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Abstract
The goal of this thesis is to investigate the influence of subduction zone fluids (e.g.,
aqueous fluids, hydrous silicate melts and supercritical fluids containing from 30 to 60 wt%
solutes) on the geochemical recycling of elements in subduction zones to ultimately improve
the understanding of the magmatic and volcanic processes occurring in these particular
geological settings. In particular, high pressure-high temperature Synchrotron X-Ray
Fluorescence (SXRF) and X-ray Absorption Fine Structure (XAFS) measurements conducted
in situ in Hydrothermal Diamond-Anvil Cell (HDAC) are used to provide experimental
constraints on the physico-chemical behavior of halogens and High Field Strength Elements
(HFSE) in aqueous fluids and hydrous silicate melts.
The first part of this thesis investigates the influence of pressure, temperature and
fluid composition on the behavior of bromine in high P-T fluids. The experimental results
describing the speciation of Br from ambient conditions to 750 °C and 2.2 GPa over a wide
range of composition, including Br-bearing aqueous fluids containing from 1.2 to 60 wt%
solutes, hydrous melts and synthetic glasses (Na2Si2O5 and haplogranite) are presented in
Chapter 3. The EXAFS analyses reveal the significant influence of fluid composition, i.e., of
the concentration of silicates, on the coordination environment of Br in high P-T phases
analogs of subduction zones fluids. Br is found as hydrated Br- ions surrounded by ~ 6 water
molecules in aqueous fluids containing less than 50 wt% dissolved silicates, whereas Br-Na
hydrated complexes involving 2.5 to 6 Na atoms and ~ 4 water molecules are recorded in
fluids containing 60 wt% Si, Na and NS2 hydrous melts.
On the other hand, the SXRF data collected from 592 to 840 °C and 0.2 to 1.7 GPa are used
to determine the fluid-melt partition coefficients of Br in the haplogranite-H2O system
(Chapter 4). The D Brf m decrease towards 1 with increasing temperature, and their values
differ as a function of the initial glass fraction Xg of the experiments, suggesting that the fluid
and melt compositions significantly control the partition of Br in each phase.
Cumulatively, these results demonstrate that large amounts of halogens (Cl, Br and I) can be
mobilized by subduction zone fluids, regardless of their composition and further support an
efficient geochemical cycling of halogens from the subducting slab to the upper crust and the
atmosphere.
The second part of the thesis presents the experimental results describing the behavior
of zirconium in subduction zones fluids. The influence of P-T conditions and composition on
the speciation of Zr in aqueous fluids and silicate melts is shown in Chapter 5. XANES and
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EXAFS analyses, together with ab initio XANES calculations reveal that Zr occurs as 8coordinated hydrated species in diluted aqueous solutions. On the other hand, the addition of
silicates to the aqueous fluids systematically favors the formation of 6-fold coordinated Zr in
alkali-zirconosilicate complexes composed of ~ 6 oxygens and ~ 6 Si (Na) atoms. These
complexes, which are comparable to the environment of Zr in Na-rich crystals (e.g. vlasovite
Na2ZrSi4O11) are stable in fluids containing 30 wt % dissolved Si and Na, hydrous melts and
silicate glasses. In addition, we found no clear evidences for the formation of direct Zr-F
complexes, which probably denotes the limitation of X-ray Absorption to probe the formation
of oxy-fluoro complexes in the HDAC.
The fluid-melt partition coefficients of Zr determined in F-free and F-bearing haplograniteH2O systems from 575 to 800 °C and 0.3 to 2.4 GPa are presented in Chapter 6. Zr
systematically partitions in the haplogranite melt at pressure higher than 0.5 GPa. Although
no distinct influence of pressure and temperature is observed, we suggest that D Zrf m should
increase towards 1 with increasing P-T conditions, as the increase of alkali aluminosilicates
(Si, Na, K and Al) concentrations in the fluid favors the stabilization of Zr in alkalizirconosilicate complexes. More unexpectedly, we also report that Zr reversely partitions into
the aqueous fluid phase at high temperature and low pressure (800 °C and 0.3 GPa) in the
presence of fluorine, which could confirm the role played by low pressure-high temperature
F-rich aqueous fluids in the formation of HFSE-enriched aggregates in magmatichydrothermal environments.
Together these results demonstrate that the increase solubility of HFSE-bearing minerals in
silicate-rich aqueous fluids and peralkaline silicate melts most probably arise from the
formation of 6-coordinated alkali-silicate complexes and support that significant amounts of
HFSE could be mobilized by supercritical fluids and hydrous melts generated in the
subducting slab. Therefore, the characteristic HFSE depletion recorded in arc magmas is not
expected to result from the insolubility of these elements in subduction zone fluids but rather
from the complex fluid-melt-rock interactions occurring at the slab interface and in the
mantle-wedge.
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Résumé
L’objectif de cette thèse est d’étudier l’influence des fluides générés dans les zones de
subduction (i.e. les fluides aqueux, les fluides magmatiques hydratés et les fluides
supercritiques contenant 30 à 60 wt% de solutés) sur le cycle géochimique des éléments
traces dans les zones de subduction afin d’améliorer la compréhension des processus
magmatiques et volcaniques apparaissant dans ces milieux particuliers. En particulier le
comportement des halogènes et des High-Field Strenght Element (HFSE) dans les fluides de
sones de zone de subduction a été étudié in situ au moyen de mesures de Fluorescence X-ray
conduites a haute-pression haute-température en cellule a enclumes de diamant.
La première partie de cette thèse étudie examine l’influence de la pression, la température et
la composition du fluide sur le comportement du brome dans les fluides de hautes P-T. Les
résultats expérimentaux obtenus sur la spéciation du brome de l’ambiante jusqu’à 750°C et
2.2 GPa dans des fluides aqueux contenant de 1.2 a 60 %pds de silicates en solution, mais
aussi dans des liquides magmatiques riches en eau et des verres synthétiques (Na2Si2O5 et
haplogranite) sont présentes dans le Chapitre 3. Les analyses EXAFS révèlent la forte
influence de la composition du fluide, i.e., de la concentration des silicates, sur la
coordination du Br dans les fluides HP-HT ressemblant aux fluides de zones de subductions.
Alors que le Br est présent sous forme d’ion aqueux dans les fluides contenant moins de 50
%pds de silicates en solution (coordonné a six molécules d’eau), il forme des complexes
alcalins contenant de 2.5 à 6 atomes de sodium dans les fluides contenant 69 %pds de
silicates en solution et dans les liquides NS2.
D’autres part, les données de fluorescence collectées de 592 a 840 °C et 0.2 a 1.7 GPa ont été
utilisées pour calculer les coefficients de partage du Br entre les fluides et les liquides
magmatiques. Ces coefficients de partage D Brf m décroissent vers 1 lorsque la température du
système augmente. De plus leurs valeurs varient en fonction de la fraction initiale de verre
présente durant les expériences (Xg). Ces observations suggèrent que la composition du fluide
et du liquide magmatique exercent un fort contrôle sur le partage du Br dans chaque phase.
Ensemble, ces résultats confirment que de large quantités de halogènes (Cl, Br et I) peuvent
être mobilisées par les fluides de zone de subduction, et ce indépendamment de leur
composition. En outre, ces résultats suggèrent que le recyclage des halogènes dans les zones
de subduction est particulièrement efficace de la plaque subductée jusqu’à la croute
continentale et l’atmosphère.
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La deuxième partie de la thèse présente les résultats expérimentaux décrivant le
comportement du zircon dans les fluides de zone de subduction. L’influence des conditions
pression-température et de la composition sur la spéciation du Zr dans les fluides aqueux et
liquides silicates est présentée dans le Chapitre 5. L’analyse des spectres EXAFS et XANES,
ainsi que des calculs XANES ab initio révèlent que le zircon est présent sous forme hydratée
a coordinance 8 dans les solutions aqueuses diluées. D’autre part, l’ajout de silicates (Si, Na,
K ou Al) aux fluides aqueux favorise la formation de zircon en coordinance 6 sous forme de
complexes alcalino-zirconosilicatés, composes d’environ 6 oxygènes et 6 atomes de Si (Na).
Ces complexes, qui sont comparables a l’environnement du zirconium dans les minéraux
riches en Na (i.e., comme la vlasovite Na2ZrSi4O11) sont stables dans les fluides contenant 30
%pds de Si et Na dissous, dans les liquides magmatiques hydrates et dans les verres silicatés.
De plus, nous n’avons obtenus aucune preuve claire de la complexation directe entre Zr et F.
Ces observations dénotent probablement la limitation de la spectroscopie d’absorption rayons
X pour sonder la présence de complexe oxy-fluore dans la cellule a enclumes de diamant.
Les coefficients de partage du Zr entre les fluides et les liquides magmatiques déterminent
dans les systèmes haplogranite-H2O contenant du F ou pas de 575 à 800 °C et 0.3 à 2.4 GPa
sont présentés dans le Chapitre 6. Le zirconium se partage systématiquement dans les liquides
haplogranitiques lorsque la pression excède 0.5 GPa. Bien que aucunes influence distincte de
la pression et de la température n’ait été observée, nous suggérons que les coefficients de
partage D Zrf m devraient augmenter vers 1 lorsque les conditions de pression-température
augmentent en raison de la formation de complexes alcalino-zirconosilicates en réponse a
l’augmentation de la concentration des silicates (Si, Na, K et Al) en solution. De façon plus
inattendue, nous signalons également que le zirconium se partage inversement dans la phase
fluide aqueuse à haute température et basse pression (800 °C et 0.3 GPa) en présence de
fluor. Ces observations confirmerait le rôle joue par les fluides hydrothermaux de haute
température et basse pression riches en fluor dans la formation d’agrégats enrichis en HFSE
dans les milieux hydrothermaux.
Ensembles, ces résultats démontrent que la croissance de la solubilité des minéraux enrichis
en HFSE dans les fluides aqueux riches en silicates et dans les liquides magmatiques
peralcalin résulte probablement de la formation de complexes alkalino-silicates. Ces résultats
soutiennent aussi que d’importantes quantités de HFSE peuvent être mobilisées par les
fluides supercritiques et les liquides magmatiques génèrés dans la plaque subductée. Par
conséquent l’appauvrissement caractéristique en HFSE observe dans les arcs magmatique ne
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doit pas résulter de l’insolubilité de ces éléments dans les fluides de zone de subduction mais
plutôt des fortes interactions entre les fluides, les liquides magmatiques et les roches a
l’interface entre la plaque subductée et le coin du manteau.
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Chapter 1: Introduction
1.1. Flux-driven processes in Subduction Zones – Seismic evidences and
Experimental constrains
Subduction zones, where dense and altered oceanic lithosphere sinks into the mantle,
are places of major geological interest that are characterized by the occurrence of large
earthquakes and strong volcanic activity (e.g., Pacific Belt, Andes, etc…). These extreme
manifestations record the significant mass and energy transfer ongoing in subduction zones
and, in particular, the presence of mobile hydrous phases that ascend from the subducting
slab to the mantle wedge and the upper crust (Figure 1.1) (BEBOUT et al., 1996; EILER, 2003;
STERN, 2002; TATSUMI and EGGINS, 1995).
Over the last 20 years, the development of seismic imaging in subduction zones
provided growing evidence that earthquake faulting is partly controlled by the release of
fluids from the subducting slab. For instance, the emplacement of subduction-related fluids
(from aqueous fluids to silicate melts) in the overlying crust is expected to favor crustal
weakening at the origin of shallow earthquakes (< 60-70 km) (e.g. 7.2 magnitude Kobe
earthquake, 1995), whereas the dehydration of the slab resulting from phase transformations
under increasing P-T conditions may induce intermediate to deep earthquakes (> 70 to
hundreds of km) (e.g. 7.8 magnitude El Salvador earthquake, 2001) (HACKER et al., 2003;
JUNG et al., 2004; ZHAO et al., 2002). The release of slab-derived hydrous fluids is also
probably evidenced by the presence of a low seismic velocity zone at the top of the slab that
contrasts with the high seismic velocity layer from where earthquakes originate (ABERS,
2005; RONDENAY et al., 2008).
It is widely accepted that the metasomatization of the peridotite mantle induced by these slabderived fluids triggers the partial melting of the mantle wedge and ultimately contributes to
the genesis of arc magmas (Figure 1) (GAETANI and GROVE, 1998; GROVE et al., 2006;
JOHNSON and PLANK, 1999; SCHMIDT and POLI, 1998; TATSUMI and EGGINS, 1995).
However, the large compositional range that subduction-related volcanic rocks exhibit from
the volcanic front to the back-arc system and the arc-trench (e.g. Northern, Central, Southern
and Austral Volcanic Zones in the Andes; Aleutian/Kamchatka arc) (MUNKER et al., 2004;
STERN, 2004) enlightens the different source contributions and differentiation trends at the
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origin of arc magmas. For instance, while the evolution from basaltic to rhyolitic magmas
most likely results from magmatic differentiation of a primitive basaltic source, the
occurrence of tholeiitic magmas or more uncommon low-Ca adakites and high-Mg boninites
reflects the effect of pressure-temperature conditions (i.e. mainly controlled by the geometry
and the nature of the slab) and of the competition between different degree of melting of the
mantle peridotite and different flux-driven contributions to the source (GROVE et al., 2003;
KUSHIRO, 2007; MUNKER et al., 2004; TATSUMI and EGGINS, 1995).

Figure 1.1 Schematic view of subduction zone (STERN, 2002), showing the significant influence of
subduction-related fluids on the genesis of arc magmas and formation of the upper crust.

Nonetheless, volcanic arc lavas usually record a characteristic trace-element signature
in comparison to mid-ocean ridge basalt (MORB) that mainly consist of a strong enrichment
in large ion lithophile elements (LILEs:Sr, Rb, Th, U…) and a depletion in high-field
strength elements (HFSE: Nb, Ta, Zr, Ti, Hf) and heavy rare-earth elements (HREE: Z > 65
as Yb or Lu) (GILL, 1981; HAWKESWORTH et al., 1991). This particular geochemical
signature arises from the rather incompatible or compatible behavior of these elements during
fluid-melt-rock interactions in the subducting slab and the mantle wedge. Understanding of
the effect of subduction zones fluids on the origin of this particular geochemical signature is
expected to provide key insights into the genesis of arc magmas.

2
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The nature and composition of the subduction zone fluids are believed to vary as a
function of slab composition and the depth of fluid extraction, i.e. P-T conditions. Solute-rich
aqueous fluids containing less than 10 wt% dissolved silicates (mainly Si, Na and Al)
produced by the continuous dehydration reactions within the subducting slab and the
hydrated mantle probably constitute the major mobile phase present at the slab-mantle
interface at least up to depth of 100-200 km (BEBOUT, 2007; HERMANN et al., 2006;
MANNING, 1998; SCAMBELLURI and PHILIPPOT, 2001; SCHMIDT and POLI, 1998). Partial
melting of sediments and basalts of the subducting crust is also expected under common to
warm geotherms (T > 650-850 °C and P > 2-3 GPa), mainly producing hydrous melts of
granitic compositions (HERMANN and SPANDLER, 2008; JOHNSON and PLANK, 1999; NICHOLS
et al., 1994; SCHMIDT et al., 2004; SPANDLER et al., 2007). Finally, it was also suggested that
supercritical fluids of intermediate composition (~30 to 70 wt% dissolved silicates), that were
experimentally observed in the albite-H2O and haplogranite-H2O systems (BUREAU and
KEPPLER, 1999; SHEN and KEPPLER, 1997), could form at specific temperature and pressure
(e.g., between 800 and 1300 °C at pressure close to 6 GPa in fluids equilibrated with basaltic
eclogite residue) (HERMANN et al., 2006; KESSEL et al., 2005; MANNING, 2004; MIBE et al.,
2011; SCAMBELLURI and PHILIPPOT, 2001). However, despite the many efforts devoted to
experimentally constrain the composition of subduction zone fluids as a function of P-T
conditions and slab composition, their actual nature is still strongly debated, as well as their
contribution to the metasomatism of the mantle wedge (HERMANN et al., 2006; HERMANN and
SPANDLER, 2008; KESSEL et al., 2005; MANNING, 2004; MIBE et al., 2011).
Additionally, field observations showed that high pressure-high temperature subductionrelated fluids can be significantly enriched in ligands as chlorine (SCAMBELLURI and
PHILIPPOT, 2001; SCAMBELLURI et al., 1997). Subduction zone fluids are therefore expected
to mobilize large amount of elements, and in particular ore metals (Mo, Cu, Au, etc…) that
can be, under specific conditions, concentrated up to economically interesting concentrations
in magmatic hydrothermal ore deposits (HEDENQUIST and LOWENSTERN, 1994). However, the
actual contribution of aqueous fluids and silicate melts to the recycling of elements in
subduction zones remains poorly understood and experimental constraints on the behavior of
major and trace elements in high P-T fluids are critically needed to improve our
understanding of chemical fractionation within the Earth and accurately model the influence
of flux-driven processes on the chemical outputs in subduction zones. In particular, the
quantification of element fluxes in subduction zones requires the characterization of the
physico-chemical behavior (e.g., solubility, partitioning, and speciation) of geochemical
3
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tracers (i.e. elements that exhibit a particular behavior and hence provide informations about
magmatic and volcanic processes in subduction zones) as a function of pressure and
temperature in geologically relevant phases.
Over the last 30 years, significant advances in experimental and analytical techniques
(e.g., development of double-capsule, diamond-trap or synthetic fluid inclusions experiments
and of Laser Ablation ICP-MS measurements) provided new insights into the solubility and
partitioning behavior of trace elements in phases relevant for subduction zones, i.e. coexisting
aqueous fluids, silicate melts and accessory phases or eclogite/peridotite residues
(ANTIGNANO and MANNING, 2008; AYERS et al., 1997; GAETANI et al., 2003; GREEN et al.,
2000; HERMANN and RUBATTO, 2009; KEPPLER, 1996; KLEMME et al., 2005; KLIMM et al.,
2008; MANNING, 1994; SPANDLER et al., 2007; STALDER et al., 1998; WOHLERS et al., 2011).
However, direct measurements of the concentrations of trace elements in H2O-rich phases in
experiments performed in quench apparatus prove to be extremely challenging. Most of the
experimental studies rely either on the use of mass balance calculations or on the analysis of
the quenched solutes to determine the fluid composition. Both techniques may include
significant intrinsic uncertainties arising from 1) the possible recrystallization or incongruent
dissolution of the solid phases and 2) the difficulty to precisely asses the solute-loss and/or
precipitation over quench of the experimental load, that can complicate the determination of
the fluid composition and, in return, the determination of the trace elements behavior
(ANTIGNANO and MANNING, 2008; AYERS and EGGLER, 1995; AYERS and WATSON, 1993;
KESSEL et al., 2004; MANNING et al., 2010; MYSEN and WHEELER, 2000a; STALDER et al.,
2002). To avoid these difficulties, Kessel et al. (2004) developed a new approach that enables
the analyses of solute-rich phases quenched as ice by LA-ICMPS. However, this technique
does not allow direct determination of the composition of coexisting fluid and melt phases.
Besides, it was also argued that, in experiments involving high fraction of fluid, the structure
of silicate melts, and possibly the element distribution in silicate melts could be modified due
to the high solubility of H2O in high P-T melts or quench-induced back reactions (BUREAU et
al., 2007; MYSEN, 2010).
A complementary experimental approach to the post-mortem analysis of quenched
products makes use of the recent advances in diamond-anvil cell techniques (DAC) and
Synchrotron X-ray measurements (e.g., development of high-energy sources and X-ray optics
that provide micrometric X-ray beams with high photon flux) to analyze in situ the behavior
of trace elements in high P-T aqueous fluids and/or silicate melts.
4
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For instance, the dissolution or the solubility of mineral phases as strontianite, silver chloride
or rutile in aqueous fluids were successfully constrained up to high P-T conditions combining
membrane or hydrothermal diamond-anvil cells (MDAC and HDAC) (BASSETT et al., 1993;
CHERVIN et al., 1995) and Synchrotron X-ray Fluorescence spectroscopy (SXRF) (MANNING
et al., 2008; SANCHEZ-VALLE et al., 2003; SCHMIDT and RICKERS, 2003). This method was
also used to investigate the partitioning behavior of trace elements between aqueous fluids
and silicate melts (BORCHERT et al., 2010; BORCHERT et al., 2009; BUREAU et al., 2010;
BUREAU et al., 2007; MAYANOVIC et al., 2007). However, some of these studies encountered
difficulties to determine the concentration of trace elements in the melt phase, and had to
analyze the quench glass after experiments.
Similarly, X-ray absorption spectroscopy (XAS), which is widely used to characterize the
speciation and structure of complexes in supercritical or hydrothermal fluids (T < 500 °C and
P < 600 bars) (BRUGGER et al., 2010; FERLAT et al., 2001; POKROVSKI et al., 2009; SEWARD
et al., 1996; TESTEMALE et al., 2009; WALLEN et al., 1997) or to obtain information on the
structure of silicate glasses (FARGES et al., 1996; FARGES et al., 1991; GALOISY et al., 1999;
GIULI et al., 2011; MCKEOWN et al., 2011), was also successfully applied to obtain
information on the complexation of elements as Nb, Eu, Fe and Zn in aqueous fluids and
silicate melts in HDAC up to 900 °C and 0.8 GPa (BASSETT et al., 2000; MAYANOVIC et al.,
1999; MAYANOVIC et al., 2007; WILKE et al., 2006). This direct determination of the
speciation of trace elements in high P-T phases represents a key improvement, as the nature
of the complexes in coexisting high P-T fluids and melts was often inferred from the
solubility or partitioning behavior of trace elements and quantum chemical calculations
(KEPPLER, 1993; RAPP et al., 2010; SIMON et al., 2005; WEBSTER and DE VIVO, 2002;
ZAJACZ et al., 2011). This information is particularly important to implement the
thermodynamic models constraining the equation of state (EOS) of high P-T fluids and melts
and the reaction kinetics during fluid-melt-rock interactions, as a function of pressure,
temperature and composition.

1.2. Aims of this study
This study takes advantage of the recent development of the in situ investigation of
geologically relevant phases combining diamond-anvil cell (DAC) and Synchrotron X-ray
fluorescence spectroscopy (SXRF) or X-ray Absorption Spectroscopy (XAS) (BASSETT et al.,
2000; BUREAU et al., 2010; MAYANOVIC et al., 2007; SANCHEZ-VALLE et al., 2003; WILKE et
5
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al., 2006) to investigate the influence of pressure, temperature and composition on the
partitioning behavior and speciation of geochemical tracers in high pressure-high temperature
aqueous fluids and hydrous silicate melts. A specific focus is given to the characterization of
Halogens (F, Cl, Br and I) and High Field Strength Elements (HFSE)(Nb, Zr, Ti, Ta, Hf) that
show specific output budgets in volcanic arcs and are therefore considered as sensitive
geochemical tracers of subduction-related processes. In particular, we investigated the
partitioning behavior and speciation between high P-T aqueous fluids and silicate melts of Br
and Zr that are halogens and HFSE specimens optimally suitable for synchrotron X-ray
measurements in diamond-anvil cells.
In situ SXRF and X-ray Absorption Fine Structure (XAFS; including X-ray Absorption Near
Edge Structure – XANES and Extended- X-ray Absorption Fine Structure – EXAFS)
measurements were conducted alternatively up to ~ 850 °C and 2.4 GPa in Hydrothermal
Diamond-Anvil Cells (HDAC). The SXRF spectra collected in coexisting aqueous fluids and
silicate melts are used to determine the partitioning behavior of Br or Zr between aqueous
fluids and silicate melts, whereas the XAFS spectra collected in high P-T phases (aqueous
fluid, silicate melt or single-phase fluid of intermediate composition) constrain the speciation
of Br and Zr in subduction zone fluids. Further description of the experimental starting
materials, the HDAC and of the experimental set-up used for in situ SXRF and XAFS data
collection at the synchrotron facilities are presented in Chapter 2.

1.3. Relevance of halogens in subduction zones – Previous work on their
behavior in geological phases.

The first half of this thesis is dedicated to the investigation of halogens behavior in
subduction zones.
Elements of the halogens group (F, Cl, Br, I) represent minor constituents of the
Earth’s mantle and crust, with F and Cl reaching maximum concentrations of few hundreds
of ppm and Br and I rarely exceeding the ppm level in MORBs. However, these volatiles
elements exert a considerable influence on magmatic and volcanic processes, and particularly
in subduction-related environments where magmas can contain higher amounts of halogens
(e.g. up to several wt% of F, Cl and hundreds ppm of Br, I) (AIUPPA et al., 2009; PYLE and
MATHER, 2009; WALLACE, 2005). For instance, the effect of F or Cl on the viscosity and
phase equilibria of silicate melts is expected to modify the rheology of magmas during
6
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volcanic eruption, and consequently influence the bubble nucleation or magma ascent rate
that control the eruptive style (DINGWELL and HESS, 1998; DINGWELL and MYSEN, 1985;
FILIBERTO and TREIMAN, 2009; MANNING, 1981; ZIMOVA and WEBB, 2006). Additionally, as
fluid-melt partitioning and solubility data suggest that the volatile behavior of halogens is
mainly controlled by the degassing behavior of H2O (BUREAU and METRICH, 2003;
CARROLL, 2005; METRICH and RUTHERFORD, 1992; WEBSTER et al., 1999), modeling of the
degassing behavior of halogens is expected to provide significant insights about subsurface
magma movement and the probability of volcanic eruption (AIUPPA et al., 2009; BALCONEBOISSARD et al., 2010). It is also widely accepted that the formation and stability of halidemetal complexes in magmatic environments controls the mobilization, transport and
precipitation of ore metal as Cu, Au, Mo, Ag, Zn, Fe, and hence significantly influences the
formation and distribution of economically interesting ore deposits (BARNES, 1997;
HEDENQUIST and LOWENSTERN, 1994). Finally, it was demonstrated over the last years that
the volcanic emission of halogens during quiet or eruptive degassing (mainly as halogen
halides) not only triggers localized environmental issues as soil pollutions (CRONIN et al.,
2003; DELMELLE et al., 2003) but also significantly contributes to the stratospheric ozone
destruction (DANIEL et al., 1999;

VON

GLASOW et al., 2009). Nevertheless, the processes

controlling the efficiency of halogens transport in geological environments remain poorly
constrained. This information is critical to model the recycling of halogens in the Earth, and
in particular in subduction zones.
As a consequence of the strong effect of halogens volcanic degassing, previous
studies investigating the solubility and partitioning behavior of halogens in aqueous fluids
and silicate melts principally focused on P-T conditions relevant for degassing processes (P <
0.3 GPa) (BUREAU et al., 2000; BUREAU and METRICH, 2003; CARROLL, 2005;
CHEVYCHELOV et al., 2008; SIGNORELLI and CARROLL, 2002; WEBSTER, 1990; WEBSTER,
1992; WEBSTER et al., 2009). These studies demonstrated that F and Cl, Br, I exhibit an
opposite solubility behavior as a function of temperature and pressure, suggesting that these
elements occupy different structural sites in the silicate melt network. On the other hand,
studies investigating the diffusion of halogens in silicate melts reported different effect of
halogens ionic size on diffusivity, possibly indicating the influence of melt composition on
the speciation of halogens in silicate melts (ALLETTI et al., 2007; BALCONE-BOISSARD et al.,
2009). Nevertheless, the actual knowledge on the speciation of halogens in geological phases
is limited to the study of aqueous electrolytes from ambient to supercritical conditions or of
7
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silicate glasses using Molecular dynamic simulations (MD) or Nuclear Magnetic Resonance
(NMR) and X-ray Absorption (XAS) spectroscopies (D'ANGELO et al., 2010; DA SILVA et al.,
2009; DRIESNER et al., 1998; FERLAT et al., 2001; FULTON et al., 2004; FULTON et al., 2010;
MCKEOWN et al., 2011; SANDLAND et al., 2004; SCHALLER et al., 1992; STEBBINS and DU,
2002; WALLEN et al., 1997). Theses studies indicated that, in aqueous solutions, F, Cl, Br and
I apparently remain solvated up to supercritical conditions, and that the solubility mechanism
of halogens in silicate glasses is controlled by the melt composition, with F complexing with
Na or Al in peralkaline to per-aluminous compositions while Cl is mainly associated with
alkalis. Up to now, virtually no data are available on the speciation of halogens in high P-T
aqueous fluids and silicate melts.
The experimental results we obtained on Br behavior in high P-T fluids hence
represent additional constraints on the mobilization of halogens in slab-derived and/or
magmatic fluids. Results are presented as follow:
Chapter 3: Constrains on bromine speciation in high temperature-high pressure fluids
and the transfer of halogens in subduction zones. This chapter presents the experimental
data describing the local environment around Br in aqueous fluids and hydrous melts
containing various amounts of dissolved silicates (up to 90 wt%) up to 750 °C and 2.2 GPa.
In particular, these results suggest that subduction zones fluids can mobilize high amounts of
halogens regardless of their composition.
Chapter 4: Br partitioning between high P-T aqueous fluids and silicate melts - Insights
on halogens behavior in subduction zone fluids and arc magmas. This chapter reports the
fluid-melt partition coefficients of Br calculated from SXRF data collected in the
haplogranite-H2O system from 592 to 840 °C and 0.2 to 1.7 GPa. Special attention is given to
the description of the calculations and to the influence of experimental conditions (e.g.
pressure, temperature and initial fluid/glass ratio of the experiments) on the partition
coefficients. These results further demonstrate, in comparison to the data on Br speciation,
that Br, and, from the analogy, Cl and I, can be efficiently recycled in subduction zones.
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1.4. Relevance of HFSE in subduction zones – Previous work on their
behavior in geological phases.
The second part of this thesis investigates the influence of P-T conditions and fluidmelt composition on the behavior of HFSE in subduction zones. An accurate modeling of the
processes controlling their mobilization/segregation in the subducting slab and the mantle
wedge is expected to provide significant constraints on the origin of arc magmas (e.g.,
pressure and temperature of genesis, composition of the source as a function of the different
slab contributions, melting degree).
The flux of HFSE from the dehydrating or melting subducting slab is controlled both
by the HFSE partitioning behavior between minerals and slab-derived fluids (aqueous fluids,
hydrous melts or supercritical fluids) and the solubility of HFSE-bearing accessory phases as
rutile or zircon in these same fluids. Consequently, the characteristic HFSE depletion
recorded in arc magmas is generally explained by the relative low solubility of HFSE in H2O
(ANTIGNANO and MANNING, 2008; AUDETAT and KEPPLER, 2005; TROPPER and MANNING,
2005) and their selective segregation in minerals composing the slab or the mantle wedge
(rutile, zircon, Ti-clinohumite, olivine, orthopyroxene or spinel) (BRENAN et al., 1994;
HERMANN and RUBATTO, 2009; KELEMEN et al., 1990; RUBATTO and HERMANN, 2003;
SCAMBELLURI and PHILIPPOT, 2001). Furthermore, there is a general consensus that the
accessory phases buffering the HFSE concentrations in the slab-derived fluids remain stable
up to high P-T conditions (FOLEY et al., 2000; HERMANN and RUBATTO, 2009; JOHNSON and
PLANK, 1999; RUDNICK et al., 2000; SPANDLER et al., 2007).
However, magmas showing a relative HFSE-enrichment are occasionally observed in
volcanic arc (e.g. high-Nb basalt or adakitic magmas in the Aleutian arc or Cascades), most
probably as a result of the contribution of a slab-derived melt to their source (DEFANT and
DRUMMOND, 1993; MUNKER et al., 2004). Additionally, the occurrence of rutile or zirconbearing veins in High Pressure (HP) metamorphic rocks (~ 600 °C and 2 GPa) attests that
aqueous fluids can also mobilize HFSE, at least over short distances (up to several tens of
meters) (GAO et al., 2007; GIERE, 1986; RUBATTO and HERMANN, 2003). The localized
mobilization of these nominally insoluble elements by slab-derived fluids is supported by
experimental studies that showed that the solubility of rutile (TiO2), zircon (ZrSiO4) and
columbite (Mn(Nb,Ta)2O6) is significantly enhanced in F-rich and alkali-rich aluminosilicate
melts (KEPPLER, 1993; LINNEN and KEPPLER, 1997; LINNEN and KEPPLER, 2002) but also
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halogen-rich and alkali-SiO2 rich fluids that resemble the aqueous and supercritical fluids
generated in the subducting slab (ANTIGNANO and MANNING, 2008; HAYDEN and MANNING,
2011; MANNING et al., 2008; RAPP et al., 2010; STECHERN et al., 2009). While these
observations suggest that the formation of alkali-HFSE or halogens-HFSE complexes could
strongly favor the mobilization and transport of HFSE in subduction zones, there is, up to
now, no direct evidences of such complexes in high P-T aqueous fluids and silicate melts.
The few available constraints on the speciation of HFSE in high P-T aqueous fluids are
limited to MD simulation studies of Ti and Zr speciation in pure water (MESSNER et al., 2011;
VAN SIJL

et al., 2010) and in situ XAS measurements in alkali-silica rich aqueous fluids that

did not allow precise determination of Zr coordination environment due to technical
limitation (STECHERN et al., 2009). On the other hand, X-ray absorption spectroscopy (XAS)
and molecular dynamic simulations (MD) have been widely used to investigate the local
structure around HFSE (Zr, Ti and Nb) in various crystalline solids and silicate glasses
(DARGAUD et al., 2010; FARGES et al., 1996; FARGES et al., 1991; GALOISY et al., 1999;
HANADA and SOGA, 1980; PIILONEN et al., 2006). These studies indicate that the coordination
environment of HFSE is largely influence by the composition and the global structure of the
silicate glasses and constitute essential references for the interpretation of our results in the
water-melt system.
The results describing the speciation and partitioning behavior of Zr are presented in
two separate chapters that give new insights on the mobilization and transport of HFSE in
subduction zones fluids:
Chapter 5: Zr complexation in high pressure fluids - Implications for HFSE mobilization
in subduction zones. This chapter describes the speciation of Zr up to 700 °C and 2.4 GPa in
various compositions, including F-free and F-bearing silicates glasses and hydrous
haplogranite melts, solute-rich aqueous fluids containing up to 60 wt% dissolved Si and Na
and ZrHCl aqueous solutions. Experimental results show that the addition of large amounts of
solutes (minimum 30 wt% dissolved Si and Na) to aqueous fluids systematically favors the
formation of HFSE-O-Si(Na) complexes that can increase the mobilization of HFSE in
subduction zone fluids.
Chapter 6: Zr mobilization in high P-T fluids - Implications for the chemical fractionation
of HFSE in subduction zones. This chapter presents Zr fluid-melt partition coefficients
determined from 575 to 800 °C and 0.3 to 2.4 GPa in the presence between aqueous fluids
and F-free or F-bearing haplogranite melts. The experimental results suggest that the
10
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partitioning behavior of HFSE is significantly affected by the composition of the fluid-melt
system and are used to describe the origin of HFSE depletion and enrichment in subductionrelated metamorphic and magmatic environments.
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Chapter 2: Experimental and analytical approach
This chapter describes the different experimental and analytical steps that allowed
investigating the speciation and partitioning behavior of bromine and zirconium in high P-T
fluid-melt systems. Basic information about the sample synthesis, the Hydrothermal
Diamond-Anvil Cell and the behavior of the fluid-melt system at high P-T conditions are
presented in the first part. Theoretical background on X-ray spectroscopy and description of
the approach used for data collection and processing are reported in the second section.

2.1. Experimental methods
2.1.1. Starting materials
The starting materials used to determine the partitioning behavior and speciation of
halogens and HFSE in high P-T aqueous fluids and silicate melts includes Br and Zr-bearing
sodium silicate (Na2Si2O5, later referred to as NS2 glass) and peralkaline haplogranite
glasses. Br and Zr-bearing glasses contains different amounts of the selected trace element,
but also a few wt% of water or fluorine. For each composition, the experimental glasses were
doped with high trace element concentrations to ensure optimal signal to noise ratios for the
XAFS measurements (e.g., 1wt% Br and 0.4 to 1.4 wt% Zr).
All glasses were synthesized at 1200 °C and 0.5 to 1.5 GPa (i.e., well above the liquidus of
NS2 and haplogranite compositions) in end-loaded piston-cylinder apparatus BERN and
IOWA at the Institute for Geochemistry and Petrology (ETH Zürich). Additionally, Br and
Zr-bearing aqueous fluids involving either pure H2O or halogens (F and Cl) were also used
during experiments. Further details on the synthesis approach and quantification of the major
and trace elements composition are presented in Chapters 3-4 and Chapters 5-6 for Brbearing and Zr bearing materials, respectively.
2.1.2 The hydrothermal diamond-anvil cell
The Hydrothermal Diamond-Anvil Cell (HDAC) was designed to conduct in situ
spectroscopic analysis (X-ray Diffraction, X-ray Fluorescence, X-ray Absorption, Infrared
Absorption or Raman) of fluid samples at high P-T conditions relevant for the study of
21

22	
  
geological environment (up to 1000-1100 °C and 2.5 GPa) (BASSETT et al., 1993). The use of
diamond-anvil cells apparatus to quantify the physico-chemical behavior of trace elements at
high P-T has the advantage to avoid the experimental difficulties of fluid sampling generally
faced by fast-quench high P-T devices. Furthermore, the diamond windows of the HDAC
enable direct visual observation of the experimental load at high P-T, which was for instance
used to probe the fluid-melt miscibility as a function of P-T conditions and composition
(BUREAU and KEPPLER, 1999; SHEN and KEPPLER, 1997).A schematic representation of the
HDAC is shown in Figure 2.1.
The HDAC is mounted with two low fluorescence diamond anvils (Type Ia), with a culet size
of 600 or 700 µm. The diamond-anvil facing the fluorescence detector is thinner (1.2 mm
thick) in order to reduce the X-ray path through the diamonds and widen the collection angle
of the X-ray fluorescence signal (SANCHEZ-VALLE et al., 2004). The sample chamber consists
of a 300 µm hole drilled by an Electrical Discharge Machining tool in a 250 µm thick Re
gasket.
During experiments, the temperature of the sample chamber is measured by two K-type
thermocouples (± 2 °C) attached to the diamond anvils as close as possible from the
compression chamber. These thermocouples are calibrated prior to experiments observing the
melting temperature of crystalline S (115.4 °C), NaNO3 (308 °C) and NaCl (800.5 °C) at
ambient pressure. To prevent the oxidation of the Mo heaters, the WC seats or the diamond
anvils during heating, the cell is continuously flushed with an inert gas (98 % Ar - 2 % H
mixture).
In previous studies, the pressure inside the sample chamber is usually determined from the
homogenization temperature of an air bubble let in the sample chamber to determine the
density of the aqueous fluid according to the equation of state (EOS) of water assuming that
the system is isochoric. However, the aqueous fluid involve in the aqueous fluid –
haplogranite melt experiments is expected to be significantly enriched in dissolved Si, Na, K
and Al at high P-T conditions, and hence have a higher density than pure water (BUREAU and
KEPPLER, 1999; BUREAU et al., 2007; SHEN and KEPPLER, 1997). Since there is, to our best
knowledge, no available data constraining precisely the influence of P-T-X on the density of
silicate-rich fluids, a flake of a compacted mixture of gold and Al2O3 powders was added to
the experimental volume to be used as an internal pressure standard (see 4.2. and Chapter 3).
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Figure 2.1: Schematic representation of the HDAC. The HDAC is heated resistively by molybdenum
wires that are wrapped around the tungsten carbides seats supporting each diamond anvil. The
diamond anvils are fixed to these heating pieces with high-temperature alumina ceramic adhesives. To
apply pressure on the sample, the two part of the cell supporting the diamond anvils are driven
together by tightening three screws, compressing the sample chamber.
The microphotographs on the right of the figure show the sample chamber at different P-T conditions
(A: glass piece and aqueous solution at ambient conditions; B: coexisting aqueous fluid and
haplogranite melt at 821 °C and 0.9 GPa; C: NS2-rich single phase fluid at 230 °C and 0.3 GPa).

2.1.3. High P-T experiments in the HDAC and phase relations in the silicate melt-aqueous
fluid systems
For all experiments, a piece of synthetic glass was loaded together with the internal
pressure standard in the sample chamber which was subsequently filled with pure water or an
aqueous fluid of know composition. The HDAC was rapidly closed to avoid any fluid leak
and a small air bubble was generally observed, confirming that the sample chamber was not
pressurized.
The initial proportions of glass and aqueous fluid were adjusted in the loading by adding
glass pieces of known dimensions. This systematic quantification facilitated the
determination of fluid and/or melt composition at the P-T conditions of measurements and
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prove to be critical for the study of Br and Zr partitioning behavior between aqueous fluids
and coexisting silicate melts (Chapter 4 and 6).
Upon heating, the investigated systems involving either NS2 or haplogranite glasses
displayed different behavior. They are precisely described in Chapter 3. Briefly, the
haplogranite-fluid systems followed a classical phase transition upon increasing temperature,
with the glass piece melting around 600 °C and this hydrous melt and the aqueous fluid
reaching complete miscibility at around 700-800 °C, depending on the pressure (Figure 2.2)
(BUREAU and KEPPLER, 1999).
On the other hand, the NS2 glass was
found to dissolve completely in the
aqueous fluid at low temperature (e.g.
between 150 to 250 °C). This single
phase fluid commonly separated into a
hydrous melt and an aqueous fluid at
temperature above 500 °C, in good
agreement with previous studies that
suggested the occurrence of reverse
solvus in alkali-silica systems (AERTS,
2009; HESS, 1996; MUSTART, 1972;
VALYASHKO and KRAVCHUCK, 1978).
Figure 2.2: Phase diagram of the Haplogranite-H2O
determined by Bureau and Keppler (1999) in HDAC.

The experiments investigating the
partitioning behavior of Br and Zr
were conducted in coexisting aqueous

fluids and haplogranite melt, whereas the speciation of these elements was determined over a
wide range of compositions involving 1) aqueous fluids in equilibrium with silicate melts that
can dissolve up to 10-15 wt% Si, Na or Al, 2) solute-rich homogeneous fluids containing up
to 60 wt% dissolved silicates and 3) hydrous silicate melts with up to about 30 wt% dissolved
H2O.
Over-all these compositions, which also included halogens-rich fluids and melts, represent
likely analogs of the granitic melts and solute-rich fluids generated in the subducting slab or
in the upper crust (AGUE, 2003; HERMANN et al., 2006; HERMANN and SPANDLER, 2008;
JOHNSON and PLANK, 1999; MANNING, 1998; SCHMIDT et al., 2004; WOHLERS et al., 2011).
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2.2. In situ X-ray fluorescence and X-ray Absorption spectroscopies using
Synchrotron radiation
2.2.1. SXRF and XAFS – Principles
X-ray fluorescence and absorption spectroscopies provide quantitative information
about the chemistry and the structure of materials. These techniques based on the interactions
between X-rays and matter can be applied to a wide range of samples from well-ordered
crystalline phases to aqueous solutions or gases.
Chemical elements are characterized by a unique electron binding energy which corresponds
to the energy required to remove an electron from an electron shell of the atom (e.g., K, L or
M-edge in eV). When a material is exposed to an X-ray beam of appropriate energy,
electrons from the inner shell of a selected atom are excited by incident photons. This
interaction results in the ejection of photoelectrons and a following de-excitation process, in
which electrons from higher energy orbitals move to fill the vacancies created by the ejection
of the photoelectrons. This relaxation process releases energy which is recorded in the form
of an emitted fluorescence radiation (Figure 2.3).
Each emitted fluorescent X-ray has an energy characteristic of the element and of the
nature of the electronic transition (e.g., Kα, Lα, Mα or Kβ, Lβ, Mβ). The intensity of the emitted
fluorescence signal is itself
proportional

to

the

concentration of the element in
the

sample.

However,

corrections for the attenuation
of the X-ray due to the sample
and

to

the

measurement

geometry
are

of

necessary.

The corrections we applied to
Figure 2.3: Schematic view of the electronic transitions
that give rise to the emission of fluorescence radiation.

the SXRF data to calculate the
Zr and Br partition coefficients

between aqueous fluids and haplogranite melts are further describe in the next section.

25

26	
  
On the other hand, X-ray Absorption spectroscopy quantifies the evolution of the Xray absorption coefficient µ, which represents the probability for an X-ray to be absorbed by
the sample, as a function of energy. The absorption coefficient at a given energy µ(E) is
hence proportional to the ratio between the incident and the emitted signal (I/I0). At the
absorption edge, where the X-ray energy is equal to the electron binding energy of the
selected element, the excitation of the electrons is recorded as a significant increase of µ (E),
which is referred to as the white line (Figure 2.4). After the absorption edge, the interferences
between the photoelectrons are recorded as modulations of the absorption coefficient.
Consequently, X-ray absorption spectra collected over a selected energy range provides
informations about the excited atom itself (e.g. electronic structure) and the local
environment around this atom (e.g. number and nature of neighboring atoms, distances to
neighbors). In particular, X-ray Absorption Fine Structure (XAFS) spectra are separated in
two distinct parts that provide complementary information on the electronic structure of the
excited atom and on his neighboring environment: the X-ray Absorption Near-Edge Structure
(XANES), which range from about -50 eV to +100-200 eV around the absorption edge and
the Extended X-ray Absorption Fine Structure (EXAFS), which is the oscillatory part from ~
50-100 eV to few hundred or thousands eV above the absorption edge (Figure 2.4).

Figure 2.4: XAFS spectrum collected at the Br K-edge (13.47 keV). The XANES and EXAFS
region of the spectrum are separated at around 50 eV above the absorption edge. The shape of the
XANES spectra and the position of the absorption edge inform about the electronic structure, the
oxidation state or the ionic coordination of a selected element, whereas the normalized EXAFS
region mainly contains information about the molecular structure around the central atom (nature
and number of neighbors and interatomic distance). A scheme of the outgoing and backscattered
electron wave leading to the EXAFS oscillations and corresponding molecular structure determined
after EXAFS analysis is presented below the EXAFS region.
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2.2.2. High P-T measurements at the X05-LA and FAME beamlines
The in situ SXRF and XAFS measurements were conducted at the Br or Zr K-edge
(13.47 and 17.99 keV respectively) at different synchrotron beamlines equipped for microfluorescence analysis (FAME-BM30B at the European Synchrotron Facility and X05-LA at
the Swiss Light Source). Details of these beamlines layout and optical devices are reported
elsewhere (PROUX et al., 2005; PROUX et al., 2006) and further described in Chapters 3, 4 , 5
and 6. A schematic representation of the experimental set-up used to collect SXRF and
XAFS data in the HDAC is shown in Figure 2.5. This set-up is similar to the one developed
for SXRF measurements in membrane diamond-anvil cells (SANCHEZ-VALLE et al., 2004;
SANCHEZ-VALLE et al., 2003).
Briefly, the incident X-ray beam tuned to the energy of measurements (e.g fixed
above the absorption edge for SXRF or scanned across a ~ 500-1000 eV energy range around
the absorption edge for XAFS) is focused down to few micrometers by a set a of KirkpatrickBaez mirrors, yielding a flux of 108 to 109 photons/s depending on the beamline layout and
the energy of measurements. The emitted X-ray signal is collected by a Si-drift detector
placed at ~22-25° from the transmitted X-ray beam in forward geometry (Figure 2.5 A-B).
This configuration is optimum to collect X-ray fluorescence in diamond-anvil cells that are
not equipped with diamond-anvils modified to allow data collection at a 90 ° geometry (e.g.
drilled with a recess) (SANCHEZ-VALLE et al., 2004; SCHMIDT and RICKERS, 2003). In
addition, the use of a thinner anvil on the detector side allow reducing the X-ray path through
the diamond and hence to increase the quality of the emitted signal.
Furthermore, this geometry has the advantage to probe nearly the entire sample chamber,
contrary to experiments conducted with drilled diamonds where only a localized area of the
sample chamber is accessible for measurements. In addition, this approach enables to check
the distribution of the selected element in the sample chamber prior to measurements by
collecting 2D-SXRF concentration maps. When coexisting aqueous fluids and silicate melts
are present, the spectra can therefore be collected alternatively in each phase to determine in
situ the partitioning behavior of the trace elements between these phases, after carefully
checking that they are both bridging the diamond-anvils (Figure 2.5 A).
Finally, the experimental set-up is also equipped with a CCD camera positioned in
transmission geometry to collect angle-dispersive X-Ray Diffraction (XRD) spectra on the
gold-aluminum pellets that are used as internal pressure standard (Chapter 3).
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Figure 2.5: (A) Schematic representation of the
experimental set-up to collect high P-T SXRF and
XAFS in the HDAC. The zoom on the inside of the
HDAC show that the spectra can be collected either in
pure melt (1) or in aqueous fluid (2). (B) Photograph
of the set-up.
The experimental set-up is also equipped with a
microscope for visual observation of the sample
chamber. It is not reproduce on the figure as it’s
position vary depending on the place available on the
experimental table. In addition, the experimental setup at the FAME beamline also includes a macro-beam
collection station that allows collecting high-quality
XAFS on crystalline and glass standards (Chapter 5).

28

Chapter	
  2:	
  Experimental	
  and	
  analytical	
  approach	
  

The structural parameters describing the Br and Zr local coordination environments (e.g.
number and nature of first and second neighbors, distance from central atom to neighbors)
were determined from EXAFS analyses and ab initio XANES calculations, using the Horae
package (RAVEL and NEWVILLE, 2005) and the FDMNES code (JOLY, 2001) (Chapter 3 and
5).
!/!

The fluid-melt partition coefficients 𝐷!

  were extracted from the intensity of the Br or Zr

fluorescence lines after normalization of the SXRF spectra and careful background removal.
Correction for the attenuation of the X-ray signal in the sample and details about the
!/!

calculation of the 𝐷!

are presented in the next section.

2.2.3 Calculation of partition coefficients using the SXRF spectra
The intensity SXRF emission line of Br and Zr were used to calculate the partition
coefficients of these elements between aqueous fluids and haplogranite melts as a function of
P-T. In particular, the normalized area under the KBr or Zr line, which we refer to as Is is
related to the concentration of these element in the sample as described in the following
equation:

𝐼! = 𝐼! . 𝑡. 𝐴!! . 𝑒 !! . 𝑒 !! . 𝐶! . 𝜎! 𝜌! . 𝑒 !!

(1)

I0 is the incident signal at E0 (energy of the monochromatic beam); t is the counting time;
𝐴!! are parameters accounting for the efficiency of the fluorescence detector at the energy of
the emitted signal; Ci is the concentration of the selected element in the sample; σi is the
fluorescence cross section of the element at E0; ρs is the density of the sample.
B, C and D are correction factors that take into account the absorption coefficient, the density
and the thickness of the different media (i.e. air, diamond and sample) traversed by the Xrays. These terms can also be corrected for the geometry of the experimental set-up (angle
between incident beam and the detector position).
As the partition coefficient of an element between the fluid and the melt phases is estimated
!/!

as the ratio between the concentrations of the element in each phase, 𝐷!

can be derived

from equation 1, suppressing all the terms that account for the experimental set-up (geometry
and presence of different media on the path from the sample to the detector). The counting
times that were normalized for each phase when different (e.g., t was generally higher in the
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element-poor phase) can also be discarded. On the other hand, the fluid and melt phases have
different properties and are hence considered as different samples (Figure 2.6). In particular,
it is critical to correct for the different densities of these phases, especially as the density of
aqueous fluids and haplogranite melts changes significantly as a function of composition and
!/!

P-T conditions. Consequently, 𝐷!

is calculated as follow:

!/!

𝐷!

=

!!
!!

=

!!
!!!
!! .!
!!

!!
.!!!!

(2)

In this equation, 𝑒 !!!,! was approximated as the effective transmission of the signal through
the fluid or the melt (Tf and Tm) (see Chapter 4 – Annex 2). Accordingly, the partition
coefficient is:
!/!

𝐷!

=

!! .!! .!!
!! .!! .!!

(3)

If and Im were obtained from the in situ measurements (area of normalized emission line);
𝜌!,! and Tf,m were calculated assuming a linear geometry after determining the composition
of the coexisting aqueous fluid and haplogranite melt as a function of P-T conditions (3.2).
2.2.4. Determination of fluid and melt compositions and densities
The major element composition of the aqueous fluids, coexisting silicate melts or single
phase fluids produced during experiments could not be determined in situ, as these elements
are not accessible to SXRF measurements through the diamond windows of the HDAC.
Consequently, the fluid and melt compositions, i.e., the amounts of dissolved silicates in the
aqueous fluids (total silicates including SiO2, Na2O, K2O and Al2O3) and the H2O contents of
the hydrous melts, were calculated from experimental data available in sodium silicate or
aluminosilicate systems.
In the NS2 system, determination of the phase compositions and densities was relatively
straightforward as 1) most measurements were conducted in single fluid phase, in which the
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amount of NS2 component dissolved in the fluid was calculated from the initial volumetric
proportions of the NS2 glass and the aqueous fluid loaded in the experiment and the density
of anhydrous NS2 glass (2.52 g.cm-3) (YAMASHITA et al., 2008) and pure water; and 2) the
solubility of water in sodium silicate melts is well constrained over a large range of P-T-X
conditions (MYSEN and CODY, 2004).
On the other hand, the estimation of the compositions and densities of coexisting fluid
and melt in the haplogranite melt – aqueous fluid was more difficult.
To determine the water solubility in the haplogranite melt as a function of temperature and
pressure, we used the experimental data of Mysen and Wheeler (2000b) that were obtained
for a composition virtually similar to our experimental haplogranite (NS4A6) (Figure 2.6).
However, the equilibration between the coexisting fluid and melt in the high P-T fluid-melt
system (Figure 2.2) (BUREAU and KEPPLER, 1999) may result in significant modifications of
the composition of the silicate melts and aqueous fluids, and possibly influence the alkalis
over aluminum ratio, i.e. the peralkalinity/peraluminosity of these phase. This may influence
the amount of dissolved water and lower the accuracy of our estimates because available
water solubility data in granitic melts show that the water solubility is probably smaller in
peralkaline melts in comparison to per or sub-aluminous haplogranitic, granitic and rhyolitic
melts (Figure 2.6) (BURNHAM and JAHNS, 1962; DINGWELL et al., 1997; HOLTZ et al., 1992;
MYSEN, 2007; MYSEN and WHEELER, 2000b; ZHANG, 1999).

Figure 2.6: Selective review of the available experimental data constraining the solubility of
water in granitic melts.
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The composition of the aqueous fluid coexisting with haplogranite melt was estimated
from solubility data obtained in the albite-H2O systems (ANDERSON and BURNHAM, 1983;
MANNING et al., 2010; WOHLERS et al., 2011) as data on the solubility of melt components in
high P-T aqueous fluids are scarce (MYSEN and ARMSTRONG, 2002; MYSEN and WHEELER,
2000a). These studies investigated the silicates solubility in aqueous fluids up to relatively
low temperature (maximum 700 °C) and are, up to now, restricted to 600 °C at pressure
above 1 GPa. This leads to large uncertainties on the silicates solubility for our measurements
conditions of up to 840 °C and 2.4 GPa. A review of these solubility data is presented as a
function of P-T conditions in Figure 2.7.

Figure 2.7: The amounts of silicates dissolved in aqueous fluid in albite-H2O systems
(Anderson and Burnham, 1983; Wohlers et al., 2011; Manning et al., 2010).

The uncertainties on the fluid and melt composition are propagated into uncertainties
on the fluid and melt densities that were calculated as a function of P-T conditions and
compositions according to available models (DRIESNER and HEINRICH, 2007; MYSEN and
WHEELER, 2000a; OCHS and LANGE, 1999). Through equation 3, the determined fluid and
melt compositions and densities hence constitute a major source of uncertainty for the
calculation of the Br and Zr partition coefficients between aqueous fluids and haplogranite
melts.
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2.2.5. Post-Mortem analyses of haplogranite melts
In order to assess if the fluid and melt composition calculat(RAVEL and NEWVILLE,
2005)ed as a function of P-T conditions from available experimental data are realistic, pieces
of quenched haplogranite melt were recovered as often as possible for post-mortem analyses.
However, their small size (less than 100 µm diameter) largely precluded to conduct reliable
EMPA analyses. Instead, the elemental ratio between the major element Si, Na, Al and K
were constrained by Laser-Ablation ICPMs measurements conducted using a 193 nm ArF
excimer laser coupled with an ELAN 6100 DRC ICP quadrupole mass spectrometer
(HEINRICH et al., 2003). The results of these analyses are shown in Figure 2.8. At all
conditions investigated (e.g. quenching temperature ranging between 580 and 950 °C – see
Chapter 6), the haplogranite melts are peralkaline. However, the quench glasses are less
peralkaline than the initial starting compositions. Thus, from mass balance considerations, the
fluids in equilibrium with these melts must have been more peralkaline than the starting
glass.

Figure 2.8: Elemental ratio (in moles) of alkalis over aluminum as determined by the LAICPMS analyses of quench melt products, in function of the initial glass fraction of the
experiment. The dashed line emphasizes the limit between peraluminous ((Na+K)/Al < 1) and
peralkaline ((Na+K)/Al > 1) compositions.
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On the other hand, it appears that, due to the difference in pressure, temperature and
fluid/melt ratio of the experiments, the haplogranite melts exhibit different (Na+K)/Al ratios.
These data confirm that the peralkalinity/peraluminosity of the fluid-melt systems, i.e. the
partitioning behavior of Na, K, Al (and most probably Si) is significantly influenced by the
experimental conditions (combined effect of pressure, temperature, proportions of glass and
fluid). Such compositional differences could also influence the partitioning behavior of trace
elements, as suggested in Chapters 4 and 6. However, we note that there are no pressure
constraints on these post-mortem measurements and that a more systematic study of the
quench melt globules would be required to actually separate out the effects of P-T conditions
and initial glass fraction on the peralkaline/peraluminous nature of water-saturated
haplogranite melts. Above all, these measurements show that additional constraints on the
major elements composition of coexisting aqueous fluids and silicate melts are yet critically
needed.
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Chapter 3:
Bromine speciation in high pressure fluids and the
transport of halogens in subduction zones

Abstract
In situ X-ray absorption fine structure (XAFS) measurements were conducted in
hydrothermal diamond-anvil cells up to 750 ° and 2.2 GPa to investigate the speciation of
bromine (Br) in aqueous fluids and hydrous silicate melts that are simple analogs for
subduction zone fluids. The EXAFS analysis show gradual changes in Br speciation with the
addition of dissolved alkali-silicate species to the fluid at high pressure and temperature. In
aqueous solutions and fluids containing less than 50 wt% dissolved silicates, Br speciation is
dominated by a 6-fold coordinated hydration shell (Br-O distance = 3.35 ± 0.05 Å) at all
investigated pressure-temperature conditions. Water molecules in the coordination shell of Br
are gradually replaced by Na ions as the amount of dissolved alkali silicates in the fluid
increases. The local structure of Br in fluids with 60 wt% dissolved alkali silicates and hydrous
Na2Si2O5 melts (10 wt% H2O) is dominated by [BrNax(H2O)y] complexes that have an
intermediate structure between the 6-fold hydration shell observed in aqueous solutions and the
6-fold coordination with Na ions (NaBr “salt-like”) identified in alkali-silicate glasses.
Changes in Br speciation with fluid chemistry at high pressure and temperature and the
observe Br-Na complexation in melts are consistent with available experimental data for Br
partitioning between fluids and melt and with the enhanced solubility of halogens in silicate
melts with increasing the concentration in modifying cations. Although “diluted” fluids
produced by the dehydration of the slab may be the main carriers of halogens, Br (halogens)
complexation with alkalis may be an efficient mechanism for the transport and recycling of
halogens in subduction zones.
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3.1. Introduction
Despite their low concentration in the Earth’s mantle and crust, elements of the
halogens group (F, Cl, Br, I), play a critical role in the evolution of the Earth’s interior and
atmosphere, in particular in subduction-related environments. For instance, the strong
degassing of halogen elements significantly contributes to the stratospheric ozone destruction
through volcanic degassing (DANIEL et al., 1999; VON GLASOW et al., 2009). Furthermore, the
effect of halogens on the physico-chemical properties of silicate melts (e.g. phase equilibria,
viscosity, density) could strongly influence the rheology and buoyancy of magmas during
volcanic eruptions and hence possibly affect critical phenomenon that ultimately control the
volcanic eruptive style (e.g., bubble nucleation and magma ascent rate) (AIUPPA et al., 2009;
BAKER and VAILLANCOURT, 1995; DINGWELL and HESS, 1998; ZIMOVA and WEBB, 2006). As
their degassing behavior is apparently coupled to the degassing of H2O, constraints on their
degassing behavior are also expected to provide significant insights about subsurface magma
movement and the probability of volcanic eruption (AIUPPA et al., 2009; BALCONE-BOISSARD
et al., 2010). On the other hand, their ability to complex with other elements is expected to
favor the mobilization and transport of elements from the subducting slab to the upper crust
and in particular to contribute to the formation and the distribution of ore deposits in
magmatic-hydrothermal environments by enhancing the transport of metals in hydrothermal
fluids (HEDENQUIST and LOWENSTERN, 1994; HEGELSON, 1964).
However, the efficiency of the recycling of these key geochemical tracers in subduction
zones is still widely discussed for Cl and virtually unknown for Br or I (BUREAU et al., 2010;
JOHN et al., 2011; PYLE and MATHER, 2009; STRAUB and LAYNE, 2003; WALLACE, 2005).
Furthermore, most of the experimental studies constraining the behavior of halogens in high PT aqueous fluids and silicate melts analog of subduction zone fluids and arc magmas focused
on determining their solubility, partitioning behavior or diffusion at pressure relevant for
degassing processes (P < 0.3 GPa) (ALLETTI et al., 2007; BAKER and BALCONE-BOISSARD,
2009; BAKER et al., 2005; BALCONE-BOISSARD et al., 2009; BUREAU et al., 2000; BUREAU and
METRICH, 2003; CARROLL, 2005; METRICH and RUTHERFORD, 1992; SIGNORELLI and
CARROLL, 2002; WEBSTER, 1990; WEBSTER, 1992). As these studies demonstrated that the
incorporation of halogens in aqueous fluids and silicate melts strongly depend on the
composition of the system investigated and on the ionic size of the halogens (e.g. F exhibit
different solubility and diffusion rates than Cl and Br), it now appears critical to obtain
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experimental constraints on the speciation of halogens in high P-T fluids and melts to further
quantify their chemical behavior (solubility, partitioning behavior and diffusion) in the
subducting slab, mantle wedge and upper crust and ultimately model their mobilization,
transport and degassing in subduction zones.
Knowledge about the speciation of halogens in high pressure fluids is mainly limited to
the study of halogens’ hydration in aqueous electrolytes from ambient to supercritical
conditions (max 700 °C and 450 bars) (DA SILVA et al., 2009; DRIESNER et al., 1998; EVANS et
al., 2007; FERLAT et al., 2001; FERLAT et al., 2002; FLANAGIN et al., 1995; FULTON et al.,
2010; KREKELER et al., 2006; SOPER and WECKSTROM, 2006; WALLEN et al., 1997) using
Molecular dynamic simulations (MD) and X-ray Absorption spectroscopy (XAS). Additional
constrains on the solubility mechanism of halogens in silicate melts has been provided by
MAS-NMR measurements and a few XAFS studies on silicate glasses (EVANS et al., 2008;
KARPUKHINA et al., 2007; MCKEOWN et al., 2011; MYSEN et al., 2004; SANDLAND et al., 2004;
SCHALLER et al., 1992; STEBBINS and DU, 2002; ZENG and STEBBINS, 2000). The speciation of
halogens in high-pressure high-temperature aqueous fluids and hydrous silicate melts analogs
to those emanating from subducting slabs is virtually unknown.
In order to further elucidate the speciation of halogens in subduction zone fluids, we
investigate the effect of pressure, temperature and fluid composition on the speciation of
bromine using X-ray Absorption Spectroscopy (XAFS) and diamond-anvil cell techniques up
to 750 °C and 2.2 GPa. Over the last years, in situ XAS measurements in hydrothermal
diamond-anvil cell (HDAC) (BASSETT et al., 1993) has been proved as powerful technique to
characterize the speciation of diverse elements in geologically relevant environments (BASSETT
et al., 2000; MAYANOVIC et al., 1999; WILKE et al., 2006). Although chlorine is the most
abundant halogen in geological fluids, it not amenable to XAS measurements in diamond-anvil
cell due to its low absorption energy (K-edge Cl = 2.82 keV). Among the halogens, Br displays
the closes behavior to chlorine in silicate system (BUREAU et al., 2000) and therefore
represents a suitable analog for XAS measurements at high pressure and high temperature
conditions.
XAFS (EXAFS and XANES) analysis were conducted from ambient conditions up to
750 °C and 2.2 GPa in a wide range of fluid compositions, including NaBr aqueous solutions,
fluids containing various proportion of dissolved alkali-aluminosilicate species and hydrous
melts that represent simplified analogs for fluids released by subducted slabs at different
depths. The results show gradual changes in the speciation of Br that encompasses changes in
fluid composition that provide additional constrains on the mechanism of mobilization of
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halogens from the slab to the source of magma, ultimately contributing to understand the
recycling of halogens in subduction zones.

3.2. Materials and methods
3.2.1. Synthesis and characterization of starting materials
The starting materials used for the experiments consisted of a 3 wt% NaBr aqueous
solution and synthetic glasses with haplogranite and Na2Si2O5 (hereafter referred to as NS2
glass) compositions. The 3 wt% NaBr aqueous solution was freshly prepared using distilled
de-ionized water and analytical grade NaBr powder (Sigma Aldrich®), sealed in tight
containers and refrigerated until the experiments. The NS2 and haplogranite glasses were
synthesized in piston-cylinder apparatus at 1200 °C and 0.5 GPa and 1.5 GPa respectively
using 10 mm long welded Au80Pd20 capsules with outer diameter of 4 mm. Runs were held
for 24h at these conditions to achieve complete homogeneity of the product glasses. Starting
materials for the synthesis of NS2 were prepared from reagent grade powders of SiO2 and
Na2O whereas reagent grade oxides (SiO2, Al2O3, Na2O) and alkaline carbonates (K2CO3 and
Na2CO3) were used for the haplogranite glass synthesis (ASI = 0.57). The powders were mixed
in stoichiometric proportions and thoroughly grounded in an agatha mortar under ethanol and
the haplogranite mixture was pre-heated at 800 °C during 14 hours in a 1 atm furnace for
decarbonization. Bromine was added to the starting mixtures as NaBr powder (Sigma
Aldrich®) with nominal concentrations of ~ 4 wt% and ~ 1 wt% Br respectively for the NS2
and haplogranite starting mixtures. For the haplogranite synthesis, 3.3wt% H2O was added as
liquid water to the capsule before welding to assure complete melting of the sample at run
conditions. The glasses were doped with high Br concentrations to ensure good signal in the
XAFS measurements. The recovered glasses were double-side polished with parallel faces
down to 150-200 µm thickness and further cut into pieces with regular shape to better adjust
the silicate-fluid ratio in the speciation experiments.
Major element composition (Si, Al, K and Na) and glass homogeneity were checked by
electron microprobe (EMP) analysis using a JEOL JXA-8200 microprobe. The oxide
compositions reported in Table 1 are the averages of 15 to 25 analyses performed in each glass
sample using an accelerating voltage of 15 keV, 10 nA beam current and a defocused beam of
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30 µm. Counting time was 40s per element to avoid Na loss (Table 3.1). Electron microprobe
analysis of Br are hindered by 1) the high ionization potential for the K -lines of Br, which
results in low count rates; 2) the peak overlapping between the L- lines of Br and the K-lines
of Al; and (3) the lack of matrix-matched standards. To overcome this problem the
concentration of Br in one of the haplogranite glasses (Hpg-Br2) was determined using
Rutherford Backscattering Spectroscopy (RBS) at ETH Zurich. This technique provides
absolute elemental concentrations and is particularly appropriated for the quantification of
heavy elements in a light matrix as it is the case of Br (Z = 35) in silicate glasses (CHU and
LIU, 1996; FELDMAN and MAYER, 1986; KANAZHEVSKII et al., 2006). The RBS analysis
yielded a Br concentration of 0.96 ± 0.04 wt% which is identical to the nominal Br
concentration within analytical uncertainties. This well-characterized sample (Hpg-Br2) was
then used as standard for Br analysis using EMPA and LA-ICPMS in the rest of glass samples
(Table 3.1) (SEO et al., 2011). Br concentrations were measured in independent EMPA
analysis using the signal from the Kα lines with an acceleration voltage of 25 kV, a probe
current of 90 nA and beam diameter of 30 µm with counting times of 60 s per point. The Br
signal was found to be stable for these beam conditions. LA-ICPMS analysis of Br were
conducted using a 193 nm ArF excimer laser coupled with an ELAN 6100 DRC ICP
quadrupole mass spectrometer (HEINRICH et al., 2003) and beam diameter of 40 µm. All
analysis were bracketed by measuring an external standard (NIST 610) to allow linear drift
correction, whereas the average SiO2 content determined by EMPA for the glass was used as
an internal standard.
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Table 3.1. Synthesis conditions and chemical composition of the Na2Si2O5 (NS2)
and haplogranite (Hpg) glasses used as starting materials.
Br1
(wt%)

Na2O2
(wt%)

SiO22
(wt%)

NS2-Br1

Synthesis
conditions
T (oC) P(GPa)
1200
0.5

4.01

31.97

63.91

Hpg-Br2

1200

1.5

4.1
-

7.14

74.07

9.23

3.73

3.3

0.57

LA-ICPMS
EMPA

Hpg-Br3

1200

1.5

0.96
0.89

7.41

74.98

9.38

3.77

3.3

0.57

RBS
EMPA

Sample

Al2O32
(wt%)

K 2O 2
(wt%)

H 2O 3
(wt%)

ASI4

Analytical
method
EMPA

Notes: EMPA= Electron Microprobe; LA-ICPMS = Laser-ablation Inductively Couple Plasma Mass Spectrometry; RBS =
Rutherford Backscattering Spectroscopy.
1
Standard deviations (1σ) are 4% for RBS analysis, 0.3 wt% for LA-ICPMS and 0.03 wt% for EMPA analysis.
2
Average from 10 to 25 analyses performed on each glass composition. Standard deviations (1σ) are < 0.1 wt% for Na2O, Al2O3
and K2O and < 0.3 wt% for SiO2.
3
Nominal H2O concentration (not analyzed).
!"! !!
4
ASI =
  (in moles).
!"! !!!! !

3.2.2. Diamond-anvil cell techniques
Experiments were conducted in Bassett-type hydrothermal diamond-anvil cell (HDAC)
(BASSETT et al., 1993) using 600 or 700 µm culet-size type Ia diamonds. In order to reduce the
X-ray path through the diamonds and widen the collection angle of the X-ray fluorescence
signal, the diamond-anvil cell was mounted with a thinner diamond (1.2 mm thick) on the
detector side. This configuration allows 1) reducing the absorption of the fluorescence X-rays,
and 2) decreasing the fluorescence background arising from the Compton/Rayleigh scattering
in the thick diamond anvils, hence increasing the quality of the XAFS signal (SANCHEZ-VALLE
et al., 2004). The cell was externally heated with molybdenum (Mo) wires wrapped around the
WC seats supporting the diamond-anvils and the temperature was measured to ±2 °C with a Ktype thermocouple attached on each diamond close to the sample chamber. Each cell was
calibrated prior to the measurements using the melting temperature at ambient pressure of
sulphur (115.4 °C), NaNO3 (308 °C) and NaCl (800.5 °C). Temperature differences between
thermocouples and the sample chamber never exceeded 5-10 °C. During the experiments the
cell was continuously flushed with an inert gas (98 % Ar - 2 % H mixture) to prevent the
oxidation of the Mo heaters, the WC seats or the diamond anvils.
The sample chamber was formed by a 300 µm hole drilled in a 250 µm-thick rhenium
foil compressed between the two diamonds. In each experiment, the cell was loaded with the
3wt% NaBr aqueous solution alone or together with a piece of NS2 or haplogranite glass
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(Hpg-Br3) of variable size to investigate respectively the speciation of Br in aqueous solutions
or in silicate-bearing aqueous fluids and hydrous melts of various compositions (Table 3.2 and
3.3). The volumetric proportions of melt/aqueous fluid in the loading were adjusted by adding
glass pieces of appropriated dimensions (Figure 3.1). A flake of a compacted mixture of gold
and Al2O3 powders was added to the experimental volume to calibrate the pressure in the
compression chamber with a precision of 5% from the variation of the lattice parameters of Au
determined by angle-dispersive X-ray diffraction (JAMIESON et al., 1982). Fluorescence signal
from Au was not detected in the compression chamber in agreement with the low solubility of
Au in aqueous fluids and silicate melts at the investigated pressure and temperature conditions
(SIMON et al., 2005; STEFÁNSSON and SEWARD, 2003).

3.2.3. Phase relations and fluid compositions in the silicate-H2O systems
The typical behavior of the silicate-water system upon heating observed in this study is
illustrated in Figure 3.1. The haplogranite-H2O system follows the phase transformations
reported in previous studies conducted in the diamond anvil cell (BUREAU and KEPPLER, 1999;
MIBE et al., 2008; SHEN and KEPPLER, 1997). Briefly, the compression chamber is loaded with
chip of haplogranite glass, the Au chip used as pressure standard and the aqueous fluid (H2O or
NaBr aqueous solution) (Fig 3.1A). Upon heating, the haplogranite glass melts at around 600
°C producing a hydrous melt globule that equilibrates with the surrounding aqueous fluids (Fig
3.1B). Increasing further the temperature, the melt progressively dissolves into the fluid phase
and water dissolves into the melt, approaching

each other in composition and reaching

complete miscibility at around 700-850 °C depending on the pressure (Fig 3.1C) (BUREAU and
KEPPLER, 1999). Decreasing temperature systematically resulted in the demixion of the
supercritical fluid on the hydrous melt and the aqueous fluid as reported in previous studies
(BUREAU and KEPPLER, 1999; MIBE et al., 2008; SHEN and KEPPLER, 1997). On the other hand,
the NS2-H2O system displayed distinct and unusual phase relations in the investigated
pressure-temperature range (Fig 3.1D-F). The NS2 glass dissolved completely in the aqueous
solution between 150 to 250 °C to produce one single fluid phase (Fig 3.1E). Upon further
heating, demixion of the fluid phase into two immiscible phases (a hydrous melt and an alkalisilicate aqueous fluid) occurred between 500 and 750 °C, suggesting a reverse solvus on the
system (Fig 3.1F). The width of the miscibility gap depends on fluid composition, extending
from 230 °C to 550 °C for fluids enriched in NS2 components (60 to 70 wt%NS2) and from
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150 °C to 710 °C for intermediate compositions (< 50 wt% dissolved NS2). Low temperature
miscibility and subcriticality at higher temperature has been also reported in the NS2-H2O
system between 250 - 600 °C and 0.1–0.25 GPa (MUSTART, 1972; VALYASHKO and
KRAVCHUCK, 1978) and is probably extensible to other alkali-silica systems (HESS, 1996;
TUTTLE and BOWEN, 1958). Aerts (2009) recently observed a single-phase fluid upon cooling
between 450 and 520 °C at 0.7 GPa in the KSH system (quartz-saturated K2Si4O9-SiO2-H2O)
consistent with a reverse solvus in the system. In our experiments the high temperature
immiscibility gap remained open up to the highest temperatures reached with the HDAC (∼
1100 °C), in agreement with observations in the K2O-SiO2-H2O system and along the
haploandesite join (Na2Si4O9-Na2(NaAl)4O9) where the immiscible phase persisted up to at
least 1300 °C at 2 GPa (MYSEN and CODY, 2004). Our experiments present the first direct
observation of high temperature immiscibility in the alkali silicate-water system.
In the NS2-H2O system, XAFS analysis were conducted in the fluid phase containing
different amounts of dissolved NS2 (Fig 3.1E, Table 3.3) and in the hydrous NS2 melt in
equilibrium with the aqueous phase at high pressure and temperature (Fig 3.1F). In the
haplogranite-H2O system, however, Br speciation was only determined in the fluid phase
coexisting with the haplogranite melt (Fig 3.1B, Table 3.3). XAFS analysis on the haplogranite
melt and the supercritical liquid were precluded respectively by the low Br concentration due
to strong partitioning into the aqueous phase at run conditions (BUREAU et al., 2010; BUREAU
and METRICH, 2003), and by the instability of the supercritical phase that resulted in the
systematic demixion of phases during the measurements (Fig 3.1C). In all the experiments, one
fluid phase alone or coexisting with a hydrous silicate melt was present in the compression
chamber during the measurements. No crystalline phases were observed at run conditions in
any of the investigated bulk compositions, indicating that the experiments were quartz or albite
under-saturated.
The composition of the single fluid in the NS2-H2O was determined from the initial
volumetric proportions of the NS2 glass and the aqueous fluid loaded in the compression
chamber. The mass of the glass was calculated from the volume using a density of 2.52(5)
g/cm3 (YAMASHITA et al., 2008) and the mass of fluid determined from the volume left in the
compression chamber and corrected when an air bubble was present at the beginning of the
experiment (Fig 3.1D). Although the effect of Br in the density of the NS2 glass was not
considered, this will result in minor differences (<0.5wt %) on the amount of NS2 dissolved in
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the fluids that were taken into account in the calculation of errors in the bulk composition. The
amount of water dissolved in the hydrous NS2 melt in equilibrium with the aqueous solution at
700 °C and 0.4 GPa (Fig 3.1F) was calculated using water solubility data in NS2 melts
reported at 1000-1300 °C and 0.8 to 2.0 GPa by Mysen and Cody (2004). Polynomial fits were
applied to Mysen and Cody’s (2004) data to obtain the pressure and temperature dependence
of water solubility, that was recalculated at the pressure-temperature conditions of the
experiment, yielding a water content of 10 ± 1 wt%. The composition of the fluid in
equilibrium with the haplogranite melt (total silicates content including SiO2, Al2O3, Na2O and
K2O) was calculated extrapolating solubility data available in the albite-H2O system between
0.2 and 0.84 GPa at 600 and 700 °C (ANDERSON and BURNHAM, 1983) up to the pressuretemperature conditions of these experiments. The precision on the calculations of the bulk
composition is within 1 wt%. Fluids containing less than 50 wt% dissolved silicates are
hereafter referred to as aqueous fluids and those containing more than 50 wt% dissolved
silicates as melt-like fluids (Fig 3.2 and 3.3). This classification is based in the differences in
the local environment of Br in the fluids identified by the analysis of the EXAFS data.
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Figure 3.1. Pictures of the compression chamber (~300 µm diameter) of the HDAC showing the
systems Haplogranite - H2O (A,B,C) and NS2 - H2O (D, E, F) at the indicated pressure and temperature
conditions. Images are taken through the diamond along the X-ray path. A) Haplogranite glass and 3
wt% NaBr aqueous solution at room conditions; B) globulus of hydrous silicate melt in equilibrium
with the aqueous fluid; C) supercritical liquid (single fluid phase); D) NS2 glass and 3wt% NaBr
aqueous solution at room conditions; E) single fluid phase (low temperature supercriticallity); F)
hydrous NS2 melt coexisting with (high temperature subcriticallity).

3.2.4. XAFS data acquisition and reduction
XAFS measurements were performed in fluorescence mode at the Br-K edge (13.47 keV)
over the 13.27 – 14.07 keV energy range at the MicroXAS X05-LA beamline of the Swiss
Light Source (SLS-Paul Scherrer Institute, Switzerland) (BORCA et al., 2009). The energy of
the incident beam was tuned by a Si(111) double crystal monochromator and focused down to
5 x 8 (VxH) µm with a set of Kirkpatrick-Baez mirrors, yielding a flux of 108 photons/s. The
intensity of the incident beam was monitored by an Ar-filled ion-chamber placed between the
Kirkpatrick-Baez mirror and the hydrothermal DAC. The HDAC was mounted in a high56
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precision XYZθ motorized stage and aligned in the beam using the intensity of the transmitted
beam monitored by a silicon diode. XAFS spectra were collected in fluorescence mode in
forward scattering geometry with an energy dispersive single-element Si-detector (Ketek®,
Germany) (139 eV resolution at Mn-K = 5.89 keV) set at 22 ° from the incident beam in the
α

horizontal plane to minimize the contribution of Compton scattering in the spectra (SANCHEZVALLE et al., 2003). Angle-dispersive X-ray diffraction (ADXD) spectra were collected in the
gold pressure standard using a high-resolution CCD camera (Photonic Science®, UK) set
behind the high-pressure cell in transmission geometry. Optical observation of the compression
chamber during the heating and cooling cycles was performed using a microscope placed
behind the diamond anvil cell that was removed from the X-ray path during the fluorescence
and diffraction analysis (Fig 3.1).
Br K-edge XAFS spectra were collected in each sample with counting times of 1 second
per point in the pre-edge region to 3 seconds in the edge and EXAFS region. The edge position
was calibrated using a pellet of NaBr powder (Sigma Aldrich®) and no significant drift of the
energy was observed during the measurements. XAFS spectra of the NS2 and haplogranite
glasses used as starting material were collected at ambient conditions on double-side polished
section of the glasses (∼200 x 200 µm2 lateral dimensions) mounted between Kapton®
windows. Reference spectra of the 3wt% NaBr aqueous solution at ambient conditions were
collected inside a diamond-anvil cell carefully closed without pressurization (Fig 3.2 and 3.3).
The spectra reported for each composition at different pressure and temperature conditions
correspond to the average of 3 to 5 spectra collected at identical conditions. Typical acquisition
times per spectrum were 20 minutes. The contribution of Bragg diffraction peaks arising from
the diamond anvils was avoided in the energy range of interest by changing the orientation of
the diamond anvil cell by 0.5 to 1 ° respect to the incident X-ray beam direction. Spectra
collected at different orientations were then combined to remove the Bragg reflexions
(BASSETT et al., 2000).
EXAFS data reduction was performed using the Athena and Artemis packages (RAVEL
and NEWVILLE, 2005) based on the IFEFFIT program (NEWVILLE, 2001). Averaged
experimental spectra were normalized to the absorption edge height and background was
removed using the automatic background subtraction routine AUTOBK included in the Athena
software. In order to minimize the contribution of features at distances below the atom-atom
contact distance, the Rbkg, that represents the minimum distance for which information is
provided by the signal, was set to 1.3. For all the spectra, the absorption edge E0 was set at
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13.474 keV, which corresponds to the maximum of the first derivative of the absorption edge.
EXAFS functions χ(k) (k1-weighted) were then fitted to the EXAFS equation with the Artemis
software (RAVEL and NEWVILLE, 2005). Modeling of the EXAFS oscillations was performed
using 4 variables: average coordination number (N), distance to nearest neighbor (R), DebyeWaller factor (σ2), and the energy shift ΔE. The amplitude reduction factor S02 was set to 1 and
the Debye-Waller factor σ2 was set to the best fit value for each spectrum to minimize the
errors and correlation between the derived structural parameters. Although the χ(k) were
Fourier filtered over the 1.5 Å-1 to 6 Å-1 k-range for most of the spectra, the decrease of the
spectra quality with increasing pressure and temperature required the reduction of the k-range
(1.5 Å-1 to 5.25 Å-1) in some cases (Fig 3.3-6). All fits were performed simultaneously with kweighting of 1, 2 and 3 in order to decrease correlations between N and σ2, and R and ΔE
(POKROVSKI et al., 2009). The fitted values of the ΔE never exceeded 5 eV, indicating the
validity of the fitting procedure (MICHALOWICZ and VLAIC, 1998). In addition, all fits were
also performed in more standard EXAFS k-range (2.2 to 6 Å-1) yielding equivalent fitting
parameters.
Two different structural models were used to fit the EXAFS data: a simple hydration
shell [Br(H2O)n] was adopted for the standard aqueous solutions and Br-bearing aqueous fluids
(< 50wt% dissolved silicates) whereas a structural model involving Br…H-O, Br-O bonds
and/or Br-cation correlations (Br-Na and Br-Si) was used for the silicate glasses and melt-like
Br-bearing fluids. The first hydration shell was modeled considering that Br is coordinated by
6 water molecules [Br(H2O)6]- with the H-O axis of the water molecule radially aligned
towards the central ion and mean Br-O distance of 3.4 Å (D'ANGELO et al., 2010; OHTAKI and
RADNAI, 1993; RAMOS et al., 2000; RODE et al., 2004; TIMMER and BAKKER, 2009). Although
an alternative model for the hydration shell of Br (and Cl) have been proposed based on ab
initio molecular dynamic simulations, with the six H2O molecules asymmetrically distributed
around the halide ion (KREKELER et al., 2006; RAUGEI and KLEIN, 2002), a better fit of the data
was always obtained using the simplified symmetric structure described above. Because the
EXAFS technique is more sensitive to the larger Br-O bond, multiple scattering from the Br-H
bond was taken into account in the fitting with H-O distances fixed to 1 Å (SILVESTRELLI and
PARRINELLO, 1999; SOPER and BENMORE, 2008). Spectra collected on KBr (FERLAT et al.,
2002) and GaBr3 aqueous solutions (DA SILVA et al., 2009) were fitted using the same model
to test the validity of the first shell approximation fitting procedure.
Modeling of the EXAFS oscillations in melt-like Br-bearing fluids and silicate glasses is
hampered by the lack of structural data on such fluids and limited number of Br-bearing
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crystalline compounds that can be used as reference to describe the main features of the Br
species. To overcome this problem, we implemented a model that combines the structure of
crystalline NaBr, with Br-Na distance of 2.98 Å (DESHPANDE, 1961; HAAF and CARPENTER,
1964; MAKINO, 1995), and the first hydration shell model developed for Br-bearing aqueous
fluid. This model allows identifying the main contributions to the experimental EXAFS signal
arising from Na, O (from the silicate framework in glasses) and OH-/H2O groups in the local
environment of Br ions. In order to distinguish between the contribution of O from the silicate
network and OH or H2O in hydrous haplogranite glasses and melt-like fluids, the hydration
shell model was modified considering either Br…H-O bonds or discarding the theoretical
backscattering amplitude and phase shit functions arising from the Br-H multiple scattering
paths to constrain directly Br-O interactions. In addition, the theoretical path of crystalline
NaBr was also modified to test the likeliness of Br-Si bonding in silicate glasses and hydrous
melts All theoretical backscattering amplitudes and phase shit functions for Br-Na, Br-Si, BrO, Br-HO single and multi scattering paths were calculated with the FEFF6.0 ab initio code
(MUSTRE DE LEON et al., 1991).

3.3. Results
3.3.1. XANES spectra of Br-bearing compounds
XANES spectra for representative compositions at different pressure and temperature
conditions are reported in Figure 3.2. Quantitative analyses of the XANES data were not
performed in this study and only a qualitative description is presented. All spectra display a
constant absorption edge at E0 = 13474 eV with a relatively broad white line that peaks at a
constant energy of 13478 eV. The XANES spectrum of the 3 wt% NaBr aqueous solution at
room conditions is similar to those previously reported for other alkali bromide aqueous
solutions (EVANS et al., 2007; FERLAT et al., 2001; WALLEN et al., 1997), including the 0.2 m
KBr aqueous solution reported for comparison, in which Br in the nearest shell is coordinated
by 6 water molecules in octahedral geometry (FERLAT et al., 2002) (Fig 3.2). Despite a
progressive reduction in the amplitude of both the white-line and the feature at 13498 eV,
XANES spectra collected at different pressures and temperatures in the 3wt% NaBr aqueous
solution and Br-bearing aqueous solutions with variable amounts of dissolved NS2 and
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haplogranite components display identical energy positions and shapes than the aqueous
solution at room conditions. This suggests only minor changes in the local structure of Br in
the investigated fluids as further confirmed by the analysis of the EXAFS data presented
below.
Changes in the shape of the XANES spectra are however observed in the melt-like Brbearing fluids, hydrous silicate melts and silicate glass samples, indicating variations in the
structure around Br compared to the water-dominated systems (Fig 3.2). In fluids containing
60 wt% dissolved NS2, the white-line broadens and the intensity decreases likely due to larger
structural disorder around Br, whereas the second edge feature shifts toward higher energies
(Fig 3.2). Yet pressure and temperature changes from 480 °C and 1.5 GPa to 610 °C and 2.2
GPa do not seem to have detectable effect on the XANES spectra, hence on the speciation of
Br in the fluid. The hydrous NS2 melt, on the other hand, displays different edge features both
compared to the Br-bearing aqueous fluids and melt-like fluids with 60 wt% dissolved NS2.
Namely, the vanishing of the resonance at 13498 eV observed in the aqueous fluids and the
appearance of a new resonance at around 13483 eV suggests substantial modifications in the
local environment of Br. The hydrous NS2 melt, however, shows distinct features compared to
the analyzed NS2 glass, anticipating the possible involvement of H2O in the nearest atomic
structure around Br in the melt.
Although the NS2 and hydrous haplogranite glass (3.3 wt% H2O) display similar afteredge features, the haplogranite shows a small pre-edge feature at energy of 13469 eV that is
not observed in any of the investigated compositions. The pre-edge feature in Br K-edge
spectra has been attributed to electronic transitions between the 1s core level to an unoccupied
p state (BURATTINI et al., 1991) and reported in several

covalently bonded Br-bearing

compounds Br, including gaseous HBr and Br2, as well as CHBr3 (DANGELO et al., 1993;
FEITERS et al., 2005). The absence of pre-edge feature in Br-aqueous solutions investigated in
this study is in agreement with the correlation between the polarity of the solvent and the
absence of pre-edge reported by Burattini et al. (1991). However, the origin of the pre-edge
feature in the haplogranite glass is unknown but the differences in the redox conditions during
the synthesis of the sample could results in the production of small amounts of Br2 giving rise
to this pre-edge feature.
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Figure 3.2. Normalized Br-K edge XANES spectra collected on Br-bearing silicate glasses, aqueous
fluids and hydrous silicate melts at various pressure and temperature conditions. Spectra are offset for
clarity. The vertical dashed line is a guide for the eye to appreciate phase shifts. The black arrow shows
the pre-edge feature in the haplogranite glass spectrum corresponding to the 1s to 4p transition
(BURATTINI et al., 1991).
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3.3.2. EXAFS spectra of Br-bearing compounds
3.3.2.1. Aqueous solutions and silicate glasses at room conditions
The k-weighted EXAFS oscillations derived from the normalized spectra collected at
room conditions in the 3 wt% NaBr aqueous solution are reported in Figure 3.3 together with
data for a 0.2 m KBr aqueous solution (FERLAT et al., 2002). Both spectra display similar
EXAFS oscillations but a substantial reduction in the quality of the signal is observed in the
spectrum collected in the HDAC due to larger absorption of the signal in the diamond window
and the non ideal collection geometry for the measurements (SANCHEZ-VALLE et al., 2003).
The EXAFS spectra of the 3wt% NaBr aqueous solution at room conditions are accurately
modeled with a first hydration shell with 5.9 ± 0.7 water molecules (NBr..H-O) at mean Br-O
(oxygen of solvating H2O molecules) distance of 3.37 ± 0.04 Å (Table 3.2 and Fig 3.3). This
model reproduces equally well the data for KBr aqueous solutions reported by Ferlat et al.
(2002), yielding a Br coordination number of 5.7 ± 0.8 with mean Br-O distances of 3.30 ±
0.03 Å. Note that multiple-scattering paths from H atoms needs to be considered to accurately
reproduce the experimental data (Fig 3.4). When only Br-O interactions are considered, the
model fails to reproduce the amplitude of the EXAFS oscillations unless an unrealistic
hydration shell will 12 H2O molecules is adopted. This observation confirms that Br speciation
in aqueous solutions at room conditions is dominated by a 6-fold coordinated hydration shell
with the H-O axis of the water molecule radially aligned towards the central ion, in agreement
with previous findings from EXAFS spectroscopy, neutron and anomalous X-ray diffraction as
well as Molecular Dynamic calculations (FERLAT et al., 2001). The structural parameters
derived from the EXAFS analysis of the aqueous solutions at room conditions are reported in
Table 3.2.
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Figure 3.3. Normalized k-weighted EXAFS oscillations of Br-bearing compounds (solid line) and
corresponding least-square fits (dashed lines) using FEFFIT. Spectra are off-set for clarity. The
pressure and temperature conditions and the compositions are reported next to each spectrum.
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Table 3.2. Structural parameters derived from Br K-edge EXAFS analysis for the aqueous solutions
and silicate glasses at ambient conditions.

Composition

Oxygen (O)

Sodium (Na)

NBr-O

RBr-O

σ2

3 wt% NaBr aq. sol.

5.9 ±0.7 (I)

3.37 ±0.04

0.02

0.04

(0.2m) KBr aq. sol.1

5.7 ±0.8 (I)

3.30 ±0.03

0.02

0.06

NS2 glass

5.2 ±2.4 (II)

3.45 ±0.09

0.015

5.3 ±1.8

2.99 ±0.09

0.03

0.25

Haplogranite glass

6.1 ±3.6 (II)

3.39 ±0.03

0.015

5.9 ±1.8

2.94 ±0.03

0.03

0.21

NBr-Na

RBr-Na

σ2

R-factor

Notes: N = Br coordination number (NBr-O or NBr-Na); R = Br-neighbor mean distance (Å); σ2 = squared Debye-Waller factor;
R-factor = goodness of the fit; S02 = 1; (I) Hydration shell (Br…H-O); (II) Br coordinated to oxygens from the silicate network
(second coordination shell).
1
Ferlat et al. (2002)
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Figure 3.4. The different models used to fit the k-weighted EXAFS oscillations of the 3 wt% NaBr
aqueous solution at ambient conditions (A) and 450 °C and 0.6 GPa (B). The experimental spectra are
represented as solib black lines, together with the least-square fits (blue dashed lines). All fits model a
Br atom surrounded by ~ 6 oxygens. Chosen models, involving Br hydrated by water molecules, are at
the top of the figure. Rejected models, involving single Br-O path, are at the bottom of the figure.
Deconvolutions of the different contributions (Br-O, Br-O-H and Br-H-O-H single and multiple
scattering paths) are reported below the experimental spectra and the chosen model as solid green lines.
A comparison between the different structural parameters used in each model can be found in Table
1A.

EXAFS spectra collected on NS2 and haplogranite glasses at room conditions display
distinct oscillations, with amplitudes nearly out of phase after 2 Å-1 compare to NaBr and KBr
aqueous solutions (Fig 3.3). The first EXAFS oscillation is located at around 3.2 Å-1 compared
to 2.6 Å-1 in NaBr and KBr aqueous solutions, and a distinct feature is present at 2.2 Å-1 in
both glass compositions. Overall, the EXAFS oscillations for the glasses are relatively weak
and extend over a similarly narrow k-1 range as in the aqueous solutions (Fig 3.3), making
difficult the quantitative analysis of the data. The damping of the EXAFS amplitude at large k
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values probably arises from inferring pair correlations from the glass structure as reported for
Cl-bearing silicate glasses (MCKEOWN et al., 2011). Different combinations of Br-Na, Br-O
and Br-Si correlations were tested to constrain the local structural environment of Br in the
silicate glasses. The contributions of the different paths to the EXAFS fit of the NS2 and
haplogranite glasses and the corresponding structural parameters are presented in detail in
Annex 1. Models considering individually the Br-Na or Br-O paths do not provide a
reasonable fit of the EXAFS oscillations in the NS2 and haplogranite glasses and the
simultaneous contribution of Br-Na and Br-O bond is required to reproduce the experimental
data (Fig A1 Annex1). The EXAFS-derived parameters shows that the local environment of Br
in NS2 glasses is composed of 5.3 ± 1.8 atoms of Na and 5.2 ± 2.4 atoms of O from the
tetrahedral network situated respectively at 2.99 ± 0.09 Å Å and 3.45 ± 0.09 Å. The same
model provides satisfactory fits to the EXAFS oscillations of the hydrous haplogranite glass
(3.3 wt% of H2O), yielding average coordination numbers of 5.9 ± 2.31.8 Na and 6.1 ± 3.6 O
atoms located respectively at 2.94 ± 0.03 and 3.39 ± 0.03 Å (Figures A1 and A2). In addition,
we tested the possible presence of Si atoms in the closest environment of Br using Br-Na and
Br-Si correlations. This fitting model yields an average of 4.0 ±1.4 atoms of Na and 3.7 ± 1.7
atoms of Si at 2.97 ± 0.03 Å-1 and 3.16 ± 0.07 Å-1 respectively for the NS2 glass (Table A1),
and 4.4 ± 3.9 Na and 3.9 ±4.2 Si atoms respectively at 2.90 ± 0.11 and 3.07 ± 0.11 Å-1 for the
hydrous haplogranite glass. Although the model reasonably fits the experimental data (Figures
A1 and A2), the presence of Si in the nearest environment of Br is unlikely following results
from MAS-NMR and XAFS studies on analog Cl-bearing (alumino)silicate glasses (EVANS et
al., 2008; MCKEOWN et al., 2011; SANDLAND et al., 2004; STEBBINS and DU, 2002) that
indicate Cl is mainly coordinated to the network-modifying cations (e.g., alkali and alkaliearth). Even if we cannot rule out the presence of minor amounts of Br bonded to network
cations (Si and Al), the structural model we prefer shows that Br in (alumino)silicate glasses is
surrounded by an average of 6 Na cations (or Na+K in haplogranite composition) at an average
Br-Na distance of 2.99 Å in a “salt-like” structure similar to crystalline NaBr [or (Na,K)Br].
Six oxygens from the tetrahedral silicate network at an average Br-O distance of 3.4 Å, with
Na –O average distance of 2.5 Å, compose the second nearest coordination shell around Br
ions. Even though the second-shell coordination number has larger associated errors (Table
3.2), the main Br-O distance remains meaningful The large errors on the second shell
coordination numbers are associated to the high R-factor, which characterizes the quality of the
fit, and may result from (1) the reduced k-range of the EXAFS data that prevent the use of
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more variables in the fitting, and (2) to the relative weakness of Br bonds which results in
attenuated EXAFS oscillation at long k-range. Additionally, we suggest that the calculated
errors for the oxygen shell represent more a statistical distribution of Br environments rather
that the actual deviation of the parameter in the fitting model. Nevertheless, these large
uncertainties should not be taken as limiting factors concerning the determination of local
structure around Br- ions in silicate glasses as their average values are representative within
errors and careful attention was taken that other parameters such as ΔE were unchanged during
fitting.
Finally, the similarities between the EXAFS spectra of anhydrous NS2 and hydrous
haplogranite (3.3 wt% H2O) glasses suggest that OH and/or H2O groups do not have large
influence on the local structure around Br ions in water undersaturated glasses. Attempts to
include the effect of Br…H-O bonds in the fitting model by taking into account multiple
scattering Br…H-O paths instead of Br-O correlations only, resulted in a systematic decrease of
the fit quality (higher R-factor), suggesting that the direct environment of Br is anhydrous (Fig
A2, Annex1). This conclusion is supported by results from NMR studies on hydrous Clbearing (alumino)silicate glasses (SANDLAND et al., 2004) that do not show evidence for the
replacement of Na+ by H2O (or OH groups) in the neighboring shell around the halide ions in
glasses containing up to 5.5 wt% H2O. Moreover, 29Si, 27Al and 23Na NMR studies in hydrous
aluminosilicate glasses (3wt% H2O) indicate that the hydration sites in the structure are
preferentially located around Na ions (KOHN, 2000; SCHMIDT et al., 2001). Based on the
present EXAFS analyses and NMR evidences we suggest that water in the haplogranite glass is
preferentially bonded to Na ions that are not coordinated to Br and that the Br environment in
water undersaturated glasses remains largely anhydrous.
3.3.2.2. Bromine-bearing aqueous fluids at high pressure
XAFS spectra were collected in 3 wt% NaBr aqueous solutions, Br-bearing single phase
fluids containing dissolved NS2 (30 wt% and 50 wt% dissolved NS2) and the aqueous fluids in
equilibrium with a haplogranite melt up to 750 °C and 1.1(1) GPa. Normalized k1-weighted
EXAFS oscillations representative of the investigated compositions at various pressuretemperature conditions are reported in Figure 3.3 together with their least-square fits. The
structural parameters derived from the EXAFS analysis are presented in Table 3.3. Despite the
progressive reduction of the amplitude of the oscillations mainly at high k numbers, the main
features are found to be very similar in all spectra (Fig 3.3), in agreement with the
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corresponding XANES spectra (Fig 3.2). Our data collected in 3 wt% NaBr aqueous solutions
up to 450 °C and 0.6 GPa are well reproduced by the octahedral hydration shell model
including multiple-scattering contributions from hydrogen atoms that was applied at room
conditions (Fig 3.3 and Fig 3.4 B). EXAFS-derived Br coordination numbers and Br-O (from
H2O molecules) distances are respectively 5.9 ± 0.7 and 3.37 ± 0.04 Å at ambient conditions,
and 6.4 ± 1.1 and 3.40 ± 0.07 Å at 450 °C and 0.6 GPa, indicating the prevalence of the 6-fold
coordinated hydration shell at high temperature. The possible occurrence of Br-Na ion pairs
was tested by introducing the contribution of Br-Na correlations in the fitting model of the
high temperature data, but this resulted in a decrease of the overall quality of the fit. Within the
resolution of the data, thus there is no discernable effect of pressure and temperature on the
local structure of Br- in aqueous solutions at the investigated conditions.
Br K-edge EXAFS spectra collected in silicate-bearing aqueous solutions up to 750 °C
and 1.1(1) GPa do not display significant differences compared to the NaBr aqueous solution
(Fig 3.3). The first EXAFS oscillation is located at a constant position of 2.6 Å-1 in all
compositions, with the exception of the fluid containing 50 wt% dissolved NS2 and the fluid in
equilibrium with the haplogranite melt (0.6 wt% dissolved silicate) at 750 °C and 0.2 GPa, in
which the oscillation is shifted by about 0.1 Å-1 towards higher k-values. The results of the
EXAFS analysis in the silicate-bearing aqueous fluids using the octahedral hydration shell
model are reported in Table 3.3. The Br coordination number (NBr…H-O) slightly decreases
from 6.7 ± 1.4 to 5.7 ± 1.4 when increasing temperature from 190 °C to 320 °C in the fluid
containing 30 wt% dissolved NS2, whereas the number of O neighbors (from H2O molecules)
decreases to 4.7 ± 1.5 in the fluid containing 50 wt% NS2 at 550 ºC and 1.1 GPa. These
changes are however not accompanied by changes in the Br-O distances that remains to about
3.37 ± 0.02 Å (Table 3.3). We note that the smallest coordination number (NBr..H-O = 4.7 ± 1.5)
correspond to the fluid containing the largest amount of dissolved silicates (50wt% NS2
dissolved), thus probably reflecting compositional effects rather than temperature effect as will
be discussed below. Therefore, within the resolution of the EXAFS data, we do not identify
major structural changes around Br that is present in the fluid as hydrated and octahedrally
coordinated in the NS2-bearing aqueous fluids regardless of the silicate content. We do not
rule out however that possible changes in the structure around Br in the compositions could be
hidden by the large uncertainties in the fitting parameters.
Similarly, there are no significant changes in the coordination shell in haplogranite
compositions, where the coordination numbers are 5.4 ±0.9, 5.7 ± 1.1 and 5.0 ± 1.6 at 475 °C,
680 °C and 750 °C, respectively (Fig 3.3 and Table 3.3). Although these values are slightly
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lower, they remain close to 6 within errors and are consistent with the prevalence of the
hydration shell at high P-T conditions in the range of investigated silicate-bearing solutions.
This observation is also supported by the relative homogeneity of mean Br-O distances (RBr-O)
that fall between 3.3 and 3.4 Å for all pressure-temperature conditions and compositions
investigated in this study (Table 3.3). The constant Br coordination numbers and distances
derived from the EXAFS data for a wide range of aqueous compositions at high pressure and
temperature is in good agreement with the absence of significant modifications in the
corresponding XANES spectra that are more sensitive to change in the structural environment
of the central ion.
3.3.2.3. Bromine-bearing melt-like fluids at high pressure
EXAFS spectra collected in Br-bearing melt-like fluids, including fluids containing 60
wt% dissolved NS2 and hydrous NS2 silicate melt, represent to the best our knowledge the
first direct observation of halogen speciation in dense mobile phases relevant for subduction
zones. EXAFS oscillations collected in these compositions show noticeable differences in
comparison with spectra collected in Br-bearing aqueous fluids (Fig. 3.3). In the single phase
fluid containing 60 wt% NS2, the first EXAFS oscillation shifts from 2.6 Å-1 to 2.8 Å-1
compared to the aqueous solutions, confirming the changes onset in the 50wt% dissolved NS2
aqueous fluid. On the other hand, the EXAFS oscillations derived for hydrous NS2 melt (10
wt% H2O) bear closer resemblance with the NS2 and haplogranite glass, sharing similar
oscillations at 2.2 and 3.15 Å-1.
The deconvolution models used to fit the different contributions to the EXAFS spectra
show that the experimental oscillations correspond most likely to a combined contribution of
Br-Na bonds and Br-OH (or H2O). Contributions from simple Br-O bonds (without
considering multiple-scattering from H) were also tested to discriminate between the presence
of oxygens from the silicate network or hydrous species (OH or H2O) in the local environment
of Br in the hydrous melt. Details of the fitting are provided in Figure 3.5 and the structural
parameters derived from the EXAFS analysis reported in Table 3.3 and supplementary Table
A1 (Annex 1). Note that in both compositions, if only contributions from oxygens from the
silicate network are considered, it results in a reduction of the quality of the fit as shown by the
increase in the R-factor (Table A1). In the fluid containing 60 wt% dissolved NS2, the fitting
model show the presence of Na ions and H2O molecules in the nearest environment of Br, with
NBr-Na = 2.5 ± 1.2 at mean Br-Na distance of 3.10 ± 0.06 Å, and N(Br..H-O) =3.6 ± 1.5 at mean
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Br-O distance of 3.47 ± 0.05 Å at 480 °C and 1.5 GPa. Increasing pressure and temperature up
to 610 ºC and 2.2 GPa results in no detectable changes in the coordination parameters within
the uncertainties, with NBr-Na = 2.6 ± 0.9 at mean Br-Na distance of 3.06 ± 0.06 Å, and N(Br…HO)

= 4.8 ± 2.4 at mean Br-O distances of 3.45 ± 0.05 Å. These observations are compatible with

the formation of Br-Na complexes and the partial dehydration of Br as the proportion of
dissolved alkali silicate in the fluid increases.
In the hydrous NS2 melt (10 ± 1 wt% H2O) at 710 ºC and 0.4 GPa, the Na-coordination
number increases to NBr-Na = 6.6 ± 2.1 with Br-Na distance of 2.91 ± 0.03 Å, whereas the
number of hydrous groups (OH or H2O) remains similar in comparison to the 60 wt% NS2
fluid (NBr..H-O) = 3.4 ± 1.6 with average Br...(H)-O distances of 3.36 ± 0.03 Å). The increase in
the Na-coordination number compared to the 60 wt% NS2-bearing fluids indicates that the
nearest environment of Br (first coordination shell) progressively approaches the Br local
structure observed in the glass, with six Na ions in “salt-like” structure. Based on

29

Si NMR

evidences that indicate water dissolved as molecular H2O is favored in NS2 glasses as the
amount of dissolved water increases (UCHINO et al., 1992; XUE and KANZAKI, 2004), we
suggest that molecular H2O rather than OH hydroxyl groups are present in the local
environment of Br ion in the hydrous silicate melt. The local structure of Br in the hydrous
NS2 melt inferred from the EXAFS analyses thus suggest that Br is in an intermediate
structure between the anhydrous silicate glass and the aqueous solutions.
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Table 3.3: Br K-edge EXAFS analysis of experimental high P-T fluids (3 wt% NaBr aqueous solution,
Br-bearing aqueous fluids and Br-bearing melt-like fluids).
Composition

T
(°C)

P
(GPa)

NBr…H-O

RBr…H-O

σ2

NBr-Na

RBr-Na

σ2

Rfacto
r

3 wt% NaBr aqueous solution
25

0

5.9 ± 0.7

3.37 ±0.04

0.02

bdl

1

0.04

320

0.2

6.3 ± 1.8

3.36 ±0.05

0.04

bdl

0.17

450

0.6

6.4 ±1.1

3.40 ±0.07

0.048

bdl

0.19

Br-bearing aqueous fluids
30 wt% NS2

2

190

n.d.

6.7 ±1.4

3.38 ±0.03

0.037

bdl

0.14

320

n.d.

5.7 ±1.4

3.37 ±0.09

0.036

bdl

0.22

580

1.1

4.7 ±1.5

3.35 ±0.15

0.038

bdl

0.25

475

1

5.4 ±0.9

3.33 ±0.03

0.05

bdl

0.13

5 wt% Hpg

680

0.8

5.7 ±1.1

3.30 ±0.04

0.06

bdl

0.12

0.6 wt% Hpg

750

0.2

5.0 ±1.6

3.33 ±0.06

0.06

bdl

0.30

50 wt% NS2
1.2 wt% Hpg

3

Br-bearing melt-like fluids
60 wt% NS2

NS2 melt
(10 ±1 wt% H2O)

480

1.5

3.6 ±1.5

3.47 ±0.05

0.01

2.5 ±1.2

3.10 ±0.06

0.01

0.23

610

2.2

4.8 ±2.4

3.45 ±0.05

0.03

2.6 ±0.9

3.06 ±0.06

0.03

0.20

710

0.4

3.4 ±1.6

3.36 ±0.03

0.02

6.6 ±2.1

2.91 ±0.03

0.05

0.24

Notes: N = Br coordination number (dissociate as NBr…H-O and NBr-Na); R = Br-neighbor mean distance (Å); σ2 = squared
Debye-Waller factor; R-factor = goodness of the fit; S02 = 1.
1
bdl = below detection limit. Detection limit corresponds to the maximum Br-Na coordination number determined for 3 wt%
NaBr aqueous solution at ambient conditions.
2
wt%NS2 indicates the amount of dissolved NS2 in the single phase fluid calculated from the mass of H2O and NS2 glass.
3
wt%Hpg refers to the amount of dissolved silicate in the fluid coexisting with haplogranite melt calculated using the solubility
data of Anderson and Burnham (1983).
Errors in temperature and pressure are ±2 ºC and 5%, respectively.
Errors in the composition of the analyzed fluids are within 5%.
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Figure 3.5. The different models used to fit the k-weighted EXAFS oscillations of the Br-bearing meltlike fluids (60 wt% NS2 (A) and NS2 melt containing 10 wt% H2O (B)).
The experimental spectra are represented as solib black lines, together with the least-square fits (blue
dashed lines). The best fits (top of the figure) model the mix contribution of Br-Na bonds and hydrated
Br…H-O. Rejected models (at the bottom of the figure) involves the only hydrated Br in 60 wt% NS2
aqueous fluid (A) or the contribution from O from the silicate network (single Br-O path) in the
hydrous NS2 melt (B)
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3.4. Bromine speciation in subduction zone fluids
Structural information derived from EXAFS analysis represents the first direct
observation of bromine (and halogens) speciation at pressure and temperature conditions and
fluid compositions relevant for subduction zones. Figure 3.6 presents a plot of Br…H-O
coordination number (i.e., number of water molecules in the first hydration shell of the central
Br ions) as a function of temperature at different pressures and fluid compositions. Within
uncertainties, Br is present in 3wt% NaBr aqueous solutions and Br-bearing aqueous fluids as
a hydrated ion coordinated by 6 water molecules [Br(H2O)6] at any investigated pressure and
temperature. In the 3wt% NaBr aqueous solution, the number of water molecules around Br
remains unchanged from room conditions to up to 450 ºC and 0.6 GPa in spite of the reduction
of the EXAFS amplitude with increasing temperature (Fig 3.3). This observation is in
contradiction with the temperature effect observed in a number of previous classical EXAFS
studies performed at low pressure (< 650 bar at 450 ºC) that reported a dramatic reduction of
the number of water molecules in the hydration shell of Br at supercritical conditions (DA
SILVA et al., 2009; WALLEN et al., 1997). Based on combined EXAFS and Molecular Dynamic
studies, Ferlat et al. (2001) and later D’Angelo et al. (2010) however suggested that the
damping of the EXAFS oscillations in supercritical fluids arises from strong local fluctuations
and disorder in the hydration shell rather than from the dehydration of Br ion at supercritical
conditions as previously submitted. Our experiments conducted at much higher pressures in a
similar temperature range and using classical EXAFS data analysis are consistent with this
interpretation and with the persistence of the hydration shell around Br ions. Differences
between the results of the classic EXAFS studies on low and high pressure studies reflect the
role of pressure in strengthening the hydration shell around Br by means of the increase in the
dielectric constant of the solvent, reducing the fluctuations in the hydration shell that biases the
quantitative determination of hydration numbers in low pressure studies. Although the Br..H-O
distances remains constant within uncertainties at the pressures investigated here (Table 3.3),
this observation is also supported by the findings of Filipponi et al. (2003) who reported the
contraction and prevalence of the 6-fold coordinated hydration shell around Br in RbBr
aqueous solutions at 150 °C and 2.8 GPa. The contrasting behavior of aqueous species in low
and high pressure conditions has been also shown by recent molecular dynamic studies of the
speciation of Li+ (JAHN and WUNDER, 2009) and Ti4+ (VAN SIJL et al., 2010) in high density
water. For instance, van Sjil et al. (2010) observed the persistence of the hydration shell around
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Ti with increasing fluid density from 1.02 to 1.26 g/cm3 (0.0 to 3.6 GPa) at 1000 K, whereas
the hydration number decreases to 5 H2O molecules as density decreases below 0.9 g/cm3,
reflecting changes in the properties of the solvent and notably of the dielectric properties that
control ion-ion and ion-solvent interactions. An exception to the trend emerging from the high
pressure studies are the results of Mayanovic et al. (2001), who reported a decrease of 63% of
the water molecules in the solvation shell of both isolated Br aqua ions and ZnBr42- complexes
in 1 m ZnBr2/6 m NaBr aqueous solution from ambient to 500 ºC and 0.5 GPa. The origin of
this discrepancy is unknown at this point and additional studies on the speciation of Br in
aqueous electrolytes at high pressure will be necessary to clarify the disagreement. Finally, the
persistence of the hydration shell of Br in aqueous solutions at high P-T conditions indicates
that the hydration water may not be as weakly bonded to Br ions (and probably other halides)
in electrolyte solutions as previously suggested (MAYANOVIC et al., 2001) and that pressure
enhances the anion-solvent interactions.
At higher temperatures, the 6-fold hydrous clusters [Br(H2O)8] are within the detection
limits the major Br species in solution in fluids containing up to 50 wt% dissolved silicates
although there is a trend toward slightly decreasing coordination numbers for the data collected
at the highest temperature (750 °C and 0.2 GPa) and with the largest amount of dissolved
silicates (50 wt% NS2). We note that the Debye-Waller factor strongly increases at 750 °C and
0.2 GPa (from 0.02 at room conditions to 0.06 at 750 °C, Table 3.3), suggesting large disorder
in the hydration shell. Thus the apparent reduction of the water coordination number could in
fact reflect the limitations of XAFS for characterizing disordered atomic shell. On the other
hand, the Br hydration number for the sample containing 50wt% dissolved NS2 falls on the
trend defined by the “melt-like” fluids, indicating that the apparent reduction of the hydration
shell could reflect compositional rather than temperature effects.
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Figure 3.6. “Water”coordination number around the central Br ion as a function of temperature at the
different pressures and fluid compositions investigated in this study. Fluid composition: 3 wt% NaBr
aqueous solution (full circle); Br-bearing aqueous fluids (full square = NS2 composition; full star =
aqueous fluids in equilibrium with haplogranite melt); Br-bearing melt-like fluids (grey full symbols).
Numbers next to each symbol indicate the pressure and the composition of the fluid (in wt% of
dissolved silicates).

The changes in Br speciation with composition are better illustrated in Fig 3.7, where the
evolution of the Br..H-O and Br-Na coordination numbers is reported as a function of
dissolved NS2 along the NaBr aqueous solution – NS2 melt compositional join. In fluids
containing less than 30 wt% NS2, we do not find evidence for the incorporation of Na ions in
the close environment of the Br ion that is dominated by the 6-fold hydration shell as discussed
above. We note however that as the concentration of dissolved NS2 increases to 50-60wt%, the
water coordination number decreases down to 4-5. Nevertheless, in the fluid with 50wt%
NS2the number of Na ions bonded to Br remains below the detection limits (1-1.5 Na ions at
high T) and only when the concentration of dissolved NS2 reaches 60 wt%, Na ions are
unambiguously identified in nearest environment of Br. We cannot rule out that the lack of
evidence for Br-Na complexation in the fluid below 60wt% dissolved alkali silicates may be
partially related to the inherent high detection limits of the EXAFS analysis in the diamond
anvil cell. However, this may well reflect also the affinity of Br for the hydrated species that
delays its incorporation in Na-Si polymerized domains in the fluids. Only when the
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concentration of dissolved alkali silicates in the fluids is very large, the [BrNa2.5(H2O)4]
clusters are more stable than the Br hydrate [Br(H2O)6].
In the hydrous melt (10 wt% H2O), the increase in the Na-coordination number to 6.6 ±
2.1 shows that Br in the melt adopts a 6-fold coordinated NaBr “salt-like” structure similar to
that observed in the silicate glasses. However, the presence of molecular H2O contrast with the
structure proposed for the water under-saturated glass, where only oxygens from the silicate
network were identified in the proximities of Br ions. The presence of a “hydration shell”
around Br in NS2 melt appears plausible as the melt contain about 10 wt% dissolved H2O, that
will be enough to hydrate the low amount of Br that may be present in the hydrous melt
coexisting with an aqueous phase (Fig 3.1F) considering available fluid-melt partition
coefficients for Br (BUREAU et al., 2010) (Chapter 4).
The present results show evidence for a gradual transition in Br speciation from a
hydrated complex [Br(H2O)] to [BrNax(H2O)y] complexes with various stoichiometries that
encompasses changes in fluid chemistry (Fig 3.8). The increasing similarities in the local
structure of Br in aqueous fluids containing large amounts of dissolved alkali-silicates and
hydrous melts agrees with the progressive decrease in the DBrf/m coefficients as pressure and
temperature increase observed in recent experimental studies (BUREAU et al., 2010) (Chapter
4). We note that DBrf/m >10 are reported at low temperatures (580 -650 °C), when coexisting
aqueous fluids and melts are chemically and structurally distinct. Additionally, Br
complexation with Na, and part extension Cl-Na complexation, is consistent with the enhanced
solubility of halogens (Cl) in silicate melts with increasing of the concentration of modifier
cations (WEBSTER and DE VIVO, 2002).
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Figure 3.7. Evolution of bromine coordination numbers (NBr..H-O and NBr-Na) as a function
of fluid composition in the NaBr aqueous solution – NS2 system (i.e, the weight fraction of NS2
dissolved in the fluid). The gray field represents the detection limit (DL) for Br-Na complexes,
which corresponds to the maximum Br-Na coordination number (NBr-Na) determined for 3wt%
NaBr aqueous solution at ambient conditions (DL = 0.75).
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Figure 3.8. Schematic representation of Br local environment in subduction zone fluids in function of composition (wt% dissolved silicates including Si, Na
and Al). The proposed model for the speciation of Br in Na-rich silicate glasses is reported at the bottom of the figure for comparison. Color code is the
following: Br (large red), Na (green), Si (deep blue), Al (small red), O (light blue) and H (black).
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3.5. Implications for the transport and recycling of halogens in subduction
zones
The information on the speciation of Br in high pressure fluids provides insights on the
behavior of halogens in subduction-related processes, and allows discussing the transport and
recycling of halogens in subduction setting. The results emphasize the influence of fluid
composition on the speciation of Br in geologically relevant fluids and further suggest that the
mobilization and the transport mechanism for Br in subduction zones will significantly depend
on the chemistry of the slab-derived fluids. This, in turns, is essentially controlled by the slab
composition and the depth of fluid extraction, hence on pressure and temperature (BEBOUT,
2007; HERMANN et al., 2006; MANNING, 2004; SCHMIDT and POLI, 1998; SCHMIDT et al.,
2004). It is generally accepted that solute-rich aqueous fluids (up to 10-20 wt% dissolved
silicates) triggered by continuous dehydration reactions within the subducting slab are the main
mobile phases at the slab-mantle interface

up to depth of 100-200 km (BEBOUT, 2007;

HERMANN et al., 2006; MANNING, 1998; MANNING, 2004; SCHMIDT and POLI, 1998). In
comparison to the experimental results obtained for Br-bearing aqueous fluids, these fluids are
expected to mobilize halogens from the subducting slab mainly as 6-fold hydrated complexes.
The stability of the complexes in these fluids over a wide range of pressure and temperature
(Fig 3.6) and the preferential partitioning of Br into the aqueous phase (BUREAU et al., 2010)
(Chapter 4) suggest that they can efficiently extract and transport Br (and Cl and I) from the
slab to the source region of arc magmas, contributing to recycling an important fraction of
halogens in subduction zones. If halogens are retained in the slab, they could be further
removed by more complex fluids (> 30 wt% dissolved silicates) or hydrous melts produced at
higher depth (HERMANN et al., 2006; KESSEL et al., 2005; MANNING, 2004), as the
complexation with alkalis (namely Na) in water-rich environments may also provide an
efficient mechanism for the mobilization of halogens dragged in the subducting slab. Various
experimental studies have shown that the hydrous melting of sediments or oceanic crust in
subduction zones at about 2 GPa and 750 °C results in the formation of peraluminous to
peralkaline rhyolitic melts (HERMANN and SPANDLER, 2008; JOHNSON and PLANK, 1999;
KESSEL et al., 2005; SPANDLER et al., 2007). The enhanced solubility of halogens in such melt
compositions should favor their transport from the slab to the mantle wedge and most likely to
the volcanic arc, where halogens may play a critical role in volcanic degassing by influencing
the properties of the magmas (e.g. viscosity, phase relations, diffusion) (AIUPPA et al., 2009).
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However, the systems investigated are very simplistic analogs for subduction zone fluids and
other processes, including the influence of additional mineral phases or of fluid flow dynamics
should be consider to better constrain halogen recycling in subduction zones (HERMANN et al.,
2006; MANNING, 2004).

3.6. Conclusion
The speciation of Br has been investigated up to 750 ° and 2.2 GPa using X-Ray
Absorption Spectroscopy (XAFS) in hydrothermal diamond-anvil cells. EXAFS spectra has
been collected over a wide of composition, including NaBr aqueous solutions, aqueous fluids
containing from 1.2 wt % to 60 wt % dissolved alkalis and silicates and hydrous sodium
silicate melts to unravel the influence of composition on the recycling of Br and more
generally halogens in subduction zones.
In aqueous fluids containing up to 50 wt% dissolved silicates the local environment
around Br is dominated by a persistent hydration shell composed of ~ 6 water molecules,
which apparently persist up to high P-T conditions (up to 750 °C and 1.1 GPa). However, as
the concentration of silicates in the fluid increases from 50 to 90 wt% (i.e., hydrous melt), the
speciation of Br evolves rapidly, with the formation of an increasing amount of hydrated
[BrNax(H2O)y] complexes. Ultimately, hydrated salt-like structure with Br surrounded by ~ 6
Na atoms are stabilized in hydrous melts. This coordination environment strongly differs from
the one reported in haplogranite glass containing 3 wt% of water, where no water molecules
are observed around Br.
Overall, these results suggest that the formation of [BrNax(H2O)y] complexes could
favor the incorporation of Br in water-rich silicates melts. Therefore, while aqueous fluids are
expected to transport large amounts of halogens in subduction zones, supercritical fluids and
hydrous slab melts could also mobilize additional fraction of these elements in the subducting
slab and significantly contribute to the geochemical cycle of halogens in subduction zones.
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Annex1: Discrimination between different neighbors to model the
experimental EXAFS oscillations of the standard glasses

Figure 1A. The different models used to fit the
EXAFS spectra of the NS2 (Na2Si2O5) (A) and
haplogranite (B) glasses. Experimental spectra are
solid black lines and least-square fits dashed blue
lines. Deconvolutions of the different contributions
to the fits are below the experimental spectra as
solid color lines (red: Na; blue: Si; green: O).
Comparison between the structural parameters used
in each model can be found in Table 1A. The
chosen model is at the top of the figure
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Table 1A. The different models used for Br K-edge EXAFS analysis of 3 wt% NaBr aqueous solution, Br-bearing aqueous fluids, Br-bearing melt-like fluids
and Br-bearing silicate glasses.
1

Model

NBr…H-O

RBr…H-O

NBr-O

RBr-O

σ2

NBr-Na

RBr-Na

NBr-Si

RBr-Si

σ2

R

ΔE

χ2

0.04
0.17

3.05
1.33

0.0004
0.0023

0.19
0.24

2.17
1.91

17.01
33.32

0.01

0.23
0.46

4.1
2.01

108.03
121.47

0.05
0.05

0.24
0.38

-0.01
-0.34

12.96
23.21

0.03
0.008

0.25
0.27

1.23
-2.87

186.46
200.15

0.03
0.03

0.21
0.38

0.01
1.05

46.51
82.84

Br-bearing aqueous fluids
NaBr sol. - 25 °C-1 atm.
4

Fluid 1
Fluid 25

5.9 ±0.7

Fluid 14
Fluid 25

6.4 ±1.1

3.37 ±0.04
5.9 ±0.7

3.37 ±0.04

0.02
0.02

3.40 ±0.07

0.048
0.048

NaBr sol. - 450 °C-0.6 GPa
3.40 ±0.07
6.4 ±1.1

Br-bearing melt-like fluids
60 wt% NS22 - 480 °C-1.5 GPa
4

Melt A1
Melt A25

3.6±3.0
6.5±3.0

3.47±0.05
3.30±0.22

0.01
0.05

Melt B14
Melt B25

3.4±1.6

3.36±0.03

0.02
0.02

2.5±1.2

3.10±0.06

NS2 melt - 710 °C-0.4 GPa
3.4±1.6

3.36±0.03

6.6±2.1
6.6±2.1

2.91±0.03
2.91±0.03

Br-bearing silicate glasses
NS2 glass
NS2 14
NS2 25

5.2 ±2.4

Hpg 14
Hpg 25

6.1 ±2.4

3.45 ±0.09

0.015

5.3 ±1.8
4.0 ±1.4

2.99 ± 0.09
2.97 ±0.07

3.7 ±1.7

3.16 ±0.07

Haplogranite glass
6.1 ±3.6

3.39 ±0.03

3.39 ±0.03

0.015
0.015

5.9 ±1.8
5.9 ±1.8

2.94 ±0.03
2.94 ±0.03

Notes: N = Br coordination number; R = Br-neighbor mean distance (Å); σ2 = squared Debye-Waller factor; R-factor = goodness of the fit; S02 = 1; ΔE =
energy shift in eV; χ2 = reduced χ2.
1

Models presented on Figure 3.4, 3.5 and 1A1-2.
wt%NS2 indicates the amount of dissolved NS2 in the single phase fluid calculated from the mass of H2O and NS2 glass.
3
wt%Hpg refers to the amount of dissolved silicate in the fluid coexisting with haplogranite melt calculated using the solubility data of Anderson and
Burnham (1983).
4
Chosen models showing the best fit quality (lower R-factor and reduced χ2) (in blue). These models are presented in Tables 3.2 and 3.3.
5
Rejected models.
2
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Chapter 4:
Br partitioning between aqueous fluids and silicate melts:
implications for the recycling of halogens in subduction
zones
Abstract
The partitioning of bromine (Br) between haplogranite melts and aqueous fluids (H2O or
3 wt% NaBr aqueous solutions) has been investigated as a function of pressure, temperature and
fluid and/or melt composition to provide additional constrain on the geochemical cycle of
halogens in subduction zones. SXRF analysis in hydrothermal diamond-anvil cells were used to
monitor in situ the concentration of Br in coexisting haplogranite melts and aqueous fluids from
!/!

which fluid-melt partition coefficients 𝐷!"
!/!

determined. Measured 𝐷!"

from 592 to 840 °C and 0.2 to 1.7 GPa were

decrease from 11.06 ±0.45 to 2.24 ±0.09 in the investigated

pressure-temperature range for initial glass fraction Xg from 0.70 to 0.82 in the system. The
!/!

results show evidence for the influence of fluid and melt composition on the 𝐷!"

in non-

buffered fluid-melt systems. The partitioning of Br between coexisting aqueous fluids and
silicate melts is largely controlled by the strong affinity of Br for hydrated environments and
complexation with alkalis (namely Na). Both alkali-silicate bearing aqueous fluids and hydrous
silicate melts can mobilize large amounts of Br at high pressure – high temperature conditions,
indicating that halogens (F, Cl, Br and I) can hence be efficiently recycled in subduction zones.
Changes in the effect of pressure on the partitioning and solubility of halogens in fluids and
melts are observed at around 0.5 GPa, suggesting possible changes of fluid and/or melt
composition and structure upon decompression that could control the transport of halogens in the
upper crust and subsequently influence their degassing in volcanic environments.
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4.1.

Introduction
Subduction zones are the main places of matter recycling on Earth and silicate melts and

aqueous fluids generated in these regions have a crucial influence on the recycling of elements
between the subducting slab, the upper mantle, and the upper crust (EILER, 2003; STERN, 2002).
Despite their low concentration in the Earth’s mantle and crust, halogens (F, Cl, Br, I) are
thought to play a critical role in the evolution of the Earth’s interior (AIUPPA et al., 2009; PYLE
and MATHER, 2009; WALLACE, 2005). Numerous studies have demonstrated that halogens (and
especially chlorine) are important tracers of magmatic and degassing processes in subduction
related environments that can provide insights about subsurface magma movement and eruption
likelihood (AIUPPA et al., 2009). Besides, their ability to complex with other elements has also
considerably influence the formation and distribution of ore deposits (HEDENQUIST and
LOWENSTERN, 1994; HEGELSON, 1964), in agreement with field observations recording F, Cl or
Br-enriched brines associated with ore deposits (APPEL, 1997; LINTERN et al., 2009).
Over the last years, it was suggested that the stable halogens levels recorded in the oceans
over geological times illustrates the effective recycling of halogens from the subducting oceanic
crust to the arc and the atmosphere (PYLE and MATHER, 2009; WALLACE, 2005). However, while
the global balance between chlorine inputs and outputs in subduction (i.e., chlorine incorporated
in the oceanic crust and sediments by oceanic hydration after reflux along the slab decollement
equals Cl contents in non-degassed arc magmas) apparently confirms this efficient recycling
(STRAUB and LAYNE, 2003; WALLACE, 2005), recent studies on the halogens chemistry of
serpentinites (JOHN et al., 2011) suggested that serpentinized mantle could constitute and
important halogens reservoir in the Earth’s mantle. Furthermore, the geochemical cycle of Br
and I in subduction zones remains overall poorly constrained.
In order to improve our understanding of the geochemical cycle of halogens in
subduction zones, experimental data describing the behavior of halogens (e.g. solubility,
partitioning, speciation) in high P-T aqueous fluids and silicate melts analogs of subduction zone
fluids are necessary. Until now, experimental studies mainly constrained the solubility, diffusion
and partitioning behavior of halogens (principally Cl) between aqueous fluids and silicate melts
during degassing processes, i.e. at pressures between 0.05 and 0.2 - 0.4 GPa (BALCONEBOISSARD et al., 2009; BUREAU et al., 2000; BUREAU and METRICH, 2003; CARROLL, 2005;
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SIGNORELLI and CARROLL, 2002; VILLEMANT and BOUDON, 1999; WEBSTER, 1992a; WEBSTER,
1992b). These studies have demonstrated that the solubility of Cl, Br and I systematically
decreases in silicate melts (i.e. or the fluid-melt partition coefficients increase) with increasing
pressure, suggesting that the efficiency of halogens degassing vary upon magma decompression
and hence strongly depends on the volcanic eruptive style. At pressure below 0.5 GPa, the
solubility of Cl and Br in silicate melts is furthermore expected to increase with temperature
(BUREAU and METRICH, 2003; WEBSTER, 1992a). On the other hand, Webster (1992a) have
shown that in the presence of large amounts of Cl (>1000 ppm Cl in melt) the Cl fluid-melt
partition coefficients decrease with pressure increasing from 0.6 to 0.8 GPa. Likewise, a recent
study investigating the partitioning behavior of Br between aqueous fluid and haplogranite melt
at higher P-T conditions showed that Br fluid-melt partition coefficients significantly decreases
when pressure increases from 0.6 to 1.7 GPa (i.e. Br concentrations increase in the melt). This
suggests that high amounts of Br are likely to dissolve in high P-T hydrous silicate melts or
supercritical fluids generated within the subducting slab and may be recycled down to the
transition zone (BUREAU et al., 2010). In comparison, we showed in Chapter 3 that the formation
of Br-Na complexes in melt-like fluids containing from 60 to 90 wt% dissolved alkali silicates
likely explain this increase solubility of Br in high P-T silicate melts and supercritical fluids and
further suggested that a similar behavior should be expected for Cl and I.
In this paper, we take advantage of the recent development in Synchrotron radiation and
diamond-anvil cell techniques (BUREAU et al., 2007; MAYANOVIC et al., 2007; SANCHEZ-VALLE
et al., 2003; SCHMIDT and RICKERS, 2003; WILKE et al., 2006) to obtain additional constrains on
the partitioning behavior of halogens between high P-T aqueous fluids and silicate melts. While
Cl is the most abundant halogen in geological fluids, X-ray fluorescence measurements are not
accessible in diamond-anvil cell due to chlorine low absorption energy (K-edge Cl = 2.82 keV)
and therefore Br is used here as a likely analog of Cl suitable for SXRF measurements in a
diamond-anvil cell (Chapter 3). However, following recent measurements of volcanic emissions
that identified significant amounts of bromine oxides degassed in volcanic arcs with considerable
impact on the ozone depletion (BOBROWSKI et al., 2003; DANIEL et al., 1999; GERLACH, 2004;
THEYS et al., 2009), constrains on the geochemical cycle of Br in subduction zones are also
critically needed.
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The partitioning behavior of Br between coexisting aqueous fluids and haplogranite melts
was hence investigated at pressure-temperature conditions relevant for subduction-related
environments using in situ Synchrotron X-ray Fluorescence Spectroscopy (SXRF) measurements
in Hydrothermal Diamond-Anvil Cells (HDAC) (BASSETT et al., 1993). In comparison to the
!/!

previous data of Bureau et al. (2010), the partition coefficients 𝐷!"

calculated from 592 to 840

°C and 0.2 to 1.7 GPa define additional constraints on the influence of temperature, pressure and
fluid and melt composition on the partitioning behavior of Br in high P-T fluids. The
experimental results provide new constraints on the mobilization of halogens in subduction zones
and their behavior in subduction-related volcanic environment.
4.2. Methods
4.2.1. Fluid-melt partitioning experiments in the HDAC
SXRF measurements in the haplogranite-H2O system to determine the partitioning
behavior of Br between aqueous fluids and silicate melts were conducted in parallel to the
speciation experiments by XAFS presented in Chapter 3. The reader is hence referred to this
study for additional details on sample synthesis and characterization, description of the
experimental device and of the behavior of the haplogranite-H2O system during experiments.
Briefly, all experiments were conducted in Bassett-type hydrothermal diamond-anvil cell
(HDAC) (BASSETT et al., 1993) mounted with a thinner diamond (1.2 mm thick) on the detector
side to increase the quality of the SXRF signal and decrease the detection limits (SANCHEZVALLE et al., 2004). During experiments, the HDAC was heated externally with Mo wires
wrapped around the WC seats supporting the diamond-anvils and the temperature measured to
±2 °C with K-type thermocouples attached on each diamond close to the sample chamber. To
prevent the oxidation of the Mo heaters, the WC seats or the diamond anvils, the cell was
continuously flushed with an inert gas (98 % Ar - 2 % H mixture). Pressure in the sample
chamber was monitored before and after each measurement using the thermal equation of state of
Au-(JAMIESON et al., 1982) following the procedure described in Chapter 3.
The sample chamber, which consists of a 300 µm hole drilled in a 250 µm rhenium gasket
compressed between the two diamond anvils, was loaded with a piece of Br-bearing haplogranite
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glass of know proportion, a pellet of a mixture of Au +Al2O3 powders used for pressure
calibration and subsequently filled with pure distilled and diionized water or Br-bearing aqueous
solution (3 wt% NaBr). The volumetric proportions of glass/aqueous fluid in the loading were
adjusted by adding double-side polished glass pieces of known dimensions. The composition of
the Hpg-Br2 and Hpg-Br3 synthetic glasses (major elements Si, Al, K and Na and Br
concentrations) is reported in Table 4.1.
Table 4.1. Composition of the haplogranite experimental glasses (in wt%).
Name
Hpg-Br2
Hpg-Br3

Analytical
method
EMPA
RBS
EMPA

Br1
0.96
0.89

Na2O2

SiO22

Al2O32

K 2O 2

H 2O 3

ASI4

7.14

74.07

9.23

3.73

3.3

0.57

7.41

74.98

9.38

3.77

3.3

0.57

Notes: EMPA = Electron Microprobe; RBS = Rutherford Backscattering Spectroscopy. The haplogranite (Hpg-Br2
and Hpg-Br3) glasses were synthesized in piston-cylinder apparatus at 1200 °C and 1.5 GPa.
1
Standard deviations (1σ) are 4% for RBS analysis and 0.03 wt% for EMPA analysis.
2
Average from 10 to 25 analyses performed on each glass composition. Standard deviations (1σ) are < 0.1 wt% for
Na2O, Al2O3 and K2O and < 0.3 wt% for SiO2.
3
Nominal H2O concentration (not analyzed).
!"! !!
4
ASI =
  (in moles).
!"! !!!! !

After loading, the high pressure cell was slightly pressurized to avoid fluid leaks and
transferred to the experimental bench where it was fixed in the position for measurement on the
optical table, positioned in the image plane using a high-precision XYZ remote-controlled stage
and further aligned along the X-ray beam. The compression chamber was continuously
monitored during heating to the temperature of interest (550-850 °C) (Figure 4.1).
Upon heating, the haplogranite-H2O system followed classical phase transition described in
previous studies conducted in diamond-anvil cells (BUREAU and KEPPLER, 1999; SHEN and
KEPPLER, 1995), with the haplogranite glass melting at around 600 °C and complete miscibility
commonly observed between 700 and 850 °C, depending on pressure conditions.
Microphotographs of the experimental load during the experiments can be found in Figure 4.1.
After each heating stage, the temperature was stabilized for about 30 min in order to ensure that
chemical equilibrium was achieved inside the cell before the SXRF measurements (BORCHERT et
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al., 2009; MANNING et al., 2008). Careful attention was also given that measurements were
performed after the system reached a stable state, i.e. when the melt globule was stationary and
bridging both diamonds. This configuration ensured that data collection was performed in a pure
phase (either fluid or melt) without contamination of the SXRF signal from the coexisting phase.

Figure 4.1. SXRF maps collected across the samples chamber at the Br K-edge at different P-T
conditions during Run1 and corresponding microphotographs of the loading. Br-enriched phases
appear in red.
At the beginning of the experiment (A), all the Br is concentrated in the glass. After the glass
melts (B), Br strongly partitions into the fluid phase. As temperature increased, the melt
becomes slowly enriched in Br while Br concentration decreases in the fluid (C). At 821°C0.9GPa (D), the experimental volume appears homogeneous as the fluid and melt concentrations
!/!
are almost similar (𝐷!" = 2.2).

4.2.2. In situ SXRF measurement
SXRF measurements were performed above the Br absorption edge energy (13.47 keV) at
MicroXAS beamline X05-LA of Swiss Light Source (SLS-Paul Scherrer Institute), which is a
hard X-ray facility dedicated to the combination of fluorescence X-ray spectroscopy and
diffraction techniques down to the micro-scale (BORCA et al., 2009). The experimental set-up
was similar to the one used for X-ray absorption spectroscopy in Chapter 3. A 13.6 keV incident
beam tuned by a Si(111) double crystal monochromator and focused down to 5 x 8 (VxH) µm
size by a set of Rh-coated Kirkpatrick-Baez mirrors was used to excite the Br Kα fluorescence
line (11.9 keV) in the samples. This configuration ensured a photon flux of ~ 1.108 photons per
second at the measurements conditions. An Ar-filled micro-ion-chamber placed between the
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Kirkpatrick-Baez mirror box and the HDAC further allowed monitoring the intensity of the
incident beam. Before measurements, the HDAC was systematically aligned along the X-ray
beam with a high-precision XYZ remote-controlled stage using the intensity of the transmitted
beam monitored by a silicon PIN-diode. The emitted fluorescence radiation was collected at the
rear-side of the cell using an energy dispersive single-element Si-detector (Ketek®, Germany)
set at ~ 4 cm away from the cell and 22-24° from the incident beam in the horizontal plane
(SANCHEZ-VALLE et al., 2003). In addition, a high-resolution CCD camera (Photonic Science®,
UK) positioned behind the cell in transmission geometry was used to collect the X-ray
diffraction (XRD) patterns on the internal Au pressure calibrant to determine the pressure before
and after each measurements (Chapter 3). To complete this set-up, a microscope fixed on a high
precision remote-controlled stage could replace the CCD camera behind the diamond-anvil cell
to monitor the sample chamber during heating stages.
Br partitioning behavior was investigated as followed. After each heating stage, 2D-SXRF maps
were collected across the sample chamber in order to monitor the distribution of Br between the
aqueous and melt phases before actual SXRF measurements (Fig 4.1.). Consequently, a
minimum of three fluorescence spectra were collected in each phases above the Br K-edge (13.6
keV) to determine fluid-melt partition coefficients at each P-T conditions investigated. Careful
attention was given to collect the SXRF spectra at optimal location (i.e. in bridging fluid and
melt phases exhibiting maximum and minimum signal intensity, respectively). Counting times
were set to 100 or 300s, depending of the intensity of the signal. Homogeneity of each phase was
also controlled so that intensities of spectra collected at given P-T conditions were constant
within < 5%.
4.2.3.Determination of DBrfluid-melt
SXRF spectra collected in the coexisting aqueous fluid and haplogranite melt at given PT conditions were normalized to the incident beam intensity and similar counting times for each
set of measurements. Characteristic normalized fluorescence spectra recorded in the aqueous
fluid and silicate melt at high P-T are reported in Figure 4.2. The area of the normalized
integrated fluorescence line (later referred to as If and Im) was determined after background
removal using a standard peak-fitting routine included in Peakfit v4.12 software (SeaSolve
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Software-USA). In a few cases, the contribution of the Au Lβ emission line (~11.5 keV) was
observed (e.g., when the Au internal standard was particularly close to the collecting spot) and
careful attention was given to remove this contribution during background subtraction.

Figure 4.2. Normalized SXRF spectra collected alternatively in an alkali-Si/Al rich fluid (blue line)
and water-saturated haplogranite melt (red line) coexisting at 694 °C and 0.8 GPa in the compression
!/!
chamber of the DAC (run1). The partition coefficient 𝐷!" calculated after background removal and
!/!

correction from the fluid and melt composition and density is 𝐷!"

= 3.34 ±0.04 (Table 4.2).

The equilibrium constant for the partitioning of an element i between fluid and melt is
described as followed:
!/!

𝐾!

!

!

= !!!
!

(1)

where af and am are the activity of i in the fluid and melt phase.
However, as constrains on the P-V-T-x properties of coexisting aqueous fluids and silicate melts
are extremely scarce, the partition coefficients of Br between high P-T aqueous fluids and melts
are more generally described under the assumption that the system exhibits an ideal behavior (i.e.
the activity coefficient of i in the fluid and melt is equal to 1):
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!/!

𝐷!"

!

!
=    𝐶!" /𝐶!"
  

(2)

where Cf and Cm are the concentration of Br in the fluid and melt phase in ppm.
!/!

In this paper, 𝐷!"

were calculated directly from the Br fluorescence intensities

measured in coexisting fluid and melt phases (If and Im), which are proportional to the
concentration of the element in the analyzed phase. However, the intensity of the emitted
fluorescence strongly depends on (1) element-related factors as fluorescence cross section, (2)
experiment-related factors (angle of detection, contribution of the different media such as
diamond windows, kapton windows and air on beam path to the detector, etc.…), and (3)
sample-related factors (e.g. density and thickness) (CAUZID et al., 2006; SANCHEZ-VALLE et al.,
2004; SPARKS, 1980). While the attenuation corrections arising from the experimental set-up
(geometrical corrections) and from the investigated element can be reasonably neglected as they
are identical for the SXRF spectra collected alternatively in the aqueous fluid and the
haplogranite melt at given P-T conditions, sample-related corrections cannot be ignored in regard
of the different fluid and melt compositions.
!/!

Therefore, 𝐷!"

were calculated for each P-T conditions, accounting for the influence of

density (ρf and ρm) and of transmission efficiency (Tf and Tm), using the following equation:
! !! !!

𝐷 !/! = ! !

!

!! !!

(3)

The fluid and melt composition (total silicates dissolved in the fluid and H2O dissolved in
the coexisting melt in wt%) and density were determined from experimental data available for
comparable compositions and P-T conditions (ANDERSON and BURNHAM, 1983; BURNHAM and
JAHNS, 1962; MYSEN and WHEELER, 2000a; MYSEN and WHEELER, 2000b; OCHS and LANGE,
1997; OCHS and LANGE, 1999). Consequently, the effective transmission of the fluid and the
melt phases, which account for the probability that the fluorescent radiation reaches the
fluorescence detector depending on phase composition, density and thickness of the sample at
the energy wavelength, was calculated using the Beer-Lambert law. An error on pressure
determination of ± 0.2 GPa (± 0.1 GPa for data collected at 800 °C and 0.2 GPa) was also
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considered for all calculations, as well as alternative water contents in the haplogranite melt
(peraluminous solubility model). The details of the calculations and the error determination are
presented in Annex 4.1. and 4.2. The uncertainties arising from calculations induce maximal
errors of 10 % on the partition coefficients, with the exception of data collected at 800 °C and
0.2 GPa for which larger relative uncertainties in pressure and density induced a maximum error
of ~ 38 %.

4.3. Results
The partitioning behavior of Br was determined from 592 to 840 °C and 0.2 to 1.7 GPa in
four different experimental runs. Each run contained a different amount of Br in the system
depending on the initial fraction of haplogranite glass (Xg), that were calculated according to the
volumetric proportions of glass and water input for each experiment, using a density of 2.22
g.cm-3 (calculated from Ochs and Lange, 1999) and 1.00 g.cm-3, respectively (Table 4.2.). In the
haplogranite-H2O system, the total Br contents hence vary from ~ 6400 ppm to ~ 7800 ppm for
an initial concentration of Br in the glass of ~ 1 wt% (i.e. Xg vary between 0.72 and 0.82) (Table
4.1). An additional run conducted with a 3wt% NaBr solution instead of pure H2O involved a
total of ~1.3 wt % Br in the experimental load for a glass fraction of 0.70 (Run 4). Several P-T
conditions were investigated in each experimental run to isolate at best the effect of pressure and
temperature from the compositional effect. All partition coefficients are reported in Table 4.2.,
together with calculation of the bulk composition of the system (water concentration of the
hydrous melt and total silicates dissolved in the coexisting fluid) and density determined at each
P-T condition (Annex 4.1.).
The fluid-melt Br partition coefficients are systematically greater than 1, indicating that Br
preferentially partitions in the fluid phase at all investigated P-T conditions, as depicted on the
2D-SXRF distribution maps (Fig 4.1). Their values range between 2.24 ±0.09 and 11.06 ±0.45,
and they are consistent with recent measurements conducted in diamond-anvil cells over similar
P-T conditions and composition (BUREAU et al., 2010) (Fig 4.3). The ratios between the areas of
the normalized fluorescence line collected in each phase at similar P-T conditions (If/Im ratios)
are also presented for comparison (Fig 4.3 and Table 4.2). The ratios are smaller than the
partition coefficients (1.36 to 7.08), showing that corrections from the effect of fluid and melt
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composition and density on the effective transmission of the signal to the fluorescence detector
!/!

are not negligible. These differences between the experimental If/Im ratios and calculated 𝐷!"

also account for the contrasting homogeneous distribution of Br recorded on the 2D-SXRF map
collected at 821 °C and 0.9 GPa while fluid and melt phases are still appreciably immiscible
(Fig 4.1-D).
The effect of temperature and fluid and melt composition (total silicates and H2O dissolved
in the coexisting aqueous fluid and hydrous melt) on the partition coefficient of Br are presented
in Fig 4.3 and Fig 4.4 respectively. We find that at a given initial glass fraction (Xg), Br partition
!/!

coefficients decrease with increasing temperature approaching to the theoretical value 𝐷!"

=

1  near miscibility, following a similar trend to that determined over single experimental runs by
Bureau et al. (2010) (Fig 4.3).

!/!

In addition, 𝐷!"

decrease with decreasing Xg in the
!/!

haplogranite-H2O system (Table 4.2 and Fig 4.3). For instance, the 𝐷!"

determined for Run 4

(Xg = 0.70) with total Br concentration in the system of ~ 1.3 wt % is 5.79 ±0.38 at 740 °C and
1.7 GPa, whereas it is 3.92 ± 0.34 at 730 °C and 0.65 GPa in Run 3 (Xg = 0.72) with total Br
concentration of 6400 ppm in the system. Although the influence of initial fluid/glass ratio on the
partitioning behavior of Br is unanticipated, few experimental studies investigating the fluid-melt
partitioning behavior of highly mobile elements such as Cl, Rb and Sr also reported different
partitioning coefficients depending on the initial fluid/glass ratio in the system (BORCHERT et al.,
2009; WEBSTER and HOLLOWAY, 1988), even though it has not been explicitly addressed. The
effects of the initial glass fraction on the partition coefficients of Br and on major element
concentrations in the fluid ad melt will be discussed in section 4.4.
On the other hand, no distinct effect of the simultaneous increase of water and silicates
concentrations in the hydrous melt and aqueous fluid is observed (Fig 4.4). We hence do not find
a clear trend for the effect of pressure on the partitioning of B in contrast with Bureau et al.
!/!

(2010) who reported an apparent decrease of 𝐷!"
and temperature conditions (590 to 890 °C),

from 0.66 to 1.7 GPa for similar composition

However, as an effect of increasing pressure is

highly plausible, it is probably overprinted by simultaneous changes in temperature and
fluid/glass ratio in our dataset. This suggestion is also supported by the significant increase of
!/!

𝐷!"

from 3.92 to 6.63 as pressure decreases from 0.65 to 0.2 GPa in run 3 (Fig 4.3).
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Table 4.2: Bromine fluid-melt partition coefficients as a function of P-T conditions and fluid and melt compositions and densities.

Xg1

T (°C)

P (GPa)2

H2O in melt
(wt %)

Haplogranite - H2O
592
Run 1
0.76

694
821
645

Run 2
0.82

0.8
0.9
0.9

710

1.1

840

0.9

610
Run 3
0.72

0.7

730
800

1.2
0.65
0.2

7.2 ± 1.8
13.1

7

7.8 ± 1.8
13.7

15.1

7

13.9

6

7

12.0

7

2.4 ± 0.5
6.4

2.05 ± 0.05

3.17 ±1.31

0.90 ±0.04

2.09

2.02 ± 0.05

6.32 ±2.39

0.89 ±0.03

1.36

7

3. 42 ±0.18
2.24 ±0.09
2.08 <0.01

2.02 ± 0.06

3.22 ±1.16

0.93 ±0.03

7.08

11.06 ±0.45
10.56 ±0.05

1.95 ± 0.06

6.60 ±2.16

0.95 ±0.03

4.90

7.47 ±0.27
6.95 ±0.03

2.02 ± 0.05

6.66 ±2.52

0.88 ±0.03

2.12

3.53 ±0.14
3.28 ±0.01

1.91 ± 0.06

4.18 ±1.06

1.00 ±0.03

4.01

5.82 ±0.24
5.43 ±0.06

2.10 ± 0.05

2.33 ±1.17

0.84 ±0.07

2.21

1.82
6

6.25 ±0.46

3.19 ±0.02

1.67
6

𝐟/𝐦

𝐃𝐁𝐫

5.82 ±0.12

1.75
6

7

6.1 ± 1.6

3.79

1.70

13.4 ± 2.3
19.3

0.90 ±0.05

1.79
6

7

8.0 ± 1.7

1.39 ±0.50

𝒇

𝑰𝑩𝒓
𝑰𝒎
𝑩𝒓

1.75
6

11.2 ± 2.1
17.1

Fluid density
(g.cm-3)

5

1.78
7

6

9.2 ± 1.9

2.08 ± 0.06

Silicates
in fluid4
(mol %)

1.82
6

6

8.1 ± 1.7
14.0

6

Melt density
(g.cm-3)

3

3.92 ±0.34
3.55 ±0.08

2.21 ± 0.01

0.47 ±0.12

0.42 ±0.14

1.67

1.99

6.63 ±2.49
5.31 ±0.01

Haplogranite - 3 wt% NaBr sol.
Run 4
0.70

19.6 ±2.7
740

1.7

25.5

7

6

1.71 ±0.07
1.50

7.45 ±0.65

1.09 ±0.05

4.51

5.79 ±0.38
5.36 ±0.08
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Notes: The data presented in blue are the preferred values.
1
initial glass fraction in the loading (wt).
2
Maximum uncertainties on pressure were of 0.2 GPa for P > 0.5 GPa and 0.1 GPa for P < 0.5 GPa.
3
Melt density calculated in function of P-T conditions and melt composition using the parameters and equations of Ochs and Lange (1997-1999).
4
Silicates (SiO2, Na2O, Al2O3 and K2O) solubility in the aqueous fluid coexisting with haplogranite melt calculated from the albite solubility data
of Anderson and Burnham (1983).
5
Fluid density calculated as a function of P-T conditions from the data of Mysen and Wheeler (2000a) at P > 0.5 GPa and of Driesner and
Heinrich (2007) at P < 0.5 GPa.
6
H2O solubility in the haplogranite melt calculated from the solubility data of Mysen and Wheeler (2000b) (peralkaline solubility model).
7
H2O solubility in the haplogranite melt calculated from the solubility data of Burnham and Jahns (1962) (peraluminous solubility model).
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Figure 4.3. Evolution of the ratios of the integrated intensities of the Br emission lines in coexisting
!/!
fluid and melt phases (A) and Br partition coefficients 𝐷!" (B) as a function of temperature and
!/!

initial glass fraction Xg in the loading. Shaded symbols are 𝐷!" calculated using the “peraluminous
solubility model” to determine H2O wt% in the haplogranite melt. Open black symbols are in situ
!/!
𝐷!" at 0.66 to 1.7 GPa from Bureau et al. (2010) (circle: SXRF; square: high-flux X-ray generator).
Thicker symbols enlighten partition coefficients that were determined as a function of temperature in
two different runs.
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Figure 4.4. Evolution of the fluid-melt Br partition coefficients in the haplogranite-H2O system as a
function of dissolved silicate in the aqueous fluid (A) and the water dissolved in the coexisting
!/!
haplogranite melt (B).Symbols have the same meaning as in Figure 4.3. Shaded symbols are 𝐷!"
calculated using the “peraluminous solubility model” to determine H2O wt% in the haplogranite
melt.
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4.4. Discussion
4.4.1. Effect of pressure, temperature and fluid-melt composition on Br partition
coefficients
The experimental results, as those of Bureau et al. (2010) before, show that Br
partition coefficients between the aqueous fluids and the melt decrease towards unity (i.e. Br
concentration increases in melt and decreases in fluid) with increasing P-T conditions. This
strong influence of P-T conditions on the partition coefficients of Br actually reflects the
structural and compositional changes induced by the equilibration between the coexisting
fluid and melt in the fluid-melt system as pressure and temperature increases. Indeed, as a
result of the increased solubility of Si, Na, Al, K species in the aqueous fluid and of H2O in
the melt (ANDERSON and BURNHAM, 1983), the solutes in the aqueous fluids organize
themselves in increasingly polymerized species. On the contrary, the increased solubility of
H2O in the silicate melt (BURNHAM and JAHNS, 1962) tends to depolymerize the silicate
network. Consequently, the composition and structure of each phase approach each other
with increasing pressure and temperature inducing supercritical mixing in the haplograniteH2O system (BUREAU and KEPPLER, 1999). In Chapter 3, the local environment of Br in
fluids containing more than 60wt% dissolved NS2 glass and in hydrous sodium-silicate melts
(10 wt% dissolved H2O) was found to involve both Na atoms and a large number of water
molecules (e.g. 3.5 to ~5 H2O depending on water contents). Therefore, the formation of
polymerized alkali-silicate clusters in the aqueous fluid and water-rich domains in the
coexisting melt at high P-T conditions could stabilize Br in similar structural environments in
!/!

both phases, hence contributing to the overall decrease of 𝐷!"

with increasing pressure and

temperature and as the miscibility gap between closes in the system.
On the other hand, the noticeable effect of the fluid/glass ratio and/or of the initial Br
concentrations on the partition coefficients of Br (Fig 4.3) most likely reflects the non-ideal
behavior of Br in the haplogranite-aqueous fluid system. While several studies have shown
that the partitioning of F and Cl strongly deviates from ideality in experiments involving
several wt % of halogens (CARROLL and WEBSTER, 1994; WEBSTER and HOLLOWAY, 1988;
WEBSTER et al., 2009a; WEBSTER et al., 2009b), Bureau’s et al. (2000) data seem to indicate
that Br display Henryan behavior in experiments involving up to 1.6 wt% Br at 900 °C and
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!/!

0.2 GPa. However the 𝐷!"

determined by Bureau et al. (2000) at the highest Br initial

concentration in the system range between 17.2 and 21.6, whereas we find a partition
coefficient of 5.79 ±0.38 in Run 4 that involves a total of ~1.3 wt % Br. Therefore, although
the Br initial input in the system is lower in our experiments, the amount of Br dissolved in
the haplogranite melt is probably much higher than the one reported by Bureau et al. (2000)
(up to several thousand against a maximum of ~ 900 ppm), most likely as a result of the
higher pressure. While the solubility of Br in water under-saturated haplogranite glasses (i.e.
with a maximum of 3 wt% H2O) is obviously higher than 1 wt% at 1200 °C and 1.5 GPa
(synthesis conditions for Br-bearing Hpg2 and Hpg3 glasses - Table 4.1), we suggest that in
Run 4 Br saturation may have been reached in the haplogranite melt containing more than 15
wt% H2O at the P-T conditions of the experiments (Table 4.2). This suggestion could be
reasonable in comparison to results from solubility measurements by Webster and Holloway
(1988) that reported a Cl solubility of 2500 ppm in topaz rhyolitic melts containing 5.8 wt%
H2O at 800 °C and 0.2 GPa.
On the contrary, differences in the partition coefficients between Run 1 to 3 cannot be
explained by non-ideal behavior of Br in the system that ranges from ~ 6400 ppm to ~ 7800
ppm (Fig 4.3). Instead, we suggest that this is the result of changes in fluid and/or melt
composition that could arise from the different initial proportion of haplogranite glass in the
system. Although the scarcity of experimental data on the distribution coefficients KD of
major elements (Si, Na, Al and K) and on the composition of coexisting aqueous fluids and
silicate melts at high P-T conditions (BURNHAM and JAHNS, 1962; MYSEN and ARMSTRONG,
2002; MYSEN and WHEELER, 2000a; MYSEN and WHEELER, 2000b) prevents the assessment
of the influence of fluid/glass ratio on the composition of phases in the non-buffered
haplogranite-H2O system, few suggestions can be made from the previous experiments. For
instance, as water solubility in granitic melts increases linearly at constant P-T conditions
with fluid fraction increasing from 8 to 60 wt% added H2O (BEHRENS, 1995; SILVER et al.,
1990), it appears possible that the experiments conducted with higher fluid:glass ratios (Runs
1 and 3) involve higher H2O concentrations in the haplogranite melt. This positive correlation
!/!

between H2O solubility and fluid/glass ratio could account for the decrease of the 𝐷!"

observed in the haplogranite-H2O systems with decreasing Xg, as we expect the activity of Br
in the melt phase to increase with H2O concentrations until Br saturation is reached.
On the other hand, it is possible that the presence of higher Xg increases the
concentration of dissolved silicates in the aqueous fluids (due to lower fluid volumes) and
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consequently changes the melt composition towards a more peraluminous composition in a
similar manner as in the presence of high amounts of Br (i.e. as Na partitions more favorably
in the aqueous fluid than Al). As the solubility of halogens in silicate melts decreases with
decreasing peralkalinity (CARROLL, 2005; METRICH and RUTHERFORD, 1992) a decrease in
!/!

Br concentration in the silicate melt could account for the increase of 𝐷!"

with increasing

Xg. However, while the post-mortem analyses of quenched haplogranite melt indicates that
high P-T melts are probably less peralkaline than the aqueous fluids, no clear correlation
between the initial glass ratio and the (Na+K)/Al ratio of the melt is observed (Chapter
2.2.5). However, as the pressure conditions of quench were not assessed and due to the small
number of recovered samples amenable to analysis (9), we infer that a possible correlation
between the initial fluid and glass proportions of the experiments and the high P-T partition
coefficients should not be discarded.
!/!

Finally it is also interesting to note that while the experimental 𝐷!"

determined at high P-T

conditions (> 0.5 GPa) fall in a similar range as previously reported by Bureau et al. (2011),
!/!

𝐷!"

calculated at 0.2 GPa in different studies are significantly scattered, ranging from 3.7 to

22.3 for similar rhyolitic compositions (SiO2 ~ 66-70 wt%) (BUREAU et al., 2000;
VILLEMANT and BOUDON, 1999) (Figure 4.3). Compared to the data of Villemant and
!/!

Boudon (1999) at ~ 900 °C and 0.2 GPa (𝐷!"

!/!

= 3.7), we report a 𝐷!" of 6.63 ± 2.49 at 800
!/!

°C and 0.2 GPa, consistent with the decrease of 𝐷!"

with increasing temperature observed

for pressures above 0.65 GPa, and with the slight increase of Br solubility reported from 900
to 1000 °C at 0.2 GPa in albitic, rhyolitic and pantelleritic glasses (BUREAU and METRICH,
!/!

2003). Furthermore, Cl exhibits a similar behavior, with 𝐷!"

decreasing from 800 °C to

1000 °C in Cl-rich granitic system at 0.2 GPa (WEBSTER, 1992a). On the other hand,
!/!

comparison to the data of Bureau et al. (2000), with an average 𝐷!"

of 17.5, describe an

opposite trend, suggesting that Br concentrations in the silicate melt significantly decrease
with increasing T at low pressure conditions. However, this high partition coefficient is in
!/!

better agreement with the increase of 𝐷!"

we report as pressure decrease from 0.65 to 0.2

GPa in Run 3. We infer that these discrepancies most probably arise from the different
technique used to constrain the partitioning of Br at 900 °C and 0.2 GPa: Villemant and
Boudon (1999) performed closed-system degassing calculations based on the quantification
of Br in bulk volcanic samples in whereas Bureau et al. (2000) mass balance calculations
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were based on the quantification of Br in quench synthetic glasses equilibrated with fluids at
high P-T. We therefore suggest that additional experiments should be conducted to further
investigate the partitioning of Br as a function of temperature at pressures below 0.5 GPa that
pertain to volcanic environments.
4.4.2. Implications for halogens recycling from the subducting slab to the atmosphere
In the following section we combine available data on the halogens solubility and
partitioning behavior at P-T conditions characteristic of volcanic environments (P < 0.5 GPa)
with the experimental results obtained at higher P-T conditions on Br partitioning (BUREAU et
al., 2010) and complexation (Chapter 3) to place additional constrains on the mobilization of
halogens (Cl, Br and I) in aqueous fluids and silicate melts from the subducting slab to the
volcanic edifice.
The Br fluid-melt partition coefficients determined in the 592 to 840 °C and 0.65 to
1.7 GPa range suggest that Br preferentially partitions into aqueous fluids over hydrous melts
at the pressure-temperature conditions relevant for the generation of aqueous fluids and
hydrous melts in subducting slabs (> 600 °C and 1 GPa) (HERMANN et al., 2006; MANNING,
!/!

2004). However, 𝐷!"

decrease towards unity with increasing temperature (Fig 4.3), and

most likely with increasing pressure (BUREAU et al., 2010) as a result of the progressive
increase of water solubility in the melts and of dissolved silicate species in the coexisting
aqueous fluid as pressure and temperature increase. These results hence indicate that
significant amount of Br (several thousands ppm) can be incorporated in high P-T aqueous
fluids and silicate melts and further confirm that high amounts of Br can be mobilized in
subduction zone fluids, regardless of their composition. In comparison to previous studies
showing that Cl, Br and I preferentially partition in the fluid phase in the haplogranite-H2O
system at 900 °C and 0.2 GPa (BUREAU et al., 2000) and with the assumption that Cl (and
probably I) may form similar complexes as Br in aqueous fluids, silicates-rich fluids and
hydrous sodium-silicate melts up to 750 ° C and 2.2 GPa (Chapter 3), Cl and I are also
expected to be efficiently mobilized during slab dehydration and/or melting.
Subsequently, the fate of halogens from the subducting slab through the mantle wedge
is more debated (JOHN et al., 2011; STRAUB and LAYNE, 2003; WALLACE, 2005). In
particular, there is no clear agreement on the amount of Cl, Br and I recycled back into the
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mantle as a result of preferential segregation in the serpentinized mantle. However, all mass
balance calculations conducted to assess the global influx and outflux of halogens in
subduction show that the portion of the halogens mobilized in slab-derived fluids effectively
transferred through the mantle wedge to the upper crust significantly exceeds the portion of
halogens lost to the mantle (JOHN et al., 2011; WALLACE, 2005).
The transfer of halogens in the upper crust and in subduction-related volcanic
!/!

environments may be more complicated. In run 3, we report higher 𝐷!"

at 800 °C and 0.2

GPa than at 610 °C and 1.2 GPa or 730 °C and 0.65 GPa (Table 4.2 and Fig 4.3), suggesting
that at pressure-temperature conditions characteristic of volcanic degassing, Br strongly
partition in the aqueous volatile phase. These results are in good agreement with previous
studies showing that the solubility of Cl and Br decrease or that the fluid-melt partition
coefficients of Cl increase with increasing pressure and H2O solubility from 0.25 to 0.5-0.6
GPa in synthetic and natural glasses ranging from trachytic to rhyolitic compositions
(BUREAU and METRICH, 2003; CHEVYCHELOV et al., 2008; METRICH and RUTHERFORD,
1992; SIGNORELLI and CARROLL, 2002; WEBSTER, 1992a; WEBSTER, 1992b). On the other
hand, these results are in clear contrast with the decrease of Cl and Br fluid-melt partition
coefficients observed from 0.6 to 0.8 GPa and 0.2 to 1.7 GPa, respectively (BUREAU et al.,
2010; WEBSTER, 1992a).
This opposite partitioning suggest that halogens (Cl, Br and I) solubility mechanisms in
the coexisting fluid and melt are subjected to significant modifications around 0.2 to 0.6 GPa.
The possibility that these modifications arise from structural and compositional changes
induced by the demixion of a high P-T aqueous fluid into a low-density vapor phase and high
density brine can be reasonably rejected as the mentioned P-T conditions (approximately 0.20.5 GPa and 700-1000 °C) are nearly all above the critical curve in the NaCl-H2O system
(DRIESNER and HEINRICH, 2007; HEDENQUIST and LOWENSTERN, 1994). Additionally, the
pressure effects on the solubility of halogens in silicate melt are apparently not related to the
water solubility behavior, as H2O solubility in granitic melts continuously decreases upon
decompression from 1.0 to 0.05 GPa (BURNHAM and JAHNS, 1962; DINGWELL et al., 1997;
HOLTZ et al., 1995; ZHANG, 1999).
However, there are evidence for structural changes in the silicate melts with the addition of
few wt% H2O to the silicate melt at 0 to 0.5 GPa that significantly influence silicate melts
properties such as viscosity (ARDIA et al., 2008; DINGWELL et al., 1996; KOHN, 2000).
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Likewise, the fraction of molecular water systematically increase over hydroxyl group for
silicate melts containing more than 3 wt% H2O, suggesting that water speciation in silicate
melts continuously changes from atmospheric to low pressure conditions (ca. <0.2 GPa)
(SOWERBY and KEPPLER, 1999; XUE and KANZAKI, 2004). Different competition mechanisms
could hence take place between the halogens and water (either OH- groups or H2Omol) to
enter the silicate melt network as a function of the P-T and consequently affect the solubility
mechanism of halogens in silicate melts. Similarly, although silicate solubility progressively
decreases in aqueous fluids upon decompression, it is highly possible that the dissolution of
the first wt% of silicates occurring at pressure below 2-4 kbar between 600 and 900 °C
(ANDERSON and BURNHAM, 1965; ANDERSON and BURNHAM, 1983) could introduce enough
modifications of the water (solvent) network to favor an increase of halogens solubility in the
aqueous fluid from 0.05 to 0.2-0.5 GPa.
On the other hand, comparison between experiments conducted at low and high pressure also
indicates that the temperature effect most probably exceed the pressure effect at pressure
above 5 kbar (as shown by our results). Therefore, it is highly probable that the different
partitioning behavior of halogens (Cl, Br and I) from low (< 0.2 GPa) to high (> 0.5 GPa)
pressure conditions results from the concurrent evolution of the fluid and melt structure as a
function of pressure and temperature conditions. Consequently we infer that the effect of
pressure and temperature on the solubility and/or partitioning behavior of halogens should be
separately investigated over fixed composition (i.e. fluid-glass ratio).
Subsequently, the transfer of halogens from the volcanic edifice to the atmosphere
should not be strongly influence by their solubility and partitioning behavior as halogens
degassing is strongly couple to the degassing behavior of water (BALCONE-BOISSARD et al.,
!/!

2010; VILLEMANT and BOUDON, 1999). However, as a result of the evolution of 𝐷!",!",! with
pressure, the parental magmas of dome-forming and plinian eruptions that originate from
magma chambers located at a depth of 5-10 km (corresponding to ~ 0.15-0.25 GPa and 750900 °C) (DEVINE et al., 1998; MARTEL et al., 1998; TOMIYA et al., 2010; VILLEMANT and
BOUDON, 1998) are expected to contain different amount of halogens in function of their
equilibrium pressure. It is for instance the case for Cl amount recorded in melt inclusions
from the plinian AD79 Pompeii and the sub-plinian 472 AD Pollena eruptions of Mount
Somma-Vesuvius (BALCONE-BOISSARD et al., 2008). Using the partition coefficient
!/!

determined at 800 ° and 0.2 GPa in this study (𝐷!" = 6.63) and the maximum solubility of
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Br determined over similar haplogranite composition by Bureau and Metrich (2003) at 900
°C and 0.2 GPa (~3100 ppm), we estimate that the amount of Br present in the
aqueous/volatile phase at these P-T could reach up to 2 wt%. However, the amount of Br
recorded in typical degassed calc-akaline plinian clasts (800 to 1500 ppm) (BALCONEBOISSARD et al., 2010) rather suggests concentration between 0.5 and 1 wt%. Consequently
the amount of Br degassed will be controlled by the extraction of H2O and the open-close
nature of the volcanic system (VILLEMANT and BOUDON, 1999).
Depending on the eruptive style, the degassing behavior of halogens during volcanic
eruption is then mainly controlled by a complex interplay between magma viscosity,
degassing and ascending rates, and wall rock and magma permeability. During plinian
eruptions, degassing occurs under closed-system evolution and, as the different diffusion
kinetics of halogens and H2O favor the decoupling of halogens from H2O degassing upon
rapid syn-eruptive decompression (BAI and VANGROOS, 1994; BALCONE-BOISSARD et al.,
2009), halogens degassing is expected to be limited (BALCONE-BOISSARD et al., 2010;
VILLEMANT et al., 2008), unless the high P-T single phase fluid is conserved during magma
ascent and consequently expelled in the volcanic plume. However, as volcanic gases are
ejected directly to the stratosphere during cataclysmic explosive events, this sporadic release
of halogens gases (HCl, HBr and especially BrO) will significantly contribute to the ozone
destruction (DANIEL et al., 1999; GERLACH, 2004; PYLE and MATHER, 2009). On the other
hand, magmas erupted during dome-forming events are subjected to a more extensive
halogens degassing due to the development of an open-system degassing during magma
ascent, although the halogens degassing is expected to be more or less efficient depending on
the interactions between degassing-induced crystallization, degassing rates and the halogens
fluid-vapor and melt-vapor partitioning behavior (VILLEMANT and BOUDON, 1999;
VILLEMANT et al., 2008). In this regard, additional experiments should be conducted to
constrain the partitioning behavior of Cl, Br and I between silicate melts and vapor but also
brines and vapor. These data would provide new insights on the origin of the different Cl/Br
and Cl/I ratios recorded in arc magmas and the possible occurrence of halogens fractionation
during degassing in subduction zones (BALCONE-BOISSARD et al., 2010; BUREAU and
METRICH, 2003) but also on the formation of ore deposits (e.g. assessment of the source of
the enriched-fluid) (SEO et al., 2011).
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4.5. Conclusions
!/!

Fluid-melt Bromine partition coefficients 𝐷!"

have been determined in situ from

592 to 840 °C and 0.65 to 1.7 GPa in the haplogranite-H2O system using SXRF analysis in
the HDAC. Although Br preferentially partitions in the aqueous fluid at all investigate
!/!

conditions, the   𝐷!"

decrease with increasing pressure and temperature, hence suggesting

the enhancement of Br solubility in hydrous silicate melts at P-T conditions relevant for
subduction setting. This observation indicates that hydrous silicate melts produced by melting
of the subducting slab could incorporate large amounts of Br. Therefore, both aqueous fluids
and silicate melts may be important vector for the mobilization and transport of halogens (Cl,
Br and I) in subduction zones.
!/!

The decrease of 𝐷!"

with increasing pressure and temperature from 592 to 840 °C

and 0.65 to 1.7 GPa contrast with results from low pressure experiments that report the
decrease of Cl and Br solubility o in silicate melts upon compression from 0.025 to ~ 0.5
GPa (i.e. fluid-melt partition coefficient decreases). We submit that the reversal in halogen
solubility at 0.5-0.6 GPa may be related to changes of fluid and/or melt composition and
structure induced by pressure. However, additional constrains on 1) the partitioning of
halogens (Cl, Br and I) between silicate melts and aqueous fluids in the 0.1 to 1.0 GPa
pressure range; and 2) on halogen partitioning between silicate melts and vapor or brines and
vapor are still critically needed to improve our understanding of halogens recycling in
subduction zones.
Additionally, the effect of the initial fluid/glass ratio on the partition coefficient
!/!  

𝐷!"    identified in this study most probably reflect the influence of fluid and melt
composition on Br solubility in these phases. Therefore, the effect of the initial fluid/glass
ratio on the trace element behavior but also on the partition of major elements (Si, Na, K and
Al) between aqueous fluids and silicate melts should be further explored in experimental
studies investigating non-buffered fluid-melt systems.
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Annex 1- Composition and density of coexisting aqueous fluid and
haplogranite melt as a function of P-T conditions
1.1) Haplogranite melt
1.1.1) Water solubility in haplogranite melt
Experimental studies reported similar influence of pressure and temperature on H2O solubility in
silicate melts (i.e. H2O solubility increase with pressure and decrease with temperature) (BURNHAM
and JAHNS, 1962; DINGWELL et al., 1997; HOLTZ et al., 1995; MYSEN, 2007; MYSEN and CODY,
2004; MYSEN and WHEELER, 2000b; ZHANG, 1999). However, these data also show a significant
control of the melt composition on the H2O solubility. For instance, Mysen and Cody (2004) reported
that the decrease of melt polymerization degree (NBO/T) induced by the addition of Na in the sodium
silicate system (from NS8 to NS2 composition) systematically decreases water solubility. A similar
evolution is observed for peralkaline aluminosilicate melts (NS4A6 and NS4NA5 and
NS4NA7.5)(MYSEN, 2007; MYSEN and WHEELER, 2000b) in comparison to per or subaluminous
granitic melts (BURNHAM and JAHNS, 1962; DINGWELL et al., 1997; HOLTZ et al., 1995; ZHANG,
1999) (Chapter 2-2.4).

On the other hand, the water solubility reported for the peraluminous

aluminosilicate melts are themselves smaller than in sodium silicate systems.
For this study, the water content in the haplogranite melts (wt%) were determined as a function of
temperature and pressure by interpolating the solubility data of Mysen and Wheeler (2000)
determined for NS4A6 composition that is nearly identical to the experimental haplogranite glass
Hpg2 and Hpg3 (NS4A6 glass characterized by 6 mol% Al2O3 and NBO/T = 0.17). The calculations
are referred to as peralkaline solubility model. They vary between 2.4 and 19.6 wt% at the
investigated P-T conditions, mainly depending on pressure conditions as reported in Table 4.2. The
error induced by the uncertainty on pressure (± 0.2 GPa except for data collected at 800 °C and 0.2
GPa) is significant (up to 26 %) but does not strongly modify the partition coefficient (maximum
variation of ~ 10 %).
The water concentrations calculated for the experimental pressure-temperature conditions are
significantly lower (by several wt%) than those available for per(sub)aluminous compositions
(BUREAU and KEPPLER, 1999; DINGWELL et al., 1997; HOLTZ et al., 1995). We hence conducted
additional calculations using the solubility pressure and temperature dependence of Burnham and
Jahns (1962). These calculations are referred to as peraluminous solubility model. Nevertheless, the
variations of the Br fluid-melt partition coefficient induced by these higher water concentrations were
smaller than the uncertainties related to pressure (Table 4.2).
1.1.2) Melt density
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Hydrous melt densities were determined in function of composition (oxides and water contents of the
silicate melt) and P-T conditions using the following equation (OCHS and LANGE, 1997; OCHS and
LANGE, 1999):
!"#

𝜌!,!.! =

!!! !"!
!"#

!!,!,!

(A1.1)
where Xi and MWi are the mole fractions and the molecular weights of each oxide component,
!"#

including water, and 𝑉!,!,! the molar volume of the hydrous melt.
The oxides composition (wt%) of the hydrous haplogranite melt was determined at each P-T
conditions in function of the dry glasses composition (Hpg-Br2 or Hpg-Br3) and the calculated H2O
concentration (wt%). The molar volume of the melt was calculated using the partial molar volumes
and the thermal expansivity and compressibility data reported for silicate components and water in
iron-free alkali-aluminosilicate melts (LANGE, 1997; LANGE and CARMICHAEL, 1987; OCHS and
LANGE, 1999; RIVERS and CARMICHAEL, 1987). The densities vary between 1.71 and 2.21 g.cm-3 for
water contents ranging between 2.4 and 19.6 wt% from 592 to 840 °C and 0.2 to 1.7 GPa (Table 4.2).
These values are consistent with melt density models developed for compositions and pressuretemperature conditions characteristic of subduction zones (from top of the slab to mantle wedge and
crustal Moho) (HACK and THOMPSON, 2011).
The strong influence of H2O contents on melt density (OCHS and LANGE, 1999) was also considered
in additional calculations using the water contents determined in comparison to the H2O solubility
data of Burnham and Jahns (1962) (peraluminous solubility model). These changes induced a
maximum variation of 0.28 g.cm-3 on the calculated melt densities (Table 4.2).
1.2) Aqueous Fluid
1.2.1) Fluid composition
The total silicates content (wt% Sil, including SiO2, Al2O3, Na2O and K2O) of the aqueous
fluid in equilibrium with the haplogranite melt was determined in comparison to the solubility data
available in the albite-H2O system (ANDERSON and BURNHAM, 1983).
The pressure dependence of the albite concentrations of the fluid was determined between 0.2 and
0.84 GPa at 600 and 700 °C to calculate the content of silicates dissolved in the aqueous fluid at the
experimental pressures (from 0.2 to 1.2 GPa). Then, linear regression of the values obtained for 600
and 700 °C at each pressure conditions were used to recalculate the wt% Sil at the actual temperature
conditions (from 592 to 840 °C). Additional calculations were conducted to account for the error on
pressure determination (± 0.2 GPa). For the investigated conditions (measured P), the solubility model
yields between 0.7 and 11.0 wt% silicates dissolved in the aqueous fluid (corresponding composition
in mol% in Table 4.2). These values are in good agreement with recent solubility measurements
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conducted in the (albite-jadeite)-paragonite-quartz-H2O systems (MANNING et al., 2010; WOHLERS et
al., 2011) that show that total silicates solubility increases both with temperature and pressure, at least
up to 1.5-1.75 GPa. However, Wohlers et al. (2011) also reported that silicates solubility reaches a
maximum of 10.56 wt% at 600 °C and 1.75 GPa and the silicate solubility was consequently
estimated as close to 13.5 wt% in the aqueous fluid at 740 °C – 1.7 GPa (Run 4).
Although experimental studies demonstrated that aqueous fluids coexisting with albite are
commonly enriched in Si and Na and depleted in Al relative to albite (ANDERSON and BURNHAM,
1983; MANNING et al., 2010; STALDER et al., 2000), Anderson and Burnham (1983) and Manning et
al. (2010) showed that, independently of pressure, the composition of the fluid evolves towards an
albite-like composition (i.e. Al/Na becomes closer to 1) involving larger amount of Al dissolved in
the fluid with increased temperature (T > 600 °C). To take into account this possible change of fluid
composition at higher temperature, two different fluid compositions were considered, covering a
maximum compositional range with Al2O3/(Na2O+K2O) ratio of either 0.3 or 1.4 (in wt%).These
compositions are later referred to as fluid 1 and fluid 2.
1.2.2) Fluid density
The solute-rich fluid densities were calculated for P > 0.6 GPa, using density relations
determined from 1000 to 1300 °C and 0.8 to 2.0 GPa in alkali aluminosilicate-saturated aqueous
fluids (MYSEN and WHEELER, 2000a). The influence of fluid composition on the fluid density (i.e. the
total silicate molar fraction which strongly depends on the oxide weight fraction and hence vary
between fluid 1 and fluid 2) was also considered by comparing fluid 1 to NS4A3-saturated aqueous
fluid (3 mol% Al2O3) and fluid 2 to the NS4A6-saturated aqueous fluid (6 mol% Al2O3).
Consequently, the temperature and pressure dependence of Mysen and Wheeler’s values were used to
calculate the densities of both fluids for each experimental P-T conditions.
On the other hand, the fluid densities for the measurements performed at pressure lower than 0.6 GPa,
where the aqueous fluids has a composition closer to water (e.g. 0.7 wt% Sil at 800 °C and 0.2 GPa as
estimated from the albite solubility data), were calculated with a density model developed for NaClbearing fluids from ambient conditions to 1000 °C and 0.5 GPa (DRIESNER and HEINRICH, 2007),
replacing the NaCl mole fraction by the total silicate mole fraction calculated for fluid 1 and fluid 2.
The fluid densities at the experimental pressure conditions are estimated as the average of the
densities calculated for fluid 1 and fluid 2, which are similar for all P-T conditions (variation does not
exceed 0.02 g.cm-3). Depending on P-T conditions, they vary from 0.42 and 1.09 g.cm-3 (Table 4.2)
and the error induced by the variation of pressure (±0.2 GPa) does not exceed 0.07 g.cm-3, except for
the measurements performed at 800 °C and 0.2 GPa. The values reported for P ~ 1 GPa between 645
and 840 °C (0.88 to 0.93 g.cm-3) are consistent with recent fluid densities estimated at 1 GPa and 700
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°C for quartz-saturated crustal fluid or granitic fluid compositions (0.97-0.99 g.cm-3) (HACK and
THOMPSON, 2011).

Annex 2- Determination of the fluorescence effective transmission in
coexisting aqueous fluid and haplogranite melt (Tf and Tm)
The effective transmission of the fluorescence signal through the aqueous fluid and the
haplogranite melt (Tf and Tm) was determined according to the Beer-Lambert law.
Because the length of the beam path through the sample is nearly unaffected by the small angle
between the incident beam and the normal to the sample surface (10 °) and the small angle between
the detected rays and the normal to the sample surface (10-14 °), the collection geometry was
approximated as linear. In this linear geometry, the fraction of the exciting radiation that reaches a
voxel at a depth x is given by:

Ix
= e − µ0 x
I0
Similarly, the fraction of the fluorescent radiation from a voxel at depth x in a sample of thickness t
that reaches the detector is:

Id
− µ (t − x )
=e f
If
where t is the sample thickness.
Thus, the combined probability of the transmission of the exciting radiation to a voxel at depth x and
the transmission of the resulting fluorescent radiation from that voxel to the detector can be described
by the following equation:

P = e − µ0 x ⋅ e

− µ f (t − x )

As the actual fluorescence signal obtained during measurements (If or Im) is an average of the
fluorescence signal collected along the entire beampath, the effective transmission (Teff, later referred
to as Tf or Tm for the fluid and the melt phases) was calculated as:
−µ t

t

1 − µ0 x − µ f ( t − x )
e − µ 0t − e f
Teff = ∫ e
⋅e
dx =
t0
( µ f − µ0 )t

In this equation, the absorption coefficients µ0 and µ1 were derived from the absorption length λ
(λ=1/µ) determined for the sample (fluid or melt) composition and density below and above the Br
absorption edge (13.47 eV), using the Hephaestus software (RAVEL and NEWVILLE, 2005)
A schematic illustration of the effective transmission of the fluorescence signal to the detector is
presented in Figure A2.1.
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Figure A2.1. Transmitted fraction of exciting and fluorescent radiation as a function of the position in the sample.

The effective transmission of the coexisting aqueous fluid and haplogranite melt were calculated for
all the P-T conditions, considering all the possible errors on fluid and melt compositions and densities
reported in Annex 1. Tf and Tm range between 0.94 and 0.98 and 0.65 and 0.77, respectively, at the PT conditions of measurement.
For all calculations reported in function of composition and P-T conditions in Table 4.2 the sample
thickness t was an average of the thickness of the sample chamber after each run (~ 200 µm). A
variation of the sample thickness by 20 µm induces a deviation smaller than 3.2 % on Tm and than 0.3
% on Tf, which were considered as negligible error to calculate the partition coefficients.
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Chapter 5:
Zr complexation in high pressure fluids and implications
for HFSE mobilization in subduction zones

Abstract
Field observation and solubility experiments show evidence for the efficient mobilization
of nominally insoluble HFSE (i.e. Ti, Zr, Nb and Hf) by high pressure fluids probably via
complexation with polymerized alkali-silica dissolved species and halogens (F and Cl). Here
we investigate the complexation of Zr in subduction-related fluids (aqueous fluids and hydrous
haplogranite melts) up to 800 °C and 2.4 GPa using X-Ray absorption spectroscopy (XANES
and EXAFS) in a hydrothermal diamond anvil cell and provide evidence for the formation of
Zr-O-Na-Si/Al-O polymeric species in alkali-(alumino)silicate fluids at high pressure. Zr
speciation in diluted fluids (2.5 wt% HCl) is dominated by 8 fold-coordinated [Zr(H2O)8]4+
hydrated complexes and no evidence for Zr-Cl complexation in the fluid was found up to 420
°C, as confirmed by ab initio XANES calculation of various ZrO8-xClx clusters. The addition of
Na and Si dissolved species (35 wt% dissolved Na2Si2O5, NS2) into the fluids favors the
formation of alkali-zirconosilicate clusters Zr-O-Si(Na/Al) similar to those found in vlasovite
(Na2ZrSi4O11), with Zr in octahedral coordination with oxygen (Zr-O distance = 2.09 ± 0.04
Å) and ~6 Si (Na/Al) second neighbors (Zr-Si/Na distance = 3.66 ± 0.06 Å). This coordination
environment also dominates Zr speciation in fluid containing 60wt% dissolved NS2 as well as
in F-free and F-bearing NS2 and haplogranite glasses and high pressure hydrous silicate melts
(15.5 -33 wt% dissolved H2O) and persists in the investigated pressure-temperature range. The
XAFS analyses, assisted by ab initio XANES calculations, are however not conclusive
concerning the extent of Zr-F complexation in hydrous granitic melts.
Zr-O-Si(Na,Al) polymers as those identified in this study may explain the enhanced solubility
of zircon ZrSiO4 (and other HFSE-bearing minerals) in alkali aluminosilicate aqueous fluids
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produced by dehydration and melting of the slabs and provide a favorable mechanism for the
mobilization of HFSE in subduction zones. Fluid-rock interactions and/or P/T variations as
fluids migrate through the mantle wedge could affect the stability of these complexes,
triggering the precipitation of HFSE-bearing accessory phases that are eventually recycled into
the mantle, contributing to the dispersion of HFSE. These processes provide a plausible
explanation for the characteristic HFSE depletion recorded in subduction-derived arc magmas.

5.1. Introduction
Silicate melts and aqueous fluids generated in subduction zones play a critical role in
the evolution of the Earth’s crust and mantle. Fluids mediate mass and energy transfer from the
slab to the mantle wedge and the upper crust and exert a strong influence on geological
processes such as volcanic eruptions or hydrothermal ore deposits formation (EILER, 2003;
HEDENQUIST and LOWENSTERN, 1994; STERN, 2002). Subduction-related volcanic rocks are
characterized by distinctive trace-element signature relative to mid-ocean ridge basalt,
including a strong enrichment in large ion lithophile elements (LILEs: Sr, Rb, Th, U…) and a
depletion in high-field strength elements (HFSE: Nb, Ta, Zr, Ti, Hf) (GILL, 1981;
HAWKESWORTH et al., 1991). It is widely accepted that this characteristic signature arises from
the modification of the sub-arc mantle by a chemical flux (silicate melt, aqueous fluids or
supercritical liquid) that originates from within the dehydrating slab (BEBOUT, 1991; BEBOUT,
2007; HERMANN et al., 2006; KELEMEN et al., 1990; KESSEL et al., 2005; MANNING, 2004;
PEACOCK, 1991). Experimental studies and geochemical models show that the characteristic
HFSE depletion observed in arc-magmas can be explain by selective segregation of HFSE in
the slab or the mantle wedge by different minerals such as residual rutile (BRENAN et al., 1994;
RUDNICK et al., 2000) or zircon (RUBATTO and HERMANN, 2003), but also Ti-clinohumite
(SCAMBELLURI et al., 2004; SCAMBELLURI and PHILIPPOT, 2001), olivine, orthopyroxene or
spinel (KELEMEN et al., 1990). The HFSE depletion is probably associated to the low solubility
of these minerals in H2O at subduction zone condition (AUDETAT and KEPPLER, 2005; TROPPER
and MANNING, 2005). On the other hand, the occurrence of rutile or zircon-bearing veins in
Ultra-High Pressure (UHP) metamorphic rocks suggests that significant amount of these highly
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refractory elements can be mobilized at mantle depths in subduction zones (GAO et al., 2007;
GIERE, 1986; RUBATTO and HERMANN, 2003).
A number of studies have suggested that hydrous silicate melts are the most likely
candidates to mobilize HFSE in the subducted crust (MUNKER et al., 2004; PEARCE et al., 1999;
RUBATTO and HERMANN, 2003; STOLZ et al., 1996). However, recent solubility experiments
have shown that HFSE can be efficiently mobilized by alkali-Si/Al bearing fluids whose
structure and composition mimics that of fluids generated in the subducted slab (ANTIGNANO
and MANNING, 2008; MANNING et al., 2008; STECHERN et al., 2009), or by halogen-rich (F and
Cl) fluids and melts (KEPPLER, 1993; POLLARD et al., 1987; RAPP et al., 2010). HFSE
complexation with polymerized alkali-Si/Al dissolved species and halogens at subduction zone
conditions has been proposed as an efficient mechanism to enhance HFSE mobility and
transport in subduction zone settings (MANNING, 2004; MANNING et al., 2008). Although the
speciation of HFSE elements has been extensively investigated using X-ray absorption
spectroscopy in silicate glasses and melts of various compositions (e.g., Zr (DARGAUD et al.,
2010; FARGES, 1996; FARGES et al., 1991; GALOISY et al., 1999; MONTORSI et al., 2002); Ti
(HANADA and SOGA, 1980; MYSEN and NEUVILLE, 1995); Nb (PIILONEN et al., 2006)),
investigations in aqueous fluids at conditions that pertain for subduction zones are still lacking.
To the best of our knowledge, only the speciation of Ti4+ in high pressure water has been
investigated using molecular dynamic (VAN SIJL et al., 2010) and show changes in the
coordination environment around the cation as the density of the solvent increases with
pressure and temperature. Direct evidence for HFSE speciation in subduction zone fluids is
thus required for an efficient use of these elements as geochemical tracers of magmatic
processes at converging margins.
In this chapter we investigate the speciation of Zr in subduction zone fluids (aqueous
fluids and hydrous haplogranite melts) up to 800 °C and 2.4 GPa using X-Ray absorption
spectroscopy (XANES and EXAFS) in a hydrothermal diamond anvil cell. The investigated
fluid composition ranges from Cl-bearing diluted aqueous fluids to alkali silicate-bearing fluids
(35 to 60 wt% dissolved Na2Si2O5) to F-free and F-bearing hydrous silicate melts and represent
simplified analogs for solute-rich supercritical fluids (HERMANN et al., 2006; MANNING, 2004;
SHEN and KEPPLER, 1997) and hydrous granitic melts (JOHNSON and PLANK, 1999; SCHMIDT et
al., 2004; TUTTLE and BOWEN, 1958) generated by the dehydration and melting of the slabs.
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5.2 Materials and Methods
5.2.1. Synthesis and characterization of materials
A series of synthetic haplogranite and Na2Si2O5 (NS2) glasses doped with different
amounts of zirconium (Zr) and fluorine (F), and a Zr-bearing aqueous solution were used as
starting materials in this study (Table 5.1). The Zr-bearing solution (5000 ppm in 2.5 wt% HCl)
was prepared using a 10,000 µg/mL plasma standard solution (Specpure Alfa Aesar®) and
distilled de-ionized water. All glasses were synthesized at 1200 °C and pressures ranging from
0.5 to 1.5 GPa using an end-loaded piston-cylinder apparatus at ETH Zurich. Starting materials
for the synthesis of NS2 and haplogranite glasses (ASI = 0.48) were prepared respectively from
reagent grade powders of Na2SiO3 and SiO2 (NS2) and SiO2, γAl2O3, Na2CO3 and K2CO3
(haplogranite), grounded in an agatha mortar under ethanol and mixed in stoichiometric
proportions. The haplogranite mixture was pre-heated at 800 °C during 14 hours in a 1 atm
furnace for decarbonization. The haplogranite and a portion of the NS2 mixture were doped
respectively with 4000 ppm and 1.4 wt% Zr introduced as ZrO2 powder (Sigma Aldrich®). The
rest of the NS2 mixture was used to synthesize a pristine NS2 glass (Zr-free) at the same
experimental conditions. Fluorine-bearing NS2 and haplogranite (ASI= 0.57) glasses were
prepared from using the same reagent powders and 2 wt% NaF powder (Sigma Aldrich®) was
added to the mixtures. The starting materials were loaded in Au80Pd20 capsules of 10 mm
length and outer diameter of 4 mm. For the haplogranite glasses synthesis, 3 wt% H2O was
added as liquid water to the capsule to ensure complete melting of the sample at run conditions.
The capsules were welded shut to avoid lose of volatiles and placed in a MgO assembly
surrounded by the graphite heater and a pyrex-talc outer assembly. The runs were held for 24h
at the target conditions to achieve complete homogeneity.
After quench, pieces of the glass products were embedded in epoxy and polished for
further characterization. Raman measurements and inspection under polarized light confirmed
the vitreous nature of the samples. The concentration of major elements (Si, Al, Na and K), Zr
and F in the glasses was determined by EMPA using a JEOL JXA-8200 microprobe at ETH
Zurich.	
  The analyses were performed with an accelerating voltage of 15 keV and a 10 nA beam
current with a defocused beam of 30 µm to avoid element migration during the analysis. The
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probe was calibrated using wollastonite/quartz (Si), corundum (Al), aegyrine (Na), K-feldspar
(K), baddeleyite (Zr) and phlogopite (F). Counting time was set to 40s for Si, Na, Al, K and Zr
and 80s for F. The signal from Na and F was monitored during the measurements and no
significant loss was observed. The homogeneity of the glasses was confirmed by elemental
profiles collected in the sample and by the absence of microscopic mineral phases. Details of
sample synthesis and characterization are summarized in Table 5.1. The glass pieces were
double-side polished with parallel faces to a thickness of 150-200 µm and further cut into
pieces with regular shape to better adjust the silicate-fluid ratio in the speciation experiments.
Natural crystals of vlasovite (Na2ZrSi4O11) and eudyalite (idealized formula
Na4(Ca,Ce,Fe,Mn,Y,La,Sr,K)3ZrSi8O22(OH,Cl)2) (HORVATH and GAULT, 1990)) from Mont StHilaire (Quebec, Canada), and synthetic powders of zircon (ZrSiO4) and baddeleyite
(monoclinic zirconia ZrO2) (Sigma Aldrich®) were used as reference to identify the main
atomic features of the different Zr species. The samples were characterized by Raman
spectroscopy and X-ray diffraction before the experiments and grounded to fine powders (< 5
µm grain size) in an agate mortar under ethanol. After alcohol evaporation, the powders were
diluted with BN and pressed into pellets for the XAFS analysis.
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Table 5.1. Major and trace elements composition (in wt%) of experimental glasses (Na2Si2O5 and haplogranite) determined by electron microprobe.

Haplo	
  Zr	
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  Zr-‐F	
  

Synthesis	
  conditions	
  
T	
  (°C)	
  
P	
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1200	
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NS2	
  

1200	
  

0.5	
  

	
  
	
  
	
  
	
  
	
  

64.99	
  

	
  

33.45	
  

	
  

	
  

	
  

	
  

	
  

1.00	
  

NS2	
  Zr	
  

1200	
  

0.5	
  

	
   66.38	
  

	
  

31.52	
  

	
  

1.38	
  

	
  

	
  

	
  

0.96	
  

NS2	
  Zr-‐F	
  

1200	
  

0.5	
  

	
   64.89	
  

	
  

32.24	
  

	
  

0.430	
  

1.72	
  

	
  

	
  

0.98	
  

Sample	
  

SiO21	
  

Al2O31	
  

Na2O1	
  

K2O1	
  

ZrO21	
  

F1	
  

H2O2	
  

ASI3	
  

NBO/T4	
  

75.74	
  
76.34	
  

8.32	
  
8.04	
  

7.56	
  
5.77	
  

4.52	
  
4.1	
  

0.418	
  
0.389	
  

	
  
1.89	
  

3	
  
3	
  

0.48	
  
0.57	
  

0.13	
  
0.09	
  

Notes:
1
Average of 20 EMPA analyses performed on each glass composition. Standard deviations (1σ) are < 0.1 wt% for Na2O, Al2O3, K2O and F and <
0.4 wt% for SiO2 in haplogranite compositions and <0.1 wt% for F and < 0.4 wt% for Na2O and SiO2 in NS2 compositions. 1σ < 0.05 wt% for
ZrO2 in all compositions.
2
H2O concentrations were not analyzed. Reported values correspond to nominal inputs in the glass synthesis.
!"! !!
3
ASI = !" !!!
  in moles.
!
4

	
  

!

NBO/T =

!

!"!!!!!"!!"
!"!!"

for haplogranite composition and

!"!!!"
!"

for NS2 composition (in moles).
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5.2.2. Experimental set-up and XAFS data acquisition
XAFS measurements at room and high pressure-high temperature conditions were
performed in transmission and fluorescence mode across the Zr-K edge (17.998 keV) at the
BM30b – FAME beamline of the European Synchrotron Radiation Facility (ESRF - Grenoble,
France). Details of the beamline layout and optical devices are reported elsewhere (PROUX et
al., 2005; PROUX et al., 2006). The experimental station of BM30b FAME has been recently
upgraded with micro-focusing capabilities that permit spectroscopic studies with high spatial
resolution (∼tens of microns) in combination with high pressure and/or high temperature
devices (JAMES-SMITH et al., 2010). A schematic representation of the experimental setup used
in the present study is illustrated in Figure 5.1. The storage ring of the ESRF was operated at 6
GeV with a 180 nA current and the energy of the incident beam was selected using a Si(111)
double crystal monochromator with sagital focusing. XAFS analysis of the Zr-bearing
reference compounds (vlasovite, baddeleyite, zircon and eudialyte) and Zr-doped silicate
glasses (F-free and F-bearing) were conducted at the macro-beam station using an incident
beam focused down to ~ 300 x 100 (HxV) µm2 with a flux of about 1011 photons/s. The silicate
glasses were measured in fluorescence mode using a Canberra® solid-state 30 elements
germanium detector set in 90° geometry whereas spectra for the reference compounds were
measured in transmission using ionization chambers (Fig 5.1). 	
   The pellets of the reference
compounds and 200 µm-thick double sided polished pieces of the starting glasses were
mounted between Kapton® windows for XAFS analysis. Spectra were recorded from 17.8 to
18.5 keV using a 5 eV step size in the pre-edge region (17.80 to 17.95 keV), a 0.8 eV step size
for the edge (17.95 to 18.05 keV) and a 1.5 eV step above 18.05 keV. Typical counting times
varied from 2s per point for the pre-edge, to 3s around the absorption edge and 4 to 8s in the
EXAFS area, with a total scan time of about 30 min. The reference spectrum of vlasovite was
subsequently used to calibrate the edge position in the experimental samples and to monitor the
energy calibration during the measurements.
The microbeam station is equipped with a set of Kirpatrick-Baez mirrors that further
focus the beam down to 10 x 15 µm2 (VxH), yielding typical photon fluxes of 109 photons/s at
the Zr K-edge energy. XAFS spectra were collected in fluorescence mode in forward scattering
geometry using a Si drift detector (200 eV at Zr K-edge) (PROUX et al., 2005) set at 20 ° from
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the incident beam in the horizontal plane to minimize the contribution of Compton scattering in
the spectra (SANCHEZ-VALLE et al., 2003). The setup also includes a high-resolution CCD
camera (Frelon2000) placed behind the high pressure cell for the collection of angle-dispersive
X-ray diffraction spectra (λ = 0.69654 Å) from a flake of Au-Al2O3) mixture loaded in the
sample chamber and used as pressure standard. During the heating and cooling cycles the
compression chamber was monitored using a long-working distance microscope positioned at
30° from the incident beam. The cell was alternatively rotated between the normal incidence
position for the collection of the X-ray fluorescence and x-ray diffraction signals and the
visualization position (Fig 5.1).
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XAFS measurements in aqueous fluids and hydrous silicate melts at various pressures
and temperature conditions were conducted using Bassett-type hydrothermal diamond anvil
cells (HDAC) (BASSETT et al., 1993). The hydrothermal cells were mounted with a thin
diamond (1.2 mm height) on the detector side to reduce the X-ray path through the anvil and to
widen the collection angle of the X-ray fluorescence signal. This configuration allows
decreasing the contribution of Compton/Rayleigh scattering to the signal, which in turns
translates into the increase of the quality of the collected XAFS signal and the decrease of the
detection limits (SANCHEZ-VALLE et al., 2004). Type Ia diamonds with 600 and 700 µm culet
sizes were used to reach pressures up to 2.4 GPa at 700 °C. The cell was heated externally with
Mo wires wrapped around the WC seats supporting the diamond-anvils and the temperature
was measured to ±2 °C with K-type thermocouple attached on each diamond close to the
sample chamber. Each cell was calibrated prior to the measurements using the melting
temperature at ambient pressure of sulphur (115.4 °C), NaNO3 (308 °C) and NaCl (800.5 °C).
Temperature differences between thermocouples and the sample chamber never exceeded 5 °C.
During the experiments the cell was continuously flushed with an inert gas (98 % Ar - 2 % H
mixture) to prevent the oxidation of the Mo heaters, the WC seats or the diamond anvils. The
compression chambers were formed from rhenium foils of 250 µm initial thickness and drilled
with a hole of 300 µm.
Zr speciation was investigated in Zr-bearing 2.5 wt% HCl aqueous solutions, homogeneous
fluid phases in the H2O-NS2 system with bulk composition of 35 and 60 wt% NS2 and hydrous
haplogranite melts (with and without F) coexisting with aqueous fluids (Table 5.4). The
hydrothermal cell was loaded either with the Zr-bearing 2.5 wt% HCl-H2O solution (5000 ppm
Zr) or with a Zr-bearing glass chip (NS2 or haplogranite) and distilled de-ionized H2O for the
measurements. An additional set of experiments was conducted using the Zr-bearing 2.5 wt%
HCl aqueous solution and a Zr-free NS2 glass chip as starting materials. The volumetric
proportions of melt and aqueous fluid in the loading were adjusted by adding glass pieces of
appropriated dimensions. Pressure in the compression chamber was calibrated from the thermal
equation of state of Au (JAMIESON et al., 1982) determined from X-ray diffraction
measurements collected before and after each XAFS measurements on a flake of a compacted
Au-Al2O3 powder mixture loaded in the cell (Chapter 3). The precision in the pressure
determination is within 5-10%, as estimated from the propagation of errors in the X-ray
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diffraction pattern analyses and uncertainties in temperature. After loading, the cell was
pressurized to avoid fluid leaks and then transferred to the experimental bench for the XAFS
measurements (Fig 5.1). The compression chamber was monitored during heating until the
desired temperature and fluid phase/bulk composition were reached. The high pressure-high
temperature XAFS spectra were collected in the 17.8-18.5 keV energy range with similar
counting time as in the reference compounds at room conditions. The spectra reported for each
composition at different pressure and temperature conditions correspond to the average of 3 to
5 spectra collected at identical conditions. When Bragg diffraction lines arising from the
diamond anvils were observed in the XAFS spectra, the cell was rotated by ±0.5 to 1.5 degrees
respect to the incident beam direction. Spectra collected at different angles were then
superimposed to substrate the contribution of Bragg peaks during data analysis.
5.2.3. Fluid compositions
In the NS2-H2O system, the NS2 glass dissolved completely in the aqueous solution
(H2O or Zr-bearing 2.5 wt% HCl-H2O) between 150 to 250 °C to produce one single fluid
phase. The composition of the fluid was determined using the initial volumetric proportions of
the NS2 glass and the aqueous fluid loaded in the compression chamber and converted to
weight proportions using the NS2 density (2.52 g/cm3) reported by Yamashita et al. (2008).
The mass of the fluid was determined from the volume of the compression chamber corrected
from the volume of the glass piece and, if needed, from the presence of an air bubble at the
beginning of the experiment. Although the effect of Zr was not considered on the density
calculations, this will results in minor differences on the concentration of dissolved NS2
(±0.5wt %) that were instead considered in the propagation of errors of the bulk composition
calculation.
The water content in the hydrous haplogranite melt coexisting with the aqueous fluid was
determined using available H2O solubility data for peralkaline aluminosilicate melt (MYSEN
and WHEELER, 2000). In particular, data obtained between 1000 and 1300 °C and 0.8 to 2.0
GPa for Mysen and Wheeler’s NS4A6 glass, whose composition is close to our experimental
haplogranite glasses (Table 5.1) with 6 mol% Al2O3 and a degree of polymerization NBO/T
close to 0.17 (MYSEN and ARMSTRONG, 2002; MYSEN and WHEELER, 2000), were first
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extrapolated to the experimental temperatures (from 592 to 840 °C). Polynomial regressions of
the pressure dependence for each experimental temperature condition were then used to
recalculate the water solubility at the pressure-temperature conditions of the experiments. In
the absence of fluorine solubility data at the conditions of our experiments, fluorine content in
the silicate melts was calculated using fluid/melt partition coefficient reported in the topaz
rhyolite-fluid system by Webster (1990) at 800 °C and 0.5 GPa, assuming negligible pressure
effects (DF ~ 0.2). The calculations yield fluorine concentrations of 1.2 ± 0.2 wt% F. The water
concentrations in the F-free and F-bearing haplogranite melts range between 15.5 and 33 wt%
H2O at the pressure and temperature conditions of the experiments (Table 5.4). These values
are consistent with the extrapolation of low pressure (< 0.5 GPa) H2O solubility data
determined for haplogranitic and albitic melts (BEHRENS, 1995; DINGWELL et al., 1997; HOLTZ
et al., 1992; MCMILLAN, 1994).
5.2.4. XAFS data analysis
EXAFS data analysis to determine the structural environment of Zr was conducted using
the Athena and Artemis packages	
   based on the IFEFFIT program	
   (RAVEL and NEWVILLE,
2005). Averaged XAS spectra were first normalized to the absorption edge height and the
background removed using the automatic background subtraction routine AUTOBK
(NEWVILLE, 2001) implemented in the Athena software. The absorption edge E0 was set at
17.998 keV for all spectra, which correspond to the maxima of the absorption edge first
derivative calculated from the vlasovite reference spectra. The k2-weighted EXAFS oscillations
χ(k) were extracted from the normalized spectra and Fourier transformed (FT) over a variable
k-1-range depending on the nature of the samples and the experimental conditions. Fourier
Transforms for crystalline references were performed on the 2.5 Å-1 to 12 Å-1 range whereas a
reduced k-range was used for silicate glasses at ambient conditions (2.5 Å-1 to 8 Å-1) and highpressure fluid phases (i.e, Zr-bearing HCl-H2O, alkali-silica-bearing aqueous fluids and
hydrous silicate melts) in the diamond anvil cell (2.5 Å-1 to 7 Å-1) due to the decrease on signal
quality at high k-values resulting from the disordered nature of the compounds and the
attenuation in the diamond windows. The reduction of the fitting k-range ensures that all the
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different contributions to the Fourier transforms arise from neighboring atoms and not from
artifacts on the data treatment. 	
  
EXAFS oscillations were fitted to the EXAFS equation using the Artemis software (NEWVILLE,
2001; RAVEL and NEWVILLE, 2005). For all compositions, the fit parameters included the
number of neighboring atoms around the central Zr (NZr-O, NZr-F or NZr-Cl for the first
coordination shell and NZr-Si, NZr-Na, NZr-Zr for the second shell), average distance to the central
Zr (R, with similar indexation indicating the nature of the neighbor), the Debye-Waller factor
(σ2), and the energy shift ΔE. Theoretical backscattering amplitude and phase shit functions for
Zr-O, Zr-Si(and/or Na) and Zr-Zr single and multiscattering paths were calculated with the
FEFF6.0 ab initio code (MUSTRE DE LEON et al., 1991) using the crystallographic structures of
zircon (ROBINSON et al., 1971), baddeleyite (SMITH and NEWKIRK, 1965), vlasovite
(VORONKOV et al., 1974) and eudialyte (JOHNSEN and GRICE, 1999) where Zr is 8-, 7- and 6fold coordinated, respectively The fitting routine was tested on the crystalline standards
(zircon, baddeleyite, vlasovite and eudialyte) considering a cluster size of 6 Å and structural
parameter derived from the EXAFS analysis were found to be consistent with structural
refinement data (Table 5.2, Fig 5.2). All fits were conducted with k-weighting of 1, 2 and 3 in
order to decrease correlations between N and σ2, and R and ΔE (POKROVSKI et al., 2009). The
S02 amplitude reduction factor was fitted to the EXAFS spectra of the crystalline references
(zircon, baddeleyite, vlasovite and eudialyte) and fixed to its best-fit value for analysis of the
experimental samples (Table 5.2). The Debye-Waller factor σ2 was set to the best fit value for
each spectrum to minimize the errors and correlation between the derived structural
parameters. The fitted values of the ΔE never exceeded 5 eV, confirming the validity of the
fitting procedure (MICHALOWICZ and VLAIC, 1998). The crystallographic structure of vlasovite
(VORONKOV et al., 1974), where Zr is 6-fold coordinated (ZrO6 clusters), was preferentially
used to model the local structure around Zr in experimental aluminosilicate glasses and high
pressure aqueous fluids and hydrous melts due to the resemblance in the EXAFS spectra.
In Cl-bearing systems, distinction between O or Cl ligands was conducted in comparison
to the crystallographic structure of zirconyl chloride octohydrate (ZrOCl2.8H2O) (CLEARFIELD
and VAUGHAN, 1956) following in previous XAS analysis on Cl- and Zr-bearing aqueous
solutions (KANAZHEVSKII et al., 2001; KANAZHEVSKII et al., 2006). In F-bearing compositions,
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discriminating between the contribution of O and F ligands is more challenging, moslty due to
their close ionic radii (SHANNON and PREWITT, 1969) and similar interatomic distances to Zr
that result in similar backscattering amplitude and phase-shift functions (FARGES, 1996;
FARGES et al., 1991). For instance, Zr-F bond distances are 2.05 Å and 2.13 Å for ZrF7 and
ZrF8 polyhedra whereas Zr-O distances of 2.07 Å and 2.10 Å have been determined for ZrO6
octahedra in catapleiite (FARGES, 1996; FARGES et al., 1991) and vlasovite (Table 5.2),
respectively. Consequently, the presence of Zr-F bonds in the compositions investigated in this
study is mainly discussed based on the comparison of measured XANES spectral features (i.e.,
shape and position of the absorption edge) with those of standards of known coordination
geometry and on ab initio XANES modeling.
5.2.5. Ab initio free potential XANES calculations
Zr K-edge XANES spectra were modeled ab initio using the FDMNES code (JOLY,
2001) to independently confirm the EXAFS results (BRUGGER et al., 2007; POKROVSKI et al.,
2009; TESTEMALE et al., 2009) and to further discriminate between O, F and Cl ligands in the
local environment of Zr in high pressure fluids when EXAFS analysis were not conclusive. We
computed the XANES spectra of the Zr clusters whose presence was inferred from the EXAFS
results, as well as several Cl- and F-bearing compounds and compared them to the
experimental spectra. This includes the structures and atomic coordinates of zircon (ROBINSON
et al., 1971), baddeleyite (SMITH and NEWKIRK, 1965), vlasovite (VORONKOV et al., 1974) and
eudialyte (JOHNSEN and GRICE, 1999), as well as the structures of ZrCl4 (KREBS, 1970),
zirconyl chloride octohydrate (ZrOCl2.8H2O) (CLEARFIELD and VAUGHAN, 1956), [Zr(H2O)8]4+
aqueous ion (MESSNER et al., 2011), K2ZrF5 (NEUMANN and SAALFELD, 1986), K2ZrF6 (HOPPE
and MEHLHORN, 1976) and (WLOKA et al., 2000). The latter structure was modified by
replacing F in the P (and N) sites to build up a hypothetical ZrO4F2 octahedral structure.
Theoretical XANES spectra were computed either using the MS muffin-tin method, where the
cross section is calculated in terms of path operators by solving the Lippman–Schwinger
equation, or the Finite Difference Method (FDM), that directly solves the Schrödinger equation
for the atomic cluster (JOLY, 2001). Although the FDM approximation better reproduces the
near-edge energy features particularly in low symmetry clusters (JOLY, 2001), it is extremely
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time consuming and therefore was only applied in cases where the muffin-tin approximation
was insufficient to reproduce the experimental XANES spectra. The raw spectra were
convoluted with a Lorentzian function with a full width Гh of 3.84 eV to account for the core
hole lifetime at the Zr K-edge (KRAUSE and OLIVER, 1979) and a Gaussian function to account
for the experimental resolution, which is assumed to be equal to the intrinsic resolution of the
monochromator (Гexp ~ 2.0 eV FWMH) (PROUX et al., 2006). These values were set a priori
and not fitted in the subsequent steps of the analysis. The value of energy for the Fermi level
was fixed to -1.2 eV as deduced from examination of the density of state (DOS) evolution of
the different electronic states. Comparison between the experimental, crystalline reference and
theoretical XANES spectra were used to identify the most appropriated structural model to fit
the experimental EXAFS data. Additional details about this approach can be found elsewhere
(TESTEMALE et al., 2009).

5.3. Results
5.3.1. Reference materials
Figure 5.2 shows the XAFS spectra (XANES and EXAFS) and Fourier transforms (FT)
of the k -weighted EXAFS oscillations collected on the crystalline reference materials (i.e.,
zircon, baddeleyite, vlasovite and eudialyte) used to fingerprint the local structural environment
of Zr. The XANES spectra display noticeable differences in the shape and position of the
absorption edge crest that splits into two components (A and B) with variable relative
intensities depending on Zr coordination (Fig 5.2a). In zircon, where Zr is present in 8coordinated sites with oxygen (ZrO8 site) (ROBINSON et al., 1971), the crest of the absorption
edge displays two-well resolved features at 18002 eV (A) and 18012 eV (B), with maximum
intensity corresponding to the A feature. In baddeleyite, where Zr is 7-coordinated (ZrO7 site)
(SMITH and NEWKIRK, 1965), similar features are present but less discernable, with a main
feature A located at 18005 eV and a low intensity shoulder at 18014 eV. On the contrary, the
absorption edge in vlasovite and eudialyte, where Zr is 6-fold coordinated (ZrO6 site) (JOHNSEN
and GRICE, 1999; SOKOLOVA et al., 2006; VORONKOV et al., 1974) is characterized by a low
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energy shoulder at 18008 eV (A) followed by a higher intensity feature (B) that peaks at 18017
eV. These observations are in good agreement with previous reports for Zr-bearing crystalline
compounds (FARGES et al., 1994; FARGES and CALAS, 1991; FARGES et al., 1991; GALOISY et
al., 1999).
The distinct structural environment of Zr in the model compounds is also reflected on the
corresponding k-weighted χ(k) EXAFS oscillations, that shift slightly towards higher k values
as the Zr-O coordination number decreases (Fig 5.2b). The Fourier transforms (FT) of the
reference compounds, represented as radial distribution functions (RDF) uncorrected from the
phase shift of the photoelectron wave, are reported up to 6 Å in Figure 5.2c. The EXAFS fitting
models successfully identify the main contributions of O, Si, Zr or Na, including multiplescattering contributions (as Zr-O-O-Zr or Zr-Si-O-Zr) up to the second coordination shell for
baddelyite and eudyalite, and up to the third coordination shell for zircon and vlasovite. The
coordination numbers, average distances to Zr and Debye-Waller factor σ2 determined for the
reference compounds are presented in Table 5.2. The results are in good agreement with
structure refinements based on XRD data (Table 5.2) and previous XAFS analysis performed
on similar compounds (FARGES, 1996; FARGES and CALAS, 1991; FARGES et al., 1991). For
Zircon, the first feature in the FT at 1.7 Å (uncorrected phase shift, Fig 5.2c) arises from the
contribution of eight oxygens, with four situated at 2.14 ± 0.01 Å and four others at 2.27 ± 0.01
Å. A second-neighbor contribution at around 3 Å on the FT (Fig 5.2c) is attributed to the
presence of ~ 2 Si atoms located at 3.01 ± 0.02 Å and 4 Zr and 4 Si atoms situated around 3.63
± 0.01 Å from the central Zr. The FT of vlasovite is characterized by an intense feature located
at 1.55 Å corresponding to contribution of 6.8 ± 0.4 oxygen at an average distance of 2.09 ±
0.01 Å. This contribution represents an average of three different pairs of O atoms situated
respectively at 2.04, 2.06 and 2.11 Å from the Zr atom. The fitting model also identifies a
second-neighbor contribution that arises from 10.6 ± 4.7 Na (and Si) atoms at 3.48 ± 0.04 Å
from the central Zr and results in a feature at around 3 Å on the FT. This contribution
represents an average of the vlasovite structure with 6 Si and 4 Na located between 3.42 and
3.61± Å that could not be differentiated due to the similar sizes and close distances to Zr atoms
that contribute equality to the EXAFS function. The FT of eudialyte is very similar to that of
vlasovite in agreement with their related crystalline structures, yielding an average of 6.4 ± 0.5
O, 7.7 ± 3.3 Na and 2.9 ±1.8 Si atoms situated respectively at 2.09 ± 0.01 Å, 3.53 ± 0.03 Å and
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3.66 ± 0.03 Å from the central Zr atom. Finally, the EXAFS oscillations of baddeleyite are
reproduced by a two oxygen shell fit with 2.2 ± 0.6 oxygens located at 2.04 ± 0.02 Å and 5.0 ±
0.7 oxygens at 2.18 ± 0.01 Å, in agreement with the ZrO7 cluster reported by the
crystallographic data. Long scattering paths are attributed to a second shells of neighbors
composed of 6.8 ± 0.6 Zr at 3.46 ± 0.01 Å identified at around 3 Å (uncorrected shift) in the
FT that displays higher relative intensity compared to shells arising from lighter elements such
as Si or Na (Z = 11 and 14).
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Figure 5.2. NormalizedXANES (a), k1-weighted χ(k) EXAFS oscillations (b) and Fourier transforms (FT) in the 2.5-12 Å range (c) of crystalline
model compounds zircon (ZrO8 site), baddeleyite (ZrO7 site), vlasovite and eudialyte (ZrO6 site) (black solid lines) at ambient conditions.
Blue dashed lines are least-square fits performed using IFEFFIT. Vertical grey lines indicate changes in the phase of the EXAFS oscillations.
Contributions around the Zr atom arising from the O first neighbors and Si, Na or Zr next-nearest neighbors are labeled. Peak positions are
uncorrected from backscattering phase shift (c). The corrected interatomic distances are reported in Table 5.2.
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The ab initio XANES calculations confirmed that the different shapes of the Zr
absorption edge reported for zircon, baddeleyite, vlasovite and eudialyte not only arise from the
coordination of Zr to the first oxygen shell (6 or 8-fold oxygenated polyhedra), but also from
the contribution of long scattering paths corresponding to second neighbors (Si, Na or Zr) and
radial distortion (Fig 5.3). For instance, the theoretical XANES spectra calculated for zircon
(ROBINSON et al., 1971) reveal that the shape of the experimental XANES spectra of zircon can
be reproduced taking into account a cluster size of 3 Å with 8 oxygens of the first coordination
shell situated at 2.13 and 2.27 Å, but also a significant radial distortion (central Zr atom
displaced by about -0.4 Å in y-axis). Similarly, the experimental XANES spectra of
baddeleyite was best reproduced introducing a comparable distortion (-0.4 Å in y-axis) to the
crystallographic structure (SMITH and NEWKIRK, 1965) up to a cluster size of 3 Å. In contrast,
the shape of the experimental absorption edge of vlasovite is best reproduced modeling the
crystallographic structure of vlasovite from Voronkov et al. (1974) up to 4.5 Å, indicating that
the presence of the Si and Na atoms in the second coordination shell also contribute to the
XANES spectra (Fig 5.3). On the other hand, the chemical and crystallographic complexity of
eudialyte precluded the ab initio calculations following Johnsen and Grice’s (1999) structure
refinement. However, calculations performed for an ‘idealized’ composition for the eudialyte
group (Na4(Ca,Mn,Ce,La,Fe,Mn)3Si6O17) were found to fairly reproduce the experimental
XANES spectra. Similarly to vlasovite, the best fit was obtained for a ZrO6 cluster size of 4.5
Å and taking into account the presence of Si and/or Na second neighbors.
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Table 5.2. EXAFS-derived structural parameters of crystalline reference compounds.
EXAFS structural parameters
Compound

Bond type

Zr-O

Syntehtic Zircon
ZrSiO4

Synthetic Baddeleyite
(monoclinic ZrO2)

Vlasovite
Na2ZrSi4O11
Mont St-Hilaire (Canada)

Eudialyte
Na4ZrSi8O22
(Ca,Ce,Fe,Mn,Y,La,Sr,K)3
(OH,Cl)2
Mont St-Hilaire (Canada)

	
  

C.N. and average distance to
central Zr

Zr-O

S0

3.9 ± 0.7 O @ 2.14 ± 0.01 Å
4.2 ± 0.8 O @ 2.27 ± 0.01 Å

2.4 ± 1.0 Si @ 3.01 ± 0.02 Å
Zr-Si
and/or
Zr-Zr

2

2

2

σ (Å )
0.004
0.004

1.04

0.004

4.0 ± 0.6 Zr @ 3.61 ± 0.01 Å
4.2 ± 1.4 Si @ 3.64 ± 0.04 Å

0.0035
0.004

11.9 ± 2.4 Zr @ 5.56 ± 0.01 Å

0.0055

2.2 ± 0.6 O @ 2.04 ± 0.02 Å
5.0 ± 0.7 O @ 2.18 ± 0.01 Å

0.002
0.004
0.94

6.8 ± 0.6 Zr @ 3.46 ± 0.01 Å

0.007

Zr-O

6.8 ± 0.4 O @ 2.09 ± 0.01 Å

0.005

Zr-O

Zr-Si and/or ZrNa

10.6 ± 4.7 Na @ 3.48 ± 0.04 Å

1.00

0.023

2 x Si @ 2.99 Å
0.038
4 x Si @ 3.63 Å
4 x Zr @ 3.63 Å

2 x O @ 2.05 Å
4 x O @ 2.15-2.22 Å
1 x O @ 2.28Å

2 x O @ 2.04 Å
2 x O @ 2.06 Å
2 x O @ 2.11 Å

0.006

2 x Si @ 3.42 Å
2 x Si @ 3.47 Å
2 x Na @ 3.47 Å
2 x Si @ 3.58 Å
2 x Na @ 3.61 Å
2 x Si @ 4.59 Å
4 x O @ 4.56 Å

6.4 ± 0.5 O @ 2.09 ± 0.01 Å

0.003

6 x O @ 2.07 Å
0.014

0.006
0.001
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Smith and Newkirk,
1965

7 x Zr @ 3.33-3.58 Å

0.007

7.7 ± 3.3 Na @ 3.53 ± 0.03 Å
2.9 ±1.8 Si @ 3.66 ± 0.03 Å

Robinson et al, 1971

8 x Zr @ 5.55 Å
4 x Zr @ 5.57 Å

5.5 ± 3.4 Si @ 4.56 ± 0.04 Å

1.00

References

4 x O @ 2.13 Å
4 x O @ 2.27 Å

0.051

Zr-Zr

Zr-Si
and/or
Zr-Na

R-factor

Crystallographic structure
refinement

2 x Si @ 3.49 Å
3 x Si @ 3.54 Å
3 x Na @ 3.56 Å
3x Na @ 3.66 Å

Voronkov et al, 1974

Johnsen and Grice,
1999

Chapter	
  5:	
  Zr	
  complexation	
  in	
  high	
  pressure	
  fluids	
  and	
  implications	
  for	
  HFSE	
  mobilization	
  in	
  subduction	
  zones	
  

	
  
Notes:
C.N. and σ2 are respectively the coordination number Zr-X and the Debye-Waller factor determined for each bond type (X = O, Si, Na or Zr)
S02 is the amplitude reduction factor determined for each crystalline reference.
R represents the quality of the fit.
For all EXAFS analysis, multiple-scattering Zr-O-O-Zr paths were also considered to increase the quality of the fit.
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Figure 5.3. Comparison between experimental XANES and convoluted calculated spectra of vlasovite
crystalline standard.
The crystallographic structure of vlasovite (Voronkov et al., 1974) (Table 2) was modeled for a cluster
of 3 Å (red line) involving the first coordination shell composed of 6 oxygen atoms but also for a cluster
of 4 Å (blue line) showing the influence of the second neighbors (Si and Na) on the shape of the
absorption edge of the experimental XANES spectra. The ab initio calculations were performed using
the FDM approach. The calculated spectra are scaled by x100 for clarity.

5.3.2. Zirconium-bearing silicate glasses
Typical Zr K-edge XANES and EXAFS spectra and the corresponding Fourier
transforms of the k-weighted χ(k) EXAFS oscillations for the fluorine-free and fluorine-bearing
NS2 (1.4wt% Zr) and haplogranite (4000 ppm Zr) glasses investigated in this study are shown
in Figure 5.4. The shape and position of the absorption edge of all the silicate glasses are
identical to those of vlasovite (and eudialyte) reference (Fig 5.4a) and characteristic of Zr in
alkali-zirconosilicate sites as confirmed by the theoretical XANES calculations (Fig 5.3). The
absence of pre-edge features on the XANES spectra also indicates that Zr octahedral sites are
relatively regular as found in other alkali-silicate (FARGES, 1996) and borosilicate glasses
(FERLAT et al., 2006; GALOISY et al., 1999). The derived χ(k) EXAFS oscillations (Fig 5.4b)
and the corresponding FT (Fig 5.4c) of all glass compositions have strong resemblance with
those observed in vlasovite up to 7 Å-1, further confirming the XANES observations. A fitting
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model based on the structure of vlasovite yields a first coordination shell with average Zr
coordination number (NZr-O) of 6.1 ± 0.3 and 6.8 ± 0.3, for F-free NS2 and haplogranite
glasses, with mean Zr-O bond distances of 2.13 ± 0.02 Å and 2.10 ± 0.01 Å, respectively
(Table 5.3). The EXAFS derived Zr-O distances are compatible with those in ZrO6 polyhedra
(Table 5.2 and 5.3) and in good agreement with previous EXAFS analysis in silicate glasses
with related composition (FARGES, 1996; FARGES et al., 1991). However, Farges et al. (1991)
further suggested that, for the most polymerized silicate glasses (e.g., rhyolitic glass with
NBO/T = 0.12), two distinct Zr-O contributions could be extracted from the EXAFS signal of
spectra exhibiting long Zr-O distances (> 2.09 Å), with a second contribution centered at 2.242.25 Å attributed to 8-coordinated Zr. Attempt to apply the 2-oxygen model to fit the
haplogranite glass, whose polymerization degree is similar to Farges’s rhyolite (Table 5.1), did
not allow to identify Zr-O bonds indicative of ZrO8 polyhedra.
A second set of neighboring atoms is observed in the FT at around 3 Å (distances
uncorrected for phase shifts) and arises from ~ 6 atoms located at 3.66 ± 0.05 Å (phase
corrected) (Table 5.3). The good match between the Zr-second neighbor distance and the Zr-Si
in zirconosilicates (3.64 Å, Table 5.2) points to Si as the most plausible second nearest
neighbor, but the contribution of Na (and/or K) and Al cannot be excluded. Larger errors are
reported on the structural parameters calculated for the second shell due to the difficulty to
constrain the contribution of a second shell composed of low atomic number elements as Si and
Na to the EXAFS oscillations (FARGES et al., 1991; FARGES and ROSSANO, 2000). Within the
resolution of the EXAFS analysis, the number of second neighbors in NS2 and haplogranite
glasses is identical, contrary to findings by Farges et al. (1991) that reported a correlation
between the Na content in the glass and the number of Si second neighbors and Zr-Si distances
(3.56 - 3.71 Å) around Zr atoms. Moreover, we do not find evidence for the contribution of Zr
atoms with Zr-Zr distance of 3.68 Å in rhyolitic composition (Farges, 1996) likely due to Zr
concentrations lower by one order of magnitude in our rhyolite glass samples. The
identification of alkali-zirconosilicate complexes with an average of 6 nearly collinear Zr-O-Si
bonds also suggests that Zr coordinated to 6 oxygen atoms from SiO4 tetrahedral unit that build
up the silicate glass network. However, the number of neighbors in the second coordination
shell may be slightly underestimated in the EXAFS analysis, as the presence of additional Na
atoms in the second coordination shell is also expected to charge compensate the oxygens
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linking the ZrO6 octahedral and SiO4 tetrahedral units. For instance, a plausible structure would
require that 2 of the oxygens bonded to the central Zr are bonded to 2 Si but also 1 Na atoms, in
a similar geometry as in vlasovite.
Similarly, the EXAFS oscillations and FT of the F-bearing NS2 and haplogranite silicate
glasses are fitted equally well by a vlasovite-type structural model, yielding identical averaged
Zr-O distances (2.10 ± 0.01 Å) and coordination numbers (6.8 ±0.3 oxygens) as in F-free
silicate glasses (Fig 5.4, Table 3) (FARGES, 1996). A second shell contribution is also observed
near 3 Å in the FT (uncorrected phase shifts) (Fig4c) and arises from 6.1 ± 4.2 to 6.8 ± 3.2 Si
(Na/K and/or Al depending on composition) at an average distance of 3.70 ± 0.10 Å (corrected
backscattered phase shifts) as in F-free glasses (Table 5.3). Therefore, the EXAFS analyses do
not provide clear evidence for Zr-F complexation in silicate glasses, supporting previous
findings (FARGES, 1996).

Table 5.3. Structural parameters derived from Zr K-edge EXAFS analysis of F-free
and F-bearing NS2 and haplogranite glasses.
Oxygen (O)
RZr-O

Silicon (Si)
RZr…O-Si

σ2

R-factor

3.68 ± 0.07

0.035

0.008

6.1 ± 4.2

3.72 ±0.10

0.025

0.008

0.004

6.1 ± 2.7

3.64 ± 0.04

0.03

0.002

0.0035

6.9 ± 3.2

3.67 ± 0.05

0.015

0.002

σ

2

Sample

NZr-O

NZr…O-Si

NS2

6.1 ± 0.3

2.13 ± 0.02

0.004

5.5 ± 4.1

NS2 Zr-F

6.5 ± 0.9

2.11 ± 0.02

0.005

Haplo Zr

6.8 ± 0.3

2.10 ± 0.01

Haplo Zr-F

6.8 ± 0.2

2.10 ± 0.01

Notes: N = Zr coordination number (NZr-O or NZr…O-Si); R = Zr-neighbor mean distance (Å); σ2 = Debye-Waller
factor (Å2); R-factor = goodness of the fit;.
The fitted k range was 2.5 to 8 Å-1 for all spectra. S02 was fixed to 1 as in vlasovite. Multiple-scattering Zr-O-O-Zr
paths were considered to increase the quality of the fit.
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Figure 5.4. Normalized XANES (a), k1-weighted χ(k) EXAFS oscillations (b) and Fourier transforms (FT) (c) of Zr-bearing NS2 and haplogranite
glasses and vlasovite (black solid lines) at ambient conditions.
FT for all spectra were performed in the 2.5-8 Å range for comparison. Blue dashed lines are least-square fits performed using IFEFFIT.
Contributions arising from the O first neighbors and Si and/or Na next-nearest neighbors are labeled. Peak positions are uncorrected from
backscattering phase shift (c). The corrected interatomic distances are reported in Table 5.3. The shaded area corresponds to the distance range
representative of the Si and Na second neighbor’s contribution.
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Ab initio XANES calculations of ZrOx and ZrFx clusters
In an attempt to distinguish between the presence of O and F ligands in the first
coordination shell of Zr, ab initio XANES calculations were conducted to evaluate the
influence of Zr-F bonding on the shape and position of the absorption edge. Theoretical
XANES spectra were calculated for ZrF8, ZrF7 and ZrO4F2 clusters using respectively the
crystalline structure of K2ZrF6 (HOPPE and MEHLHORN, 1976), KZrF5 (NEUMANN and
SAALFELD, 1986) and the hypothetical ZrO4F2 crystals (modified after Wloka et al., 2000) (Fig
5.5). The calculated spectra for K2[8]ZrF6 and K[7]ZrF5 compare well with the experimental data
reported by Farges (1996) in the same compounds. XANES spectra for ZrF6 clusters could not
be calculated due to the lack of appropriated reference compounds. The edge region associated
to ZrF8 (as K2ZrF6 with Zr-O distances between 2.038 and 2.111 Å) and ZrF7 (as KZrF5 with
Zr-F distances between 1.998 and 2.330 Å) clusters is characterized by a single feature with
maximum intensity at 18004 eV (Fig 5.5) and is appreciably different from that of the Fbearing glasses that resemble more to vlasovite (Fig 5.4). We note however that the calculated
spectra for 8- and 7-fold coordinated Zr by fluorine is quite similar to that of baddaleyite,
highlighting the similarities between ZrF7,8 and ZrO7 polyhedra. On the other hand, the
theoretical XANES spectrum calculated for the hypothetical ZrO4F2 octahedra (modified after
Wloka et al, 2000), exhibits a distinct absorption edge, which is quite similar to the
experimental and calculated spectra (4.5 Å cluster) for vlasovite. These observations thus
suggest that it may not be possible to distinguish between O and F atoms in the first
coordination shell in agreements with the EXAFS results.
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Figure 5.5. Experimental (black line) and convoluted calculated (blue line) Zr K-edge XANES spectra
of Zr-bearing compounds, including vlasovite, baddeleyite, haplogranite and NS2 glasses, and reference
compounds KZrF5, KZrF6 and ZrO4F2. The coordination of the Zr site and the cluster size used for the
calculations are reported next to each spectra.

5.3.3. Zirconium in high pressure Cl-bearing aqueous fluids
Figure 5.6 displays the XANES, EXAFS and FT spectra of Zr-bearing aqueous solutions
(5000 ppm Zr in 2.5wt% HCl) collected at various temperatures in the diamond anvil cell
together with reference compounds baddeleyite (ZrO7 clusters) and zircon (ZrO8 clusters). At
all investigated temperatures, the XANES spectra of the Zr aqueous solution display similar
feature to those of baddeleyite (Fig 5.6a) with the absorption edge crest maxima at 18004 ± 2
eV, suggesting that Zr is found in 7-8-fold coordination. In order to further distinguish between
the contribution of O and/or Cl atoms in the first coordination shell of Zr, we computed the
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theoretical XANES spectra (FDM approximation) of selected ZrO8-xClx clusters (with x = 1, 2,
3), crystalline ZrCl4 (ZrCl6 clusters with Zr-Cl distances between 2.31 and 2.65 Å, (KREBS,
1970) and crystalline zirconyl chloride octahydrate ZrOCl2.8H2O (ZrO8 clusters with distances
between 2.09 and 2.37 Å, (CLEARFIELD and VAUGHAN, 1956). The results are reported in
Figure 5.7(A) together with experimental XANES spectra collected in the Zr-bearing HCl-H2O
solutions at room and high temperature and the calculated XANES spectrum for [Zr(H2O)8]+4
aqueous ion (distances Zr-O = 2.20 Å and Zr-H = 2.89 Å) identified by ab initio quantum
mechanical molecular dynamic calculations as the dominant Zr4+ species in water at room
conditions (MESSNER et al., 2011). We note that the experimental XANES spectrum at 25 °C is
better reproduced by the more disordered structure of ZrOCl2.8H2O, suggesting disorder in the
first hydration shell of monomeric Zr+4 aqua-ion in HCl aqueous solutions. Modeling of the
EXAFS oscillation using the structure of ZrOCl2.8H2O yields a coordination number [ZrO(H2)] of 7.3 ±0.8 with average bond length of 2.19 ±0.01 Å at room conditions (Table 5.4), in
agreement with the 8-fold coordinated hydration shell reported by molecular dynamic
calculations (Messner et al., 2011) and previous experimental studies (Hagfeldt et al., 2004;
Kanazhevskii et al., 2006).
As temperature increases to 320 and 420 °C, the absorption crest broadens (Fig 5.6a and
Fig 5.7(A)) and a small shift of the EXAFS oscillations is observed (Fig 5.6b). Although the
shape of the absorption crest is better reproduced by a distorted ZrO6Cl2 cluster (Fig 5.7(A)), a
fit of the experimental EXAFS data using this structure results in a feature at ∼2.2 Å in the FT
(non-corrected phase shift) arising from Zr-Cl interactions that is not observed in the
experimental FT (Fig 5.7(B)). This suggests that Zr-chloroaqua complexes may be minor
species in the investigated high temperature aqueous solutions. A fit of the EXAFS oscillations
using the ZrOCl2.8H2O structure shows that coordination numbers of the first hydration shell
decreases to 5.3 ± 1.1 and 5.5 ± 1.7 oxygens (H2O molecules) located at 2.15 ± 0.02 Å from Zr
at 320 and 420 °C respectively (Table 4). The apparent dehydration of Zr at high temperature
most likely arises from the large asymmetry of the hydration shell as will be discussed later.
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Figure 5.6. Normalized XANES (a), k1-weighted χ(k) EXAFS oscillations (b) and Fourier transforms (FT) in the range 2.5-7 Å (c) of Zr-bearing
aqueous fluids at high P-T (Zr in 2.5 wt% HCl) and reference compounds zircon (ZrO8 site), baddeleyite (ZrO7 site), vlasovite and eudialyte (ZrO6
site) (black solid lines).
Blue dashed lines are least-square fits performed using IFEFFIT. Vertical grey lines indicate changes in the phase of the EXAFS oscillations.
Contributions around the Zr atom arising from the O first neighbors and Si, Na or Zr next-nearest neighbors are labeled. Peak positions are
uncorrected from backscattering phase (c). The corrected interatomic distances are reported in Table 5.4.
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Figure 5.7. (A) Comparison between the experimental XANES spectrum of Zr-bearing aqueous
solution (Zr in 2.5 wt% HCl) collected from room conditions to high temperature (320 and 420 °C) and
the convoluted calculated spectra of the Zr4+ ion in water and of crystalline ZrOCl2, 8H2O and ZrCl4.
The structure of ZrOCl2, 8H2O (Clearfield and Vaughan, 1956), ZrCl4 (Krebs, 1970) and the Zr4+ ion in
water (modified after Messner et al., 2011) were modeled for clusters of 3 Å. The ab initio calculations
were performed using the FDM approach for ZrOCl2, 8H2O and [Zr(H2O)8]4+ and the MS muffin-tin
approach for ZrCl4.
In ZrOCl2.8H2O and Zr4+ ion the first coordination shell is composed of 8 oxygen atoms situated
between 2.13 and 2.37 Å or 2.25 Å from the central Zr atom, respectively; whereas in ZrCl4 it involves
6 chlorine atoms situated between 2.31 and 2.65 Å from the central Zr atom. The ZrO6Cl2 cluster was
modeled as a distorted square antiprismatic polyhedron involving 6 oxygens and 2 Cl atoms located
respectively between 2.09 and 2.37 Å and at 2.67 Å from the central Zr.
(B) Influence of Zr-Cl complexation on the radial distribution function modeled for the ZrHCl solution
at 320 °C.
The experimental Fourier transform is reported at the bottom of the figure, together with the leastsquare fit obtained using the ZrOCl2.8H2O and ZrO6Cl2 structures presented in A.
The chosen model (blue dotted line), based on the ZrOCl2.8H2O structure involves the contribution of 8
oxygens. The formation of Zr-Cl complexes induces the development of a strong feature around 2.2 Å
that arises from the replacement of two oxygens by two chlorine atoms (red dotted line). The
deconvolutions of the different contributions to this fit are reported above the experimental spectrum
and least-square fits as oxygen (pink) and chlorine (red) contributions.
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5.3.4. Zirconium in silicate-bearing fluids and hydrous melts
The addition of 35 wt% of dissolved NS2 to the Zr-bearing aqueous solution (2.5 wt%
HCl) induces important changes in the XANES and EXAFS spectra as illustrated in Figure 5.6.
Namely, the increase in the relative intensity of feature B respect to feature A, suggests
changes in the oxygen coordination number of Zr from 8 to 6 and the presence of Si and Na in
the second coordination shell as in vlasovite and the silicate glasses (Fig 5.4). Changes in the
edge shape are accompanied by a shift of ∼ 0.4 Å-1 in the EXAFS oscillation respect to the
NS2-free aqueous solutions and appear in phase with those of vlasovite, further confirming the
evolution of the local structure of Zr upon addition of NS2. The lower quality of the collected
QEXAFS (quick-EXAFS) spectra unluckily impeded modeling of the data and the extraction of
meaningful structural parameters. The progressive change in the local structure of Zr upon
addition of NS2 is confirmed by the data collected on the fluid containing 60 wt% dissolved
NS2 at 290 ºC and 1.1 GPa (Fig 5.8 and Table 5.4). Modeling of the EXAFS oscillations based
on the vlasovite structure yields coordination numbers (6.1 ± 0.4 oxygens) and averaged Zr-O
distances (2.12 ± 0.01 Å) that are smaller than those obtained in the NS2-free Zr-aqueous
solutions and in better agreement with those reported for silicate glasses (Table 5.3). In
addition, XANES and EXAFS spectra collected at high P-T conditions in Zr-bearing hydrous
haplogranite melts (with or without fluorine) display similar features to those observed in
silicate glasses, NS2-bearing fluids and vlasovite (Fig 5.8a-b), indicating that presence of Zr in
alkali-zirconosilicate structures in silicate-bearing aqueous fluids and melt-like fluids at
subduction zone conditions. However, the overall decrease on the quality of the EXAFS signal
at high temperature respect to room conditions data hinder the quantitative determination of the
second neighboring shell shown between 2.6 and 3.6 A in the FT (Fig 5.8c). The EXAFS
oscillations were modeled using a vlasovite-like structure and the incorporation of the secondneighbor contribution from Si (or Al) greatly improved the quality of the fits as shown by a
decrease of the R-factor by a factor of 2. The EXAFS-derived structural parameters are
reported in Table 5.4 and show the contribution of 6.0 ± 0.4 to 6.7 ± 0.6 oxygens at around 2.05
to 2.12 ± 0.01 Å and an average of 6 Si (and Na) atoms located between 3.60 and 3.69 ± 0.10
Å. The shorter Zr-O distances obtained for hydrous haplogranite in comparison to NS2-bearing
fluids and silicate glasses correlated with a significant broadening of the Zr-O contribution to
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the FT (Fig 5.8c). As the EXAFS analyses of the high P-T phases were performed on a similar
k range (2.5 to 7 Å-1), this correlation more likely indicates an increase of the local disorder
around Zr than an actual shortening of the Zr-O distances. This is also supported by the larger
Debye-Waller factor obtained for these compositions in comparison to the haplogranite glass
(0.007 and 0.004 respectively). The small differences reported for the number and length of ZrSi bonds for the different measurements likely arise from the difficulties encountered to fit the
EXAFS oscillations up to the second coordination shell due to the lower quality of the spectra
collected at high P-T conditions.
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Fig 5.8. XANES (a), EXAFS (b) and Fourier transforms (FTs) (c) of F-free and F-bearing experimental high P-T phases (NS2-rich aqueous fluid
and hydrous haplogranite melts).
k1-weighted χ(k) EXAFS oscillations of the vlasovite standard and the experimental compositions were Fourier transformed on the 2.5-7 Å range.
The FTs’ peak positions are uncorrected from phaseshift (corrected interatomic distances are presented in Table 5.4). Corresponding least-square
fits are reported as dashed lines. The grey band corresponds the distance range representative of the Si/Na second neighbors’ contribution.
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Table 5.4. Zirconium local structure in aqueous solutions, NS2-bearing fluids and hydrous haplogranite melts as a function of pressure and
temperature determined from the Zr K-edge EXAFS data.
Oxygens (O)

Composition

T (°C) P (GPa)
Zr-aqueous solution (2.5 wt% HCl-H2O)

Silicon (Si)

NZr-O

RZr-O (Å)

σ2 (Å2)

NZr…O-Si

RZr…O-Si (Å)

σ2 (Å)

R-factor

25

0

7.3 ±0.8

2.18±0.02

0.0025

0.039

320

n.d.

5.3 ±1.1

2.15 ±0.02

0.0025

0.076

420

n.d.

5.5 ±1.7

2.15 ±0.03

0.0025

0.070

60 wt% NS21

290

1.1

6.1 ± 0.4

2.12 ± 0.01

0.006

6.3 ± 4.8

3.65 ± 0.08

0.04

0.005

35 wt% NS2
(in ZrHCl sol.)

580

_3

_

_

_

_

_

_

_

ZrHCl sol.

NS2-bearing fluids

Hydrous haplogranite melts
Haplogranite
17wt% H2O2

660

1.5

6.7 ± 0.6

2.08 ± 0.01

0.007

6.3 ± 2.7

3.69 ± 0.10

0.03

0.007

Haplogranite
15.5wt% H2O

675

1.4

6.6 ± 0.5

2.05 ± 0.01

0.007

5.7 ± 3.8

3.60 ± 0.10

0.04

0.01

F-Haplogranite4
29wt% H2O

695

2.2

6.4 ± 0.7

2.05 ± 0.02

0.006

6.9 ± 5.0

3.69 ± 0.08

0.03

0.012

F-Haplogranite4
33wt% H2O

700

2.4

6.0 ± 0.4

2.12 ± 0.01

0.006

6.3 ± 1.8

3.66 ± 0.03

0.018

0.004

Notes: N = Zr coordination number (NZr-O or NZr…O-Si); R = Zr-neighbor mean distance (Å); σ2 = Debye-Waller factor; R-factor = goodness of the
fit; S02 is 0.7 in Zr-bearing aqueous solution and 1 in NS2-rich aqueous fluids and hydrous haplogranite melts.
1
wt% NS2 indicates the amount of dissolved NS2 in the single phase fluid calculated from the mass of H2O and NS2 glass.
2
wt% H2O refers to the amount of water dissolved in the haplogranite melt calculated in function of pressure and temperature conditions using the
solubility data of Mysen and Wheeler (2000).
3
Quality of the spectra precluded EXAFS analysis.
4
1.2 wt% F.
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5.4. Discussion
5.4.1. Zr speciation in subduction zone fluids
The results of this study show that the local structure of Zr in high pressure-high
temperature fluids is strongly controlled by the composition of the fluid and especially by the
presence of dissolved silicates. The XAFS analysis indicate that the aqueous Zr speciation is
dominated by the 8 fold-coordinated [Zr(H2O)8]4+ monomeric hydrated ions in low acidity
aqueous solutions (0.7 M HCl) at room conditions. The derived hydration numbers and average
Zr-O bond distances (2.19- 2.25 Å) compares well with previous MD simulations and EXAFS
analysis in H2O or S and/or Cl-bearing (< 8 m Cl-) aqueous solutions (HAGFELDT et al., 2004;
KANAZHEVSKII et al., 2006; MESSNER et al., 2011) showing that the presence of these ligands
do not have significant effect on the local structure of aqueous Zr4+. As temperature (and
pressure) increases to 420 °C in the HCl-bearing fluid, we observe the reduction of the
hydration number of Zr to an average of 5 H2O whereas the Zr-O bond distances (2.15 ± 0.02
Å) remain similar within errors to that obtained at 25 °C (Table 5.4). As Zr-Cl complexation in
the fluid has been ruled out following the ab initio XANES calculations (Fig 5.7), the partial
dehydration Zr with temperature may be related to the asymmetry of the hydration shell.
Fluctuations in the hydration shell due to changes in the solvent structure promoted by
temperature complicate indeed the extraction of hydration numbers from the EXAFS analysis,
particularly in the limited k-range accessible in the diamond anvil cell (Fig 5.6b).
On the other hand, the addition of 35 wt% dissolved silicates to the fluids triggers
noticeable changes in the local structure of dissolved Zr (Fig 5.6), that evolves towards 6-fold
coordinated alkali zirconosilicate clusters similar to those found in NS2 and haplogranite
glasses (Fig 5.4) and hydrous silicate melts (Fig 5.8). This behavior contrasts with the results
obtained on Br speciation (Chapter 3), where larger amounts of dissolved alkali silicates in the
fluid (> 60wt% dissolved NS2) are required to disrupt the hydrous shell around Br and to
incorporate Br into Si-O-Na polymerized domains in the fluid. The prompt complexation of Zr
with alkali silicate species dissolved in the fluid reflects its affinity for “melt-like”
environments (i.e., alkali-(alumino)silicate polymerized solutes) that explains the enhanced
solubility of zircon ZrSiO4 in fluids containing dissolved Na, Si and Al compared to H2O (e.g.,
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Stechern et al., 2009). Within the resolution of the analysis, the structure of the alkali
zirconosilicate complexes (coordination number and Zr-O distances) in aqueous fluids (35 and
60 wt % dissolved NS2) and hydrous haplogranite melts remains unchanged with increasing
pressure and temperature (Table 5.4).
The identification of alkali-zirconosilicate clusters in the aqueous fluids similar to those
observed on hydrous silicate melt networks provide evidence for extensive polymerization in
fluids containing 35 wt% dissolved silicates and for the progressive evolution of the speciation
of subduction-related fluid from ionic to polymerized structures (MANNING, 2004; MANNING et
al., 2010). The similar speciation of Zr in anhydrous/ water undersaturated NS2 and
haplogranite silicate glasses and hydrous silicate melts (up to 24 wt% H2O) shown in this
XAFS study suggest that 1) melting is not accompanied by significant structural reorganization
around network-modifying elements such as Zr and that the structure of silicate glass/melt is
similar at P-T conditions down to the glass transition conditions (HENDERSON et al., 2006;
MYSEN and RICHET, 2005), 2) that speciation is independent of melt/gass composition, and 3)
that H2O or hydroxyl groups are unlikely to complex with Zr in hydrous silicate melts (FARGES
and ROSSANO, 2000).
5.4.2. Zr complexation with halogens in subduction zone fluids
A number of experimental studies have reported a notable increase in the solubility of
HFSE-bearing mineral (zircon, baddeleyite, rutile or manganocolumbite) in aqueous solutions
and silicate melts containing halogen ligands, namely Cl and F (KEPPLER, 1993; MIGDISOV et
al., 2011; RAPP et al., 2010). Field observations also show evidence for the enrichment of
HFSE on fluorine-rich granitic rock (POLLARD et al., 1987) and fluorine-bearing hydrothermal
systems (SALVI and WILLIAMSJONES, 1996). Complexation between HFSE and Cl and F
ligands to form oxyfluoride or oxychloride species (e.g., ZrO2F2, Zr(OH)2F2, Zr(OH)2F3,
Ti(OH)2F42- or Ti(OH)2Cl42-) has been often appealed to explain the enhanced mobilization of
these trace elements. This possibility has been recently explored by van Sijl (2011) using MD
simulations that show the formation of low amounts of Ti-Cl and Ti-F ion pairs in diluted
aqueous solutions and that complexation of Ti with F is more favorable compared to Cl. This
last observation is in line with the larger solubility of rutile in NaF brines compared NaCl
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brines reported by Rapp et al. (2010). However, our XAFS measurements and ab initio
XANES calculations (Fig 5.6 and Fig 5.7) in Cl-bearing aqueous fluids do not provide
evidence for Zr-Cl complexation at room or high temperature conditions in Zr-bearing 2.5wt%
(∼0.7 M) HCl aqueous solution. This observation agrees with previous XAFS studies at room
conditions that identified the presence of Cl in the first coordination shell of Zr only for HCl
concentrations above 9M (HABA et al., 2009). We emphasize however that this observation
does not exclude the occurrence of extensive complexation between Zr (or Ti) and Cl in NaCl
brines and that this is the most plausible mechanism for the enhanced solubility of Zr or Tibearing minerals as observed in experimental studies (e.g., Rapp et al., 2010). It is thus
concluded that larger amounts of Cl in the system than those present in the fluids investigated
here would be required to identify changes in the local environment of Zr in diluted aqueous
fluids using XAFS analysis at high pressure and temperature in the HDAC.
While we show that Zr-Cl complexation is not significant in the aqueous fluids
characterized in this study, the attempts to determine the extent of Zr-F complexation in silicate
glasses and high pressure silicate melts remain inconclusive. Although Farges (1996) suggested
that differences in the Zr-O and Zr-F distances in silicate glasses could be detected by the
EXAFS analysis if complexation is extensive, our results do not show differences in the local
environment of Zr between F-free and F-bearing glasses and hydrous melts. In addition, the ab
initio XANES calculations highlight the strong similarities between Zr-oxyfluoride clusters
(ZrOx, ZrFx and ZrOxFy) (Fig 5.5), pointing toward the impossibility of identifying Zr-F
complexes through XAFS analysis, especially when F is present in low amounts in the system.
Alternative methods should be then used to evaluate the extent of Zr-F complexation in natural
systems. Of particular potential could be NMR spectroscopy in silicate glasses as several
studies on

17

O,

19

F and

29

Si nuclei show the sensitivity to the presence of Zr in the samples

(ARMELAO et al., 2006; CHOY et al., 2004; LAPINA et al., 2011) and successfully identify
features assigned to Zr-O and Zr-F bonds in the F-bearing systems (ANGELI et al., 2008;

DE

ARAUJO et al., 2009). Cumulatively, 17O, 19F and 29Si NMR studies in fluorine-bearing systems
(HAYAKAWA et al., 2000; SCHALLER et al., 1992) and developments on the embrionary

91

Zr

NMR technique (ARMELAO et al., 2006; LAPINA et al., 2011) could help to shed light
concerning Zr-F complexation processes and their role in the mobilization of Zr (and HFSE) in
natural silicate systems.
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Based on similar EXAFS analysis to those presented here, Farges (1996) ruled out Zr-F
complexation in aluminosilicate glasses containing 2-5wt% F and suggested instead that the
enhanced solubility of ZrSiO4 in F-bearing granite melts (KEPPLER, 1993) is related to the
depolymerization of the silicate melt upon F addition (SCHALLER et al., 1992).
Depolymerization could indeed favor the stabilization of Zr in the melt network by NBO in
agreement with our proposed incorporation mechanism in the silicate structure (Fig 5.4). While
our results do not allow evaluating whether or not Zr-F complexation occurs in the investigated
silicate glasses and hydrous melts, the formation of Zr oxyfluoride complexes should not be
ruled out, especially in aqueous fluids (MIGDISOV et al., 2011). Other processes rather than
HFSE-F complexation should be also considered to explain their coexistence in natural systems
and the enhanced solubility in silicate melt.
5.4.3. Comparison with other HFSE
The results of the present study show important changes on Zr speciation depending of
fluid composition at subduction zone conditions and that the presence of dissolved silicate
favors Zr complexation with alkali-silica units. Although direct comparison by extension
between Zr4+ and other HFSE (namely Ti4+ and Nb5+) may not be fully justified, available data
on the speciation Ti and Nb in aqueous fluids and silicate glasses/melts indicate the possibility
of similar complexation patterns in subduction zone fluids as those observed for Zr4+. For
instance, Nb+5 is mainly in 8-fold coordination with water in diluted aqueous solution (BAYOT
and DEVILLERS, 2006) whereas NbO6 clusters with average Nb-O bond distance of 1.98 Å have
been identified by XAFS spectroscopy in silicate glasses (PIILONEN et al., 2005) and high
pressure hydrous melts (MAYANOVIC et al., 2007; PIILONEN et al., 2005) with both peralkaline
to peraluminous compositions. These observations would thus indicate that Nb5+ speciation in
intermediate subduction zone fluids (silica-bearing aqueous solutions) may be dominated by
alkali niobiosilicate NbO6-(Si/Na) clusters analog to those identified for Zr in the present
XAFS study.
Inferences about the behavior of Ti+4 in subduction zone fluids are however only
tentative due to more complexes speciation pattern identified from the literature and the lack of
data on hydrous silicate melts. The speciation of Ti+4 in water and diluted aqueous solutions at
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room and high P-T conditions has been investigated only by theoretical quantum chemical
calculations because XAFS measurements in low K-edge elements remains challenging.
Although both 6-fold (BOCK et al., 2006; UUDSEMAA and TAMM, 2001) and 5-fold
coordination of Ti with H2O (VAN SIJL et al., 2010) have been proposed at room conditions in
these studies, 6-fold coordinated environments are favored at subduction-zone conditions (730
°C and 3.6 GPa) as solvent density increases (VAN SIJL et al., 2010). Ti4+ is mainly found in 5fold coordination with oxygen in square-prismatic configuration (i.e., 1 Ti=O bond of 1.7 Å
and 4 Ti-O bonds of 1.95 Å) in Ti-O-(Si/Na/Al) clusters in natural and synthetic alkali-rich
aluminosilicate glasses and melts (FARGES and BROWN, 1997; FARGES et al., 1996; ROMANO et
al., 2000) but larger proportions (up to 50-60 % of total Ti) of 6- and 4-fold coordination are
observed in less polymerized (basaltic and trachytic) and more polymerized (rhyolites and
tektites) composition respectively (FARGES and BROWN, 1997). Despite the differences in the
coordination chemistry between Ti4+ and Zr4+ (and Nb+5) discussed above, the incorporation of
these elements into silicate melt/glasses involves the reduction of the coordination number
induced by the formation of HFSE-O-Si(Na,Al) complexes. Although Ti-alkali and/or TiNa(Si/Al) complexes like those reported for Zr4+ in this study are yet to be identified, their
presence in alkali-(alumino)silicate aqueous solutions is inferred from the enhancement in
rutile solubility in albite- and nepheline-bearing aqueous fluids (ANTIGNANO and MANNING,
2008; AUDETAT and KEPPLER, 2005; HAYDEN and MANNING, 2011; MANNING et al., 2008;
TROPPER and MANNING, 2005). For instance, Antignano and Manning (2008) suggested that Ti
could be present as NaOTi(OH)4- in these fluids. Finally, the larger solubility of TiO2-rutile in
Na(Si/Al)-bearing aqueous fluids compared to zircon ZrSiO4 (100 ppm Ti vs. 60 ppm Zr in <
10wt% NS3 fluids at 0.7 GPa and 750-800 °C) (ANTIGNANO and MANNING, 2008; MANNING et
al., 2008; STECHERN et al., 2009) could reflect the higher affinity of Ti for complexation with
Na-Al/Si species as it could act as a network-former easily replacing Si4+ and/or Al3+ in the
silicate clusters formed in the fluid.
In a similar manner, HFSE complexation with alkali-silicates provides a plausible
explanation for the enhanced solubility of HFSE-bearing phases in silicate melts with
increasing (Na +K)/Al or Ca contents (DICKINSON and HESS, 1985; HAYDEN and WATSON,
2007; LINNEN and KEPPLER, 1997; LINNEN and KEPPLER, 2002; WATSON, 1979). In particular,
Dickinson and Hess (1985) and Hayden and Watson (2007) suggested that alkali-Ti complexes
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form with alkalis in excess to those required to charge balance Al3+, whereas Watson (1979)
and Linnen and Keppler (2002) argued that four NBO linked to four alkalis favor the
stabilization of Zr4+ in the melt. However, our EXAFS analysis on high pressure hydrous
haplogranite melts indicate that Zr4+ is coordinated to 6 oxygens from the SiO4 tetrahedral
network (Fig 5.8 and 5.4) and hence do not support the previously proposed solubility
mechanism. Instead, we suggest that melt depolymerization induced by the addition of Na ions
might favor the stabilization of Zr4+, and probably Ti4+ or Nb5+, by non-bridging oxygen from
the SiO4 tetrahedral network, consequently increasing the solubility of HFSE-bearing minerals
in peralkaline melts. This hypothesis is in line with the fact that H2O does not affect the
solubility of rutile (TiO2) or columbite (MnNb2O6) in peralkaline melts (HAYDEN and
WATSON, 2007; LINNEN, 2005; LINNEN and KEPPLER, 1997), contrary to what is observed for
subaluminous to peraluminous melts (LINNEN, 2005; LINNEN and KEPPLER, 1997). These
observations hence suggest that H2O depolymerizes the structure of polymerized subaluminous
melts and favors the solubility HFSE via coordination with NBO from the network as
identified from the present XAFS study.

5.5. Implications for the mobilization and transport of HFSE in subduction
zones
The XAFS studies presented here indicate that Zr (and other HFSE) complexation is
controlled by the chemical composition of the fluid and especially by the presence of dissolved
alkali-(alumino)silicate species. The most significant observation is the complexation of Zr
with polymerized solutes to form Zr-O-Si(Na/Al) clusters that provide an efficient mechanism
for the mobilization of “immobile” Zr (and other HFSE par extension) in subduction zones.
Therefore, the effectiveness of HFSE uptake and transport in subduction zones will be mainly
controlled by the nature of the mobile agent. This is schematically illustrated in Fig 5.9
together with changes in the complexation pattern of Zr (and possibly Ti and Nb) identified in
this study. Based on the enhancement of TiO2 solubility observed as a function of the solute
fraction in aqueous fluids at 900 °C between 0.9 and 1.5 GPa (HAYDEN and MANNING, 2011),
the threshold of dissolved silicates in the fluid for the onset of the efficient mobilization of
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HFSE at such P-T conditions may be around 20-25 wt%. We thus infer from this observation
that the speciation of of HFSE in aqueous fluids containing up to 10-20 wt% could be similar
to that in the diluted fluids investigated here (Fig 5.6). Consequently, the dehydration fluids
released in subduction zones, which can contain up to 10 wt% of solutes (mainly Si, Na and
Al) at 600 °C and 1-2GPa (MANNING, 1998; MANNING, 2004), are not expected to provide the
most adequate environment to incorporate and transport HFSE in subduction zones (Fig
5.9(1)). On the other hand, the formation of HFSE-O-Si(Na/Al) complexes may strongly
enhance the incorporation of HFSE in hydrous melts and supercritical liquids containing 30 to
60 wt% dissolved silicates (HERMANN et al., 2006) (Fig 5.9.(2-3)), with the mobilization of
HFSE by supercritical fluids possibly reaching a level sufficiently high that slab melting would
not be required to explain HFSE-enriched subduction-zone magmas, in agreement with
inferences from Manning et al. (2008) and Hayden and Manning (2011). However, although
supercritical fluids containing large amount of dissolved Si/Na/Al species (> 60wt%) or
hydrous silicate melts could mobilize larger amounts of HFSE, their higher viscosity compared
to more “diluted” fluids (30-35 wt% dissolved Si/Na/Al) (HACK and THOMPSON, 2011) may be
a hurdle for their percolation from the top of the slab to the mantle wedge. In these conditions,
supercritical fluid with moderate concentration of dissolved silicate species can be most
efficient agent to transport HFSE in subduction zones despite their lower HFSE load. These
fluids are likely to undergo major composition changes while migrating through the mantle
wedge (Fig 5.9(4)). For instance, the hydration of the peridotite mantle and the equilibration
between the slab-derived fluids and the mantle wedge could trigger significant loss of the
volatile components and precipitation of the slab-derived solute in the hydrated mantle adjacent
to the top of the slab (HACK and THOMPSON, 2011; MANNING, 2004). Although continuous
dehydration-hydration and dissolution-crystallization processes can occur in this part of the
mantle, it is likely that the hydrated peridotites at the top of the slab are ultimately recycled
down to the transition zone with the subducting slab (SAUNDERS et al., 1991; SCHMIDT and
POLI, 1998). These processes may prevent that HFSE reach the source of arc magmas, possibly
explaining the typical HFSE depletion recorded in arc-derived magmas.
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5.6. Conclusion
The speciation of Zr in subduction zone fluids has been investigated up to 800 °C and 2.4
GPa using X-ray absorption spectroscopy (XAFS) in hydrothermal diamond anvil cells.EXAFS
and XANES analyses combined with ab initio XANES calculations were used to constrain the
local environment of Zr in a wide range of composition, including Cl-bearing diluted aqueous
solution, alkali-silicate bearing fluids and hydrous haplogranitic melts. The results allow
discussing the effect of fluid composition and the role of Zr-halogens (Cl and F) complexation
in the mobilization of HFSE by high pressure fluids in subduction zones.
In diluted aqueous solutions (2.5 wt% HCl), Zr speciation is dominated by 8 foldcoordinated [Zr(H2O)8]4+ hydrated complexes and no evidence for Zr-Cl complexation in the
fluid was found up to 420 °C, as confirmed by ab initio XANES calculation of various ZrO8xClx

clusters. The addition of Na and Si dissolved species (35 wt% dissolved Na2Si2O5, NS2)

into the fluids favors the formation of alkali-zirconosilicate clusters Zr-O-Si(Na/Al) similar to
those found in vlasovite (Na2ZrSi4O11), with Zr in octahedral coordination with oxygen (Zr-O
distance = 2.09 ± 0.04 Å) and ~6 Si (Na/Al) second neighbors (Zr-Si/Na distance = 3.66 ±
0.06 Å). This coordination environment also dominates Zr speciation in fluid containing 60
wt% dissolved NS2 as well as in F-free and F-bearing NS2 and haplogranite glasses and high
silicate melts (15.5-33 wt% dissolved H2O) and persists in the investigated pressuretemperature range. The XAFS analyses, assisted by ab initio XANES calculations, are however
not conclusive concerning the extent of Zr-F complexation in hydrous granitic melts. While the
presence of Zr-oxyfluoride (ZrO6-xFx) complexes in the hydrous melt cannot be ruled out, it
may not be possible to distinguish between O and F first neighbors using XAFS spectroscopy,
especially at low F concentrations (1.89 wt% F). Alternative methods such as NMR
spectroscopy should be considered to investigate Zr-F complexation in silicate glasses (melts)
to further elucidate their role in the mobilization of Zr and HFSE.
Zr-O-Si(Na,Al) polymers as those identified in this study may explain the enhanced
solubility of zircon ZrSiO4 (and other HFSE-bearing minerals) in alkali aluminosilicate
aqueous fluids produced by dehydration and melting of the slabs and provide a favorable
mechanism for the mobilization of HFSE in subduction zones. Fluid-rock interactions and/or
P/T variations in as fluids migrate through the mantle wedge could affect the stability of these
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complexes, triggering the precipitation of HFSE-bearing accessory phases are eventually
recycled into the mantle, contributing to the dispersion of HFSE. These processes provide a
plausible explanation for the characteristic HFSE depletion recorded in subduction-derived arc
magmas.
Acknowledgements. We would like to thank H. Cardon and O. Proux for assistance
during the experiments.
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Chapter 6:
Zr mobilization in high P-T fluids: Implications for the
chemical fractionation of HFSE in subduction zones
Abstract
The influence of P-T conditions and fluid composition on the partitioning of Zr has
been investigated in the haplogranite-H2O and haplogranite-(F)-H2O systems in and attempt
to elucidate the origin of HFSE-enrichment in subduction-related metamorphic and magmatic
environments. In situ Synchrotron X-ray Fluorescence (SXRF) measurements were
performed in Hydrothermal Diamond-Anvil Cell (HDAC) to determine the fluid-melt
partition coefficient of Zr from 575 to 800 °C and 0.3 to 2.4 GPa.
Zirconium preferentially partitions in the melt phase from 575 to 745 °C and 0.7 to 2.4 GPa,
!/!

with 𝐷!"

ranging between 0.18 to 0.38 in both systems and increasing with the initial glass

fraction Xg. These results support that high pressure fluids containing dissolved alkali
aluminosilicate and supercritical fluids can mobilize significant amounts of nominally
insoluble HFSE within the subducting slab. Zr reversely partitions in the aqueous fluid phase
at high temperature and low pressure (800 °C and 0.3 GPa) in the F-bearing system, which
confirm the role of low pressure-high temperature F-rich aqueous fluids in the formation of
HFSE-enriched

aggregates

in

magmatic-hydrothermal

environments.

The

efficient

mobilization of Zr and HFSE by subduction zone fluids suggests that the typical HFSE
depletion recorded in arc magmas may originate from complex fluid-melt-rock interactions
occurring at the slab interface and in the mantle-wedge.

	
  183	
  
	
  

Chapter	
  6:	
  Zr	
  mobilization	
  in	
  high	
  P-‐T	
  fluids:	
  Implications	
  for	
  the	
  chemical	
  fractionation	
  of	
  HFSE	
  in	
  
subduction	
  zones.	
  

	
  

6.1. Introduction
Subduction zones are major sites of chemical fractionation within the Earth that are
characterized by the occurrence of large earthquakes and significant volcanic activity.
Subduction-related volcanic rocks exhibit a characteristic trace-element signature in
comparison to mid-ocean ridge basalt, that includes a strong enrichment in large ion
lithophile elements (LILE:Sr, Rb, Th, U…) and a depletion in high-field strength elements
(HFSE: Nb, Ta, Zr, Ti, Hf) (GILL, 1981; HAWKESWORTH et al., 1991) (Gill, 1981;
Hawkesworth et al., 1991). It is generally accepted that this geochemical signature arises
from the modification of the mantle source of arc magmas by silicate melt, aqueous fluids or
supercritical fluids released by the dehydration or the melting of the subducting slab
(HERMANN et al., 2006; JOHNSON and PLANK, 1999; MANNING, 2004; SCHMIDT and POLI,
1998; TATSUMI and EGGINS, 1995). In particular, the HFSE depletion recorded in arc
magmas is believed to arise from their low solubility in H2O at subduction zone pressuretemperature conditions (ANTIGNANO and MANNING, 2008; AUDETAT and KEPPLER, 2005;
TROPPER and MANNING, 2005) and the segregation of HFSE in slab or mantle wedge
minerals such as residual rutile, zircon, Ti-clinohumite, olivine, garnet, orthopyroxene or
spinel (BRENAN et al., 1994; KELEMEN et al., 1990; KLEMME et al., 2005; RUBATTO and
HERMANN, 2003; RUDNICK et al., 2000; SCAMBELLURI et al., 2004; SCAMBELLURI and
PHILIPPOT, 2001; STALDER et al., 1998). However, rutile or zircon-rich veins observed in
UHP metamorphic rocks (GAO et al., 2007; RUBATTO and HERMANN, 2003) and relative
HFSE-enrichment recorded in in high-Nb basalts (HNB) or adakitic magmas in particular
volcanic arcs (e.g Kamtchatcka, Cascades) (DEFANT and DRUMMOND, 1993; MUNKER et al.,
2004) attests that nominally insoluble HFSE can be mobilized under specific conditions.
Consequently, numerous studies suggested that hydrous melts (i.e. subduction zone fluids
with low water contents) are the most likely candidate to mobilize HFSE in the subducting
crust as a result of the preferential incorporation of HFSE in the structure of silicate melts as
HFSE-alkalis or HFSE-F complexes (KEPPLER, 1993; LINNEN and KEPPLER, 1997; LINNEN
and KEPPLER, 2002; PEARCE et al., 1999; RUBATTO and HERMANN, 2003). However, recent
experimental studies demonstrated that the solubility of rutile and zircon is significantly
enhanced in alkali-SiO2 rich fluids and halogens-rich (F and Cl) fluids in comparison to pure
water (ANTIGNANO and MANNING, 2008; HAYDEN and MANNING, 2011; MANNING et al.,
2008; RAPP et al., 2010; STECHERN et al., 2009), suggesting that dehydration fluids and
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supercritical fluids generated in the subducting slab could also mobilize high amounts of
HFSE. Nevertheless, constraints on the partitioning of HFSE between high P-T aqueous
fluids and silicate melts are extremely scarce (LONDON et al., 1988; WEBSTER et al., 1989)
although they constitute important information, for instance to determine the partitioning of
HFSE between mineral phases and aqueous fluids.
Therefore, we conducted Synchrotron X-ray Fluorescence (SXRF) measurements in
hydrothermal diamond-anvil cells (HDAC) (BASSETT et al., 1993) to investigate in situ the
influence of P-T conditions and fluid/melt composition on the partitioning of HFSE in
subduction zone fluids (aqueous fluids and hydrous melts). In particular, this study focused
on Zr, which is an optimal element for SXRF measurements in HDAC and whose speciation
is well constrained in various compositions (from aqueous fluids to silicate melts and glasses)
(Chapter 5). The SXRF measurements collected from 575 °C to 800 °C and 0.3 to 2.4 GPa in
coexisting haplogranite melts and aqueous fluids in the haplogranite-H2O and haplogranite!/!

H2O-F systems were used to determine the fluid-melt partition coefficient of Zr (𝐷!" ).
These partition experiments revealed that significant amount of Zr can be incorporated in
subduction zones fluids and provide additional constrains on the origin of HFSE-enrichment
in subduction-related metamorphic and magmatic environments, from the subducting slab to
the upper crust.
	
  

6.2. Experimental and analytical methods
6.2.1. SXRF analysis in the HDAC
Fluid-melt partitioning experiments were conducted in the haplogranite-H2O system
using synthetic F-free or F-bearing haplogranite glasses previously described in Chapter 5
(Table 6.1).
All experiments were conducted in Bassett-type hydrothermal diamond-anvil cells
(HDAC) (BASSETT et al., 1993). A detailed description of the HDAC technique and of the
phase relations in the haplogranite-H2O system upon heating can be found in Chapters 2 and
3. The sample chambers were formed by a 300 µm hole drilled in a 250 µm rhenium gasket
compressed between the two diamond anvils. The sample chamber was loaded with a piece
of Zr-bearing haplogranite glass, a pellet of the Au-Al2O3 powder mixture for pressure
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calibration and subsequently filled with di-ionized water for the experiments. The fluid-melt
ratio in the loading was adjusted using double-side polished pieces of the haplogranite glass
with known dimensions
to quantify the initial glass fraction Xg in the system (Table 6.2).
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Table 6.1. Chemical composition (in wt %) of the F-free and F-bearing haplogranite glasses used as starting materials
(Haplo4 and Haplo-F, respectively) determined by Electron Microprobe analysis (EMPA).
Composition	
  

T	
  (°C)1	
  

P	
  (GPa)1	
  

	
  

SiO22	
  

Al2O32	
   Na2O2	
  

K2O2	
  

ZrO22	
  

F2	
  

H2O3	
  

ASI4	
  

NBO/T5	
  

Haplo4	
  

1200	
  

1.5	
  

	
  

75.74	
  

8.32	
  

7.56	
  

4.52	
  

0.418	
  

	
  

3	
  

0.48	
  

0.13	
  

Haplo4-‐F	
  

1200	
  

1.5	
  

	
  

76.34	
  

8.04	
  

5.77	
  

4.1	
  

0.389	
  

1.89	
  

3	
  

0.57	
  

0.09	
  

Notes:
1
Synthesis conditions (synthetic approach described in Chapter 5)
2
Average of 20 EMPA analyses performed on each glass composition. Standard deviations (1σ) are < 0.1 wt% for Na2O, Al2O3, K2O and F, < 0.4 wt% for SiO2 and
1σ < 0.05 wt% for ZrO2 in all compositions.
3
Nominal H2O concentration (not analyzed).
!"! !!
4
ASI =
  in moles.
5

!"! !!!! !
!"!!!!!"!!"

NBO/T =

!"!!"

in moles.
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The SXRF measurements were conducted at the BM30b – FAME beamline of the
European Synchrotron Radiation Facility (ESRF - Grenoble, France). A detailed description
of the beamline design and the experimental setup for SXRF and/or EXAFS analysis in the
diamond anvil cell are provided in Proux et al. (2005; 2006) and Chapter 5.
SXRF spectra were collected using a monochromatic beam of 18.05 keV (Zr K-edge =
17.998 keV) focused down to 10 x 15 µm2 (VxH) by a set of Kirkpatrick-Baez mirrors. This
configuration ensured a photon flux of ~ 10.109 photons per second at the Zr K-edge energy.
The emitted fluorescence radiation (Zr Kα = 15.77 keV) was collected at the rear-side of the
cell using a Si drift detector (200 eV at Zr K-edge) set at 20° from the incident beam in the
horizontal plane to minimize the contribution of Compton scattering in the spectra
(SANCHEZ-VALLE et al., 2003). A high-resolution CCD camera (Photonic Science®, UK)
positioned behind the cell in transmission geometry was used to collect angle-dispersive Xray diffraction spectra (λ = 0.69654 Å) on the internal Au pressure calibrant to determine the
pressure before and after each measurements according to the EOS of gold from Jamieson et
al. (1982) (Chapter 3). The experimental setup also included a long-working distance
microscope positioned at 30° from the incident beam used to monitor the sample chamber
during heating to the temperature of interest.
After each heating stage, the system was stabilized for more than 30 min in order to
ensure that chemical equilibrium was achieved inside the cell before the SXRF measurements
were performed (BORCHERT et al., 2009; MANNING et al., 2008). Careful attention was also
given that measurements were performed after the system reached a stable state, i.e. when the
melt globule was stationary and bridging both diamonds. This configuration ensured that data
collection was performed in a pure phase (either fluid or melt) without contamination of the
SXRF signal from the coexisting phase.
Transversal SXRF scans were collected across the sample chamber to monitor the
distribution of Zr between the aqueous and melt phases before the SXRF analysis were
performed (Fig 6.1). A minimum of three fluorescence spectra was then collected in each
phase to determine the fluid-melt partition coefficients at all P-T conditions investigated.
Careful attention was given to collect the SXRF spectra at optimal location (i.e. in bridging
fluid and melt phases exhibiting maximum and minimum signal intensity, respectively).
Counting times were set to 30 s and the homogeneity of each phase was monitored by
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repeated analysis in several locations across the fluid and the melt phase. The intensities of
spectra collected at given P-T conditions were constant within < 5% (Fig 6.1).

Figure 6.1. Microphotograph of the compression chamber showing the hydrous haplogranite melt
coexisting with the aqueous fluid at 700 °C and 2.4 GPa (upper left) and corresponding 2D-X-ray
Fluorescence concentration map (down left). Transversal X-ray Fluorescence scans collected across
the sample chamber at the same conditions (right). The profiles A and B show the distribution of Zr in
the sample. On the scan A, the fluorescence signal of the melt globule exhibits a plateau indicating
that the melt globule bridges both the diamonds. SXRF analyses were performed alternatively in the
melt and aqueous phases to determine Zr partitioning.
	
  

6.2.2. SRFX data analysis
!/!

The methodology applied to determine the fluid-melt partition coefficients  𝐷!"

from

the SXRF analysis at high P-T conditions is described in detail in Chapter 4. Briefly, SXRF
spectra collected in the coexisting aqueous fluid and haplogranite melt at given P-T
conditions, which are proportional to the concentration of Zr in the investigated phase, were
first normalized to the incident beam intensity (Fig 6.2). The fluorescence spectra were then
corrected from sample-related effects, including fluid composition, density and effective
thickness using the relationship:
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!/!

𝐷!"

=

!! !! !!
!! !! !!

(1)

where If,m are the area of the normalized integrated fluorescence line extracted after
background removal using standard peak-fitting routine (Peakfit v4.12 software-SeaSolve
Software-USA); ρf,m are the densities of the aqueous fluid and the silicate melt; and Tf,m are
the effective transmission of the fluorescence signal in each phase. This last parameter
accounts for the absorption of the X-ray fluorescence signal in the sample before reaching the
detector and depends on sample composition, density and thickness (Chapter 4-Annex 2).
The effective transmission of the fluid and the melt phases were calculated at the conditions
of the experiments using the Beer-Lambert law and phase composition and densities reported
in Table 6.2. Tf and Tm vary between 0.89 and 0.99 and 0.84 and 0.93, respectively, at the PT conditions of the measurements.
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Figure 6.2. (A) Normalized SXRF spectra collected in alkali-SiO2 rich fluid (blue line) and water-saturated silicate melt (red line) at 660 °C and
!/!
1.5 GPa (Run1). The partition coefficient 𝐷!" calculated after background removal and correction from the fluid and melt composition and
density is 0.38 <0.01 (Table 2). (B) For comparison, the Zr emission lines of coexisting fluid and melt obtained at 675 °C and 1.4 GPa in similar
composition (haplogranite-H2O system) (Run 2) and at 800 °C and 0.3 GPa in the haplogranite-F system (Run 3) are represented on the right of
the figure. Bulk Zr concentration in the system was calculated from the initial fluid and glass fraction (in wt).
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6.2.3. Composition and density of the phases
The fluid and melt composition (i.e., total silicates dissolved in the fluid and H2O
dissolved in the coexisting melt) and densities were determined at the experimental conditions
using data available for comparable compositions and P-T conditions (Table 6.2) (ANDERSON
and BURNHAM, 1983; BURNHAM and JAHNS, 1962; MYSEN and WHEELER, 2000a; MYSEN and
WHEELER, 2000b; OCHS and LANGE, 1997; OCHS and LANGE, 1999). While the melt
composition was calculated from 0.3 to 2.4 GPa using the water solubility data of Mysen and
Wheeler (2000b) (Chapter 4-Annex 1), the fluid composition was estimated from two different
data sets depending on the pressure range. At pressures below 1.5 GPa, the solubility data of
Anderson and Burnham (1983) in the 500-700 °C and 0.1-1 GPa range were extrapolated to the
experimental P-T conditions (Chapter 4-Annex 1), whereas above 1.5 GPa silicate solubility was
estimated from the Wohlers et al. (2011), who reported that silicates solubility reaches a
maximum of 10.56 wt% at 600 °C and 1.75 GPa and consequently decreases with increasing
pressure in the albite(jadeite)-H2O system (values presented in Chapter 2). The effect of fluorine
on water solubility in the melt and on the solubility of silicates in the aqueous fluids was
neglected in the calculation in the F-bearing systems. Fluid and melt densities were calculated in
function of pressure and temperature using relations described in previous studies (ANDERSON
and BURNHAM, 1983; BURNHAM and JAHNS, 1962; MYSEN and WHEELER, 2000a; MYSEN and
WHEELER, 2000b; OCHS and LANGE, 1997; OCHS and LANGE, 1999) (Chapter 4-Annex 1).
However, the extrapolation of the fluid density at pressure above 2 GPa resulted in values higher
than the coexisting melt and the fluid density at P > 2 GPa was hence fixed at 1.2 g/cm3, in
agreement with the densities modeled for subduction zone fluids at pressure below 3 GPa (HACK
and THOMPSON, 2011). The calculated fluid and melt density ranges respectively from 0.57 to
1.05 and 1.43 to 2.18 g/cm3 at the P-T conditions of this study (Table 6.2), in good agreement
with previous reports of the density of subduction zones fluids (HACK and THOMPSON, 2011).
The error bars on the density and fluid composition were calculated taking into account the effect
of a maximal uncertainty of ± 0.2 GPa in pressure determination (Table 6.2).
Alternative models for the calculation of the composition of the fluid and melt phases
were also explored to evaluate their effect on the calculated partition coefficient. A comparison
between the preferred and alternative fluid and melt compositions is presented in Figure 6.3. For
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instance, the silicate solubility in aqueous fluids at pressure higher than 1.5 GPa was fixed at a
value of 20 wt% contrasting with the values estimated from Wohlers and coauthors (Table 6.2).
This silicates concentration was estimated as a likely maximum solubility of the melt phase in
the aqueous fluid in comparison to the phase diagram of the haplogranite-H2O system (BUREAU
and KEPPLER, 1999). Similarly, increased silicate solubility was also considered in the
haplogranite-F system in comparison to experimental study that demonstrated that the solubility
of silicates increases in aqueous fluids with the addition of fluorine at 800 °C and 0.2 GPa
(WEBSTER, 1990), while alternative H2O concentrations in the silicate melt were calculated in
comparison to experimental data available in peraluminous haplogranite (BURNHAM and JAHNS,
1962) (Table 6.2 and Fig 6.3). For the later, the extremely high water solubility in the silicate
melt at pressure above 2 GPa (> 35 wt% H2O) precluded coherent calculations of the melt
density, which was consequently fixed at 1.3 g/cm3 (e.g. slightly denser than the coexisting
aqueous fluid). For the F-bearing experiment at P < 0.5 GPa, the density of the fluid was
calculated in function of P-T conditions and molar fraction of dissolved silicates (DRIESNER and
HEINRICH, 2007), whereas the melt density was estimated to be smaller by 0.03 g.cm-3 than the
melt density calculated without taking F into account, in comparison to density measurements
conducted on F-free and F-bearing haplogranite glass melt at 750 °C (DINGWELL et al., 1993).
Estimated errors in the partition coefficients do not exceed 10 %, including associated
uncertainties in pressure, fluid composition and density. The only exception to this is the
experimental data at 800 °C and 0.3 GPa for which the relatively large uncertainty (± 0.1 GPa) in
pressure leads to larger errors on fluid density that result in a overall uncertainty of ~ 18 % in the
partition coefficient.

	
  193	
  
	
  

Chapter	
  6:	
  Zr	
  mobilization	
  in	
  high	
  P-‐T	
  fluids:	
  Implications	
  for	
  the	
  chemical	
  fractionation	
  of	
  HFSE	
  in	
  subduction	
  zones.	
  

	
  

Figure 6.3. Composition of haplogranite melts (A) and aqueous fluids (B) as a function of experimental pressure.
Green symbols are the H2O in the melt and total silicates (SiO2, Na2O, K2O and Al2O3) in wt% estimated with the preferred solubility models
(Mysen and Wheeler, 200b; Anderson and Burnham, 1983; Wohlers et al., 2011). Compositions testing the different effect of melt composition on
H2O solubility in the melt (A) or of pressure and fluorine on the silicate solubility in the aqueous fluid (B) are reported as red symbols.
On (A) available water solubility data are reported as shaded area (peralkaline melts in green; peraluminous melts in red). The composition of
fluids in equilibrium with albite from Anderson and Burnham (1968) and Wohlers et al. (2011) are reported as blue and purple circles, respectively
(B).
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6.3. Results
Zirconium partitioning measurements were conducted at different pressure and
temperature conditions in three distinct experimental runs. Runs 1 and 2 were conducted in the
haplogranite-H2O system, with an initial glass fraction (Xg) of ~ 0.8 and 0.7 (Table 6.2),
corresponding to a total amount of Zr in the system of around 3300 and 2900 ppm, respectively.
Run 3 was conducted using a F-bearing haplogranite glass, with about 1.3 wt% F and 2700 ppm
Zr dissolved in the sample chamber for an initial glass fraction of ~ 0.7 (Table 6.2). This
experiment is referred to as haplogranite-(F)-H2O system in the following sections. The partition
!/!

coefficients 𝐷!"

are reported in Table 6.2, together with the fluid and melt composition and

intensity ratios (If/Im) determined at the investigated pressure-temperature conditions. Error bars
reported in all data points in Figures 6.4 to 6.6 include uncertainties on the pressure calibration
and on fluid compositions and densities arising from the different models described above.
The Zr-fluorescence intensity ratios measured in the coexisting melt and fluids vary
between 0.10 and 0.44 from 575 to 800 °C and 0.3 to 2.4 GPa (Table 6.2). On the other hand, the
!/!

calculated partition coefficients 𝐷!"

are smaller than 1 at all investigated conditions with the
!/!

exception of the experiment at 0.3 GPa and 800 °C in haplogranite-(F)-H2O for which 𝐷!"

=

1.49 ± 0.26. The values reported for measurements where Zr partitions into the melt fall within a
similar range as the only available data obtained at 0.2 GPa and T = 750 °C in granitic melt
containing low amount of F (< 1 wt% F) (LONDON et al., 1988) (Fig 6.4). On the other, Keppler
!/!

(1996) reported in an andesite-(Na,K)Cl system 𝐷!"

that are more than one order of magnitude

lower than our partition coefficients in the haplogranite-H2O system (Fig 6.7), suggesting the
possible influence of melt composition on the partitioning of Zr.
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Table 6.2: Zirconium fluid-melt partition coefficient as a function of P-T conditions and fluid and melt compositions and densities.

Xg

1

T
(°C)

P2
(GPa)

H2 O
in melt
(wt %)

Melt
density3
(g/cm3)

Silicates
in fluid
(mol %)

Fluid
density4
(g/cm3)

17.3 ±2.5 5

1.80 ±0.06

8.52 ±1.27 8,9

1.05 ±0.03

𝒇

𝑰𝒁𝒓
𝑰𝒎
𝒁𝒓

𝒇/𝒎

𝑫𝒁𝒓

Haplogranite - H2O
Run 1
0.79

Run 2
0.69

660
745

1.5
0.7

575

0.85

675

1.4

23.2

6

6.5 ±1.6

1.57
5

12.4 6
9.0 ±2.0
15

2.99 ±1.43
1.86 ±0.65

8

0.85 ±0.06

1.80
5

6

2.03 ±0.06

0.94 ±0.04

1.78

15.6 ±2.4 5
21.6

2.08 ±0.05

8

6

1.83 ±0.06

7.83 ±1.24 8,9

1.02 ±0.04

1.60

0.24
0.18
0.10
0.12

0.38 ±0.02
0.34 ±0.01
0.38 ±0.04
0.34 <0.01
0.19 ±0.01
0.17 <0.01
0.19 ±0.01
0.17 <0.01

Haplogranite – (F) –H2O
33.1 ±3.4 5
700

2.4

6.27 ±0.58 9
12.17 ±0.22

39

Run 3
0.69

6

3.0 ±0.5 5
800

1.45 ±0.05
1.30

7

2.17 ±0.02

0.3
76

1.97

6.27 ±0.58

9

1.20

7

1.20

7

0.71 ±0.30 8

0.56 ±0.09

2.83 ±0.06 10

0.63 ±0.09

0.71 ±0.30 8

0.56 ±0.09
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1.207

0.27 <0.01
0.23

0.27 <0.01
0.24 <0.01
1.49 ±0.26

0.44

1.28 ±0.27
1.31 <0.01
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Notes: The data presented in blue are the preferred values.
1

initial glass fraction in the loading (wt).
Maximum uncertainty on pressure were of 0.2 GPa for P > 0.5 GPa and 0.1 GPa for P < 0.5 GPa.
3
Melt density calculated as a function of P-T conditions and melt composition using the parameters and equations of Ochs and Lange (19971999).
4
Fluid density calculated as a function of P-T conditions from the data of Mysen and Wheeler (2000a) at P > 0.5 GPa and of Driesner and
Heinrich (2007) at P < 0.5 GPa.
5
H2O solubility in the haplogranite melt calculated from the solubility data of Mysen and Wheeler (2000b) (peralkaline solubility model).
6
H2O solubility in the haplogranite melt calculated from the solubility data of Burnham and Jahns (1962) (peraluminous solubility model).
7
Densities fixed so that the fluid density did not exceed the melt density for hydrous melt containing > 30 wt% H2O.
8
Silicates (SiO2, Na2O, Al2O3 and K2O) solubility (in mol %) in the aqueous fluid coexisting with haplogranite melt calculated from the albite
solubility data of Anderson and Burnham (1983).
9
Fluid composition estimated in comparison to Wohlers et al. (2011) solubility data for P > 1.5 GPa (also for calculation within pressure
uncertainty).
10
Fluid composition determined considering a maximum silicate solubility of 20 wt% at P > 1.5 GPa and the increase of silicate solubility in
presence of F (5 wt % tot. silicates).
2
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!/!

The evolution of 𝐷!"

as a function of temperature, pressure conditions and fluid

composition (total dissolved silicates including SiO2, Na2O, Al2O3 and K2O in mol %) is
displayed in Figures 6.4, 6.5 and 6.6 respectively. From 575 to 745 °C and 0.7 to 2.4 GPa the
data on the different runs do not show effect of increasing temperature and pressure on the
partition coefficients, with a constant value of 0.38 ±0.04 in Run 1 and 0.19 ±0.01 in Run 2.
!/!

Instead, the different 𝐷!"

calculated for these two experiments conducted in the haplogranite-

H2O system probably reflect the strong effect of the initial fluid/glass ratio on the partitioning
behavior of trace element in the non-buffered haplogranite melt-aqueous fluid system as
discussed in Chapter 4). However, the data do not display a clear dependence on the fluid
composition (Fig 6.6), which most likely results from the concurrent influence of pressure and
temperature on the determination of the fluid composition using albite solubility data
(ANDERSON and BURNHAM, 1983; WOHLERS et al., 2011).
Additionally, the Zr partition coefficient at 700 °C and 2.14 GPa in the haplogranite-(F)-H2O
!/!

system falls in the range of values found for the haplogranite-H2O (𝐷!"

= 0.27   ± 0.01),

suggesting that, at high pressure, the composition of the system do not strongly affect the
!/!

partitioning processes. We note however that if 𝐷!"
!/!

conditions, the 𝐷!"

do not vary with increasing P-T

determined at 700 ° and 2.4 GPa in the haplogranite-F system (0.27 ± 0.01)

appears relatively high in comparison to the values found in Run 2 that involves a similar initial
!/!

glass fraction Xg (e.g. 𝐷!"

is 0.19 at 575 °C – 0.85 GPa and 675 °C - 1.4 GPa) (Table 6.2 and

Fig 6.4). The possibility that the Zr fluid-melt partition coefficients increase slightly towards 1 in
!/!

the presence of F will therefore be discussed in the following sections. Finally, the high 𝐷!"

!/!

found at 800 °C and 0.3 GPa in the haplogranite-(F)-H2O system (1.42 ± 0.26) suggest that 𝐷!"

increases exceptionally with increasing temperature and decreasing pressure in the presence of F
(Fig 6.4, 6.5 and 6.6), which probably reflects the combined influence of P-T conditions and
fluorine on the distribution of Zr between the coexisting phases.
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Figure 6.4. Evolution of Zr partition coefficient as a function of temperature at various pressures and
initial glass fractions Xg. (A) Squares are DZr determined in the haplogranite-H2O system (Xg = 0.79 in
blue; Xg = 0.69 in green) and red circles those in the haplogranite-(F)-system. Open square is the DZr
from London et al. (1988) in F-free system. Shaded colors represent value determined with an alternative
water contents in the melt (peraluminous solubility model) or alternative fluid composition (Table 6.2).
The error bars correspond to a maximal uncertainty on pressure of (±0.2 GPa). (B) Zoom on the
conditions where DZr <1.
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Figure 6.5. Evolution of Zr partition coefficients as a function of pressure conditions at various
temperatures and initial glass fraction (Xg).
(A) Squares are DZr determined in the haplogranite-H2O system (Xg = 0.79 in blue; Xg = 0.69 in green)
and red circles those in the haplogranite-(F)-system. Shaded colors represent value determined with an
alternative water contents in the melt (peraluminous solubility model) or alternative fluid composition
(Table 6.2). The error bars correspond to a maximal uncertainty on pressure of (±0.2 GPa). (B) Zoom on
the conditions where DZr <1.
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Figure 6.6. Evolution of Zr partition coefficients as a function of fluid composition (total silicates in
mol%) at various pressures and temperature.
(A) Squares are DZr determined in the haplogranite-H2O system (Xg = 0.79 in blue; Xg = 0.69 in green)
and red circles those in the haplogranite-(F)-system. Shaded colors represent value determined with an
alternative water contents in the melt (peraluminous solubility model) or alternative fluid composition
(Table 6.2). The error bars correspond to a maximal uncertainty on pressure of (±0.2 GPa). (B) Zoom on
the conditions where DZr <1.

	
  201	
  
	
  

Chapter	
  6:	
  Zr	
  mobilization	
  in	
  high	
  P-‐T	
  fluids:	
  Implications	
  for	
  the	
  chemical	
  fractionation	
  of	
  HFSE	
  in	
  subduction	
  
zones.	
  

	
  

6.4. Discussion
6.4.1 Influence of P-T conditions and fluid composition on Zr partitioning
While the experimental results do not show significant variation of the Zr partition
coefficients with increasing P-T conditions at pressures above 0.5 GPa, they show a strong effect
!/!

of the initial melt (glass) fraction in the experiments, with 𝐷!"

twice as higher for a Xg of 0.79

in comparison to a Xg of 0.69 in the haplogranite-H2O system (Table 6.2 and Fig. 6.4, 6.5, 6.6).
This effect is probably realistic if we take into account that the proportion of dissolved silicates
increases in the aqueous fluid with the initial glass input as previously suggested in the Br
!/!

partitioning experiments presented in Chapter 4. Furthermore, the higher 𝐷!"
!/!

bearing run in comparison to F-free run for similar Xg also suggests that 𝐷!"

found for F-

may increase as a

function of the concentrations of dissolved silicate in the aqueous fluid in agreement with
Webster (1990) who demonstrated that the solubility of melt components in aqueous fluids
increases as a function of fluorine contents (e.g. total silicates dissolved in fluid increase from ~
4 wt % to ~ 8 wt% for 0 to < 2 wt% F in fluid at 800 °C and 0.2 Pa). The influence of the fluid
composition on the partitioning behavior of Zr is in good agreement with the strong dependency
of zircon (ZrSiO4) and rutile (TiO2) solubility on the amounts of dissolved silicates in fluid
coexisting with albite and NS3 (Na2Si3O7) melts (MANNING et al., 2008; STECHERN et al., 2009).
!/!

However, this possible increase of 𝐷!"

with increasing amounts of dissolved silicates in

the fluid phase is neither confirmed by the calculated fluid composition (Fig 6.6), nor by an
!/!

effect of increasing P-T conditions (Fig 6.4 and 6.5). Nonetheless the increase of 𝐷!"

as a

function of pressure and temperature is expected in comparison to the increase of rutile solubility
reported in pure H2O and aqueous fluids containing from 6.3 ±0.6 wt% dissolved albite to more
than 30 wt% dissolved NS3 (Na2Si3O7) from 600 to 900 °C and 0.7 to 2 GPa (ANTIGNANO and
!/!

MANNING, 2008; MANNING et al., 2008). Similarly, we infer that 𝐷!"

could increase with the

amount of silicates in solution, in agreement with X-ray absorption (XAS) measurements and ab
initio modeling showing that the speciation of zirconium in aqueous fluids evolves with the
addition of silicates components, with Zr complexing with O-Si-Na clusters in aqueous fluids
containing from 30 to 60 wt% dissolved NS2 (Na2Si2O5) (Chapter 5). However, as Hayden and
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Manning (2011) also reported the sudden increase of Ti solubility in aqueous fluids containing
between 25 and 35 wt% dissolved silicates at 900 °C and 1 GPa, we note that a significant
!/!

increase of 𝐷!"

(e.g. towards 1) may only occur in aqueous fluid containing more than 25 wt%

silicates, if such fluid can actually coexist with hydrous silicate melts.
On the other hand, the fact that we do not identify any temperature, pressure or
composition dependency may also indicate 1) a possible deviation of the fluid composition in
comparison to the composition calculated according to solubility data collected in the albite-H2O
system and/or 2) the possibility that the effect of the initial fluid/glass ratio on the fluid
composition overprints the effect of increasing P-T conditions. For instance, possible changes of
the peralkaline/peraluminous nature of the fluid and the melt (Chapter 2 and Fig 6.8) could
!/!

strongly influence the 𝐷!" , in agreement with previous studies reporting the effect of the
alkali/Al ratio of fluids and melts on the solubility of HFSE-bearing minerals (zircon, rutile or
columbite) (DICKINSON and HESS, 1985; LINNEN and KEPPLER, 1997; LINNEN and KEPPLER,
2002; MANNING et al., 2008; STECHERN et al., 2009).
Nonetheless, we are aware these considerations are highly debatable and require 1) a more
systematic probe of the effect of temperature, pressure and initial fluid/glass ratio and 2)
additional experimental constraints on the partitioning of major elements and on the composition
of coexisting aqueous fluids and silicate melts at high P-T conditions. Up to now, constraints on
the simultaneous evolution of the fluid-melt system upon increasing P-T conditions are inexistent
and solely rely on the available experimental data describing H2O and albite solubility in high PT silicate melts and aqueous fluids, respectively (ANDERSON and BURNHAM, 1983; BURNHAM
and JAHNS, 1962; MYSEN and WHEELER, 2000a; MYSEN and WHEELER, 2000b; WOHLERS et al.,
2011). In addition, we also have to stress that the density of the aqueous fluid was only
determined in function of pressure in comparison to previous experimental studies conducted in
aqueous fluids coexisting with peralkaline aluminosilicate melts (MYSEN and WHEELER, 2000a)
and that the actual influence of the amount of dissolved silicates on the density of aqueous fluids
was hence not precisely constrain. Although these estimations only induce minor error on the
!/!

determination of the fluid-melt partition coefficients (e.g. less than 5 % discrepancy on 𝐷!"
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a 5 % higher fluid density, Table 6.2), such information is yet needed to calculate the partition
coefficients from SXRF data with the best accuracy possible.
6.4.2. Influence of fluorine on Zr partitioning in granitic systems
In the haplogranite-(F)-H2O system, the partitioning of Zr seems to be significantly
!/!

affected by P-T conditions. While 𝐷!"
!/!

higher than the 𝐷!"

determined at 700 °C and 2.4 GPa are possibly slightly

obtained in F-free systems (Fig 6.4, 6.5 and 6.6), the fluid-melt partition

coefficients at 800 °C and 0.3 GPa is greater than 1 (i.e. Zr partitions in the fluid phase). Webster
et al. (1989) reported a similar behavior for Nb at T > 850 °C in experiments in topaz rhyolitic
melts (1.25 wt% F), where the partition coefficient of Nb changed upon decompression from
!/!

𝐷!"

!/!

< 1 at 0.4 GPa to 𝐷!"   > 1 at 0.2 GPa (Fig 6.7). On the other hand, Zr was found to

preferentially partition in the melt phase at 0.2 GPa and 775 °C in experiments conducted in
rhyolitic melts with less than 1 wt% F (LONDON et al., 1988), as well as Nb from 650 to 850 °C
at 0.1 GPa in the presence of 2.5 wt% F-bearing haplogranite melt (BORODULIN et al., 2009) (Fig
6.7). These discrepancies between different studies may result from the difficulty to accurately
quantify the fluid composition by mass balance techniques, but most likely suggest that a
complex interplay between pressure, temperature and F concentrations significantly influence the
partitioning behavior of HFSE at pressure conditions characteristic of the Earth’s upper crust (<
0.4 GPa).
In comparison, experimental studies of the solubility of HFSE in F-bearing melts and
aqueous fluids dedicated to the origin of the HFSE enrichment in natural systems also have
shown that the solubility of Zr and Ti increases in haplogranite melt with the addition of at least
2 wt% F (KEPPLER, 1993) and that Ti solubility is 20 to 100 times higher in 10 wt% NaF
aqueous solutions than in H2O (RAPP et al., 2010). In silicate melts, it was suggested that this
correlation between fluorine and HFSE arises either from the formation of HFSE-F complexes or
from the significant depolymerization of the melt induced by the addition of F (FARGES, 1996;
KEPPLER, 1993). In aqueous fluids, Rapp et al. (2011) suggested that dissociation of NaF at high
P-T could result in either 1) the formation of HF that further stabilize hydroxyled Ti complexes,
2) direct Ti-F complexing, or 3) the preferential complexation of Ti to Na, whereas Migdisov et
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al. (2011) recently supported the formation of Zr-bearing hydroxyfluorides complexes in low PT hydrothermal fluids (400 °C and < 0.1 GPa). While recent molecular dynamic simulations
(MD) confirmed that hydrated TiF complexes could a priori form in high P-T aqueous fluids
(VAN SIJL, 2011), there is no spectroscopic evidence for such complexes in silicate glasses or
high P-T silicate melts and aqueous fluids, principally due to the strong resemblance between O
and F contributions to Extended X-ray Absorption Fine Structure (EXAFS) spectra associated to
their close ionic radii and similar interatomic distances to Zr or Ti (FARGES, 1996; FARGES and
BROWN, 1997).
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Figure 6.7. HFSE partition coefficients between aqueous fluids and silicate melts as a function of
temperature. Full symbols: this study, same meaning as in Fig 6.4; full black square: London et al. (1988);
Open symbols: literature data for Zr, Nb and Ti. Black = Nb (London et al., 1988 – 0.2 GPa), Red = Nb
(Webster et al, 1989 – 0.2 GPa), Blue = Nb (Borodulin et al., 2009 – 0.1 GPa), Green = Ti, Zr (Keppler,
1996 - andesite), Orange = Nb (Keppler, 1996 - andesite). The halogens concentration of these
experimental systems are reported close to the symbols.
!/!

Besides, it remains unclear if the increase of 𝐷!"

at high temperature and low pressure

can be induced by a reverse partitioning of F at these conditions. However, as Webster (1990)
showed that unless the melt contains more than 8 wt% F, F systematically partitions in the
silicate melt at 800 °C independently of pressure conditions from 0.5 to 5 kbar, it is rather
unlikely that the haplogranite melt reached fluorine saturation during experiment in the
haplogranite-F system containing only 1.3 wt% F.
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On the other hand, Webster (1990) also reported that the presence of F significantly increases the
solubility of the silicate melt in the aqueous fluid at 800 °C and 0.2 GPa. It is hence possible that
the aqueous fluid coexisting with haplogranite melt at 800 °C and 0.3 GPa involved significantly
higher amounts of dissolved silicates than calculated from the albite solubility data of Anderson
!/!

and Burnham (1983). We tested this possibility while determining the 𝐷!" , increasing the
silicates amount up to 5 wt%, in agreement with Webster (1990) that showed that the solubility
of silicates should not exceed 10 wt% in the aqueous fluid in the presence of less than 2 wt% F at
!/!

800 °C and 0.2 GPa. This new calculation only resulted in a minor decrease of 𝐷!"

(e.g. 1.28 in

comparison to 1.49 as determined at experimental pressure ± 0.2 GPa) (Table 6.2).
Similarly we suggest, in comparison to the solubility measurements in the albite-H2O from
Anderson and Burnham (1983) that the high temperature-low pressure conditions may strongly
enhance the peralkalinity of the aqueous fluid at high temperature and concurrently deviate the
composition of the hydrous melt towards a more peraluminous composition (Fig 6.8). Theses
processes could both favor the partition of Zr towards that aqueous fluids and decrease the
stability of Zr in the silicate melt, as Farges et al. (1991) suggested that the increase of the
polymerization degree of silicate melts stabilize Zr in 8-fold coordination, which is a precursor to
the nucleation/crystallization of zircon or zirconia (ZrO2) (DARGAUD et al., 2010). However, we
infer that more experiments should be conducted in the 0.2 to 1 GPa range to constrain
independently the influence of pressure-temperature and composition on the partitioning
behavior of F and major elements (Si, Na or Al) and unravel how the presence of fluorine affects
the HFSE solubility and partitioning at high pressure and temperature.
Nonetheless, the significant change of Zr partitioning at high temperature (800 °C) and low
pressure (0.3 GPa) follow the experimental results obtained for Nb by Webster et al. (1989) and
hence confirm the critical role played by low pressure-high temperature F-rich aqueous fluids to
fractionate significant amounts of HFSE from granitic melts crystallizing in the upper crust.
Ultimately HFSE accessory phases may crystallize from these fluids, leading to the formation of
HFSE-enriched aggregates in magmatic-hydrothermal environments (AGANGI et al., 2010; SALVI
and WILLIAMSJONES, 1996; SCHALTEGGER, 2007).
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Figure 6.8. Alkalis (Na+K) over aluminum ratio of aqueous fluids in equilibrium with albite (adapted
from Anderson and Burnham, 1983).
The close and open symbols correspond to pressure inferior or superior to 0.4 GPa, respectively. The
pressures are reported close to the symbols. At P < 4 kbar, the aqueous fluid becomes increasingly
peralkaline with increasing temperature, whereas an opposite behavior is shown at higher pressure.

6.5. Geochemical implications
!/!

The experimental study presented here yields 𝐷!"

systematically greater than 0.15 and

therefore supports that while slab derived melt should mobilize larger amounts of HFSE than
aqueous fluids, HFSE cannot be considered as insoluble elements in subduction zone fluids.
However, additional experimental constraints are critically needed to quantify the solubility and
partitioning of HFSE between accessory phases (zircon, rutile, etc.) and solute-rich aqueous
fluids or hydrous melts at high P-T conditions (T > 600 °C and P > 1 GPa) to better quantify the
amount of HFSE mobilized by aqueous fluids compared to silicate melts within the subducting
slab.
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On the other hand, slab-derived fluids fluxed up to the mantle wedge are subjected to continuous
crystallization/precipitation as a result of fluid-rock interactions and important modification of
the P-T conditions at the top of the slab (HACK and THOMPSON, 2011; MANNING, 2004). These
processes are expected to favor the crystallization of HFSE-bearing phases (zircon, rutile) or
HFSE-bearing accessory phases in the adjacent hydrated mantle that is recycled down to the
transition zone with the subducting slab (SAUNDERS et al., 1991; SCHMIDT and POLI, 1998).
Besides, it is very unlikely that partial melting of the hydrated mantle wedge could further
dissolve and transport large amounts of HFSE, as the crystal-melt partition coefficients of Nb,
Ta, Ti or Zr in presence of HFSE-host minerals (rutile, orthopyroxene, garnet, etc…) are
relatively high at the mantle-wedge P-T conditions (T > 900 °C and P > 1 GPa) (FOLEY et al.,
2000; KELEMEN et al., 1990; KLEMME et al., 2005; XIONG et al., 2011). These complex fluidslab-mantle interactions most probably account for the typical HFSE depletion recorded in arc
magmas. On the other hand, a significantly larger contribution of HFSE-enriched supercritical
fluids or hydrous slab melts to the arc magmas source in particular settings somehow subjected
to higher geothermal gradient (e.g. Aleutian islands, Baja California, Cascades) could produce
the high-Nb basalts (HNB) and adakitic magmas that are partially enriched in HFSE (AGUILLONROBLES et al., 2001; DEFANT and DRUMMOND, 1993; MUNKER et al., 2004).

6.6. Concluding remarks
We have performed in situ Zr partition experiments between aqueous fluids and F-free
and F-bearing haplogranite melts at high P-T conditions using SXRF spectroscopy in
!/!

hydrothermal diamond anvil cells. We show that, regardless of the presence of fluorine, 𝐷!"

are systematically greater than 0.15 from 575 to 700 °C and 0.7 to 2.4 GPa and increase with the
initial glass fraction of the experiment (Xg). Furthermore it is also suggested that the addition of
!/!

fluorine induces a small increase of the 𝐷!"

at 700 °C and 2.4 GPa. Together these

observations suggest that the amount of alkali aluminosilicate species dissolved in the aqueous
fluid coexisting with haplogranite melt probably controls the partition of Zr at these P-T
conditions. These experimental results hence support that although Zr preferentially partitions in
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silicate melts, significant amounts of Zr can also be incorporated in silicate-rich aqueous fluids,
most probably via the formation of alkali-zirconosilicate Zr-O-Si(Na) complexes identified by
our own spectroscopic studies (Chapter 5). On the other hand, the SXRF analysis revealed that
Zr reversely partitions in the aqueous fluid at high temperature and low pressure (800 °C and 0.3
GPa) in the presence of fluorine, supporting the significant influence of low pressure-high
temperature F-rich aqueous fluids in the formation of HFSE-enriched aggregates in magmatichydrothermal environments.
A combination of diamond-anvil cell and Synchrotron X-ray Fluorescence technics prove
to be a reliable and complementary approach to quantify the partitioning behavior of HFSE
between aqueous fluids and silicate melts with a relatively small uncertainty (generally < 10 % at
P > 0.5 GPa; <18 % at P < 0.5 GPa) in good agreement with the results from quenched solubility
experiments. We nevertheless have to point to important difficulties arising from the lack of
experimental knowledge on the actual composition of aqueous fluid phases coexisting with
haplogranite melts at high pressure (P > 0.5 GPa) and on the density of the aqueous fluids as a
function of the fluid composition that bias the data analysis. These uncertainties on fluid and
melt chemistry and properties most probably induce the apparent independence of pressure and
temperature of the calculated partition coefficients. Before all, it hence appears that additional
constrains on the influence of P-T conditions and composition on the partitioning behavior of F
and major elements (Si, Na or Al) are critically needed to calculate the partition coefficients from
SXRF data with the best accuracy possible.
We conclude that subduction zone fluids, but more prominently supercritical fluids and
hydrous slab melt could possibly carry high amounts of HFSE within the subducting slab and the
hydrated mantle wedge. However, the significant fluid-melt-rock interactions occurring within
the subducting slab and during the ascend of subduction zone fluids from the top of the slab to
the upper crust are expected to result, in most of the case, in the segregation of HFSE in
accessory phases or major components of the eclogitized subducting crust and the mantle wedge
(rutile, zircon, orthopyroxene, garnet, etc…) and consequently lead to the characteristic HFSE
depletion recorded in arc magmas.
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Chapter 7:
Conclusions and outlooks
The main goal of this thesis was to investigate the behavior (e.g. speciation and
partitioning) of halogens and HFSE in subduction zone fluids (e.g., aqueous fluids, hydrous
silicate melts and supercritical fluids containing from 30 to 60 wt% solute fraction). This
information is critical to constrain the geochemical cycle of these key geochemical tracers
and ultimately to unravel the influence of subduction zone fluids on the magmatic and
volcanic processes occurring in subduction zones. Synchrotron X-ray Fluorescence (SXRF)
and X-ray Absorption Spectroscopy (XAFS) measurements have been conducted in
Hydrothermal Diamond-Anvil Cells (HDAC) to investigate the speciation and partition of
two key geochemical tracer, Br and Zr, in aqueous fluids and silicate melts of various
compositions up to high pressure-temperature conditions relevant for the study of magmatic
and volcanic processes in subduction zones (e.g. from 25 °C to 840 °C and 0 to 2.4 GPa).
These experimental data provides new constraints on the mobilization of halogens and HFSE
in subduction zones fluids:
¤ The speciation and fluid-melt partition coefficients of bromine are strongly influenced by
the P-T conditions and the concentration of silicates (Si, Na, K and Al) of the hydrous phases.
The local environment around Br evolves from a structure dominated by an hydration shell
composed of ~ 6 water molecules in aqueous fluids containing less than 50 wt% dissolved Si
and Na to a more complex structure composed of hydrated salt-like complexes, involving an
increasing number of Na atoms (~ 2.5 to 6) as the concentration of dissolved solutes increase
from 60 to 90 wt%. Although Br preferentially partitions in the aqueous fluid at all
investigated conditions, the high solubility of water in silicate melts at high pressure and
temperature enhances the incorporation of Br in hydrous silicate melt as hydrated alkali
!/!

complexes (i.e.,   𝐷!"

decrease towards 1). These results suggest that both aqueous fluids

and silicates melts could incorporate large amounts of halogens (Cl, Br and I) at the P-T
conditions characteristic of slab dehydration and melting. Therefore, the recycling of
halogens in subduction zones is expected to be highly efficient.
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¤ Contrary to Br, Zr preferentially partitions in the haplogranite melt. This is explained by the
occurrence of Zr in less stable 7-8 fold-coordinated [Zr(H2O)] monomeric hydrated ions in
aqueous solutions. However, the addition of relatively small amounts of silicates (25-35 wt%
Si, Na, K and Al) favors the incorporation of Zr in aqueous fluid as 6-coordinated alkalizirconosilicate clusters and the partition coefficient of Zr is hence expected to increase
towards 1 as the solubility of the melt component increase in the aqueous fluid with
increasing pressure and temperature. Similar complexes are also found in hydrous
haplogranite melts and silicate glasses. These results suggest that supercritical fluids and
silicate melts generated in the subducting slab could mobilize large amounts of nominally
insoluble HFSE as HFSE-O-(Si/Al,Na) complexes. Therefore, the characteristic HFSE
depletion recorded in arc magmas probably arises from the destabilization of these complexes
and the resulting precipitation of HFSE-bearing minerals triggered by the fluid-melt-rock
interaction and P-T variations at the slab-mantle interface. Additional constraints on the
uptake of HFSE by subduction zones fluids could be obtained studying in situ the behavior of
Zr in fluid-melt systems buffered by accessory phases (e.g., zircon, rutile, allanite) or major
minerals such as garnet or pyroxenes.
The effect of halogens on the speciation and partitioning behavior of Zr was also
investigated. While XAFS analyses do not provide evidence for the formation of Zr-F
!/!

complexes, an unexpectedly high   𝐷!"

is reported at 800 °C and 0.3 GPa in the

haplogranite-(F)-H2O system. This reverse partition of Zr could support the significant role of
low pressure-high temperature F-rich aqueous fluids in the formation of HFSE-enriched
aggregates in magmatic-hydrothermal environments. Therefore, the partitioning of Zr
between low P - high T aqueous fluids and granitic melts should be further investigated.
	
  
	
  

Overall, this thesis confirms that in situ XAFS investigation in the HDAC is an

efficient approach to determine the local coordination of trace elements in geologically
relevant phases but also to indirectly probe the structure of clusters and/or polymers formed
in aqueous fluids and silicate melts.
On the other hand, the study of the partition of Br and Zr between aqueous fluids and
haplogranite melts (Chapter 4 and 6) enlightens difficulties to separate the influence of P-T
conditions and of fluid-melt composition on the behavior of trace elements in non-buffered
fluid-melt systems. This problem mainly arise from the lack of experimental constraints on 1)
the equilibrium composition of high P-T aqueous fluids and silicate melts and 2) the effect of
	
  220	
  
	
  

Chapter	
  7:	
  Conclusions	
  and	
  Outlooks	
  

	
  

high concentrations of silicate or water on the density of these phases. However, we note that
!/!

these uncertainties induce errors on the 𝐷!

that do not exceed 10 % in most cases, hence

validating the use of SXRF measurements to estimate the fluid-melt partition coefficients of
trace elements. These observations point towards the need for further constrain the influence
of P-T conditions and composition on the partitioning of F and major elements such as Si, Na
or Al in fluid-melt systems. Diamond-trap experiments or centrifuge piston cylinder
experiments could be suitable techniques to provide complementary constraints on the
composition and chemical exchanges between aqueous fluids and silicate melts equilibration
at high P-T conditions.
Finally, we suggest that the possible influence of the experimental fluid/glass ratio on the
partition of trace elements should be further investigated in the HDAC.
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