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ABSTRACT

We discuss the X-ray absorption spectroscopy (XAS) methods
elaborated using the high pressure and high-temperature
autoclaves installed at FAME and FAME-UHD beamlines. These
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methods are based on the in situ acquisition of X-ray transmission
and fluorescence spectra of hydrothermal fluids and silicate melts
and enable the derivation of both solubility and speciation
information about metal complexes. The technological assets of
our autoclaves are described across a wide range of experimental
conditions spanning from different types of hydrothermal fluids,

X-ray absorption
spectroscopy; high pressure
autoclave; hydrothermal
fluid; silicate melt; mineral
deposit; metal speciation;
metal solubility; in situ

from liquid-like to vapor-like densities having metal studies

concentrations of <1-10,000 ppm, to magmatic fluid-melt
systems at 1000°C. Scientific examples are presented to illustrate
the use and the advantages of our spectroscopic ‘micro-batch’
reactors. Finally, the integration of our autoclave setups on the
FAME-UHD crystal analyzer spectrometer and the benefits of this
technique are demonstrated.

Introduction

Although water represents only a tiny fraction of the terrestrial lithosphere (~1%), hydro-
thermal fluids are indispensable to the formation of economic metal concentrations in the
Earth’s crust. This is because it is impossible to imagine a process without a fluid phase
which would allow extracting metals present in low concentrations from a large
volume of rock or magma, massively transporting them through the crust, and precipitat-
ing them in a much focused fashion in the right place at the right moment to form a
mineral deposit. In this complex process of ore deposit formation that yields enrichment
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factors typically from 100 to 100,000 for metals compared to their abundance in common
rocks, the fundamental thing to know is the solubility of ore minerals and the speciation
of metals and major volatile elements such as sulfur, carbon or halogens in the fluid
phase. Similar knowledge is required for the use of hydrothermal fluids in engineering
applications such as geothermal energy, supercritical water as a green chemistry
solvent, or hot fluids in power plants, to name a few [1].

In situ synchrotron X-ray absorption spectroscopy (XAS) is the method of choice to
obtain identity, molecular structure, stoichiometry, and concentration of metal complexes
with CI-S-C-F ligands common in natural hydrothermal fluids. Combined with more rou-
tinely used ex situ hydrothermal methods (e.g. batch and flow-through autoclaves, syn-
thetic fluid inclusions) and molecular and thermodynamic modeling, these approaches
have enabled in the last decade unprecedented advances in our understanding of the
speciation and transport of noble (Au, Ag), base (Cu, Ni, Co, Fe, Zn, Pb) and critical (e.g.
Rare Earth Elements, REE, Platinum-Group Elements, PGE) metals by geological fluids
[2]. These data allowed calibration of solubility constants and other thermodynamic par-
ameters for describing the solubility of the metal-bearing minerals thereby enabling
quantitative predictions of hydrothermal fluid evolution and metal transport and
deposition.

Such in situ XAS measurements of hydrothermal samples are conducted in high
pressure and high-temperature experimental cells that must both withstand the chemical
reactivity of these fluids and allow X-ray access through windows. Different technologies
can be used for this purpose and were reviewed recently (e.g. [1,3]), such as diamond anvil
cells, fused silica glass capillary capsules, flow-through reactors and batch autoclaves.
Each type conveys its own benefits and may be the tool of choice in specific conditions
(such as very high pressure, low X-ray energy, highly reactive and unstable samples). The
present manuscript focuses on the autoclaves developed at FAME and FAME-UHD (French
Absorption beamlines for Material and Environmental sciences and Ultra-High Dilution)
XAS beamlines at the ESRF [4,5].

The FAME and FAME-UHD XAS beamlines at ESRF

FAME [4] and FAME-UHD [5] are the French beamlines at the ESRF dedicated to X-ray
Absorption Spectroscopy and High-Energy Resolution Fluorescence Detection XAS
(HERFD-XAS), respectively. The experiments carried out at these two beamlines cover a
wide variety of common applications of XAS, mainly in environmental and geochemical
sciences, and also in material science, biophysics and chemistry. We aim at providing
the highest possible photon flux on the sample, with a very spatially stable beam necess-
ary to probe heterogeneous samples, combined with an efficient fluorescence detection.
Both beamlines provide a sub-millimetric beam (~100 * 200 pm? vertical * horizontal
FWHM) and share a very similar optical design:

e since the ESRF EBS upgrade both beamlines use a Short Bending Magnet with 2 mrad
horizontal divergence and a 0.85 T field;

« a first mirror for harmonic rejection and vertical collimation. It is a bendable Rh-coated
silicon mirror cooled by water;
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a Si[220] 2-crystal monochromator. The first crystal is flat and nitrogen cooled, the

second crystal is bendable for sagittal focussing and not cooled;

 a second mirror for harmonic rejection and vertical focussing. It is also a bendable Rh-
coated silicon mirror, not cooled;

o several pairs of vertical and horizontal slits between optical elements;

o the experimental table that supports both the sample and the detectors follows the
movement of the beam during an energy scan (monochromator is not fixed exit)
with a sub-micrometric precision;

¢ incident and transmitted photon intensities are measured with silicon diodes that

collect the scattered X-ray beam from a kapton foil.

The main differences between FAME and FAME-UHD lie in the fluorescence detection
systems. FAME is equipped with a Mirion HPGe 16-element solid state detector (SSD)
cooled with a CP5 cryocooler and associated with an XGLab electronics. Energy band-
width of the SSD is around 130-250 eV, depending on the counting rate. The detection
limit for XAS measurements at FAME is estimated to be ~10 ppm in the best case.
FAME-UHD allows high resolution fluorescence detection with a 14-crystal Crystal Analy-
zer Spectrometer (CAS) in 1 m Rowland geometry placed in a helium box. The photons are
counted by a Ketek single-element silicon drift diode (SDD) detector. Energy bandwidth of
the CAS is around 1 eV. The detection limit for XAS measurements at FAME-UHD is then
~0.5 ppm at best.

The technology of the autoclave setup at FAME and FAME-UHD beamlines

The technological challenges raised by the development of autoclaves for in situ XAS
measurements of hydrothermal fluids are manyfold. First, the fluids are under high
pressure and high-temperature which require the use of specific materials; the fluids
can be chemically reactive with the sample holder; their densities should cover a wide
range [0.1-1] g.cm ™3 spanning from liquid-like to vapor-like fluids in a single experimental
run during which the temperature is increased; the metal concentration relevant to
natural fluids can be relatively low (a few ppm). Then, high pressure windows need to
be used in the autoclave so that X-rays can reach the samples and be collected after
their interaction with the sample; for XAS studies X-rays energies can be as low as 5
keV, ie. energies at which the absorption of the high pressure and high-temperature
(HP/HT) materials is very strong. Finally, in situ XAS measurements can last hours to
days (to obtain sufficient data quality, reach fluid-mineral equilibrium, or study dissolution
or precipitation rates), and as such they necessitate a precise and stable control of
pressure and temperature.

The autoclaves installed at our beamlines [6-8] have been constantly improved in the
last 20 years to enable more and more demanding experiments. They can be used rou-
tinely for aqueous solutions below 2000 bar and 600°C, but can also reach higher temp-
eratures, up to 1200°C for specific experiments. A detailed description of their
components is given elsewhere [6], a simplified diagram is shown in Figure 1. We high-
light here some of their design and usage specificities and how they can impact the
measurements. A selection of studies that benefited from this technique is described
in the following sections.
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Figure 1. Left: rendering of the autoclave, with its body (1) cut in two halves at X-ray beam level. For
clarity the heating elements (heater and ceramics) were removed so that the internal cell can be seen
(2). The high pressure beryllium windows are also visible (3). The red arrows represent the X-ray
beams: incoming, transmitted and fluorescence. Right: transmission (top) and fluorescence
(bottom) spectra at the indicated T and P. The data come from [31] and correspond to an aqueous
solution containing 0.045 m Fe?*, 0.35 m NaCl and 0.1 m HCl (where m is the molality). Both set
of spectra were measured simultaneously: the transmitted spectra are used to quantify iron concen-
tration and the fluorescence spectra to determine iron speciation (see text for details). Note that the
variation of absorption over the edge (eH, see text), in the transmission signal, decreases with temp-
erature following the decrease of the fluid density. Adapted from [1] with permission from the Inter-
national Union of Crystallography.

Internal cells made of glass-like carbon

The use of glass-like (glassy) carbon as a material for the internal cell that contains the
sample opened the possibility for low X-ray energy spectroscopy (but still in the hard
X-rays range, one example is the study of manganese complexation in hydrothermal
fluids [9]). Glassy carbon is a low density material (density of ~1.5 g.cm™3), and as such
is well transparent to X-rays. Figure 2 shows the X-ray transmission of glassy carbon,
which is significantly higher at low X-ray energies compared to other typical materials
used in HP research. Glassy carbon is also cheap, easy to machine, almost chemically
inert, and has no significant impurities that could hinder the spectroscopic signal. The
main drawback of glassy carbon in the context of hydrothermal geochemistry is its
partial dissolution in aqueous solution at elevated temperatures (>600-700°C), the
degree of this reaction strongly depending on the redox conditions of the system and
experimental duration.
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Figure 2. Top: Cross section view of the autoclave (see Figure 1) at the level of the X-ray beam, with
labels on the body of the autoclave (1), the glassy carbon internal cell (2), three HP beryllium windows
(3) and heater + ceramics (4). The angular aperture of these windows is 22°. Bottom: X-ray transmission
of typical materials employed for HP windows and sample containers, calculated for a thickness of 0.5
mm, as a function of X-ray photon energy.

High pressure windows

The high pressure windows (see Figure 2) of the autoclave are made of beryllium to take
advantage of the low X-ray absorption and high mechanical resistance of the metal.
However, in the context of the study of metal solubility and speciation, high content of
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other metallic impurities (Fe, Ni, Cu, Ti, Zr, Zn, Mn, Ag, Co, Pb, Mo [7]) in beryllium may add
parasitic signals and thus prevent from studying fluids with low metal concentrations
when these elements are present in the beryllium as impurities. For example, iron impu-
rities inhibited solubility measurements at the iron K-edge below ~200 ppm Fe in the case
of the study of siderite dissolution. [10] For this reason some pure glassy carbon high
pressure windows, with no impurities, were built [7] and they can be used in these situ-
ations where a very low metal concentration in the fluids is expected. Figure 2 shows that
glassy carbon displays higher absorbance than beryllium, albeit it remains advantageous
compared to typical HP windows materials such as diamond or sapphire.

Sample volume and beam damage

The sample volume in our autoclave is large, in the range [0.05-1.00] mL. It allows us to
easily load and unload the samples, such as mm-size solid phases (for dissolution exper-
iments or pH and O, buffering using mineral assemblages), and to recover liquid and solid
samples for post mortem analysis. Some examples are given below. The large sample
volume also ensures that the sample/beam size ratio is large. This large ratio in the
context of XAS hydrothermal measurements is essential to avoid beam damage and/or
redox reactions of dissolved metals, and is a strength of autoclave experiments, as it
was discussed elsewhere [1-3].

Pressure and temperature control and stability

Temperature and pressure are controlled independently in order to have the possibility to
navigate across the water phase diagram over a large range of P-T. The temperature is
easily and reliably regulated within 0.1°C with the use of a resistive heater and Euro-
therm™ 3504 controllers. In order to ensure also a very good pressure stability over the
duration of XAS measurements (at least several hours), specific high pressure valves
and a regulation apparatus were developed [8]. They consist of high pressure (2000
bar) isolation valves operated by a low pressure compressed air circuit and electrovalves
which are regulated by Eurotherm'™ 3504 controllers. This system enables a very fine
control of the pressure within £0.2 bar. This stability is particularly critical in the case of
experiments where the sample density strongly varies with small changes of P and T,
such as hydrothermal fluids in the region of the critical isochore (0.3-0.4 g.cm_3). As an
illustration, for a measurement made at 300 bar/400°C on an aqueous sample, a variation
of 0.2 bar translates to a fluid density variation of 0.001 g.cm™, which is at the limit of
detection on FAME beamlines. As a consequence, an oscillatory regulation of pressure
with an amplitude larger than 0.2 bar would create oscillations in the XAS measurement
over the acquisition time, and thus might interfere with the inherent oscillatory pattern of
XAS spectra.

Versatility

As described in the original publication [6], the versatility relies on the possibility to swap
the materials of the HP windows and internal cell. Two configurations are currently avail-
able: an ‘X-ray configuration’ that consists of beryllium windows and glassy carbon
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internal cells, an ‘optical configuration’ that consists of sapphire windows and cells. The
latter is dedicated to measurements with visible light such as Raman spectroscopy [11],
visual observation [11], in situ photoluminescence and dynamic light scattering measure-
ments [12,13].

The XAS methodology to derive metal solubility and speciation

In this section we will explain through scientific examples the methodology put in place
by FAME and FAME-UHD users to derive solubility and speciation information from in situ
XAS measurements conducted on hydrothermal fluids. By speciation we mean the local
solvation and ligation structure around the metal ion of interest and its redox state.

The autoclave as a micro-batch reactor

The basis of our method is to combine transmission and fluorescence measurements to
obtain solubility values and speciation information respectively [1]. Figure 1 is an illus-
tration of the autoclave geometry that enables simultaneous acquisition of transmitted
and fluorescence (at 90°) signals. To determine metal solubility, the abrupt variation of
absorbance (the so-called edge height, eH) over the absorption edge of the transmitted
XAS spectra is used, following equation (1):

m
eH=A <_> Metal-Mmetar-p-X (1)
P/ metal

where A(I;) is the difference in specific mass absorption (cm?.g™") of the metal
metal

element, below and above the metal absorption edge (these values are known and tabu-
lated), Mmetal i the atomic mass (g.mol™"), Mmeta is the molality of the dissolved metal
(mol.kg™"), p is the fluid density (kg.cm™) and x is the length of the X-ray path (cm)
[14]. Note that this method is based on transmission measurements, is direct and does
not require calibrations as a function of metal concentration as for most other analytical
methods. In complement, it is worth mentioning that the transmitted signal can also be
used to calculate the density of a sample with a high precision following equation (2):

D) == (;)
Inf[=)=px=[= .p X (2)
(l 1 P/ sample sample

where Iy and |; are the incident and transmitted X-ray intensities, W is the linear absorption

coefficient (cm™), <%> is the specific mass absorption (cm?.g™"), Psample 1S the sample
sample
density (g.cm™3) and x is the thickness of the sample (cm). When applied to fluids, this
formula enables to determine their densities with a high accuracy (+0.001 g.cm_3). As a
result, this method is applied to calibrate the temperature gradients in the autoclave
between the heater and the position of the X-ray probed region: the method is based
on loading pure water, calculating its density with equation (2) and comparing it to
water density databases [15] to determine the temperature at the sample position.
Metal concentrations down to a few mmol/L (i.e. ~100 ppm) are routinely measured

with transmission measurements. Much lower concentration values are attainable using
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fluorescence instead of transmission spectra. The method is less direct, however,
because one needs to measure the signal from calibration solutions with known metal
concentrations at similar conditions if possible (e.g. distance to the fluorescence detector,
density of the solution, total fluid absorbance). Its advantage is that concentrations
down to ~1 ppm can be quantified; some methodological details can be found
elsewhere [16,17].

We describe our autoclave as a ‘micro-batch reactor’ as a reference to classical labora-
tory measurements where large volume batch reactors are used and fluid aliquots are
sampled and analyzed ex situ (typically with mass spectrometry) to determine metal con-
centrations. These values are then exploited to establish thermodynamic models of metal
complex stability and mineral solubility [14,18]. In this context, the strength of the meth-
odology with our autoclaves is that these concentrations can be determined in situ and
are complemented by speciation information, which is key to evaluate the relevance of
such models and optimize them.

As an example, the work of Pokrovski et al. can be cited. They studied the dissolution
of senarmontite (Sb,03) in pure water and NaCl-HCl solutions and the nature of anti-
mony complexes in hydrothermal fluids to 450°C and 600 bar [18,19]. Depending on
the temperature, chloride concentration and pH, Sb(lll) speciation is found to be domi-
nated by Sb(OH); complexes, mixed Sb-hydroxy-chloride species, and Sb-chloride
species, with increasing salinity and acidity. Also, P-T conditions of vapor-liquid separ-
ation (fluid unmixing) were investigated because this process plays a significant role in
the transport of metals in the Earth’s crust. It was found that the same hydroxy-chloride
species are dominant both in the brine and vapor phase, and the corresponding par-
tition coefficient could be calculated from the determination of the respective concen-
trations using the absorption edge step (Figure 3 and equation [1]). Figure 3a shows
that the Sb solubility determined through XAS transmission measurements is in excel-
lent agreement with the values obtained using laboratory batch-reactor techniques
and subsequent analysis of quenched fluids for Sb concentration. This agreement vali-
dates the relevance of this ‘micro-batch’ methodology for determining metal concen-
trations in hydrothermal fluids. The sensitivity of this method depends on several
factors such as the X-ray energy, fluid density, or the presence of impurities in the auto-
clave materials (see the remark about beryllium above). For this reason, no general
uncertainty value can be given and each experiment has its own constraints. Figure
3(b) illustrates a clear spatial separation of vapor and brine phases that enables the
acquisition of spectra from both phases without interferences. At the same time,
despite the lower spectral quality due to the very low density and low Sb concentration
of the vapor phase (0.17 g.cm™3), XAS can be used to derive speciation information. It
can be seen that the spectra are very similar and the analysis demonstrated that the
trigonal Sb(OH),Cl species is dominant and controls Sb transport in acidic saline hydro-
thermal fluids.

Another example is the study of the dissolution of magnetite (Fes04) in 3 molal (m)
HCI solutions in the presence of SiO, silica (unpublished data). Although such highly
acidic conditions are not geochemically relevant (m HCl<0.1 m in most natural
brines), this experiment can be considered as a proof of concept. Figure 4(a) shows
the iron concentrations as a function of time at 300 bar and 100, 200 and 250°C. Com-
pared to laboratory batch sampling experiments, these data illustrate another
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Figure 3. Figure adapted from studies of senarmontite (Sb,03) dissolution in pure water and NaCl-HCI
solutions at hydrothermal conditions. [18,19] (a) Antimony molal concentration measured in pure
water and 2.3 m NaCl-0.1 m HCI solutions, at 600 bar as a function of temperature. The solubility
data were obtained either from weight loss of the solid phase recovered from batch reactors on
quench or by fluid sampling, as compared with in situ XAS transmission measurements. The values
are in very good agreement. (b) Normalized fluorescence spectra collected in situ at the Sb K-edge
(30,491 eV) at 271 bar and 400°C where liquid and vapor phases coexist in the reactor. The two
spectra are similar and are interpreted by the Sb(OH),Cl complex of trigonal pyramidal geometry
(see text). The inset picture is a view from a different experiment where a phase separation was
observed in T m NaCl solution at 400 bar and 350°C and acquired with sapphire windows and sapphire
internal cell: the purpose of this picture is to illustrate the geometry of a phase separation phenom-
enon in the autoclave and the two locations where the X-ray beam is focused to measure the fluor-
escence spectra.
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Figure 4. In situ XAS study of the dissolution of magnetite in quartz SiO, — saturated 3 m HCl, at 300
bar as a function of temperature. (a) Fe molality derived from XAS measurements is shown as a func-
tion of time. The temperature was raised to 200°C and 250°C during the experimental run. The kinks in
the signal (green stars) are due to ESRF storage ring or monochromator liquid nitrogen cooling system
refills. The blue numbers are the ratio of Fe(ll) over total Fe concentrations, derived from linear com-
bination (LC) fits of the fluorescence XANES spectra. (b) Fluorescence XANES spectrum acquired during
the dissolution of magnetite at 250°C (blue), the corresponding LC fit (red) and relative LC contri-
butions of the Fe(ll) (green) and Fe(lll) (orange) reference spectra. The reference spectra were acquired
during other experimental runs where Fe(ll) (and Fe(lll) respectively) was dissolved in the same con-
ditions (3 m HCI and 300 bar/250°C). See [32] for an overview of the LC method. (c) Scanning Electron
Microprobe (SEM) images of recovered fragments of magnetite after the run of (a) and (b). Fayalite
overgrows are visible on the surface of mm-sized magnetite crystals, resulting from the precipitation
of Fe and Si at high temperature.

advantage of in situ XAS measurements of metal concentration as they can be con-
ducted as a function of time with a very fine precision allowing derivation of dissolution
kinetics parameters [16]. Furthermore, in the case of the magnetite dissolution, the
fluorescence spectra were used to determine in situ the redox ratio of iron in the sol-
ution by linear combination of spectra of Fe(ll) and Fe(lll) standards (Figure 4(b)). The
molar concentration values of [Fe(ll)]/[total Fe] close to 0.33 (Figure 4(a)) are a direct
demonstration that magnetite dissolution was congruent up to 200°C. Above this temp-
erature, the solution stoichiometry changed as Fe(lll) was reduced to Fe(ll). This sensi-
tivity to the dissolved metal redox state is a great asset that helps understanding the
fluid-mineral interactions. The reduction of aqueous Fe(lll) to Fe(ll) at high temperature
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is confirmed by the overgrown fayalite crystals (Fe(ll)SiO4) observed by Scanning Elec-
tron Microprobe (SEM) at the surface of magnetite recovered from the run (Figure 4
(c)). The SEM images also illustrate the large sample volume and the possibility to
easily load mm-size solids. It is very useful for studies of fluid-rock interactions where
post mortem analysis of recovered solids or fluids are important, but also for the possi-
bility to load complex buffer mineral assemblages. This independent control of pH and
fO, with mineral assemblages is essential when deriving metal speciation and thermo-
dynamic constants of solubility reactions. Nevertheless, the exact influence of the glassy
carbon sample container still needs to be investigated in details to rule out any exper-
imental artifacts that would bias the redox interpretation.

Higher T and P for the study of hydrous melts

Recent versions of our autoclaves have been modified for better thermal behavior
through the reduction of the temperature gradients and the optimization of materials
for better thermal insulation. One of the ideas behind these modifications was to reach
higher temperatures in order to investigate aqueous fluid-silicate melt interactions,
including fluid exsolution (ie. degassing) from magmas and fluid-rock interactions
close to magma chambers. These processes are critical in the genesis of ore deposits as
they condition the metal budget of magmatic fluids. However, natural samples prone
to such studies are very scarce or do not preserve records of such phenomena. Further-
more, in terms of experimentation, quenching such high-temperature fluids might be
doable but, at the very best, only enables to evaluate the bulk concentrations of
species in the different coexisting phases. In most cases, the information about the
nature of the complexes at high-temperature and their redox state is often lost during
guenching or cooling. These limitations of ex situ techniques further highlight the neces-
sity of in situ spectroscopic studies of such environments.

Figure 5 shows a proof-of-concept experiment to study the melting of Sr-doped
hydrous haplogranite glass in 1 molal NaBr solution. The goal was to investigate,
once the glass is melted above 600°C, the mechanisms of the transfer of Br and Sr
between the coexisting vapor and melt phases. The elemental concentrations in the
phases were measured via transmission XAS data complemented by Electron Probe
Micro analysis (EPMA) of the initial glasses and recovered quenched melts, while their
speciation was determined from fluorescence analysis. Pressures and temperatures up
to 1300 bar and 900°C were reached during the experiment and no leak was observed
over several hours. The quantitative results, i.e. concentrations and corresponding par-
tition coefficient of Br between melts and fluid, and the conclusions about the specia-
tion of Br and Sr will be detailed in a future publication. In the context of this review,
this preliminary experiment shows that the methods developed for aqueous solutions
can be extended to the study of fluid-melt interactions, with a geometry where both
phases are clearly distinguished. The large sample volume and internal cell dimensions,
combined with the possibility of easily machining glassy carbon, were an asset to shape
a small crucible that held the melt (Figure 5). In terms of pressure and temperature con-
ditions, the limit was imposed by the stability of glassy carbon in contact with an
aqueous fluid at 900°C; other internal cell materials should be employed for higher
temperatures.
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Figure 5. Graphical summary of an experiment to study Br and Sr speciation and partitioning in sili-
cate melts and fluids. Left: schematic drawing of the internal cell assembly. 1: glassy carbon internal
cell; 2: top piston; 3: sample NaBr-rich aqueous fluid; 4: crucible machined in the bottom piston, with a
spherical chunk of haplogranite glass sample inside; 5: bottom piston. Right: 2D mappings of the
sample at 1000 bar/250°C (left) and 1000 bar/650°C (right). The circular shape corresponds to
the entrance HP window accessible to the X-rays: the top half of this shape shows the fluid, the
bottom half shows the top part of the bottom piston, with the crucible fully visible. The maps are
obtained by scanning the sample in the X-ray beam and by collecting either transmission signal
(density contrast, top row), or Br fluorescence signal (bottom row). The color scale ranges from
blue (low values) to red (high values). High absorption values (red) correspond to an area where
the X-rays cannot pass through, low absorption values (blue) are where the sample and pistons
are located. High fluorescence intensities (red) come from Br in solution, low fluorescence intensities
(blue) correspond to areas where no Br is present or detected.

High energy resolution for a better sensitivity

FAME-UHD beamline (BM16 at ESRF) is a XAS beamline based on a spectrometer
equipped with 14 analyzer crystals [5] for High Energy Resolution Fluorescence Detection
(HERFD) spectroscopy. This technique is characterized by ~1 eV energy resolution energy
and has two major benefits over classical solid-state fluorescence detection [3,5]. The first
one is the removal of background radiation that sometimes saturates a solid-state detec-
tor: the signal-to-noise ratio is then largely improved, parasitic signals are erased and
samples with much lower concentrations can be analyzed (below 1 ppm at FAME-
UHD). The second one is the much improved spectral resolution, which provides better
resolved XANES features. We installed an autoclave setup at FAME-UHD beamline to
take advantage of those improvements over classical XAS (Figure 6). The objective is
twofold: (i) to improve the detection limit for solubility measurements, and (ii) to use
the better spectral resolution to derive more information from the XANES analysis.
Indeed, ab initio XANES calculations, sometimes even combined with molecular dynamics
(MD) simulations, are very informative to study the local solvation structures of metals in
hydrothermal fluids [2] and greatly benefit from having more detailed experimental
XANES spectra to be compared with. It is worth mentioning that the high pressure ber-
yllium windows of the autoclaves were designed with the largest aperture angle possible
(22°, see Figure 2) to improve the signal intensity. Thanks to this aperture 6 crystals
(among the 14 available) are illuminated by the outgoing fluorescence photons.
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Figure 6. Gold speciation in sulfur-rich hydrothermal solutions up to 350°C and 600 bar (adapted from
[20]). Top: HERFD-XAS setup at FAME-UHD beamline combining a high-resolution crystal analyzer
spectrometer with the autoclave for in situ measurements of HERFD spectra. The autoclave is tilted
from the vertical axis to match the required Bragg angle of the crystals to selectively probe the Au
La; fluorescence line. Among the 14 crystals available, 6 are lit by the fluorescence photons,
thanks to the large angular aperture of the high pressure windows of the autoclave. Bottom: Normal-
ized fluorescence spectra collected in situ at the Au absorption Ly-edge (11,919 eV) at 600 bar and
350°C from an aqueous K;S,05-KOH solution containing 1420 ppm of Au. The spectra were acquired
either at FAME beamline with a ‘classical’ solid-state detector or at FAME-UHD beamline with the
crystal analyzer spectrometer visible in (a). Even if the signal-to-noise ratio of the HERFD data is
lower, the much better resolution of spectral features makes the XANES analysis and subsequent con-
clusions (i.e. predominance of the Au(HS); species in this particular solution) much more robust.

In a recent study [20], Pokrovski et al. investigated the structure and stability of Au-
bearing species in sulfur-rich solutions, at typical hydrothermal conditions of gold
deposit formation (up to 350°C and 600 bar). Specifically, the objective was to understand
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the role of sulfide HS ™ and trisulfur S3™ ligands in the transport of gold by hydrothermal
fluids. This experiment really benefited from the improved spectral resolution of HERFD
spectroscopy. Indeed, the XAS spectra in Figure 6 shows a dramatic improvement of
the HERFD data compared to classical XAS data that were collected previously at FAME
beamline with a solid state detector [21]. Au(l) (poly)sulfide and chloride complexes
have a linear symmetry that results in quite ‘featureless’ XANES spectra [22], similarly to
linear Cu(l) chloride and sulfide complexes [23]. In both cases, conclusions about the
structure of these complexes drawn from small variations of weak XANES features have
always been tentative. In contrast, in the present case, HERFD spectra contain much
better resolved features, which can be interpreted far more convincingly. To do so, ab
initio XANES calculations are conducted with the FDMNES code [24], based on MD struc-
tures for different complexes. The interplay between these three techniques (HERFD data,
MD simulations and XANES calculations) enabled to clearly detect variations in the struc-
ture of Au-bearing complexes, thereby distinguishing Au(HS), ~ and Au(HS)S; ~ whose
XAS spectroscopic signals in normal resolution mode are virtually identical. Such resol-
ution capabilities offered by the autoclave at FAME-UHD beamline are crucial for accurate
thermodynamic interpretation of bulk solubility measurements.

Conclusions and perspectives

This overview illustrates with recent studies the technological and methodological devel-
opments conducted over the last 25 years in the field of hydrothermal geochemistry using
in situ experimental approaches. They offer the possibility to collect in situ high-quality
XAS data at hydrothermal conditions to determine metal speciation as well as mineral
solubilities down to a few ppm that are essential to build robust thermodynamic
models and interpret fluid-melt-rock interactions. These datasets can also be collected
in very challenging experimental conditions relevant for hydrothermal metal transport:
down to very low fluid densities (~0.1 g.cm™), in the context of vapor-brine phase sep-
aration, and down to low X-ray energies (5 keV) where the more traditional high pressure
materials hinder the measurements. All these autoclave tools and methods are routinely
implemented at FAME and FAME-UHD beamlines, and are available for the synchrotron
users community, whether it be for geochemical applications (e.g. as reviewed in
[2,25]), or for other related scientific fields where the samples, experimental conditions
and the relevance of XAS are similar (e.g. hydrothermal synthesis of nanoparticles [12]).
Based on our pioneering design, two analogous autoclave setups have been installed
at XAS beamlines worldwide: at the Australian synchrotron (Melbourne, Australia)
[26,27] and at DESY (Germany) [28].

There are still a number of experimental challenges to optimize the setup and make it
even more reliable. The main one is common to all in situ experimental cells: the necessity
to control the oxygen fugacity, i.e. the redox environments of the sample container.
Recently Cheng et al. [29] investigated the effect of rhenium gaskets of diamond anvil
cells on the redox control of samples; in some cases, the effect may not be negligible
and should be taken into account. In the case of the FAME autoclave, the material of
the sample holder (internal cell) should always be considered. In most cases, glassy
carbon does not significantly react with the fluid samples; if in doubt, mineral assem-
blages or mixed redox state solutions (e.g. sulfate and sulfide [20,21]) can be loaded to
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buffer fO, (as well as pH). However, at temperatures higher than ~600°C, carbon reaction
with aqueous samples may be too strong to overcome the buffering capacities of the
experimental system. Finally it is worth noting that the combination of the large
volume of the sample holder in the autoclave and the low photon intensity at FAME
and FAME-UHD bending magnet beamlines (as compared to insertion devices beamlines
with much higher X-ray flux) are actually very favorable for the in situ XAS study of
aqueous samples because beam-induced redox reactions are rather limited [30].
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