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ABSTRACT

Tourmaline, XY3ZsTsO1:(BO3);V3W, is a common borosilicate in crustal settings, recording
phase relationships with minerals, fluids, and melts across tectonic environments. Its diverse
sites enable elemental incorporation, while stability and low diffusivity preserve zoning, which is
crucial for reconstructing P-T-X histories. Accurate interpretation requires a thermodynamic
model, which this thesis develops through crystal-chemical and calorimetric measurements.

A tourmaline set of ~50 natural and synthetic samples was assembled within the Na-Ca-B-Fe?*-
Fe3*-Mg-Al-Si-Ti-O-H-F system. Natural samples capture real-world variability, while synthetic
samples reduce multicollinearity. Tourmalines were characterised by EMPA (main elements),
LA-ICP-MS (trace), Karl-Fischer titration (H20) and Mdossbauer spectroscopy (Fe?/*). Single-
crystal XRD provided structural constraints for formula optimisation using composition, site
electrons, bond valence sums, and crystal-chemical assumptions. A uniform methodology

including uncertainty assessment ensured internal consistency.

Two models were developed: 1. The bulk model, X(YZ)sSixAl1-x)(VW)a, defines a polytope with
9 independent endmembers and applies when only bulk composition is available; 2. The
speciation model, XY3ZsTsVsW, uses 14 independent endmembers and requires site assignments.
For both models, entropy (S), molar volume (Vw), and heat capacity (Cp) were measured and
regressed to endmembers, while enthalpy (AH) was determined only for the bulk model due to

data scarcity.

Molar volume was calculated from SC-XRD data. Given tourmaline’s complexity, 50 samples
were insufficient to assign endmember VVm conclusively, so 21 methods, including OLS, errors-
in-variables, and robust regression, were compared to find best estimates. Robust regression
minimised outlier effects for the bulk model, while EIV regression worked best for the speciation
model, mitigating multicollinearity. Hierarchical subset selection identified interaction

parameters, but test validation showed insignificance.

Heat capacity was measured from 2 to 774 K and integrated to entropy using linear interpolation
(to 298 K) and a Berman fit for high-T data. So is dominated by a low-T spin-glass transition.
Enthalpy was measured for 15 samples in lead-borate drop-calorimetry at 700°C under O-



flushing and converted to AHs** through a thermodynamic cycle of oxidation, devolatilization,
and reference oxide formation. Major uncertainty sources included Fe*'/Fe** ratios, reference
oxides, and mineral normalization. Bulk model H exhibited multicollinearity due to data scarcity.
No excess S or AH was found. Configurational S was modelled using Bragg-Williams long-
range order or molecular short-range order models. The SRO model with limited dimensions
provides the simplest S description but leads to fixed element correlations from missing

polytope dimensions.

The model enables forward modelling of net-transfer and exchange equilibria, allowing
tourmaline to be used in thermobarometry, provenance studies, mineral exploration, and fluid

and magma reconstructions.



RESUME

La tourmaline, XY3Z6T6015(BO3):V3W, est un borosilicate commun dans les environnements
crustaux, enregistrant les relations de phase avec minéraux, fluides et liquides magmatiques dans
divers contextes tectoniques. La diversité de ses sites cristallographiques permet I'incorporation
d'éléments, tandis que sa stabilité et faible diffusivité préservent la zonation, paramétres
essentiels pour reconstruire les historiques P-T-X. Une interprétation précise nécessite un modele
thermodynamique, développé dans cette thése a partir de mesures cristallochimiques et

calorimétriques.

Un ensemble d’environ 50 échantillons naturels et synthétiques de tourmaline a été constitué
dans le systeme Na-Ca-B-Fe*"-Fe**-Mg-Al-Si-Ti-O-H-F. Les échantillons naturels capturent la
variabilité réelle des compositions, tandis que les échantillons synthétiques réduisent la
multicolinéarité. Les tourmalines ont été caractérisées par EMPA (éléments majeurs), LA-ICP-
MS (traces), titrage Karl-Fischer (H20) et spectroscopie Mossbauer (Fe?'/**). La diffraction des
rayons X sur monocristal (SC-XRD) a fourni des contraintes structurales permettant
I’optimisation des formules a partir de la composition chimique, du nombre d’¢électrons par site,
des sommes de valence de liaison et d’hypothéses cristallochimiques. Une méthodologie

uniforme avec évaluation des incertitudes a assuré la cohérence interne.

Deux modéles ont été développés : 1. Le modele global, X(YZ),SixAl1-x)(VW)s, définit un
polytope a 9 pbles indépendants et s'applique lorsque seule la composition totale est disponible ;
2. le modeéle de spéciation, XY3ZsTsVsW, utilise 14 poles indépendants et requiert une
affectation des sites cristallographiques. Pour les deux modeles, I'entropie (S), le volume molaire
(Vwm) et la capacité calorifique (Cp) ont été mesurés et régressés sur les péles, tandis que

I'enthalpie (AH) n'a été déterminée que pour le modéle global en raison du manque de données.

Le volume molaire a été calculé a partir des données SC-XRD. Compte tenu de la complexité de
la tourmaline, 50 échantillons étaient insuffisants pour assigner un Vv précis aux poles. Par
conséquent, 21 méthodes, incluant la régression des moindres carrées ordinaires (OLS), la
régression avec erreurs sur les variables (EIV) et la régression robuste, ont été comparées pour
obtenir les meilleures estimations. La régression robuste a minimisé 1’effet des valeurs aberrantes

dans le modele global, tandis que la régression EIV a été plus efficace pour le modeéle de



spéciation en atténuant la multicolinéarité. Une sélection hiérarchique de sous-ensembles a
permis d’identifier les parameétres d’interaction, mais leur validation statistique a révélé une

insignifiance.

La capacité calorifique a ét¢ mesurée entre 2 et 774 K, puis intégrée a I’entropie par interpolation
linéaire jusqu’a 298 K et par un ajustement de Berman pour les données a haute température. So
est dominée par une transition des verres de spin a basse température. L'enthalpie a été mesurée
pour 15 échantillons par calorimétrie a chute au borate de plomb a 700°C sous flux d'O-, puis
convertie en AHf®* par un cycle thermodynamique d'oxydation, dévolatilisation et formation
d'oxydes de référence. Les principales sources d'incertitude incluaient les rapports Fe?*/Fe**, les
oxydes de référence et la normalisation minérale. Le modéle global a montré une multicolinearité
de AH, due a la rareté des données. Aucun exces de S ou AH n’a été trouvé. L’entropie
configurationnelle (5™ a été modélisée a I'aide des modéles d'ordre & longue portée de Bragg-
Williams ou d'ordre a courte portée moléculaire (SRO). Le modele SRO a dimensions limitées
offre la description la plus simple de S, mais impose des corrélations fixes entre éléments en

raison de dimensions manquantes dans le polytope.

Le modéle permet de modéliser les équilibres de transfert net et d’échange, permettant
I'utilisation de la tourmaline en thermobaromeétrie, études de provenance, exploration minérale et

reconstructions de fluides et magmas.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

Albert Einstein once remarked on thermodynamics, stating, "A theory is the more impressive the
greater the simplicity of its premises, the more different things it relates, and the more extended
its area of applicability. Therefore, the deep impression that classical thermodynamics made
upon me. It is the only physical theory of universal content which I am convinced will never be
overthrown, within the framework of applicability of its basic concepts."

In the spirit of Einstein's perspective, this thesis provides a foundational thermodynamic model
for tourmaline, designed with the aspiration that it will serve as a robust and enduring basis for
future studies. Given that computational modelling of phase equilibria must be constrained by

real thermodynamic data, the original contributions of this thesis are significant and manifold.

Firstly, it provides an extensive dataset of previously unavailable thermodynamic properties for
tourmaline, including molar volumes, entropies, and heat capacities for approximately 50
samples. Additionally, 15 new enthalpy measurements are presented, which represent a notable
enhancement to existing knowledge. This thesis also introduces critical advancements in mineral
formula optimisation, extending techniques to accurately account for minor elements and anions,
and incorporating rigorous uncertainty propagation methods. This approach addresses
compositional uncertainties in thermodynamic data and emphasises the importance of

maintaining normalisation consistency within thermodynamic datasets.

Furthermore, this work contributes to an internally consistent and integrated thermodynamic
model for tourmaline, the first of its kind based on direct measurements. Detailed descriptions of
the derivation of model parameters are included, enabling future researchers to reproduce, refine,
and expand upon this model. Before this thesis, only a limited set of isolated measurements were
available, which required earlier studies to largely depend on estimation methods. This research
marks a significant advancement by providing a foundational framework that enables tourmaline
integration into internally consistent thermodynamic databases. This inclusion enables forward
modelling of tourmaline net transfer and exchange equilibria across pressure, temperature, and
chemical potentials via Gibbs free energy minimisation. Given tourmaline's ubiquity as an
accessory mineral, this significantly broadens its application in pseudosection thermobarometry,

provenance studies, ore exploration, and tracing fluid and magma evolution as its mineral record
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in the form of compositional zoning can finally be read. We hope that this model excites

geoscientists about tourmaline's potential as a valuable petrogenetic indicator.
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Chapter 1. Creating a consistently characterised tourmaline sample set with uncertainties

for thermodynamic model calibration

Co-authors:
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refined by Dominic Ryan, Jan Filip, and Gunther Redhammer to ensure internal consistency.
Completed final single-crystal X-ray diffraction (SC-XRD) refinements and mineral formula
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analysis. Led the overall planning and design of the study in collaboration with Vincent van
Hinsberg.

* Vincent van Hinsberg: Collaborated on the overall planning and design of the study and
assisted with the refinement of the EMPA and LA-ICP-MS data. Reviewed the manuscript,
correcting and refining its scientific accuracy.

* Glinther Redhammer: Performed the majority of SC-XRD measurements, 36 samples of which
are included in this thesis, conducted the three powder XRD measurements and performed initial
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* Dominic Ryan: Conducted 21 Mdssbauer measurements and performed their initial data
refinement.
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* Gerold Tippelt: Assisted Gunther Redhammer with SC-XRD, powder XRD, and Mossbauer

measurements.
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* Lee Groat and Rhiana Elizabeth Henry: Conducted SC-XRD measurements and initial
refinements on a subset of 9 tourmaline samples in the context of a related trace element standard
project; portions of these standards were used in this thermodynamic study.

« Jeffrey Ovens: SC-XRD measurements on 6 tourmaline samples.

« Jan Filip: Md0ssbauer spectroscopy measurements and initial refinement were conducted for the
same subset of 9 tourmaline samples analysed by Lee Groat and Rhiana Elizabeth Henry.
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tourmaline samples.

» Jeanne Paquette: Made natural samples available for this study.

* Redpath Museum: Provided additional natural samples for this study, with sample preparation
conducted by Peter Tarasoff.

* Lang Shi: Assisted with the EMPA measurements.

Chapter 2. Thermodynamic Model for Tourmaline — Model Derivation and Calibration of
Molar Volumes

Co-authors:

« Stan Roozen: Performed all model definitions, fit the mineral formula to the bulk and
speciation endmember models, performed the regression methods to determine endmember
molar volumes, and carried out fitting of training and test sets. Led the overall planning and
design of the study in collaboration with Vincent van Hinsberg.

* Glinther Redhammer: Performed the majority of SC-XRD measurements and all three powder
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Chapter 1).
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Chapter 3. Thermodynamic Model for Tourmaline: Entropy and Heat Capacity

Co-authors:
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design of the study.
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Chapter 4. Thermodynamic Model for Tourmaline — Enthalpy
Co-authors:
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LIST OF FIGURES

Chapter 0. Introduction

e Figure OA. Schematic representation of tourmaline’s crystal structure, shown normal (A)
and parallel (B) to the c-axis. The X site (purple) is positioned above the tetrahedral ring
(blue), bonding to the inner corners of T sites and trigonally coordinated B sites (green).
The O1 (W) site (red) is linked to three Y sites (yellow), with its O1-H1 bond directed
toward the X site (H in light blue). The O3 (V) sites (red) each coordinate one Y (yellow)
and two Z sites (orange), while the O3-H3 bond is oriented in the ¢~ direction, where H3
shares an H-bond with the O5 site (dashed circle) in the tetrahedral ring. (Figure after
Berryman et al.(2016))

e Figure OB. This master equation describes the molar Gibbs free energy G(P,T,X) of a
multicomponent solid solution as a function of pressure P, temperature T, and
endmember vector X with endmember mole fractions components Xi. The [_] standard-
state properties include the reference enthalpy Hi°, entropy Si°, and molar volume V{°, at
298.15 K and 1 bar with enthalpies referenced to the elements. The @) caloric EoS
captures temperature effects through heat capacity integrals: Cp,i(T) is used to correct
both enthalpy and entropy, respectively. The @ volumetric component captures pressure
effects through direct integration of the volume function V(P,T). Thermal expansion o(T)
is required to evaluate V(P°,T) at elevated temperatures, but it is not integrated as a
separate energy contribution. Instead, it adjusts the temperature-dependent volume, which
is then used in the pressure integral. Only the pressure integral [ V(P,T) dP contributes
cumulatively to Gibbs free energy. The [l] compositional EoS includes the ideal
configurational entropy, calculated from species (j) site (S) occupancies X;,s, site
multiplicities Ms, and total number of independent species ninds. The nings reflect the
system’s degrees of freedom+1 and can be expressed as linear combinations of the
independent endmember fractions. The excess Gibbs energy forms from non-ideal
interactions here as example modelled via regular parameters W;;(P,T). The final term,
Gotner(P, T,X), accounts for energetic contributions not captured by endmember-based

mixing, such as magnetic ordering or electronic transitions. These effects are typically
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non-linear in composition and cannot be expressed as separable functions of P, T, and X;

for example, Curie or Néel temperatures may vary non-trivially with Fe content.

Chapter 1. Creating a consistently characterised tourmaline sample set with uncertainties
for thermodynamic model calibration.

Figure 1A. Mdossbauer spectrum for tourmaline sample Tm72, illustrating one of the more
complex cases encountered in the dataset.The fitted model includes Fe** doublets assigned to Y1,
Y2, and Y3 sites, Fe** doublets representing Y or Z site occupancy, and a Fe*>* mixed-valence
component to account for broadening effects. The addition of the Fe>>* component improves the
fit but increases the uncertainty of precise site and valence assignments. Residuals remain within

+26 limits, confirming the quality of the fit.

Figure 1B. Stacked bar chart showing the bulk compositions of all analysed tourmaline samples.
Cationic abundances were calculated by summing all measured elements and renormalizing to
100% for each sample. Major components include Si, Al consistent with the expected framework
of tourmaline. Significant proportions of Na, Mg, Fe?*, and Fe3* reflect substitutions at the X and
Y sites, while minor amounts of Ca, Ti**, F and trace elements (e.g., Li, Cr, V, Mn, Zn, REES)
are also observed. The renormalization emphasizes compositional trends across major and minor
elements and facilitates direct comparison between samples. You excluded boron, ogygen and

water from the bulk plot to improve the visibility of the variation in minor and trace elements.

Figure 1C. Stacked bar chart showing the X site occupancies for all analysed tourmaline
samples. The occupancies of Na*X, Ca*X, KX, SrX, BaX, La*X, Ce*X, Nd*, Pb(11)*, Bi(111)%, and
Vacancy* are displayed as a percentage of total X site occupancy. Na is the dominant occupant
in most samples, with varying proportions of Ca and minor K, Sr, and rare earth elements

(REEs). Site vacancies are significant in some samples, reflecting incomplete X-site occupancy.

Figure 1D. Stacked bar chart showing the Y site occupancies for all analysed tourmaline
samples. The occupancies of Mg, Fe(11)Y, Fe(11)Y, AIY, Mn(11)Y, Ti(IV)", LiY, Cr(lII)Y, V(I11)",
Zn", Sn(1V)Y, Cu(1D)Y, Ni(1D)Y, Co(I)Y, Sc”, GaY, Nb(V)Y, and VacancyY are shown. The Y site

is primarily occupied by Mg, Fe**, and Al, with significant contributions from Fe** and Ti** in
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some samples. Minor trace element substitutions (e.g., Zn, Cr, V) and vacancies are present but

generally subordinate.

Figure 1E. Stacked bar chart showing the Z site occupancies for all analysed tourmaline
samples. The occupancies of Mg?, Fe(I11)%, Fe(l11)%, Al%, Mn(11)?, Ti(IV)%, Li%, Cr(l111)%, V(111)?,
Zn%, Sn(IV)#, Cu(1)?, Ni(1)%, Co(l1)%, Sc?, Ga#, and Nb(V)?Z are plotted.

The Z site is overwhelmingly dominated by Al, typically exceeding 80% occupancy in all
samples. Minor Mg, Fe?*, and Fe** substitutions are observed, with very low contributions from

trace elements.
Appendix 1E: Contains all Mossbauer Figures.
Appendix 1K1: Bond Valence Table Figure.

Appendix 1K2: Bond Valence Table Figure for tourmaline with X-vacancy.

Chapter 2. Thermodynamic model for Tourmaline. Model derivation and calibration of the
molar volumes

o Figure 2A. Scree plot showing the variance explained by each principal component for
the speciation model. Principal component analysis (PCA) reveals that the first two
principal components (PC1 and PC2) capture the majority of the variance across the
dataset, while higher components contribute progressively less. The sharp drop in
explained variance indicates that sample variability is largely confined to a low-
dimensional subspace in X-space, and highlights directions that are poorly sampled,
contributing to multicollinearity in model parameters

o Figure 2B. PCA biplot of PC1 versus PC2 for the distribution of samples and
endmember loadings in the speciation model. Samples are primarily distributed along
PC1, with limited spread along PC2. Loading vectors show that endmembers such as
odrv, foi, and drvdis dominate the primary sampled variability, whereas endmembers like
pov, mdtw, bu, and bole exhibit minimal independent variance. This confirms that certain
directions in endmember X-space are poorly represented, weakening parameter

resolution.
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Figure 2C. PCA biplot of PC1 versus PC3 for the distribution of samples and
endmember loadings in the speciation model. The PC1 vs PC3 projection further
illustrates the confinement of samples along dominant axes, with minimal independent
variability along PC3. Endmember loadings in this plane reinforce those key
compositional directions involving pov, mdtw, bu, and related endmembers are
underexplored in the current dataset.

Figure 2D. PCA biplot of PC1 versus PC4 for the distribution of samples and
endmember loadings in the speciation model. Samples show almost no meaningful spread
along PC4, confirming that this direction is extremely poorly sampled. Endmember
contributions to PC4 are negligible, supporting the conclusion that multicollinearity
stems from missing coverage in certain compositional vectors, which should guide future
synthesis and sample acquisition strategies.

Figure 2E. Scree plot showing the variance explained by each principal component for
the bulk model. Principal component analysis (PCA) shows that the first two principal
components capture most of the variance, while higher components contribute little,
indicating poor sampling across certain endmember directions in X-space.

Figure 2F. PCA biplot of PC1 versus PC2 for the distribution of samples and
endmember loadings in the bulk model. Samples are strongly clustered along PC1, with
limited spread along PC2. Endmember loadings show that drvB, foiB, and oleB dominate
the primary variability, while endmembers like buB, mdtwB, and aosrmB contribute
little, revealing underexplored directions.

Figure 2G. PCA biplot of PC1 versus PC3 for the distribution of samples and
endmember loadings in the bulk model. PC1 vs PC3 projections confirm that sample
spread along PC3 is minimal, reinforcing that much of the X-space is poorly sampled
beyond the dominant PC1 direction.

Figure 2H. PCA biplot of PC1 versus PC4 for the distribution of samples and
endmember loadings in the bulk model. Samples show negligible spread along PC4. This
further demonstrates that poor coverage along specific compositional directions leads to

multicollinearity and uncertainty in the associated thermodynamic parameters.

Figure 21. Scatter plot showing the projection of the training and test sets of the Bulk
model onto the first two principal components (PC1 and PC2). Convex hulls in PCA1-
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PCAZ2 space encapsulate the boundary of each set, highlighting areas of overlap and
potential extrapolation where samples from one set fall outside the convex hull of the
other. Sample labels are included to identify specific data points. Percentage of training
samples in test convex hull: 80.77%. Percentage of test samples in training convex hull:
72.16%.

Figure 2J. Histogram displaying the Mahalanobis distances of test samples from the
centroid of the training set for the Bulk model. The distances quantify how well the test
samples align with the core distribution of the training set, with larger distances
indicating potential outliers or regions of poor coverage.

Figure 2K. Comparing composition space for the training and test set for the Bulk
model. Multivariate visualization comparing the standardized distributions of predictors
between the training and test sets. Standardization (zero mean and unit variance) ensures
comparability across variables with different units and scales. Each line represents a
sample crossing axes for the predictors, highlighting variables where the test set
significantly diverges from the training set.

Figure 2L. Scatter plot showing the projection of the training and test sets of the Bulk
model onto the first two principal components (PC1 and PC2). Convex hulls in PCA:-
PCA: space encapsulate the boundary of each set. Percentage of training samples in test
convex hull: 100%. Percentage of test samples in training convex hull: 46.60%

Figure 2M. Histogram displaying the Mahalanobis distances of test samples from the
centroid of the training set for the speciation model.

Figure 2N. Parallel coordinate plot comparing composition space for the training and test
set for the speciation model. Each line represents a sample crossing axes for the
predictors, highlighting variables where the test set significantly diverges from the
training set.

Figure 20. Illustration demonstrating the general effect of the Bias-Variance Tradeoff.
Modified from Hastie et al. (2017)

Figure 2P. buB endmember fraction versus molar volume. Combined training and test
set.

Figure 2Q. The Cauchy robust model fit to the training set data. Green bands show

confidence intervals for the mean response, while blue bands represent prediction
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intervals for individual measurements. The increased estimation bias is mainly due to
worsen fit to F-buergerite (tm64).

o Figure 2R. The Cauchy robust model fit to the test set data. Green bands show
confidence intervals for the mean response, while blue bands represent prediction
intervals for individual measurements. The centroid of data is fit well but compositional
bias is high.

e Figure 2S. The CWTLS model fit to the training set data. Green bands show confidence
intervals for the mean response, while blue bands represent prediction intervals for
individual measurements.

e Figure 2T. The CWTLS model fit to the test set data. Dark grey bands show confidence
intervals for the mean response, while blue dotted lines represent prediction intervals for
individual measurements.

e Figure 2U. Combined dataset and the bulk model. Scatter plot of measured vs. predicted
molar volume (J/bar-mol) with error bars from covariance matrix propagation. WLS
regression (green) accounts for uncertainty variations, while the 1:1 line (dashed red)
indicates perfect agreement.

o Figure 2V. Combined dataset and the speciation model. Scatter plot of measured vs.
predicted molar volume (J/bar-mol) with error bars from covariance matrix propagation.
WLS regression (green) accounts for uncertainty variations, while the 1:1 line (dashed

red) indicates perfect agreement.
Appendix 2A. Endmember Fraction Box and Violin Plots

e Figure 2A.1. Bulk compositional model training set endmember fractions.

e Figure 2A.2. Violin plots showing the distributions of the bulk compositional model
training set endmember fractions.

e Figure 2A.3. Speciation model training set endmember fractions.

e Figure 2A.4. Violin plots showing the distributions of the speciation model training set
endmember fractions.

e Figure 2A.5. Bulk compositional model test set endmember fractions.
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Figure 2A.6. Violin plots showing the distributions of the bulk composition model test
set endmember fractions.

Figure 2A.7. Speciation model test set endmember fractions.

Figure 2A.8. Violin plots showing the distributions of the speciation model test set
endmember fractions.

Figure 2A.9. Bulk composition model combined dataset endmember fractions.

Figure 2A.10. Violin plots showing the distributions of the bulk compositional model
combined dataset endmember fractions.

Figure 2A.11. Speciation model combined dataset endmember fractions.

Figure 2A.12. Violin plots showing the distributions of the speciation model combined

dataset endmember fractions.

Appendix 2D. Model Selection Bulk Model

Figure 2D.1. Bulk model. OLS without interaction parameters and tm164. A) Training
set fit. B) Test set fit. Green bands show confidence intervals for the mean response,

while blue bands represent prediction intervals for individual measurements.

Figure 2D.2. Bulk model. CWTLS without interaction parameters and tm164. A)
Training set fit. B) Test set fit. Green bands show confidence intervals for the mean

response, while blue bands represent prediction intervals for individual measurements.

Figure 2D.3. Bulk model. Cauchy robust fit without interaction parameters. A) Training
set fit. B) Test set fit. Green bands show confidence intervals for the mean response,

while blue bands represent prediction intervals for individual measurements.

Appendix 2E. Model Selection Speciation Model

Figure 2E.1. Speciation model. OLS without interaction parameters. A) Training set fit.
B) Test set fit. Green bands show confidence intervals for the mean response, while blue

bands represent prediction intervals for individual measurements.
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e Figure 2E.2. Speciation model. OLS without interaction parameters. A) Training set fit.
B) Test set fit. Green bands show confidence intervals for the mean response, while blue

bands represent prediction intervals for individual measurements.

Chapter 3. Thermodynamic model for Tourmaline. Entropy and Heat Capacity

e Figure 3A. Heat capacity of Foitite sample (Tm 6) between 0-17K as measured using the
PPMS and the uneven power series extrapolation to OK.

e Figure 3B. Heat capacity of F-buergerite sample (tm64) between 0-17K as measured
using the PPMS and the uneven power series extrapolation to OK.

e Figure 3C. Specific heat capacity (Cp) of tourmalines. Buergerite (red) has the highest
Cp at low T but the lowest above ~250 K, while uvite (blue) shows the highest Cp at high
T. Other tourmalines are intermediate. The uncertainties are smaller than the thickness of
the lines. The inset highlights the Cp behavior at the lowest temperatures, which
disproportionately influences the integrated entropy.

e Figure 3D. Cp/T curves (coloured) and Interquartile Range (blue) showing that the mid-
range (50-200 K) dominates entropy but has low variance, while the magnetic
contribution at low temperatures, with high Cp variability, most influences entropy
differences.

e Figure 3E. The Cp difference between foitite (tm6) and dravite (tm23) highlights
significant variability in the 0-50 K T range, driven primarily by magnetic contributions.
This range has the largest impact on Cp curve differences and dominates uncertainty in
both Cp and integrated entropy, as entropy is highly sensitive to 1/T at low T.
Measurements were conducted down to 2 K.

e Figure 3F. Heatmap of training set samples showing Cp Z-scores per T compared to the
dataset mean, with white indicating values near the mean, blue lower, and red higher,
illustrating how relative differences vary with T.

e Figure 3G. Heatmap of training set samples showing Cp uncertainties Z-scores per T
compared to the dataset mean uncertainty.

e Figure 3H. The jump between PPMS and DSC data at 298.15K in terms of relative

percentages.
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Figure 3I. Relative percentage % differences between PPMS-DSC.

Figure 3J. Predicted S723:2.X using uncorrected DSC Berman fits. Samples with
overestimated values correspond to positive jumps, while underestimated ones show
negative jumps, indicating inaccuracies in the DSC data. A vertical correction was
applied, assuming accurate slope determination.

Figure 3K. Bulk compositional endmember low-T Cp curves with their confidence
intervals.

Figure 3L. Heatmap of bulk compositional model Cp curves Z-scores at 0.1 K intervals,
comparing each endmember to the mean of all endmembers. White indicates Cp near the
mean, blue lower than the mean, and red higher. The plot highlights how relative
differences between curves vary with T.

Figure 3M. The relative uncertainty in endmember in low-T Cp (J/K/mol) and its
dependence on T.

Figure 3N. VIF factors for the bulk compositional model. VIF factors depend on the
designer matrix and are therefore equal for all regressions relating to the bulk
compositional model.

Figure 30. Mean Squared Error (MSE) of Cp curve versus Measured Entropy (J/K/mol)
for the low-T Cp curve regression of the Bulk Compositional Model.

Figure 3P. Relative residuals (%) between measured and predicted low-T Cp curves for
the bulk compositional model, plotted on a log scale. Higher uncertainties (>1%) occur
below 100 K, while they remain <2% above 100 K.

Figure 3Q. Measured versus predicted entropy using Method 1.

Figure 3R. Bulk compositional endmember high-T Cp curves with their CI.
X(YZ)9SixAlax(VW)4

Figure 3S. Heatmap of bulk compositional model high-T Cp curves Z-scores at 1 K
intervals, comparing each endmember to the mean of all endmembers. X(YZ)9SixAl(1-
X)(VW)4.

Figure 3T. The relative uncertainty in Cp (J/K/mol) dependence on T. X(YZ)9SixAl-
x(VW)4, Residuals from the OLS fit are randomly distributed.
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Figure 3U. Measured versus predicted entropy using Method 1. Uncertainties are
propagated from the polynomial model fit and therefore assumed a ‘perfect’ Berman
model.

Figure 3V. Distribution of AG differences at 773.15 K arising from discrepancies
between measured and predicted Cp for the bulk compositional model. The figure
highlights the contributions from differences in S°, integrated entropy along the high-T
Cp curve (S723:12X), and their combined impact on AG values at 773.15 K.

Figure 3W. Relative deviations between training set data and model for high-T Cp.
X(YZ2)9SixAlzx)(VW)a,

Figure 3X. Predicted versus measured Cp at four different T with the 1:1 line. Note the
increasingly horizontal distribution of samples around the 1:1 line at higher T.

Figure 3Y. Slope weighted linear regression where the weight was multiplied with a
factor of 20.

Figure 3Z. So versus buB fraction. Two distinct trends are evident: one toward buergerite
(bu) and another toward povondraite (pov), reflecting differences in Fe** speciation and
Z-site substitution (Al versus Fe**+Mg) in tourmalines. Arrows qualitatively indicate
samples that, in the speciation model, have either high pov—low bu or high bu—low pov
contents.

Figure 3AA. 572312 X versus buB fraction. The data show two separate trends toward bu
and pov compositions, highlighting how Fe** speciation coupled with Z-site substitution
influences entropy evolution. Arrows qualitatively indicate samples with dominant pov or
bu components based on the speciation model.

Figure 3AB. Molar volume versus buB fraction. Two distinct trends emerge
corresponding to bu and pov behavior, underscoring the effects of Z-site chemical
differences in addition to Fe** speciation. Arrows qualitatively point to samples enriched
in pov or bu in the speciation model; light green points indicate intermediate
compositions (pov-bu mixtures).

Figure 3AC. Measured vs Predicted Entropy with Uncertainties, York Regression, and
Integral Difference for the Polyhedron method with OHO polyhedra without Sconf. The
method underpredicts by 25 J/(K-mol).
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Figure 3AD. Relative difference between measured Cp values and predictions from the
polyhedron method, where negative values indicate overprediction. Both measured and
predicted Cp data were fitted using the Berman model for consistency.

Figure 3AE. Cp curves from the polyhedron model vs. measured Cp, both fitted using
the Berman model. The 1:1 line indicates a perfect fit. Measured data is available up to
~1200 J/mol-K, with the remainder extrapolated.

Figure 3AF. AG differences at 1000 K resulting from discrepancies between measured
and predicted high-T Cp in the polyhedron model, highlighting the impact of model
simplifications.

Figure 3AG. Relative difference between measured Cp values and predictions from the
bulk compositional method, where negative values indicate overprediction. Both
measured and predicted Cp data were fitted using the Berman model for consistency and
extrapolated up to 1200 K.

Figure 3AH. AG differences at 1000 K resulting from discrepancies between measured
and predicted high-T Cp in the bulk compositional model, highlighting the impact of
model simplifications.

Figure 3Al. Extrapolated Cp curves from the bulk compositional model compared to
extrapolated measured Cp curves, with the 1:1 line indicating a perfect fit. Measured data
is available up to ~1200 J/mol-K, with the remainder extrapolated.

Figure 3AJ. Relationship between FeTotal (apfu) and standard-state entropy (So) for
tourmaline samples. Sample labels are shown. The strong positive correlation reflects the
dominant role of Fe?" and Fe** spin disorder in contributing to magnetic entropy.
Additionally, the high mass of Fe enhances acoustic phonon contributions, while weaker

Fe?* bonds allow more optical phonon modes, further increasing entropy.

Appendix 3B. Theoretical Framework Calorimetry

Figure A3B.1. DSC signal before drift correction. Isothermal sections should be the
same for blank (black), reference (green), and sample (red). The fact they are not the
same indicates instrumental drift.

Figure A3B.2. DSC signal after drift correction. Isothermal sections are made the same

for blank (black), reference (green), and sample (red).
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Appendix 3C. Magnetic Spin Glass Transition Proof

e Figure A3C.1. Mdssbauer spectra of tourmaline samples Pa (Fe: 2.73 apfu), Y (Fe: 1.92
apfu), MC (Fe: 0.795 apfu), and UM (Fe: 0.6 apfu). Downward-pointing arrows indicate
a magnetic sextet, possibly from magnetic ordering in tourmaline at 5 K. However, oxide
inclusions can also be the culprit. Figure (4.18) and sample spectra from the thesis of
Saegusa (1978).

Appendix 3D. Method 2 Bulk and Speciation

e Figure A3D.1. Measured versus predicted entropy using Method 2. A) Using the SE of
the confidence interval. B) Using the SE of the prediction interval.

e Figure A3D.2. Measured versus predicted S;as12K using Method 2. Prediction
uncertainty based on the confidence interval. This figure is identical to Method 1 (Figure
3U), showing that the order of integration and regression does not matter for high-T Cp
data.

e Figure A3D.3. Measured versus predicted entropy using Method 2 using CI and Pl

uncertainties.

Appendix 3E. Bulk Model endmember curves

e This Appendix contains all the Bulk model endmember Cp curves.

Appendix 3G. Bulk Model. 4 Temperature Zoom in Predicted vs Measured

e This Appendix contains all the Bulk Model. 4 Temperature Zoom in Predicted vs
Measured for 298.15, 373.15, 573.15 and 773.15K.

Appendix 3H. Speciation Model Regression

e Figure A3H.1. Speciation endmember low-T Cp curves with their confidence intervals.

e Figure A3H.2. Heatmap of speciation model Cp curves Z-scores at 0.1 K intervals,
comparing each endmember to the mean of all endmembers. White indicates Cp near the
mean, blue lower than the mean, and red higher. The plot highlights how relative

differences between curves vary with temperature.
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Figure A3H.3. The relative uncertainty in endmember in low-T Cp (J/K/mol) and its
dependence on T.

Figure A3H.4. VIF factors for the speciation model. VIF factors depend on the designer
matrix and are therefore equal for all regressions relating to the speciation model.
Figure A3H.5. Mean Squared Error (MSE) of Cp curve versus Measured Entropy
(J/K/mol) for the low-T Cp curve regression of the speciation model.

Figure A3H.6. Relative residuals (%) between measured and predicted low-T Cp curves
for the speciation model, plotted on a log scale. Higher uncertainties (>1%) occur below
100 K, while they remain <2% above 100 K.

Figure A3H.7. Measured versus predicted entropy using Method 1.

Figure A3H.8. Speciation endmember high-T Cp curves with their confidence intervals.
XY3ZsTeV3W

Figure A3H.9: Heatmap of speciation model high-T Cp curves Z-scores at 1 K intervals,
comparing each endmember to the mean of all endmembers. XY3ZsTeV3W

Figure A3H.10. The relative uncertainty in Cp (J/K/mol) dependence on T.
XY3ZeTeV3W. Uncertainty is high for the pov endmember.

Figure A3H.11. Measured versus predicted entropy using Method 1. Uncertainties are
propagated from the polynomial model fit and therefore assumed a ‘perfect’ Berman
model.

Figure A3H.12. Distribution of AG differences at 773.15 K arising from discrepancies
between measured and predicted Cp for the speciation model. The figure highlights the
contributions from differences in standard state entropy (So), integrated entropy along the
high-T Cp curve (SZas12K), and their combined impact on AG values at 773.15 K.
Figure A3H.13. Relative deviations between training set data and model for high-T Cp.
XY3ZsTeV3W.

Figure A3H.14. Predicted versus measured Cp at four different T with the 1:1 line,
highlighting the more horizontal distribution of samples at higher T, though less
pronounced than in the bulk compositional model.

Figure A3H.15. Pov versus bu endmember fraction. Size of points indicate molar

volume whereas the colour indicates in a) standard state entropy and in b) S75a:12X. Note
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the difference in scale for the pov and bu axis. The figures do show how pov and bu have

drastically different properties.

Appendix 3l. Speciation Model 4 Temperature Zoom in Predicted vs Measured

This Appendix contains all the Speciation Model. 4 Temperature Zoom in Predicted vs Measured
for 298.15, 373.15, 573.15 and 773.15K.

Appendix 3J. Speciation Model endmember curves
e This Appendix contains all the Speciation model endmember cp curves.

Appendix 3K. Alternative Regression Methods

e Figure 3K.1. Bulk model measured entropy versus LOOCV Entropy with Uncertainties,
York Regression, and Integral Difference for OLS. Notice the high LOOCV MSE of F-
buergerite (tm64).

e Figure 3K.2. Bulk model measured entropy versus LOOCV Entropy with Uncertainties,
York Regression, and Integral Difference for CWTLS using the Full weight matrix with
block diagonal covariances of each sample and covariances of the covariances. While
overall fit is good, there is compositional bias as demonstrated by the high integral
difference between the York line and the 1:1 line.

e Figure 3K.3. Bulk model measured entropy versus LOOCV Entropy with Uncertainties,
York Regression, and Integral Difference for robust regression using the Cauchy weight
function. The most robust method.

e Figure 3K.4. Speciation model measured entropy versus LOOCV Entropy with
Uncertainties, York Regression, and Integral Difference for OLS. Notice the high
LOOCV MSE of F-buergerite (tm64).

Appendix 3N. State Variable Correlations.

e This Appendix contains all the state variables correlations.

Chapter 4. Thermodynamic model for Tourmaline. Enthalpy
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e Figure 4A. Independent endmember fractions of the Bulk model for the 15 natural
samples selected for enthalpy measurements. Chapter 2 outlines their calculation and
defines the Bulk model endmember abbreviations.

e Figure 4B. Thermodynamic Cycle for Formation Enthalpy of Tourmaline This
diagram outlines the thermodynamic cycle used to derive the enthalpy of formation of
tourmaline. The cycle begins with drop-solution calorimetry measurements of tourmaline
and its reference oxides. The formation enthalpy from oxides is calculated as the
difference between product and reactant solution enthalpies, using the sign convention
appropriate for dissolution (opposite to formation). To obtain the formation enthalpy
from the elements, standard enthalpies of formation for the oxides (from Robie and
Hemingway, 1995) are added. An oxidation correction is applied via Hess’s Law to
account for transition metal oxidation during dissolution in lead borate. For example, FeO
is oxidized to Fe:0s, corrected to 973 K using Cp integrals, and hematite’s solution
enthalpy is incorporated. Dividing the total corrected enthalpy by 4 yields the drop
solution enthalpy of FeO. This cycle leverages the state function nature of enthalpy to
isolate measurable steps while highlighting the complexity and error accumulation when
multiple oxide references are required.

e Figure 4C. Independent endmember fractions of the Bulk model for the 49 natural
samples selected for FTIR measurements. Chapter 2 outlines their calculation and defines
the Bulk model endmember abbreviations.

e Figure 4D. Measured versus Predicted AHs of our training set tourmalines.
Uncertainties are the Monte Carlo 2 standard deviations in case of the measured values.

e Figure 4E. Measured versus predicted standard-state enthalpies of formation (AHf®) for
tourmaline test samples. Error bars represent the propagated uncertainty from the
endmember regression model. The dashed line indicates the 1:1 line for perfect

agreement between predicted and measured values.

Appendix 4B. TGA-DSC

e This Appendix contains all the TGA-DSC Figures.
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Chapter 5. Model Integration and Conclusions

Figure 5A. Comparison of Configurational Entropy (S¢"f) The four bars per sample
represent independently calculated entropy contributions from different models: LRO
s’ Speciation (blue), LRO S Bulk (orange), SRO S Speciation (green), and SRO
S Bulk (red). Each bar shows the calculated S value in J/(mol-K), with its exact
value labeled at the right end of the bar. At 1000 K, differences in S translate into
Gibbs free energy differences of ~40-60 kJ/mol, comparable to many mineral reaction
energies, emphasizing that the choice of configurational entropy model can significantly
affect thermodynamic predictions.
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LIST OF TABLES

Chapter 0. Introduction

Table OA. Tourmaline nomenclature endmembers of this study. The endmembers relate to each
other by homo- and hetero-valent coupled substitutions and their associated exchange vectors, as

mentioned at the bottom of the table.

Chapter 1. Creating a consistently characterised tourmaline sample set with uncertainties

for thermodynamic model calibration

Table 1A. Nomenclature tourmalines within the Na-Ca-Fe-Mg-Al-Ti-Si-B-H-F for which we
estimate the atomic radii based on the a-priory BV matrix method.

Table 1B. List of tourmaline endmembers considered unstable based on first-order bond-valence
stability analysis. Instabilities predominantly affect compositions with elevated Ti, B, Al at the T
site, or ferric iron (Fef) content, as well as those with partial Ca—vacancy occupancy on the X
site. The endmember [Na][Al]s[Al]s[B1/2Sii/2]{OH]s[OH] from the speciation-based model is

also predicted to be unstable.

Appendix 1M: A-priory bond length

Table AIN.1. A-priory bond length of LRO endmembers.

Chapter 2: Thermodynamic model for Tourmaline. Model derivation and calibration of the
molar volumes

Table 2A. Combined evaluation of compositional overlap, predictor constraints, and
multicollinearity for the speciation model. Train in Test (%) and Test in Train (%) indicate the
percentage of samples covered by the opposing set. VIF measure multicollinearity, with higher
values reflecting stronger predictor correlations and inflated variance. Diagonal of X'X indicate
predictor constraints, where smaller values reflect broader coverage and reduced redundancy,

and larger values indicate poor constraints and limited variability.
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Table 2B. Combined evaluation of compositional overlap, predictor constraints, and
multicollinearity for the second model. Column definitions and interpretations are the same as
described in Table 2A.

Table 2C. Regression Method Categories
Table 2D. Structural Formulas and Molar VVolumes for Buergerite and Bosiite

Table 2E. Cauchy robust endmember molar volumes for the X(YZ)sSixAl-x (VW) model and
the SD based on the covariance matrix. Regression model without interaction parameters. The
correlation matrix is plotted directly below the table for visual reference, with correlation
coefficients annotated inside each coloured cell to illustrate the strength and direction of

relationships between endmembers.

Table 2F. CWTLS endmember molar volumes for the XY3Z¢TsV3W model and the SD based on
the covariance matrix obtained from the Hessian at the nonlinear minimisation surface.
Regression model without interaction parameters. The correlation matrix is plotted directly
below the table for visual reference, with correlation coefficients annotated inside each coloured
cell to illustrate the strength and direction of relationships between endmembers.

Appendix 2B. Statistical Methods Appendix

e Table 2B.1. Weight functions used by the robustfit algorithm in Matlab2022a.

Appendix 2C. OLS Regression Analysis

e Table 2C.1. X(YZ)sSixAl(1-x)(VW)+ model without interaction parameters.

e Table 2C.2. X(YZ)sSixAl(1-x)(VW)s model with interaction parameters.

e Table 2C.3. X(YZ)sSixAl(1-x)(VW)+ model without interaction parameters using the
combined dataset.

e Table 2C.4. X(YZ)sSixAl(1-X)(VW)s model with interaction parameters using the
combined dataset.

e Table 2C.5. X(YZ)sSixAl(1-x)(VW)s model with subregular interaction parameters using
the combined dataset.

e Table 2C.6. XY3ZsTsVsW model without interaction parameters.
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e Table 2C.7. XY3ZsTsV3sW model without interaction parameters using the combined
dataset.

Appendix 2D. Model Selection Bulk Model

e Table 2D.1. Bulk Model. Best performing models based on a single statistic.

e Table 2D.2. Bulk model Z-score heuristics combining the sample-amount averaged index
performance on the training and test sets. For the meaning of the different Z scores and
how they are summed into one heuristic, see main text. Best performing robust regression
method and x-uncertainty regression methods with lowest sum Z scores are in bold and
yellow.

Appendix 2E. Model Selection Speciation Model

e Table 2E.1. Speciation Model. Best performing models based on a single statistic.

e Table 2E.2. Speciation model. Top 10 Model-method combinations based on total Z-
score minimisation. Z-score heuristics combining the sample-amount averaged index
performance on the training and test sets. For the meaning of the different Z scores and
how they are summed into one heuristic, see main text. Best performing robust regression
method and x-uncertainty regression methods with lowest sum Z scores are in bold and

yellow.

Appendix 2F. Model Assessment

e Table 2F.1. Cauchy Robust Regression without interaction parameters including outlier
tm164; Internal and External validation. Internal validation using the training data. The
results of the internal validation of the X(YZ)sSixAl1-x(VW) model.

e Table 2F.2. CWTLS without interaction parameters with outlier tm164. Internal
validation using the training data. The results of the internal validation of the
XY3Z6TsV3W model, including output from the Matlab script and figures, are included in
Appendix X.

Chapter 3. Thermodynamic model for Tourmaline. Entropy and Heat Capacity.
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e Table 3A. S° of the endmembers obtained using method 1 for the bulk compositional
model. Correlation matrix of the SO bulk model endmembers. Correlation matrix figure
for S° bulk model.

e Table 3B. Bulk model Berman polynomial regression coefficients for the endmember
high-T Cp. The high number of significant figures are given as there are strong parameter
correlations, rendering standard significance rules inapplicable.

e Table 3C. Bulk model covariance matrices for the Berman fit to endmember high-T Cp.
Due to the high correlation between the Berman polynomial coefficients, uncertainty
propagation should utilize the covariance matrices instead of the standard deviations of
individual coefficients to avoid overinflating uncertainties. Additionally, the correlation
matrices of the parameters are plotted. The correlation matrix of the heat capacity at
600 K (Cpeoo) is also provided.

e Table 3D. Standard State Entropy of the endmembers obtained using method 1 for the
speciation model. Additionally, the correlation matrices of the parameters are plotted.

e Table 3E. Speciation model Berman polynomial regression coefficients for endmember
high-T Cp. The high number of significant figures are given as there are strong parameter
correlations, rendering standard significance rules inapplicable.

e Table 3F. Speciation model covariance matrices for the Berman fit to endmember high-T
Cp. Due to the high correlation between the Berman polynomial coefficients, uncertainty
propagation should utilize the covariance matrices instead of the standard deviations of
individual coefficients to avoid overinflating uncertainties. Additionally, the correlation
matrices of the parameters are plotted. The correlation matrix of the heat capacity at
600 K (Cpeoo) is also provided.

e Table 3G. Polyhedral Calculation in Tourmaline: Ordered vs. OH-Disordered Model for
example tourmaline (fschorl).

e Table 3H. Polyhedral entropies for oct and OHO polyhedra (van Hinsberg et al. 2005a).

e Table 31. Comparing the measured versus predicted of the speciation and all polyhedral

models.

Appendix 3H. Speciation Model Regression.
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Table A3H.1. Standard State Entropy of the endmembers obtained using method 1 for the
speciation model.

Appendix 3K. Alternative Regression Methods.

Table 3K.1. Bulk Model: LOOCV MSE and Mean Residual Analysis. The LOOCV MSE and
mean residuals assess the performance and robustness of different regression methods. Negative
mean residuals indicate general underestimation, while positive values suggest general
overestimation. LOOCV MSE highlights model sensitivity to extreme outliers, reflecting method
robustness. The most robust models balance low MSE with minimal bias in residual means and

are indicated with yellow. OLS is the reference method.

Table 3K.2. Bulk model Z-score heuristics using the LOOCV as an estimate for the test set show
which models have lowest training set uncertainty and is most robust. For the meaning of the
different Z scores and how they are summed into one heuristic, see Chapter 3. Best performing
robust regression method and x-uncertainty regression methods with lowest sum Z scores are in

bold and yellow.
Table 3K.3. Speciation Model: LOOCV MSE and Mean Residual Analysis.

Table 3K.4. Speciation model Z-score heuristics using the LOOCV as an estimate for the test set
show which models have lowest training set uncertainty and is most robust. For the meaning of
the different Z scores and how they are summed into one heuristic, see Chapter 3. Best
performing robust regression method and x-uncertainty regression methods with lowest sum Z

scores are in bold and yellow.
Appendix 3M: Improvements suggestions for the Polyhedron Method.

Table 3M.1. Adding molecular (SRO) model S to the polyhedron method estimates.

Chapter 4. Thermodynamic model for Tourmaline. Enthalpy.

e Table 4A. Thermogravimetric analysis (TGA) results for selected tourmaline samples.

Each sample was heated under either inert (N2) or oxidative (air) conditions, and mass
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loss was monitored as a function of temperature. Three distinct mass loss intervals (T1,
T2, T3) are reported where applicable, corresponding to devolatilization events observed
during heating. The table lists the temperature range (°C) and associated weight loss (%)
for each step. The melting temperature indicates the onset of endothermic melting from
differential scanning calorimetry (DSC) where available. Total weight loss is the
cumulative mass loss over the full TGA run, and values corrected to exclude physically
adsorbed water are given in the adjacent column. Karl-Fisher titration values from
Chapter 1 provide an independent estimate of structural water. Samples measured in air
(oxidizing conditions) are indicated with “air” in the name. Bolded values highlight
measurements outside the expected dehydration behavior, possibly indicating
experimental artifacts or compositional variability.

Table 4B. Melting temperatures extrapolated to the bulk compositional model
endmembers using ordinary least squares multiple linear regression on the 14 samples for
which melting temperatures were obtained. The regression coefficient for each variable
represents the predicted melting temperature (in °C) of the pure endmember. The 95%
confidence intervals indicate the uncertainty in this extrapolation, based on the standard
error of each coefficient.

Table 4C. Drop-solution enthalpy measurements of tourmaline samples in lead-borate
solvent at 700 °C. The first column lists the number of drops used per sample for
calculating the mean and the total number of drops. Drops which gave inconsistent results
were not used for the calculation of the mean. The second and third columns report the
measured enthalpies of solution in kJ/g. These were converted to molar values using the
molar mass of each sample (not shown). The fourth and fifth columns give the heat
contents (H°(700 °C) — H°(25 °C)) in kJ/mol, obtained by integrating the caloric equations
of state (Cp) from 25 °C up to 700 °C.

Table 4D. Measured enthalpies of formation from the elements for our sample

tourmalines. The first column lists AHeP ™aline sing preferred values for composition

f, oxides

and reference oxide enthalpies. The second column is the AH°®vmaline "The MC mean

f, element

AHePvmaline s the average from 2000 Monte Carlo trials, incorporating the mean and

f, element
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2SE of compositions and AH° maline measyrements. 2SD represents the standard

£, oxides
deviation of the MC trials. All enthalpy values are at standard state (298.15 K, 1bar)
Table 4E. AH¢° extrapolated to the bulk compositional model endmembers by ordinary
least squares multiple linear regression of the 16 samples for with drop enthalpies were
obtained. Figure of the correlation matrix of the bulk model AH:% is found below.

Table 4F. Summary of the most important statistical parameters of the AHs%
extrapolation to the bulk compositional model endmembers by ordinary least squares
multiple linear regression of the 16 samples for with drop enthalpies were obtained.
Correlations show relationships between variables, VIF measures how multicollinearity
inflates the variance of regression coefficients, R2 versus Vs indicates variance explained
by other variables, tolerance reflects unexplained variance (1 - R2), and diagonal (X'X
inverse) reflects sensitivity of coefficients to data changes, with larger values suggesting
higher instability.

Table 4G. Comparison between measured and predicted standard-state enthalpies of
formation (AHf®) for the tourmaline samples schorl_Ogo, dravite_Ogo, and kuyunko.
Predicted values and their propagated uncertainties are based on regression from
endmember enthalpies. The difference column shows predicted minus measured AH{®
values.

Table 4H. AHs°¢ of select bulk model endmembers compared with the same
endmembers as derived from the polyhedron method of van Hinsberg and Schumacher
(2007c).

Chapter 5. Model Integration and Conclusions

Table 5A. Speciation independent endmember definitions and independent site fractions.

Table 5B. Speciation model standard state molar volume and Entropy. Note that due to

multicollinearity present in the data the uncertainties are not independent and it is better to use

the covariance matrix which for molar volume can be found in Electronic Appendix 2D and the
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correlation matrix for entropy can be found in Appendix 3D3 (which is the correlation matrix of

method 2 but only minimal changes are assumed for method 1)

Table 5C. Heat capacity coefficients of a Berman and Brown (1985) model fit to speciation
endmember curves. Cp polynomial was calibrated using measured Cp between 298-778K. Due
to strong correlations in the Berman polynomial equations, individual variance uncertainties are
not meaningful. Instead, uncertainties must be assessed using the covariance matrix, provided in
Chapter 3.

Table 5D. Bulk independent endmember definitions and independent bulk parameters.

Table 5E. Bulk model standard state molar volume and Entropy. Note that due to
multicollinearity present in the data the uncertainties are not independent and it is better to use
the covariance matrix which for molar volume can be found in Electronic Appendix 2E and the
correlation matrix for entropy can be found in Appendix 3D2 (which is the covariance matrix of
method 2 but only minimal changes are assumed for method 1). For the Enthalpy data with
strong multicollinearity due to the sparse dataset the correlation matrix can be found in Appendix
4F.

Table 5F. Heat capacity coefficients of a Berman and Brown (1985) model fit to bulk
endmember curves. Cp polynomial was calibrated using measured Cp between 298-778K. Due
to strong correlations in the Berman polynomial equations, individual variance uncertainties are
not meaningful. Instead, uncertainties must be assessed using the covariance matrix, provided in
Chapter 3.

Appendix 5A. Bulk Model exchange reactions between endmembers

e This Appendix contains all exchange reaction between endmembers in the Bulk model.

Appendix 5B. Speciation Model exchange reactions between endmembers

e This Appendix contains all exchange reaction between endmembers in the Speciation

model.
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Abbreviation

AdjR?
AFM
aorsm
aorsmB
bu

buB

BV
BVS
CALPHAD
Cl

Cmol
Cp
Cp(T)
CWTLS
DFBETAS
DFFITS
DFT
DM

drv
drvB
dravsyn
drvdis
DSC
e-DOS

LIST OF ABBREVIATIONS

Definition

Adjusted R-Squared
Antiferromagnetism
Alumino-oxy-rossmanite

Bulk model Alumino-oxy-rossmanite
Buergerite

Bulk Model Buergerite

Bond Valence

Bond Valence Sum

Computer Coupling of Phase Diagrams and Thermochemistry
Confidence Interval

Curie Constant (Magnetic Susceptibility)
Heat Capacity

Heat Capacity as a Function of Temperature
Correlated Weighted Total Least Squares
Difference in Betas

Difference in Fits

Density Functional Theory
Dzyaloshinskii-Moriya Interaction
Dravite

Bulk Model Dravite

Synthetic Dravite

Disordered Dravite

Differential Scanning Calorimetry

Electronic Density of States
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Abbreviation
ED

EFG

EoS

Elc

Elc

FO

fluvt

fluvtB

FM

foi

foiB

FTIR

G

G(Q)

Ga

gtls
gtls-block-diag

gtls-cov-data

Definition

Electron Density

Electric Field Gradient

Equation of State

Electric Field Parallel to the c-axis

Electric Field Perpendicular to the c-axis

Standard Free Energy in the Absence of Phase Transition
Fluor-uvite

Bulk Model Fluor-Uvite

Ferromagnetism

Foitite

Bulk Model Foitite

Fourier Transform Infrared

Gibbs Free Energy

Free Energy as a Function of Q

Giga annum

Generalized Total Least Squares

Constrained Weighted TLS using block-diagonal covariance structure

Generalized TLS using covariance matrix from full dataset

gtls-row-column Generalized TLS using row-column structure

H
Ho

Hef
HFSE
HKF
HP
ICP-MS

Enthalpy

Standard Enthalpy

Standard Enthalpy of formation
High Field Strength Elements
Helgeson-Kirkham-Flowers model
Holland and Powell

Inductively Coupled Plasma Mass Spectrometry
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Abbreviation
IMA
IWLS
J

J

G

kB

LA
Leff
LOOCV
LRO
MAD
MAE
mdtw
mdtwB
Ms
MSE
NCSS
nind
NNLS
odrv
ole
oleB
OLS

PE
PCA

Definition

International Mineralogical Association
Iteratively Weighted Least Squares

Exchange Interaction Constant

Secondary Exchange Constant

Tertiary Exchange Constant

Boltzmann Constant

Laser Ablation

Effective Orbital Angular Momentum
Leave-One-Out Cross-Validation

Long-Range Order

Median Absolute Deviation

Mean Absolute Error

Midway Tourmaline

Bulk Model Midway Tourmaline

Equivalent Mixing Sites in Configurational Entropy
Mean Squared Error

Statistical software used for regression analysis
Independent Component Count for Configurational Entropy
Non-Negative Least Squares

Oxy-Dravite

Olenite

Bulk Model Olenite

Ordinary Least Squares

Pressure

Polyethylene

Principal Component Analysis

48



Abbreviation
pov

PPMS

pXRD

Q

QSD

R

RMSE
RPRESS?

RT

R2 Press

So
SC-XRD
SE

SEM
Smag
Smax
Sconf
SRO
Svib

srl

sriB

Tc
TGA
TLS

Definition

Povondraite

Physical Property Measurement System

Powder X-Ray Diffraction

Order Parameter in Landau Theory
Quadrupole Splitting Distribution
Gas Constant

Root Mean Square Error
Predictive Residual Sum of Squares
Room Temperature
Cross-Validation R-Squared
Entropy

Standard Entropy

Single Crystal X-Ray Diffraction
Standard Error

Scanning Electron Microscope
Magnetic Entropy

Maximum Entropy
Configurational Entropy
Short-Range Order

Vibrational Entropy

Schorl

Bulk Model Schorl

Temperature

Critical Temperature
Thermogravimetric Analysis

Total Least Squares
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Abbreviation
TN

\Y

Vo
V-DOS
VIF
VM
Weiss T
wWMSE
WLS

X

XPS
XRD

Z-score

ACorr
O0ACorr
AQ
AHarop
AHs%
AHf°ox

6D
O0E

Definition

Néel Temperature

Molar Volume

Standard Molar Volume

Vibrational Density of States
Variance Inflation Factor

Molar Volume

Weiss Temperature

Weighted Mean Squared Error
Weighted Least Squares

Composition

X-ray Photoelectron Spectroscopy
X-Ray Diffraction

Standard Score for Statistical Analysis
Energy Gap

Autocorrelated FTIR linewidth
Excess FTIR line width compared to mechanical mixing
Differential Heat Flow

Drop solution enthalpies

Enthalpy of formation from the elements
Enthalpy of formation from the oxides
Curie-Weiss Temperature

Debye Temperature

Einstein Temperature

Relaxation Time Constant

Number of Microstates

Angular Frequency
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Abbreviation

(o)

Definition

Phonon Density of States Function
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Thermodynamic model for Tourmaline

Computational phase diagrams need real thermodynamic anchors—without them, they drift into

uncertainty.
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Chapter 0. Introduction

Stan Roozen
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1. INTRODUCTION

Tourmaline is an exceptional geochemical recorder due to its ability to incorporate a wide range
of elements across diverse crystallographic sites (van Hinsberg et al. 2011a), It is resistant to
chemical weathering, has low volume diffusivity (Hawthorne and Dirlam 2011), and remains
stable across extensive PTX conditions (Dutrow and Henry 2011). Its record is preserved from
diagenesis (Henry and Dutrow 2012) to deep crustal levels (Lussier et al. 2016), and from recent
to Archean times (Appel 1984). As an accessory phase, it does not significantly control host rock
or fluid compositions (van Hinsberg et al. 2011a) and instead acts to capture its host rock’s
signature while zoning patterns track transient changes in fluid or magma (van Hinsberg et al.
2011b). While other minerals may reset, and fluids can enter and leave the system, tourmaline
retains a record of their former chemical presence, preserving geochemical signatures across

diverse geological environments.

Predicting exchange reactions between tourmaline, minerals, and internally or externally
buffered fluids or melts during reactive fluid flow requires a high-quality, internally consistent
thermodynamic model. This model must include standard-state properties and caloric,
volumetric, and compositional equations of state (EoS) to describe PTX dependencies. Forward
modelling, integrating mineral, fluid, melt, and aqueous speciation models (e.g., HKF (Helgeson
et al. 1981)), enables the reconstruction of past fluid or melt compositions and the prediction of
mineral exchange and net transfer reactions. Given tourmaline’s widespread occurrence, such a
model supports thermobarometry, provenance studies, mineral exploration, and fluid and magma

reconstructions in metamorphic, igneous, and hydrothermal systems.

1.1. Tourmaline supergroup mineral

The tourmaline chemical composition is the result of external (temperature, pressure, mineral
assemblage, fluid and magma composition) and internal influences (crystallographic constrains)
and these controls need to be critically evaluated before tourmaline can be used as a mineral

probe. The generalized structural formula for Tourmaline is XY3Zs(T6O18)(BO3)3V3W where:

X = Nal*, Ca?*, K*, vacancy
Y = Fe?*, Mg?*, Mn?*, APR*, Lit*, Fe*, V&, Cré** Ti%
Z = APF*, Fe®, Mg?, V¥, Fe?*, Cr¥*
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T =Si*, AP, B¥

B=B%

V = OHY, 0%

W = OH", F, 0%

Most of the compositional variability in tourmaline occurs at the X, Y, Z, W, and V sites. Its
structure, based on a rnombohedral lattice (R3m) with trigonal symmetry, consists of a 3D
network of octahedral ZOs sites interwoven with columns of XOo, YOs, BOs, and TO4 polyhedra
(Bosi 2018). The tetrahedral ring aligns with the c-axis, imparting noncentrosymmetry and a
polar character responsible for its pyro- and piezoelectric properties (Hawthorne and Dirlam
2011). This influences growth, morphology, and zoning, with the slower-growing ¢~ (‘analogous
pole’) and faster-growing ¢* (‘antilogous pole’) exhibiting hemimorphism (Henry and Dutrow
1996). Diffusion is negligible, as shown by H-diffusion experiments (Desbois and Ingrin 2007)
and sharp compositional and isotopic zoning in high-temperature-experienced tourmaline (van
Hinsberg and Marschall 2007a).

Figure OA. Schematic representation of tourmaline’s crystal structure, shown normal (A) and
parallel (B) to the hexagonal c-axis. The X site (purple) is positioned above the tetrahedral ring
(blue), bonding to the inner corners of the T sites and trigonally coordinated B sites (green). The
01 (W) site (red) is linked to three Y sites (yellow), with its O1-H1 bond directed toward the X
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site (H in light blue). The O3 (V) sites (red) each coordinate one Y (yellow) and two Z sites
(orange), while the O3-H3 bond is oriented in the ¢ direction, where H3 shares an H bond with

the OS5 site (dashed circle) in the tetrahedral ring. (Figure modified after Berryman et al.(2016))

Table OA. Tourmaline nomenclature endmembers of this study. The endmembers relate to each
other by homo- and hetero-valent coupled substitutions and their associated exchange vectors, as

mentioned at the bottom of the table.

Species X) (Ys) (Zs) TeO1s | (BOs3)s Vs w
Alkali tourmaline, subgroup 1

Schorl Na Fe*s Als SigO1s | (BOs)s | (OH)s | (OH)
Dravite Na Mgs Alg SigO018 | (BO3)s | (OH)s | (OH)

Alkali tourmaline, subgroup 3

Oxy-dravite Na | AlMg: MgAI5 SisO1s | (BO3)s | (OH): | (O)
Povondraite Na Fe3*s Fe3*y Al, SigO1s | (BOs)s | (OH)s | (O)
Magnesium- Na | Mgz2sTios Alg SigO018 | (BO3)z | (OH): | (O)
Dutrowite

Alkali tourmaline, subgroup 5

Olenite Na Alz Alg SigO18 (BO3)3 (O)3 (OH)
Buergerite Na Fed*s Alg Sig018 | (BO3)3 (O): | (OH)

Alkali tourmaline, subgroup 6

Na-Al-Al-B root name ' Na Al Alg Si3B3018 | (BO3)s | (OH)z | (OH)

Calcic tourmaline, subgroup 1

Uvite Ca Mgs MgAls SisO18 | (BO3)s | (OH)s | (OH)
Feruvite Ca Fe?'s MgAls SigO18 (BO3)s | (OH)s | (OH)
Fluor-uvite Ca Mgs MgAls SigO18 (BO3)s | (OH)3 F

X-site vacant tourmaline, subgroup 1

Foitite O Fe2HAl Alg SigO18 | (BO3)s | (OH)s | (OH)
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X-site vacant tourmaline, subgroup 7 (?)

Alumino-oxy- O Alz Alg SisAl101s | (BOs)s | (OH)s | (O)

rossmanite

Generalized coupled

substitutions Resulting actions

R+ R* X0+ R relates alkali-vacant groups

R + R¥* <> XCa + R* relates alkali-calcic groups

R?" + OHY & R3* + O% relates deprotonation in all groups

relates Tschermak-like tetrahedral-octahedral substitution in all

R + TSi* «» R% + TR¥" groups

Note: R represents generalised cations such that XR1+ = Nal+; R2+ = Mg2+, Fe2+; R3+ =

Al3+, TB3+ and no site designation reflects possibilities involving multiple sites.

The Nomenclature and Classification Committee (CNMNC) of the International Mineralogical
Association (IMA) recognises 41 natural tourmaline species, with many additional synthetic and
hypothetical end members (Henry et al. 2011). The primary classification is based on occupancy
at X site, dividing tourmalines into alkali, calcic and X-vacant groups. Heterovalent coupled
substitutions link these groups and their subgroups, while homovalent cation or anion

substitutions define species within subgroups, indicated by prefixes (Henry et al. 2011).

This study focusses on tourmaline species within the Na-Ca-Mg-Fe?*-Fe**-Ti-Al-B-O-H-F
system, which are the most commonly found tourmalines in hydrothermal, igneous, and
metamorphic environments. Li-bearing tourmalines are excluded as these are much rarer and
essentially restricted to evolved igneous rocks and due to the apparent presence of a significant
solvus separating dravite-elbaite and possibly schorl-elbaite, which would require extensive
experiments to properly characterise (London 2011). Tourmalines with atypical enrichment in
elements such as K, Mn, Cr, V, Zn, Ni, Co, or Cu, as well as those with non-rhombohedral
symmetry (orthorhombic, monoclinic, or triclinic), are also omitted. Such tourmalines are rare,
and deviations from rhombohedral symmetry typically result from minimal atomic displacements

off symmetry positions, often explainable by compositional inhomogeneity or slight positional
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disorder caused by short-range ordering (SRO) effects. With these exclusions, the study focusses

on the following end-member species:

1.2. Tourmaline: Net transfer reactions determine the stability.

Experimental studies have explored the P-T-X stability range of tourmaline. Its upper thermal
limit varies by endmember species, mineral assemblage, and fluid composition. Dravite-schorl in
a natural assemblage undergoes incongruent melting at 725-800 ° C and 4-4.5 kbar (Von
Goerne et al. 1999; Ota et al. 2008), while as a single-phase tourmaline without coexisting
minerals, it remains stable up to 950 °C, i.e., showing no melting or breakdown (Robbins and
Yoder Jr. 1962). The upper pressure limit for single-phase dravite is ~60-80 kbar (Krosse 1995)
but stability depends on composition, with olenite and K-dravite stable at 40-50 kbar (Schreyer
et al. 2000; Berryman et al. 2014) and influenced by mineral assemblage (Ota et al. 2008). The
lower stability limit is uncertain but may be as low as 150°C and 1 kbar, as X-vacant tourmaline
occurs in meta-evaporites and oceanic alteration (Byerly and Palmer 1991; Henry et al. 2008).
Dravite has been synthesised at 0.5 kbar and 350 ° C (Palmer et al. 1992).

The breakdown products depend on the composition of the system. At high temperatures,
tourmaline melts incongruently to cordierite, sillimanite, and B-bearing fluids or melts,
sometimes with quartz or albite (von Goerne et al. 1999). In Fe-Al-rich systems, it may yield
kornerupine, grandidierite, or sapphirine (Robbins and Yoder 1962; Werding and Schreyer
1978). Breakdown also occurs in calc-silicates (to serendibite, datolite, danburite) (Grew and
Anovitz 1996) and in retrograde settings to muscovite, biotite, chlorite, or albite (Slack et al.
1996), especially under high-pH, boron-undersaturated fluids (Morgan and London 1989). In
fluorine-rich granitic melts, tourmaline can dissolve entirely (Wolf and London 1997). In all
cases, boron is released into fluid, melt, or new B-bearing phases.

Tourmaline growth and dissolution depend on the cation/anion activity ratio of its major
elements (Dutrow et al. 1999). Its stability is influenced by the activity product of the oxide
components, weighted by the stoichiometric exponent (London 2011). The oxide with the
smallest activities, which also depend on other phases, has the largest role in its solubility. While

silica is not a limiting factor, as evidenced by tourmaline’s presence of tourmaline in mafic
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rocks, alumina is, given tourmaline’s peraluminous nature (London 2011). The activities of other
Y site cations are often sufficient in many rocks, and tourmaline seems to be stable under a wide
range of oxygen fugacities. Boron activity is critical, as tourmaline forms only in B-rich
environments or through B-metasomatism. It stabilizes in neutral to acidic fluids, while alkaline
conditions promote dissolution by forming tetrahedral B(OH)4~ complexes, whereas at lower pH,
boron remains in the trigonal B(OH)s form, matching its coordination in tourmaline (Morgan and

London 1989; Henry and Dutrow 1996).

Experimental studies indicate that tourmaline formation generally requires a minimum of 0.5—
1.0 wt% B20Os in acidic fluids at 600 °C and 200 MPa (Morgan and London 1989). At higher
temperatures, this threshold increases; for instance, ~2.0 wt% B20s is needed at 700 °C and

100 MPa to stabilize tourmaline in a granitic system (London 2011). Below these concentrations,
boron remains in the fluid, and tourmaline is unstable or does not nucleate. These thresholds may

also vary depending on fluid pH, cation availability, and the presence of nucleation surfaces.

1.3. Tourmaline: External effect on element exchange

Tourmaline’s potential for thermobarometry has been explored in tourmaline-biotite experiments

and equilibrium mineral assemblages. The Mg-Fe exchange between tourmaline and biotite,

staurolite, garnet, chlorite, and muscovite shows a wide distribution coefficients, K, ™' =

(Fe/Mg)tourmaline
(Fe/Mg)biotite

, range due to inter-site partitioning at the Y and Z sites, affecting P-T-X
dependencies (van Hinsberg and Schumacher 2009). Ca-Na exchange with plagioclase occurs at
the X-site but is influenced by coupled substitutions involving the Y or Z site. K-based
barometry remains semi-quantitative due to the lack of a K-saturating phase in experiments
(Berryman et al. 2015). Other experiments show that K/Na ratios in tourmaline increase with
pressure when buffered by biotite, but data scarcity prevents calibration of a reliable barometer
(van Hinsberg et al. 2011b). Tourmaline exhibits sector zoning along the c-axis (Henry and
Dutrow 1996) with the c+ sector enriched in Al and depleted in Ti, Ca, Mg, and Na, while the c-
sector shows the opposite trend (van Hinsberg et al. 2006). Surface charge and morphology
influence charged species' incorporation, with vacancies preferentially forming at the antilogous

pole, and light elements like B and H fractionate as charge-balancing cations (van Hinsberg and
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Marschall 2007). The a-sector does not exhibit sector zoning as it is oriented perpendicular to the

asymmetry in the crystal structure (see Figure OA for sector axes).

Inter-sector partitioning of XCa and YTi has been empirically calibrated, providing a single-
crystal thermometer for rocks above 350°C, independent of element concentration and pressure
(van Hinsberg and Schumacher 2007b). Furthermore, BT concentrations in Al-rich tourmalines
correlate with P-T conditions (Ertl et al. 2010).

Tourmaline’s X-site occupancy of Ca and Na provides insight into fluid composition. *Na
reflects fluid Na* content but is assemblage- and temperature-dependent, and this empirical
correlation works best for Na-rich tourmaline endmembers. *Ca is a more robust proxy for Ca2*
concentration in equilibrium with tourmaline, albite, and quartz at ~300°C and 2 kbar (von
Goerne et al. 2011; Berryman et al. 2016), allowing estimation of the Ca, Na equivalent salt
content of a fluid when the appropriate buffers are in place (van Hinsberg et al. 2017). Late-stage
fibrous tourmalines in open veins are highly responsive to fluid changes, with alkali tourmalines
stable in Na*-rich fluids and foitite forming in Na*-poor conditions (Dutrow and Henry 2016).
Fluorine incorporation depends on fluid F content but is also influenced by X-site charge and
crystal chemistry (Henry and Dutrow 2011). The Fe**/Fet ratio in tourmaline is a promising
redox proxy, based on limited experimental data (Fuchs et al. 1998; Williamson et al. 2000). At
fixed temperature, the ratio increases with fO2 across buffers (Magnetite-Hematite (MH) < Ni-
NiO < Quartz-Fayalite-Magnetite (QFM)), confirming redox sensitivity. Within a single buffer,
it rises also with temperature to ~550 °C, then declines, likely due to dehydrogenation or
structural changes. The correllation remains empirical and may be influenced by crystal-
chemical and pressure effects (Celata et al., 2023). Broader calibration is needed for reliable

application.

Tourmaline composition reflects rock chemistry, as it exchanges elements with a buffering
mineral assemblage, a principle widely applied in provenance studies (Henry and Guidotti 1985).
Some chemical variation arises from the host rock rather than the fluid (Slack 1996). The
fluid:rock ratio determines the relative influence of host rock and external fluid. Fluid-buffered
elements, controlled by solubility, remain independent of bulk composition until a saturating
phase is exhausted, whereas rock-buffered systems imprint their chemistry onto tourmaline (van
Hinsberg et al. 2017).
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Compositional features such as concentric, patchy, and hourglass zoning, recrystallisation after
brecciation, overgrowth, replacement, and crack- or vein-filling textures are recognised in
multistage ore-forming processes (Slack and Trumbull 2011). Combined with exchange
equilibria, these zoning patterns record the evolution of tourmaline’s growth environment,

including temperature, host rock, fluid composition, and occasionally pressure.

These empirical trends in tourmaline composition seem to reliably track external conditions, but
many can also result from crystal chemical controls such as charge balance, site occupancy, and
structural preferences. Inter-site partitioning, sector zoning, and coupled substitutions influence
element incorporation, making it difficult to fully separate intrinsic effects from external

availability.
1.4. Tourmaline: Internal influences on element exchange

Element exchange in tourmaline is strongly governed by crystallographic constraints, as structure
and local charge compensation dictate coupled substitutions among endmembers (London 2011).
Chemical variation is limited by what can fit within the crystal lattice rather than directly

mirroring the surrounding chemistry.

Tourmaline’s structure influences exchange at both the short- and long-range scales (Bosi 2018).
Short-range structure clusters atoms in non-translational symmetry, governed by charge balance
which can be estimated via the Bond Valence Model, where bond valences approximate formal
valence (Brown 2016). This stabilizes specific cation arrangements around the O1 (V) and O3
(W) sites (Bosi 2018) and affects heterovalent order-disorder reactions linked to anion charge
changes. These short-range structures contribute to low diffusivities (Bosi 2018). The long-range
structure in tourmaline arises from stable short-range structures, maintaining mineral symmetry
and controlling intra-crystalline LRO order-disorder reactions. Disorder of R** and R** over Y
and Z sites helps minimize structural misfit by keeping the Y-O and Z-O bond length difference
below 0.15 A (Bosi and Lucchesi 2007). A similar mechanism may explain misfit between the Y
and T sites, as tetragonal B has been observed in Al-rich tourmalines from <300°C environments
(Ertl et al. 2008, 2010). Since Y-O bonds are consistently longer than Z-O bonds, larger ions
preferentially occupy the Y site, while smaller ions favor Z. Despite advances in understanding
cation and anion site distribution, uncertainties remain, particularly in assigning Mg?*, AI**, and

Fe** to Y and Z sites, especially in tourmalines with deprotonated coupled substitutions.
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Structural refinement data indicate that position of crystal sites and their respective sizes vary

with composition (Bacik 2015).

1.5. Need for a Thermodynamic model

A single thermodynamic model for tourmaline provides a physically grounded alternative to
empirical calibrations described so far, which are constrained by small experimental datasets and
have uncertain general applicability. Empirical thermobarometry and fluid reconstructions
assume equilibrium P-T conditions, an assumption often invalid due to kinetics and bulk
composition effects, leading to oversimplified stability models and potential biases. By selecting
a single reaction, empirical methods neglect other coexisting equilibria that may be equally or
more important in defining phase stability (Connolly 2016). This partial equilibrium approach,

i.e., pi®=wi®, where the chemical potential pi of component i is equal between phases a and B, is

defined as u; = (%) with G as the extensive Gibbs free energy, ni the number of moles of
4 T,P,nj,ti

component i, T temperature, and P pressure. The subscript n;. indicates that the mole numbers of
all other components are held constant during differentiation. This criterion, when applied to
only one component while allowing others to remain out of equilibrium, risks misrepresenting
mineral compositions—particularly in multi-component systems where multiple reactions jointly
govern the equilibrium state (Connolly 2016). In contrast, a thermodynamic model considers the

full set of potential reactions, ensuring internal consistency and more accurate predictions.

The key advantage is that well calibrated thermodynamic models generalize beyond
experimental conditions, enabling forward modelling of net-transfer and exchange reactions
across P-T-X space while reducing reliance on specific chemical subspaces. However, their
accuracy depends on the completeness of thermodynamic data and equilibrium assumptions,
necessitating continuous refinement and validation against experimental and natural

observations.

1.6. Thermodynamic Modelling

Thermodynamic databases in the Earth Sciences describe phase equilibria under high
temperatures and pressures by modelling the extensive Gibbs free energy G as a function of

pressure, temperature, and composition G = f(P, T, n....n,) (Connolly 2016), where n; represents
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the number of moles of each i component or endmember. This formulation captures the
extensive nature of G and allows for the computation of stable mineral assemblages and their
evolution by minimizing G under specified P-T—X conditions. Since only a limited portion of
phase space can be experimentally measured, thermodynamic models serve as low-parameter
fits, linking discrete energetic observations to estimate the energy of minerals like tourmaline.
The key requirement is that the model parameters retain physical significance, ensuring robust
extrapolation beyond the calibration range. Without this constraint, alternative data-driven
methods like neural networks could interpolate effectively but lack predictive extrapolation

capability.

To obtain extensive G = f(P, T, ni...n,) requires integrating the differential:dG = —SdT + VdP +
Y. u;dn; from a reference state (P., T.) where mineral thermodynamic properties are tabulated
(Connolly 2016). Since standard-state properties refer to an ordered endmember composition,
udn term vanishes during integration because the composition is constant and dni=0; hence, only
temperature and pressure integrals contribute to changes in G. The differential dG can be split
into isothermal and isobaric components because entropy S and molar volume V are state
functions, meaning their integrals depend only on initial and final states, not the integration path.
By first integrating the caloric EoS over T at constant P, evaluating thermal expansivity at T to
obtain V at T and then integrating the pressure dependent) volumetric EoS (containing the
compressibility) over P at constant T, we obtain (Connolly 2016):

G(P,T) = G(B.T,) = [, S(B,T)AT + [, V(P,T)dP (eq 1)

In case of Gibbs free energy the Maxwell relation relationships (ﬁ) =— (a—V) ensures that
oP T oT P
entropy’s pressure dependence does not need to be integrated to add their cumulative addition to
Gibbs free energy as this integral is exactly offset by the volume’s temperature integral (Berman
1988). This maintains thermodynamic consistency and ensures that (a—G) =V and (a—G) = —S.
opP T oT P

Semi-Empirical functions for the volumetric V(P,T) and caloric S(T) EoS’s must, however, be

carefully selected.

In geosciences, the isobaric portion is traditionally rewritten using G=H - TS for convenience
(Connolly 2016).
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T
G(P,T) = H(P.T,) + f CodT — TS(P. T)

T

(eq2)
The S(Pr, T) is the third-law entropy.

T

C
S(P,T) =S(P.,T,) + f ?PdT

Ty
(eq 3)
Putting eq 2 and eq 3 in eq 1 and taken the enthalpy compared to a reference enthalpy of the

elements one obtains for homogenous ordered endmember phase:

T
AG=AH°+f

To

T P
Cp(T)dT — T{SO +f CPT(T)dT} +f V(P,T) dP
P

To 0

(eq 4)
(Anderson 2005). Here, all terms refer to per-mole quantities, i.e., the molar Gibbs free energy,
which is intensive. Cy(T) and V(P) must be parameterized for integration, and V° corrected to T
using the V(T) (thermal expansion) EoS evaluation at T to compute AG at given P and T. AH®,
S°, and V° are listed in databases, with several studies providing optimised thermodynamic
parameters for rock-forming minerals (Holland and Powell 1985, 1990, 1998, 2011; Berman
1988; Powell and Holland 1988; Gottschalk 1996; Chatterjee et al. 1998). Each database applies
specific thermodynamic models and mathematical optimisation methods, but all adhere to the
fundamental requirement that a thermodynamic cycle must sum to zero energy within
uncertainty, i.e are internally consistent. The C,(T) and V(P,T) equations of state vary between
databases, requiring caution when combining sources. Frequent updates reflect the dynamic
nature of these datasets, as additional constraints or more precise measurements can lead to shifts
in linked phases. This is not a problem as long as internal consistency is maintained and

improves model accuracy, but does mean that absolute values are not fixed.

Solution phases are represented as mixtures of endmember components and generally stored in
separate thermodynamic databases. The total free energy of a solution Gsol consists of three

components:

Gsol = Gmech + Gconf + Gex
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where Gmech is the mechanical mixing energy which is eq 4 for each respective endmember, Geont
Gconf accounts for residual atomic disorder not explicitly represented by the endmember model.
This remaining disorder is assumed to be random and is quantified using statistical mechanics.
The associated configurational entropy S reflects the number of ways atoms can be arranged

across crystallographic sites, following Boltzmann’s equation:
Sconf =klnW

where k is Boltzmann constant and W is the number of microstates. For multi-site solid

solutions, S becomes in molar basis:

NindS

Sconf = _Rz Mg Z Xis In Xis
s i=1

where:

s: index for crystallographic site types
e Ms: number of equivalent sites of type s per formula unit (Multiplicity)
e Xis: Site fraction of species i on site s

e Ninda: NUMber of independent species on site s

This equation assumes ideal configurational entropy, meaning all arrangements are energetically
equivalent and neglects any enthalpic interactions. In real systems, energetic interactions, such as
differences in bond strength or atomic size, can make certain configurations more favorable,
reducing the entropy below the ideal value and introducing an enthalpic component to mixing.

The configurational contribution to Gibbs free energy is then:

Geontf = —TSconf

For more detail, see Blundell and Blundell (2009).

Gex represents excess energy, which is often associated with the enthalpy of mixing. In many
cases, it primarily compensates for oversimplifying assumptions made in configurational entropy

calculations, although the Gex also captures non-ideal interactions between mixing components
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that lead to asymmetry in the Sconf Or development of a solvus. Gex(P,T,X) is the compositional
EoS and its exact form depends on the type of solution model, e.g. regular solution model is

G.x = WX, X, and for a subregular model is Go, = (W, X, + W,X;)X,X, and these W terms can
be P, T dependent. Figure OB shows the complete integral molar Gibbs free energy equation
colour coded for all the standard state properties and EoS needed for a thermodynamic model.

G(P,T,X) = z X[ HY-TS?

i Standard-state properties
T T C. (T
+f Cpi(T)dT—Tf MdT
T ’ T T
0 0
Caloric equations of stafe
P
+ f V;(P,T)dP ]
Po

—_——
Volumetric equation of state (VO inside)
Nind ,s

—TRZ M z Xj s Inx;j g
N j=1

Ideal configurational interactions
+ Z X X;Wy;(P,T)
i<j
Excess (non-ideal) interactions
+ Gother (P T, X)

Other contributions (e.g., magnetic)

Figure OB. This master equation describes the molar Gibbs free energy G(P,T,X) of a

multicomponent solid solution as a function of pressure P, temperature T, and endmember vector
X with endmember mole fractions components X;. The [_] standard-state properties include the
reference enthalpy Hi, entropy Si°, and molar volume Vi°, at 298.15 K and 1 bar with enthalpies
referenced to the elements. The @ caloric EoS captures temperature effects through heat
capacity integrals: Cp,i(T) is used to correct both enthalpy and entropy, respectivly. The @
volumetric component captures pressure effects through direct integration of the volume function

V(P,T). Thermal expansion a(T) is required to evaluate V/(P°, T) at elevated temperatures, but it

IS not integrated as a separate energy contribution. Instead, it adjusts the temperature-dependent
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volume, which is then used in the pressure integral. Only the pressure integral | V(P,T) dP
contributes cumulatively to Gibbs free energy. The [l compositional EoS includes the ideal
configurational entropy, calculated from species (j) site (S) occupancies X;j,s, site multiplicities Ms
, and total number of independent species Ninds. The Nings reflect the system’s degrees of
freedom+1 and can be expressed as linear combinations of the independent endmember
fractions. The excess Gibbs energy forms from non-ideal interactions here as example modelled
via regular parameters Wi;(P,T). The final term, Gower(P,T,X), accounts for energetic
contributions not captured by endmember-based mixing, such as magnetic ordering or electronic
transitions. These effects are typically non-linear in composition and cannot be expressed as
separable functions of P, T, and X; for example, Curie or Néel temperatures may vary non-

trivially with Fe content.

The equation gives the molar Gibbs free energy G (P, T, X), of a solution, where X; are
endmember mole fractions. The molar Gibbs free energy G = }.; u;X; as a composition-
weighted average of chemical potentials. Geometrically, the tangent plane to the G (X) surface
at a given composition defines the set of wi, where each chemical potential corresponds to the

constrained partial derivative of G with respect to Xi, under the condition }}; X; = 1.

1.7. Gibbs Free Energy Minimisation in Multi-Component Systems

In a c-component system with p coexisting phases (e.g., @ and ), equilibrium requires that the
total Gibbs free energy of the system is minimised across all phases, ensuring no further
spontaneous transformations (Connolly 2005). This defines the minimum free energy surface,

where the chemical potentials of each component remain equal across phases (Connolly 1990):

ue =l ug = pl, . ud = ub

Although solution phases are described internally by endmember mole fractions, they follow the
same thermodynamic principles. In these models, the molar Gibbs energy G(P,T,X) is a function
of endmember proportions, and the chemical potentials of system components are obtained by

projecting the endmember derivatives through the phase’s stoichiometric matrix A:

ucomponents — AT . G
0X '
yXi=1
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At equilibrium, these component potentials correspond to the tangent plane slopes of the molar
Gibbs free energy surface with respect to conserved system components (Connolly 2016). At
equilibrium, chemical potentials correspond to the slopes (gradients) of the minimum Gibbs free
energy surface with respect to component amounts, and can be extracted by projecting the

tangent plane onto the respective composition axes (Connolly 2016).

Mass balance constraints ensure that the total number of moles of each component remains fixed
across all phases: Y7 _, n% = ni®®  where n{* is the number of moles of component i in phase a,
p is the number of phases, ni°®!is the bulk composition of the system (Connolly 2005).
Additionally, all component amounts must satisfy the non-negativity constraint: nj* > 0, which

prevents unphysical negative concentrations (Connolly 2005).

Gibbs free energy minimisation ensures stability only if the Gibbs function is convex; the

stability criterion requires that the second derivative of G with respect to composition is positive

0%G >0
anianj PT

which prevents metastable solutions and ensures that any small compositional perturbation

definite, i.e.,

increases G. In the pseudocompound approach (Connolly 2005), Gibbs free energy minimisation
inherently ensures stability by selecting only stable phase assemblages. If the free energy surface
has negative curvature, the system decomposes into coexisting phases that restore convexity. By
discretizing a solid solution into virtual endmembers, this method ensures selection from the
convex hull of free energy, making explicit convexity checks unnecessary (Connolly 2005).
Unlike polynomial models, which require stability verification, this approach inherently enforces
it.

1.8. Tourmaline thermodynamics

Thermodynamic data for tourmaline are limited, except for V° and V(P,T). High-T Cp and AH®s
were measured for several natural elbaite, schorl, and dravite grains via high-T drop solution and
DSC (Ogorodova et al. 2004, 2012), with additional High-T Cp data presented in Anovitz and
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Hemingway (1996). A single low-T entropy measurement exists for a poorly characterised

dravitic tourmaline (Kuyunko et al. 1984).

Limited thermodynamic data for tourmaline led to use of estimation models to estimate the
thermodynamic properties, including the polyhedron method, where properties are derived as
linear combinations of averaged polyhedral contributions (Garofalo et al. 2000; van Hinsberg et
al. 2005b, 2005a; Van Hinsberg and Schumacher 2007c). These fractions are obtained via
multiple linear regression on a database of endmembers with diverse polyhedral sizes, structures,
polymerization levels, and crystal family classes, then summed into the required endmember.
This method averages polyhedral properties across minerals that may share the same
coordination number but have vastly different polyhedral sizes, shapes, and distortions, leading

to oversimplified estimates.

2. OBJECTIVES

The primary objective of this study is to develop a comprehensive thermodynamic model for
tourmaline that accurately describes its stability, and phase equilibria in geological systems. This
model integrates internal controls—crystallographic constraints, site occupancy, and charge
balance—determined by the definition of the endmember compositions, along with
thermodynamic properties (standard state and EoS). By comparing solution energetics with those
of coexisting phases, it allows for predicting tourmaline compositional evolution in response to

external controls like pressure, temperature, mineral assemblages, and fluid/magma interactions.

To achieve this, the following sub-objectives will be addressed:

1. Characterizing Tourmaline with Internal Consistency (Chapter 1)

o Assemble a dataset of natural and synthetic tourmalines within the Na-Ca-B-Fe?*-Fe3*-
Mg-Al-Si-Ti-O-H-F system.

e Use a multi-instrument approach to fully characterize tourmaline: EMPA for major
elements, LA-ICP-MS for trace elements, Karl-Fischer titration for H.O content, and

Mossbauer spectroscopy for Fe*'/** ratios.
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Determine site partitioning since elements can independently occupy multiple
crystallographic sites. Single-crystal XRD provides structural constraints, but with more
than three elements per site, formula optimisation is required which incorporates
composition, site electrons, bond valence sums, and crystal-chemical constraints to refine
order-disorder relationships.

Ensure internal consistency by standardizing all methodologies. Thermodynamic
properties are highly sensitive to normalization, requiring coherence across
measurements to maintain reliability.

Conduct an uncertainty analysis to quantify measurement precision, allowing for

sensitivity analysis of thermodynamic properties and robust regression modelling.

2. Defining a Thermodynamic Model (Chapter 2)

Develop a bulk compositional model for users relying only on chemical analyses.
Develop a speciation model based on optimised mineral formulas, incorporating site-

specific occupancies and structural constraints.

3. Obtaining Key Thermodynamic Properties

Molar Volume (V) (Chapter 2): Calculate from single-crystal XRD measurements and
extrapolate to endmembers using regression techniques. Given the abundance of
published tourmaline molar volumes, test different regression methods, including robust
regression and errors-in-variables (EIV) approaches, to manage multicollinearity and
outliers and to test how sensitive parameter extraction is to compositional uncertainty.
Entropy (S°) and Heat Capacity (Cp) (Chapter 3): Measure absolute entropy by
integrating low-temperature heat capacity data from relaxation calorimetry. Fit high-
temperature Cp data from differential calorimetry using polynomial functions.
Endmember entropies and caloric equations of state are derived through regression of the
full dataset.

Enthalpy (AH) (Chapter 4): Determine enthalpy values using high-temperature lead-
borate drop solution calorimetry at 700°C under O: flushing. Integrate results into a
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thermodynamic cycle, accounting for oxidation, devolatilization, and reference oxide

formation. A sensitivity analysis will assess uncertainties.
4. Model Integration and conclusions (Chapter 5)

« Configurational Entropy Model: Develop a statistical mechanics-based model for
configurational entropy, incorporating Bragg-Williams long-range order and molecular
short-range order models to capture disorder effects that are not explicitly included in the

thermodynamic model.

« Integrate all components into a comprehensive thermodynamic solution model for

tourmaline, suitable for incorporation into existing thermodynamic databases.

By addressing these sub-objectives, this study will establish a thermodynamic foundation for
modelling tourmaline stability and compositional evolution across P-T-X conditions. The model
will support pseudosection thermobarometry, provenance studies, mineral exploration, and fluid
and magma evolution reconstructions by providing internally consistent thermodynamic

parameters for phase equilibrium modelling.
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