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Abstract In situ X-ray diffraction experiments with natural Fe- and Al- bearing diopside single crystals
and density functional theory (DFT) calculations on diopside end-member composition indicate the
existence of a new high-pressure 𝛾-diopside polymorph with rare penta-coordinated silicon. On
compression 𝛼-diopside transforms to the 𝛾-phase at ∼50 GPa, which in turn, on decompression is observed
to convert to the known 𝛽-phase below 47 GPa. The new 𝛾-diopside polymorph constitutes another recent
example of penta-coordinated silicon (V Si) in overcompressed metastable crystalline silicates, suggesting
that V Si may exist in the transition zone and the uppermost lower mantle in appreciable quantities, not only
in silicate glass and melts but also in crystalline phases contained in the coldest parts of subducted stagnant
slabs. V Si may have significant influences on buoyancy, wave velocity anomalies, deformation mechanisms,
chemical reactivity of silicate rocks, and seismicity within the slab.

Plain Language Summary Earth is a rocky planet and is dominated by silicates. Crust and upper
mantle of our planet feature minerals with silicon almost exclusively in four-coordinated sites, whereas
minerals with silicon in six-coordinated sites dominate the transition zone and the lower mantle. It is a
long-standing question whether five-coordinated Si phases exist. Five-coordinated Si is observed in silicate
glass and melt upon compression as intermediate states and can provide important insight into the
transformation mechanism in silica densification. In this paper, we observed a high-pressure crystalline
silicate phase with five-coordinated Si. This affects chemical reactivity, elastic and plastic deformation,
density of the subducted slab, and its buoyancy relative to the surrounding mantle.

1. Introduction

The Earth’s mantle is primarily composed of silicates. The pressure-induced transformations of the silicate
minerals strongly affect the physical properties of the Earth’s mantle and therefore controls geological pro-
cesses such as tectonics and deep-focus earthquakes. Si strongly prefers four-coordinated crystallographic
sites due to sp3 hybridization. As a consequence, in silicate minerals characteristic of the crust and the upper
mantle, silicon resides predominantly in tetrahedral sites coordinated by four oxygen atoms (IV Si). This low
coordination number and mesodesmic bonds, found, for example, in quartz, pyroxene, and olivine, result in
significant structural flexibility for forming extended silicate chains, sheets, and framework polyhedral motifs
and accounts for the majority of the mineral diversity observed in terrestrial rocks of shallow origin. Silicon is
also capable of forming hypervalent, five- and six- coordinated states (V Si and VISi). These hypervalent states
are favored at high pressures and with increased ligand electronegativity. As a result, at greater depths of
the Earth’s interior, silicon strongly prefers sites with six nearest neighbor ligands arranged in octahedral
geometry, leading to more compact, higher-density phases such as SiO2 stishovite, (Mg,Fe)SiO3 bridgman-
ite or MgSiO3 akimotoite. Densification of silicates, involving a coordination number increase from four (IV Si)
to six (VISi) accounts for the density stratification of the Earth’s mantle and is responsible for the 660 km
seismic discontinuity.

There has been great interest in understanding the occurrence and function of the penta-coordinated Si
phases (V Si) both in solid state chemistry and Earth science. Stereochemical analysis of crystal structures
reported to contain [SiL5] groups (where L represents ligand such as C, N, F, or Cl) in crystals with hexagonal
close-packed arrays of ligands indicates that there is an almost continuous change from an [SiL4] tetrahedron
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to an [SiL5] trigonal bipyramid and that the penta-coordinated state indeed plays a critical role as interme-
diate in condensation and decondensation reactions of silicates in aqueous solutions and in melts (Liebau,
1984). Amorphous solids and melts can sustain exotic coordination environments such as SiO5 more easily
than crystalline silicates due to the lack of symmetry and long-range order. Indeed, several studies of glass
and melts clearly indicate existence of penta-coordinated silicon at elevated pressures, which can sometimes
persist in quenched samples. It is also believed that penta-coordinated silicon plays an important role in
dissolution of silica and change of deformation mechanism (Yuan & Huang, 2014). Crystalline silicate min-
erals with V Si are rare, but have been reported previously in the literature based on both experiments and
calculations and are suggested as important intermediate phases in phase transformation and chemical reac-
tion processes. For example, a quenchable phase with five-coordinated Si was observed in CaSi2O5 silicate,
which can be synthesized at 1,500∘C and 10 GPa (Angel et al., 1996). A nonquenchable high-pressure poly-
morph of enstatite (Finkelstein et al., 2015) and a high-pressure phase of danburite (Pakhomova, Bykova,
et al., 2017) observed in single crystal X-ray diffraction experiments also featured V Si. Molecular dynamics
calculations predicted that V Si coordination should form in SiO2 𝛼-quartz under uniaxial stress at high pres-
sure (Badro et al., 1997). High-pressure states involving V Si are also reported to act as intermediates during
the IV Si to VISi transition in molecular dynamics simulations on 𝛼-quartz (Hu, Shu, et al., 2015) and orthoen-
statite (Chaplot & Choudhury, 2001). Pyroxenes are the second most abundant mineral group in the Earth’s
upper mantle and represent a major mineral component in subducted slabs, which are composed of upper
mantle rocks (residual harzburgite and lherzolite), containing up to 30% pyroxene (Ita & Stixrude, 1992),
and basaltic crust layer, where the pyroxene content may be as high as 70% (Ringwood, 1982). Diopside
(CaMgSi2O6), the Mg,Ca-end-member clinopyroxene (cpx), is abundant in both the upper mantle and the sub-
ducted lithosphere (Ringwood, 1982). At ambient conditions, diopside crystallizes in C2/c space group and is
thermodynamically stable up to ∼18 GPa. Above this pressure and 1,400∘C diopside decomposes into a mix-
ture of product phases including CaSiO3-rich perovskite and Mg-rich (Mg,Ca)SiO3 tetragonal garnet. Below
1,400∘C, diopside dissociates to Ca-perovskite + wadsleyite + stishovite (Akaogi et al., 2004; Canil, 1994; Kim
et al., 1994; Oguri et al., 1997). At pressures above 20 GPa, between 1,000∘C and 1,900∘C, diopside is observed
to break down to Mg-perovskite and Ca-perovskite (Irifune et al., 2000; Liu, 1979). Subsequently, a metastable
cubic CM-perovskite Ca(Mg,Fe,Al)Si2O6 phase was observed to form at ∼1,300∘C and 32 GPa and was also
observed in diopside glass at ∼1,000∘C and 13 GPa as a metastable phase. At 1,800∘C, CM-perovskite was
observed to decompose into cubic Ca-perovskite and orthorhombic Mg-perovskite and stishovite (Asahara
et al., 2005; Kim et al., 1994).

In the more chemically and petrologically complex upper mantle and transition zone, where temperature
is high (>1,400∘C), pyroxene is believed to gradually dissolve into garnet and form majorite around depths
corresponding to the transition zone (Ita & Stixrude, 1992). However, the mantle transition zone is not homo-
geneous in temperature and chemical composition. Seismic tomography observations show that some cold
subducted slabs in the west Pacific regions stagnate at the bottom of transition zone or the uppermost lower
mantle (Fukao & Obayashi, 2013; Fukao et al., 2009). Geodynamic models estimate the temperature in the
stagnant slabs are lower than 900∘C and can be as low as 500∘C in regions such as Tonga (Ganguly et al., 2009;
King et al., 2015). It has been reported that, in cold environment (<1,400∘C), the diffusion between pyrope and
majorite garnet is slow, making the preservation of the light metastable pyroxene possible, which changes
the density of the slab and therefore affects its morphology and buoyancy (Agrusta et al., 2014; Faccenda &
Dal Zilio, 2017; King et al., 2015; Nishi et al., 2008, 2009, 2011, 2013; Van Mierlo et al., 2013). As a consequence,
the metastability of pyroxene and the kinetics of postpyroxene transformations below 1,000∘C have been
suggested to play an important role in slab dynamics (Faccenda & Dal Zilio, 2017; Nishi et al., 2011; Van Mierlo
et al., 2013).

High-pressure ambient-temperature experiments not only pave the road to high-pressure moderate-
temperature (500∘C < T < 1,000∘C) experiments but also create conditions to trap the metastable intermedi-
ate phases which can provide important transition path information for future kinetic studies. On compression
at ambient temperature, diopside can be metastably preserved to pressures as high as 50 GPa (Chopelas
& Serghiou, 2002; Thompson & Downs, 2008), above which it transforms to 𝛽-phase with mixed four- and
six-coordinated silicon (Plonka et al., 2012). A similar structure was also observed in clinoferrosillite FeSiO3

at high pressure (Pakhomova, Ismailova, et al., 2017). Other clinopyroxenes were also observed to be pre-
served to at least 30 GPa at ambient temperature (Hu, Dera, et al., 2015; Xu et al., 2017; Zhang et al., 2016).
Natural diopside typically contains appreciable amounts of iron, and the objective of this study is to examine
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Figure 1. (a) Normalized unit cell volume of different diopside phases with
respect to V0 of 𝛼-diopside. Solid line is the third-order Birch-Murnagham
equation of state fit of the XRD experimental data, and dotted lines are the
third-order Birch-Murnagham equation of state fit of the DFT calculation
results. (b) Monoclinic angles of different diopside phases. C2/c Si(4, 4)
𝛼-diopside (circles), P21/c Si(4, 6) 𝛽-diopside (down pointing triangles) and
P21/c Si(5, 6) 𝛾-diopside phases (squares) at high pressure. Filled symbols
are from XRD experiments on Fe- and Al-bearing diopside (errors are smaller
than the markers) and open symbols are from DFT calculations on Di100.

the effect of iron on the postpyroxene transformation in natural sam-
ples along the diopside-hedenbergite join. In this study, we combined in
situ single crystal synchrotron X-ray diffraction experiments on a natural
iron-bearing diopside sample with density-functional-theory (DFT) calcu-
lations, to better understand the formation of exotic hypervalent silicon
states in pyroxenes.

2. Methods

The sample used for synchrotron experiments was a natural Fe-
and Al-bearing diopside with composition (Ca1.86Fe2+

0.10Na0.03Mn0.01)
(Mg0.75Fe2+

0.15Al0.07Fe3+
0.02Ti0.01) (Si1.94Al0.06)O6 from the Harry Hess collection

at Princeton University. Single crystal X-ray diffraction (SXD) experiments
were conducted at the University of Hawaii and at the synchrotron
beamline 13-ID-D of the Advanced Photon Source at Argonne National
Laboratory. Data was analyzed by GSE_ADA/RSV (Dera et al., 2013) and
SHELXL package (Sheldrick, 2008). Three-dimensional periodic density
functional theory (DFT) calculations were performed using VASP (Vienna
Ab initio Simulation Package) (Kresse & Furthmüller, 1996a; 1996b).
The experimental and calculation details are described in supporting
information Text S1 (Angel et al., 1996; Badro et al., 1997; Blöchl, 1994;
Dera et al., 2013; Finkelstein et al., 2015; Holzwarth et al., 1997; Horiuchi,
1987; Hu, Dera, et al., 2015; Kresse & Furthmüller, 1996a, 1996b; Mao et al.,
1986; Momma & Izumi, 2011; Morimoto, 1988; Perdew & Zunger, 1981;
Sheldrick, 2008; Subramanian, 1962; Walker, 2012; Walker et al., 2008).

3. Results and Discussion

At ambient conditions, in the 𝛼-phase, diopside has a C2/c space group
and retains this symmetry to at least 48.4(1) GPa, when compressed at
ambient temperature (Table S1). The 𝛼-phase is characterized by a mon-
oclinic angle of ∼105∘ and all Si in tetrahedral coordination. Upon further
compression, the Fe- and Al-bearing diopside undergoes a phase change
to a P21/c 𝛾-phase with a decrease in volume and a change in monoclinic
angle to ∼98∘ at ∼55.1(1) GPa (Figure 1 and Table S1). Our refinements
reveal a structure with a mixture of V Si and VISi polyhedral layers. Unlike the
case of experiments with end-member diopside, which transformed from
𝛼 to 𝛽-phase, converting a single tetrahedral IV Si site into a 1:1 mixture of
IV Si and VISi (Plonka et al., 2012), compression of the natural diopside sam-
ple results in a change to the coordination number of both Si sites in the
P21/c structure, producing hypervalent five- and six-coordinated polyhe-
dra. Whereas this discrepancy could be attributed to the different chemical
composition, it is also possible that the previous experiments simply did
not reach high enough pressure to reveal the 𝛾-phase in the end-member.

Upon decreasing pressure, the 𝛾-phase is preserved to∼51 GPa. At∼47 GPa, 𝛾-diopside undergoes an isosym-
metric phase transition to the P21/c 𝛽-phase with monoclinic angle changing to∼96∘ (Table S1). The transition
pressure from C2/c phase to P21/c phase is very close to what was observed in previous shock experiments,
which reported a thermomechanical phase transformation at ∼50 GPa (Svendsen & Ahrens, 1983). Our exper-
iments were complemented by a series of first-principles computations, to explore the origin of the exotic
V Si coordination further. The unit cell parameters of the three phases obtained from both experiments and
calculations are shown in Figures 1 and S2. The enthalpy calculated by density functional theory indicates
that the P21/c structure becomes energetically favorable over C2/c structure from ∼30 GPa and the five-
and six-coordinated P21/c transition takes place above ∼38 GPa, which corresponds to the pressure of the
uppermost lower mantle (Figure S3). Once locked in the five-coordinated configuration, diopside can remain
in this structure without transforming to six-coordinated structure to ∼150 GPa. The discrepancy between
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Figure 2. (a) Layer 1 of C2/c 𝛼-diopside phase with IV Si4+ . 𝜃 is the O3-O3-O3 angle. Green arrows show the Si-O chain
rotation and translation. (b) Layer 2 of C2/c 𝛼-diopside phase with IV Si4+ . 𝜃 is the O3-O3-O3 angle. (c) Layer 1 of P21/c
𝛽-diopside phase with VISi4+ . 𝜃 is the O3a-O3a-O3a angle. (d) Layer 2 of P21/c 𝛽-diopside phase with IV Si4+ . 𝜃 is the
O3b-O3b-O3b angle. (e) Layer 1 of P21/c 𝛾-diopside phase with VISi4+ . 𝜃 is the O3a-O3a-O3a angle. (f ) Layer 2 of P21/c
𝛾-diopside phase with V Si4+ . 𝜃 is the O3b-O3b-O3b angle. Si and O atoms are represented by grey and red, respectively.
Solid black rectangular box is the unit cell. Same color denotes the same Si-O distance in different figures. Magenta solid
triangle facets represent O-O-O planes above Si atoms and green solid triangles facets represent O-O-O planes above Si
atoms. Si-O distances and polyhedral parameters are listed in Table S5.

experimentally observed and computationally determined transition pressures can be attributed to kinetic
effects, as well as absence of thermal contributions in the computations. In the DFT calculations we also found
two other structural variants—one with IV,VISi4+ in P21/c space group and one with V,V Si4+ in C2/c space group,
which do not manifest themselves in nature.

Based on experimental observations, we propose a model explaining how 𝛼-diopside transforms to the 𝛽

and 𝛾-phases. C2/c 𝛼-diopside is described by corner-sharing SiO4 tetrahedral chains that extend along the
c axis. Between these Si-O chains, Ca2+ and Mg2+/Fe2+ cations are placed for charge neutrality. The I beam
representation of building blocks of the pyroxene structure conveniently shows that each octahedral layer is
intimately connected to two silicate chain layers on either side by sharing oxygen atoms (Figure S4a). In the
C2/c 𝛼-diopside phase, there is only one unique Si site (Table S2). The Si atoms in different layers are related by
a (1/2, 1/2, 0) translation symmetry (C centering). After the C2/c to P21/c phase transformation, the C centering
is lost, producing two symmetry-independent Si-O layers (Tables S3 and S4). As a consequence, there are two
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Figure 3. Si coordination number of basalt melt (black line) (Sanloup et al.,
2013), diopside melt (blue line) (Sun et al., 2011), enstatite (black circle)
(Finkelstein et al., 2015), silica (magenta circle) (Badro et al., 1997), and
diopside (this study) (blue circle). The different colors of background
indicate the upper mantle (yellow), the transition zone (orange), and the
lower mantle (red) regions.

unique sites for Si cations (Si1 and Si2) in the P21/c phase, residing in two
different layers. We denote Si-O layer with Si1 as layer 1, while the layer
containing Si2 is denoted as layer 2 (Figure S4b). The same transformation
also applies to the O anions—the three different O sites in C2/c phase split
into six unique O sites in the P21/c phase. In the P21/c structure the oxygen
atoms occupy general positions and therefore possess a degree of transla-
tional freedom to respond to changes in applied pressure, which is absent
in C2/c symmetry.

At low temperatures, the kinetic energy available for atomic rearrange-
ments accompanying structural transitions is limited, and as a result, dis-
placive phase transformations are favored. As pressure increases, the Si-O
layers become more condensed and the Si-O chains start to interconnect,
as shown in Figure 2. In layer 1, the conversion involves two steps: a shift
of the Si-O chains and rotation of the Si-O tetrahedra, which result in the
formation of six-coordinated silicon (Figure 2). Si#0-O2#2 and Si#0-O1#1
distance in C2/c phase are denoted by blue and black dashed lines in
Figure 2a and markers with the same color in Figure S5. Both distances
decrease gradually as pressure increases and new bonds form after the
phase transformation. In the P21/c phases, Si#0 becomes Sia#1, while O2#2
and O1#0 become O2a#0 and O1a#0, respectively. Sia#1 connects with
O2a#0 (the blue bond) and O1a#0 (the black bond), forming edge-sharing
Si-O octahedral layers with VISi (Figures 2c and 2e). These new bonds cause
the oxygen layers to shift, and the O-O-O (𝜃) angle change from ∼150∘ to
200∘ (Table S5) (𝜃 is labeled in Figure 2). As can be seen from Figures 2c

and 2e, one chain of O atoms shifts by approximately c/2, along the c axis and the SiO4 polyhedra rotate
by ∼50∘ (𝜃 angle). In layer 2, Si#3-O2#5 and Si#3-O1#6 in C2/c phase are denoted by blue and black dashed
lines in Figure 2b. Both distances first decrease and then increase as pressure increases within C2/c phase.
This behavior makes it difficult for Si and O to approach close enough to form a bond. After the C2/c-P21/c
phase transformation, Si#3 turns into Sib#3, while O2#5 and O1#6 turn into O2b#5 and O1b#6. Both dis-
tances decrease dramatically, but only Sib#3-O1b#5 becomes a bond (Figures S5b, 2d, and 2f). The fifth Si-O
interatomic distance in 𝛾-diopside phase has a length of ∼1.9 Å. At 55.1(1) GPa, electron density map is calcu-
lated by DFT and a bond path can be seen (Figure S6), confirming the attractive character of this interatomic
interaction. A similar structure with 4 + 1-coordinated Si is also observed in postenstatite (Finkelstein et al.,
2015). The fact that pyroxenes go through penta-coordinated structures suggests such structure could be a
common intermediate between the four- to six-coordinated transformations in pyroxenes. The bond-forming
characteristics of the phase transformation between 𝛼 and 𝛾-diopside suggest exothermic reaction, which is
one of the criteria for phase transformations that could be responsible for deep-focus earthquakes (Hogrefe
et al., 1994).

The dominant coordination state of Si in the Earth’s upper mantle and transition zone is IV Si, whereas in the
lower mantle it changes to VISi (Frost, 2008). This change in coordination number and geometry of SiON (N = 4,
5, 6) units is determined by different electron orbital hybridization types. The tetrahedral geometry of SiO4

group (Figure S7a) is caused by sp3 hybridization of the Si orbitals, while the octahedral geometry of SiO6

group (Figure S7c) is a result of sp3d2 hybridization (Tandura et al., 1986). Most of the penta-coordinated sili-
cate structures reported to date have approximately square pyramid configuration with bond lengths ranging
from ∼1.6 to ∼1.9 Å, averaging ∼1.7 Å, as shown in Figures S7d–S7f (Angel et al., 1996; Badro et al., 1997;
Finkelstein et al., 2015). Geometrically, these structures suggest the sp3d2 hybridization with a lone elec-
tron pair. However, the SiO5 group in this study shows a trigonal bipyramid structure with four bond lengths
ranging from 1.60(2) to 1.67(2) Å and the fifth bond length of 1.95(2) Å which suggests a sp3d hybridization
(Figure S7b) (Tandura et al., 1986). Theoretical studies also suggest that hypervalent Si compounds feature
three-center-four-electron (3c-4e) electron-deficient bond. This predicts elongated Si-O bond length along
the axial direction, as observed in the current study. Previous reports demonstrate that the Si-O bond could
be as long as 1.954 Å and 1.918 Å in organic compounds due to the weak bonding character of the 3c-4e
bonds (Holmes, 1996). Hypervalent compounds exhibit high Lewis acidity because the electron density on the
central atom decreases with increasing coordination. For example, methanium (CH5+), which can be explained
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Figure 4. (a) Density, (b) bulk modulus, and (c) bulk sound velocities of
different mineral phases calculated by DFT. Mg-perovskite data are from
Wentzcovitch et al. (2004). Ca-perovskite data are from Caracas et al. (2005).
Mg, Ca perovskite data are from simple linear interpolation of Mg perovskite
and Ca perovskite. Mg ilmenite data are from Karki et al. (2000). P21/c Si(4,6),
P21/c Si(5,6), and C2/c Si(4,4) are from our DFT calculation results.

by the electron-deficient 3c-2e chemical bond, is a superacid (Rasul et al.,
2011; White et al., 1999). The occurrence of V Si in chemical compounds
has been reported to result in greatly increased chemical activity (Holmes,
1996); therefore, the presence of V Si in 𝛾-diopside and other metastable
hypervalent mantle silicate phases could be expected to alter chemical
reactions taking place during melting and mantle convection.

The coordination number of Si in both amorphous/liquid and crystalline
silica/silicates increases with increasing pressure (Figure 3). In basalt and
diopside melt, this increase is continuous and the IV Si - VISi jump takes
place between 20 and 50 GPa, which roughly corresponds to the tran-
sition zone and top of the lower mantle (Frost, 2008). Si coordination
changes in enstatite (Finkelstein et al., 2015) and silica (Badro et al., 1997)
indicate very similar behavior, with densification starting at lower man-
tle pressures. In this study, the average coordination number of crystalline
diopside reaches 5 (4 + 6) in the 𝛽-phase around 40 GPa, and increases
to 5.5 (5 + 6) in the 𝛾-phase around 50 GPa; however, this pressure is
likely to decrease at elevated temperature. The Si coordination number
in melts and glasses is known to affect the rheological behavior because
of the formation and breakdown of bonds (Yuan & Huang, 2014). It can
also be expected to affect the properties of crystalline material in similar
ways. Diopside is brittle and exhibits good natural cleavage on {110}, with
intersects at 87∘ and 93∘ due to the weak bonding between Si-O tetra-
hedral chains, as shown in Figure S4a. Both the 𝛽 and 𝛾 hypervalent-Si
diopside phases show structures in between pyroxene and ilmenite, and
the fact that the Si-O tetrahedral chains become connected will make it
harder to fracture the crystals in the pyroxene manner, because ilmenite
structure does not have natural cleavage. Slip systems, which control the
lattice-preferred orientation of clinopyroxenes have been reported to be
{110}1/2, {110}[001] and (100)[001] (Zhang et al., 2006). The new bonds in
P21/c phases which form in {110} planes will most likely reduce the mobil-
ity on the original {110} planes and therefore may change lattice preferred
orientation. The presence of SiO5 defects was also recently suggested to
play a critical role in the brittle to ductile transition in densified silica glass
by facilitating shear deformation and in dissipating energy by converting
back to the fourfold coordination state during deformation (Yuan & Huang,
2014). If V Si is also present in crystalline silicates, the condensed silicate
layers may have a similar effect on the rheology of the mantle rocks.

Slabs have been detected to be stagnant at the mantle transition zone depth, especially in cold and old sub-
ducted slabs in the west Pacific regions where the estimated temperatures at 660 km are below 1,000∘C (Fukao
& Obayashi, 2013; Fukao et al., 2009; King et al., 2015). The preservation of light metastable phases such as
olivine to compensate the effect of low temperature thus providing buoyancy force is one of the proposed
mechanisms (Bina & Kawakatsu, 2010; Kirby et al., 1996; Marton et al., 1999; Rubie & Ross, 1994; Schmeling
et al., 1999; Tetzlaff & Schmeling, 2000). It has been suggested that the pyroxene-garnet transformation can be
kinetically sluggish in cold environments, and thus pyroxene may be preserved in subduction zones at least
to the top of the lower mantle (Nishi et al., 2013; Van Mierlo et al., 2013). Recent geodynamic modeling has
demonstrated that metastable pyroxene has a stronger potential for affecting slab buoyancy at the transition
zone than metastable olivine, though has not yet accounted for the post-pyroxene transformation involving
Si coordination changes (Agrusta et al., 2014; King et al., 2015).

The preservation of pyroxene and post-pyroxene phases changes the density and elastic properties of the
slab, and therefore affects morphology and seismic wave velocity profile. In the present study, structural data
for the high-pressure polymorphs were obtained for only a few pressure points, thus we could not prop-
erly constrain changes in the equation of state from experiments alone. Instead, we analyzed the DFT results
on the end-member composition to estimate the changes in compressibility and volume discontinuities
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and compared our results with the calculated results of several important minerals in the transition zone and
lower mantle (Figure 4a). The volumes calculated by DFT are usually ∼3% smaller than experimental results
because of neglecting vibrational contributions (Hu et al., 2016; Qin et al., 2016); however, the relative values
give good approximations. The calculated bulk modulus from third-order Birch-Murnaghan equation of state
for the 𝛼-phase was 128(4) GPa, with K ′

0 = 4.0(2) and V0 = 422.1(6) Å3. The transformation to 𝛽-diopside
increases the bulk modulus to K0 = 159(6) GPa, K ′

0 = 3.6(3), and V0 = 396.5(7) Å3, and results in a 4.3% den-
sity increase. The 𝛾-phase is characterized by K0 = 170(5) GPa, K ′

0 = 3.87(8), and V0 = 386(1) Å3 and is
accompanied by 1.5% density increases. The densities of both 𝛽 and 𝛾-phases lie in the bracket determined
by shock experiments (3.6–3.9 g/cm3) (Svendsen & Ahrens, 1983, 1990), it is therefore possible that the
phase transformation reported in the shock experiment corresponds to formation of one of the metastable
high-pressure phases observed in our study. The temperature in previous shock experiments was estimated
to reach ∼1,200∘C, which indicates that this phase could exist at ∼1,200∘C and ∼90 GPa. The bulk moduli and
bulk velocity (v =

√
KT∕𝜌 ) of different phases are also calculated as a function of pressure (Figures 4b and 4c).

The new 𝛽 and 𝛾-diopside are stiffer than 𝛼-diopside and have higher bulk sound velocity. However, in com-
parison, bridgmanite (Mg-Pv), Ca-perovskite (Ca-Pv) and akimotoite (Akm) have much higher bulk modulus
and bulk sound velocity than the 𝛼, 𝛽 , and 𝛾-diopside. The 𝛾-diopside is ∼6% and ∼11% lighter than MgSiO3

akimotoite (Karki et al., 2000) and CaSiO3+MgSiO3 perovskite mixture (Caracas et al., 2005; Wentzcovitch et al.,
2004), which would promote stagnation of the cold slab in the transition zone or the uppermost part of the
lower mantle (Fukao & Obayashi, 2013). In terms of elastic anisotropy, we expect both the 𝛽- and 𝛾-phases to
resemble diopside and akimotoite, which are highly anisotropic (Sang & Bass, 2014), consistent with seismic
observation in the cold stagnant slab (Chen & Brudzinski, 2003; Vavryčuk, 2006).

4. Conclusions

The fate of clinopyroxenes like diopside in the Earth’s mantle is to break down into dense oxides or densify into
perovskite phases, with separation of Ca-rich and Ca-poor components. Petrologists previously assumed that
this process requires complete breakdown of the crystal structure and involves a fully reconstructive trans-
formation mechanism, with extensive bond breaking and re-formation, and thus requires high temperature
to overcome kinetic barriers. The results reported above demonstrate that there exists an alternative path
to accomplish the silica densification, which involves a displacive, reversible mechanism and a phase with
exotic, penta-coordinated silicon. This general mechanism seems to be accessible to most pyroxenes belong-
ing to the En-Fs-Hd-Di quadrilateral, for both clinopyroxene and orthopyroxene compositions, and it seems to
always involve phases with penta-coordinated Si. The presence of V Si has consequences for chemical reactiv-
ity, elastic and plastic deformation, density of the subducted slab, and its buoyancy relative to the surrounding
mantle. In old and cold subducted slabs in the west Pacific region, high-pressure and moderate-temperature
conditions along the slab may support such a transformation mechanism and promote metastable existence
of 𝛽 and 𝛾-diopside far outside of their thermodynamic stability fields in the lower mantle.
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