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ABSTRACT

High-pressure crystal structures are reported for two synthetic wadsleyite crystals, B-Mg,SiO,
(Fe00) and B-(MgyssFeq.,5),S10, (Fe25), at six pressures to 10.12 GPa. In both compositions, bulk
compressibilities are equal to the average compressibility of divalent cation octahedra. Individual
silicate tetrahedra, by contrast, are relatively rigid, though the Si-O-Si angle between tetrahedra in
Si,0, dimers decreases systematically with pressure. Wadsleyites display anisotropic compression,
with the ¢ axis approximately 40% more compressible than a or b. This behavior results from differ-
ential compression of (Mg,Fe)-O bonds; in each of the structure’s three symmetrically independent
octahedra, the longest and most compressible bonds are roughly parallel to the b axis. Although the
linear compressibilities of Fe0O and Fe25 are similar, details of structural changes with pressure
differ. Iron-enriched M1 and M3 octahedral sites in Fe25 are significantly less compressible than

analogous Mg sites in Fe00.

INTRODUCTION

Wadsleyite, B-(Mg,Fe),SiO,, is stable between the phase
fields of olivine (the lower pressure o form) and ringwoodite
(the higher pressure y form) and is thought to be a major min-
eral in the upper portion of the transition zone of a peridotitic
mantle (e.g., Anderson 1970; Jeanloz and Thompson 1983; Bina
and Wood 1987). Because the o-to-f3 phase transformation is
believed to be responsible for the 410 km discontinuity ob-
served in seismic velocity-depth profiles, the crystal-chemical
and physical properties of wadsleyite have been a central sub-
ject of a variety of experimental studies. Recent work includes
structure refinements (Finger et al. 1993 and references therein),
compressibility measurements (Mizukami et al. 1975; Hazen
et al. 1990; Fei et al. 1992), thermal expansion and high-tem-
perature structure refinements (Tsukimura et al. 1988; Reynard
et al. 1996), high-pressure infrared and Raman spectroscopy
(Williams et al. 1986; Chopelas 1991; Cynn and Hofmeister
1994), ultrasonic studies (Gwanmesia et al. 1990; Li et al. 1996,
1998) and Brillouin spectroscopy (Sawamoto et al. 1984; Zha
et al. 1997). Moreover, recent theoretical (Smyth 1987, 1994;
Downs 1989; Haiber et al. 1997) and experimental (McMillan
et al. 1991; Bell and Rossman 1992; Gasparik 1993; Young et
al. 1993; Inoue 1994; Kudoh et al. 1996; Kudoh and Inoue 1999)
studies have shown that wadsleyite may contain significant H,
suggesting that it could serve as a major host for H,O in the
mantle. The saturation concentration of H,O in wadsleyite is
estimated to be as much as ~3.3 wt%.

The orthorhombic crystal structure (space group Imma) of
the B-phase consists of three symmetrically independent octa-
hedral sites (M1, M2, and M3) and one tetrahedral site (T).
Details of the structure were first determined by Morimoto et
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al. (1969) from a B-Mn,GeO, single crystal and by Moore and
Smith (1970) from a polycrystalline sample of B-(MgoNiy;),SiO,.
Further structure refinements on B-Mn,GeO, and B-Co,SiO,
were conducted by Morimoto et al. (1970, 1974). The (-
Mg,SiO, structure was refined by Horiuchi and Sawamoto
(1981). Sawamoto and Horiuchi (1990) investigated the crys-
tal structure of B-(MgyoFe,,),Si0, and reported the preference
of Fe?* for the M1 and M3 octahedral sites over the M2 site. A
similar result was observed by Finger et al. (1993) from struc-
ture refinements of five B-(Mg,_Fe,),SiO, crystals with x rang-
ing from O to 0.4.

Several recent studies have described variants of the
wadsleyite structure. Kudoh et al. (1996) and Kudoh and Inoue
(1999) refined hydrous wadsleyite structures (Mg, SiH,,0,)
with orthorhombic Immm symmetry, whereas Smyth et
al. (1997) reported a hydrous wadsleyite structure
(Mg, 13Feq 10Aly 10S10.90H0 3604) With monoclinic 12/m symmetry.
Woodland and Angel (1998) studied the crystal structure of 3-
(FettsFedts)(SigssFedts) O, synthesized at 5.6 GPa and 1100 °C
and noted that Fe** prefers the M1 and M3 sites over the M2
site.

In this paper, we present an X-ray structure study of two -
(Mg,_Fe,),Si0, crystals, with x =0.00 and 0.25, at various pres-
sures to 10.1 GPa using the comparative high-pressure method
(Hazen 1993) to investigate the compression behavior of
wadsleyite, as well as the effects of Fe on the B-phase structure
at high pressures.

EXPERIMENTAL PROCEDURES
Both B-Mg,SiO, and B-(Mg,ssFeq.,5).S10, samples (desig-
nated as Fe0O and Fe25, respectively) used in this study were
synthesized in the High-Pressure Laboratory of SUNY at Stony
Brook, as reported by Finger et al. (1993). The Fe00 sample
was previously studied by Zha et al. (1997), who determined
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TABLE 1. Crystal data and other relevant information on -phase at various pressures

P (GPa) a(A) b (A) Cc (A) V (A%) Refls.>30 (/) R R, t Rt
Fe00
0.00 5.6978(4) 11.4620(5) 8.2571(5) 539.26(4) 236 0.028 0.036 0.045
1.30§ 5.6854(4) 11.4368(5) 8.2323(4) 535.29(5)
2.72 5.6731(4) 11.4114(4) 8.2067(4) 531.29(4) 246 0.033 0.035 0.043
3.83§ 5.6629(4) 11.3902(5) 8.1852(4) 527.95(4)
5.23 5.6515(4) 11.3688(5) 8.1630(4) 524.48(4) 247 0.030 0.037 0.044
6.80 5.6390(3) 11.3432(4) 8.1389(4) 520.60(4) 241 0.033 0.036 0.044
8.49 5.6261(4) 11.3158(6) 8.1132(5) 516.51(5) 238 0.029 0.035 0.043
10.12 5.6137(4) 11.2918(5) 8.0895(4) 512.79(5) 239 0.026 0.038 0.046
Fe25
0.00 5.7194(6) 11.5114(8) 8.3021(5) 546.59(6) 230 0.031 0.035 0.043
1.30§ 5.7075(6) 11.4854(6) 8.2768(4) 542.56(6)
2.72 5.6951(5) 11.4628(4) 8.2515(4) 538.67(5) 223 0.033 0.032 0.038
3.83§ 5.6846(6) 11.4421(6) 8.2303(4) 535.33(6)
5.23 5.6737(5) 11.4201(5) 8.2082(3) 531.85(5) 232 0.032 0.032 0.046
6.80 5.6605(5) 11.3940(5) 8.1828(4) 527.76(5) 229 0.034 0.037 0.047
8.49 5.6485(5) 11.3707(5) 8.1594(3) 524.05(5) 232 0.035 0.038 0.047
10.12 5.6365(4) 11.3464(5) 8.1358(3) 520.31(5) 229 0.029 0.035 0.046

* Residual for internal agreement of symmetry equivalent reflections.
1t R. = EW(F, — F)? / SwFo0?)°5.

t R=ZIF,— FIl/ZIF,.

§ X-ray intensity data were not collected at these pressures.

elastic constants. They also examined the sample with Raman
spectroscopy and detected no peaks characteristic of hydroxyl.
The Fe25 sample was used by Hazen et al. (1990) for com-
parative compressibility measurements and by Finger et al.
(1993) for structure refinement, which shows that the site oc-
cupancies of Fe in the M1, M2, and M3 sites are 0.288(4),
0.132(4), and 0.290(4), respectively.

In this study, the two crystals were mounted together in a
modified Merrill-Bassett diamond-anvil cell with a mixture of
4:1 methanol:ethanol as the pressure medium. Four ruby chips
(<10 um) were included as the internal pressure calibrant (Mao
et al. 1986), from which pressure was determined from the
position of the R, laser-induced fluorescence peak, with an er-
ror of approximately +0.05 GPa.

A Picker four-circle diffractometer equipped with a Mo X-
ray tube (B-filtered; A = 0.70930 A) was used for all X-ray
diffraction measurements. The fixed-¢ mode of data measure-
ment (Finger and King 1978) was employed throughout the
high-pressure experiments to maximize reflection accessibil-
ity and minimize attenuation by the diamond cell. Unit-cell
parameters were determined by fitting the positions of 14 to18
reflections with 20° < 20 < 35°, following the procedure of
King and Finger (1979). X-ray diffraction intensity data were
collected on the basis of the /-centered lattice for all accessible
reflections with 0 < 26 < 60° using ® scans of 1° width in step
increments of 0.025° and 4-s per step counting time.

The intensity data were measured at six pressures up to 10.12
GPa. At 10.12 GPa, a set of intensity data with 0° < 26 < 30°
was also collected for both crystals based on the primitive lat-
tice to check if any reflections violated the Imma symmetry;
no such reflections were detected. Digitized step data were in-
tegrated by the method of Lehmann and Larsen (1974) with
background manually reset when necessary. Corrections were
made for Lorentz and polarization effects, and for X-ray ab-
sorption by the crystal. In addition, corrections were made for
absorption by the diamond and beryllium components of the
pressure cell. Reflections having intensities greater than 26(J)
were considered as observed and were included in refinements,

where 6(/) is the standard deviation determined from the count-
ing statistics. Both ruby fluorescence peaks and X-ray diffrac-
tion peaks remained sharp to the highest pressure, suggesting
that hydrostatic conditions were maintained.

The initial structural model of wadsleyite was taken from
Finger et al. (1993). Least-squares refinements were carried
out using an updated version of RFINE4 (Finger and Prince
1975) in space group Imma. Neutral atomic scattering factors,
including anomalous dispersion corrections for Mg, Si, and O,
were taken from Ibers and Hamilton (1974). For all high-pres-
sure structure refinements, the Mg-Fe occupancies at the M1,
M2, and M3 sites for Fe25 were assumed to be the same as
those determined by Finger et al. (1993). Anisotropic refine-
ments were made for all data sets of two samples. Weighting
schemes were based on w = [6*(F) + (pF)*]™!, where p is ad-
justed to ensure that the errors were normally distributed
through probability plot analysis (Ibers and Hamilton 1974).
Type 1I isotropic extinction corrections (Becker and Coppens
1975) were applied in the refinements. Unit-cell dimensions
and final refinement statistics are reported in Table 1. Atomic
positional and isotropic displacement parameters are listed in
Table 2; selected interatomic distances, along with polyhedral
volumes and distortion indices, are presented in Table 3 and
selected interatomic angles in Table 4.

RESULTS AND DISCUSSION

Linear compressibilities and bulk moduli

All unit-cell dimensions (a, b, ¢, and V) of both Fe0O and
Fe25 decrease uniformly with increasing pressure. Furthermore,
the corresponding cell parameters of the two samples exhibit
similar compressibilities in the experimental pressure range,
supporting the conclusion of Hazen et al. (1990) that the Fe
content has little effect on the linear or bulk compressibilities
of the wadsleyite structures. The linear compressibilities of the
a, b, and ¢ dimensions (B,, By, and B.) are 0.00145(2),
0.00146(3), and 0.00200(4)/GPa, respectively, for Fe0O with
the axial compression ratios (B,: By: B.) 0f 0.99:1.00:1.37. Cor-
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responding values for Fe25 are 0.00143(3), 0.00141(3), and
0.00197(5)/GPa, with (B,: By: B.) = 1.01:1.00:1.40. Hazen et
al. (1990) attributed the relative stiffness of wadsleyite along
the a and b axes to the pseudo-layering features of the struc-
ture, with (Mg,Fe)-octahedral layers parallel to the a-b plane,
and cross-linking by Si,0, dimers along the ¢ axis. The axial
compression ratios we obtained in this study are in excellent
agreement with those determined from single-crystal X-ray dif-
fraction (Hazen et al. 1990) as well as from Brillouin spectros-
copy (Sawamoto et al. 1984; Zha et al. 1997).

We fit weighted unit-cell volume and weighted pressure data
to a third-order Birch-Murnaghan equation of state to yield: V,
=539.26(9) A%, Ky = 172(3) GPa, and K, = K/OP = 6.3(7) for
Fe00, and V, = 546.59(6) A3, K = 173(3) GPa, and K, =7.1(8)
for Fe25. These isothermal bulk moduli are comparable to the
172.5(10) and 170(2) GPa values obtained by Sawamoto et al.
(1984) and Zha et al. (1997), respectively, from Brillouin-scat-
tering measurements, and the 172(2) GPa value reported by Li
et al. (1996, 1998) on single-crystal FeOO wadsleyite. Single-
crystal X-ray diffraction data up to 4.51 GPa reported by Hazen

et al. (1990), and reanalyzed by Jeanloz and Hazen (1991) by
means of finite-strain analysis, yield bulk moduli of 165(3) and
170(1) GPa for Fe00 and Fe25, respectively. Gwanmesia et al.
(1990) report slightly lower bulk moduli of 164.4 to 168.8(8)
GPa from ultrasonic measurements of polycrystalline FeOO
wadsleyite.

Values of Ky, > 6 reported here, though not well constrained
by only seven high-pressure data, are significantly greater than
the K < 5 cited in several previous studies (Sawamoto et al.
1984; Gwanmesia et al. 1990; Jeanloz and Hazen 1991; Zha et
al. 1997; Li et al. 1998). The reasons for these differences may
reflect a gradual change in compression mechanisms with in-
creasing pressure, or small, systematic errors in pressure cali-
bration at the highest pressures of this study. These uncertainties
do not affect the structural results of this study, but further equa-
tion-of-state measurements may be warranted.

Structural variations of $-Mg,SiO, with pressure

The wadsleyite structure is based on close-packing of cat-
ion polyhedra and features extensive edge-sharing of divalent

TABLE 2. Atomic positional coordinates and isotropic displacement factors for (Mg,Fe),SiO, wadsleyite at various pressures

P (GPa) 0.00 2.72 5.23 6.80 8.49 10.12
Fe00
M1 By, 0.45(7) 0.47(7) 0.51(7) 0.43(7) 0.54(7) 0.49(7)
M2 z 0.9698(5) 0.9708(5) 0.9711(4) 0.9715(4) 0.9713(4) 0.9716(4)
Bio 0.46(6) 0.48(6) 0.48(6) 0.46(6) 0.43(6) 0.45(6)
M3 y 0.1269(3) 0.1274(2) 0.1273(2) 0.1273(2) 0.1275(2) 0.1270(2)
Bio 0.59(5) 0.57(4) 0.58(5) 0.56(4) 0.54(4) 0.52(5)
Si y 0.1199(2) 0.1201(2) 0.1199(1) 0.1199(2) 0.1199(1) 0.1199(2)
z 0.6165(2) 0.6170(2) 0.6170(2) 0.6173(2) 0.6173(2) 0.6173(2)
By, 0.26(4) 0.27(4) 0.29(4) 0.30(3) 0.26(3) 0.26(4)
o1 z 0.2182(9) 0.2197(9) 0.2204(8) 0.2203(9) 0.2208(9) 0.2208(9)
Bio 0.47(11) 0.47(10) 0.48(12) 0.50(11) 0.47(10) 0.46(11)
02 z 0.7157(8) 0.7162(8) 0.7184(7) 0.7173(8) 0.7192(8) 0.7201(8)
Bio 0.48(10) 0.53(10) 0.42(10) 0.44(10) 0.47(11) 0.41(10)
o3 y 0.9898(4) 0.9890(4) 0.9900(4) 0.9905(4) 0.9907(4) 0.9914(4)
z 0.2565(7) 0.2557(8) 0.2549(6) 0.2546(7) 0.2550(7) 0.2545(7)
Bio 0.54(9) 0.50(9) 0.51(8) 0.53(9) 0.51(9) 0.46(10)
04 x 0.2601(5) 0.2597(5) 0.2601(5) 0.2596(5) 0.2591(5) 0.2589(6)
y 0.1226(4) 0.1216(4) 0.1226(3) 0.1221(3) 0.1222(3) 0.1228(4)
z 0.9931(4) 0.9928(4) 0.9927(4) 0.9929(4) 0.9929(4) 0.9936(4)
Biso 0.46(6) 0.51(5) 0.56(6) 0.43(6) 0.49(6) 0.43(5)
Fe25
M1 By, 0.60(7) 0.68(7) 0.62(6) 0.51(6) 0.59(7) 0.48(6)
M2 z 0.9706(4) 0.9711(3) 0.9709(3) 0.9707(4) 0.9719(4) 0.9719(4)
Bio 0.64(7) 0.69(6) 0.52(6) 0.56(6) 0.67(7) 0.63(7)
M3 y 0.1255(2) 0.1254(2) 0.1256(2) 0.1253(2) 0.1257(2) 0.1254(2)
Biso 0.66(4) 0.58(5) 0.48(4) 0.50(4) 0.56(4) 0.61(4)
Si y 0.1209(2) 0.1209(2) 0.1211(2) 0.1208(2) 0.1209(2) 0.1211(2)
z 0.6166(3) 0.6170(2) 0.6171(2) 0.6172(2) 0.6171(2) 0.6175(2)
Biso 0.37(4) 0.31(3) 0.35(4) 0.35(4) 0.31(4) 0.31(4)
o1 z 0.2174(9) 0.2206(7) 0.2207(8) 0.2217(8) 0.2220(9) 0.2222(8)
Bio 0.64(15) 0.47(14) 0.63(12) 0.53(12) 0.54(12) 0.50(13)
02 z 0.7163(9) 0.7179(7) 0.7184(7) 0.7187(8) 0.7193(8) 0.7198(8)
Bio 0.63(15) 0.54(13) 0.48(12) 0.52(12) 0.56(13) 0.49(14)
03 y 0.9875(5) 0.9888(4) 0.9887(4) 0.9887(5) 0.9887(5) 0.9886(4)
z 0.2563(7) 0.2565(6) 0.2554(6) 0.2556(7) 0.2542(7) 0.2544(6)
By, 0.47(12) 0.66(11) 0.55(12) 0.67(11) 0.68(11) 0.58(11)
04 x 0.2626(8) 0.2633(6) 0.2623(7) 0.2624(8) 0.2622(8) 0.2613(7)
y 0.1231(5) 0.1232(6) 0.1239(4) 0.1238(4) 0.1247(4) 0.1248(4)
z 0.9924(4) 0.9918(3) 0.9924(3) 0.9925(4) 0.9924(4) 0.9925(3)
Bio 0.53(7) 0.49(6) 0.53(6) 0.50(6) 0.47(7) 0.56(6)

Note: The following constraints apply to some atomic positional coordinates: x=y=z=0 for M1; x=0 and y = 1/4 for M2, O1, and O2; x=z=1/4
for M3; x = 0 for Si and O3.
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TABLE 3. Interatomic distances(A) and octahedral distortion indices of (Mg,Fe),SiO, Wadsleyite at various pressures

P(GPa) 0.00 2.72 5.23 6.80 8.49 10.12
Fe00
M1-03 X2 2.121(6) 2.102(7) 2.084(5) 2.075(6) 2.072(6) 2.061(6)
M1-04 X4 2.043(4) 2.025(4) 2.027(3) 2.016(3) 2.010(3) 2.009(4)
Avg. 2.069 2.051 2.046 2.036 2.031 2.027
PV 11.74(3) 11.41(3) 11.34(3) 11.18(3) 11.10(3) 11.04(3)
QE 1.0046(2) 1.0053(2) 1.0044(2) 1.0043(2) 1.0042(1) 1.0034(1)
AV 13.6(2) 15.9(3) 14.0(2) 13.4(2) 12.9(2) 10.7(2)
M2-O1 2.051(9) 2.043(8) 2.035(7) 2.025(8) 2.024(8) 2.016(8)
M2-02 2.098(8) 2.089(8) 2.063(7) 2.069(7) 2.045(7) 2.034(7)
M2-04 X4 2.089(4) 2.086(4) 2.071(3) 2.068(3) 2.061(3) 2.051(4)
Avg 2.084 2.079 2.064 2.061 2.052 2.042
PV 11.97(4) 11.89(4) 11.63(3) 11.59(3) 11.44(3) 11.27(3)
QE 1.0058(3) 1.0051(2) 1.0050(2) 1.0049(2) 1.0050(2) 1.0052(2)
AV 20.6(5) 18.0(4) 17.7(4) 17.1(4) 17.4(4) 18.2(4)
M3-O1 X2 2.022(3) 2.008(2) 2.000(2) 1.996(2) 1.989(2) 1.989(2)
M3-03 X2 2.122(4) 2.123(4) 2.106(4) 2.097(4) 2.092(4) 2.077(4)
M3-04 X2 2.123(3) 2.112(3) 2.102(3) 2.094(3) 2.087(3) 2.075(3)
Avg. 2.089 2.081 2.069 2.062 2.056 2.047
PV 12.04(2) 11.91(2) 11.72(2) 11.60(2) 11.50(2) 11.35(2)
QE 1.0067(2) 1.0067(2) 1.0060(2) 1.0059(2) 1.0059(2) 1.0054(2)
AV 22.0(4) 21.5(4) 19.2(3) 19.2(4) 19.0(4) 17.8(4)
Si-02 1.701(4) 1.691(4) 1.695(3) 1.685(4) 1.688(3) 1.688(4)
Si-03 1.637(6) 1.625(6) 1.629(5) 1.630(5) 1.625(5) 1.629(5)
Si-04 X2 1.640(3) 1.634(3) 1.625(3) 1.626(3) 1.624(3) 1.624(3)
Avg 1.654 1.646 1.644 1.642 1.640 1.641
PV 2.312(8) 2.279(8) 2.268(7) 2.259(8) 2.254(8) 2.259(8)
QE 1.0038(2) 1.0033(2) 1.0036(2) 1.0035(2) 1.0034(2) 1.0034(2)
AV 15.1(5) 13.0(4) 14.2(3) 14.0(4) 13.3(4) 13.4(5)
Fe25
M1-03 X2 2.133(6) 2.120(5) 2.100(5) 2.095(6) 2.078(6) 2.074(5)
M1-0O4 X4 2.066(5) 2.061(5) 2.054(4) 2.049(5) 2.051(5) 2.044(4)
Avg 2.088 2.081 2.070 2.065 2.060 2.054
PV 12.04(4) 11.92(4) 11.74(3) 11.65(3) 11.58(3) 11.48(3)
QE 1.0057(2) 1.0055(2) 1.0048(2) 1.0048(2) 1.0044(2) 1.0043(1)
AV 18.0(3) 17.3(3) 15.5(2) 15.5(3) 14.9(3) 14.5(2)
M2-01 2.049(9) 2.059(6) 2.050(7) 2.054(7) 2.041(8) 2.036(7)
M2-02 2.111(8) 2.089(6) 2.073(6) 2.062(7) 2.061(7) 2.051(7)
M2-O4 X4 2.103(5) 2.095(5) 2.078(4) 2.075(5) 2.062(5) 2.053(4)
Avg 2.095 2.088 2.073 2.069 2.058 2.050
PV 12.17(4) 12.05(4) 11.78(3) 11.72(4) 11.54(4) 11.40(3)
QE 1.0054(2) 1.0048(2) 1.0052(2) 1.0053(2) 1.0049(2) 1.0049(2)
AV 18.7(4) 17.1(3) 18.6(3) 19.0(4) 17.6(4) 17.5(3)
M3-01 X2 2.043(2) 2.031(2) 2.022(2) 2.019(2) 2.011(2) 2.009(2)
M3-03 X2 2.138(5) 2.117(4) 2.111(4) 2.104(5) 2.103(5) 2.097(4)
M3-04 X2 2.140(3) 2.132(3) 2.116(3) 2.108(3) 2.103(3) 2.096(2)
Avg 2.107 2.093 2.083 2.077 2.072 2.067
PV 12.35(2) 12.14(2) 11.96(2) 11.86(2) 11.78(2) 11.70(2)
QE 1.0068(2) 1.0056(2) 1.0055(2) 1.0051(2) 1.0050(2) 1.0049(2)
AV 22.3(4) 18.0(3) 17.7(3) 16.7(3) 16.0(3) 16.0(3)
Si-02 1.701(4) 1.698(4) 1.691(4) 1.690(4) 1.688(4) 1.683(4)
Si-03 1.634(6) 1.634(5) 1.633(5) 1.625(6) 1.630(6) 1.623(5)
Si-04 X2 1.632(5) 1.620(3) 1.621(4) 1.617(4) 1.614(4) 1.616(4)
Avg 1.650 1.643 1.642 1.637 1.636 1.635
PV 2.294(9) 2.266(7) 2.260(8) 2.243(9) 2.237(9) 2.231(8)
QE 1.0032(3) 1.0033(3) 1.0033(2) 1.0034(2) 1.0038(2) 1.0037(2)
AV 12.8(5) 12.4(4) 13.0(4) 13.4(5) 15.0(5) 14.6(5)

Notes: PV = polyhedral volume (A®); QE = quardratic elongation; AV = angle variance (Robinson et al. 1971).
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TABLE 4. Interatomic angles in (Mg,Fe),SiO, wadsleyite at vari-
ous pressures
P (GPa) 0.00 2.72 5.23 6.80 8.49 10.12
Fe00
03-M1-04  93.8(1) 94.0(1) 93.8(1) 93.7(1) 93.6(1) 93.3(1)
03-M1-04' 86.2(1) 86.0(1) 86.2(1) 86.3(1) 86.4(1) 86.7(1)
04-M1-04' 87.0(2) 86.6(2) 87.0(2) 86.9(2) 87.0(2) 87.3(2)
04-M1-04' 93.0(2) 93.4(2) 93.0(2) 93.1(2) 93.0(2) 92.7(2)
01-M2-O4 84.7(1) 85.0(1) 85.1(1) 85.2(1) 85.1(1) 85.0(1)
02-M2-04 95.3(1) 95.0(1) 94.9(1) 94.8(1) 94.9(1) 95.0(1)
04-M2-04' 90.3(2) 89.9(2) 90.4(2) 90.1(2) 90.0(2) 90.2(2)
04-M2-O4" 88.7(2) 89.3(2) 88.7(2) 89.1(2) 89.1(2) 88.9(2)
01-M3-01  91.5(2) 91.7(1) 91.6(1) 91.6(1) 91.6(1) 91.4(1)
01-M3-03  92.7(1) 92.8(1) 92.6(1) 92.5(1) 92.4(1) 92.3(1)
01-M3-04' 84.6(2) 85.2(2) 85.2(2) 85.2(2) 85.3(2) 85.1(2)
01-M3-04" 97.3(2) 97.3(2) 96.8(2) 97.0(2) 97.0(2) 96.8(2)
03-M3-03  84.4(2) 83.9(2) 84.3(2) 84.5(2) 84.5(2) 85.0(2)
03-M3-04 91.5(2) 90.9(2) 91.1(2) 90.8(2) 90.8(2) 91.0(2)
03-M3-04' 86.5(2) 86.4(2) 86.8(2) 86.8(2) 86.7(2) 87.1(2)
02-Si-03  111.4(3) 111.2(3) 110.8(3) 111.3(3) 111.1(3) 111.0(3)
02-Si-04  104.4(2) 104.8(2) 104.6(2) 104.7(2) 104.8(2) 104.8(2)
03-Si-04  111.6(2) 111.3(2) 111.6(2) 111.4(2) 111.3(2) 111.5(2)
04-Si-04'  112.9(2) 113.1(2) 113.1(2) 113.0(2) 113.2(2) 112.9(3)
Fe25
03-M1-04  94.5(1) 94.3(1) 94.2(1) 94.1(1) 94.2(1) 94.2(1)
03-M1-04' 85.5(1) 85.7(1) 85.8(1) 85.9(1) 85.8(1) 85.8(1)
04-M1-O4 86.8(3) 86.6(3) 87.2(2) 87.1(3) 87.6(3) 87.8(2)
04-M1-04' 93.2(3) 93.4(3) 92.8(2) 92.9(3) 92.4(3) 92.2(2)
01-M2-04 85.4(1) 85.3(1) 85.1(1) 85.1(1) 85.3(1) 85.3(1)
02-M2-04  94.6(1) 94.7(1) 94.9(1) 94.9(1) 94.7(1) 94.7(1)
04-M2-04' 91.8(3) 91.4(3) 91.5(2) 91.4(3) 91.8(3) 91.7(2)
04-M2-O4" 87.4(3) 87.8(3) 87.7(2) 87.7(3) 87.4(3) 87.6(2)
01-M3-01  90.8(1) 90.6(1) 90.7(1) 90.5(1) 90.7(1) 90.5(1)
01-M3-03  93.2(1) 93.0(1) 92.9(1) 93.0(1) 92.9(1) 92.9(1)
01-M3-0O4 84.2(3) 85.1(2) 84.9(2) 85.1(2) 85.0(2) 84.9(2)
01-M3-04' 96.4(3) 95.9(2) 95.9(2) 95.6(2) 95.4(3) 95.4(2)
03-M3-03' 84.4(2) 84.6(2) 84.5(2) 84.6(2) 84.4(2) 84.5(2)
03-M3-04 92.8(2) 92.3(2) 92.1(2) 92.2(2) 92.0(2) 92.0(2)
03-M3-04' 86.6(2) 86.7(2) 87.1(2) 87.1(2) 87.6(2) 87.7(2)
02-Si-03  110.9(3) 110.9(3) 110.7(3) 110.7(3) 110.3(3) 110.4(3)
02-Si-04  104.7(2) 104.9(3) 104.8(2) 104.7(2) 104.5(2) 104.6(2)
03-Si-04  111.7(2) 111.5(2) 111.7(2) 111.8(2) 112.2(2) 112.1(2)
04-Si-04'  112.8(3) 112.7(2) 112.6(2) 112.5(3) 112.7(3) 112.7(2)

cation octahedra. This topology provides little opportunity for
bending of cation-oxygen-cation angles. Variations of the
wadsleyite structure with pressure, therefore, are best analyzed
in terms of the sizes and distortion indices of its four sym-
metrically independent cation-oxygen polyhedra: octahedral
M1, M2, and M3, and tetrahedral Si. All Mg-O bonds in all
three MgOs octahedra display significant compression. Varia-
tions of mean Mg-O distances for the three octahedra (Fig. 1)
are the same within experimental error, yielding average linear
compressibilities of 0.0023(1), 0.0024(2), and 0.0022(1)/GPa
for Mg-O bonds in M1, M2, and M3, respectively. The tetrahe-
dron is significantly more rigid, with mean Si-O compressibil-
ity of 0.00095/GPa. Corresponding polyhedral bulk moduli are
146(8), 137(13), 149(7), and 350(60) GPa for M1, M2, M3,
and Si, respectively. These values are similar to the average
polyhedral bulk moduli of Mg,SiO, forsterite: =130 GPa for
Mg octahedra and >300 GPa for Si tetrahedra, as reported by
Hazen and Finger (1980).

Individual Mg-O bonds display significant differences in
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their compressibilities. In the M1 octahedron, for example, the
compressibilities of two longer M1-O3 bonds, which are
roughly parallel to the ¢ axis, are 0.0028(2)/GPa. Note that O3
is significantly overbonded, to two Si and one M1 —a situation
that often results in relatively long, weak, and compressible
bonds. By contrast, the compressibilities of four shorter M1-
04 bonds, roughly perpendicular to the ¢ axis, are 0.0016(2)/
GPa. The polyhedral distortion indices of the M1 octahedron
decrease slightly as a consequence of this differential compres-
sion.

A similar situation obtains for the M2 octahedron. The com-
pressibility of the longest Mg-O bond, M2-02, which is strictly
parallel to the c axis, is 0.0030(2)/GPa, compared to the 0.0018/
GPavalue for four M2-O4 bonds and 0.0017/GPa for one M2-
O1 bond. As in the M1 octahedron, the polyhedral distortion
indices decrease slightly, reflecting the increased regularity of
the bond distances.

Likewise for M3, two M3-04 bonds which are approxi-
mately parallel to the ¢ axis are also the longest and most com-
pressible Mg-O bonds [0.0022(2)/GPa], compared to 0.0016
and 0.0021 for two M3-O1 and two M3-03 bonds, respectively.
Once again, polyhedral distortion indices decrease slightly with
pressure.

These differences in individual octahedral bond compressibilities
contribute significantly to the anisotropic compression of the
wadsleyite unit cell. In all three octahedra, bonds approximately
parallel to the ¢ axis are most compressible. In contrast to bond
distances, all of which display significant compression, no sig-
nificant changes (i.e., variations > £0.5°) are observed for any
of the internal O-Mg-O octahedral angles.

Individual silicate tetrahedra are relatively incompressible
compared to octahedra, and they behave as rigid structural units.
The Si,0; dimer, however, is somewhat flexible at the O2 bridg-
ing atom, as measured by the Si-O2-Si angle. This angle de-
creases by 1.4°, from 122.4(4)° to 121.0(4)°, between 0 and
10.12 GPa. This decrease in Si-O-Si angle with pressure is
analogous to the angle bending that occurs in many framework
silicates with increasing pressure (e.g., Hazen and Finger 1985).
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FIGURE 1. Octahedral volumes versus pressure for the M1, M2,
and M3 sites of B-Mg,SiO,.
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Structural variations of Fe25 wadsleyite

Structural variations of Fe25 wadsleyite with pressure are,
in most respects, qualitatively similar to those of Fe00. As in
Fe00, the octahedral (Mg,Fe)-O bonds that are roughly paral-
lel to the ¢ axis are, in all cases, both the longest and the most
compressible. Furthermore, distortion indices in all three octa-
hedra decrease with increasing pressure. As in Fe00, the sili-
cate tetrahedron of Fe25 acts as a rigid unit, while the Si-O2-Si
angle of the silicate dimer decreases from 121.4(5)° to
120.7(4)°.

The high-pressure behaviors of Fe00 and Fe25 wadsleyites
differ in at least one important respect, however. In the Mg end
member, the three octahedra display the same bulk moduli
within experimental error:146(8), 137(13), and 149(7) GPa for
M1, M2, and M3, respectively. In Fe25, by contrast, octahe-
dral bulk moduli differ significantly (Fig. 2): values are 188(15),
126(10), and 166(6) GPa for these three octahedra, respectively.
These differences correlate with Mg-Fe ordering in a curious
way. In most instances of Mg-Fe solid solution, end members
with longer Fe?*-O distances tend to be more compressible than
those with shorter Mg-O bonds (Hazen 1993), in accord with
bulk modulus-volume systematics for cation-anion polyhedra
(e.g., Hazen and Finger 1982). By contrast, in wadsleyite the
relatively Mg-rich M2 octahedron, with a refined composition
of (Mg s;Fe3), is significantly more compressible than octa-
hedra of end-member 3-Mg,SiO,. M2 is also significantly more
compressible than the relatively Fe-enriched M1 and M3 octa-
hedra, which both have compositions of ~(Mg,; Fe,). Pos-
sible reasons for this anomaly are considered in the following
section.

Fe-Mg ordering in wadsleyite

The tendency for Fe to occupy M1 and M3 preferentially
over M2 has been well documented, but poorly understood. In
Fe-Mg silicates iron typically prefers larger octahedral sites,
with a secondary tendency to partition into more distorted oc-
tahedra as a result of crystal field splitting energy. However,
Finger et al. (1993) noted that the observed ordering sequence
for Fe: M3 > M1 >> M2 correlates with neither the room-pres-
sure polyhedral volumes, nor with the octahedral distortion
parameters. In both Fe00 and Fe25, M3 is the largest and most
distorted site, and so one can rationalize its Fe enrichment. But
at room pressure M1 in both Fe0O and Fe25 is smaller than
M2, while octahedral distortions are greater or equal in M2,
depending on composition. Thus, based on room-pressure data
alone, there is no obvious reason why Fe should prefer M1
over M2.

A possible explanation for concentration of Fe in M1 rela-
tive to M2 is revealed by the fact that M2 is significantly more
compressible than M1. At room pressure the M1 octahedron of
Fe25 is smaller than M2, but their volumes cross over at about
8 GPa and above that pressure M2 is the smallest octahedron
(Fig. 2). Temperature variations of the structure of an Fe-bear-
ing wadsleyite have yet to be determined, but it seems likely
that at the conditions of Fe25 synthesis (15.5 GPa and 1800
°C) M1 is significantly larger than M2, and thus the more likely
repository for iron. Fe-Mg distribution in wadsleyite, there-
fore, may represent an example of pressure-induced ordering

(Hazen and Navrotsky 1996), and site occupancies may be a
function of synthesis conditions. Investigation of the structure
of Fe-bearing wadsleyite in situ at high pressure and tempera-
ture would be especially useful in this regard.

In spite of this plausible explanation for the observed Mg-
Fe ordering, the question remains why the presence of 25% Fe
in octahedral sites should so dramatically alter the details of
polyhedral compression. In Fe00, all three octahedra have bulk
moduli consistent with 144 + 6 GPa. The Fe-enriched M1 and
M3 octahedra of Fe25, however, are much stiffer, with average
bulk moduli more than 20% greater. These anomalous values
are inconsistent with polyhedral bulk modulus-volume system-
atics. [Significant Fe** could increase the octahedral bulk moduli
of wadsleyite, but Mdssbauer spectroscopic analysis (Finger
et al. 1993) indicates the presence of only minor ferric iron in
this sample.]

One possible explanation for the relative incompressibility
of Fe-enriched M1 and M3 in Fe25 wadsleyite is related to the
observation that 25% Fe is close to the maximum Fe content
stable in B-(Mg,Fe),SiO, at the high pressure of synthesis. The
relatively rigid Si,O, dimer constrains the size of adjacent edge-
sharing octahedra. Consequently, the average room-pressure
octahedral M-O distance in Fe25 wadsleyite (correcting for
bond and site multiplicities) is 2.100 A, which is unusually
short for an average composition of (Mg, ;sFe,,s). By contrast,
the average M-O octahedral distance in an olivine of the same
composition is 2.126 A. Perhaps under decompression, as Mg-
Fe octahedra attempt to expand significantly more than sili-
cate tetrahedra, the structure becomes internally strained owing
to polyhedral misfit. Fe-enriched sites become, in effect, “over-
stuffed” under decompression, and thus are anomalously stiff
compared to Fe sites in lower-pressure phases like olivine. This
anomalous stiffening of polyhedra with the largest (and intrin-
sically most compressible) cations, may represent an interme-
diate decompression behavior. At the extreme, such differential
polyhedral expansion on decompression can lead to internal
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FIGURE 2. Octahedral volumes versus pressure for the M1, M2,
and M3 sites of B-(MgosFe2s),Si0,. Note the volume cross-over of
M1 and M2 at ~8 GPa.
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strains sufficient to disrupt the crystalline structure, as in the
case of decompression amorphization of CaSiO; perovskite (Liu
and Ringwood 1975).

CONCLUSIONS

This investigation of the wadsleyite structure at high pres-
sure reinforces some of the most general trends observed in
other orthosilicate studies. As in other high-pressure structural
investigations of orthosilicates, including olivines, silicate
spinels, zircon, garnets, and aluminosilicates, silicate tetrahe-
dra behave as relatively rigid structural units with polyhedral
bulk moduli >300 GPa, while larger cation polyhedra are more
compressible and dictate the bulk modulus of the crystal. As in
other studies, changes in octahedral and tetrahedral distortion
indices are relatively small in the room pressure to 10 GPa
range. And, as has been often documented in other structures,
angles between corner-linked polyhedra, such as the Si-O2-Si
angle in wadsleyite, decrease significantly more with pressure
than other M-O-M angles.

But this work also reveals complexities not easily explained
by prevailing high-pressure crystal-chemical systematics, which
have been formulated primarily from data on crystals stable at
crustal pressures. The seemingly anomalous compressibilities
of the Fe-enriched M1 and M3 sites of Fe25 wadsleyite, along
with similar anomalies in Mg-Fe silicate spinels (Hazen 1993),
point to the need for additional studies. High-pressure struc-
ture investigations should be conducted on other crystals
quenched metastably from high pressure. Such quenched phases
might also display anomalously incompressible “over-stuffed”
polyhedra. By the same token, the structures and elastic prop-
erties of wadsleyite and other high-pressure phases need to be
examined in situ, in their high-pressure and high-temperature
regions of stability. At such conditions, differential thermal
expansion and compression of constituent polyhedra may lead
to reduced internal strain, which, in turn, might result in modi-
fied elastic moduli that are more appropriate to evaluating
models of Earth’s deep interior.
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