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Chemical exchanges between magmas and volatile-rich fluids and gases are fundamental processes of magmatic
and volcanic activity, but also play a critical role in the formation of various ore deposits. Yet, the composition
and properties of the so-called magmatic volatile phases (MVPs) remain elusive, due to difficulties in their
sampling, both in natural systems and in experimental laboratories.

Here, we present a novel ‘transparent’ internally-heated high-pressure vessel (T-IHPV) that enables the
geochemical characterization of coexisting hydrous melts and MVPs in-situ, under typical shallow magmatic
conditions. The experimental design is validated through the observation of haplogranite and rhyodacite melting
to 900 °C and 130 MPa and the in-situ X-ray absorption (XAS) study of bromine and strontium distribution and
speciation in the haplogranite-H20 system to 800 °C and 100 MPa. These preliminary experiments confirm the
efficient partitioning of Br in MVPs in differentiated systems (DQ/I,VP/ melt around 41 for haplogranite) and reveal the
stability of hydrated Br species instead of HBr in the MVPs. Coupled to other spectroscopic methods (Raman,
SAXS/WAXS, XRD), we expect the T-IHPV to shed a new light on the thermodynamics and kinetics of chemical
reactions at stake in shallow magmatic and hydrothermal reservoirs.

1. Introduction may also carry information about the magmatic component of degassing

and the state of the magma reservoir at depth; a better understanding of

Magmatic volatile phases or MVPs are key components of crustal
magmatic systems. At depth, their exsolution and escape have been
associated with changes in the chemical and rheological properties of
magmas, with potential impact on the development of volcanic erup-
tions (Edmonds and Wallace, 2017). In various settings, they are also
responsible for the mobilization and economic concentration of metals,
including the formation of Cu-Au-Mo porphyry deposits along volcanic
arcs (Audetat and Edmonds, 2020). Towards the surface, volcanic
gaseous emissions, including that of potentially toxic metals and met-
alloids (Cd, Se, As, Hg) shape the daily life of local populations but also
the past and future evolution of the Earth’s atmosphere. As such, MVPs
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their properties from depth to surface is thus critical to the monitoring
and prediction of volcanic activity (Oppenheimer et al., 2014).

The P-T conditions of MVPs exsolution (i.e., degassing) from magmas
have been addressed through the study of volatiles concentrations in
melt inclusions (Gennaro et al., 2019; Metrich and Wallace, 2008) and
the experimental determination of Hy0-CO,-S-Cl solubilities in silicate
melts (Lesne et al., 2011, 2015; Scaillet and Pichavant, 2005; Signorelli
and Carroll, 2002; Webster, 1997; Webster et al., 1999, 2014). While a
relatively comprehensive dataset is available for basalts and rhyolites,
studies focusing on intermediate composition are scarcer. Furthermore,
the evolution of their chemico-physical properties upon decompression,
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cooling and interactions with their surroundings remains poorly un-
derstood, mostly because MVPs are scarcely sampled in nature and
difficult to produce and recover for conventional geochemical analyses
in the laboratory.

Most MVPs produced at T > 600-700 °C and P < 500 MPa may be
considered as supercritical fluids. However, their microscopic properties
will deviate more or less from ‘liquid-like’ to ‘gas-like’ as a function of P-
T conditions and their composition. Here, liquid-like is understood as
conditions under which the three-dimensional H bond network of the
water-based solvent is still well expressed, whereas ‘gas-like’ super-
critical fluids are constituted of molecular water clusters (Hy0),. While
there is no clear physical limit between those two-domains but instead a
continuous change of properties, a rough limit can be placed around a
density of 0.3-0.35 g-cm ™2 for supercritical water-rich fluids (Lemke
and Seward, 2018; Pokrovski et al., 2013; Schienbein and Marx, 2020).
Thus, while MVPs produced at T > 900 °C, P > 200 MPa and NaCl > 0.5
m (2.9 wt% NaCleg) that have densities above 0.4 g~cm‘3 may be clas-
sified as ‘liquid-like’, those with lower CI contents, containing CO», or
generated at pressure below 200 MPa (i.e., roughly equivalent to a 6 km
depth) will be low density ‘gas-like’ phases. Decompression-driven
phase separation in Cl-rich systems will also form ‘gas like’ phases
with density < 0.2 g-em ™. Typical volcanic vapors, as sampled at
fumarolic vents have densities below 0.1 g-cm™ and will only form
under near-surface conditions, below 30-40 MPa (i.e., <1 km depth).

In nature, sampling and analyses of high-temperature volcanic fu-
maroles only provide ‘end-member’ information about the composition
and properties of MVPs towards the surface with the original magmatic
signature potentially distorted by decompression, cooling or chemical
interactions between the MVPs and surrounding rocks, hydrothermal
systems or air (Chiodini et al., 2017; Henley and Seward, 2018; Moretti
et al., 2013). For instance, part of the elements that were volatile at
depth, including some metals, may sublimate as halides, sulphides or
sulfate minerals on their way to surface. At depth, MVPs trapped as fluid
inclusions suggest they may contain from 70 to 90 wt% H,0, and
varying amounts of CO», (H, Na, K)Cl, HaS or SO depending on their
source and P-T conditions of formation (Audetat and Edmonds, 2020;
Pokrovski et al., 2013; Williams-Jones and Heinrich, 2005). However,
reconstruction of their conditions of entrapment and high P-T compo-
sition from microthermobarometry may be difficult for complex com-
positions that not only include H>0, CO3 and NaCl but also high amounts
of HyS, SO, or other solutes (e.g., KCl, FeCly). Furthermore, fluid in-
clusions may also be subject to chemical reequilibration through time or
interaction with external fluids (Mavrogenes and Bodnar, 1994; Zajacz
et al., 2009; Guo and Audetat, 2018).

Over the last 30 years, different experimental strategies have thus
been put in place to overcome the complexity of natural samples and
investigate MVPs equilibrated with melts under typical crustal
magmatic conditions (600 < T < 1300 °C and P < 500 MPa) directly in
the laboratory. The main aim of these experiments is to constrain the
nature, stability and distribution of chemical species between MVPs and
melts, in the hope to build an empirical database for the modelling of
ore-forming processes or volcanic degassing. Such experimental con-
straints may also come as a support for theoretical calculations of gas
properties already implemented in different numerical codes (e.g., GEM-
Selektor, Gastherm or D-Compress; Burgisser et al., 2015; Symonds and
Reed, 1993; Hurtig et al., 2021). After a brief review of these techniques,
their advantages and drawbacks, we here present a new device devel-
oped conjointly by the Institut Néel (Grenoble, France) and the Institut
des Sciences de la Terre d’Orléans (ISTO, Orléans, France) to study in-
situ coexisting water-saturated melts and MVPs under shallow
magmatic conditions. The capabilities of the experimental set-up in term
of achievable P-T conditions, containment of the volatile-rich phase and
the in-situ characterization of trace elements are tested via an X-ray
absorption (XAS) investigation at the Br and Sr energy K-edges. The in-
situ XAS also carry preliminary information about Br and Sr speciation
and distribution in the haplogranite-H,0 system.
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2. The laboratory study of MVPs: scientific advances and
technical limitations

A key issue with the experimental study of high P-T geological fluids
is that their chemico-physical properties are often not quenchable to
room conditions. This includes high amounts of dissolved species that
will precipitate upon quench or chemical complexes and trace element
oxidation states that are only stable above a certain temperature. High P-
T fluids may also react with the sample containers or change their tensile
properties, resulting in the loss of some elements to the capsule material
or shortened lifetime of the experimental apparatus. To overcome these
issues, different approaches have been employed, relying either on the
post-mortem reconstruction of high P-T properties through careful
analysis of quenched materials or on the in-situ analysis of the samples.
Our main interest being in the processes of magmatic exsolution or
degassing, we mostly report on the approaches that make use of
experimental tools that enable melting of silicate glasses under hydrous
conditions, i.e., temperature conditions above 600 °C. A summary of
different techniques, along with their achievable P-T conditions, possi-
bility of fugacity control, sample size, analytical techniques and results
obtained can be found in Table 1. They are further detailed in the next
paragraphs.

2.1. Volatilization from high-T oxides and melts under low pressures
(<20 MPa)

Currently, the larger dataset available on the properties of low-
density gas species is probably built upon low-pressure experiments
that allow for either recovery of condensed vapour or direct analysis of
the gas phase through coupling of flow-through cells with high-
temperature mass-spectrometer (Pokrovski et al., 2013). A large num-
ber of available data have been obtained in the scientific context of in-
dustrial applications or outgassing of terrestrial exoplanets and
vaporisation in the solar nebula (Meschter et al., 2013; Myers and
Jacobson, 2019; Thompson et al., 2021). Therefore, most techniques
focus on vacuum to 1 bar vapour pressure and detailed description of the
coupling of high T (>1000 °C) furnaces and flow through cells with
Knudsen effusion (KEMS), Free Jet Expansion Sampling (FLESMS) or
residual gas analyzer (RGA) mass spectrometers is deemed beyond the
scope of this paper. Similarly, most condensation experiments, using
‘transpiration techniques’ only allow for atmospheric pressure (e.g.,
Hashimoto, 1992).

Few vapour deposition studies however make use of large evacuated
silica tubes (@ 4-5 mm, length up to 30 cm) that are placed in a 1 atm
furnace with a vertical temperature gradient (e.g. from 1250 to 300 °C)
and allow for saturated vapour pressures of few bars that may apply to
surface degassing of lavas and reproduce the precipitation of metals and
minerals upon magmatic degassing of exoplanets or at fumarolic vents
(e.g., Nekvasil et al., 2019; Renggli and Klemme, 2020). Starting ma-
terials may include oxides or silicate glasses that are placed in the hot
zone of the furnace. New solid phases deposited along the silica tubes are
recovered post-quench, and can be quantitatively characterized through
various destructive (LA-ICPMS) and non-destructive techniques
(Raman, FTIR, SIMS). The gas phase is however lost upon opening the
silica tubes and its composition may only be derived from balancing
chemical reactions and thermodynamic modelling. Furthermore, the use
of silica tubes as the sample holder limits the range of gas composition
that may be investigated to anhydrous conditions due to silica dissolu-
tion at high temperatures.

2.2. The mass balance approach and rapid quench/large volume
internally-heated pressure vessels

Large volume internally-heated pressure vessels (IHPV) were first
introduced in details by Burnham (Burnham and Jahns, 1962; Burnham
et al., 1969). They consist of a resistive furnace surrounding a large
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Table 1
The different experimental approaches used to characterize the composition and properties of magmatic volatile phases.
Apparatus” P-Thax fO, controls Sample size/ Experimental Geochemical Information obtained Selected
volume timescales analyses” references®
Volatilization experiments
1 atm 800 < T< Gas mixtures (CO, CO,, SO,, HS, Ar, Several cm® Up to few days SEM, Raman, e Post-mortem 1,2,3,4
furnaces 1800 °C 0, Hy, N», Cly) EPMA, LA- characterization of solids.
1atm <P ICPMS, etc. e Gas composition is
< 20 MPa calculated from available
thermodynamic models.
Mass balance calculations
IHPV (CS, 800 <T< P2 measured (Hy-membrane) Up to 4 cm® Few days to SEM, Raman, e Post-mortem 5,6,7
PC) 1300 °C weeks EPMA, LA- characterization of solids.
100 < P < ICPMS, etc. e MVP composition is back-
1000 MPa calculated.
May be complemented by the
analysis of quenched fluids
after careful cleaning
procedures.
Entrapment in SFLINCS
CS (PC) 700 < T<  Imposed by capsule design or gas mix ~ SFLINCS are 24htofewdays SEM, Raman, e Post-mortem 8,9,10
1200 °C 10-100 s pm EPMA, LA- characterization of solids and
100 <P < ICPMS, etc. fluids.
500 MPa
In-situ spectroscopy in HDAC
HDAC 25<T< Unknown. Affected by a combination Up to 0.02 From 2 to XAS, SXRF, XRD e In-situ chemical and 11,12,13,14
1000 °C of gasket material (Re), graphitization =~ mm? 10-12h or Raman structural characterization of
300 <P <  of diamonds at extreme T and the fluids and melts.
7000 MPa flushing of Ar-H, gas mixture. e Quenched glasses may be
Possibility to use Ir gaskets and flush Ar recovered for post-mortem
+ CH4 or load an internal mineral buffer analysis.
to vary redox.
In-situ spectroscopy in transparent IHPV — this study
PLANEX 25<T< Unknown. Probably C-CO at T > Upto 80 mm®  From 2 to XAS or Raman o In-situ chemical and
autoclave 1200 °C 600 °C with vitreous carbon cells. 10-12h structural characterization of
1<P< Possibility to use sapphire cells and load fluids and melts.
200 MPa an internal mineral buffer to vary redox. e Quenched glasses may be

Pressuring gas (He) cannot be changed.

recovered for post-mortem
analysis.

@ IHPV = internally-heated pressure vessel; CS = cold-seal pressure vessels; PC = piston cylinders; HDAC = hydrothermal diamond-anvil cells.

b Techniques for geochemical analyses: SEM: Scanning electron microprobe; EPMA: Electron probe microanalyzer; LA-ICP-MS: laser-ablation inductively coupled
plasma mass spectrometer; FTIR: Fourier transform infrared; XAS: X-ray absorption spectroscopy; SXRF: synchrotron X-ray fluorescence; XRD: X-ray diffraction.

¢ [1] Gooding and Muenow, 1976. [2] Thompson et al., 2021. [3] Nekvasil et al., 2019. [4] Renggli and Klemme, 2020. [5] Burnham, 1962. [6] Scaillet et al., 1992.
[7] Gion et al., 2022. [8] Sterner and Bodnar, 1984. [9] Zajacz et al., 2010. [10] Alex and Zajacz, 2020. [11] Bassett et al., 1993. [12] Mysen, 2010. [13] Louvel et al.,

2020a.[14] Schmidt, 2018.

sample chamber and placed within a (water-cooled) pressure vessel.
Pressure is transmitted to the samples through Ar gas injected in the
high-pressure vessel, enabling a precision within 0.2 MPa. The samples
are contained in large (e.g., diameter @ up to 1 cm and length up to 5
cm) welded noble metal capsules and most designs allow for the loading
of several capsules within the sample chamber. A review of IHPV designs
and capabilities can be found in Holloway (1971) and several contri-
butions also presented updates and improvements for rapid quench
(100-200 °C/s) or fO5 control (e.g., Holloway et al., 1992; Scaillet et al.,
1992; Berndt et al., 2002). Typically, IHPV can be used to Tpax =
1400 °C and P, = 500-700 MPa for several hours to weeks, thus
allowing for the melting of rhyolitic to basaltic compositions and the
study of volatiles behaviour from relatively deep magmatic intrusions or
magma chambers. Over the years, IHPV have mostly been used to assess
the solubility of volatiles in silicate and even carbonate melts over a
wide range of P-T-fO, conditions (e.g., Botcharnikov et al., 2005; Holtz
et al., 1995; Keppler et al., 2022; Lesne et al., 2011, 2015; Moussallam
et al., 2015; Scaillet and Pichavant, 2005; Webster et al., 1999) and thus
provide constraints on the conditions of MVPs exsolution. However,
several laboratories also used them to assess the actual composition of

coexisting MVPs and melts to constrain fluid-melt partition coefficients
for volatiles (S, Cl, Br) or trace elements (Li, Cu, Zn, Rb, Sr, Mo, W, etc.)
(Alletti et al., 2009; Cadoux et al., 2018; Iveson et al., 2017, 2019;
Webster and Holloway, 1988; Webster et al., 1989, 2009, 2014;
Webster, 1992). Note that some laboratories have also made use of cold-
seal pressure vessels and piston-cylinders to constrain MVP/melt parti-
tioning of volatiles and metals (e.g., Zajacz, 2015; Zajacz et al., 2012). As
quenching of the high P-T capsules leads to solute precipitation from the
MVPs, these experiments usually rely on the quantitative analysis of the
quenched glasses and mass balance calculations to estimate the high P-T
composition of fluids/gases. This approach requires precise weighing of
the starting materials, quenched and dried capsules. The fluid phase may
also be recovered after careful sampling of all potential fluid precipitates
to be analysed post-quench (e.g., chloridometry or ICP-MS - [veson et al.,
2017, 2019; Gion et al., 2022), and usually allow for similar estimations
as with the mass balance approach.

A main limitation of mass balance experiments however lies in the
identification of potential phase separation of the MVP that may occur
under high P-T conditions or upon quench and its bearing on mass
balance calculations of partition coefficients. While the P-T conditions of
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brine-vapour separation are for instance well mapped for the binary
H20-NaCl system (Driesner, 2007), little is known about the effects of
CO5 and S on this transition. The presence of S may be considered even
more of a hindrance when taking into account the potential loss of SO3
and H,S upon puncturing of the capsule, the precipitation of S-bearing
minerals at high P-T or upon quench or S incorporation into capsule
material that can all complicate the mass balance calculations (see
Webster and Botcharnikov, 2011 and references therein). The same is
true for metals that may form alloys with the capsule materials (e.g., Cu
or Mo) or complications arising from the precipitation of other poorly-
soluble phases, such as fluorides or aluminosilicates. Comprehensive
discussions of the calculations and associated uncertainties can be found
in Webster and Holloway (1988), Cadoux et al. (2018) or Iveson et al.
(2019).

Finally, the nature of the chemical species stable under high P-T
conditions remains the biggest unknown of the mass balance approach.
Further modelling of the effects of P-T conditions and composition on
the ongoing chemical exchange between MVPs and melts thus mostly
rely on 1) the knowledge of element speciation in quenched glasses and
silicate melts, for instance constrained via Raman, FTIR, XAS or NMR
spectroscopy (e.g., Wilke et al., 2011 or Ni and Keppler, 2013 for Sand C
species), and 2) theoretical modelling of solvated gas species for the
fluid phase (Lemke and Seward, 2018; Pokrovski et al., 2013).

2.3. SFLINCs and cold-seal pressure vessels

In parallel to the mass balance reconstructive approach, other lab-
oratories focused on designing experimental set-up that enables the
entrapment of the MVPs as synthetic fluid inclusions (SFLINCs) (Sterner
and Bodnar, 1984; Lecumberri-Sanchez et al., 2020; Zajacz et al., 2010).
This approach generally makes use of cold-seal pressure vessels that
enable pressure and temperature conditions in the 100-500 MPa and
700-1200 °C range, although SFLINCS have also been synthesized in
IHPV or under higher pressure conditions in piston cylinder apparatus
(e.g., Hack and Mavrogenes, 2006). High P-T fluids are trapped through
the healing of fractures of large quartz crystals (e.g., @ 0.5-1 cm, length
1-2 cm) loaded together with a solution of known composition in a
noble metal capsule. In the case of cold-seal pressure vessels, several
capsules can be placed together in hot part of the pressure vessel, which
is a 30-40 cm long alloy ‘bomb’ connected to a water or gas pressure
system. The use of gas mixture as Ar-CH4 or Ar-H2 allows for controlled
gas atmosphere in some apparatus (Alex and Zajacz, 2020). The bomb is
heated externally by being placed in a furnace through a manual or
(faster) motorized system. Fracturing is accomplished either before the
experiment, by subjecting the quartz crystals to thermal shock, or in-
situ, in devices where it is possible to rapidly remove and replace the
bomb inside the furnace (e.g., Zajacz et al., 2010). It is worth noting that
cold-seal pressure vessels made from Ni-rich alloys generally have a
limited lifetime when used to temperatures above 700-800 °C. Different
Mo-rich alloys may be used to reach high temperatures, but a general
rule of thumb is that increasing pressure and temperature shortens the
bomb lifetime. Further information on different designs and discussions
about the capabilities of different alloys or the use of fugacity controls
can be found in Luth and Tuttle (1949), William (1968) or more recently
Alex and Zajacz (2020).

As mass balance calculations, SFLINCs offer great capabilities for
chemical quantification of the MVPs. The main advantage of the tech-
nique is that the fluids are trapped in-situ during the experiments and
hence sample the high P-T composition accurately. Cl, but also CO2/
CH4 contents in the quenched MVPs can be quantified via micro-
thermometry. The SFLINCs are also amenable to various spectroscopic
techniques, including Raman and LA-ICPMS that enable quantification
of trace elements or of certain volatiles (C or S species). SFLINCs have
consequently been used to study the phase stability (vapour + liquids,
halides) and PVTX properties of H20-NaCl+KCl,CH4,CO2, fluids trap-
ped in quartz crystals (Sterner and Bodnar, 1984; Lecumberri-Sanchez
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et al., 2020) or the solubility or the vapour/brine and MVP/melt parti-
tioning of chlorine, trace elements and various metals (Li, B, Rb, Sr, Cu,
Zn, Au, Mo, Sb, Te, etc.) under a large range of P-T-f02/fS2 + CO2
conditions (Frank et al., 2011; Guo and Audetat, 2017; Simon et al.,
2005; Tattitch and Blundy, 2017; Tattitch et al., 2014, 2021; Zajacz
et al., 2010; Zajacz et al., 2012, 2017).

An important limitation of this method however lies in the use of
quartz, which not only imposes quartz-saturated conditions on the ex-
periments but more critically prevents the study of highly reactive sys-
tems such as those involving F-rich fluids or carbonatite melts. Also,
SFLINCs analysis with LA-ICPMS requires the access to a source that
enables controlled ablation of the small inclusions (e.g., ArF (193 nm)
Excimer laser system with beam-homogenising optics - Heinrich et al.,
2003). As for mass balance calculations, the actual nature of the MVP
under high P-T conditions (i.e., whether it is a single fluid phase or
brine-+vapour) may be difficult to constrain for complex fluid containing
CO2 or S, and capsule design is of critical importance to avoid loss of S or
certain metals to the capsule (Zajacz et al., 2012; Tattitch and Blundy,
2017).

While direct information about volatiles or trace element speciation
in the MVPs is lost upon quench to room conditions, solubility and fluid-
melt partitioning constraints from SFLINCs have been used to estimate
the dominant chloride and sulphide Cu or Au species stable in MVPs,
based on the relationship between metal solubility and Cl contents or
fH2S (e.g., Zajacz et al., 2010; Tattitch and Blundy, 2017). Similar in-
formation describing the nature of complexes with Cl and S ligands and
their degree of solvation can be found for many other metals from sol-
ubility experiments in low-density fluids in hydrothermal reactors
(Pokrovski et al., 2013; Williams-Jones and Heinrich, 2005). However,
those are mostly limited to T < 500 °C and whether the proposed
structures are stable to magmatic conditions remains a matter of debate.
These models also require initial assumptions about the redox state of
metals and trace elements that are sometimes disproven by in-situ
spectroscopic analyses (see the examples of Au and Cu and the
detailed discussion provided for hydrothermal studies in Pokrovski
et al., 2013).

2.4. In-situ measurements in optical cells

It transpires from the above that while most techniques relying on
quench or entrapment of high P-T phases may be well suited to the
quantitative evaluation of chemical exchanges between MVPs and melts,
none of these approaches enables the molecular description of the spe-
cies stable in the MVPs that is necessary to the development of adequate
thermodynamic models. In-situ approaches, which make use of high-
pressure windows transparent to different light sources, may help to
overcome this limitation and enable characterization of both concen-
tration and speciation in high P-T fluids and melts at equilibrium. The
development of such devices is however more recent and still limited.
For instance, while the hydrothermal autoclave of Testemale et al.
(2005) or fused silica capillaries capsules (FSCCs — Chou, 2012) have
been used to study the transport capacities of low-density fluids via
Raman or XAS spectroscopy (Caumon et al., 2014; Etschmann et al.,
2010; Louvel et al., 2017; Pokrovski et al., 2013), maximum achievable
temperature conditions are curbed below 500-600 °C. The Bassett-type
hydrothermal diamond-anvil cell (HDAC) and its derivatives are, to the
best of our knowledge, the only high-pressure optical cells that enable
reaching ‘magmatic’ temperature conditions, up to about 1000 °C
(Bassett, 2003; Li et al., 2016; Louvel et al., 2020a). In-situ determina-
tion of the sample pressure however remains problematic, with large
uncertainties for P < 1GPa, and few studies thus reported in-situ Raman
or XAS measurements under typical crustal magmatic conditions in
HDAC (e.g., Borchert et al., 2009, 2014; Louvel et al., 2014). Further-
more, the fO2 conditions potentially imposed by the competitive
oxidation of diamond anvils and gasket material (Re) by the MVPs at T
> 600 °C are currently unconstrained, with only one study investigating
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fO2 conditions in the HDAC to a maximum temperature of 500 °C
(Solferino and Anderson, 2012). Furthermore, the recourse to diamond
anvils to generate pressure results in small sample size (sample chamber
containing fluid+melt are generally <500 pm) and thus requires access
to microanalysis facilities, such as micro-XAS beamlines at synchrotron
sources. Therefore, the HDAC remains better adapted to the study of
deep geological fluids formed in the lower crust or the subducting slab.

3. In-situ experiments in the transparent IHPV
3.1. Technical implementation

The T-IHPV consists of a 340 x 150 cm? water-cooled high-pressure
vessel equipped with three 4.5 mm thick Be high-pressure windows
(Fig. 1A), whose original design (Testemale et al., 2005) was adapted for
increased stability and optimal heat conservation to 1200 °C and 200
MPa. It is, by essence, a small [HPV that can be easily transported to
different facilities for in-situ spectroscopic analyses. The sample is
contained in a 10 cm long vitreous C sample cell (internal diameter 5
mm), closed by two vitreous C pistons equipped with Viton or Silicon O-
rings for hermetical sealing (Fig. 1B).

Compared to the original design, which operated routinely to 500 °C
and 200 MPa, the position of the sample tube in the autoclave and the
geometry and nature of insulating ceramics were optimized to improve
the thermal insulation of the sample. He gas is delivered through the side
of the high-pressure body (Fig. 1A), for better adaptability of the high-
pressure vessel on the X-ray beam path for XAS measurements. The
pressure inside the T-IHPV is regulated to around 0.2 bar by a dedicated
system of electrovalves (Bruyere et al., 2008; now commercialized by
Maximator, France). The heating element consist of a roughly 60 cm
long and 0.4 mm diameter Mo wire that is wrapped around a 30 mm
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long Mo cylinder that surrounds the vitreous C sample cell, with the
~2-3 mm thick sample (melt+fluid) placed at the centre of the Mo
cylinder (Fig. 1). The wire is further isolated by alumina ceramic tubes
and Cotronics® HT940 ceramic bond. Three 25 pm thick Be foil screens
are also placed between the ceramics and the spectroscopic windows of
the vessel so that convective temperature loss is minimized. Tempera-
ture is read by two K-type thermocouples placed within the Mo cylinder.
The offset between the temperature read by the thermocouples and the
actual temperature of the sample in the vitreous carbon cell is calibrated
at the beginning of the experiment by measuring the density of pure
H20 in the sample cell over the investigated P-T range (Louvel et al.,
2017). Temperature offset is generally below 25 °C for T < 500-600 °C
(e.g., Guan et al., 2020; Louvel et al., 2017). For the current experi-
ments, we observed an offset of about 100 °C at 800 °C and 100 MPa.
There is no vertical temperature gradient within the sample, as evi-
denced by flat transmission profiles for the MVP (see Fig. 3 for an
example at 800 °C and 100 MPa).

The internal design of the sample cell was also optimized for the
study of coexisting hydrous melts and fluids/gases. Silicate glasses are
loaded as 1.5 mm diameter beads in a 2 mm long and 1.7 mm diameter
recess in the lower piston to prevent hydrous melts flowing along the
vitreous C pistons at high P-T conditions and ensure that data are
collected from either pure fluid or pure melt phases (Fig. 1B). Then, the
cell is filled with a weighed amount of HyO or aqueous solution. The
aqueous and glass samples are pressurized under room temperature. As
temperature is increased, the lower piston is kept at a fixed position in
the experimental design by adding a ceramic spacer that prevents its
movement, ensuring that the melt sample remains in the spectroscopic
windows at all time. Meanwhile, the upper piston can move freely along
the sample tube to accommodate volume change upon isobaric tem-
perature increase.
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Fig. 1. Schematic view of the T-IHPV (A) and sample loading (B).
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3.2. In-situ XAS measurements in the transparent IHPV: test experiments
and beamline specifics

The new design and capabilities of the T-IHPV to study MVP prop-
erties have been tested using in-situ XAS measurements at the BM-30B
beamline at European Synchrotron Radiation Facility ESRF (Proux
etal., 2005). We chose to study Br, an element that has an ideal mass and
sufficiently strong affinity for the fluid phase to ensure high concen-
tration for in-situ measurements. Br is of particular interest as it is
frequently used as an analog for more common Cl, which is not
amenable to in-situ technics due to low-energy of excitation. Further-
more, Br degassing has been a subject of matter, due to its significant
impact on the atmosphere (Von Glasow et al., 2009). Finally, Br fluid-
melt partitioning and speciation in both fluids and melts are overall
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well-known (Bureau et al., 2000; Cadoux et al., 2018; Louvel et al.,
2020a, 2020b), providing a benchmark for our experiments. In order to
test the capabilities of the T-IHPV for in-situ measurements on hydrous
melts, we also study Sr, which is known for its low fluid-melt partition
coefficients (Borchert et al., 2010) and has a K-edge sufficiently close to
that of Br to enable alternate XAS analysis of both elements within a
single loading.

The high P-T behaviour of Br and Sr were studied in five different
systems: Load 1 consisted of a Br-bearing solution (~8500 ppm) pre-
pared from deionized water and NaBr powder (Sigma-Aldrich) loaded in
the sample tube to test for potential high T leakage and validate the
quantification procedure for Br in MVPs; Load 2 involved a Br-doped
(3400 ppm) haplogranite glass (Hpg_ML5) loaded with the Br-bearing
solution; Loads 3 and 4, a Br-free and Sr-doped (1000 ppm)

A
25 °C — 1kbar 650 °C - 1kbar
Aqueous
solution
Chunks
of glass Silicate melt
globule
B

Br-bearing solution

Sr-bearing glass

Brin MVP

——

l; and I;(not to scale)

Sr in melt
>

-3 -2 -1 0

Position in the cell (inverse z)

1 2 3 4

Fig. 2. (A) Example of 2D maps collected in transmission mode showing the contrast of absorption between aqueous fluid/silicate glass, MVP/melt and vitreous C
piston at 25 vs. 650 °C and 100 MPa (Load 2 — Hpg ML5 + NaBr sol.). The initial solution and high P-T magmatic volatile phase are easily distinguished from the
lower piston and the silicate glass/melt through density recorded in the absorption signal: blue colors correspond to the least absorbing materials, i.e., vitreous C cell
and piston + aqueous solution or MVP; glass and melt, which have a higher density and hence absorption than the MVP appear in green to yellow; red delimits the
body of the IHPV that blocks all signal. Melting is evidenced by a change from rough edges of glass chips at room temperature to a rounded melt globule at higher T.
(B) Throughout the experiments, vertical scans of the X-ray absorption (black lines), Br and Sr fluorescence (red and blue lines, respectively) are collected together
with 2D maps to select the position of analysis for the solution/MVP or the glass/melt. * underlines the presence of an air bubble at the bottom of the solution that is
evidenced by lower absorption. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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haplogranite glass (Hpg_ML4) loaded with the Br-bearing solution; and
Load 5 a water-rich (4.75 wt%) and Br-bearing (500 ppm) rhyodacite
(RD500_AC) loaded with pure HyO. Details about the starting materials
synthesis and composition can be found in the Supplementary materials.

X-ray Absorption (XAS) spectra were collected alternatively over the
Br (13,474 eV) and Sr (16,105 eV) K-edge using a crystal Si(220)
monochromator and a beam focused down to 220 x 120 pm? (H x V at
FWHM) with the 6.03 GeV ring operating in 7/8 multibunches mode at
200 mA. The incident (Ip) and transmitted (I;) beam intensities were
measured with Si diodes, while a Canberra 30 element solid state fluo-
rescence detector was used to collect fluorescence signal (If). The beam
energy was calibrated and then monitored throughout the experiments
from a Se crystalline standard, with the maximum of the first derivative
at 12.658 keV.

3.3. Reliability of the set-up at melting conditions (T > 600 °C)

In our test experiments, temperature was increased at a rate of 10 °C/
min directly to 650 or 800 °C. The maximum temperature achieved with
the new experimental design is 900 °C at 100-130 MPa. These condi-
tions enabled the hydrous melting of the haplogranite and rhyodacite
glass samples, as evidenced by recovered quenched glasses that show 1)
numerous bubbles attesting of the molten state of the samples or 2)
homogeneous major elements contents from electron microprobe ana-
lyses (EPMA) (Figs. S1, S2 and Table S1 respectively in Supplementary
materials). The hydrous melting was also monitored in-situ, recording
modifications in the shape of several glass chunks via vertical absorption
profiles and 2-D X-ray absorption maps collected across the sample
chamber, as exemplified in Fig. 2A-B.

In the current design, the O-rings that ensure the proper sealing of
the sample chamber and the aqueous/gaseous samples are located
outside the heating element. Yet, they may become exposed to tem-
perature >230 °C where they are less resistant due to thermal convec-
tion in the IHPV body. Thus, experiments were systematically checked
for potential leakage of the volatile-rich phase under high pressure and
high temperature conditions. To do so, the density of the MVP was
calculated from the Beer-Lambert law, using the measured absorption of
the sample at 13400 eV (i.e., before the Br K-edge), its calculated
attenuation length (assuming a pure HyO composition) and the X-ray
path length through the sample (5 mm). The calculated densities for our
MVPs can then be compared to the NIST values for pure HoO (Wagner
and Pruss, 2002) over time. Any deviation larger than 0.05-0.06 g-cm >
compare to the density of pure water at investigated P-T was considered
as a leak of the high P-T seal that could cause precipitation of the volatile
elements or recrystallization of the melt and the experiments were
consequently discarded. For the pure NaBr solution, we report calcu-
lated densities that are within 1 to 8 % from that of pure HyO for over 9 h
at 650 °C and 100 MPa (0.286-0.332 g~cm’3 for our solution versus
0.321 g-cm > for pure Hy0) (Fig. 3).

Over the five experimental runs, two ended with leakage of the MVPs
due to failure of the Viton O-rings: Load 2 (Hpg_ML5 + NaBr sol.), and
Load 5 (RD500_AC + H30). The high P-T leakage of the MVPs was also
associated with high T fragmentation of the melt, evidenced both by
expansion of the melt monitored by in-situ 2D absorption maps and
numerous and large bubbles in the quenched globules (Figs. S1 and S2 in
Supplementary materials). For Loads 3 and 4 (Hpg_ML4 + NaBr sol.), we
observed density within 0.05 g-cm™> of the expected NIST values for
pure H»O over periods of 1-2 h at 650 and 800 °C.

3.4. Determination of element concentration and speciation from XAS
spectra

XAS spectra collected in transmission mode were used to calculate
the elemental concentration of Br and Sr in MVPs and melts following
the approach previously described in Louvel et al. (2015, 2017): the
method links the high P-T concentration of the analysed elements to the
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Fig. 3. High P-T density of experimental MVP compared to that of pure H,O for
a NaBr solution (Load 1 - no melt).

amplitude of the absorption edge A(px) and the sample high P-T density
with an estimated uncertainty due to spectral resolution below 5 %. For
MVPs, the high P-T density was assumed to be that of pure HyO from the
NIST database (Wagner and Pruss, 2002). For melts, we used the re-
lationships defined by Ochs and Lange (1999) for hydrated silicate
melts.

XAS spectra collected in fluorescence mode were also used to derive
information about Br and Sr speciation in the MVPs and haplogranite
melt. For each element, 2 to 7 spectra collected on the MVPs or melt at a
given P-T condition were merged together using the Athena software
(Ravel and Newville, 2005). The averaged spectra were then normalized
to the absorption edge height and the background removed using the
subtraction routine AUTOBK available in Athena. The absorption edge
Ep was set at the maxima of the absorption edge first derivative
(13,477-13,478 eV for Br; 16,111-16,112 eV for Sr). The X-ray ab-
sorption Near-Edge Structure (XANES) part of the spectra (£100 eV
above the absorption edge) were then compared to previous data for Br
in aqueous fluids and gases (D’Angelo et al., 1993; Louvel et al., 2020a)
or Sr in haplogranite glasses and melts (Borchert et al., 2014). When
possible (i.e., when the concentration of the element exceeded 1000
ppm in the analysed phase), the Extended X-ray Absorption Fine
Structure (EXAFS) spectra were fitted to the EXAFS equation using the
Artemis software (Ravel and Newville, 2005) to assess the local structure
around the selected atoms (nature and number of nearest neighbors,
distance to the central atom). Details about the fitting procedure used for
Sr in haplogranite glass and melt can be found in the supplementary
materials.

4. Preliminary results on Br and Sr magmatic degassing
4.1. Br in the haplogranite-MVP system

XAS measurements on the Br starting solution at room conditions
conducted over 3 different experimental runs (Loads 1, 3 and 4) show an
initial Br concentration of 8650 + 92 ppm, close to the calculated 8500
ppm Br of the prepared solution. Increasing pressure and temperature to
MVP conditions does not cause significant precipitation of the Br, as
supported by time series of Br concentration in Load 1 that show that an
average of 8400 + 324 ppm Br remains for more than 8 h in the low-
density volatile phase at 650 °C and 100 MPa (Fig. S3 in Supp. Mat.).
The variability in the calculated Br concentration is within 3-4 % over
this entire time, confirming the high P-T sealing of the volatile sample
already suggested by density calculations (Fig. 4). Close Br
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available experiments (Bureau et al., 2000; Cadoux et al., 2018; Cassidy et al.,
2022; this study) and natural estimates (Waelkens et al., 2021). The color code

underlines the effect of decreasing temperature on Dy’ fmelt

concentrations are found in the MVP equilibrated with haplogranite
melts melt for 1-2 h at the same P-T conditions (8184 + 66 ppm Br —
Load 3) and at 800 °C (7897 + 368 ppm Br — Load 4).

Unfortunately, the Br concentration in the high P-T melts was too
low to enable the collection of transmitted signal necessary for Br in-situ
quantification. Instead, the melt globule quenched from 800 °C (Load 4)
was recovered and analysed by EPMA following the method described
by Flematakis et al. (2020) to account for spectral interference between
the Al and Br fluorescence lines (see Supplementary materials for further
description). The EPMA measurements suggest that an average of 192 +
60 ppm Br was present in the haplogranite melt at the glass transition.

This concentration translates into a partition coefficient D} " /melt of 41.1

+ 12.3 for haplogranitic melts at 800 °C and 100 MPa, a value that
compares favourably with the few experiments available for rhyodacitic

(DYVP/met _ 20.2 + 1.2) and albitic (D}""/™ = 17.5 + 0.6) composi-
tions at 900 °C and 200 MPa (Bureau et al., 2000; Cadoux et al., 2018)
and recent estimates made for the Bandelier Tuff (New Mexico, USA)
(Waelkens et al., 2021), whose initial melt composition and P-T condi-
tions of degassing were probably closer to our experimental conditions
(Fig. 4). Altogether, these data confirm that increased differentiation

(increasing SiOy contents) and lower temperature of degassing will

result in higher D%VP/ ™l and hence promote a more efficient transfer of

Br to the atmosphere, with potentially critical effects on the ozone
integrity (Von Glasow et al., 2009). The good agreement with previous
studies further support that equilibrium was reached in our experiments.
Yet, we acknowledge that we here only rely on one experiment and aim
to conduct reverse experiments in the future.

The high P-T XAS spectra also carry information about Br speciation
in the MVP. Br in the MVPs (as in Loads 1, 3 and 4) is characterized by a
small white line that peaks at 13482 eV, followed by a shoulder around
13,500 eV (features A and B, Fig. 5). As previously reported for Br in
diluted solutions (e.g., Louvel et al., 2020a), the EXAFS part of the
spectra is rather featureless at high temperature and it is consequently
not possible to derive structural parameters describing the local envi-
ronment around Br (e.g., number and nature of nearest-neighbors, dis-
tance between Br and nearest-neighbors). However, the nature of the Br
species can be estimated qualitatively, comparing the XANES spectra to
previous data on Br in the gaseous, liquid and solid state. XAS spectrum
for gaseous Brp and HBr have for instance been reported by D’Angelo
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Fig. 5. Bromine XAS spectra collected in the NaBr solution (Load 1) and Br-
bearing MVPs (Loads 3 and 4) at room conditions and 650-800 °C and 100
MPa. (A) and (B) underline the white line and first oscillation position,
respectively.

et al. (1993). Gaseous Brj is characterized by a sharp pre-edge peak
around 15 eV below the absorption edge (~13,465 eV), the absence of a
white line and well-defined EXAFS oscillations, due to the presence of a
‘heavy’ Br nearest-neighbour. None of these features is present in our
high P-T spectra (Fig. 5) and the formation of Bry in the MVPs is hence
discarded. In comparison, gaseous HBr displays no pre-edge peak and a
featureless EXAFS part, due to the weak scattering power of the neigh-
bouring hydrogen atom. While there is a small white line located around
13,480 eV, its amplitude remains significantly lower than that we
observe in the MVP, suggesting that the Br specie present in the MVP is
not HBr. Instead, we find the XANES spectrum of Br in the MVP to
remain quite similar to that of Br in the starting aqueous solution
(Fig. 5), where Br is a hydrated ion, surrounded by six to eight HoO
molecules (Antalek et al., 2016; Louvel et al., 2020a). The intensity of
the white line is however reduced compared to that of aqueous Br, which
may suggest dehydration of the Br ion to some extent forming species as
[Br(H20),]™ (n < 6). Such temperature induced dehydration of the Br
ion is further supported by the fact that the amplitude of the white line
continues to decrease from 650 to 800 °C while the density of the MVPs
decreases from around 0.32 to 0.23 g-cm ™2 (pure H,O density). Another
possibility is that the change in the XANES spectra results partly from
ion association in the low-density ‘gas-like’ MVPs, with the formation of
neutral species as [NaBr(H20)]. Ion association and the stabilization of
neutral compounds rather than ionic species is indeed expected in high-
temperature low-density fluids due to the strong decrease of the
dielectric constant with increasing temperature and decreasing density.
While Na-Cl ion association has been suggested to some extent in su-
percritical water from theoretical calculations (Cui and Harris, 1994), it
has, to the best of our knowledge, only been described spectroscopically
in fluids of intermediate to high-density (p > 0.45 g-cm™~>) (Elbers et al.,
2021). Although we cannot yet distinguish whether Br is present as
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hydrated [Br(H20),]~ (n < 6), reactive Br"OH™ or neutral [NaBr
(H20)«] species based on our preliminary in-situ observations, it is
obvious from the XANES spectra that HBr is not the main Br specie in our
H,0-NaBr low-density fluids. We also discard the potential formation of
reactive Br species involving O (e.g., BrOH) as the change in oxidation
state from —1 to +1 would likely give rise to differences in the XAS
spectra. While such species have been reported in volcanic plumes, they
are expected to form from the fast high-temperature oxidation of HBr in
the volcanic gas-air mixture (Riidiger et al., 2017). We thus suggest that
while Br may be transported as hydrated species in shallow degassing
systems, HBr formation should be expected closer to the surface in
natural systems, after significant expansion of the MVP to the gaseous
state (density < 0.1 g-cm’g’).

Although Br speciation in the melt could not investigated in-situ, we
expect Br to be found in similar alkali- and alkaline earth-rich domains
as previously reported in high P-T haplosilicate melts and natural vol-
canic glasses (Louvel et al., 2020a, 2020b; Cochain et al., 2015).

4.2. Srin the haplogranite-MVP system

The initial concentration of Sr in the Hpg ML4 glass could be
calculated from XAS spectra collected at room conditions, taking into
account a density for the dry glass of 2.24 g-cm 3. They are around 1.03
wt% for a nominal input of 1 wt%. Upon heating to 650 and 800 °C, we
observe no Sr absorption edge in the MVP, suggesting that Sr concen-
tration were below the 10 ppm level in this phase (fluorescence detec-
tion limit based on previous studies on hydrothermal fluids, e.g., Louvel
etal., 2017) and that Sr largely remains in the melt phase up to high P-T
conditions.

Using melt densities of 2.1-2.18 g-cm™° for an haplogranite melt
containing 5 to 6 wt% dissolved HyO (Ochs and Lange, 1999), Sr con-
centrations calculated from the in-situ XAS spectra collected in the melt
are 1.045 + 0.015 and 0.998 + 0.015 wt% at 650 and 800 °C, respec-
tively. These calculated values are in good agreement with the EPMA
analysis of the melt recovered from Load 4 (i.e., quenched at 800 °C)
that suggests an average of 1.06 + 0.06 wt% Sr (n = 9 — see Supple-
mentary Materials for all EPMA analyses). The stable Sr concentration in
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the Hpg4Sr melt and the absence of Sr signal in the MVPs are in line with

the low D’;Z;‘id/ melt _ 0,006 reported by Borchert et al. (2009) from in-situ
SXRF measurements at 750 °C and 360 MPa in the HDAC.

The speciation of Sr in the high P-T melt could also be evaluated from
the in-situ XAS. The XANES spectra collected in the Sr-doped haplo-
granite glass under room conditions resemble the high-resolution
HERFD-XAS spectra reported by Borchert et al. (2014) for peralkaline
granites, where Sr was suggested to be present as distorted SrOg clusters
with Sr-O average distance of 2.62 A. They are characterized by a
relatively broad white line that peaks around 16,121 eV and display a
large shoulder around 16,130 eV. With melting at 800 °C and 100 MPa,
this shoulder is found to largely disappear, while the EXAFS part of the
spectra considerably flattens (Fig. 6). These changes are associated with
a slight shift in the 2nd EXAFS oscillation from ~3.88 to 4 A! and the
reduction of the amplitude of the 3rd EXAFS oscillation localized around
55 A1 (Fig. 6B). Previous EXAFS analysis of Sr local environment in
silicate glasses suggest Sr is coordinated to 5 to 8 oxygen atoms located
at an average of 2.5-2.73 A (Kohn et al., 1990; McKeown et al., 2003;
Pohlenz et al., 2018). Here, the best EXAFS fit are obtained for 5.0 4 0.5
oxygen atoms located at an average of 2.53 + 0.03 A from the central
strontium atom (Fig. 6B — Table S2 in Supp. Mat.). Despite the shape and
position differences in XANES and EXAFS oscillations, we do not find
significant differences in the fitted coordination number and bond dis-
tance for the high P-T melt: the best fit is obtained for Sr surrounded by
5.1 + 0.9 oxygens at an average distance of 2.51 + 0.03 A. We however
note a strong decrease of the overall quality of the fit and larger un-
certainties on fitted structural parameters (Table S2 in Supp. Mat.). High
temperature conditions and melting of the glass indeed result in further
disorder in the structure and an overall damping and larger anharmo-
nicity of the EXAFS signal, further enhanced in the case of Sr than other
trace elements (Pohlenz et al., 2018; Wilke, 2018). The fitted coordi-
nation number and bond distance differ slightly from those previously
reported for peralkaline melts by Pohlenz et al. (2018) (i.e., 7 oxygens at
2.60 A). While we cannot discard these small discrepancies arise from
the lower quality of the high P-T fit, we believe differences in the high P-
T melts composition could also explain structural differences, as Pohlenz
et al.’s starting materials were extremely peralkaline (NazO ~ 18 wt%)

B
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Hpg_ML4
glass

10

Fig. 6. Strontium K-edge XANES (A) and k*weighted EXAFS oscillations (B) collected in the Hpg4Sr glass and high P-T melt in Load 4 (800 °C and 100 MPa). The
vertical black dashed lines underline differences between glass and melt. The grey dashed lines on (B) are the EXAFS fits.
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and Si-poor (SiO; ~ 58 wt%) compared to our Hpg ML4 melt.
5. Conclusions

The presented experimental results constitute the first steps towards
the in-situ characterization of MVPs and their role in magmatic-
hydrothermal and volcanic processes. While the attainment of equilib-
rium still needs to be tested systematically for different elements over
long time periods (9-12 h) and the set-up is yet to be tested to reach
temperature conditions necessary to melt andesitic and basaltic com-
positions (1000-1200 °C), we expect the T-IHPV to offer new opportu-
nities to study the distribution and speciation of C-O-H-N-S volatiles, but
also of various metals (with 22 < Z) between MVPs and melts or other
biphasic high-temperature systems (i.e., brine-vapour separation). A
total of 8 transparent autoclaves are now available at the Institut des
Sciences de la Terre d’Orleans (ISTO, Orleans, France), Institut Neel and
FAME and FAME-UHD beamlines (ESRF synchrotron, Grenoble,
France). Current and future experimental developments include their
coupling to 1) Raman to allow for the detection and quantification of
various volatiles species in supercritical fluids and gases, including CHa,
CO, COq, H3S, SO5 or NH4 (Louvel et al., 2015, 2017), 2) high-resolution
crystal analyzer spectrometers (CAS) for high energy resolution fluo-
rescence XAS measurements (HERFD-XAS) to refine the nature and ge-
ometry of metallic complexes in hydrothermal fluids and MVPs (e.g.,
Pokrovski et al., 2022) and 3) X-ray diffraction to study hydrothermal
and gaseous alteration of natural rocks.
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