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Abstract 

Ab initio molecular dynamics simulations are performed to study the speciation 

changes in lithium bearing aqueous fluids at high temperature (T=1000 K) and high 

pressures, P, between about 0.3 and 6.0 GPa. The simulations show a linear increase in 

Li coordination with fluid density, from 3.2 to about five in the considered pressure 

range. Towards low densities, associated LiF complexes are becoming increasingly 

stable, which is quantified by evaluating the dynamic behavior of the respective species. 

In the high-density region, HF complexes are observed. The differences in speciation 

may be related to structural changes of the solvent under compression. At a fluid density 

of 1.2 g/cm3, kinks in the pressure dependences of the oxygen-oxygen nearest neighbor 

distance and the oxygen-oxygen coordination are observed, which indicates a change in 

compaction mechanism. Assuming that the Li coordination difference between crystal 

and fluid is a major determinant for the isotopic fractionation between minerals and 

fluids, we expect only a small pressure dependence of the Li isotopic fractionation 
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between Li bearing fluids and minerals. Our simulation results are consistent with 

experimental data that show reverse fractionation of 7Li between fluid and mineral, 

when Li is in tetrahedral instead of octahedral coordination in the crystal. 

1.  INTRODUCTION 

Aqueous fluids are involved in most geochemical processes in the Earth’s crust but they 

are also very important at larger depth, especially in the vicinity of subduction zones 

(Manning, 2004). In the presence of fluids, many physical properties of rocks are altered 

substantially. For instance, fluids are thought to be responsible for the mechanical 

softening or the partial melting of mantle rocks, which is related to the generation of 

mantle-derived magmas (Ulmer, 2001). In addition, fluids are excellent media for 

chemical transport (Brenan et al., 1998). 

One key parameter for understanding, e.g., the solubility of minerals in fluids, 

diffusion rates for chemical transport, the electrical conductivity, or the partitioning of 

elements between fluids and rocks is the speciation of solutes in aqueous fluids. The 

characterization of these fluids under relevant geological conditions requires in situ 

experimental methods due to the strong dependence of the fluid properties on pressure, 

P, and temperature, T. Nevertheless, the measured data often provide only indirect 

information on speciation and are therefore difficult to interpret. Atomic scale 

simulations are a powerful complementary tool to get more direct insight into the 

microscopic structure and dynamics in fluids. 

Lithium is an important element used as a geochemical tracer for mass transfer 

during geological processes, e.g. at convergent margins. For a quantitative 

understanding of these processes, the isotopic fractionation of its isotopes between 
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minerals and fluids needs to be studied. Isotopic fractionation of lithium, which occurs 

in subduction zone regions by fluids expelled from the slab and mineral restite, 

diminishes with increasing temperature and is assumed to be independent on pressure. 

By breakdown of OH-bearing minerals during the subduction process, lithium isotope 

fractionations are produced due to preferential incorporation of 7Li into expelled fluids 

relative to most silicates, except for staurolite (Wunder et al., 2007).  

Isotopic fractionation of cations between two phases is driven by differences in the 

respective chemical potentials, which may be represented by energetic differences of 

their bonding environments. In general, for phases having different Li-coordination, the 

lighter isotope preferentially occupies the higher coordinated site (Schauble, 2004). In 

most silicates that occur at larger slab depths the coordination of lithium is octahedral, 

except in staurolite (Dutrow, 1991) and amphibole (Wenger and Armbruster, 1991). 

Aqueous fluids are usually thought to contain four-fold coordinated Li(H2O)4
+ -clusters 

(Yamaji et al., 2001; Ikeda et al., 2007). However, the assumption that Li(H2O)4
+ - 

clusters are the main lithium species in such fluids is based on theoretical calculations at 

ambient conditions (Yamaji et al., 2001; Ikeda et al., 2007). It is unclear to what extent 

different cluster types with e.g. five or six water molecules, which occur as small 

amounts in fluids at ambient conditions, are relevant at high pressures and high 

temperatures. This question is especially interesting since the structure of the solvent 

(H2O) changes significantly from the liquid to the supercritical state (Weingärtner and 

Franck, 2005). Experimental studies of this problem are difficult since conventional 

spectroscopic methods, e.g. in situ Raman spectroscopy at high P and T, are not 

sensitive to the speciation of lithium in fluids.  

Here, we study the speciation of lithium in aqueous fluid at high P and T by first-
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principles modeling, and discuss a possible pressure dependence of the isotopic 

fractionation of lithium caused by variation of the structural Li environment with 

pressure. Ab initio molecular dynamics (AIMD) simulations are performed to 

characterize the hydration of Li ions in aqueous fluids at T=1000 K as a function of 

pressure. Coordination and speciation changes are discussed with regard to changes of 

the solvent structure in the supercritical state. Finally, consistency of the simulation 

results with existing experimental data on the Li-isotopic fractionation factors between 

lithium bearing minerals and fluids at high pressures is discussed. 

2.  COMPUTATIONAL METHODS 

Ab initio molecular dynamics (AIMD) simulations are based on a quantum-mechanical 

description of the electronic structure, usually within the density functional theory 

(DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965). This high level of theory is 

needed to describe accurately the particle interactions in complex chemical systems. 

Classical molecular dynamics (MD) using force fields that subsume the electronic 

effects in a simplified way into analytical functions are often used to study aqueous 

solutions close to ambient conditions (Egorov et al., 2003), but their predictive power 

towards complex formation and towards high pressures is expected to be rather limited. 

The MD approach is needed to sample the speciation in the high pressure fluid, which is 

difficult to achieve using ab initio based static energy calculations on molecular clusters 

(as used e.g. in Yamaji et al. (2001)). 

Due to the computational expense of AIMD simulations, a relatively small system 

size of 64 water molecules and a single Li ion is chosen here. Charge compensation is 

achieved by adding one F or one OH anion to the system. Although this model system 

corresponds approximately to a 0.9 m aqueous solution, it will resemble a more dilute 
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fluid since the formation of complex species involving more than a single Li cation is 

not possible by definition of the simulation cell. Most of the following results refer to 

the system containing the fluorine ion. The initial structure was taken from a classical 

MD simulation of pure H2O using the SPC/E potential, to which the ions were added. 

The AIMD simulations are performed in the NVT ensemble using Car-Parrinello 

molecular dynamics (Car and Parrinello, 1985) as implemented in the CPMD code 

(Marx and Hutter, 2000). The constant temperature of T=1000 K is controlled by a 

Nosé-Hoover chain thermostat (Nosé and Klein, 1983; Hoover, 1985). A reasonable 

compromise between energy conservation und computational efficiency is obtained by 

using a fictitious electron mass of 600 a.u. and an integration time step of 0.12 fs. The 

plane-wave expansion of the Kohn-Sham orbitals is truncated at a cutoff energy of 

70 Ry. The BLYP exchange correlation functional (Becke, 1988; Lee et al., 1988) is 

used in conjunction with Goedecker-type pseudopotentials (Goedecker et al., 1996). At 

each volume, short simulations of 3-4 ps are used for equilibration before production 

runs of at least 10 ps are started. Most of the following results are presented as a 

function of density, which is easliy calculated from a constant volume simulation. To 

make contact with experiment, pressure is estimated using the equation of state of pure 

H2O (Wagner and Pruss, 2002). Since the uncertainty of this estimation is rather high at 

extreme conditions of pressure and temperature, the pressures shown in this paper have 

to be taken with care. 

3.  RESULTS 

3.1  Solvent structure 

The structure of the solvent is an important parameter that determines both coordination 
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and speciation of the solute. Here, the solvent is supercritical water in the density range 

from 0.57 g/cm3 to 1.42 g/cm3, which at T=1000 K corresponds to pressures of about 

0.3 GPa and 6.0 GPa, respectively. Its structural evolution with pressure is represented 

by the partial radial distribution functions, gOH(r) (Fig. 1) and gOO(r) (Fig. 2). As 

expected, increasing pressure leads to a shift of the intermolecular distances to smaller 

values. The shoulder at about 2 Å in gOH(r) indicates the presence of some kind of 

hydrogen bond but there is strong overlap with the dominating peak of non-hydrogen 

bonded O-H pairs at around 3 Å. Dynamic analysis of the respective O-H bonds reveals 

that structures responsible for the shoulder and the main peak have a maximum lifetime 

of not more than about 0.1 ps over the whole pressure range. Hence, if hydrogen 

bonding exists, it is very dynamic and bonds are continuously broken and reformed, 

which is consistent with previous computational studies (Boero et al., 2000). 

The structural re-arrangement of the solvent molecules due to the densification of the 

fluid is further demonstrated by the change of the nearest neighbor oxygen-oxygen 

distance and the average oxygen coordination by oxygens as a function of fluid density 

(Fig. 3). The average O-O distances at each density are obtained from the positions of 

the first maxima of the respective partial radial distribution functions, gOO(r), shown in 

Fig. 2. Up to a fluid density of about 1.2 g/cm3, the nearest neighbor O-O distance 

decreases linearly with density. Then, the slope of the curve changes and continues 

again with a linear dependence towards higher densities. The respective oxygen 

coordination increases to about 12.5 and reaches a plateau at densities above 1.2 g/cm3. 

3.2  Lithium coordination as a function of pressure 

The hydration state of the Li+ cation is described by the time average of the number of 

nearest neighbor water molecules. The average Li-O nearest neighbor distance is only 



ACCEPTED MANUSCRIPT 

7 

weakly pressure dependent as illustrated by the radial distribution functions, gLiO(r), in 

Fig. 4. The first maximum of gLiO(r) is observed between 1.93 and 2.00 Å in the 

pressure range studied here with a weak decrease of distance towards higher pressures. 

This is consistent with Li-O distances in lithium inorganic salts, which range from 1.86 

to 2.05 Å (Olsher et al., 1991). In these crystals, Li is either in tetrahedral or octahedral 

environment. 

The position of the first minimum in gLiO(r) (see Fig. 4) is almost constant over the 

whole pressure range. Thus, a constant cutoff of 2.8 Å is used to count the number of 

nearest neighbor oxygen anions. The corresponding cutoff for the first neighbor Li-F 

distance is 2.3 Å. In Figure 5, we present results for the lithium coordination by anions, 

i.e. without distinction between different nearest neighbor anions (oxygen or fluorine) 

or nearest neighbor species (OH- or H2O) as functions of mass density and pressure. 

Average coordination numbers are also given in Fig. 5 and in Table 1. 

Previous AIMD simulations show that at ambient conditions, Li is almost always 

coordinated by four water molecules (Ikeda et al., 2007). At the same density 

( =1.0 g/cm3), we also observe a mean coordination number of about four (see Fig. 5 

and Table 1), however with considerable proportions of three- and five-fold 

coordination (about 20% each). Only about 60% of the simulation period, the Li ion was 

in actual four-fold coordination. At T=1000 K,  =1.0 g/cm3 corresponds to a pressure of 

about 1.5 GPa. At lower pressures, the Li coordination drops considerably, which leads 

to a dominant three-fold coordination and a mean coordination of 3.2 at the lowest 

density. The Li coordination increases continuously with pressure and linearly with 

fluid density (Fig. 5). At the highest density (1.42 g/cm3), the distribution has a peak at 

five-fold coordination and the three-fold coordination has almost disappeared. The Li 
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coordination is apparently independent on the charge compensating anion, i.e. the 

results for the aqueous fluids containing LiF and LiOH are the same within the 

uncertainties of the calculations (see Fig. 5).  

3.3  Speciation changes 

The structural changes of the solvent are accompanied by speciation changes of the 

solutes (see Fig. 6 and Table 1). In the low-density region up to about 0.8 g/cm3, Li and 

F tend to form associated neutral complexes of LiF. They are found to be present in the 

respective simulations for more than 50% of the total simulation time. In the two 

highest density simulations, i.e. at 1.3 and 1.4 g/cm3, we find instead considerable 

portions of HF complexes (about 15% of the simulation time) but only negligible 

amounts of LiF (<1%). The formation of HF requires the dissociation of a water 

molecule into H+ and OH-. Part of the OH- forms short-lived charge neutral LiOH 

species (see Table 1), but most of it remains free OH-, which is not very stable either 

due to frequent hopping of protons. Fluctuations in the speciation, especially in the 

occurrence of associated species (see Table 1), are likely due to the finite size of the 

simulation cell and the finite simulation time. Longer simulation runs and/or larger cells 

would be needed for a more quantitative analysis of the relative occurrence of those 

species. 

3.4  Li self-diffusion coefficients 

Transport coefficients are important properties to understand the mobility of ions in the 

fluid. The self-diffusion coefficient of the Li ion, DLi, is obtained from the slope of the 

mean square displacement using the Einstein relation (Allen and Tildesley, 1987)  
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3
12 rr −= ttDLi  (1) 

where r(t) refers to the position of the Li ion at time t and the angular brackets denote a 

time average. Since there is only a single Li ion and due to the relatively short 

simulation run, the uncertainty on DLi is rather large (see Fig. 7). Therefore, we are 

unable to present a reliable pressure dependence of the self-diffusion coefficient. 

However, we can compare the mean diffusion coefficient obtained at T=1000 K with 

low temperature data from NMR experiments and classical MD simulations on 1.7 m 

LiCl aqueous solutions (Egorov et al., 2003). Our predicted value is about one order of 

magnitude smaller than the extrapolation of the experimental curve assuming 

Arrhenius-like temperature dependence of the self-diffusion coefficient. 

4.  DISCUSSION AND CONCLUSIONS 

We start our discussion with the structure of the solvent. It is known that the structure of 

supercritical water differs significantly from water at ambient conditions (Weingärtner 

and Franck, 2005). At ambient conditions, the water structure is characterized by an 

infinite tetrahedral network of hydrogen bonded water molecules. In the supercritical 

state the network structure is unstable, which results in very dynamic hydrogen bonds 

that are continuously broken and reformed (Boero et al., 2000). Our simulations are 

performed at higher temperature and in a wider pressure range but they essentially 

confirm the previous studies by Boero et al. (2000). At T=1000 K, the lifetime of 

hydrogen bonds is smaller than 0.1 ps, which corresponds to not more than a few O-H 

vibrations. 

The fact that the distribution of instantaneous cation coordinations varies smoothly 

with fluid density in simulations of only about 10 ps and using a single cation (Fig. 5) 



ACCEPTED MANUSCRIPT 

10 

suggests that the hydration shell must also be subject to a fast dynamic change. This is 

in contrast with the behavior at ambient conditions where the Li hydration is expected to 

be rather rigid (Ikeda et al., 2007). 

The dynamic behavior of the first hydration shell of the Li ion is quantified by 

evaluation of the mean residence times of the different coordinating species. We 

construct a correlation function similar to that used in Jahn (2008). Here, this function 

describes the probability that a Li-O or Li-F bond still exists at time t after bond 

formation. As maximum bond lengths, the positions of the first mimima of the 

respective radial distribution functions, gLiO(r) at 2.8 Å (see Fig. 4) and gLiF(r) at 2.4 Å, 

are chosen. The decay function (see inset of Fig. 8) is then fitted by a stretched 

exponential function of the form Aexp[-(t/τ)β], where A corresponds to the time 

averaged occurrence of this bond as given by the mean Li coordination numbers by O or 

F (see Table 1), and   and   are the relaxation time and the stretching parameter, 

respectively. For the Li-O bond,   was used as a free fit parameter, which varied 

between 1.3 and 1.7 with no significant influence on  . Due to the low fraction of Li-F 

bonds,   was fixed to a constant value of 2.0 for the fit of the corresponding LiF decay 

function. 

The relaxation time for the Li-O bond, which essentially describes the residence time 

of an H2O in the first hydration shell, is almost independent on the fluid density and has 

a rather low value of about 1 ps at the high temperature considered here (Fig. 8). On the 

contrary, the stability of the Li-F bond increases significantly towards lower densities 

(Fig. 8), which is consistent with the tendency for association in low pressure and high 

temperature fluids (Manning, 2004). 
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Looking at the behavior over the whole density range considered here there seems to 

be a correlation between changes in the Li speciation and structural changes of the 

solvent. The change in slope of the O-O nearest neighbor distance and in the oxygen 

coordination (Fig. 3) occurs at a density of about 1.2 g/cm3. While at lower densities the 

compression of the fluid is accompanied by oxygen coordination changes, which 

indicates structural rearrangements, the oxygen coordination is essentially constant 

towards higher fluid density. Together with the steeper slope of the O-O distance this 

indicates a change in compaction mechanism from structural rearrangements to bond 

shortening. Structural changes around a density of 1.2 g/cm3 have also been reported for 

liquid water at high temperature (up to 573 K) (Kawamoto et al., 2004). Regarding Li 

speciation, we observe appreciable Li in 6-fold coordination only at densities above 

1.2 g/cm3. Furthermore, there may be a tendency to form HF species towards high 

pressures (see Table 1). However, more simulation work is needed to quantify these 

observations. 

Finally, we discuss the relation between cation coordination and isotopic 

fractionation. Isotopic fractionation experiments between spodumene – fluid (Wunder 

et al., 2006) and mica – fluid (Wunder et al., 2007) showed T-dependent fractionation 

with preferential incorporation of 7Li into the fluid. In both spodumene and mica, Li is 

found in six-fold coordination. Spodumene has a displacive phase transition from C2/c 

to P21/c at high pressures of 3.2 GPa at room-temperature (Arlt and Angel, 2000). 

However, the difference in the octahedral Li-configuration between these two 

polymorphs seems to be too small to have a considerable effect on the Li-isotopic 

fractionation. Thus, it was concluded from the experimental studies that Li should 

remain essentially in four-fold (or at least lower than six-fold) coordination in the fluid 
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over the relevant pressure range up to 2.0 GPa. Differences in the bonding strengths of 

the Li-octahedra in mica and spodumene were assumed to account for the differences in 

the extent of Li-isotope fractionation for the two solid – fluid systems.  

On the contrary, in Li-isotope fractionation experiments between staurolite – fluid 

(Wunder et al., 2007), all performed at higher pressures of 3.5 GPa, the heavy 7Li 

preferentially fractionated into staurolite. Under the assumption that the coordination-

dependence dominates the Li-isotope fractionation, i.e. neglecting other energetic 

differences in the Li-polyhedra/cluster of staurolite and fluid, one might expect that the 

Li-coordination in the fluid at the high pressures of the experiments was higher than that 

in staurolite, which has Li in tetrahedral four-fold coordination. If this reasoning is 

correct, the extent of isotopic fractionation of lithium between minerals and fluids 

should also depend on pressure. 

Our simulation results are fully consistent with this simple picture. Up to a pressure 

of 2 GPa, which at 1000 K corresponds to a density of approximately 1.1 g/cm3, the 

average Li coordination remains below 4.5 (see Table 1). This is much smaller than six 

in the corresponding minerals spodumene or mica. At the highest pressure considered 

here (6 GPa), the Li coordination in the fluid has increased to about five, which is still 

smaller than in the crystals. From the cation coordination change, at most a small 

pressure dependence of the Li isotope fractionation between Li bearing fluids and either 

spodumene or mica can be expected in the pressure range up to about 6 GPa. 

Preliminary experiments of our group indicate such small pressure dependence in the 

system spodumene–fluid, but further experiments are needed to draw a conclusive 

picture. On the other hand, the Li coordination in the fluid at 3.5 GPa is indeed larger 

than 4.0, which can explain the preferential fractionation of 7Li into staurolite. An 
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experiment at lower pressure with a fluid density of less than 1.0 g/cm3 could reverse 

the sign of the fractionation coefficient. 

In conclusion, a good characterization of fluid properties at high pressure and high 

temperature is indispensable to understand their important role in geological processes. 

In the case of Li bearing aqueous fluids considered here, the ab initio simulations have 

provided unique insight into the atomic scale structure and dynamics of the fluid at 

extreme conditions not easily accessible experimentally. The occurrence of different 

species and their dynamic stability as a function of pressure and (potentially) 

temperature is apparently closely related to the structure of the solvent, which is 

significantly different between the liquid state at ambient conditions and the 

supercritical state at high P and T. On the contrary, the mean Li coordination by anions 

seems to depend mainly on the density of the fluid. From the pressure dependence of the 

cation coordination in the fluid it seems possible to predict at least relative magnitudes 

and the sign of isotopic fractionation between fluids and minerals. 
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Table 1:  Occurrence of different species as a function of density averaged over the 

duration of the simulations. The different Li and F species sum up to 1.0. Also given are 

the average Li coordinations by oxygen and by anions (O or F).  

 

density LiF LiOH HF Li+ F- Li by O Li by 

(g/cm3)       O+F 

1.416 0.01 0.02 0.15 0.97 0.84 4.88 4.89 

1.319 0.00 0.02 0.14 0.98 0.86 4.78 4.78 

1.231 0.06 0.00 0.03 0.94 0.91 4.50 4.56 

1.078 0.31 0.01 0.04 0.68 0.65 3.91 4.22 

1.010 0.00 0.00 0.04 1.00 0.96 4.12 4.12 

0.948 0.00 0.09 0.33 0.91 0.67 3.98 3.98 

0.839 0.64 0.00 0.02 0.36 0.34 3.15 3.80 

0.746 0.63 0.01 0.02 0.36 0.35 2.93 3.56 

0.566 0.79 0.00 0.02 0.21 0.19 2.45 3.24 
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Figure 1:  Partial radial distribution function between O and H ions, gOH(r), as a 

function of pressure. The first peak at about 1.0 Å corresponds to the intramolecular O-

H distance of the H2O molecule.  

 

Figure 2:  Partial radial distribution function between O and O ions, gOO(r), as a 

function of pressure.  

 

Figure 3:  (top) Oxygen-oxygen nearest neighbor distance obtained from the position of 

the first maximum of the respective partial radial distribution function gOO(r) (symbols). 

The lines represent linear fits to the data in two different density regions. (bottom) 

Average number of oxygens in the first oxygen coordination shell, which extends up to 

the first minimum of the respective gOO(r). 

 

Figure 4:  Partial radial distribution function between Li and O ions, gLiO(r), as a 

function of pressure. The first minimum of gLiO(r) at about 2.8 Å is used as cutoff radius 

of the first coordination sphere. 

 

Figure 5:  (top) Distribution of Li coordination by nearest neighbor anions (oxygens or 

fluorines) as a function of mass density and estimated pressure. The Li ion and its first 

coordination shell is described as a complex [Li(H2O,OH,F)n], which has a charge 

between 0.0 and +1.0. n is the number of nearest neighbor anions. The open and filled 

symbols refer to the LiF and LiOH simulations, respectively. (bottom) Average Li 
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coordination represented by open circles. The line is the corresponding linear regression 

curve. 

 

Figure 6:  Snapshots from the AIMD simulations illustrating the increase of Li 

coordination with pressure. At low pressures, a considerable amount of associated LiF 

species is observed (see left picture). The Li ions are shown as large green and the F as 

smaller blue balls. H2O molecules in the first hydration shell of the Li ion are shown as 

balls and sticks (red – O, white – H) whereas other H2O are represented by sticks only. 

 

Figure 7:  Self-diffusion coefficients of Li ions as a function of temperature. The AIMD 

simulation results at high temperature are compared to low T data from NMR 

experiments and classical MD simulations of 1.7 m LiCl aqueous solution by Egorov 

et al. (2003). 

 

Figure 8:  Relaxation times representing the mean residence time of an H2O molecule 

in the first hydration shell of the Li cation and the mean lifetime of the LiF complex, 

respectively, as a function of fluid density. Lines are just a guide to the eyes. Inset: The 

solid line represents the decay function described in the text for Li-O bond and 

 =0.948 g/cm3, the dashed line is the fitted curve of a stretched exponential function.  
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