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ABSTRACT

Zirconium and hafnium behave nearly identically in most geological processes due to their identical nominal
ionic charge and similar radius. Some of the most pronounced exceptions from this rule are observed in fluoride-
rich aqueous systems, suggesting that aqueous fluoride complexation may be involved in Zr/Hf fractionation. To
understand the mechanisms causing this phenomenon, we investigated complexation of Zr*' and Hf*' in
fluoride-rich (1.0 mol/kg HF) aqueous solutions at 40 MPa and 100-400 °C, using synchrotron X-ray absorption
spectroscopy (X-ray absorption near edge structure and extended X-ray absorption fine structure) combined with
classical and ab initio molecular dynamics simulations. The dominant experimentally observed complexes are [Zr
(F,OH)4-2H20]0 and [Hf(F,OH)4-2H20]O, respectively. The first coordination shell comprises a distorted octa-
hedron, with fluoride and hydroxide ligands at a similar mean radial distance (1.9-2.0 10\) from the central cation,
and H,O ligands at a slightly greater distance (>2.1 R). With increasing temperature, the H,O ligands move
further out, causing first an increasing distortion of the octahedron and subsequently a partial transition to less
hydrated complexes as a certain fraction of the HyO molecules move to the second shell at > 3 A. As a conse-
quence, the radial distance of the F" and OH anions from the central cation, as well as the overall average radial
distance of the first shell decreases due to decreased steric repulsion from the H»O ligands. Both experiments and
simulations agree in that Hf forms slightly shorter bonds to its nearest neighbors than Zr. The results suggest two
hypotheses for the mechanism of Zr/Hf fractionation during precipitation of minerals from fluoride-rich hy-
drothermal solutions: 1) The heavy twin (Hf) prefers the lower coordination (shorter bonds) and is thus less likely
to enter into the higher coordination found in the solids. This mechanism would be analogous to equilibrium
isotope fractionation. 2) The change of Hf into a higher coordination environment (e.g., from solution to solid) is
slower because it forms stronger ligand-bonds than Zr. This would be analogous to reactive kinetic isotope
fractionation. In either case mass dependent fractionation qualitatively matches the observations but mass in-
dependent effects on bond strength may also be significant. Quantitative investigations of these effects are
needed and may also shed light on the currently still somewhat enigmatic fractionation behavior of Zr isotopes.

1. Introduction

concentrate certain elements to economically viable deposits. Under-
standing the transport mechanisms and solubility of metals in aqueous

Aqueous fluids are among the most important mobile phases in the fluids is thus critical for the genetic interpretation of the natural distri-
Earth’s crust and are involved in many processes that redistribute and bution of these metals, and forms the basis for use of element
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distribution to quantitatively model past geological processes as well as
a tool for the assessment of potentially economic deposits. Zirconium
and hafnium are typical high field-strength elements (HFSE), meaning
they occur naturally in form of small, highly charged cations. In addition
to exploration and economic assessment of ore deposits, understanding
the behavior of HFSE in fluids is of importance for their use as tracers of
processes in large-scale geochemical cycles, particularly the evolution of
the mantle-crust differentiation throughout geologic history, and sub-
duction of oceanic crust by plate tectonic processes. This is particularly
relevant because poorly understood fluid related HFSE fractionation
processes may obscure magmatic fractionation trends, which are used to
decipher the formation of Earth’s crust and mantle-crust interaction (e.
g., Weyer et al., 2003; Pfander et al., 2007). The characteristic depletion
of HFSE (including e.g., Ti, Zr, Nb, Hf, and Ta) in subduction related
magmatic systems compared to large-ion lithophile elements (LILE, e.g.,
Rb, Sr, Cs, Ba, and Pb) is well documented (e.g., Perfit et al., 1980;
McCulloch and Gamble, 1991) and helps deciphering the mass transfer
from the subducting slab to the overlying mantle wedge and ultimately
the magmas of the volcanic arc. Zirconium stable isotopes (6°%9%7r)
have in recent years been shown to fractionate strongly in magmatic
systems. However, the underlying fractionation mechanisms are
currently not quantitatively understood, likely due to the prominence of
non-equilibrium fractionation (e.g., Inglis et al., 2019; Méheut et al.,
2021; Tissot and Ibanez-Mejia, 2021; Bindeman and Melnik, 2022).
Remarkably, §°°°Zr values can be positively (e.g., Ibafiez-Mejia and
Tissot, 2019) or negatively (e.g., Zhu et al., 2023) correlated with Zr/Hf
ratios, suggesting that the combined investigation of isotopic and
elemental ratios may be a particularly valuable diagnostic tool for
petrogenesis, once the fractionation mechanisms are fully understood.

Chondritic concentrations of Zr and Hf are low, 3.63 pg/g for Zr and
0.11 pg/g for Hf (Palme and O’Neill, 2014), but the upper continental
crust is significantly enriched (190 pg/g Zr and 5.80 pg/g Hf; Taylor and
McLennan, 1995) due to the lithophile nature of Zr and Hf. Both ele-
ments occur exclusively in tetravalent oxidation state in nature and are
strongly concentrated in a few refractory minerals that, despite their low
overall abundance, are near-ubiquitous in crustal silicate lithologies,
except for some mafic and most ultramafic rocks. By far the most
important of these minerals is zircon (ZrSiO4), but baddeleyite (ZrO,),
zirconolite and a wide variety of more or less complex (alkali-)zirco-
nosilicates, including vlasovite, elpidite, and eudialyte, are commonly
found in magmatic rock-types that are silica-undersaturated with
respect to quartz. Due to the identical charge and very similar ionic
radius, 0.72 A for Zr and 0.71 A for Hf in octahedral coordination
(Shannon, 1976), both elements are usually found together in these
minerals in proportions closely resembling those in the host rock and the
bulk silicate Earth, and are therefore referred to as a geochemical twin
pair. Notable exceptions from this rule are late granitic zircons (e.g.,
Wang et al., 2010), some pegmatites (e.g., Neves et al., 1974; Yin et al.,
2013; Kudryashov et al., 2020), and systems where Zr and Hf are
incorporated into or adsorbed onto minerals from an aqueous solution
(e.g., Bau, 1996; Schmidt et al., 2014; Inguaggiato et al., 2015; Censi
etal., 2017). What mechanisms ultimately control Zr/Hf fractionation in
various geological environments in spite of the very similar chemical
properties of Zr and Hf remains the subject of ongoing research to which
we seek to contribute with the present study. Aqueous complexation is
known to be a major factor in fractionating elements (Brugger et al.,
2016) and may also be responsible for geochemical twin fractionation.
This mechanism is known for the twin pair Y/Ho in fluoride-rich solu-
tions, where Y and Ho are dissolved as different core complexes (YF3
difluoride and HoF** monofluoride, respectively; Loges et al., 2013).
However, differences in hydration in the first and second coordination
shell of otherwise similar complexes have also been shown to drastically
influence the solubility of metal cations (Brugger et al., 2016 and ref-
erences therein).

Although HFSE in general show low solubility in most natural
aqueous fluids, highly mobile aqueous complexes of Zr and Hf can
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increase the solubility of these elements by several orders of magnitude
compared to a pure HyO solvent (e.g., Migdisov et al., 2011; Wilke et al.,
2012; Aseri et al.,, 2015). As hard Lewis acids, Zr*t and Hf*" form
complexes most readily with hard bases such as OH™ and F (Pearson,
1963). Hydroxide and fluoride are consequently indeed documented to
be the most relevant at 25 °C (Aja et al., 1995). Aqueous complexation of
most elements is typically significantly different in geological fluids at
elevated temperatures compared to room temperature, due to the strong
decrease of the dielectric constant of water with increasing temperature
and decreasing density (e.g., Weingartner and Franck, 2005). Experi-
mental studies on baddeleyite solubility have found that Zr complexa-
tion in F-bearing acidic hydrothermal fluids up to 500 °C and 100 MPa is
dominated by ZrF(OH)g and Zng(OH)g complexes and that the solubi-
lity of baddeleyite decreases with increasing temperature (Ryzhenko
etal., 2008; Migdisov et al., 2011). The solubility of Hf in F-free aqueous
solution at room temperature in form of [Hf(OH)4]° complexes is very
limited between pH 4 and 9 (ca. 10'° mol/kg) but a steep increase in
solubility at pH < 4 in form of [Hf(OH)]3Jr complexes or (presumably
hydrated) Hf*" ions as well as at pH > 9 as [Hf(OH)s)]" or [Hf(OH)g]*
complexes has been documented (Rai et al., 2001). Complexation of Zr
and Hf with chloride and sodium-silicate has been found to favor 6-fold
coordination of the central cation in experimental high-p-T studies
(Louvel et al., 2013; Wilke et al., 2012; 2013) as well as with ab initio
molecular dynamics (AIMD) modeling (Jahn et al., 2015).

In this study, we investigate the coordination environment of Zr and
Hf in HF-rich aqueous solutions under conditions relevant to natural
fluorine-rich hydrothermal systems such as greisen or pegmatite fluids
(40 MPa, 100-400 °C, 1 mol/kg HF) by combining experimental X-ray
absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) data with ab initio molecular dynamics (AIMD)
and classical molecular dynamics (MD). This comprehensive approach is
necessary for determining the complex symmetry and ligand ratios in
mixed complexes with both F and O in the same coordination shell
because the very similar and overall low scattering cross section of these
elements do not allow to extract all necessary information from X-ray
absorption spectroscopy alone (Farges, 1991; 1996; Louvel et al., 2013).
Therefore, EXAFS should not be used to interpret the number of ligands
but only the average distance, to which this method is much more
sensitive. XANES data can provide insight into the coordination of ele-
ments, whose observable X-ray absorption edges show features that can
be demonstrated to be indicative of certain coordination symmetries.
Most commonly, K edges are used for this purpose. Several experimental
studies have demonstrated, using minerals and solutions, that the dou-
ble peak of the Zr K white line is highly sensitive to coordination sym-
metry (and thus coordination number) as well as ligand type (e.g.,
Louvel et al., 2013; Wilke et al., 2012; 2013). For the Hf L3 edge, no
comprehensive data set is available and the data that are published
suggest less obvious effects on the XANES region of this edge (e.g., Wilke
et al., 2013). Computed XANES spectra of the Zr K and Hf L3 edge
corroborate these experimental findings (Jahn et al., 2015). Classical
MD simulations are a very useful complement to XANES and EXAFS
spectra analyzed with the help of AIMD. They are computationally less
demanding and can therefore sample longer timescales. Here, we use
classical MD simulations to simulate the structure and dynamics of the
ligands and their exchange with the surrounding solvent between 25 and
400 °C in order to understand the changes in average ligand distance
observed with EXAFS. Because classical MD simulations use a pre-
parametrized potential energy function, they cannot account for
instantaneous changes in the electron cloud caused be changes in the
surrounding electrostatic field (dynamic polarization). This drawback
becomes acceptable for hard ions, i.e., those with high charge and small
radius like the HFSE, whose electron cloud shows little response to
changes in the surrounding electrostatic field. We adjust the parameters
for the dispersion interactions of the cations to match the experimental
data. We propose two possible mechanisms for Zr/Hf fractionation in
hydrothermal systems based on our experimental and computational
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results. Quantifying their respective influence remains work in progress
at this time and has the potential to become an important diagnostic tool
for petrologists, especially in combination with Zr stable isotope
analysis.

2. Methods
2.1. Samples

Sintered solids of ZrOy and HfO,, respectively, were equilibrated
with 1 mol/kg HF for the two experimental runs. The solutions were
acidified to pH = 2 (at room temperature) by adding 0.01 mol/kg HI to
suppress hydrolysis and ensure that HF remained associated at low
temperatures. Hydrogen iodide was chosen for acidification because I" is
not expected to form complexes with Zr or Hf (Pearson, 1963) and even
if it did, the large back-scattering amplitude of iodine would make this
immediately obvious in the XAS signal. The ZrO, solid was bought as
oxide powder (99.7 % metals basis excluding Hf; Hf < 75 pg/g) from
Alfa Aesar. The powder was pressed and sintered at 1000 °C in air for 24
h. The HfO5 was bought as sintered lumps (99,9% metals basis excluding
Zr; Zr < 0.5 %) and used directly.

2.2. Experimental set-up and XAS acquisition

The speciation of Zr and Hf in HF-bearing solutions was monitored
from 25 to 400 °C at 40 MPa conducting X-ray absorption spectroscopy
(XAS) measurements at P65 undulator beamline of the PETRA III storage
ring, DESY, Hamburg (Welter et al., 2019), using a hydrothermal
autoclave. All spectra were collected in transmission geometry. Details
of the autoclave are described in Klemme et al. (2021). The aqueous
samples resided in a vitreous carbon sample cell with 4 mm inner
diameter placed inside a heater assembly and surrounded by a steel
pressure vessel. The solids were loaded into the sample cell and sank to
the bottom before the experiment. This way, they can interact with the
fluids during the experiment but are outside of the beam path. Pressure
is transmitted to the aqueous sample by free moving pistons using He as
a pressure medium. The sample is heated with a resistive wire-heater
(0.1 mm stainless steel wire) that completely surrounds the sample
cell, except for the three spectroscopic windows (at 0°, 90°, and 180°
relative to the direction of the X-ray beam). Two N-type thermocouples
located directly above and below the spectroscopic windows were used
to monitor temperature throughout the experiments. The offset between
the temperature measured by the thermocouples and the actual tem-
perature of the sample was calibrated by measuring the density of the
cell loaded with pure water via total X-ray absorption at 9500 eV under
40 MPa pressure at 25, 100, 200, 300, and 400 °C, and comparing the
results to the corresponding theoretical values (1014 to 523 kg/m3)
taken from the NIST Chemistry WebBook (Lemmon et al., 2019). The
value for the X-ray absorption cross-section of water was taken from
Elam et al. (2002). The discrepancy between the measured and calcu-
lated temperature was 0 °C at 25 °C and increased linearly to 43 °C at
400 °C. A linear correction was consequently applied. Based on the
magnitude of the applied correction and the associated uncertainties,
the accuracy of the temperature measurements is estimated to be better
than 5 °C at 25 °C and better than 15 °C at 400 °C.

XAS spectra were collected around the Zr K-edge (17998 eV) from
17,850 to 19000 eV and Hf L3 edge (9561 eV) from 9410 to 10160 eV.
The energies were scanned in continuous mode (monochromator and
undulator gap) with a Si(311) and Si(111) monochromator crystal for
Zr and Hf, respectively. Acquisition time per scan was ~ 5.5 and ~ 4
min, respectively. X-ray intensities in front of and behind the sample
were recorded with ionization chambers. Four to 18 scans per temper-
ature were collected and merged to improve signal to noise ratio, with
the highest temperatures requiring the largest number of scans due to
decreased density and solubility with increasing temperature. Spectra of
the empty cell were taken prior to the high p-T measurements to check
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for potential absorption edges of impurities in the ceramics of the heater
assembly, cell material, or the beryllium windows but none were found
in the energy ranges used for Zr or Hf.

2.3. EXAFS analysis

For the EXAFS fits, all individual spectra of a given composition at a
given temperature were individually inspected and then merged. Anal-
ysis of the EXAFS data was performed using the xafsX software package
(Winterer, 2020). Extraction of the k-space EXAFS data from the raw
spectra was done in the following steps: 1) linear fit to pre-edge back-
ground; 2) fit of the sum of an error function and Gaussian to the near-
edge region, 100 eV before and after the edge; 3) spline fit to the post-
edge region. The EXAFS equation was then fitted to the extracted k-
space data directly without filtering in R-space. The k-ranges to be fitted
were chosen for each data set individually according to the data quality
because the changing concentrations and densities meant that the
spectra were much noisier at higher temperatures. A weighting of k® was
used throughout the data processing. Amplitude and phase for single
scattering paths for the EXAFS fits were calculated with the FEFF 6.0 1
software package’s quick first shell algorithm (Rehr et al., 1991).

Two factors limit the EXAFS interpretation in our particular chemical
system. Firstly, it is not possible to confidently distinguish F and O as
ligands of an element under XAS investigation, due to their nearly
identical amplitude and phase-shift functions (Farges, 1991; 1996,
Louvel et al., 2013). Secondly, double-electron excitation effects (Fili-
pponi, 1995) cause additional edges in the post-edge background for Zr
Kat 75 A lin k-space (Wang and Chen, 1998). We are unaware of
direct descriptions of this effect on Hf L3 but it has been described for the
lanthanides (Chaboy et al., 1994; Ohta et al., 2008) and based on that is
expected at around 7 A lin k-space (Roy et al., 2001). This affects the
amplitude but not the frequency of the EXAFS oscillations and therefore
limits the interpretation of the ligand type and coordination number
significantly but interpretation of the radial distance of the ligands from
the central atom is less affected. The double-electron excitation effect
was not corrected. To account for these two complicating factors, we
only fitted the radial distance and mean square displacement of a single
shell with a fixed coordination number of 6, based on XANES results. Of
the 6 ligands, two were F and four were O, based on published solubility
studies (Ryzhenko et al., 2008; Migdisov et al., 2011).

2.4. AIMD and XANES calculations

Theoretical XANES spectra were derived from snapshots of AIMD,
which were performed using the QUICKSTEP module of the CP2K code
(Lippert et al., 1997; VandeVondele et al., 2005; Kiihne et al., 2020).
Electronic structure calculations were based on Kohn-Sham density
functional theory using a mixed Gaussian and planewave approach,
double zeta valence plus polarization basis sets (VandeVondele and
Hutter, 2007) and Goedecker-Teter-Hutter pseudopotentials (Goedecker
et al., 1996). The exchange—correlation functional was treated in the
PBE parametrization of the generalized gradient approximation (Perdew
et al.,, 1996) complemented by the D3 method to account for London
dispersion interactions (Grimme et al., 2010; Jonchiere et al., 2011).
Initial structures were adopted from results of an earlier AIMD study of
zirconium chloride speciation (Jahn et al., 2015). The cubic simulation
cells contained a total composition of 31 + xHy0, 6-x HF, and 1
ZrFy(OH)4.x or HfFy(OH)44, where 1 < x < 4, i.e., different initial cells
sampled Zr and Hf complexes with between one and four fluoride li-
gands. Additional simulations with a cell containing 59 H,0 and 1 ZrF4
or HfF,4 did not show any significant finite size and composition effects
concerning the local structures of interest here. AIMD simulations were
performed in the canonical ensemble (NVT) at number of particles (N),
constant temperature (T) and constant volume (V). At 350 °C, the edge
length of the cubic simulation cell was set to 12.22 A to reproduce the
experimental pressure of 40 MPa, approximated by the equation of state
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Table 1

Setup for classical MD simulation boxes. Densities p from Wagner and Pruf
(2002). L denotes length of the cubic simulation box, each containing 498 H,O
molecules. HF is the number of HF molecules per box.

T [°C] p [kg/m®] L [A] HF
25 1011.95 24.578 7
100 976.09 24.876 7
200 890.93 25.671 8
300 764.35 27.049 10
350 671.84 28.285 12
400 523.30 30.821 16

of pure HyO (Wagner and Pru3, 2002). A few simulations were per-
formed at 200 °C and 100 °C with a cell length of 11.12 A to study
temperature effects on bond lengths. To control temperature, the ca-
nonical sampling through velocity rescaling method was used (Bussi
etal., 2007). The equations of motion were integrated with a time step of
0.5 fs. The initial configurations were equilibrated for a few picosec-
onds, followed by AIMD production runs of 25 ps. For each cell repre-
senting different Zr or Hf complexes, 51 snapshots were selected for
XANES spectra calculations, i.e., the time between adjacent snapshots
was 0.5 ps or 1000 AIMD time steps. As most of the initial Zr and Hf
complexes persist over the time scale of the simulations, even if they are
not thermodynamically stable, their local structural parameters as well
as their theoretical XANES spectra can be readily compared.

XANES spectra simulations were performed using the FDMNES code
(Joly, 2001; Bunau and Joly, 2009). This code uses a real space imple-
mentation of density functional theory and computes the electronic
structure within clusters of a given radius around the absorbing atom.
For the present study we used a cluster cutoff distance of 3.35 A.
Convergence of the cutoff was tested by performing a few simulations
with cutoffs of 4.5 and 6.0 A. The 51 individual spectra from one of the
AIMD trajectories were averaged to obtain a spectrum representing the
complex at the given finite temperature.

2.5. Classical MD

Classical molecular dynamics (MD) calculations were performed to
investigate the geometric arrangement of the complexes and their
development with temperature in detail. Classical MD allows to extract
statistical radial distribution functions of ligands (in this case 2000
snapshots per temperature from 2 ns simulation time after equilibra-
tion). Systems resembling the starting conditions of the X-ray spectro-
scopic experiments at 25 °C, were simulated using the GROMACS
package, version 2019.4 (Abraham et al., 2015). The parameters of M**,
F" and OH™ were chosen as described below. The water model was
TIP4P-2005, which is specifically parametrized for water at high tem-
peratures and pressures (Abascal and Vega, 2005). For HF we used a 3-
point model published Orabi and Faraldo-Gomez (2020). The boxes
were set up to recreate a concentration of 1.0 mol/L HF, the density of
water at 40 MPa and temperatures of 25, 100, 200, 300, and 400 °C.
However, this was merely done to keep conditions similar to the
experimental conditions, as the model for HF does not allow reactions
with the metal complex. The densities were adjusted to the appropriate
values taken from Wagner and Pruf (2002) by adjusting the size of the
box. An overview over the relevant parameters is shown in Table 1. The
systems were generated by placing one manually generated
[MF2(OH),-2H50] octahedral complex in a cubic box, together with 498
water molecules and the corresponding amount of HF molecules (7 to
16, see Table 1) to adjust to 1.0 mol/L HF. The fluoride anions in the
complex had the same Lennard-Jones parameters as F in HF and a charge
of —1. The hydroxide ions, were given a partial charge 0.32 e and —1.32
e for the hydrogen and oxygen-atom respectively, following the
approach of Chen et al. (2013). The bond distance in the hydroxide was
fixed to 0.9572 A, the O-H bond-length of TIP4P-water. The oxygen had
the same Lennard-Jones parameters as in HO in the TIP4P/2005 water
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Fig. 1. Raw XAS spectra of the Zr experiments.
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model (Abascal and Vega, 2005). The charge of the metal cation was set
to + 4. The choice of the Lennard-Jones parameters of the metal cation is
particularly critical for simulating highly charged transition metal
complexes. There are, to our knowledge, currently no published force
field parameters for tetravalent cations available that are optimized or
tested for use in high-temperature, high-pressure fluids or with fluoride.
Therefore, a parameter scan was conducted to derive parameters that
reproduce the average ligand distances observed in our experiments,
using Steinhardt parameters (Steinhardt et al., 1983) to determine the
coordination polyhedron of solvation shells (for details see Supple-
mentary Material). Suitable parameter combinations all lie on a diago-
nal in semi-logarithmic parameter space (Fig. S1, Supplementary
Material). Two sets of parameters, which reproduce the octahedral co-
ordination sphere and the approximate average radial distance observed
experimentally with EXAFS, were selected for the metal ion: 1) 6 = 1.8
A, € = 20.92 kJ/mol; 2) 6 = 3.6 A, ¢ = 4.184-10" kJ/mol. The first
parameter set was found using the parameter scan (Fig. S1), the second
was extrapolated and subsequently tested and shown to reproduce the
correct coordination and similar radial distance. These parameters
represent a generic tetravalent cation, because within the chosen
complexity of our force-field one cannot reliably distinguish between
Zr** and Hf*.

We used classical simulations to sample and analyze the configura-
tional Boltzmann distribution. We will refer to the central cation in all
classical MD results generically as M**. Since the atomic mass does not
influence the configurational Boltzmann distribution, the mass of the
M** cation was set to 178.49 atomic mass units, the mass of hafnium, for
all simulations.

In all simulations, the bond length of HF was constrained to the gas
phase value of 0.917 A. The time step was set to 1 fs for all runs. Elec-
trostatics were treated using the Particle Mesh Ewald (PME) method
(Darden et al., 1993), all real-space cutoffs were set to 10 A. The PME-
order was set to 6 with a Fourier spacing of 1 A. Constraints were
enforced using the LINCS-algorithm (Hess et al., 1997) with LINCS-order
set to 4 and LINCS-iter set to 2. The LINCS-warnangle was set to 30°.
Periodic boundary conditions in all directions were employed. After
setting up the system, a steepest descent minimization was performed
using a displacement step size per energy minimization of 0.01 A, a
maximum force of 0.01 kJ-mol!-A~! and a maximum of 10° steps. The
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Hf
400°C
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Energy [eV]

9625

Fig. 2. XANES spectra of Zr K and Hf L3, normalized to equal edge step height.
Spectra of Zr in solid zircon, baddeleyite, eudialyte, and vlasovite with the
respective coordination numbers of Zr in square brackets are shown as dashed
gray lines. The data for the solid spectra were taken from Louvel et al. (2013).

minimized system was simulated for 3 ns in the NVT-ensemble using the
velocity-rescale thermostat (tr = 0.1 ps) and the leap-frog integrator.
The first nanosecond was discarded as equilibration time. At the
beginning of all NVT-runs, the velocities were drawn from the Maxwell
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3. Results
3.1. XAS raw data and element aqueous concentrations

The K-edge X-ray absorption spectra for Zr in 1 mol/kg HF for sample
temperatures from 100 °C to 350 °C are presented in Fig. 1. The
continuous decrease in pre-edge absorption intensity with increasing
temperature is due to the decrease in density of the solution from 976
kg/m3 (at 100 °C) to 672 kg/m3 (at 350 °C) at a constant pressure of 40
MPa (NIST Chemistry WebBook, Lemmon et al., 2019). For Hf L,
spectra for sample temperatures from 100 °C to 400 °C were recorded.
Due to the high absorption cross section of Hf and significant concen-
tration change with temperature, the Keithley amplifier gain had to be
adjusted between temperatures. Therefore, the Hf data are presented in
normalized form only (Fig. 2) instead of raw counts. The high intensity
of the Hf Lg white line lead to total absorption of all X-ray photons in the
sample at the white line energies around 9563 eV (and therefore zero
counts on the I; detector) for the isotherm with the highest concentra-
tion of Hf, 200 °C (Fig. S2). Therefore, no XANES data exist for this data
point (Fig. 2). The EXAFS data are not affected by this because the ab-
sorption in the EXAFS region is much weaker than at the white line for
Hf Ls. The edge jump was fitted for all recorded spectra individually by
fitting a combined error function and Gaussian from the beginning of the
spectrum up to 200 eV after the edge. This provides a measure of the
concentration of the element in the solutions under investigation and
allows to assess whether a steady state was reached at a particular
temperature. Using the elemental X-ray mass absorption coefficients
(Hubbell and Seltzer, 1996) and the water density at the respective p-T-
conditions (Lemmon et al., 2019), element concentrations can be
calculated from the height of the edge jumps (for method see Pokrovski
et al., 2005). The concentrations and edge jumps are plotted in Fig. 52
For Zr, the 200 °C isotherm converged around 270 pg/g, 250 °C around
220 pg/g and 350 °C around 33 pg/g. The other isotherms did not
converge before the temperature was increased. For Hf, only two iso-
therms converged, 250 °C around 190 pg/g and 400 °C around 24 ug/g.
Note also that the density values of the fluid were calculated assuming
pure water due to the lack of suitable data for hydrofluoric acid and that
the density of the actual fluid is slightly higher due to the dissolved HF
and Zr or Hf. However, this error is estimated to be less than 1 % for the
compositions in question. The nature of a solid phase was not monitored
during the experiments and therefore these data may not necessarily
represent solubilities of baddeleyite-type crystalline ZrO, and HfO, and
should not be regarded as such. The purpose of monitoring the apparent
concentration was mainly to ensure that no significant precipitation of
solid phases has taken place in the beam, which would interfere with the
XANES and EXAFS signals from the dissolved species. Experience from
past experiments shows that when solid phases precipitate in the beam
path, they do so at the walls of the sample chamber because this surface
provides nucleation sites, thus lowering the nucleation energy barrier.
Spontaneous nucleation in the free fluid instead of at the cell wall would
have to overcome this energy barrier unaided and is thus highly un-
likely. If precipitation at the cell wall in the beam path were to occur,
one would expect a continuous increase of apparent total concentration
over time. Because the recorded XANES and EXAFS spectra would then
represent a mixture of signal from the dissolved species and the solids
(ZrO4 or HfO,, in this case), one would also expect a shift in the shape of
the spectra due to the continual increase of the proportion of the solid
over time as more and more solid precipitates. No such behavior was
observed and we therefore conclude that our XANES and EXAFS data
represent the dissolved species and not precipitates. However, solid
precipitate as well as remnants of the originally added oxide chunks
were recovered after the experiments, indicating that the solutions were
in continuous contact and chemical exchange with the solids.
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Cation-ligand distances R from AIMD calculations at different temperatures along with the asymmetry factor o, calculated as the longest bond length of a given

complex divided by the shortest.

T [°C] complex R(Zr-F) [A] R(Zr-OH) [A] R(Zr-H,0) [A] o R(HE-F) [A] R(Hf-OH) [A] R(Hf-H,0) [A] o
100 [MF4(H,0),1° 1.97(1) - 2.25(3) 1.14 1.95(1) - 2.18(3) 1.11
200 [MF4(H0),1° 1.96(1) - 2.26(1) 1.15 1.94(1) - 2.22(2) 1.14
350 [MF4(H,0),1° 1.96(1) - 2.30(2) 1.17 1.93(1) - 2.23(1) 1.16
[MF3(OH)(H,0),]° 1.97(1) 1.97(1) 2.33(2) 1.18 1.94(1) 1.93(1) 2.27(3) 1.18
[MF,(OH),(H;0),1° 1.99(1) 1.96(1) 2.32(2) 1.18 - - - -
[MF(OH)3(H0),1° - - - - 1.96(1) 1.94(2) 2.24(4) 1.15

350 OC ZI'F4 b 2 HZO

350 °C experiment

100 °C ZrF, - 2 H,0O

Normalized intensity

100 °C experiment

1 | 1 |

350 °C ZrF,(OH), - 2 H;
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Fig. 3. Calculated XANES spectra for Zr and Hf hydroxy-fluoride complexes and the corresponding experimental spectra. Complexes with different F/OH ratios at
350 °C show little difference in line shape. The Hf spectra show a rather more pronounced difference between 100 °C and 350 °C, compared to the Zr spectra. The
calculated spectra are calibrated to the same edge positions as the experimental spectra. All intensities are normalized for easier comparison.

3.2. XANES and AIMD calculations

The intensity normalized XANES regions of Zr K and Hf L3 edges are
shown in Fig. 2. The white line of the Zr K edge in our data consists of
two distinct peaks at ca. 18015 eV and 18030 eV, with the latter having
the higher intensity. This shape is typical for 6-fold coordination of Zr
with O and clearly distinct from 7- or 8-fold coordination, in which the
lower energy peak is more intense (Louvel et al., 2013; Wilke et al.,
2012; 2013). Due to the similarity of F and O, we would not expect the
exchange of one or several O with F in the coordination sphere to have a
pronounced influence on the XANES spectrum. Any potential change in
coordination is not obvious from the Zr K edge data but a broadening of
the features becomes apparent at higher temperatures. The Hf Lg white
line consists of two distinct peaks at 100 °C. The 200 °C data for Hf are
not included because the white line absorbed all photons in this
instance, rendering those XANES data unusable. At 250 to 400 °C, the
splitting of the white line is not observed.

Structural analysis of the AIMD simulations showed that all com-
plexes up to 350 °C prefer 6-fold coordination. Transient deviations to
lower coordination were only observed in few cases where ligand
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exchange took place. Note that the main purpose of the AIMD simula-
tions here was to generate reasonable structures for calculation of
theoretical XANES spectra rather than obtaining information on the
thermodynamic stability of the different complexes. The average radial
distances of the ligands to the central Zr** and Hf** ions were obtained
from the maxima of the respective radial distribution functions and are
summarized in Table 2. The Zr/Hf-F and Zr/Hf-OH distances are be-
tween 1.93 A and 1.99 A. While Zr-F/OH distances are systematically
longer than Hf-F/OH distances by 0.02-0.05 A, no systematic difference
in bond length is observed between the metal cations and fluoride or
hydroxyl ligands. There seems to be a small decrease of these distances
with increasing temperature but the changes are of similar size as the
errors. The cation distances to HyO ligands were consistently larger, i.e.
between 2.18 and 2.33 A, with a significant positive temperature
dependence. This leads to an overall increase of asymmetry with
increasing temperature (Table 2).

Derived structures for the equilibrated Zr and Hf complexes at 100 °C
and 350 °C were then used to calculate theoretical XANES spectra. These
spectra are shown in Fig. 3 together with experimental spectra collected
in 1 mol/kg HF solution at similar p-T conditions. The calculated spectra
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Fig. 4. EXAFS spectra of the experiments with fits in k-space. For data treat-
ment and fitting procedure see text.

reproduce the general shape of the white line of the experimental data
well, although the lines are somewhat broadened in the calculated
spectra. The height ratio of the first and second peak of the white line in
the Zr spectra changes slightly with the F/OH ratio of the complex, with
higher ratios reproducing the experimental data more closely. However,
the correlation is too weak to confidently use it to determine the true F/
OH ratio in the experimental data. The splitting of the Hf Lg white line at
100 °C in the experiments is reproduced by the simulated spectrum at
the same temperature. At 350 °C, this split is only visible as a shoulder in
the simulated spectra and no longer clearly identifiable in the experi-
mental spectrum. This is likely an effect of thermal broadening of the
features.
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Fig. 5. EXAFS spectra of the experiments in R-space. For data treatment
see text.

3.3. EXAFS

The EXAFS data of both Zr and Hf experiments show a single oscil-
lation frequency in k-space at all temperatures, indicating a single
dominant coordination shell (Fig. 4). The Fourier-transformed spectra in
R-space also show no evidence of a well-defined second shell (Fig. 5). A
deviation between fit and data of the Zr data can be seen at 7.5 A~ in k-
space, particularly in the 100, 200, and 250 °C data sets (Fig. 4). The
position and appearance of this feature correspond to published obser-
vations of the dual-electron excitation effect (e.g., Filipponi, 1995; Wang
and Chen, 1998). This affects the apparent amplitude of the oscillation
before and after this secondary edge. A similar but weaker edge is
observed in the Hf data around 7 A1 (Fig. 4). However, the edge caused
by multi-electron excitation does not affect the interpretation of the
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Fig. 6. a) Mean radial distances (R) of ligands around Zr and Hf, calculated from EXAFS data, plotted against inverse absolute temperature. The dashed trend lines
are linear fits with their associated statistical R? value (not to be confused with the radial distance R). The error bars represent random relative experimental un-
certainty between individual points and are estimated from the maximum residuals between the data points and the fits. b) Total displacement range around the
mean values (R =+ ¢) as calculated from EXAFS data (not related to experimental error) for all experimental temperatures. Zr data are offset in the graph by —5 °C and
Hf by + 5 °C for visual clarity. The total displacement includes statistical displacement (difference between individual ligands, i.e. asymmetry of the complex) as well
as thermal displacement (change in R over time due to thermal vibration). Mind the difference in y-axis scaling between plots a) and b).

radial distances, when a fixed coordination number is chosen (Fig. S3).
The distortion of the amplitude at k-values below ca. 5.5 A! in the Hf
data most likely stems from the high-energy end of the XANES effects
and the background correction but did not significantly affect the radial
ligand distances extracted from the processed EXAFS data at k > 3 A~}
which was chosen as the lower bound of the range interpreted by the
EXAFS fitting. Adjusting the data range over which the near edge region
is fitted influences the effect on the amplitude, making interpretation of
this parameter more reflective of the fitting procedure than of the actual
data. It was therefore decided to use a fixed range of & 100 eV around
the edge for near edge fitting for better comparability of the data.

Due to the double electron excitation effect and the uncertainties in
background subtraction, the significance of the EXAFS amplitude for
interpretation of complexes is limited. Because the amplitude reduction
term S3 is unknown and cannot be derived from fits independently of the
coordination number N, with which it is correlated, we will assume S% =
1 for all fits.

Previous studies have found that ZrF,(OH), and HfF5(OH), com-
plexes are expected to be dominant under our experimental conditions
(Rhyzhenko et al., 2008; Migdisov et al., 2011). However, these studies
both used methods that cannot observe potential additional molecular
water in the first hydration shell. Based on the comparison of the XANES
spectra with AIMD modeling, the complexes were assumed to have close
to six-fold coordination but not perfect octahedral symmetry. However,
the systematic differences in R between the three different ligand sub-
shells were too small to be resolved with EXAFS fitting, because the
scattering cross sections of F and O are too similar to each other. At-
tempts to fit two shells with separately optimized R parameters resulted
in inconsistent results between the various experiments and strongly
correlated parameters. Such results indicate that the data were over-
fitted in these attempts, meaning too many parameters were fitted to
the available amount of experimental information. It is therefore
important to note that the radial distances R for all fits presented in
Fig. 6a are mean values for all inner ligands, with the ¢ parameter
(Fig. 6b) accounting for the overall mean displacement between all li-
gands, including statistical and thermal displacement. The ligands are,
by nature of the EXAFS equation, weighted in the analysis with the in-
verse square of their radial distance (R2). Based on the considerations
above, the complexes ZrFy(OH),-2H50 and HfFo(OH),-2H,0 were fitted
to the Zr and Hf data, respectively, by defining a single ligand shell
containing 2F and 40 at an identical distance. The radial distance R and
displacement ¢ were refined, the coordination number was kept fixed.
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Table 3
EXAFS fitting results as reported by xafsX. No error can be calculated for the
radial distance R because it is totally correlated with the mean displacement c.

T [°C] R [A] o2 [A% + Eo [eV] +

Zr 100 2.008 0.004 0.001 ~2.952 0.0001
200 1.990 0.005 0.001 -3.331 0.0001
250 1.990 0.005 0.002 —4.810 0.0002
300 1.994 0.006 0.005 —4.495 0.0003
350 1.974 0.005 0.008 ~2.852 0.0006

Hf 100 2.013 0.003 0.002 0.190 0.0001
200 1.975 0.004 0.002 3.850 0.0002
250 1.970 0.005 0.002 0.791 0.0002
300 1.969 0.005 0.004 0.573 0.0003
350 1.965 0.006 0.007 0.960 0.0005
400 1.969 0.01 0.01 1.473 0.001

The results are summarized in Table 3. The nature of the fitting pro-
cedure precludes the independent determination of an experimental
error or uncertainty on R in addition to ¢ for individual data points. It is,
however, possible to estimate if changes in R with temperature are
significant by taking into account the R values for all temperatures for
either the Zr or Hf experiments. Temperature dependent properties tend
to follow simple trends when plotted against reciprocal absolute tem-
perature. The simplest such dependency being linear, thus providing the
most conservative error estimate. We can fit a linear function in recip-
rocal absolute temperature space to the data (Fig. 6a) and use the largest
observed residuals between the data points and this fit as an estimate of
the relative experimental uncertainty between the individual data
points. These estimated uncertainties of 0.01 A are shown as error bars
in Fig. 6a. It is worth noting that this is an estimate for a purely random
relative error between the data points at different temperatures. There is
no systematic temperature dependent experimental error for XANES and
EXAFS data because no temperature dependent parameters are used in
the interpretation of the data and all of the spectroscopic equipment is
far away from the autoclave and at a stable temperature. We can,
therefore, be confident that any differences beyond the error bars in
Fig. 6a are significant and the observed apparent contraction of the
complexes with increasing temperature is real. Because no variables that
could introduce a systematic error between Zr and Hf are used in the
EXAFS analysis and considering that all individual R values of Zr com-
plexes at > 200 °C are larger than the corresponding values of Hf
complexes, we would argue that there is also a significant difference
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between the complexes of Zr and Hf at these temperatures.

The bars in Fig. 6b depict the o value of the total radial displacement
of the ligands. Despite the name o, this is not an error or uncertainty but
a distribution of ligand distances in real space! Each ligand has its own
thermal distribution around its rest position due to vibration, which
broadens with increasing temperature. The rest position is also different
for each ligand (complex asymmetry). The bars in Fig. 6b therefore
denote the range in which any particular ligand is expected at any
instant in time with a 1c probability. This range is large compared to the
differences in R (Fig. 6a) but describes actual physical properties of the
complexes and has no bearing on the significance of differences in R. To
understand the meaning of the EXAFS results, we employ classical MD in
the following.

3.4. Classical MD

In an octahedral complex with three types of ligands, each of which
occurs twice, as in the [MF5(OH),-2H,0] complexes simulated here, five
symmetrically distinct configurations of ligands are possible: all-trans
(all identical ligands lie opposite each other), all-cis (all ligands lie at
90° to their identical counterpart), and three permutations with one of
the ligand types in trans and the other two in cis configuration. Calcu-
lations were performed for all five possible configurations. However, the
all-trans and the three mixed configurations yield very similar results,
whereas the all-cis configuration is unstable. Therefore, only the results
of the all-trans configuration will be presented hereinafter. A compari-
son of the main results for all different configurations can be found in the
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Supplementary Material (Fig. S4 and S5).

The calculated mean distances of the six (and four) F or O atoms
closest to the central cation are shown in Fig. 7a (and b, respectively),
weighted with R™2 and calculated for two sets of Lennard-Jones pa-
rameters for the central cation: ¢ = 1.8 }o\, e = 20.92 kJ/mol (blue in
Fig.7); and 6 = 3.6 A, e = 4.184-10° kJ/mol (red). The R2 weighting is
applied for better comparability with the experimental EXAFS results
(Fig. 6 and also shown in Fig. 7) because the amplitude of the EXAFS
effect also includes the same weighting factor. The full density functions
for all three ligand types and both Lennard-Jones parameter sets, as
calculated with classical MD, show the expected thermal broadening of
the distributions with increasing temperature (Fig. 8). The weighted
average cation-ligand distances for the closest six F and O ligand atoms
show thermal expansion (Fig. 7a), whereas the closest four alone show
thermal contraction (Fig. 7b). This is due to the two H50O ligands moving
out from < 2.2 A on average at < 200 °C to > 2.3 A on average at >
300 °C, and finally an increasing loss of HO ligands from the octahe-
dron to an outer and much less well-defined ligand position > 3 A be-
tween 300 and 400 °C (Fig. 8 bottom row). This effect is observable for
both simulated sets of Lennard-Jones parameters but much more pro-
nounced for the set shown in red in Fig. 7 and in the right column in
Fig. 8, which also displays a more pronounced asymmetry of the octa-
hedral complex even at low temperatures. The other ligands, Fand OH,
show an opposing trend compared to H3O, with a slight decrease of the
distance to the central cation (Fig. 8) with increasing temperature above
200 °C, likely due to the decreased repulsion by the HyO ligands.

The H50 ligand distance distribution becomes bimodal with peaks at
~ 2.3 and ~ 3.7 A above 300 °C (Fig. 8 bottom right). The relocation of
the H,0 ligands from ~ 2.3 to ~ 3.7 A is in effect a loss of these ligands
from the first coordination shell, which is thus reduced from 6- to 5- and
ultimately 4-fold coordination. The remaining inner ligands reorganize
and assume first an irregular and finally a tetrahedral configuration.

Computation of the classical interaction potential (Lennard-Jones
potential plus Coulomb potential) as a function of cation-fluoride dis-
tance also reproduces the negative correlation between the cation dis-
tance of HO and fluoride (Fig. 9). If the cation-ligand distance for HyO is
increased from 2.0 A to 4.0 A, the minimum of the cation-ligand po-
tential for the fluoride ions shifts to smaller values. The absolute values
for Rg are offset compared to the full MD calculations because the
interaction potential calculations were carried out in vacuo, thus not
accounting for solvent interactions.

4. Discussion
4.1. Complex stoichiometry and first-shell coordination

Previous experimental studies on the solubility of ZrO, in HF-bearing
solutions have found that neutral complexes of the stoichiometry
[Zng(OH)g]O should be stable under conditions investigated here
(Ryzhenko et al., 2008; Migdisov et al., 2011). Because mixed-ligand
coordination with F and O as nearest neighbor atoms of a central
cation cannot be unequivocally determined with X-ray spectroscopy due
to the similar behavior of F and O as X-ray scatterers (Farges, 1991;
1996, Louvel et al., 2013), we used the published [Zer(OH)z]O complex
to provide the fluoride and hydroxide stoichiometry for our XAS data
analysis. However, because Ryzhenko et al. (2008) and Migdisov et al.
(2011) utilized the dissolution reactions of a solid to derive the complex
stoichiometry, they could not observe electrically neutral molecules of
the solvent, such as H,0, in the complexes. Comparison of our experi-
mental XANES data (Fig. 2) with spectra calculated from AIMD calcu-
lations (Fig. 3) as well as published experimental and theoretical data
(Louvel et al., 2013; Wilke et al., 2012; 2013) suggest that the complex
coordination is predominantly 6-fold. Wilke et al., (2012, 2013), using
X-ray absorption/fluorescence spectroscopy in hydrothermal diamond
anvil cells (HDAC), found that the solubility of zircon (ZrSiO4) and
hafnon (HfSiO4) in solutions with up to 30 % sodium silicate at
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Fig. 8. Calculated radial distributions functions of F, OH~, and H,O ligands at various temperatures for two sets of Lennard-Jones parameters: ¢ = 1.8 10\, e = 20.92
kJ/mol (left column); 6 = 3.6 A, ¢ = 4.184-10" kJ/mol (right column). Each line shows the envelope of a histogram (bin width = 0.01 A) of the distances of both
ligands of each type from the central cation in 2000 snapshots of the classical MD simulation. Note that F" and OH" ligands are shown on common x and y scales but
the HO ligands have their own scales due to their much wider distribution. The sum of the distributions of all three ligands at each temperature corresponds to the

total displacement determined with EXAFS (Fig. 6b).

temperatures up to 700 °C and pressures up to 1.3 GPa, is much higher
compared to NaOH solutions, and interpreted this to be due to the for-
mation of 6-fold coordinated zirconosilicate-like complexes. Vlasovite-
like alkali-zirconosilicate clusters with 6-fold coordination were also
found by Louvel et al. (2013) in solutions containing 35 % Na3SioOs
(NS2). The characteristic shape of our experimental XANES spectra is
well in the variation range of the various investigated and published 6-
fold coordinated complexes and allows us to rule out higher coordina-
tion. Based on these published data and our own results, we therefore
conclude that the dominant complex stoichiometry including neutral
solvent molecules under the physicochemical conditions investigated
here, is [Zr(F,OH)4-2H20]°. Since crystalline solids of Zr that could be
used as reference material all have 6-fold or higher Zr coordination, we
computed the Zr XANES spectra of a transient 5-fold coordinated Zr
species existing for about 5 ps in an AIMD simulation at 350 °C. As can
be seen in Fig. S6, the white line is only slightly affected by the coor-
dination change but the intensity of the pre-edge is significantly

176

enhanced. Such a change is not observed in the experimental spectra
suggesting that a 5-fold coordinated environment is not abundant at the
experimental conditions.

The potential formation of polynuclear complexes needs to be
considered because (1) it may have significant implications for complex
diffusion and mineral precipitation from fluids and (2) Zr and Hf are
known to have a propensity for complex polymerization. Hagfeldt et al.
(2004) demonstrated spectroscopically that hydrated Zr*+ and Hf** ions
polymerize to edge-sharing tetramers by hydrolysis at any pH greater
than zero in pure water. A tendency of Zr to form polymers is also known
from more complex chemical systems. Zirconium oxychloride forms
tetramers whereas zirconosulfate trimers occur in sulfate-rich solutions
(Kanazhevskii et al., 2006). Solubility based studies (Ryzhenko et al.,
2008; Migdisov et al., 2011) cannot distinguish between mono- and
polynuclear complexes of the same dissolution reaction stoichiometry.
However, heavy elements such as Zr or Hf at a distance that would be
expected for a polynuclear complex, should be visible in EXAFS spectra,
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as has been observed in solids as well as aqueous complexes (e.g.,
Hagfeld 2004; Louvel et al., 2013). However, this was not observed in
our EXAFS data. The radial distribution functions do not show a clear
second shell in any of our experiments (Fig. 5). Attempts to fit a second
ligand shell containing one or more Zr at distances that would represent
face-, edge-, or corner-sharing octahedra also did not fit the results
better than without the additional Zr and were consequently abandoned.
We therefore conclude that no polynuclear complexes occurred in our
experiments.

Our AIMD simulations indicate that a range of different F/OH ratios
in the complex are at least metastable over the course of the simulations
(25 ps). It is therefore likely that the average complex formula repre-
sents a mixture of various different individual complex configurations.
Neither the experimental methods employed in the present study nor
those in the literature can determine the individual complexes at a single
point in time but represent averages over many individual complexes
over a time span (minutes to days) that is many orders of magnitude
greater than the time scale of ligand exchange (pico- to milliseconds). It
is worth noting that the AIMD simulations that were started with
tetrahedral Zr or Hf complexes, equilibrated quickly to octahedral co-
ordination by incorporating nearby H>O molecules into the first coor-
dination shell, suggesting that purely tetrahedral coordination is not
stable under the investigated conditions. Consequently, the classical MD
calculations were set up to start from octahedrally coordinated
[MF2(OH)2~2H20]° complexes. Classical MD allows to track the devel-
opment of systems over much longer time periods than AIMD (3 ns vs.
25 ps) and therefore provides more sound statistical information about
the radial distribution of each ligand (Fig. 8). The radial distances of
both F and OH™ ligands decrease slightly with increasing temperature,
whereas those of the H,O ligands increase. Up to 200 °C, this causes
increasing distortion in the octahedral coordination in the MD
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calculations. Above 300 °C, however, the partial loss of HyO ligands
from the first shell (<3 f\) to the second (>3 A) leads to an apparent
equilibrium between 6-, 5-, and 4-fold first shell coordination. The for-
mation and persistence (at least for a few picoseconds) of a 5-fold co-
ordinated complex at 350 °C in the AIMD simulations during ligand
exchange (see above and Fig. S6) also suggests that lower coordinated
species may become stable at high temperatures. The two different
parameter sets used for the classical MD calculations both qualitatively
show the increasing asymmetry and tendency to transition to lower than
6-fold coordination with increasing temperature but yield substantially
different proportions of H,0 beyond 3 A at high temperature (bottom
two panels in Fig. 8) and thus different proportions of 6-, 5-, and 4-fold
coordination. This indicates that the increasing asymmetry of the octa-
hedron likely does lead to a transition to lower coordination at higher
temperature, but the coordination proportions should not be used to
extrapolate free energies of transition from our classical MD calcula-
tions. For this purpose, dedicated AIMD calculations with longer simu-
lation times and free energy thermodynamic integration need to be
performed in the future.

Comparison of the R values obtained with AIMD and classical MD
with those from the EXAFS experiments (Figs. 6 and 7) strongly suggest
that the apparent contraction of complexes observed in the experiments
in fact constitutes an increase in asymmetry of the first shell or even a
partial transition from octahedral to lower coordination. Because the
amplitude of y(k), which is defined by the EXAFS function used in the
fitting procedure (Newville, 2014), scales with the inverse square of the
radial distribution, ligands that are further away from the central cation
have a much lower influence on the overall EXAFS function than ligands
that are closer. This means that light ligands with a large R and o, such as
H50 in this case, become much less visible to the EXAFS analysis.
Beyond ca. 3 A, light ligands become virtually invisible to EXAFS and
cannot be properly fitted as a second shell.

Unlike in the MD results, the transition to lower average radial dis-
tance is already visible at 200 °C in the EXAFS data (Fig. 6a). It is
particularly interesting that this effect seems to be more pronounced for
the Hf complexes than for those of Zr between 200 and 300 °C, sug-
gesting that Hf complexes develop a somewhat more distorted coordi-
nation environment and potentially even a slightly lower average
coordination than Zr complexes under these conditions. It would
therefore be useful to have direct evidence on the Hf coordination. The
Hf Ls-edge does indeed show a change in shape of the white line from
100 to 250 °C, which may correspond to a change in coordination (no
XANES data are available for 200 °C, see Results). At 100 °C, the white
line consists of two clearly identifiable peaks. At 250 °C and above, this
is not observed and the white line seems to consist of one single peak.
The theoretical XANES spectra obtained from the AIMD calculations
reproduce this feature (Fig. 3). The disappearance of the line splitting
with increasing temperature may be the result of increasing asymmetry
or simply due to thermal line broadening. Apart from the line splitting in
the Hf spectra, the experimental XANES spectra (Fig. 2) show no obvious
evidence for a coordination change in the investigated temperature
range. The AIMD simulations and theoretical XANES spectra (Table 2,
Fig. 3) suggest that the increase in asymmetry only causes minor
changes to the XANES spectra of Zr.

4.2. Implications for Zr/Hf fractionation

Zirconium and hafnium behave almost identically in the vast ma-
jority of geochemical environments and are therefore considered
geochemical twin elements. However, extreme enrichment of Hf and
formation of high-Hf zircon to near-end-member hafnon (HfSiO4) is
known from a few rare-metal pegmatite locations across the globe (e.g.,
Neves et al., 1974; Yin et al., 2013; Kudryashov et al., 2020). The Hf
enrichment in these examples is tied to the late magmatic to hydro-
thermal phase transition in the pegmatite evolution when fluxing, i.e.,
depolymerizing, elements such as F, Li, B, Na, K, and water fractionate
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from the melt into an exsolved aqueous phase, thus drastically altering
the properties of the remaining melt, which becomes highly polymerized
and also increasingly aluminous. This indicates that the relative solu-
bility of Zr and Hf in the exsolving aqueous fluids, or in the melt (which
has undergone drastic changes to its chemical composition), or both,
may be responsible for Zr/Hf fractionation in these systems. A similar
but less extreme decline in Zr/Hf ratio has been observed in late
magmatic and especially hydrothermal zircons in granites (Wang et al.,
2010). Fractionation of Zr and Hf has also been experimentally
demonstrated in peraluminous melts (Linnen and Keppler, 2002) as well
as aqueous fluids (Shikina et al., 2015) and is known from a range of
different natural aqueous systems, where aqueous and surface
complexation are likely involved (e.g., Bau, 1996; Schmidt et al., 2014;
Inguaggiato et al., 2015; Censi et al., 2017). This complicates the
interpretation of Zr/Hf fractionation especially in settings where more
than two phases (fluid, melt, solids) are present.

Despite the abundance of studies describing Zr/Hf fractionation (e.
g., Bau, 1996; Linnen and Keppler, 2002; Wang et al., 2010; Schmidt
et al., 2014; Inguaggiato et al., 2015; Shikina et al., 2015; Censi et al.,
2017), the fundamental cause of the effect is currently unclear. That
means it is unknown, which physical properties of Zr and Hf affect
element partitioning on a molecular level, and via which mechanism
they affect it.

While nominal ionic charge and ionic radius of Zr** and Hf*" are
very similar (~1.4 % difference; Shannon, 1976), the mass of Hf is
almost twice that of Zr. Hafnium also has additional electron shells (68
electrons in total for Hf*" compared to 36 for Zr*"), which do not alter
the valence electron configuration directly but may nevertheless play a
role in modifying bond strength with anions.

The difference in atomic mass (Wieser and Coplen, 2011) between Zr
(91.224) and Hf (178.49) can be expected to play at least some role in
Zr/Hf fractionation, if we assume that the same mechanisms that are
responsible for isotope fractionation, are involved. Mass dependent
fractionation in aqueous systems is known to occur via adsorption of
stable isotopes of, among others, B (Lemarchand et al., 2007), Zn (Juillot
et al., 2008), and Mo (Wasylenki et al., 2011) onto minerals, in cases
where the adsorption is accompanied by a coordination change between
dissolved complex and surface complex. If we were, for the sake of
argument to assume that Zr and Hf do not differ from each other in
complexation behavior, we could treat them like “pseudo isotopes” of
the same element with a mass difference of almost a factor of 2. The
fractionation effect produced by such a mechanism can be expected to
be much more drastic for Zr/Hf than the fractionation observed for
97Mo,/**Mo (Wasylenki et al., 2011), at only 2 % relative mass differ-
ence. In the most common Zr- and Hf-bearing minerals, Zr and Hf are 6-
fold (zirconosilicates), 7-fold (baddeleyite), or 8-fold (zircon, hafnon)
coordinated. If Zr and Hf are 6-fold or less coordinated on average in
complexes occurring in an aqueous fluid, a significant increase of the
coordination number must take place during either adsorption of a
dissolved complex onto a mineral surface or during incorporation of the
surface complex into the mineral structure. The change from a highly
asymmetric complex (as we found in solution) to a more symmetric
configuration with the same coordination number can also increase
partitioning because the shorter bonds in the asymmetric complex
contribute more to the overall energy budget (e.g., Wunder et al., 2011).
The increase in effective bond length during precipitation as a result of
the coordination or symmetry change would be expected to cause
preferential precipitation of the lighter component (Zr) and retain the
heavier component (Hf) in solution in analogy to Mo isotope fraction-
ation (Wasylenki et al., 2011). This is due to the fact that the heavier
cation forms bonds with a lower vibrational energy. As a result, heavy
isotopes or elements are favored in low coordination environments,
which have shorter bond lengths and stronger bonds.

Fig. 10 schematically demonstrates the development of Zr/Hf in
minerals precipitating from a fluid in a Rayleigh fractionation process
(as opposed to equilibrium fractionation) plotted against the proportion
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of Zr that has been precipitated for several different equilibrium frac-
tionation factor ratios. It shows that even low differences in fraction-
ation factors for Zr and Hf can produce very low Zr/Hf ratios, if
fractionation is allowed to progress sufficiently. This means that min-
erals precipitating from highly evolved F-rich aqueous solutions (e.g.,
hydrothermal vein fluorite or hydrothermal zircon), which have un-
dergone prolonged Rayleigh fractionation should have subchondritic
Zr/Hf ratios, which is precisely what studies on natural samples have
observed (e.g., Bau, 1996; Wang et al., 2010). If the same fractionation
mechanism also affects zircon precipitation from melts, this would also
explain the extreme Hf enrichment in pegmatitic zircons or, indeed, the
formation of near end-member hafnon (e.g., Neves et al., 1974; Yin
et al., 2013; Kudryashov et al., 2020). This mechanism has also been
proposed for Zr stable isotope fractionation (e.g., Inglis et al., 2019).
However, several newer studies found that equilibrium Rayleigh frac-
tionation is not sufficient to explain the large positive as well as negative
5°4907r values found in some magmatic systems (e.g., Méheut et al.,
2021; Tissot and Ibanez-Mejia, 2021; Bindeman and Melnik, 2022;
Tompkins et al., 2023). These studies report strong mass dependent ki-
netic isotope fractionation effects. The fact that 5°*°0Zr values can be
positively (e.g., Ibanez-Mejia and Tissot, 2019) or negatively (e.g., Zhu
et al., 2023) correlated with Zr/Hf ratios, may suggest that Zr/Hf frac-
tionation is either controlled by strong mass independent effects (unlike
Zr stable isotopes) or that mass dependent equilibrium fractionation
plays a greater role than for Zr stable isotopes due to the larger mass
difference between Zr and Hf. It is worth noting that mass dependent
diffusion kinetic effects can be expected to be less relevant in aqueous
compared to magmatic systems due to the lower viscosity of aqueous
fluids, whereas (mass dependent or mass independent) reaction kinetic
effects may be of similar magnitude in both kinds of systems.

To the best of our knowledge, Zr stable isotope studies are at the
moment limited to magmatic systems and do not cover fluid-mineral
interaction. This is unfortunate because the same reasoning applied to
magmatic systems may also explain the Zr/Hf fractionation trend
observed in deep oceanic hydrogenetic ferromanganese crusts (Schmidt
et al., 2014). However, in this case the precipitating phase has a lower
Zr/Hf ratio than the aqueous phase, which should be the case if coor-
dination decreases as Zr or Hf from solution get adsorbed onto the
mineral surface. Currently, neither the complex chemistry of Zr and Hf
in deep sea water nor their surface complexation on ferrromanganese
crusts are comprehensively understood. In water without ligands that
form strong complexes with these cations, 8-fold coordination of Zr has
been predicted with ab initio modeling (Messner et al., 2011). If this is
valid for Zr and Hf in deep sea water, and if we postulate 6-fold surface
coordination of Zr and Hf on ferromanganese crusts, then the observed
trend of lower Zr/Hf ratios in the precipitate compared to the solution
could be explained by mass dependent “pseudo isotope” fractionation.
However, experimental investigation of the involved coordination en-
vironments is needed to test the plausibility of this hypothesis.

Our data also allow a second interpretation that is based on mass
independent differences in bond strength rather than mass. According to
our interpretation of the EXAFS data, the Hf complexes have slightly but
significantly stronger and consequently shorter bonds of Hf to the
fluoride and hydroxide ligands, which would be expected to push the
H30 ligands out more easily due to steric hindrance. This may be caused
by the higher reduced mass of the ligands’ bonds with Hf compared to
Zr, but may also be the result of electronic effects. Our observations of
different bond lengths to individual ligands between Zr and Hf as central
atoms are supported by recent ab initio density functional theory (DFT)
studies that have calculated higher cohesive energies for oxides and
fluorides of Hf compared to the respective Zr counterparts (Anders et al.,
2022). The formation of HfO, from the elements was calculated to be
0.261 eV more favorable than that of ZrO,. The formation of HfF4 was
0.274 eV more favorable than that of ZrF,4, meaning that Hf has a higher
affinity for O and F compared to Zr and that this effect is even more
pronounced for F than for O. Applied to our complex data, this means
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Fig. 10. Top: Schematic depiction of the incorporation pathways of complexes
from solution into minerals. Zirconium is shown in a regular octahedral coor-
dination, Hf in asymmetric octahedral coordination. The more significant
rearrangement of ligands necessary for the more asymmetrical complexes (Hf)
may hinder their incorporation compared to regular octahedral complexes and
lead to mass-dependent or mass-independent fractionation of Zr and Hf. Bot-
tom: Simulation of the development of Zr/Hf ratios in the precipitating minerals
during a Rayleigh fractionation process as a function of the proportion of Zr
that has already been precipitated (only the final 5 % of the precipitation
process are shown). The five curves depict the Zr/Hf ratios in minerals
precipitating from an initial solution with a chondritic Zr/Hf ratio of 33 by mass
for different ratios of fractionation coefficients between mineral and solution
(Dy¢/Dz,) from 0.5 to 1. Note that all curves except Dyg/Dz, = 1 eventually
trend to zero, meaning extreme relative Hf enrichment, as Zr precipitation
approaches 100 %.
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that the bond strength controls the distortion of the octahedral com-
plexes and eventually the proportion of lower coordinated complexes in
solution. Surface complexes on and metal coordination in minerals on
the other hand are partially or fully controlled by the crystal structure
and are typically 6-fold or higher (see above). Hafnium would require
more significant changes to its coordination environment than Zr in
order to be incorporated into a mineral from solution, meaning it is more
likely to be retained in solution. Therefore, a mass independent bond-
strength related fractionation mechanism would cause the same trend
as the mass dependent fractionation discussed above (Fig. 10). The
different effect of Zr and Hf on the bonds of their coordinating anions
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can also be seen in the different vibrational frequencies observable with
Raman spectroscopy (Griineberger et al., 2016).

Which of the above discussed effects is more relevant for Zr/Hf
fractionation in natural systems is not obvious from our data and both
may indeed occur simultaneously. The observed effect of bond-strength
is likely to affect also mineral surface complexation in the temperature
range of this study. Mass dependent isotope fractionation is known to
diminish with increasing temperature, following an Arrhenius-type 1/
Tabsolut [1/K] law, typical of equilibrium fractionation processes, but
absolute fractionation factors for Zr/Hf are currently unknown. One may
speculate then that mass independent bond-strength plays a more sig-
nificant role compared to mass difference for Zr/Hf fractionation at
higher temperatures. This is likely even more relevant for Zr/Hf and Nb/
Ta fractionation in magmatic or high-grade metamorphic systems (e.g.,
Weyer et al., 2003; Pfander et al., 2007; Lucassen et al., 2010; John
et al., 2011), which may also be explained by the mechanisms proposed
here if these elements change coordination during exchange between
melt and mineral (e.g., zircon) or between two minerals (e.g., rutile and
titanite).

5. Conclusions

Our data show that Zr and Hf occur in fluoride-rich hydrothermal
solutions predominantly as neutral complexes, at 40 MPa and up to
400 °C. We conclude that these complexes take the form [Zr(F,
OH)4-2H20]0 and [Hf(F,OH)4-2H20]°, respectively, in the experimen-
tally investigated temperature range. As temperature increases, the
octahedral complexes become more asymmetrical, with the fluoride and
hydroxide ligands moving closer to the central cation and the HyO li-
gands moving further away. This may ultimately lead to partial transi-
tion to less than octahedral coordination. at high temperature. These
findings suggest two possible mechanistic hypotheses for Zr/Hf frac-
tionation in hydrothermal systems during the transfer of Zr** and Hf**
in complexes in aqueous solution into the structure of minerals, both of
which would produce the same general fractionation trend and are
equally compatible with published observation from natural system: 1)
Mass dependent equilibrium or kinetic fractionation due to coordination
increase, as is known for isotope fractionation; or 2) mass independent
differences in average coordination number due to different bond
strength, which lead to different likelihood of incorporation into min-
erals due to different degrees of necessary bond reorganization (reaction
kinetic effect). Due to the inverse temperature dependence of mass
dependent fractionation, the bond-strength effect may dominate Zr/Hf
fractionation at higher temperatures but further research is required to
investigate the relative importance of the two effects under various
conditions.
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Appendix A. Supplementary material

Supplementary material contains method details for the classical MD
calculations, as well as figures showing a Lennard-Jones parameter scan
to demonstrate the dependence of calculated mean ligand distances on
the choice of these parameters (Fig. S1), the concentration of Zr and Hf
in solution during the XAS measurements (Fig. S2), example EXAFS fits
demonstrating the influence of ligand number (Fig. S3), the effect of
ligand configuration on the MD calculation results (Fig. S4 and S5), and
a comparison of simulated spectra of Zr in 5- and 6-fold coordination.

Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2023.12.013.
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