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Abstract 34 

The partitioning of hydrogen (often addressed to as H2O) between periclase (pe) and perovskite 35 

(pvk) at lower mantle conditions (24-80 GPa) has been investigated, using quantum mechanics, 36 

equilibrium reaction thermodynamics and following two H-incorporation models. One is based on 37 

the replacements (MSWV) given by Mg
2+

↔2H
+
 and Si

4+
↔4H

+
; the other relies upon substitutions 38 

(MSWA) in terms of 2Mg
2+

↔Al
3+

+H
+
 and Si

4+
↔Al

3+
+H

+
. H2O partitioning between the two 39 

mentioned phases is considered in the light of homogeneous (Bulk Silicate Earth, BSE; pvk: 75% - 40 

pe:16% modal contents) and heterogeneous (Layered Mantle, LM; pvk:78% - pe:14% modal 41 

contents) mantle geochemical models, which are set up to bear lower and upper bulk H2O contents 42 

(BWC) of 800 and 1500 ppm, respectively. The equilibrium constant, BWCK(P,T)D,H
2
O

pe/pvk
, of the 43 

reactions governing the H-exchange between pe and pvk exhibits an almost negligible dependence 44 

on P, whereas it is remarkably sensitive to T, BWC and hydrogen incorporation scheme. Both 45 

MSWV and MSWA lead to BWCK(P,T)D,H
2
O

pe/pvk
 ≤1, which suggests an ubiquitous shift of the 46 

exchange reaction towards a H2O-hosting perovskite. This takes place more markedly in the latter 47 

model, thus showing that the H2O-partitioning is affected by the mechanism of uptake. In general, 48 

the larger BWC, the smaller is BWCK(P,T)D,H
2
O

pe/pvk
. Over the BWC range of 800-1500 ppm, MSWV 49 

leads to a <BWCKD,H2O
pe/pvk

> (average of BWCK(P,T)D,H2O
pe/pvk

 calculated along the lower mantle 50 

related P-T-paths predicted by the lower mantle geochemical models) that may be ultimately 51 

considered as a constant value (0.875). In the case of the MSWA mechanism, <BWCKD,H
2
O

pe/pvk
> is 52 

more sensitive to BWC (and LM over BSE), but its values lie in the rather narrow range 0.610- 53 

0.780. The concentration ratios (formally named “partition coefficient”: CH2O
pe

/CH2O
pvk

) inferred 54 

from <BWCKD,H
2
O

pe/pvk
> range, for MSWV, between 0.60 and 0.49 (BWC spanning from 500 to 3000 55 

ppm). In this view, the MSWV partition coefficient is estimated to be 0.56. MSWA, in turn, yields a 56 

CH2O
pe

/CH2O
pvk

-trend having a slightly steeper negative slope (CH2O
pe

/CH2O
pvk

 ratio: 0.6-0.3; BWC 57 

500-3000 ppm), but over the interval 800-1500 ppm it may also be considered nearly invariant and 58 

as large as 0.47 (average over an interval between 0.43 and 051). Combining the results from 59 

MSWV and MSWA we propose that, in the P-T-BWC range of geochemical interest, the H2O 
pe/pvk

 60 

“partition coefficient” lies in the short interval 0.47-0.56. This implies that water always prefers pvk 61 

than pe, but also suggests that even in a lower mantle with low or very low bulk water content, 62 

periclase hardly becomes a pure anhydrous phase. 63 



1. INTRODUCTION 64 

 65 

The mechanisms of hydrogen incorporation in nominally anhydrous minerals (NAM) govern the 66 

exchange of “water” (here we freely use such term, along with H2O, to refer to the H-content of a 67 

mineral, expressed by oxides) between interior and surface of the Earth, as well as the degree of 68 

retention and possible abundance of hydrogen deep into our planet (Smyth, 2006; Johnson, 2006; 69 

Hirschmann 2006; Hirschmann and Kohlstedt 2012). 70 

The exact water “budget” of the Earth’s interior is currently unknown, but the availability 71 

constrains of the Earth geochemical models (McDonough and Sun, 1995; Wood and Corgne, 2007) 72 

suggest it to be comparable to the surface reservoirs’. Earth’s core may contain water, after hints of 73 

metal-silicate partitioning experiments (Li and Agee, 1996; Abe et al., 2000; Saxena et al., 2004), 74 

although the volatile species geochemical model (Marty, 2012) does not support that H2O could be 75 

stored there during the accretion and terrestrial differentiation processes.  76 

Water mass estimates in the main mineral phases of our planet’s interiors (i.e: Othani, 2005 and 77 

Murakami et al., 2002; Inoue et al., 2010), in combination with geochemical bulk models (i.e: 78 

McDonough and Sun, 1995; Lyubetskaya and Korenaga, 2007; Javoy et al., 2010), lead to that the 79 

Earth’s mantle may host from about 0.5 to over 5 oceans at present-day (Huang et al. 2005; Smyth 80 

and Jacobsen 2006; Khan and Shankland , 2012; Marty, 2012).  81 

The bulk silicate Earth chemical models yield that over 50% by weight of oxides are provided by 82 

MgO and FeO (e.g.: McDonough and Sun, 1995; Palme and O’Neill, 2003; Lyubetskaya and 83 

Korenaga, 2007; Javoy et al., 2010), with olivine (and its high-pressure β- and γ-polymorphs) as the 84 

dominant mineral of the upper mantle. Olivine, as most NAMs, incorporates hydrogen via intrinsic 85 

point defects of its structure (Ingrin and Skogby, 2000; Bolfan-Casanova, 2005; Hauri et al., 2006). 86 

This way, it accounts for an amount of water, in the upper 410 km of the mantle, nearly equivalent 87 

to the entire volume of the oceans (Hirschmann et al., 2005, 2009; Khan and Shankland, 2012).  88 

The amount of water that NAMs can incorporate in the Transition Zone (410-660 km depth) is 89 

larger by as much as an order of magnitude (Bolfan-Casanova, 2005, Khan and Shankland, 2012) 90 

than that stored in the upper mantle ( Hirschmann et al., 2005; Bonadiman et al., 2009; Inoue et al., 91 

2010). Nominally anhydrous wadsleyite and ringwoodite in the lower part of the transition zone can 92 

accommodate up to 3.3 wt% water (Smyth, 1994; Bolfan-Casanova et al., 2000, Kleppe, 2006, 93 

Griffin et al., 2013). Over the volume of the Earth’s transition zone, such phases represent a 94 

potential hydrogen reservoir that might store up to approximately four times the water present in the 95 

oceans and atmosphere (Hirschmann et al., 2006; Dai and Karato, 2009; Griffin et al., 2013). 96 

 In the lower mantle, the precise amount of stored water, its location and the mechanisms of 97 

exchange with the upper mantle are still a matter of debate (e.g. Hirschmann et al., 2005; Bolfan-98 

Casanova et al., 2006; Panero et al., 2015). In such a region, Fe-periclase (~15% by volume) with a 99 



composition of Mg1–xFexO, 0.1<x<0.2 (Ito and Takahashi, 1989; Ringwood, 1991; Guyot et al., 100 

1988; Fiquet et al. 1998) and silicate Mg-perovskite (~80% by volume) are the principal mineral 101 

phases. Experimental studies (Bolfan-Casanova et al., 2000; Murakami et al., 2002; Litasov and 102 

Othani, 2007, Joachim et al., 2013) suggest that at 23-25 GPa and 1400-2000 ºC the partitioning 103 

coefficient for hydrogen between (Mg,Fe)O and (Mg,Fe)(Si,Al)O3 is >1, with H2O-contents in 104 

periclase ranging from 40-60 to 2000 ppm (Bolfan-Casanova et al., 2000; Murakami et al., 2002). 105 

However, Hernàndez et al. (2013) predict that in a Fe-free ambient water prefers to enter perovskite 106 

with respect to periclase, at 24 GPa and 1500 K. This all points to that, although extensive 107 

investigations (Mosenfelder et al., 2013; Jahn et al., 2013; Ghosh et al., 2013) have been devoted to 108 

hydrogen incorporation, yet much remains uncertain about the microscopic mechanisms underlying 109 

such reactions, in part because remarkable experimental difficulties make it complex to elucidate 110 

how the H2O-partitioning takes place (Wood and Corgne, 2007). In literature, one finds out several 111 

models to account for the uptake of hydrogen in high-pressure mineral phases (Keppler and Bolfan-112 

Casanova, 2006): cation-vacancy occurrence and introduction of H for compensation (hydro-garnet-113 

like substitution); double replacement, such as 2Mg/1Si  Al(Fe
3+

)+H; reduction of iron to Fe-114 

metallic (Litasov, 2010). 115 

Although comparatively little is known about water solubility in periclase and perovskite at 116 

lower mantle pressure, the pure H2O-MgO-SiO2 system is probably a weak acceptor and most of the 117 

H-incorporation is related to double-replacement mechanisms involving mainly aluminum and iron 118 

(Litasov, 2010; Litasov and Othani, 2007; Bolfan-Casanova et al., 2006; Panero and Stixrude, 119 

2004). As to Fe
3+

 in periclase, Demouchy et al. (2007) and Mackwell et al. (2005) discuss the role 120 

of ferric iron in combination with vacancy occurrence (at hydrous-ambient-pressure conditions), 121 

whereas Bolfan-Casanova et al. (2006) observe Fe anti-correlates with hydroxyl formation, at high 122 

pressure. In particular, Fe-periclase and perovskite can host hetero-valent cations through coupled 123 

substitutions as well as creation of point defects (Van Orman et al., 2009) over a wide P-T range. 124 

Fe
3+

 dwelling in (Mg,Fe)O (i.e. McCommon et al., 2004; Lin and Wheat, 2012; Otsuka et al., 2010) 125 

shows a pressure/oxygen fugacity dependence, so that in the lower mantle a change of the crystal-126 

chemical behavior of ferric iron is expected (Otsuka et al., 2010). On the basis of experimental and 127 

theoretical data, it is plausible to assume that (Mg,Fe)O in the shallow part of the lower mantle (P ≈ 128 

25-28 GPa) hosts Fe
3+

 in the octahedral sites, in combination with cation vacancies or occurrence of 129 

a monovalent cation (Na
+
) to fulfill the charge balance (Mc Cammon et al., 2004). The solubility 130 

competition between monovalent cation (Na
+
) and the protons (H

+
) might play a role in affecting 131 

the tendency of H to site in periclase or pervoskite, and all this would ultimately affect the global 132 

evaluation of water content and transport properties, in the lower mantle. 133 

In a simplistic “big picture”, the partition coefficients of moderately- and highly-siderophile 134 

elements between core-forming liquids and silicate melts determined at ambient pressure suggest 135 



that such species should have entered almost entirely the Earth’s core (McDonough and Arevalo, 136 

2008). Seismological heterogeneities at the core-mantle boundary (i.e. 2300-2800 Km depth) reveal 137 

(Hilst et al., 1997 Lay et al. 1998; Nomura et al., 2014; Garnero et al. 2004) a distinct layer 138 

characterized by anomalous seismic velocities (Wysession et al., 1998), which have been 139 

interpreted by Kellogg et al. (1999) as due to a compositionally different and denser shell (D″). 140 

D″contains super-adiabatic thermal gradients in excess of 1000 K (Montelli et al., 2004; Wolfe et 141 

al., 2009) and is the region wherein mantle upwelling processes are supposed to have their rise. 142 

Changes in iron chemistry and Mg/Fe ratio due to phase transitions (Kellogg et al., 1999; Mao et 143 

al., 2006) could be responsible for such deep mantle layering. However, a potential segregation of 144 

even a small amount of water in this region, or in the Earth’s core, could modify both melting 145 

relationships (e.g.: Inoue, 1994; Lay et al., 2004; Saxena et al.; 2004) and rheological properties 146 

(e.g.: Karato and Jung, 2003; Mei and Kohlstedt, 2000) drastically. The distribution of water has 147 

therefore an important influence on the dynamics and evolution, too, of terrestrial planets. 148 

In this view, quantum mechanical modeling and computing techniques turn out to provide a 149 

valuable way to complement experimental issues, substantiating hypotheses or contributing to 150 

develop new ones. The aim of the present work is twofold: (1) using quantum mechanics [HF/DFT-151 

LCAO calculations; CRYSTAL09-program (Dovesi et al., 2009)] we model the equilibrium 152 

constant, K(P,T)D, for reactions involving an exchange of water between periclase (pe) and 153 

perovskite (pvk) at lower mantle regime, adopting two H-incorporation schemes; (2) we exploit the 154 

theoretical results to predict, in the light of lower mantle geochemical models, the 155 

hydration/dehydration trends and eventually the H2O-distribution between pe and pvk.  156 

 157 

2. GEOCHEMICAL CONSTRAINTS 158 

 159 

H2O partitioning between lower mantle phases depends on the potentially available water 160 

“budget” and, as a consequence, the Bulk Earth’s geochemical model that accounts for the mantle 161 

chemical composition. We consider here two distinct lower mantle geochemical models:  162 

1) homogeneous mantle model (BSE=Bulk Silicate Earth), which is inferred from the Primitive 163 

Upper Mantle (PUM) composition according to terrestrial data (pyrolite) and chondritic constraints 164 

(e.g.: Zindler and Hart, 1986; McDonough and Sun,1995; Lyubetskaya and Korenaga, 2007; Javoy 165 

et al., 2010), and it is extended to the whole silicate Earth;  166 

2) heterogeneous mantle model (LM=layered mantle), which is based on geophysical data and 167 

cosmochemical constraints; it advocates a lower mantle chemically distinct from the upper mantle 168 

(e.g.: Stixrude and Bukowinski, 1992; Anderson, 1989; Cammarano and Romanowicz, 2007; Matas 169 

et al., 2007; Javoy et al., 2010). In particular, the lower mantle of LM bears a larger Si content 170 

(Mg/SiPUM =1.21-1.31; Mg/SiLM =1.18) than PUMS’s in order to match the cosmochemical major 171 

http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib49
http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib53
http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib25
http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib25
http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib39
http://www.sciencedirect.com/science/article/pii/S0012821X08000964#bib39


elements’ contents of the bulk mantle (Matas et al., 2007).  172 

The mineral phase compositions of the lower mantle, which are constrained by the geochemical 173 

model chosen, stem from mass balance calculations, aimed to give the best fit between supposed 174 

mineral phases and overall rock composition (Table 1). CaSiO3-perovskite occurs along with 175 

(Mg,Fe)SiO3-perovskite and (Mg,Fe)O-periclase. Although Al2O3 oxide accounts for about 3.5–4.5 176 

wt% of the lower mantle, the aluminum host-phase is still uncertain. Al may reside in (Mg,Fe)O-pe, 177 

(Mg,Fe)SiO3-pvk (Irifune 1994; Irifune et al. 1996), or form a separate Al-rich phase (Kesson et al., 178 

1995; Oganov and Brodholt, 2000; Pamato et al., 2015). In Table 1, for the sake of simplicity, we 179 

assume Al2O3 as a “nondescript” HP-phase. Preliminary tests of mass balance have suggested us to 180 

exclude SiO2-stishovite. The lower mantle H2O content is here estimated by subtracting from the 181 

whole mantle (BM=bulk mantle) the contributions of the upper mantle and transition zone, 182 

normalized to their respective fractional masses (Table 2). Note that BM shares with BSE the H2O 183 

content, excluding the surface water reservoirs (atmosphere, oceans and sedimentary rocks) and 184 

adopting a normalization to the total mass of the Earth, as proposed by Marty (2012).  185 

H2O global estimates converge to 250±50 ppm for the upper mantle (Dixon et al., 2002; 186 

Michael, 1988; Saal et al., 2002; Salters and Stracke, 2004) and 1.00±0.3 wt% for transition zone 187 

(Othani, 2005; Pearson et al., 2014). Using the conservative estimate of H2O according to BSE, i.e. 188 

1100- 3000 ppm (Palme and O’Neill, 2003; Othani, 2005; Marty, 2012), and combining it with the 189 

mantle mass factions, we infer the lower mantle’s Bulk Water Contents (hereafter BWC) to range 190 

between a figure smaller than 1000 and 2000 ppm (Table 2), in agreement with earlier issues 191 

(Hernandez et al., 2013; Othani, 2005; Murakami et al., 2002). In this view, we have chosen to use 192 

800 and 1500 ppm as reference average values for lower and upper estimates, respectively, of BWC, 193 

whose precise values depend on the geochemical model and will be considered below, in the 194 

Discussion, section 8. 195 

 196 

3. H-INCORPORATION MODELING 197 

 198 

Two mechanisms are here considered to account for H-incorporation in pe and pvk, at lower 199 

mantle conditions:  200 

MSWV-scheme (Magnesium, Silicon, Water, Vacancies), relying upon 201 

2 H + VMg    Mg             H2O     MgO      (1.a) 202 

4 H + VSi      Si             2 H2O    SiO2,      (1.b) 203 

and MSWA-scheme (Magnesium, Silicon, Water, Aluminum), based on 204 

H + Al    2 Mg          Al2O3 + H2O   4 MgO     (2.a) 205 

H + Al        Si           Al2O3 + H2O   2 SiO2.     (2.b) 206 

Other possible mechanisms of H-incorporation resorting to the introduction of Fe
3+

, i.e.  207 



H + Fe
3+

   2 Mg        Fe2O3 + H2O   4 MgO 208 

H + Fe
3+

   Si              Fe2O3 + H2O   2 SiO2, 209 

are here neglected as we pay attention to partitioning reactions governed by sub-solidus atomic 210 

replacements, thus leaving out those that involve also REDOX-conditions of the environment. In 211 

equ.(1a-b), we assume an incorporation via replacement of one Mg/Si with 2/4 H atoms. Such a 212 

scheme leads to the formation of (i) hydroxyl groups (Smyth 2006), between entering H and 213 

coordination oxygens, and (ii) X-cation vacancies (VX) at the expenses of either magnesium (in pe) 214 

or silicon (in pvk). In pvk, the substitution of one six-fold coordinated Si with four H atoms that 215 

establish as many hydroxyl groups with vertex oxygens of the same polyhedron accounts for a 216 

better capacity to accept and organize OHs in such a site, than in higher coordination ones 217 

(Williams and Hamley, 2001). In equ.(2a-b), H enters pe and pvk along with Al, to replace two Mg 218 

atoms and one Si atom, respectively. The sites vacated by Mg/Si host Al, whereas H establishes 219 

hydroxyls with coordination oxygens.  220 

We base our leading reaction schemes on the equilibrium of a x-molar content of H2O entering 221 

either pe (1 mole) or pvk (2 moles), in agreement with the phase molar proportions determined by 222 

the lower mantle models (Table 1). x-H2O is often addressed to as “H/H2O-uptake” or “H/H2O-223 

exchange”. According to the MSWV scheme, the equation below holds 224 

Mg1-xO1-2x(OH)2x(pe_x)+x MgO(pe)+ 2 MgSiO3(pvk)       225 

2 MgSi1-x/4O3-x/4(OH)x/4(pvk_x)+ (1-x/2)MgO(pe)+ x/2 MgSiO3(pvk).    (3) 226 

MSWA, which in turn is likely closer to the supposed physical uptake mechanism and requires 227 

an additional x-molar content of Al2O3, is associated to the equilibrium reaction shown beneath  228 

(Mg1-4xAl2x)O1-2x(OH)2x(pe_x)+4xMgO(pe)+2 MgSiO3(pvk)   229 

2 Mg(Si1-xAlx)O3-x(OH)x(pvk_x)+(1-2x)MgO(pe)+2xMgSiO3(pvk).   (4) 230 

pe_x and pvk_x refer to H-bearing periclase and perovskite, with compositions according to the 231 

equations above. Note that we use a hydroxyl-based notation to stress the formation of OHs, as 232 

stated above. 233 

  234 

4. EQULIBRIUM CONSTANT 235 

 236 

At equilibrium, the reactions described by Equ.(3)-(4) require that  237 

pe (pe) + pe_x (pe_x)+ pek (pvk) = pe (pe) + pvk_x (pvk_x) + pvk (pvk)  (5.a) 238 

or 239 

         (5.b) 240 

where: (A) is the chemical potential associated to the A-component and depends on P,T and the 241 

system's composition. Moreover,  242 



(A) = 0(A) + RT ln(aA),          (5.c) 243 

where: R is the gas constant, 0(A) depends on P and T only, and aA is the activity. The equilibrium 244 

constant K(P,T,x)D for the reactions on study can be cast as  245 

 RTxTPG
a

a
xTPK

j

j

j

k

k

k

D /),,(exp),,( 0)(

)(























,      (6.a) 246 

where:   247 

)()()()()_()_(),,( 000_0_0 pvkpexpvkxpexTPG pvkpvkpepexpvkxpe  248 

             (6.b) 249 

We have estimated the dependence of G0(P,T,x) on T via harmonic lattice dynamics modeling 250 

and semi-empirical potentials (Gale, 1997). At high-pressure regime we observe that the effect of 251 

the atomic vibrations dependent part of G0(P,T,x) is immaterial with respect to that due to the 252 

static contribution. Pressure, in turn, has been determined as P=E(V,T)/V, calculating by 253 

quantum-mechanics and semi-empirical potentials the static and vibrational energy contributions, 254 

respectively, for pure periclase and perovskite, only. 255 

 256 

5. COMPUTING 257 

 258 

Ab-initio Linear-Combination-of-Atomic-Orbital calculations (HF/DFT-CRYSTAL09 program; 259 

Dovesi et al., 2009) have been carried out for pe_x and pvk_x, covering a pressure range from 24 to 260 

80 GPa. The P range taken is so wide as to broadly encompass that of “pyrolite” liquidus (i.e.: 261 

Corgne et al., 2005) at lower mantle pressures inferred from melting experiments of Trønnes and 262 

Frost (2002) and Ito et al. (2004). At P > 24 GPa, the sub-solidus post-spinel transition is completed 263 

even in presence of 2 wt % H2O (Ghosh et al., 2013), and setting an upper P-limit at 80 GPa (~ 264 

2000 Km depth) allows one to exclude the D″ region, where the here chosen mineral portioning 265 

model cannot be used.  266 

Periclase and perovskite structures have been relaxed to equilibrium at a given nominal pressure 267 

and 0 K, the former then corrected to account for thermal pressure. We have adopted a Hamiltonian 268 

based on the WC1LYP scheme (Scanavino et al., 2012; Scanavino and Prencipe, 2013), which 269 

contains a hybrid Hartree–Fock/density functional exchange-correlation term that mixes the 270 

WCGGA exchange component (Wu and Cohen, 2006) with the exact nonlocal HF exchange 271 

contribution and models correlation energy via the Lee-Yang-Parr GGA functional (Lee et al., 272 

1988). In the case of pe, we have used a hybridization rate (HR) of 20%, whereas for pvk HR has 273 

been set at 28%. Such values have proven to model correctly equation of state, geometry and phase 274 

transition pressures [see Parisi et al. (2012)]. In order to assess the effect of energy-shift due to a 275 

different HR-ratios, we have sampled ten H(P)-values for perovskite, using a HR=20%, over the P-276 



interval here explored. The enthalpy differences, with respect to those by HR=28%, affect our main 277 

issues (equilibrium constants and inferred concentration ratios) by 3 - 12%, a figure negligible in 278 

view of the degree of approximation for so complex a process, and which does not cause any 279 

significant shift of the equilibrium of the reactions (3) and (4). The following values have been used 280 

for the tolerances governing the accuracy of the integrals of the self-consistent-field-cycles: 10
-8

 for 281 

coulomb overlap, 10
-8

 for coulomb penetration, 10
-8 

for exchange overlap, 10
-8

 for exchange 282 

pseudo-overlap in direct space and 10
-12

 for exchange pseudo-overlap in reciprocal space. A 283 

threshold of 10
-8

 a.u.  has been chosen for SCF-cycles’ convergence, while, for the frequencies 284 

calculation, the 10
-10

 threshold has been used. Anderson mixing model (Anderson, 1965) as a 285 

convergence accelerator has been used. The reciprocal space has been sampled according to a 286 

regular sub-lattice with a shrinking factor IS equal to 6 corresponding to 112 k-points through the 287 

irreducible Brillouin zone for perovskie and 80 k-points for periclase. The convergence of the 288 

geometry optimization process depends on the root-mean-square (RMS) and absolute value of the 289 

largest component of both the gradients and nuclear displacements. The thresholds for the 290 

maximum and the RMS forces (the maximum and the RMS atomic displacements) have been set at 291 

0.00025 and 0.00020 a.u. and those for the maximum and the RMS atomic displacements at 292 

0.00130 and 0.00100 a.u. Relaxation terminates when all four conditions are fulfilled. Dissolution 293 

of water in pe and pvk has been modeled by super-cells (up to 64 and 125 octahedral sites, for MgO 294 

and MgSiO3, respectively) in which the replacements (1a-b) and (2a-b) mimic incorporation of H. 295 

We tuned the super-cell’s size in order to allow reproduction of different degrees of dilution of 296 

water in the crystal structures, introducing one defect only at a time. For either incorporation 297 

scheme, the positions of H and Al have been determined according a least-enthalpy principle, 298 

exploring all possible H versus O configurations and taking into account the principle of local 299 

charge balance. According to MSWV, the H atoms lie along one of the main diagonals of the 300 

Si/Mg-emptied octahedron and establish hydroxyl groups with the oxygens at the ends; three 301 

configurations in either mineral are possible. The MSWA-scheme leads to H atoms forming 302 

hydroxyls with oxygens of the octahedron adjoining the one in which Al replaces Mg, in pe; the 303 

involved oxygen atoms are second nearest neighbors of Al and the resulting OH-groups are slightly 304 

canted from the main octahedral diagonal towards the aluminum-occupied site. The replacement of 305 

Si with Al and introduction of H in pvk yields formation of a hydroxyl between hydrogen and an 306 

oxygen of the octahedron hosting the cation substitution; six possible arrangements are possible. 307 

The start Gaussian LCAO basis set of Mg was taken from Causà et al. (1986), then improved by the 308 

addition of diffuse sp and d shells so as to obtain an 85-11G* contraction. For O, we used the basis 309 

set of Ottonello et al. (2008) extended by a d shell to get an 84-11G* contraction. In the case of Fe, 310 

the basis set of Valerio et al. (1995) was adopted, corresponding to an 86-41G* contraction scheme. 311 

We also tried out a variational re-optimization of the exponents of the most diffuse Gaussian 312 



functions of all the three elements, in pe and pvk, but without achieving any significant 313 

enhancement with respect to their original values. Further calculations have been carried out by 314 

semi-empirical potentials and lattice dynamics, using the GULP code, in order to estimate the effect 315 

of the vibration contribution on ΔG0(P,T,x), as stated in the previous section. The Mg-O, Si-O, O-O 316 

interactions have been modelled by Buckingham-type potentials from the program’s repository 317 

(Gale, 1997). 318 

 319 

6. K(P,T,x)D CALCULATION 320 

 321 

In the present instance, one has that  322 

0(A_x,P,T)=H0(A_x,P) - TS(A_x)config,       (7) 323 

where H0(A_x,P) and S(A_x)config are enthalpy and configuration entropy of the A_x phase, taking 324 

into account that we restrict our energy calculations to static contributions, only. A first order 325 

expansion in x suffices to provide a correct descrtiption of the enthalpy as substantiated by the 326 

trends of H0(A_x,P) for pe_x and pvk_x determined by exploring 80 P-x points systematically 327 

sampled over the interval 20-80 GPa, and 0-0.1, for either phase. Linear interpolations in x of points 328 

sharing the same P yield R-values larger than 0.999, so that H0(A_x,P) ≈ H0(A,P) + (A,P)  x, 329 

where  depends on the incorporation scheme. 330 

Altogether, equ.(6.b) for MSWV results in 331 

G0(P,T,x)={[MSWV(pe,P)-2MSWV(pvk,P)] + 0.5[3H0(pe,P) - H0(pvk,P)]}x 332 

-TS(x)MSWV,config           (8.a) 333 

and 334 

S(x)MSWV,config =R[x/2ln(4/3)+1/2xln(x)+(1-x)ln(1-x)-2(1-x/4)ln(1-x/4)],  335 

R being the gas constant in kJ/K. 336 

For MSWA one has 337 

G0(P,T,x)={[MSWA(pe,P)-2MSWA(pvk,P)] + 2.0[3H0(pe,P) - H0(pvk,P)]}x 338 

 - TS(x)MSWA,config           (8.b) 339 

and 340 

S(x) MSWA,config =R[2xln(3/2)+(1-2x)ln(1-2x)-2(1-x)ln(1-x)]. 341 

Moreover, one observes that 342 

0,X=3H0,X(pe,P) - H0,X(pvk,P) = a0,X + a1,XP + a2,XP
2
      (9.a) 343 

and 344 

,X=X(pe,P)-2X(pvk,P)= 0,X + 1,XP + 2,XP
2
,       (9.b) 345 

so that  346 

G0,X(P,T,x)= (C0,X+,X)x- TS(x)X,config= (”0,X+,X)x- TS(x)X,config,   (10) 347 



where: the subscript X stands for either MSWV or MSWA; C is set at 0.5,for MSWV, and at 2, for 348 

MSWA. 349 

In Table 3 we set out the ak/j-parameters, referred to Equ.(9.a-b), which we have calculated for 350 

the MSVW and MSVA models. Note that if one assumes x-H2O to be exchanged between partially 351 

hydrogenated perovskite and periclase, in contrast with the present model which relies on initially 352 

anhydrous H-exchangers, K(P,T,x)D would be just slightly affected with respect to the one from the 353 

calculations here reported.  354 

 355 

7. RESULTS 356 

 357 

Let us indicate, for the sake of brevity, by R(pe_x) and R(pvk_x) the left-hand and right-hand 358 

side member, respectively, of Equ.(3) and (4). A shift of the H-exchange reaction toward R(pe_x), 359 

or R(pvk_x), is here qualitatively associated to a “preference” of hydrogen to enter periclase, or 360 

perovskite, with respect to the other phase. In Figures 1a and b, we show isothermal K(P,T,x)D 361 

surfaces determined by either model using Equ.(6.a) at T=1500 and 2500 K (spanning the T-interval 362 

of geochemical interest), as a function of pressure and x. The latter ranges up to the largest H2O-363 

uptake compatible with 1 pe mole and 2 pvk moles, i.e. x≈0.02, assuming a reference BWC of 1500 364 

ppm. One observes that MSWV and MSWA lead to two different behaviors of the H2O-partitioning 365 

mechanisms, though both models give K(P,T,x)D figures smaller than unity, thus suggesting a shift 366 

of the exchange reaction towards R(pvk_x). Such discrepancies are ascribable to the (”0+)-367 

functions of Equ.(10). In particular, one observes that: (i) ”0+ depends on P only, and 368 

G0(P,T,x) is weakly dependent on T via configuration entropy; (ii) MSWV and MSWA provide 369 

(”0+)-figures ranging from 247 to 252, and from 774 and 942 kJ/mol, respectively, over the 10-370 

80 GPa interval. We expect therefore MSWA to show a more marked sensitivity to temperature and 371 

pressure than MSWV. Figure 2 displays through the /”0-ratio an intrinsic difference between the 372 

two incorporation models. Note that that  and ”0 are reflective of the H-uptake mechanisms and 373 

“pure” pe/pvk behavior, respectively. In such a view, MSWV seems more prone to the cation 374 

substitution scheme than MSVA. Moreover, they exhibit /”0s having dissimilar trends as a 375 

function of P, which yet agree to display decreasing /”0-figures upon increasing pressure beyond 376 

45 GPa. 377 

MSWV and MSWA show a remarkable dependence on the H2O-uptake, which leads to a general 378 

abatement of the equilibrium constant upon increasing x. By way of example, MSWV gives at 379 

1500/2500 K and 80 GPa a K(P,T,x)D, between 0 and 0.02, of 77/60%, against some 36/25% of 380 

MSWA. Temperature affects the K(P,T,x)D surface in terms of a shift towards unity at higher T-381 

values. Such a behavior is consistent with that the larger T, the more the reaction model tends to 382 



predict comparable penchants of pe and pvk to host hydrogen. “Low” T-values bring to light 383 

intrinsic differences between the incorporation mechanisms of MSWV and MSWA, yielding 384 

K(P,T,x)Ds that increasingly divert from one another. At x=0.02 and P=80 GPa, MSWV and 385 

MSWA lead to K(P,T,x)Ds, passing from 1500 to 2500 K, of 16 and 58%, respectively. At x=0.02 386 

and T=1500/2500 K, MSWV and MSWA forecast changes of the equilibrium constant, from 24 to 387 

80 GPa, of about 2-3 and 17-28%, respectively. 388 

Altogether, all this points to an H-incorporation energetics dependent on the mechanism that 389 

accounts for the atomic replacements required to host hydrogen. Hence, other atomic substitution 390 

schemes might shed further light on how far such an uptake reaction is affected by the chemical 391 

species involved.  392 

 393 

8. DISCUSSION 394 

 395 

On the basis of some experimental studies, Fe-free periclase seems to accommodate almost no 396 

water into its structure (Bolfan-Casanova et al., 2000; 2002); conversely, other authors (Murakami 397 

et al., 2002; Litasov and Othani, 2007) assign to this phase a large capability of water incorporation, 398 

with H2O-uptake ranging between 0.1 and 0.2 wt% (1000–2000 ppm). Such discrepancies might be 399 

reflective of the samples’ compositions, of their being out of P-T thermodynamic equilibrium 400 

and/or of the analytical strategy for water measurement. The different techniques used , i.e. infra-401 

red spectroscopy (Bolfan-Casanova et al., 2000; 2002) versus secondary ion mass spectroscopy (i.e: 402 

Inoue et al., 2010), may yield sets of values that are internally consistent but discrepant with each 403 

other (Hernandez et al., 2013).  404 

The BWC is re-calculated for the pe-pvk system, in view of the chosen geochemical models. The 405 

Equ.(3) and (4) require slightly different lower/upper BWC-values of the lower mantle: BSE 406 

(MSWA, 865/1614 ppm): LM (MSWA, 854/1593 ppm); BSE (MSWV, 869/1629 ppm); LM 407 

(MSWV, 859/1608 ppm). Assuming that the temperature gradient of the lower mantle is mainly 408 

adiabatic, T depends on the geochemical model and mineralogical composition (Turcotte and 409 

Schbert, 1982; Matas et al., 2007; Murakami et al., 2012). BSE and LM, which imply different 410 

mechanisms of convection, yield temperature gradients throughout the P range here investigated as 411 

large as 0.3 and 0.5 K/km, respectively, in agreement with Ono (2008); therefore, the ensuing P-T 412 

relationships we use are: 413 

T(LM)=11.290P+1648         (11.a) 414 

 and  415 

T(BSE)=6.596P+1686,         (11.b) 416 

P in GPa and T in K. 417 

We introduce the notion of “average equilibrium constant”, defined by the equation below 418 



BWCK(P,T)D,H
2
O

pe/pvk  
=       (12) 419 

where the integration is calculated over the possible H2O-uptake values, i.e. x from 0.0, namely a 420 

fully anhydrous pe+pvk system, to BWC (0.01/0.02 molar fraction, according to Figs 1a-1b). For 421 

the sake of simplicity, we shall use the reference notations “1500” and “800” ppm to refer to 422 

maximum and minimum geochemically sound BWC, respectively, instead of its precise values 423 

actually adopted for calculations. One can then quantify the variations of the average equilibrium 424 

constant upon the x-range explored by means of  425 

 426 

σBWCK(P,T)D,H2O
pe/pvk

 = .  (13) 427 

In some case, we express the average equilibrium constant in terms of BWCK(P,T)D,H
2
O

pe/pvk  
428 

(±σBWCK(P,T)D,H2O
pe/pvk

), where the figure between parentheses is meant to give a measure of the 429 

“dispersion” of BWCK(P,T)D,H
2
O

pe/pvk
, neither is it related to the conventional notion of experimental 430 

uncertainty.   431 

The MSWV partitioning mechanism predicts (Fig. 3a) BWCK(P,T)D,H
2
O

pe/pvk 
decreasing upon 432 

increasing BWC, indicating a worsening of the H2O-uptake capacity of pe, and a consequent shift of 433 

the exchange reaction towards pvk. Pressure is of weak import over the range explored, as proven 434 

by very close BWCK(P,T)D,H
2
O

pe/pvk 
values at 24 GPa and 80 GPa, for both 800 and 1500 BWC; the 435 

most relevant effects are due to temperature. σBWCK(P,T)D,H2O
pe/pvk

/BWCK(P,T)D,H
2
O

pe/pvk
 < 0.1 suggests 436 

a moderate dispersion. The difference between BSE and LM, in terms of pe versus pvk modal 437 

contents (pe/pvk : 0.21 vs 0.18), is likely too small to bring to light differences in the pv-pvk H2O-438 

uptake capacity following the MSWV partitioning mechanism. 439 

MSWA shows similar features (Fig. 3b), but the differences between isobaric-curves, and 440 

between BWCs, are more marked than MSWV’s. The different BSE and LM pe/pvk modal 441 

proportions are here revealed, though they modestly influence the BWCK(P,T)D,H
2
O

pe/pvk
 values in the 442 

MSWA exchange mechanism. σBWCK(P,T)D,H2O
pe/pvk

/BWCK(P,T)D,H
2
O

pe/pvk
< 0.25 is significantly larger 443 

than MSWV’s, as a consequence of the more quickly changing average equilibrium constant 444 

provided by MSWA. Notwithstanding that, the general behavior of BWCK(P,T)D,H
2
O

pe/pvk 
is univocally 445 

determined, neither, in especial, is any inversion of the H-exchange reaction between pe versus pvk 446 

forecast to take place over the explored P-T interval.  447 

In full, both MSWV and MSWA show weakly varying BWCK(P,T)D,H
2
O

pe/pvk
-figures over the P-T 448 

range of geochemical interest. The LM-model leads to an H-exchange equilibrium constant ranging 449 

over 0.836/0.906(±0.09/±0.05)-0.860/0.920(±0.07/±0.04), for MSWV and 1500/800 ppm, and over 450 

0.623/0.772(±0.182/±0.120)-0.649/0.787(±0.174/±0.113), for MSWA and 1500/800 ppm. BSE, in 451 



turn, gives BWCK(P,T)D,H
2
O

pe/pvk
s lying in the intervals 0.830/0.902(±0.090/±0.053)-452 

0.842/0.910(±0.084/±0.049), for MSWV and 1500/800 ppm, and 0.614/0.762(±0.188/±0.125)-453 

0.607/0.757(±0.190/±0.127), for MSWA and 1500/800 ppm.  454 

In view of so narrow ranges, we have chosen to introduce the following quantity: 455 

<BWCKD,H2O
pe/pvk  

>=  456 

where <BWCKD,H
2
O

pe/pvk
> represents the average BWCK(P,T)D,H

2
O

pe/pvk
 calculated along the  lower 457 

mantle’s P-T-paths predicted by LM and BSE. We think that <BWCKD,H
2
O

pe/pvk
>, which is somewhat 458 

a grand-average equilibrium constant, may be effective to provide an overall description for the H-459 

exchange reactions as a function of BWC only. 460 

BSE and LM provide <BWCKD,H
2
O

pe/pvk
>s close to one another, for a given incorporation scheme 461 

and BWC value (Table 4). <BWCKD,H
2
O

pe/pvk
> shows an increasing sensitivity to BWC and, foremost, 462 

H-exchange mechanism. On the basis of the <BWCKD,H
2
O

pe/pvk
>s in Table 4 one determines the 463 

d<BWCKD,H
2
O

pe/pvk
>/d(BWC) slopes, which are weakly dependent on the geochemical model and 464 

significantly sensitive to the microscopic reaction mechanism, thus obtaining -0.00003, for MSWA, 465 

and -0.00001 ppm
-1

, for MSWV. 466 

Altogether, in the P-T interval of interest (≈ 24-80 GPa, 1800-2600 K) and taking a bulk water 467 

content over the range of 800-1500 ppm, the pe/pvk H-exchange equilibrium constant of the 468 

MSWV mechanism may be ultimately considered as a constant value, 0.875. Such a figure is 469 

determined as the mean of the <BWCKD,H
2
O

pe/pvk
> values in Table 4 for LM and BSE. In the case of 470 

the MSWA mechanism, <BWCKD,H
2
O

pe/pvk
> is more sensitive to BWC (and LM over BSE), but its 471 

values still lie in a rather narrow range, namely 0.610- 0.780. 472 

Let us describe the system perovskite+periclase+H2O as anhydrous-periclase+anhydrous-473 

perovskite+H-bearing-periclase+H-bearing-perovskite, such that equilibrium be provided by a H-474 

exchange according to the reactions (3) and (4); taking into account that the H2O-content is 475 

comparatively very small and assuming activity coefficients equal to unity then   476 
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where: A is the fraction molar content related to the A-phase; pvk_H and pe_H refer to H-478 

bearing perovskite and periclase, respectively. For the sake of simplicity, we hypothesize that fully 479 

anhydrous phases (if any exists in the whole Earth’s mantle) occur in negligible amount, and 480 

therefore pvk_H and pe_H are the sole significant terms stemming from the equilibrium reactions. In 481 

this view, pvk_H +pe_H=1, and the equation above simplifies into  482 
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 .                                                                                           (14) 483 

Using Equ.(14) and <BWCKD,H
2
O

pe/pvk
>-values, one can calculate the ratio between the H2O-484 

contents hosted by periclase and perovskite (i.e CH2O
pe

/CH2O
pvk

). CH2O
pe

/CH2O
pvk

, formally named 485 

“partition coefficient”, is therefore a useful instrument to direct compare our results with 486 

experimental data.  487 

 Figure 4 displays the CH2O
pe

/CH2O
pvk

 trends as a function of BWC, determined for the LM and 488 

BSE models using the <BWCKD,H
2
O

pe/pvk
>s of Table 4. Irrespective of the geochemical model, MSWV 489 

and MSWA give the same concentration ratio over the two phases (CH2O
pe

/CH2O
pvk 

≈ 0.6) at “from 490 

low to very low” bulk water contents (BWC<500 ppm). Upon increasing the potential bulk water 491 

contents, the CH2O
pe

/CH2O
pvk

 ratio decreases, exhibiting divergent trends as a function of the 492 

exchange mechanism (Fig.4). In particular, one observes that the MSWV-linear interpolation’s 493 

slope is close to 0 (CH2O
pe

/CH2O
pvk 

= 0.60-0.49; BWC spanning from 500 to 3000 ppm). In this light, 494 

we suggest that the CH2O
pe

/CH2O
pvk

 ratio for the lower mantle may be taken as large as 0.56, 495 

implying that pe accommodates from 237 to 538 ppm.  496 

MSWA, in turn, leads to a CH2O
pe

/CH2O
pvk

-trend having a slightly steeper negative slope, which 497 

yields CH2O
pe

/CH2O
pvk

 ratios of ≈ 0.3 for a potential (unrealistic?) bulk water contents of 3000 ppm. 498 

In the region of 800-1500 ppm the MSWA-CH2O
pe

/CH2O
pvk

 ratio may also be considered nearly 499 

invariant and as large as 0.47, obtained as the average over the interval between 0.43 and 051; this 500 

leads to pe hosting H2O in terms of 480-230 ppm.  501 

Combining the results of MSWV and MSWA, we propose that, over the P-T-BWC range of 502 

interest (≈ 24-80 GPa, 1800-2600 K, 800-1500 ppm) the CH2O
pe

/CH2O
pvk

 ratio lies in the short 503 

interval of 0.47-0.56. Our results agree with those of Hernandez et al. (2013), insofar as H2O prefers 504 

pvk over pe, but are at variance on the partition coefficient, which is predicted of 0.01 by the quoted 505 

authors, versus ours that is by one order of magnitude larger (0.47-0.56). Then, the present issues 506 

suggest that even in a lower mantle with low or very low bulk water content, periclase hardly 507 

becomes a pure anhydrous phase. 508 

 509 

9. CONCLUSIONS 510 

 511 

On the basis of two different H-incorporation mechanisms and two geochemical lower mantle 512 

models, the BWCK(P,T)D,H
2
O

pe/pvk 
values here calculated lie over the range from ≈0.6 to ≈0.9, showing 513 

that the H-exchange reactions shifts towards pvk, independently of the microscopic H-uptake 514 

scheme, i.e. MSWV, or MSWA. However, the H-incorporation models, MSWV and MSWA, lead 515 



to dissimilar trends, the latter giving smaller equilibrium constant values and showing a more 516 

marked sensitivity to P-T than the former does. Both microscopic models give BWCK(P,T)D,H
2
O

pe/pvk
s

 
517 

that decrease upon augmenting the bulk water contents (BWC), suggesting an increase of penchant 518 

of pvk to host water. In general, MSWV and MSWA exhibit a modest, quasi-negligible, dependence 519 

on P, whereas they are sensitive to temperature and foremost BWC. Note that BWCK(P,T)D,H
2
O

pe/pvk
 520 

varies little over the P-T range predicted by the LM and BSE geochemical frames for the lower 521 

mantle, and can therefore be replaced by its average, <BWCKD,H
2
O

pe/pvk
>, calculated over the pressure-522 

temperature path forecast by the geochemical models. Regardless of the microscopic H-exchange 523 

reaction, the LM and BSE models lead to <BWCKD,H
2
O

pe/pvk
>s ranging from 0.613 to 0.908, and from 524 

0.589 to 0.899 respectively.  525 

In full, the equilibrium constant of the H-incorporation reactions exhibits a complex dependence 526 

on both natural environment’s variables (P, T, BWC) and microscopic mechanisms involved. If pe 527 

and pvk are supposed to occur in the lower mantle as H-bearing phases, then H2O is distributed 528 

according to various possible partitioning mechanisms, of which we have here explored MSWV and 529 

MSWA, only. MSWV and MSWA lead to different KD-values, whose discrepancies become 530 

apparent, in particular, if one takes K(P,T,x)D. This suggests that the microscopic uptake scheme 531 

heftily affects the equilibrium constant. The experimentally determined H2O contents in pe range 532 

from <10 ppm (Bolfan-Casanova et al., 2000; 2002), to 0.1-0.2 wt% (1000–2000 ppm; Murakami et 533 

al., 2002). Such discrepancies might be reflective of the following aspects: (i) partial 534 

thermodynamic equilibrium in experiments, with respect to the ideals of calculations; (ii) in view of 535 

the point above, defects (cation replacements and deviations from ideal crystal structure), which 536 

widely occur in specimens from a HP-HT synthesis, remarkably change the capacity of hosting 537 

hydrogen in a phase.  538 

We therefore propose that, combining the results of MSWV and MSWA in the P-T-BWC range 539 

of interest (≈ 24-80 GPa, 1800-2600 K, 800-1500 ppm), the CH2O
pe

/CH2O
pvk

 ratio (commonly named 540 

“partition coefficient”) lies in the interval 0.47-0.56. This implies that water always prefers pvk than 541 

pe,  but it also suggests that even in a lower mantle with low or very low bulk water content, 542 

periclase hardly becomes a pure anhydrous phase. 543 
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CAPTIONS OF THE FIGURES 789 

 790 

Figure 1. K(P,T,x)D at 1500 and 2500 K, for MSWV (a) and MSWA (b). 791 

 792 

Figure 2. MSVW, ,MSWV/ ”0,MSWV, and MSWA, ,MSWA/”0,MSWA, energy modeling. See 793 

Equ.9(a)-(b), for an explanation of s. 794 

 795 

Figure 3. K(P,T)D,H2O
pe/pvk 

 as a function of P, T and BWC (Bulk Water Content), for MSWV (a) 796 

and MSWA (b). Empty and filled symbols correspond to 30 and 80 GPa, respectively. Triangles: 797 

H2O uptake value of  1500 ppm; circles: H2O uptake value of 800 ppm. 798 

 799 

Figure 4. Periclase-to-perovskite H2O-contents ratio as a function of BWC. LM-MSWV: filled 800 

squares/filled line; LM-MSWA: filled diamonds/filled line; BSE-MSWV: empty squares/dashed 801 

line; BSE-MSWA: empty diamonds/dashed line. 802 



Table 1. Lower mantle major element composition and mineral modal estimates obtained by  mass 

balance calculations. 

 

BSE 

 

LM 

 

* ** # 

 

*** 

wt% 

     SiO2 45.00 45.01 

  

47.53 

Al2O3 4.45 3.59 

  

4.04 

FeO 8.05 7.94 

  

8.23 

MgO 37.80 38.97 

  

37.87 

CaO 3.55 2.73 

  

2.32 

      Mg-Pvk 74 76 75 

 

78 

Pe 16 16 16 

 

14 

Ca-Pvk 7 6 6 

 

6 

Al2O3-HPphase 3 2 3 

 

2 

 
r

2
=0.34 r

2
=0.13 

  

r
2
=0.41 

Major element mineral compositions from pyrolite-like experiments  of Walter et al. (2004) and Corgne et al. (2005) 

*= McDonough and Sun (1995) 

**= Javoy et al. (2010) 

*** =  after Matas et al. (2007) 

# BSE averaged  mineral modal  percentage used  in  calculation 

Table 1



 

Table 2. Water budget estimates in mantle repositories. 

 

Earth Mass BSE mass Upper mantle Transition zone Lower mantle Bulk mantle 

 

(gr) (gr) 

    

    
(Fraction of Earth total mass) 

  

 

5.98E+27 4.00E+27 0.103 0.075 0.492 

 

       Thickness (km) 

  

420 300 2170 2890 

       
H2O (ppm) 

 

1100-3000
1,2,3

 200-300
4,5 

 1.0 -1.3 (wt%)
6, 7

 A-2000
6,8,9

 1500-2400
3,6

 

Suggested value 

  

250 1.2 (wt%) 800/1500
 (this study)

 

  
              (A: value < 1000 ppm)                                                

 

1= McDonough an Sun (1995); 2=Palme and O'Neill (2004); 3= Marty (2012); 4= Dixon et al.(2002); 5= Saal et al. (2002); 6=Othani  (2005); 7=Pearson et al (2014);8= Murakami et al.(2002); 

9=Hernandez et al. (2013). 

 

Table 2



Table 3. a and  parameters for MSWV and MSWA models. See text for their meaning. 

 

MSWV model 

0 (kJ/mol) 1 (kJ/mol/GPa) 2 (kJ/mol/GPa
2
) 

145411.184 -4.77619218 0.0190667 

a0(kJ/mol) a1(kJ/mol/GPa) a2(kJ/mol/GPa
2
) 

-290293 5.7369 0.0057 

MSWA model 

0 (kJ/mol) 1(kJ/mol/GPa) 2 (kJ/mol/GPa
2
) 

581384 -14.2968 0.0464 

a0(kJ/mol) a1(kJ/mol/GPa) a2(kJ/mol/GPa
2
) 

-290293 5.7369 0.0057 

 

Table 3



Table 4. < BWC KD,H
2
O

pe/pvk
> as a function of BWC (ppm) for the two 

                H-incorporation models. Bold: reference values. 
 

MSWV 

BWC (ppm) 

 

< BWC KD,H
2
O

pe/pvk
> 

BSE model 

< BWC KD,H
2
O

pe/pvk
> 

LM model 

100 0.987 0.988 

300 0.962 0.965 

800 0.906 0.913 

1500 0.836 0.848 

2000 0.791 0.806 

2500 0.749 0.767 

3000 0.711 0.731 

MSWA 

BWC (ppm) 

 

< BWC KD,H
2
O

pe/pvk
> 

BSE model 

< BWC KD,H
2
O

pe/pvk
> 

LM model 

100 0.965 0.968 

300 0.899 0.908 

800 0.759 0.780 

1500 0.610 0.638 

2000 0.529 0.559 

2500 0.462 0.494 

3000 0.408 0.439 

 

Table 4
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