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Abstract7

The enhanced mobilization of high field strength elements (HFSE) by certain geo-

logical fluids at high pressures, P , and high temperatures, T , as indicated by field

observations and recent solubility measurements is most likely related to the type

of complex formation in the fluid phase. However, only a few in situ experimental

studies have been performed so far to constrain HFSE speciation in supercritical

aqueous fluids. Here, we complement these investigations by ab initio molecular

dynamics simulations to explore the complexation of Zr4+ and Hf4+ monomers

in aqueous solutions at T = 1000 K and P ∼ 1 GPa. Regardless of the type of

fluid (basic, neutral, acidic) both Zr and Hf seem to prefer an octahedral coor-

dination. By systematically changing fluid composition and coordinating anions,

the structure of various [(Zr,Hf)Clk(OH)m(H2O)n]
4−k−m (k = 0 − 6, m = 2 − 6,

n = 0 − 4) complexes is investigated. For each complex that is stable on the

time scale of the simulation, theoretical X-ray absorption spectra are calculated

and compared to experimental data. From this comparison, the most likely com-

plexes in HCl solutions are [(Zr,Hf)Cl3(Cl,OH)2(H2O)]−. The differences between

experimental and theoretical XANES spectra present in the case of NaOH solu-

tions indicate HFSE speciation beyond monomers in this system. Charge-neutral

[(Zr,Hf)(OH)4(H2O)1−2] complexes, which may be the dominant species in neu-

tral fluids at very low HFSE concentrations, show the lowest coordination (5.2(1))

of all investigated species. Finally, differences in the complexation of Zr and Hf
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in aqueous solutions at ambient and supercritical conditions and the possible

formation of more complex oligomeric species are discussed.

Keywords: ab initio molecular dynamics, high field strength element, aqueous8

solution, speciation, subduction zone9

1. Introduction10

High field strength elements (HFSE), i.e. Ti, Zr, Hf, Nb and Ta, are tracers of11

considerable importance for large-scale mass and energy transfer in the Earth’s12

interior. This is particularly true for those processes occurring within subduction13

zones because they involve differential mobilization of elements producing the14

characteristic depletion of HFSE relative to large-ion-lithophile elements (LILE),15

i.e. Rb, Sr, Cs, Ba, Pb, U and Th, in primitive arc magmatism compared to16

mid-ocean ridge basalt (Perfit et al., 1980; McCulloch and Gamble, 1991; El-17

liot et al., 1997). The depletion of HFSE in arc magmas is usually assigned to18

preferential mobilization of LILE during fluid-release from the subducted slab,19

where HFSE strongly partition into accessory phases like zircon or rutile. Both20

phases are found in many lithologies and are stable over a wide pressure and21

temperature range. Thus, they largely control the distribution of HFSE dur-22

ing metamorphic and melting reactions. For example, when rutile or zircon are23

formed during fluid-rock interaction in metamorphic reactions this leads to re-24

tention of HFSE. This view assumes that the solubility of these phases is low25

in subduction zone fluids. The solubility of rutile and zircon in H2O is indeed26

very low as found by experiments at high pressure and temperature (Tole, 1985;27

Tropper and Manning, 2005; Audetat and Keppler, 2005; Newton et al., 2005,28

2010; Bernini et al., 2013). While this model may explain the large-scale picture29

and the trace-element patterns of arc magmas, there is ample field evidence that30

both accessory phases may be mobilized during metamorphism: e.g. Ti-minerals31

in hydrothermal clefts of metamorphic rocks (Philippot and Selverstone, 1991;32

John et al., 2008) or examples of zircon with textures or structures that imply33
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dissolution and recrystallization, even in low-grade metamorphic rocks (Liati and34

Gebauer, 1999; Möller et al., 2002; Dempster et al., 2004). These observations35

seem to be in conflict with the explanation for the HFSE-depletion in arc mag-36

mas, which is based on the assumption of low solubility of these accessory phases37

in aqueous fluids. Thus, there is considerable need for a better understanding38

of the parameters controlling the solubility of HFSE-bearing minerals to provide39

a persisting model that may explain both, the large scale picture evidenced by40

arc-magmas and the one observed in metamorphic rock units.41

The most substantial enhancement of the solubility was observed as a function42

of the aqueous fluid composition, i.e. in the presence of complexing agents. This43

is of major relevance, because pure water is not an adequate approximation for44

the composition of subduction zone fluids. In case of rutile, significant solubility45

increase was found for fluids containing dissolved Cl− or F− (Rapp et al., 2010) as46

well as alkali-aluminosilicate components (Manning et al., 2008; Antignano and47

Manning, 2008; Hayden and Manning, 2011). In case of zircon, there is similarly48

substantial solubility enhancement for acidic and basic solutions (Ewing et al.,49

1982; Tole, 1985; Aja et al., 1995; Schmidt et al., 2006; Kovalenko and Ryzhenko,50

2009) or addition of NaCl (Bernini et al., 2013). Also for zircon, dissolution of51

alkali-aluminosilicate components in the fluids dramatically enhances the solubil-52

ity (Wilke et al., 2012). The strong dependence of the solubility on the amount53

and type of dissolved silicate components provides an efficient way of controlling54

HFSE mobility in natural fluids, i.e. through the rock matrix, which buffers the55

composition of fluids in equilibrium within a given lithology.56

The difference in solubility with fluid composition is likely driven by the dif-57

ference in the complexation of HFSE in those fluids. At ambient and subcritical58

conditions, thermodynamic analysis of solubility has been used to derive insights59

to the speciation of Zr or Hf. For Zr, thermodynamic models usually assume60

charge neutral [Zr(OH)4](aq) monomeric species as the dominant complex in61

aqueous solution over a wide range of pH conditions (Aja et al., 1995; Veyland62
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et al., 1998; Ekberg et al., 2004; Qiu et al., 2009). At strongly basic condi-63

tions (pH > 10), additional OH groups are assumed to form [Zr(OH)5]
−(aq) or64

[Zr(OH)6]
2−(aq). Under strongly acidic conditions, the number of OH groups in65

the first coordination shell is reduced, in the extreme case to a fully hydrated66

Zr4+(aq) ion. With increasing F− or SO2−
4 activity, associated [ZrFx]

(4−x)(aq)67

or [Zr(SO4)x]
(4−2x)(aq) species are described (Aja et al., 1995; Ryzhenko et al.,68

2008). More recently, evidence for mixed hydroxyfluoride complexes was found69

(Migdisov et al., 2011). Ekberg et al. (2004) suggest additional formation of70

[Zr4(OH)8]
8+(aq) and [Zr2(OH)6]

2+(aq) complexes at strongly acidic conditions.71

From solubility measurements using the undersaturation method, solubility prod-72

uct and hydrolysis constants were obtained assuming mononuclear Zr4+(aq),73

[ZrOH]3+(aq) and [Zr(OH)4](aq) species (Kobayashi et al., 2007).74

At ambient conditions, extended x-ray absorption fine structure (EXAFS)75

measurements on Zr4+ and Hf4+ ions in acidic solution confirm polynuclear clus-76

ters as the predominant species in solutions with pH larger than zero and Zr77

or Hf concentrations larger than 10−4 mol/kg (Hagfeldt et al., 2004). Fully78

hydrated Zr4+(aq) and Hf4+(aq) were observed for pH lower than zero. From79

the bond length distribution it was concluded that the first hydration shell of80

the monomeric species contains eight or perhaps seven H2O molecules (Hagfeldt81

et al., 2004). A second shell attributed to Zr-Zr distances in polynuclear clusters82

was found in an EXAFS study of Zr4+ in acidic solution (Cho et al., 2005). In83

basic solutions, the same group found evidence for [Ca3Zr(OH)6]
4+(aq) complexes84

(Brendebach et al., 2007). A thermodynamic equilibrium of tetrameric and oc-85

tameric species in acidic aqueous solutions with 0.05 mol/kg Zr4+ was concluded86

from small-angle x-ray scattering experiments (Singhal et al., 1996).87

The speciation found at ambient conditions is not transferable to supercrit-88

ical fluids at metamorphic conditions. Particularly, the highly charged species89

reported for aqueous solutions at very high or low pH, such as fully hydrated90

[(Zr,Hf)(H2O)6−8]
4+ or oligomeric species such as the tetramer [Zr4(OH)8(H2O)16]

8+
91
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are not very likely due to the strongly decreased dielectric constant of the sol-92

vent (Weingärtner and Franck, 2005). Wilke et al. (2012, 2013) and Louvel et al.93

(2013) constrained the compositional dependence of Zr and Hf complexation in94

supercritical fluids by X-ray absorption near-edge structure (XANES). In Wilke95

et al. (2012, 2013), experimental information on the HFSE complexation was ob-96

tained for aqueous fluids with HCl, NaOH, Na2Si3O7 (NS3), or Na2Si3O7 + 1 or97

5 wt% Al2O3, equilibrated with zircon or hafnon in hydrothermal diamond anvil98

cells at T up to about 1000 K and P up to about 1 GPa. Ab initio modeling of99

the XANES based on simple polyhedral clusters and comparison to experiment100

provided qualitative insight to the difference on the complexation. For NS3 ±101

Al2O3 solutions, measured XANES at the Zr-K and Hf-L3 edges indicated com-102

plexes with six oxygens in the first shell. In contrast, seven oxygens are indicated103

in the NaOH solution. For 16 wt% HCl solutions, a spectrum simulated for a104

(Zr,Hf)O4Cl3 cluster reproduced qualitatively the features of the experimental105

spectra (Wilke et al., 2012). Louvel et al. (2013) confirmed the sixfold coordi-106

nation of Zr in alkali silicate solutions. Using a less concentrated 2.5 wt% HCl107

solution they found no evidence for extensive Zr-Cl complexation in such fluids at108

supercritical conditions but discuss the possible presence of up to two Cl atoms109

in an assumed eight-fold Zr coordination shell.110

Ab initio molecular dynamics (AIMD) simulations have become a powerful111

tool to model cation complexation in aqueous fluids in a wide range of pressures112

and temperatures (e.g. Jahn and Wunder (2009); Sherman (2010); Jahn and113

Schmidt (2010); Liu et al. (2012); Mei et al. (2013); Watenphul et al. (2014)).114

For Zr and Hf, previous computational studies were concerned with the stability115

of the [Zr4(OH)8(H2O)16]
8+ tetramer (Rao et al., 2007) or the fully hydrated116

[(Zr,Hf)(H2O)6−8]
4+ complex at ambient conditions (Messner et al., 2011b,a).117

In the study of Messner et al. (2011b), a hydrolysis reaction was observed at118

T > 600 K. Speciation of Ti4+ in ambient and supercritical water was investigated119

by AIMD and metadynamics simulations (van Sijl et al., 2010, 2011). While the120
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most stable fully hydrated Ti4+(aq) complex consisted of five hydration waters,121

six water ligands were observed at supercritical conditions.122

Here, we present results of AIMD simulations of Zr4+ and Hf4+ monomers123

in aqueous solutions at supercritical conditions (P ∼ 1 GPa and T = 1000 K).124

Changes in cation speciation for different solvents, including NaOH and HCl125

solutions as well as pure H2O fluid, are investigated. The main goals of this study126

are to explore the complexation of these important elements under well-defined127

conditions in simple model fluids and to relate the predicted molecular structure128

to experimental observations. For the latter, theoretical spectra of the x-ray129

absorption near-edge structure (XANES) are computed and compared to recent130

measurements (Wilke et al., 2012; Louvel et al., 2013). We consider this study131

a starting point for a systematic and comprehensive theoretical investigation of132

HFSE complexation in complex geological fluids.133

2. Computational Method134

2.1. Simulation cell setup135

In this study, the complexation of Zr and Hf monomers in alkaline, neutral136

and chlorine-bearing acidic solutions is explored. For choosing a feasible molec-137

ular modeling strategy one has to keep in mind that the ligand exchange for138

highly charged ions is rather slow on the timescale available to AIMD and that139

many first shell coordination environments with H2O, OH−, and Cl− ligands are140

possible. Therefore, we sample possible coordination environments of Zr and Hf141

in separate AIMD runs and compare their theoretical x-ray absorption spectra to142

experimental data. A summary of the investigated fluid compositions is compiled143

in Table 1.144

In a first set of simulations we studied the behavior of initial [Zr(OH)n]
4−n

145

and [Hf(OH)n]
4−n clusters with n = 0 to 8 in an aqueous environment consisting146

of 32 H2O molecules (Runs Hy0 to Hy8). This setup explores the complexation147
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Table 1: Compositions of the investigated solutions, simulation cell charge where different from

zero, and cubic box length a. All simulations were run at T = 1000 K and a corresponding

pressure of about 1 GPa.

Run Composition charge a (Å)

#Hy0 (Zr/Hf)+32 H2O +4 10.16

#Hy2 (Zr/Hf)(OH)2+32 H2O +2 10.37

#Hy4 (Zr/Hf)(OH)4+32 H2O 10.57

#Hy6 (Zr/Hf)(OH)6+32 H2O -2 10.76

#Hy8 (Zr/Hf)(OH)8+32 H2O -4 10.94

#Na5 (Zr/Hf)(OH)4+32 H2O+5 NaOH 11.13

#Na6 (Zr/Hf)(OH)4+30 H2O+6 NaOH 11.13

#Cl6 (Zr/Hf)Cl4+35 H2O+2 HCl 11.13

#Cl7 (Zr/Hf)Cl4+34 H2O+3 HCl 11.13

#Cl9 (Zr/Hf)Cl4+32 H2O+5 HCl 11.13

Zr or Hf monomers with a pure H2O or a mixed H2O-OH hydration shell and148

excludes metal cations in the second coordination shell. The spatial dimensions149

of the cubic simulation cells were chosen to sample pressures of approximately 1150

GPa at T = 1000 K according to the equation of state of pure water (Wagner and151

Pruss, 2002). Corresponding cell lengths ranged from 10.16 Å (n = 0) to 10.94 Å152

(n = 8). For those runs with charged initial complexes, a uniform background153

charge was used to ensure global charge neutrality.154

We then modeled Zr and Hf complexation in a number of charge neutral fluids155

representing either basic NaOH or acidic HCl solutions. Aqueous NaOH solutions156

contained an initial Zr(OH)4 or Hf(OH)4 complex and either 30 H2O + 6 NaOH157

or 32 H2O + 5 NaOH. For the HCl solutions, different AIMD simulations were158

started with initial configurations containing zero to six Cl in the first coordina-159

tion shell of Zr or Hf. Six different AIMD runs of type #Cl6 (#Cl6a to #Cl6f,160

7
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Figure 1: Snapshots of six-fold coordinated Zr (blue) complexes from different runs of the

chloride solutions. Cl ligands are shown as green balls, OH and H2O as large red (O) and small

white (H) balls. The corresponding runs of the Hf-bearing chloride solutions have the same

arrangement of coordinating anions with exception of run #Cl6f where Hf is coordinated to

one chlorine and five oxygen atoms.

see Table 1 and Fig. 1) were performed for both Zr and Hf to sample coordination161

environments in chloride fluids ranging from zero to four Cl. The evolution of162

(Zr,Hf)Cl5 and (Zr,Hf)Cl6 complexes in solution were studied in runs #Cl7 and163

#Cl9.164

Some of the initial simulation cells were set up from scratch. In these cases,165

clusters containing a central Zr or Hf atom and a first coordination shell consist-166

ing of H2O, OH− and/or Cl− ligands were surrounded by a number of randomly167

positioned H2O molecules representing the aqueous solution. Other starting con-168

figurations were derived from previous simulations by exchanging molecules from169

the first coordination shell of Zr or Hf with molecules in the solvent, e.g. by ex-170

changing a Cl− ligand with an H2O or OH− molecule in the bulk solution. Some171

solutions of runs #Hy0 to #Hy8 were derived from previous runs by removing172

individual OH groups from the first hydration shell of Zr/Hf and adopting the173

cell volume and the charge-compensating background. At the conditions of the174

AIMD simulations (see below) hydrogen dynamics is fast and local charge equili-175
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bration is reached quickly within the first few picoseconds. Therefore, the initial176

simulation cell setup mainly determines the distribution of oxygen and chlorine177

atoms between the Zr/Hf nearest neighbor environment and the bulk solution.178

Since the simulation cells from the random structure approach are further away179

from equilibrium than those from the molecule exchange approach, they require180

longer times for equilibration. Otherwise, no significant dependence on the type181

of simulation cell setup could be observed. Two of the Zr solutions were also run182

with a larger simulation cell containing 59 H2O molecules to check possible finite183

size effects, but for the properties of interest here no discernible differences to the184

32 H2O cells could be found.185

2.2. Ab initio molecular dynamics simulations186

Ab initio molecular dynamics simulations were performed using the CPMD187

code (Marx and Hutter, 2000), which uses density-functional theory with a planewave188

basis set and pseudopotentials for the core electrons. The energy cutoff for the189

planewave was set to 80 Rydberg. The exchange-correlation energy was calcu-190

lated using the generalized gradient approximation according to Perdew-Burke-191

Ernzerhof (Perdew et al., 1996). Temperature was controlled using a Nosé-Hoover192

thermostat (Nosé, 1984). All simulations were run at a constant temperature of193

1000 K. A time step of 0.5 fs was chosen for the Born-Oppenheimer molecular194

dynamics simulations. Typical production trajectories were collected for at least195

10 ps. All the calculations were performed using periodic boundary conditions.196

Initially, we used the Martins-Troullier type pseudopotentials provided with197

the CPMD code for both Zr- and Hf-bearing solutions. However, the initial Hf198

pseudopotential did not contain semi-core electrons whereas that of Zr did. Com-199

parison of the first simulation results revealed that in this setup the Hf-O distances200

were systematically larger than the Zr-O distances, which is in contrast to the ex-201

perimental observations of Hf-bearing oxides or silicates having slightly smaller202

lattice constants than corresponding Zr-bearing crystals. We therefore tested203
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the Goedecker-Teter-Hutter pseudopotentials from Krack (2005) with semicore204

electrons for both Zr and Hf. The average Zr-O distance remained unchanged205

whereas the Hf-O distance decreased by about 0.05 Å and became shorter than206

the Zr-O distance. After having checked equivalence of the results from the two207

different types of pseudopotentials for the Zr-bearing fluids we continued to use208

Martins-Troullier type pseudopotentials but changed to Goedecker-Teter-Hutter209

pseudopotentials for the simulations of Hf-bearing fluids.210

Partial radial distribution functions gij(r) (i, j =O, H, Zr, Hf, Na, Cl) and211

average coordination numbers were extracted from the calculated trajectories.212

Average coordination numbers were calculated by counting all relevant atom213

pairs with a distance smaller than the cutoff defined by the first minimum of the214

respective gij(r). For Zr/Hf coordination by O and Cl atoms, cutoff radii of 3.0 Å215

and 3.5 Å were used, respectively (see Fig. 3). For O-H and H-Cl atom pairs we216

used cutoff distances of 1.27 Å and 1.60 Å. Further, we evaluated separately the217

Zr/Hf coordination by OH and H2O neighbors.218

2.3. Theoretical XANES spectra219

Theoretical XANES spectra of the Zr K−edge and the Hf L3−edge were cal-220

culated from the AIMD trajectories using the FEFF9 code (Rehr and Albers,221

2000; Rehr et al., 2009). For each simulation run about 50 snapshots at equidis-222

tant time intervals (i.e. ∆t = 0.2 ps for 10 ps total simulation time) were chosen223

and transformed into molecular clusters with the Zr or Hf atom positioned in the224

center. We checked that this sampling rate is sufficient to provide good averages225

for the theoretical XANES spectra. Hedin-Lundqvist muffin-tin type potentials226

were used for all calculations. The potentials were overlapped using the self-227

consistent field refinement loop. For this, a cluster radius of 4 Å was sufficient228

for the fluids. Full multiple scattering calculations were performed for cluster229

radii of 6 Å. In order to mimic the reduced broadening of the Zr K-edge XANES230

collected in partial fluorescence yield mode, the energy broadening of the calcu-231
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Figure 2: Individual (symbols) and average (line) XANES spectra for simulation run #Cl6b

using the FEFF code.

lated spectra was decreased by setting the parameter for the imaginary potential232

to -1 for spectra of the fluids, which were measured in partial fluorescence mode233

using a high-resolution X-ray emission spectrometer and a Si(111) monochroma-234

tor (c.f. Wilke et al. (2012)). Quadrupolar transitions have been included for all235

calculations, which is important to model the pre-edge feature of the Zr XANES.236

In case of Hf L3-edge XANES the intrinsic energy broadening was used. The237

computed spectra of each trajectory were then averaged to obtain a final spec-238

trum representative of the 10 ps simulation runs. To illustrate the spread of the239

individual spectra around the average spectrum, one example for simulation run240

#Cl6b is shown Fig. 2. In some of the Cl-bearing fluids, the number of Cl in the241

first coordination sphere of Zr or Hf changed in the course of the MD simulation.242

In those cases, only the part of the trajectory relevant to the complex of interest243

was considered in the averaging procedure.244

As previously shown on crystalline model compounds (Wilke et al., 2012), the245

match between calculated and experimental Zr XANES spectra is very good. In246

the case of Hf, we have to note that measured and computed reference spectra for247

11
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a HfO2 crystal show a systematic difference of about 4 eV between the relative248

positions of the first sharp XANES peak and the extended fine structure including249

the broad second maximum. In the case of the computed spectrum, the energy250

difference between the first and second maximum is about 4 eV too small, which251

is probably related to approximations made in the FEFF model calculations.252

A systematic error of similar size is expected in the L3-edge spectra of the Hf-253

bearing solutions presented below, which should be kept in mind when comparing254

the respective spectra.255

A second set of theoretical XANES calculations was performed using the256

FDMNES code (Joly, 2001; Bunau and Joly, 2009) to evaluate the consistency of257

the model spectra with calculations that go beyond the muffin-tin approximation.258

In FDMNES, the Schrödinger equation is solved by the finite difference method259

(FDM) within the local density approximation. A subset of nine snapshots for260

each AIMD run was used to obtain average spectra that show all relevant XANES261

features. The cluster radius was fixed to 3.35 Å, which is an optimized distance262

that includes the first coordination shell of Zr or Hf (see Fig. 3). The convergence263

of this choice was tested by a few calculations using an increased cluster radius264

of 4.5 Å. For the monomer species in solution, there was no significant difference265

between the computed spectra with different cutoff radii. The calculations of266

XANES spectra for clusters representing an eight-fold coordination environment267

similar to the high temperature phase of crystalline ZrO2, a cluster radius of268

4.0 Å was required to achieve convergence. Calculations included quadrupolar269

transitions. A core-hole broadening of 3 eV and a Fermi energy of -3 eV was used270

to match calculated Zr spectra to experiment in terms of position and broaden-271

ing. For Hf, we used the respective values automatically determined within the272

FDMNES code.273
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Figure 3: Radial distribution functions gij(r) representing the distance r between Zr/Hf and

nearest neighbor anions: (a) Zr-O, (b) Hf-O, (c) Zr-Cl, (d) Hf-Cl. The double peak in gZrO(r)

and gHfO(r) arises from OH and H2O coexisting in the first coordination shell of Zr/Hf.

3. Results274

3.1. Radial distribution functions275

We start to analyze the complexation of Zr and Hf in the investigated aqueous276

solutions by looking at the radial distribution functions, gij(r), which describe277

the probability to find pairs of atoms of type i and j (here: i, j =Zr, Hf, O, H, Na,278

Cl) separated by a distance r normalized to the average partial number densities279

(Allen and Tildesley, 1987). Peak positions in gij(r) are indicative of the most280

likely atomic distances whereas radial integration of gij(r) allows to determine281

coordination numbers and average distances. Representative gij(r)s of Zr-O, Hf-282

O, Zr-Cl and Hf-Cl pairs are shown in Fig. 3. The first peak positions of gZrCl(r)283

at about 2.45(2) Å and of gHfCl(r) at about 2.43(2) Å (see Table 2) are almost284

independent on composition. The same is true for the width and asymmetry of285
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the peak. Differences in absolute intensities are due to variations in the number286

of chlorine atoms in the first coordination shell of Zr/Hf (which will be presented287

below) and in the total number of Cl atoms in the simulation cell. Zr-Cl distances288

are slightly larger than Hf-Cl distances.289

On the contrary, peak shapes and positions of gZrO(r) and gHfO(r) vary sig-290

nificantly between different runs (see Fig. 3). Most of these radial distribution291

functions consist of a superposition of two features in the region of the first Zr/Hf292

coordination shell up to distances of about 3 Å. While the shorter distance is due293

to hydroxyl groups in the first coordination shell of Zr/Hf, the second peak arises294

from Zr/Hf-OH2 neighbors. In the Zr-bearing solutions, the position of the first295

peak of gZrO(r) shifts from about 1.92 Å in run #Cl6a to 2.10 Å in run #Na6.296

The first peak positions of gHfO(r) range from 1.90 Å in run #Cl6c to 2.07 Å in297

run #Na6 (Table 2). The broad Zr/Hf-O nearest neighbor distributions for H2O298

ligands have shallow maxima at about 2.2 to 2.3 Å.299

3.2. Complexation in OH-bearing solutions300

Average coordination numbers and bond lengths of Zr/Hf complexes in OH-301

bearing solutions are summarized in Fig. 4 and Table 2. Generally, the final Zr/Hf302

coordination by oxygen is between 5.5 and 6.0. The only significant deviation303

from this trend is observed for run #Hy4 with an average of 5.3 (Zr) and 5.2304

(Hf) oxygen neighbors. Run #Hy4 is characterized by charge neutral distorted305

Zr/Hf(OH)4 tetrahedral unit to which one or two H2O molecules are added (and306

removed) frequently during the simulation.307

In the simulations of OH-bearing solutions starting from initially more than308

4 OH ligands (runs #Hy6, #Hy8, #Na5 and #Na6), the final Zr/Hf complexes309

consist of between five and six hydroxyl groups and only a very small fraction310

of transient H2O or pure O (< 0.3). Additional OH groups are released to the311

solvent. We could not find any appreciable difference in the Zr/Hf complexation312

between OH-bearing solutions with excess OH and negatively charged simulation313
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Figure 4: Average numbers of OH and H2O in the first coordination shells of Zr (a) and Hf

(b), total coordination of Zr/Hf by oxygen, and formal charge of the respective Zr/Hf complex

for OH-bearing fluids. Theoretical Zr K-edge (c,e) and Hf L3-edge (d,f) XANES spectra of

the different complexes in OH solutions sampled in runs #Hy0 to #Hy8, #Na5 and #Na6

compared to experimental spectra from Wilke et al. (2012, 2013). Experiments were performed

for Zr in 6 wt% NaOH solution at P = 0.79 GPa, T = 773 K and Hf in 35 wt% NaOH solution

at P = 0.39 GPa, T = 773 K.
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Table 2: Average coordination numbers of Zr and Hf for the different runs. Values in brackets

are average distances rav (in Å) from integration over the first coordination shell up to the

cutoff distance used for evaluating the coordination number or peak positions rmax (in Å) of

the first maximum in the corresponding radial distribution function gij(r).

Run Zr-O (rav) Zr-OH2 Zr-OH

(rmax)

Zr-Cl

(rav/rmax)

Hf-O

(rav)

Hf-OH2 Hf-OH

(rmax)

Hf-Cl

(rav/rmax)

#Hy0 6.0 (2.19) 4.0 2.0 (1.96) 6.0 (2.16) 3.9 2.1 (1.92)

#Hy2 5.5 (2.17) 2.6 2.9 (1.97) 6.0 (2.17) 3.5 2.5 (1.93)

#Hy4 5.3 (2.14) 1.3 4.0 (2.00) 5.2 (2.11) 1.2 4.0 (1.98)

#Hy6 5.5 (2.12) 0.2 5.3 (2.08)∗ 5.8 (2.11) 0.2 5.6 (2.06)∗

#Hy8 5.6 (2.14) 0.2 5.4 (2.08)∗ 6.0 (2.13) 0.1 5.9 (2.08)

#Na5 5.6 (2.13) 0.1 5.5 (2.08)∗ 5.6 (2.11) 0.2 5.4 (2.05)∗

#Na6 5.9 (2.16) 0.2 5.7 (2.10)∗ 6.0 (2.13) 0.1 5.9 (2.07)∗

#Cl9 0.0 0.0 0.0 6.0 (2.52/2.46) 0.0 0.0 0.0 5.8 (2.49/2.41)

#Cl7 0.8 (2.25) 0.6 0.2 5.0 (2.49/2.43) 1.0 (2.26) 0.9 0.1 5.0 (2.47/2.41)

#Cl6a 2.1 (2.22) 1.3 0.8 (1.92) 4.0 (2.52/2.46) 2.0 (2.17) 1.3 0.7 (1.94) 4.0 (2.48/2.43)

#Cl6b 2.0 (2.18) 1.2 0.8 (1.91) 4.0 (2.53/2.46) 2.0 (2.14) 1.1 0.9 (1.94) 4.0 (2.50/2.43)

#Cl6c 3.0 (2.21) 1.8 1.2 (1.94) 3.0 (2.52/2.46) 3.4 (2.25) 2.4 1.0 (1.90) 3.0 (2.50/2.44)

#Cl6d 2.9 (2.22) 1.9 1.0 (1.94) 3.0 (2.48/2.46) 2.8 (2.17) 1.8 1.0 (1.92) 3.0 (2.45/2.42)

#Cl6e 4.2 (2.23) 2.8 1.4 (1.95) 2.0 (2.52/2.45) 4.1 (2.17) 2.6 1.5 (1.92) 2.0 (2.50/2.43)

#Cl6f 6.0 (2.18) 3.6 2.4 (1.95) 0.0 5.0 (2.14) 3.0 2.0 (1.94) 1.0 (2.51/2.45)
∗contain small fractions of Zr-O
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cells (runs #Hy6 and #Hy8) and charge neutral NaOH solutions (runs #Na5314

and #Na6).315

For the hydroxide complexes with initially less than 4 OH− ligands (runs316

#Hy0 and #Hy2) significant hydrolysis takes place, which results in an increase317

of the number of hydroxyl groups in the first coordination shell of Zr/Hf and a318

reduction of the overall charge of the Zr/Hf complex. Due to proton transfer, the319

solvents contain in average 2.4 (#Hy0) and 0.6-1.1 (#Hy2) hydronium (H3O
+)320

ions.321

3.3. Complexation in chloride solutions322

Fig. 5 and Table 2 show average coordination numbers and bond lengths of323

Zr/Hf complexes in chloride solutions. As in the case of OH-bearing solutions,324

all of the AIMD runs evolve towards a 6-fold Zr/Hf coordination by anions (oxy-325

gen or chlorine). Due to the slow ligand exchange (about one per 10 ps) each326

MD run provides an average structure for a specific geometry and number of327

O and Cl in the first coordination shell (see Fig. 1). The ratio of OH to H2O328

neighbors fluctuates more quickly and reaches an average of around 0.5 in all329

chloride solution runs (Table 2). Consequently, the total formal charge of the330

hydroxy-chloride Zr and Hf complexes decreases monotonically with increasing331

number of coordinating Cl ions. As the simulation cells of the chloride solutions332

are charge neutral, the solvent has more negatively charged ions (Cl) in runs333

#Cl6e and #Cl6f, whereas H3O
+ is the dominant ion in the solvent of all other334

runs #Cl6-9. In runs of the series #Cl6, the number of H3O
+ in solution varies335

between 1.5 and 2.5. The respective numbers of Cl− and HCl increase from 0.5336

(Hf-#Cl6a) to 3.4 (Zr-#Cl6f) and from 0.7 (Zr-#Cl6b) to 2.6 (Zr-#Cl6f). Due337

to the higher content of HCl, runs #Cl9 yield somewhat increased numbers of338

H3O
+ (3.4 in Zr / 2.9 in Hf solution), HCl (2.0/2.5) and Cl− (1.0/0.5).339

17



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

0

2

4

6

Z
r 

co
or

di
na

tio
n

#Cl9 #Cl7 #Cl6a#Cl6b #Cl6c #Cl6d#Cl6e #Cl6f
-2

-1

0

1

2

ch
ar

ge
Zr by H2O

Zr by OH

Zr by Cl+O (total)

charge of [ZrClk(H2O)n(OH)m]
q

Zr by Cl

a

0

2

4

6

H
f c

oo
rd

in
at

io
n

#Cl9 #Cl7 #Cl6a#Cl6b #Cl6c #Cl6d#Cl6e #Cl6f
-2

-1

0

1

2

ch
ar

ge

Hf by H2O

Hf by OH

Hf by Cl+O (total)

charge of [HfClk(H2O)n(OH)m]
q

Hf by Cl

b

18000 18050 18100 18150
Energy (eV)

0

1

2

N
or

m
al

iz
ed

 in
te

ns
ity

FEFF
Zr K-edge spectra

experiment
#Cl9
#Cl7

#Cl6a

#Cl6c

#Cl6e
#Cl6f

#Cl6d

#Cl6b

c

9550 9600 9650 9700
Energy (eV)

0

1

2

3

4

5

N
or

m
al

iz
ed

 in
te

ns
ity

FEFF
Hf L3-edge spectra

experiment

#Cl9
#Cl7

#Cl6a

#Cl6c

#Cl6e

#Cl6b

#Cl6d

d

#Cl6f

18000 18050 18100 18150
Energy (eV)

0

1

2

N
or

m
al

iz
ed

 in
te

ns
ity

FDMNES
Zr K-edge spectra

experiment
#Cl9
#Cl7

#Cl6a

#Cl6c

#Cl6e
#Cl6f

#Cl6d

#Cl6b

e

9550 9600 9650 9700
Energy (eV)

0

1

2

3

4

5

N
or

m
al

iz
ed

 in
te

ns
ity

FDMNES
Hf L3-edge spectra

experiment

#Cl9
#Cl7

#Cl6a

#Cl6c

#Cl6e

#Cl6b

#Cl6d

f

#Cl6f

Figure 5: Average numbers of Cl, OH and H2O in the first coordination shell of Zr (a) and Hf

(b), total coordination of Zr/Hf by Cl+O, and formal charge of the respective Zr/Hf complex

for HCl fluids. Theoretical Zr K-edge (c,e) and Hf L3-edge (d,f) XANES spectra of the different

complexes in HCl solutions sampled in runs #Cl9, #Cl7 and #Cl6a-f compared to experimental

spectra from Wilke et al. (2012, 2013). The experimental data were measured in 16 wt% HCl

solution at P = 1.37 GPa, T = 873 K (Zr) and P ∼ 1 GPa, T = 773 K (Hf).18
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3.4. Theoretical XANES spectra340

Theoretical XANES spectra are shown in Figs. 4c-f and 5c-f together with341

experimental data from Wilke et al. (2012) and Wilke et al. (2013). All com-342

puted spectra of the same edge are shifted by the same amount of energy to fit343

approximately the major peaks of the measured spectra.344

Experimental Zr K-edge spectra are characterized by a small pre-edge feature345

at about 18008 eV, followed by a broad and asymmetric first maximum region346

between 18015 and 18050 eV, and a second maximum at around 18080 eV. The347

theoretical spectra of the OH-bearing fluids (Fig. 4c,e) show more or less pro-348

nounced pre-edge features and a similar first maximum region with a peak in the349

range between 18026 and 18032 eV, which is at somewhat larger energies than350

the experimental observation (18023 eV). The second broad maximum of the351

FEFF calculations varies between 18126 eV for run #Hy0 and 18090 eV for run352

#Na6. Some of the spectra from FDMNES calculations do not show a peak in353

this energy region. All of the theoretical spectra of runs #Hy0 to #Hy8, #Na5354

and #Na6 show significant differences in both positions and line shape of the355

two major spectral regions compared to experiment. Zr K-edge spectra of the356

simulated chloride solutions are very sensitive to the specific coordination envi-357

ronment (Fig. 5c,e). With increasing number of Cl in the first coordination shell,358

the first maximum region becomes broader and eventually develops a double-359

peak structure for complexes with at least three Cl ligands. While corresponding360

theoretical spectra from FEFF and FDMNES calculations are slightly different361

in detail, the overall consistency is sufficient for a meaningful interpretation (see362

Discussion below).363

Experimental Hf L3-edge spectra are dominated by a sharp and intense ab-364

sorption peak at 9565 eV with a shoulder on the high energy side at around 9576365

eV. A second broad maximum is observed at 9613 eV. Theoretical spectra are366

similar to each other. They show small variations in the relative positions of the367

two major peaks and in the asymmetry of the major peak. The latter is somewhat368
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broader and more asymmetric in the case of chloride solutions, which is consistent369

with experiment (Figs. 4d,f and 5d,f). The systematic error in the calculation370

of the Hf L3-edge spectra described in the methods section causes the position371

of the second broad maximum in the theoretical spectra shown in Figs. 4d,f and372

5d,f to be shifted to slightly smaller energy (by about 4 eV) compared to the373

experimental spectra.374

4. Discussion375

The AIMD simulations presented here reveal a general preference of Zr4+ and376

Hf4+ monomer species in aqueous solutions for six-fold coordination at high pres-377

sure (about 1 GPa) and high temperature (1000 K) conditions. Anions of the378

first coordination shell form a more or less distorted octahedral environment (see379

e.g. Fig. 1). The distortion depends on the specific ligands. Zr/Hf-nearest neigh-380

bor anion distances increase in the order OH− < H2O <Cl−. Further, Zr/Hf-OH381

distances increase with increasing number of OH in the first coordination shell382

whereas variations in the Zr/Hf-Cl distances with composition are much smaller383

(Table 2). Zr and Hf are usually considered geochemical twins and indeed we do384

not observe large differences in the complexation of these elements in aqueous385

solutions. It should be noted, however, that distances between Hf4+ and nearest386

neighbor anions are systematically shorter by about 0.03(1) Å than distances387

between Zr4+ and its neighbors. Also, the first peaks in the corresponding ra-388

dial distribution functions seem to be slightly sharper for the Hf-bearing fluids389

(Fig. 3). Whether these small differences in the coordination environment have390

the capacity to fractionate Zr from Hf during fluid-rock interactions cannot be391

concluded from this study and needs to be addressed in the future.392

Previous molecular dynamics simulation studies of HFSE were mainly con-393

cerned with the fully hydrated (Ti,Zr,Hf)4+(aq) complexes (van Sijl et al., 2010,394

2011; Messner et al., 2011b,a). At ambient conditions, Ti4+ is hydrated by five395
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H2O molecules van Sijl et al. (2010) whereas [(Zr,Hf)(H2O)8]
4+ complexes re-396

mained stable over a simulation period of 10 ps (Messner et al., 2011b,a). A397

change from ambient to supercritical conditions resulted in two significant changes398

in the complexation. First, hydrolysis reactions were observed in the first and399

second shell around Ti4+ (van Sijl et al., 2010) and also mentioned to occur400

for Zr4+ above 600 K (Messner et al., 2011b). In addition, the Ti coordination401

number changed from 5 at ambient conditions to 6 at 1000 K. In the present402

study, the simulations starting from the fully hydrated Zr4+(aq) and Hf4+ (run403

#Hy0) evolved towards a six-fold coordination of Zr/Hf by oxygen, of which404

about two belong to OH− groups and the remaining four to hydration H2O.405

Thus, the major complexes of these simulations with charged simulation cells are406

[(Zr,Hf)(OH)2(H2O)4]
2+. The mean coordination of first shell oxygen by hydro-407

gen is about 1.7, which is similar to the value of 1.8 obtained for Ti4+ (van Sijl408

et al., 2011). Thus, our AIMD study suggests that the complexation of Zr4+ and409

Hf4+ in strongly acidic environment at supercritical conditions is substantially410

different from the [(Zr,Hf)(H2O)8]
4+ speciation observed at ambient conditions411

and pH< 0.412

Further insight into the most likely Zr and Hf complexation in concentrated413

supercritical HCl solutions is obtained by comparing theoretical XANES spectra414

of runs #Cl6, #Cl7 and #Cl6a-f to experimental data from Wilke et al. (2012,415

2013) (see Fig. 5c-f). As the variations in the Hf L3 spectra between different416

runs are rather small, we will focus the discussion on the Zr K-edge spectra.417

Nevertheless, there are two indicators in the Hf L3 spectra that point to Cl−418

being the dominant ligands: a more pronounced shoulder on the high energy419

side of the intense first peak at about 9575 eV and the presence of a shallow420

maximum at about 9665 eV in the spectra of the Cl-rich species (e.g. #Cl7)421

as compared to the Cl-poor species (e.g. #Cl6f). The theoretical Zr K-edge422

spectra vary strongly between the different runs. The Zr complexation in #Cl6f423

is very similar to that in run #Hy0 already discussed above. Besides a small424
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increase in the number of OH− (which may still be within the statistical error),425

the main difference between these two runs is that the positive charge of Zr4+ is426

compensated by a homogeneous charge background in run #Hy0 and by explicit427

Cl− ions in run #Cl6f. The similar XANES spectra of the respective Zr complexes428

are clearly different from the measured data, both in shape and positions of the429

main spectral features. From this observation we may conclude that a Cl−-430

free coordination shell as reported at subcritical conditions does not exist in the431

supercritical HCl solutions studied experimentally, which contained 16 wt% HCl.432

Wilke et al. (2012) suggested a mixed oxychloride complex with 4 oxygen and 3433

chlorine ligands. The AIMD simulations seem to provide a more realistic complex434

with only 6 Zr neighbors, of which 3 to 5 are Cl− ligands. In the real fluid, a435

distribution of different complexes may be present. According to the recent X-436

ray absorption spectroscopy study of Louvel et al. (2013), Zr complexation may437

change towards lower HCl concentration.438

The charge neutral [(Zr,Hf)(OH)4(H2O)1−2] complex of run #Hy4 is a possi-439

ble candidate for a monomeric Zr species in pure H2O solution at supercritical440

conditions. Its XANES spectra show strong shifts of the second broad peaks to-441

wards higher energies (to about 18110 eV for Zr and 9617 eV for Hf, see Fig. 4).442

However, it may be difficult to verify this hypothesis experimentally due to the443

very low concentration of zircon or hafnon in such neutral fluids. Compared to444

all other complexes discussed here and in the literature, [(Zr,Hf)(OH)4(H2O)1−2]445

has the lowest coordination number, which is closer to five than to six (Table 2).446

In basic solutions, the number of OH− groups in the first coordination shell447

of Zr4+ and Hf4+ monomers is likely to increase above four. Such conditions448

are sampled in runs #Hy6, #Hy8, #Na5 and #Na6. The resulting coordina-449

tion shells have 5.5 to 6.0 nearest neighbor oxygen atoms, which belong almost450

exclusively to OH− groups (Table 2). The theoretical XANES spectra derived451

from these four runs look very similar. However, in the case of the Zr K-edge the452

agreement with the experimental spectra in Fig. 4 is much less satisfactory than453
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for the chloride solutions. Peak positions of both principal spectral features are454

shifted to higher energy. Compared to reference compounds, the experimental455

NaOH spectrum is rather similar to that of ZrO2 (baddeleyite). Therefore, Wilke456

et al. (2012) used a ZrO7 cluster derived from a baddeleyite crystal as input457

structure for a FEFF calculation and obtained a spectrum that fitted better the458

first XANES peak but with a similar shift of the second broad peak as in the459

theoretical spectra presented here. To further elaborate on the importance of sec-460

ond neighbor contributions to the measured XANES spectra we performed short461

AIMD simulations of a tetragonal ZrO2 crystal (the high temperature structure of462

ZrO2) using a supercell with 48 atoms and setting T = 1000 K. Average XANES463

spectra from AIMD snapshots are shown in Fig. 6. Again, there is a general464

consistency between FEFF and FDMNES calculations, which suggests that the465

muffin-tin approximation is not a main cause for observed differences between466

experiment and simulation. The theoretical spectra reproduce the small peak467

at about 18045 eV in the experimental spectrum of the NaOH solution (slightly468

shifted to higher energies) if the Zr second neighbor shell is included in the cluster469

calculation. On the contrary, this peak is absent if only nearest neighbor oxy-470

gen atoms are considered. Together with the fact that our monomer simulations471

do not show any evidence for a Zr/Hf coordination larger than six and that all472

possible OH−/H2O coordination shells do not fit the experimental spectrum suf-473

ficiently well, this strongly indicates the formation of polynuclear species in the474

experiment. The nature of such species and their apparent stability in aqueous475

fluids should be investigated in future studies.476

The sensitivity of XANES spectroscopy to distinguish between different types477

of complexes with the same number of nearest-neighbor anions is nicely demon-478

strated by comparing the theoretical spectra of the Zr K-edge in Fig. 4c,e to ex-479

perimental spectra of alkali silicate-bearing fluids measured, e.g., by Wilke et al.480

(2012) or Louvel et al. (2013). In all cases, Zr4+ is sixfold coordinated by oxygen.481

The spectra of the alkali silicate fluids resemble closely spectra of Zr-bearing sil-482
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Figure 6: Theoretical XANES spectra for clusters with an eight-fold coordination environment

similar to a tetragonal ZrO2 crystal from snapshots of AIMD simulations at T = 1000 K. The

small peak at about 18050 eV appears only if second Zr shell is considered in the calculations.

icates with octahedrally coordinated Zr (e.g. vlasovite) and show a much more483

pronounced splitting of the first XANES peak than the HCl solutions presented484

in Fig. 5c,e. Second neighbor cations (e.g. Si, Na but also H) and resulting dis-485

tortions of the ZrO6 octahedra apparently have a strong influence on details of486

the XANES spectra. These effects as well as thermal motions of the atoms are487

fully accounted for by using structural models from AIMD simulations. Exten-488

sion of the present study of monomeric Zr and Hf species to oligomeric complexes489

is therefore needed to build reliable and complete speciation models for HFSE in490

supercritical fluids. Another challenge for future research will be to quantify the491

energetics of complex-forming reactions from first-principles simulations (see e.g.492

recent study by Mei et al. (2013)).493

The results presented here cannot yet provide a fully comprehensive under-494

standing of the HFSE complexation in natural supercritical fluids. However, the495

MD simulations together with the XAFS data provide strong evidence that HFSE496

complexation is strongly controlled by the fluid composition. As pointed out pre-497
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viously (e.g. (Manning, 2004)) the strongest control on the fluid composition in498

natural systems is likely provided by the rock matrix that buffers the chemical499

components dissolved in the fluid. The most concentrated Zr and Hf synthetic500

solutions, particularly those with extreme pH, are very unlikely to be responsible501

for mobilization of HFSE in natural settings. In addition, at supercritical condi-502

tions the low dielectric constant of solutions will not favor formation of the highly503

charged polymerized complexes known from low temperature solution chemistry.504

Likely candidates for very high solubilities of HFSE at high pressure and high505

temperature conditions are those solutions with dissolved alkali-aluminosilicate506

components because these can be provided through interaction with the adja-507

cent rock matrix. Since the theoretical XANES spectra of Zr and Hf monomers508

presented here do not explain all features of the experimental XANES spectra,509

especially in the case of NaOH solutions at the Zr K-edge, the formation of other510

species, e.g. involving second neighbor cations such as other Zr/Hf, Si or Na, is511

likely and may be an important mechanism in natural systems.512
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- ab initio molecular dynamics simulation of supercritical Zr and Hf 

solutions 

- complexation strongly dependent on fluid composition 

- dominant chloride species different from ambient conditions 

- theoretical XANES spectra in good agreement with experiment 
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