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Structure and elasticity of wadsleyite at high pressures
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ABSTRACT

The athermal equilibrium structure, the equation of state, the elastic constants, and O atom charges
were calculated for Mg,Si0O, wadsleyite over a range of pressures using a plane-wave pseudopotential
method. The zero-pressure volume is 2% lower and the bulk modulus is 4.5% higher than experi-
mentally observed. After correcting for zero point motion and the 300 K temperature difference
between theory and experiment, using a Debye model, the calculated zero pressure volume is within
1% of experiment and the bulk modulus agrees within experimental error. The structure compresses
anisotropically with linear moduli for the a, b, and ¢ axes of 610 GPa, 599 GPa, and 454 GPa,
respectively. The compression is largely taken up by the Mg octahedra M1, M2, and M3 which are
much softer than the Si tetrahedra, with polyhedral bulk moduli of 161 GPa, 159 GPa, 157 GPa, and
331 GPa, respectively. The M1 and M3 octahedra were found to compress anisotropically which
explains the greater compressibility of the ¢ axis. The geometry of the Si,0; group is characterized
by a small Si-O-Si angle of 121.2°; compression of this group is largely accommodated by shorten-
ing of the Si-O bonds, while the inter-tetrahedral angle is almost pressure independent. We find that
our results at ambient pressure are consistent with previously established systematics relating bulk
modulus to volume, and Si-O-Si angle to Si-O bond length. However the variation of these quanti-
ties upon the application of pressure leads to trends that are distinct from the systematics. The calcu-
lated zero pressure elastic constants agree to within 10% with available Brillouin scattering data,
with the exception of C,, which is 15% higher than experimentally observed. The calculated
isotropically averaged bulk and shear modulus and their pressure derivatives are K,= 182 GPa, K=
4.23, and G,= 116 GPa, G, = 1.10, respectively. The aggregate velocities and their pressure deriva-
tives are Vp = 9.75 km/s, Vp = 0.056 km/s/GPa, and Vs = 5.72 km/s, Vs = 0.012 km/s/GPa. We find
that the elastic anisotropy of wadsleyite is intermediate between the two other Mg,SiO, polymorphs,
forsterite, and ringwoodite. The anisotropy is only weakly pressure dependent and decreases with
increasing pressure. The azimuthal and polarization anisotropy for S waves 14.5% and 12.8% re-
spectively, is almost pressure independent, while the azimuthal anisotropy for P waves decreases
from 12.5% at ambient pressure to 10.5% in the upper part of the transition zone (14—-17 GPa). Our
calculated O atom charges suggest that O1 is the most likely hydroxyl site and remains so through-
out the stability field of wadsleyite.

INTRODUCTION

The elasticity of wadsleyite, the intermediate pressure poly-
morph in the Mg,Si0O, system, is of considerable geophysical
interest, as wadsleyite is thought to be the major mineral in the
upper part of the earth’s transition zone (410-520 km depth;
Ita and Stixrude 1992). It is therefore expected that its elastic
properties will significantly influence the seismic properties
of this region (Ita and Stixrude 1992) and play an important
role in our understanding of mantle composition.

Independent constraints for the composition of this region
are given by the P and S wave velocities as well as the
seismically observed anisotropy. To incorporate these con-
straints in compositional models of the upper part of the transi-
tion zone, it is necessary to know the elastic constants and their
pressure dependence in the stability field of wadsleyite. The
wave velocities have been determined to a pressure of 10.2
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GPa from ultrasonic measurements (Li et al. 1996; Li et al.
1998), by Brillouin scattering at ambient conditions (Sawamoto
et al. 1984) and to 14.2 GPa (Zha et al. 1997), just below the
stability field of wadsleyite in the earth’s mantle.

Wadsleyite has been proposed as a major repository for H
in the upper part of the transition zone (Smyth 1987). Subse-
quent experiments have been performed to determine the
amount of H that can be accommodated in wadsleyite
(McMillan et al. 1991; Kohlstedt et al. 1996) and the most likely
protonation sites (Smyth 1987; Downs 1989; Young et al. 1993;
Kudoh et al. 1996). While there is general agreement that
wadsleyite can incorporate significant amounts of H (up to ~3.3
wt%, Smyth 1987), it is less well resolved which of the four O
atom sites are protonated. It has been proposed that only O1 is
protonated (Smyth 1987), and that O1 is the most likely proto-
nation site with additional hydrogen bonds forming to O2
(Downs 1989).

Systematics have often been invoked to provide insights
into the nature of bonding in minerals. An example is the lin-
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ear relationship between polyhedral compressibility and bond
length formed at ambient conditions for a wide range of oxides
and silicates (Hazen and Finger 1979). Two questions arise:
(1) Do systematics apply at high pressure? (2) Is the effect of
pressure similar to that of variations in composition? To inves-
tigate these two issues we look at two systematics: (1) The
relationship between polyhedral compressibility and volume
(Hazen and Finger 1979). (2) The relationship between the
intertetrahedral angle and the bond lengths of the Si,0; group.
Systematics at ambient conditions show that Si-O-Si angles
and Si-O bond lengths are anti-correlated (O’Keeffe and Hyde
1977; Hill and Gibbs 1979). The majority of silicates consid-
ered in these studies are characterized by Si-O-Si = 130° and
the systematics become less well constrained for small inter-
tetrahedral angles, characteristic of wadsleyite. Therefore
wadsleyite allows to investigate if the systematics apply at small
Si-O-Si angles.

To address these issues we have determined the equilib-
rium structure, the equation of state and the elastic constants
of wadsleyite up to 35 GPa which encompasses the stability
field of this phase. The structural changes of wadsleyite under
compression allow us to investigate the origin of the anisotro-
pic compression and to test bulk modulus-volume systematics
as well as Si-O-Si bond angle and Si-O bond length systemat-
ics. From the elastic constants we determine the aggregate wave
velocities and compare them to values obtained from experi-
ments at lower pressure. Finally we determine O atom charges
to address the question of the most likely hydroxyl sites in
wadsleyite.

COMPUTATIONAL METHODS

The method is based on density functional theory (DFT)
and symmetry preserving, variable cell-shape structure relax-
ation (Wentzcovitch et al. 1993). This approach has been ap-
plied successfully to the study of structural and elastic properties
of earth materials (da Silva et al. 1997; Karki et al. 1997). Com-
putations were performed with VASP (Kresse and Hafner 1993;
Kresse and Furthmiiller 1996a; Kresse and Furthmiiller 1996b).
Two approximations were made: (1) The local density approxi-
mation (LDA) was used to describe the exchange correlation
potential (parameterization of Ceperley and Alder 1980). (2)
The method uses ultrasoft pseudopotentials (Vanderbilt 1990)
for Mg, Si and O with R, =2.000 Bohr, R. = 1.800 Bohr, and R,
= 1.550 Bohr for the core radii of the local potential, respec-
tively. A conjugate gradient scheme allows for an efficient mini-
mization of all internal structural parameters and cell shape at
constant volume.

Wadsleyite crystallizes in space group /mma (Horiuchi and
Sawamoto 1981) and contains four Mg,SiO, units in the primi-
tive cell. The structure possesses 16 degrees of freedom in the
primitive unit cell (three for the cell shape and 13 internal co-
ordinates). All calculations presented in this study were per-
formed for the primitive unit cell. Convergence tests for
wadsleyite showed that fully converged solutions to the Kohn-
Sham equations can be obtained with E, =600 eV and a 2 X 2
x 2 Monkhorst-Pack grid (Monkhorst and Pack 1976). These
computational parameters were adopted for all calculations
presented here and lead to total energies that converge to within
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0.3 meV/atom and Pulay stresses (Froyen and Cohen 1986)
that are less than 0.03 GPa.

To address the issue of hydroxylation in wadsleyite we ex-
amined the charge of the oxygen ions. To determine the ionic
charge, we integrated the self-consistent charge density within
a sphere centered on the O atom site. The choice of the sphere
radius is non-unique. Hence we examined the O atom charge
for a range of O atom radii.

To determine the nine independent elastic constants for
orthorhombic wadsleyite the equilibrium cell shape was strained
by one triclinic and three orthorhombic strains (stretch along
[111]). Due to the coupling between strain and lattice vibra-
tions the structure was relaxed in the strained configuration.
To obtain accurate stresses in the limit of zero strain we ap-
plied small positive and negative strains of magnitude 1%. The
same methodology has been applied successfully to obtain elas-
tic constants for other silicates (da Silva et al. 1997; Kiefer et
al. 1997).

Our calculations are static, that is, they neglect zero point
motion and the energetics of lattice vibrations. To correct for
these effects when comparing with experimental data we have
used an approximate model. The thermal pressure was calcu-
lated from a Mie-Grueneisen equation of state:

P, = %[Ezpm(V) +E,(T.V)] (1)

where v is the Grueneisen parameter, and V is the volume. The
energy due to zero point motion, E,,,,, and the thermal energy,
E,, have been obtained from a Debye model:

E,, =2 nR0 2
8

and

Eo(T.V) = 9nRT(T/0)*[¢™x/[exp(x) — 1]dx 3)

where n is the number atoms in the formula unit, 7 is the tem-
perature, R is the gas constant and 0 is the Debye temperature.
The volume dependence of the Debye temperature and the
Grueneisen parameter were described by

__ dln(y) ()
dln(V)
and
_ dn(y)
9= 9mw) ®)

where q is a constant.
RESULTS

Structure and equation of state

The calculated athermal equation of state yields a zero pres-
sure volume that is 2% smaller than measured at ambient con-
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ditions and a bulk modulus that is 4.5% larger (Fig. 1 and Table
1). In order to compare our results directly with room tempera-
ture experimental data we estimated the thermal contributions
to the equation of state. The thermal model requires three pa-
rameters: the Debye temperature, the Grueneisen parameter and
the volume dependence of the Grueneisen parameter. We
adopted the experimentally measured Debye temperature and
Grueneisen parameter, 975 K and 1.32, respectively (Watanabe
1982). The volume dependence of the Grueneisen parameter
has not been measured for wadsleyite and was assumed to be
given by q = 1. After correcting for the thermal effects, the
equation is in excellent agreement with experimental data, the
zero pressure volume is 0.6% smaller than measured and the
bulk modulus is within the experimental uncertainties. It is in-
structive to decompose the thermal pressure into its different
contributions. For wadsleyite, a material with a high Debye
temperature, approximately 80% of the thermal pressure is
contributed by zero point motion, and only approximately 20%
by the thermal energy at ambient temperature.

The compressional behavior of the three independent cell-
edges is distinct in wadsleyite (Fig. 2). The a and the b axis are
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FIGURE 1. Equation of state of wadsleyite as derived from theory
and experiment: Solid line = this work (0 K); dashed line = this work
(300 K); filled square = Horiuchi and Sawamoto (1981); open circles
= Hazen et al. (1990); open diamonds = Hazen et al. (2000); closed
circles = Fei et al. (1992) after correcting volumes to xz, = 0 according
to Jeanloz and Thompson (1983).

TABLE 1. Equation of State

Vo (A) K, (GPa) Ko (-) Reference

527.4 180.8 4.34 This study (static)

535.1 169.2 4.53 This study (300 K)

545.2 179.0 4.23 Haiber et al. (1997)*
535.30(27) 160(3) 4 Hazen et al. (1990)
539.26(4) 172(3) 6.3 Hazen et al. (2000)
538.13(7) - - Horiuchi and Sawamoto (1981)

* Equation of state parameters were obtained from a Murnaghan equa-
tion of state.
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comparable in stiffness and significantly less compressible than
the ¢ axis. An eulerian finite strain analysis (Davies 1974) gives
linear moduli K, = 610 GPa, K, = 599 GPa, and K, = 454 GPa
for a, b, and c¢ axis, respectively. The bulk modulus calculated
from these values Ky = (K,”' + Ky' + K.')™' = 181 GPa is in
agreement with the bulk modulus as obtained from the equa-
tion of state (Table 1).

Coordination polyhedra

Wadsleyite consists of Mg in octahedral and Si in tetrahe-
dral coordination. The bulk moduli of the three symmetrically
non-equivalent Mg octahedra are very similar and less than
half of the bulk modulus of the Si tetrahedra (Fig. 3). The bulk
moduli as obtained from a 2nd order Birch-Murnahan equa-
tion of state for the polyhedra are 161 GPa, 159 GPa, 157 GPa,
and 352 GPa for M1, M2, M3, and Si polyhedra, respectively.
This finding is in agreement with systematics on polyhedral
bulk moduli of silicates (Fig. 1 and Hazen and Finger 1979).

The quadraticelongation and angular variance for the coor-
dination polyhedra decrease monotonically with increasing
pressure (Fig. 5a and 5b). This shows that the coordination
polyhedra in wadsleyite become more regular at high pressure.
The apical Mg-O bonds (parallel to the ¢ axis) of the M1 and
M3 sites are more compressible than the equatorial Mg-O bonds
(sub-parallel to the a,b plane), Figure 6.

The Si,0, group

Wadsleyite as a sorosilicate is characterized by Si,0; groups.
The Si-O bond length and the Si-O-Si angle decrease mono-
tonically with increasing pressure (Fig. 7). However the Si-O-
Si angle changes little with compression (less than 0.5°) so
that the bi-tetrahedral group in wadsleyite compresses prima-
rily by shortening of the Si-O bond. Wadsleyite has one of the
smallest Si-O-Si angles observed in silicates while the bridg-
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FIGURE 2. Compression of the cell edges: This work, static
calculations: solid line, dotted line, and dashed line correspond to a, b,
and c axes respectively. Experiment: open circles, open squares, and open
diamonds refer to a, b, and ¢ axes respectively, Hazen et al. (2000).



1390

12.5 —— T
12.0
115
11.0

Volume [A%]

10.5

10.0

9.5

2.40 ——— T
2.35

2.30 2 1
2.25
2.20
2.15
2.10
2.05 1

2.00 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Pressure [GPa]

Volume [A%]

FIGURE 3. Compression of Mg octahedra and Si tetrahedra. (a)
Compression of octahedra: solid line, dotted line, short dashed line,
long-dashed line, this work for M1, M2, M3, respectively; circle,
square, diamond for M1, M2, M3, respectively; closed symbols =
Horiuchi and Sawamoto (1981), open symbols = Hazen et al. (2000).
(b) Tetrahedron: solid line = this work; solid triangle = Horiuchi and
Sawamoto (1981); open triangles = Hazen et al. (2000).
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FIGURE 4. Bulk modulus-volume systematics. Wadsleyite = solid
line; forsterite = short dashed line; ringwoodite = long dashed line.
Systematics (Hazen and Finger 1979) = dotted line. Open circles =
zero pressure values.
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FIGURE 5. Distortion parameters for coordination polyhedra. (a)
Quadratic elongation. (b) Angular variance. Symbols are the same as
in Figure 3.
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FIGURE 6. Compressibility of apical and basal dimensions of the
Mg octahedra. Thick lines = apical distance; thin lines = basal distance.
Solid line = dashed line, long dashed line for M1, M2, and M3,
respectively. Experimental data (Hazen et al. 2000): Closed symbols
= apical distances, open symbols = basal distance. Circles, squares,
and diamonds for M1, M2, and M3, respectively.
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ing Si-O bond is comparatively long. This finding is consistent
with results from structure refinements on wadsleyite (Horiuchi
and Sawamoto 1981; Hazen et al. 2000).

Elastic constants and wave velocities of wadsleyite

Our calculated athermal elastic constants agree to within
10% with experimental results (Fig. 8 and Table 2) with the
exception of C,, which is 15% greater than experimentally ob-
served. The relative magnitude of the calculated elastic con-
stants is identical with experiments (Sawamoto et al. 1984; Zha
etal. 1997). C,, and C,, are comparable in magnitude and sig-
nificantly larger than Cs; which is consistent with our earlier
assessment that the ¢ axis is more compressible than the a and
the b axes. The elastic constants depend sub-linearly on pres-
sure over the whole pressure range. However, in contrast to
experiments we find a significant curvature for C,y, Css, and
Cgs (Fig. 8b and Table 2) a behavior that has been observed in
theoretical studies of forsterite (da Silva et al. 1997) and
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FIGURE 7. Systematics of the Si,0; group. (a) Si-O-Si correlation
to the bridging Si-O bond length. Wadsleyite: solid line = this work;
open circle = this work zero pressure; filled square = Horiuchi and
Sawamoto (1981); filled diamonds = Hazen et al. (2000). Coesite: filled
triangles = Levien et al. (1980)}. Systematics: Short dashed line =
O’Keeffe and Hyde (1977); dotted line = Hill and Gibbs (1979).
Quantum-chemical calculation, long dashed line = Boisen et al. (1990).
(b) Si-O-Si angle correlation to the Si---Si distance. Symbols are the
same as in a, the dot dashed line is the systematics as obtained for
Si0, polymorphs only, Hill and Gibbs (1978).
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FIGURE 8. Elastic constants. Open symbols: Zha et al. (1997). Solid
symbols = Sawamoto et al. (1984). (a) Solid line, short dashed line,
and long dashed line, this work; circles, squares, diamonds, experiment
for Cy;, Cy,, and Cs; respectively. (b) Solid line, short dashed line, and
long dashed line, this work; circles, squares, diamonds, experiment
for Cy4, Css, and Cy respectively. (¢) Solid line, short dashed line, and
long dashed line, this work; circles, squares, diamonds, experiment
for Cy,, Cy3, and Cy; respectively.
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TABLE 2. Individual elastic moduli, M,, and their pressure deriva-

tives M, at zero pressure

Theory Experiment

M, (GPa) Mo M, (GPa)* M, (GPa)t
Cyy 377 6.06 360(6) 370.5(7.8)
Cx 375 5.76 383(4) 367.7(6.5)
Cas 294 5.66 273(5) 272.4(5.8)
Cus 108 0.85 112(2) 111.2(3.6)
Css 117 0.75 118(4) 122.5(4.0)
Coes 109 2.03 98(4) 103.1(3.9)
Ciz 90 3.75 75(9) 65.6(4.5)
Cis 102 3.27 110(6) 95.2(5.2)
Cos 107 3.76 105(9) 105.1(4.4)

* Brillouin scattering data from Sawamoto et al. (1984).
1 Brillouin scattering data from Zha et al. (1997). Theoretical values are
from third-order finite strain fits to the first principle results.

ringwoodite (Kiefer et al. 1997). The pressure dependence of
the elastic constants was represented by a third order expan-
sion in the Eulerian finite strain (Davies 1974). We calculated
Voigt-Reuss-Hill bulk- and shear-moduli and single crystal
velocities of the compressional (P) and shear (S) waves to com-
pare our results (Fig. 9 and Table 3) directly to experimental
results from Brillouin scattering (Sawamoto et al. 1984; Zha et
al. 1997) and ultrasonic measurements (Li et al. 1996; Li et al.
1998). The velocities as determined from our athermal elastic
constants are larger than those of room-temperature experi-
ments. Differences of this magnitude are expected due to the
300 K temperature difference between our static calculations
and experiments. The pressure derivatives of the aggregate
moduli and aggregate wave velocities are in good agreement
with Brillouin scattering experiments (Fig. 9 and Table 3). In
order to examine the pressure dependence of the seismic anisot-
ropy and dispersion in wadsleyite, we calculated the directional
dependence of the P and S wave velocity by solving the
Christoffel equation. The directions of the extremal P and S
wave velocities are reproduced and the calculated dispersion
compare favorably with available experimental data (Fig. 10).
P wave velocities are extremal for propagation along [100] and
[001]. The greatest shear wave velocity is in the [110] propa-
gation direction throughout the whole pressure range. The least
shear wave velocity at low pressures is in the [1/2,1/2,1/+2] propa-
gation direction while at high pressures it is in the [001] direction.

To investigate the elastic anisotropy in wadsleyite we con-
sider three measures:

_ maX[Vm(ﬁ) -V (ﬁ)]
S,polarization ~ V. (6)

S,aggregate

A
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FIGURE 9. Voigt-Reuss-Hill averages of the compressional and
shear-velocity: solid lines = this work; open circles = Sawamoto et al.
(1984); filled circles = Zha et al. (1997); filled diamonds = Li et al.
(1998).

max| Vg (7i)] — min[ V()]
AS,a\zimuthal = V (7)

S,aggregate

_ max |V, ()] — min[V; (i)
P,azimuthal — V (8)

P,aggregate

A

where 77 is the propagation direction. Evaluating these expres-
sions from the dispersion relations show that the anisotropy
depends only weakly on pressure (Fig. 11). The magnitude
As potarizations As azimuthat, AN Ap i OF Wadsleyite is intermediate
between olivine (da Silva et al. 1997) and ringwoodite (Kiefer
et al. 1997). The predicted anisotropies are smaller than ex-
perimentally measured. This is a consequence of the system-
atic differences of the dispersion relation in the extremal
velocity directions (Fig. 10).

OH in Wadsleyite

Wadsleyite has been considered as a prime candidate for
hydrogen storage in the upper part of the transition zone. Ac-
cording to Pauli bond strength arguments (Smyth 1987, Table
4) Ol is the most likely hydroxyl site. O2, the bridging O atom
of the Si,O, group has been suggested as a hydroxyl site (Downs
1989) in addition to O1. To determine the most likely protona-
tion site we integrated the equilibrium charge density surround-

TABLE 3. Aggregate elastic properties and pressure derivatives (in parenthesis)

K G Ve Vs Reference
(GPa),[-] (GPa),(-) (km/s),(km/s GPa) (km/s),(km/s GPa)

182(4.23) 116(1.10) 9.75(0.056) 5.72(0.012) This study (static)
174(-) 114(-) 9.66(-) 5.71(-) Sawamoto et al. (1984)
174(4.3) 115(1.4) 9.66(0.064) 5.71(0.019) Zha et al. (1997)
170(4.5) 108(1.6) 9.51(0.073) 5.60(0.025) Li et al. (1996)
172(4.2) 113(1.5) 9.63(0.065) 5.67(0.021) Li et al. (1998)

Note: The theoretical moduli are Voigt-Reuss-Hill averages, calculated from the elastic constants. The values of K, and K; are consistent with the
values derived from the equation of state (Table 1). Experimental values are Voigt-Reuss-Hill averages. Values in parentheses refer to pressure

derivatives.
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FIGURE 10. Elastic wave velocities as a function of propagation
direction. This work = solid lines; Experimental data: solid circles =
Sawamoto et al. (1984).
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FIGURE 11. Single-crystal anisotropy. Ap imuma: Solid line = this
work; open circles = Zha et al. (1997); solid circles = Sawamoto et al.
(1984). As simunar: Short dashed line = this work; open squares = Zha et
al. (1997); solid squares = Sawamoto et al. (1984). Ag yoiuizaiion: LONG
dashed line = this work; open diamonds = Zha et al. (1997); solid
diamonds = Sawamoto et al. (1984).

ing the four symmetrically non-equivalent O atom sites. How-
ever, the radii are arbitrary and therefore we examined a range
of different radii (Fig. 12 and Table 4). As expected the O atom
charges increase with increasing sphere radius. However, the
relative magnitude of the charges on the four O atoms does not
depend on the radius.

DISCUSSION

It is widely assumed that the LDA leads to an overbinding
of structures and hence theoretically calculated volumes that
are smaller than those experimentally observed. However, the
comparison is often indirect; whereas most theoretical calcula-
tions are athermal, most experimental measurements are per-
formed at ambient temperature. We find that after correcting
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TaBLE 4. Oxygen charges

Pressure  O1 02 03 04 Reference

(GPa)

— 1.67 2.33 2.00 2.00 Smyth (1987)

0 1.42 1.71 1.55 1.57 This study

35 1.58 1.85 1.71 1.72 This study

0 0.57 0.94 0.79 0.78 Haiber et al. (1997)

Note: Radii for the O atoms have been fixed at r, = 1.54 A. The values
from the ab-initio study by Haiber et al. (1997) were obtained from a
Mullikan population analysis.

2.5 - T
< 0(2)

S 20 7 0(3,4)
(/2]
2,
S
‘E’ < 0O(1)
o 15

1. : :

1.40 1.45 1.50 1.55
Ro [Al

FIGURE 12. Dependence of the calculated O atom charges on sphere
radii. This work (35 GPa): solid line = Ol1, dotted line = O2, short
dashed line = O3 and dot dashed line = O4. This work (0 GPa): circle,
square, diamond, and triangle represent O1, O2, O3, and O4
respectively. The values as obtained from Pauling bond strengths are
indicated by the arrows (Smyth 1987).

for thermal effects, LDA yields essentially perfect agreement
with experiment results. The agreement may be fortuitously
good as other approximations may also affect the theoretical
results including the pseudopotential approximation (Stixrude
et al. 1998). Nevertheless, the results show that, at least in the
case of wadsleyite, the incorporation of thermal effects is es-
sential for gauging the accuracy of LDA. For materials with
large Debye temperatures, such as wadsleyite, the zero-point
motion is the largest vibrational contribution. The importance
of properly accounting for zero-point motion when comparing
theory with experiments has also been emphasized by Li and
Jeanloz (1987) in the context of pressure-induced phase trans-
formations. Thermal corrections may also be important for
evaluating the performance of other approximations to the ex-
change correlation potential. For example, the Generalized
Gradient Approximation (GGA) (Perdew et al. 1996) includes
additional terms beyond the LDA that are essential for an ac-
curate description of Fe (Bagno et al. 1989; Stixrude et al. 1994).
In the case of oxides, there is some evidence that GGA predic-
tions of energetics are superior to those of LDA (Hamann 1996).
However, GGA tends to underbind oxides, that is to overesti-
mate their volume, a tendency that would be made worse by
the incorporation of thermal corrections.

Our results show in agreement with experimental results
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that the ¢ axis is much more compressible than the a and the b
axes (Fig. 2). To analyze the origin of the compressional anisot-
ropy, we examine the compression of individual coordination
polyhedra. Most of the volume compression is taken up by the
Mg octahedra; by comparison the Si tetrahedral volume, and
the Si-O-Si angles change little with compression (Figs. 3 and
7). The Mg octahedra share edges sub-parallel to [100], [010],
and [111]. One expects that shared edges will be stiffer than
unshared edges and that the octahedra will compress anisotro-
pically as aresult. In particular, since there are no shared edges
sub-parallel to [001], this direction should be more compress-
ible. This is illustrated by comparing the compression of api-
cal Mg-O bonds (parallel to ¢) with that of the equatorial Mg
-O bonds (in the a-b plane). The apical bonds of the M1 and
M3 octahedra are softer than the corresponding equatorial bonds
(Fig. 6), while apical and equatorial bonds compress similarly
for M2. Thus the softer ¢ axis originates in the anisotropic com-
pression of the M1 and M3 octahedra.

An assessment of the compression of the coordination poly-
hedra shows that the Si tetrahedron is more than twice as stiff
as compared to the Mg octahedra (Fig. 3). A similar observa-
tion has been made for other silicates (Hazen and Finger 1979).
Correlating the effect of pressure on different structural units
allow us to provide a different view of systematics that have
been proposed in the past. Systematics commonly consider the
variability of structural properties with changing chemical com-
position. But do the same systematics apply at high pressure
and is the effect of pressure analogous to that of compositional
variations? A similar idea has been applied to study Birch’s
law at high pressures (Campbell and Heinz 1992).

Hazen and Finger (1979) found a linear relationship between
polyhedral compressibility and polyhedral volume for a wide
range of silicates at ambient conditions (Fig. 4). Calculating
the same properties at ambient conditions in wadsleyite from
our results, we find agreement with the proposed systematics.
However, considering the effect of pressure, our results show a
distinct trend. The trend as defined by variations in compress-
ibility and volume upon the application of pressure is oblique,
showing that pressure and variations in composition have dif-
ferent signatures. We have also examined the properties of Mg-
and Si-polyhedra in the other two Mg,SiO, polymorphs,
forsterite and ringwoodite, as obtained from first principle cal-
culations (da Silva et al. 1997; Kiefer et al. 1998) (Fig. 4). The
effect of pressure is found to be similar for all Mg,Si0O, poly-
morphs.

Wadsleyite as a sorosilicate is characterized by its Si,0,
groups. In wadsleyite, this structural group has a very small
inter-tetrahedral angle and a long bridging Si-O bond length.
Compression of this group is largely accommodated by the
shortening of the Si-O bond length rather than changing the
Si-O-Si angle (Fig. 7a). This finding in our calculations agrees
well with experiments (Horiuchi and Sawamoto 1981; Hazen
et al. 2000). Our results at ambient conditions agree well with
previously established systematic relationships between the Si-
O-Si angle and the bridging Si-O bond length (O’Keeffe and
Hyde 1977; Hill and Gibbs 1979). However, we find again that
the effect of pressure produces a trend that is oblique to the
systematics established at ambient conditions (Fig. 7). Experi-

KIEFER ET AL.: WADSLEYITE AT HIGH PRESSURES

mental data for coesite (Levien et al. 1980) lend further sup-
port to this conclusion but at larger Si-O-Si angles.

We note that the relationship between Si-O-Si angle and Si-
O bond length as obtained from quantum-chemical calculations
for the H¢Si,0; molecule (Gibbs 1982; Boisen et al. 1990) dis-
agrees with our results and empirical systematics. The disagree-
ment is particularly pronounced in the case of wadsleyite with
a small Si-O-Si angle. A careful analysis of the quantum-chemi-
cal calculations (Burkhard et al. 1991) showed that the calcu-
lations may be systematically biased by the formation of O---H
bonds at low Si-O-Si angles. The formation of an O-H:--O bond
could lead to enhanced bonding between terminating hydro-
gens of one tetrahedron with the closest O atom of the other
tetrahedron, therefore artificially reducing the Si-O-Si angle
for a given Si-O bond length.

Wadsleyite can accommodate significant amounts of water
(Smyth 1987). This is expected to have a significant influence
on the rheological properties of this phase and therefore the
dynamics in the upper part of the transition zone and it is nec-
essary to understand where the hydrogen resides in the struc-
ture. Smyth (1987) proposed on the basis of a Pauling bond
strength analysis that O1 is the hydroxyl site. This is in general
agreement with the finding of X-ray diffraction experiments
(Kudoh et al. 1996). Inversion of observed X-ray amplitudes
to obtain the electrostatic energy surface throughout the crys-
tal showed that O1 and O2 are likely protonation sites (Downs
1989). Furthermore, IR measurements show at least two dis-
tinct peaks in the OH stretching region (McMillan et al. 1991).
To address the question of which of the O atom sites in
wadsleyite are most likely protonated we calculated charges
for the crystallographically non-equivalent O atoms and ob-
tained the following order: go1 < gos < gos < qo (Fig. 12 and
Table 4). With this method each O atom is considered to be
spherical. The integrated charge density in the sphere is con-
sidered the charge of the O atom. The radii are not determined
uniquely but a study of the sensitivity of our results with re-
spect to changes in the O atom radii shows that the order re-
mains unaffected by changes of radii (Fig. 12). This indicates
that O1 is the most likely protonation site while O2 is least
likely to be protonated. This finding confirms the predictions
from Pauli bond strength arguments (Smyth 1987) and semi-
empirical calculations for the protonation of the O atom sites
in wadsleyite (Wright and Catlow 1996) and previous ab-initio
calculations (Haiber et al. 1997).

The two IR peaks in the OH-stretching region observed
experimentally may indicate that the hydrogens are disordered,
between O1-H---O3 and O1-H---O4 (Kudoh et al. 1996). Based
on our calculated bond lengths for O1-O3 and O1-O4 and OH
stretching systematics (Sikka 1997; Nakamoto 1955) we esti-
mated OH stretching frequencies of 3550 cm™ and 3220 cm™!
for O1-H---O3 and O1-H---O4 respectively at zero pressure.
These frequencies are somewhat lower than observed experi-
mentally, 3580 cm™ and 3324 cm™. Using systematics for OH
stretching frequencies we calculated that O1---O3 and O1---O4
would have to lengthen by 0.01 A and 0.04 A respectively to
match the observed IR frequencies (McMillan et al. 1991). This
may be due to the fact that protonation requires formation of
defects to maintain charge neutrality. The induced relaxation
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around the defect may change the vibrational frequencies. A
mechanism of this type has been suggested as a possible expla-
nation for the experimentally observed hydrolytic weakening of
forsterite (Brodholt and Refson 2000).
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