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Abstract: 12 

The transition of ringwoodite to bridgmanite and periclase (the post-spinel transition) is a strong control 13 

on the 660 phase discontinuity and the boundary between the transition zone and the lower mantle.  The 14 

transition zone may contain significant amounts of water and thus the effect of water on the post-spinel 15 

transition must be known to correctly determine its properties.  In this paper we examine the transition 16 

of ringwoodite to bridgmanite and periclase in both dry and wet conditions using density functional 17 

theory (DFT).  In the dry case we calculate a high negative Clapeyron slope (-3.19±0.19 MPa/K at 1873 18 

K). We also find that the Clapeyron slope is significantly nonlinear with temperature and much lower 19 

at 1000 K (-1.31 MPa/K) or if determined by linear interpolation from 1000 K (-2.37 MPa/K).  The 20 

addition of water causes a large broadening of the transition through the development of a phase loop.  21 

Seismic studies suggest that the 660 km discontinuity is narrower than 2 km.  For this to be the case our 22 

results suggest that the water content at the bottom of the transition zone needs to be either less than  23 

~700 ppm or, alternatively,  above ~8000 ppm (assuming an effective transition width near the 24 

maximum transition width).  In the latter case this is above the saturation limit for bridgmanite and so 25 

will be accompanied by the production of a free water phase/hydrous melt.  The hydration of 26 

ringwoodite also causes the onset of the transition to deepen with 1 wt% water increasing the depth of 27 

the transition by about 8 km. This is relatively small compared to seismically observed variations in the 28 



660 km discontinuity of around 35 km and so water alone cannot account for the observed 660 km 29 

discontinuity topography.  Water causes no substantial changes to the Clapeyron slope of the transition, 30 

so the 660 km topography could be explained by thermal variations of ~500 K. 31 
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 35 

1. Introduction: 36 

The transformation of ringwoodite to bridgmanite and MgO is an important reaction and is 37 

generally considered to be responsible for the seismic discontinuity that occurs at an average depth of 38 

647-654 km (Gu and Dziewonski, 2002) - the so-called 660 km discontinuity. This discontinuity defines 39 

the boundary between the transition zone and the lower mantle, and an understanding of the nature of 40 

this transition is critical for understanding processes between the upper mantle and transition zone and 41 

the lower mantle. 42 

There have been a number of experimental and theoretical studies on this transition, but the 43 

Clapeyron slope still remains quite uncertain.  Experiments in literature have produced two quite 44 

different ranges of this slope - one with relatively low slopes ranging from -0.2-1.3 MPa/K (Fei et al., 45 

2004; Ghosh et al., 2013; Hernandez et al., 2013; Ishii et al., 2011; Katsura et al., 2003; Kojitani et al., 46 

2016; Litasov et al., 2005a) and one with higher slopes ranging from -2.6-3.6 MPa/K  (Akaogi et al., 47 

2007; Bina and Helffrich, 1994; Hernandez et al., 2015; Irifune et al., 1998; Shim et al., 2001; Yu et al., 48 

2007), although some intermediate values up to 2 MPa/K are also observed (Ishii et al., 2011; Katsura 49 

et al., 2003). The exact cause of this discrepancy is still unclear, however, obtaining the correct value 50 

for the Clapeyron slope is highly important for interpreting the topography of the 660 km in terms of 51 

temperature and composition.  52 

One important compositional parameter is hydration.  Since the transition zone can potentially 53 

contain up to ~2 wt% water, observed variations in the depth of the 660 km discontinuity could be used 54 

to map out the water content of the transition zone (e.g. Houser (2016), Wang et al. (2020)).  A series 55 

of studies have shown that water can shift the phase transition to higher pressures (from about ~0.2 to 56 



1.3 GPa depending on the amount of water and the particular study) (Ghosh et al., 2013; Higo et al., 57 

2001; Litasov et al., 2005b), while at the same time water may also increase the Clapeyron slope. For 58 

instance, Ghosh et al (2012) suggests that the Clapeyron slope increases from -0.4-0.7 MPa/K in the 59 

dry case to -3.1-3.2 MPa/K with 2 wt% water (Ghosh et al., 2013).  Such a large effect would mean that 60 

wet regions of the transition zone would have depressed phase transitions which should be seismically 61 

visible. However, as with measuring even the nominally dry slope of the ringwoodite phase transition, 62 

there is considerable uncertainty over the effect of water on the depth and slope of the post-spinel 63 

transition.   64 

In this work we use Density-Functional Theory (DFT) to examine the post-spinel transition and 65 

the effect of water at high temperatures and pressures. We calculate the depth of the transition, its slope, 66 

and the width of the transition as a function of temperature and water content.  67 

 68 

2. Methods: 69 

2.1 Calculation Details 70 

We used DFT to calculate the free energies of Mg2SiO4 ringwoodite and MgSiO3 bridgmanite 71 

as a function of temperature, pressure and water concentration. We assumed that periclase is essentially 72 

dry as shown previously (Muir and Brodholt, 2018) and so only dry calculations were performed on 73 

that phase. Free energy calculations were carried out at 20, 25 and 30 GPa at 0, 1000, 1500 and 2000 K 74 

with further athermal (0 K) calculations carried out at 15, 17.5, 22.5, 27.5, 32.5 and 35 GPa.  Once these 75 

free energies were determined phase diagrams were constructed by fitting polynomials to the free 76 

energies as a function of P, T and composition.  The energy of each phase was then determined by 77 

mixing the dry and hydrous proportions of each phase as outlined below.  To find the 3-phase loop we 78 

fitted the common tangent to 2nd-order polynomial curves of free energy vs water concentration for 79 

ringwoodite and bridgmanite+periclase phases.  The derivatives of these free energy curves are very 80 

similar for the two phases and so the error in the common tangent is quite large as discussed later in the 81 

text.   82 

All simulations were carried out with the DFT code VASP (Kresse and Furthmuller, 1996) 83 

using the projector-augmented-wave (PAW) method (Kresse and Joubert, 1999) and the PBE 84 



formulation of GGA  (Perdew et al., 2008).  For Mg atoms the semicore 2p states were treated as valence.  85 

All runs were spin-polarised.  86 

 Static calculations were run with an energy cutoff of 600 eV, 6x6x6 k points and self-consistent 87 

runs that were relaxed to within 10-8 eV.  Molecular dynamics (MD) simulations were run to obtain 88 

properties at high T using an NVT ensemble with the Nosé thermostat (Nose, 1984) and with Nosé 89 

frequencies of ~20 THz.   MD calculations were run at the gamma point with a cutoff of 600 eV, 90 

relaxation to within 10-4 eV, and properties were averaged over at least 10 ps (though all properties 91 

were fully converged by 6 ps). For calculating the force constant matrix, phonons were calculated using 92 

the finite difference method with at least 5 different volumes for every system and processing was done 93 

with the Phonopy code (Togo, 2015).  For force constant matrix calculations it was necessary to increase 94 

the energy cutoff to 1000 eV to get sufficient accuracy in the phonons.  Increasing the energy cutoff 95 

further to 1500 eV changed the energy of dry ringwoodite and bridgmanite (under a QHA approach) by 96 

<0.003 meV/atom at 2000 K and 25 GPa.  Changing the cutoff changes the Pulay stress but this effect 97 

is extremely small.  By running the relaxed structure determined at 600 eV with a cutoff at 1000 eV we 98 

find the energy change from a structure relaxed at 1000 eV is <0.005 meV/atom.  When calculating 99 

phonons only the gamma point was used as this is the only physical meaningful point when using the 100 

finite difference method.  While this will introduce some additional error in the calculation, as we are 101 

calculating free energy differences the errors induced from only having a single q-point will largely 102 

cancel out.  The effect of vibrational entropy is also very small as discussed below so this is not a 103 

significant source of error. 104 

 MgSiO3 was simulated with an 80 atom unit cell, MgO with a 64 atom unit cell and Mg2SiO4 a 105 

56 atom unit cell.  To determine the energy of wet systems we assume most of the water is incorporated 106 

as substituted for Mg (Hernandez et al., 2013; Muir and Brodholt, 2018) and so energies were 107 

determined with 1 Mg vacancy that was filled with 2 hydrogen atoms.  This is a concentration of 1.1 108 

wt% water in the bridgmanite and 1.6 wt% in the ringwoodite.  To check the effect of water 109 

concentration we calculated the enthalpy difference of the wet post-spinel reaction (reaction 2 in the 110 

text) as a function of water concentration between 0.14 wt% and 12 wt% with the results shown in 111 

Figure S1.  While there is a clear trend in the reaction energy with increasing water concentration, this 112 



trend is very small (<1 meV/atom) and smaller than the errors induced by DFT approximations 113 

(typically on the order of a few meV/atom) which means that it is negligible in our free energy 114 

calculations.  Thus we treat the wet reaction and the dry reaction as ideal mixtures in Reaction 1 and 115 

Reaction 2 to create Reaction 3: 116 

𝑀𝑔!𝑆𝑖𝑂" → 𝑀𝑔𝑆𝑖𝑂# +𝑀𝑔𝑂 Reaction 1 117 

(2𝐻)𝑀𝑔𝑆𝑖𝑂" → (2𝐻)𝑆𝑖𝑂# +𝑀𝑔𝑂 Reaction 2 118 

𝑀𝑔!$%(2𝐻)%𝑆𝑖𝑂" → 𝑀𝑔&$%(2𝐻)%𝑆𝑖𝑂# +𝑀𝑔𝑂 Reaction 3  119 

where Reaction 2 is Reaction 3 with x=1. 120 

2.2 Free energy:  121 

 To determine the entropic part of the free energy we use the quasi-harmonic approximation 122 

(QHA).  While this has previously been used for the dry post-spinel reaction (Hernandez et al., 2013; 123 

Hernandez et al., 2015; Yu et al., 2007) it is questionable whether this holds for the wet phase transition 124 

because of the high mobility of the hydrogen in the Mg vacancy (see Figure S2). To test whether the 125 

QHA approximation works for the hydrogen bearing systems we tried three other methods:  126 

1) Using just the enthalpy determined from a normal molecular dynamics run (which includes 127 

thermal expansion to the correct cell size) (ENTH) 128 

2) Adding in an additional entropy term to the enthalpy determined via integrating the vibrational 129 

density of states (VDOS), which is the Fourier transform of the Velocity Autocorrelation 130 

function (MD) 131 

3) A thermodynamic integration from the QHA to the molecular dynamics run (the method for 132 

this is described in the supplementary methods) (TI). 133 

 As shown in Table 1 all of these methods produce similar answers and in particular the MD, QHA and 134 

TI methods are nearly identical.  This is because while the hydrated system has significant 135 

anharmonicity due to the movement of the hydrogens, the anharmonicity is very similar for all hydrated 136 

systems and thus cancels out when calculating free energy differences.  We shall, therefore, present 137 

results from the QHA analysis from here on. 138 

 Another feature that needs to be addressed is the configurational entropy difference between 139 

wet bridgmanite and wet ringwoodite.  This has two parts:  1) the configuration of hydrogens in the 140 



vacancy and 2) the configuration of vacancies in the unit cell.  The first case is complicated by the fact 141 

that hydrogens do not remain confined to a single site at high temperature in either ringwoodite (Figure 142 

S2) or bridgmanite (Muir and Brodholt, 2018).   This is discussed in more detail in the supplementary 143 

information but in short we assumed all arrangements of hydrogen were equivalent in both ringwoodite 144 

and bridgmanite and calculated their entropy with the Boltzmann entropy formula.  In the second case 145 

we assumed all vacancy arrangements were equivalent and that there is no long range order to wet 146 

vacancies.  We then used the Boltzmann entropy formula with the Stirling approximation to calculate 147 

the configurational entropy of both the hydrogen and the water induced vacancies in each system. 148 

2.3 Pressure Correction 149 

While DFT generally reliably reproduces pressure derivatives, the absolute pressures reported 150 

by DFT are known to be systematically incorrect such that they are shifted in one direction.  This arises 151 

due to the fact that different approximations of the exchange correlation give different pressures shifts, 152 

with GGA methods (such as the PBE approximation used here) overestimating volume and pressure 153 

and LDA methods doing the reverse, although to a lesser extent.  This GGA error was accounted for by 154 

the following equations: 155 

𝑃(𝑉, 𝑇) = '!
"#$

'!%&'
𝑃()* 2𝑉 +!%&'

+!
"#$3 + ∆𝑃()*(𝑉, 𝑇)	 Equation 1 156 

𝐹(𝑉, 𝑇) = 𝐹7𝑉,
-%.8 + +!

"#$'!
"#$

+!%&''!%&'
9𝐹()* 2𝑉 +!%&'

+!
"#$3 − 𝐹()*(𝑉,()*); + ∆𝐹(𝑉, 𝑇)	 Equation 2 157 

𝑉,
-%. was taken to be 40.6 Å3 (Dobson and Jacobsen, 2004), 65.6 Å3 (Sasaki et al., 1982) and 18.7 Å3 158 

(Tsirelson et al., 1998) for bridgmanite, ringwoodite and periclase respectively whereas K0 was taken 159 

to be 256.7 (Tange et al., 2012), 184 (Kojitani et al., 2016) and 160.64 GPa (Tange et al., 2009). 𝐾,()*  160 

was determined statically using a stress-strain method with 4 strains of -0.02, -0.01, 0.01 and 0.02 and 161 

was determined to be 231.5, 173.7 and 150.9 GPa respectively. Since the three different phases have 162 

slightly different pressure corrections, we corrected the pressures of each individual phase and then 163 

recalculated the relationships between the phases.  If we consider a “transition pressure” as the pressure 164 

at which the chemical potential of ringwoodite is equal to that of bridgmanite plus MgO at a fixed 165 

temperature then for Reaction 1 this pressure moves from 22.0 GPa to 22.8 GPa at 1873 K.  The effect 166 



of water on the position and Clapeyron slope of the transition is independent of this correction.  Both 167 

the uncorrected and the corrected pressure values are shown in Figure 1, for all latter figures and tables 168 

the uncorrected pressures are shown for simplification.  Using an LDA functional produces unphysical 169 

transition pressures even when the data is corrected using Equation 1 and 2 above (see Yu et al. (2007) 170 

and Figure S3) and so we have not included the LDA predictions here. 171 

Error Propagation 172 

QHA calculations do not have an obvious method for determining error.  Instead we shall use 173 

the error from molecular dynamics calculations which give similar answers to the QHA.  This was 174 

determined using the blocking method of Flyvbjerg and Petersen (1989) to be <2.5 meV/atom.  To 175 

propagate this error through to our phase diagrams we used a numerical method.  Firstly the bridgmanite, 176 

periclase and ringwoodite phase were assigned a random energy selected from a normal distribution 177 

centred on their standard energy and with a standard error of 2.5 meV/atom.  Secondly, the common 178 

tangent or phase boundary was calculated at the pressure and temperature of interest. Third- the first 179 

two steps were repeated 1000000 times. Fourth all of our results were fit to a normal distribution and 180 

1σ errors were determined and reported.  This process was then repeated at each pressure and 181 

temperature of interest. 182 

 183 

3. Results: 184 

3.1 Dry Post Spinel Transition: 185 

Figure 1 and Table 1 shows our DFT calculated transition pressures for dry ringwoodite 186 

converting into bridgmanite and MgO: 187 

𝑀𝑔!𝑆𝑖𝑂" → 𝑀𝑔𝑆𝑖𝑂# +𝑀𝑔𝑂 Reaction 1 188 

Our calculated phase transition is roughly in the middle of the experimental range. At 1873 K (the 189 

average temperature at 660 km depth) we find that the transition occurs at 22.7 GPa which corresponds 190 

to a depth of 614 (594 km). This is somewhat shallower than the average depth of the 660 of 647-654 191 

km (Gu and Dziewonski, 2002), but this discrepancy could be resolved either by the addition of water 192 

(see below), a cooler geotherm or by a different pressure correction. Other compositions might also 193 

affect the transition pressure, although the addition of iron has been demonstrated to produce only very 194 



small (~0.1 GPa) effects on the phase boundary (Ishii et al., 2019; Ito and Takahashi, 1989).    While 195 

there is a possibility that Fe and water may have coeffects upon the phase transition, studies of iron-196 

containing ringwoodite have observed no major change in absorption frequency or intensity of OH 197 

peaks when compared to iron-free ringwoodite (Bolfan-Casanova et al., 2018; Panero et al., 2013; 198 

Thomas et al., 2015).  This suggests that iron and water are largely independent in ringwoodite and do 199 

not form Fe-water complexes which would lead to strong coeffects.   200 

We find a Clapeyron slope at 1873 K of -3.19±0.19 MPa/K.   This slope is similar to some 201 

experimental studies (Akaogi et al., 2007; Bina and Helffrich, 1994; Hernandez et al., 2015; Irifune et 202 

al., 1998; Shim et al., 2001), as well as two previous theoretical determinations – that of Yu et al. (2007) 203 

(-2.6 to -2.9 MPa/K) and that of Hernandez et al. (2015) (-3.4 MPa/K).  Notably, our Clapeyron slope 204 

is quite non-linear – a fact previously observed by Hernandez et al. (2015) and Bina and Helffrich 205 

(1994).   Importantly the strong non-linearity of the Clapeyron slope means that its value is sensitive to 206 

the temperature at which it is measured, and in fact our Clapeyron slope varies from -1.35 MPa/K at 207 

1000 K to -3.47 MPa/K at 2000 K. This non-linearity at high pressures may be missed in experimental 208 

studies with few data points, and assuming a linear phase boundary may result in a significantly 209 

underestimated slope. This behaviour may go some way to explaining the different slopes in the 210 

literature.  Overall, we conclude that the appropriate value of the slope at 1873 K is -3.19±0.19 MPa/K 211 

and we agree with the higher Clapeyron slopes found in the literature. 212 

As shown in Table S1 for Reaction 1 the variation of reaction enthalpy (ΔH) with pressure 213 

(dΔH/dP) is not large.  On going from 20 to 30 GPa ΔH of Reaction 1 increases by 0.32 eV/f.u.  This 214 

is larger than the change in reaction energy induced by temperature (ΔS) across geothermally relevant 215 

temperatures but is small enough that both dΔH/dP and dΔS/dP are important in determining the  overall 216 

shape of the Clapyeron slope which leads to the non-linear behaviour of the slope.   217 

Another consequence to the small value of dΔH/dP is that the error in determining the phase 218 

transition is quite large.  As seen in Figure 1, even with a quite small error in energy of 2.5 meV/atom 219 

the error bars are large.  Extremely precise estimates of entropy would be required to reduce this error 220 

bar significantly.   221 

 222 



3.2 Water Incorporation: 223 

To determine the effect of water on this phase transition we need to consider where water sits 224 

in the structures.  As outlined in Muir and Brodholt (2018) and Hernandez et al. (2013), in aluminium-225 

free bridgmanite at the conditions of the 660 km discontinuity most water in bridgmanite prefers to fill 226 

a Mg vacancy with two H+ atoms and periclase does not take significant amounts of water.  Experiments 227 

and theoretical work (Fei and Katsura, 2020; Gruninger et al., 2020; Li et al., 2009; Panero, 2010; 228 

Panero et al., 2013; Purevjav et al., 2014; Stebbins et al., 2009; Ye et al., 2012) have shown three major 229 

incorporation mechanisms for water in ringwoodite - two H+ atoms in a Mg vacancy, four H+ atoms in 230 

a Si vacancy, and other complexes that involve Mg exchange with Si.  All studies agree that most water 231 

is incorporated in the Mg vacancy (when the water concentration is below ~2 wt%), then the Si vacancy 232 

and then the more exotic complexes.  Water in Mg vacancies typically accounts for around 60-80% of 233 

the total absorbed hydrogen (Fei and Katsura, 2020; Gruninger et al., 2020) in ringwoodite.  As shown 234 

in Table S2 and S3 the introduction of more minor absorption sites for the water in ringwoodite into 235 

our calculations has negligible effects on the resultant phase diagram and thus can safely be ignored in 236 

our calculations.  We therefore only consider the hydrated Mg vacancies in ringwoodite here. 237 

The two water bearing phases, ringwoodite and bridgmanite, have quite different vacancy and 238 

H geometries.  Mg in bridgmanite is 12 coordinated to oxygen whereas it is 6 coordinated in ringwoodite.  239 

With each of the two H+ atoms bound to an oxygen there are 66 possible arrangements of hydrogen in 240 

bridgmanite and 15 in ringwoodite.  The favoured arrangement of hydrogen in bridgmanite is detailed 241 

in Muir and Brodholt (2018) and discussed more in the supplementary information section. For 242 

ringwoodite we find that all arrangements of H are within 6 meV of each other, and moreover, when 243 

running a molecular dynamics simulation the hydrogen freely moves between the different oxygens in 244 

the vacancy (Figure S2).  Thus for both ringwoodite and bridgmanite we shall use the most favoured 245 

arrangements of hydrogen to determine the free energy, but at elevated temperatures all arrangements 246 

are sampled by MD and considered equally possible for configurational entropy calculations. 247 

Using the free energy of each hydrous phase the energy of Reaction 2 can be calculated:  248 

(2𝐻)𝑀𝑔𝑆𝑖𝑂" → (2𝐻)𝑆𝑖𝑂# +𝑀𝑔𝑂 Reaction 2 249 



The energies of Reaction 2 are listed in Table S1.  As outlined in the methods the free energies of 250 

Reaction 1 and Reaction 2 are added linearly to achieve the free energy of converting ringwoodite into 251 

bridgmanite and periclase with a fixed water concentration (pseudo univariant reaction).  As seen in 252 

Table 1 the Clapeyron slope for the reaction increases slightly in a wet system under pseudo-univariant 253 

conditions, but this is not a thermodynamically favoured system as will be seen below. 254 

 The errors induced into the dry phase transition by small dΔH/dP differences are even larger in 255 

the wet phase transition.  While the introduction of water to the system causes large differences in 256 

enthalpy (Table S1) which are easily resolved with standard methods, the wet phase diagram relies upon 257 

how the free energy of each phase changes with water concentration (dE/dx).  As an approximation, 258 

varying the concentration of water (x) in each system can be considered as taking a system with some 259 

amount of water in it and adding units of dry ringwoodite or bridgmanite and periclase.  Adding these 260 

dry units makes very little change to dH/dP on either side of the phase transition as explained above 261 

and thus as x is varied there is little variation in dΔH/dP and dE/dP.  The error in the phase diagram 262 

which relies on fitting common tangents of dE/dx is therefore large, as is the error in fitting Clapeyron 263 

slopes which rely on the derivative of dE/dP.  This is somewhat unavoidable due to the similar 264 

energetics of each side of the phase transition and will only be eased at very large concentrations of 265 

water. 266 

 267 

3.3 Phase Diagrams for water bearing system: 268 

Using the above results we construct a phase diagram for the post-spinel transition as a function 269 

of water. This is shown in Figure 2.   It should be noted that this phase diagram does not include a free 270 

water phase and so implicitly assumes infinite solubility of water in all phases; the effect of limited 271 

solubility of water in ringwoodite is discussed below.   Two major effects are noticeable.  272 

First, the addition of water pushes the post-spinel transition to deeper depths, however, the 273 

magnitude of this is highly dependent on the water concentration (some values are given in Table S4).  274 

At low water concentrations, the transition depth is essentially unaffected by water up to a concentration 275 

of about 100 ppm or so.  Above that concentration, the phase transition is gradually pushed to higher 276 

pressures, and with 2 wt% water at 1873 K the phase transition begins <40 km deeper.  The effect is 277 



similar at other temperatures, and at 2000 K the transition depth increases by <48 km with 2% water.  278 

With 1 wt% water we find that the transition pressure increases by 0.35 GPa (0.2-0.6 GPa with error) 279 

at 1873 K.  With 2 wt% water we find that the transition pressure increases by 1.42 GPa (1.16-1.68 with 280 

error) at 1873 K.  This can be compared to Higo et al. (2001) where ~1 wt% water was observed to shift 281 

the transition pressure  by ~+0.2 GPa,  papers by Litasov et al. (Litasov et al., 2005a; Litasov et al., 282 

2005b) where 2 wt% water lead to a change in transition pressure of ~+0.4 GPa and Ghosh et al. (2013) 283 

where 2 wt% led to a change in transition pressure of +1-1.3 GPa.  Our 1 wt% results are in line with 284 

Higo and Litasov, our 2 wt% results are in line with Ghosh.  Variations of the water content lead to 285 

strong fluctuation of this number with the key parameter being how much water is present in 286 

ringwoodite and whether ringwoodite saturation is exceeded. 287 

Second, the transition broadens into a coexistence region of all three phases (a three-phase loop).  288 

Again, the effect is highly dependent on the water content, with the width of the loop being essentially 289 

zero up to about 100 ppm after which it broadens considerably. These loops become very broad due to 290 

the fact that water strongly favours ringwoodite over bridgmanite.  However, as mentioned above, these 291 

phase diagrams do not consider a free water phase. A plausible phase diagram which considers a free 292 

water phase is shown in Figure 3.    293 

To determine the full phase diagram in Figure 3 we need to know the free energy of water. 294 

While free energies of water exist in the literature, it is not clear how reliable they are at these P&T 295 

conditions. We can avoid this, however, if we simply know the water saturation limit of ringwoodite 296 

(or bridgmanite) at the appropriate temperature and pressure. The saturation limit of ringwoodite has 297 

been examined previously and is likely to be around 1-2 wt% at the conditions of the 660 km 298 

discontinuity  (Fei and Katsura, 2020; Inoue et al., 2010; Keppler and Bolfan-Casanova, 2006; Kleppe 299 

et al., 2002; Ohtani et al., 2000; Pearson et al., 2014; Smyth et al., 2003).  Figure 3 has been constructed 300 

by assuming a ringwoodite saturation of 1 wt% (10,000 wt. ppm), the most recent estimate for water 301 

solubility at TZ conditions (Fei and Katsura, 2020).    This concentration of water in ringwoodite at 302 

saturation then determines the top of the two-phase loop via the horizontal line in Figure 3. The 303 

intersection of this horizontal line with the left-hand side of the phase loop also determines the solubility 304 

of water in bridgmanite.  The phase boundary between the bridgmanite + periclase and bridgmanite + 305 



periclase + water fields is unconstrained in our system and so we have drawn it as a vertical line.  A 306 

similar diagram is found in Higo et al. (2001).  It should be noted that “free water” will generally not 307 

be free at 660 conditions as it will likely form a hydrous silicate melt (see for example (Fei, 2021; Fei 308 

and Katsura, 2020)).  The general effect of forming a hydrous melt is lowering the saturation level of 309 

ringwoodite as the free energy of the hydrous melt is lower than that of silicate+water.  However, the 310 

ringwoodite saturation of ~1 wt% water chosen in this study was determined in the presence of melt 311 

and so the phase diagram is consistent with any excess water being incorporated into a melt.   312 

4. Geophysical Implications: 313 

4.1 Transition Width and Water Content 314 

 Figure 3 shows the two phase-loop for a maximum water solubility in ringwoodite of 1 wt%. 315 

As can be seen, the width of the phase loop is negligible for water contents less than about 1000 ppm, 316 

but then grows rapidly to become about 10 km wide, before shrinking again as the water content 317 

approaches ringwoodite saturation.  The width of the transition is also plotted in Figure 4, alongside the 318 

uncertainty.  The maximum width depends on the maximum solubility of water in ringwoodite as shown 319 

in Figure S4, but the general trend will be the same.  320 

The 660 transition is thought to be extremely narrow (<2 km) as it is a strong reflector of 1 Hz 321 

seismic waves (Xu et al., 2003).  Such a narrow transition is possible in dry Fe-containing ringwoodite 322 

(Ishii et al., 2019), but as shown in Figure 3 and 4, water can cause the transition to be very wide.  For 323 

such a narrow transition to occur the water concentration must be either very low or alternatively near 324 

the saturation limit of ringwoodite.  To obtain a phase loop with < 2 km width at 1873 K the bottom of 325 

the transition zone must have less than about 700 wt. ppm water or alternatively more than about 8500 326 

wt. ppm water , assuming ringwoodite saturation of 1 wt%.   In the lower water case, the water content 327 

is below the solubility of water in bridgmanite and so the transition produces bridgmanite and MgO 328 

only, whereas the high water case exceeds the solubility of bridgmanite and a free water phase is also 329 

produced.  Such a scenario has been previously proposed in a dehydration melting process at the top of 330 

the lower mantle (Schmandt et al., 2014).   As noted above our chosen saturation concentration of 1% 331 

was determined in the presence of melt (Fei and Katsura, 2020) and thus our phase diagram is consistent 332 

with the presence of melt above the ringwoodite saturation.   333 



Many studies place transition zone water contents at around a few thousand ppm - at least 334 

locally if not globally (Houser, 2016; Huang et al., 2005; Li et al., 2009; Mao et al., 2012; Panero, 2010; 335 

Sun et al., 2015; Thio et al., 2016; Ye et al., 2012; Yoshino et al., 2008). This corresponds to the broadest 336 

parts of the phase loop and thus it is implied that regions of the 660 km discontinuity with these water 337 

contents would be essentially invisible to seismic reflectors.  Alternatively, some studies (Fei et al., 338 

2017) place the transition zone water content close to ringwoodite saturation which would be consistent 339 

with a very wet ringwoodite phase leading to a narrow phase loop.  340 

It should be noted that our calculated transition widths are thermodynamic maximums and the 341 

effective width (as seen by seismic waves) of the real transition loop would be somewhat smaller 342 

(Stixrude, 1997.   This is because a large proportion of the transition can occur over a small depth range 343 

(i.e. consider the lever rule for phase proportions as pressure is increased within the loop).  In Figure 4 344 

we show the width of the loop (in km) over which a proportion of ringwoodite is transformed. For 345 

instance, for a water content of ~800 ppm, it takes about 7 km to transform all the ringwoodite into 346 

bridgmanite plus periclase and so nominally this transition would not be sharp to high frequency seismic 347 

waves.  90% of the transition, however, occurs within only the first 2 km, and so actually this transition 348 

would be seismically sharp.  Similarly at the high water content end; with a water content of 8000 ppm, 349 

only 20% of the ringwoodite is transformed over the first ~3 km while the remaining 80% transforms 350 

instantaneously (assuming no kinetics) as it hits the univariant line (horizontal line in Figure 3). This 351 

too will appear sharp. Quantifying the exact effect is difficult in this system due to the small energy 352 

differences between hydrated ringwoodite and bridgmanite and the small amounts of water that go into 353 

bridgmanite.  Nevertheless, the width of the phase loop increases sharply with increasing water content 354 

and thus the narrow width of the 660 km is a strong control on the water content at the bottom of the 355 

transition zone and it must be either low or high.  This also opens up another way for testing regions 356 

suggested to have water contents of between about 1000 to 7000 ppm, since high frequency seismic 357 

reflectors should not be observed or should be very weak. 358 

 359 

4.2 Topography of the 660 km discontinuity: 360 



The 660 transition has observed topographical variations of up to ~40 km (see for example 361 

(Andrews and Deuss, 2008; Day and Deuss, 2013; Deuss et al., 2006; Gu and Dziewonski, 2002; Guo 362 

and Zhou, 2020; Jenkins et al., 2016).  As outlined above a very large amount of water, > 1.5 wt%, 363 

would be required to depress the onset of the phase transition by 40 km.  For concentrations up to about 364 

1000 ppm, the depression of the transition would be essentially 0 km. Water alone cannot, therefore, be 365 

responsible for all the topography on the 660 km discontinuity.  366 

Water is also found to not substantially alter the Clapeyron slope of the transition (Table 2).  If 367 

we define the Clapeyron slope either by the first appearance of bridgmanite and ferropericlase or by the 368 

conversion of 50% ringwoodite then there is little change in the Clapeyron slope up to 1 wt% water. 369 

This is important because it means both the dry and the wet transition of ringwoodite have high 370 

Clapeyron slopes.  We find that the observed variations in transition depth of up to 35 km can be caused 371 

by temperature variations of ~500 K in both the dry and wet cases.  This means that thermal variation 372 

is a plausible explanation for all observed topographical variations in the 660 discontinuity.  This 373 

suggestion agrees with thermal modelling which concludes that discontinuities in the 660 are thermal 374 

in origin because they are positively correlated with wave speed perturbations (Guo and Zhou, 2020).  375 

In contrast Wang et al. (2020) conclude that temperature and varying amounts of water are required to 376 

explain both the 660 topography and the velocities about the 660 km. The different conclusions may 377 

have to do with the particular tomographic model used in the different studies but in either case water 378 

alone cannot reproduce these effects.   The low Clapeyron slope suggested in some previous studies 379 

would rule out a thermal origin for these effects as temperatures would have to fluctuate by thousands 380 

of degrees.  381 

4.3 Maximum Bridgmanite Water Concentration 382 

If we consider the univariant phase transition following the method of Hernandez et al.(2013), 383 

we calculate a partition coefficient of 8.5-8.6 at both 1873 and 2000 K.  This compares favourably with 384 

a previous theoretical value of 10 (Hernandez et al., 2013) obtained from 0 K energies, and experimental 385 

values spread between 9-24 (Inoue et al., 2010). Assuming a ringwoodite saturation of 1 wt%, this 386 

means that bridgmanite should be able to contain ~1000 ppm water.  However, a univariant transition 387 

results in an overestimate of the amount of water in bridgmanite, and in principle we can also estimate 388 



bridgmanite saturation by considering the phase loop (Figure 3 and S5).  For a ringwoodite saturation 389 

of 1 wt%, bridgmanite saturation at 1873 K is about 500 ppm (between 300-800 ppm when considering 390 

the uncertainties).  Thus transition zone water contents above about 800 ppm are likely to saturate 391 

bridgmanite and a downward convecting mantle will produce a free water phase.  This estimate is 392 

similar to that of Higo et al. (2001) where they found experimentally a similar phase diagram with ~1 393 

wt% water in ringwoodite but ~0.05 wt% water in bridgmanite. 394 

5 Conclusions: 395 

In this paper we conclude that: 396 

 i) Water has a large effect on the width of the coexistence region (three phase loop) of the post-spinel 397 

transition.  To satisfy the seismic observations of a narrow 660 discontinuity, the water content at the 398 

base of the transition zone must be low (<~700 ppm) or high (>~8000 ppm); intermediate amounts of 399 

water would broaden the discontinuity making it invisible to high-frequency seismic waves.  Moreover, 400 

this may offer a way of confirming regions of the lower TZ that are suspected of having moderate water 401 

contents.  An important caveat is that the effective width of the transition may be smaller than the 402 

maximum width measured here which needs further study. 403 

ii) Water only has a very small effect on the Clapeyron slope of the post-spinel transition and thus the 404 

range of depths observed for the 660 km discontinuity cannot be explained just by variations in water. 405 

Moreover, our Clapeyron slope is in agreement with high values in the literature and so observed 406 

variations in the depth to the 660 km can be explained by temperature variations of ~500 K.  We also 407 

conclude that the Clapeyron slope is strongly non-linear and so needs to be measured carefully.   408 

iii) Water has a moderate effect on the depth of the post-spinel transition. 1 wt% water increases the 409 

depth by about 8 km 410 
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Figure Captions: 575 

Figure 1: Phase boundaries for the post-spinel transition (ringwoodite to bridgmanite and periclase) 576 
under water free conditions from our ab initio results here (black dashed line) compared to phase 577 
boundaries from the literature (solid lines are experimental results, dotted lines are theoretical).  We 578 
show our results with no pressure correction (lower pressure line) as well as with the GGA pressure 579 
correction (higher pressure line).   The grey shading represents the calculated error on our pressure 580 
corrected value.  I89= Ito 1989 I98=Irifune 1998, S01=Shim 2001 K04=Katsura 2004 F04= Fei 2003 L05= 581 
Litasov 2005 Y07= Yu 2007 A08=Akaogi 2008 I11= Ishi 2011 G13=Ghosh 2013 H13= Hernandez 2013 K16= 582 
Kojitani 2016 I18= Ishii 2018a 583 

 584 

Figure 2: Phase diagram of the post-spinel transition as a function of water concentration (wt. ppm) 585 
at three temperatures (blue=1550, black=1873 and red=2000 K).  The error bounds (as outlined in 586 
the methods) for 1873 K are presented as shaded regions whereas those of 2000 and 1500 K are 587 
presented as dotted lines. Some values of this transition are listed in Table S4 for clarity.  588 

 589 

Figure 3: Plot of the 1873 K phase diagram with ringwoodite saturation set to 1 wt% (10,000 ppm).  590 
The error bars have been excluded for clarity but are shown in Figure 2 and in Figure 4.  The line 591 
separating the bdg+MgO and the bdg+MgO+Water regions is not calculated here and so has been 592 
set vertical.  The numbers next to the vertical yellow, red and green lines indicate (i) the change in 593 
depth of the onset of the transition relative to the dry transition, and (ii) the width of the transition, 594 
at three water concentrations (530, 2000 and 9000 ppm).  The yellow line represents the maximum 595 
width of the phase transition loop. 596 

 597 

Figure 4: This shows the width of the phase loop as a function of water content (see Figure 3) at 598 
1873 K for a  saturation of ringwoodite of 10,000 ppm (1 wt%) (solid black line).  In A the uncertainty 599 
is shown as dotted lines and the red line indicates the concentration of water at a transition width of 600 
of 2 km. The water concentrations (in wt. ppm) are also given in red.  The same graph at 2000 K is 601 
shown in Figure S5.  B shows the width of the transition over which different percentages of the 602 
ringwoodite undergoes the transition (dotted lines). For instance, if the amount water is 700 ppm, 603 
90% of ringwoodite has converted to bridgmanite and MgO over just 1 km, while the other 10% 604 
transforms over a further 6 km. This would effectively lead to a sharp transition.  605 

 606 

 607 

Table 1: The transition pressure (the pressure at which the chemical potential of ringwoodite is 608 
equal to that of bridgmanite and MgO at a fixed temperature) for dry and wet (10,000 ppm) 609 
ringwoodite at different temperatures determined by the four different methods outlined in the 610 
methods.  The slope of the transition was determined via a second order polynomial fit to these 611 
points.  The crossover for wet bridgmanite is the pseudo-univariant system where mixed phases are 612 
not allowed to form.  This is not a thermodynamically favoured system but allows easy comparison 613 
of the different energy methods. 614 

 615 



 616 

Table 2 Clapeyron Slopes (in MPa/K) at 1873 K determined as in Table 1 for dry and wet systems.  In 617 
the wet system the Clapeyron slope was defined either as the first onset of bdg+MgO or when 50% 618 
of the ringwoodite has converted. Ringwoodite saturation was set to 1 wt%.  In the wet systems the 619 
slope error increases hugely as it is a derivative of a curve that is rapidly changing at 1873 K and the 620 
wet system has large errors (see Figure 2) but the pressure values at each temperature are similar in 621 
the wet and dry cases (see Table S4). 622 
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 0 1000 1500 2000 

Slope at 
1873 K 
(MPA/K) 

Dry 

ENTH 24.18  23.83  22.91  21.46  -3.14  
MD 24.18  23.83  22.91  21.40  -3.22  
QHA 24.18  23.84  22.89  21.38  -3.26  
TI 24.18  23.91  23.08  21.54  -3.19  

Wet 

ENTH 24.97  24.39  23.73  21.70  -3.68  
MD 24.97  24.41  23.67  21.49  -4.01  
QHA 24.97  24.41  23.69  21.50  -4.01  
TI 24.97  24.41  23.67  21.45  -4.07  

Table 1: The transition pressure (the pressure at which the chemical potential of ringwoodite is 670 
equal to that of bridgmanite and MgO at a fixed temperature) for dry and wet (10,000 ppm) 671 
ringwoodite at different temperatures determined by the four different methods outlined in the 672 
methods.  The slope of the transition was determined via a second order polynomial fit to these 673 
points.  The crossover for wet bridgmanite is the pseudo-univariant system where mixed phases are 674 
not allowed to form.  This is not a thermodynamically favoured system but allows easy comparison 675 
of the different energy methods. 676 

 677 

 678 

  679 



 Dry 
 Water= 1000 

wt. ppm 10000 wt. ppm 

Onset 
-

3.19±0.19  -3.16±0.47  -3.16±0.76  
50% 
converted 

-
3.19±0.19  -3.19±0.56  -3.16±0.81  

Table 2 Clapeyron Slopes (in MPa/K) at 1873 K determined as in Table 1 for dry and wet systems.  In 680 
the wet system the Clapeyron slope was defined either as the first onset of bdg+MgO or when 50% 681 
of the ringwoodite has converted. Ringwoodite saturation was set to 1 wt%.  In the wet systems the 682 
slope error increases hugely as it is a derivative of a curve that is rapidly changing at 1873 K and the 683 
wet system has large errors (see Figure 2) but the pressure values at each temperature are similar in 684 
the wet and dry cases (see Table S4). 685 
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