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Abstract
Chemical compositions and crystal structures of coexisting wadsleyite, clinopyroxene, and phase E (synthesized at 1400 °C 
and 18 GPa under hydrous conditions) have been analyzed by electron microprobe, single-crystal X-ray diffraction, and 
Raman spectroscopy. Single-crystal X-ray diffraction analyses indicate that  Fe2+ substitution in the crystal structure sig-
nificantly decreases the configurational entropies of wadsleyite and clinopyroxene in the middle transition zone under 
water-saturated conditions, providing a new thermodynamic constraint on the stability of ferromagnesian silicates near 
the wadsleyite–ringwoodite phase boundary (about 520 km). The variation in the depth of the 520-km discontinuity under 
hydrous conditions can be partly due to  Fe2+ incorporation into wadsleyite.
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Introduction

The characteristics of the mantle transition zone which are 
delineated by observed discontinuities in seismic proper-
ties at depths of about 410 and 660 km are important for 
our understanding of Earth’s dynamics (e.g. Deuss and 
Woodhouse 2001). In the mid-transition zone, previous 
observations have confirmed a weaker discontinuity in 
many regions at about 520 km depth. This discontinuity is 
suggested to be caused by the phase transition from wads-
leyite (β-[Mg,Fe]2SiO4) to ringwoodite (γ-[Mg,Fe]2SiO4) in 
the middle transition zone. In addition, a transformation of 
garnet to Ca-rich perovskite may also be a significant con-
tributor to the 520-km discontinuity (e.g. Rigden et al. 1991; 
Saikia et al. 2008). According to the previous observations, 
this discontinuity varies on a global scale in depth (e.g. van 

der Meijde et al. 2005). The local variations of temperature, 
composition, and water content in the transition zone are 
expected to have effects on the depth and visibility of the 
520-km boundaries (e.g. Inoue et al. 1998; Yusa et al. 2000). 
Jahn et al. (2013) showed that the configurational entropy 
of hydrous wadsleyite is predicted to be higher than that 
of anhydrous wadsleyite at the ambient pressure, indicat-
ing that hydrogen incorporation into the crystal structure 
may affect the thermodynamic properties and the stability 
of wadsleyite. Mrosko et al. (2015) and Smyth et al. (2014) 
infer that  Fe3+ and water stabilize wadsleyite to higher pres-
sures, resulting in a deeper 520-km discontinuity. Burns 
and Sung (1978) suggested that  Fe2+ in spinel  (Mg2SiO4) 
may shift the olivine-spinel boundary to lower pressures. 
However, for the wadsleyite–ringwoodite  (Mg2SiO4) loop, 
the influence of  Fe2+ incorporation into wadsleyite on the 
depth of the phase boundary still needs to be systematically 
studied by experiment.

Wadsleyite (Mg,Fe)2SiO4 is a sorosilicate with space 
group Imma. The crystal structure of wadsleyite has three 
symmetrically distinct octahedral sites: M1, M2, and M3, 
one tetrahedral site, and four distinct oxygen positions: O1, 
O2, O3, and O4 (e.g. Akaogi et al. 1982). Smyth (1987) 
suggested that the O1 position is under-bonded and that it 
could be a potential site for protonation (e.g. Jacobsen et al. 
2005; Smyth 1987). At a depth of about 520 km, wadsleyite 
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transforms to ringwoodite (Mg,Fe)2SiO4, which correspond 
to the spinel structure with space group Fd 

−

3 m.
Clinopyroxene is also an important constituent mineral 

phase in the middle transition zone (e.g. Ringwood 1967). 
As the magnesium end member of clinopyroxene, low cli-
noenstatite  (Mg2Si2O6) is stable at ambient pressure and 
temperature with space group P21/c, containing two distinct 
octahedral sites: M1 and M2, two distinct tetrahedral sites: 
Si1 and Si2, and six distinct oxygen positions: O1, O2, O3, 
O4, O5, and O6. At pressures over 7 GPa, low clinoenstatite 
transforms to high clinoenstatite (space group C2/c), which 
has only one distinct tetrahedral site (Si site) and three oxy-
gen positions: O1, O2, and O3 (e.g., Angel et al. 1992). 
According to the previously reported high-pressure sample 
syntheses, high clinoenstatite always reverts diplacively to 
low clinoenstatite on quench (e.g. Smyth 1969).

The solid substitution of Fe for Mg in magnesium sili-
cates have been widely studied (e.g. Finger et al. 1993; 
Ringwood and Major 1970; Smyth et al. 2014; Woodland 
and Angel 1997; Woodland et al. 1997; Zhang et al. 2019). 
Finger et al. (1993) reported syntheses (at 15.2 GPa and 
1700 ºC) of Fe-rich wadsleyite crystals with Fe/(Fe + Mg) 
up to 0.40. For the octahedral sites in wadsleyite, Fe substi-
tutes primarily into the M3 and M1, rather than M2 (Finger 
et al. 1993; Smyth et al. 2014). Woodland and Angel (1997) 
suggested that high-P (space group C2/c) ferromagnesian 
clinopyroxene can occur near the 410 km discontinuity in 
composition of XEn = 0.9. Woodland et al. (1997) further 
determined the intra-crystalline distribution of Mg and Fe 
on the M1 and M2 octahedral sites in the high-P clinopy-
roxene (Mg,Fe)SiO3, showing a strong preference for Fe to 
occupy M2 sites.

In this study, we focus on the role of  Fe2+ on the 520-km 
discontinuity in hydrated regions. The cation ordering and 
partitioning of  Fe2+ in coexisting wadsleyite, clinopyroxene, 
and phase E have been investigated by electron microprobe 
analyses and single-crystal X-ray diffraction. The configu-
rational entropies of Fe-bearing wadsleyite and clinopyrox-
ene under water-saturated conditions in the middle transi-
tion zone have been estimated based on the crystal structure 
refinements.

Experimental methods

The samples were synthesized in a 1200 tonne multi-anvil 
press at Bayerisches Geoinstitut, University of Bayreuth, 
Germany at 18 GPa and 1400 ºC, using 10/5 assemblies 
which can generate sample pressures up to 21 GPa (Rubie 
1999). The KLB-1 peridotite composition was used as ref-
erence starting material, since it is considered to be similar 
to pyrolite (e.g. Takahashi 1986). The coexisting wadsley-
ite, clinoenstatite, and phase E were synthesized from MgO 

(34.90 wt%),  SiO2 (40.05 wt%), FeO (8.80 wt%),  Al2O3 
(0.40 wt%), and Mg(OH)2 (15.85 wt%) oxides at 18 GPa 
with 4-h heating. The chemical compositions of the crys-
tal samples (Table 1) from the run products (Fig. 1) were 
analyzed using a JEOL 8900 electron microprobe with a 
15 kV accelerating voltage, 5 nA beam current, 5 μm probe 
diameter.

For X-ray diffraction analyses, single-crystal samples 
were selected from the run products and mounted on glass 
fibers. Intensity data were collected on a Bruker APEX II 
CCD detector on a Siemens/MACScience 18 kW rotating 
Mo-anode X-ray generator at the University of Colorado, 

Table 1  Representative chemical compositions of synthetic phases

Oxide (wt%) Phase E (Fe09) Wadsleyite 
(Fe07)

Clinopyrox-
ene (Fe02)

SiO2 37.53 41.97 58.93
MgO 40.56 46.99 38.97
FeO 7.20 6.54 1.92
Al2O3 1.53 0.38 0.17
Total 86.82 95.88 99.99
Cations per 4 O atoms
Si 1.04 1.05 1.33
Mg 1.68 1.75 1.31
Fe 0.17 0.14 0.04
Al 0.05 0.01 0.01
Total 2.93 2.95 2.67

Fig. 1  Backscattered electron (BSE) images of coexisting phases. 
Wd wadsleyite, Cpx clinopyroxene, PhE phase E (CorelDraw X6 was 
used to create this artwork)
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Boulder, using 50 kV voltage, 250 mA current, and cali-
brated radiation (λ = 0.71073 Å). Atom positions, occupan-
cies, and displacement parameters were refined from the 
intensity data sets using SHELXL-2018 in the X-ray pro-
gram package WINGX (e.g. Sheldrick 2018). In the struc-
ture parameter refinements, scattering factors from Cromer 
and Mann (1968) were used for  Mg2+ and  Fe2+. Scattering 
factor from Tokonami (1965) was used for  O2−, since this 
has been found to give both reliable structural geometry and 
site occupancy for Mg phases (Smyth et al. 2004, 2014; Ye 
et al. 2009; Zhang et al. 2016, 2018). For site occupancy, 
according to Angel and Nestola (2016), electron-in-bond 
model (Heinemann model) is expected to give more precise 
determination. Octahedral site geometries and occupancy 
factors are shown in Table 2. Lattice parameters, data col-
lection parameters, position parameters, and tetrahedral 
site geometries are listed in Appendix Tables 1, 2, 3, and 
4, respectively. The crystal structure of phase E has a cat-
ion-disordered crystal structure with a type of long-range 
disorder not observed before in crystalline silicates, and a 
very small unit cell (e.g. Kudoh et al. 1993; Zhang et al. 
2019). As a result, the number of reflections obtained in 
XRD measurements of phase E is generally lower than those 
of other crystalline silicates (such as coexisting wadsleyite). 
Due to the relatively small grain sizes (< 50 μm), single-
crystal X-ray diffraction in this study cannot give reliable 
diffraction unit cell and intensity data for the refinements 
of the phase E.

Raman spectra were measured with 532 nm excitation 
at ambient conditions, using a Renishaw inVia reflex laser 
Raman spectrometer equipped with a liquid  N2 cooled 
CCD detector. The spectral resolution is 1 cm−1. The diode-
pumped solid-state laser focused down to a spot of ~ 1 μm in 
diameter on sample. All bands were collected in the range 

of 100 cm−1–3800 cm−1 from randomly oriented specimens 
with a 50× microscope objective, using two accumulations 
with 10 s exposure time.

Results

The chemical compositions of the synthetic coexisting 
phases estimated by electron microprobe (Table 1) indicate 
that Fe is more enriched in wadsleyite (6.54 wt% FeO) and 
phase E (7.20 wt% FeO) relative to clinopyroxene (1.92 wt% 
FeO). The partition coefficients of DWd∕Cpx

Fe
 , DWd∕PhE

Fe
 , and 

D
Cpx∕PhE

Ni
 are estimated to be 3.41, 0.91 and 0.27, respec-

tively. In accord with the electron microprobe analyses, 
single-crystal X-ray diffraction analyses demonstrate that 
significant amounts of Fe are incorporated in octahedral 
sites in wadsleyite (up to 4.3 at%). Site occupancies of Fe 
in octahedral sites of clinopyroxene are relatively low (up 
to 2.5 at%) (Table 2). The formula units of wadsleyite and 
clinopyroxene are estimated to be  Mg1.85Fe0.07Si1.04O4 and 
 Mg0.98Fe0.02SiO3, respectively based on the crystal structure 
refinements. Occupancy ratios Fe/(Fe + Mg) of octahedral 
sites are shown in Fig. 2.

Robinson et al. (1971) demonstrated that the distortion 
in coordination polyhedra can be quantitatively measured 
by octahedral angle variance (QAV) and mean octahedral 
quadratic elongation (MOQE). Consistent with previous 
reported XRD refinements (e.g. Zhang et al. 2016, 2018), 
as shown in Fig. 3, the octahedra in both M1 and M2 sites of 
wadsleyite have a plane consisting of four equivalent M–O4 
bonds. Normal to this plane, the divalent metal cation in M1 
is bonded to two O3 with equivalent bond distance which 
are slightly longer than the four M1–O4 bonds. For M2, 
however, the distances of two bonds (M2–O1 and M2–O2) 

Table 2  Octahedral site geometry and occupancy parameters for wadsleyite and clinopyroxene

OAV octahedral angle variance, MOQE mean octahedral quadratic elongation

Clinopyroxene Wadsleyite

M1 site M2 site M1 site M2 site M3 site

Mg (mol%) 99.5 (4) Mg (mol%) 97.5 (4) Mg (mol%) 95.7 (10) Mg (mol%) 95.9 (10) Mg (mol%) 81.9 (7)
Fe (mol%) 0.5 (4) Fe (mol%) 2.5 (4) Fe (mol%) 4.3 (10) Fe (mol%) 4.1(10) Fe (mol%) 3.0 (7)
M1-O1 2.039 (3) M2-O1 2.101 (3) M1-O3 (2) 2.128 (4) M2-O1 2.107(6) Total Vacancy 15.1
M1-O1 2.147 (3) M2-O2 2.041 (3) M1-O4 (4) 2.058 (3) M2-O2 2.120(6) M3-O1 (2) 2.0727 (16)
M1-O2 2.020 (3) M2-O3 2.278 (3) <M1-O> 2.0814 M2-O4 (4) 2.078(3) M3-O3 (2) 2.098 (3)
M1-O4 2.072 (3) M2-O4 2.060 (3) PolyVol 11.9574 <M2-O> 2.0898 M3-O4 (2) 2.108 (2)
M1-O4 2.183 (3) M2-O5 1.991 (2) OAV 11.8250 PolyVol 12.0607 <M3-O> 2.0931
M1-O5 2.050 (3) M2-O6 2.410 (3) MOQE 1.0039 OAV 21.2287 PolyVol 12.1486
<M1-O> 2.0853 <M2-O> 2.1469 MOQE 1.0061 Vacancy (b/a) 15.1600
PolyVol 11.9487 PolyVol 12.4923 OAV 15.0779
OAV 26.4508 OAV 120.9399 MOQE 1.0043
MOQE 1.0087 MOQE 1.0420
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normal to the plane are different, resulting in a relatively 
distorted M2 octahedron. Therefore, as listed in Table 2, the 
OAV (21.2287) and MOQE (1.0061) values of M2 octahe-
dron are significantly higher than those of M1 (OAV and 
MOQE are estimated to be 11.8250 and 1.0039, respec-
tively). Compared to M1, the M3 octahedral site is also less 
symmetric (OAV and MOQE are estimated to be 15.0779 
and 1.0043, respectively) with two M3–O4 bonds normal 
to a plane consisting of four M–O bonds having slightly 
different lengths. In clinopyroxene, octahedral sites (both 
M1 and M2) are highly asymmetrical with large OAV and 
MOQE values (Table 2). All the six M–O bonds in the octa-
hedra have very different lengths. Compared to wadsleyite 
and clinopyroxene, phase E has more symmetric octahedral 

sites with equivalent M–O bonds (e.g. Kudoh et al. 1993; 
Zhang et al. 2019).

As shown in Fig. 4, in agreement with previously reported 
Raman spectra of phase E (e.g. Kleppe et al. 2001), the 
Raman spectrum of Fe-bearing phase E in this study is char-
acterized by several broad bands in the range from 100 cm−1 
to 1200 cm−1. According to previous studies (e.g. Kleppe 
et al. 2001), the broadness of these bands is due to the cat-
ion disorder in the crystal structure of phase E. The modes 
between 690 and 960 cm−1 for Raman spectra of both phase 
E and wadsleyite are correspond to the stretching vibra-
tion of the  SiO4 tetrahedra (e.g. Kleppe et al. 2001; Zhang 
et al. 2016). In the OH-stretching region (3000–3800 cm−1), 
broadly intense bands can be observed in the spectra of both 
phase E and wadsleyite, indicating water (hydroxyl groups) 
in the structure (Fig. 4). Based on the b/a axial ratio (cal-
culated from the unit-cell parameters in Appendix Table 1), 
the water content of wadsleyite in this study is estimated to 
be 1.92 wt%  H2O by an empirical calibration suggested by 
Jacobsen et al. (2005).

Discussion

Zhang et al. (2018) demonstrated that crystal field stabi-
lization energy (CFSE) has a significant impact on transi-
tion metal partitioning between coexisting mineral phases 
in the transition zone. According to their study, as divalent 
transition metal cation,  Ni2+ prefers symmetrical octahedra 
under the influence of CFSE. As a result,  Ni2+ preferentially 
partitions between mineral phases in the order ringwood-
ite > wadsleyite > clinopyroxene. For high spin configura-
tion,  Fe2+ is also expected to avoid compressed or distorted 

Fig. 2  The occupancy ratios Fe/(Fe + Mg) of octahedral sites. Octa-
hedral site occupancies were estimated based on single-crystal X-ray 
diffraction refinements. (CorelDraw X6 was used to create this art-
work)

Fig. 3  Structural representations of octahedral sites in clinopyroxene and wadsleyite. Metal–oxygen distances (pm) in each site are indicated 
(CorelDraw X6 was used to create this artwork)
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octahedron due to the influence of CFSE (Burns 1993). 
Therefore, as shown in Table 1, Fe displays a partitioning 
preference with phase E > wadsleyite > clinopyroxene.

Finger et al. (1993) reported that, in the structure of wad-
sleyite synthesized at 15–16 GPa and 1400–1800 ºC, Fe is 
depleted in M2 site, while it is strongly enriched in M3 sites. 
The similar ordering of Fe was observed by Smyth et al. 
(2014) in wadsleyite (contains 0.76 wt%  H2O) synthesized 
at 12–13.5 GPa and 1400 ºC under oxidized hydrous condi-
tions (initial water content was below 1 wt%). In contrast, 
in this study, hydrous wadsleyite synthesized under water-
saturated condition (initial water content was over 3.5 wt%) 
displays a different site preference of Fe with M1≧M2≧M3 
(Fig. 2). Previous studies on crystal structure of wadsleyite 
(e.g. Smyth et al. 1997) indicated that M3 site is possibly 
less symmetrical in hydrous wadsleyite than that in relatively 
dry wadsleyite. Therefore, the relatively low Fe occupancy 
in M3 for the hydrous wadsleyite in this study can be partly 
due to the symmetry change of the octahedron.

For synthetic ferrous iron silicates, small amounts of 
 Fe3+ can be observed (e.g. Finger et al. 1993; Mrosko et al. 
2015). Due to high-spin 3d5 configuration,  Fe3+ receives 
zero CFSE in octahedral coordination (e.g. Burns 1993). 
Therefore, the site preference of Fe (M1≧M2≧M3) in the 

hydrous wadsleyite (Fig. 2) is not likely to be determined by 
the behavior of  Fe3+.

As shown in Fig. 2 and Table 2, for clinopyroxene, the 
Fe occupancy in larger M2 octahedron is much higher than 
that in small M1. The relatively low occupancy of Fe in M1 
site may attribute to the large (compared to  Mg2+) high-spin 
ionic radius of  Fe2+ (e.g. Shannon 1976) and relatively small 
octahedral volume of M1.

The intra-crystalline distribution of Mg and Fe on the 
distinct octahedral sites in the crystal structure is expected 
to have influences on the thermodynamic properties of the 
solid solutions (e.g. Woodland et al. 1997). According to 
the method given by (Burns 1993; Nordstrom and Munoz 
1986), the configurational entropies were calculated by the 
equation:

where mj is the total number of atoms occupying the jth 
crystallographic site (expressed as atoms per formula unit) 
and xij is the mole fraction of the ith atom on the jith site. 
The Sconf is maximum only if the atoms are randomly dis-
tributed throughout the solution.

According to the compositions of minerals (Table 1), 
for wadsleyite in this study, the ideal maximum configura-
tion entropy summed over the three octahedral sites would 
be 4.303 J/(mol·K). Taking site occupancies into account 
(Table 2), the actual entropy (partly ordered) would be 
2.860 J/(mol·K) (Fig. 5). For clinopyroxene in this study, 
the ideal maximum configuration entropy summed over the 
two octahedral sites is 2.058 J/(mol·K). The actual entropy 
(partly ordered) is 0.725 J/(mol·K). Therefore, for both 
wadsleyite and clinopyroxene, intra-crystalline distribution 
of  Fe2+ is expected to decrease the configurational entropy 
apparently from the maximum value (total disorder) in the 
hydrated regions near 520-km wadsleyite–ringwoodite phase 
boundary. As shown in Fig. 5, although the site prefer-
ences of  Fe2+ (M3≧M1 > M2) in the anhydrous wadsleyites 
reported by Finger et al. (1993) are not consistent with those 
(M1≧M2≧M3) in the hydrous wadsleyite synthesized in this 
study, the incorporation of  Fe2+ also significantly affects the 
thermodynamic properties of the anhydrous wadsleyites by 
decreasing the configurational entropies.

Implications

First, at water-saturated conditions in the middle transition 
zone,  Fe2+ displays a partitioning preference with phase 
E > wadsleyite > clinopyroxene under the influence of crys-
tal field stabilization energy.

Sconf = −R
∑

j

mj

∑

i

[xij ln xij],

Fig. 4  Raman spectra of phase E and wadsleyite at ambient condi-
tions (CorelDraw X6 was used to create this artwork)
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Second,  Fe2+ substitution in the crystal structure appar-
ently decreases the configurational entropies of wadsleyite 
and clinopyroxene from the maximum value (total disorder) 
under water-saturated conditions. Although the cation order-
ing of  Fe2+ in the hydrous wadsleyite synthesized in this 
study is not consistent with that in the previously reported 
anhydrous wadsleyite synthesized at lower pressures, the 
incorporation of  Fe2+ is expected to have remarkable influ-
ences on the stabilities for both hydrous and anhydrous 
wadsleyites by changing configurational entropies. The 
variation in the depth of the 520-km discontinuity in the 
hydrated regions can be partly due to  Fe2+ incorporation into 
wadsleyite, since  Fe2+ in the crystal structure may alter the 
thermodynamic properties of the mineral phases in the mid-
dle transition zone near the wadsleyite–ringwoodite phase 
boundary.
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