
HAL Id: tel-04482439
https://hal.science/tel-04482439

Submitted on 28 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - ShareAlike 4.0 International
License

Hydrothermal geochemistry: what can we learn from
autoclaves and photons?

Denis Testemale

To cite this version:
Denis Testemale. Hydrothermal geochemistry: what can we learn from autoclaves and photons?.
Geochemistry. Université Grenoble Alpes, 2020. �tel-04482439�

https://hal.science/tel-04482439
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
https://hal.archives-ouvertes.fr


Habilitation à diriger des recherches
Ecole doctorale Terre Univers Environnement (TUE)

Hydrothermal geochemistry : 
what can we learn from autoclaves
and photons ?

Présentée par

Denis TESTEMALE

Institut Néel – CNRS

HDR soutenue publiquement le 29 septembre 2020
devant le jury composé de :

Mme Carmen SANCHEZ-VALLE (Rapporteur)
Mr Laurent TRUCHE (Rapporteur)
Mr Max WILKE (Rapporteur)
Mr Fabrice BRUNET (Président)
Mr Gleb POKROVSKI (Membre)



Hydrothermal geochemistry: what can we learn with autoclaves and
photons?

Contents

Contents 2

Introduction 4

1 X-ray Absorption Spectroscopy to explore metal transport in hydrothermal fluids. And the case
of iron. 6
1.1 Speciation and solubility by XAS - Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Speciation and solubility by XAS - Methods and examples . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Iron(II) at hydrothermal conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.2 Iron(III) at hydrothermal conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

1.3 The contribution of XANES in hydrothermal geochemistry . . . . . . . . . . . . . . . . . . . . . . 49
1.4 15 years of using autoclaves at FAME: the progress of knowledge in hydrothermal metal

transport. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
1.4.1 Methodological advances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1.4.2 Scientific advances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
1.4.3 The autoclave equipment installed at FAME beamlines . . . . . . . . . . . . . . . . . . . 89

2 High-pressure and high-temperature technological developments. 91
2.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.2 The Néel autoclave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

2.2.1 Introduction, general principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2.2.2 Design and usage highlights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.2.3 Autoclave MarkII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

2.3 Autoclave collaborations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.3.1 Generation of organic compounds in hydrothermal fluids . . . . . . . . . . . . . . . . . 115
2.3.2 Microbial redox transformation of metals under subsurface pressure and temperature

conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
2.3.3 Solvothermal synthesis of size-controlled single-nanocrystals and in situ monitoring . . 118
2.3.4 Technology transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3 Beamline scientist 120
3.1 User support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
3.2 Outreach and teaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
3.3 XAS database . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
3.4 Pivotal role . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

2



CONTENTS 3

4 Perspectives 124
4.1 Hydrothermal transport of metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.1.1 X-ray absorption spectroscopies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.1.2 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.2 Physical-chemistry of supercritical fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.2.1 Supercritical water: short and medium scale structure . . . . . . . . . . . . . . . . . . . 126
4.2.2 H2O − CO2 hydrothermal solvents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.2.3 Supercritical solvents and Small Organic Molecules (SOM) . . . . . . . . . . . . . . . . . 130

Remerciements 131

Bibliography 132



Introduction

This manuscript finally came to life. After 20 years of studying hydrothermal fluids by in situ spectroscopy,
it was about time to look back and summarize the main outcomes, both the successful ones and the less
so.

The attraction for the physical sciences led me to the Ecole Nationale Supérieure de Physique de
Grenoble (1997-2000): the diversity of its teaching and the fundamental colouring of a large part of its
courses convinced me of this choice. One of the peculiarities of my curriculum is that I trained as a
physicist engineer and nowadays I carry out my research mainly in the field of earth sciences. The transi-
tion between the two corresponds to the period of master and PhD thesis (2000-2003) carried out at the
Laboratoire de Cristallographie (Joseph Fourier University and CNRS, Grenoble, France) during which
I specialized in the study of hydrothermal fluids (a theme precisely at the interface of physics, chem-
istry and earth sciences) and in instrumental development. I joined the ’Supercritical Fluids’ team of
Jean Louis Hazemann. There the research topics were the structural characterization of fluids (especially
aqueous solutions) in supercritical conditions, using synchrotron X-ray spectroscopy techniques. During
these first three years, we studied As and U solvation structures in supercritical aqueous solutions, and
extended the research to the study of the solvent H2O itself, using small-angle and inelastic X-ray scatter-
ing methods. During this period, an important work was to develop an innovative autoclave, dedicated
to the in situ study of aqueous solutions in high temperature and pressure conditions (up to 600°C and
2000 bar). Our objective was to study ’synthetic’ solutions, i.e., samples which composition is controled
and are not natural, and to avoid the use of existing high-pressure technological solutions (hydrothermal
diamond anvil cell, Paris-Edinburgh cell) that are not optimized for the range of pressure investigated.
Another objective was to adapt the device to the different measurement techniques envisaged (spec-
troscopy, diffusion, Raman, etc.). The large proportion of time and energy given to this technological
development clearly matched my engineering background. This is actually still the case to this day.
This PhD work was rewarded by the 2004 Haüy-Lacroix prize of the Société Française de Minéralogie et
Cristallographie, and the J. M. Besson 2004 prize from the French high-pressure network.

My first post-doctoral position was at ESRF, as a scientist on the Swiss-Norwegian beamline. I was in
charge of user support on the X-ray absorption and high-resolution powder diffraction instruments. As far
as my research was concerned, I worked in continuity of my PhD by deepening the studies I had initiated
(metal speciation in hydrothermal conditions, structure of supercritical water). It is also during this period
that I started collaborations with earth science laboratories (such as IMPMC, Paris, on the dissolution
of iron minerals, solubility and kinetics). My second post-doctoral contract was at the South Australian
Museum in Adelaide, Australia, on a fellowship I obtained from the Australian Research Council (ARC
Linkage Fellowship). I joined the ’Metals and Solutions’ team of Pr. J. Brugger. There my research project
was the study of iron (II) and copper (I) speciation using XAS data and ab initio calculations of XANES
spectra. I also helped them to finalize a high-pressure experimental cell for UV-Vis measurements.

I was recruited at CNRS (section 18, “Earth and the Terrestrial Planets: structure, history and models”)
in 2007 at Néel Institute, back in the ’Supercritical Fluids’ team. The project was in the continuity of
my research topics and consisted in developing our methods to study metal speciation in hydrothermal
conditions, based on X-ray absorption data obtained at FAME beamline. A related objective was to
make this tool available to the entire earth science community in France and internationally. Finally,
another mission of this CNRS position was to provide user support at FAME beamline.

The core of my research activity is the study of metal transport in hydrothermal fluids. It is oriented
along several complementary axes:

(i) study of the speciation of dissolved metals; fluid/rock interaction and study of the solubility of minerals;

(ii) physical chemistry of hydrothermal fluids, in particular the structure of hydrothermal solvents;
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(iii) establishing the methods used for these studies, mainly based on Raman and X-ray absorption spec-
troscopy techniques, and the use of high-pressure high-temperature (HP-HT) experimental cells
specifically developed for these in situ measurements;

(iv) beamline scientist activity at FAME and FAME-UHD beamlines.

For clarity and brevity reasons in this manuscript I chose to present only a portion of my results, related to
(i) (chapter 1, in particular the scientific case of iron), (iii) (the methods are explained in chapter 1 and
the HP tools in chapter 2), and some aspects of my beamline activity (iv) that I find important (chapter 3).
I decided to treat (ii) differently, without a dedicated chapter, but I deal with this aspect of my research
in the perspectives (chapter 4) where I included some related results.

Regarding the form of this manuscript, I integrated several (5) published manuscripts in the text. I’m
aware that this can be a rather indigestible form of presentation; in consequence, for each of them I
highlighted the key elements both in the text and as a summary. Also, I wanted to make each chapter
quite self-consistent: for this reason some ideas are sometimes briefly reiterated in different chapters.



Chapter 1

X-ray Absorption Spectroscopy to explore metal
transport in hydrothermal fluids. And the case of
iron.

In this chapter we’ll describe the methodology and analytical tools we developed in the last 15 years,
and which constitute an integrated micro-batch reactor setup, particularly suited (and successful) for
the study of metal transport in hydrothermal fluids. The scientific case that will underpin this description is
the fate of iron at hydrothermal conditions.

1.1 Speciation and solubility by XAS - Introduction

In order to explore the mechanisms of metal transport in hydrothermal solutions, one needs:

• techniques to have access to the speciation and the concentration of the dissolved metals. In-
deed, with these data available and measurable, it is possible to monitor the complexation of met-
als by the ligands in solution and/or dissolution/precipitation of minerals. X-ray Absorption Spec-
troscopy is one of the most (if not the most) powerful tool to derive local structure + redox (i.e.
speciation) and density information of a sample. I recommend the reference by Kelly et al. [1]
as a general but very comprehensive and clear source of information on that topic. Within this
manuscript we’ll focus on the methods that we set for this purpose, and the specificities of dealing
with aqueous solutions and solubility experiments;

• techniques to conduct these measurements in situ at hydrothermal conditions. Indeed, when the
speciation and concentration data are obtained at hydrothermal conditions, they make geo-
chemical models more robust, instead of having to rely on extrapolated data from low temper-
ature and pressure measurements. Autoclaves are invaluable tools to perform such challenging
measurements and target with precision the desired pressures and temperatures. In addition XAS
is particularly suited for that type of in situ measurements. The technological details about the
development of our autoclaves are presented in chapter 2.

The methodology of using XAS to derive speciation and solubility data of metals in fluids is schematized
in figure 1.1. It is based on the measurement of XAS spectra in transmission and/or fluorescence mode.
In summary:

Transmission mode: With appropriate detectors, the intensity of photons before and after the sample
are measured. From these numbers, the absorption coefficient µ is calculated. µ varies with
the energy E of the incident photos, and the offset of µ over the absorption edge (of the el-
ement/metal that is being measured) is a function of the density of this element/metal. As a
consequence, its concentration can then be calculated in an absolute manner. Furthermore,
the transmitted spectra also allow an EXAFS (and XANES) analysis from which the local struc-
ture and redox are derived. So both the concentration/solubility and the speciation of the
dissolved metals can be determined.
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Figure 1.1: Schematic abstract of the methodology used with the autoclave setup: both transmission
(left) and fluorescence (right) spectra can be collected simultaneously. This is possible thanks to the
geometry of the autoclave with 3 dedicated windows (top). This graph is from the reference [2] (see
section 2.1, page 91).

Fluorescence mode: In some experimental circumstances the transmitted signal may not be measure-
able (typically when the metal concentrations are too low, or the photons cannot cross the
sample because of the sample environment), and one has to turn to fluorescence measure-
ments. The fluorescence signal is typically measured at 90° of the incident beam. Fluores-
cence XAS measurements are ideally suited for very diluted samples, with much better signal-
to-noise (S/N) than with transmission (see the striking difference of S/N in figure 1.1), and make
possible the determination of the low concentration metal speciation. But, on the other hand,
the determination of its solubility is not as straightforward as in the case of transmission, since
the fluorescence intensity is only proportional to the absorption coefficient µ: as a conse-
quence deriving its value, and then the metal concentration, entails painstaking and careful
experimental work and the use of calibrants. This is clearly a drawback of the method, and the
use of transmission signal shall be favored if possible (but that can become an experimental
challenge in itself).

The first studies of our research group using a similar methodology in our autoclaves were conducted
20 years ago [3, 4]. At the same period, during the year 2000 (start of my PhD), Gleb Pokrovski started
his collaboration with us to make use of our tools for applications in geochemistry [5, 6]: the momentum
was established and the numbers of experiments has been growing ever since. In the rest of this chapter
the results of our studies about the fate of FeII and FeIII are presented. Why iron? As stated in the
introduction of one of our iron paper [7]: Iron is a ubiquitous element in the Earth’s crust, as well as one
of the most critical elements in engineered hydrothermal systems (e.g., corrosion in mineral processing,
deep injection and production wells, and power plants). Iron(III) chlorocomplexes are important under
near-surface saline conditions (e.g., [8], and references therein), whereas Fe(II) chlorocomplexes are the
predominant form of Fe in chloride-bearing hydrothermal aqueous solutions which are typical of crustal
fluids (e.g., [9]). Despite this, the speciation and its effect on the transport of Fe (II) in hydrothermal
aqueous solutions are not well understood.

1.2 Speciation and solubility by XAS - Methods and examples

In this section I present results about iron(II) (published results) and iron(III) (unpublished data), respectively
in section 1.2.1 and section 1.2.2.
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1.2.1 Iron(II) at hydrothermal conditions.

Collaborations:

• Local: Néel Institute (Y. Joly) + FAME staff

• Adelaide and Melbourne University (J. Brugger, B. Etschmann), CSIRO Melbourne (W. Liu, L. Mei)

• IMPMC and IPGP (F. Guyot, I. Martinez, D. Daval)

The studies devoted to iron transport in hydrothermal fluids were initiated in 2005 along two directions:
the speciation of FeII chloride complexes (in collaboration with J. Brugger at Adelaide University) [7], the
dissolution of FeII carbonates and silicates in the context of mineral CO2 sequestration (in collaboration
with F. Guyot and I. Martinez at IMPMC and IPG, Paris) [10, 11]. Two resulting publications were included
in this manuscript, excluding the one dedicated to the solubility of siderite [10]: the reasons are that in
the context of this manuscript, these publications also serve as an example of all the methodological
tools developed during the last 15 years, and it appears that the work devoted to fayalite and siderite
are very similar, but the former is a more integrated study and may have more pedagogical value.

1.2.1.1 In-situ X-ray absorption study of Iron(II) speciation in brines up to supercritical conditions

Key ideas of the publication:

• XAS measurements were used to determine the speciation of FeII at hydrothermal con-
ditions, and more particularly at high temperature and/or high salinity where previous
solubility and spectroscopic results differed. Our results show that in these conditions the
tetrahedral species FeCl2−4 is predominant, and must be taken into account to model
FeII geochemistry. See figure 10 (of the publication) for a graphical summary of the
thermodynamical analysis and the predominance of iron species.

• The set of samples was composed of several solutions containing FeII at different chlo-
ride concentrations (0.5-12 m), and for each one XANES spectra were collected at con-
stant pressure (500 bar) and varying temperature (25-450°C). This set of XANES spectra
was analysed through a Principal Component Analysis (PCA)-based method (developed
by J. Brugger [12]) to derive the number of individual iron species, their nature and their
formation constants. The thermodynamical data allowed to model iron solubility, which
compared favourably with existing experimental data: see figure 12 (of the publication).

• In parallel, EXAFS spectra were collected for the 2 end-members (i.e. conditions where
only one iron species is expected to be predominant): low T/low salinity, and high T/high
salinity. These data could then be analyzed by classical EXAFS, and XANES ab initio cal-
culations to confirm the presence of the tetrahedral species FeCl2−4 .
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X-ray absorption spectroscopy (XAS) measurements were used to determine the coordination structure and
to derive the speciation of aqueous ferrous chloride complexes in acidic chloride brines over a wide range of
conditions (25–450 °C, 500 bar, 0.5–12 m chloride molality), covering the range from sedimentary brines to
magmatic hydrothermal fluids. EXAFS analysis coupled with ab initio free potential XANES calculations
confirmed the octahedral geometry of the different Fe chlorocomplexes at low temperature (b200 °C) and
low (b1 m) chloride concentration ([FeClx(H2O)6− x]

2− x, x=0–2), and attest the stability of a high-order
tetrahedral Fe(II)-chloride complex at high-temperature (N300 °C) and high (N2 m) chloride molality
([FeCly]

2− y; y=4 or y=3; Fe–Cl distance=2.31±0.01 Å). These spectroscopic results contrast with the
interpretation of most recent high-temperature studies of Fe(II) speciation in brines, which assumed that
[FeCl2]

0 is the predominant species in brines at high temperature. A reinterpretation of the experimental Fe
solubilities measured by Fein et al. [Fein, J.B., Hemley, J.J., D'Angelo, W.M., Komninou, A., Sverjensky, D.A.,
1992. Experimental study of iron-chloride complexing in hydrothermal fluids. Geochim. Cosmochim. Acta 56,
3179–3190.] for the magnetite–pyrite–pyrrhotite–quartz–muscovite–K-feldspar assemblage in KCl solutions
at 300 °C/500 bar and 400 °C/500 bar shows that these solubility data can be explained using the high-order
[FeCl4]

2− complex. This study illustrates the complementarity between solubility and spectroscopic studies,
and provides further evidence of the importance of high-order chlorocomplexes for the transport of
transition metals (e.g., Zn, Ni) in high-temperature and/or supercritical fluids.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The ability to model accurately the transport of metals by aqueous
fluids over wide ranges of pressure, temperature, fluid composition
and fluid density is essential to predict and control hydrothermal
processes such as the formation of ore deposits in the Earth's crust,
scale deposition in pipes used for geothermal energy production and
deep-aquifer CO2 geosequestration, hydrothermal ore processing,
aquifers waste contamination, and hydrothermal corrosion in power
plants. Essential knowledge underpinning this modelling are the
speciation of each relevant chemical element transported in the fluid
and the thermodynamic properties for each of the species involved i.e.
minerals, aqueous complexes, gases, as well as melts in hydrothermal
systems (e.g., Heinrich et al.,1996; SewardandBarnes,1997; Anderson,
2005; Tooth et al., 2009). The nature and thermodynamic properties of
the aqueous complexes of many geochemically and industrially
valuable elements are well constrained experimentally at ambient

conditions, but fewer experimental studies have been conducted
under hydrothermal conditions, especially near and beyond the critical
point of water (see e.g. Table 1 for Fe(II) chlorocomplexes). This stems
from the difficulties inherent in conducting solubility, spectroscopic or
electrochemical experiments at high temperature, pressure, and/or
salinity. As a result, many properties for important aqueous complexes
under hydrothermal conditions have been obtained via empirical and
semi-empirical extrapolation methods (e.g., Anderson et al., 1991;
Johnson et al., 1992; Gu et al., 1994; Sverjensky et al., 1997). High
quality experimental studies are required in order to test and improve
extrapolation techniques, and to extend our understanding of
“frontier” conditions such as high salinity, near supercritical, or
volatile-rich, low density fluids, for which no well established
extrapolation technique is available.

Recent advances in high-temperature/pressure technology com-
bined with the development of synchrotron sources and related
analysis techniques have improved considerably our knowledge about
metal complexation in hydrothermal environments (e.g., review by
Seward and Driesner, 2004). X-ray absorption spectroscopic (XAS)
techniques are particularly suitable for determining metal speciation
in those demanding experimental environments (e.g., Seward et al.,
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theory, especially in the low energy region of the spectra. D'Angelo
et al. (2006) insisted on the necessity of taking into account the
disorder among these more distant atoms, by means of Molecular
Dynamics (MD) for example. In our case this point is not critical
because we consider large changes in the XANES spectra (from the
first to the second end-member), of much larger amplitude than the
effect of hydrogen atoms and/or a second hydration shell. This is
demonstrated in Fig. 5 where the convoluted calculated spectra are
shown for different ‘extreme’ configurations of the hydrogen bonding
and the second shell for the FeO6 cluster: i) FeO6, ii) Fe(H2O)6 and iii)
FeO6 with a second shell of oxygens. For ii), the water molecules are
considered rigidwithd(O–H)=0.96Å, the angleH–O–H=105° and the
hydrogens are placed in the ‘dipole’ configurations (Benfatto et al.,1997;
D'Angelo et al., 2002). For the cluster iii), twelve second shell oxygens
are placed at 4.27 Å (D'Angelo et al., 2006), each facing one edge of the
octahedron. The configurations ii) and especially iii) are very structured
and unrealistic: as shown by many MD results (e.g., Remsungnen and
Rode, 2003), these shells are much more disordered in reality. For that
reason, the real effect on the XANES spectra will be smaller than shown
in Fig. 5, which represents a ‘worst case’ scenario. Consequently we did
not consider the hydrogen atoms and second hydration shells in the
subsequent calculations. For the same reasons, the partial charges (in
the sense of orbital populations) of the atoms constituting the clusters
were not varied, as can be done with the FDMNES program (Joly et al.,
1999; Testemale et al., 2004).

In the following, we investigated whether the experimental
spectra obtained are consistent with the octahedral and tetrahedral
structures proposed by previous studies, and tested the sensitivity of
the XANES to different types of structural changes and geometrical
distortions.

3.3.2. The first end-member: an octahedral complex

The XANES spectrumof the first end-memberwas calculated based
on a FeO6 octahedron with a Fe–O distance of 2.09 Å, i.e., the distance
derived from the EXAFS analysis (see Table 3), and is compared to the
experimental spectrum in Fig. 6a. Both the pre-edge and post-edge
regions of the spectrum are well reproduced. The main discrepancy
around 7175 eV, which is already in the EXAFS region, is due to the
absence of thermal disorder in the calculations (see Section 2.2.3). The
agreement for the position of all the peaks up to 7220 eV adds support
to the EXAFS Fe–O distance of 2.09 Å. The XANES spectra of octahedral

M(H2O)6 clusters (where M is a transition metal) have already been
calculated to a close agreement by different authors using multiple
scattering (MS) theory: Ni2+ and Co2+ by Benfatto et al. (1997); Ni2+

by Benfatto and Della Longa (2001); Ni2+, Co2+ and Zn2+ by D'Angelo
et al. (2002, 2006). And as stated by Joly (2001), the MS and FDM
methods provide similar results in the case of highly symmetrical
octahedral structures. Regarding the pre-edge, two peaks are calcu-
lated and match the experimental data and the energy split between
them (the calculated value of 1.6 eV is within 20% of the experimental
value of 2.0 eV). However, as shown by Westre et al. (1997), the
experimental pre-edge is in fact made of three peaks (the two
extremes being split by 2 eV), as derived from the ligand-field splitting
of 3d orbitals into the t2g–eg set, and the multielectronic coupling
between two one-hole intermediate states of t2g and eg character. The
monoelectronic approach of FDMNES is not capable of taking these
multielectronic effects into account, but it still deals correctly with the
ligand-field splitting: this is the reason why the calculated pre-edge
(for neutral atoms) matches the experimental one to first order.

We also calculated the spectra of the following intermediate
octahedral chlorocomplexes: FeCl(H2O)5

+, trans-FeCl2(H2O)4(aq) and
FeCl3(H2O)3

− (Fig. 7). No firm conclusions about the presence or
absence of these complexes can be drawn from the observation of the
spectra as the differences between them are small. Nevertheless, the
trend in the features of the spectra is in very good agreement with

Fig. 5. Convoluted calculated spectra for FeO6 (solid line), Fe(H2O)6 (dashed line) and
FeO6with a second shell of oxygens (dotted line). For Fe(H2O)6, thewatermolecules are
considered rigid with d(O–H)=0.96 Å, the angle H–O–H=105° and the hydrogens are
placed in the ‘dipole’ configurations (Benfatto et al., 1997; D'Angelo et al., 2002). For the
cluster FeO6 with a second shell of oxygens, the 12 second shell oxygens are placed at
4.27 Å (D'Angelo et al., 2006), each facing one edge of the octahedron. The differences
between the spectra are visible in the white line (maximum absorbance) and the first
shoulder around 7140 eV.

Fig. 6. a) Experimental (open circles) and convoluted calculated (solid line) spectra for
thefirst end-member. The structure calculated is an octahedron FeO6with a distance Fe–
Oof 2.09 Å. b) Experimental (open circles) and convoluted calculated (solid line) spectra
for the second end-member. The structure calculated is a regular tetrahedron FeCl4with
a distance Fe–Cl of 2.31Å. The insets correspond to the pre-edge regions. The dotted lines
in the insets point to the 2 main peaks visible in the pre-edges. The arrow in the main
graph points to the shoulder on the low energy part of the white line (see text).

302 D. Testemale et al. / Chemical Geology 264 (2009) 295–310



what is observed experimentally when T or [Cl−] are increased (see
Fig. 1a for example). In other words, the intermediate experimental
spectra have features that could be reproduced by linearly combining
several of those chlorinated complexes. This is consistent with the
expected progressive stepwise replacement of water molecules by
chloride ions in the first shell of Fe2+ (e.g., Liu et al., 2007).

3.3.3. The second end-member: a tetrahedral complex

The XANES spectrum of the second end-member was calculated
based on a FeCl4 tetrahedron with a Fe–Cl distance of 2.31 Å, as
determined from EXAFS. As can be seen in Fig. 6b, the agreement with
the experimental spectrum is good. Above 7130 eV, the position of the
peaks and relative intensities of the oscillations closely match the
experimental data. Above 7150 eV, the calculated amplitude of the
oscillations is larger than the experimental one: this is most likely due
to the absence of thermal disorder in our calculations (see Section
2.2.3). In the edge region, the experimental white line (maximum
absorbance) is wider than in the case of the first end-member, and is
especially asymmetric on the high energy side. This asymmetry may
correspond, in the calculations, to the presence of a small bump at
7130 eV on the high energy side of the main white line. The small
difference could find its origin in a possible distortion of the
tetrahedral structure (see below and Fig. 8b) and/or in the influence
of a second hydration shell in this region of the spectrum (see Fig. 5;
Benfatto et al., 1997). As shown in the inset in Fig. 6b, the pre-edge is
well reproduced: two peaks are discernible in the convoluted
calculated spectrum, due to ligand-field splitting, in correspondence
with the two features of the experimental pre-edge. This pre-edge is
formally composed of 4 peaks (Westre et al., 1997), but the energy
resolution of Fe K-edge spectroscopy allows to distinguish only two
features (e.g., Wilke et al., 2001; Rueff et al., 2004).

This overall good agreement is a strong argument in favour of the
existence of the FeCl4

2− complex at high temperatures and high
chlorinity, but as mentioned in the introduction the stability of a
charged species in these conditions of low permittivity is question-
able. For that reason, the spectrum of a tetrahedron FeCl2O2 was
calculated, corresponding to the neutral species FeCl2(H2O)2(aq). Many
distances and angular distortions of this complex were considered,
but none of themwas found to match the experimental data. This can
be seen in Fig. 8awhere the experimental spectrum is compared to the
closest calculated spectrum. Hence, both XANES and EXAFS fitting
results do not support the possibility of two different neighbours in
the first shell around Fe in this end-member. Finally, the ion pairing of
two Na+ cations with the FeCl4

2− complex was also considered as a

possibility to ensure a neutral charge with the FeCl2(NaCl)2 complex:
the results are not shown here but it appeared that the presence of
sodium cations only affects the intensity of the XANES features in the
edge region, and to such a small extent (about 2% in the intensity of
the edge region) that it was not possible to conclude whether these
cations were present or not. This result is in agreement with the
conclusions of D'Angelo et al. (2006) who showed that a second shell
has a detectable but very small influence on the XANES spectra of
hydrated transition metals. Consequently, as in the case of the EXAFS
analysis which is not sensitive to the second shell, the presence of
these Na+ ions cannot be reliably assessed.

Finally, as can be seen in Fig. 6b, there still remains a disagreement
between the calculated and experimental spectra of the second end-
member: on the low energy side of the white line, the shoulder visible
experimentally (arrow in Fig. 6b) is not present in the calculations.
Since it is quite a discernible feature, it is necessary to track down its
origin. One possibility is a trigonal FeCl3 structure, corresponding to a
FeCl4 tetrahedron fromwhich one chloride is removed, the other three
remaining in the same geometry. This would correspond to a [FeCl3]

−

complex. As can be seen in Fig. 8b, this structure gives rise to a

Fig. 7. Convoluted calculated spectra for the possible intermediate octahedral
complexes, corresponding to FeCl(H2O)5

+, trans-FeCl2(H2O)4(aq) and FeCl3(H2O)3
−. The

inset corresponds to the pre-edge regions. The arrows point to the features A and B at
7140 and 7150 eV for comparison with Fig. 11 (see text, end of Section 4.1).

Fig. 8. a) Experimental (open circles) and convoluted calculated spectra for the second
end-member. The structures calculated correspond to: the same regular tetrahedron
FeCl4 as in Fig. 6b (solid line); a tetrahedron FeCl2O2 (dotted line, d(Fe–O)=2.20 Å and
d(Fe–Cl)=2.40 Å); and the FeCl3O complex with a tetrahedral configuration (dashed
line, d(Fe–O)=2.20 Å and d(Fe–Cl)=2.40 Å). b) Experimental (open circles) and
convoluted calculated spectra for the second end-member. The structures calculated
correspond to: the same regular tetrahedron FeCl4 as in Fig. 6b (solid line); the FeCl3
complex with a tetrahedral configuration, see text (dotted line, d(Fe–Cl)=2.31 Å); an
angularly distorted tetrahedral FeCl4 structure (dashed line, d(Fe–Cl)=2.31 Å, three
Cl–Fe–Cl angles changed from 109° to 90°). In b), the experimental curve is shifted
upwards for clarity reasons. The arrow points to the shoulder on the low energy part of
the white line (see text).
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“experimental” error of about 0.005 to 0.01 absorbance units at the 67%
confidence level (1-σ). Activity coefficients were calculated using the
extended Debye–Huckel formalism, which is used in most studies of
metal transport and deposition under hydrothermal conditions:

log γnð Þ =
−AγZ

2
n I

1=2

1 + Bγ a
°

n I
1=2

+ bγ;NaClI + Gγ ; ð1Þ

where Aγ and Bγ are the Debye–Huckel solvent parameters taken from
Helgeson and Kirkham (1974) and bγ,NaCl is the extended-term
parameter (b-dot coefficient) for NaCl-dominated solutions (see
Table 4), ån is the distance of closest approach of ion n, and is given a
value of 5 Å for divalent and trivalent ions, and 4.0 Å for monovalent
ions, except for H+ and Fe2+ which are given a value of 9 Å and 6 Å,
respectively (Kielland, 1937). I ̄ is the true ionic strength using the
molal scale. Gγ is a mole fraction to molality conversion factor. The
extended Debye–Huckel formalism is suitable for electrolyte solutions
up to ionic strengths ~3m (e.g., Helgeson and Kirkham,1974; Heinrich
and Seward, 1990), and this formalism has been used for many
geological applications of reactive transport under hydrothermal
conditions. The data in our study cover the salinity range from 0.547
to 5.055 m Cltot (solution G was not used in the thermodynamic
analysis, because its ionic strength is well beyond the range of the
extended Debye–Huckel formalism). As the most concentrated
solution (5.055 m Cltot) is still beyond the usual safe range for using
the extended Debye–Huckel formalism, we also performed the fitting
on the 0.51–3.0 m Cltot range (only solutions A–D): as the results are
equivalent within error, we chose to use the full salinity range.

The speciationmodel and equations ofmass and charge balances are
identical to those in Liu et al. (2007). The speciation model includes the
following species: Cl−, Na+, HCl(aq), NaCl(aq), Fe2+, FeCl+, FeCl2(aq),
and FeCl4

2−. Previous studies suggest that there can be atmost 2 chloride
ions in the octahedral species (i.e., FeCl2(aq); Susak and Crerar, 1985;
Zhao and Pan, 2001). Our spectroscopic XANES data exclude almost
unequivocally the presence of the tetrahedral [FeCl3(H2O)]

− complex
but cannot exclude the trigonal [FeCl3]

− complex. However, the poorer
fits and unrealistic deconvoluted spectra obtained by alternativemodels
which include the complex [FeCl3]

− in the thermodynamic analysis do
not support its existence. This is also consistent with the interpretations
of the Ni(II) and Zn(II) similar systems (Mayanovic et al., 1997;
Anderson et al., 1998; Mayanovic et al., 1999; Hoffmann et al., 1999;
Mibe et al., 2009). Therefore it is not included in thefinalmodel. Because
XANES is mainly sensitive to octahedral to tetrahedral transitions, the
available XANES data only permit the fitting of the formation constants
for the [FeCl4]

2− complex; even then, the complete spectral change of
octahedral to tetrahedral transition as a function of salinity is observed
only at 300 °C for the range of salinities investigated. Therefore, values of
the formation constants for all species except FeCl4

2− are required. For
practical reasons, we favour using properties derived using the
Helgeson–Kirkham–Flowers (HKF) formalism (Helgeson et al., 1981),
as this formalism covers the range of conditions investigated in our
experiments, and is the most popular source of thermodynamic prop-
erties for aqueous species at elevated pressures and temperatures for
geological applications (e.g., Johnson et al.,1992; Sverjenskyet al.,1997).
The Unitherm database (Shvarov and Bastrakov, 1999) was used to
extrapolate log(K)s to the temperature and pressure of our experiments
(see Table 4).

All thermodynamic parameters used in this study are listed in
Table 4. Formation constants for NaCl(aq) are from Sverjensky et al.
(1997) and for HCl(aq) from Pokrovskii (1999). The latter is the most
recent HKF analysis of available experimental data. No attempt to
integrate the results of Ho (2001) [100–410 °C, P to 305 bar] wasmade,
because the latter author found good agreement with the previous
study for densities N0.5 g/cm3, and the ligand exchange reactions
studied in our study are not pH dependent.

Sverjensky et al. (1997) fitted HKF parameters for the FeCl+

complex, using mainly the UV–Vis data of Heinrich and Seward
(1990) and the electrochemical study of Palmer and Hyde (1993).
Zhao and Pan (2001) conducted careful UV–Vis studies up to 100 °C;
their value at 25 °C is preferred, because they use a similar speciation
model as the one demonstrated by our XAS study (Fig. 9a; Table 4). For
temperatures between 100 °C and 300 °C, the average value between
Sverjensky et al.'s (1997) values and the polynomial extrapolation from
Zhao and Pan (2001) was selected. At 100 °C and especially 200 °C, the
values from both sources are close; however the discrepancy is larger at
300 °C (1 log unit; Table 4). Choosing Sverjensky et al.'s (1997) value
resulted inunrealistic calculatedXANES spectra for the FeCl2(aq) species
(very similar to the spectrum of [FeCl4]

2−). The discrepancy may be
explained by the fact that [FeCl4]

2− becomes stable at low salt
concentration at 300 °C (e.g., ~50% at 1 m NaCl; Fig. 10), and yet this

Fig. 9. Comparison of the log(K) of dissociation of FeCl+, FeCl2(aq), and FeCl4
2− derived

in this study with those from the literature (data in Table 4). Data are calculated for a
pressure of 500 bars, except for Liu et al. (2007) that are at vapour saturation. The error
bars and arrows in the [FeCl4]

2− graph are the range of log(K)s corresponding to a 90%
confidence level (see Table 4).
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The results of the final fit are shown in Figs. 10 and 11. The final fit
was performed on the whole dataset, excluding the highest chloride
concentration 12.031 m (i.e., 0.547–5.055 m Cltot; T 25–450 °C;
P 500 bar). The spectra of all the four Fe2+ complexes in the model
were refined over all data, while individual log(K)s for the dissociation
of [FeCl4]

2− were refined independently at each temperature. The
residual (χ2) for the chosen model is 0.41. It should be noted that a
limitation with our approach is that because some species are not
present at some temperatures, only a minimum or maximum in the
dissociation constant for that absent species can be retrieved at these
temperatures (shown by arrows in Fig. 9). For example, the log(K)
value for [FeCl4]

2− at 25 °C is only constrained to be in excess of 2.4 by
our experiments; this is consistent with the value of 6.2 determined by
Liu et al. (2007) using the same approach on a wider range of Cl

concentrations, so their value is retained here. Liu et al.'s (2007) value
at 150 °C is 2.9, lying between our values at 100 °C and 200 °C (Table 4).

The retrieved spectra for the individual species (Fig. 11) indicate
that Fe2+, FeCl+, and FeCl2(aq) have octahedral structures. The main
differences between the spectrum of Fe2+ and those of the chloro-
complexes FeCl+ and FeCl2(aq) is the decrease in intensity of the band
around 7140 eV. FeCl2(aq) also shows a decrease in the intensity of the
white line relative to the other octahedral complexes. Note that the
spectrum for Fe2+ is strongly constrained by the 25 °C dataset, as this
species dominates in these solutions (Fig. 10). FeCl+ is important only
at low temperature (b150 °C), and even then it is only a minor species
(b30%, see Fig. 10). Consequently, its retrieved XANES spectrum
suffers from the greatest uncertainty. The results at room temperature
are in agreementwith the EXAFS results, showing only a small amount
of chlorine in the solvation shell (Fig. 10). Similarly, the spectrum of
[FeCl4]

2− is determined by the high-temperature datasets (400 °C and
450 °C), where this complex is nearly the only one present. In contrast,
FeCl2(aq) appears to be dominant at 200 °C, and is also an important
complex at 100 °C and at low salinity at 300 °C.

It is interesting to compare the spectra of the octahedral species in
Figs. 7 and 11. First, the main features of Fig. 11, i.e., the decrease of the
shoulder at 7140 eV with increasing chloride coordination as well as
the increase of the intensity at 7150 eV, follow the same trend in Fig. 7
(features A and B respectively). Finally, the intensity of the white line
slightly decreases between Fe2+ and FeCl2(aq), and the crest of the
latter is shifted towards slightly lower energy in both figures. Note
that in Fig. 11 Fe2+ and FeCl+ have essentially identical spectra;
indeed the calculated spectrum of FeCl+ appears to be very sensitive
to the choice of log(K) for the formation of FeCl+ and FeCl2(aq), and
can vary from being similar to the spectrum of Fe2+ or to that of FeCl2

Table 5

The sources of thermodynamic properties for mineral and aqueous species used in the
calculations of the solubility of iron minerals.

Species Data sources

Fe(OH)+, Fe(OH)2(aq) Shock et al. (1997)
Magnetite Berman (1988)
Pyrrhotite Robie and Hemingway (1995)
Pyrite Helgeson et al. (1978)
K-feldspar, muscovite and quartz Berman (1988)
Dissociation constant of water Marshall and Franck (1981)
K+, Cl− Shock and Helgeson (1988)
HCl(aq) Pokrovskii (1999)
KCl(aq) Sverjensky et al. (1997)
HS− Shock and Helgeson (1988)
H2S(aq) Shock et al. (1989)

The properties and sources of other species used in the calculations are listed in Table 4.

Fig. 12. Experimental and calculated solubilities of the mineral assemblage magnetite–pyrite–pyrrhotite–quartz–muscovite–K-feldspar in KCl solutions at 500 bars and 300 °C (a)
and 400 °C (b). The solid crosses are experimental values by Fein et al. (1992), and the lines represent calculated values based on the log(K) data derived from this study. Bottom plots
are the corresponding calculated distribution of species at 300 °C (c) and 400 °C (d).
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CHAPTER 1. X-RAY ABSORPTION SPECTROSCOPY TO EXPLORE METAL TRANSPORT IN HYDROTHERMAL
FLUIDS. AND THE CASE OF IRON. 25

1.2.1.2 Fayalite (Fe2SiO4) dissolution kinetics determined by X-ray absorption spectroscopy

Key ideas of the publication:

• XAS measurements were used to determine the solubility of fayalite, and the kinetics of
its dissolution, at hydrothermal conditions: such data help understanding the availability
of iron from the dissolution of ferrous minerals. The equilibrium solubilities (50 mmol) cal-
culated from transmission and fluorescence measurements are in agreement with ther-
modynamical calculations. Quantitative kinetics parameters (dependence on pH and
temperature) were also derived (see figure 4). In parallel, the analysis of XANES spectra
confirmed the speciation of FeII in the fluid. The set of data than were obtained in this
study is a solid demonstration of the capabilities of our setup as a micro-batch reactor.

• The experimental setup, in particular the way the solid samples are loaded in the in-
ner cell, is described in our siderite study [10], and visible in figure 1.2 (page 41). Its
strengths are 1) the relatively large samples that can be loaded, both solid and liquid
(solids are large enough to be characterized post mortem, see figure 2 that shows SEM
images of “before” and “after” fayalite samples; liquid volume is large enough that ICP-
AES measurements can be done on the recovered fluids, see table 2), 2) the quality
of the collected data that are not contaminated by a contribution from the solid, and
3) the controlled fluid sample volume (the value of the volume is necessary for kinetics
normalization).

• This manuscript details the complementarity of transmission and fluorescence measure-
ments to determine iron solubility, the difficulty of the latter (see section 3.1 of the publica-
tion), and their agreement (see figure 3 of the publication). It also exhaustively exposes
the calculation of the error bars of those data, and the uncertainties associated to the
presence of impurities in the beryllium (used on the beamline and the autoclave, see
chapter 2).

• As it was the case for the earlier siderite study [10], the interpretation of the spectro-
scopic data strongly benefited from the speciation study presented above [7]. In par-
ticular, since only XANES spectra were acquired during the kinetics runs (to save time)
the interpretation of small modifications of XANES features were crucial to understand
iron speciation. I wish to highlight the pertinence of this strategy: first determine metal
speciation (as a function of temperature and salinity, typically) with experiments where
the constituents of the samples are known and at concentrations optimized for spectro-
scopic measurements, and later use these results to interpret data acquired from more
challenging samples (such as dissolution experiments like here, or natural samplesa).

• This study also unveils one of the limitations of our setup, which is the lack of in situ pH
measurement. This is certainly not a big hurdle for “simple” speciation studies, and is a
common trait of all HP cells, but since so many characteristics of our technology make it
suitable for thermodynamic studies, this lack is significant. The implementation of in situ
pH measurements would be a very ambitious undertaking, though.

aOne such example is our study of arsenic speciation in fluid inclusions [13] which deeply benefited from previous
XAS studies conducted with our autoclaves in optimized conditions [14, 5].
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formation of dominant FeCl2(aq) and FeCl4
2− species. Besides, it has

been suggested for a few years that the activated surface complexes

could resemble the corresponding dissolved complexes (e.g. Ludwig

et al., 1995). Following this proposition, this would indicate that water

molecules are predominantly bonded to Fe at the fayalite–solution

interface, rather than Cl−. If true, one can be confident that the rate

constant determined in the present study does not incorporate any

hidden term such as a possible dependence upon the concentration of

Cl− species. The conclusion could differ completely at higher

temperature (or in more concentrated NaCl solutions for example),

where Fe2+ is not the aqueous predominant species anymore (and, by

extension, such would be the case at the fayalite-solution interface).

4.2. Kinetic modelling of dissolution experiments performed in acetate

solutions

4.2.1. Iron speciation in the liquid phase and insights on fayalite surface

speciation

Unlike the fluid speciation in HCl solutions, Fe2+ is not the

dominant species in any of the 3 experiments in acetate solutions.

Indeed, according to thermodynamic calculations using the CHESS

code, the proportion of Fe2+ species at the end of each experiment

ranges from ∼4.8% (experiment A-1) to ∼34.7% (experiment A-3) of

the total molality of dissolved iron (Table 3), and the main proportion

of aqueous iron is complexed by acetate ligands. As a consequence,

following the reasoning of Ludwig et al. (1995) (see above), one can

expect that the surface speciation of fayalite is modified accordingly, if

the acetate ligands do form an inner-sphere complex.

To determine the geometry of the presumable dominant surface

complexes, ab initio XANES calculations of aqueous iron spectra were

performed. Unfortunately, it was not possible to find any crystallo-

graphic structure reference for solid Fe(CH3COO)2. However, struc-

tures of Ni(CH3COO)2·4H2O, Co(CH3COO)2·4H2O (these two crystals

being isostructural) and Zn(CH3COO)2·2H2O have been published

(Van Niekerk and Schoening, 1953a,b). The corresponding metal

clusters are shown in Fig. 9. Whereas the acetate ligands bind through

two bridging oxygens with Zn (Fig. 9a), they bind through one oxygen

only with Ni and Co, and the corresponding metal cluster is almost

perfectly octahedral (Fig. 9b). The XANES spectra of the metal clusters

Fe(H2O)6
2+ (octahedral structure, noted Fe2+ hereafter), Fe(CH3-

COO)2·4H2O (i.e. the Ni acetate-like structure) and Fe(CH3COO)2·2-

H2O (i.e. the Zn acetate-like structure) were calculated, and are shown

in Fig. 9c. As it can be seen, the calculated spectra for Fe2+ and Fe

(CH3COO)2·4H2O (Ni acetate-like structure) are almost indistinguish-

able. In both structures the first shell of metal atoms is made of 6

oxygen atoms, whereas complex structures (almost perfect octahe-

dra) and second neighbours (lights elements) are similar, explaining

in turn the similarity of XANES spectra. On the other hand, the

calculated spectrum for Fe(CH3COO)2·2H2O (Zn acetate-like struc-

ture) is clearly different. In the latter, there are an increase of the pre-

edge amplitude, a change in the frequency of the oscillations

corresponding to different average Fe–O distances, and modifications

in the 7125–7150 eV energy region. By comparing these theoretical

XANES spectra to the experimental ones shown in Fig. 6, the

occurrence of aqueous iron acetate with a distorted Zn acetate-like

structure (i.e. with bidentate acetate ligands) can thus be discarded. In

acetate solutions, based on thermodynamic calculations, Fe acetate

aqueous species are predominant (see Table 3). It is thus likely that

the corresponding aqueous complexes are formed by the binding of

acetate ligands with Fe through one bridging oxygen only (Fig. 9b).

Following the reasoning of Ludwig et al. (1995), we propose that

monodentate complexation of iron at the fayalite/solution interface

occurs as well. Finally, because acetate ions are more charged than

water molecules, dissolution rates in the presence of acetate are

expected to be higher (see e.g. similar conclusions for the role of

oxalate with respect to forsterite in Olsen and Rimstidt, 2008). The

next section aims at quantifying this effect.

4.2.2. Dependence of fayalite dissolution rate upon acetate concentration

The typical evolution of iron molality as a function of time for one

of the 3 experiments in acetate buffers (experiment A-3) is reported

in Fig. 5. In this figure, the experimental data are compared with the

expected evolution using Eq. (5) and the parameters k0, n and Ea
determined in the present study. Although the global shape of both

the modelled and experimental curves needs more discussion (see

below), a first striking point is that the actual dissolution rate of

fayalite is far greater than the modelled one. Such is the case for the

two other experiments A-1 and A-2 (data not shown). As explained

above, these differences could result from the complexation at the

fayalite–solution interface by acetate ligands, whose nucleophilic

character is stronger than that of water molecules; this would in turn

promote the enhancement of fayalite dissolution rate.

One possible way to take into account this effect consists in

introducing a specific dependence upon the activity of acetate ligands

in the overall kinetic rate law. Far from equilibrium, if the ligand-

promoted and proton-promoted dissolution reactions are parallel, then

the overall reaction rate (labelled Rnet in the equation below) can be

written as the sum of the ligand-free rate law and the ligand-promoted

rate law (e.g. Grandstaff, 1986; Wogelius and Walther, 1992; Stillings

et al., 1996; Golubev and Pokrovsky, 2006; Olsen and Rimstidt, 2008):

Rnet = kT ⋅a
n
Hþ + kL ⋅a

p
L− : ð13Þ

In the above equation, kL represents the temperature-dependent

ligand-promoted rate constant (mol cm−2s−1), aL−the activity of

acetate ligands, and p the reaction order with respect to acetate. Note

that some of the abovementioned studies expressed the ligand-

promoted dissolution rate using concentrations of ligands instead of

activities. Given the fact that our experiments in acetate buffers were

carried out in solutions which cannot be considered as to be diluted

(ionic strength N0.1 molal), activities were preferred. However, we

verified that the use of concentrations or activities of acetate ligands

in Eq. (13) did not significantly affect the numerical values of kL and p.

From Eq. (13), one can calculate that after a given reaction time Δt,

the total iron molality mFe(t) is expected to be:

mFe tð Þ = kT ⋅aHþ tð Þ
n
⋅

2Δt ⋅Amin tð Þ

ρ × Vf

� �

+ kL ⋅aL− tð Þ
p
⋅

2Δt ⋅Amin tð Þ

ρ × Vf

� �

ð14Þ

where Vf (expressed in L if ρ is in kg L−1) stands for the volume of the

fluid in the micro-reactor. The first term of the sum above can be

retrieved by performing a kinetic simulation using the CHESS code,

with kT=1.48×exp(−45,100/(8.314×338)) mol cm−2s−1 at 65 °C

and n=0.74. This term will be noted hereafter mFe
mod(t). Thus, for a

given reaction time, Eq. (14) can be rewritten following:

log
ρ ⋅Vf ⋅ mexp

Fe tð Þ−mmod
Fe tð Þ

� �

2Amin tð Þ ⋅Δt

0

@

1

A = log kL + p ⋅ log aL− tð Þð Þ ð15Þ

where mFe
exp(t) refers as to the actual iron molality measured after an

experimental duration Δt. If the reaction time is chosen such that the

Table 3

Calculated iron speciation (in mol%) for experiments led in acetate buffered solutions

using the CHESS code.

Experiment Fe(CH3COO)2(aq) FeCH3COO
+ Fe2+

A-1 74.5 20.7 4.8

A-2 60.0 28.2 11.8

A-3 29.5 35.8 34.7
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Figure 1.2: Figure from reference [10], which shows the inner cell loaded with a solid sample and an
aqueous solution.

1.2.2 Iron(III) at hydrothermal conditions.

Note: This is still an advanced work in progress with no publication (yet), but a detailed sum-
mary of the main results is given in the following, which constitutes a solid basis for a future
manuscript.

Collaborations:

• Münster University (C. Sanchez-Valle)

• IMPMC and IPGP (F. Guyot)

• GET (G. Pokrovski)

• Local: Néel Institute (Y. Joly) + FAME staff
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Key ideas of the study:

• The speciation results are similar to FeII : the temperature and chloride concentration
drive the transition from hydrated octahedral species to tetrahedral chlorinated species.
In particular, EXAFS and XANES analyses demonstrate the likely predominance of the
FeCl−4 species at high temperature and high chloride concentration. In that way, Fe3+

behaves like most 3d transition metals.

• One striking difference is the redox behaviour at high temperatures: the reduction to
Fe2+ is systematically observed above 200°C, even in buffered HMQ conditions. Given
the exhaustive experimental efforts provided to evaluate this redox stability, it is firmly
believed that it is not an experimental side effect. This stability of the reduced form of
aqueous iron has strong consequences for the geochemical cycle of iron.

• From a technological point of view, in addition to what was shown above in FeII studies
(transmission/fluorescence methodology, solubility/speciation coordinated study, micro-
batch reactor), this FeIII study demonstrates the redox capabilities of our autoclave/XAS
set-up: in situ determination of redox ratios; work in controlled redox conditions by load-
ing mineral buffer assemblages; very large sample/beam volume ratio which is favorable
to limit beam damage.

The usual strategy has been used to tackle the case of FeIII . FeIII -bearing minerals are major con-
trolling phases of iron. In shallow P and T conditions FeIII oxides and hydroxides play a critical role in in-
dustrial and environmental processes (chemical weathering, water purification, soil evolution, etc.) [15].
In more elevated P and T conditions, FeIII importance holds: still in an industrial environment (supercriti-
cal water oxidation and power generation processes), but also in the context of arc-magmas generation
and subduction zones where the redox processes are not fully understood, yet. In this specific case, the
oxidized state of subduction zone magmas, coupled with the isotopic evidence of fluid-rock interactions
in the corresponding zenoliths [16], makes water and the oxydized components of aqueous solutions
(generated by the melting of the subducted oceanic crust) possible candidates to explain this redox
situation [17]. Consequently, this study investigates both FeIII speciation, but also its redox behaviour at
experimental conditions typical of subduction zones.

This study about FeIII at hydrothermal conditions is an ongoing project of mine since (too) many
years, focussed mainly on the chloride complexation. In this chapter I chose to expose the main el-
ements of this work, collected along the last 10 years, in collaboration with several persons: F. Guyot
(IMPMC, Paris), Y. Joly and I. Gautier-Luneau (Néel Institute, Grenoble), C. Sanchez-Valle (Münster Uni-
versity), G. Pokrovski (GET, Toulouse). A related study conducted in collaboration with J. Brugger and his
team, and dedicated to FeII/FeIII fluoride complexation, was published recently [18]. As in the rest
of this manuscript I won’t go into all the details but instead provide the main results in order to depict a
more global picture.

1.2.2.1 Speciation of FeIII at hydrothermal conditions

The first axis of investigation was to study the speciation of FeIII at hydrothermal conditions, in particular
the nature and structure of iron chloride species. Two methods were used to put FeIII in solution: dis-
solution of the FeCl3 salt, in controlled quantities; and dissolution of Fe-bearing oxide minerals (see the
corresponding solubility results below). Basically, the speciation results are similar with both methods, with
a few differences which makes the grouping of all data relevant:

• at ambient conditions, the solubility method doesn’t put enough iron in solution to acquire spectra
(the kinetics of mineral dissolution at room temperature don’t play well with the timescale of a
synchrotron experiment!).

• the solubility method doesn’t enable the control of iron concentration in solution because the solu-
bility varies with temperature; this is less than ideal to optimize the data quality (signal-to-noise) and
to control the Fe/Cl ratio.
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Solution Cl molality (mol/kg) Pressure (bar) Temperature range (°C)
Dissolved FeCl3 salt (0.05 m) in 0.1 m HCl 0.25 300 25

Dissolution of hematite in 0.3 m HCl 0.3 300 25-350
Dissolution of hematite in 1 m HCl 1 300 25-350
Dissolution of hematite in 3 m HCl 3 300 25-350

Dissolved FeCl3 salt (0.13 m) in 0.2 m HCl/5.3 m LiCl 5.9 300 25-350

Table 1.1: Experimental conditions for the study of FeIII speciation.
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Figure 1.3: Left: XANES spectra of a 300 bar FeIII (1 m HCl) solution, as a function of temperature
from 30 to 300°C; the growing of FeII XANES features from 250°C are indicated with the red arrows
both in the white line and the pre-edge area. Right: XANES spectra of a FeII chloride solution (from
reference [7]) and a FeIII chloride solution equilibrated with a HMQ mineral assemblage, at 30 and
250°C: the complete similarity of the spectra at 250°C demonstrate the complete reduction of iron.

• the solubility method is more relevant from a geologic point of view, in particular the use of buffer
minerals assemblage (see below).

The different experimental conditions investigated are listed in table 1.1.

Qualitative analysis: Figure 1.4 shows the typical spectral changes of FeIII spectra with temperature for
a given chloride concentration, the latter obtained through addition of HCl (or LiCl for the 6M solution).
All spectra are normalized fluorescence measurements, either from a solution equilibrated with hematite
(dissolution of hematite as a way to release FeIII) or from a starting solution of dissolved FeCl3. Before
going further, there is one important conclusion of this study that has to be highlighted already here:
FeIII is reduced to FeII for temperatures above 200°C (the possible reasons and the issues at stake
are detailed below in a dedicated section of the manuscript, page 47). This result was observed in
multiple experimental runs covering a broad range of conditions (HCl and Cl concentrations, either
dissolved FeCl3 or hematite, measurement durations, etc.), over many years. Figure 1.3 summarizes
these observations and demonstrate clearly this iron reduction occurring with temperature.

With that result in mind, the trend visible in figure 1.4 is very similar to what was observed for FeII , like
it is summarized in Fig. 1 of reference [7] (see manuscript above), with a characteristic evolution of the
XANES features: shift of the white line to lower energies, decrease of its amplitude, growing of an oscil-
lation around 7150 eV. Based on this qualitative comparison, it can already be established that FeIII
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speciation undergoes an octahedral-to-tetrahedral transition, along with a chlorination. More quantita-
tive information is needed in order to establish reliably the speciation: in particular, the same strategy as
in FeII study has been used with the objective to determine the nature of the end-members, i.e. the
species that are predominent at both “ends” of the experimental conditions, at low temperature/low
chlorinity and high temperature/high chlorinity (or more exactly highest temperature before iron reduc-
tion, about 200°C).

The two candidate end-members are the lowest temperature/lowest chloride concentration and
highest temperature/highest chloride concentration, which are respectively 30°C/0.25 m and 200°C/6M.
Before determining their structure, it has to be evaluated if they really are unique species. As a comple-
ment to figure 1.4, figure 1.5shows the spectra at the lowest (30°C) and highest (200°C) temperature, as
a function of Cl concentration. Based on the observation of these figures, it can be seen that in low
temperature/low chlorinity conditions the spectral variations are small (a good indication for the pre-
dominence of a species), which doesn’t come as a surprise since it is known that Fe(H2O)6 prevails in
these conditions. At high temperature/high chlorinity conditions, the XANES spectra keep on chang-
ing with the chloride concentrations, but the spectral evolution at 6M chloride concentration seems to
slow down noticeably above 200°C, and stops above 300°C, a good indication that one species mostly
predominates above 200°C. Unfortunately, the reduction FeIII → FeII in this temperature range is a
limitation to conclude unambiguously. But the comparison with the case of FeII is helpful: indeed in
reference [7], figures 2 and 10 show that at 5M chloride concentration, the end-member FeCl2−4 be-
comes predominant between 200 and 300°C. So qualitatively, it seems that FeIIIspeciation follows a
similar trend as FeII .

EXAFS results: For this analysis, the number of neighbours is an important parameter to determine.
Not much for the low temperature and chlorinity end-member whose speciation is known (octahedral
M(H2O)6) due to the easy experimental conditions, but critically for the high temperature and chlorin-
ity end-member where the experimental evidence are scarce or non-existant. In this case, there are
several candidates, all with a tetrahedral geometry (as it was inferred from the qualitative assessment
of the data above), but the number of chloride is to be determined. Indeed, to put things in per-
spective, in our previous studies about divalent transition metal speciation at hydrothermal conditions,
several species/end-members have been identified at high temperature and chlorinity conditions: ei-
ther fully chlorinated FeCl2−4 for Fe(II) [7], CoCl2−4 for Co(II) [19], ZnCl2−4 for Zn(II) [20], CdCl2−4 for Cd(II)
[21]; or partially chlorinated MnCl3(H2O)− for Mn(II) [22], and NiCl3(H2O)− for Ni(II) [23]. And in the
case of Fe(III) we’re interested in here, Liu et al. [8] used UV-Vis and XAS measurements to conclude
about the predominance of FeCl3 (tetrahedral or dipyramidal) and FeCl−4 (tetrahedral) species. In that
study, the experimental measurements were conducted up to very high chlorinities (15 m) but limited
to 90°C; for higher temperatures data were extrapolated. In short, we expect 6 oxygen neighbours at
low temperature/chlorinity, and want to arbitrate between 3 and 4 chloride neighbours at high temper-
ature/chlorinity.

Since we need a reliable number of neighbours N , the S2
O EXAFS parameter has to be handled with

care because it is 100% correlated with N. For this reason, we decided to use dedicated FEFF calcula-
tions and S2

O parameters for each end-member fit, based on crystal structures close to the expected
aqueous speciation. Thus, for the 30°C/0.25 m end-member we did FEFF calculations in the siderite struc-
ture (octahedral Fe-O coordination), refined S2

O with siderite experimental data and used this value to
fit the solution. For the 200°C/6 m end-member we did the same with the inorganic crystal structure
(HPy)2FeCl4(NO3) that contains FeIIICl4 tetrahedral moieties. Such a compound was synthesized and
characterized at Néel Institute in collaboration with Pr. Isabelle Gautier-Luneau.

The EXAFS results are gathered in table 1.2. The numbers clearly point towards the Fe(H2O)3+6 and
FeCl−4 species. It is interesting to observe that these results compare very favorably with the Fe2+ results
from our previous studies (see table 3 in reference [7]): the speciation is identical, but also the MSRD val-
ues, the energy misfit, the uncertainties, etc. are all similar. Also, for the two species, the small deviations
from what would be a ’perfect’ agreement (i.e., 6 and 4 neighbours, and smaller MSRD parameters) can
be explained by the expected presence of secondary species: based on the example of Fe2+, in the
case of the octahedral Fe(H2O)3+6 one can expect a small chlorination in the first shell (FeCl(H2O)2+5 ),
and in the case of FeCl−4 there can be small quantities of less chlorinated species (octahedral or tetra-
hedral FeCl2(H2O)+2 for example). The problem is that it is very difficult to assess reliably this option: first
because most of the measurements were not optimized for EXAFS analysis (dissolution experiments not
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Figure 1.4: XANES spectra of FeIII solutions, as a function of temperature, at 300 bar, for different chloride
concentrations. The dissolved iron was obtained either through dissolution of hematite with temperature
(0.3, 1 and 3M solutions for T>150°C) or through dissolution at room temperature of FeCl3 salt (6M solution
and 1 and 3M solution for T<150°C). The reason the 0.3M/150°C data is very noisy is the very low iron
dissolved (from hematite) in such conditions: about 4 mmol/200 ppm.
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Figure 1.5: XANES spectra of 300 bar FeIII solutions, as in figure 1.4, as a function of Cl concentration, at
30 and 200°C.

providing an optimal iron concentration; desire not to expose the solution too much to the beam be-
cause of redox problems; large chloride concentrations; etc.), and then mainly because of the (very)
limited data ranges. Indeed, there are simply not enough data in a single shell Fourier transform to set up
an elaborate multi-shell EXAFS model: in terms of EXAFS statistics, 5 to 6 independent points are available
in a typical dataset, which means that even a simple single shell model with 5 variables is delicate, let
alone with a second shell!

Which brings me to the next EXAFS item, the opportunity to determine the iron speciation between
the end-member conditions, i.e. in the ranges [30-200°C] and [0.3-6 m] chloride molalities where more
than one iron species exist. The short answer is: it is very complex and delicate, and the results must be
manipulated carefully. As hinted above, this type of dataset suffers from parameter under-determination:
there are not enough independent points in the data to use the number of fit variables needed for a
robust 2 shells coordination model, whether it is one species containing both O and Cl neighbours, or
a mixture of several species involving both O and Cl. Some constraints need to be applied on the
parameters, such as fixing the energy misfit, equaling the MSRD of both shells, etc. But they can quickly
result in fit divergence. In recent years we used such a method on more complete datasets (more Cl
concentrations and temperatures), in the case of Ni [23] and Mn [22] speciation. I quote one excerpt
from our reference [22] which explains the methods:

“Based on the XANES data, most chloride solutions contain mixtures of octahedral and
tetrahedral complexes at intermediate temperatures (200–450 °C). As each complex has dif-
ferent Mn–O and Mn–Cl distances, Cl/O ratio, and Debye–Waller factors, parameter under-
determination is a problem. To reduce the number of fit parameters, EXAFS data at interme-
diate temperatures for each solution were analyzed assuming that they consist of a mixture
of the species that exist at low (100 °C; octahedral coordination) and high temperatures (500
°C; tetrahedral coordination). For each solution, the fraction of tetrahedral and octahedral
species was derived from XANES data via LCF (Linear Combination Fit). These fractions were
fixed in the EXAFS refinements and the Mn–Cl and Mn–O bond lengths and corresponding De-
bye–Waller factors were fitted, and represent average values of octahedral and tetrahedral
complexes in each solution.”

If this method is applied here, it will only give an indication of the relative quantity of octahedral and
tetrahedral species (through the LCF of XANES data), but due to the absence of low temperature spectra
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End-member N R (Å) σ2 (Å²x10−3) ∆E0 (eV) R factor
30°C/0.25 m 5.6±0.7 2.02±0.01 0.004±0.002 -1.0±1.6 0.011
200°C/6 m 3.6±0.5 2.21±0.01 0.005±0.001 2.0±1.6 0.005

Table 1.2: Local structure of the 2 end-members as determined by fitting the EXAFS fluorescence spectra.
The parameters are the coordination numbers (N), the distance to the scattering shell (R), the mean
square relative displacement (MSRD, σ2), the energy misfit (∆E0), and the goodness-of-fit R-factor. The
k and R data range over which the fit was conducted are [3.5-10] Å

−1
and [1-3] Å respectively. All the

analysis work was conducted with the Horae package, based on FEFF calculations and IFEFFIT analysis
routines [24].
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Figure 1.6: XANES spectra of the 200°C/6 m end-member and the (HPy)2FeCl4(NO3) standard. The inset
shows the pre-edge peak area.

(no dissolution of hematite at 30°C) and the limitation to 200°C it does not seem reliable to conduct such
a guided EXAFS fit.

XANES results: The XANES quantitative analysis is still a work in progress, because it is more demanding
than expected: inded, preliminary results show that the ab initio calculated spectra of Fe3+ species are
more sensitive to the electronic parameters (orbital population, high-level parameters of the FDMNES
code, etc.) than in the case of previous Fe2+ calculations [7].

A qualitative analysis was conducted nevertheless. In particular, regarding the high temperature and
chlorinity end-member, figure 1.6 shows the agreement between its XANES spectrum and the one of
the (HPy)2FeCl4(NO3) standard which contains FeIIICl4 tetrahedral moieties. In this figure, the notable
features are: the very good agreement of the pre-edge (in the inset), which is a very good indication
of a similar number of neighbours and asymetry; the very good agreement in the rise of the white line
where the shoulder characteristic of tetrahedral species is identical; the very good agreement above
7150 eV, aside from the difference of frequency that is due to the different Fe-O interatomic distances
(2.21 Å in the fluid vs 2.18 Å in the solid standard). After the EXAFS results, that is an additional hint towards
the presence of FeCl−4 species as an end-member.

1.2.2.2 Solubility and redox of FeIII-bearing minerals at hydrothermal conditions

FeIII -bearing magnetite and hematite solubility have been investigated, following the same methods
already exposed for FeII , based on transmission/fluorescence absorption measurements. The results
and experimental details are summarized in figure 1.7 and its legend.

The iron solubilities exposed in these graphs cover a broad range of values, from 1 to 1500 mmol.
The magnetite solubility was explored early (2007) when the methodology was being developed: for this
reason we made the choice to work in highly acidic conditions to optimize the signal, even though these
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Figure 1.7: FeIII -bearing minerals solubility determined by XAS measurements. Left: iron molality as a
function of time for magnetite dissolution in a 3 m HCl aqueous solution. The molality is derived from the
fluorescence intensity which is calibrated against standard iron solutions (not shown), following the same
method exposed above (reference [11]). The irregularities in the measurement are correlated with rein-
jection of the ESRF ring and with FAME monochromator nitrogen refills. The ratio FeII/Fe is determined by
fitting the XANES features with a linear combination of the spectra of FeII and FeIII standards. Center:
iron molality as a function of temperature at 300 bar for hematite dissolution in HCl aqueous solutions
(0.3, 1 and 3 m HCl concentrations). The molality is derived from transmission measurements. Right: iron
molality as a function of temperature at 1000 bar for Hematite-Magnetite-Quartz mineral assemblages
dissolution in 0.1 m HCl aqueous solutions. Several loads were repeated, the first one without quartz.

experimental conditions were definitely not relevant for iron transport in natural hydrothermal conditions.
Nevertheless, the ratio FeII/Fe could be determined by linear combination of XANES spectra: below
250°C, the dissolution of magnetite can be considered congruent, where the FeII/Fe ratio remains the
same (around 0.33) in the solution as in the mineral. But above 250°C, we observed a clear change and
a strong reduction of iron. This point is discussed below. As evoked earlier in this chapter, the dissolution
of FeIII -bearing hematite (figure 1.7, center) was investigated mainly with the objective to determine
Fe3+ aqueous speciation. In this context, the solubility values were useful to determine the Fe/Cl ratio,
relevant for the speciation. They show a dependance with pH, as expected for the acidic dissolution of
an oxide:

Fe2O3 + 6H+ → 2Fe3+ + 3H2O

In collaboration with C. Sanchez-Valle (Münster University), the dissolution of hematite-magnetite-
quartz (HMQ) mineral assemblages was investigated. This study is the most recent and the logical
continuation of all the previous ones: first, given the previous solubility measurements and their limits,
the solubility of iron in more relevant conditions (i.e. less acidic) needed to be measured; then, since the
previous FeIII XAS measurements clearly showed iron reduction above 200°C, the FeIII stability needed
to be investigated in more controlled redox conditions. Figure 1.7 shows the measured solubility of HMQ
in 0.1 m HCl aqueous solutions. The results can be compared to the work of Liu et al. where they deter-
mined the speciation and formation constants of ferric chloride complexes, based on UV-Vis and XAFS
measurements in hydrothermal conditions up to 15 m chloride but only up to 90°C [8]. For higher tem-
peratures, the thermodynamic data are extrapolated. The results of interest are in their figure 13 which
is reproduced here in figure 1.8: in 0.1 m HCl conditions, their modelization of hematite solubility show
a decrease followed by an increase of iron solubility up to a value of ~0.032 m at 250°C. This value is in
agreement with our results (figure 1.7, center and right, ~0.045 m iron). It is worth pointing that the most
chlorinated species in their model is FeCl3, with almost no FeCl−4 : since we demonstrated that the FeCl−4
species does exist when sufficient amounts of chloride are available, the iron molality seems to be mostly
limited by the availability of chloride, the ratio Cl/Fe being exactly 3 (100/32 mmol). It is highly likely that
our data could help to optimize the thermodynamic data from Liu et al. (work in progress).

Regarding the reduction of iron at high temperatures, apart from being problematic when studying
FeIII speciation because it limits the temperature range (see above), it is an important research topic
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Figure 1.8: Figure 13 (modified) from reference [8]. Our experimental conditions match their solubility

in the geochemistry of subduction zones. Indeed, it is still questioned what is the oxidizing agent from
the hydrated subducted crust that controls the redox state of the slab-mantle interface: it could be the
released water itself, or some of the components of the aqueous fluids, Fe3+ being a likely candidate.
Conceptually, there are many factors that can impact the redox state of an hydrothermal solution when
it is experimentally measured, and we had to take all of them into consideration (and under control)
before coming to the conclusion that FeII is indeed favored at high temperatures:

• beam reactivity and/or damage: the intense synchrotron radiation creates radiolysis species, in par-
ticular in aqueous samples, that are highly reactive and can either result in unnatural redox reac-
tions or kinetically accelerate the reach of the ’natural’ thermodynamic equilibrium. We discussed
quite exhaustively this effect in our recent review [25], which is included in section 1.4 (page 51 of
this manuscript): the discussion about beam damage can be found page 223 of this publication.
This is also addressed in the chapter dedicated to the HP technology.

• oxygen fugacity: the environment of the sample can impose an oxygen fugacity value which is
irrelevant if very different from natural conditions. For this reason we studied the dissolution of the
HMQ mineral assemblage, which is a redox buffer. Another player is the sample container: if it is
chemically reactive, it may impose its own redox conditions. But, the post mortem detailed obser-
vation (visual and SEM image) of the glass-like carbon cells that we routinely use showed no sign of
chemical reactivity, which is a good indication that the HMQ buffer is dominant. Another argument
has been building over the last 15 years: in this period, we observed regularly the same reduction
of metals at hydrothermal conditions measured in sample containers made of different materials
(sapphire, Ti and quartz).

• specificity of iron: as indicated just above, the same reduction has been observed for other metals,
many times in our own experiments: arsenic [14], copper [26, 27], europium, bismuth [28], gold [29],
etc.

In conclusion, the higher thermodynamic stability of the lower oxidation state element in aqueous solu-
tions at FAME-type conditions (300-600°C, <2 kbar) seems to be a fairly general rule: the thermodynamics
behind is that a lower charge and/or smaller ionic radius, associated with reduced metallic aqueous
species, result in a lower coordination number and a big entropy gain. This is also discussed in our 2016
review [25], and further down in section 1.4.

1.3 The contribution of XANES in hydrothermal geochemistry

Collaborations:

• Néel Institute (Y. Joly)

This section is an overview of the use of quantitative XANES spectroscopy in hydrothermal geochem-
istry studies, and its evolution from ’barely used’ 20 years ago to ’widely used’ today. Indeed, XANES
qualitative analysis (the so-called fingerprinting method, i.e., comparing XANES spectra of unknown with
spectra of references) has been a common tool for more than 30 years, mainly associated with classical
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EXAFS, but the quantitative analysis (based on the modelisation of spectra) is much more recent. This
situation is due to a more complex theoretical framework for XANES than for EXAFS, and the much larger
computing power required.

The first quantitative XANES calculations were conducted around the nineties in solid state physics:
because the spectroscopy software programmers usually have a background in physics, and also be-
cause the solid state samples often are highly symmetric, which is very helpful to reduce computing
requirements. About 10 years later (around 2000), the first XANES calculations in aqueous solutions ap-
peared, mostly driven by M. Benfatto and his collaborators [30, 31, 32]. Technically, those calculations
were based on a full multiple scattering scheme within the code MXAN [33]. At the same period, Y. Joly
at the Laboratoire de Cristallographie was developing the FDMNES program [34], based on the Finite
Difference Method scheme to solve the Schrödinger equation. During my PhD in the same laboratory
(2000-2003) I made use of this program to calculate arsenic [6] and uranium [35] speciation in aqueous
solutions. Aside from being novel XANES calculations in fluids, they were applied to high temperature
and pressure conditions for the first time (to my knowledge). These FDMNES calculations were perfected
by our group in the following years [14, 36, 7, 37]. Today such XANES calculations are not routine yet (the
analysis is still challenging), but are considered a logical complement to EXAFS analysis, and among the
research groups that collaborate with us, they are almost systematically conducted and beneficial to
the studies. Lastly, to illustrate anecdotally this point, I quote a recent review for a paper which is under
revision:

“Lastly, moving on to the XANES data presented in this manuscript, I was very disappointed
to see that no real attempt was made to extract information about the geometrical character
of the local ion environment from these spectra. Plenty of widely accessible analysis tools are
now available to tackle this issue e.g. MXAN or FDMNES , and such analyses can prove critical
in systems such as the one tackled here.”

Indeed such analyses can be critically useful. The allusion to the existence of “plenty of” programs is a
bit far-fetched though, and he/she forgot to mention the program FEFF which is probably the most used
for this purpose.

There is another methodological evolution that arose in hydrothermal geochemistry in recent years,
and which is gaining momentum: the growing occurence of molecular dynamics (MD) simulations. Simi-
larly to XANES quantitative analysis (mentioned above), the improvement of theoretical schemes and the
constantly growing computing power both make it possible to determine speciation and (sometimes)
thermodynamics of metal complexation. A summary of this evolution, with technical details and some
examples, is given in our recent review [25], which is included in section 1.4 (page 51 of this manuscript):
the discussion about molecular simulations can be found page 224 of the publication. It might seem odd
to mention MD in this section, dedicated to XANES spectroscopy, since they are independent methods.
But they share the capability to provide very detailed local structure information, and MD can signifi-
cantly help to extract more reliably structural information from XANES data. Two situations come to mind
to illustrate this added value:

• the study of asymmetric/distorted metal complexes: when one wants to explore the impact on the
XANES spectra from distorsion of the geometry, it is indeed inefficient to browse through different
possibilities by trial-and-error. Here, numerically MD calculated geometries (or DFT optimized ge-
ometries, by the way) are a good starting point, and are more relevant since they are justified by
the theory of physical interactions and/or energy minimization.

• the study of the influence of the solvation shell on the XANES spectra of the metal complexes:
even if the geometry of the metal complexes (octahedral, or tetrahedra; interatomic distance)
defines primarily the XANES spectra, the influence of the more distant solvation shells cannot be
ruled out. This is especially true in the case where the XANES calculations of the metal complexes
are robust and reliable (like for octahedral species), which enables to explore second order smaller
XANES features. Without MD input, the solvation shells investigated were very symetrical: it was still
interesting to evaluate their influence on the XANES spectra, but it was undeniably over-estimated.
This point is discussed in my 2009 paper dedicated to Fe2+ speciation [7] (the paper is included in
this manuscript, above, page 8, and the discussion is to be found in section 3.3.1 of the publication).
D’Angelo and collaborators used MD to determine solvation shells structures and did calculate
the resulting XANES spectra [38]. I followed the same method by using very rough MOLDY [39]
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Figure 1.9: Figures extracted from the study by D’Angelo et al. on the solvation of Ni2+ [38]: these figures
show the influence of MD calculated second solvation shells on the XANES spectra. I obtained similar
results for MD calculations conducted for Fe2+ and Fe3+ solvation structures.

calculations (they were rough because I’m not an expert and had to learn by myself). I chose not
to show the results here: basically, the influence of the second shell that I found for Fe2+ and Fe3+

solvation is on par with what D’Angelo et al. obtained in their study on Ni2+ [38]. Their results are
summarized in figure 1.9: the impact is limited to the first 50 eV above the edge, is somehow weak
but still of the same amplitude as other weak XANES features that one might want to interpret to
obtain geometrical information (such as distorsion of octahedral or tetrahedral structures).

On a side note, I find this use of MD (to optimize the XAS analysis of hydrothermal metal speciation)
a missed opportunity by me. I either tried very rough MD by myself with limited success, or I collabo-
rate with people who collaborate with theoricians. I can cite two reasons for this lack of direct and
efficient collaborations: iron is hard to include in MD, and here (at Néel Institute) theoricians study nano
or magnetic structures. Too bad.

1.4 15 years of using autoclaves at FAME: the progress of knowledge in hydrothermal
metal transport.

This HDR manuscript is a good opportunity to critically review what has been done (and later think about
what can be done, in the ’Perspectives’ chapter). Thus, while the previous sections were specific scien-
tific examples holding many details, the present section is more a global summary of our contribution to
the progress that was made, in the last 15 years, in the research field of hydrothermal metal transport.

Main collaborations:

• Adelaide and Melbourne University (J. Brugger, B. Etschmann), Melbourne CSIRO (W. Liu)

• GET (G. Pokrovski)

Supervision:

• Y. Mei, co-supervisor PhD (Adelaide University 2010-2013)

• J. James-Smith, co-supervisor PhD (Adelaide University 2006-2010)
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1.4.1 Methodological advances

Above, we have seen that our autoclave set-up allows:

• the collection of in situ high-quality XAS data at hydrothermal conditions for the determination of
metal speciation;

• the collection of in situ solubility data: given that the thermodynamical equilibrium is reached (high
temperatures), it can be considered a micro-batch reactor, providing data in agreement with more
traditional laboratory long-term solubility measurements (see G. Pokrovski’s numerous studies which
combine both techniques);

• the collection of these speciation and solubility data in very challenging experimental conditons,
relevant for metal transport: i) down to very low aqueous densities (e.g. 0.1 g.cm−3), ii) down to very
low metal concentrations (typically <100 ppm in ideal conditions), iii) down to low X-ray energies, in
particular below 10 keV where the HP materials that were used to reach hydrothermal conditions
historically rendered the experiments very challenging.

Taken individually each method listed here is not new, but their combination and the fact that they
can be routinely implemented in our autoclave set-up constitute a unique and very efficient installation,
available to the international earth sciences community at the FAME and FAME-UHD beamlines1.

1.4.2 Scientific advances

The list above refers to methods and technical details, but it is worth evaluating what are the resulting
scientific advances. The most distinctive results are:

• access to the speciation of transition 3d metals (their absorption K-edges correspond to energies in
the range [5-10] keV), and more recently to the lanthanides (lanthanum L3-edge is at 5.483 keV!);

• retrieval of thermodynamical data from XAS spectra: either through a ’classical’ method that uses
solubility numbers obtained in our autoclave (G. Pokrovski is an expert user, the first one to make use
of our micro-batch reactor, during my PhD, see reference [40] for a characteristic example of the
method applied on Ge speciation and argutite solubility), or a more original method that uses a
PCA-based analysis of the XAS spectra to derive formation constants of aqueous species (method
developped by J. Brugger, see the example of iron speciation, reference [7], included above in the
manuscript page 8);

• access to both liquid and vapor speciation, and the corresponding vapor-liquid partitioning data: 2
characteristic examples are G. Pokrovski et al.’s work on antimony speciation [41], and J. Brugger et
al.’s study on copper hydrosulfide complexation [36]. In both cases the experiment covered density
ranges from 1 down to 0.15 g.cm−3.

The reference [25], that I co-authored with my australian collaborators (J. Brugger, B. Etschmann, W. Liu
and Y. Mei), is a comprehensive review that tackles the coordination chemistry in hydrothermal systems,
and its role on the formation of ore deposits, from existing publications. Consequently, it also includes
all the data obtained in more than 10 years of successful collaboration with Adelaide and Monash
(Melbourne) Universities, and CSIRO (Melbourne). I decided to include it in this manuscript because it
carefully develops many ideas that I touched upon here, and it is very relevant to expose in this section
the scientific advances made recently. It is composed of (an introduction and) 3 mains parts: i) a discus-
sion about the recent molecular information available through in situ spectroscopic measurements and
molecular simulations (pages 221-224), ii) a very exhaustive updated review of the speciation of all the
metals at hydrothermal conditions (pages 224-238), iii) a discussion about the interpretation of speciation
data and the role of the different experimental variables (pages 238-245).

1Both the technological details and the strategy of autoclave integration on our beamlines are later discussed in dedicated
chapters.
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Key ideas of the study:

This paper is very dense. But I highlighted (yellow) some interesting ideas (already touched
upon in the manuscript). In particular, what I consider the very distinctive features of this
manuscript are:

• The original discussion about beam damage and the importance of sample vs beam
volume ratio.

• The customized periodic table that summarizes a lot of speciation data at hydrothermal
conditions.

• The discussion about the role of entropy as a driver for metal complexation in hydrother-
mal fluids.
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The hydration and complexation of metals in hydrothermal fluids are key processes controlling the mobility of
elements in the Earth's crust, leading to the formation of ore deposits from which the World's supply of Fe,
Mn, Ag, Au, Pd, Cu, Zn, Co, Pb, U, and Mo is mined. In the past 20 years a large amount of in situ spectroscopic
data, complemented by increasingly accurate ab initio molecular dynamic simulations, have dramatically im-
proved our understanding of the nature and geometry of the metal complexes that are responsible for metal
transport in the upper crust. This new information underpins a “Coordination Chemistry” approach to ore trans-
port and deposition.
In order to highlight the unifying principles brought about by the concepts of coordination chemistry, we present
a periodic table of metal coordination chemistry in hydrothermal fluids based on a review of the literature and new
XAS data on the hydration of the uranyl ion in hydrothermal fluids, and the pressure dependence of Ni(II) and
Zn(II) complexing. The different coordination geometries of metal complexes control some of the first order be-
haviours of these metals in hydrothermal systems. In particular, (i) complexes with low coordination number
and open structures (i.e., linear and trigonal pyramidal) have an enhanced affinity for low-density, vapour-like
fluids, relative for example to tetrahedral and octahedral complexes; and (ii) fractionation and changes in solu-
bility are associated with changes in coordination geometry caused by changes in pressure, temperature, and li-
gand availability. For example, first row divalent transition metals as well as Cd(II) all occur as chloride-poor,
octahedral complexes at lowT, low salinity, and tetrahedral-like chloride-richer complexes at high T, high salinity
in chloride brines. However, the octahedral–tetrahedral transition occurs at different conditions for different
metals, and this can drive fractionation between geochemical pairs such as Zn/Cd, Fe/Mn and Co/Ni.
This review highlights the central role of entropy in driving the formation of metal complexes and changes in co-
ordination geometry as a function of temperature and, to a lesser extent, pressure. Changes in coordination ge-
ometry are associated with large changes in entropy. Hence, coordination changes usually occur rapidly as a
function of temperature (few 10's of °C), and can result in rapid changes in mineral solubility. These effects
need to be taken into account when extrapolating the thermodynamic properties of metal complexes to high
temperature and high pressure. Amolecular-level understanding ofmetal speciation hence underpins the devel-
opment of more accurate models of reactive-transport over wide ranges in pressure, temperature, fluid compo-
sition and physical states.

© 2016 Elsevier B.V. All rights reserved.

Keywords:

Coordination chemistry
Hydrothermal fluids
In situ spectroscopy
Geochemical cycling
Ore deposits
Mineral solubility
Molecular dynamics

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
2. A wealth of new information: towards a molecular level understanding of metal transport in hydrothermal fluids . . . . . . . . . . . . . . . . 221

2.1. Spectroscopic studies of complexes and complex-forming reactions under hydrothermal conditions . . . . . . . . . . . . . . . . . . . 221
2.1.1. In situ spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
2.1.2. A note on beam damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

Chemical Geology 447 (2016) 219–253

⁎ Corresponding author.
E-mail address: joel.brugger@monash.edu (J. Brugger).

http://dx.doi.org/10.1016/j.chemgeo.2016.10.021
0009-2541/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Chemical Geology

j ourna l homepage: www.e lsev ie r .com/ locate /chemgeo













numerous examples show that these metals can be mobile in aqueous
fluids at least at local scale, e.g., the occurrence of rutile or zircon-rich
veins in ultra-high pressure metamorphic rocks (Gao et al., 2007;
Rubatto and Hermann, 2003) and some contact aureoles (Gieré,
1986). In a few examples, magmatic-hydrothermal processes led to
the formation of economic concentrations of these metals (e.g., Strange
Lake and Thor Lake Nechalacho deposit, Canada; Galineiro complex,
Spain; Gysi et al., 2016; Salvi and Williams-Jones, 1996; Sheard et al.,
2012).

Titanium exists mainly in the tetravalent state in crustal environ-
ments. The predominant coordination number in solid Ti(IV)-contain-
ing compounds is six-fold (e.g., in the three TiO2 polymorphs rutile,
anatase and brookite), or, when Ti substitutes in the silicate framework,
four-fold (Roberts et al., 1996). As anHFSE, Ti is regarded as immobile in
most crustal fluids, although Ti mobility is well documented in specific
environments from room-temperature (e.g., Cabral et al., 2012) to
metamorphic conditions (Van Baalen, 1993). Organic ligands are most
likely responsible for Ti mobility at low temperature (Cabral et al.,
2012). Information on Ti(IV) complexing in aqueous solutions is scarce.
Van Sijl et al. (2010, 2011) conducted ab initio molecular dynamic sim-
ulations on the Ti4+ aqua complex, and found that a five-fold coordina-
tion of Ti to water was predominant at low T; this coordination
increases to six-fold at 1000 K in high density fluids (1021 to 1260 kg
m−3), decreasing at the same temperature but lower pressures/densi-
ties. However, hydroxide complexes are likely to account for Ti trans-
port in most hydrothermal systems, as Ti(IV) is a very strong Lewis
acid. Knauss et al. (2001) deduced on the basis of solubility experiments
that the neutral complex Ti(OH)4(aq) was most stable at acidic to neu-
tral pH over the T range 25–300 °C, although its predominance range
appears to decrease with increasing temperature in favour of charged
hydroxyl-complexes. A tetrahedral geometry is usually assigned to
Ti(OH)4(aq) (Vogel and Kilin, 2014), although the theoretical study of
van Sijl et al. (2010) suggests a high stability of octahedral inner- and
outer-sphere hydroxy complexes at elevated temperature in high den-
sity fluids.

Recent solubility data show that at high temperature (700–1100 °C;
5 kbar), rutile solubility was 2–4 times higher in chloride brines, and
20–100 times higher in fluoride brines, than in pure water (Borisenko
et al., 2011). This suggests the formation of chloride and fluoride com-
plexes of unknown coordination geometry. Further mobility of Ti(IV)
in high temperature metamorphic and magmatic hydrothermal sys-
tems could be achieved by the formation of Ti–Si–(Na) clusters
(Antignano and Manning, 2008) (see zirconium as well).

Zirconium. Zr4+ speciation in acidic, dilute chloride solutions
(2.5 wt% HCl) is dominated by the 8-fold-coordinated [Zr(H2O)8]

4+

aqua complex from room temperature up to 420 °C (Louvel et al.,
2013). In silica-alkali-rich aqueous supercritical fluids/melts (i.e., 3–
60 wt% dissolved Na2Si2O5; 600–650 °C; Louvel et al., 2013, 2014;
Wilke et al., 2012), high Zr solubility is attributed to the formation of

alkali-zirconosilicate clusters, in which Zr in coordinated octahedrally
to six oxygen atoms (Fig. 3).

Based onmeasurement of baddeleyite (ZrO2) solubility (T to 400 °C;
P to 700 bar) in HF-bearing aqueous solutions, Migdisov et al. (2011a)
showed that Zr is transportedmainly in the form of the hydroxyfluoride
species ZrF(OH)3(aq) and ZrF2(OH)2(aq) at T N ~100 °C (Fig. 4). Al-
though no direct evidence for the coordination geometry of these spe-
cies is available yet, the proposed speciation suggests a change in
coordination from 8- or 6-coordinated fluoro-aqua complexes at low
temperature, to tetrahedral hydroxyl-fluoro-complexes at high temper-
ature. This transition is associatedwith a decrease in F coordination and
a decrease in solubility. Although the solubility of ZrO2(s) is retrograde
with respect to temperature, the measured concentrations of Zr are or-
ders of magnitude higher than those predicted from theoretical extrap-
olations based on simple fluoro-aqua complexes (ZrF3

+
–ZrF6

2−; Fig. 4).
Hafnium. The fundamental inorganic chemistry of Hf has not been

studied as intensively as the other Group 4 elements (Underwood et
al., 2013). Hf4+ is mobile in F-alkali-rich aqueous solutions at T 400–
575 °C, and compounds containing Hf4+ in 6- to 8-coordination with
fluoride ions (and sometimes one oxygen) form under these conditions
(e.g., octahedral HfF6

2−; square face monocapped trigonal prismatic
HfF7

3−). In nature Zr/Hf fractionation seems to be associated with mag-
matic processes rather than hydrothermal processes (Yin et al., 2013).

3.2. Vanadium

Most vanadium is mined from V- and Ti-rich magmatic magnetite
and steel-making slags. Some fossil fuel deposits such as crude oil, coal
and tar sands also contain elevated V (Pohl, 2011), and V is enriched
in some supergene environments due to the low solubility of Vminerals
(Evans and Garrels, 1958; Kamona and Gunzel, 2007) or via scavenging
by Fe- and Mn-oxyhydroxides in oceans (Brugger and Gieré, 2000;
Trefry and Metz, 1989). Hydrothermal mobility of V is characteristic of
many epithermal systems (Cooke and McPhail, 2001; Spry and
Scherbarth, 2006) and a few orogenic and shear-hosted Au systems
(e.g., Golden Mile, Western Australia; Hemlo, Ontatio; Harris, 1989;
Nickel, 1977; Tomkins et al., 2004). Yet, little is known about the hydro-
thermal geochemistry of V, and to our knowledge no experimental
study of V under hydrothermal conditions is available. Thermodynamic
modelling of V-mobility is based on extrapolation from room-T data
(Shock et al., 1997b).

Vanadium exists mainly in three oxidation states in crustal minerals
(Wong et al., 1984), melts (Sutton et al., 2005) and fluids (Fig. 5).

Fig. 3. Coordination change of Zr4+ in (a) dilute, F-free aqueousfluids and (b) supercritical
H2O–Na2Si2O5 fluids (i.e., hydrated melts) (modified after Louvel et al., 2013), showing a
change in coordination from 8-fold to 6-fold.
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Vanadium(III), V(IV) and V(V) form oxy-hydroxy complexes. Under
acidic conditions, the aqua complexes have increasingly distorted octa-
hedral geometries with increasing oxidation state at room temperature
([V(III)(H2O)6]

3+; [V(IV)O(H2O)5]
2+; [V(V)O2(H2O)4]

+; Krakowiak et
al., 2012). Vanadium(III) complexes are predicted to predominate at
highly reducing conditions at acidic pH (Fig. 5), but V(III) is themain ox-
idation state of V in hydrothermal V-minerals (e.g. roscoelite, Wong et
al., 1984). Vanadium(V) complexes predominate in oxidizing condi-
tions; with increasing pH, the distorted octahedral complexes cede to
tetrahedral complexes based on the [VO4

3−] vanadate ion. Concentrated
oxidised V solutions at room T are dominated by polynuclear vanadate
complexes; in acidic solutions (pH range 3–6), the orange colored
decavanadates (HnV10O28

(6 − n)−, where n = 0–3), in which each V(V)
is octahedrally coordinated, are prevalent. At neutral and basic pH
(b12), a number of clusters (V2 to V6) exist, dependingon pH andV con-
centration; V(V) is present in tetrahedral coordination in these com-
plexes. In the absence of experimental data under hydrothermal
conditions, the geometry of V-complexes in hydrothermal systems re-
mains unconstrained; extrapolations from room-temperature suggest
that tetrahedral vanadate monomer complexes are the most important
V-complexes in hydrothermal systems at 300 °C (Fig. 5).

3.3. Niobium and tantalum

There are several well-documented minerals containing Nb0, Nb2+,
Nb4+ and Nb5+, and Ta follows a similar pattern (Martin and Wulser,
2014), but Nb5+ and Ta5+ are assumed to be the only important oxida-
tion states of these HFSE in natural fluids. This was confirmed by
Burnham et al. (2012), who showed experimentally that only Nb5+

and Ta5+ exist in silicate glasses quenched from melts equilibrated at
1400–1650 °C, atmospheric pressure to 1.5 GPa, at oxygen fugacities
ranging from+6.7 to−4.3 log units relative to the iron–wüstite buffer.
According toMackay and Simandl (2014), Nbmineralization associated
with carbonatite complexes is commonly interpreted as magmatic,
whereas economic enrichment of Ta (and REEs) may be related to mag-
matic hydrothermal fluids or to the redistribution of primary magmatic
concentrations by hydrothermal fluids.

Reliable data on the solubility and coordination chemistry of Nb and
Ta in hydrothermal solutions are scarce. Nb5+ and Ta5+ formoctahedral
complexes with O and F ligands, but both are poorly soluble in aqueous
solutions at low temperature, with the exception of the Nb(OH)6

− com-
plex at high pH (N11; Schweitzer and Pesterfield, 2010). Zaraisky et al.

(2010) investigated the solubility of Ta2O5 and columbite–tantalite in
fluoride solutions from 300 to 550 °C at 1 kbar, and concluded that hy-
drothermal transport of Ta(V) and Nb(V) is possible only in concentrat-
ed fluoride solutions, conditions found for example in some alkaline
igneous settings (Sheard et al., 2012). Based on a study of Nb2O5 solubil-
ity to 250 °C, Timofeev et al. (2015) showed that Nb(OH)4

+ is the main
Nb complex at low F-concentration even under acidic conditions
(pH 2), whereas NbF2(OH)3

0 predominates in F-rich solutions. The im-
portance of F− as well as Cl–Nb(V) complexes was further demonstrat-
ed by Tanis et al. (2015), who obtained ppm-level Nb concentrations in
NaCl (6–150 ppm) and NaF (180–910 ppm)-rich solutions at 300–
800 °C, 10–65 kbar. The in situ Ta L3-edge XAS measurements of
Mayanovic et al. (2013) show that Ta(V) exists in distorted octahedral
geometry in Ta-bearing peraluminous silicate glass + H2O system to
960 °C and ~0.6 GPa.

3.4. Chromium, molybdenum and tungsten

These three Group VIB elements occur in nature in two oxidation
states with contrasting coordination chemistry.

Chromium3+ is assumed to be the predominant oxidation state of Cr
in hydrothermal fluids under crustal conditions. Chromium2+ is mainly
reported to play a role in reduced, Fe3+-free melts, such as lunar basalts
(fO2 below metallic Fe-wüstite), and is not considered important for
aqueous geochemistry (Bell et al., 2014; Cardelli et al., 2003; Hanson
and Jones, 1998). Chromium6+ (mainly as chromate ion and its proton-
ated forms, [Hn(CrO4)]

(2 − n)−, n = 0, 1, 2) exists in the weathering en-
vironment, resulting in the formation of colourful chromate minerals
(e.g., stichtite replacing chromite; Melchiorre et al., 2014). The chro-
mate ion (n = 0) has a rigid tetrahedral structure, with Cr–O distances
ranging from 1.65 Å to 1.66 Å, which displays little change to 400 °C
(Hoffmann et al., 2001b). Protonation (i.e. bichromate ion, n = 1) in-
volves a distortion of the geometry (short distance at 1.62 Å), again
with little temperature effect (Hoffmann et al., 2001b). In salty solu-
tions, the chloride complex [CrO3Cl]

− becomes important at elevated
temperature and acidic pH (Palmer et al., 1987).

At ambient conditions, Cr3+ complexes exist in an octahedral geom-
etry. The hexaaqua Cr(H2O)6

3+ complex is stable under acidic conditions
(pKa

I ~ pKa
II ~ 4.3; Stünzi and Marty, 1983); at higher pH, octahedral hy-

droxide and chloride species (Ottonello and Zuccolini, 2005) are expect-
ed to be stable in geological fluids (e.g., CrCl2+, CrCl2

+, CrCl3(aq), Dellien
et al., 1976; Diaz-Moreno et al., 1996; Magini, 1980; Cr(OH)2+,
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Cr(OH)2
+, Cr(OH)3(aq), Cr(OH)4

−; Shock et al., 1997b). The EXAFS study
of Diaz-Moreno et al. (1996) confirms that the stepwise substitution of
up to three innersphere oxygen atoms by chloride ligands with increas-
ing salt concentrations preserves the octahedral geometry of the com-
plex at room temperature. As anticipated by Bjerrum (1908), Cr(III) is
seldompresent only in themonomeric form, and a vast number of poly-
nuclear species form in sufficiently concentrated Cr(III) solutions; the
importance of these species at high P, T remains untested. Watenphul
et al. (2014) conducted the only study of hydrothermal transport of
Cr(III), combining in situ solubility and Raman spectroscopy measure-
ments and ab initio MD simulations in 1.6–4.2 m aqueous HCl solutions
at 400–700 °C and pressures to 10 kbar. They concluded that Cr(III)
shows a predominantly tetrahedral coordination environment (CrCl4

−

or Cr(OH)Cl3(aq)) in concentrated HCl solutions at a fluid density of
0.80 g/cm3, and that this complex becomesmore aquated at higher den-
sity (0.97 g/cm3), with coordination number increasing to 5 and 6. At
low Cl− activity, mixed CrClx(H2O)y(OH)z

3 − x − z complexes (x b 3; co-
ordination of ≤6) are likely predominant.

Molybdenum. AlthoughMo is mostly mined from hydrothermalmo-
lybdenite (MoS2) in which the oxidation state of Mo is +4, Mo is as-
sumed to be transported as Mo6+ in natural fluids (Hurtig and
Williams-Jones, 2014a; Minubayeva and Seward, 2010). Minubayeva
and Seward (2010) determined thermodynamic properties for the ion-
ization of molybdic acid (H2MoO4(aq)) from 30 to 300 °C and vapour-
saturated pressures via UV–vis spectrophotometry, and proposed that
HMoO4

− and MoO4
2− are important species in low-sulfur hydrothermal

fluids. Based on solubility and XANES studies of synthetic fluid inclu-
sions, Ulrich and Mavrogenes (2008) suggested that oxychloride com-
plexes, Mo–O ion pairs and molybdic acid are important in high
salinity, low salinity solutions, and pure water, respectively. Using in
situ XAS techniques, Borg et al. (2012) further identified the predomi-
nant Mo(VI) chloride species and characterised their geometries. They
showed that the molybdate species (e.g., HMoO4

− or MoO4
2−) share a

tetrahedral geometry, and suggested that these tetrahedral complexes
predominate in basic to near-neutral natural hydrothermal fluids. Liu
et al. (2013) confirmed the tetrahedral geometry of molybdic acid and
its deprotonated forms using ab initio MD. Borg et al. (2012) found no
evidence for polynuclearMo complexes. In contrast, chloride complexes
with an octahedral structure (e.g., MoOmCln

6 − 2m − n, n + m = 6) be-
come predominant in acidic, chloride-rich solutions. The stability of
these octahedral chloride complexes increases with temperature, but
will only play a significant role in highly acidic fluids. In low density
water vapours, exponential increase in Mo solubility with increasing
water activity has been linked to the formation of second-shell Mo(VI)
clusters with water, such as MoO3 ∙nH2O(g) in pure water vapour, and
MoO2Cl2 ∙nH2O(g) in HCl-bearing water vapour (T to 500 °C, P up to
160 bar; Hurtig and Williams-Jones, 2014a; Rempel et al., 2006, 2008,
2009). The detailed coordination geometry of these vapour species re-
mains unknown. At higher temperatures and pressures (600–800 °C
and 200 MPa), Zhang et al. (2012) suggested that an oxysulfide com-
plex, NaHMoO2S2(aq), is the main species responsible for the solubility
of MoS2(s) in mineral-buffered fO2-fS2 fluids, based on solubility
experiments.

Tungsten. Similarly to Mo, W is found in both tetravalent (e.g.,
tungstenite, WS2(s)) and hexavalent (e.g., scheelite, CaWO4(s), and
ferberite, FeWO4(s)) oxidation states in minerals; contrary to Mo, W is
mined mainly from hydrothermal tungstate minerals. Consequently,
W is assumed to be carried as a tetrahedral tungstate complex in crustal
fluids. Compared to Mo, few experimental studies on W solubility and
speciation in hydrothermal fluids have been done since the early
works by Wesolowski et al. (1984), Wood (1992), and Wood and
Vlassopoulos (1989). These solubility studies are consistent with the
predominance of tungstate acid (H2WO4(aq)) or a cation-tungstate
ion pair (e.g. NaHWO4(aq)) in fluids up to 600 °C and 1 kbar, even at
highly saline and acidic conditions (5 m NaCl or 5 m HCl; Wood and
Samson, 2000). This conclusion was confirmed qualitatively by the

recent solubility studies of Bali et al. (2012) and Redkin and
Kostromin (2010). The behaviour of W hence is in contrast with that
of Mo, since Mo-oxychloro complexes predominant in the acidic saline
fluids (Borg et al., 2012).

3.5. Iron and manganese, nickel and cobalt, zinc and cadmium: transition

metals existing mainly as octahedral and tetrahedral aqua- and chloro-

complexes

The aqueous geochemistry of many first-row transition metals as
well as Cd is characterised by the predominance of the divalent state,
the importance of halide complexes, and coordination geometries that
change from octahedral at low T to predominantly tetrahedral at high
T, especially in chloride brines.

Iron and manganese are abundant in natural hydrothermal fluids,
such as seafloor hydrothermal systems (Pester et al., 2011; Von
Damm, 1995).

Iron is transported as Fe(II) and Fe(III) species in natural aqueous
fluids. Liu et al. (2006) used UV–vis and XAS data to show that Fe(III)
forms the chloro-complexes FeCl2+, FeCl2

+, FeCl3(aq) and FeCl4
− in chlo-

ride solutions at Psat to 300 °C. The predominancefields of FeCl3(aq) and
FeCl4

− expand to lower Cl concentrations with increasing T, which is re-
lated to a change in the geometry of the complex between FeCl2

+ and
FeCl3(aq): Fe3+, FeCl2+ and FeCl2

+ share an octahedral geometry;
FeCl3(aq) could be either tetrahedral or trigonal dipyramidal; and
FeCl4

− is tetrahedral. Liu et al. (2006) predicted that the abrupt change
in predominant coordination geometry with temperature will result in
a large change in solubility upon cooling (Fig. 6a).

Iron(II) is considered to be the main oxidation state of Fe in hydro-
thermal fluids, and the solubility of Fe minerals and Fe(II) speciation
has been studied extensively using various experimental methods
(See Table 1 in Testemale et al., 2009a for a review). However until re-
cently there has been considerable discrepancy between different ex-
perimental studies. Most solubility studies favour FeCl2(aq) as the
highest chloride complexes at temperature up to 650 °C and 2 kbar
(Boctor et al., 1980; Chou and Eugster, 1977; Crerar et al., 1978; Ding
and Seyfried, 1992; Fein et al., 1992; Ohmoto et al., 1994). This is consis-
tent with the UV–vis study of Heinrich and Seward (1990) (25–200 °C).
However, two UV–vis studies at lower temperatures and more saline
solutions have identified the FeCl4

2− complex (10–100 °C, Cl ≤ 6 m,
Zhao and Pan, 2001; 25–82 °C, Cl ≤ 6 m; Koplitz et al., 1987). Similarly,
Liu et al. (2007) showed using XAS that tetrahedral FeCl4

2− is the
predominant Fe(II) species in saline solutions (N10 m at 25 °C, and
≥7.5 m at 150 °C). More recently, Testemale et al. (2009a) mapped
Fe(II) speciation in acidic chloride solutions over a wide range of tem-
peratures and salinities (25–450 °C at 500 bar, 0.5–12 m chloride).
They confirmed that octahedral species (e.g., FeClx(H2O)6 − x) predomi-
nate in lower temperature and salinity fluids, and found that tetrahedral
FeCl4

2− predominates at higher temperature and high salinity (T N 300 °C,
Cl N 2 m). They estimated the formation constants of the predominant
Fe(II) chloride species on the basis of XANES data, and showed that the
change in the solubility of Fe minerals as a function of temperature and
chloride concentration can be attributed to the tetrahedral–octahedral
transition of Fe(II) chloride complexes. That is, replacement of tetrahedral
FeCl4

2− by octahedral FeClx(H2O)6 − x species due to a temperature drop or
dilution would cause a drop in solubility. Unpublished Ab initio MD calcu-
lations of Fe(II) in chloride-rich (10 m Cl−) fluids at 350 °C (Fig. 6c) also
show the breakdown of the FeCl2(aq) complex to form a 4-fold FeCl4

2−

species with a distorted tetrahedral structure, consistent with the
model of Testemale et al. (2009a). Testemale et al. (2009a)usedanewspe-
ciation model and log K data derived from their XAS data to reinterpret
successfully the magnetite-pyrite-pyrrhotite solubility results of Fein et
al. (1992). The changes of solubility of Fe-bearing mineral assemblages
are controlled by the octahedral–tetrahedral transition (Fig. 6b).

Manganese. Mn4+, Mn3+ and Mn2+ all occur in minerals, but only
Mn2+ is considered to play a significant role for Mn transport in crustal
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fluids. Early solubility studies Gammons and Seward (1996) and Boctor
(1985) provided formation constants for MnCl+ and MnCl2(aq).
Suleimenov and Seward (2000)'s in situ UV–vis study also identified
these two species in 0.022–0.8m NaCl solutions and provided their for-
mation constants at 25–300 °C (Psat). None of these studies have identi-
fied higher order chloride complexes, possibly due to the limited Cl
concentration in their experimental solutions. Recently, based on XAS
data, ab initio XANES simulations, and DFT calculations, Tian et al.
(2014) obtained speciation and thermodynamic properties for Mn(II)
chloride complexes at 30–550 °C and 600 bar, at Cl concentrations rang-
ing from 0.1 to 10.34 m. This study showed that octahedral species pre-
dominate at ambient temperature, and tetrahedral species become
important with increasing temperature and chloride concentrations.
In contrast to Fe(II), Tian et al. (2014) found no evidence for the
MnCl4

2− complex,with tetrahedralMnCl3(H2O)
− being the limiting spe-

cies at high salinity (Fig. 7c).

Cobalt and nickel. Most of the World's Co deposits are hydrothermal
in origin (Smith, 2001), whereas Ni is gained primarily from magmatic
deposits, where concentration occurs mainly via immiscibility of Ni-
rich sulfide melts from silicate melts. In addition, the weathering of
Ni-richmagmatic silicates leads to economically important ‘Ni-laterites’
(Fan andGerson, 2011). Nickel is themain economicmetal in only a few
hydrothermal deposits, most often resulting from the remobilisation of
magmatic Ni-sulfides (e.g., Gonzalez-Alvarez et al., 2013; Keays and
Jowitt, 2013). This dichotomy reflects the fact that Ni is less mobile in
hydrothermal fluids than Co.

Both Ni and Co exist in divalent form in natural waters and are
transported in chloride-rich brines to form hydrothermal ore deposits
(e.g., EnNaciri et al., 1997). Recent detailed in situ XAS studies combined
with in situ UV–vis studies and solubility experiments provide an accu-
rate picture of the coordination chemistry of Ni(II) and Co(II) (Liu et al.,
2011a, 2012b; Migdisov et al., 2011b; Tian et al., 2012; Zhang et al.,
2015a,b). At room temperature, both Ni(II) and Co(II) are coordinated
by six water molecules in an octahedral configuration in dilute aqueous
solutions. With increasing temperature and salt concentrations, both
metals show an increased affinity for chlorine (Fig. 7d,e). Tian et al.
(2012) determined that the NiCl2(aq) species exists in both octahedral
([NiCl2(H2O)4](aq)) and tetrahedral ([NiCl2(H2O)2](aq)) forms, with
the ratio of octahedral to tetrahedral decreasing at elevated temperature
(N200 °C). In contrast, octahedral CoCl2(aq) is only a minor species (if
present at all) under all conditions, whereas tetrahedral CoCl2(aq) be-
comes an important species at high temperature in low- to moderately
salty solutions (Fig. 7d). The new XAS data show that the octahedral to
tetrahedral transition in Ni(II) chloride complexes occurs at higher tem-
perature and higher salinity than the corresponding Co(II) complexes
(Fig. 7d,e; Liu et al., 2011a). Since tetrahedral complexes display a higher
affinity for chlorine than the octahedral complexes, Co solubility displays
a stronger sensitivity to salinity than Ni, which exerts a major control on
the contrasting mobility of Ni and Co in hydrothermal fluids.

Zinc and cadmium are usually associated in Zn-bearingminerals (e.g.,
sphalerite), as a result of their similar chemical and crystallographic
properties. Bazarkina et al. (2010) noted that there is little variation in
Cd/Zn mass ratios in crustal rocks (Cd/Zn = 0.001–0.003) and yet
many hydrothermal Zn minerals have high Cd/Zn ratios; therefore, hy-
drothermal processes are key to controlling the fractionation of the
these twometals. Bothmetals exist in just one oxidation state (divalent)
in nature.

Zinc(II) chloride complexes (up to ZnCl4
2−) are assumed to account

for Zn transport in most crustal fluids (e.g., Anderson et al., 1995,
1998; Mayanovic et al., 1999; Brugger et al., 2003), although thermody-
namic calculations by Zhong et al. (2015a) suggest that Zn bisulfide
complexes (e.g., Zn(HS)2(aq)) may become important at high tempera-
tures (N500 °C). Zinc bisulfide complexing is constrained at elevated
temperature to 250 °C by a single solubility study (Tagirov and
Seward, 2010). Mei et al. (2016) used ab initio MD simulations,
complemented by in situ XAS measurements, to demonstrate the
high stability of the trigonal planar Zn(HS)3

− species at high tempera-
ture (≥500 °C), and provide estimates of log K values for the 4-fold tet-
rahedral [Zn(HS)n(H2O)4 − n]

2 − n complexes to 600 °C.
Zinc solubility and speciation in chloride brines are constrained by a

number of quality experiments over a wide range in pressure and tem-
perature up to 600 °C and 2 kbar (Bourcier and Barnes, 1987; Cygan et
al., 1994; Plyasunov and Ivanov, 1991; Ruaya and Seward, 1986). Mei
et al. (2015b) refitted these experimental data in light of ab initio mo-
lecular dynamic simulations and new in situ XAS measurements, and
provided a robust model of Zn chloride complexing over a wide P, T
range, which is consistent with most of these experimental studies. A
unique feature of Zn(II) complexing, highlighted by the ab initio MD
simulations, is that the octahedral aqua complex, Zn(H2O)6

2+, is
destabilised by the addition of chloride ions; over a few ps of simulation
time, the ZnCl(H2O)5

+ complex loses two waters to form tetrahedral
ZnCl(H2O)3

+ even at room temperature. At high temperature, ab initio
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MD simulations reveal that the Zn(H2O)6
2+ complex becomes unstable,

and rapidly loses two waters to form Zn(H2O)4
2+; in the simulation

shown in Fig. 8, two waters are then displaced to form tetrahedral
ZnCl2(H2O)2(aq), which remains stable for the remaining time of the
simulation. Tetrahedral ZnCl4

2− is stable in saline solutions up to high
temperature (Fig. 7f); however, with increasing temperature, ZnCl3

−

and ZnCl2(aq) become increasingly stable. This is especially true for
ZnCl3

−, which also shows a change in geometry, from predominantly
tetrahedral [ZnCl3(H2O)]

− at lower temperature, to predominantly tri-
gonal planar [ZnCl3]

− above ~600 °C (Fig. 7f).
Zinc bromide complexes have similar structures as Zn chloride com-

plexes, with a high stability of the tetrahedral ZnBr4
2− complex to high

temperature (Mayanovic et al., 2001; Liu et al., 2012a). Zinc bromide
complexes most likely are only important in low temperature basional
brines (Liu et al., 2012a).Mayanovic et al. (2001) alsowere able to char-
acterise the outer hydration shell of the ZnBr4

2− complex, finding a 63%
reduction in the number of waters in the outer hydration shell at 500 °C
versus under ambient conditions.

Cadmium. The stoichiometry and geometry of Cd(II) in chlorine
brines has recently been explored on the basis of in situ XAS measure-
ments (20–450 °C and 1–600 bar) by Bazarkina et al. (2010). In contrast
to Zn(II), octahedral Cd(II) chloride complexes display a significant sta-
bility over a wide range of chloride activity and temperatures (Fig. 7g).
Tetrahedral CdCl4
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brines, and is of little importance in natural fluids. Tetrahedral
[Cd(H2O)Cl3

−] becomes increasingly stablewith increasing temperature,
and [Cd(H2O)2Cl2](aq) and [Cd(H2O)Cl3

−] are themain Cd(II) species in
hydrothermal fluids at 300 °C (Fig. 7g).

3.6. Copper, silver and gold

In geological fluids, Cu, Ag and Au all exist predominantly as linear
complexes of the monovalent ion; indeed, Cu, Ag and Au are closely as-
sociated in many ore deposits. Aside from mineral solubility, fraction-
ation among these metals is driven mainly by the relative strengths of
chloride and bisulfide complexes, with Cu(I) having a higher affinity
for chlorine and Au(I) for bisulfide. This can be readily explained by
Soft-Hard Acid-Base theory (Pearson, 1963). Although the three mono-
valent ions are classified as soft acids, Au(I) is softest and Cu(I) hardest,
thus Au(I) has the greatest affinity for the HS− ligand, which is softer
than Cl−.

Copper exists in two oxidation states in nature, Cu(I) and Cu(II).
Cu(II) requires highly oxidizing conditions found in near-surface envi-
ronments (e.g. Sverjensky, 1987; Fig. 9). The Cu(II) aqua ion is soluble,
with chloride complexing occurring at high salinity (Brugger et al.,
2001; Fulton et al., 2000b). The coordination chemistry of Cu(II) is dom-
inated by a strong Jahn-Teller effect, which results in a plethora of geo-
metric arrangements of the ligands around the central atom (e.g., Smith,
1976 for Cu(II) chloride complexes). The structure of the Cu(II) aqua ion
has been the topic of strong controversies, with the latest results sug-
gesting a dynamic equilibrium between five-fold square pyramidal

and distorted tetrahedral and octahedral geometries (Blumberger,
2008; Bowron et al., 2013; Chaboy et al., 2006; Liu et al., 2010). The
five-fold coordination in the first solvation shell of the Cu(II) aqua ion
has also been observed using neutron diffraction and ab initiomolecular
dynamics (Pasquarello et al., 2001). Copper(II) chloride complexes
(Brugger et al., 2001; Collings et al., 2000) form in salty solutions, with
CuCl4

2− (probably square planar) the highest order well-established
complex. On the basis of in situ EXAFS measurements, Collings et al.
(2000) deducted a maximum of stability of CuCl4

2− at ~125 °C, whereas
only CuCl+ and CuCl2(aq) remained at 175 °C in a 5 M NaCl solution.
However, the results at 175 °C need further verification, as it was not
possible to reverse the experiment or recover the solution.

Copper(I) is themost common oxidation state of Cu in crustal hydro-
thermal fluids. Copper(I) chloride complexes are possibly the best stud-
ied aqueous metal complexes under hydrothermal conditions, and the
predominant species have been characterised by various techniques
(solubility, UV–vis, XAS, and molecular simulations; reviews in
Brugger et al., 2007a; Liu et al., 2001). The aqua Cu(I) has a linear struc-
ture ([H2O–Cu–OH2]

+; Blumberger et al., 2004), although it is not stable
in water and disproportionates rapidly to Cu(II) and native copper. At
room temperature, Cu(I) forms stable complexes with a variety of li-
gands; these complexes display different geometries depending on li-
gand type and concentrations. In dilute chloride solutions, Cu(I)
retains linear structures (e.g., [H2O–Cu–Cl](aq); [Cl–Cu–Cl]

−); however
in concentrated chloride solutions, CuCl3

2− with a trigonal planar struc-
ture becomes stable (Brugger et al., 2007a; Liu et al., 2001; Sherman,
2007). Similarly, Cu(I) thiosulfate and mixed thiosulfate-chloride are
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trigonal planar (Etschmann et al., 2011). With increasing temperature,
linear CuCl2

− becomes predominant even at high chloride concentra-
tions, as demonstrated by XAS studies (Brugger et al., 2007a; Fulton et
al., 2000a) and ab initio molecular simulations (Sherman, 2007).
These studies also demonstrate that the tetrahedral CuCl4

3− moiety,
which is very common in solids, does not exist in aqueous solutions.

Based on the available thermodynamic data, Zhong et al. (2015a)
predicted Cu(I) bisulfide complexes to predominate Cu transport in S-
bearing, high temperature fluids (e.g., magmatic hydrothermal ormeta-
morphic fluids). Similarly to chloride complexes, Cu(I) hydrosulfide
complexes have a linear geometry over the full experimental P-T
range (up to 600 °C, 600 bar; Etschmann et al., 2010). The MD study
of Mei et al. (2013a) found that linear mixed ligand species (e.g., [Cl–
Cu–HS]−) may be important in mixed Cl–HS solutions, consistent with
the NaClCuHS(aq) species in the vapour phase suggested by Zajacz et
al. (2011) on the basis of solubility experiments. The neutral complex
CuNaCl2(aq) was also observed in ab initio MD of low-density fluids at
high temperature (1000 °C; Mei et al., 2014). In this complex, the Na+

ion is very weakly bonded in the outer coordination sphere with highly
distorted structures and a very fast (ps) exchange rate in and out of the
coordination sphere (Fig. 10).

Silver. Unlike Au (Au(I)/Au(III)) and Cu (Cu(I)/Cu(II)), Ag(I) is the
only oxidation state of Ag in crustal fluids. Also in contrast to Cu(I)
and Au(I), the Ag(I) aqua ion is stable at room temperature in aqueous
solutions; however, there is some controversy about its geometry and in
particular the number of water molecules in the first shell: the EXAFS
studies of Yamaguchi et al. (1984) and Seward et al. (1996), and the
MD simulations of Blumberger et al. (2004) and Liu et al. (2012d) sug-
gest a four-coordinate tetrahedral structure, but Fulton et al. (2009;
EXAFS) and Armunanto et al. (2003; MD) indicate 5–6 waters in the
first shell of the Ag(I) ion at room temperature.With increasing temper-
ature the hydration number appears to decrease to ~3 (Liu et al., 2012d;
Seward et al., 1996).

Similar to the Au–Cl and Cu–Cl systems, solubility (e.g., Seward,
1976; Zotov et al., 1995), in situ XAS and MD simulations (Liu et al.,
2012d; Pokrovski et al., 2013) all agree that AgCl2

− with a distorted lin-
ear structure is the predominant complex in hydrothermal solutions
over a wide range of temperatures and salinity, with higher order spe-
cies such as AgCl3

2− only present at lower temperatures (Fig. 9).
Stefánsson and Seward (2003a)'s solubility study suggests that
Ag(HS)(aq) and Ag(HS)2

− predominate at acid and neutral pH,
and Ag2S(HS)2

2− at alkaline conditions in S-bearing solutions at
25–400 °C (Psat and 500 bar); however there is still a lack of in situ
spectroscopic data to confirm the identity and geometry of these
species. We speculate that Ag(HS)(aq) and Ag(HS)2

− should have linear
structures similar to Au(I) and Cu(I) hydrosulfide complexes.

Gold. The Au atom is much larger than Cu and Ag, and the sum of the
first, second and third ionization energies are the lowest among Cu, Ag
and Au (Greenwood and Earnshaw, 1984). As a result, Au(III) com-
plexes can be present at ambient conditions, but Au(I) is the main
form of Au in geological fluids. Au(III) is thermodynamically stable in
oxygenated waters at low pH, forming square planar complexes with
H2O, OH

−, and halide ions, e.g. AuCl4
− (Fig. 9; Chen et al., 2009;

Sherman, 2010; Usher et al., 2009). Recently, Au(III) halide and/or hy-
droxide complexes have been shown to be present, in metastable
form, in near-neutral to basic surface waters (Ta et al., 2014, 2015).

Similar to Cu(I), the Au(I) aqua ion is unstable in water; Au(I) is
stabilised by the formation of coordination complexes, and these spe-
cies also become important relative to the higher oxidation state cation
with increasing temperature. Recent XAS studies (Liu et al., 2014;
Pokrovski et al., 2009a,b) andMD simulations (Liu et al., 2011b) indicate
that both Au–Cl (AuCl(aq), AuCl2

−) and Au-bisulfide complexes
(AuHS(aq), Au(HS)2

−) possess distorted linear structures. This is also
consistent with the predictions of predominant species based on the
thermodynamic properties generated from solubility studies (e.g.,
Benning and Seward, 1996; Stefánsson and Seward, 2003b,c, 2004).
Liu et al. (2014)'s XAS study compared the complexation of different li-
gands (Cl−, Br−, HS− and NH3) with Au(I) and concluded that Au–HS−

complexes outcompete other species in S-bearing fluids under shallow
crustal conditions. This is consistent with the thermodynamic calcula-
tions showing that AuCl2

− is the predominant species under acidic con-
ditions, and Au(HS)2

− under neutral to alkaline solutions (Williams-
Jones et al., 2009).

Recently, renewed attention has been devoted to the speciation of
sulfur at elevated pressure and temperature. Giggenbach (1971) first
suggested that polysulfide species become stable relative to HS−/
H2S(aq) with increasing temperature and pressure. Based on in situ
Raman spectroscopy, Pokrovski and Dubrovinsky (2011) and
Pokrovski and Dubessy (2015a) showed that the blue-colored, linear
trisulfur ion (S3

−) can dominate speciation in S-rich solutions at
P N 0.5 GPa and T N 250 °C. This difference in sulfur speciation is expect-
ed to affect the nature ofmetal complexes at high pressure, in particular
Au(I) and Cu(I). The ab initio MD study of Mei et al. (2013b) concluded
that Au(I)–S3

− species, and mixed S3
−/hydroxide/bisulfide complexes,

display a distorted linear structure, and that the strength of the Au(I)–
S3
− bond is similar to that of the Au(I)–HS− bond. These theoretical re-

sults have recently been confirmed by Pokrovski et al. (2015b), who
also highlight the potential importance of Au(I) polysulfide complexes
for metal transport at high pressure (≥0.5 GPa).

Neutral ions pairs such as NaAuCl2(aq) become important in low-
density fluids at high temperature (Zajacz et al., 2010). Similarly to
NaCuCl2(aq), NaAuCl2(aq) has a linear [Cl–Au–Cl] structure, with the
Na+ ion loosely bonded, i.e. highly disordered and with ps-scale ex-
change rate (Mei et al., 2014).

Comparing the coordination change of the Au, Ag and Cu chloride
complexes as a function of temperature in a moderate salinity solution
(3mNaCl, pH=3, Psat; Fig. 9) shows that, despite the different predom-
inant valence states and coordination numbers at ambient tempera-
tures, Me(I)Cl2

− (Me refers to Cu, Au or Ag) complexes predominate at

Fig. 10. Spatial distribution of the Na+ ion around the CuCl2
− complex at 1000 °C, 1.5 kbar,

showing Na+ weakly bonded in the second shell of the CuCl2
− molecule. Details on

simulations in Mei et al. (2014). The figure was created using the “TRAVIS” software
(Brehm and Kirchner, 2011), by calculating the statistical spatial distribution of Na+

around the reference molecule CuCl2
− over a 30 ps calculation time. The color maps

represent the propability (warmer colour indicates higher probability) of Na+ appearing
at a certain position in the plane defined by the CuCl2

− molecule. The copper(I) ion is
shown in green, and the chloride ion in blue.
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elevated temperatures over wide ranges of log fO2(g). This implies that
increasing temperature favours the lower oxidation state and associated
lower coordination numbers.

3.7. Mercury

Cinnabar, HgS, is themain Hg oremineral and one of themost insol-
uble substances known. Mercury can be transported either as Hg0(g),
Hg0(aq), or Hg(II)-complexes in crustal fluids (Bell et al., 2007; Krupp,
1988a; Lennie et al., 2003; Varekamp and Buseck, 1984). Varekamp
and Buseck (1984) noted that Hg0(aq) is favoured by relatively high
temperatures and pH, and relatively low total S, ionic strength, and
fO2(g). Thus the Hg0(aq) – coordinated to six waters of solvation, and
with little evidence for polymerisation (Paquette and Helz, 1995) – or
Hg0(g) are important for geothermal transport. Hg(II) forms coordina-
tion compounds with bisulfide; these complexes are the dominant
form of Hg in hot (~N 200 °C) solutions that contain hydrogen sulfide
at neutral to alkaline pH (Krupp, 1988a). Lennie et al. (2003) and Bell
et al. (2007) determined that Hg(II)–HS− complexes exist as linear
complexes (0.5 to 0.003 M NaHS−, 2.8 to 0.28 mM Hg(II)/4 to
370 ppm Hg(II) at 25, 75 and 150 °C). Åkesson et al. (1994) used
EXAFS and theoretical calculations to demonstrate that the Hg(II) com-
plexes HgCl2(aq), HgBr2(aq) and Hg(CN)2(aq), which may exist in spe-
cific geochemical environments, all have a linear geometry.

3.8. Platinum group elements (PGE)

Palladium is the most mobile PGE element in geofluids (Barnes and
Liu, 2012; Cabral et al., 2012; Reith et al., 2014), and consequently it is
the best studied PGE in terms of hydrothermal geochemistry. H2O, Cl

−

, and HS− are the most likely ligands for Pd in crustal fluids. Palladium
exists in divalent form in aqueous fluids, and Pd(II) has a strong tenden-
cy to form square planar complexes. At room temperature, the aqua
Pd(II) ion has 4 H2O in square planar geometry at 2.0 Å, with a further
two axial oxygen atoms at 2.7–2.8 Å forming a disordered ‘meso shell’
(Bowron et al., 2012; Hofer et al., 2007). It is notable that at elevated
temperature this axial hydration shell no longer exists, and at 125 °C
the Pd(II) aqua ion has the square planar structure (Pd(H2O)4

2+, Mei et
al., 2015a), in accordance with the dehydration trend with increasing
temperatures for the aqua ions of transition metals. Available XANES,
EXAFS and ab initio MD simulations confirm that the complexes likely
to account for Pd mobility in geofluids share a square planar geometry
(e.g., Pd(H2O)4

2+; PdCl3(H2O)
+; PdCl4

2−; and Pd(HS)4
2−; Bazarkina et

al., 2014; Boily and Seward, 2002; Boily et al., 2007; Mei et al., 2015a;
Seward and Driesner, 2004).

The formation constants (logβn) for Pd(II) chloride complexes
(PdCln

2 − n) up to 300 °C and the Pd solubilities in chloride brines pre-
dicted by different groups are in reasonable agreement (predicted solu-
bilities within one order of magnitude; Tagirov et al., 2013; Wood et al.,
1992). The situation is much worse for Pd(II)-bisulfide complexes. Dif-
ferent groups proposed different predominant Pd–HS species
(Pd(HS)2(aq), Pd(HS)3

−; Gammons and Bloom, 1993; Pan and Wood,
1994; Tagirov et al., 2013), and consequently, calculated Pd solubilities
in sulfur-rich solutions vary by several orders of magnitudes. Mei et al.
(2015a) recently conducted ab initioMD simulations to predict the spe-
ciation of Pd–Cl and Pd–HS complexes at 300 °C. This study confirmed
the square planar geometry and provided formation constants for
major Pd(II)–Cl and Pd(II)–HS complexes. The predicted formation con-
stants of Pd(II)–Cl complexes arewithin 0.1–1 order ofmagnitude of the
recent experimental study of Tagirov et al. (2013). The MD simulations
also strongly indicate that the square planar Pd(HS)4

2− complex pre-
dominates in HS−-rich hydrothermal fluids, whereas previous experi-
mental studies neglected this species. Indeed, the absence of Pd(HS)4

2−

in the interpretation of experimental data (Tagirov et al., 2013; Wood
et al., 1992) posed an interesting (geo)chemical conundrum, since the
PdCl4

2− complex is acknowledged by all studies to be the most

important complex in chloride brines (review in Bazarkina et al.,
2014).Modelling of Pd solubility in chloride- and sulfur-rich hydrother-
mal fluids based on the thermodynamic properties from MD simula-
tions demonstrated that Pd is mainly carried as the Pd(HS)4

2−

hydrosulfide complex at neutral-alkaline and reduced (pyrite/pyrrho-
tite stable) conditions, and as the PdCl4

2− chloride complex at acidic
and oxidised conditions (Mei et al., 2015a).

Platinum. Pt(II) and Pt(IV) are the two oxidation states of Pt in crustal
fluids. Pt(IV) species (e.g., octahedral PtCl6

2− and PtCl5(OH)
2−, Spieker

et al., 2002) are considered only important in oxygenated Cl-rich brines
at low temperatures (Gammons, 1996), and Pt(II) chloride and bisulfide
complexes are very similar to those of Pd(II), except that the Pt solubil-
ity is substantially lower than Pd (Gammons, 1996, Wood et al., 1994,
Barnes and Liu, 2012). Hydrosulfide complexes are predicted to be re-
sponsible for Pt transport in typical hydrothermal fluids. Room temper-
ature EXAFS data show that the hydrated Pt(II) ion has four water
molecules at a Pt–O distance of 2.01(2) Å, and one or twoweakly bond-
ed axial waters at a Pt–O distance of 2.39(2) Å (Jalilehvand and Laffin,
2008). Since PtCl2(s) contains square planar [PtCl4]

2− moieties, in hy-
drothermal fluids Pt species should have a similar square planar struc-
ture as Pd, and differences among the solubilities of both metals are
related to the energetics of the respective minerals.

Other PGE elements. Compared to Pd and Pt, hydrothermal experi-
mental studies for other PGE elements are scarce and mainly done by
one research group in KCl solutions. Xiong andWood (1998) measured
Os solubility in KCl solutions at 400 and 500 °C and 800 bar, and found
that Os(II) chloride complexes are responsible for the observed Os solu-
bility. Most Os(II) coordination compounds have a distorted octahedral
geometry. The preliminary experimental studies of Xiong and Wood
(1999, 2001) suggest that tetravalent Re(IV) is the main oxidation of
Re in hydrothermal fluids, and that the predominant Re species are
Re(IV)Cl4

0 at 400 °C in 0.5–1 m KCl, and ReCl3
+ at 500 °C in 0.5–1.5 m

KCl brines. Structural data are not yet available for these species; in
solids, the ReCl4 moiety exists in square planar coordination (e.g., in
Cs2Re2Cl8(H2O)(s); Cotton and Hall, 1977) or square pyramidal
[ReCl4O] (e.g., in ReOCl4(s); Edwards, 1972), although the octahedral
[ReCl6] moiety is most common.

3.9. Gallium

Gallium exists predominantly in the trivalent oxidation state. The
low solubility of Ga(III)-oxyhydroxide phases such as α-GaOOH(s) at
pH25 °C 3–8 results in the enrichment of Ga in the weathering environ-
ment, for example in bauxites. The Ga(H2O)6

3+ aqua ion is octahedrally
coordinated (Da Silva et al., 2009; Lindqvist-Reis et al., 1998;Wood and
Samson, 2006),while in solutionswith pH25 °C ≥ 5 there is one dominant
complex: tetrahedral Ga(OH)4

− (Diakonov et al., 1997; Radnai et al.,
2014). Radnai et al. (2014) found no experimental evidence for octahe-
dral Ga(OH)6

3−. It is generally agreed that hydroxide is the predominant
ligand responsible for Ga hydrothermal transport; Ga(OH)4

− has a sub-
stantial field of predominance over the 25–400 °C range, and
Ga(OH)4

− is still predominant at pH300 °C values greater than ~5
(Benezeth et al., 1997; Diakonov et al., 1997; Tarnopolskaia et al.,
2016; Wood and Samson, 2006). Using in situ XAS spectroscopy (25
to ~400 °C, 300 bar), Da Silva et al. (2009) showed that Ga solubility in-
creases at elevated temperature (from ~300 °C) due to the formation of
tetrahedral Ga(III)Brn

3 − n complexes (n= 2–4) in acidic solutions with
Br:Ga ratios of 3 (0.017 and 0.17 mol/l GaBr3). Gallium(III) also forms
comparatively strong complexes with fluoride (Wood and Samson,
2006). Woodward and Nord (1956) report Raman spectroscopic evi-
dence for the existence of the tetrahedral GaCl4

− complex in a 6.3 M
HCl solution at room temperature. Recently, Tarnopolskaia et al.
(2016) showed that GaCl4

−, probably with tetrahedral geometry, can
predominate in mildly acidic solutions at 300–400 °C and aCl

− as low as
0.1; the only other Ga(III) chloride complex detectable in their solubility
experiments at 350 °C was GaCl3(aq). Nekrasov et al. (2013) show
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experimentally that appreciable Ga concentrations can be transported
in HCl-bearing water vapour, and that this transport occurs as a result
of the formation of the GaOHCl2(g) and Ga(OH)3(g) gas species.

3.10. Indium

Indium is recovered from hydrothermal ore deposits, where it oc-
curs as In-minerals and as traces in base metal sulfides such as sphaler-
ite (Cook et al., 2011, 2012; Schwarz-Schampera and Herzig, 2002). In
chloride-free hydrothermal solutions, In(III) is soluble as an octahedral
aqua-complex, with a constant In–O distance of 2.14(1) Å. The in situ
XAS studies of Narita et al. (2014) (room temperature) and Seward et
al. (2000) (25–250 °C) show that octahedrally coordinated complexes
([InCln(H2O)

6 − n]3 − n, n ≥ 4) are present in HCl-solutions at room tem-
perature, with In–Cl and In–O distances of 2.40 and 2.13 Å, respectively.
The octahedral [InCl6]

3− complex is dominant at 10 M HCl. With in-
creasing temperature to 350 °C (saturated vapour pressure), the com-
plex geometry becomes predominantly tetrahedral with the formation
of InCl4

− having an In–Cl distance of 2.37 Å (Seward et al., 2000).

3.11. Thallium

Thalliumexhibits both lithophile and chalcophile behaviours; for ex-
ample it can substitute for K and Rb in potassium feldspar, but also
forms numerous hydrothermal sulfide and sulfosalt minerals. Thallium
is recovered primarily as a by-product of Zn smelting (Xiong, 2007), but
large concentrations can form in volcanogenic hydrothermal deposits
(e.g., Allchar, Macedonia; Amthauer et al., 2012). The structure of the
hydrated Tl(I) aqua ion, which is present in acidic solutions, is difficult
to define, as it is strongly affected by the lone electron pair (d10s2 elec-
tronic structure; Persson, 2010). EXAFS and ab initio MD studies indi-
cate a 2 + 2 coordination for the aqua ion, with two H2O at ~2.73(2)
Å and about two more at 3.18(6) Å (Persson et al., 2002;
Vchirawongkwin et al., 2007). Bebie et al. (1998)'s UV–vis study of the
Tl(I)–NaCl–HCl system to 200 °C provides the only experimental
data of Tl complexing at elevated temperature, and concludes that
TlCl(aq) is the main Tl species in ore fluids; they find evidence for
TlCl2

−, TlCl3
2−, and with lower confidence, TlCl4

3−. Based on extrapola-
tions from room-temperature data, Xiong (2007) suggest that
Tl(HS)(aq) could be an important species in near-neutral, reduced-sul-
fur bearing fluids.

3.12. Germanium

Germanium is extracted commercially from coal seams and Zn (i.e.,
sphalerite) concentrates; in both cases Ge is enriched via hydrothermal
processes (Cook et al., 2015; Dai et al., 2015). Germanium is an element
of low crustal abundance; most Ge is found at sub-ppm-level in silicate
minerals, where tetrahedral [Ge(IV)O4]

4− substitutes for [Si(IV)O4]
4−

tetrahedra. Ge can also behave as a chalcogenide element, forming dis-
crete Ge-sulfideminerals or in solid-solution in sulfides such as sphaler-
ite (Cook et al., 2015; Dutrizac et al., 1986; Melcher, 2003).

The two stable oxidation states for Ge in aqueous solutions are Ge2+

andGe4+. Ge4+ is present in all knownmineralswhere theGe oxidation
state can be established unambiguously (Belissont et al., 2016;
Cempirek and Groat, 2013; Cook et al., 2015), although Bonnet et al.
(2014) recently provided the first XANES spectroscopic evidence for
the presence of someGe2+ in Ge-rich sphalerite from aMVTdeposit. Di-
valent Ge typically occurs in triangular pyramidal coordination in oxide
and halogenide compounds, with a stereochemically active lone elec-
tron pair oriented opposite to the triangle of anions, similar to As3+

(Cempirek and Groat, 2013). Ge2+ is stable in aqueous solutions at
room temperature (Vanýsek, 2011), and complexing and high temper-
atures may increase the relative stability of the Ge2+ oxidation state in
hydrothermal solutions (e.g., compare with Te; Grundler et al., 2013),
but its geological relevance remains to be assessed.

Currently, Ge is assumed to be transported in the tetravalent state in
hydrothermal fluids; the main species is germanic acid, Ge(OH)4(aq),
and its dissociation products. Pokrovski et al. (2005b) characterised
the coordination of Ge(IV) in a 0.04 m Ge(IV) solution at 400 bar from
20 to 450 °C, and found that a complex with 4 ± 0.3 oxygen atoms at
1.75(1) Å, consistent with a tetrahedral structure for the Ge(OH)4(aq)
complex, was present over thewhole temperature range. The constancy
of the Ge(OH)4(aq) structural parameters over the wide temperature
and fluid-density range is consistent with the strong covalent character
of the Ge–(OH) bonds (Pokrovski et al., 2005b), and with Ge(OH)4(aq)
being analogous to Si(OH)4(aq). Halide complexes, and in particular
fluoride complexes may also play a role (Wood and Samson, 2006).
These halide complexes display octahedral structures at room tempera-
ture (e.g., GeF4(H2O)2(aq); Buslaev et al., 1969), but their stability and
geometry under hydrothermal conditions are yet to be determined.

3.13. Tin

Tin is mainly mined from cassiterite (Sn(IV)O2) deposited from
granite-related, high-temperature magmatic hydrothermal fluids (e.g.,
skarn and greisen). Sn(II) and Sn(IV) are considered to be themajor ox-
idation states of Sn in natural fluids. Speciation calculations suggest that
Sn(IV) complexes have limited importance for geochemistry: solubility
of Sn(IV) complexes is low at low temperature,whereas at high temper-
ature (≥300 °C) Sn(II) complexes are predicted to predominate under
most geologically relevant conditions (Jackson and Helgeson, 1985;
Pabalan, 1986; based on theoretical extrapolation from room tempera-
ture data).

At room temperature, Sn(IV) forms octahedral complexes with
water and halide ions ([SnXn(H2O)6 − n]

(4 − n); x = Cl, Br; n = 0–6;
Taylor and Coddington, 1992) in dilute acidic aqueous solutions. In alka-
line solutions, [Sn(OH)6]

2− appears to be predominant. The in situ
EXAFS study of Sherman et al. (2000b) indicated that octahedral SnCl6

2−

(Sn–Cl distance of 2.39 Å) is the only Sn(IV) complex present in solutions
containing 0.11 M HCl and 2.0 M NaCl between 25 and 250 °C.

X-ray scattering and EXAFS measurements supported by ab initio
MD show that the Sn(II) aqua ion possesses a stereochemically active
electron lone pair, and displays a highly asymmetric hydration sphere
consisting of three, or possibly four, water ligands at a distance of
2.33–2.34 Å in a distorted trigonal pyramidal arrangement with the
lone electron pair occupying the remaining position (Yamaguchi et al.,
1982; Lim et al., 2009). The aqua ion is stable only in highly acidic, ha-
lide-free solutions; chloride, fluoride and hydroxyl species are expected
to be the key species in hydrothermal solutions (Jackson and Helgeson,
1985; Kovalenko and Ryzhenko, 1997; Kovalenko et al., 1992). In most
acidic hydrothermal brines, the chloride complexes of Sn(II) are expect-
ed to predominate (Jackson and Helgeson, 1985). Mössbauer spectro-
scopic studies conducted on frozen aqueous solutions of Sn(II) suggest
the presence of SnX3

− (X = F, Cl, Br) with a pyramidal geometry due
to the presence of a sterically active electron pair (Cheng et al., 1981,
1984; Hsu et al., 1984). However later experimental studies reported
conflicting information about the predominant Sn(II) species in hydro-
thermal brines. Wilson and Eugster (1990)'s solubility experiments
found SnCl+ and SnCl2(aq) to be important at 400–700 °C; in contrast,
Taylor and Wall (1993) interpreted their cassiterite solubility in NaCl
and KCl solutions at 700–800 °C and 2 kbar using SnCl2(aq), as well
as a suite of mixed ligand complexes charge-balanced with K+ and
Na+, such as NaSnOHCl2(aq) and NaSnCl3(aq). At lower temperatures
(T b 400 °C), the cassiterite solubility study by Pabalan (1986) suggests
that the chloride complexes SnCl+, SnCl2(aq), SnCl3

− and SnCl4
2− pre-

dominate in acid and moderately oxidised brines. Sherman et al.
(2000b)'s in situ EXAFS study shows that in solutions with 0.5 and
2.5 m Cltot, the average Cl number around Sn(II) increases from 3.4 to
3.9 as temperature increases from 25 to 350 °C, indicating that SnCl4

2−

(Sn–Cl distance ~2.47 Å) becomes important at higher temperature.
Muller and Seward (2001)'s UV–vis study also found that Sn2+, SnCl+,
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SnCl2(aq), SnCl3
− and SnCl4

2− are present at room temperature, but
SnCl3

− was the highest order species at 300 °C. Using ab initio MD sim-
ulations, we found that the SnCl4

2− complex is unstable to dissociation,
and that the dominant complex in 6 m NaCl and 350 °C is SnCl3

− (Sher-
man, unpublished data). There is a strong correlation between the
Debye-Waller factor and coordination number when modelling
EXAFS; consequently, it can be very difficult to distinguish between 3
and 4-fold coordination.

3.14. Lead

Lead displays the oxidation states II and IV as expected for p block el-
ements; in nature, Pb(IV) is limited to rare microenvironments (e.g. ra-
diogenic Pb; Kramers et al., 2009). Lead is mobile in hydrothermal
systems, and is mined from hydrothermal deposits, where it is present
mainly as galena, PbS. With a large atomic radius, Pb(II) is a weak
Lewis acid with an electron lone pair. EXAFS data show that the Pb(II)
aqua complex is 6-coordinated in a hemidirected fashion at room tem-
perature (Persson et al., 2011), with Pb–O bond lengths between
2.54(1) and 2.908(4) Å.

In low temperature fluids (25–170 °C), Pb predominately complexes
with chlorine (e.g., Lukanin et al., 2013; Sverjensky, 1986; Yardley,
2005). Yet, there are not many experimental measurements on the
Pb(II)-chloride system. The most pertinent is the study by Seward
(1984), which provides formation constants for Pb(II)-chloride com-
plexes up to 300 °C based on in situ UV–vis measurements of PbCl2–
NaCl–HCl solutions containing 0.0012 to 3.223 m Cltot. This study iden-
tified five predominant Pb species at 25 °C: PbCln

2 − n (n = 0–4). Based
on a sudden decrease in ΔH0 for the stepwise formation of PbCl3

− at
25 °C, Seward (1984) suggest that PbCl3

− and PbCl4
2− share a tetrahedral

geometry, while PbCl+ and PbCl2(aq) are octahedral. At 300 °C the pre-
dominant specieswere PbCl+, PbCl2

0, and PbCl3
−, and all specieswere as-

sumed to be tetrahedral-like. Recentwork by our teamRae et al. (2015)
suggests that PbCl2(H2O)(aq) is the limiting species at high T (400 °C) in
a salty solution (10 m LiCl), consistent with ab initio MD calculations
that suggest a highly disordered trigonal pyramidal geometry affected
by a stereochemically active electron lone pair (see e.g., Bi(III) below)
rather than tetrahedral geometry for these Pb(II) chloride complexes.

3.15. Arsenic, antimony and bismuth

The Group V elements As, Sb and Bi have mixed characteristics from
metalloid (As) to mainly metallic (Bi). All occur predominantly in triva-
lent form in crustal fluids, and their coordination chemistry is influenced
by the presence of a lone electron pair in this oxidation state. For all three
elements, the neutralM(OH)3(aq) species,where the three oxygen atoms
are located on the corners of a triangle with the metal above the plane, is
an important complex in natural fluids. All three elements form abundant
hydrothermal deposits and also have close relationship with the forma-
tion of hydrothermal Au deposits (pathfinder elements).

Arsenic exists in+5 and+3 oxidation states in geofluids; As(II) and
anionic forms are found in solids (Deditius et al., 2008; Qian et al., 2013).
As(V) is mostly present in the surface/near surface environment,
forming tetrahedral hydroxyl complexes with a very rigid geometry
(Brugger et al., 2007b; James-Smith et al., 2010; Testemale et al.,
2011). Under hydrothermal conditions, As(III) is the predominant
form of As in crustal fluids (James-Smith et al., 2010; Pokrovski et al.,
2002; Testemale et al., 2004). Thermodynamic calculations
(Ballantyne and Moore, 1988) and solubility and spectroscopic
experiments (Pokrovski et al., 2002; Testemale et al., 2004;
Zakaznova-Herzog et al., 2006) suggest that As(OH)3(aq) is the domi-
nant aqueous species over a wide range in pH (0–8) and temperature
(20–300 °C) in low- and high-density hydrothermal fluids. XAS data
for the As(OH)3(aq) complex show a trigonal pyramidal geometry
(Fig. 11), with a nearly constant geometry over the temperature range

30 to 500 °C at pressures of 250 and 600 bar, confirming the strong co-
valent bonding of As–O (Testemale et al., 2004).

As reviewed in James-Smith et al. (2010), As(III) chloride and bisul-
fide complexes may be important in some hydrothermal systems, but
these complexes remain poorly constrained and their coordination
chemistry is unknown. Mironova et al. (1983) concluded that the di-
meric species As2S4

2− and HAs2S4
− are the predominant As species in

equilibrium with orpiment to 150 °C, in what appears to be the only
study of As(III) bisulfide complexing at elevated temperature. Simon
et al. (2007) observed an increase by a factor of 2.5 of the partitioning
of As into the vapour for amelt-vapour assemblage at high temperature
(800 °C) and pressure (120MPa) in S-bearing systems relative to the S-
free system, and concluded that As is transported as arsenious acid in S-
free, low-salinity magmatic vapour, but that As–S species probably
formed in the vapour phase in the S-bearing experiments. Surprisingly,
there are no thermodynamic properties available for any As(III)
chlorocomplex, and Pokrovski et al. (2002) found As chloride gaseous
complexes to be negligible in the presence of HCl (up to 0.5 mol kg−1

of vapour) up to 500 °C.
Antimony is highly mobile in hydrothermal fluids (Tooth et al.,

2013); this leads to the formation of hydrothermal Sb deposits (mainly
antimonite, Sb2S3) at relatively low temperatures (Pavlova and
Borovikov, 2010; Wilson et al., 2007). Similarly to As, Sb exists mainly
as Sb(III) and Sb(V) in geochemical environments (Filella et al., 2002).
While Sb(V) species are present under ambient conditions, Sb(III) is
the prevalent form of Sb in hydrothermal fluids at elevated tempera-
tures (e.g., Oelkers et al., 1998).

At ambient temperature, Sb(V) mainly exists as hydroxide
(Sb(OH)5(aq) and Sb(OH)6

−; Accornero et al., 2008) and organic com-
plexes (Tella and Pokrovski, 2008), with all these species having an oc-
tahedral geometry (Tella and Pokrovski, 2008). Sherman et al. (2000a)
conducted an EXAFS study for Sb(V) in sulfide solutions at 25–300 °C,
and suggested that tetrahedral Sb(HS)4

+ is stable below 150 °C; tetrahe-
dral mixed-ligand hydroxide-bisulfide complexes predominate above
150 °C; and polyatomic clusters become significant above 250 °C.
These authors also found no Sb(V) chloride complexation in 0.2 m
NaHS + 0.06 m NaOH + 1 m NaCl solutions.

Experimental studies have investigated the solubility of Sb(III) min-
erals and speciation of Sb(III) in hydrothermal fluids, focusing on the

Highly acidic;

high chloride

Near-neutral;

low-medium salinity

Acidic, 

intermediate chloride

As(III)

Sb(III)

Bi(III)

Te(IV)

Te(-II)

>200˚C

≥200˚C
<200˚C

<150˚C

Fig. 11. Coordination chemistry of As(III), Sb(III), Bi(III), Te(IV) and Te(− II) in S-poor
hydrothermal fluids.
Data sources: Brugger et al. (2012); Etschmann et al. (2016); Pokrovski et al. (2006);
Testemale et al. (2004); Tooth et al. (2013). Metals are in yellow/orange, oxygen atoms in
red, hydrogen atoms in pink, and chloride ions in green.
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Sb–Cl, Sb–S and Sb–OH systems. In chloride solutions, SbCln
n − 3 com-

plexes (n up to 5–6) may form in highly acidic solutions (review by
Filella et al., 2002). Oelkers et al. (1998)'s EXAFS study shows that for a
0.1 M SbCl3 + 2.29 M HCl solution, the average number of Cl ligands in-
creases from 2.6 to 2.9, and bond distances decrease from 2.42 to 2.38 Å
with increasing temperatures from 25 to 250 °C. Pokrovski et al.
(2006)'s more detailed EXAFS study suggested that SbCl2

− and SbCl3(aq)
exist in strong acidic solutions (~3.5 m HCl), with the former having a
distorted linear structure, and the latter being pyramidal (Fig. 11).
Mixed hydroxyl-chloride complexes (such as pyramidal Sb(OH)2Cl(aq)
and Sb(OH)3Cl

−) predominate in less acidic (pH N 2–3) Cl-bearing solu-
tions. Pokrovski et al. (2006) concluded that these species play only a
minor role in natural hydrothermal fluids relative to hydroxide and sul-
fide species. Pokrovski et al. (2008) measured the partitioning of Sb(III)
between liquid and vapour in H2O–NaCl–HCl solutions, and suggested
that Sb(OH)2Cl(aq) predominates in both vapour and liquid phases.

Antimony sulfide complexes are thought to be important in natural
waters (Mosselmans et al., 2000). There are some studies at room tem-
perature (reviewed by Filella et al., 2002), but few in situ studies are
available on the speciation of Sb in S-bearing solutions at elevated tem-
perature, and they are not conclusive due to the complexity of the spe-
ciation. The thermodynamic properties for Sb(III) sulfide species are
mainly based on the early solubility studies (Krupp, 1988b; Spycher
and Reed, 1989). An ab initio study (Tossell, 1994) calculated the struc-
tures and vibrational spectra of Sb(III) sulfide species, and found
SbS2(SH)

2−, SbS(SH)2
−, and Sb2S2(SH)2(aq) at lower temperature, con-

sistent with the Raman study of Wood (1989); mixed ligand species
such as Sb2S2(OH)2 become stable at elevated temperatures.
Mosselmans et al. (2000) conducted an EXAFS study of Sb in bisulfide
solutions up to 200 °C. They found oxidation of Sb(III) to Sb(V) during
dissolution of stibnite in some solutions, which made data interpreta-
tion challenging. In summary, available data indicate that Sb is mainly
transported as Sb(III) sulfide and hydroxide complexes in natural hy-
drothermal fluids typical for ore formation (200–350 °C, weak acid to
weak alkaline fluids); however the exact stoichiometry and structures
of the species remain to be determined.

Bismuth. Many reasons have been invoked for explaining the com-
mon association among Bi and Au in hydrothermal deposits, including
Au-scavenging by Bi–(Te)-rich metallic melts (Cockerton and
Tomkins, 2012; Tomkins and Mavrogenes, 2002; Tooth et al., 2011,
2013; Tormanen and Koski, 2005); co-enrichment in low-density mag-
matic fluids and vapours (Henley et al., 2012); and similar geochemical
behaviour and precipitation mechanisms (Ciobanu et al., 2009;
Grundler et al., 2013; Skirrow and Walshe, 2002). As demonstrated by
Tooth et al. (2011), in some casesmodelling gold grades can be achieved
bymodelling the precipitation of specific Bi-phases (e.g., Bi-melt versus
bismuthinite).

Hydroxy complexes (mainly Bi(OH)2
+ and Bi(OH)3(aq)) with trigo-

nal pyramidal structures are the most important Bi-complexes in
geofluids. Polynuclear oxy-hydroxy-complexes exist in concentrated
Bi-solutions at room-T, but have low thermal stability (Brugger et al.,
2014). Bi(III) chloride and Bi(III) bisulfide complexes may be important
in some settings, but their nature and stability remain poorly
constrained (Kolonin and Laptev, 1982; Skirrow and Walshe, 2002).
Bi(III) chloride complexes are expected to account for Bi mobility in
acidic brines, and Etschmann et al. (2016) recently showed that Bi(III)
most likely exists as a mixture of BiCl5

2− and BiCl6
3− (Fig. 11). The num-

ber of Cl coordinated to Bi(III) decreases with increasing temperature;
at around 200 °C and above, Bi(III) is coordinated to three Cl atoms,
most probably in trigonal pyramidal fashion (Fig. 11).

3.16. Selenium, tellurium (and polonium)

The Group 16 metalloids Se and Te are primarily recovered from
anode slimes generated in the electrolytic refining of Cu. Selenium and
Te can be enriched in hydrothermal deposits, where they can form

selenide and telluride minerals (Se2−/Te2−), or substitute for S in
major sulfide minerals (Simon and Essene, 1996). Selenium minerals
are abundant in some epithermal deposits, skarns, uranium deposits,
and black shales (Xiong, 2003), and Te minerals are most prominently
associated with Au in epithermal deposits. Both Se and Te display a
range of oxidation states in aqueousfluids, fromanionic forms (selenide
and telluride; polyselenide and polytelluride, e.g. Te2

2−) to cationic
forms, most prominently selenite/tellurite(IV) and selenite/
tellurate(VI) (Grundler et al., 2008). Polonium is chemically similar to
tellurium, and it occurs as a product of the 238U, 235U and 232Th decay
chains (longest half life of 138.4 days for 210Po, resulting in ~0.8 ppb
Po per wt% 238U). To our knowledge, no specific study of Po geochemis-
try in hydrothermal fluids is available.

Selenium. In the absence of an experimental study of Se speciation in
hydrothermal fluids, our understanding of Se transport in geofluids up
to 300 °C is based on extrapolations from room temperature using the
isocoulombic approach (Akinfiev and Tagirov, 2006; McPhail, 1995;
Xiong, 2003; Fig. 12b). The predominance field of HSe− is bigger than
that of HS−, covering a large portion of the hematite stable area,
which implies that selenide (Se2−) species aremore important than sel-
enite (SeO3

3−) species in most hydrothermal ore fluids. Based on large
angle X-ray scattering, EXAFS and double difference infrared spectros-
copy, the selenite and selenate (SeO4

3−) ions have similar structures as
the sulfite and sulfate ions at room-temperature (Eklund and Persson,
2014); both have tetrahedral structures, with 4 oxygens in the first
shell for selenate, and 3 oxygens for selenite, the fourth position being
occupied by a lone electron pair.

Tellurium. Similarly to Se, the bulk of our understanding of Te trans-
port in hydrothermal fluids is based on isocoulombic extrapolations
(McPhail, 1995). Tellurium is generally poorly soluble under reducing
conditions (sulfide field; Fig. 12). Tellurite complexes are stable close
to the hematite/magnetite buffer, leading Grundler et al. (2013) to pro-
pose that tellurite complexes (H2TeO3(aq), HTeO3

−, and TeO3
2−) account

for Te transport in someTe-rich systems (e.g., porphyry-epithermal sys-
tems). In situ XAS measurements (Grundler et al., 2013) show that
these tellurite complexes share a trigonal [TeO3] geometry, with the
electron lone pair above the pyramid (Fig. 11). In contrast to sulfur, Te
can form complexes with halides (metal-like behaviour). The EXAFS
study of Etschmann et al. (2016) shows that the square pyramidal
[TeCl4(aq)] complex (Fig. 11) occurs in very acidic brines, but this com-
plex is likely to play a minor role in nature.

Reduced Te species such as H2Te(aq/g) are volatile, partitioning
strongly into the vapour upon phase separation; they probably play an
important role in the formation of bonanza Au–Te ores in epithermal
systems (Cooke and McPhail, 2001; Grundler et al., 2013). Polytelluride
species (e.g., Te2

2−) are expected to be an important form of Te in basic
fluids at high temperatures (e.g., CO2-rich fluids; Fig. 12). Brugger et al.
(2012) showed that polytellurides are indeed stable to high tempera-
tures (599 °C; 800 bar); branched species are stable at low temperature,
and only the Te2

2− dimer remains at high temperature (Fig. 11).

3.17. Rare earth elements, yttrium and scandium

The rare earth elements are well established as petrogenetic indica-
tors for understanding various geological processes, because these 14
elements (La to Lu, often grouped with Y and Sc in geochemistry)
have similar electronic structures. All occur in trivalent form in fluids
and rocks and behave in a coherent manner through geochemical pro-
cesses (Lipin andMcKay, 1989). Fractionation amongREE ismainly a re-
sult of their ionic radii, which decreases smoothly from La (1.18 Å for
CN= 8; Shannon, 1976) to Lu (0.97 Å), following the so-called ‘lantha-
nide contraction’. The exceptions are Eu and Ce, which can occur as
Eu(II) and Ce(IV) under some conditions, and consequently can be
used as tracers of redox processes. This approach is particularly success-
ful for magmatic processes. REE and the so-called Eu and Ce anomalies
are also commonly used in tracking fluid sources and chemistry in
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hydrothermal systems, although the controls on the REE composition of
hydrothermal minerals are complex (e.g., Brugger et al., 2000, 2008;
Migdisov et al., 2016).

Ce(IV) is insoluble at low temperature, and oxidation mediated by
surface catalysis (e.g., Mn(IV) minerals such as birnessite) or microbes
(Moffett, 1990) results in Ce scavenging from fluids. Ce(IV) is not ex-
pected to play a role in hydrothermal transport.

At room temperature, the aqua ions of the light and medium REE3+

(La to Dy) display mainly nine-fold coordination (tri-capped trigonal
prism; Lundberg et al., 2010; Persson, 2010; Persson et al., 2008; Fig.
13). The decrease in ionic radius of the HREE causes a weakening of
the bonding of the capping waters, and a progressive decrease in coor-
dination number to eight for Lu3+ at room temperature.

The hydrothermal geochemistry of REE has recently been reviewed
by Migdisov et al. (2016). REE(III) fluoride complexes are particularly
strong (Migdisov et al., 2009), but due to the low solubility of REE(III)
fluoride minerals, the weaker REE(III) chloride complexes are expected
to dominate in many hydrothermal environments (Migdisov and
Williams-Jones, 2014). REE(III) hydroxide (Pourtier et al., 2010) and
sulfate complexes, and possibly carbonate complexes, may also be im-
portant although their properties under hydrothermal conditions re-
main poorly constrained. Until recently, most of our understanding
regarding REE hydrothermal geochemistry was based on the semi-em-
pirical extrapolations of Haas et al. (1995). In situ XAS studies of REECl3
solutions (REE = La, Nd, Gd, Yb) as a function of temperature (25–
500 °C, P to 2 kbar) confirmed that chloride complexes become more

stable with increasing temperatures, but contrary to theoretical predic-
tions the light REE-chlorides are uniformly more stable than the heavy
REE counterparts from low to higher temperatures (Anderson et al.,
2002; Mayanovic et al., 2002, 2007, 2009a, 2009b). These studies also
demonstrate a general decrease in coordination numberwith increasing
temperature, from ~8 to 9 at 25 °C, to 7 at 500 °C. At 500 °C, REECl2

+ and
REECl3(aq) are predicted to be predominant in these solutions based on
the EXAFS data. These XAS studies are consistent with thermodynamic
studies based on UV–vis and solubility experiments (Migdisov and
Williams-Jones, 2002, 2006, 2007, 2008, 2014; Migdisov et al., 2008,
2009; Williams-Jones et al., 2012), which confirmed that fluoro- and
chloro-REE complexes become more stable with increasing tempera-
tures, with LREE(III) chloride complexes exhibiting uniformly greater
stability than HREE(III) chloride complexes from low to high tempera-
tures. These studies also showed that HREE(III) fluoride complexes are
more stable than LREE(III) fluoride complexes to ~200 °C, but become
less stable than the LREE at higher temperatures. A molecular dynamic
study of La(III) in 14 M LiCl solution at room-temperature suggests
the predominance of an 8-coordinated LaCl2

+ complex, consisting of
two Cl− and six water molecules arranged in a square antiprism geom-
etry (Fig. 13b) (Petit et al., 2008b). TheDFT study of van Sijl et al. (2009)
confirmed that fluoride- and chloride-complexes of REE3+ are stronger
with eight-fold than with nine-fold coordinated lanthanide complexes.

Yttrium(III) has an ionic radius close to that of Ho(III). The in situ
EXAFS study of Ragnarsdottir et al. (1998) showed a decrease in hydra-
tion from 9 to 10 to ~8 upon heating from 25 to 340 °C, and did not re-
veal any chloride complexing (total chloride to 2.53 m). These results
are at odds with the room-temperature Raman study of Rudolph and
Irmer (2015), which found evidence for an 8-fold, square antiprismatic
Y(III) aqua complex, as well as formation of chloride complexes (YCl2+,
YCl2

+) at chloride concentrations N0.2m. The solubility study of Loges et
al. (2013) suggests that Y(III) forms higher order fluoride complexes
than Ho(III) under similar conditions (dominance of YF2

+ versus
HoF2+); such differences can account for the contrasts in the mobility
of Y and REE in hydrothermal systems (Bau and Dulski, 1995; Loges et
al., 2013).

Wood and Samson (2006) reviewed the hydrothermal geochemis-
try of scandium. Compared to REE3+ and Y3+, Sc3+ is substantially
smaller and appears to form much stronger complexes with ligands
such as F− andOH− (Gramaccioli et al., 2000). Furthermore, the hydrat-
ed Sc3+ ion displays an octahedral coordination (Rudolph and Pye,
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2000) rather than 8-fold coordination for HREE3+. There are no experi-
mental data on Sc geochemistry under hydrothermal conditions, but
based on room-T extrapolations, hydroxy complexes and fluoride com-
plexes (e.g., ScF2

+), probably with octahedral coordination at low-T, are
expected to dominate Sc transport in crustal fluids.

The thermodynamical stability of Europium(II) is limited in aqueous
solution at room temperature (only in neutral to basic solutions, and
near fH2(g) = 1 bar). Theoretical extrapolations from room-tempera-
ture suggest that the stability of Eu(II) and its chloride complexes in-
creases with temperature, so that Eu(II) is predicted to be the main
oxidation state of Eu in aqueous fluids at 300 °C (Sverjensky, 1984). Lit-
tle is known about the coordination chemistry of Eu(II) in hydrothermal
fluids. The room-T EXAFS study of Moreau et al. (2002) concluded that
Eu2+ occurs as an equilibrium between a predominant [Eu(H2O)7]

2+

and a minor [Eu(H2O)8]
2+ species. Until recently, there was no experi-

mental data on Eu(II) chloride complexing. Based on comparison with
transition metals, Haas et al. (1995) predicted that the EuCl4

2− complex
is dominant in hydrothermalfluids even atmoderate salinities. In solids,
Eu(II) forms octahedral [EuCl6] (Villafuerte-Castrejon et al., 1997) as
well as seven-coordinate [EuCl7] moieties (Masselmann and Meyer,
1998). The recent in situ (T to 400 °C; P 600 bar) XAS experiments by
Liu et al. (2016) confirmed both the increasing stability of Eu(II) and
the decrease in the total number of ligands coordinated to Eu(II/III)
with increasing temperature. However, previous theoretical extrapola-
tions appear to have over-estimated Eu(II)-halide bonding. Liu et al.
(2016) found little evidence for complexation between Eu(II) and chlo-
ride, even in a 5 m NaCl solution, and could observe Eu(II) halide
complexing only in an hypersaline bromide solution (10 m LiBr), with
up to 1.3(7) Br bonded to Eu(II) at 400 °C. This may not be unexpected,
given the similarity of Eu(II) with the Sr(II) and Ca(II) ions, with respect
to ionic radius, charge, and general chemistry; for these ions the limiting
Cl complexes are SrCl2(aq) and CaCl2(aq), respectively (Liu et al., 2016).

3.18. Uranium and thorium

Uranium. There have been numerous studies on the speciation of U
in aqueous solutions at room temperature as a result of the intensive
fundamental research related to nuclear waste disposal and remedia-
tion of nuclear sites (Burns et al., 2012). Thermodynamic data for
manyUminerals and aqueous species have been compiled in theNucle-
ar Energy Agency data bank (Grenthe et al., 1992; Guillaumont et al.,
2003; http://www.oecd-nea.org/dbtdb/info/publications/). Yet, data
about the speciation and solubility of U in hydrothermal fluids at elevat-
ed temperatures relevant for ore deposition and fluid-coolant interac-
tions are scarce, and reactive-transport thermodynamic modelling of
U in hydrothermal fluids is mostly based on theoretical extrapolations
from room temperature data (Bastrakov et al., 2010; Shock et al.,
1997a).

In nature, U exists mainly in the (IV) and (VI) oxidation states
(Natrajan et al., 2014). Uranium(VI) complexes are soluble and pre-
dominate at moderate to oxidised conditions. Richard et al. (2012)
showed that acid brines (pH 2.5–4.5, T to 150 °C) involved in the forma-
tion of giant unconformity-type U-deposits contained extremely high U
concentrations in the form of uranyl complexes. In contrast, U(IV)
compounds display very low solubilities at relatively low temperatures
(b300 °C; Fig. 14). A few compounds with U(V) have been described
(Burns and Finch, 1999) and U(V) is an important transition state in
bio-mediated U reduction (Renshaw et al., 2005), but the role of U(V)
in hydrothermal U transport remains unknown. As a result of the strong
contrast in solubility between U(IV) and U(VI) minerals, U deposits are
associated with redox barriers, and the most abundant U minerals are
the U(IV) oxide (UO2 − x, uraninite) and U(IV) silicate (USiO4, coffinite).
Deposits of U as U(VI) are related to the low solubility of vanadate and
phosphate U(VI) minerals (e.g., U in calcrete, Mann and Deutscher,
1978). According to the Hard and Soft Acid Base (HSAB) theory
(Pearson, 1963), both U(IV) and U(VI) ions are hard acids and therefore

tend to form complexeswith hard bases such asfluoride, carbonate, sul-
fate and phosphate, aswell as chloridewhich is classified as a borderline
base; however the predominant species are affected by the availability
of these ligands, which is limited by the solubility of minerals such as
anhydrite and apatite.

In acidic solutions at room-temperature, U(IV) exists as a spherical
cation surrounded by 9–10 water molecules in the first coordination
sphere (Frick et al., 2009b; Hennig et al., 2005; Ikeda-Ohno et al.,
2009; Moll et al., 1999; Fig. 14). Molecular dynamic simulations suggest
that formation of hydroxide complexes results in a decrease in coordi-
nation number, although the low solubility of complexes such as
U(OH)4(aq) has so far precluded direct experimental confirmation
(Leung and Nenoff, 2012). Hennig et al. (2005)'s EXAFS data show the
formation of chloride complexes with up to three Cl− and a total of 8–
9 ligands (Cl− + H2O). In dilute sulfate solutions, U(IV) forms the
USO4

2+ complex, which exists both in monodendate and bidentate con-
figurations (Fig. 14b) (Hennig et al., 2007). U(SO4)2(aq) predominates
in high sulfate solutions, but the number of oxygen around these sulfate
complexes cannot be reliably resolved by EXAFS (Hennig et al., 2007),
and no data are available at elevated temperature.

In most U(VI)-bearing compounds and solutions, U exists as the lin-
ear uranyl oxycation, UO2

2+, in which U is strongly bonded to two oxy-
gen atoms in a linear coordination at an average distance of 1.79(4) Å
in solids (Burns, 1999; Burns et al., 1997). The uranyl ion is highly stable,
and its reactivity is dominated by ligand exchange at the equatorial
sites. At room temperature, EXAFS and theoretical studies indicate
that the UO2

2+ aqua ion is surrounded by five equatorialwaters, forming
a pentagonal UO2(H2O)5

2+ dipyramidal structure (Hennig et al., 2005;
Frick et al., 2009a; Ikeda-Ohno et al., 2009; Fig. 15). The original XAS
data presented in Fig. 15 show that the linear structure of the uranyl
ion (UO2

2+) is maintained in a 0.1 m UO2(NO3)2 solution upon
heating, but the number of equatorial oxygens decreased to 3–4 at
350 °C due to the replacement of water molecules by two bidentate
nitrate ions.

The pentagonal dipyramidal geometry is retained by the uranyl chlo-
ride complexes UO2(H2O)4Cl

+, UO2(H2O)3Cl2(aq), and UO2(H2O)2Cl3
−

as well as in fluoride complexes (UO2Fn(H2O)5 − n
2 − n, n = 3–5; Hennig et

al., 2005; Nguyen et al., 2015; Vallet et al., 2001). On the other hand the
hydroxide complex UO2(OH)4

2− has a square bipyramid geometry both
in the solid state and in solution (Vallet et al., 2001). Using Raman tech-
niques, Dargent et al. (2013) found that uranyl chloride complexes
(UO2Cln

2 − n, n= 0 to 5) exist in 0.3–12m LiCl solutions over the temper-
ature range 21–350 °C, and provided formation constants for these
uranyl-chloro complexes. They also attribute the Raman band at
841 cm−1 to an un-identified polyuranyl chloride complex.

Similarly to U(IV), uranyl binds with one or two sulfate groups
(UO2(SO4)(aq) and UO2(SO4)2

2−), both complexes occurring as a mix-
ture of mono- and bidentate forms (Hennig et al., 2007; Fig. 14a,b). In
carbonate solutions, Ikeda et al. (2007) found that UO2(CO3)3

4− pre-
dominates in 1.4 m Na2CO3 solutions; the carbonate groups form
bidentate links to 6 planar oxygens (Fig. 14c). Bailey et al. (2005)'s
EXAFS study found that U(VI) monomer species (UO2(cit)

−) form in
lower citrate/U ratio (b2) and dimer ([(UO2)2(cit)2]

2−) in high citrate/
U ratio solutions, and there was no detectable coordination change
with increasing temperature to 200 °C; beyond this temperature the de-
composition of the citrate was observed. Bailey et al. (2004)'s XAS study
on uranyl acetate complexes at 25–250 °C identified the UO2Ac

+,
UO2(Ac)2(aq) and UO2(Ac)3

− complexes, in which acetate most likely
forms bidentate links to planar O (Fig. 14d).

At much higher temperatures, Peiffert et al. (1994, 1996) reported U
solubility in NaF, NaCl and NaCO3 solutions and fluid-melt partitioning
coefficients at 770 °C and 2 kbar. Uranium(IV) carbonate species pre-
dominate in reduced fluids (Ni–NiO buffer) andU(VI) carbonate species
in oxidised fluids (Fe3O4–Fe2O3, Cu2O–CuO buffers). The importance of
fluoride complexes is illustrated by the fact that U solubilities were up
to 20 times higher in NaF solutions than in NaCl solutions at the same
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density phase, i.e. Cu, Ag, Au and Hg, exist in brines and low-density
supercritical fluids as linear complexes with ligands such as water,
bisulfide, and chloride. Since low density fluids have a low dielectric
constant, neutral complexes are favoured; as a result, water-bearing
‘vapours’ show amuch higher capacity to carry thesemetals than dry
(e.g. CO2 fluids) systems, due to the formation of first-shell coordina-
tion complexes such as [H2O–Cu–Cl](aq/g) or [H2O–Au–HS](aq/g).
The second-shell hydration of these complexes also plays a critical
role in controlling their stability in low-density fluids (Hurtig and
Williams-Jones, 2014b, 2015; Liu et al., 2008; Migdisov et al., 2014),
and this is related to the open geometry of linear complexes.

3. The metalloids As and Sb together with the metal Bi (and possibly Pb)
share a similar coordination geometry characterised by a
stereochemically active lone electron pair and the high stability of
the neutral M(OH)3(aq/g) complex. As a result these metals are also
soluble in low-density ‘vapours’ and are often associated with Cu/Au.

Understanding the coordination chemistry of metal complexes
under hydrothermal conditions is key to improving the reliability of
predictions of reactive-transport models. For example, Etschmann et

al. (2011) showed how coordination chemistry constrains the stoichi-
ometry of possible Cu(I) species with ligand such as chloride and thio-
sulfate, enabling distinction among several different interpretations of
the experiments.Mei et al. (2015b) resolved a long-standing controver-
sy about the nature and stoichiometry of Zn(II) chlorocomplexes using a
coordination chemistry approach to reinterpret existing, apparently
contradictory, solubility data. Mei et al. (2015b) also illustrate the
value of ab initio molecular dynamic simulations for understanding hy-
drothermal reactions; combined with in situ XAS data, these new tech-
nologies underpin a paradigm change in hydrothermal geochemistry by
enabling the development of sound speciationmodels for the (re)inter-
pretation of experimental data using an integrated approach. Such
sound speciation models also support the creation of more accurate
semi-empirical models to predict the stability of aqueous and vapour
species over wide ranges in P and T (e.g., Helgeson et al., 1981).

Changes in coordination of metal complexes are driven by changes in
physico-chemical parameters of hydrothermal fluids as a result of various
geological processes such as fluid mixing, cooling, and mineral–water in-
teractions. In the following sections wewill discuss the effects of temper-
ature, pressure, ligand concentration, pH and redox on the coordination
change of metal complexes, which in turn can cause rapid changes in
mineral solubility, possibly driving phenomena such as ore deposition.

4.1.2. Effects of temperature and salinity

Temperature (e.g., via cooling) and salinity (e.g., via fluid mixing,
phase separation) are two key parameters that can result in rapid
changes in the coordination of metal complexes. Increasing tempera-
ture changes the structure of water and the hydrogen bond network
(e.g., Seward and Driesner, 2004), and thus changes the solvation prop-
erties of metal ions and the geometry of complexes. For example, Fig. 4
shows a rapid decrease in zircon solubility upon heating to 100 °C, due
to the destabilisation of octahedral F-complexes in favour of tetrahedral
F–OH-complexes. This phenomenon also is a key driver of the hydro-
thermal geochemistry of transition metals (Fig. 16). In general, higher
temperatures and higher salinities favour tetrahedral over octahedral
coordination of ions such as Mn(II), Fe(II/III), Co(II), Ni(II), Cu(II),
Zn(II), and Cd(II), as first emphasized by Susak and Crerar (1985). In ad-
dition, the tetrahedral complexes show a higher affinity for chloride li-
gands than the octahedral complexes. In detail, the relative stabilities
of the octahedral versus tetrahedral complexes, as well as the affinity
for chloride, varies from metal to metal. The element pairs Fe/Mn, Co/
Ni, and Zn/Cd are closely associated, due to similar ionic radii and chem-
istry. However, in these examples, Fe(II), Co(II) and Zn(II) display a
greater affinity for the tetrahedral coordination and for chloride, with
the fully chlorinated MCl4

2− being a predominant complex over a rela-
tively wide range in temperature and salinity (Fig. 7); in contrast,
Mn(II), Ni(II) and Cd(II) usually require higher temperatures/salinities
to become fully tetrahedral, and in these cases the fully chlorinated
MCl4

2− complex never/rarely become important in crustal fluids.
Fig. 17 illustrates how these differences in coordination chemistry

cause fractionation among transition metals in shallow hydrothermal
fluids, by looking at the effect on the Ni/Co ratio in pyrite precipitated
from a fluid containing 1000 ppm of each of the metals (see figure cap-
tion for details). Under the conditions of the simulation, Ni and Co both
undergo an octahedral to tetrahedral transition at ~200 °C, which re-
sults in sharp changes in the Ni/Fe and Co/Fe ratios. These ratios are
also relatively sensitive to the fluid salinity, because of the different af-
finities of the Ni(II) and Co(II) chlorocomplexes for chloride ions.

Temperature also has a significant impact on the oxidation state of
some metals in the fluids. Increasing in situ experimental evidence has
shown that for many transition metals with variable oxidation states,
lower oxidation states become stable with increasing temperature: for
example, Au(III) species are stable at room temperature but are replaced
by Au(I) complexes at elevated temperature (Liu et al., 2014; Pokrovski et
al., 2014). Cu(II) is predominant in many natural fluid inclusions at room
temperature, but reverts to Cu(I) when the fluid inclusions are reheated
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(Mavrogenes et al., 2002). Synthetic Cu(II) chloride solutions exhibit a
similar behaviour upon heating (Brugger et al., 2007a; Fulton et al.,
2000a). Europium(II) becomes increasingly stable at high T, whereas
Eu(III) predominates at room T (Liu et al., 2016); similarly the stability
of Fe(III) in aqueous fluids appears to decrease in favour of Fe(II) with in-
creasing temperature (Testemale et al., 2009a, 2016b).

4.1.3. Effects of pH and redox state

pH is a fundamental parameter that has significant impact on the
predominant ligand type and therefore the coordination of metal

complexes andmineral solubilities. By controlling the activity of the hy-
droxide anion (reaction (2)), pH is the key parameter defining the sta-
bility of hydroxide complexes.

H2O ¼ OH− þ Hþ ð2Þ

A classic example is the ‘V’ shaped pH-dependence of ZnO solubility
in water (Benezeth et al., 2002), with high ZnO solubility in low pH
(Zn2+ predominant) and high pH (Zn(OH)3

− predominant) ranges.
Formetals such as Au, Ag, Zn, Cu, Pb or Pd, chloride complexes are the

predominant species in acidic solutions, and bisulfide complexes more
stable in neutral-alkaline solutions (Mei et al., 2013a, 2015a, 2016); in
acidic solutions, less HS− is available for complexing with metal ions:

HS− þHþ ¼ H2S aqð Þ ð3Þ

Therefore, in more alkaline solutions, chloride ions have to compete
with bisulfide and hydroxide species, and for soft metal ions such as
Au+, Au–HS complexes predominate in such mixed-ligand solutions
(Liu et al., 2014). Phillips and Evans (2004) suggested that the high
CO2-contents of ore fluids in many orogenic-type Au deposits reflect
buffering of pH in a range optimal for Au transport as bisulfide
complexes.

Solution pH also impacts the structure of metal-oxyanion acids. For
example, the coordination structure of Mo(VI) complexes changes
from tetrahedral molybdate (MoO4

2−) to a series of octahedral species
(e.g., molybdic acid, MoO3(H2O)(aq)) when pH decreases:

MoO4
2−

tetrahedral þ 2Hþ þ 2H2O ¼ MoO3 H2Oð Þ3 aqð Þoctahedral; ð4Þ

and chloride ligands can replacewater in these octahedral species inHCl
solutions (Borg et al., 2012). As a result of the large difference in ligand
number associated with the change in coordination geometry, reaction
(4) results in large changes in mineral solubility.

Redox reactions affect the oxidation state ofmetals and the nature of
some ligands. Since elements with different oxidation states can have
very different coordination chemistry (e.g., square planar Au(III) versus
linear Au(I); complex Jahn-Teller distorted 4- to 6-fold geometries for
Cu(II) compared to linear complexes for Cu(I)), the reactive-transport
properties of the different ions can be rather different, and contribute
to differences in mineral stability by generating strong changes in solu-
bility across redox interfaces in geological systems (e.g., formation
boundaries; fluid mixing). The redox state of the fluid also indirectly af-
fects the coordination chemistry of hydrothermal systems by control-
ling the nature of the predominant aqueous ligands. Since chloride
and sulfur are the major ligands in natural fluids, for many transition
metals in more reduced fluids the competition is chloride versus bisul-
fide species; in contrast, in oxidised fluids the competition is chloride
versus sulfate, where chloride species are stronger for ‘soft’ metals
(Au, Cu, Zn…), and sulfate species are stronger for some ‘hard’ metals
such as REE (Migdisov et al., 2016).

4.1.4. Effect of pressure

Seward et al. (1981) reviewed the effect of pressure on metal com-
plexation in aqueous fluids, mainly based upon room temperature ex-
perimental data. In the last two decades the accumulation of new
experimental and simulation data allow us to better understand the
pressure factor. The definition of the Gibbs Free Energy is

G P;Tð Þ ¼ Uþ PV−TS ¼ H−TS; ð5aÞ

dG ¼ VdP−SdT þ∑
k

i¼1
μ idNi closed systemð Þ ð5bÞ

where U is the internal energy, H the enthalpy, S the entropy, and μi is
the chemical potential of species I with concentration Ni. So the first
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(Mei et al., 2015b):

ZnCl3 H2Oð Þ½ �
−

¼ ZnCl3½ �
−
þ H2O½ � ð10Þ

In reaction (10), the entropy term favours the right side, explaining
the increasing fraction of the trigonal planar species compared to the
four-fold complex with increasing temperature (Fig. 7f).
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collected at the FAME beamline, European Synchrotron Research Facility (ESRF), in fluorescence mode using the autoclave illustrated in Fig. 2.
Data collection and data analysis as in Mei et al. (2015b).
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1.4.3 The autoclave equipment installed at FAME beamlines

Collaborations:

• Local: FAME staff (E. Lahera, W. Delnet, I. Kieffer, O. Proux)

As a complement to the above review, and to comply with the objective of this section to summarize
the last 15 years studying metal speciation by XAS, figure 1.10 is an adaptation of the figure 16 from
reference [25] above, that visually shows the different elements that were investigated in this period with
our equipment at FAME beamlines. Transition metals and metalloids are the most investigated, and the
trend is now on Rare Earth Elements and Lanthanides (see the perspectives further down). A study was
also recently published (independently from me and my collaborators) by B. von der Heyden in Ore
Geology Reviews [42] which (sic) “seeks to critically review and highlight the power and affordances
of synchrotron X-ray techniques specifically to the fields of fundamental- and applied ore geology”. In
this work, the author compiled a database of the ore related studies which made use of synchrotron
techniques. From this database it is indeed obvious that from year 2005 the most used beamline in that
scientific field is FAME (BM30-B at ESRF). The reason is quite simple: we took our autoclave set-up which
was operational, and made it available to the users of the beamline. And from that period, the many
requirements by the users and thousands of hours of operation forced us to improve its safety, its reliability,
its user-friendliness, its cost effectivity, etc. These improvements in turn motivated the users to come
back, and so on. FAME beamlines are a national CNRS Earth Sciences platform, and as such we are
firm believers in the relevance and effectiveness of open access and collaboration. Based on his quite
exhaustive database (available as a spreadsheet in the supplementary material of the publication [42]),
B. von der Heyden concludes that

“certain beamlines are favoured for ore related research because their associated end-
stations are equipped with unique experimental equipment or with unique detectors. From the
compiled database (Supplementary Material), BM30-B at the ESRF is the most highly utilised
beamline for ore related research. This is attributed to the large number of XANES and EX-
AFS experiments that have conducted at this beamline using the available high pressure/high
temperature autoclave equipment (Fig. 6a; (Testemale et al., 2005)). These experiments in-
vestigate the solubility, redox chemistry, and coordination environment of metal ligand com-
plexes under temperature and pressure conditions typical of ore-forming hydrothermal fluids
(e.g., 30–600 °C and 0.1–200 MPa). This experimental design has been useful in establishing the
stability and complexation behaviour of complexes of gold (Pokrovski et al., 2009a,b, 2015),
platinum group elements (Bazarkina et al., 2014; Mei et al., 2015a; Scholten et al., 2018), and
copper (Brugger et al., 2007; Liu et al., 2008; Etschmann et al., 2010), as well as a host of other
elements of economic interest (see Supplementary Material)”.

Finally, this HDR manuscript also provides an opportunity to establish the statistics of the usage of our
set-up at FAME (and FAME-UHD beamlines). Figure 1.11 shows the number of publications involving the
use of our autoclaves in the period 2000-2019: that’s a total of 71 publications (I co-authored ~60 of
them). A complement to this statistical analysis is to consider our 2005 technological publication that
describes our autoclave [43]: it has been cited 75 times since 2005. Finally, in the period 2002-2019 where
FAME was fully operational, ~100 experiments (~6 days each) using the autoclaves were conducted on
our beamlines.
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Figure 1.10: Periodic table adapted from reference [25] to highlight the metallic elements that were
studied by XAS at FAME and FAME-UHD beamlines in the last 15 years, making use of our autoclave
installation.
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Figure 1.11: Blue: Number of publications that involve the use of our autoclaves at FAME or FAME-UHD
beamlines. Orange: Number of publications (that I co-authored) and which involve the use of our
autoclaves in non-XAS experiments (Raman, IXS, SAXS, HP synthesis, etc.). The numbers for the period
2000-2004 include the studies that used the previous version of the autoclave, and the experiments
conducted on the BM32 EXAFS station before it was moved on BM30B-FAME.



Chapter 2

High-pressure and high-temperature
technological developments.

2.1 Context

The scientific rationale behind the technological development of autoclaves has been established above
in the chapter dedicated to XAS studies of hydrothermal metal transport. It can be synthesized in 3 ideas:
the in situ study of hydrothermal fluids of metallogeny relevance, by spectroscopy. The corresponding
technological challenges can be summarized as follows:

Hydrothermal fluids These fluids are under high pressure and temperature which require the use of spe-
cific materials; the fluids can be chemically reactive with the sample holder; their densities
cover a wide range from liquid to vapor [0.1-1] g.cm−3 in the same experimental run; the metal
concentration relevant for transport studies can be very low (10s of ppm).

Spectroscopy Windows need to be used in the autoclave in order to collect photons; for XAS studies,
X-rays energies as low as 5 keV are considered, strongly absorbed by the HP/HT materials
mentioned above.

In situ The need for in situ measurements is challenging by itself (HT/HP, potential chemical reactiv-
ity of fluids, etc.), but it is made even more complex by the necessity of precise and stable
pressures and temperatures.

Recently I co-authored with J. Brugger a section of the upcoming volume of International Tables of Crys-
tallography dedicated to XAS (and related techniques) [2]. It is entitled “Reaction cells” and describes
the use of cells for the in situ study of fluids at elevated temperatures and pressures (both old designs
and the current set-ups), the related experimental constraints that need to be addressed in the design
of cells, and some scientific applications. This manuscript was accepted almost 2 years ago (but the
publishing timescale of International Tables is very slow): I include it here because it is very useful to de-
scribe the context of the technological development of autoclaves.

Key ideas of the publication:

I highlighted (yellow) some interesting ideas. In particular, what I consider the very distinctive
features of this manuscript are:

• it constitutes a comprehensive listing of existing design for in situ spectroscopic cells, with
attention given to detailing their advantages and disadvantages;

• Figure 2 is an original figure that describes the ranges of pressure and sample volume
for existing reaction cells. It also includes the footprint of typical synchrotron beams to
highlight the importance of beam/sample volume ratio in order to limit beam damage...

• ... which is discussed in a dedicated paragraph.
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2.2 The Néel autoclave

Collaboration:

• Local: Néel Institute X’Press technological group (A. Prat, R. Bruyère, C. Bouchard, C. Goujon, M. Legendre)

• Local: FAME staff (E. Lahera, W. Delnet)

Supervision:

• S. Neufselle, M1 trainingship (Joseph Fourier University, 2011)

• M. Louvel, Swiss National Science Foundation post-doctoral (2011-2012)

• L. Creon-Bocquet, ANR post-doctoral (2015)

A preliminary remark needs to be done: if it was not for the Néel Institute (department PLUM, for-
merly the ’Laboratoire de Cristallgraphie’) and the FAME beamlines, and all the technical staff there,
the development of our autoclave set-up would have been impossible. Indeed, the expertise in high
pressure technology at Néel Institute and FAME beamlines is second to none, in particular within the staff
of the dedicated technological pools (X’Press pole). This strong HP activity mirrors the very active and
collaborative HP community in France, structured in the ’Réseau des Hautes Pressions’1, which regularly
brings together the HP community (once every two years) during the national HP conferences, ’Forum
des Hautes Pressions’: I attend them assiduously to benefit from sharp expertise, up-to-date information,
and a friendly atmosphere.

2.2.1 Introduction, general principles

The design of the autoclave was done during the period of my PhD, which led to our major publication of
2005 [43] (included below). During the ~5 following years an intense development followed, in particular
with a constant improvement of the internal cell that holds the sample, both in terms of geometry and
materials. Since then, the regular use of the autoclave on FAME and FAME-UHD beamlines, and the
challenging experimental conditions explored by the users, are the driver for a constant optimisation.

In this section of the manuscript, I chose to include below the 2005 publication about our autoclave,
because it explains clearly the technological principles of its design. In the following sub-sections I briefly
highlight some key ideas of both its design and its usage. Finally, a short description of the new version of
the autoclave is done.

Key ideas of the publication:

I highlighted (yellow) some interesting ideas. In particular, what I consider the very distinctive
features of this manuscript are:

• the design of the HP windows (Be material and large solid angle) allows for very good
data collection, and the 3 windows enable to collect transmission and fluorescence data
simultaneously;

• pressure and temperature are controlled independently (sample volume is not constant):
the P-T phase diagram can be explored more easily;

• thanks to 2 different X-ray and optical set-ups, the autoclave is very versatile and can be
used for many absorption, scattering and optical techniques.

1www.reseauhp.org/

www.reseauhp.org/










suggests an evolution of the number of oxygen neighbors

around the Fe3+ ion. The evolution of the frequency of the

oscillations indicates an evolution of the Fe–O distance. This

structural modification could also be accompanied with an

ion pairing effect between Fe3+ and Cl− ions as it is observed

in these conditions of temperature and pressure.
5,6,18–20

All

these first EXAFS qualitative results are confirmed by the

inspection of the XANES spectra in Fig. 8. XANES spec-

troscopy is a powerful tool to elucidate the precise three-

dimensional structure of a molecular cluster. It provides also

for additional electronic information on the absorbing atom.

This XANES spectroscopy was recently applied to the study

of the hydration of ions
21,22

and of molecules in supercritical

conditions.
23

In the latter reference, authors used the cell

presented here for part of the measurements. In Fig. 8, the

change in the shape of the spectra suggests a modification of

the environment of FeIII at high temperatures. This change is

most likely due to a modification of the oxygen shell around

the iron ion.
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FIG. 7. EXAFS k23xskd oscillations extracted from the fluorescence spec-
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three temperatures: 30 °C is the lowest and 375 °C the highest temperature

analyzed.

FIG. 8. XANES spectra of the FeCl3 aqueous solutions at 300 bar at three

temperatures. The spectra have been normalized to the density of the sol-

vent.
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2.2.2 Design and usage highlights

In complement to the above publication, in this sub-section I succinctly highlight a few important design
and usage ideas that have come up along the 15 years of use of the autoclaves. Here again the idea
is to critically review this period and synthesize the main strengthes and weaknesses of our technology.
Some of them were already touched upon earlier in this manuscript, but I still find worthwhile to list them
here, in order to make this technological chapter complete and self-consistent.

Glass-like carbon internal cells: the use of glass-like (or glassy) carbon was a real game changer that
opened the possibility of low X-ray energy spectroscopy. Before its introduction in 2005, we used
to make internal cells in alumina but the strong absorption of X-rays of this material imposed to
machine the cells down to very thin thickness: the process was complex, not reliable, time consum-
ing, and the resulting cells were fragile. By comparison, glassy carbon is much more transparent
to X-rays, is (kind of) cheap, easy to machine, inert chemically, and has low impurities. This point
is explained in the section of International Tables of Crystallography (included above). In short, if it
was not for this material, XAS experiments below ~9 keV would have been impossible, i.e., no ac-
cess to 3d transition metals. The main drawbacks of glassy carbon in the context of hydrothermal
geochemistry is its chemical reactivity with sulfur rich solutions, and its oxydation/destruction above
700°C in aqueous solutions.

High-pressure windows material As explained in our publication [43] (included above), beryllium is best
for its low X-ray absorption and mechanical resistance. In our design the HP windows are not in con-
tact with the sample and are constantly cooled: so they are totally safe (no beryllium-related risks)
and have a long life. Nevertheless, the (very) annoying problem with beryllium is the high impuri-
ties content: the figure 2.2.2 (left) shows a fluorescence spectrum of different HP windows material,
where it is obvious that the beryllium one contains many impurities, in large quantities; and most of
them are relevant elements for hydrothermal geochemistry. These impurities add a parasitic signal
in measurements acquired in transmission through the HP windows, as it is visible in figure 2.2.2 (right,
the red curve is the signature of Be windows at the copper K-edge), and thus harms the signal
quality from the sample (black curve).
Because some specific experiments needed a very clean base line, for example in the case of
very low metal concentrations, we designed and built some glassy carbon HP windows to take ad-
vantage of the purity of this material (figure 2.2.2, left), its low absorption and low cost. However
assessing its mechanical resistance was a bit “terra incognita” as we didn’t know of any HP equip-
ment built in glassy carbon. It did work and was published in reference [44]. Figure 2.2.2 (right)
shows that the low signal from low concentration samples can be measured in transmission (blue
and green curves), whereas it could not have been extracted reliably otherwise (red and black
curves).

Beam damage and sample volume One interesting feature of our set-up is the (relatively) large sample
volume, in the range [0.05-1] ml. It allows to load and unload easily the samples, to load milli-
metric solid samples (for dissolution experiments, or mineral buffering), to recover liquid and solid
samples for post mortem analysis, and also to ensure that the sample/beam volume ratio is large.
The importance of having such a large ratio to avoid beam damage (or redox modification of the
sample) has already been discussed in this manuscript: in our recent review [25], which is included
in section 1.4 (page 51 of this manuscript), the discussion about beam damage can be found
page 223 of this publication; and just above in our “International Tables of Crystallography” contri-
bution, included in the section 2.1 (page 91) of this manuscript. In the latter publication, figure 2 is a
compelling demonstration that autoclaves have usually a more favorable volume ratio sample vs
beam size.

HP and HT stability The temperature control is done with a resistive heater: this is a classical design that
is easily and reliably regulated. On the contrary, the pressure control is more complex, and specific
valves and a regulation apparatus were developed at Néel Institute: see reference [45]. This system
was optimised over the years for the following reasons.
In the case of aqueous samples, the stability of pressure and temperature regulation over time (i.e.,
during measurements) is crucial. This is especially true in the case of experimental conditions where
the sample density varies strongly with P and T. Indeed, in our set-up (autoclave+FAME beamline
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Figure 2.1: Figures extracted from reference [44]. Left: Fluorescence spectra from monocrystalline and
polycrystalline diamonds, glass-like carbon and beryllium. The acquisition time is 1200s for all spectra and
they are normalized to the rhodium source L alpha and beta fluorescence intensity. The elements indi-
cated in red correspond to the tagging of the fluorescence peaks of the beryllium impurities; beryllium
is polycrystalline not textured and does not diffract. The diamond spectra contain only diffraction peaks
over an inelastic background. Right: Absorption spectra measured in transmission of 4.5 mm beryllium
and dome shaped glass-like carbon windows, with and without a 250 ppm Cu(II) solution in the auto-
clave. The spectra were flattened and aligned at 8960 eV for clarity and comparison purposes.

acquisition chain), we can detect very small variations of the sample density: about ±0.001 g.cm−3.
This is all nice and good when one wants to measure densities with precision, but is less than ideal
when the sample density oscillates during a measurement, and this variation translates into signal
oscillation as well: EXAFS is all about oscillations, so parasitic ones should be removed at all cost.
As an example, for a measurement done at 300 bar/400°C on an aqueous sample (the density of
which is considered equal to that of water), a variation of its density of ±0.001 g.cm−3 corresponds
to a variation of 0.2 bar: in other terms, to avoid a parasitic oscillation in the XAS data, a stability of
±0.2 bar or better is needed, which is about what we manage to do (see figure 2.2).

Visual observation As described in the original publication [43], the versatility of the autoclave set-up
relies on the possibility to swap the materials of the HP windows and internal cell. Basically, there is
an “X-ray configuration” that consists of beryllium windows and glassy carbon cells, and an “optical
configuration” that consists of sapphire windows and cells. The latter allows for visual observation
of the sample which is useful in some situations where it helps conducting the running experiment:
tracking the color change of the sample, monitoring the melting of a solid sample, checking the
position of liquid and vapor during a phase separation, simple curiosity, etc. In figure 2.3 three
pictures of a phase separation in water are showed as an example.

2.2.3 Autoclave MarkII

Collaborations:

• ISTO Orléans (R. Champallier, A. Slodczik)

This is a brief paragraph about the recently developed new version of our autoclave. No technologi-
cal detail are given here, only a summary and a scientific example.
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Figure 2.2: Variation of the pressure in the autoclave, regulated by the control system described in [45].

Figure 2.3: Visualisation of the phase separation of water occuring at 200 bar/365°C. Top and bottom
pistons are visible, the sample is between the pistons in the clear area.

The objective of designing a “MarkII version” of our set-up was mainly to improve two thermal aspects:
better internal geometry for a smaller temperature offset, and better efficiency to reach higher tempera-
tures). Some small improvements were also added to the different elements, either practical or cosmetic.
What is interesting to note after about one year of use is that all the new equipments, even some with a
familiar design (like here), need some commissioning and tuning. Maybe we are spoiled by the routine,
reliable and friendly use of the “MarkI” version, but each new technological change or improvement
indeed needs to be optimised. Nevertheless, even if some modifications still need to be done, the goals
are mostly reached with clearly a better thermal behaviour, and new scientific possibilities.

We now use this new version for all autoclave experiments, including the “classical” measurements
of aqueous solutions below 600°C; but here I show a scientific example to illustrate the new possibilities
offered by the better thermal capacities, a study conducted by M. Louvel (Münster University) in col-
laboration with us. The general idea is to study metal speciation in magmatic fluids and melts, i.e., to
transfer our methodology to higher temperatures and to fluids deeper in the crust. In this specific study,
the goal was to evaluate how much bromide could transfer from the fluid (the initial aqueous sample
was a NaBr aqueous solution) to an haplogranite melt. Figure 2.4 shows the geometry of the internal
assembly that enables to collect both transmission and fluorescence signals from both the fluid and the



CHAPTER 2. HIGH-PRESSURE AND HIGH-TEMPERATURE TECHNOLOGICAL DEVELOPMENTS. 115

Figure 2.4: Graphical summary of M. Louvel’s experiment to study Br speciation in magmatic 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 glass sample
inside; 5: bottom piston. Right: 2D cartographs of the sample at 1 kbar/250°C (left) and 1 kbar/650°C
(right). The circular shape corresponds to the entrance HP window accessible to the photons: the top
half of this shape shows the fluid, the bottom half shows the top part of the bottom piston, with the cru-
cible fully visible. The cartographs are obtained either by transmission measurements (density contrast,
top row), or by Br fluorescence signal (bottom row).

melt. The figure also displays the 2D cartographs that were measured, and on which the fluid and melts
are clearly distinguishable, with the respective presence and absence of bromide. XAS spectra were
also collected in both phases.

This was a preliminary experiment, already successful and promising, and which immediately pro-
vided for numerous areas of improvement that are underway.

2.3 Autoclave collaborations

We often describe our equipment as being versatile. In this section I wish to document this aspect by
describing briefly several studies that used our autoclaves differently from the classical “XAS of hydrother-
mal aqueous solutions” configuration, that I mainly discussed in this manuscript. All these works needed
specific technological developments. For each example I describe the scientific background context
(by copying elements of the publications), and also list the key technological elements/tools that proved
beneficial to the experiments.

2.3.1 Generation of organic compounds in hydrothermal fluids

Collaborations:

• IFREMER, Brest (C. Konn, J. Querellou)

The global scientific context was the study of the abiotic production of hydrocarbons in the Earth’s
crust. The specific objective of this experiment was to determine the chemical products of hydrother-
mal degradation of biomass (conducted in our autoclave) and compare it to the nature of organic
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compounds that are found above Mid-Ocean Ridge hydrothermal systems. The abstract of the publica-
tion [46] reads:

Experiments on hydrothermal degradation of Pyrococcus abyssi biomass were conducted at
elevated pressure (40 MPa) over a 200–450°C temperature range in sapphire reaction cells.
Few organic compounds could be detected in the 200°C experiment. This lack was attributed
to an incomplete degradation of P. abyssi cells. On the contrary, a wide range of soluble or-
ganic molecules were generated at temperatures >350°C including toluene, styrene, C8–C16
alkyl-benzenes, naphthalene, C11–C16 alkyl-naphthalenes, even carbon number C12–C18
polycyclic aromatic hydrocarbons, C15–C18 alkyl-phenanthrenes and C8:0–C16:0 n-carboxylic
acids. The effect of time on the final organic composition of the degraded P. abyssi solutions at
350°C was also investigated. For that purpose the biomass was exposed for 10, 20, 60, 90, 270
and 720 min at 350°C. We observed a similar effect of temperature and time on the chemi-
cal diversity obtained. In addition, temperature and time increased the degree of alkylation
of alkyl-benzenes. This study offers additional evidence that a portion of the aliphatic hydro-
carbons present in the fluids from the Rainbow ultramafic-hosted hydrothermal field may be
abiogenic whereas a portion of the aromatic hydrocarbons and n-carboxylic acids may have
a biogenic origin. We suggest that aromatic hydrocarbons and linear fatty acids at the Rain-
bow site may be derived directly from thermogenic alteration of material from the sub-seafloor
biosphere. Yet we infer that the formation and dissolution of carboxylic acids in hydrothermal
fluids may be controlled by other processes than in our experiments.

The 2 important experimental requirements were:

• the need to pressurize/heat and later de-pressurize/cool very quickly in order to reproduce the
expected natural scenario of biomass suddenly carried away by seafloor hydrothermal circulation:
we managed to reach increasing rates of 600 bar/min and 660°C/min;

• the necessity to recover the fluid samples to analyse them by gas chromatography mass spectrom-
etry: the very tight diameter specifications of our sapphire cells ensure that no fluid is lost when
unloading and can be collected post mortem, as shown in figure 2.5.

2.3.2 Microbial redox transformation of metals under subsurface pressure and temperature
conditions

Collaborations:

• University of Nevada, Las Vegas (A. Picard), LGL, Lyon (I. Daniel)

The global scientific context was the study of geochemical redox cycles of metals under the oceanic
subsurface, and the potential role of microorganisms. The specific objectives of the experiments [47,
48, 49] were the monitoring by XAS of the intensity and kinetics of reduction of selenium and iron by
microorganisms under high pressure, in order to estimate the pressure range of their redox activity. The
abstract of the publication [47] reads:

The impact of deep-subsurface pressure conditions on microbial activity is still poorly con-
strained. In particular it is unknown how pressure of deep environments affects microbial trans-
formations of iron. We investigated the effects of high hydrostatic pressure (HHP) on the rate
and the extent of bacterial dissimilatory iron reduction (DIR). We employed a novel experi-
mental setup that enables in situ monitoring of Fe oxidation state and speciation in bacterial
cultures in an optimized HHP incubation system using X-ray Absorption Near-Edge Structure
(XANES) spectroscopy. The iron-reducing bacterium Shewanella oneidensis MR-1 was incu-
bated at 30°C with Fe(III) citrate and tryptone at pressures between 0.1 and 100 MPa. For
pressures up to 70 MPa strain MR-1 (108cells ml−1) was able to reduce all 5 mM Fe(III) provided.
Above 70 MPa, the final amount of Fe(III) that MR-1 could reduce decreased linearly and DIR
was estimated to stop at 109 ± 7 MPa. The decrease in the reduction yield was correlated
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Figure 2.5: Figure and legend extracted from reference [46]. On the right, schematic view of the internal
cell that contains the sample. (1) Top and bottom sapphire pistons with a sealing silicone ring visible
on each; (2) sample room between top and bottom pistons (2 cm maximum in our experiments); (3)
sapphire tube (partly cut for clarity reasons). The total length of the cell is 85 mm. The internal diameter
is 5 mm. On the left, picture of the internal cell before (A) and after a degradation experiment at
350°C⁄40 MPa (B) and 200°C⁄40 MPa (C). The arrows show the sample room between the two pistons.
One can see the evolution of the sample: blurred before degradation, clear after (B) and frothy when
treated at low temperature 200°C (C). A helium bubble is visible in (B).

with the dramatic decrease in survival (as determined by CFU counts) above 70 MPa. The ini-
tial rate of DIR increased with pressure up to 40 MPa, then decreased to reach zero at about
110 MPa. Increased rates of DIR activity and relatively high growth rates for pressures below
40 MPa would potentially ensure the maintenance of MR-1 in most of deep subsurface envi-
ronments where moderate pressures occur, i.e. deep-sea environments. This study not only
provides the first in situ quantitative results for microbial iron metabolism under HHP conditions
but also sets the stage for future investigations of deep-sea pressure-adapted iron reducers.
Moreover it demonstrates for the first time that XANES at the Fe K-edge is a powerful probe for
in vivo monitoring of iron transformations in living microbial cultures.

The 3 important experimental constraints were:

• the necessity to recover the fluid samples in order to do post mortem cell counting;

• the metal concentrations were low (about 250 ppm of iron for example) and the iron impurities of
beryllium HP windows would impair the signal quality, all the more so as only one XANES spectrum
(i.e., low statistics) could be measured in order to limit beam exposure (see below): this study trig-
gered the design of glassy carbon HP windows that could hold 2000 bar (the maximum pressure that
would be explored), which were mentioned earlier in this manuscript (in section 2.2.2, page 112);

• the necessity to limit beam exposure and increase the volume ratio sample/beam as much as
possible, otherwise the beam damage on cell activity would bias the results. The users’ previous
experiments were conducted with diamon anvil cells (DAC) where this ratio is much less favorable,
but given that experiments were conducted at room temperature sample volumes as large as 1ml
could be used (compared to the 100 nl, at best, in DAC). This aspect was already discussed earlier
in this manuscript.
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2.3.3 Solvothermal synthesis of size-controlled single-nanocrystals and in situ monitoring

Collaborations:

• Néel Institute, Grenoble (G. Dantelle, A. Ibañez)

The global scientific context of this on-going collaboration is the synthesis of size-controlled doped
nanocrystals that can be used in LED technology and nanothermometry. This collaboration is rich [50,
51, 52] and consists of several axes of research. The abstract of reference [52] is a good summary of the
objectives and first results:

Ce3+-doped Y3Al5O12 (YAG:Ce) nanocrystals were synthesized by a unique solvothermal method,
under sub-critical conditions. A home-made autoclave was used, operating in a larger pres-
sure and temperature range than that with conventional commercial equipment and allow-
ing direct in situ photoluminescence (PL) and X-ray absorption characterizations. The study
of various synthesis conditions (pressure, temperature, precursor concentration, reaction time)
allowed the best reaction conditions to be pinpointed to control YAG:Ce nanocrystal size,
as well as crystal quality, and to get efficient optical properties. Without any post thermal
treatment, we succeeded in obtaining well- crystallized YAG:Ce nanocrystals (30–200 nm),
displaying typical PL properties of YAG:Ce with a maximal emission at 550 nm. The pristine
100 nm-sized YAG:Ce nanoparticles present an internal quantum yield of about 40±5%. In situ
X-ray absorption near edge spectroscopy demonstrates the presence of Ce4+ in nanocrystals
elaborated at high temperature, resulting from the oxidation of Ce3+ during the crystallization
process.

The important experimental features (that, again, prove the versatility of our set-up) are:

• Despite the low sample volume in our autoclaves (compared to the milliliters available in commer-
cial autoclaves), the quantity of products that are recovered (synthesized nanoparticles) is enough
to permit post mortem analysis (TEM, photoluminescence, etc.), see figure 2.6.

• What initiated this work was the need for a synthesis autoclave that would allow for a better con-
trol of synthesis parameters: indeed the conventional commercial autoclaves can usually only be
heated and the pressure would build up autogenously and varies along with the evolution of the
chemical reactions. Immediately, the possibility to use higher pressures improved the crystallinity of
the particles (figure 2.6).

• In situ characterization. After this initial synthesis step, the logical next step we explored was in situ
optical characterization through the HP windows: photo-luminescence measurements and visu-
alization (figure 2.6). And obviously we proceeded to in situ XAS measurements to quantify the
hydrothermal oxydation of Ce3+ to Ce4+ in doped nano-YAG:Ce (figure 2.6). Eventually, very recent
in situ DLS (Dynamic Light Scattering) measurements were also conducted successfully.

2.3.4 Technology transfer

Finally, I also collaborated with research teams interested in copying our autoclaves. I reckon there is
room for everyone, and withholding information is never a good solution in the long term. Several groups
of research approached us and managed to develop their own version of our set-up, among which:

• Adelaide University: J. Brugger et al. designed and commissioned in 2010 a similar autoclave to be
installed on the XAS beamline of the australian synhrotron [53].

• Münster University: S. Klemme and his collaborators have been building and have recently commis-
sioned their own version of the autoclave.

For information, it is interesting to list the elements where they chose to use exactly the same elements
as in our design: pressure regulation system, beryllium windows, glassy carbon cells. This is in line with the
technological features that I highlighted above, and confirms their importance for the success of such
hydrothermal experiments.
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Figure 2.6: Top, left: Picture of the sapphire cell after a synthesis; the sample is fully recovered, both
the transparent fluid phase and the solid white phase made of nanoparticles. Top, right: TEM images of
synthesized nanoparticles YAG:Ce; different experimental conditions lead to different size characteristics.
Bottom, left: picture of the sample volume in the autoclave during a synthesis, at 200 bar/350°C; the
smoke-like texture in the fluid is formed by growing nanoparticles, their photoluminescence is at the
origin of the orange tint. Bottom, right: in situ XANES spectra measured in the autoclave at FAME-UHD
beamline (blue) and the corresponding linear combination fits (red) which allow for the quantitative
determination of the Ce3+/Ce4+ ratio. The oxydation of Ce3+ is demonstrated.



Chapter 3

Beamline scientist

Supervision:

• the beamline users!

This is a peculiar chapter, since it doesn’t describe a scientific topic on its own, but still describe a real
scientific activity. I’m involved at the FAME and FAME-UHD beamlines as a scientist. I don’t mean to detail
whithin this manuscript the day-to-day actions and requirements, but I’d rather take this opportunity to
ponder the relevance for a CNRS research scientist to occupy this specific position. Indeed, a big part of
the job is to provide user support, but not only...

3.1 User support

The role of user support (commonly known as “local contact”) consists of helping the users of our beam-
line at the different stages of their experiment:

Before the experiment feasibility assessment, writing of the proposal, preparation of the experiment (me-
chanical integration, optimal sample preparation, planning, etc.);

During the experiment setup of the beamline (optics, sample environment), technical and/or method-
ological and/or strategical and/or psychological support;

After the experiment spectra analysis, publication.

Obviously the involvement of the beamline scientist depends on the expertise of the users: new users
clearly need guidance to conduct their experiment in good conditions and make the best of their
precious beamtime; whereas a long-time experienced synchrotron veteran needs mainly a correctly
aligned beamline, a properly documented wiki page, and coins for the coffee machine. This “local
contact” function clearly matches my curriculum (physics engineering school + PhD), skills and personal
taste; which is a prerequisite for being doing this job for 15 years now. Another attractive aspect of this
synchrotron work is the different timescale than in the laboratory: experiments usually run for one week,
24/24, and such a time pressure is both challenging and invigorating... as long as it is well balanced with
more thoughtful laboratory periods.

3.2 Outreach and teaching

Outreach communication and teaching are crucial elements of the scientific activity of FAME beamlines.
We interact with 2 types of students/visitors: non specialists curious about the large facilities (and ESRF)
and looking for a general visit of the installations, and scientists specifically interested by the possibility to
conduct a synchrotron experiment and XAS in particular. I’ll also discuss autoclave teaching.

General visit Synchrotron installations (and large facilities in general, such as the ILL neutron source on
the same EPN campus as ESRF) attracts quite a lot of curious students/scientists/people. The reasons

120
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are manifold. First such large installations are noticeable, both visually (the EPN campus is located in
the city and is quite peculiar with the CEA formerly doing nuclear research, the ILL nuclear reactor
and the synchrotron with its donut shape) and economically because they drain a lot of public
money. Then, they are interesting to visit for the large number of trades and specific technical jobs
involved, not only purely scientific. Finally, Grenoble universities are particularly active, in many
scientific courses, in including the X-rays and neutrons tools available at Grenoble.
For this type of visits, ESRF is very well prepared and I regularly organize visits, and interact with the
ESRF communication group.

Synchrotron and XAS introduction For scientists interested in doing synchrotron experiments, and in par-
ticular XAS measurements at FAME, it goes beyond a simple visit and is real teaching with more time.
First I’ve been teaching within the european HERCULES course1 for 12 years now. Then, FAME has
been organizing a one week teaching course2 since 2004. It includes lectures (XAS, detectors, op-
tics, etc.), practicals on the beamline (beamline set-up, measurement) and analysis tutorials (EXAFS
and XANES). Our idea was both to demystify access to synchrotron (which can be a bit intimidating
and difficult for scientists with no experience), and to train power users who would then make their
FAME experiments smooth, and who would also preach the XAS and FAME word in their respective
labs.
This teaching is a very efficient way to interact with the community and facilitate the access to
FAME beamlines, and as such is an important aspect of my position as a beamline scientist. The
constant filling of our workshop is also an indication that there is clearly a need for XAS teaching in
France.

HP autoclave teaching Whithin our FAME training course we introduce the use of autoclaves among
other sample environments, but it is definitely not a proper workshop. Another teaching chan-
nel is through the biennial french HP workshop/conference organized by the “Réseau français des
hautes pressions”3, where we regularly communicate and demonstrate our autoclaves; but we
hardly reach “autoclave newbies” because the attendees are mainly HP (french) scientists already
experienced. Finally, ESRF recently organized a one week workshop to train the (established or po-
tential) users to the use of HP equipments, through lectures, scientific highlights, and practicals; we
were involved for the autoclaves. This was an interesting opportunity in terms of teaching and inter-
action with the users, but also because the attendees were coming mainly from foreign countries
and were not aware of our autoclaves. It turns out that in this small panel of HP users Diamond
Anvil Cells (DAC) were the stars of the show and the corresponding workshops could not accept
all the registrations; on the contrary our autoclave practicals did not attract a lot of students (the
ones we had ticked autoclaves mainly as a second choice). This is an interesting outcome, which
shows that the autoclave community might be much smaller that the higher pressure ones (DAC,
Paris-Edinburgh, etc.), or that more communication needs to be done outside France.

3.3 XAS database

Collaborations:

• OSUG (B. Schmitt, P. Bollard, D. Albert)

Over the period 2015-2019, I have carried the project of setting up a spectral database for FAME and
FAME-UHD. The motivation was two-fold:

• to fill the database gap in the field of X-ray absorption spectroscopy. Indeed, some databases exist
but there are few of them [54, 55], and the description of the samples is often too vague for the
spectra to be effectively reused, leading users to measure very regularly the same references and
thus leading to a loss of overall beam time;

1http://hercules-school.eu/
2www.esrf.eu/home/UsersAndScience/Experiments/CRG/BM30/fame-training-course.html
3www.reseauhp.org/

http://hercules-school.eu/
www.esrf.eu/home/UsersAndScience/Experiments/CRG/BM30/fame-training-course.html
www.reseauhp.org/
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• to anticipate the current political trend requiring data to be made public (Europe is gradually im-
posing the concept of FAIR: Findable Accessible Interoperable Reusable data); but our objective
was also to go beyond this, and to ensure that the data are indeed accessible, but also reusable,
indexed and containing sufficient detail to serve as a repository for sets of spectra (useful for calcu-
lation codes using artificial intelligence methods, for example). I think that meeting these require-
ments is essential for a national instrument, and this was lacking on FAME.

We chose to join the SSHADE project 4, led by Bernard Schmitt (IPAG, Grenoble): this database infrastruc-
ture hosts spectral data from many types of materials (minerals, meteorites, organic matter, etc.), as well
as simulated spectra covering the whole electromagnetic spectrum from gamma rays to radio waves.
Our first task was to make the data model compatible with the X-absorption data from our beamlines.
Benefiting from the SSHADE infrastructure, the SSHADE/FAME database is perennial (INSU label as Na-
tional Observation Service). It is based on a very elaborated data model which allows to describe very
precisely all the elements (from the sample to the measurement) and to make an efficient research.
Moreover, by assigning a DOI (Digital Object Identifier) to each dataset, it offers the possibility to dissem-
inate the spectra in a robust way and in accordance with current publication requirements5. Its search,
visualization and export interface has been open to users since February 2018: one example (based
on reference [7]) is shown in figure 3.1. The SSHADE consortium currently brings together 21 laboratories
from 11 different countries. The SSHADE/FAME database currently contains about 400 spectra. Now that
it is in production, a major current task is to convince and help users to deposit their data. To do so
as smoothly and efficiently as possible we (I. Kieffer for the technical part) developed Python tools to
convert spreadsheet-style information (i.e., user compatible) into the xml SSHADE format.

3.4 Pivotal role

In conclusion, my function at the FAME beamlines is both scientific and technical, which reflects my
training as a scientist and engineer. The scientist positions at large facilities always have a strong techni-
cal aspect, by nature, but I strongly believe that staffing synchrotron beamlines with scientists, and not
only engineers (i.e. technical staff), is extremely beneficial for everybody. When writing ’scientists’, I’m
refering to researchers in connection with non-synchrotron laboratories. Indeed, beyond the role of user
beamline support, my function sits at the interface between the beamline and the HP (autoclave) com-
munities. By actively participating in the technical integration of the autoclaves on the beamlines, in
their maintenance, by providing user support during experiments, by spreading the words about our in-
stallation, but also by conducting my own research, I ensure that our HP equipments are efficiently used,
for everyone’s interest and good use of public fundings.

For all these reasons, the different missions of my beamline scientist position need to be pursued and
reinforced.

4www.sshade.eu
5So far some publications (such as Geochimica Cosmochimica Acta) politely invite authors to submit data along with the

manuscript, but time will come when this will be compulsory.

www.sshade.eu
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Figure 3.1: Snapshots of the SSHADE/FAME database webpage. Top: all the spectra of the reference [7]
are accessible and shown here. Bottom: one individual spectrum shown with the very useful graphical
interface at the top, and the DOI and reference shown at the bottom.



Chapter 4

Perspectives

Before detailing the perspectives of my research, and because this HDR is a perfect opportunity to look
back on the job done, I’ll introduce this chapter by briefly exposing my scientific project to be recruited
at CNRS (that I joined in 2007).

CNRS project, 2007. In situ study of hydrothermal fluids: relationship between fluid
structure and properties.

This project is part of the study of matter transfer and the formation/dissolution
of crustal minerals in the presence of hydrothermal fluids. Very few direct observa-
tions of these fluids exist to date. The objective of my project is, based on in situ
studies using mainly synchrotron resources, to describe them structurally at the
atomic scale, by varying temperature, pressure and density. The systems studied
will be solvents and solvent/solute systems: water, H2O-NaCl brines and CO2/H2O
mixtures for which data are scarce, as well as solutions containing ions of the
elements present in the crustal minerals. The methodology will be to study model
solutions in order to move towards more complex solutions, including direct in situ
observation of mineral dissolution and analysis of fluid inclusions under appropriate
temperature and pressure conditions. From an experimental point of view, the
techniques that will be implemented are optical or X-ray spectroscopies, sensitive
to the atomic structure, and which will also make it possible to determine the spe-
ciation and solubility of an element. These data will be used in the development
of thermodynamic and kinetic models, particularly adapted to the conditions of
deep geological storage.

It’s safe to say that the part of this project dedicated to the study of speciation and solubility of metals
in hydrothermal conditions, by in situ X-ray spectroscopic methods, has been carried out successfully.
And hopefully this is demonstrated in this manuscript by the description of the strong collaborations
and exhaustive results, of the robust methods and technological developments, and of their facilitated
access for the scientific community at FAME beamlines. In comparison, the study of the structure of
solvents and mixture of solvents, in particular through the use of optical and x-ray spectroscopies, was
not addressed in the manuscript. This does not mean that nothing was done (far from it!), but I considered
that this body of work was not complete and consistent enough to be included as a chapter1. Also, if
I’m honest, there’s a lot of unfinished business.

In this context, establishing the scientific perspectives for the next years is quite obvious. I’ll orga-
nize them along two axes: hydrothermal transport of metals, and physical-chemistry of supercritical sol-
vents/fluids. I’ll also distinguish between topics that are the logical continuation of previous works and
that I expect to be doable without complications, and topics that are more exploratory and may face
strong experimental challenges or lead to dead-ends.

1And I definitely wanted to reduce the size of this manuscript, which is getting way too big!
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4.1 Hydrothermal transport of metals

4.1.1 X-ray absorption spectroscopies

As stated above this aspect of my CNRS project has been exhaustively addressed during the last 15
years, and I consider that a personal cycle comes to an end; but this doesn’t mean that all the methods,
tools and equipment should be discarded. In fact, we clearly have the ambition to maintain FAME/Néel
position as a leader in hydrothermal synchrotron research. This will be done by following several guidelines
that all derive from the results and information presented in the previous chapters:

• we’ll keep on offering the best data quality and user experience at FAME, but will also reinforce
the installation of autoclaves at FAME-UHD beamline. Indeed, with the continuous advances in
XANES calculations and the growing input from molecular dynamics, it is more relevant to study
small features in XANES spectra, for which the higher resolution of crystal analyser beamlines comes
in handy. Reference [56] is a very neat review we wrote about the principles and benefits of HERFD
in the context of environmental biogeochemistry, but most of the information applies to all scientific
fields.

• As stated earlier, we still need to optimize the recent version of our autoclaves, to offer a better
thermal behaviour. Some improvements will also benefit to the efficiency and friendliness of its use,
for power users and newcomers as well.

• The database of XAS spectra (FAME and FAME-UHD beamlines) SSHADE/FAME is a project that is
really mature now: the SSHADE infrastructure is in production, and the software tools are available
at FAME for the upload of data. Now the database needs to be populated with a sustained data
ingestion policy, where the biggest hurdle is to motivate the users sufficiently that they free up time
for this task (me included!).

• We need to set up training actions for users of HP autoclaves, that shall take place outside the
periods of beamtime.

The list above is more about methods and tools. In terms of research topics, after the period of (mostly)
transition metals and metalloids, the momentum is now whithin Rare Earth Elements (REE): even if it is lim-
ited to our autoclaves at FAME, the figure 1.10 (page 90) provides a graphical summary of the situation,
where all 3d transition metals have been studied, and the REEs are attracting the attention of many re-
search groups. In our case, in the context of hydrothermal geochemistry, the first REEs were studied a few
years ago: ytterbium by M. Louvel (Münster University) [57] and europium with my australian colleagues
[58]. Since then, things are moving forward with the same collaborators, and the speciation of yttrium
was investigated (the Geochim. Cosmochim. Acta manuscript is accepted), and analysis is ongoing for
other REEs (samarium, neodymium, etc.). I also refer here to the chemistry example of cerium nanopar-
ticles synthesis I explained above (section 2.3.3, page 118): this is not in the context of hydrothermal
geochemistry, but REEs have so many applications in nanotechnology, biotechnology, chemistry, etc.,
that studies in all these scientific fields are being conducted.

4.1.2 Raman spectroscopy

One topic I’d like to explore in the next years is the use of Raman spectroscopy to derive speciation
information in hydrothermal fluids; in some cases it might be complementary to XAS data. In the context
of geological fluids, Raman is being mainly used for organic and inorganic molecules [59, 60], where it
shines as a very powerful probe. Though in the case of metal speciation, the signal from ion contact
pairs is much weaker, such as in a recent example that combines XAS (FAME) and Raman data [61].
A consequence is the need of high metal concentrations which are less relevant when compared to
low concentrations of natural samples [25]. Another drawback is the difficulty to interpret vibration fre-
quencies (i.e., the position of the Raman peaks) without the support from ab initio calculations, either
previously published or to be done. When metal transport at hydrothermal conditions is done by covalent
molecules, the Raman signal is strong, such as in the example of U transport as uranyl-chloro-complexes
UO2Cl

2−n
n [62, 63], or As(III) monovalent species As(OH)03 [64].

That’s a lot of negatives that may disqualify the use of Raman for this purpose, but I’m intrigued
by some studies where ion metal contact species have a not-so-weak Raman signal, like in the case
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Figure 4.1: Figure extracted from reference [66] that shows the Raman signature of FeIII −Cl complexes
with a very characteristic and intense peak at 332 cm−1 attributed to the FeCl−4 end-member.

of Zn − Br interactions [65] and more interestingly (for me) of FeIII − Cl complexes [66]. In the latter
example, it is noteworthy that only one Fe species is detected, namely FeCl−4 , at 300°C/90 bar, with a
very characteristic and strong Raman signature (figure 4.1). I plan to harness this idea by i) determining
what iron concentration is needed to measure a useful Raman signal, and ii) reproducing the same
conditions as in the XAS experiments to evaluate if the FeCl−4 end-member is also detected (alone). If
this experiment proves to be conclusive, it could be a very useful complement to the XAS results.

4.2 Physical-chemistry of supercritical fluids

Note: In this section I’m about to present scientific perspectives on a topic that I did not
address previously in the manuscript. For that reason, in order to make things understandable,
before exposing my ideas and objectives for the coming years I’ll include very briefly the results
already obtained since my PhD. The reason I chose to structure the manuscript this way is
because this axis of research has so far been little productive in terms of publications, and I
wanted to make this ’Perspectives’ chapter a bit thicker, and not a short (christmas) list.

Supervision:

• A. Bordage, ANR post-doctoral (2013)

• E. Boulard, ANR post-doctoral (2014)

• D. Perice, M1 trainingship (INPG, 2018)

4.2.1 Supercritical water: short and medium scale structure

During my PhD (experiments) and the first post-doctoral years (analysis and publication), we studied the
short and medium-scale structure of supercritical water. This work consisted of small angle x-ray scat-
tering (SAXS, reference [67]) and resonant inelastic x-ray scattering (RIXS, reference [68]; and Compton
scattering, reference [69]) experiments, that were conducted independently but complemented each
other. The objective of the former was to determine the size and the amplitude of the density fluctuations
that occur in supercritical fluids, and are maximal along the critical isochore, i.e., the analytic extension
of the liquid-vapor coexistence curve where the water density is constant and equal to the critical den-
sity 0.332 g.cm−3 (see figure 4.2, left). In the same study we evaluated the influence of these fluctuations
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Figure 4.2: Left: Extracted from reference [67]: the graph shows the size and amplitude of the density
fluctuations determined by SAXS. Right: Extracted from reference [68], the graph shows (open circles)
the experimental RIXS XANES spectrum of supercritical water.

on the hydration of dissolved ions. In parallel, a XANES of supercritical water at the oxygen K-edge was
measured by RIXS (figure 4.2, right), and interpreted based on a structural model of the distribution of
hydrogen bonding. This latter experiment was conducted at APS (Chicago, US) where we brought our
autoclave to install it on one of the first synchrotron beamline equipped with crystal analyzers. At the
time, this measurement was experimentally very challenging and was one of the very few spectroscopic
in situ measurement in high temperature and pressure conditions. Thus it provided additional and useful
information in a controversial and heated scientific debate. Also, in terms of research strategy, it pro-
vided a solid basis (both technical and scientific) for further work... But this further work never occured,
because no beamtime was granted to us at ESRF on RIXS beamlines. Meanwhile, the scientific debate
went on, but with no experimental in situ spectroscopic measurements of supercritical water until the
work of Sahle et al. [70]. In this study they used a Diamond Anvil Cell on ESRF ID16 beamline, to mea-
sure XANES RIXS spectra at the oxygen K-edge. Like for all similar studies, data were interpreted with the
use of MD calculations, in order to propose a structural model that describes the evolution of hydrogen
bonding.

Perspectives:

There are several elements that lead me to believe that it might be worth considering again this type
of experiment. The technical arguments are that we still have autoclaves that work even better, and
we now also have direct access to a crystal analyzer beamline (FAME-UHD). Furthermore, we have a
privileged access to the FDMNES software which can calculate RIXS spectra (FDMNES is developed by
Y. Joly at Néel Institute). Then, the scientific argument is that more P/T conditions of supercritical water
still have to be explored, in particular the crossing of the critical isochore studied in details by SAXS,
where density fluctuations arise and are prone to strong modifications of the local water structure and
hydrogen bondings. Another idea is to investigate the influence of co-solvents and/or dissolved species,
also sources of H-bonding modifications. The 2 main difficulties that I anticipate are:
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• Will the signal be strong enough to explore many P/T conditions? The S/N ratio of our previous RIXS
experiment (see figure 4.2) was not very good, but I don’t know of similar experiments (indeed there
are very few) where the S/N is better. Furthermore, we improved (i.e., reduced) the absorbance of
the autoclave materials and expect more photons today.

• We will definitely need theoretical support to interpret the data, in particular to obtain a structural
model over which FDMNES calculations can be done and compared to experimental data. The
recent example of the similar work of Sahle at al [70] is a perfect demonstration that a robust
interpretation of such RIXS data has to be supported by top-notch MD calculations. Since this work
is about soft-condensed matter, such theoretical support cannot be found at Néel Institute: some
prospecting has to be done.

4.2.2 H2O − CO2 hydrothermal solvents

As stated in the introduction of this chapter, the study of hydrothermal solvents (H2O, H2O − salts and
H2O−CO2 mixed solvents) by in situ optical spectroscopy was in my CNRS scenario of research. The main
topic I’ve been involved in is Raman spectroscopy on H2O−CO2 mixed solvents. CO2 is the second most
abundant component in natural fluids and is therefore involved in a wide variety of processes spanning
from photosynthesis and greenhouse effect to ore deposits formation and volcanic degassing. Recently,
the interactions between supercritical carbon dioxide, brines and rocks have also received consider-
able attention in order to develop viable carbon dioxide sequestration scenarios for long-term carbon
storage into deep geological formations. Finally, CO2 is also widely used in the industry because it has
the potential to significantly modify the properties of water (density, electrolytic conductivity, corrosivity).
Overall, accurate modeling of the thermodynamic properties of H2O − CO2 mixtures requires a better
understanding of the intermolecular interactions between the CO2 andH2O molecules and of the extent
of hydrogen bonding in H2O − CO2 mixtures at the relevant pressure and temperature conditions.

A lot of work has been done, only partly published so far. In the technical reference [71], we pre-
sented the Raman set-up installed at Néel Institute, with preliminary results on supercritical water and
H2O − CO2.2 A summary of this work is shown in figure 4.3. The key elements from this figure and the
publication [71], that shall be highlighted are: i) the quality of the data; ii) the possibility to measure Ra-
man scattering from two co-existing phases; iii) the possibility to visualize the fluids inside the cell, thanks
to the use of monocrystalline sapphire cells and HP windows. Since then the measurements and anal-
ysis continued, but were slowed down by various experimental and analytical hurdles. First, the biggest
difficulty of this type of HT Raman measurements is the occurence of an intense photo-luminescence
(PL) signal that contaminates (at best) or kills the sample signal; this fight against PL has been draining
a lot of our time and energy and is not over, yet. Another difficulty, specific to this study, is to find the
best method to load CO2 in the cell. In reference [71] oxalic acid was used; more recently we loaded
silver oxalate powder that is thermally degraded into CO2 with no carbon by-products. In both cases,
the quantity of powder that can be loaded is limited, which prevents from reaching CO2 concentrations
above 20% (atomic). Finally, the number of experimental runs conducted at different conditions (tem-
perature, pressure, CO2 concentration) is very big and provided a very large quantity of data that need
to be integrated and evaluated globally: for this purpose, complementary data needs to be collected
(for example calculations of density and CO2 concentration). At the end of the day, the results consisted
of a multi-dimensional dataset, that could only be processed by using Python-based data mining. Which
we had to learn.

Nevertheless, we obtained interesting results that can be summarized in the following way. As long as
2 phases co-exist (L+V in figure 4.3) water and carbon dioxide Raman signatures in the liquid phase are
different from their ’pure’ counterpart (at similar concentrations), which can be interpreted as molec-
ular interactions between H2O and CO2 molecules. But when the system becomes monophasic (F in
figure 4.3), everything changes: water (resp. carbon dioxide) Raman signature is identical to pure water
(resp. carbon dioxide) and indicate that no molecular interactions take place.

Perspectives:

Besides completing the ongoing analysis, I can see two evolutions for this study.

2Since then, an improved Raman set-up was developed, with better optics.
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Figure 4.3: Figures extracted from reference [71], with their legends for a detailed explanation. Top: the
Raman spectra of H2O and CO2 singles phases at hydrothermal conditions are shown. Bottom : two
phases co-exist (liquid L and vapour V), are observed, and their Raman scattering is measured; at higher
temperatures, the fluid becomes monophasic (F).
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• Once again, I’ll mention that theoretical support is crucially needed to exploit this type of data:
with so many variables (pressure, temperature, density, concentration), a reliable interpretation
of the spectroscopic features cannot be done without the input from MD calculated structures.
What I find interesting nowadays is that the theoricians (start to?) think the same: having access
to experimental data is really useful to test the molecular structures they calculate. Actually, the
pure CO2 data from reference [71] (see figure 4.3) was integrated in a theoretical paper [72]. I wish
to proceed similarly. And one outcome I anticipate is that interacting with theory people will triger
new ideas of experiments.

• A logical extension of the existing dataset is towards higher CO2 concentrations. In order to go
beyond the existing 20% limit it seems obligatory to turn to cryogenic loading (water ice and dry
ice) which will allow much larger concentrations of carbon dioxide. We did some unsuccessful (and
costly) tests some years ago but I’d like to have a second look.

4.2.3 Supercritical solvents and Small Organic Molecules (SOM)

This last perspective is really more exploratory than the ones exposed above. The idea is to monitor
the hydrothermal formation, stability and/or degradation of Small Organic Molecules (SOM) by in situ
Raman spectroscopy. This is inspired by studies such as the one by Marocchi et al. [73]: they used
Raman spectroscopy to monitor the onset of carbon compounds during the dissolution of siderite, in
connection with our previous study about siderite dissolution by XAS [10]. The fate of carbon compounds
at hydrothermal conditions has been largely investigated (see for example references [74, 75, 76]), mainly
by flexible reactor (and sampling+chromatography) experimentation. But similar in situ investigations by
Raman spectrometry are (to my knowledge) scarce. Another source of inspiration is the study about
the generation of organic compounds in hydrothermal fluids, that I was involved in recently [46] (see the
brief description in section 2.3.1, page 115). We demonstrated that among organic molecules commonly
found in natural hydrothermal plumes some may have a biogenic origin, while some others may originate
from abiogenic processes. The characterization was based on ex situ chromatography. Logically, we
had initiated an experimental program on the monitoring of such organic species by Raman, with many
measurements conducted on reference samples, but the preliminary attempt of in situ investigation at
hydrothermal conditions was a failure, mainly because of a (very) annoying photo-luminescence signal
and contamination by a bad quality notch filter.

• Practically, the first technical research to be done, and that will be beneficial to all Raman measure-
ments, is the reduction of this luminescence contamination. This point was already mentioned in the
previous section several times, but is critical for SOM Raman measurements. Major improvements
were done to our Raman installation, in particular with better optics and the possibility to use sev-
eral laser wavelengths. But an exhaustive assessment of these improvements still needs to be done.
Then, more specifically to the SOM topic, it is necessary to determine what is the concentation limit
to measure safely their Raman signal at in situ hydrothermal conditions.

• Then, the first research objects that could be targeted are “simple” molecules, such as methanol
or formic acid/H2O mixtures. They are known systems which will enable to calibrate our technique
(Raman sensitivity, determination of relative concentrations, etc.). For example, the stability of
formic acid HCOOH could be studied, with special attention to the reaction HCOOH ↔ H2 +CO2,
which is far from being the only one occurring in the system but for which all molecules involved
can be monitored using in situ Raman spectroscopy.
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