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Abstract

First-principles calculations of stishovite (SiO2), N-AlOOH, and stishovite^N-AlOOH solid solutions reveal that
coupled substitutions of Al3þ and Hþ for Si4þ provide a means for dissolving significant amounts of hydrogen in
stishovite under lower-mantle conditions. The enthalpy of solution is positive, decreasing in magnitude with increasing
pressure. Combining our results with a model of the configurational entropy we find that the solubility of water in
stishovite exceeds 0.3 wt% H2O at 25 GPa and 1500 K, realistic temperatures for subducting slabs, and that the
solubility increases with increasing pressure and temperature. We predict asymmetric hydrogen bonding in the
stishovite^N-AlOOH solid solution that becomes increasingly symmetric with increasing pressure. Our results support
the recently predicted symmetric hydrogen bonding in N-AlOOH, and indicate that symmetric hydrogen bonding may
be stable at ambient conditions in this material.
5 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nominally anhydrous minerals have the poten-
tial to transport and store a signi¢cant amount of
water in the transition zone and lower mantle [1].
The incorporation of water into silicates is asso-
ciated with mechanical weakening [2] and a¡ects
seismic wave anisotropy and attenuation [3]. Even
small concentrations of water in mantle minerals
can serve as a signi¢cant volatile reservoir in the
planet [4].

Understanding the mechanism of hydrogen in-
corporation in silicates at mantle conditions is
important because many nominally anhydrous
minerals show increased hydrogen solubility with
increasing pressure. For instance, hydrogen solu-
bility in pyrope garnet increases by a factor of
four between 0 and 10 GPa [5], and hydrogen
solubility in olivine increases by a similar amount
between just 50 and 300 MPa [6]. The solubility of
hydrogen in olivine composition also increases
dramatically as it undergoes polymorphic phase
transitions to wasdleyite and ringwoodite (e.g.
[7]).

Less is known about the solubility of water in
materials with octahedrally coordinated silicon.
Stishovite (rutile-structured SiO2) forms in sub-
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ducting basalt at depths greater than 300 km [8]
and serves as a model for lower-mantle silicates
with octahedrally coordinated silicon. With only a
few likely arrangements of hydrogen in this rela-
tively simple structure, stishovite is an ideal phase
to consider when addressing mechanisms for
water dissolution in high-pressure silicate phases.
Moreover, stishovite is a chemically simple system
that forms as a nearly pure phase in nominally
anhydrous compositions, dissolving only small
amounts of aluminum [9^11].

Experiments have shown that measurable
amounts of H may be dissolved in the stishovite
structure and that this mineral may be a major
carrier of water to greater depths [12,13]. H sol-
ubility is found to be enhanced by the presence of
aluminum, present in the lower mantle and sub-
ducting slabs as a minor component [12]. On the
basis of these observations, Panero et al. [13] pro-
posed a coupled substitution mechanism for the
incorporation of hydrogen in stishovite: Si4þ =
Al3þ+Hþ. This mechanism is also suggested by
the structural similarity of SiO2 stishovite and
its high-pressure CaCl2-structured polymorph
and the CaCl2-structure high-pressure polymorph
of AlOOH [14]. Our goal is to test the hypothe-
sized solubility mechanism, to elucidate the struc-
tural environment of H in stishovite and the in-
£uence of hydrogen bonding on elasticity, and to
predict the e¡ect of pressure and temperature on
H solubility in stishovite.

With this relatively simple nominally anhydrous
silicate system, ¢rst-principles calculations can ex-
plore fundamental issues regarding the nature of
hydrogen bonding at high pressure. While little
is known about the fundamentals of hydrogen
bonding at high pressure, several lines of evidence
indicate that it may be qualitatively di¡erent from
low-pressure hydrogen bonding. At low pressure,
hydrogen bonds (O^HTO) consist of a shorter,
stronger O^H bond (V0.9^1.1 AO ) and a longer,
weaker OTH bond. Compression experiments on
H2O-ice have revealed a pressure induced transi-
tion to a qualitatively di¡erent form of hydrogen
bonding in which the two H^O distances are
equal and the hydrogen bond is referred to as
being symmetric. Ice retains its molecular identity
up to about 60^70 GPa, at which point ice

VII transforms to non-molecular, symmetrically
bonded ice X without signi¢cant rearrangement
of the oxygen lattice [15]. This transition is asso-
ciated with an increase in bulk modulus at the
transition pressure, indicating that the type of hy-
drogen bonding can a¡ect the elasticity of materi-
als greatly.

We describe ¢rst principles calculations of
stishovite and a dilute stishovite^AlOOH solid so-
lution that test the proposed coupled substitution
of Si4þ+O23 =Al3þ+OH3. Computations of the
properties of the end-member N-AlOOH composi-
tion allow us to test the reliability of our theoret-
ical methods for describing the physics of hydro-
gen bonding and to place our computations of
defect structures into the context of solution ther-
modynamics, providing for predictions of hydro-
gen solubility in stishovite as a function of pres-
sure and temperature.

2. Methods

2.1. Solubility of hydrogen into stishovite

The inter-solubility of two end-member compo-
sitions is controlled by the enthalpy and entropy
of the solution: if the enthalpy of solution is neg-
ative, solid solution is complete. If the enthalpy of
solution is positive (unfavorable), then solid solu-
tion is in general limited and temperature depen-
dent, typically increasing with increasing temper-
ature through the entropic contributions to the
free energy of the solution. The equilibrium solu-
bility is given by the minimum of the Gibbs free
energy of solution vG at a given temperature and
pressure [16] :

vGðx;P;TÞ ¼ vHðx;P;TÞ3TvSðx;P;TÞ ð1Þ

where x is the extent of solid solution, and vH
and vS are the enthalpy and entropy of solution,
respectively. In this study, we compute vH from
¢rst principles under static conditions (0 K) and
assume that vH does not depend on temperature,
i.e. that the entropy of solution is ideal. We re-
strict our attention to the dilute solution limit by
computing vH for one dilute composition and
assuming that vH varies linearly with composi-
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tion over the range of interest ; we test this as-
sumption with additional ¢rst principles calcula-
tions described below.

The entropy of solution has two sources: mix-
ing of Al and Si on the octahedral sites and the
multiplicity of symmetrically equivalent locations
of the H atoms in the vicinity of the Al octahe-
dron. We ¢nd that for each Al+H substitution,
there are four possible H positions of identical
energy. The con¢gurational entropy, vS, is de-
rived directly from the de¢nition:

vS ¼ kB lnð6NÞ ð2Þ

where kB is Boltzmann’s constant. The number of
possible con¢gurations, 6, of t Al+H coupled
substitutions in a total of N sites is :

6 NðtÞ ¼ 4t
N!

t!ðN3tÞ! ð3Þ

By the Stirling approximation Eq. 2 can be rewrit-
ten as:

vSw3R½ð13xÞ lnð13xÞ þ x lnx� þ Rx lnð4Þ ð4Þ

where x is the mole fraction of aluminum: t/N.
The solubility is found by solving dvG/dx=0.

Here we calculate the enthalpy of solution from
the reaction:

ðn3mÞSiO2 ðstishoviteÞ þmN3AlOOH ¼

ðSin3mAlmÞO2n3m ðOHÞm ð5Þ

The size of our computational supercell corre-
sponds to n=24, and we investigate structures
with one and two defects (m=1,2). We argue be-
low that the enthalpy of solution per defect is not
sensitive to the value of n, i.e. we are essentially in
the dilute limit.

2.2. Density functional theory calculations

We performed ¢rst principles calculations based
on density functional theory within the local den-
sity (LDA) and pseudopotential approximations
of fully relaxed, static (0 K) structures of stisho-
vite, N-AlOOH, and solid solutions of intermedi-
ate composition using the Vienna ab-initio simu-
lation package (VASP) [17^20]. All computations
were based on a 2U2U3 supercell containing 12

primitive unit cells, and from 72 (silica) to 96
(AlOOH) atoms. Tests showed that a 1U1U1
k-point mesh and a cuto¡ energy of 600 eV
were su⁄cient to converge the total energy to
within 10 meV and the equilibrium volume to
within 0.1%. In order to test the e¡ects of the
assumed form of the exchange-correlation func-
tional, we also performed calculations based on
the generalized gradient approximation (GGA).

For silica, we relaxed SiO2 in the rutile struc-
ture (P42/mnm) at pressures less than 45 GPa, and
in P1 symmetry at higher pressures. Relaxation of
the structure above 45 GPa results in the CaCl2
structure (Pnnm) in agreement with experiment
and previous theory [21,22].

For N-AlOOH structure relaxations were initi-
ated with the anhydrous sublattice in the CaCl2
structure (Pnnm) as found experimentally [23], but
with H atoms on general positions, which lowered
the initial symmetry to P1. H atoms were placed
near, but not on half of the 4a sites [24] (Fig. 1c),
and then all atom positions were fully optimized.

Calculations of stishovite^N-AlOOH solid solu-
tions were performed with one Al+H for Si sub-
stitution per supercell, yielding a composition of
4.2 mol% Al and H (3.5 wt% Al2O3 ; 0.6 wt%
H2O), in a 73-atom supercell. We initiated relax-
ations with the H in several di¡erent positions,
¢nding that bonding to the apical oxygen of the
Al octahedron was most stable (Fig. 1b). We note
that the composition is likely much more water
rich than expected for stishovite in the mantle
[13]. However, these calculations are in the dilute
(non-interacting) limit as shown by the diminish-
ing lattice strain associated with the defect, which
essentially vanishes at distances less than half the
relevant translational repeat unit (Fig. 1b). We
did not consider the possibility of water molecules
because infrared spectra show no evidence of the
water bending mode [12].

2.3. Corrections to static calculations

Our calculations are static : they do not include
the e¡ects of lattice vibrations. In order to com-
pare more directly with room temperature exper-
imental observations, we have estimated the ef-
fects of lattice vibrations based on a simple
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Fig. 1. Calculated structure of (a) stishovite, (b) stishovite with 4.2 mol% Al3þ+Hþ, and (c) N-AlOOH at zero pressure in the
(110) plane. Light gray octahedra are AlO6 and dark gray octahedra are SiO6, and black spheres are hydrogen atoms. Note the
local distortion of the oxygen lattice in the solid solution (b) where the numbers represent the (x,y) displacement in angstroms of
the oxygen atom in the same plane as the hydrogen interstitial. The gray spheres in (b) show the other three energetically equiva-
lent positions for the hydrogen interstitial.
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model of the vibrational density of states. We
consider the pressure due to zero-point motion,
Pzp and the thermal pressure, Pth at 300 K [25].

The zero-point energy, Ezp is :

Ezp ¼
X3n
i

G

2
g i ¼ 3nGg=2 ð6Þ

where G is Planck’s constant divided by 2Z, 3n is
the number of modes per formula unit, gi is the
vibrational frequency of each mode, and g is the
mean frequency. The zero-point pressure is given
by the volume derivative:

Pzp ¼ 3
DEzp
DV

� �
T
¼ 3

3nG
2

D g

DV
ð7Þ

We adopt the Debye model of the vibrational
density of states. The Debye temperature, 3D, is
related to the mean vibrational frequency as:

3
4
kB3D ¼ Gg ð8Þ

where kB is the Boltzmann’s constant. De¢ning
the Gru«neisen parameter:

Q ¼ 3
D lng
D lnV

¼ 3
V
g

Dg

DV
ð9Þ

the zero-point pressure is :

Pzp ¼
9nQ
8
kB3D
V

ð10Þ

For stishovite, with 3D =1140 K, Q=1.35 [26],
and a volume per atom V/n=7.67 A3, the zero-
point pressure correction is 3.1 GPa.

In the Debye approximation, the thermal en-
ergy is:

Eth ¼ 9nkBTðT=3DÞ3
Z 3D=T

0

x3

ex31
dx ð11Þ

and the thermal pressure is:

Pth ¼ 3
DEth
DV

� �
T
¼ Q

V
Eth ð12Þ

Assuming 3D and Q as above, we ¢nd that the
thermal pressure is 0.6 GPa for a total pressure
correction to static results of 3.7 GPa.

For the solid solution, thermal parameters are
taken to be equal to those of pure stishovite. As-
suming thermal parameters for corundum as an

estimate for N-AlOOH (3D =1034 K; Q=1.32
[27]), the total correction at zero-pressure is 4.2
GPa, where 0.15 GPa comes from including the
e¡ects of the OH vibration to the thermal energy
as an Einstein oscillator, taken as 2748 cm31 [14].

3. Results

3.1. Stishovite

Our results for the structure of stishovite are
within 0.4% of those of Karki et al. [22], where
slight di¡erences likely re£ect the use of a di¡er-
ent set of pseudopotentials. Our two highest pres-
sure relaxations (56 and 64 GPa) yield the CaCl2
structure, and are in excellent agreement with pre-
viously calculated oxygen internal coordinates at
those pressures [22]. Comparison with experiment
is also excellent: at pressures below 47 GPa, tem-
perature-corrected models reproduce volumes to
within 0.9% and oxygen positions in rutile-struc-

Table 1
Static structural parameters of stishovite, N-AlOOH and solid
solutions

Stishovite Solid solution N-AlOOH

0 GPa
a 4.1413 AO 4.1427 AO 4.6296 AO

b 4.1155 AO

c 2.6718 AO 2.6752 AO 2.8127 AO

V 45.782 AO 3 45.987 AO 3 53.591 AO 3

x 0.3055 0.3518
y 0.2412
O^H 1.037 AO 1.210 AO

HTO 1.694 AO 1.210 AO

OHO angle 177.1‡ 180‡
60 GPa
a 4.0009 AO 4.0254 AO 4.3577 AO

b 3.8594 AO 3.8621 AO 3.9114 AO

c 2.5693 AO 2.5974 AO 2.6263 AO

V 39.673 AO 3 40.380 AO 3 44.765 AO 3

x 0.3213 0.3457
y 0.2820 0.2422
O^H 1.112 AO 1.16 AO

HTO 1.241 AO 1.16 AO

OHO angle 163.5‡ 180‡

Solid solution lattice parameters are calculated assuming
randomized substitutions as in Fig. 1b, and zero-pressure
volumes are ¢t to a ¢nite strain curve of energy vs. V32=3.
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tured SiO2 within 0.3% of experimental values
[28] (Tables 1^3; Figs. 1a and 2a).

3.2. N-AlOOH

Our calculations show that hydrogen forms
symmetric hydrogen along G110f at all non-nega-
tive pressures (Fig. 1c; Table 1). Calculations at
negative pressures show that hydrogen bonding
¢rst becomes asymmetric upon expansion at 38
GPa. Our results disagree with those of Tsuchiya
et al. [29] who found asymmetric hydrogen bond-
ing at positive pressures, up to 28 GPa. The rea-
son for this discrepancy is likely the di¡erent ap-

Table 2
Structural parameters corrected to 300 K compared to avail-
able experimental values

Stishovite N-AlOOH

Calculated Measured Calculated Measured

0 GPa
a 4.153 AO 4.180 AO a 4.657 AO 4.713 AO b

b 4.141 AO 4.224 AO

c 2.679 AO 2.667 AO 2.829 AO 2.833 AO

V 46.148 AO 3 46.591 AO 3 54.553 AO 3 56.395 AO 3

a Ross et al., 1990 [28].
b Suzuki et al., 2000 [23].

Table 3
Equations of state for stishovite, N-AlOOH and solid solu-
tions

K0 K0P

(GPa)

VASP:
Stishovite 320.0 3.72

312.2 (2.1) 4.8 (¢xed)
Stish+4.2 mol% Al3þ+Hþ 314.1 3.76

303.7 (7.9) 4.8 (¢xed)
N-AlOOH 230.4 (3.2) 4.1 (2)
Experiment (300 K):
Stishovitea 312.9 (3.4) 4.8 (0.2)
Stishovite+2.1 wt% Al2O3

b 278.4 (9) 3.7 (1.3)
N-AlOOHc 188.0 (5.8) 9.4 (1.0)

217.8 (1.9) 4 (¢xed)
a Panero et al., 2003 [10].
b Reanalyzed from Ono et al., 2002 [11] (H content is un-
measured).
c Reanalyzed from Vanpeteghem et al., 2002 [30].

Fig. 2. Pressure^volume relationships for the three structures
modeled. Solid line is the ¢t to the calculated static points
(crosses), dashed line is corrected to 300 K, and circles are
experimental points for (a) stishovite [10], (b) 2.4 mol% (2.1
wt%) Al in stishovite [11], and (c) N-AlOOH [30]. The vol-
ume axis is such that the range of volumes (V/V0) is equiva-
lent.
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proximations to the exchange-correlation poten-
tial used in the two studies : whereas we used
LDA, Tsuchiya et al. [29] used GGA. We tested
this hypothesis by performing a series of GGA
calculations. We found that at the same volume,
GGA and LDA predicted nearly identical struc-
tures, the most signi¢cant di¡erence being in the
calculated pressure, which was higher by 8 GPa
for GGA than for LDA. We found that the two
sets of calculations agree in the range of volume
over which asymmetric hydrogen bonding occurs,
but not in pressure.

Several lines of evidence support our prediction
of symmetric hydrogen bonding in N-AlOOH at
ambient and higher pressures. The non-bonded
O^O distance in N-AlOOH is very short: 2.42 AO ,
similar to the O^O distance in symmetrically
bonded Ice X (2.4 AO ) at its lowest pressure of
stability [15]. Powder neutron di¡raction shows
that L-CrOOH may also exhibit symmetric hydro-
gen bonds although ¢ts to the data cannot distin-
guish between symmetric and asymmetric hydro-
gen bonding [24] ; the O^O distance in L-CrOOH
is 2.472(3) AO . Raman spectra reported in Ohtani
et al. [14] show a broad band at 2748 cm31 that
may be due to OH bond stretching. Such a low
frequency is expected for symmetric hydrogen
bonds, whereas the hydroxyl of asymmetric hy-
drogen bonds generally has a higher stretching
frequency. Finally, we make the testable predic-
tion that since the hydrogen bond is symmetric,
the hydroxyl stretching frequency should increase
with increasing pressure.

Structural and compressional experimental data
agree with our temperature-corrected theoretical
results to within 3.3% (Tables 2^3). Calculated
linear compressibilities further support our pre-
diction of symmetric hydrogen bonding. We ¢nd
that the c-axis is most compressible, in agreement
with experimental static-compression data [30]
and with the calculations of Tsuchiya et al. [29]
over the pressure interval that those authors ¢nd
symmetric bonding. The greater compressibility
along the c-axis re£ects the orientation of the
O^H^O bond along G110f, which sti¡ens the a-
and b-axes with respect to the c-axis. This is in
contrast to stishovite where the c-axis is signi¢-
cantly sti¡er than the a-axis [28]. In the asymmet-

ric bonding regime at pressures less than 38 GPa,
we ¢nd a transition in the trend of compressibility
where the c-axis becomes the sti¡ axis.

3.3. 4.2 mol % solid solution

The inclusion of 4.2 mol% aluminum and hy-
drogen for silicon in the stishovite structure re-
sults in a greater zero-pressure volume (0.4%)
and a bulk modulus that is indistinguishable
from stishovite.

We found that hydrogen was most stable when
bonded to the apical oxygen of the Al-octahe-
dron, with the hydroxyl bond along G110f and
co-planar with Al (Fig. 1b). The location of the
hydrogen is consistent with predictions made
from charge density analyses [31] and the exper-
imental observation that the OH bond stretch ab-
sorbs light polarized normal to the c-axis [12]. We
found that H bonded instead to one of the equa-
torial oxygens of the Al-octahedron was mechan-
ically unstable and relaxation returned the H to
the apical position. When hydrogen was not di-
rectly associated with an AlO6 octahedron, the
energy cost was signi¢cant. A con¢guration in
which the H was bonded to an oxygen of a Si-
octahedron was higher in energy by more than
1 eV per hydrogen. The energy costs are greater
for locating the hydrogen within the AlO6 octahe-
dron, about 5 eV greater than the most stable
arrangement reported here.

The Al-octahedron is rotated with respect to
the Si-octahedra by an amount that corresponds
to fractional coordinates of the oxygens of
x=0.337 and y=0.282 in terms of the CaCl2
structure (Fig. 1b). This rotation is identical in
sense, though slightly less in magnitude to that
which relates the octahedra in the stishovite and
the N-AlOOH structures. The relatively short O^O
distance and correspondingly long O^H distance
in the stishovite^N-AlOOH solid solution (Table
1) would lead one to expect a low OH stretching
frequency compared to other nominally anhy-
drous minerals [32], consistent with the value of
3111 cm31 observed by Pawley et al. [12]. Because
the bond is asymmetric, we anticipate that the
vibrational frequency should decrease with in-
creasing pressure (mode Gru«neisen parameter
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less than zero), opposite to the trend we predict
for N-AlOOH.

Results for two substitutions show that the en-
thalpy of solution does not depend strongly on
their mutual arrangement: results for edge- and
corner-sharing Al-octahedra and maximally sepa-
rated substitutions di¡er by less than 0.37 eV at
0 GPa (Fig. 4a). This indicates that the entropy of
mixing is nearly ideal, and therefore Eq. 3 applies.

4. Solubility of Al3++H+ in stishovite

By comparing to the enthalpies of the end-
members, we ¢nd that the solid solution has a
positive enthalpy of solution. The magnitude of
the enthalpy of solution (1.1 eV/defect at 0 GPa;
Eq. 5), is small enough to allow signi¢cant solu-
tion at modest temperatures (Eqs. 1^3) (Fig. 4a).
Increasing pressure decreases the enthalpy of so-
lution, which means that we expect the solubility
to increase with increasing pressure.

Based on our ¢rst principles results and a mod-
el for the entropy of solution as discussed above,
we ¢nd that the solubility of hydrogen and alu-

minum into stishovite at 1500 K and 25 GPa is
about 2.0 mol% (0.3 wt% H2O), increasing to 7.5
mol% (1.15 wt% H2O) at 60 GPa. Compared to
available data from Ono et al. [33] for the break-
down of phase Egg, AlSiO3(OH), between 11 and
17 GPa, the predicted solubilities at 0 and 25
GPa bracket these experimental values (Fig. 4b),
indicating the coupled Al3þ+Hþ substitution is
a likely mechanism for water incorporation in
stishovite.

Additional arrangements of hydrogen in the

Fig. 3. OH (black) and OTH (gray) distances as a function
of pressure in N-AlOOH (circles) and 4.2 mol% Al3þ+Hþ

(squares). In N-AlOOH, at pressures less than 38 GPa (O^O
distance of 2.422 AO ), the symmetric bond splits into a short
OH bond and longer OTH bond. For lower pressures (310
GPa), the structure degenerates into a triclinic structure.

Fig. 4. (a) Enthalpy of solution at 0 GPa (squares), 25 GPa
(circles) and 60 GPa (diamonds). With increasing pressure,
the enthalpy of solution decreases signi¢cantly. Multiple sub-
stitutions show small di¡erences as a function of their prox-
imity indicating nearly ideal entropy of mixing. (b) Calcu-
lated solubility of aluminum and hydrogen into stishovite as
a function of temperature and pressure (0 GPa, lower black
curve; 25 GPa, gray curve; 60 GPa, upper black curve) com-
pared to aluminum content in stishovite upon the breakdown
of phase Egg [33] between 11 and 17 GPa (circles).
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unit cell can also increase the number of possible
sites, and therefore increase the con¢gurational
entropy contribution to the solubility, though at
the cost of a higher enthalpy. As discussed above,
additional arrangements tested have a signi¢-
cantly greater energy (s 1 eV) than the lowest
energy con¢guration considered here and so are
expected to contribute little to the partition func-
tion or the solubility. Calculations show that con-
sideration of these higher-energy arrangements
will increase the total solubility, and therefore
our results should be considered a lower bound.
A single arrangement with 1 eV greater excess
enthalpy of mixing contributes an additional sol-
ubility of 0.07 mol% Al3þ and Hþ in stishovite at
25 GPa and 2000 K (0.9% relative increase).

5. Discussion and conclusions

Our results support the proposed coupled sub-
stitution of Si4þ+O23 =Al3þ+OH3 in stishovite
and ¢nd a maximum solubility of 0.3 wt% H2O
in stishovite at 25 GPa and 1500 K. Stishovite
forming in subducting slabs [8,34] can be expected
to form in the presence of Al and H, incorporat-
ing signi¢cant amounts of both aluminum and
hydrogen. If signi¢cant amounts of water exist
in oceanic crust subducted to depths greater
than 300 km, stishovite must be considered a can-
didate for crystallographic storage of that water.
Signi¢cant hydrogen and aluminum solubility in
stishovite, also has important implications for our
understanding of phase equilibria in subducting
slabs; our results and previous experimental re-
sults indicate that stishovite cannot be treated as
a pure phase in the presence of Al and H. We
note that coexisting phases (i.e. perovskite, garnet,
corundum) may compete with stishovite for Al
and/or H, so that the maximum solubility of
Al+H in stishovite in a multi-phase mantle assem-
blage may be less than we have calculated.

Our results suggest that hydrogen bonding in
Earth may not be uniformly asymmetric as is
commonly observed in hydrous and nominally
anhydrous minerals at low pressure. We ¢nd sym-
metric bonding in the N-AlOOH end-member at
zero pressure. The solid solution shows a ten-

dency towards greater symmetry of the hydrogen
bond with increasing pressure; extrapolation of
the trends shown in Fig. 3 indicate that the solid
solution may exhibit symmetric bonding at a pres-
sure of 93 GPa. Pressure-induced symmetrization
of the hydrogen bond would alter much of the
physics and chemistry of hydrogen incorporation
in minerals, including the elastic constants.

The stishovite^N-AlOOH solid solution pro-
vides a uniquely clear opportunity to investigate
the in£uence of hydrogen on the elasticity of a
nominally anhydrous mineral (NAM). In many
NAMs, the addition of hydrogen is accompanied
by the addition of other impurities or defects that
also have a substantial in£uence on the elasticity,
making it di⁄cult to isolate the e¡ect of the hy-
drogen bond. For instance, well-characterized hy-
drous ringwoodite samples indicate that hydrogen
substitutes directly for Mg2þ and Si4þ, resulting in
a signi¢cantly weaker structure [35,36]. In the case
of stishovite, the bulk modulus of the defect AlO6

octahedra (257 GPa [28]) are similar in sti¡ness to
the host SiO6 octahedra (342 GPa [28]), which,
along with the location of the hydrogen bonds
in the a^b plane allow us to e¡ectively isolate their
in£uence.

The in£uence of hydrogen on elasticity depends
strongly on whether the hydrogen bond is asym-
metric or symmetric ; the asymmetric bond ap-
pears to in£uence elastic anisotropy much more
strongly than volume compression. The asymmet-
ric hydrogen bond in the solid solution weakens
the a^b plane (Kc0/Ka0 = 1.24), as compared with
the stishovite end-member (Kc0/Ka0 = 1.4). The
equation of state is not signi¢cantly a¡ected: the
relative compression as a function of pressure is
indistinguishable for solid solution and stishovite,
as are best-¢t bulk moduli (Table 3). The e¡ect of
the hydrogen bond is expected to be qualitatively
di¡erent above 93 GPa where hydrogen bonding
in the solid solution may be symmetric. Here,
comparison with the AlOOH end-member sug-
gests that the a^b plane will be sti¡ened as com-
pared with stishovite. We ¢nd that the symmetric
bond in N-AlOOH substantially sti¡ens the a^b
plane with respect to the c-axis. Indeed, the sym-
metric hydrogen bond is the sti¡est bond in the
structure with a linear modulus of 1527 GPa, as
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compared with that of the Si^O bond in stishovite
of 1026 GPa.

The solubility of hydrogen in stishovite in-
creases rapidly with increasing pressure, behavior
also found in many low-pressure silicates[5^7]. In
the case of stishovite, we may relate the pressure-
induced increase in solubility directly to the crys-
tal chemistry of the solid solution. The stishovite^
N-AlOOH join shows a negative volume of solu-
tion: the solid solution has a smaller volume than
a mechanical mixture of the end-members of the
same bulk composition and is therefore increas-
ingly favored with increasing pressure. The ther-
modynamic relationship between enthalpy and
volume of solution, vV is :

D vH
DP

¼ vV ð13Þ

From the zero pressure volumes listed in Table 1,
we ¢nd vV=30.15 AO 3, which is indistinguishable
within our numerical precision from the value
found from inspection of Fig. 4a: 30.54 eV/60
GPa=30.12 AO 3. We may further relate the neg-
ative volume of solution to the crystal structure.
We ¢nd that the average zero-pressure Al^O bond
length in the solid solution (1.83 AO ) is substan-
tially less than that in the N-AlOOH end-member
(1.91 AO ). We attribute this to the sti¡ness of the
stishovite matrix in which the Al-octahedron is
embedded and the small amount of relaxation
that occurs about the defect. The relative lack of
accommodation is re£ected in the value of the
relaxation parameter, O=0.47 [37,38], which is at
the low end of what has been observed in other
solid solutions. Finally, we note that the mis-
match between Al^O and Si^O bond lengths in
the solid solution is partly relieved by the presence
of H, which lowers the symmetry, allowing the
Al-octahedron to rotate.

We speculate that the Al+H for Si substitution
may be e¡ective in other octahedrally coordinated
silicates, such as Mg-rich silicate perovskite. This
suggests that previous results on Al-free com-
positions [39,40] may not be representative of the
ability of perovskite to store water in the lower
mantle. However, the energetics of solution in
perovskite are considerably richer than they are
in stishovite. The energetics of the Al+H for Si

substitution would have to be considered in con-
cert with those of the Tschermak (Mg2þ+Si4þ =
2Al3þ) and Brownmillerite substitutions (2Si4þ+
O23 =2Al3þ+VO) [41].[SK].
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