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Abstract
 The preferential incorporation of high field strength elements (HFSE) in rutile (TiO2), 
combined with its supposed stability in subduction zone settings, make it an ideal candidate to 
explain the low HFSE concentrations in subduction-derived magmas. The solubility behaviour 
of rutile is key to these arguments, but at present experimental and field-based evidence are 
contradictory.
 We have used ab initio molecular (meta)dynamics to investigate the coordination 
environment of Ti(IV) in pure water at 300 and 1000 K and densities ranging from 
900 – 1260 kg m-3 (approximate pressures 0.9-3.6 GPa). In all high temperature simulations, the 
long range structure of the solvent indicates a breakdown of the hydrogen bonding network as 
expected for supercritical water. The five-fold coordination of titanium to water is energetically 
most favourable in aqueous fluids at room temperature and pressure, separated from four and 
six-fold configurations by ~175 and ~200 kJ mol-1 respectively. The average first shell Ti-O 
distance is 2.00 Å, in excellent agreement with bond lengths obtained from experiments. At 
similar densities and 1000 K, titanium is on average six-fold coordinate with water, and shows 
some degree of water dissociation in the first hydration shell. This coordination environment is 
remarkably persistent with increasing density from 1021 to 1260 kg m-3 at constant temperature 
(1000 K). At lower densities however (900 kg m-3 at 1000 K), the coordination with first shell 
water molecules is less than five. The observed coordination changes could promote association 
of titanium with peralkaline or peraluminous domains in the aqueous fluid, and thereby explain 
field-and laboratory based evidence of enhanced HFSE concentrations.
 This study demonstrates that ab initio molecular dynamics has considerable potential to 
access details of element behaviour in aqueous fluids at geologically relevant conditions that are 
impossible to examine otherwise. Changes in the solvent structure due to density variations lead 
to differences in solvent behaviour allowing access to new domains for fluid-solid interaction. 
Moreover, changes in the solvent structure are strongly linked to the effectiveness of element 
solvation. 
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Introduction
 Titanium ranks as the fourth most abundant metal and ninth most abundant element, 
making up 0.7 % by mass of the continental crust (Rudnick and Fountain 1995). It is one 
of the most intensely studied transition metals encompassing a vast body of research (see for 
instance Diebold 2003 and references therein; Carp et al. 2004). Tetravalent titanium dominates 
under all geologically relevant conditions on Earth (Waychunas 1987; Watson and Harrison 
2005; Watson et al. 2006). Nevertheless the behaviour of its simplest aqueous form, the hydrated 
Ti(IV) ion, remains poorly understood.
 Rutile (TiO2) is a key accessory mineral frequently used to characterise sedimentary, 
igneous or metamorphic and metasomatic processes in the Earth. Traditionally, its presumed 
high durability at elevated pressures (P) and temperatures (T ) and its preferential incorporation 
of highly charged species such as the High-Field-Strength Elements (HFSE), make rutile one of 
the primary candidates to explain the observed low concentrations of HFSE relative to those of 
the Large Ion Lithophile Elements (LILE) in subduction-derived magmas (Ryerson and Watson 
1987; Ayers and Watson 1991; Ayers and Watson 1993; Brenan et al. 1994; Stalder et al. 1998; 
Rudnick et al. 2000; Zack et al. 2002; Manning 2004; Audétat and Keppler 2005; Klemme et al. 
2005; Tropper and Manning 2005; Xiong et al. 2005; Antignano and Manning 2008; Klimm 
et al. 2008).
 This relatively simple view has recently been challenged (Antignano and Manning 
2008; Schmidt et al. 2009). Firstly, field-based evidence as well as laboratory experiments suggest 
that Rare-Earth Elements (REE) can be as immobile as HFSE (Schmidt et al. 2009). However, 
REE (Cantrell and Byrne 1987; Wood 1990b; Wood 1990a; Haas et al. 1995; Douville et al. 
1999; Schijf and Byrne 1999; Williams-Jones et al. 2000; Gammons et al. 2002; Migdisov 
and Williams-Jones 2002; Allen and Seyfried 2005; Kessel et al. 2005; Mayanovic et al. 2007; 
Migdisov and Williams-Jones 2007) as well as HFSE (Ciavatta and Pirozzi 1983; Manning 
and Henderson 1984; Ciavatta et al. 1985; Aja et al. 1995) readily form chloride, fluoride, 
hydroxide, carbonate, phosphate and sulphate complexes in solution, possibly enhancing their 
mobility significantly. Secondly, it has been suggested that the abundance, stability and solubility 
of accessory phases other than rutile could have a predominant influence on HFSE and other 
elemental fluxes (Sorensen and Grossman 1989; Hermann 2002; Klimm et al. 2008; Hermann 
and Rubatto 2009). These ‘underdogs’ of the subduction zone community include zircon, 
monazite, apatite, titanium-clinohumite, and the illustrious allanite (Ercit 2002).
 Recent experimental studies of mineral/fluid HFSE partitioning and of rutile solubility 
reveal an even more intricate story. Baier and co-workers (2008) performed mineral/fluid 
partitioning experiments of Nb and Ta in clinopyroxenes in the system diopside-jadeite and 
observed that the depletion of these elements in subduction zone magmas could be related to the 
inability of aqueous fluids to sustain these elements in solution (Brenan et al. 1994; Green and 
Adam 2003). At the same time, the uptake of niobium in aluminous clinopyroxenes (containing 
up to ~11 wt.% Al2O3) is observed to increase to ~3.6 wt.% Nb2O5 (Baier et al. 2008). Thus, the 
negative anomaly of HFSE relative to LILE is not necessarily solely caused by the preservation of 
rutile in the down-going slab.
 In natural settings, Wu and co-workers analysed zircon grains from a quartz vein 
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emplaced in a HP/UHP terrane (Wu et al. 2009), and found that zircon and rutile crystallised from 
an alkali and Al-Si bearing aqueous fluid. Evidence of enhanced HFSE mobility is also found in 
for example eclogites (Selverstone et al. 1992; Xiong 2006; Gao et al. 2007), jadeitites (Sorensen 
et al. 2006) and fluid inclusions in omphacites from eclogite veins (Philippot and Selverstone 
1991). Dehydration of antigorite-serpentenites can also lead to fluid-assisted mobilization of 
HFSE, followed by preferential incorporation in F-OH-Ti bearing clinohumite intergrowths in 
chlorite-harzburgites in the mantle wedge (e.g. Scambelluri et al. 2001 and references therein; 
Garrido et al. 2005; López Sánchez-Vizcaíno et al. 2005). Rutile filling veinlets in amphibolite 
to granulite facies rocks from the Ivrea-Verbano Zone (Luvizotto and Zack 2009) reveal a similar 
story of localised (re-) mobilisation of supposedly immobile elements.
In situ synchrotron radiation micro-XRF measurements (Manning et al. 2008) and weight-
loss piston-cylinder experiments (Antignano and Manning 2008) examining the concentration 
dependence of rutile solubility show that significant amounts of titanium could be transported 
by sodium-aluminium-silicate bearing aqueous fluids.
 Clearly titanium and other HFSE are not always immobile. What drives the behaviour 
of titanium in subduction zone settings remains unclear. The fact that subduction zone settings 
are characterised by a range of high pressures and temperatures complicates matters even further. 
The behaviour of ions in water is determined to a large extent by the number, structure and 
bonding of the surrounding solvent molecules, which in turn varies with ionic charge, size and 
the presence of other ligands. Even in pure water, large variations in elemental solvation arise 
from pressure and temperature dependent changes of the solvent directly surrounding the ion: 
e.g. solvent density, hydrogen bond network, dipole moment and associated relative dielectric 
permittivity, the pH and the extent of auto-dissociation of water (Luo and Byrne 2000; Luo 
and Millero 2004; Manning 2004). These changes in solvent properties act in conjunction with 
mechanical changes exhibited by water at elevated pressure and temperature, in particular beyond 
the supercritical point of water at 647.096 K and 22.064 MPa (Wagner and Pruss 2002). For 
example, a marked viscosity decrease and corresponding diffusivity increase of supercritical water 
would permit increased (sub)grain boundary fluid penetration, allowing access to new domains 
for fluid-solid interaction.
 To date, inferences on the atomic-scale mechanisms controlling the behaviour of 
titanium in aqueous fluids are derived from spectroscopic studies of titanium coordination in 
silicate glasses and melts (Farges and Brown 1997; Romano et al. 2000; Liu and Lange 2001). 
The atomic-scale nature of titanium complex formation and solute interaction in (supercritical) 
aqueous fluids at elevated pressures and temperatures remains unknown.
 In this paper we use ab initio molecular dynamics to probe the atomic-scale structure 
and dynamics of hydrated Ti(IV) complexes in order to determine: (1) to what extent the local 
environment around titanium in (supercritical) water resembles titanium coordination in silicate 
melts and (2) to determine whether changes in coordination environment may occur in a pressure 
and temperature range relevant to subduction zone processes. 
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Local coordination environment

Coordination of Ti in solids

 The predominant coordination number in solid Ti(IV) containing compounds is six 
fold, for example in rutile, anatase and brookite (TiO2), or, when titanium substitutes in for 
example the silicate framework, four fold (Roberts et al. 1996). Out of more than 100 titanosilicate 
minerals, only one (fresnoite, Ba2TiOSi2O7) was found to contain [5]Ti(IV) in square-prismatic 
configuration (Roberts et al. 1996). In contrast, titanium based compounds containing chloride, 
fluoride, nitrate and organic components often show a wider spread in Ti-O coordination (Fay 
1981).

Coordination of Ti in melts and glasses

 Low concentrations of titanium can have a large impact on the physical and chemical 
properties of glasses and melts. The influence of titanium on, for instance, thermal expansion, 
colour, elastic moduli, density, molar volume and phase stability is closely related to the variable 
coordination number of titanium to oxygen from four ([4]Ti) to five ([5]Ti) and six ([6]Ti) (Romano 
et al. 2000; Liu and Lange 2001).
 The local coordination of titanium with oxygen in silicate melts and glasses at ambient 
pressures and temperatures (T ) up to 1650 K has been determined using K-edge x-ray absorption 
fine structure (XAFS) and near structure (XANES) spectroscopy (Farges et al. 1996a, b, c; Farges 
and Brown 1997; Romano et al. 2000; Henderson et al. 2003). In contrast to the four-fold 
coordination of for example Si(IV) or Al(III) with oxygen in melts, Ti(IV) is found to be mainly 
five-fold coordinated ([5]Ti) in a square prismatic configuration with one short Ti=O bond (1.7 Å) 
and four longer Ti-O bonds (1.95 Å). As a network former, this titanium complex associates with 
non-bridging oxygens in the region directly surrounding the short Ti=O bond. As a network 
modifier, Si is replaced via one of the remaining four Ti-O bridging oxygens. Observations made 
on sodium, potassium and calcium bearing glasses showed association of alkalis mainly occurs 
with oxygen atoms participating in the short Ti=O bond (Farges et al. 1996a; Farges et al. 1996b; 
Farges et al. 1996c). Increasing temperature decreases the ordering of oxygen around titanium, 
but does not significantly alter the dominant abundance of [5]Ti. Classical molecular dynamics 
(MD) simulations of natural silicate melts up to T = 2500 K by Guillot and co-workers (2007a) 
show that Ti is mainly five-fold coordinate (>52-54% in for instance andesite and MORB 
liquids), but that six- and four-fold coordination are present in varying proportions as a function 
of melt composition. The structure forming role of [5]Ti is more profound than for other network 
modifying cations such as Ca, Mg, Na or K (Guillot and Sator 2007a). Analogous to their classical 
MD results for aluminium and silicium, the coordination number of titanium and the degree of 
melt polymerisation are expected to increase with increasing pressure (Guillot and Sator 2007b). 
Farges and co-workers (1997) have also studied the coordination of titanium in natural silicate 
melts varying in composition from basaltic to rhyolitic at ambient conditions. They found that 
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the addition of low amounts of water and halogens (F, Cl) does not have a detectable influence on 
the coordination of Ti in natural melts. Ti K-edge XANES data show that in quenched hydrous 
rutile-saturated albite glasses at high pressures and temperatures, coordination of titanium to 
oxygen is ~95% octahedral and ~5% tetrahedral (Manning et al. 2007).
 From these observations and simulation results, it is clear that the five-fold coordination 
to oxygen largely determines the associative behaviour of titanium in melts. Although in melts no 
effect of additional water or complexing ligands on the Ti coordination number was observed, it 
is premature to extrapolate to aqueous fluids and infer similar behaviour.

Coordination of Ti in aqueous fluids

 Information on titanium(IV) in aqueous solutions is scarce. Indirect results from ion 
exchange, potentiometric titration, electromigration and kinetic studies indicate that monomeric 
as well as oligomeric titanium species may be present, depending on the pH of the solution 
(Pecsok and Fletcher 1962; Comba and Merbach 1987). The nature of the Ti(IV) complex 
in dilute acidic solutions is commonly thought to be one or a combination of the following 
species: [TiO]2+, [TiO(OH)]+, [Ti(OH)]3+, [Ti(OH)2]

2+ or [Ti(OH)3]
+ (Einaga 1979; Ciavatta 

et al. 1985; Grätzel and Rotzinger 1985; Comba and Merbach 1987; Holm 1987). It should 
be noted that the hydrated character of Ti(IV) has been the centre of an unresolved debate. 
Acid dissociation constants (pKa = –log10Ka) have been measured for tetravalent titanium in 
chloride, sulphuric, perchloric or fluoride solutions. The observed pKa values range from 0.3 to 
2.0 (Beukenkamp and Herrington 1960; Liberti et al. 1963; Einaga 1979; Ciavatta et al. 1985). 
Ti(IV) is thus expected to exhibit a certain degree of hydrolysis in pure aqueous solutions, but 
the extent and character, as well as the relation with temperature and pressure, are not well 
established.
 Theoretical investigations using a variety of static quantum chemical (embedded) cluster 
calculations support the experimentally observed six fold coordination of Ti(IV) with water 
(Tachikawa et al. 1990; Åkesson et al. 1992; Åkesson et al. 1994; Rotzinger 1996; Hartmann 
et al. 1999; Uudsemaa and Tamm 2001; Bock et al. 2006). As expected, hydrogen bonds are 
broken during the geometry optimisation, and a proton is transferred from the first to the second 
hydration shell (Uudsemaa and Tamm 2001). This predicts that for example species such as 
[TiOH(H2O)5]

3+ are likely to be present in aqueous solution, in agreement with the indirectly 
obtained experimental results for acidic solutions. Ti-OH distances are short (1.72 Å) compared 
to the average Ti-O distance (2.05 Å) of the five first shell water molecules (Uudsemaa and 
Tamm 2001; Bock et al. 2006) and the associated hydronium (H3O

+) species is found far (>14 Å) 
from the central titanium (Bock et al. 2006). The simulated bond lengths are in good agreement 
with those observed experimentally in for instance titanyl sulphate (TiOSO4), where reported 
Ti-O bonds lengths are on average 1.7 Å and 2.05 Å respectively (Gatehouse et al. 1993). No 
data, experimental or computational, are available for Ti coordination in pure water at elevated 
pressures and temperatures.
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Computational methods

Ab initio molecular dynamics

 The static computational methods mentioned above can only indirectly incorporate 
the effects of temperature and pressure. The optimisations are performed either in the gas-phase 
static limit or by implicitly treating the long-range effects of the bulk solvent using a so-called 
polarisable continuum model (PCM) (Cramer and Truhlar 1991; Klamt and Schuurmann 1993; 
Cossi and Barone 1998; Cossi et al. 1998; Cossi et al. 2002), which can be adjusted to simulate 
the effects of pressure and temperature (e.g. van Sijl et al. 2009). An explicit treatment of pressure 
and temperature is crucial for our understanding of titanium hydration in a subduction zone 
setting.
 We investigate the hydration structure of Ti(IV) at elevated pressures and temperatures 
with ab initio molecular dynamics (AIMD) simulations using the Car-Parrinello (CP, Car and 
Parrinello 1985) method as implemented in the software package (CPMD 2009). The principle 
behind Car-Parrinello molecular dynamics is to combine density-functional theory (DFT, 
Hohenberg and Kohn 1964; Kohn and Sham 1965) with molecular dynamics (Andersen 1980) 
in an efficient way, separating fast electronic and slow nuclear motion.
 The electronic structure calculations are performed according to the Kohn-Sham (Kohn 
and Sham 1965) formulation of DFT (Hohenberg and Kohn 1964) using a gradient corrected 
BLYP functional (Becke 1988; Lee et al. 1988). The Kohn-Sham orbitals are expanded in plane 
waves with an energy cutoff of 85 Ry (Kuo et al. 2004) and a charge density cutoff of 425 Ry. 
Trouiller and Martins (Troullier and Martins 1991) norm-conserving pseudo-potentials with 
Kleinman-Bylander transformation to fully non-local form (Kleinman and Bylander 1982) 
were used to account for the valence-core interactions, including nonlinear core corrections for 
titanium (Louie et al. 1982). The maximum angular momentum of the non-local part, ℓmax , is 
0, 1, 2 for hydrogen, oxygen and titanium respectively. The convergence used on the orbitals is 
1×10-7 a.u. in all simulations.
 The separation of fast electronic and slow nuclear motion can only be accomplished 
with the use of a carefully chosen fictitious electron mass ( μ, which has units of energy x (time)2 
for reasons of dimensionality) assigned to the orbital degrees of freedom. Accurate nuclear 
trajectories (i.e. atomic positions and velocities) can subsequently be obtained in the adiabatic 
limit, where both the electronic kinetic energy and the energy of the nuclear subsystem are 
constant. In response to recently addressed reproducibility issues of first-principles simulations 
involving water, Kuo and co-workers (2004 and references therein) performed a systematic study 
of different sampling approaches and input variables. They confirm the importance of carefully 
choosing the fictitious electron mass, although simulations in the canonical ensemble allow for 
a larger variation of this parameter than simulations in the micro-canonical ensemble (Kuo et al. 
2004). Accordingly, the fictitious electron mass in the present study is set at 400 a.u. which allows 
a time step of 4 a.u. (0.0968 fs) for the integration of the equations of motion. The temperature of 
the system is controlled by Nosé-Hoover thermostats (Nosé 1984b; Nosé 1984a; Hoover 1985; 
Martyna et al. 1992) for the ionic and electronic degrees of freedom separately. The thermostat 
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frequency on the ions and electrons respectively are ωions = 2500 cm-1 and ωelectrons = 10000 cm-1. 
We employ 3D periodic boundary conditions and the Brillouin-zone is sampled at the Γ-point 
only. Charge neutrality is maintained by adding a compensating uniform negative background 
charge.
 The molecular dynamics simulations are performed using a box containing 64 water 
molecules and one titanium atom (see Figure 2-1). Due to the thermal fluctuations inherent to 
the Nosé-Hoover technique, pressure and temperature conditions well above the freezing point 
for water were chosen as starting points. For each (P,T ) condition, the system is first equilibrated 
in the micro-canonical ensemble (NVE), followed by canonical ensemble (NVT) pre-production 
and production runs. Details of the simulations are summarised in Table 2-1 on page 43. The box 
dimensions of the constant volume simulations were chosen such that the simulation at the lowest 
temperature never crossed the liquid-vapour or liquid-solid phase boundary. Reported pressures 
corresponding to the constant density and variable temperature should be seen as an indicative 
value only, and is calculated on the basis of the IAPWS-97 formulation for the properties of pure 
water and steam (Wagner et al. 2000). The VMD package (Humphrey et al. 1996) is used for 
most visualisations and post-processing of the MD trajectories.

Figure 2-1. Snapshot of Ti(H2O)64 at T = 300 K and ρ = 1021 kg m-3. The central Ti ion (yellow) 
is coordinated to 5 nearest neighbour (red) and 13 second hydration shell (blue) water molecules. Hydrogen 
bonds (black dashed lines) are drawn for all H not bonded directly to O if the O-H distance is < 3.0 Å. Proton 
transport in the second hydration shell is evident from the H5O2 (Zundel) complex (oxygen in dark grey).
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Metadynamics

 Exploring coordination environments usually involves equilibration of a system at 
higher temperature before quenching and re-equilibration at the desired pressure and temperature 
conditions. The simulation time required to obtain a statistically correct average coordination 
number is related to the free energy barrier separating different coordination environments. For 
five- to six-fold coordinated titanium at room pressure and temperature, this easily exceeds the 
10-20 ps range available with present-day computational resources and it is thus likely that only 
local minima would be sampled (Laio and Parrinello 2002; Iannuzzi et al. 2003).
 Metadynamics is a recently introduced method of escaping local free energy minima 
within the CPMD framework. Metadynamics is very effective in accelerating ab initio molecular 
dynamics simulations and simultaneously permits a quantitative determination of the free energy 
surface of a specified reaction (Laio and Parrinello 2002). Details of the metadynamics method 
are described elsewhere in for example (Laio and Parrinello 2002; Iannuzzi et al. 2003; Laio and 
Gervasio 2008). Here, we give a short account of the details relevant to this study.
 In metadynamics simulations, the free energy surface (FES) is explored using a set 
s={sα} of collective variables that can distinguish between reactants and products; e.g. variables as 
function of ionic coordinates (RN). The collective variables are treated as new dynamic variables 
and added to the equations of motion and fictitious dynamics of the orbital degrees of freedom 
within the Car-Parrinello (CP) method, i.e. to the standard Lagrangian (ℒCP) of Car and 
Parrinello (1985):

(1)

The second and third terms on the right-hand side are the kinetic energy of the sα’s and a restraining 
potential which keeps the instantaneous collective variable Sα(RN) close to the dynamic collective 
variable sα. The mass Mα and coupling constant kα determine how fast the set of collective variables 
can evolve with time with respect to the ionic degrees of freedom. A large mass means that the 
dynamics of the collective variables are slow, necessary for a proper adiabatic separation of ionic 
and electronic degrees of freedom. The last term on the right-hand side is the history-dependent 
potential V(t,s) that fills the free energy wells to drive the system towards saddle points. Here, we 
take the default construct of creating V(t,s) from Gaussian-like hills:

(2)

where t is the simulation time and i is the metadynamics step. The first exponential determines 
the shape of the hill along the trajectory, and the second exponential tunes the hill shape width. 
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(Laio and Gervasio 2008).

(3)

where nO is the number of oxygen atoms in the system, is the interatomic distance between 
titanium and the ith oxygen atom and rc is the cutoff distance that defines the radius of the 
first hydration shell. This distance (rc=2.80 Å) was determined from a 5 ps initial equilibration 
trajectory containing a six-fold coordinated titanium water complex, such that rc contains all 
six oxygen atoms over the entire simulation length. The exponents in equation (3) smooth 
the collective variable and its derivative around the cutoff distance rc. Similar to Ikeda and co-
workers (2005), we use a mass Mα of 50 a.m.u. The coupling constant kα is 5.0. A new hill 
is added to the history dependent potential between 40 and 60 regular molecular dynamics 
steps. The orthogonal width Δs┴=0.1 and the initial height W=2.63 kJ mol-1 are tuned to the 
curvature of the underlying potential with a minimum of Wmin = 0.263 kJ mol-1 and a maximum 
of Wmax = 42.008 kJ mol-1.

Ab initio embedded cluster optimisations

 We compare the ab initio molecular dynamics results with static simulations. To this 
end, spin-restricted Hartree-Fock (HF) and second-order Møller-Plesset (MP2) correlation 
energy corrected (Møller and Plesset 1934) embedded cluster calculations were performed with 
Gaussian03W (Frisch et al. 2005). A standard 6-311++G(d,p) basis set is used for the hydrogen 
and oxygen atoms (Ditchfield et al. 1971; Harihara and Pople 1973 and references therein). For 
titanium a Dirac-Fock relativistic basis set (MDF10) is used which replaces the innermost 10 
electrons with an effective core potential (Dolg et al. 1989). The self-consistent reaction field 
calculations were solved within the framework of the polarisable continuum model (Cossi et al. 
2002) using pure water (dielectric permittivities ε0=78.39, ε∞=1.776, solvent radius 1.385 Å) at 
298.15 K with a solvent dependent electrostatic scaling factor (1.2 for water) (see for instance 
Curutchet et al. 2003).
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Results

Water

 Computer simulations on sub-critical water (Laasonen et al. 1993; Sprik et al. 1996; 
Silvestrelli and Parrinello 1999b; Silvestrelli and Parrinello 1999a) and supercritical water 
(Mountain 1989; Cummings et al. 1991; Guissani and Guillot 1993; Postorino et al. 1993; Fois 
et al. 1994; Boero et al. 2000) have provided considerable insight into the atomic scale intricacies 
of H2O (Tuckerman et al. 1995; Geissler et al. 2001; Marx 2006).
 One powerful and widely used means of visualising the structure of liquids is via the 
radial distribution function (RDF) gij(r), which relates the probability of finding the centre of a 
particle i at a given distance from the centre of another particle j such that the total number of 
nearest-neighbours nij(r) is given by:

(4)

where ρ = N/V, the average density and gij(r) is the ratio of actual particle density to mean particle 
density (i.e. g(r)=1 as r → ∞ in a homogenous liquid). Postorino et al. (1993) find that while 
the internal structure of the H2O molecule itself varies little with increasing temperature, large 
variations in gOH(r) and gHH(r) indicate the intermolecular structure changes significantly. On the 
basis of the disappearance of the 1.9 Å peak in gOH(r), they estimate that the hydrogen-bonded 
network is broken down by about 75% at 673 K compared to ambient conditions, even though 
the thermal energy (kBT ) is considerably less than the energy of the hydrogen bond. Under those 
conditions, the hydrogen bond network is undergoing fast dynamics with continuous formation 
and breaking of hydrogen bonds (Boero et al. 2000). The disappearance of long-range structure 
is also seen in the broadening of the main gOO(r) peak (Postorino et al. 1993).
 In Figure 2-2, panels a-c show the RDF analysis of 10 ps production runs at T = 300 and 
1000 K. The characteristic distances for each ion-pair are summarised in Table 2-1. The main 
oxygen-oxygen peak in the gOO(r) RDF shifts slightly from 2.80 Å at 300 K to ~2.90 Å at 1000 K. 
The broadening of the second peak and the absence of a third peak illustrate the disappearance of 
structure in the aqueous fluid at 1000 K and are in excellent agreement with previous results for 
pure water (Postorino et al. 1993). The distance between oxygen atoms within the first hydration 
shell as shown by the small first peak at 1.55 Å remains strikingly constant, consistent with 
large force constants for the strong Ti-O bond. Although subtle differences exist at elevated 
pressures and temperatures, the first peaks in gOH(r) and gHH(r) also remain relatively constant, 
indicating that the intramolecular geometry of water does not undergo any significant changes. 
The subsequent peaks that reflect intermolecular changes however, show the same features as 
observed in ab initio MD simulations of pure water crossing the supercritical point (Postorino 
et al. 1993). In conclusion, the behaviour of the 64 water molecules within the simulation box is 
in excellent agreement with the observed behaviour of bulk (supercritical) water.
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Figure 2-2. Radial distribution functions (a) gOO(r), (b) gOH(r) and (c) gHH(r) for Ti(IV) in water 
at 300 K and 1000 K. The dashed lines in each panel represent the area under the RDF, i.e. the running 
coordination number n(r).
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Titanium coordination

 Due to the inherently slow water exchange in the hydration shells around titanium at 
low temperature, the predominant coordination number may not be sampled completely in a 
regular AIMD simulation. A metadynamics simulation, detailed in the methods section, was 
used to verify the most favourable Ti-O coordination number at 300 K. Before starting the 
low temperature metadynamics simulation, the system was first quenched from 1000 K and 
equilibrated at 300 K in a regular AIMD. Figure 2-3a records the evolution of the coordination 
number as the energy wells are gradually filled during the subsequent metadynamics simulation. 
Over the course of the run, the titanium-oxygen coordination number increases to 7.0 before 
gradually decreasing to 3.0. We observe the evolution of this collective variable during the 
simulation in order to confirm that the minima have been sampled sufficiently to reconstruct the 
free-energy curve (i.e. the system is moving further away from energy minima located around 
the most probable coordination numbers) and that a longer simulation is thus not required. The 
reconstructed free-energy curve (ΔF) is shown in Figure 2-3b. All data are plotted relative to the 
most negative free energy (set to zero) where the collective variable (Ti-O coordination number) 
takes a value of ~5. Figure 2-4a shows radial distribution functions for Ti-O obtained during 
a regular ab initio molecular dynamics simulation in the NVT ensemble, which was initiated 
after NVE and NVT pre-production runs on a configuration containing the most favourable 
configuration as evident from the metadynamics results. At 300 K, the first hydration shell 
contains 5 water molecules throughout the entire simulation (i.e. no water exchange to higher 
order hydration shells). Figure 2-5a shows two snapshots of different 5-fold geometries at 300 K. 
The complex undergoes continuous transformations from a trigonal bipyramidal to a square 
prismatic shape.

T (°C) P (GPa)a ρ (kg m-3) bBEL brTi-O rTi-H rO-H rO-O rH-H

300 ~0.05 1021 12.50 2.00
4.20*

2.70
4.80*

1.05
1.80*

1.55
2.80*

4.35**

1.65
2.35*

3.95**

1000 ~1.53 1021 12.50 2.00 2.65 1.05 1.55
2.90*

1.60

1000 ~3.64 1260 11.65 2.05 2.70 1.05 1.55
2.90*

1.60

1000 ~0.95 900 13.04 2.00 2.65 1.05 1.55
2.95*

1.60

Table 2-1. Simulation conditions and summary of the results from the analysis of the radial 
distribution functions (see text for explanation). Second and third peaks are indicated by * and ** respectively. 

aThe pressure is estimated from the equation of state for pure water (Wagner et al. 2000) and should only be 
taken as an indication. bBEL = Box Edge Length, all distances are in Ångström.
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Figure 2-3. (a) Evolution of the titanium coordination number, i.e. the collective variable CNTi-O 
during the metadynamics simulation at 300 and 1000 K. (b) The free-energy curve (ΔF) is derived from the 
history dependent potential and plotted as a function of coordination number.
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Figure 2-4. Radial distribution functions (a) gTiO(r) and (b) gTiH(r) in water at 300 K and 1000 K. 
The dashed lines in each panel represent the area under the RDF, i.e. the running coordination number n(r).

(a) 5-fold coordination (b) 6-fold coordination

Figure 2-5. Snapshots of the hydration shell around titanium (only first shell atoms are shown for 
clarity) taken from the molecular dynamics trajectory showing (a) the two forms of the five-fold coordination 
at 300 K (square prismatic and trigonal-bipyramidal) and (b) two forms of the six-fold coordination at 
1000 K (octahedral and trigonal). Tubes (green) are shown as a visual aid to the structure.
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The hydrogen atoms point outward from the central titanium atom and the Ti-O distance on 
average is 2.00 Å. Bond-length estimates from combined X-ray and TEM measurements as 
well as static embedded cluster calculations on four- and six-fold coordinated titanium water 
complexes are in excellent agreement with these results (Gatehouse et al. 1993; Uudsemaa and 
Tamm 2001).
 The bond lengths obtained at the HF and MP2 levels (described in the methods section) 
for the system Ti(IV)+(H2O)n, (with n = 4, 5, 6) respectively are 1.95 Å and 1.99 Å for six-fold, 
and 1.87 Å and 1.89 Å for four-fold complexes. Static MP2 calculations for five-fold coordinated 
titanium reveal two imaginary frequencies suggesting that this ground state configuration is not 
a local minimum or that the effects of anharmonicity cannot be neglected. The square-prismatic 
geometry of this five-fold complex exhibits one short Ti=O bond (~1.85 Å) and four longer Ti-O 
bonds (~1.90 Å). Due to the nature of the parameterisation of the bulk solvent, temperature is 
only indirectly included during optimisation. Simulating the full hydration environment around 
titanium explicitly (i.e. treating a second and possibly third hydration shell, as is the case during 
AIMD) is computationally very expensive and moreover, optimisation involves many searches of 
shallow (local) minima.
 The second peak in Figure 2-4a at 300 K is at a Ti-O distance of ~4.20 Å, so clearly 
the coordination of water molecules around titanium extends beyond the first hydration shell. 
Since the minimum beyond the second peak is ill-defined, we estimate the minimum from the 
average titanium to second shell hydrogen distance (5.6-5.8 Å) and the average O-H bond length 
(1.05 Å) leading to a range of 15 - 18 water molecules in the first and second hydration shell 
combined.
 Although not strictly necessary to obtain a reliable hydration configuration, it 
is illustrative to observe the change in the free-energy landscape at increased temperature 
(1000 K) in a second metadynamics simulation. The evolution of the collective variable CNTi-O 
at 1000K is therefore also shown in Figure 2-3a. Although a local energy minimum is still 
visible at a coordination number slightly higher than 5, it is ~175 kJ mol-1 less favourable than 
6-fold coordination under these conditions. Whereas the metadynamics simulation at 300 K 
was terminated after a prolonged decrease of the collective variable, at 1000 K the search for 
minima is driven towards higher coordination numbers, i.e. increase of the collective variable 
(see Figure 2-3).
 As expected for increasing temperature at constant volume, a main Ti-O peak width 
broadening and subsequent lowering of peak intensity is seen (Figure 2-4). Structural distortion 
of the bulk solvent around titanium becomes less distinct, as is evident from the much less 
pronounced second peak. Figure 2-5b shows two snapshots of the 6-fold first hydration shell 
geometry (octahedral and trigonal) at 1000 K. The Ti-O distance remains on average 2.00 Å 
(see Table 2-1).
 The titanium-hydrogen separation at elevated temperatures (Figure 2-4b) shows that 
these distances are similar to those observed at lower temperatures. The decreased first- and 
second peak intensity corroborates the previous conclusion that structural distortion of the bulk 
solvent becomes less distinct. The first peak broadens away and towards titanium, which can be 
taken as evidence that the orientational variability of the water molecules in the first and second 
hydration shells increases with increasing temperature at constant density.
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 We also explored the effect of pressure on titanium coordination. The coordination of 
titanium with oxygen as a function of water density is shown in Figure 2-6. A rough estimate of 
the pressure corresponding to the densities is given in Table 2-1. The radial distribution functions 
show that with increasing density from 900 to 1260 kg m-3 at T = 1000 K the peak intensity 
decreases, while the peak position (Ti-O distance) increases slightly from 2.00 to 2.05 Å. The 
number of first shell water molecules at densities in the range 1021 – 1260 kg m-3, corresponding 
to pressures approximately ranging from ~1.5 GPa to ~3.6 GPa, is clearly higher than that 
observed at 300 K (nTiO(r) > 5), whereas at lower density (900 kg m-3, ~0.9 GPa) the coordination 
number nTiO(r) is lower than five.
 Although the metadynamics simulation indicates six-fold coordination is the most 
favourable configuration at 1000 K, water exchange between first and second hydration 
shells occurs, temporarily increasing or decreasing the number of first shell water molecules. 
A small degree of hydrolysis may occur, in addition to water exchange and as expected from 
experiment. At 300 K, the hydrogen to oxygen ratio of both first and second shells around 
titanium is ~2, indicating that water dissociation does not readily occur for five-fold coordinated 
titanium under these conditions in the simulation. At elevated temperature and constant density, 
the hydrogen to oxygen ratio of the first shell averaged over the simulation length decreases 
to 1.8 indicating a certain degree of dissociation. The species that are present at 1000 K at 
a density of 1021 kg m-3 are for example [Ti(H2O)6]

4+, [TiOH(H2O)5]
3+, [TiO(H2O)5]

2+ and 
[TiO(H2O)4·OH]+. The corresponding hydronium species is found beyond the second shell. At 
lower density and 1000 K, the degree of dissociation decreases slightly. At higher densities the 
extent and nature of the dissociation in the first shell remain similar to the dissociation that occurs 
at ρ=1021 kg m-3. Additional dissociation occurs in the second shell around titanium, forming 
species such as Ti(H2O)6·(H2O)12, TiOH(H2O)5·OH(H2O)11 or TiO(H2O)5·OH(H2O)11.
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Figure 2-6. Radial distribution 
functions gTiO(r) for Ti(IV) in water as a function of 
density (kg m-3) at constant temperature (1000 K). 
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Discussion and conclusions
 This study set out to investigate to what extent the local environment of titanium in 
(supercritical) water resembles titanium coordination in silicate melts, and to assess whether 
changes in coordination environment may occur in a pressure and temperature range relevant to 
subduction zone processes.
 A first result of this study is that first principles atomic-scale simulations can provide a 
unique perspective on the inner workings of subduction zone fluids by accurately reproducing 
their (supercritical) character. From our ab initio molecular (meta)dynamics calculations we 
conclude that the five-fold coordination of titanium to water is energetically most favourable 
in aqueous fluids at room temperature and pressure. However, with increasing temperature at 
constant density the six-fold coordination becomes more dominant. This observation is supported 
by the six-fold coordination at high temperature derived from XANES analysis on hydrous Ti-
saturated albite glasses quenched from similar pressure and temperature conditions (Manning 
et al. 2007). The increase in the number of first shell water molecules with temperature contrasts 
with what is found for e.g. strontium hydration in hydrothermal fluids (Harris et al. 2003), who 
report a decrease the in number of water molecules with increasing temperature. This difference 
in hydration may be due to the much stronger Ti-O bond in an aqueous fluid in the absence of 
hydrogen bonding at high temperatures, or due to entropy effects.
 The six-fold coordinated environment is remarkably persistent with increasing density 
from 1021 to 1260 kg m-3 at constant temperature (1000 K). This contrasts with the wide 
variation in coordination with pressure previously found for lithium, which has a much lower 
charge (Jahn and Wunder 2009). At lower densities however (900 kg m-3 at 1000 K), the 
coordination with first shell water molecules is lower than five. Thus titanium coordination in 
aqueous fluids resembles that in silicate melts to some extent. However, changes in coordination 
may be expected at different densities, and direct comparison by extension is therefore unjustified.
 Ultimately, the solubility of HFSE (and REE) in subduction zone fluids is controlled 
by the chemical potential of these elements in solid mineral phases relative to that of elements 
in an aqueous fluid or a hydrous silicate melt. In addition to the effect of the solid mineral 
phases, titanium coordination changes in the fluid phase shown in this work could promote 
complexation with other elements already present in solution. For instance, since alkali ions in 
melts mainly associate with oxygen atoms participating in the short Ti=O bonds (Romano et al. 
2000), in solutions containing alkali ions association involving [5]Ti might be more favourable 
than when [6]Ti predominates. Even lower coordination numbers might favour [4]Ti substituting 
for [4]Al or [4]Si (cf. Antignano and Manning 2008 and references therein).
 To explain for example the localised HFSE enrichment in high pressure and temperature 
terranes (cf. Philippot and Selverstone 1991; Selverstone et al. 1992; Sorensen et al. 2006; Xiong 
2006; Gao et al. 2007; Wu et al. 2009), and at the same time unite fluid migration mechanisms 
during dehydration with element mobility, the concept of porosity waves has been put forward 
(John et al. 2009). The porosity wave model describes the initiation of mechanical flow instabilities 
and self-propagating nature of fluid-filled cracks due to fluid induced weakening of rocks 
(Connolly and Podladchikov 2007). A consequence of this model is that local deviations from 
hydrostatic pressure arise, whereby the head of the propagating fluid shows a positive pressure 
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anomaly and the much longer tail is characterised by a negative pressure anomaly. Assuming 
temperature variations are absent at small scales in subduction zones, this local reduction in 
pressure (fluid density) during dehydration could cause the changes in titanium coordination 
necessary to promote its association with peralkaline or peraluminous domains in the aqueous 
fluid.
 Summarising, changes in solvent structure due to density variations not only lead to 
differences in solvent behaviour allowing access to new domains for fluid-solid interaction, but is 
also strongly linked to fluid chemistry and the effectiveness of element uptake and transportation. 
These results show that ab initio molecular dynamics has considerable potential to access details 
of element behaviour in aqueous fluids at geologically relevant conditions that are otherwise 
impossible to probe.




