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Abstract Wadsleyite II is a variably hydrous 
magnesium-iron silicate phase similar to spinelloid 
IV and a potential host for H in the Transition Zone 
of the Earth’s mantle. Two separate samples of 
wadsleyite II synthesized at 17.5 GPa and 1400ºC 
and at 18 GPa and 1350ºC have been characterized 
by electron microprobe, single-crystal X-ray 
diffraction, visible, IR, Raman, and Mössbauer 
spectroscopies, and transmission electron 
microscopy including electron energy-loss 
spectroscopy. The two samples have chemical 
formulae: Mg1.71Fe0.18Al0.01H0.33Si0.96O4 and 
Mg1.60Fe0.22Al0.01 H0.44Si0.97O4. Mössbauer 
spectroscopy and electron energy loss spectroscopy 
(EELS) indicate that about half of the iron present 
is ferric. Refinement of the structures shows them 
to be essentially the same as spinelloid IV. 
Calculated X-ray powder diffraction patterns show 
only subtle differences between wadsleyite and 
wadsleyite II. The hydration mechanism appears to 
be protonation of the non-silicate oxygen (O2) and 
possibly the oxygens surrounding the partially 
vacant tetrahedral site Si2, charge-balanced by 
cation vacancies in Si2, M5 and M6. The unit cell 
volume of this phase and its synthesis conditions 
indicate that it may be an intermediate phase 

occurring between the fields of wadsleyite and 
ringwoodite, if sufficient trivalent cations are 
available. The unit cell parameters have been 
refined at pressures up to 10.6 GPa by single-crystal 
X-ray diffraction in the diamond anvil cell. The 
refined bulk modulus for the sample containing 2.8 
wt% H2O is 145.6 ± 2.8 GPa with a K’ of 6.1 ± 0.7. 
Similar to wadsleyite and ringwoodite, hydration 
has a large effect on the bulk modulus. The 
presence of this phase in the mantle could serve to 
obscure the seismic expression of the phase 
boundary between wadsleyite and ringwoodite near 
525 km. The large apparent effect of hydration on 
bulk modulus is consistent with hydration having a 
larger effect on seismic velocities than temperature 
in the Transition Zone. 
____________________ 
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Figure 1. The crystal structure of wadsleyite II (Spinelloid IV) (1 0 1) projection, b-horizontal). As in ringwoodite and 
wadsleyite, tetrahedra do not share edges with octahedra, whereas they do in olivine. Of the three distinct Si sites, Si1 is 
an isolated SiO4 group, whereas Si2 and Si3 form an Si2O7 group, with a bridging oxygen, O2. Overbonding of the O2, 
together with Si-Si repulsion, causes severe distortion of the tetrahedra with the Si to O2 distances being among the 
longest recorded for any silicate tetrahedra at more than 1.70Å. The underbonded non-silicate oxygen, O1, (small circle) 
is a potential site for protonation.  
ntroduction  

Approximately 65% of the total mass of the Earth is 
omposed of silicate rocks of the mantle and crust in 
hich the only significant anionic species is oxygen. 
ulk hydrogen content is perhaps the most poorly 
onstrained compositional variable in the planet, and the 
otal water content of the planet is known only to within 
n order of magnitude (Drake and Righter, 2002).  
livine, generally believed to be the most abundant 
ineral phase in the upper 400 km, can incorporate up to 

000 ppm by weight H2O (Kohlstedt et al., 1996) at 13 
Pa and 1100ºC.  The maximum water content of 
yroxenes is not known, but natural clinopyroxenes have 
een reported with up to about 1800 ppm OH (Rossman 
nd Smyth, 1990; Smyth et al. 1991). In the Transition 
one (410-660 km), studies of synthetic wadsleyite (β-
g2SiO4) suggest that the mineral can incorporate up to 

bout 3.3 wt % H2O, (Kohlstedt et al. 1996; Inoue et al. 
995), and synthetic ringwoodite (γ-Mg2SiO4) has been 
eported with up to about 2.2 wt% (Kohlstedt et al. 1996; 
udoh et al. 2000). Thus, if saturated, these nominally 

nhydrous phases can incorporate at least ten times the 
mount of water in the planet’s oceans and conceivably 
ould constitute the planet's largest reservoir of water as 
ydroxyl in solid silicates. 

Wadsleyite II is a spinelloid phase similar in structure 
to spinelloid IV described in the nickel aluminosilicate 
system by Horioka et al. (1981). Akaogi et al. (984) 
report five different spinelloid phases (I through V) 
occurring with increasing pressure in this system with 
compositions between NiAl2O4 and Ni2SiO4. Spinelloids 
I and II occur only in high alumina compositions. 
Spinelloid III is isostructural with wadsleyite. It is 
observed in magnesium-iron silicate systems with 
compositions from Mg2SiO4 to approximately 
(Mg0.6Fe0.4)2SiO4 at pressures of 13 to 18 GPa, in the 
Fe3O4 - Fe2SiO4 system at pressures up to 10 GPa (Koch 
et al, 2003) and in the nickel aluminosilicate system with 
compositions near 0.4(NiAl2O4)-0.6(Ni2SiO4). Spinelloid 
V occurs at the highest pressures in both the nickel 
aluminosilicate and the magnetite-fayalite systems, but 
has not been observed in the MgAl2O4-Mg2SiO4 system 
or in likely mantle compositions. Smyth and Kawamoto 
(1997) reported the synthesis of hydrous wadsleyite II of 
possible mantle composition and determined and refined 
its crystal structure. The structure is similar to that of 
spinelloid IV described by Horioka et al. (1981). Prior to 
the report by Smyth and Kawamoto (1997), it had only 
been reported in the nickel aluminosilicate system with 
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compositions near 0.6(NiAl2O4)-0.4(Ni2SiO4) and 
pressures of 5 to 8 GPa. 

Although nominally anhydrous, the spinelloids and 
silicate spinels can incorporate significant amounts of 
hydroxyl. Smyth (1987) predicted that wadsleyite 
(spinelloid III) might contain significant hydroxyl, and 
the synthetic phase has since been reported with up to 3.3 
percent H2O by weight (Inoue et al., 1995; Kohlstedt et 
al., 1996). Synthetic ringwoodite (spinel) has been 
reported with up to 2.2 percent H2O by weight 
(Kohlstedt et al, 1996). The incorporation of H in both of 
these structures appears to be compensated principally by 
octahedral site vacancies (Smyth, 1996, Smyth et al., 
2003).  

Wadsleyite has only Si2O7 groups and no isolated 
silicate tetrahedra. Wadsleyite II (spinelloid IV), 
however, has one-fifth of its Si in isolated tetrahedra, and 
four fifths in Si2O7 groups.  Wadsleyite II is slightly 
denser than wadsleyite, and in the nickel aluminosilicate 
system spinelloid IV occurs at pressures slightly higher 
than spinelloid III. Similarly, the synthesis experiments 
reported here were performed at pressures very close to 
the wadsleyite-ringwoodite transition. The duration of 
the heating cycle in the wadsleyite II synthesis 
experiments was somewhat longer (18 to 22 h) than 
those common for ringwoodite or wadsleyite syntheses 
(2 to 8 h).  Although, the wadsleyite II contains relatively 
high proportions of ferric iron with Fe2+/Σ Fe = ~50%, it 
still occurs in possible mantle compositions. Also, Al3+ 
may play the same role as Fe3+ and help to stabilize the 
structure.  It is therefore possible that wadsleyite II may 
occur in the Transition Zone between the upper 
(wadsleyite) and lower (ringwoodite) fields and may 
serve to obscure the transition at 525 km.  Also, iron-
bearing wadsleyite II is very similar to wadsleyite in 
color (deep green) and in its X-ray powder diffraction 
pattern so that it can be very easily overlooked in 
experimental synthesis runs.   
 
In order to characterize this potentially important phase 
we have carried out further crystal structure refinements, 
performed high-resolution transmission electron 
microscopy with Si and Fe ELNES spectra, measured 
polarized IR spectra from oriented single crystals, 
measured Raman and Mössbauer spectra, and calculated 
X-ray powder diffraction patterns.  A major aim here is 
to facilitate recognition of this phase in high-pressure 
synthesis experiments.  Like ringwoodite and wadsleyite, 
this is a potentially hydrous phase that can incorporate 
significant amounts of hydroxyl. In order to understand 
its possible importance in the Transition Zone we have 
conducted single-crystal compression experiments to 
measure its bulk modulus and the possible effects of H 
on the bulk modulus. 

Experimental Methods and Results 

Synthesis and Composition 

Smyth and Kawamoto (1997) reported details of the 
synthesis and room pressure characterization of the 
material.  Briefly, sample 1 was synthesized at 17.5 GPa 
and 1400ºC and sample 2 at 18 GPa and 1350ºC.  The 
starting material for both was a mixture of Mg-free KLB-
1 (Kawamoto, 2004) peridotite gel, Mg(OH)2 (brucite), 
and FeO (wüstite) to give a Fe/(Fe + Mg) atomic ratio of 
17.8 percent and bulk H2O content of 12.8 percent by 
weight. The run (heating) duration was approximately 
twenty hours. The capsule contained crystals of hydrous 
wadsleyite II up to 400 µm in size plus minor amounts of 
majoritic garnet. The crystals were analyzed by electron 
microprobe and by IR spectroscopy and SIMS for H2O. 
The compositions are approximately Fo90 and Fo88 with 
2.1 and 2.8 wt % H2O, respectively. The chemical 
formulas of the two samples are Mg1.71Fe0.18Al0.01 
H0.33Si0.96O4 and Mg1.60Fe0.22Al0.01H0.44Si0.97O4 (Smyth 
and Kawamoto, 1997). The crystals have the same dark 
green color as wadsleyite and are optically biaxial and 
slightly pleochroic, which makes them practically 
indistinguishable from ordinary wadsleyite. Smyth and 
Kawamoto (1997) report unit cell parameters for crystals 
from two different synthesis runs and a complete crystal 
structure refinement for one of the samples.  

 

X-ray Single-Crystal Diffraction 

A crystal structure determination of the first sample 
was reported by Smyth and Kawamoto (1997) (Fig. 1).  
Because this structure contained an unusual disordered 
position with partially occupied adjacent (face-sharing) 
octahedral and tetrahedral sites we refined the structure 
of the second sample to see if the same type of disorder 
could be observed.  X-ray diffraction studies on the 
wadsleyite II samples for crystal structure and 
compression were preformed on a Siemens/Bruker P4 
automated diffractometer with an 18 KW rotating Mo 
anode source operating at 50 KV and 250 mA.  X-ray 
diffraction intensities were measured using θ-2θ scans, 
and variable scan speeds ranging from 2º to 10º 2θ per 
minute. A quadrant of reciprocal space was measured 
with maximum two-theta of 70º for the first sample and 
80º for the second.  The data were corrected for Lorenz 
and polarization effects and for absorption using the 
analytical absorption correction routine in WinGX32 
(Ferrugia, 1999). Data collection parameters for each 
sample are given in Table 1.  
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Table 1. X-ray crystal structure refinement parameters 
___________________________________________________________ 

 
   Sample 1  Sample 2 
___________________________________________________________ 
Data Collection 
 
Radiation   MoKα  MoKα 
Generator   50kV, 250mA 50kV, 250mA 
Crystal size (µm)  80x80x160 25x80x90  
  
2-θ max   70º  80º 
Total reflections  2731  4610 
Unique   1360  2292 
Total unique observed (> 3σ) 843  829 
I/σ   20.0  8.2 
 
Rmerg   0.015  0.052 
Robs1   0.047  0.063 
Rall2   0.101  0.198 
 
Space Group   Imma  Imma 
a (Å)   5.6884(4)  5.6896(12) 
b (Å)   28.9238(15) 29.104(6) 
c (Å)   8.2382(6)  8.243(2) 
Vol (Å3)   1355.4(1)  1360.8(8) 
 
Density (g/cm3)  3.513  3.495 
__________________________________________________________ 
1 R factor of observed reflections 2 R-factor for all reflections 

__________________________________________________________ 

 

Atom position and anisotropic displacement 
parameters, cation occupancy and isotropic 
extinction parameters were refined by least-squares 
of F2 using SHELXL-97 (Sheldrick, 1997).  X-ray 
scattering curves were those for fully ionized 
cations and O-1 (Cromer and Mann, 1968) and O-2 
(Tokonami, 1965). The scattering of oxygen was fit 
using a mixture of 25% O-1 and 75% O-2 (Smyth et 
al. 2003). The structure contains six distinct 
octahedral sites. Octahedral site occupants in this 
structure can be Mg, Fe or vacancy.  Occupancies 
were therefore refined using Mg2+ (Cromer and 
Mann, 1968) only, and results are reported as 
numbers of electrons (Table 2). R(F) factors for the 
various refinements are given in Table 1. The final 
atom position, occupancy, and displacement 
parameters are reported in Tables 2 and 3. The 
calculated interatomic distances and polyhedral 
volumes and distortion parameters are presented in 
Table 4X-ray Powder Diffraction  

Because of the close optical similarity of the two 
spinelloids, we calculated X-ray powder diffraction 
patterns of the two from the crystal structure data.  Using 
data from the current refinements for wadsleyite II and 
Finger et al. (1990) for wadsleyite, and using only Mg in 

 

 

 
Figure 2.  Calculated X-ray powder diffraction patterns (Cu kα
radiation) of wadsleyite and wadsleyite II.  
the octahedral sites for simplicity, we calculated patterns 
for Cu Kα radiation (λ = 1.5405Å) using the program 
XPOW (Downs et al., 1993). These are compared in 
Figure 2 and Table 5, and it is readily apparent that the 
patterns are so closely similar that recognition of 
wadsleyite II by X-ray powder diffraction will require 
carefully measured powder diffraction patterns of nearly 
pure, single-phase samples. 

 

 

Transmission Electron Microscopy and Electron 

Energy Loss Spectroscopy 

The wadsleyite II structure can be thought of as a 
mixture of one-fifth spinel and four-fifths wadsleyite. To 
test for possible linear and planar defects (e.g. stacking 
faults, dislocations) or precipitates in these samples, we 
studied one wadsleyite II grain (Sample 1) with 
analytical transmission electron microscopy (Philips 
CM20 STEM), employing conventional bright-field / 
dark-field and high-resolution techniques. The grain was 
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Table 2. Fractional atomic coordinates, occupancy, and displacement parameters for hydrous wadsleyite II (Sample 1). 
 
Atom  x/a y/b z/c occ.* U11 U22 U33 U12 U13 U23 Ueq
 EP(V) 
___________________________________________________________________________________________________________ 
 
Mg1 0.25 0.25 0.75 10.02(14) 0.0099(16) 0.0081(15) 0.0096(15) 0.0 0.0046(13) 0.0 0.0092(9) -23.5 
Mg2 0.5 0.19993(11) 0.4938(2) 9.92(16) 0.013(2) 0.0051(14) 0.0146(15) 0.0 0.0 0.0004(6) 0.0110(10) -24.8 
Mg3 0.5 0.10025(10) 0.5287(2) 10.50(12) 0.0096(10) 0.0068(8) 0.0084(7) 0.0 0.0 -0.0001(9) 0.0083(5) -25.6 
Mg4 0.5 0.0 0.5 9.9(2) 0.012(4) 0.006(2) 0.014(2) 0.0 0.0 -0.0026(8) 0.0109(16) -24.8 
Mg5 0.25 0.14993(7) 0.25 9.04(10) 0.0081(12) 0.0112(11) 0.0081(10) 0.0 -0.0038(10) 0.0 0.0091(7) -26.6 
Mg6 0.25 0.04885(7) 0.25 9.54(11) 0.0061(11) 0.0090(11) 0.0058(10) 0.0 -0.0003(11) 0.0 0.0069(7) -26.3 
 
Si1 0.0 0.25 0.3774(4) 0.253(3) 0.0055(11) 0.0068(11) 0.0080(9) 0.0 0.0 0.0 0.0068(6) -46.5 
Si2 0.0 0.15249(5) 0.6167(3) 0.458(5) 0.0057(8) 0.0043(7) 0.0048(7) 0.0 0.0 0.0002(5) 0.0050(5) -46.0 
Si3 0.0 0.04869(5) 0.6157(3) 0.502(5) 0.0063(9) 0.0077(8) 0.0078(8) 0.0 0.0 0.0001(5) 0.0073(5) -47.1 
 
O1 0.0 -0.00491(14) 0.2570(7) 0.5 0.010(3) 0.012(2) 0.010(2) 0.0 0.0 0.0025(15) 0.0073(5) +26.8 
O2 0.0 0.09960(17) 0.2246(5) 0.5 0.0071(17) 0.0136(15) 0.0119(14) 0.0 0.0 0.0003(18) 0.0109(7) +20.0 
O3 0.0 0.20301(14) 0.2598(6) 0.5 0.009(2) 0.0109(18) 0.0089(19) 0.0 0.0 0.0007(15) 0.0098(10) +26.4 
O4 0.2377(13) 0.05008(13) 0.5056(3) 1.0 0.016(4) 0.0110(19) 0.0104(16) -0.0025(19) 0.0013(13) -0.0007(9) 0.0126(11) +26.7 
O5 0.2411(7) 0.15066(13) 0.5050(3) 1.0 0.0023(17) 0.0016(11) 0.0083(12) -0.002(2) 0.0018(11) 0.0004(6) 0.0041(6) +26.7 
O6 0.2416(16) 0.25 0.4956(4) 0.5 0.006(4) 0.012(2) 0.011(2) 0.0 0.0032(14) 0.0 0.0096(13) +27.3 
O7 0.0 0.09990(17) 0.7174(4) 0.5 0.0087(16) 0.0128(15) 0.0082(13) 0.0 0.0 0.0014(17) 0.0099(7) +30.5 
O8 0.0 0.19653(16) 0.7468(6) 0.5 0.008(2) 0.0160(19) 0.0081(18) 0.0 0.0 0.0039(16) 0.0107(10) +27.5 
 
*reported as numbers of electrons for M1 - M6 
 
 
Table 3. Fractional atomic coordinates, occupancy, and displacement parameters for hydrous wadsleyite II (Sample 2). 
 
Atom x/a y/b z/c occ.* U11 U22 U33 U12 U13 U23 Ueq 
________________________________________________________________________________________________________________________________ 
 
Mg1 0.25 0.25 0.75 12.0(2) 0.009(2) 0.010(2) 0.012(2) 0.0 0.0006(17) 0.0 0.0100(13) -23.9 
Mg2 0.5 0.19934(19) 0.4927(3) 10.3(3) 0.012(3) 0.003(2) 0.013(2) 0.0 0.0 0.0004(9) 0.0093(13) -25.1 
Mg3 0.5 0.0998(2) 0.5279(4) 10.69(17) 0.0110(13) 0.0076(12) 0.0106(10) 0.0 0.0 0.0035(16) 0.0098(7) -25.5 
Mg4 0.5 0.0 0.5 11.2(4) 0.011(4) 0.010(4) 0.016(4) 0.0 0.0 -0.0022(13) 0.012(2) -24.2 
Mg5 0.25 0.15017(13) 0.25 8.54(14) 0.0107(19) 0.014(2) 0.0102(19) 0.0 -0.0006(17) 0.0 0.0116(11) -26.9 
Mg6 0.25 0.04883(12) 0.25 9.61(14) 0.0091(18) 0.0082(18) 0.0021(15) 0.0 -0.0023(15) 0.0 0.0065(10) -25.8 
 
Si1 0.0 0.25 0.3779(6) 0.256(5) 0.010(2) 0.008(2) 0.0087(15) 0.0 0.0 0.0 0.0089(11) -48.0 
Si2 0.0 0.15225(7) 0.6163(4) 0.425(6) 0.0044(12) 0.0004(10) 0.0012(9) 0.0 0.0 -0.0002(8) 0.0020(6) -45.6 
Si3 0.0 0.04876(9) 0.6158(5) 0.514(7) 0.0072(14) 0.0110(15) 0.0119(14) 0.0 0.0 -0.0009(11) 0.0100(9) -46.1 
 
O1 0.0 -0.0051(2) 0.2518(14) 0.5 0.014(5) 0.015(3) 0.011(3) 0.0 0.0 -0.006(3) 0.0133(18) +27.3 
O2 0.0 0.0998(3) 0.2263(6) 0.5 0.0060(19) 0.020(3) 0.012(2) 0.0 0.0 -0.005(3) 0.0126(10) +19.9 
O3 0.0 0.2029(3) 0.2636(10) 0.5 0.012(3) 0.012(3) 0.004(3) 0.0 0.0 -0.004(2) 0.0093(15) +25.7 
O4 0.241(2) 0.0512(3) 0.5056(5) 1.0 0.033(5) 0.005(3) 0.018(3) 0.000(4) -0.003(2) -0.002(2) 0.019(2) +27.1 
O5 0.2426(12) 0.1517(3) 0.5032(5) 1.0 0.000(2) 0.000(2) 0.0063(15) 0.001(2) -0.0024(14) 0.0001(9) 0.0024(8) +26.4 
O6 0.2350(19) 0.25 0.4948(6) 0.5 -0.004(3) 0.012(4) 0.001(3) 0.0 -0.0032(15) 0.0 0.0032(16) +26.7 
O7 0.0 0.0990(3) 0.7171(7) 0.5 0.012(2) 0.011(2) 0.013(2) 0.0 0.0 -0.008(3) 0.0118(11) +30.8 
O8 0.0 0.1962(2) 0.7429(10) 0.5 0.010(3) 0.009(3) 0.011(3) 0.0 0.0 0.002(2) 0.0101(15) +27.0 
 
*reported as numbers of electrons for M1 - M6 
 

first crushed; its fragments were dispersed in a droplet of 
ethanol and then loaded on a holey carbon grid.  

Under the TEM, the wadsleyite II fragments are 
essentially free of defects or hydrous precipitates. 
Dislocations have not been observed, which suggests that 
if present at all, their density is well below 108 
dislocations per cm2. We particularly note also the 
absence of stacking faults which might arise by disorder 

between wadsleyite I and II or by inclusions of spinelloid 
V. The perfection of the crystal lattice is obvious from 
selected area electron diffraction (SAED), conventional 
and high-resolution TEM images (Fig. 3).  Because 
wadsleyite-structured materials commonly show stacking 
faults parallel to (010), SAED patterns and HRTEM 
images were particularly taken along the [001] direction 
(Fig. 3), providing information of the a-b plane of the 
wadsleyite II sample. There are clearly no streaks in the 
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Table 4. Selected cation -oxygen distances and coordination polyhedron parameters hydrous wadsleyite II. 
M1 Spl1                    Spl2 M2              Spl1 Spl2 M3 Spl1 Spl2 
Pt.Sym. 2/m  Pt.Sym.        2  Pt.Sym.          2  
O6 (x2) 2.097(4) 2.105(5) O3 2.091(5) 2.115(8) O2 2.087(5) 2.095(6) 
O8 (x4) 2.101(3) 2.112(5) O5 (x2) 2.052(5) 2.015(9) O4 (x2) 2.090(7) 2.046(11) 
   O6 (x2) 2.064(7) 2.105(9) O5 (x2) 2.082(5) 2.109(9) 
   O8 2.139(5) 2.182(9) O7 2.092(4) 2.102(6) 
Mean 2.100 2.110 Mean 2.080 2.090 Mean 2.087 2.084 
Poly Vol 12.29 12.42 Poly.Vol. 11.90 12.11 Poly.Vol. 12.02 11.96 
O.Q.E. 1.0029 1.0050 O.Q.E. 1.0027 1.0039 O.Q.E. 1.0059 1.0063 
A.V. 10.19 17.22 A.V. 8.22 9.50 A.V. 21.14 21.99 
 
M4   M5   M6 
Pt.Sym. 2/m  Pt.Sym. 2  Pt.Sym. 2  
O1 (x2) 2.122(6) 2.080(12) O2 (x2) 2.046(4) 2.063(8) O1 (x2) 2.108(3) 2.114(6)  
O4 (x4) 2.080(6) 2.090(10) O3 (x2) 2.094(4) 2.092(6) O2 (x2) 2.054(4) 2.045(8) 
   O5 (x2) 2.101(3) 2.088(4)  O4 (x2) 2.107(3) 2.108(5) 

      
Mean 2.094  2.087 Mean 2.080 2.081 Mean 2.090 2.089 
Poly Vol 12.18 12.05 Poly.Vol. 11.93 11.92 Poly.Vol. 12.08 12.08 
O.Q.E. 1.0037 1.0035 O.Q.E. 1.0046 1.0050  O.Q.E. 1.0045 1.0043 
A.V. 12.28 12.65 A.V. 15.85 17.79 A.V. 15.51 14.39 
  
 
Si1   Si2   Si3 
Pt.Sym. mm2  Pt.Sym. m  Pt.Sym. m  
O3 (x2) 1.669(5) 1.658(8) O5 (x2) 1.652(4) 1.665(6) O1 1.644(5)  1.671(10) 
O6 (x2) 1.684(8) 1.648(9) O7 1.733(5) 1.754(9) O4 (x2) 1.629(7) 1.648(11) 
   O8 1.665(5) 1.646(8) O7 1.702(5) 1.679(8) 
Mean 1.677 1.653 Mean 1.676 1.683 Mean 1.651 1.662 
Poly.Vol. 2.418 2.318 Poly.Vol. 2.398 2.436 Poly.Vol. 2.297 2.335 
T.Q.E. 1.0001 1.0002 T.Q.E. 1.0048 1.0035 T.Q.E. 1.0035 1.0055 
A.V. 0.051 0.561 A.V. 18.75 12.65 A.V. 13.77 20.80 
 

 
Figure 4.  Fe L2,3 electron energy-loss near-edge structure 
of hydrous wadsleyite II (Sample 1).  The arctan 
background-function and the grey shaded areas representing 
the 2 eV wide integration windows for the determination of 
the integral white-line intensity ratio are also shown.   

SAED pattern, and the corresponding HRTEM image 
also reveals a regularly spaced lattice. The sample area 
experiencing the highest electron dose by high-resolution 
imaging clearly showed irradiation damage, indicating 
the high beam-sensitivity and possibly preferential water 
loss during observation. 

 

In addition to the high-resolution TEM observations, 

 
Figure 3. High-resolution TEM image and corresponding 
selected area electron diffraction pattern of wadsleyite II. 
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Fig. 6. Room temperature Mössbauer spectrum of 
wadsleyite II showing doublets corresponding to Fe2+ 
(unshaded) and Fe3+ (grey). 

 
 

Figure 5.  Si K-ELNES spectra of stishovite, hydrous wadsleyite 
II (Sample 1), and quartz. For clearer distinction of the different 
features, the spectra were shifted vertically. The main maximum 
width and the additional peak intensity at 1852 eV of wadsleyite 
II is indicated by the horizontal and vertical arrows, respectively. 

we also used a parallel electron energy loss spectrometer 
(Gatan DigiPEELS 766) attached to the CM12 TEM to 
measure the fine structures of the Fe L23- and Si K-core-
loss edges of wadsleyite II. The Fe L23 energy-loss near-
edge structure (ELNES) represents a quantitative 
measurement of the ferric/ferrous ratio (van Aken et al. 
1998a, van Aken and Liebscher 2002), whereas the Si K 
ELNES exhibits a shape reflecting the nearest-neighbor 
coordination (Li et al. 1993, 1994, Poe et al. 1997, Sharp 
et al. 1996, van Aken et al. 1998b). To minimize electron 
irradiation damage during measurements, e.g. 
dehydration and amorphization, the sample was cooled 
to nearly liquid nitrogen temperature (ca. 100 K) in a 
Gatan cooling stage. The evaluation of the Fe L23 – (Fig. 
4) and Si K-ELNES spectra (Fig. 5) involved the 
subtraction of an inverse power law background and the 
removal of plural scattering contributions by the Fourier-
ratio technique (Egerton 1996) for which the core-loss 
edges and the low-loss spectra including the zero-loss 
peak were measured from the same sample area under 
identical conditions. The quantification of the 
ferric/ferrous ratio was then done according to the 
universal technique (van Aken et al. 1998, van Aken and 
Liebscher 2002) by subtraction of an arctan function and 
a succeeding determination of the integral Fe L23 white-
line intensity ratio by applying two integrations 
windows. The Si K ELNES of wadsleyite II shows 
unusual features that likely reflect the extraordinarily 

distorted tetrahedra and very long silicon to bridging 
oxygen distances of the Si2O7 groups.  

 

 

Mössbauer Spectroscopy 
A single crystal of sample 2 was analysed using 

Mössbauer spectroscopy. The 250-µm-wide crystal 
was mounted behind a hole drilled in Ta foil (25 
µm thick), giving a dimensionless absorber 
thickness of 0.6 (ca. 1.5 mg Fe/cm2). The 
Mössbauer spectrum was recorded at room 
temperature (293 K) in transmission mode on a 
constant acceleration Mössbauer spectrometer with 
a nominal 370 MBq 57Co high specific activity 
source in a 12 µm Rh matrix. Further details of the 
milliprobe method are given in McCammon et al. 
(1991) and McCammon (1994). The velocity scale 
was calibrated relative to 25 µm α-Fe foil using the 
positions certified for National Bureau of Standards 
standard reference material no. 1541; line widths of 
0.36 mm/s for the outer lines of α-Fe were obtained 
at room temperature. The spectra (Fig. 6) were 
fitted to Lorentzian line-shapes using the 
commercially available fitting program NORMOS 
written by R.A. Brand (distributed by 
Wissenschaftliche Elektronik GmbH, Germany). 

 7



Table 5. Comparison of X-ray powder diffraction patterns of wadsleyite II and wadsleyite. 

                       Wadsleyite  II                                                                      Wadsleyite  

2θ(Cu)          Int.         d(Å)        H        K       L           2θ(Cu)      Int.             d(Å)      H        K       L 

   
26.90 7 3.3143 1 1 2 
28.31 32 3.1528 1 3 2 27.82 46 3.2072 1 1 2 
30.92 14 2.8924 0 10 0  31.22 15 2.8650  0 4 0 
31.45 14 2.8442 2 0 0 31.44 14 2.8455 2 0 0 
32.76 7 2.7338 0 1 3 
33.47 7 2.6468 2 1 1 33.50 52 2.6750 0 1 3 
33.94 37 2.6410 0 3 3  
34.55 19 2.5958 1 7 2 34.24 60 2.6189 2 1 1 
34.64 47 2.5897 2 3 1  
       35.70 20 2.5147 1 3 2 
36.33 38 2.4730 1 0 3 36.27 36 2.4768 1 0   3 
36.52 93 2.4605 1 10 1 36.77 98 2.4442 1 4 1 
38.01 4 2.3671 0 10 2 38.24 4 2.3534 0 4 2 
39.40 11 2.2871 0 7 3  
40.01 29 2.2535 2 7 1 
       40.40 13 2.2324 0 3 3 

      40.86 3 2.2084 0 5 1 
      41.04 31 2.1994 2 3 1 

43.96 36 2.0596 0 0 4 43.88 35 2.0633 0 0 4 
44.69 76 2.0280 2 10 0   44.90 78 2.0189 2 4 0 

      47.54 4 1.9125 1 1 4 
      48.15 4 1.8900 1 5 2 

49.22 4 1.8510 1 13  2  
52.16 4 1.7535 1 7 4   51.93 7 1.7609 0 5 3 

      52.45 7 1.7446 2 5 1 
52.97 5 1.7287 0 13 3 52.94 7 1.7295 1 3 4 
53.46 5 1.7141 2 13 1 53.78 5 1.7044 3 1 2 
54.09 4 1.6956 3 3 2  
55.05 6 1.6681 2 0 4 54.97 7 1.6704 2 0 4 
58.01 4  1.5898 3 7 2  
58.30 8 1.5826 1 0 5 58.20 8 1.5853 1 0 5 

      58.77 4 1.5711 3 3 2 
59.22 11 1.5603 3 0 3 59.16 10 1.5617 3 0 3 
59.35 15 1.5572 3 10 1 59.51 15 1.5534 3 4 1 
60.49 4 1.5305 0 7 5 
61.14 4 1.5157 1 17 2 61.17 4 1.5152 0 3 5 

      62.75 4 1.4806 1 5 4 
      63.26  4 1.4701 1 7 2 

64.42 7 1.4463 0 17 3 
64.43 27 1.4462 0 20 0 
64.48 100 1.4450 2 10 4 64.59 100 1.4430 2 4 4 
64.85  5  1.4377 2 17 1 65.12 27 1.4325 0  8  0 
65.65 26 1.4221 4 0 0 65.62 27 1.4227 4 0 0 
____________________________________________________________________________________ 

 

 

 

Visible and IR spectroscopy  
Single crystals of wadsleyite II  (sample 1) were 

oriented by single-crystal X-ray diffraction to within 
about 2º and prepared for IR spectroscopy as doubly 
polished slabs, 24, 40, and 63 µm thick, attached to glass 
microscope slides with epoxy.  Spectra, run on a Nicolet 
60SX spectrometer, were corrected for absorption by the 
glass slide and the epoxy. Because the adhesive had 
significant absorption in 3300-3400 cm-1 region, 

corrected spectra have significant noise in this region due 
to the weak signal. Visible spectra were obtained with a 
home-built diode-array microspectrometer consisting of 
a tungsten-halogen source, polarized with a calcite 
polarizer, directed through microscope objectives and 
dispersed onto a 1024 element silicon diode array 
detection system. 

The optical and near infra red (NIR) absorption 
spectrum of hydrous wadsleyite II (sample 1) is shown in 
Figure 7. The spectrum consists of three bands. A band 
at 470 nm appears in all three directions, a band at ~697 
nm is most prominent in E||b, but appears in all three 
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Figure 7. Polarized optical and NIR absorption spectrum of 
X-ray-oriented, single-crystal wadsleyite II, plotted as 0.064 
mm thick.  

 

 

 
Figure 8. Polarized infrared spectra of wadsleyite II in the 
3000 to 4000 nm region showing the complex absorptions due 
to OH vibrations. The fine structure superimposed on the band 
between 3200 and 3450 cm-1 is noise resulting from the 
subtraction of the adhesive’s contribution to the sample 

directions, and a band at about 940 nm, most prominent 
in E||b, but also in all three directions. The transmission 
window in the 430 nm region is responsible for the green 
color.  Several features of this spectrum suggest Fe2+-
Fe3+ intervalence charge transfer (IVCT). In the spectrum 
of vivianite, an ideal example of Fe2+-Fe3+ IVCT, a band 
at 680 nm is the result of the Fe2+-Fe3+ IVCT.  The band 
at 697 in the wadsleyite II spectrum is an appropriate 
counterpart of the 680 nm vivianite band. Another 
feature of the vivianite spectrum is the enhancement of 
the intensity of the shorter wavelength Fe2+ band 
(Amthauer and Rossman, 1984). From the density and 
total “FeO” concentration in Smyth and Kawamoto 
(1997), and the Fe2+/total-Fe ratio from the Mössbauer 
study (below) a molar absorption coefficient (ε) was 
calculated for the 940 nm band (E||a). The value, 218, is 
extremely high compared to typical values for Fe2+ (2 to 
10) in the absence of IVCT. Each of these observations 
supports the existence of extensive interactions between 
Fe2+ and Fe3+ in wadsleyite II. 

 The infrared spectrum in the OH stretching 
region conclusively demonstrates that OH is in the 
crystal (Fig. 8). The spectrum consists of a band at 3610 
cm-1 more prominent for E||a and E||c, a feature at 3657 
cm-1 in E||b and E||c, a band at 3495 cm-1 (E||a), the 
dominant band at 3354 cm-1 in all three directions, and a 
broad feature at about 3150 cm-1 (E||a).  The pattern in 
the OH region bears a close similarity to that of synthetic 
pure Mg hydrous wadsleyite (Jacobsen et al., 2004b), but 
the bands are shifted about 25 cm-1 to higher energies 
(Fig. 8). The specific calibration of the intensities of the 
OH bands in this phase is unknown, but using generic 
intensities for OH bands, a H2Ototal concentration on the 
order of 2 wt% is obtained, confirming the significant 
concentration of OH in this phase.  
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Figure 9. Comparative Raman spectra of hydrous wadsleyite 
and wadsleyite II in the frequency range 50 to 1200 cm-1. a) 
Raman spectrum collected from a single-crystal fragment (~15 
µm thick, 30 x 25 µm in size) of hydrous Fo89 wadsleyite with 
flat surfaces. b) Raman spectrum of a wadsleyite II single 
crystal fragment (~10 µm thick, ~20 x 20 µm in size) in 
arbitrary orientation. The relative mode intensities depend on 
the orientation of the crystal relative to the incident laser-
beam. c) Raman spectrum of wadsleyite II powder. Black-
dotted lines represent the two most intense, characteristic 
wadsleyite modes and grey-dotted lines represent the positions 
of the five characteristic spinel modes. 

 

 

Figure 10. Comparative Raman spectra of the OH 
stretching region of wadsleyite (a) and wadsleyite II (b). 
Both spectra were collected from a single-crystal 
fragment (same randomly oriented fragments as for the 
framework modes shown in Fig. 10.)   

 

Raman Spectroscopy 
 Ambient temperature, unpolarized Raman 

spectra of hydrous Fo89 wadsleyite (SZ0005) and 
wadsleyite II (sample 1) were recorded from randomly 
oriented specimens in 135˚ scattering geometry with a 
SPEX Triplemate equipped with a back-illuminated, 
liquid-N2-cooled CCD detector in the range of 80 to 
4000 cm-1. The intrinsic resolution of the spectrometer is 
1.5 cm-1 and calibrations are accurate to ±1 cm-1. The 
Raman spectra were excited by the 514.5-nm line of an 
Ar+ laser focused down to a 5 µm spot on the sample. 
The laser power required to avoid heating of the sample 
was low and hence only long collection times led to an 
acceptable signal-to-noise ratio.   The spectra for 
wadsleyite and wadsleyite II in the lattice vibration 
region (100 to 1200 cm-1) and the OH stretching region 

(2900-3800 cm-1) are compared in Figures 9 and 10, 
which show the close similarity of the Raman spectra of 
the two spinelloids.  

 

The Raman spectrum of hydrous Fo89 wadsleyite 
(SZ0005) exhibits the modes characteristic of the 
wadsleyite structure and is in overall agreement with the 
previously observed Raman spectrum of the hydrous 
Mg-endmember phase (Kleppe et al., 2001). The two 
intense bands at 721 and 918 cm-1 correspond to the 
Si2O7 and SiO3 symmetric stretching vibrations 
respectively. The Raman spectra of wadsleyite and 
wadsleyite II are similar with one characteristic 
difference: The Raman spectrum of wadsleyite II 
exhibits an additional peak on the low-frequency side of 
the 721 cm-1 mode. The wadsleyite II Raman spectrum 
also shows intense and broad shoulders on both sides of 
the 918 cm-1 mode, however similar shoulders have been 
observed in Raman studies on monoclinic hydrous 
wadsleyite samples by Frost (personal communication). 
In the OH stretching region the Raman spectrum of 
wadsleyite II appears more complex than the Raman 
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Table 6. Unit cell parameters of hydrous wadsleyite II and quartz at various pressures. Axis lengths are given as Å and cell volumes 
are given as Å3. 

 

 
  __________________Wadsleyite II_________________ 
Pressure (GPa)Quartz V   a    b c V 
______________________________________________________________________ 
 
0 (0)    113.01 (2)      5.6828 (16)         29.023 (8)         8.2402 (15)      1359.0 (3) 
0.208 (14)    112.36 (4)      5.6832 (18)         29.013 (20)   8.232 (8)          1357.4 (10) 
0.445 (14)      111.69 (4)      5.6837 (21)         29.000 (22)       8.230 (9)         1356.6 (11) 
1.603 (4)        108.72 (10)    5.6671 (15)         28.904 (17)   8.201 (7)        1343.4 (8) 
1.85 (4)    108.15 (6)      5.6631 (18)         28.892 (8)         8.1997 (17)      1341.6 (4) 
2.000 (18)      107.81 (4)      5.6653 (8)           28.892 (7)   8.196 (4)           1341.7 (6) 
3.40 (4)          104.98 (7)      5.6510 (9)           28.793 (8)         8.175 (4)          1330.2 (5) 
3.585 (21)      104.63 (4)      5.6400 (16)         28.810 (8)         8.1716 (13)      1327.8 (4) 
3.728 (22)    104.37 (4)       5.6456 (11)         28.768 (10)    8.170 (4)          1326.9 (6) 
4.092 (17)      103.73(3)        5.6427 (10)         28.755 (9)        8.165 (4)           1324.8 (5) 
4.296 (18)      103.09 (3)      5.6418 (10)         28.748 (6)        8.145 (8)           1321.1 (13) 
5.30 (8)          101.77 (12)    5.6265 (18)         28.713 (8)        8.1325 (16)        1313.8 (4) 
6.300 (21)    100.30 (3)       5.6215 (11)         28.647 (6)        8.123 (4)           1308.2 (8) 
7.469 (23)        98.74 (3)      5.6116 (10)         28.589 (6)        8.105 (4)            1300.3 (7) 
8.10 (3)            97.95 (4)      5.6039 (9)            28.554 (5)       8.097 (4)            1295.7 (7) 
8.65 (3)            97.30 (3)      5.6005 (9)            28.524 (5)       8.085 (4)            1291.6 (7) 
9.13 (3)            96.75 (4)      5.5960 (10)           28.499 (6)   8.077 (3)          1288.2 (6) 
9.77 (4)       96.05 (4)      5.5888 (9)            28.466 (5)       8.072 (3)           1284.2 (6) 
10.56 (5)           95.21 (5)      5.5825 (13)         28.426 (6)    8.056 (6)          1278.3 (10) 
  

spectrum of normal wadsleyite consisting of at least 6 
modes.  

Compression Measurements 
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Figure 11.  Relative axial and unit cell compression in wadsleyite 
II Fo88 sample with 2.8 wt percent H2O.  Error bars from internal 
precision are approximately the same size as the symbols. Open 
symbols are: diamond – a; square – b; triangle – c. Solid squares 
are unit cell volume. The curve is the fit equation of state with K 
= 145.6 GPa and K’ = 6.1. 

 

High pressure X-ray diffraction studies on the 
wadsleyite II samples were performed on the 
Siemens/Bruker P4 automated diffractometer. The 
diffractometer has a graphite-crystal monochromator 
diffracting in the horizontal plane. This geometry causes 
the monochromator to induce small shifts in the 
proportions of the α1 and α2 peaks included in low-angle 
diffractions where the two wavelengths are not 
effectively separated as is true for all reflections 
observed in the diamond anvil cell. This requires that the 
wavelength of the mixed alpha-one-two peak be 
calibrated frequently against a known standard. The 
wavelength of the Mo mixed Kα was determined from 
cell refinement of a standard ruby sphere immediately 
before and after each cell determination. The unit cell 
parameters of the wadsleyite II and quartz were then 
determined by refinement from the centering angles of 
five to eight diffraction peaks in each of eight octants in 
bisecting mode. Cell parameter precisions determined in 
this manner are generally better than one part in 10,000 
and reproducible to about one part in 5,000. 

For the first sample, a single crystal approximately 80 
by 80 by 50 µm was loaded in a diamond anvil cell with 
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Figure 12.  Bulk modulus in GPa as a function of water content.  
The point at left represents Fo90 wadsleyite II.  The point at right 
represents Fo88 wadsleyite II.   

 

several small synthetic ruby crystals. The pressure 
medium was methanol-ethanol-water in the ratio of 
16:3:1 by volume. The unit cell parameters were 
measured at several pressures up to 5.0 GPa. Pressure in 
this experiment was measured by the ruby fluorescence 
method (Piermarini et al. 1968; Mao et al. 1991). The 
unit cell parameters are presented in Table 5.  For the 
second sample, a single crystal approximately 80 by 60 
by 30 µm was loaded in a diamond anvil cell along with 
a crystal of quartz of similar size and a few small ruby 
crystals. At each pressure the unit cell volumes of the 
wadsleyite II and the quartz were refined as outlined 
above. The pressure was determined based on the bulk 
modulus and zero pressure volume of quartz (Angel et al. 
1997). The cell parameters of the quartz and wadsleyite 
II at each pressure are reported in Table 6.  

The unit cell volume data of wadsleyite II was fit to a 
third order Burch-Murnaghan equation of state using the 
program EOSFIT42 (Angel, 1999 personal 
communication). The data give an isothermal bulk 
modulus of 151 ± 6 GPa with a K’ of 6  ± 2.5 for the first 
sample (Fo90 with 2.1 percent H2O by weight) and 145.6 
± 2.8 GPa with a K’ of 6.1  ± 0.7 for the second sample 
(Fo88 with 2.8 percent H2O by weight).  For the second 
sample, the individual unit cell parameters and unit cell 
volumes are plotted together with calculated equation of 
state are shown in Figure 11. The bulk moduli are plotted 
as a function of H2O content in Figure 12. Extrapolation 
of these bulk moduli to an anhydrous composition gives 
167 ± 10 GPa, which is similar to anhydrous wadsleyite. 

  

Discussion  
Stability Relations 

The synthesis conditions and composition of 
wadsleyite II are consistent with its being a possible 
mantle phase with a narrow stability field between those 
of wadsleyite and ringwoodite in a slightly hydrous 
Transition Zone containing both aluminum and some 
ferric iron. Having a stable phase intermediate in 
properties and stability occurring between the wadsleyite 
and ringwoodite fields would certainly act to obscure the 
wadsleyite to ringwoodite transition at 525 km.  Deuss 
and Woodhouse (2002) report a splitting of the 525 km 
discontinuity in several regions in the Transition Zone. It 
is possible that this splitting might be due to the presence 
of an intermediate phase. The present study is consistent 
with work in the Ni aluminosilicate system (Akaogi et 
al., 1982) indicating the presence of a stability field for 
spinelloid IV at pressures greater than spinelloid III 
(wadsleyite).   

The high resolution TEM observation of this phase 
shows it to be well ordered. There are no indications of 
abundant stacking faults or dislocations. This means that 
the phase has a well-defined structure that should have 
unique properties and a unique and well-defined 
thermodynamic stability field in the Earth’s mantle.  The 
well ordered nature of the samples (Fig. 2) with such a 
complex structure produced from long-duration heating 
experiments makes it unlikely that the phase is purely 
metastable. 

The Mössbauer spectrum of wadsleyite II shows two 
resolved doublets, corresponding to Fe2+ and Fe3+ (Fig. 
2). The hyperfine parameters of the Fe2+ doublet (CS = 
1.09 mm/s relative to α-Fe; QS = 2.76 mm/s; FWHM = 
0.49 mm/s) support occupation of an octahedral site. The 
large line-width suggests distribution over more than one 
site, although the spectral resolution is not sufficient to 
assign specific sites. The hyperfine parameters of the 
Fe3+ doublet (CS = 0.39 mm/s relative to α-Fe; QS = 0.72 
mm/s; FWHM = 0.79 mm/s) also support occupation of 
the octahedral sites, where again the large line-width 
implies a probable distribution over more than one of the 
M sites, consistent with the X-ray results indicating Fe 
preference for M1 and M2. The value of Fe3+/ΣFe 
calculated from the Mössbauer data (0.50 ± 0.07) is in 
good agreement with a determination using electron 
energy loss spectroscopy (EELS) on a different crystal 
taken from the same sample (0.55 ± 0.05) (see also 
McCammon et al., 2004). The relatively oxidized nature 
of this sample likely resulted from the long duration of 
the heating cycle.  It is possible that ferric iron is 
required to stabilize this structure.   

To confirm the high concentration of Fe3+ determined 
by Mössbauer spectroscopy, we investigated the Fe L23 
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ELNES (Fig. 4) of a different crystal of hydrous 
wadsleyite II taken from the same sample (Sample 1). 
The quantification of the Fe3+/ΣFe ratio was done by 
applying two integrations windows (grey shaded areas in 
Fig. 4) and determination of the integral Fe L23 white-line 
intensity ratio according to the universal technique (van 
Aken et al. 1998, van Aken and Liebscher 2002). The 
value of Fe3+/ΣFe obtained from electron energy-loss 
spectroscopy (0.55 ± 0.05) is in good agreement with a 
determination using Mössbauer spectroscopy (0.50 ± 
0.07) (McCammon et al., 2004). 

The shape of the Si K ELNES for the first 15 eV 
above edge onset is influenced mainly by silicon 
coordination (Li et al. 1993, 1994, Poe et al. 1997, Sharp 
et al. 1996, van Aken et al. 1998b). The Si K-edge 
spectrum of wadsleyite II (Fig. 5) gives some evidence 
for possible contributions of octahedral coordinated 
silicon when the Si K ELNES is compared to Si K-edge 
spectra of quartz (Si[4]) and stishovite (Si[6]). In the Si K 
spectrum of wadsleyite II, the width of the main 
maximum located at about 1847 eV is broader as 
compared to the corresponding maximum for quartz, and 
for wadsleyite II there is an additional peak at about 
1852 eV. This last observation, however, complicates the 
interpretation, since the Si K spectrum of wadsleyite II 
can then not be modeled by a simple superposition of Si 
K-edge spectra of quartz and stishovite. As noted below 
the silicate tetrahedra in this structure are among the 
most highly distorted ever reported with silicon to 
bridging-oxygen distances approaching those observed 
for octahedral Si in stishovite. This distortion, rather than 
octahedral Si, is the likely cause of the Si K-edge 
spectrum of wadsleyite II. The additional peak intensity 
at 1852 eV is reproduced by theoretical full multiple-
scattering calculations of the Si K-edge spectrum of 
wadsleyite II (not presented herein), which has been shown 
to sensitively reflect the strong distortions of the SiO4 
tetrahedra. A detailed report on silicon-oxygen bonding in 
spinelloid-type structures and related compounds using 
electron energy-loss spectroscopy at the Si K-edge and 
theoretical ab initio calculations of the corresponding 
electronic structure will be published elsewhere. 

The question arises, then, as to why this structure has 
not been reported in other studies. One possibility is that 
it is so similar to wadsleyite in its optical properties 
(color and birefringence), its X-ray diffraction and 
Raman and IR spectra that it has been overlooked. 
Another explanation is that its stability field is so narrow 
in pressure-temperature space that few experiments have 
succeeded in producing it.  A third possibility is that 
kinetically the ordering of the structure on the 29 Å 
repeat requires more time than is available in most 
experiments. The synthesis experiments that produced 
the crystals both included very long heating cycles of 22 
hours. However it seems unlikely that significant kinetic 

barriers could exist at 1400°C.  We have attempted 
several further synthesis experiments using 8-hour 
heating times that produced only mixtures of wadsleyite 
and ringwoodite. These latter experiments were hydrous 
(~3 percent H2O by weight) but not saturated in Al to 
produce excess garnet. Clearly, further work is required 
to outline the possible stability field and potential 
significance of this phase. 

 

Crystal Structure 
The structure reported by Smyth and Kawamoto 

(1997) is essentially correct, but the disordered 
octahedral and tetrahedral positions reported can be 
eliminated by shifting the origin by one eighth of the b-
axis. This places the isolated tetrahedral site on the 
mirror plane as in spinelloid IV (Horioka et al, 1981). 
The two structure models give nearly equivalent R 
factors consistent with their near-equivalence. However, 
the spinelloid IV model is preferred, because the R is 
lower by about one percent and the disordered position is 
eliminated. So refinement results are reported using the 
atom position nomenclature of Horioka et al., (1981) 
(Tables 2 and 3).    

In the nickel aluminosilicate system, spinelloid IV 
occurs at pressures slightly higher than spinelloid III and 
lower than spinelloid V (Akaogi et al., 1982). The 
spinelloid IV structure contains both isolated silicate 
tetrahedra and tetrahedra in Si2O7 groups in the ratio of 
one to four. Thus, both its structure and its stability field 
appear to be intermediate between spinelloid III 
(wadsleyite) and true spinel (ringwoodite). In the Fe3O4-
Fe2SiO4 system, spinelloids II, III, and V have been 
observed, but not spinelloid IV (Koch et al, 2003).  
Spinelloid V has not been observed in likely mantle 
compositions, but it may be possible that spinelloids IV 
and V require significant trivalent cations. In the nickel-
aluminosilicate system in which all five spinelloid phases 
are present, all of them contain major amounts of 
trivalent Al both in octahedral and tetrahedral 
coordination. Wadsleyite, (spinelloid III), however can 
occur in the pure Mg2SiO4 system. In the nickel 
aluminosilicate system, spinelloid V occurs above about 
7 GPa. At the higher pressures in the hydrous peridotite 
system, it is unlikely that trivalent Fe or Al would occur 
in the tetrahedral sites. 

The spinelloid IV structure contains six different 
octahedral sites, all in special positions (Fig.1). The 
largest of the octahedral sites are M1 and M4. The 
occupancies presented in Tables 2 and 3 are calculated 
based on the scattering of Mg2+ so that 100 percent Mg2+ 
occupancy would be 10.0 electrons. An occupancy 
number greater than ten would indicate the presence of 
iron. A number less than ten would indicate vacancy. 
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From the numbers in Tables 2, 3 and 4, it appears that Fe 
favors the two larger sites, M1 and M4, and that sites M5 
and M6 have significant cation vacancy. Cation vacancy 
or trivalent cation substitution in the tetrahedral sites 
would be required for charge balance of the H. As 
mentioned above, trivalent cations in the tetrahedral sites 
are unlikely. 

There are three distinct tetrahedral silicon sites (Fig. 
1), and there are both Si2O7 groups as well as isolated 
SiO4 tetrahedra. One-fifth of the total Si in the structure 
is in Si1, which forms an isolated SiO4 tetrahedron. This 
site is highly regular in its geometry, consistent with its 
high point symmetry (mm2) (Table 4), but is relatively 
large in polyhedral volume, compared to other 
orthosilicates, and slightly larger than that of ringwoodite 
(Smyth et al 2003). It appears to be fully occupied by Si, 
although small amounts of tetrahedral Mg cannot be 
ruled out. The Si2 and Si3 sites form an Si2O7 group, 
which contains nominally four fifths of the total Si in the 
structure.  These sites are highly distorted tetrahedra, 
with very long Si to bridging oxygen (O7) distances. The 
Si2-O7 distance is one of the longest tetrahedral Si-O 
distances documented and is nearly equal to the shorter 
octahedral Si-O distance in stishovite. It is also evident 
from the occupancy refinements that the more distorted 
Si2 site is partially vacant in both refinements. Si 
vacancy might provide a possible protonation site on 
each of the oxygens coordinating the vacant tetrahedron 
as with hydro-garnet.  

The electrostatic site potentials were calculated using 
the method of Smyth (1989) assuming full site 
occupancies at nominal valence. These are reported in 
Tables 2 and 3 as volts. The oxygen site potentials are a 
very good indication of potential protonation (Smyth, 
1987). Protons are attracted to oxygen sites of shallow 
potential.  We can see the non-silicate oxygen (O2) has 
an anomalously shallow potential near 20 volts, whereas 
the bridging oxygen (O7) has a deep potential near 30 
volts. The non-silicate oxygen (O2) therefore is the most 
likely site of protonation, especially if there were no 
significant cation vacancies. However cation vacancies 
are required for charge balance, the M5 and M6 sites 
show the lowest occupancies in both refinements, and 
these two octahedra each have two bonds to O2.  So it 
appears likely that one hydration mechanism in this 
structure is protonation of O2 (Fig. 1), charge-balanced 
by cation vacancy in the adjacent M5 and M6 octahedral 
sites. As with wadsleyite, the OH stretching region in the 
IR and Raman spectra shows multiple peaks, so it is 
likely that there are numerous proton sites in the 
structure. The crystal structure refinements indicate 
cation vacancies in Si2, M5, and M6. The two peaks in 
the IR spectrum correspond to O-O distances of 
approximately 2.7 and 2.9Å (Libowitsky, 1999) which 

roughly correspond to tetrahedral and octahedral edges 
respectively. 

Recognition of Wadsleyite II 
This phase was first recognized based on single-

crystal X-ray diffraction, which remains the most reliable 
way identify it if grain sizes exceed about 50 µm.  A unit 
cell determination from an automated single-crystal 
diffractometer will absolutely identify the spinelloid 
type. At smaller grain sizes, electron diffraction would 
be equally reliable. Even a simple precession photograph 
will immediately show the very short reciprocal cell 
repeat in the b* direction. Because of the close similarity 
of the properties of wadsleyite and wadsleyite II, one of 
the major objectives of this study is to facilitate 
distinguishing these phases in fine-grained synthesis 
experiments. Based on the detailed crystal structure 
refinements and calculated powder patterns reported here 
it should be possible to recognize the phase by X-ray 
powder diffraction. The powder patterns are plotted in 
Figure 2 and tabulated in Table 5.  The most 
characteristic differences are the presence of low-angle 
weak peaks, the relatively strong peak at 33.9°, and the 
absence of strong peaks at 35.7º and 41.0º in wadsleyite 
II.  If sufficient sample exists for high quality powder 
diffraction, the data presented here should be sufficient 
for Rietveld refinement of the powder diffraction 
patterns which will unequivocally distinguish the two. It 
is clear that a simple optical examination of the 
experimental charge is not sufficient to distinguish the 
two structures. The Raman spectra are also very similar 
but sufficiently different that the two structures may be 
distinguished in high quality spectra, assuming that the 
spectra of randomly orientated pieces of wadsleyite II 
presented here are characteristic of the Raman spectrum 
of all orientations of the phase.  

Equation of State 

Yusa et al. (2000), Smyth et al. (2004), and Jacobsen 
et al. (2004a) have shown that the bulk modulus and P 
and S velocities of ringwoodite decrease markedly with 
hydration. Similarly, Crichton et al. (1999) have shown a 
similar effect of hydration on the bulk modulus of 
wadsleyite. Smyth et al. (2004) point out that the effect 
of hydration on seismic velocity in the Transition Zone is 
larger than possible effects of temperature at least in 
regions distant from subduction zones, and much larger 
than possible effect of other plausible compositional 
variables such as Fe/Mg ratios.  

Plotted in Figure 11 is the unit cell volume as a 
function of pressure. Also plotted here is the fitted third 
order Birch-Murnaghan equation of state curve with a K0 
of 145.6 and K’ of 6.1. The sizes of the symbols plotted 
in the figure represent approximately the internal 
precision in the X-ray data, and do not include 
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systematic errors. The pressure was determined from the 
equation of state of quartz (Angel et al., 1997). The 
maximum pressure here is slightly above the maximum 
in the quartz study and we used a simple extrapolation.  

The bulk moduli of these samples are not 
significantly different from those of hydrous wadsleyite. 
The large K’ value of 6.1 is consistent with observations 
for hydrous ringwoodite (Smyth et al., 2004) and 
hydrous wadsleyite. The data indicate significant 
reduction in the bulk modulus with hydration and a bulk 
modulus at anhydrous conditions that is similar to that of 
wadsleyite.  

 
Conclusions 

In this study, we have refined the crystal structures of 
two different samples of wadsleyite II from single crystal 
X-ray diffraction. The structure is very similar to that of 
spinelloid IV.  We have used these data to simulate 
powder diffraction profiles in order to facilitate the 
identification of spinelloid types in fine-grained 
experimental charges. We have measured single-crystal 
Raman and IR spectra which may be sufficient to 
distinguish the structure from wadsleyite (spinelloid III). 
We have measured the Mössbauer spectra to show that 
about 55 % of the Fe present is ferric. We have measured 
the isothermal bulk moduli of the hydrous specimens, 
and found that the effect of hydration on the bulk moduli 
is similar to that of wadsleyite. Wadsleyite II is a 
possible Transition Zone hydrous magnesium silicate 
phase that is a potential host for H in the Earth’s interior. 
Its presence in the Transition Zone may account for the 
generally diffuse nature and splitting of the 525 km 
discontinuity observed in some regions of the mantle. 
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