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Abstract
Twins in hydrous wadsleyite were detected by polarized-light microscopy and characterized with 

transmission electron microscopy techniques, including precession selected area electron diffraction 
and large-angle convergent beam diffraction. By inspecting diffracted intensities for high-order Laue 
zones, we found the symmetry of our hydrous wadsleyite samples to be reduced to monoclinic with 
respect to the orthorhombic symmetry of most anhydrous wadsleyite samples. Twinned domains in 
hydrous wadsleyite share the (122) plane as a composition plane and are related to each other by a 
twofold rotation around a twin axis parallel to [212] or by reflection on (122). The twin axis and twin 
plane in wadsleyite correspond to the <101> directions and the {101} planes of ringwoodite, respec-
tively. The twin operations exchange the c* and the [120]* directions of wadsleyite, both of which 
correspond to the directions of the cubic a axes in ringwoodite. Based on our analysis of symmetry 
relations and pseudo-symmetry in wadsleyite, we conclude that the twins formed during crystal growth 
under quasi-hydrostatic conditions in the presence of a hydrous fluid. Twinning in wadsleyite may 
affect the physical properties and deformation behavior of wadsleyite as well as the phase transition 
to ringwoodite in the Earth’s mantle transition zone.
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Introduction
As a high-pressure polymorph of the mineral olivine, wad-

sleyite [β-(Mg,Fe)2SiO4] is expected to be a major mineral in 
peridotitic lithologies in the upper part of the transition zone of 
Earth’s mantle at depths between 410 and 520 km (e.g., Frost 
2008). Despite numerous studies on the physical properties 
(e.g., Buchen et al. 2017; Zhou et al. 2021) and crystal-chemical 
characteristics (e.g., Smyth et al. 2014; Kawazoe et al. 2016) of 
wadsleyite, little is known about its morphology. Morphological 
properties, such as crystal shape, cleavage, and twinning, however, 
can impact the physical response of polycrystalline aggregates, 
in particular when interacting with the anisotropic properties of 
individual grains or domains. Here we report on the discovery of 
twinning in hydrous wadsleyite and determine the twin law by 
combining transmission electron microscopy with a theoretical 
analysis of symmetry relations.

Anhydrous wadsleyite most frequently crystallizes with 
orthorhombic symmetry (space group Imma) (Moore and Smith 
1970; Horiuchi and Sawamoto 1981). The crystal structure of 
wadsleyite (wds) is closely related to the cubic spinel structure of 
ringwoodite (rwd), another high-pressure polymorph of olivine. 
Both structures can be described by different stacking sequences 
of structural modules along the [010]wds or [110]rwd directions 
(Price 1983; Price et al. 1983; Putnis 1992). In the presence of 
H2O, wadsleyite incorporates hydrogen in the form of hydroxyl 
groups (Inoue et al. 1995; Kohlstedt et al. 1996; McKay et al. 

2019). The incorporation of hydroxyl groups into wadsleyite and 
the related formation of cation vacancies may reduce the crystal 
symmetry of wadsleyite to monoclinic (space group I2/m) with β ≠ 
90° (Smyth et al. 1997). This change in symmetry can be described 
by the loss of the mirror plane perpendicular to the a axis due to 
partial ordering of vacancies on octahedral sites (Smyth et al. 1997; 
Kudoh and Inoue 1999). Holl et al. (2008) reported broadening 
and possible peak splitting of the 244 diffraction peak of a hydrous 
wadsleyite crystal by performing omega scans along the a*, b*, and 
c* directions on a four-circle diffractometer (Fig. 7 in Holl et al. 
2008). They attributed the observed peak splitting to polysynthetic 
twinning but did not specify any twin relations. The existence of 
twins in wadsleyite, however, has not yet been demonstrated by 
using electron microscopy techniques. Here we report, for the 
first time, twinning in synthetic hydrous Fe-bearing wadsleyite. 
We first detected the twins in thin sections of wadsleyite samples 
by the change in color across twin boundaries, which is enhanced 
by the strong pleochroism of Fe-bearing wadsleyite when viewed 
with a polarized-light microscope (Fig. 1). To further characterize 
the twinning, we used transmission electron microscopy (TEM) 
assisted with electron diffraction and scanning transmission elec-
tron beam techniques. Based on our observations, we derive the 
twin law and discuss the origin of the twins in hydrous wadsleyite.

Experimental procedures
Sample synthesis at high pressure and temperature

Polycrystalline wadsleyite samples were synthesized from a powder made 
from San Carlos olivine and saturated with distilled water. The wet powder was 
filled into a platinum capsule, compressed to a pressure of 15 GPa, and held at 
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