were not included into the final experimental database, because
of the slow quench method used.

3.4.2. Corundum solubility

Corundum solubility in water and aqueous electrolyte solutions has been extensively studied
and reviewed by Pokrovskii and Helgeson (1995, 1997b). There are several experimental studies
of corundum solubility in pure water at elevated temperatures and pressures. The datasets included
into the final experimental database are summarized in Table 3.2. Most of these experiments used
the weight loss method (Anderson and Burnham, 1967; Burnham et al., 1973; Becker et al., 1983;
Tropper and Manning, 2007). Ragnarsdéttir and Walther (1985) and Walther (1997) used an
extraction-quench technique and measured the equilibrium concentration from both undersaturated
and supersaturated conditions. The difference between these two datasets is around one order of
magnitude. The solubility experiments of Walther (1997) yielded about 1.2-1.5 log units higher Al
concentrations than those of Becker et al. (1983) and Tropper and Manning (2007). The
experiments of Becker et al. (1983) and Tropper and Manning (2007) are in excellent agreement
with each other and were used in several studies to model corundum solubility at high pressures
and temperatures (Dolejs and Manning 2010; Sverjensky et al. 2014). Ragnarsdottir and Walther
(1985) report the presence of 0.3 wt.% of Na2O impurity in their starting material. Although they
discarded their first runs (yielding 2 orders of magnitude higher Al solubility than the subsequent
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ones), even a small amount of Na;O could dramatically influence the pH of the solution, the Al
speciation and thus the total Al solubility.

The low solubility of corundum in water, as well as the very slow equilibration rates, result in
generally rather poor reproducibility of dissolved aluminum concentrations in solubility
experiments. The large scatter and the substantial disagreement between different datasets could
be due to different grain sizes of the starting solid materials used, different sample treatment to
remove contamination, or due to the formation of other stable phases during the experiments such
as aluminum hydroxides which would substantially increase the solubility. The datasets of Walther
(1997) and Ragnarsdottir and Walther (1985) are in gross disagreement with other experiments
and new high pressure experiments (Dolejs and Manning, 2010) and were therefore not included
into the final experimental database.

The solubility of corundum in both KOH and NaOH solutions was studied by Barns et al.
(1963), Anderson and Burnham (1967), and Pascal and Anderson (1989). Azaroual et al. (1996)
studied corundum solubility in KOH solutions, and Yalman et al. (1960) and Yamaguchi et al.
(1962) in NaOH solutions. All studies employed a weight loss method. The experiments of
Yamaguchi et al. (1962) employed a very slow quench technique, making it likely that Al minerals
precipitated during quench and that the measured solubility is lower than the equilibrium solubility.
The corundum solubility data in NaOH solutions at 400 °C and 276 bars obtained by Yalman et
al. (1960) are systematically lower by around 0.1 log units, compared with the other datasets. We
suspect that equilibrium was not reached in their experiments. The solubility measurements of
corundum in KOH solutions at 400 °C and 0.5-2.0 kbar performed by Azaroual et al. (1996) are
somewhat lower (0.1 log units) than those predicted from the thermodynamic model of Pokrovskii
and Helgeson (1997b). The calculated values using the model of Pokrovskii and Helgeson (1997b)
reproduce the experimental data of Pascal and Anderson (1989), Anderson and Burnham (1967),
and Barns et al. (1963) within their uncertainty. Therefore, we have selected only these data for
the final experimental database.

Additional corundum solubility experiments were done by Walther (2001) in NaCl solutions
and Korzhinskiy (1987) in HCI solutions. The resulting solubilities are much higher than in pure
water, up to 2 log units in NaCl solutions (Walther, 2001) and up to 4 log units in HCI solutions
(Korzhinskiy, 1987). To explain these elevated solubilities, the authors considered the possibility
of chloro-aluminum complexes at their experimental conditions. Because the number of
experimental data points was too small for refining the properties of Al-Cl species, we have not
included these datasets into the final experimental database.

3.4.3. Gibbsite, boehmite and diaspore solubility

Several reviews of the solubility of aluminum hydroxide minerals have been published in the
past decades (Apps et al., 1988; Apps and Neill, 1990; Hemingway et al., 1991; Verdes et al.,
1992; Wesolowski, 1992; Pokrovskii and Helgeson, 1995; Pokrovskii and Helgeson, 1997b;
Tagirov and Schott, 2001; Tutolo et al., 2014). Because of the intrinsic experimental difficulties
related to measurement of Al solubility, new high quality studies have been performed quite
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recently (Palmer et al., 2001; Bénézeth et al., 2001). Reflecting the availability of new data, we
have performed a critical analysis of all available experimental datasets that report the solubility
of aluminum hydroxide phases.

3.4.3.1.  Gibbsite solubility

We selected a number of datasets that report the solubility of gibbsite in NaOH solutions for
our final experimental database (Table 3.3). Gibbsite solubility was determined from both
undersaturated and supersaturated sides by Ikkatai and Okada (1962) in NaOH solutions and by
Wesolowski (1992) in NaOH, NaCl, KOH, and KCI solutions. Russell et al. (1955) collected a
large consistent dataset allowing for very long run times (up to 11 days at 40 °C). Only the
experiments above 120 °C were excluded because they reported decomposition of gibbsite to
boehmite at these conditions. The experimental datasets of Tsirlina (1936) and Lyapunov et al.
(1964) show rather close agreement with the results from the experimental studies discussed above.
The dataset of Tsirlina (1936) was included while the one of Lyapunov et al. (1964) was excluded
because of the high concentration of NaOH used in their study that exceeded the ion strength limit
of 3 molal (where the activity model employed is considered appropriate). The gibbsite solubility
data reported by Palmer and Wesolowski (1992) are in good agreement with the other selected
datasets and thus were included into the final experimental database.

By contrast to the studies reviewed in the section above, the experimental results of Fricke and
Jucaitis (1930) and Sato (1954) show systematically higher solubilities and were not included into
the final experimental database (Fig. 3.2). The data of Berecz and Szita (1970) are in close
agreement with other studies at lower temperatures, but show systematically higher solubilities at
50-60 °C, and therefore the dataset was not included. The experiments of Apps (1970) in dilute
NaOH solutions show a large scatter and were discarded because of a suspected contamination of
the run materials with bayerite (Apps et al., 1988). The experimental study of Hitch et al. (1980),
although done from both undersaturated and supersaturated conditions, reports gibbsite solubilities
that are higher by as much as 0.12 log units (Wesolowski, 1992). The systematically higher
solubility could be due to the small grain size (<38 um) used in their experiments, which can
enhance the solubility due to surface energy effects (Wesolowski, 1992). Their dataset was
therefore not included into the final database.
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Figure 3.2. Comparison between calculated and experimental gibbsite solubility (Al concentration) data in
NaOH solutions. Full symbols represent experimental datapoints which were used in the global data
regression, while open symbols represent experimental datapoints which were not used. The grey dashed
and dash-dotted lines show the relative contributions of the AI(OH)s and NaAI(OH).° species to total
solubility.

3.4.3.2.  Boehmite solubility

Boehmite solubility experiments in H20-NaOH solutions were all performed from
undersaturated conditions (Table 3.3). The datasets of Russell et al. (1955), Druzhinina (1955),
Bernshtein and Matsenok (1961), Kuyunko et al. (1983), Diakonov et al. (1996), and Salvi et al.
(1998) are all in good agreement with each other and show consistent trends with temperature and
NaOH concentration. Therefore, they were included into the final experimental database. The data
collected by Magarshak (1938) at 200 °C are in excellent agreement with those of Kuyunko et al.
(1983) at the same temperature, but the experiments at 150 °C show a systematically higher
solubility; thus the dataset was not selected. The experiments of Apps (1970) were also not selected
due to large scatter and disagreement with the datasets discussed above. Castet et al. (1993) and
Verdes et al. (1992) performed boehmite solubility experiments in mixed NaOH and NacCl
solutions from both undersaturated and supersaturated conditions. Solubility experiments in acidic
solutions were performed by Castet et al. (1993), Palmer et al. (2001) and Bénézeth et al. (2001).

Both Palmer et al. (2001) and Bénézeth et al. (2001) collected an extensive dataset of boehmite
solubility over a wide range in pH conditions (2-10) between 100 and 290 °C at SWVP, and at
0.03, 0.1, 0.3, 1, and 5 molal NaCl concentration, from both undersaturated and supersaturated
solutions. The measurements were performed in a hydrogen-electrode concentration cell,
providing continuous in situ recording of hydrogen ion molality. The concentration of aluminum
was measured from samples extracted at run conditions using ion chromatography and
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spectrophotometry (Palmer et al., 2001). The boehmite solubility experiments measured by
Bénézeth et al. (2001) at 0.03 molal NaCl concentration were all included into the final
experimental database, with the exception of the data at 290 °C. We noted that when calculating
the equilibrium aluminum concentration using thermodynamic properties of boehmite from
Hemingway et al. (1991), the data from Bénézeth et al. (2001) above 250 °C are not in agreement
with the trend obtained from the experimental results of Bénézeth et al. (2001) at lower
temperatures. The experimental data above 250 °C were therefore not included into the final
database. Palmer et al. (2001) measured the solubility of boehmite as function of increasing NaCl
concentration, from 0.1 to 5 molal NaCl. Their calibration for determining the hydrogen ion
concentration does not take into account the formation of the neutral species HCI® (Palmer et al.,
2001). When the neutral ion pair HCI®is included in calculation of the equilibrium solubility and
speciation, its proportion increases with increasing temperature and CI concentration. The fraction
of HCI? in 1 molal NaCl solutions is around 10% of the total dissolved hydrogen at 154 °C and
around 30% at 203 °C. When calculating the total Al concentration for the complete datasets of
Bénézeth et al. (2001) and Palmer et al. (2001), it was not possible to reproduce all data in the
acidic to neutral pH range with one set of thermodynamic properties for the Al hydroxide species.
This likely reflects differences in the calculation of hydrogen ion concentration between the
experimental studies and our modeling, related to the effect of the HCI® ion pair formation. Our
calculations predict different H* concentrations in the acidic region above 0.03 molal NaCl,
compared to the values reported by Palmer et al. (2001). This problem was not observed for the
data at alkaline pH, and we have therefore only included the experimental data above a pH value
of 6 from the study of Palmer et al. (2001) into the final experimental database. From the data
reported by Bénézeth et al. (2001) we included all experimental points with the exception of the
experimental data above 250 °C.

3.4.3.3.  Diaspore solubility

Solubility experiments of diaspore in dilute and concentrated NaOH and NaOH-NaCl solutions
were performed from undersaturated conditions (Druzhinina, 1955; Bernshtein and Matsenok,
1965; Wefers, 1967; Chang et al., 1979; Apps et al., 1988; Verdes et al., 1992). The data above
150 °C are in fair agreement with each other with the exception of the dataset of Chang et al. (1979)
which shows systematically lower Al concentrations (Pokrovskii and Helgeson, 1995). The
experiments below 150 °C show a very large scatter, likely related to the low equilibration rate of
the dissolution reaction and too short run times. The data of Chang et al. (1979) were therefore not
considered. Table 3.3 summarizes the experimental datasets included into the final experimental
database.

3.4.4. Solubility of feldspars, aluminosilicates, and silicate assemblages

Experimental solubility studies of aluminosilicates, feldspars and micas (and assemblages of
several phases) are of particular importance, because they provide simultaneous constraints on the
thermodynamic properties of several agueous species. The experimental datasets that were
included into the final database are summarized in Table 3.4.
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3.4.4.1. Feldspar solubility

The solubility of feldspars has been investigated in a number of studies. Because of the
incongruent dissolution of feldspars and difficulties in attaining equilibrium, these experiments are
very challenging (Antignano and Manning, 2003; Azimov and Bushmin, 2007). Incongruent
dissolution of feldspars can produce a number of different solid hydrolysis products that may
include micas, aluminosilicates, corundum, leucite, and nepheline. Solubility experiments of albite
and microcline were performed by Currie (1968) and Adcock (1985) using a dynamic flow through
method. They reported that nepheline formed by incongruent dissolution of albite, which however
is not in agreement with the measured ratios of dissolved element concentrations (Azimov and
Bushmin, 2007). In the microcline solubility experiments, the reported Na concentrations are very
close to those of K, probably due to the presence of Na in the natural microcline samples (up to
2.7 wt.% Na20). Even a very small albite component in microcline can have a large influence on
the total solubility in this system, and the measured Na and K concentrations will reflect
equilibrium with an albite-microcline solid-solution. To avoid such complications, we have only
considered feldspar solubility studies where it was demonstrated that pure phases have been used.

Davis (1972) studied the solubility of albite in H2O using a static tube-in-tube technique.
Reflecting the incongruent dissolution behavior of albite, a residue of pragonite was found in
experiments that were inside the paragonite stability field. These experiments show consistent
pressure and temperature trends, and were done using both natural and synthetic albite samples.
Where the experimental conditions of Davis (1972) overlap with the ones from Currie (1968), the
latter show systematically lower solubility (Anderson and Burnham, 1983). The lower measured
solubility in the experiments of Currie (1968) and Adcock (1985) could have been caused by
reprecipitation, due to high flow rate in their experiments, or due to the formation of other
secondary phases (nepheline) (Adcock, 1985). Therefore, we have only included the albite
solubility experiments of Davis (1972) into our final database.

3.4.4.2.  Aluminosilicate solubility

The solubility experiments involving aluminosilicates such as kyanite, andalusite and
sillimanite (Brown and Fyfe, 1971; Ostapenko and Arapova, 1971; Ostapenko et al., 1978) are
affected by incongruent dissolution behavior in a similar way as the feldspar experiments. This
results in preferential transfer of silica into solution and precipitation of secondary corundum
(Azimov and Bushmin, 2007). In all aluminosilicate solubility studies only the concentration of
silica was determined, but not the concentration of aluminum. There is also a considerable scatter
between different datasets, likely due to difficulties in reaching equilibrium (Azimov and Bushmin,
2007). Reflecting these issues, we have not included the aluminosilicate solubility experiments
into the final database.

3.4.4.3. Solubility of silicate mineral assemblages

Solubility experiments in the system SiO2-Al>03-H.O with two-mineral assemblages were
conducted by Hemley et al. (1980). They used well-characterized pure natural minerals and a cold-
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seal bomb quench method (30 seconds quench time to room temperature, followed by extraction
and analysis of the solution). Their experiments were included into the final database.

When using three-mineral assemblages that buffer the composition of the solution, the
uncertainties concerning the phase assemblages are eliminated and the solution is more likely to
be in equilibrium with the solid phases (Azimov and Bushmin, 2007). Experiments containing
potassium feldspar, muscovite and quartz were done by Walther and Woodland (1993), but the
analyzed Na concentration in solution was similar to that of K or even higher, suggesting
contamination by Na from the natural microcline sample used. Solubilities in the system KO-
Al>;03-Si02-H>0 were also studied by Anderson et al. (1987). They used natural mineral samples
where the microcline had 97% orthoclase component and the corundum contained up to 1.2 wt.%
Fe. Because of the presence of impurities, these datasets were not included into the final database.

Woodland and Walther (1987) determined the solubility of albite, paragonite and quartz in
supercritical H20. The authors used relatively pure natural mineral samples and sampled the
equilibrium solution at run conditions with an extraction-quench technique. Their experimental
design should have provided for a reversal of solubility equilibrium based on the changes in
element concentrations when going from one temperature-pressure state point to the next one
(decrease in T would result in approach to equilibrium from supersaturation and increase from
undersaturation). Although we could not identify any obvious issues in their experimental setup,
the measured Si, Al, and Na concentrations show a substantial overlap between isotherms at
pressures above 1-1.5 kbar. Furthermore, the trends with temperature and pressure displayed by
the data are not in agreement with trends expected from thermodynamic relations. Therefore, we
have not included these data into the final experimental database.

It is well known that the solubility and transport of many elements in crustal fluids is controlled
by the chlorinity (Roedder, 1984; Yardley, 1997,). The solubility of silicate mineral assemblages
in aqueous chloride solutions has therefore been determined by several experimental studies.
Haselton et al. (1995) studied the stability of muscovite, andalusite, sanidine and quartz in 1 molal
KClI solutions. Similar phase equilibria were studied by Haselton et al. (1988) but in topaz-bearing
assemblages. Experiments investigating feldspar-mica-quartz equilibria in NaCl and KCI solutions
were reported by Hemley (1959), Montoya and Hemley (1975), and Sverjensky et al. (1991). These
studies used both synthetic and natural minerals. The experiments reported by Sverjensky et al.
(1991) were done using extraction of the equilibrium solution at run conditions. This dataset is in
good agreement with that of Montoya and Hemley (1975), who used a standard cold-seal vessel
technique and sampled the solution after quench. The studies discussed above obtained reversed
phase equilibrium by starting from Na- or K-rich solutions with lower HCI content than the
equilibrium value, or from HCI concentrations higher than the equilibrium value. Except for the
topaz-bearing assemblages (Haselton et al., 1988), these experimental data were all included into
the final database.

Other experiments in similar systems were not included into the final dataset, but are shown in
plots that compare solubilities and phase equilibria calculated with the final thermodynamic dataset
with their experimental counterparts. These are the studies of Popp and Frantz (1980) and

PhD Thesis



TDB: Na-K-Al-Si-O-H-Cl

Shinohara and Fujimoto (1994) in the system Na20-Al203-SiO2-H.0O-HCI. Popp and Frantz (1980)
used the Ag-AgCl buffer technique to control the activity of HCI, making the reproduction of the
initial system composition technically impossible when using GEMS3. Shinohara and Fujimoto
(1994) studied the composition of the vapor and liquid phases for NaCl concentrations from 0.05
to 1.0 molal at 600 °C and pressures 0.5 and 2 kbar. They determined HCI concentrations several
times higher than those obtained by Popp and Frantz (1980) for very similar pressure-temperature
conditions. A likely explanation could be the slow quench method used in their study, despite the
fact that their results for different quench times were rather consistent. Other experimental data in
the system K>0-Al>03-SiO2-H20-HCI that were not included into the final database were those by
Gunter and Eugster (1981), Wintsch et al. (1980), and Shade (1974). Gunter and Eugster (1981)
used the Ag-AgCl buffer technique to control the activity of HCI. Wintsch et al. (1980) performed
the experiments in very dilute KCI solutions (0.02 molal), which introduced a large error when
using the assumption that the ratio of K/H of the quench solution is the same as at the experimental
pressure-temperature conditions. This is very different in experimental studies at 1 molal KCI
concentrations (Haselton et al., 1995), because at low chlorinity the amount of total hydrogen at
experimental conditions is sufficiently small to be affected by changes in the solution speciation
during quench (Haselton et al., 1995). Shade (1974) used natural impure natural muscovite (with
paragonite content of 10%) and potassium feldspar (with 10 % albite content) samples as starting
materials.

High quality reversed solubility experiments at 600 and 650 °C and 2 kbar involving synthetic
metapelite (assemblage potassium feldspar, albite, andalusite, and quartz) in moderately saline
solutions were recently reported by Hauzenberger et al. (2001) and Pak et al. (2003). They used a
rapid quench technique, accurate analytical methods and documented the experimental conditions
very well. The four-mineral assemblage used was able to buffer all components in the system, and
the concentrations of dissolved Na, K, Al and Si in the fluid were analyzed. We have specifically
included their precise measurements of K/Na ratios in solution into the final experimental database.

3.5.  Parameter optimization methods

The standard state Gibbs energies of aqueous species were regressed with the GEMSFITS code
(Miron et al., 2015); http://gems.web.psi.ch/GEMSFITS, which uses the GEMS3K Gibbs energy
minimization code (Kulik et al., 2013) and the TsolMod library of activity and equation of state
models (Wagner et al., 2012). The chemical system definitions (lists of phases and species; initial
thermodynamic properties of each species; bulk composition, pressure and temperature for each
experimental data point) were prepared using the GEM-Selektor v.3 code (GEMS3) package
(http://gems.web.psi.ch/GEMS3) and then exported into text files that can be read by GEMS3K
and GEMSFITS codes (Miron et al., 2015). The starting composition of each experimental data
point was specified in terms of the amounts of oxides, water and salts. If reported, the fluid/solid
mass ratio in the experiment was specified as in the experimental studies; otherwise a fluid/mineral
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ratio of 0.1 was selected to make sure that the calculated equilibria would always remain mineral-
buffered.

A weighted least-squares minimization method was used for the global fitting of the standard

state molal Gibbs energies A G, Of several aqueous species. The standard state volume (Vg

), entropy ( 8398‘1), heat capacity (Cpg%vl), and HKF parameters (as, az, as, as, C1, C2, mo) Were fixed

to the values collected from several sources (Tables 3.1 and 3.5) or obtained from regression of
equilibrium constants in this study. This mainly concerned the Al species Al(OH)s° and the neutral
ion pairs NaCl°®, KCI°, NaOH?, KOH? and HCIC.

The weighting scheme was not directly retrieved from the experimental errors or the quality of
the datasets. However, relative weights were used in order to obtain an accurate refinement of
parameters and make the fit sufficiently sensitive to those experiments, which have only small
contributions to the total sum of squared residuals. The relative and/or absolute change in the total
sum of squared residuals from one fitting iteration to the next one can be small enough for the
minimization algorithm to converge before accurately refining the properties of some minor but
important species. For example, the number of experiments that constrain the properties of the
KAIOZ species is small compared to the total number of experiments processed in the global fit
and hence the contribution of this species to the total sum of squared residuals is small.
Consequently, the algorithm would converge before accurately refining the KAIO2® properties to
the desired precision. A solution to this problem was to increase the weight of those experiments
that constrain the properties of the KAIO2® species.

As stated in the thermodynamic framework section, the properties of the minerals are accepted
from the Holland and Powell (1998) database as revised in the Thermocalc dataset ds55 (referred
to as HP02). The standard state thermodynamic properties of boehmite and gibbsite are not part of
this dataset, and were taken from Hemingway et al. (1991) and Robie and Hemingway (1995),
respectively. Different thermodynamic data have been used for boehmite by Verdes et al. (1992),
Castet et al. (1993), and Bénézeth et al. (2001), when retrieving the thermodynamic properties of
aluminum species. These studies used values for the standards state entropy and heat capacity of
48.4 J/(mol-K) and 65.6 J(mol-K) (Shomate and Cook 1946; Takahashi et al. 1973) compared with
37.2 J/(mol-K) and 54.2 J/(mol-K) (Hemingway et al. 1991) selected for the present study. Verdes
et al. (1992) attributed these differences to the possible presence of a small amount of excess water
in the boehmite samples used by Shomate and Cook (1946) and Takahashi et al. (1973), while this
contamination was not present in the samples studied calorimetrically by Hemingway et al. (1978).
As highlighted by Tagirov and Schott (2001), there is no experimental evidence that gibbsite is
converted to boehmite below 80 °C, but the existing thermodynamic data predict that boehmite is
more stable than gibbsite below this temperature. One explanation for this could be that kinetic
factors have affected the relative stability of gibbsite and boehmite in the experiments. The
Ostwald step rule would predict that the formation of the mineral with the fastest crystallization
rate (gibbsite) is favored, while the conversion to the thermodynamically stable phase (boehmite)
can be extremely slow (Morse and Casey, 1988).
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A substantial proportion of the experiments constraining aluminum solubility are those
involving gibbsite and boehmite. They are not included into the HPO2 mineral dataset, but offer
essential information on the stability of aluminum speciation over the entire pH range. The
solubility experiments on diaspore, corundum or other minerals present in the HP02 database are
not sufficient to independently constrain the properties of all relevant aluminum species present
under acidic to alkaline conditions. Therefore, we have adopted the following data refinement
strategy for the Al species. In a first step, all hydrolysis constants of AI** were refined using the
selected solubility experiments of gibbsite and boehmite (Table 3.3). The new hydrolysis constants
were then subsequently used to independently refine the properties of AI** from experiments that
involve the solubility of Al minerals in the HP02 dataset (diaspore, corundum). When refining the

Afog&l of AI¥*, we have included all Al hydroxide complexes in the speciation model and
adjusted their A, G;’g&l based on the hydrolysis constants (and their temperature dependence) that
were fixed to the values obtained from the gibbsite and boehmite solubility data. While the absolute
values of A G;g&l of all aluminum species are dependent on the mineral properties, the aluminum

hydrolysis constants are independent of the chosen mineral properties. This can be shown by the
following set of chemical reactions for the species AI(OH).", where the mineral properties
obviously cancel out:

AlOOH(cryst_) +3 HJr = A|3+ +2 HzO (35)
AIOOH@ryst) + 2 H* = AI(OH)2" + H20 (3.6)
AI(OH)z* + H* = AR* + 2 H0 (3.7)

Optimization runs were first performed separately for the gibbsite and boehmite experiments,
and subsequently for the remaining Al minerals present in the HPO2 database. Finally, the data
were refined in a global optimization run using all experimental data. This permitted to evaluate
the level of consistency between the properties of gibbsite and boehmite and the aluminum
minerals present in the HP02 database.

The A,Ggs, values of several aqueous complexes were constrained using association

constants derived from conductance and potentiometric experiments. The A, G;’g&l of these species

were refined in the same way as discussed for the Al hydroxy species above. The independently
regressed association constants were then used as reaction constraints. In this way, any change in

Anggsyl from fitting solubility data is propagated to the related complexes using the ArGé’g&1 of

the reaction (e.g., for the reaction Na* + CI- = NaCl°). At each optimization step, new Angggyl

values of the reaction constrained complexes are recalculated using the updated properties of the
reactant species. The newly derived association constants from conductance measurements were
used to constrain the properties of the neutral ion pairs (NaCI®, KCI°, NaOH?, KOH?). Reaction
constraints were also used for species which are not sensitive to the selected experiments (i.e., they
do not form in significant amounts). Important examples are the complexes NaHSiOs° and
AlH3Si04%, which are linked to simple species by the following reactions:

Na* + H.0 + SiOz° = NaHSiOz° + H* (3.8)
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AP* + 2 Hy0 + Si02°% = AlH3Si042* + HY (3.9)

The association constants of these complexes were originally derived from quartz solubility
experiments in borate solutions for the NaHSiO3° (Seward, 1974) and from the silica injection
experiments of Salvi et al. (1998) and potentiometric measurements of Pokrovskii et al. (1996) for
AlH3Si04?*. An additional reaction constraint was imposed on the AIOH?* species, because its
properties are highly correlated with those of AI**, making it difficult to independently refine the

A G, of both species from solubility data alone. We accepted the association constants for

AIOH?* from the direct hydrolysis measurements of Palmer and Wesolowski (1993) (Figure 3.3).
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Figure 3.3. Comparison between calculated and reported literature values for the logK of the first hydrolysis
reaction of AI®*.
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The stability of the HSiO3™ aqueous species was linked to SiO-° trough the reaction logK values
determined from the potentiometric measurements (Figure 3.4) performed by Busey and Mesmer
(1977):

SiO% + H20 = HSiOz + H* (3.10)

In contrast, Sverjensky et al. (1997) selected to refine the standard state properties and
parameters of HSiOs™ using the logK data of Seward (1974) derived from quartz solubility in borate
solutions. These results were criticized by Busey and Mesmer (1977) for being strongly dependent
on the selected properties for aqueous borate speciation equilibria and the method of extrapolation
to infinite dilution.

To reproduce those experiments where the actual bulk composition is not directly reported, the
nested regression functionality of GEMSFITS was used. This makes it possible to iteratively adjust
the input composition (e.g., amounts of HCI and NaOH) in such a way that reported output
compositions (e.g., pH or amount of H*) are reproduced. The iterative adjustment of the bulk
composition was done before each iteration of the global fitting algorithm. In this way the
temperature, pressure and also the pH conditions of the simulated experiments matched the
reported values.

The uncertainties of the final regressed A G, values were evaluated using Monte Carlo

simulation of synthetic datasets generated from randomly sampled residuals added to the measured
values for each dataset (Miron et al., 2015). The uncertainties of the reaction-constrained species
were propagated from the independently fitted species and the average reported error on the
reaction logK values. The uncertainties in the calculated standard state Gibbs energies at elevated
temperatures and pressures are also affected by the uncertainties in the HKF parameters. If all
errors of the HKF parameters would be added up, this would result in a maximum additional error

of the AG? , between 2.4 kJ/mol at 500 °C and 2 kbar and 6.0 kJ/mol at 1000 °C and 5 kbar (Shock
and Helgeson, 1988). More likely, these additional uncertainties should be typically below 2

kJ/mol (around 0.1 units in logK). This conclusion is supported by the generally good agreement
between calculated and measured mineral solubilities, as will be discussed in the following section.
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Table 3.2. Summary of the quartz and corundum solubility experiments selected for the global optimization.

Reference System Number of data ~ @Direction of ~ Temperature bPressure Dataset total
points used equilibrium range range error
(total number) (deg. C) (kbar) (Eg. 3.11)

Morey et al. (1962) Quartz-H,0 20 (41) U+S 45-300 SWVP-10 0.009
Crear and Anderson (1971) Quartz-H,O-NaOH 18 (38) U+S 179 - 329 SWVP 0.028
Fournier et al. (1982) Quartz-H,0-NaCl 30 (35) U+S 350 02-05 0.012
Walther and Orville (1983) Quartz-H,0 13 (20) U+S 350 — 550 1-2 0.018
Lier et al. (1960) Quartz-H,0 5 (5) U 65— 100 SWVP 0.014
Siever (1962) Quartz-H,0 4 (16) U 125 -182 SWVP 0.015
Adcock (1985) Quartz-H,0 1(2) U 400 1.0 0.035
Manning (1994) Quartz-H,0 4 (52) U 500 — 900 5-20 0.097
Rimstidt (1997) Quartz-H,0 5 (10) U 21-96 SWVP 0.029
Newton and Manning (2000) Quartz-H,0 4 (10) U 500 — 900 2-15 0.078
Becker et al. (1983) Corundum-H,0 10 U 670 2-20 0.053
Tropper and Manning (2007) Corundum-H20 U 700 — 1100 5-20 0.041
Anderson and Burnham (1967) Corundum-H,0-KOH U 600 — 900 2-6 0.081
Pascal and Anderson (1989) Corundum-H,O-NaOH-KOH 21 U 600 — 700 2-26 0.023
Barns et al. (1963) Corundum-H,0-NaOH-KOH 5 U 430 — 600 1.45 0.156

@ U: equilibrium approached from undersaturation; S: equilibrium approached from supersaturation.
@ SWVP: Saturated water vapor pressure.
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Table 3.3. Summary of gibbsite, boehmite and diaspore solubility experiments selected for the global optimization.

Reference System Number of data ~ ®Direction of =~ Temperature @Pressure Dataset total
points used equilibrium range range error
(total number) (deg. C) (kbar) (Eq. 3.11)

Ikkatai and Okada (1962) Gibbsite-H,0-NaOH 14 U+S 40-130 SWVP 0.133
Wesolowski et al. (1992) Gibbsite-H,0-NaOH-NaCl 28 U+S 25-80 0.001 0.021
Russell et al. (1955) Gibbsite-H,0-NaOH 34 U 40-120 SWVP 0.040
Tsirlina (1936) Gibbsite-H,O-NaOH 6 U 95 0.001 0.042
Palmer and Wesolowski (1992) Gibbsite-H,O-NaCl-HCI 51 U 30-70 0.001 0.051
Bénézeth et al. (2001) Boehmite-H,O-NaOH-NaCl-HCI 392 U+S 100 - 290 SWVP 0.040
Palmer et al. (2001) Boehmite-H,0-NaOH-NaCl-HCl 108 U+S 100 — 290 SWVP 0.061
Castet et al. (1993) Boehmite-H,O-NaOH-NaCI-HCI 57 U+S 90 - 350 SWVP 0.053
Verdes et al. (1992) Boehmite-H,O-NaOH-NaCl 18 U 135 - 300 SWVP 0.031
Diakonov et al. (1996) Boehmite-H,O-NaOH-NaCl 16 U 125 - 350 SWVP 0.007
Salvi et al. (1998) Boehmite-H,O-NaOH U 300 SWVP 0.017
Kuyunko et al. (1983) Boehmite-H,O-NaOH U 200 - 250 SWVP 0.031
Bernshtein and Matsenok (1961) Boehmite-H,O0-NaOH U 250 — 300 SWVP 0.037
Russell et al. (1955) Boehmite-H,O-NaOH 33 U 80-170 SWVP 0.180
Druzhinina (1955) Boehmite-H,O-NaOH 4 U 200 SWVP 0.084
Verdes et al. (1992) Diaspore-H,0-NaOH-NaCl 26 U 135 -300 SWVP 0.040
Wefers (1967) Diaspore-H,0-NaOH 19 U 250 - 330 SWVP 0.168
Bernshtein and Matsenok (1965) Diaspore-H,O-NaOH U 250 — 300 SWVP 0.042
Druzhinina (1955) Diaspore-H,O-NaOH U 200 - 220 SWVP 0.099

@ U: equilibrium approached from undersaturation; S: equilibrium approached from supersaturation.
@) SWVP: Saturated water vapor pressure.
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Table 3.4. Summary ofaluminosilicate and Na-K-Al-Si mineral assemblage solubility experiments selected for the global optimization.

Reference System Number of data ~ ®Direction of ~ Temperature Pressure Dataset property
points used equilibrium range range error
(total number) (deg. C) (kbar) (Eg. 3.11)
Davis (1972) Albite-paragonite-H,0O 12 U 500 — 700 2-5 Si: 0.047
Al: 0.027
Na: 0.021
Hemley et al. (1980) Pyrophyllite-kaolinite-andalusite- 24 U 200 - 500 1-2 Si: 0.045
corundum-disapore-boehmite-H,O
Hemley (1959) Muscovite-K-feldspar-Quartz-H,0- 4 U 400 - 500 1 Log(K/H): 0.104
KCI
Sverjensky et al. (1991) K-feldspar-muscovite-kaolinite- 21 U+S 300 - 600 05-2  Log(K/H):0.101
pyrohyllite-andalusite-quartz-H,O-
KCI
Haselton et al. (1995) K-feldspar-muscovite-abdalusite- 4 U+S 400 - 500 1 Log(K/H): 0.099
quartz-H,O-KClI
Montoya and Hemley (1975) Albite-paragonite-andalusite- 3 U 300 - 500 1 Log(Na/H): 0.025
quartz-H,O
Hauzenberger et al. (2001) K-feldspar-albite-andalusite-quartz- 33 U+S 600 2 Na: 0.073
H>0-KCI-NaCl K: 0.057
K/Na: 0.147
Pak et al. (2003) K-feldspar-albite-andalusite-quartz- 22 U+S 650 2 Na: 0.072
H,0-KCI-NaCl K: 0.052
K/Na: 0.096

@ U: equilibrium approached from undersaturation; S: equilibrium approached from supersaturation.
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3.6. Results

The final regressed A Gggg,lvalues of aqueous species generated by global optimization of all

mineral solubility data selected for the final database (Tables 3.2, 3.3 and 3.4) are summarized in
Table 3.6. This table also lists thermodynamic properties of species that were fixed during fitting,
and those which were constrained from association reaction constants. The correlation coefficients
between the freely optimized aqueous species are given in Table 3.7. The Electronic
Supplementary Material lists values for the aluminum aqueous species obtained from fitting them
only against gibbsite and boehmite solubility experiments (Table 3.EA2). The resulting properties
(logK values) were then used as reaction constraints for the aluminum hydroxy species while the
Gibbs energy of the AI** ion was fitted against the experimental corundum and diaspore solubility

data (Table 3.EA3). The AICGSQSYl obtained for AI(OH)4 from independently fitting gibbsite and

boehmite solubility was -1305.3 = 0.3 kJ/mol, while fitting it using corundum and diaspore
solubility along with the reaction constraints yielded -1305.2 + 0.6 kJ/mol. The final value of -
1305.1 = 0.23 kJ/mol (Table 3.6) was obtained from the global optimization of all solubility
experiments (including gibbsite, boehmite, corundum and diaspore solubility data) and is identical
within errors with all other fitting results.

Selected experimental datasets that were used in the regression of Gibbs energies are plotted
together with datasets that were not used, and are compared to calculations with the final aqueous
species dataset in Figures 3.1 through 3.20. Filled symbols do always represent experimental data
points used during fitting, while open symbols represent experimental data points which were not
used. Solid curves represent calculated values using the final agueous species dataset (Table 3.6),
while dashed or dotted curves represent the values calculated with thermodynamic properties of
aqueous species from SUPCRT92 (Shock and Helgeson, 1988; Shock et al., 1989; Johnson et al.,
1992; Shock et al., 1997; Sverjensky et al., 1997) or other sources. Most importantly, the final
aqueous species dataset is able to accurately reproduce the input experimental data largely within
their uncertainty and without any systematic deviation. The overall quality of the fit for each
individual experimental dataset is reported in Tables 3.2, 3.3 and 3.4 and defined by the
normalized-root-mean-square-error (NRMSE):

N

PANOERE0)S

NRMSE = |—— (3.11)
PRI0%
where y(i) represents the measured (experimental) value of a property (e.g. Si solubiliy), f(i) is the
calculated value of this property, and N the number of experiments in this dataset. This evaluation

of the quality of the fit was performed after the GEMSFITS optimization and does not represent
the minimized objective function.
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The thermodynamic database presented in this study and future updates will be provided at the
following web-address: http://gems.web.psi.ch/. The files are compatible with the GEM-Selektor
geochemical modeling software (Kulik et al. 2013) and enable calculation of aqueous-mineral
equilibria in the system Na-K-Al-Si-O-H-CI at temperatures up to 1000 °C, pressures up to 5 kbar
and salt concentrations up to 5 molal.

3.6.1. System Si-O-H-CI

Figure 3.5 displays the quartz solubilities in pure H20 over a wide range in temperature and
from saturated water vapor pressure to 5 kbar. The calculated solubilities are in excellent
agreement with the experimental data that were used in the data regression, but also in good
agreement with experimental data that were not used. Figure 3.5B shows that the experimental
data points from Xie and Walther (1993) are inconsistent with all other experimental datasets at
the same conditions and that they have a different temperature trend. Other experimental datasets
for quartz solubility show only minor differences between calculated and measured values.
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Figure 3.5. Comparison between calculated and experimentally measured quartz solubility (Si
concentration) over a wide range in temperature and at several pressures up to 5 kbar. Full symbols represent
experimental datapoints which were used in the global data regression, while open symbols represent
experimental datapoints which were not used. (A) Data at SWVP. (B) Data at isobars of 1, 2 and 5 kbar.

3.6.2. System Al-O-H-CI

In this section, we present results of the global optimization of all Al solubility data (including
boehmite, gibbsite, corundum and diaspore solubility). The majority of experimental gibbsite and
boehmite solubility data in acid, neutral and alkaline solutions and at different salt concentrations
and temperatures are in good mutual agreement and are also in agreement with the diaspore
solubility data. Calculated dissolved aluminum concentrations agree well with those determined
from gibbsite solubility experiments at temperatures between 25 and 120 °C (Fig. 3.2). Very good
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agreement is also observed with the experimental boehmite solubility in alkaline conditions (Fig.
3.6), especially with the large dataset of Bénézeth et al. (2001) that covers a wide range in
temperature and solution pH (Fig. 3.7). Good agreement between calculations and experiments is
also observed for the diaspore solubility in moderately concentrated alkaline solutions (Fig. 3.8A)
and in very dilute solutions (Fig. 3.8B).
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Figure 3.6. Comparison between calculated an experimentally determined boehmite solubility (Al
concentration) as function of NaOH concentration. The data cover temperatures up to 250 °C at SWVP.
Full symbols represent experimental datapoints which were used in the global data regression, while open
symbols represent experimental datapoints which were not used.

The calculated aluminum concentrations using the new thermodynamic dataset (Table 3.6) are
in very good agreement with the experimental data for corundum solubility in alkaline solutions at
high temperatures and pressures (Fig. 3.9). The main impact on the calculated results comes from
the greatly improved properties of the associated species KOH® and NaOH? taking advantage of
the new high-quality conductance data. The calculated corundum solubilities are now in very good
agreement with their experimental counterparts (Fig. 3.10). As expected, there is a considerable
disagreement with some of the experimental corundum solubility data in H.O (see discussion of
experimental data above). Very good agreement between calculated and experimental corundum
solubility is observed for the high-quality datasets of Becker et al. (1983) and Tropper and Manning
(2007) when using the properties of AI(OH)3° derived in this study.
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Figure 3.7. Comparison between calculated and experimentally measured boehmite solubility (Al
concentration) as function of solution pH. The experimental data were obtained in 0.03 molal NaCl

solutions (Bénézeth et al., 2001).
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Figure 3.8. Comparison between calculated and experimentally determined diaspore solubility (Al
concentration) as function of (A) NaOH concentration at 300 °C, and (B) as function of temperature. Full
symbols represent experimental datapoints which were used in the global data regression, while open
symbols represent experimental datapoints which were not used.
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Figure 3.9. Comparison between calculated and experimentally determined corundum solubility (Al
concentration) as function of (A) NaOH concentration (at 700°C and 2.5 kbar), and (B) KOH concentration
(at 600°C and 2.0 kbar). The grey dashed and dash-dotted lines show the relative contributions of the
AI(OH), species and alkali-aluminum ion pairs NaAI(OH).® and KAIO-? to total solubility.
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Figure 3.10. Comparison between calculated and measured corundum solubility (Al concentration) in
supercritical water as function of temperature and at different pressures (2.0, 2.5, 3.0, 4.0 and 5.0 kbar).
Full symbols represent experimental datapoints which were used in the global data regression, while open
symbols represent experimental datapoints which were not used.
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3.6.3. System Al-Si-O-H-ClI

There is a fairly good agreement between calculated and experimentally determined solubility
data of aluminosilicate mineral pairs (Hemley et al. 1980). The phase equilibria pyrophyllite-
kaolinite, pyrophyllite-andalusite and kaolinite-diaspore are mostly reproduced within their
experimental uncertainty (Fig. 3.11). Only the calculated phase equilibria andalusite-corundum
and andalusite-diaspore are slightly offset by a maximum value of 0.2 log units of the dissolved
silica molality (Fig. 3.11).
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Figure 3.11. Comparison between calculated and experimentally determined phase equilibria and Si
concentrations in the Si-Al-H-O system (Hemley et al., 1980) as function of temperature (and at 1 kbar
pressure).

3.6.4. System K-Na-Al-Si-O-H-CI

The only feldspar solubility experiments used for the global regression were those for albite
reported by Davis (1972). The agreement between calculated and measured concentrations of Si,
Na, and Al is generally very good (Fig. 3.12). There is not so good agreement with the albite-
paragonite-quartz solubility data of Woodland and Walther (1987). While the calculated Si
concentrations partly agree with the experimental ones, the Al and Na concentrations show
substantial disagreement (Fig. 3.13). There is not only disagreement in terms of the absolute values
of the Al and Na concentrations, but the calculated temperature and pressure trends do also diverge
systematically from the experimental data. The experimental data at different pressures above 1.5
kbar appear to be overlapping within their uncertainties.

The new dataset is able to accurately reproduce the phase equilibria and log(Na/H) values from
the experimental study of Montoya and Hemley (1975) in the system albite-paragonite-quartz-fluid
(Fig. 3.14). The calculated results are in better agreement with the absolute values of log(Na/H)
and their temperature trend than calculations using the SUPCRT92 dataset (Shock and Helgeson,
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1988; Shock et al., 1989; Johnson et al., 1992; Shock et al., 1997; Sverjensky et al., 1997) and the
HCI® properties from Tagirov et al. (1997). There is also fair agreement between calculated and
experimental phase equilibria and log(K/H) values (Hemley, 1959; Haselton et al., 1988;
Sverjensky et al., 1991; Haselton et al., 1995) in the potassium system (Fig. 3.15). The agreement
between calculated and experimental log(K/H) values is not much improved with the new dataset
for this system, but the temperature trends of the reaction boundaries are in better agreement with
the experimental data. There is a systematic improvement in both the Na and K systems when the

A ; G, values for K* and Na* are included into the global regression. In the potassium system

(Fig. 3.15), the only phase boundary that is still not too well reproduced is that of the pyrophyllite-
muscovite reaction (Fig. 3.15). This could be due to possible changes in the structure of
phyrophyllite during the experimental runs or some impurities in pyrophyllite or muscovite that
would affect their stability.

Most importantly, calculations with the final aqueous species dataset are in very good
agreement with the high-temperature solubility experiments in the four-mineral system albite+K-
feldspar+andalusite+quartz (Hauzenberger et al., 2001; Pak et al., 2003). Especially the calculated
Na and K concentrations are now exactly reproducing the experimental data (Figs. 3.16, 3.17 and
3.18). The Si and Al concentrations are also in good agreement with the experimental data, which
are reproduced within their rather large uncertainties (Figs. 3.16 and 3.17). The experimental data
for the Si and Al concentrations show a rather large scatter in the experimental dataset. This may
reflect the fact that (unlike for the Na and K data), the Si and Al solubility data were not fully
reversed in the experiments, and some values might therefore represent minimum concentrations.
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Figure 3.12. Comparison between calculated and experimentally determined albite solubility data (Davis,
1972) as function of temperature (and pressures of 2.0, 3.0, 4.0 and 5.0 kbar). (A) Si concentration. (B) Al
concentration. (C) Na concentration.
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Figure 3.13. Comparison between calculated and experimentally determined solubility data in the albite-
paragonite-quartz-water system (Woodland and Walther, 1987) as function of temperature (and pressures
of 1.0, 1.5, 2.0 and 2.5 kbar). (A) Si concentration. (B) Al concentration. (C) Na concentration.
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Figure 3.14. Comparison between calculated and experimentally determined log(Na/H) values for the
solubility of albite-paragonite-quartz assemblages (in 1 molal NaCl solution) as function of temperature
(and at a pressure of 1 kbar).
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Figure 3.15. Comparison between calculated and experimentally determined phase equilibria and log(K/H)
values in the system Si-Al-K-OH-CI (in 1 molal KCI solution) as function of temperature (and at a pressure
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Figure 3.16. Comparison between calculated and experimentally determined (Pak et al., 2003)
concentrations of Na, K Si and Al in a fluid in equilibrium with the mineral assemblage albite+K-
feldspar+andalusite+quartz (at 650°C and 2.0 kbar), plotted as function of fluid chlorinity. The
concentrations of Na and K in solution increase systematically with solution chlorinity, while the

Na,K,Si,Al (log molality)

TDB: Na-K-Al-Si-O-H-Cl

Calculated with data from this study

Cl (log molality)

concentrations of Si and Al remain nearly constant.

B Exp. data (Pak et al. 2003): Na
@ Exp. data (Pak et al. 2003): K Na
A Exp. data (Pak et al. 2003): Si /I'.
V Exp. data (Pak et al. 2003): Al ]
/.. . K
Il A
T T - “H A @
T AT ary A A;._ ST Si
T VI e 35 I
ATA4 ¥ 1L x
/e /9’. =
P | [
H N e
/.4
[ ®e?d
‘/“
|
¢ T
3. Y v
1T Av4 * T T T
—\ T i T T
Tt 6 T+ T
Y + Y 6Y T
L \'4
S
T
v
<L
650°C / 2 kbar
1 T 1 L] L]
-2.0 -1.5 -1.0 -0.5 0 0.5

G. D. Miron

121



Chapter 3

1
Calculated with data from this study
B Exp. data (Hauzenberger et al. 2002): Na
T @ Exp. data (Hauzenberger et al. 2002): K - Na
A  Exp. data (Hauzenberger et al. 2002): Si |./-=.‘
0 1 V¥V Exp.data (Hauzenberger et al. 2002): Al 5 -
i o K
— / ﬁl/
> A L) a
E ./ /' ‘, -
° 11 XK T a5 TR A %
I_4 & 4 A e
£ 1l m » T v 2
T ‘./
m A/ -r‘g
S Ll % 4
e -
< T
.(Tj
Y 21 .
L I
s Vi T
o] ] ¥ I < W %g T
z AR E DS
v X T oo P
-4 4 v IV “
T v
Y £
600°C / 2 kbar v
-5 v T v T v I* T
-1.5 -1.0 -0.5 0 0.5

Cl (log molality)

Figure 3.17. Comparison between calculated and experimentally determined (Hauzenberger et al., 2002)
concentrations of Na, K Si and Al in a fluid in equilibrium with the mineral assemblage albite+K-
feldspar+andalusite+quartz (at 600°C and 2.0 kbar), plotted as function of fluid chlorinity. The
concentrations of Na and K in solution increase systematically with solution chlorinity, while the
concentrations of Si and Al remain nearly constant.
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Figure 3.18. Comparison between calculated and measured molal (K/Na) ratios for the reversed solubility
experiments in the system albite-K-feldspar-andalusite-quartz-fluid (Hauzenberger et al., 2002; Pak et al.,
2003). The molal K/Na ratios are plotted as function of solution chlorinity.
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Table 3.5. Standard state properties (partial molal entropy, heat capacity and volume) and HKF parameters of aqueous species used in this study. These values were
not adjusted during the global optimization process but taken from their original references or from separate regression of association constant and solubility data.

Species S0 e Vs a1-10 a,-10? as a;-10* C1 c2-10* wo-10°
(I/mol-K)  (I/mol-K)  (J/bar) (cal/ (cal/mol)  (cal'K (cal'K (cal (cal'’K (cal/mol)
mol/bar) /mol/bar)  /mol) /mol/K) /mol)

DA -339.74 -119.30 4.53 -3.3984  -16.0789 12.0699 -2.1143 14.4295 -8.8523 2.7403
WAIOH?* -181.13 -37.44 -2.06 -0.4532 -8.8878 9.2434 -2.4116 15.4131 -4.8618 1.5897
WAI(OH),* -27.55 40.84 0.386 2.4944 -1.6909 6.4146 -2.7091 16.7439 -1.0465 0.5324
@AI(OH)3° 5.16 248.6 3.07 6.1977 8.2816 2.4950 -3.1214 71.1003 -1.0644 1.0461
DAI(OH)4 103.55 96.54 4.63 8.4938 12.9576 0.6570 -3.3147 55.7265 -11.4047 1.0403
(ONaAl(OH)4° 204.18 134.56 5.36 9.1270 14.3411 0.1121 -3.3719 60.7157  -14.0523 0.0000
WAIH3Si04* 56.78 -300.66 1.393 0.1600 -7.2300 8.6100 -2.4800 37.0700  -49.6600 0.8800
GKAIO 149.37 18.05 3.114 6.0070 6.8858 3.0436 -3.0637 1.3940 1.2120 -0.0500
@K+ 101.04 8.28 0.906 3.559 -1.4730 5.4350 -2.7120 7.4000 -1.7910 0.1927
“Na* 58.41 37.91 -0.111 1.8390 -2.2850 3.2560 -2.7260 18.1800 -2.9810 0.3306
®GNaHSiOs° 41.84 102.95 1.273 3.4928 0.7500 5.4483 -2.8100 20.2395 1.9785 -0.0380
©®HSIOz 19.7 -38.47 0.50 3.0900 -0.5201 5.9467 -2.7575  15.0000 -4.9202 1.5583
MSi0,° 75.31 -318.45 1.61 1.9000 1.7000  20.0000 -2.,7000  29.1000  51.2000 0.1291
“Cr- 56.74 123.18 1.779 4.0320 4.8010 5.5630 -2.8470 -4.4000 -5.7140 1.4560
“OH- 10.71 137.19 -0.418 1.2527 0.0738 1.8423 -2.7821 4.1500 -10.3460 1.7246
BH* 0 0 0 0 0 0 0 0 0 0

@) Taken from Tagirov and Schott (2001).

@ Derived in this study using the standard state molar volume and heat capacity from Pokrovskii and Helgeson (1995), the boehmite solubility data from

Benezeth et al. (2001) and the corundum solubility data at 5 kbar from Becker et al. (1983) and Tropper and Manning (2007).
@ Taken from Pokrovskii and Helgeson (1995).
@ Taken from Shock and Helgeson (1988).
® Taken from Sverjensky et al. (1997).

®) Derived using the logK data from Busey and Mesmer (1977).
() Taken from Shock et al. (1989)
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Table 3.6. Final values of the standard-state molal Gibbs energy for aqueous species, obtained from the
global optimization against experimental solubility datasets (Tables 3.2, 3.3 and 3.4). Gibbs energy values
need to be combined with standard state entropy, volume, heat capacity and HKF parameters from Table
3.1 (ion pairs of main electrolytes) and Table 3.5 (other aqueous species). The standard deviation of
parameters was calculated from 500 Monte Carlo simulation runs, and the 95% confidence interval - using
the Student’s t-distribution.

Species A Gl Standard 95% Optimization
(3/mol) deviation cqnfldence mode
interval

Al -486627 258 507 Optimized
AIOH? -695574 543 1077  (MConstrained
Al(OH),* -898295 1339 2627 Optimized
Al(OH):° -1105801 944 1852 Optimized
AI(OH) -1305097 229 450 Optimized
NaAl(OH).° -1562121 944 1853 Optimized
AlH3Si0s** -1782516 828 1547  @Constrained
KAIOZ® -1100293 2423 4751 Optimized
K* -276893 643 1261 Optimized
KOH? -431656 - - OConstrained
KCI° -402544 - - OConstrained
Na* -256169 644 1263 Optimized
NaOH?° -411594 - - OConstrained
NaCl° -383091 - - OConstrained
NaHSiOz° -1283076 1820 3614  “Constrained
HSiO5 -1015237 - - ®Constrained
Sioy° -834103 34 67 Optimized
(ol -131290 - - ©Fixed
HCI° -127240 - - (MFixed
OH- -157287 - - ®)Fixed
H* 0 - - ®Fixed
H.0 -237183 - - OFixed

(1) Constrained to properties of AI** by the reaction: AIOH?* + H* = AP* + H,0, using equilibrium
constant values from Palmer and Wesolowski (1993).

(2) Constrained to properties of Al** and SiO° by the reaction: AP* + 2 H,0 + SiO2° = AlIH3Si042* + HY,
and equilibrium constants from Tagirov and Schott (2001), extracted from Pokrovskii et al. (1996) and
Salvi et al. (1998).

(3) Constrained to properties of Na*, K*, OH", and CI using the equilibrium constants determined from
the new standard state properties of ion pairs extracted from the conductance data (Table 3.1).

(4) Constrained to properties of Na* and SiO.° by the reaction: Na* + H,O + SiO° = NaHSiO3? + H*,
using equilibrium constants from Sverjensky et al. (1997), extracted from Seward (1974).

(5) Constrained to properties of SiO° by the reaction: SiO2° + H,O = HSiOs™ + H*, using equilibrium
constants from Busey and Mesmer (1977)

(6) Taken from Shock and Helgeson (1988).

(7) Taken from Tagirov et al. (1997).

(8) Conventional value.

(9) Taken from Johnson et al. (1992).
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Table 3.7. Correlation coefficients between the freely optimized aqueous species. They are calculated from the sensitivity analysis as outlined in Miron et al. (2015).

Species Al(OH),* AI(OH)z° Al(OH)s AR* K* KAIO,? Na*  NaAl(OH). Si0,°
AI(OH),* 1.000 -0.604 0.049 -0.394 -0.004 -0.001 -0.004 -0.014 0.000
AI(OH)z° -0.604 1.000 -0.109 0.175 0.003 0.004 0.003 0.027 0.000
Al(OH)s 0.049 -0.109 1.000 -0.013 -0.009 -0.022 -0.010 -0.333 -0.002
AR -0.394 0.175 -0.013 1.000 0.005 -0.001 0.004 0.006 -0.001
K* -0.004 0.003 -0.009 0.005 1.000 0.062 0.791 0.684 -0.011
KAIO, -0.001 0.004 -0.022 -0.001 0.062 1.000 0.073 0.070 0.001
Na* -0.004 0.003 -0.010 0.004 0.791 0.073 1.000 0.864 -0.014
NaAl(OH).° -0.014 0.027 -0.333 0.006 0.684 0.070 0.864 1.000 -0.012
Si0,° 0.000 0.000 -0.002 -0.001 -0.011 0.001 -0.014 -0.012 1.000
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3.7. Discussion

In the present study, we have adopted the strategy of refining the standard state Gibbs energies
of aqueous ions and complexes by global regression of a large body of critically selected
equilibrium solubility data for individual minerals and mineral assemblages. In this process, we
have taken advantage of the availability of recent high-precision data for the association constants
of aqueous complexes of major electrolytes (NaCl, KCI, NaOH, KOH, HCI) derived from
conductance and potentiometric measurements. We have also accepted the thermodynamic
properties of the minerals from the internally consistent database of Holland and Powell (1998),
as given in the Thermocalc database ds55. This dataset is in very good agreement with the majority
of the available calorimetric data and experimental phase equilibria brackets, and is widely used
in a great number of petrological applications (e.g. Fabrichnaya et al., 2013; Lanari et al. 2014;
Miron et al., 2013; Galvez et al., 2015; Tajémanova et al. 2015). The Holland-Powell dataset is
supported by a comprehensive suite of mineral solid-solution models that account for all essential
crystal-chemical substitutions. Because we have accepted the thermodynamic properties of
minerals as such, only the standard state thermodynamic properties of aqueous ions and complexes
were allowed to adjust to bring them into agreement with the fluid-mineral equilibria experiments.

The problem of consistency between the standard state thermodynamic data of aqueous species
and minerals in major geochemical-thermodynamic datasets has been addressed in a number of
studies (Sverjensky et al., 1991; Zhu and Sverjensky, 1991; Holland and Powell, 1998; Tutolo et
al., 2014). All studies concluded that there are major discrepancies between predictions from
calculated fluid mineral-equilibria and experimental mineral solubility studies. Different strategies
were then suggested for resolving these discrepancies. In most cases, the properties of aqueous
species were accepted from different critical data compilations (e.g., CODATA), and the standard
state Gibbs energies of the minerals were then adjusted to bring them into agreement with the
experimental solubility data.

Sverjensky et al. (1991) resolved the discrepancies between calculated fluid-mineral equilibria
and the respective experimental data by first adjusting the properties of minerals using a selected
set of experiments, and then by refining the association constant data for HCIC. In this process, they
retained the standard state thermodynamic properties and HKF parameters of all other aqueous
ions and complexes. They adjusted the standard state Gibbs energies of selected minerals
(paragonite, albite, muscovite, sanidine) using the thermodynamic datasets of Helgeson et al.
(1978) and Berman (1988) as a basis. Zhu and Sverjensky (1991) extended the approach of
Sverjensky et al. (1991) and determined the standard state properties of F- and Cl-bearing minerals
using results of the F-CI partitioning experiments between hydrous minerals and aqueous fluid.

The approach of Sverjensky et al. (1991) and Zhu and Sverjensky (1991) has a number of
drawbacks. Firstly, the two mineral datasets (Helgeson et al., 1978; Berman, 1988) that were used
as a basis for making the adjustments were not updated by taking advantage of more recent mineral
phase equilibria experiments. The situation is fundamentally different for the mineral dataset of
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Holland and Powell (1998), whose recent update (Thermocalc dataset ds55) has incorporated a
large body of new experimental phase equilibria data. Secondly, the incremental adjustment to the
standard state Gibbs energy of selected minerals breaks the internal consistency of the respective
thermodynamic mineral dataset. Thirdly, the properties used for the ion pair association constants
of major electrolytes (NaCl, KCI, NaOH, KOH, HCI) are not in agreement with the new
conductance and potentiometric data. Fourthly, the choice to use a restricted set of experimental
mineral solubility data for determining the magnitude of the Gibbs energy adjustments brings the
data into better agreement with these particular experiments, but worsens the agreement with other
mineral solubility data (as shown in the results section above).

Taking a different approach, Tutolo et al. (2014) proposed a method that is conceptually similar
to the one proposed by Holland and Powell (1985) for producing an internally consistent mineral
dataset. They refined the standard state Gibbs energy of some aluminum minerals against phase
equilibria, calorimetric data, and also against selected solubility data. During the data optimization,
they accepted the thermodynamic data for aqueous species from published sources. While the
method used by Tutolo et al. (2014) ensures internal consistency for the system they have
considered (they have chosen to adjust the properties of a few minerals in the aluminum system),
this may break the thermodynamic consistency with experimental phase equilibria in other
chemical systems where these minerals are involved into reactions. Although these authors noted
a considerable improvement between calculated and experimental mineral solubility data, they
nevertheless reported persisting discrepancies in modeling the Al-Si-Na-K-CI-OH system using
their adjusted mineral data. They further reported a substantial disagreement between the
association constant data for the major electrolytes they used (Shock and Helgeson, 1988;
Sverjensky et al., 1991) and the new experimental conductance data (Ho et al., 1994; Ho and
Palmer, 1996; Ho and Palmer, 1997).

Holland and Powell (1998) presented a preliminary dataset for aqueous species together with
their internally consistent database for minerals. They used an equation of state for aqueous species
that is a modification of the density model (Anderson et al., 1991). The standard state properties
of aqueous species were not refined as part of their simultaneous regression of the mineral
thermodynamic data, but they have been collected from different sources and were processed
separately. Holland and Powell (1998) compared the calculated fluid-mineral equilibria with the
experimental data for a few selected examples, and demonstrated a reasonable agreement.
However, they did not demonstrate that fluid-mineral equilibria calculated using their combined
aqueous species and mineral data would be able to reproduce the large body of available mineral
solubility data in the Na-K-Al-Si-O-H-CI system. Furthermore, their data for aqueous ions and
complexes are in disagreement with the association constants derived from the new conductance
and potentiometric experiments.

Taken together, the previous attempts to address the large discrepancies between the calculated
fluid-mineral equilibria and the experimental mineral solubility data have resulted in some
improvements, but have not been able to fundamentally resolve the consistency issues in a general
way. In our study, we have therefore used a very different approach by global regression of the
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standard state Gibbs energies of aqueous ions and complexes against a large body of experimental
mineral solubility data, while retaining the internally consistent thermodynamic data for minerals,
and maintaining full consistency with the association constant data for aqueous complexes.

3.7.1. System Si-O-H-CI

There are no major changes to the thermodynamic properties of the silica species, because this
system was extensively studied and there is a large amount of high-quality experimental data
available. The quartz solubility data in pure water over wide ranges of temperature and pressure
are generally in good agreement with each other (with a few exceptions like the dataset of Xie and
Walther, 1993) and can be well reproduced by model calculations. The quartz solubility data in
KOH solutions (Anderson and Burnham, 1967; Pascal and Anderson, 1989) are systematically
underpredicted by the speciation model that only accounts for the SiO,° and HSiOs™ species. This
suggests that the KHSiO3° complex may have formed in these experiments, similar to the better
established complex NaHSiO2° in the Na system, which would account for the difference between
the calculated and measured quartz solubilites. More experimental data in the system SiO2-H>0O-
KOH would be needed to evaluate the stability and standard state properties of the KHSiO3°
complex.

3.7.2. System Al-O-H-CI

The experimental solubility data for gibbsite and boehmite were first used to retrieve the
stability constants of Al hydroxide complexes AIOH?*, AI(OH).*, AlI(OH)3° and AI(OH)4". These
were then used together with the experimental corundum and diaspore solubility data to refine the

A ; G, values of all Al species (Tables 3.5 and 3.6). When we initially fitted the corundum and

diaspore solubility data separately, we noticed that the resulting A Ggg&l for those Al species that

are significant in the experiments were different by only a few hundred joules (but still within the
1 sigma error of the parameters), compared to the results obtained from the global fit that included
the solubility data for all aluminum minerals. This suggests that the standard state properties of
gibbsite and boehmite (Robie and Hemingway, 1995) are essentially consistent with the properties
of corundum and diaspore in the HP02 dataset.

The extended Debye-Hickel aqueous activity model (Helgeson et al., 1981; Oelkers and
Helgeson, 1990) is considered appropriate for aqueous solutions up to moderate salt
concentrations. At higher salt concentration exceeding about 5 molal, the calculated activity
coefficients start to deviate from experimental data (Sharygin et al., 2002; Hingerl et al., 2014;
Appelo, 2015), resulting in a steeper increase in the calculated solubility compared to the
experimentally measured values (Figs. 3.2, 3.5, and 3.6). We have, however, observed that the
extended Debye-Huickel model is able to predict the experimental aluminum hydroxide solubilities
in alkaline (NaOH and KOH) solutions reasonably well, even at higher salt concentrations. We
attribute this to the predominance of associated neutral species at higher temperatures, which
reduces the effective ionic strength to values within the applicability limits of the extended Debye-
Hiickel model.
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Many studies have concluded that corundum solubility in water is controlled by the two species
Al(OH)3? and AI(OH).", with AlI(OH)s° becoming predominant at temperatures exceeding 400 °C
and pressures above 1.0 kbar (Pokrovskii and Helgeson, 1995; Tropper and Manning, 2007;
Sverjensky et al., 2014). When using the thermodynamic properties for AI(OH)3° from Pokrovskii
and Helgeson (1995), the calculated aluminum concentrations at near-neutral pH are about 1.5
orders of magnitude higher than those determined in the experiments (Tagirov and Schott, 2001).
Using the thermodynamic data for Al species from Tagirov and Schott (2001) results in calculated
corundum solubilities that are lower by around 0.7 log units than measured in the high-quality
solubility experiments of Becker et al. (1983) and Tropper and Manning (2007). This most likely
reflects that Tagirov and Schott (2001) derived the thermodynamic properties of AI(OH)3° only
from boehmite solubility experiments up to 350 °C and SWVP. Therefore, calculated Al
solubilities diverge increasingly from experimental ones at higher temperatures and pressures. To
resolve this disagreement, we have refitted the standard state properties and HKF parameters of
Al(OH)3° using both low- and high-temperature experiments. We accepted the standard state
partial heat capacity and volume data of Al(OH)3® from Pokrovskii and Helgeson (1995) as initial

values and then refined the A G, in the global regression.
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Figure 3.19. (A) Comparison between calculated (G,?,aq _Gag) values and their counterparts extracted

from solubility experiments in the system Na-Al-Si-O-H-CI (Montoya and Hemley, 1975; Popp and Frantz,
1980). The data are plotted as function of temperature (and at a pressure of 1 kbar). Popp and Franz (1980)
suggest that their datapoint at 500°C is inconsistent with the remainder of their data. (B) Comparison

0 0 . - . .
between calculated (GKCI —GH(]) values and their counterparts extracted from solubility experiments in

the system K-Al-Si-O-H-Cl (Montoya and Hemley, 1975; Shade 1994). The data are plotted as function of
temperature (and at a pressure of 1 kbar).
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3.7.3. System Al-Si-O-H-CI

The discrepancies between the calculated and the experimentally determined Si concentrations
in equilibrium with the assemblages corundum+andalusite and disapore+andalusite cannot be
resolved by adjusting the standard state properties of the SiO2° species (Fig. 3.11). We suspect that
most likely additional Si-Al complexes that were not accounted for in our speciation model like
AlSiO4 or HAISiO.® (Manning, 2007) have contributed to enhanced silica solubility. Because of
insufficient data to constrain the thermodynamic properties of these species, we were not able to
include them into our model.

3.7.4. System K-Na-Al-Si-O-H-ClI

The calculated log(K/H), log(Na/H) and K/Na ratios in chlorine bearing systems (Figs. 3.14,
3.15 and 3.18) are determined by the thermodynamic properties of Na*, K*, NaCI°, KCI°, HCI®,
and those of the buffering minerals. Because we have adopted the strategy of using fixed
thermodynamic properties of minerals, adjusting the properties of aqueous ions and complexes
was the only possibility to bring the calculated fluid-mineral equilibria into agreement with the
experimental solubility data. Because we wanted to maintain consistency with the association
constant data NaClI°, KCI® and HCI® at elevated temperatures and pressures derived from
conductance experiments, we had to adjust the thermodynamic properties of the Na* and K* ions.

This was done by regressing their A Gggsylvalues against a large body of solubility data for Na-K-

aluminosilicate mineral assemblages in chloride solutions (Montoya and Hemley, 1975; Haselton
et al., 1988; Sverjensky et al., 1991; Haselton et al., 1995).

The calculated K/Na ratios are now in good agreement with the experimental data from
Hauzenberger et al. (2001) and Pak et al. (2003). This is largely due to the improved

thermodynamic properties of the KCI° and NaClI° species. This leads to the conclusion that during

optimization of the A G, values of the ions, every adjustment to K* must be accompanied by

an adjustment to Na* of similar magnitude. This is essential for maintaining the agreement with
the experimental K/Na partitioning data (Hauzenberger et al., 2001; Pak et al., 2003). This further

leads to the prediction that an adjustment in the Afoggyl of K™ and Na* of similar magnitude

should then simultaneously improve the agreement between calculated and experimentally
measured log(K/H) and log(Na/H) values. This is exactly what is observed as a key result from the
final global data regression of this study. Figures 3.14 and 3.15 show that the agreement between
calculated and experimentally measured data is considerably better in both the K- and the Na-
system, while the good agreement with the experimental K/Na partitioning data is maintained
(Figs. 3.16 and 3.17). This result can be further analyzed by looking at the relative Gibbs energy

differences (Gp.o —Goy) and (G2, —Gpy) extracted by Popp and Frantz (1980) from

experimental studies (Fig. 3.19). The agreement with the temperature trends is already greatly
improved by using the KCI® and NaClI® association constant data from this study, but good
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agreement with the absolute values is only achieved after optimization of the A Gy, , values of K*

and Na™.
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Figure 3.20. Comparison between calculated log(Na/K) ratios and those measured from natural geothermal
fluids (Can, 2002), plotted as function of temperature (and at SWVP). The calculations were performed for
fluid salinities of 0.001 and 2.0 molal NaCl, assuming equilibrium with the mineral assemblage K-
feldspar+albite+muscovite+quartz.

An empirical test for the quality of the new thermodynamic dataset is provided by a
comparison of calculated Na/K ratios for a fluid in equilibrium with the assemblage K-
feldspar+albite+muscovite+quartz with the natural data from geothermal waters (Fig. 3.20). The
calculated data are in excellent agreement with the natural Na/K ratios, which have been used by
Can (2002) to develop an empirical solute thermometer for geothermal exploration.

3.7.5. Thermodynamics of the aqueous K* and Na* ions

The experiments that largely determine the adjustments to the A G, values of the K* and

Na* ions were performed at elevated temperature and pressure conditions. Therefore, it could be
argued that a good agreement with the experimental data could have been achieved by adjusting
the standard state entropy, volume, heat capacity or the HKF parameters for the ions. These
properties were obtained using the framework of the HKF model by Tanger and Helgeson (1988).
They used experimental standard partial molal volumes, isothermal compressibilities, and isobaric
heat capacities of several aqueous electrolytes (e.g., HCI, NaCl, KCI, NaOH, KOH; Tanger and
Helgeson, 1988) over a range in temperature. From those experimental data, they extracted the
HKF equation of state parameters for the electrolytes. When performing regression of the partial
molal entropy, volume, heat capacity and HKF equation of state coefficients for Na* and K* and
other ions, they used the following thermodynamic constraint:

Q, = Zvj,ij (3.12)
j

where Q stands for the HKF equation of state coefficients of the jth aqueous ion and the kth
aqueous electrolyte, and v, is the stoichiometry coefficient of the jth ion in the kth electrolyte.
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This means that HKF coefficients for the aqueous ions are directly linked to the values of the
corresponding coefficients for aqueous electrolytes. Therefore, any modification of the HKF
coefficients of these ions that does not satisfy Eq. (3.12) will break the fundamental consistency
of the HKF model. For example, if the values of some HKF coefficient for K™ will be changed,
this will result in an adjustment to the corresponding HKF coefficients of CI. Because the HKF
coefficients of Cl are also linked to those of HCI(aq) through Eqg. (3.12), this change in the HKF
coefficients of CI- will then violate the fundamental convention that all properties of the H* ion are
zero at any temperature and pressure.

Accepting these thermodynamic constraints, the only feasible strategy was to adjust the

A Gy, Values of the K* and Na* ions. We will now discuss how this adjustment is justified in

view of the sources for the A, Gy, values of K* and Na* that are found in the geochemical and

chemical literature. The A G, values of the Na* and K* ions used in most geochemical databases

are accepted from CODATA (Cox et al., 1989). The sources for these values are ultimately
calorimetric data for the heats of reaction and hydrolysis of solid Na and K metals with H>O, and
standard electrode potential measurements (Smith and Taylor 1940; Gunn and Green 1958;
Cerquetti et al., 1968; Dill et al., 1968). These heats of reaction were combined with the heats of
formation of H.O(aq), that of OH", the heats of dilution and the standard state entropies for the
elements from the NBS tables (Wagman et al., 1982) to derive the heats of formation for the K*
and Na* ions at infinite dilution. The standard state Gibbs energy of formation and the standard
state entropy were calculated from standard electrode potential measurements (Smith and Taylor
1940; Dill et al., 1968). When reviewing the basic literature data on the electrode potential
measurements related to Na* and K, it becomes clear that the maximum error that could arise
from the experimental measurements and the data processing should not exceed about 0.5 kJ/mol.

Another reason for adjustments of A,Gg,, values of the Na* and K* ions could be our

incomplete understanding of the speciation and activity coefficients of aqueous species in
hydrothermal solutions. The HKF model parameters also introduce errors in the properties of the
species, and the model itself has several limitations. While the HKF model was developed using
the physically sound Born solvation theory for charged species, it was subsequently extended to
nonelectrolytes and neutral species as well (Shock et al., 1989). However, it has been demonstrated
theoretically and using experimental data that the Born-type model is not really suitable for
calculating and predicting thermodynamic properties of neutral species, especially at near-critical
and supercritical conditions (Akinfiev and Diamond, 2003; Plyasunov, 2015; Plyasunov and
Shock, 2001).

3.7.6. Thermodynamics of Na- and K-bearing minerals

The overall success of the Holland-Powell mineral thermodynamic datasets (Holland and
Powell, 1985, 1990, 1998, 2011) is based on their internal consistency and the close agreement
with a large amount of phase equilibria experiments, rather than on the agreement of individual
values for the standard enthalpies of formation with calorimetric data. This makes these datasets
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extremely valuable and successful in pertological and geochemical applications where phase
equilibria of complex rock-dominated systems are modeled. Favoring internal consistency rather
than accuracy for individual enthalpy values is also the key reason, why subsequent versions of
the database show large differences (up to ca. 7.0 kJ/mol and more) in standard enthalpies for some
individual minerals. For example, the standard enthalpy of muscovite is 7.6 kJ/mol higher in
Holland and Powell (2011) compared to Holland and Powell (1998), and that of paragonite is 3.4
kJ/mol higher. These differences do not have any visible impact when modeling phase equilibria
for metamorphic rocks because essentially the same experimental dataset was used to refine the
parameters in both versions of the database, and the agreement with these experimental data is
very good. The changes in absolute values of enthalpies of formation for the minerals just reflect
changes to the equations of state and phase transition models that were used, e.g. the new thermal
equation of state and the symmetric formalism for modeling order-disorder in Holland and Powell
(2011).

When optimizing the standard enthalpies of minerals, Holland and Powell (1998, 2011) have
mainly used experimental phase equilibria data, but also mineral calorimetry data (Robie et al.,
1979; Robie and Hemingway, 1995) as a set of rather loose constraints. The calorimetric
constraints have a variable impact on the final regressed enthalpy values. In most cases, the mineral
end-members with calorimetric constraints display the smallest change between different versions
of the dataset. Most of the adjustments arising from the experimental phase equilibria data are
assimilated by the standard enthalpies of mineral end-members without calorimetric constraints
(e.g. muscovite, paragonite). As a result, the mineral end-members with no loose calorimetric
constraints are typically those showing the largest differences between subsequent versions of the
Holland-Powell database. For example, the substantial change in the standard enthalpy of
microcline between Holland and Powell (1990) and Holland and Powell (1998) was due to a
change in the calorimetric data that were used. In Holland and Powell (2011), the calorimetric
constraint for microcline is retained, and the shift of the enthalpy value is just -280 J/mol compared
to Holland and Powell (1998). By contrast, the difference in the standard enthalpy of muscovite,
which did not have any calorimetric constraints, is -2.5 kJ/mol between Holland and Powell (1998)
and Holland and Powell (1990), and 7.6 kJ/mol between Holland and Powell (2011) and Holland
and Powell (1998). These substantial differences between versions of the Holland-Powell mineral
dataset are also reflected by the rather large errors reported for the final values of the enthalpies of
formation. These amount to 5.8, 6.1, 3.8 and 4.0 kJ/mol for microcline, muscovite, albite and
paragonite, respectively (Holland and Powell, 1990, 1998, 2011).

Calorimetric values reported in compilations of Robie et al. (1979) and Robie and Hemingway
(1995) do not come from direct measurements, but are based on calculation of thermochemical
cycles using heats of reactions measured by HF dissolution or molten-salt calorimetry. The
thermochemical cycle for calculating the standard enthalpy of formation of microcline, given in
Hemingway and Haselton (1994), involves 13 reactions. Each reaction has an associated
experimental error of several kJ/mol, and some reaction enthalpies may be affected by systematic
errors as well. The change of 6.9 kJ/mol for microcline in Robie and Hemingway (1995) was
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related to a systematic error in calorimetric measurements of the enthalpy of solution of aluminium
chloride hexahydrate in HF. Considering that errors in calorimetric measurements of just one
reaction are so large and that 13 reactions are involved in the thermochemical cycle, the uncertainty
interval for the standard enthalpy of microcline and other rock-forming silicate minerals is at least
of the order of 10 kJ/mol. This warrants adjustments to the enthalpies of formation of similar
magnitude, when thermodynamic data for minerals are refined against experimental phase
equilibria data via an internally-consistent data regression procedure.

In our study, we have selected the Holland-Powell mineral dataset as a hard constraint. Fitting
the properties of the mineral end-members together with those of the aqueous species would have
involved all the experimental phase equilibria data that were also used in optimizing the parameters
in the Holland-Powell dataset. This formidable task was far beyond the scope of this study, because
initially we did not see any need for refining the mineral properties, given that Holland and Powell
(1990, 1998, 2011) have demonstrated that they are able to reproduce all available experimental
phase equilibria data within their uncertainty brackets. The focus of our study was rather to model
complex fluid-rock systems at hydrothermal conditions, taking advantage of the already refined
and highly successful Holland-Powell database for minerals. We have therefore optimized the
standard Gibbs energies for the aqueous species against the solubility experiments. We recognized
that, in fact, the absolute values of standard enthalpies of formation for the K- and Na-bearing
minerals are much less constrained than those for the Na* and K* ions. However, we accepted that
as a consequence of our approach, the Gibbs energies of formation for the K* and Na* ions had to
be adjusted to bring about a good agreement between calculated and experimentally determined
fluid-mineral equilibria data.

3.7.7. Internally consistent thermodynamic database

Internally consistent thermodynamic data are not necessarily in best agreement with all of the
experimental solubility data or with other types of data such as calorimetric or electromotive force
measurements. Because the equations of state and thermodynamic models used in calculations
have associated errors and because the data fixed during the regression process (e.g. equilibrium
constants for complexes derived from conductance data, the thermodynamic data for minerals)
contribute additional errors, the accumulated discrepancies are assimilated by the adjustable
parameters i.e. standard Gibbs energies of the aqueous species in this work. Therefore, internally
consistent datasets may actually show significant differences between modeled and measured
properties of individual substances. The major advantage of an internally consistent dataset is the
ability to reproduce a large range of experimental data and to model complex natural systems in a
robust and accurate way, in contrast with plain compilations of thermodynamic data collected from
different sources, which may have been derived from individual experiments using vastly different
assumptions and models. While some of these data compilations (e.g. CODATA) may be in good
agreement with selected precisely measured thermodynamic properties, they are clearly not fully
consistent with the large body of experimental solubility, conductance and calorimetric data and
can therefore not be used directly to model complex geochemical fluid-mineral equilibria.
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This clearly highlights that it is not sensible to model complex geochemical systems at
hydrothermal conditions using thermodynamic properties of minerals and aqueous species
assembled from several data sources that are not linked to each other by a consistent data treatment
procedure. The only feasible approach for overcoming these limitations is to derive
thermodynamic data through an internally consistent regression procedure, as performed in this
study. The resulting values may not be the most accurate ones for each and every specific chemical
system, and the refined properties of some aqueous species may differ from the values accepted in
major compilations like CODATA. Nevertheless, the new dataset can be successfully used to
model complex multi-component, multi-phase geochemical systems, including mineral solubility
and aqueous speciation, at a level of confidence and accuracy that was hardly possible before.

3.7.8. Agreement with CODATA for Na* and K* ions

Because we have adopted the strategy to keep the thermodynamic properties of minerals fixed
during the global regression of solubility data, the discrepancies between calculated and
experimentally determined fluid-mineral equilibria were translated into adjustments to the values
of the standard state Gibbs energy of formation aqueous species including those of the Na* and K*

ions. This has the result that their A Gy, values are not any more in agreement with the

CODATA recommended values. However, even if we would have included the A Gy, of

minerals along with those of aqueous species into the regression process (and fitting them against
mineral solubility data and mineral reaction phase equilibria), this would not guarantee the

outcome that the refined A Gy, values of K* and Na* ions would be equal to those from

CODATA. Acknowledging that many aqueous and hydrothermal geochemists consider the
agreement with CODATA values as highly important, we have generated an alternative converted

thermodynamic dataset where the A, G, values of K* and Na* from CODATA were retained,
but the properties of the K- and Na-bearing minerals were shifted accordingly (Table 3.EA-4). This
was done by adjusting the A Gfg&l values of all K- and Na-bearing minerals by 5569 and 5712 J

per mole of K and Na in their formula, respectively. A similar adjustment method was proposed
by Sverjensky et al. (1991). This alternative dataset provides the same level of internal consistency
and quality in terms of the agreement with experimental solubility and fluid-mineral equilibria
data. This is because the reaction equilibrium constants between any K and/or Na —bearing aqueous
ions, species, and minerals in the two datasets are not affected. The alternative dataset represents
a workaround for matching the recommended CODATA values of Na" and K™ aqueous ions. We,
nevertheless, recognize the shortcomings of this formal conversion, and suggest that the next
generation of internally consistent thermodynamic datasets for fluid-rock interaction should take
advantage of both experimental mineral reaction brackets and fluid-mineral equilibria data. The
properties of aqueous species and mineral end-members should be simultaneously refined, but the
properties of the basic ions such as K* and Na* should be used as anchors, because they are well-
constrained from highly accurate experiments.
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3.8. Conclusions and outlook

(1) A large amount of critically evaluated experimental solubility data covering the entire Na-K-
Al-Si-O-H-ClI system over a wide range in temperatures and pressures was used to simultaneously
refine, in an internally consistent way, the standard state Gibbs energies of aqueous ions and
complexes. An astonishing degree of consistency with a large body of fluid-mineral equilibria data
is obtained. This is achieved by adjusting the standard state Gibbs energies of the aqueous species.
(2) The global optimization of standard state Gibbs energies of aqueous species was set up in such
a way that the association equilibria for ion pairs and complexes independently derived from
conductance and potentiometric data are always maintained. This was achieved by introducing
reaction constraints into the optimization problem, which adjust the standard state Gibbs energies
of complexes by their respective Gibbs energy of reaction whenever the properties of the reactant
species (ions) are changed. Optimized parameters can therefore be reported with calculated
parameter confidence intervals and correlation coefficients.

(3) The new dataset is inherently consistent with the Holland and Powell (1998) mineral dataset
(Thermocalc dataset ds55) and with all experimental mineral phase equilibria used to derive these
data, as well as with experimental constraints on aqueous speciation equilibria. The dataset
reproduces all available fluid-mineral phase equilibria and mineral solubility data with good
accuracy over a wide range in temperature, pressure and composition (25 to 800 °C; 1 bar to 5
kbar; salt concentrations up to 5 molal).

(4) This work serves as a proof of concept for the optimization strategy that is feasible and
successful in generating a thermodynamic dataset reproducing all fluid-mineral and aqueous
speciation equilibria essentially within their experimental uncertainties. The core dataset in the
system Na-K-Al-Si-O-H-CI can be further extended using the same strategy to include additional
rock-forming elements such as Ca, Mg, Fe, Mn, Ti, S, C and B. Work is currently in progress to
incorporate Ca, Mg and C into the dataset, taking advantage of new experimental data for the
solubility of Ca and Mg carbonate and silicate minerals.

(5) The global data optimization process implemented for this study can be repeated when an
extension to new chemical elements and species is needed, when new experimental data become
available, or when different aqueous activity models should be used. From a conceptual point of
view, it is desirable that in the future also mineral phase equilibria and stability data and mineral
partitioning data would be added to the experimental database. Then the standard-state properties
of minerals and aqueous species could be simultaneously optimized to create a next-generation
internally consistent dataset for fluid-mineral equilibria.

(6) The new geochemical-thermodynamic dataset for fluid-mineral equilibria, which resolves the
existing data discrepancies, will help dramatically improve the quality and robustness of the next
generation of geochemical and reactive transport models. This is a crucial step in gaining in-depth
understanding of fluid-rock reaction processes such as formation of hydrothermal ore deposits,
evolution of natural and engineered geothermal reservoirs, and fluid chemistry in compressional
orogenic belts, subduction zones, and mid-ocean ridges.
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(7) Simultaneous parameter fitting in multicomponent and P-T space provides a clear guide to
future experimentation, by highlighting the most sensitive gaps in fluid-mineral phase equilibria
experiments. The thermodynamic database for aqueous species can be further improved when new
solubility experiments become available, such as those involving feldspar and aluminosilicate
assemblages in pure water but also in salt solutions. Experimental data on the solubilities of
minerals at hydrothermal conditions are still needed to resolve some of the persisting discrepancies
between available studies. New data on the speciation in the hydrothermal fluids especially on the
association properties of species like AlSiOs", HAISiO.°, and KSiOHz° are also needed to improve
the agreement between calculations and experiments.
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Table 3.EAL. Standard state properties (Gibbs energy of formation, partial molal entropy, heat capacity and volume) for mineral end members used in this study.
The values were taken as such from Holland and Powell database (dataset ds55 2002). These values were not optimized during the global optimization.

Cp° =ag+arT+arT2+a3To +a,T?

A f Gg98,1 S298,1 Cpg%,l V2%8,1 % a 105 & % ao b

@mol)  (Umol-K) (Umol-K) (Ibar)  (KIK) (KIKD) (KK (KUK (KD (Kbar)
albite -3711996  210.1 207.725  10.006 04520  -1.3364  -1275.9  -3.9536  4.56 503
albite high -3706202 223.4 204694 10109 04520  -1.3364  -12759  -3.9536  4.56 593
analcite (analcime) -3091093 232 211729  9.740 0.6435  -1.6067  9302.3  -9.1796  5.00 400
andalusite 2441050  92.7 122594  5.153 02773  -0.6588  -1914.1  -2.2656  4.11 1334
coesite -850864  40.8 45.0974  2.064 0.0965  -0.0577  -4488  -07982  1.80 1000
cristobalite -853084  46.5 44919 2610 00979  -0.3350  -6262  -0.7740  0.81 600
corundum -1581808  50.9 79.4529  2.558 01395 05890  -2460.6  -0.5892  4.19 2520
diaspore -920825 35 53.4369  1.776 0.1451  0.8709  584.4 17411 7.97 2300
jadeite -2849218  133.5 159.915  6.040 03011  1.0143  -2239.3  -2.0551  4.66 1284
kalsilite 2006218 134 118477  6.040 02420  -04482  -859.8  -1.9358  5.76 590
kaolinite -3801669  203.7 224553  9.934 04367  -3.4295 40559  -2.6991  5.10 645
kyanite 2442617 835 121564  4.414 02794  -0.7124  -20556  -2.2894  4.04 1590
leucite -2866366 200 162.794  8.828 03698  -1.6332  684.7 36831  3.67 630
microcline -3750316 216 204267  10.892  0.4488  -1.0075  -1007.3  -3.9731  3.35 574
muscovite 5603884 292 321.881 14083 07564  -1.9840  -2170 -6.9792 596 490
nepheline -1980505  124.4 114290  5.419 02727  -12398 0 27631 8.10 600
paragonite 5565263 276 32397 13211 08030  -3.1580 217 81510  7.74 550
pyrophyllite 5266775 230.4 203738  12.810  0.7845  -42948 1251 84959  7.50 525
quartz 856433 415 448009 22688 01107 05189 0 11283 0.65 750
sanidine -3744340 230 204367  10.900 04488  -1.0075  -1007.3  -3.9731  3.35 574
sillimanite 2438765 95.5 124 4.986 02802  -0.6900  -1375.7  -2.3994  2.21 1320
shistovite -816165  24.5 42.8835  1.401 00681 06010  -19782  -00821  2.50 3160

¢ Jadeyd
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topaz-OH
tridymite

hoehmite
Lgibbsite

-2690013
-853665

-918400
-1154900

100.5 159.093 5.339
46.1 44,919 2.700
37.19 54.2399 1.954
68.4 91.7203 3.196

0.3877 -0.7120
0.0979 -0.3350

0.205721 -3.4921
0.0546974 17.0272

-857.2
-636.2

1026.66
-1221.73

-3.7442
-0.7740

-2.63527
0

4.04
0.50

1315
450

(1) Taken from Robie d Hemingway (1995), heat capacity polynomial coefficients for gibbsite from Pokrovskii and Helgeson (1995). a° is the thermal expansion

parameter; k is the bulk modulus (incompressibility) at 298K.
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Table 3.EA2. The values for the standard sate molal Gibbs free energy for the aluminium aqueous species
which resulted after the optimization against gibbsite and boehmite solubility experiments.

Species A.G? Standard 95% Optimization
f ~298,1
Deviation  confidence mode
(J/mole)
AlF* -486513 352 691 Optimized
AlOH* -695460 652 3749 (M Constrained
AI(OH),* -898674 486 955 Optimized
Al(OH)3° -1105180 1923 3775 Optimized
AI(CH)s -1305337 343 673 Optimized
NaAl(OH),>  -1567809 1103 2165 Optimized

(1) Constrained to AI** by the reaction: AIOH*2 + H* = AIP* + H,0, and the logK values from Palmer and

Wesolowski (1993)

(2) Calculated using the error for the AI** and the reported error for the logK at 298.15 K of about 0.05
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Table 3.EA3. Values of the standard sate molal Gibbs energy for the aqueous species, which resulted after
the optimization against the solubility experiments for minerals present in the HP02 database, but with the
values for aluminium hydrolysis species constrained through reactions using logK values (Table S1) derived
from fitting those for aluminium species against gibbsite and boehmite solubility experiments.

Species A.G?O Standard 95% Optimization mode
2ol Deviation  confidence

(J/mole)
AR -486338 282 554 Optimized
AIOH?* -695153 934 1858  MConstrained
Al(OH),* -898500 768 1509  MConstrained
Al(OH)3° -1105006 2205 4329  MConstrained
Al(OH)s -1305163 625 1227  MConstrained
NaAI(OH)4° -1561967 1984 3895  (Constrained
AIH3Si0,* -1782276 916 1720  @Constrained
KAIOZ® -1100302 932 1831  ©Constrained
K* -276768 650 1277 Optimized
KOH -431534 ®Constrained
KCI -393258 ®Constrained
Na* -256212 599 1176 Optimized
NaOH -411737 @)Constrained
NaCl -383234 @)Constrained
NaHSiOz° -1283195 1805 3586  ©)Constrained
HSIiOs -1018600 314 616 Optimized
Sioy° -834063 64 126 Optimized
ClI -131290 GFixed
HCI° -127240 (Fixed
OH- -157287 GFixed
H,0(aq) -237183 ®100 ®Fixed

(1) Constrained to AI** by the following reactions: (a) AIOH?* + H* = AI** + H,0; (b) Al(OH)," + H* =
AIOH?* + H,0; (c) AI(OH)3? + H* = AI(OH)," + H20; (d) AI(OH)s + H* = AI(OH)3® + H,0; (e)
NaAI(OH).° = AI(OH), + Na*; and the logK values calculated using the values in Table S1 and their
corresponding HKF parameters and other standard state properties for the values at elevated temperatures
and pressures

(2) Constrained to AIP* and SiO,° by the reaction: AIF* + 2 H,0 + SiO2° = AlIH3SiO4° + H*, and the logK
from Tagirov and Schott (2001), extracted from Pokrovskii et al. (1996) and Salvi et al. (1998)

(3) Constrained to K* and Als* by the reaction: K* + Als* + 2 H,O = KAIO,® + 4 H*

(4) Constrained to Na*, K*, OH-, and CI- using the logK determined from the new standard state properties
properties of the ion pairs extracted from conductance data (Table 1)

(5) Constrained to Na* and SiO° by the reaction: Na* + H,O + SiO2° = NaHSiO3® + H*, and the logK
from Sverjensky et al. (1997), extracted from Seward (1974)

(6) Shock and Helgeson (1988)

(7) Tagirov et al. (1997)

(8) Johnson et al. (1992)
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Table 3.EA4. Alternative thermodynamic dataset for agueous species and minerals, converted to restore
the CODATA recommended A Ggg&l values for Na+ and K+ aqueous ions.

Agqueous Species A, (3298,1 Mineral end-members A . Ggg&l
(J/mol) (J/mol)
Al -486627 @albite -3706284
AIOH? -695574 ®albite high -3700490
Al(OH),* -898295 ®analcite (analcime)  -3085381
AI(OH)3° -1105801 andalusite -2441050
Al(OH)4 -1305097 boehmite -918400
ONaAl(OH),° -1567833 coesite -850864
AlH3Si02* -1782516 cristobalite -853084
@AKAIOY -1105862 corundum -1581808
Al(OH). -1305097 diaspore -920825
@K+ -282462 gibbsite -1154900
@AKOH?° -437225 ®jadeite -2843506
@KCI° -408113 @Kkalsilite -2000649
ONa* -261881 kaolinite -3801669
ONaOH° -417306 kyanite -2442617
MNacCI° -388803 Gleucite -2860654
DNaHSiOZ° -1288788 ®microcline -3744747
HSiO5 -1015237 @muscovite -5598315
Sioy° -834103 ®Gnepheline -1974793
Cr -131290 G)paragonite -5559551
HCI° -127240 pyrophyllite 5266775
OH- -157287 quartz -856433
H* 0 @sanidine -3738771
H20 -237183 sillimanite -2438765
shistovite -816165
topaz-OH -2690013
tridymite -853665

(1) A;Ggg, (Table6)-5712; (2) A, Gy, (Table6)-5569; (3) A Gg, (HP98, ds552002) +5712;

298,1

4) A(G 01 (HP98, ds55 2002) +5569. The standard Gibbs energy values for Na* and K* aqueous ions

298,1

and species, reported in Table 6 (main text), were adjusted by adding -5712 and -5569 J/mol, respectively.
The standard Gibbs energy values for Na and K-bearing minerals from Holland and Powell (1998)
database (ds55), reported in Table EAL, were adjusted with +5712 and +5569 J/mol per mol of Na and K
in the mineral formula. The remaining (unchanged) thermodynamic properties and HKF parameters of the
aqueous species are reported in Tables 1 and 5 in the manuscript; those of minerals (unchanged) are
reported in Table EA1L of the electronic supplementary material. The reaction constants between any K
and Na aqueous ions, species, and minerals in this database remain the same as in the database reported in
the main text (Table 6 for aqueous species and Table AE1 for minerals).
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Abstract

This study represents an extension with calcium, magnesium and carbon, of the previous core
dataset (Miron et al. 2016), now covering the Ca-Mg-Na-K-Al-Si-O-H-C-Cl system. Critically
evaluated experimental data on Ca, Mg, and C mineral solubility in water and electrolyte solutions
over wide ranges in temperature and pressure, was added to the previous experimental data
collection (Miron et al. 2016), and was used to simultaneously refine the standard state Gibbs
energies of aqueous ions and complexes in the framework of the revised Helgeson-Kirkham-
Flowers equation of state. The thermodynamic properties of the solubility controlling minerals
were adopted from the internally consistent dataset of Holland and Powell (2002; Thermocalc
dataset ds55). The association equilibria of important complexes and ion paris forming in the
system was critically reviewed and their standard state properties and HKF parameters were
independently derived from experimentally derived logK data from conductance, potentiometric
and exceptionally from solubility measurements. The global optimization of the Gibbs energies of
aqueous species, performed with the GEMSFITS code (Miron et al., 2015), was set up in such a
way that the association equilibria for ion pairs and complexes are always maintained. The new
thermodynamic dataset reproduces all available fluid-mineral phase equilibria and mineral
solubility data with good accuracy and precision over wide ranges in temperature, pressure and
composition (25 to 800°C; 1 bar to 5 kbar; salt concentrations up to 5 molal). The method used
allowed the identification of gaps and inconsistencies in the available experimental data. From this
study it resulted that more experimental data is needed to retrieve the stability of calcium,
magnesium chloride and hydroxide species at supercritical conditions. More research is needed for
a better identification of the presence of complexes such as calcium and magnesium silicate
species, and higher order associated species, and for determining their thermodynamic properties.
Using the same strategy, the dataset can be further extended with more major and also trace and
ore elements, and the optimization can be repeated when improved speciation and equation of state
for multicomponent aqueous solutions becomes available.

4.1. Introduction

Thermodynamic modeling is an important approach for gaining fundamental understanding of
chemical processes in natural and engineered geochemical systems such as formation of
hydrothermal ore deposits, mass transfer and hydrothermal convection at mid-ocean ridges, fluid
transfer and release in subduction zones, fluid release during crystallization of igneous intrusions,
fluid circulation in geothermal reservoirs, and carbon dioxide sequestration in deep geological
formations. The results of geochemical-computational models rely critically on the robustness of
the geochemical models and, hence, on the availability, quality and consistency of parameters such
as standard state properties of minerals, gases and aqueous species, equilibrium constants for
solubility reactions, activity and equation of state parameters for non-ideal multicomponent phases
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(mineral solid-solutions, aqueous solutions, fluid and gas mixtures), and Kinetic rate constants for
mineral dissolution and precipitation (Engi, 1992; Andreé et al., 2006; Thien et al., 2015).

Calcium and magnesium are major components of carbonate and calc-silicate rocks, and
together with carbon and iron, they play an important role in regional metamorphic processes
(Baumgartner and Ferry, 1991; Miron et al, 2012; Miron et al., 2013). Calcite and dolomite are the
major components in carbonate-bearing rocks, thus playing a key role in geological environments
such as the deep Earth carbon cycle (Dasgupta and Hirschmann, 2010), sediment-hosted
hydrothermal ore deposits (Baker et al., 2004; Meinert et al., 2003), carbonate alteration of basalts
in geothermal systems (e.g. Alfredsson et al., 2008), diagenesis and dolomitization of carbonate
platforms (e.g. Wilson et al., 2001) and geochemical reactions related to cementitious systems in
nuclear waste repositories (Berner, 1992; Kulik and Kersten, 2001; Lothenbach and Winnefeld,
2006; Lothenbach et al., 2012).

At elevated temperatures and pressures, crustal fluids become enriched in carbon bearing
species, which impacts the solvation behavior of aqueous ions and affects the mobility of rock-
forming elements and trace ore metals (Kyser and Hiatt, 2003; Dasgupta and Hirschmann, 2010;
Galvez et al., 2013). Carbon is initially taken up by rocks via reaction processes such as weathering
or submarine alteration of oceanic basalts which can increase their carbon concentration form
below 0.2 wt.% up to 3 wt.% (Staudigel, 2003). Metamorphic pressure-temperature gradients
during regional metamorphism or subduction-related high-pressure metamorphism result in
dehydration and decarbonation of the carbonated rocks. This causes the release of a fluid phase
rich in water and carbon components (Plank and Langmuir, 1998), while part of the carbon is being
transported into the mantle and fixed as graphite or diamond (Frezzotti et al., 2011; Galvez et al.,
2013). The fluids released from the subducting slab cause metasomatism of the overlying mantle
wedge. The carbon present in fluids in these environments has a major impact on the melting
behavior of the rocks, element transport and fluid properties, and on the amount of carbon released
during volcanic eruptions (Manning et al., 2013). A large source of carbon is buried organic
material found in sedimentary rocks (Sephton and Hazen, 2013).

Quantitative modeling of the behavior of calcium, magnesium and carbon in a wide range of
geological systems and at elevated temperatures and pressures requires a high-quality internally-
consistent thermodynamic model for the solubility and aqueous speciation of these elements. In a
previous study (Miron et al. 2016), we have developed a strategy for generating an internally
consistent thermodynamic dataset for aqueous species in the system Na-K-Al-Si-O-H-CI over
wide ranges of temperature and pressure up to 600 °C and 5 kbar. A large amount of critically
evaluated experimental mineral solubility data was used to refine the standard state Gibbs energies
of agueous ions and complexes while maintaining a close agreement with the association equilibria
for ion pairs and complexes as independently derived from the conductance and potentiometric
data. In this study, we use the same strategy as in Miron et al. (2016) to extend the chemical system
coverage, by addition of calcium, magnesium, and carbon. The existing experimental data on the
solubility of calcium, magnesium, and carbon minerals (silicates, hydroxides, carbonates) in water
and different electrolyte solutions was critically assessed. Based on the experimental data, a
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speciation model that accounts for chloride, hydroxide and carbonate complexes has been
developed. Properties of aqueous ions and complexes in the system Ca-Mg-Na-K-Al-Si-O-H-Cl
were then globally optimized against a large collection of experimental data covering a wide range
of conditions. The resulting thermodynamic dataset is able to represent the majority of
experimental solubility data within their uncertainty. The results do also reveal important gaps and
limitations in the available experimental fluid-mineral equilibria data, and provide some guidance
for key future experimental studies.

4.2. Thermodynamic framework

The thermodynamic framework used in this study is the same as the one used in the previous
study (Miron et al., 2016). The standard state convention for aqueous species adopted is the ideal
one molal solution referenced to infinite dilution. For water solvent, the standard state is pure water
at any pressure and temperature, and water activity is based on the mole fraction concentration
scale. For minerals, the standard state is unit activity of pure solids at any pressure or temperature
(Oelkers et al., 1995). For gases, the standard state is that of a hypothetical pure ideal gas at the
standard pressure of 10° Pa (1 bar). The standard Gibbs energies for aqueous species, solids and
gas species in this study are apparent standard Gibbs energies in Benson-Helgeson convention
(Helgeson et al., 1981).

The properties of minerals in this study were calculated from the Holland-Powell internally
consistent thermodynamic dataset (Holland and Powell, 1998; updated Thermocalc dataset ds55)
and the related thermodynamic framework. This dataset is referred to as HPO2 in the remainder of
this paper. In addition to the minerals used in the previous dataset optimization, the present study
included the following pure mineral end-members: anorthite, anthophyllite, antigorite, aragonite,
brucite, calcite, chrysotile, enstatite, forsterite, magnesite, pyrophyllite, talc, tremolite, and
wollastonite. The remaining Ca and Mg oxides, silicates, and carbonates present in the HP02
database are also consistent with the current dataset, but were not used in the study because no
experimental solubility data are available for them. Portlandite is not included in the HP02 database
and, although it was not used in the global optimization, it was an essential mineral in this study
for constraining the calcium speciation model. The standard state properties for portlandite came
from the compilation of Robie and Hemingway (1995) and Thoenen et al. (2014). The
thermodynamic data for portlandite were employed in such a way that the final values for the Gibbs
free energies of the aqueous species are not dependent on them (see discussion below).

The properties of aqueous species were modeled within the framework of the revised
Helgeson-Kerkham-Flowers (HKF) equation of state (Helgeson and Kirkham, 1974a, 1974b;
Tanger and Helgerson, 1988; Shock et al., 1992). The activity coefficients for charged aqueous
species were calculated with an extended Debye-Hiickel equation (Helgeson et al., 1981). For the
solubility experiments done in CaCl, and MgCl> solutions, the extended Debye-Huckel parameters
were taken from Helgeson et al. (1981). The ion size parameters & are 4.32 and 4.11, while the
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extended term parameters b, are 0.077 and 0.106 (assumed constant at any temperature and
pressure) for CaCl, and MgCly, respectively.

The standard state properties and fugacity coefficients of pure gases in the gas phase (for
modeling CO: solubility in water and NaCl solutions) were calculated using the compensated
Redlich-Kwong (CORK) model, which is consistent with the HP02 dataset (Holland and Powell,
1991). Fugacity and activity coefficients for gas mixtures were calculated using the asymmetric
formalism (Holland and Powell, 2003). These clauclations were performed within the GEM-
Selektor packedge and the GEMS3K library (Kulik et al.,, 2013; Wagner et al., 2012;
gems.web.psi.ch).

4.3. Carbon dioxide solubility in water

Carbon dioxide dissolvs in aqueous solutions according to the initial reaction:
CO2(g) = CO2(aq) (4.1)

The solubility of COz in pure water and electrolyte solutions has been extensively studied over
the years. Recent reviews on the existing models and experimental data were made by Diamond
and Akinfiev (2003), Duan and Sun (2003) and De Visscher et al. (2012). The CO> solubility
experiments in water are used to extract Henry’s law solubility constants, but these constants are
highly dependent on the aqueous model used to evaluate the data (Plummer and Busenberg, 1982).
Besides analytical problems, the extracted reaction constants are influenced by the calculation of
the activity coefficient of CO2(aq) in the aqueous phase (diverges from 1.0 at above about 2 mol.%
dissolved COy), the estimation of the CO2 mole fraction in the gas phase, and the dissociation of
CO2(aq) which was not considered in all studies (Plummer and Busenberg, 1982; Diamond and
Akinfiev, 2003; De Visscher et al., 2012).

Several models have been developed to calculate the solubility of CO2 in water and electrolyte
solutions. Akinfiev and Diamond (2003) proposed a virial-like equation of state (EOS) for
calculating the thermodynamic properties of aqueous nonelectrolytes over a wide range of
conditions. Their EOS is compatible with the HKF model for electrolytes. Duan and Sun (2003)
proposed a model that combines the EOS for gaseous CO2 from Duan et al. (1992) with the Pitzer
ion interaction model (Pitzer, 1973) for calculating the chemical potential of CO; in the aqueous
phase. The HKF model (Tanger and Helgeson, 1988) developed for calculating the standard
chemical potentials of ionic species was also extended for calculating standard state properties of
aqueous nonelectrolytes (Shock and Helgeson, 1990; Shock et al., 1989). However, recent
experimental data for the standard partial molar volume and heat capacity of nonelectrolytes have
demonstrated that the HKF model fails to correctly predict the standard state properties of
nonelectrolytes close to the critical point of water but also in the supercritical region (Plyasunov
and Shock, 2001; Schulte et al., 2001; Akinfiev and Diamond, 2003; Plyasunov, 2015). Schulte et
al. (2001) and Plyasunov and Shock (2001) have revised the HKF parameters of CO2(aq) to
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accurately reproduce the recent measurements (Hnédkovsky and Wood, 1997) of partial molal heat
capacity and partial molal volume of CO2(aq).

Fig. 4.1 shows a comparison of different thermodynamic models and experimental
determinations of the CO. solubility constants in water from O to 360 °C at saturated water vapor
pressure (SWVP). Properties of the gas phase were calculated with the CORK model (Holland and
Powell, 1991). The agreement between different experimental datasets and model predictions is
quite good below 100 °C, with slightly larger differences in data and their trends for the higher
temperatures. The maximum discrepancy is less than 0.1 log units.

1.1 _L ——— CORK and COzaqueous) from Akinfiev and Diamond (2003)
I~ — — - CORK and COzaqueaus) from Shock et al. (1989)
1.2 Vi - - - CORK and COz(aqueous) from Plyasunov and Shock (2001)
= v, — - —- Equation of Li and Duan (2007)
Y B Exp. data (Harned and Davis, 1943)
-1.3 ~ vi ® Exp. data (Crovetto, 1991)
1 % A Exp. data (Durmmond, 1981)
-1.4 1 i 4 Exp. data (Ellis and Golding, 1963)
! b A € Exp. data (Takenouchi and Kennedy, 1964) /
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o) 4 !% ¥ Exp. data (Anderson, 2002)
(o] 1.6 - 1 * Exp. data (Zawisza and Malesinska, 1981) ‘,-/
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Figure 4.1. Comparison between calculated values using the standard stat properties of CO,(aqueous) from
different sources and experimentally determined solubility constants of CO»(gas) in H.O. The CORK
(Holland and Powell, 1991) model was used for the gas phase.

We have made a comparison between the experimentally measured dissolved aqueous CO>
concentrations and calculated values using different sources for the thermodynamic properties of
the CO2(aq) species at different total pressures (Fig. 4.2). Both experiments performed in pure
water and in NaCl solutions were included. A more detailed review of the experimental data can
be found in Duan and Sun (2003). In our calculations, the activity coefficient of CO2(aq) is
approximated to be 1.0 which is a good approximation up to around 2 wt.% dissolved CO>
(equivalent to 1 mol/kg). It can be seen in Figs. 4.1 and 4.2 that there is a rather good agreement
between different sources for the properties of CO2(aq). The best agreement between modeled and
experimental CO: solubility data is achieved when using the model of Akinfiev and Diamond
(2003). We have therefore selected this model for calculating the properties for CO2(aq) in this
study.
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Figure 4.2. Comparison between calculated values using the standard state properties of COz(aqg) from
different sources and experimentally determined solubility of CO,(gas) in H-O (A, B, C, D) and in NaCl
solutions (E, F) at different temperatures with increasing pressure.
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4.4. Carbon species

The CO2 solubility in aqueous solution increases as a function of the CO2(g) partial pressure
(Diamond and Akinfiev, 2003; Duan and Sun, 2003). The CO; that dissolves in an aqueous
solution will partially dissociate into HCO3  and COs? according to two stepwise reactions:

CO2(aq) + H20 = HCO3 + H* (Ky) (4.2)
HCO3z = CO3% + H* (K2) (4.3)

Both reactions are strongly dependent on pH, and increase in pH will shift them to the right-hand
side. At ambient pressure-temperature conditions, the formation of the bicarbonate complex is only
favored at low pH. In a closed fluid-rock system controlled by equilibria with carbonate minerals
at temperatures below 200 °C, HCOs" is the dominant species, and above this temperature, CO2(aq)
becomes dominant. Both the bicarbonate and carbonate species can form stable complexes with
various metal cations.

4.4.1. Carbonate and bicarbonate

The values of the first dissociation constant reported in the literature were recently reviewed
(Li and Duan, 2007; De Visscher et al., 2012; Stefansson et al., 2013). There is a fairly good
agreement between the experimental data and thermodynamic models at pressures of 1 bar and
SWVP and at temperatures from 25 °C up to the critical point of water (Fig. 4.3A). The only high-
pressure experimental studies on the dissociation constant were done by Ellis (1959a) up to 3000
bar and 65 °C and by Read (1975) up to 2000 bar and 250 °C using conductance methods. When
comparing the available models with the experimental data at high-pressures (Figs. 4.3C and
4.3D), there is an increasing disagreement with increasing pressure and temperature between the
predicted values and the experimental data of Read (1975). Read (1975) used KCI and KHCO3
solutions for the experiments, but did not consider the possibility that potassium carbonate species
would form. Although in concentrated chlorine bearing solutions these species have insignificant
concentrations, they become more important in solutions with lower chlorinity. The HKF
parameters for HCOs™ were refined in this study to better represent the high pressure data of Read

(1975) and Ellis (1959a), but keeping the standard state properties (Angggll , 8398,1 , Cpgg&1 ,Vzgm)

from Shock and Helgeson (1988).

The second dissociation constant of aqueous CO2 was only investigated experimentally at
pressures of 1 bar and at SWVP (Fig. 4.3B). The agreement between different experimental studies
is very good up to 125 °C (Stefansson et al., 2013), but at higher temperatures the differences
increase up to 0.5 log units. It is important to note that many studies considered only the HCO3
and COs% species for data processing. For example, Patterson et al. (1982, 1984) performed
potentiometric measurements in NaCl solutions up to 5 molal concentration, but did not consider
the formation of sodium carbonate species, which can affect the determination of the stability
constant at low NaCl concentrations. Data on the high pressure stability (> 10 kbar) of the
bicarbonate complex was obtained from in situ Raman measurements (Facq et al., 2014), but the
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P-T conditions are outside the permissible range of the HKF model used in this study. The
bicarbonate species is predicted to be important in aqueous solutions at very high pressures

exceeding 30 kbar (Facq et al., 2014). The Cpggg,l for CO3% was previously determined by Shock
and Helgeson (1988) based on the data of Patterson et al. (1982). In this study, we have refined the
Cpgg&l using the new data of Stefansson et al. (2013), Stefansson et al. (2014), and the data of

Patterson et al. (1982) below 125 °C. The 8_298,1 of COs% was adopted from the calorimetric

measurements of Berg and Vanderzee (1978), while other standard state properties were taken
from Shock and Helgeson (1988).
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Figure 4.3. Comparison between calculated and experimentally determined stability constants of carbonate
and bicarbonate complexes. (A) HCO3 at SWVP; (B) COs? at SWVP; (C) HCOs™ at different pressures
with increasing temperature; (D) HCOs™ at different temperatures with increasing pressure.
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4.4.2. Metal-bicarbonate and -carbonate complexes

While the metal-carbonate complexes are only significant at extremely low CO partial
pressure and at elevated pH, the metal-bicarbonate ion pairs have significant influence on
carbonate mineral solubility their dependence on CO: partial pressure at all conditions (De
Visscher et al., 2012). The existence of alkali metal bicarbonate and carbonate species has been
confirmed by Raman spectroscopy (Capewell et al., 1999; Sipos et al., 2000) and atomistic
simulations studies (Demichelis et al., 2011). The stability constants derived from experimental
solubility data are largely dependent on the speciation model used, which in turn also affects the
calculation of ionic strength and pH (Turner et al., 1981).

The speciation model of this study considers the first bicarbonate and carbonate complexes of
the earth alkaline and alkali metals Ca, Mg, Na and K. The association reactions are:

Ca?* + HCO3 = CaHCO3" (4.4)
Ca?* + COs* = CaCOy° (4.5)
Mg + HCOs™ = MgHCOs" (4.6)
Mg?* + COs% = MgCO3° (4.7)
Na* + HCOs = NaHCO3° (4.8)
Na* + COs? = NaCOs" (4.9)
K* + HCOs = KHCO3? (4.10)
K* + CO3* = KCOg3’ (4.11)

44.2.1.  Cacomplexes

The calcium complexes CaHCOs* and CaCO3® were clearly identified by Raman
measurements and by atomistic calculations (Demichelis et al., 2011). Caciagli and Manning
(2003) suggested that at the pressure-temperature conditions (6-16 kbar, 500-800 °C) of their
experiments COz(aq) was the predominant species and COs>, CaHCOs", and CaCO3’ were
negligible (<1%). Facq et al. (2014) concluded that CaHCOs" would be more stable at pressures
<30 kbar, while CaCO3° becomes more stable at higher pressures. They also noted that at high-
pressure conditions, both carbonate and bicarbonate are the major carbonate species, which also
form complexes with calcium. With increasing pressure (above 5 kbar), CO2(aq) is replaced by
HCOj3 and finally by CO3? as the dominant species. With the exception of high-pressure studies,
all other experiments were done at pressures of 1 bar and at SWVP. There is a considerable
disagreement concerning the stability of CaHCO3", and the reported logK values range from 0.29
to 1.29 at 25 °C 1 bar. There is reasonable agreement between two experimental studies, which are
the conductance measurements of Jacobson and Langmuir (1974) and the aragonite and calcite
solubility data of Plummer and Busenberg (1982). By contrast, the study of Martynova et al.
(1974), which used an ion-selective electrode method over the temperature range 22-98 °C,
resulted in logK data that are in disagreement with the two studies mentioned above (Fig. 4.4A).
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Figure 4.4. Comparison between calculated and experimentally determined stability constants of calcium
carbonate and calcium bicarbonate complexes. (A) CaHCO3* at SWVP; (B) CaCO3® at SWVP.

Stability constants for Ca bicarbonate and carbonate species derived from solubility data
depend on the values used for the first and second dissociation constant of CO2(aq). This should
not affect the data from Plummer and Busenberg (1982) much, because their experiments were
performed below 90 °C, where the agreement between different datasets for the dissociation
constants of CO(aq) is good. For CaCOs?, there is reasonable agreement between the
potentiometric study of Reardon and Langmuir (1974) and the data derived by Plummer and
Busenberg (1982) from the pH of CaCl./K.CO3z solutions. The ion-selective electrode
measurements of Martynova et al. (1974) are again in disagreement with the other two studies (Fig.
4.4B).

For CaHCOs", we selected the standard state properties from the study of Duan and Li (2008),
which are derived from both low and high pressure calcite solubility experiments at saturated CO>

conditions. The 559811 of CaCO3° was refined based on the reported logK values of Reardon and

Langmuir (1974), Plummer and Busenberg (1982), Felmy et al. (1998) and Bychkov et al. (2006).
The remaining standard state properties and HKF parameters were accepted from Sverjensky et al.
(1997).

4.4.2.2. Mg complexes

Since the extensive review of De Visscher et al. (2012), data for the association constants for
Mg complexes MgHCOs" and MgCOs® were retrieved by Stefansson et al. (2014) from new
potentiometric and spectrophotometric measurements. Their data are in good agreement with the
potentiometric measurements of Siebert and Hostetler (1977) for both complexes and also with the
potentiometric measurements of Reardon and Langmuir (1974) for MgCO3° (Fig. 4.5). The data
analysis of Stefansson et al. (2014) considered also the presence of MgOH™*, MgCI*, NaHCOs° and
NaCOs". They concluded that MgCI*, NaHCO3? and NaCOs" are present in insignificant amounts
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at their experimental conditions. Other reported values for the association constants of MgHCO3*
and MgCO3? are in disagreement with the above mentioned studies.

We have therefore refined the 5298,1 of MgHCO3" based on the logK values from Siebert and

Hostetler (1977) and Stefansson et al. (2014). The remaining standard state properties and the HKF
parameters for this complex were taken from Sverjensky et al. (1997). For MgCO3°, we have

refined the 8298,1 against the data of Siebert and Hostetler (1977) and Stefansson et al. (2014),

while accepting the remaining properties from Sverjensky et al. (1997).
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Figure 4.5. Comparison between calculated and experimentally determined stability constants of
magnesium carbonate and magnesium bicarbonate complexes. (A) MgHCO3* at SWVP; (B) MgCO3° at
SWVP.

4.4.23. Nacomplexes

The presence of the NaCOz and NaHCO3® complexes has been identified by Raman
spectroscopy studies (Capewell et al., 1999; Sipos et al., 2000). The only high temperature studies
(at SWVP) that would constrain the stability of these complexes are the potentiometric and
spectrophotometric measurements of Stefansson et al. (2013) that cover temperatures from 80 to
200 °C, and the data of Bychkov et al. (2007) as reported by Stefansson et al. (2013) from 100 to
160 °C. For 25 °C and 1 bar, Capewell et al. (1999) calculated a logK value of 0.98 for NaCOs"
from Raman spectroscopic data, while Wimberley et al. (1985) calculated logK values for both
NaCOs; and NaHCO3z® of 0.92 and -0.143 at 25 °C and 1 bar from ion selective electrode
measurements (Fig. 4.6). These values agree within their uncertainties with extrapolations to 25

°C using the data of Stefansson et al. (2013). We have accepted the Anggg,l values for NaCOs"

and NaHCO3? derived from the study of Wimberley et al. (1985). Subsequently, we have obtained
the other standard state properties and HKF parameters of both species using the estimation

methods from Sverjensky et al. (1997). Then the 5898,1 values were regressed against the logK
values reported by Wimberley et al. (1985), Bychkov et al. (2007) and Stefansson et al. (2014).
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Figure 4.6. Comparison between calculated and experimentally determined stability constants of sodium
carbonate and sodium bicarbonate complexes. (A) NaHCO3? at SWVP; NaCO3 at SWVP.

4.4.2.4. K complexes

The possible presence of KHCO3® and KCOsz complexes was identified in the Raman
spectroscopic study of Sipos et al. (2000), but the inferred stability of both species was lower than
that of their Na counterparts. Wimberley et al. (1985) derived values for the association constants
of KCO3 and KHCO3? as 1.025 and -0.26 at 25 °C and 1 bar, using measurements with an ion
selective electrode. To our knowledge, there are currently no experimental constraints on the
stability of potassium bicarbonate and carbonate complexes at elevated temperatures and

pressures. We have therefore accepted the Angg&l values for KCOs and KHCO3® derived from

the study of Wimberley et al. (1985) and estimated the remaining standard state properties and
HKF parameters using the correlation methods of Sverjensky et al. (1997).

4.5. lon association properties of Ca and Mg with hydroxide and chlorine

The standard state properties and HKF parameters of Ca and Mg hydroxy and chloride species
were derived from the experimental data, where preference was given to conductance and
potentiometric measurements in aqueous solutions with low concentrations of dissolved Ca and
Mg. Most datasets are restricted to subcritical conditions, and there is a clear lack of experimental
data at supercritical temperatures and high pressures. The speciation model of this study considers
ahydroxide complex and the first and second chloride complex of Ca and Mg. The association
reactions are:

Ca?* + OH" = CaOH* (4.12)
Ca?* + CI' = CaCI* (4.13)
Ca2* + 2 CI = CaCl,° (4.14)
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Mg?* + OH" = MgOH* (4.15)
Mg?* + CI- = MgCI* (4.16)
Mg?* + 2 CI" = MgCI° (4.17)

4.5.1. Hydroxide species

While the concentrations of Ca and Mg hydroxide species are negligible at low temperatures
and slightly alkaline pH (De Visscher et al., 2012), they become more important as temperature
increases (Walther, 1986; Seewald and Seyfried, 1991), and at pH >12. The properties of CaOH"
and MgOH™* in the SUPCRT92 dataset are solely based on predictions using correlations between
the standard state properties of the ions and that of the hydroxide species. They were refined in
this study taking into account the new experimental data that constrain their stability.

451.1. CaOH" association constant

Experimental data on the stability of CaOH™ are only available at temperatures below 100 °C
(Fig. 4.7A) and at SWVP. These studies include potentiometric measurements by Bates et al.
(1959), electromotive force measurements by Gimblett and Monk (1954) and measurements using
ion-selective electrodes by Martynova et al. (1974). Additional studies that permit to derive the
stability constant of CaOH" are portlandite solubility experiments. Felmy et al. (1998) derived a
logK value of -12.93 at 22 °C from portlandite solubility, while Baes and Mesmer (1981) report a
value of -12.85 at 25 °C. Both values are in excellent agreement with the value of -12.86 at 25 °C
that was reported by Bates et al. (1959). Gimblett and Monk (1954) report a logK values of -12.63,
which is in disagreement with all other studies. At elevated temperatures and pressures, the
stability of CaOH" species was exclusively retrieved from portlandite solubility measurements
(Fig. 4.7B). At temperatures between 100 and 350 °C and at 500 bar pressure, CaOH"* stability
constants have been extracted from the experiments by Seewald and Seyfried (1991). For
processing their data at low concentrations, they employed the extended Debye-Hiickel model
from Helgeson and Kirkham (1974b), which is consistent with the activity model used in this study.
Walther (1986) studied the solubility of portlandite from 300 to 600 °C and from 1 to 3 kbar. The
possible formation of CaOH™ was not considered in the data treatment, and agreement between

calculated and measured solubility was achieved by adjusting the Angggyl of the Ca?" ion.

Seewald and Seyfried (1991) reinterpreted the data from Walther (1986) taking into account the
formation of CaOH*. They extracted logK values up to 425 °C from solubility data, but could not
obtain them for higher temperature due to the lack of high-temperature heat capacity data for
portlandite. We have refined the standard state properties and HKF parameters of CaOH™ using
the low temperature data of Bates et al. (1959) and the portlandite solubility data of Seewald and
Seyfried (1991) and Walther (1986).
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Figure 4.7. Comparison between calculated and experimentally determined association constants of
calcium hydroxide complex. (A) at SWVP; (B) at different pressures with increasing temperature.

- 4
8 A —— LogK (this study) SWVP M Calc. in this study form data of Walther (1986), 2 kb B
4 — - LogK (Shock et al., 1997) O 4 B Calc. by Seewald and Seyfried (1991) from data of Walther (1986), 2 kb
/A Exp. data (Bell and Prue, 1949) @ Calc. in this study from data of Seewald and Seyfried (1991), 0.5 kb -
-9+ </ Exp. data (Bell and George, 1953) ] o -5 4 O Exp. data (Seewald and Seyfried, 1991), 0.5 kb ’
<{> Exp. data (Gimblett and Monk, 1954) <> Exp. data (Roselle and Baumgartner, 1995), 3 kb
O Exp. data (Martynova et al., 1974) LogK 0.5 kb (this study)
-10 4 < Exp. data (Baes and Mesmer, 1981) LogK 1 kb (this study) B
|.> Exp. data (Felmy et al., 1998) O 64— LogK 2 kb (this study) .- N &
E Exp. data (Bates et al., 1959) LogK 3 kb (this study) 7 f""
x 11 X LogK (Shock etal.,, 1997) 2 § nEg=
o o 74 ?
3] S
-12 5
-8 -
13 4
] -9
-14 4@
) +2 + + -10 4 +2 + +
Ca”+H,O0=Ca0OH +H Ca“+H,0=CaOH +H
s e e L - L T
0 10 20 30 40 50 60 70 80 90 100 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

-6 — -
1A SWVP_u”" LB sl o
- LogK 1 kb (Shock et al., 1997)
-7 1 n - _ LogK 2 kb (Shock et al., 1997)
. ’ O Exp. data 1 kb (Walther, 1986)
/ 24 O Exp. data 2 kb (Walther, 1988)
-8 -
J / T ]
9 X -3
| (=
1 / —— LogK (this study) (o]
-10 1 o _I_ Ié?(i.y(d(ast';c((g(a?;:l{;r?g-\f'\)fesomwski 1997) - -4
J \v ﬁ o Exp.data(McGeeandHostetler,19:!?5)
5} /A Exp. data (Stock and Davies ,1948)
M g/{ S Exp. data (Hoseter 1603) 54
- .
12 4 o
| 6 .-
4o ¥ Mg+ HO=MgOH +H' Mg“+HO=MgOH'+H
0 50 100 150 200 250 300 300 350 400 450 500 550 600
Temperature (°C) Temperature (°C)
Figure 4.8. Comparison between calculated and experimentally determined association constants of
magnesium hydroxide complex. (A) at SWVP; (B) at 1 and 2 kbar with increasing temperature.
45.1.2. MgOH" association constant
The stability of MgOH™ has been studied using the potentiometric method by McGee and
Hostetler (1975) from 10 to 90 °C and Palmer and Wesolowski (1997) from 25 to 250 °C and at
SWVP (Fig. 4.8A). Both datasets have a slightly different trend with temperature and start to
diverge above 60 °C, with a maximum difference of around 0.4 log units at 90 °C. At high
temperatures and pressures, the logK values of MgOH™ have been derived from brucite solubility
measurements by Walther (1986) assuming that MgOH™* is the dominant species (Fig. 4.8B). The
thermodynamic properties of brucite used by Walther (1986) were those from Helgeson et al.
(1978). We have refined the 8298,1 and the HKF parameters of MgOH™ based on the accurate
potentiometric data of Palmer and Wesolowski (1997). The pressure and temperature trends of the
stability constant of MgOH™ calculated with the properties from Shock et al. (1997) and this study
G. D. Miron 169
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are substantially different from those of Walther (1986). The brucite solubility experiments of
Walther (1986) were not explicitly used to extract the stability constants of MgOH™, but they were
used in the global regression of all mineral solubility data (see below).

4.5.2. Caand Mg chloride species

The standard state properties and HKF parameters of Ca and Mg chloride species present in
the SUPCRT92 database were derived from a limited number of experimentally determined
stability constants below 100 °C and from correlations between aqueous metal complexes
(Sverjensky et al., 1997). The properties for both CaCl* and MgCI* were derived from the
potentiometric measurements of Majer and Stulik (1982). As already noted by Méndez De Leo
and Wood (2005) and Arcis et al. (2014), the logK values reported by Majer and Stulik (1982)
were not extrapolated to infinite dilution. This results in a systematic error for the properties of
CaCl* and MgCI* reported by Sverjensky et al. (1997). The same applies to the properties of the
complexes SrCI*, BaCl*, MgF*, CaF*, BaF*, and SrF*, which are also based on the data of Majer
and Stulik (1982). The logK values for CaCl* and CaCl,° at 25 °C and 1 bar that were derived from
the study of Ramette (1986) were also not corrected to infinite dilution. Ramette (1986) derived
the association constants of CaCl*, CaClz° and CaCls™ from solubility experiments performed at
constant ionic strength of 5 molal. Ruaya (1988) employed an isoculombic approach to estimate
the properties of the Ca chloride complexes but also used the original logK values of Majer and
Stulik (1982). Rard and Clegg (1997) reviewed of the properties of aqueous CaCl solutions and
identified large inconsistencies between different data for the association constants of calcium
chloride complexes at low temperatures.

Frantz and Marshall (1982) derived the ionization constants for magnesium and calcium
chloride species (the first and second association constants for both elements) from electrical
conductance measurements from 400 to 600 °C and 1 to 4 kbar in solutions of low total
concentrations (0.001-0.005 molal). They did not account for the formation of the hydroxide
species CaOH" and MgOH™" in their data treatment, which introduced systematic errors in the
association constants for the chloride ion pairs. While hydroxide species are rather insignificant in
moderately to highly concentrated chloride solutions, they form in appreciable amounts in
solutions with low electrolyte concentrations. Calculating the equilibrium speciation of a fluid with
0.001 CaCl; or MgCl; (using the Ca and Mg species properties from this study) at 400 to 600 °C
and pressures of 1000 to 4000 bars demonstrates that the Ca and Mg hydroxide species are not
negligible. CaOH™ accounts for 3 to 8 % of the total dissolved calcium and MgOH™ accounts for 5
to 16 % of the total dissolved magnesium.

452.1. CaCl* and CaCl° association constants

The stability of the CaCl® complex was studied at subcritical conditions by various
experimental techniques. This included potentiometric measurements from 15 to 85 °C (Majer and
Stulik 1982), flow calorimetric measurements from 250 to 325 °C and SWVP (Gillespie et al.
1992), enthalpy of dilution measurements from 300 to 325 °C and SWVP (Oscarson et al. 2001),
and by conductance measurements (Méndez De Leo and Wood 2005). The association constants
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from Oscarson et al. (2001) are systematically lower than the ones reported by Gillespie et al.
(1992) at the same conditions (Fig. 4.9A). At supercritical conditions (Fig. 4.9B), the association
constants of calcium chloride were derived from electrical conductance measurements from 400
to 600 °C and 1 to 4 kbar by Frantz and Marshall (1982). Williams-Jones and Seward (1989)
extracted the values for the first (at 150 °C only) and second association constant from solubility
measurements of AgCl in HCI-CacCl; solutions from 0.3 to 3 molal, for temperatures of 100 to 360
°C at SWVP. Their association constants depend highly on the values used for the properties of
silver chloride complexes, the solubility product of AgCI(s) and the properties of the HCI® ion

Their result may also be affected by the activity model used (Helgeson et al.,

the mean activity for mixed HCI-CaCl. solutions.

1981) to calculate

Temperature (°C)

Pressure (bar)

Figure 4.9. Comparison between calculated and experimentally determined first and second association
constants of calcium chloride complexes. (A) CaCl* and (C) CaCl,® at SWVP; (B) CaCl* and (D) CaCl.° at
different temperatures with increasing pressure, compared with the logKs derived from conductance

measurements.

G. D. Miron

5.0 9
4 —— LogK (this study) SWVP ] LogK (this study) B
4.5 - LogK (Severjensky, 1997) - - - LogK (Severjensky, 1997)
1 ® Exp. data (Mendez De Leo et al., 2005) 84 M Exp. data (Frantz and Marshall, 1982)
4.0+ B Exp. data (Majer and Stulik, 1982, corrected) E
T A Exp. data (Oscarson et la., 2001) 7 -
3.5 @ Exp. data (Gillespie et al., 1992) . |
3.0 1 O Exp. data (Majer and Stulik, 1982, original) A
] > Exp. data (Williams-Jones and Seward, 1989) T i 6
2,5-. / ! 5
204 i g} 4
] 4
1.5-_ | ]
1.0 —\Ei"i_-‘ _i__._.-—; 34
0.5+ ) 1
] . 24
0.0 O |
05 g 0" ¢ "] *
0.5 2 )
1 Ca™ + CI CaCI 1 Ca”+Cl =cacCl'
-1.0 T T T T T T T 0 T T T T T T T T T T
0 50 100 150 200 250 300 350 500 1000 1500 2000 2500 3000 3500 4000 4500
Temperature (°C) Pressure (bar)
5 - 14
4 — I[g: g::: ::ﬂgz :2?;2”“) SWVP VAY LogK (this study) D
44 LogK (Severjensky, 1997) 4 g 12 4 B ; i tz,g;Kd(.‘aS;\?F?::ginligr?d-’;)rshal\ 1982)
T <> Exp. data (Williams-Jones and Seward, 1989) < /" O i !
3 W Exp. data (Gruszkiewicz et al., 2007) /
: O Exp. data (Ramette, 1986) oy 4
2+ O Exp. data (Oscarson, 2001) y O 10 4
. . .
] & 0 ¥ 8-
0] O =
1 (=] 4 -
-1 < | 6 - o~y X
b - 600 °C
2] 44 E = 550 °C
5] “—--._____i_______-—-—-__-__'—-—-—:- 500 °C
4 450 °C
4 %7 J400°C
4 2 0 1
. Ca’ +2:Cl = CaCl, , LCa” +2-Cl = CaC|2 '
b L 1 T T 1 — T T T T T T T
] 50 100 150 200 250 300 350 400 500 1000 1 500 2000 2500 3000 3500 4000 4500

171



172

Chapter 4

When regressing the experimental data above 150 °C, Williams-Jones and Seward (1989)
assumed that CaCl* was present in insignificant amounts and that CaCl.? was the only species that
need to be considered. Reflecting the large discrepancies between different dataset for the relative
stability of both CaCl* and CaCl.?, this assumption is valid for one particular set of thermodynamic
properties of the Ca chloride only. This is straightforwardly demonstrated by comparing the
species distribution in a 1 molal chloride solution obtained from their thermodynamic data and the
one obtained from the data of Sverjensky et al. (1997) at 150 °C and SWVP (Fig. 4.10).
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Figure 4.10. Calculated percentage from total calcium of different calcium species present in a 1 molal Ca
solution with increasing chlorinity.

The association constants of CaCl.° were also determined by Popp and Frantz (1979) from
solubility experiments of quartz+wollastonite in CaCl2-HCI solutions at supercritical conditions
(425 to 600 °C, 1 to 2 kbar) using the Ag-AgCl buffer technique. Their results strongly depend on
the properties used for the HCI® species and the calibration of the Ag-AgCl buffer. They also
calculated the difference between the standard state Gibbs free energies of CaCl,° and HCI®, which
is as such independent of the absolute properties used. However, they only considered CaCl,° as
the major Ca species and ignored the presence of CaCl™ at the conditions of their experiments.

To overcome the large inconsistencies between different datasets for the Ca chloride species,
we have re-fitted the standard state Gibbs energy, entropy, and HKF parameters of CaCl* using
carefully evaluated experimental data. These include the data of Majer and Stulik (1982) corrected
to infinite dilution, the data from the high-precision conductance experiments of Méndez De Leo
and Wood (2005), and the data from the calorimetric measurements of Gillespie et al. (1992). The

Cpggg’l and v;;&l values were adopted from Sverjensky et al. (1997). Reflecting the fact that only

few data are available for CaCl,°, we accepted the Gibbs energy and entropy of this complex from
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the recent study of Gruszkiewicz et al. (2007). They used isopiestic measurements of concentrated
CaCl, and mixed electrolyte solutions and extracted the thermodynamic properties using a well-
calibrated Pitzer activity coefficient model. The association constants of CaCl.° calculated with
the data from this study result in a considerable disagreement with the data of Frantz and Marshall
(1982) at supercritical conditions (Fig. 4.9D). Similar discrepancies have been observed when
comparing the association constants of HClo from the critical review of Tagirov et al. (1997) with
the data reported by Frantz and Marshall (1984). However, as will be shown below, the new
association constant data for CaCl* and CaCl,°, in conjunction with the association constant data
for CaOH" that are based on robust experiments, are able to simultaneously represent all
experimental calcite and Ca-silicate solubility data.
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Figure 4.11. Comparison between calculated and experimentally determined first and second association
constants of magnesium chloride complexes. (A) MgCI* and (C) MgClI° at SWVP; (B) MgCI* and (D)
MgCI,° at different temperatures with increasing pressure, compared with the logKs derived from
conductance measurements.

45.22. MgCI" and MgCl,° association constants

The association constant of the MgCI™ complex was studied using a potentiometric method by
Majer and Stulik (1982) from 15 to 85 °C (Fig. 4.11A). They did not correct their results to infinite
dilution. We have approximated the logK values at infinite dilution by applying a correction of
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similar magnitude that was used by Méndez De Leo and Wood (2005) to correct the CaCl+ data
to infinite dilution. This approach is justified because the same background electrolyte and ionic
strengths were used by Majer and Stulik (1982) in the experiments in Mg and Ca chloride solutions.
At supercritical conditions, the association constants of Mg chloride species were derived from
electrical conductance measurements from 400 to 600 °C and 1 to 4 kbar by Frantz and Marshall
(1982) (Figs. 4.11B and 4.11D). Saccocia and Seyfried (1990) extracted the stability constants of
MgCI™ from solubility measurements of talc and quartz in NaCl-MgCl; solutions (300-400 °C, 500
bar). They assumed that MgCl.° is insignificant at their experimental conditions, and the used the
properties for HCI® from Frantz and Marshall (1984). The association constants of MgCl2° were
extracted by Frantz and Popp (1979) from quartz+talc solubility experiments in MgCl.-HCI
solutions (400 to 650 °C, 1 to 2 kbar) using the Ag-AgCl buffer technique. Their results depend
strongly on the calibration of the Ag-AgCl buffer used. They assumed that MgCl.° was the only
chloride species present, which was subsequently demonstrated to be incorrect (Frantz and Popp,
1981). They also calculated the difference between the standard state Gibbs free energy of MgClI,°
and HCI®, which is independent of the absolute properties of both species.

In this study, we derived a new A; GSQBJ for MgCl™ to bring it into agreement with the corrected
logK value at 25 °C and 1 bar from Majer and Stulik (1982). The Cp§98,1 and Vz?,&l were accepted

from Sverjensky et al. (1997) and the 8_298,1 is essentially identical to the one derived by Sverjensky

et al. (1997), because the temperature dependence at 15-85 °C of the logK values corrected to
infinite dilution is approximately the same as that of the uncorrected data. When comparing the
association constants of MgCI™ and CaCl" calculated with the properties form this study, they agree
within 0.1 log units and show identical temperature and pressure trends. This led to the conclusion
that there should be a similar agreement between the temperature and pressure trends of the
association constants for MgCI2° and CaCl,’. We have therefore re-fitted the standard state
properties and the HKF parameters of MgClI.° based on this assumption. The results of Frantz and
Marshall (1982) in the MgCl2 system suffer from the same issues as in the CaCl> system (see above
and discussion below).

4.6. Caand Mg silicate species

The speciation model in this study considers the silicate complexes of Ca and Mg. The
association reactions are:

Ca?* + HSiOs” = CaHSiOs" (4.18)
Ca?* + SiOs? = CaSiOz° (4.19)
Mg?* + HSiOs = MgHSiO3* (4.20)
Mg?* + SiOs? = MgSiOs° (4.21)
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The standard state properties and HKF parameters for the calcium and magnesium

hydrosilicate species are reported by Sverjensky et al. (1997). They adopted the Angg&l of

CaHSIiOs" and MgHSIO3" from the compilation of Turner et al. (1981), which are in very good
agreement with those reported in the recent critical evaluation of Thoenen et al. (2014). Sverjensky

et al. (1997) estimated the Sggg,l,cpgggyl and V;;&l from correlations that involve metal ions and

complexes with chemically similar ligands. Because there are no new experimental data that would
constrain the stability of Ca and Mg silicate complexes, we accepted the data from Sverjensky et
al. (1997). There are no experimentally based standard state properties and HKF parameters for
CaSiOs® and MgSiO3° available. The available imformation about the stability of these speices at
ambient conditions and elevated temperature and pressure is scarce (Walker et al., 2016). These
species can become important at ambient ocnditions and elevated pH (Walker et al., 2016) but can
also paly a role in systems at high temperature buffered by calcium and magnesium silicates. Due
to the relevance of these species in these systems we have made rough estimates on their
thermodynamic properties and HKF parameters (Table 4.1). The Gibbs energy of formation and
standard state netropy of CaSiO3° was taken fom the study of Walker et al. (2016). The authors
used the solubility cacium-silicate-hydrate to constrain the species at ambient contitions. The

Cpgggylwas subsequently adjusted to reproduce the increase in wollastonite+quartz solubility

above 500 °C from the experiments of Xie and Walther (1993b). The HKF parameters were
estimated from correlations (Sverjensky et al., 1997). Because there is no data available for the
sability of MgSiOs?, it was assmed that its sability constant is the same as for CaSiO3® which were
subsequently used to regress values for its thermodynamic standard state properties and HKF
parameters. These species were not considered in the global optimization until more constraints
on their stability at different conditions become avaialbe.

4.7. Selection of experimental solubility data

The available experimental solubility datasets that would constrain the stability of Ca and Mg
aqueous species are much smaller in number than for the previously evaluated system Na-K-Al-
Si-CI-O-H (Miron et al., 2016). Priority was given to the experiments that demonstrated the
attainment of equilibrium, used experimental techniques that were not affected by quenching
problems, and sampled the aqueous solutions at the equilibrium conditions.

4.7.1. System Ca-Mg-Al-Si-O-H

Fluid-mineral equilibria in the system Mg-Si-O-H in a wide range of temperatures and
pressures of 1 and 2 kbar were studied by Hemley et al. (1977a) and Hemley et al. (1977b). They
used cold-seal pressure vessels with a rapid quench method for their experiments. The equilibrium
was established by approaching it from different initial silica concentrations; they used both
synthetic and natural minerals. For the same experimental temperature-pressure conditions, the
results using synthetic and natural mineral samples agree within their experimental uncertainty.

G. D. Miron
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They also investigated the possible loss of dissolved silica by precipitation during quench, but
concluded that it did not occur.

Walther (1986) determined the solubility of brucite in water between 300 and 600 °C and at
pressures of 1 to 3 kbar. The experiments were performed using an extraction quench hydrothermal
apparatus. The aqueous phase was equilibrated with synthetic bruicte, and the final material was
analyzed optically and by X-ray diffraction to confirm that brucite was the only mineral phase
present in the run products. Equilibrium was considered to be approached from supersaturation if
the Mg concentration decreased by more than 10% from the previous step, and from
undersaturation, if the concentration of Mg increased by more than 10%. The solubility of brucite
at low temperatures in different electrolyte solutions has been extensively reviewed by Lambert
and Clever (1992a). The solubility product of brucite is rather small and thus difficult to measure
with sufficiently good precision (Lambert and Clever, 1992a).

Xie and Walther (1993b) studied the solubility of the assemblage wollastonite+quartz in water
and NaCl solutions. The experiments in pure H2O were performed at temperatures of 250 to 600
°C and pressures of 1 to 2 kbar. They used an extraction quench hydrothermal apparatus similar to
what was used by Walther (1986) for brucite solubility experiments. The authors used natural
wollastonite samples, and they did not report the chemical composition of the mineral. They
approached equilibrium from both undersaturated and supersaturated conditions by increasing or
decreasing the concentration of Ca between different experiments. Wollastonite solubility
experiments at very high pressures were done by Fockenberg et al. (2006), but the experimental
conditions are outside the permissible range of the HKF model for aqueous species used in this
study.

Portlandite solubility experiments at hydrothermal conditions were performed by Seewald and
Seyfried (1991) and Walther (1986). Seewald and Seyfried (1991) measured portlandite solubility
in water and acetate solutions from 100 to 350 °C at 500 bars. Walther (1986) conducted solubility
experiments between 300 and 600 °C and pressures of 1 to 3 kbar. They report results that
approached equilibrium from both undersaturated and supersaturated conditions based on the
change in concentration of the sampled solution in one set of experiments (increase or decrease by
10%). The experimental technique in both studies employed sample extraction at run conditions,
thus avoiding possible errors related to quenching. The solubility of portlandite at low temperatures
and in different electrolyte solutions has been reviewed by Lambert and Clever (1992b).

4.7.2. System Ca-Mg-Al-Si-Cl-O-H

The most comprehensive study in the Ca-Mg-Si-Cl-O-H system has been conducted by Luce
et al. (1985). The studied fluid-mineral equilibria comprise the mineral assemblages talc+quartz,
tremolite+talc+quartz, diopside+tremolite+quartz, wollastonite+diopside+quartz and
wollastonite+quartz. The experiments were done between 500 and 700°C, at a pressure of 2 kbar
and chloride concentrations from 0.03 to 6.0 molal. The solubility data of this study are important
for constraining the stability of calc-silicates in the framework of metasomatic skarn reactions. The
experiments were done in cold-seal pressure vessels and the solutions were analyzed after fast
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quench. They used both natural and synthetic minerals as starting materials. They derived the
concentration of HCI in their experiments using pH calibration curves, which were determined
from known HCI concentrations in solutions with variable CaCl, and MgCl. concentrations. The
experimental dataset of Luce et al. (1985) was used as a reference dataset in this study, because it
provides a great number of constraints on the stability of the key aqueous species.

Roselle and Baumgartner (1995) studied the solubility of the assemblage
anorthite+andalusite+quartz in supercritical chloride solutions. They used the experimental results
to derive the anorthite-andalusite phase equilibrium, evaluate the stability of higher order calcium
chloride species CaCls  and CaCls? and determine the stability constant of Ca(OH)*. They used a
cold-seal pressure vessel method that is comparable to the one used by Hemley (1959). The actual
H™ concentration was derived using a calibration method of the pH electrode that accounts for salt
and electrode specific effects. Synthetic anorthite and natural andalusite and quartz were used as
starting materials. The equilibrium constants derived from their experiments depend strongly on
the values they used for the association constants of H.O, HCI®, CaCl*, and CaCl.’. They used a
different set of association constants than was used in this study.

Xie and Walther (1993a) studied the solubility of quartz+wollastonite in pure water and in
NaCl solutions using an extraction quench method. They extracted association constants for CaCl™,
and CaCl.° from their experiments in NaCl solutions, using the properties of HCI® from Frantz and
Marshall (1984). The resulting association constants for CaCl.° are around 2 log units lower than
the ones from Frantz and Marshall (1982) at similar conditions.

Saccocia and Seyfried (1990) studied the solubility of the assemblage talc+quartz between 300
and 400 °C and at 500 bars in NaCl-MgCl> solutions. They employed a hydrothermal apparatus
and extracted the solutions at run conditions. They performed experiments from both
undersaturated and supersaturated conditions by changing the concentration of MgCl,. They
measured the pH of the extracted solutions at 25 °C. They derived the association constant for
MgCI* while using the properties of HCI® from Frantz and Marshall (1984) and not considering
the formation of MgCI.°. Their results are in disagreement with extrapolated data from Frantz and
Marshall (1982), but in reasonable agreement with the results of Luce et al. (1985).

Several studies of the solubility of calcium and magnesium silicates have been performed using
the Ag(s)-AgClI(s) acid buffer technique. This method allows to control the activity of HCI at the
experimental conditions, but it is highly dependent on the calibration of the method and on the
thermodynamic properties of Ag(s), AgCI(s), the aqueous species and oxygen fugacity buffers.
The Ag(s)-AgClI(s) buffer method was re-calibrated in several studies (Frantz and Popp, 1979;
Luce et al., 1985). The method has been employed in a number of studies, including the solubility
of wollastonite+quartz in supercritical chloride solutions by Gunter and Eugster (1978) and Popp
and Frantz (1979) and the solubility of talc+quartz in supercritical chloride solutions by Frantz and
Popp (1979) and Grabman and Popp (1991). Grabman and Popp (1991) used NaCl-MgCl;
solutions in their experiments and suggest that higher order Mg chloride and mixed Na-Mg
chloride species may form at temperatures above 500 °C. They concluded that at temperatures
above 500 °C, higher-order chloride species are needed to explain their data.
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4.7.3. System Ca-Mg-Cl-O-H-C

The most extensive reviews of the solubility of alkaline-earth metal carbonates in water and
electrolyte solutions was presented by Duan and Li (2008), De Visscher et al. (2012), and De
Visscher and Vanderdeelen (2012). The majority of carbonate solubility data was done at
temperatures up to 100 °C and in the three-phase system (solid carbonate, aqueous solution and
COz-rich gas-phase). A large number of calcite and aragonite solubility measurements bellow 100
°C over arange in CO; partial pressure were performed by Plummer and Busenberg (1982). Segnit
et al. (1962) measured the solubility of calcite from 75 to 200 °C and at CO> partial pressures of 6
to 63 bars. Ellis (1959b) measured the solubility of calcite from 100 to 302 °C and at CO; partial
pressures of 1 to 63 bars. The solubility of calcite at temperatures above 100 °C in dilute NaCl
solutions was measured by Ellis (1963) at CO» partial pressure of 12.16 bar. Bychkov et al. (2007)
evaluated the solubility of calcite from pH measurements in NaCl solutions from 120 to 160 °C
with varying CO: partial pressure (2-50 bar). Their values are in good agreements with SUPCRT92
calculated solubility and the authors concluded that the calcium carbonate species play no role in
the calcite solubility at these conditions. Calcite solubility in brines at different CO> concentration
was also measured by Malinin and Kanukov (1971) between 200 and 600 °C. Their measurements
were done mostly at high CO2 concentrations where the assumption of the activity coefficient of
CO2(aq) being equal to 1 is not valid. Experiments with only aqueous solution and a carbonate
mineral are very challenging, because even a small external contamination with CO. can have a
large impact on the measured solubility. This explains why the experimentally determined calcite
solubility data below 100 °C show a large scatter (Fig. 4.12). These data were not included into
the final experimental database that was used for global regression of aqueous species
thermodynamic data.
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Figure 4.12. Comparison between calculated and experimentally determined calcite (A) and aragonite (B)
solubility in CaCOs-H20 system, at different temperatures, SWVP.

At supercritical conditions, there are only three studies that determined the solubility of calcite

in water and aqueous electrolyte solutions. The solubility experiments of Walther and Long (1986)
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were done at 300 to 600 °C and 1000 to 3000 bars. Fein and Walther (1989) measured the solubility
of calcite in water and in HCI-NacCl solutions at 2000 bars and temperatures up to 600 °C. Their
calcite solubility data in water are systematically higher than the ones reported by Walther and
Long (1986). Fein and Walther (1987) measured the calcite solubility in H,O-CO; fluids at
conditions above 2 mol% CO; dissolved in the aqueous phase where the assumption that the
activity coefficient of CO2 aqueous species is close to one is not valid anymore. Datasets of
experiments performed at more than 2 mol% CO> were not considered in our evaluation. Caciagli
and Manning (2003) and Newton and Manning (2002) studied the calcite solubility in H20 and
NaCl solutions at deep crust and mantle pressures which exceed the applicability of the HKF
equation of state that was used in this study.

A review on magnesite solubility under subcritical conditions was done by De Visscher et al.
(2012). Their review shows that the data in the system open to COg, pure water, in electrolyte
solutions, is scarce and inconsistent, mostly given as approximate. Bénézeth et al. (2011) measured
the solubility of magnesite from 50 to 200 °C in 0.1 mol/kg NaCl solutions under different CO;
partial pressures using the hydrogen electrode concentration cell and a batch Ti-reactor. Based on
carbon and magnesium species properties from the literature and their measured data, they
generated the solubility products of magnesite and the standard state properties of magnesite at 25
°C, 1 bar.

4.8. Parameter optimization methods

We used the same global optimization method and settings that were applied the the previous
study addressing the thermodynamic data in the Na-K-Al-Si-O-H-Cl system (Miron et al. 2016).
The standard state Gibbs energies of aqueous species were regressed with the GEMSFITS code
(Miron et al., 2015), which uses the GEMS3K Gibbs energy minimization code (Kulik et al., 2013)
and the TsolMod library of activity and equation of state models (Wagner et al., 2012). The
chemical system definitions (lists of phases and species, initial thermodynamic properties of each
species, bulk composition, pressure and temperature for each experimental data point) were
prepared using the GEM-Selektor v.3 code package (http://gems.web.psi.ch/GEMS3) and then
exported into text files that can be read by GEMS3K and GEMSFITS codes (Miron et al., 2015).
The final parameter values for the aqueous species in the system Na-K-Al-Si-O-H-CI from the
previous study (Miron et al., 2016) were used as starting values for the new global optimization.
The starting values for the aqueous species related to calcium, magnesium and carbon were taken
from Shock and Helgeson (1988), Shock et al. (1989), Sverjensky et al. (1997), Shock et al. (1997),
and Stefansson et al. (2014).

The standard state properties and the HKF parameters (other than A; Gz, ) for the aqueous

species were taken from several sources or were separately optimized in this study as shown in
Tables 4.1 and 4.2 (details in section 4.4 and 4.5). These parameters were not refined during the

global regression of mineral solubility data and only the values of the AfGS%,l of the aqueous
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species were optimized. The program OptimB (Shvarov, 2015) was used for optimizing the HKF
parameters of several aqueous complexes based on the critically evaluated datasets of association
constants discussed above.

The critically evaluated experimental dataset for the system Na-K-Al-Si-O-H-Cl (Miron et al.,
2016) was accepted in this study and only the new experimental data for solubility of Ca-Mg

silicate and carbonate assemblages were added. In addition to the freely optimized A 6298,1 values

(Na*, K*, SiOz%, HSiOs, Als*, AI(OH),*, AI(OH)3°, AI(OH)s", NaAl(OH).°, KAIO,%) parameters
that were considered when addressing the system Na-K-Al-Si-O-H-Cl (Miron et al., 2016), we

added to thr global optimization the A;Ggg; values of Ca*2, Mg*?, CaCl2®, and MgCl2°. Other

calcium, magnesium and carbonate species considered in the extended system Ca-Mg-Na-K-Al-
Si-O-H-C-Cl were either adjusted trough reaction constraints or accepted from carefully evaluated
datasets. There are only very limited and partly contradicting data available that would constrain
the stability and standard state thermodynamic properties of CaCl.°, and MgCI2°. As long as no
new high-quality conductance experiments become available, the values of CaCl.°?, and MgCI°
need to be included into the regression in order to achieve a sufficiently good representation of the
experimental Ca and Mg silicate and carbonate solubility data.

The overall quality of the fit for each individual experimental dataset related to Ca-Mg silicate
and carbonate solubility is reported in Table 4.3 and defined by the normalized-root-mean-square-
error (NRMSE):

i[y(i) 10l

NRMSE = |- (4.22)

N
>y’

This evaluation of the quality of the fit by the NRMSE is done after the GEMSFITS optimization
and is not equivalent to the objective function that is used by the optimization algorithm.

4.9. Results

The experimental solubility data are compared with their calculated counterparts in Figs. 4.13
through 23. In these figures, full symbols do always denote experimental data points used in the
global optimization, while open symbols denote data points that were not used.

Final regressed Angg&l values of the aqueous species obtained from the global optimization

of all mineral solubility data, including refined data for the species included in the earlier study of
the system Na-K-Al-Si-O-H-CI (Miron et al., 2016), are summarized in Tables 4.4 and 4.5. These
tables also list all thermodynamic properties of the species that were fixed during fitting, and those
which were constrained using association reaction constants.
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Table 4.1. Standard state properties (partial molal entropy, heat capacity and volume), HKF, and Akinfiev and Diamond (2003) model parameters of CO(aq) used
in this study. These values were not adjusted but taken from their original references.

Species S Cposs Vi a;-10 a-107? as a4-10* C1 c2-10* o-10°

(J/mol) (J/mol) (J/bar) (cal/mol/bar) (cal/mol) (cal'K/mol/bar) (cal'K/mol) (cal/mol/K) (cal-K/mol)  (cal/mol)

(MCat? -56.48 -30.92 -1.84 -0.1947 -7.2520 5.2966 -2.4792 9.00000 -2.5220 1.2366
MMmg+? -138.07 -21.662 -2.2 -0.8217 -8.5990 8.3900 -2.3900 20.8000 -5.8920 1.5372
@CaHSiOs* -8.33 137.8 -0.67 1.0647 -5.1787 7.7785 -2.5649 30.8048 3.6619 0.5831
@AMgHSIOz* -99.5 158.65 -1.08 0.6289 -6.2428 8.1967 -2.5209 36.7882 4.6702 0.9177
Cpoz a0 +ap T+ az-T'2 + a3-T'°'5 + a4_.|_2 Empirical parameters
ap-107 a;-10? a-10° a3-107 a4-108 £ a(cm®/g) b (cm3K°/g)
®)ICO,(aq) 119.29 209.75 3.27 6.56823 1.11973 2.80403 -5.99129 -3.92 -0.085 -8.8321 11.2684

@) Taken from Shock et al. (1997)
@ Taken from Sverjensky et al. (1997).
© Taken from the model of Akinfiev and Diamond (2003). The molal thermodynamic properties of the species in the ideal gas state are calculated through standard

heat capacity integration, and the hydration properties are then added as a pressure correction. The Gibbs energy of hydration is calculated using the Akinfiev and
Diamond (2003) model.

[D-H-O-1S-IV-X-eN :ddl



¢81

Table 4.2. Standard state properties (partial molal entropy, heat capacity and volume) and HKF parameters of aqueous species derived in this study from
conductance, literature logKs, and solubility (protlandite) data. For details on how the properties and parameters were generated see Section 4.4 and 4.5.

SIS8yl ayd

Species S Cposa Ve a1-10 a2-107 as a-10 c1 c2-10* wo-107

(J/mol) (I/mol) (J/bar)  (cal/mol/bar) (cal/mol)  (cal-K/mol/bar) (cal:K/mol) (cal/mol/K) (cal'K/mol)  (cal/mol)
CaOH* 36.47 -78.41 1.096 3.9385 -1.1019 6.1831 -2.7334 -9.5888 -2.6253 0.4190
CaCl* -2.97 73.33 0.556 2.7406  -1.0897 6.1783 -2.7340 21.5880 0.5240 0.5626
CaCly’ 67.73 129.52 3.265 6.2186 7.4024 2.8406 -3.0850 23.9609 3.2720 -0.0380
CaHCOs"* 66.27 234.27 1.328 3.7000 1.2579 5.2520 -2.8310 43.1120 7.7228 0.3113
CaCO7° 20.11 -123.86 -1.565 -0.3907 -8.7325 9.1753 -2.4179 -11.5309 -9.0641 -0.0380
MgOH* -67.36 129.1 0.166 2.2937 -2.1809 6.6072 -2.6888 31.5415 3.2394 0.7950
MgClI* -79.5 104.96 0.125 2.2809  -2.3585 6.6770 -2.6815 28.5471 2.0579 0.8389
MgCl,° -11.57 170.77 2.825 5.6165 5.9323 3.4184 -3.0242 29.7395 5.2804 -0.0380
MgHCOs* -19.11 254.69 0.934 3.3000 0.1608 5.6868 -2.7875 47.5204 9.3524 0.6204
MgCO3° -102.57 -114.64 -1.827 -0.7355 -9.5745 9.5062 -2.3831 -9.8914 -8.6160 0.0000
NaCOs 56.09 -83.31 -0.152 2.0000  -2.3350 6.6714 -2.6825 7.7693 -7.1095 1.4265
NaHCO3° 158.66 201.84 3.182 6.1192 7.1597 2.9359 -3.0750 34.4381 6.7919 0.0000
KCOs 76.32  -112.85 0.829 3.4128 0.5540 5.5266 -2.8018 2.7390 -8.5569 1.3525
KHCOZ° 208.74 134.95 4.319 7.6623  10.9298 1.4497 -3.2307 24.7193 3.5355 -0.0380
CO3? -50 -322.65 -0.606 2.8524 -3.9844 6.4142 -2.6143 -7.9872 -18.8139 3.3914
HCOs 96.62 -34.85 2.421 2.9936 4.9787 23.5905 -2.9848 12.994 -4.7579 1.2792
CaSiOy° -20.54 -179 157 3.1272  -10.5859 42.3257 -2.3414 61.9110 -51.1046 0.0935
MgSiOz° -102 -169.9 1.21 0.8426 -11.069 52.9604 -2.3216 68.7194 -53.9981 -0.0445
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Table 4.3. Summary of solubility experimental datasets selected for the global optimization.

Reference System Number of data ®Direction of Temperature Pressure range Dataset total error
points used equilibrium range (kbar) / Partial pressure (Eq. 4.22)
(deg. C) gas (bar)
Hemley et al. (1977a) talc-chrysotile-forsterite-H.O 38 U 90 - 600 1bar—2.0 Si: 0.035
Hemley et al. (1977b) talc-forsterite-antophyllite-enstatite- 55 U 300-720 1.0-2.0 Si: 0.064
H.0
Walther (1986) brucite-H.O 39 uU-s? 350-630 1.0-2.9 Mg: 0.045
Luce et al (1985) talc-wollastonite-diopside-tremolite- 68 U 500-700 2.0 Log(Ca/Mg): 0.086
quartz-MgCl,-CaCl,-H,0 Log(Ca/H?): 0.032
Log(Mg/H?): 0.125
Fein and Walther (1989) calcite-H,O-HCI-NaCl 65 U 400-600 2.0 Ca: 0.031
Plummer and Busenberg (1982) calcite-H,0-CO; 141 u 0-90 1/@®PCO,1-<0.01 Ca: 0.019
Plummer and Busenberg (1982) aragonite-H,O-CO; 205 U 1-90 1/PCO;1-<0.01 Ca: 0.017
Ellis (1959b) calcite-H20-CO» 59 U 98-302 ©@SWVP /PCO,1-62 Ca: 0.021
Bénézeth et al. (2011) magnesite-H.O-NaCl-CO; 34 U 50-202 SWVP/PCO;13-30 Mg: 0.078

@) U: equilibrium approached from undersaturation; S?: was considered that the equilibrium was approached from supersaturation if the measured concertation

decreased by 10% from previous measurements (in a continuous series of varying conditions).
@ PCO,: partial pressure of carbon dioxide gas.
©) SWVP: Saturated water vapor pressure.
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Table 4.4. Final values of the standard-state molal Gibbs energy for aqueous species related to calcium,
magnesium, and carbon, which were optimized using the experimental datasets presented in this study
(Table 4.3). Gibbs energy values need to be combined with standard state entropy, volume, heat capacity,
and HKF parameters from Tables 4.1 and 4.2. The standard deviation of optimized parameters was
calculated from 500 Monte Carlo simulation runs, and the 95% confidence interval - using the Student’s t-

distribution.
Species A Goss Standard 95% Optimization
(J/mol) this deviation  confidence mode
study interval
Ca* -552821 50 100 Optimized
CaOH* -716750 - - MConstrained
CaCl* -689297 - - MConstrained
CaCly® -795990 985 1933 Optimized
CaHCOg3* -1145214 - - (Constrained
CaCO3° -1099084 - - (Constrained
CaHSiOs* -1575097 - - @Constrained
CaSiOy° -1515154 MConstrained
Mg*? -456005 519 1019 Optimized
MgOH* -626503 - - (MConstrained
MgCI* -592204 - - (Constrained
MgClI,° -696566 957 1879 Optimized
MgHCO;* -1048857 - - (Constrained
MgCO3° -1000992 - - (MConstrained
MgHSiO3* -1479708 - - (@Constrained
MgSiO5° -1418335 WConstrained
NaCOs -789833 - - MWConstrained
NaHCO3° -842065 - - (Constrained
KCO3 -810746 - - (Constrained
KHCOZ° -862284 - - (Constrained
CO52 -527983 - - OFixed
HCOs -586855 - - ®Fixed
COxaqueons) -386030 - - ®Fixed

@) Constrained to properties of the respective ions by the reactions presented in Section 4 consistent with
the standard state properties and HKF parameters from Tables 4.1 and 4.2.
@ Constrained to properties of Ca*?, Mg*?, and SiO;° by the reaction: Ca*? + H,O + SiO;° = CaHSiOz* +
H*, Mg*? + H,0 + SiO,° = MgHSiO3z* + H* and equilibrium constants consistent with the standard state

properties and HKF parameters from Table 4.1 taken from Sverjensky et al. (1997).

@ Taken from Shock et al. (1997).
@ Refined in this study against literature logK values, -586940 reported by Shock et al. (1997).
® Taken from model of Akinfiev and Diamond (2003).
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Table 4.5. Final values of the standard-state molal Gibbs energy for aqueous species that were previously
refined in Miron at al. (2016), and the new optimized values obtained using the experimental datasets from
Miron at al. (2016) and from this study (Table 4.3). Gibbs energy values need to be combined with standard
state entropy, volume, heat capacity and HKF parameters from Table 4.1 (ion pairs of main electrolytes)
and Table 4.5 (other aqueous species) from Miron at al. (2016). The standard deviation of parameters was
calculated from 500 Monte Carlo simulation runs, and the 95% confidence interval - using the Student’s t-
distribution.

Species A Goss A Goss A Standard 95% Optimization
(3/mol) Miron (J/mol) 2016-this  deviation  confidence mode
etal. (2016) this study study interval

Al -486627 -486594 -33 258 507 Optimized
AIOH?* -695574 -695541 -33 543 1077 (MConstrained
Al(OH),* -898295 -898292 -3 1339 2627 Optimized
Al(OH)3° -1105801 -1105813 12 944 1852 Optimized
Al(OH)4 -1305097 -1305097 0 229 450 Optimized
NaAl(OH),° -1562121 -1562083 -38 944 1853 Optimized
AlH3Si0 -1782516 -1782421 -95 828 1547 @Constrained
KAIO,® -1100293 -1100134 -159 2423 4751 Optimized
K* -276893 -276870 -23 643 1261 Optimized
KOH? -431656 -431633 -23 - - @ Constrained
KCI° -402544 -393521 -23 - - ®)Constrained
Na* -256169 -256142 -27 644 1263 Optimized
NaOH?° -411594 -411567 -27 - - ®)Constrained
NaCl° -383091 -383064 27 - - ©Constrained
NaHSiO5° -1283076 -1282987 -89 1820 3614 “Constrained
HSIiO3z -1015237 -1015175 -62 303 594 Optimized
Sioy° -834103 -834041 -62 34 67 Optimized
CI -131290 -131290 0 - - ®)Fixed
HCI® -127240 -127240 0 - - ®)Fixed
OH- -157287 -157287 0 - - ®)Fixed
H* 0 0 0 - - (MFixed
H.O -237183 -237183 0 - - ®Fixed

@) Constrained to properties of AI** by the reaction: AIOH?* + H* = AI** + 2 H,0, using equilibrium constant
values from Palmer and Wesolowski (1993).

@ Constrained to properties of AI** and SiO° by the reaction: AIF* + 2 H,0 + SiO,° = AlIH3SiOs* + H*,
and equilibrium constants from Tagirov and Schott (2001), extracted from Pokrovskii et al. (1996) and Salvi
et al. (1998).

© Constrained to properties of Na*, K*, OH", and CI- using the equilibrium constants determined from the
new standard state properties of ion pairs extracted from the conductance data (Table 4.1).

@ Constrained to properties of Na* and SiO,° by the reaction: Na* + H,O + SiO,° = NaHSiO3° + H*, using
equilibrium constants from Sverjensky et al. (1997), extracted from Seward (1974).

® Taken from Shock and Helgeson (1988).

© Taken from Tagirov et al. (1997).

() Conventional value.

® Taken from Johnson et al. (1992).
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4.9.1. System Ca-Mg-Al-Si-O-H

There is a fairly good agreement between the calculated and the measured silica concentration

data for fluid-mineral equilibria experiments in the system Mg-Si-O-H (Fig. 4.13A). There are
some small differences for experiments involving talc+antigorite (Fig. 4.13B), enstatite+forsterite
and talc+anthophyllite assemblages. Consiering the good agreement with all the other
experimental data involving Ca and Mg silicates, these differences could be at least partly related
to thermodynamic properties of minerals which were accepted from the Holland-Powell mineral
dataset (Holland and Powell, 1998), or to some issues with the experiments.
Calculated Mg concentrations for brucite solubility equilibrium at different temperatures and
pressures are in reasonably good agreement with the experimental data (Fig. 4.14) from Walther
(1986). The agreement between calculated and measured data is better for the dataset from this
study compared to calculations using the aqueous species from Shock et al. (1997).

The calculated wollastonite solubility using data from Shock et al. (1997) underestimates the
experimentally measured solubility in pure water by around 0.3 log units. Calculating the
wollastonite solubility with the data from this study results in underestimation of the experimental
solubility as well (Fig. 4.15). The discrepancy between calculated and measured solubility
increases with temperature.

The refined thermodynamic properties of CaOH™ result in a good agreement between the
calculated portlandite solubility and the experimental data from Walther (1986) and Seewald and
Seyfried (1991) for temperatures between 100 and 500 °C and pressures of 0.5 and 1.0 kbar (Fig.
4.16). The agreement is much better than for calculations that use the CaOH™ properties from
Shock et al. (1997). There remains, however, a disagreement between calculated and
experimentally measured portlandite solubility for 2.0 and 3.0 kbar. While the experimental results
of Walther (1986) at these two pressures may not be necessarily incorrect, they are discrepant with
their data at lower pressures and the results of the study of Seewald and Seyfried (1991). It is not
possible to reconcile these discrepancies within the thermodynamic framework of this study.
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Figure 4.13. Comparison between calculated and experimentally determined phase equilibria and Si
concentrations in the Si-Al-Mg-H-O system (Hemley et al., 1977a; Hemley et al., 1977b) as function of
temperature at 1 kbar pressure.
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Figure 4.14. Comparison between calculated and experimentally determined brucite solubility in water
(Walther, 1986), with increasing temperature: (A) at 1 kbar; (B) at 2 kbar.
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Figure 4.15. Comparison between calculated and experimentally determined wollatonite-quartz solubility
in water (Xie and Walther, 1993b), with increasing temperature at 2 kbar. (A) Calculated with the species
properties from this study and from SUPCRT92. (B) Calculated by assuming an increase in the stability of
the CaHSiOs* by 20 kJ/mol and the presence of CaSiOz° with a logK (Ca*? + H,O + SiO, = CaSiOs? +

2+H+) at 25 °C of -19.07, Arsgg&lz -109.27 J/K-mol, and a refined AGCg%’l: 95 J/K-mol, to agree with

the experimental points.
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Figure 4.16. Comparison between calculated and experimentally determined portlandite solubility in water
(Walther 1986; Seewald and Seyfried 1991), at different pressures with increasing temperature. Full
symbols represent experimental datapoints which were used to constrain the properties of CaOH™ species,
while open symbols represent experimental datapoints which were not used.

4.9.2. System Ca-Mg-Al-Si-Cl-O-H

The calculated total calcium to hydrogen ratios, log (Ca2*/(H")?), for fluid-mineral equilibria
involving different Ca and Mg silicate assemblages are in good agreement (Fig. 4.17) with the
experimental data from Luce et al. (1985) at all temperatures. By contrast, calculations with the
aqueous species data from SUPCRT92 show only good agreement with the experimental data from
Luce et al. (1985) at 600 °C (Fig. 4.17). The agreement between the calculated total magnesium to
hydrogen ratios, log (Mg?*/(H*)?), and their experimental counterparts (Luce et al., 1985) is good
for the data at 600 and 700 °C, but not as good for the data at 500 °C.

The wollastonite+quartz solubility experiments by Xie and Walther (1993b) in NaCl solutions
are not well reproduced by calculations with the data from this study (Fig. 4.18). There is
disagreement in terms of the absolute Ca concentration data, but also in terms of the temperature
dependence at different NaCl concentrations. Interestingly, at 1.0 kbar pressure (and NaCl
concentration of 0.83 molal), the measured Ca concentration is overestimated, while at 2.0 kbar
total Ca is underestimated by the calculations. This would imply that the pressure dependence of
the solubility is not well reproduced by the thermodynamic properties of the aqueous species.
The calculated total calcium values in equilibrium with anorthite+andalusite+quartz, are in good
agreement with their measured counterparts from the solubility experiments of Roselle and
Baumgartner (1995).
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Figure 4.17. Comparison between calculated and experimentally determined log(Ca/H?) and log(Mg/H?)
values in the system Ca-Mg-Si-Al-OH-CI (in 1 molal CaCl, or MgCl; solutions) as function of temperature
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Figure 4.20. Comparison between calculated and experimentally determined calcite solubility: (A) CaCOs-
H,O-CO, system at different CO, partial pressures, with increasing temperature; (B) CaCO3-NaCl-H,0-
CO; system at 12 bar CO; partial pressure, with increasing temperature and different salt concentrations;
(C) same as (B), but the calculated values resulted from using a fitted ion size activity model parameter of
5.9 and suppressing the formation of CaCl* species.

4.9.3. System Ca-Mg-CI-O-H-C

There is a very good agreement between calculated calcite and aragonite solubility and the
experimental data from Plummer and Busenberg (1982). The agreement is good for all
experimental data points over a considerable range of CO. partial pressure (Fig. 4.19). The
calculations do also show a good agreement with the calcite solubility experiments in water at
different CO> partial pressures at temperatures of 100 to 300 °C (Ellis 1959b). The calculated
solubility slightly overestimates the measured one at a CO> partial pressure of 63 bar and this could
be due to activity coefficient effects of CO2(aq) becoming important (Fig. 4.20A). The calcite
solubilities in NaCl solutions from Ellis (1963) are overestimated by the calculations using the
thermodynamic dataset of this study. The difference amounts to about 0.1 log units in 0.2 molal
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NaCl solution at 120 °C and 0.4 log units in 1 molal NaCl solution at 320 °C (Fig. 4.20B). We
note that the experimental data of Ellis (1963) were not included into the final experimental

database and global optimization of the AfGSQ&1 of the aqueous species.

At higher temperatures and pressures, the calculated calcite solubilities in water are
systematically higher than those experimentally determined by Walther and Long (1986). It is
important to note that the experimental data of Walther and Long (1986) are also in disagreement
with the subsequent calcite solubility study of Fein and Walther (1989), and some experimental
problems in Walther and Long (1986) have been discussed by Fein and Walther (1989). There is
a fairly good agreement between the calculated and the measured calcite solubility data in water
from 400 to 600 °C and at 2.0 kbar (Fein and Walther, 1989), obptined using the properties of
calcium and carbonate species from this study (Fig. 4.21). The agreement between calculations
and experiments is much better than with the thermodynamic data from SUPCRT92, including
calcite solubility in pure H20 and in NaCl solutions (Fig. 4.22).

There is a good agreement between the calculated and the experimentally determined
magnesite solubility data from Bénézeth et al. (2011). The agreement is good for all experimentally
studied temperatures from 50 to 200 °C and at SWVP (Fig. 4.23). Unfortunately, there are no
experimental magnesite solubility data available for supercritical conditions and predictions using
the thermodynamic data from this study cannot be tested at higher temperatures and pressures.
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Figure 4.21. Comparison between calculated and experimentally determined calcite solubility in the
CaCO0s-H,0 system at 2 kbar and different temperatures.

PhD Thesis



Ca (log molality)

Ca (log molality)

-1.8
4 A Calculated with data from this study
-2.0 - Calculated with data from SUPCRT92 F
. J W Exp. data (Fein and Walther, 1989) ./
224
- —
2.6 i
E o
2.8 =
3.0 o
3.0 ] o
-3-2 _ S
4 ©
344 (&)
-3.6 1
-3.8 4
-4.0 T T T T T T T d T v T T T
-3.25  -3.00 -2.75 -2.50 -2.25 -2.00 -1.75
Cl (log molality)
C Calculated with data from this study
2.0 —— Calculated with data from SUPCRT92
i B Exp. data (Fein and Walther, 1989)
>
-2.5 - calcite-H,0-NaCl, 500 °C, 2 kbar e
- =
S - T i-e---ms-sssss-ssos--s-o- - A o
& L] £
- - & —8_-n
. By . n =y
Ay R L )
— L= =
- /; ) - <
=" caCl'“™ L L (&}
________________ :.w".(_;ac|2° o
________ ’.""’ Caﬂﬁ‘%\:‘;:‘
-4.5 r S e
-3.0 -2.5 -2.0 -1.5 -1.0

CI (log molality)

TDB: Ca-Mg-Na-K-Al-Si-O-H-C-ClI

20 B Calculated with data from this study
Calculated with data from SUPCRT92
) B Exp. data (Fein and Walther, 1989)
254
3.0 —
-3.5 4 . -
A Ca" e T e
- Cacfl - ]
d - calcite-H,0-NaCl, 400 °C, 2 kbar
45 r . ; 4 r ,
-3.0 -25 -2.0 -1.5 -1.0
Cl (log molality)
-1.5
D Calculated with data from this study
4 —— Calculated with data from SUPCRT92
B Exp. data (Fein and Walther, 1989)
2.0
1 calcite-H,0-NaCl, 600 °C, 2 kbar

Cl (log molality)

Figure 4.22. Comparison between calculated and experimentally measured calcite solubility in: (A)
CaCO0s;-HCI-H0 system, at 400 °C; (B), (C), (D) CaCO3-NaCl-H,0 system, at 400, 500, 600 °C.

6 Calcuated with data from this study
— — Calcuated with data from SUPCRT92
) B Exp. data HECC (Bénézeth et al., 2011)
\ @ Exp. data Ti-reactor (Bénézeth et al., 2011)
-8 =l I\
h )
|
- ~ \\I_
X e
-10 BN
o
o
1 4
12 4
14 -
16 LMICOsins) = Mg™ + CO,* SWVP
- Ll ' T ' T l T l T l T
0 50 100 150 200 250 300

Temperature (°C)

Figure 4.23. Comparison between calculated and experimentally determined magnesite solubility constants
from the magnesite solubility experiments reported by Bénézeth et al. (2011).
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4.10. Discussion

4.10.1. System Ca-Mg-Al-Si-O-H

The CaOH* complex becomes increasingly important with increasing temperature at alkaline
pH (Seewald and Seyfried, 1991). The existing standard state properties and HKF parameters for
CaOH" are only based on correlations and low temperature association constant data (< 50 °C) and
have a rather large uncertainty. Because portlandite is not included in the Holland-Powell
thermodynamic database, the portlandite solubility experiments were not used in the global
optimization process. Rather, the data from the two experimental datasets (Walther, 1986; Seewald
and Seyfried, 1991) at 0.5 and 1.0 kbar were used to independently retrieve the association constant
of CaOH". In the absence of other experimental constraints, these values were subsequently used
to refine the standard state properties and HKF parameters of CaOH™.

There are differences between the reported values for the AfGSQ&1 of portlandite. Walther

reports a AfGSQM value of -898.4 kJ/mol, whereas the data compilation of Robie and Hemingway

(1995) gives a value of -898.0 kJ/mol. Thoenen et al. (2014) report a value of -897.0 kJ/mol, which
is consistent with the logarithm of the solubility product of 22.8 at 25 °C and 1 bar (Ca(OH)2(cryst,)
+ 2H" = Ca*? + 2H,0). This value for the logarithm of the solubility product is based on a number
of critical data evaluations and compilations (Baes and Mesmer, 1976; Duchesne and Reardon,

1995; Nordstrom, 2013). Using the AfGSQM of portlandite from Robie and Hemingway (1995)

and the AfGSQSJ values of Ca?* and H20 from Cox et al. (1989), the logarithm of the solubility

product is calculated as 22.55. In order to maintain consistency with the generally accepted value

for the solubility product of portlandite, we have accepted the Angggll value from Thoenen et al.

(2014). The standard state entropy, volume, and heat capacity of portlandite were adopted from
Robie and Hemingway (1995). Fig. 4.16 compares the solubility product of portlandite, calculated
with the thermodynamic data of this study, with the experimental data at elevated temperatures
and pressures. This highlights the stong interdependence of the thermodynamic properties used for
all the aqueous species, complexes and solid phases involved in the solubility model.

The calculated solubility of wollastonite+quartz assemblages in water is somewhat
underestimated with the thermodynamic data of this study (Fig. 4.15). This may reflect that the
standard state properties and HKF parameters of the calcium silicate complex (CaHSiO3") are not
well constrained by independent experiments (Sverjensky et al., 1997). If the stability of CaHSiO3"
would be increased by about 20 kJ/mol, this would result in better agreement between calculated
and experimental wollastonite+quartz solubility up to 500 °C. Discarding possible issues with the
wollastonite+quartz experiments, the measured calcium concentrations above 500 °C can only be
accounted for if an additional higher-order Ca silicate species becomes important at the highest
temperatures. A likely candidate would be the neutral calcium silicate complex CaSiOs. If
included in the speciation model, this complex will bring the calculated solubility of
wollastonite+quartz in a good agreement with the experimental data (Fig. 4.15B). However,
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because there are no independent solubility data (on minerals present in the HP database) that could
constrain the stability of the calcium silicate complex CaSiO3°, we have not included this species
into the final speciation model and have not used the wollastonite+quartz solubility data in the
global data regression.

Altmaier et al. (2003) suggest that the logarithm of the solubility product of brucite (logk=16.3,
Fig. 4.24) calculated with the thermodynamic data from SUPCRT92 is inconsistent with the results
of several solubility studies. The logarithm of the solubility product derived in their study is 17.1
+ 0.2 at 25 °C and 1 bar and agrees very well with the values of 17.11 + 0.16 and 17.05 + 0.2
reported by McGee and Hostetler (1977) and Xiong (2008) derived from solubility experiments.
It also agrees very well with the value of 17.13 reported by Brown et al. (1996) obtained by
extrapolation of high-temperature potentiometric titration. In contrast, Thoenen et al. (2014) report
the logarithm of the brucite solubility product as 16.84 at 25 °C and 1 bar. The calculated logarithm
of the brucite solubility product is 16.3 when using the thermodynamic data from SUPCRT92 and

16.48 when using the properties of H.O and Mg?* from SUPCRT92 but the Angggyl of brucite

from the Holland-Powell database. This suggests that either the Angg&l of Mg?* or the one of

brucite are inconsistent with the experimentally determined solubility constant at 25 °C. Fig. 4.24
compares the brucite solubility products obtained from experimental studies (McGee and
Hostetler, 1977; Brown et al., 1996) with calculations from different thermodynamic datasets. The
difference between calculated and measured data can be accommodated by an adjustment of the

Angggyl of Mg?*of around 3 to 4 kd/mol or by a change in the properties of brucite. After the

global optimization performed in this study, the refined Ang%,1 value of Mg?* is 2 kd/mol more

negative, resulting in a logarithm of the solubility product of brucite of 16.85 which is in reasonably

good agreement with the experimental data.
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Figure 4.24. Comparison between calculated and experimentally determined brucite solubility constants
from potentiometric measurements (Brown et al., 1996) and solubility experiments (McGee and Hostetler,
1977).

4.10.2. System Ca-Mg-Al-Si-Cl-O-H

There is a good agreement between the calculated and the experimental mineral solubility data
in chloride solutions of Luce et al. (1985) at temperatures above 500 °C, while the agreement is
not as good at 500 °C and below. The disagreement at lower temperatures could be related to the
thermodynamic properties of the calcium and magnesium chloride complexes, in particular to the
HKF parameters that define the temperature and pressure dependence of the standard state Gibbs
free energies. This issue could also affect the observed disagreement between calculated and
experimentally determined log (Ca/H?) and log (Mg/H?), total concentration ratios).

There is no clear explanation for the disagreement between the calculated and the measured
Ca concentrations form the wollastonite+quartz solubility experiments in NaCl solutions (Xie and
Walther, 1993b). Close inspection of the experimental data reveals a considerable scatter, with
even measured Ca concentrations for P-T-X conditions that are very close to each other varying
by as much as 0.5 log units (Fig. 4.18). Another feature of the data of Xie and Walther (1993b) is
the very large pressure dependence of the solubility. Increasing the experimental pressure from 1
to 2 kbar results in an increase in the dissolved Ca concentration by one order of magnitude. Such
a strong pressure dependence has not been reported from any other sililcate mineral solubility
study. Considering the large variations in the measured Ca concentrations for approximately
similar state points, the unreasonably high pressure dependence and the absence of a clear
temperature trend suggests that at least some of the experimental results of Xie and Walther
(1993Db) did not optain equilibrium.

A major problem in the chlorine-bearing systems relates to the insufficient constraints on the
stability of the aqueous Ca and Mg chloride complexes. Despite substantial efforts, it was not
possible to reconcile the association constants from the conductance study of Frantz and Marshall
(1982) with those from conductance experiments at lower temperatures (Méndez De Leo and
Wood, 2005). The association constants for CaCl* and CaCl.° from Frantz and Marshall (1982)
are also discrepant with the temperature and pressure trends predicted by Sverjensky et al. (1997)
and with trends shown by other well-studied electrolyte solutions. Most likely, the discrepancies
relate to the method that was used for extracting the association constants from the conductance
experiments of Frantz and Marshall (1982). The values for the limiting equivalent conductance of
the CaCl, and MgCl> electrolytes and the method used for extracting molar conductance appear to
be correct, in view of the fact that the limiting equivalent conductance for CaCl, from Frantz and
Marshall (1982) agrees well with the results of molecular dynamics simulations by Lee (2004).

Retrieving association constants from the conductance data in the Ca and Mg chloride systems
depends largely on the speciation model employed. Frantz and Marshall (1982) assumed that only
the first and the second chloride complex would form in their experiments, but ignored the possible
formation of the hydroxide species CaOH* and MgOH™ and of higher-order chloride complexes
such as CaCls. Considering that the conductance measurements were performed at rather low
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chlorinity (0.001-0.005 molal), it is not very likely that higher-order chloride complexes were
significant. The data reduction method used by Frantz and Marshall (1982) may have also resulted
in large errors for the association constants of the chloride complexes. When retrieving association
constants from the experiments in the CaCl-H20 system, they first modeled the measured molar
conductance data assuming that only Ca?* and CI-, and then separately only CaCl* and CI- would
be present. Subsequently, they assumed that all measured conductance values lying between these
two end-member cases would contain Ca?*, CaCl+, and CI" ions. Only for conductance values
below the one modeled for the end-member case with CaCl™ and CI” present, they assumed that the
solutions would contain CaCl*, CI-, and CaCl.° but not Ca?*. Actually, they never modeled any of
their experiments with a full speciation model that would include Ca?*, CaCl*, CaCl,® and CI". This
potentially resulted in underestimation of the relative stability of CaCl.° compared to that of the
CaCl* complex.

In Fig. 4.25, the measured log (Ca/H?) and log (Mg/H?) are compared with their calculated
counterparts using association constants for the Ca and Mg chloride species from Frantz and
Marshall (1984) and the HCI® association constants from Frantz and Marshall (1984). The
experimental values are poorly reproduced by the modeled data, but when the log (Ca/H?) and log
(Mg/H?) values are calculated with a speciation model that only accounts for CaCl* and MgCI*,
the calculated data agree very well with the experimental ones. This strongly supports the
conclusion that the data reduction method used by Frantz and Marshall (1982) has resulted in
incorrect association constant data for the Ca and Mg chloride species, by underestimating the
relative stability of CaCl,° compared to that of the CaCl* complex.

9- Calc. HCI’ - Tagirov et al. (1997), CaCl" and
MgCI’ - Frantz and Marshall (1982), excluding CaCl,’ and MgCl,”
— = Calc. HCI - Frantz and Marshall (1984), CaCl', MgCl*, CaCl,’

e 8 - and MgCl,’ - Frantz and Marshall (1982)

T - —-— Calc. HCI® - Tagirov et al. (1997), CaCl", MgCI', CaCl,’
= 74 and MgCl,’ - Frantz and Marshall (1982)

1] M Exp. data log(Ca/H’) (Luce et al. 1985)
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Figure 4.25. Comparison between experimentally determined log(Ca/H?) values in the system diopside-
talc-quartz, and values calculated using the association constants for calcium chloride species and HCI
neutral ion pair from different sources.
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4.10.3. System Ca-Mg-CI-O-H-C

Refining the thermodynamic properties of the CaOH"* complex has brought the calculated and
experimentally determined calcite solubility data in water and chloride solutions into very good
agreement. The improvement is substantial compared to calculations with the properties of CaOH”*
from Shock et al. (1997). Their data predict much larger stability of CaOH+, which has a strong
impact on the calculated calcite solubility. This outcome highlights that regression of the standard
state properties and HKF parameters of aqueous complexes should also take advantage of available
solubility data. This particularly applies to cases such as CaOH+ where no independent
experimental information such as conductance or potentiometric data is available.

The solubility of calcite and magnesite in sodium chloride solutions at saturated CO> conditions
is somewhat overestimated by the thermodynamic data of this study. This could be related to an
overestimation of the stability of some of the Ca complexes or the activity coefficient model
employed. With increasing NaCl concertation, the calculated stability of CaCl+ for the
experiments of Ellis (1963) increases and it becomes the predominant Ca complex in 1 molal
solutions above 140 °C. If calcite solubility is calculated without including the Ca chloride
complexes into the speciation model, the modeled Ca concentrations are still higher than the
experimentally determined values (Fig. 4.20B). At these conditions, the stability of the CaCl*
complex is in agreement with association constants derived from the experiments of Majer and
Stulik (1982), Gillespie et al. (1992) and Méndez De Leo and Wood (2005). We have investigated
the relative impact of the activity coefficient model by regressing the calcite solubility data for
different values of the ion size parameter. The results show that the agreement between calculated
and experimental data becomes very good if the ion size parameter is increased to a value of 5.9
(Fig. 4.20C). We also investigated the effect of the extended term parameter of the Debye-H{ckel
model, but it is very insensitive to the calcite solubility data. It was not possible to arrive at realistic
values for the ion size parameter (<20) when the CaCl* complex was included into the speciation
model. Until more experimental data become that would constrain the activity coefficients and
association constants in the CaCl,-H>O-CO> system, we suggest to maintain the standard state
properties of calcium carbonate and chloride species as presented in this study.

Calculating the magnesite solubility in water and NaCl solutions at saturated CO> conditions
results in a moderate underestimation of the experimentally determined values (Bénézeth et al.,
2011). We note that the experiments that were performed in a hydrogen electrode concentration
cell containing no CO- saturating gas phase are better modeled by the thermodynamic data of this
study. The same overestimation effect was observed when modeling the magnesite solubility
experiments in CO; saturated conditions and NaCl solution reported by Bénézeth et al. (2011). The
experiments on magnesite solubility done in the hydrogen electrode concertation cell, which
contain no CO> saturated gas phase, do not show the systematic overestimation of the calculated
values when compared with the measured ones.

A possible explanation for the disagreement between calculated and measured calcite solubility
could be that the extended Debye-Huckel model (Helgeson et al., 1981) is inadequate for the
aqueous carbonate species in systems saturated with CO». The activity coefficient of CO2(aq) and
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of other neutral complexes is assumed to be close to unity (only the solution concentration effect
is accounted for). The activity coefficients for the charged species are calculated by the extended
Debye-Huickel model using the parameters for the NaCl background electrolyte for all species.
This approach may not be suitable for electrolyte solutions that contain large concentrations of
CO2(aq) buffered by a CO.-rich gas phase. Resolving the remaining disagreements between
calculated and measured solubility may require to develop an improved thermodynamic model for
calculating activity coefficients in aqueous electrolyte solutions with high concentrations of
dissolved chlorides and carbonates in the framework of the revised HKF model. An alternative
approach would be to use local-composition based activity coefficient models such eNRTL or
EUNIQUAC (e.g. Chen and Song, 2004; Hingerl et al., 2014) in conjunction with the speciation
model employed in this study.

4.10.4. Standard state properties of Ca and Mg ions

The AfG;_)g&]_ of the Ca?* ion in the SUPCRT92 database was calculated from the A; Hgg&l,
8298,1 and the standard molar entropy of the elements from the CODATA compilation (Cox et al.,

1989). The values of the A; Hggglland 8398,1 are -543.1 £+ 0.8 kJ/mol and -56.6 J/(mol-K) in Cox et
al. (1989) and -542.8 kJ/mol and -53.1 J/(mol-K) in the report of Wagman et al. (1982). The
reported A; Hgggylof Ca?" from Cox et al. (1989) was derived from the solubility data on calcite

(Jacobson and Langmuir, 1974; Langmuir, 1968) and the enthalpy of dissolution of portlandite
(Hopkins and Wulff, 1965; Langmuir, 1968). The standard state properties of calcite have been
accurately known since the determinations of Backstrom (1925a, b). Their measured value of -
178.24 + 0.8 kJ/mol for the heat of oxide reaction to form calcite (CaO + CO, = CaCO3) is almost
identical to the value of -178.3 £ 1.2 kJ/mol (Chai and Navrotsky, 1993) that was adopted by
Holland and Powell (1998).

Using the Gibbs energy of reaction of the portlandite solubility product reported by Hopkins and
Wulff (1965) of 29.7 kJ/mol and the thermodynamic data for portlandite from Langmuir (1968)

results in a Angg&l of the Ca?* ion of -553.9 kJ/mol. Combining this value for the Ca?* ion with
the Anggg,lof the CO3? ion of -527.9 kJ/mol (Langmuir, 1968) and the Gibbs free energy of
reaction for the calcite solubility product at 25 °C and 1 bar, the Anggg,l of calcite is calculated as
-1129.8 kJ/mol. The difference between this value and the Angggllvalue of —1128.8 kJ/mol for
calcite from Holland and Powell (1998) is around 1 kJ/mol. This difference is almost identical to
the difference between the AfGS%,l of Ca®* calculated above (-553.9 kJ/mol) and the value of -

552.8 kJ/mol reported by Cox et al. (1989). The 3398,1 of Ca?* reported by Cox et al. (1989)

consistent with the accepted third-law entropy value of 83.4 J/(mol-K) of portlandite and the
entropy difference of the portlandite dissolution of 159.8 J/(mol-K) as calculated by Hopkins and
Wulff (1965). These connections provide support for the fact that the thermodynamic properties
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of calcite and all aqueous Ca and carbonate and silicate species derived in this study are highly
consistent with each other.

The AfGS%,l of the Mg?* ion in the SUPCRT92 database was calculated from the 8398,1 and
the standard molar entropy of the elements from the CODATA compilation (Cox et al., 1989) and

the A;Hzg; from Shin and Criss (1979), who evaluated the A H 3%, of the Mg?* ion from the

enthalpy of formation of MgClx(s) in acid HCI solutions and from the enthalpy of dilution of
MgClz(s) in pure water. They used these experimental data to calculate the standard state enthalpy
of MgClz(aqg) at 25 °C and 1 bar (at infinite dilution). Using the enthalpy of MgCl(aq), the

A; Hgg&lof the CI" ion from CODATA and applying the additivity principle, they calculated the

A Hgg&lof the Mg?* ion.

The standard state entropy of Mg?* in SUPCRT92 comes from the compilation of Parker et al.
(1971), who did not reference the exact source for their thermodynamic data. Stephenson (1946)
calculated the 8298,1 and Angg&lof Mg?* from the measured heats of reaction and heats of

formation for different magnesium compounds available at that time (using a thermochemical

cycle). They arrived at an 3398,1 value of -136.8 £ 4.2 J/(mol-K), which is very close to the value

of -138.1 J/(mol-K) reported by Parker et al. (1971). The determination of the standard state
enthalpy and entropy from a thermochemical cycle results in accumulation of rather large errors
amounting from the rather imprecise heat of reaction data. In addition, the heats of formation of
all the reaction participants do introduce additional errors.

The standard state partial molal heat capacity Cpggg,l and the c1 and c2 HKF parameters for the

Ca?" and Mg?" ions were derived by Tanger and Helgeson (1988) from isobaric heat capacity
measurements of aqueous calcium and magnesium electrolyte solutions. For the Mg?* ion, the

standard state partial molal volume (VZ%M) and the HKF parameters a1, a2, as and a4 that describe

the pressure dependence, were derived by Tanger and Helgeson (1988) from the experimental data
on partial molal volumes and isothermal compresibilities of agueous magnesium electrolytes at 1

bar and different temperatures below 150 °C. For the Ca?* ion, the Vzggllwas derived by Tanger and

Helgeson (1988) using the data on partial molar volumes of calcium electrolytes solutions. They
employed estimation techniques for the missing data for the isothermal compresbilities of aqueous
calcium electrolyte solutions. Shock and Helgeson (1988) used the standard partial molal
compressibility for Ca?* reported by Millero (1982) and correlations between the ai, az, as, as
parameters, the isothermal compressibilites, and the partial molal volumes of other ions to estimate
the HKF parameters for the Ca?* ion. The Born coefficients wo for both the Ca?* and Mg?* ions
originate from the work of Helgeson and Kirkham (1976) who calculated them from the effective
electrostatic radii of the ions.

The correction of around 2 kJ/mol on the Anggg‘l of Mg?*, which resulted from the global

optimization is well within the uncertainities associated with the thermochemical cylces used in
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the extraction of the ion properties. In the case of Ca?" ion, the thermodynamic properties are
strongly connected to the properties of the minerals and their solubility products, resulting in an
insignificant change after the optimization process (tens of J/mol).

4.11. Conclusions and outlook

(1) The critically evaluated experimental solubility data in the Ca-Mg-Na-K-Al-Si-O-H-C-Cl
system covering a wide range of conditions were used to simultaneously refine, in an internally
consistent way, the standard state Gibbs energies of aqueous ions and complexes. The aqueous
species properties are consistent with the Holland-Powell internally consistent dataset for minerals
dataset.

(2) The thermodynamic database presented in this study and future updates will be provided at
the following web-address: http://gems.web.psi.ch/. The files are in the format of the GEM-
Selektor geochemical modeling software (Kulik et al. 2013) and enable calculation of aqueous-
mineral equilibria in the system Ca-Mg-Na-K-Al-Si-O-H-C-CI at temperatures up to 1000 °C,
pressures up to 5 kbar and salt concentrations up to 5 molal.

(3) Major discrepancies were identified for the properties of Ca and Mg hydroxide and chloride
species. More experimental data are needed to resolve the disagreements between the association
constant data for the Ca and Mg chlorides from different studies. For constraining the stability of
CaCl® and MgClI2°, new experimental data that are independent of solubility are necessary at
subcritical and supercritical conditions. Additional studies should look into the possible formation
of higher order chloride species which could play an important role in concentrated chloride brines.
New experimental data are also needed for the stability constants of the hydroxide species CaOH+
and MgOH+, because at supercritical conditions there are no association constant data available
that would be independent from solubility.

(4) The properties of carbonate species derived in this study are consistent with the properties
of CO(aq) calculated with the Akinfiev-Diamond model for aqueous nonelectrolytes. This model
results in very a good agreement with the experimental CO: solubility data in water. Only limited
data are available for the association constants for alkali and alkaline-earth metals carbonate and
bicarbonate complexes, and future experimental studies should address their stability at
supercritical conditions.

(5) More solubility experiments are needed to resolve discrepancies between calculated and
experimentally measured Ca silicate solubilities, highlighted by the substantial disagreement in the
system wollastonite+quartz+H-O. The discrepancies could be reconciled by accounting for silicate
complexes that are not included into the current speciation model such as CaSiO3s° and MgSiO3’.
This would require to constrain the stability of such complexes from additional independent
experiments.
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This study presents a set of tools and methods as a proof of concept for deriving an internally
consistent thermodynamic database for hydrothermal fluid rock interaction. In the process the
mineral thermodynamic properties were taken as fixed from the database of Holland and Powell
(ds55), which was assumed to be fully consistnet. A large dataset of solubility experiments and
also experiments on speciation equilibria was critically assessed and used to optimize the
properties of ions and aqueous complexes in the core system Na-K-Al-Si-O-H-CI. Then the system
was extended to include Ca, Mg, and C. The standard state Gibbs energies of formation of aqueous
ions and complexes were optimized against the fixed properties of the mineral phases. The
internally-consistent Holland-Powell mineral thermodynamic dataset was accepted as such, as a
basis for our study, because it is comprehensive, current, well maintained and equipped with high-
quality activity models for a wide range of rock-forming mineral solid-solutions. From a
conceptual point of view, it is desirable that the mineral phase equilibria stability data and element
partitioning data would be added to the experimental database and the optimization process. The
standard-state properties of minerals, aqueous species and complexes can then be
simultaneously optimized to create a next-generation internally consistent dataset for fluid-
mineral equilibria. This could further help resolve the disagreement between the electrode
potential measurements for the properties of some ions (e.g. potassium and sodium) and properties
of the minerals. To achieve such a goal, it is important to first reach a more complete
understanding of the complexity of aqueous solutions. No petrologist would want their database
for minerals be perturbed and have errors introduced due to missing and unknown complexes from
the aqueous phase. At ambient conditions, properties of dilute and concentrated solutions
properties can be readily explained considering full ion dissociation and using ion-interaction
models such as the one proposed by Pitzer (Pitzer et al., 1999). However, Rard and Clegg (1997)
concluded from the large volume of literature data they reviewed on the CaCl; electrolyte system,
that this system can only be represented if they explicitly included the formation of a CaCl* ion
pair. In concentrated and mixed electrolyte solutions, it is often difficult to distinguish between the
nonideal interactions among ions and the ion pair formation (Ramette, 1986).

It is known that with increasing temperature, there is an increase in ion pairing and complex
formation. This is due to a decrease in the dielectric constant of water which leads to an increase
in the electrostatic attraction between oppositely charged ions (Anderson, 2005; Davies, 1962;
Dolejs and Manning, 2010; Helgeson et al., 1981). lon pairing and complex formation is embedded
in the HKF model. Formation of different aqueous complexes was inferred from solubility studies
(e.g. Bénézeth et al., 2013; Manning et al., 2008; Newton and Manning, 2003; Stefansson et al.,
2014; Tagirov et al., 2002; Wohlers et al., 2011). However, more convincible information comes
from spectroscopic studies (e.g. Brugger et al., 2010; Facq et al., 2014; Frantz et al., 1994; Fulton
et al., 2006; Jones et al., 2011; Manning et al., 2008; Mookherjee et al., 2014; Newton and
Manning, 2003; Pokrovski and Dubessy, 2015; Pokrovski and Dubrovinsky, 2011; Stefansson et
al., 2013; Tooth et al., 2013; Zotov and Keppler, 2002).

New spectroscopic studies involving in situ X-ray absorption spectroscopy (XANES and
EXAFS), UV-Vis, and Raman are used for identifying metal complexation at different temperature
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and pressure conditions. These combined with solubility studies are used to obtain the
thermodynamic properties of the identified species (e.g. Brugger et al., 2010; Tooth et al., 2013).
The presence of species like Sz~ at hydrothermal conditions was recently identified using in situ
Raman spectroscopy (Pokrovski and Dubrovinsky, 2011). This changed the idea at that time that
sulfate, sulfide, and sulfur dioxide are the major sulfur compounds at these conditions. New studies
report that this species accounts for up to 50% of the total sulfur at 600-700 °C, thus having a large
impact on metal mobility and ore deposit formation (Pokrovski and Dubessy, 2015). Tooth et al.
(2013) used spectroscopic (XANES and EXAFS) and solubility experiments related to bismuth
oxide. They used the data to extract new standard state properties and HKF parameters for the
Bi(OH)3° species. In their calcuations, they used these new properties, and obtained solubilities 3
orders of magnitude larger than those predicted with the estimated parameters of Shock et al.
(1997).

When Shock et al. (1997) performed their HKF parameter estimation and correlation, limited
data was available for many of the considered complexes. For many elements this situation did
not improve and more experimental data is needed to further test the predictions of the HKF
parameters and improve them as necessary. Brugger et al. (2010) gives an example where the
identification of FeCls> species made it possible to explain the sharp drop in Fe solubility between
350 and 250 °C. This could not be simulated before without considering the tetrahedral iron
species. In the case of Cu transport in chloride solutions, X-ray absorption spectroscopic data and
ab-initio XANES calculations of Brugger et al. (2007) pointed out that CuCly” and CuCls? are
important at hydrothermal conditions, and that with increasing temperature, CuCls> decreases in
stability but it is not replaced by CuCls> as was previously believed (Liu et al., 2002). Previous
observations were now explained not by a change in speciation, but by a change in the solvent
properties and coordination of water around the existing species (Brugger et al., 2007). It was also
noted that the solubility trend measured close to the critical conditions shows an opposite trend, as
compared with calculations using predicted HKF parameters (Brugger et al., 2010). All these
examples point out to the usefulness of spectroscopic methods in improving our understanding of
the aqueous speciation and also of the solvent properties. Similar in situ solubility and
spectroscopic studies are needed to identify possible complexes in hydrothermal fluids and
extract thermodynamic data related to the identified species for major elements such as
sodium, potassium, calcium, magnesium, silica, aluminium, chlorine and carbon.

The demand is high to have a thermodynamic model together with accurate thermodynamic
data that works from ambient to moderate conditions (hydrothermal ore deposition), but also at
extreme pressure and temperature conditions (mantle conditions). New experimental data,
theoretical relations, and information from molecular dynamics and ab-initio calculations can be
further used to develop new equations of state and correlations between standard state properties
of aqueous electrolytes (Akinfiev and Diamond, 2003; Akinfiev and Diamond, 2009; Dolej$ and
Manning, 2010; Plyasunov, 2015) or can be used to revise existing models such as the HKF model
(Sue et al., 2002; Sverjensky et al., 2014). All the models have their advantages and limitations,
but until now the HKF framework proved to be the most useful because of the broad predictive
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capabilities over a wide range of conditions (Dolej$ and Manning, 2010; Sverjensky et al., 2014).
Under extreme conditions, the aqueous speciation is still poorly understood, and advances in
spectroscopic techniques and new experiments will be important in identifying or denying the
presence of, for example, complex polynuclear species. For generating an internally consistent
thermodynamic database that extends to extreme pressure and temperature conditions, it is
essential to know and understand the aqueous solution speciation, most important to have
an idea on the probable complexes that form at this conditions. For example, Wohlers et al.
(2011) find it necessary to use polymeric Na-Al-Si-bearing complexes to explain the excess in
solubility predicted from the currently known ion, ion pairs, and monomer species for conditions
to 600 °C and 22.5 kbar. In other cases, such as corundum solubility in alkaline solutions up to
1000 °C and 20 kbar, it was found that the known aluminum species AI(OH)4~ and AI(OH)3°
satisfactorily explain the measurements, and there was no indication (in the Raman measurements)
for any aluminium species polymerization (Wohlers and Manning, 2009). This does not preclude
the possibility that these polymers do form at even more extreme conditions.

An important tool to improve our understanding of the aqueous speciation and properties at
elevated temperature and pressure conditions are molecular dynamics simulations and ab-initio
calculations (see: Chialvo and Vicek, 2015; Driesner et al., 1998; Vlcek and Chialvo, 2015).
Wohlers et al. (2011) used ab-initio calculations to gain insight into the geometry and energetics
of possible aluminate species, which helped them interpret their acquired in situ Raman
spectroscopic data. Yui et al. (2010) performed molecular dynamics simulations for aqueous NaCl
solutions at several temperatures and densities from ambient to supercritical conditions. The
authors analyzed the hydration structure of the ion-pair and the interactions between ions and water
in different hydration shells. They used their data to calculate logKs of association for possible
“contact ion pairs” and “solvent separated ion pairs”. Their results roughly agree with ion pair
association constants derived from conductance measurements (Gruszkiewicz and Wood, 1997,
Ho et al., 2000; Ho et al., 1994; Zimmerman et al., 1995; Zimmerman et al., 2007). With the
increasing accuracy of such simulations, combined with conductance experiments, these type
of studies will be essential in determination of the stability of different ion pairs such as earth
alkali metals chloride, hydroxide, and carbonate ion pairs.

In the HKF formulation, the g-function is defined such that the effective electrostatic ion radius
decreases with temperature by the same amount (Tanger and Helgeson, 1988). Molecular dynamic
simulations (Driesner et al., 1998) and EXAFS studies (Seward et al., 1999) showed that the ion
hydration shell may contract or expand depending on the type of the ion, concentration, and
temperature, and it can be density independent. For applications to pressures above the previous
HKEF limit, the models for the dielectric properties of the water solvent had to be revised, and new
correlations for the parameters governing the pressure dependence were proposed (Sverjensky et
al., 2014). Sue et al. (2002) have revised the HKF model to predict equilibrium constants for metal
salt dissociation and metal oxide dissolution. The authors reformulated the HKF equations as a
function of water density, removed the standard state volume and the pressure related parameters,
and re-evaluated the g-function to expand the applicability to the near critical region (e.g.

PhD Thesis



Outlook

Masoodiyeh et al., 2014). The dielectric property of water is still an essential part of their modified
HKF model. The necessary parameters are Gibbs energy, enthalpy, heat capacity and conventional
Born coefficient at reference state.

While the HKF model was developed using the Born solvation theory for charged species, it
was empirically extended to nonelectrolytes/neutral species as well (Shock et al., 1989). However,
it has been showed from theoretical and experimental consideration that the Bron-type model is
not suitable for calculating and predicting the thermodynamic properties of neutral species,
especially close to the critical conditions but also at supercritical conditions, (Akinfiev and
Diamond, 2003; Plyasunov, 2015; Plyasunov and Shock, 2001). Plyasunov (2015) compared
different sets of HKF parameters from the literature with experimental and molecular dynamics
data and reached the conclusion that “no single set of the HKF parameters for aqueous CO- is able
to satisfactorily predict its thermodynamic properties over the whole T-P range of interest for
hydrothermal geochemistry”. Complementary models for agueous nonelectrolytes are needed.
A different model for nonelectrolytes was developed by Akinfiev and Diamond (2003) and can be
used together with the HKF which handles the charged species.

Future studies should pursue a fruitful interplay between fundamental thermodynamics,
molecular simulation, and experiment. This will help the development of comprehensive
equations of state that could link molecular scale to macroscale thermodynamics thus
making it possible for a smooth transition between aqueous, gas, and possibly melt phase.
Understanding the chemical mechanisms at a molecular level has applications for determining
mineral Kkinetics, dissolution/precipitation rate laws (Driesner et al., 1998; Seward and Driesner,
2004). With the development of molecular level studies, larger importance is given to intricate
processes related to the solvation phenomena, such as changes in the coordination and hydration
shell geometries of the ions and complexes. These processes should have a large impact on the
formulation of next-generation equations of state (Chialvo and Vlcek, 2015; Seward and Driesner,
2004). While the computational methods of molecular dynamics cannot reproduce all the
aqueous solution properties with the desired level of accuracy, future developments on the
theoretical side but also the increase in computational power, will help to improve the results.

Although the present study could not conclusively solve many of the existing inconsistencies
in the aqueous species thermodynamic data, it highlights some of the issues that have to be resolved
in order to develop an improved thermodynamic database for hydothermal water-rock interaction.

Chlorine is an important component in all crustal fluids, present in magmatic, metamorphic
and sedimentary fluids. It strongly partitions into the aqueous phase relative to the minerals during
fluid-rock interaction. Chlorine-bearing fluids can also lead to formation of Cl-enriched minerals
(Kullerud et al., 2001). Chlorine is an important ligand for element transport (particularly transition
metals), it forms aqueous complexes especially with alkalis and alkali-earth elements, and
influences the pH and ionic strength of the aqueous solution. Thus, chlorine has a great impact on
the properties of the fluid. At supercritical conditions, chlorine forms an ion pair with the hydrogen
ion, HCI®. The properties of HCI® are essential in modeling natural fluid speciation and
composition at supercritical conditions (Frantz and Marshall, 1984; Hauzenberger et al., 2001,
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Luce et al., 1985; Pak et al., 2003; Roselle and Baumgartner, 1995; Sverjensky et al., 1991). Even
a small error in the G° value of this ion pair can lead to large uncertainties in the properties of other
aqueous species (see Introduction section 1.5. Uncertainties). Although the study of Tagirov et al.
(1997) on the HCI® ion pair did a good job of resolving some of the discrepancies between
solubility data (Sverjensky et al., 1991) and conductance measurements (Frantz and Marshall,
1984) they did not discuss the uncertainty in their derived parameters. The uncertainties on the ion
pair can be still around 0.5 log units or more. This can come from the uncertainties in the HKF
model parameters or from the inability of the HKF model to accurately represent nonelectrolyte
properties at elevated conditions. New studies on the HCI® ion pair using improved
conductance methods and newly developed electrochemical cells are necessary to get the
precision and accuracy on the properties of HCI® to a minimum (~0.1 log units or lower).
These studies should be complemented by spectroscopic experiments and molecular
simulations. The same is valid for other chlorine complexes. While the data for sodium and
potassium complexes with chlorine is available from conductance and even molecular dynamics,
this is not the case for chlorine complexes with calcium and magnesium. Experimental data is
needed for the association constants of species like CaCl2%, MgClI*, and MgClI2° to help resolve
disagreements between existing conflicting data and improve the predictions of the HKF
parameters of these species where there is little or no data available. Rard and Clegg (1997)
reviewed the data related to CaCl, solutions and remarked that the association constants for
calcium chloride species are very poorly known at elevated temperatures and that the reported
values below 100 °C are largely uncertain. Not much has changed since then, for both calcium and
magnesium. Spectroscopic measurements should be used to help identify the presence or
absence of higher order associated chlorine spices (e.g. CaCls’) which have been proposed
based on electrostatic considerations (Oelkers and Helgeson, 1990) but also identified in some
systems (e.g. Brugger et al., 2007). The available data at elevated temperatures for calcium and
magnesium hydroxide species needs to be largely improved. When the standard sate properties
and HKF parameters were estimated by Shock et al. (1997) for these species, not so much data
was available. For example, CaOH" is highly important in modeling high pH systems like
portlandite and calcite solubility at elevated temperatures, or in cementitious systems.

Besides the new data on the stability of various complexes, further experiments on
minerals and mineral-assemblage solubilites are necessary. Experiments such as quartz
solubility in KOH solutions will help extract the properties of KHSiO3° species which could be
responsible for the differences between modeled and measured silica values of aqueous KOH
solutions in equilibrium with quartz (see Chapter 3, section 3.7.1). There is scarce experimental
data on the sability of calcium, magnesium, and silicium neutral speices, which can have an
important role in high pH cementitious systems at ambient conditions, but also at high
temperatureas in systems buffred by calcium and mangnesium silicates.

Experiments with aluminosilicate mineral assemblages at high temperatures and pressures can
help identify and extract the properties of possible Si-Al polymer species. More experiments in
chloride systems that cover different hydrothermal (mainly supercritical) conditions are essential
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to constrain and test the properties of chlorine complexes which are ubiquitously present in natural
fluids. The study of Luce et al. (1985) is a good example of the type of solubility experiments that
are essential for optimizing the standard state properties of aqueous species, but which could be
also used for constraining the mineral properties. The authors make a strong call for similar future
experiments: “We urge that pertinent phase equilibrium studies be undertaken in appropriate
systems to provide more insight into the types of problems we have considered on electrolyte
behavior. Both conductance and phase equilibrium studies are valuable complements of one
another in expanding our understanding of high temperature solution chemistry”. Their call has
remained largely unanswered. This was probably due to time and analytical difficulties concerning
such experiments, although much improvement has been achieved in the experimental and
analytical methods since their study.

A closer look should be given to the activity models used for calculating the activity
coefficients. The existing parameters for the extended Debye-Hickel activity model are only
available for 1:1 electrolytes, and little data is available on 1:2 electrolytes. The model can only
calculate the activity coefficients considering just one major background electrolyte. There is also
no data on how to treat a system of mixed electrolytes (in comparable amounts). One possibility
would be to use an algorithm that determines which electrolytes are in the fluid and then calculates
the activity coefficients using a weighted formula based on the relative amount of each electrolyte.
Attention should be also given to activity coefficients calculations in systems containing a gas
phase, CO; saturated, in equilibrium with minerals and electrolyte solutions.

With new advances in our understanding of the aqueous phase at elevated T, P conditions from
molecular dynamics, ab-initio calculation, spectroscopic studies, new and improved models can
be developed for calculating the properties of the solvent and of the aqueous components. The
development in analytical techniques will allow many more solid-fluid phase equilibria
experiments to be performed, especially at the conditions necessary to fil many of the gaps in the
experimental data. This new experimental data should be subsequently used for a better refinement
of the thermodynamic properties and parameters of minerals and aqueous speices, to generate the
next generation internally consistent datasbase for hydrothermal fluid-rock interaction.

The dynamic method developed in this study for dataset regression together with the
GEMSFITS optimization tool allows repeating the optimization procedure whenever new and
improved experimental constraints become available, better thermodynamic models are
developed, or when more aqueous species and chemical elements are added. The fundamental
purpose of geochemical-thermodynamic models is the calculation of multi-component multi-phase
equilibria with the best achievable accuracy and precision. The most rigorous test for the quality
of a dataset is the comparison with large number of independent experimental solubility, phase
equilibria, conductance, potentiometric and spectroscopic data, not the exact numerical value of
some of the standard Gibbs energies. The present dataset undoubtedly excels in this rigorous test,
and this should become obvious from the many figures in our manuscript that compare calculated
with experimental data. No geochemical-thermodynamic dataset that has been published so far is
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able to reproduce such a large body of experimental solubility data over such a wide range in
pressure, temperature and composition
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