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ABSTRACT

Pyroxene is an important group of minerals in the subducted slab and the upper mantle. In the
upper mantle, where the temperature is high, pyroxene gradually dissolves into garnet and forms
majoritic garnet at the base of the upper mantle and the transition zone. However, recent studies
show that the pyroxene to garnet transition is very slow, especially in the cold subduction zones.
Therefore, pyroxene is expected to be preserved metastable to the transition zone or even the top
of the lower mantle in the cold subducted slabs. In this thesis, the high pressure behavior of two
clinopyroxenes — hedenbergite and diopside are studied at high pressure conditions.

The compressional behavior of hedenbergite (CaFeSi2Og), end-member diopside and iron-bearing
diopside are studied by single-crystal X-ray diffraction. The unit cell parameters and equation of
state are reported and compared. At the upper mantle depths, eclogite with aluminous iron-bearing
diopside is denser than eclogite with end-member diopside in the cold subducted slab conditions,
and therefore provides larger slab pulling force. At the bottom of the transition zone and the top
of the lower mantle, eclogite with aluminous iron-bearing diopside, though has higher density than
that with end-member diopside, is still less dense than the surrounding mantle and could contribute
to slab stagnation — a failure of the slab to descend into the lower mantle.

A new phase (y-diopside) with Si in a rare five-fold coordination site is observed above 50 GPa.
This result suggests that ¥'Si may exist in the transition zone and the uppermost lower mantle in
appreciable quantities and may have significant influences on buoyancy, wave velocity anomalies,
deformation mechanisms, chemical reactivity of silicate rocks and seismicity within the slab. The
~-diopside is ~ 6% and ~ 11% lighter than MgSiO3 akimotoite and CaSiO3 + MgSiO3 perovskite
mixture, which would promote stagnation of the cold slab in the transition zone or the uppermost
part of the lower mantle.

All studies suggests that metastable pyroxenes, even after phase transitions, are less dense than
the surrounding mantle minerals in the transition zone or the top of the lower mantle, and can

contribute to slab stagnation.
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CHAPTER 1
INTRODUCTION

1.1 Subduction Zone

Subduction is a geological process that takes place at convergent boundaries of tectonic plates,
where one plate thrusts beneath the other and is forced into the mantle. Oceanic plates, due to
their high density always subduct; therefore, many subduction zones, such as the Japan Trench and
the Kermadec-Tonga zone are located around the oceans. Subduction process is important because
it causes and controls various dramatic geological phenomena and hazardous events to occur on
the Earth’s surface, such as volcano eruptions and earthquakes (figure 1.1). Subducted slabs also
take part in the global scale mantle convection, which is the most import process that happens in
the deep interior of the Earth.

. Volcano
Continental Crust Oceanic Crust

Lithospheré Lithosphere

Mantle

Lithosphere

Lower Mantle

Subduction Zone

Outer Core
@
Core

Figure 1.1: The layout of a typical subduction zone. Not drawn to scale.

There are many unsolved problems related to subduction zones. Which factors control slab stagna-
tion at the transition zone is one such unanswered question. It has been observed that some slabs
become flattened and stagnant between 400 and 1000 km and this phenomenon is believed to be
affected by many factors such as mineralogy and petrology, density, rheological properties of the
slab and the surrounding mantle [19]. Another mystery that is related to the subduction process is

the triggering mechanism of the deep-focus earthquakes, which originate in the subducting slabs.



Shallow-focus earthquakes are the result of brittle fracture; however, this mechanism is unlikely to
apply to deep-focus earthquakes, which originate at depths exceeding 300 km, due to the dominant
plastic behavior of rocks at these greater depths. Many hypotheses have been proposed to explain
the mechanism of deep-focus earthquakes, and one of them suggests involvement of crystalline min-
eral phases [20].

To obtain a better understanding of the subduction process and shed some light on the prob-
lems mentioned above, improved constrains on the structure and mineral composition of subducted
slabs have to be established. Due to the limitations of direct sampling of mantle rocks, most of
the knowledge of the slab structure and composition is obtained from geodynamic modeling by
combining geophysical observations and information about properties and behavior of minerals at
high pressure and high temperature conditions [21]. This thesis discusses the phases and physical

properties of several important minerals in the subducted slab at high pressure conditions.

1.2 The Petrological Model of the Subducted Slab and the Mantle

Table 1.1: Chemical composition of subducted slabs. ¢ Minor amounts of CroQOg3 in harzburgite
(0.58%) and pyrolite (0.45%) were omitted in formulation of calculated mineral assemblages. °
FeO* = FeO + MnO + NiO + FeyO3. This table is modified after [1].

Average MORB [22] Primitive MORB [23] Harzburgite® [23] Pyrolite® [23]

S0, 50.8 49.7 43.9 15.0
ALO3 15.4 16.4 1.4 14
FeO* 10.6 8.0 7.9 8.0
MgO 7.5 10.1 45.8 38.8
a0 11.6 13.1 1.0 3.4
NaO 2.7 2.0 — 0.4
TiO, 1.4 0.7 — —
Mo 55.8 69.2 91.2 89.6

The mineralogy of the subducted slabs plays an important role in the subduction process.
The subducted slab is a layered structure consisting a mid-ocean ridge basaltic (MORB) crust,
harzburgite, lherzolite and depleted pyrolite as shown in figure 1.2. The chemical composition of
MORB, harzburgite and pyrolite are shown in table 1.1. The MORB layer has higher Al, Ca and
Na content and lower Mg-to-Fe ratio than the underlying harzburgite and pyrolite [1]. At the
surface, MORB is composed of amphibole, chlorite, albite and epidote [24]. The harzburgite and
lherzolite layers are mainly composed of olivine and pyroxene. There are ~78% olivine and 22%
orthopyroxene in the harzburgite layer. The lherzolite layer is composed of ~65% olivine and 35%
pyroxene. In the depleted pyrolite layer, there is ~57% olivine and 43% pyroxene, plus garnet as

shown in figure 1.2.
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Figure 1.2: The mineral phases in a layered subducted slab. Not drawn to scale. This figure is
modified after [1].

The phase transitions of minerals in the subducted slabs are still under debate. Considering only
the stable phases, the minerals in the slab are expected to go through similar phase transitions as
those in the normal mantle as shown in figure 1.3. The phase transitions of minerals in the normal
mantle are well studied [25] and are discussed in detail below. The mantle is defined as the region
between crust and the core and is devided into three layers — the upper mantle, the transition
zone and the lower mantle as shown in figure 1.1. The upper mantle starts at the base of the crust
around 7 to 35 km (< 1 GPa, 1600 K) and ends at the 410 km discontinuity which corresponds
to ~13 GPa and 1700 K [26, 27]. At the base of the upper mantle, there is ~ 55% olivine, 15%
garnet and 30% clinopyroxene plus orthopyroxene [28, 27]. As depth increases, pyroxene gradually
dissolves into garnet and forms majoritic garnet at the base of the upper mantle [25]. The olivine
transforms to wadsleyite, which causes a discountinuity at 410 km that can be detected by seismic
waves, and globally defines the lower boundary of the upper mantle [29]. Below the upper mantle
is the transition zone which extends to the 660 km discountinuity (~ 24 GPa and 1800 K) [26, 27].
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Figure 1.3: The mineral phases in the mantle. This figure is modified after [8].

In the transition zone, wadsleyite transforms to ringwoodite at ~17 GPa and causes the 520 km
discontinuity, which can be observed by seismic waves regionally [29]. In this region, pyroxene is
almost fully dissoved into garnet and turns into marjoritic garnet [27]. Ringwoodite decomposes to
ferropericlase and bridgmanite at 660 km depth and causes a global discountinuity, which defines
the upper boundary of the lower mantle [28, 29]. In this region, majoritic garnet transforms to
bridgmanite [27].
According to the stable phase diagram, similar phase transitions are expected in the subducted
slab. As the crust subducts, at ~2.5 GPa (70 km), MORB transform to eclogite, which contains
~30% garnet and 70% pyroxene[l, 24, 30]. Eclogite is a dense rock and provides the driving force
for the slab to subduct in the upper mantle [31]. Further, MORB transforms to garnetite, which is
composed of majoritic garnet and stishovite, at the depth of the upper mantle and the transition
zone [32]. Olivine in the subducted slabs should also go through the olivine-wadsleyite-ringwoodite
transitions.

However, recent studies show that the transition from pyroxene to garnet is very slow [33, 34,

35, 36]. Especially at the conditions of the cold subducted slabs, such as the Tonga, where the
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Figure 1.4: The regions of metastable minerals in the stagnant slab. This figure is modified after

[9]-

lowest temerature can be below 1300°K, or even as low as 800 °K, at the bottom of the lower
mantle [37]. It takes about 10-15 Myr for the subducting slab to pass through the transition zone.
According to the kinetic experimental results obtained at 1000°C and 18 GPa, only about 35%
of the pyroxene has dissolved into garnet after 12.5 Myr. Therefore, it is unlikely that subducted
oceanic crust can reach a state of thermodynamic equilibrium. At these conditions, it is possible
that pyroxene can be preserved to the bottom of the transition zone and the top of the lower mantle
as shown in figure 1.4 [33, 9]. The metastable pyroxenes are less dense than the surrounding mantle,
even at cold conditions, and therefore cause the slab to be neutrally buoyant at the transition zone
[33, 9, 37]. This conclusion agrees well with the observation that stagnant slabs are dominant in
cold subduction zones [37].

The possible preservation of metastable pyroxenes to the transition zone or even the lower mantle
and its metastable polymorphic phase transitions are believed to affect slab dynamics in three
ways: (1) Pyroxene and its metastable high pressure polymorphs are less dense than garnet and
presence of metastable pyroxene metastable in the slab can increase the slab buoyancy, causing slab
stagnation at the transition zone (1.4) [36, 33, 9, 37]. (2) Phase transition in the slab may induce

grain size reduction which could lead to weakening of the slab that lead to slab stagnation [38, 35].



(3) The heat released or absorbed during the phase transition affects the thermal environment of
the slab which can shifts the phase transformation to different depths depending on the Clapeyron
slope of the phase transition [39].

In this thesis, the high pressure behavior of pyroxene and its role in the subduction process are
studied.

1.3 The Pyroxene Mineral Group

@) o © (b)

Figure 1.5: The crystal structure of pyroxene (C2/c MgSiO3). Red atom, oxygen; grey atom,
silicon; orange atom, magnesium. (a) The Si-O chain along the ¢ axis. (b) The pyroxene structure
at the a-b plane.

The pyroxene structure, with the chemical formula of M2M1750g, belongs to the inosilicate
family and consists of alternating layers of edge-sharing SiO,4 tetrahedral chains (figurel.5a) and
layers of octahedrally coordinated cations (figure 1.5b). The SiO4 tetrahedral chains with M1 sites
in between can be simplistically represented by I-beams (figure 1.5b), and pyroxene structures can
be viewed as stacking of I-beams separated by M2 sites. The ability of the tetrahedra along the
silicate chains to rotate with respect to one another allows the structure to accommodate cations
with different ionic radii and charges, leading to a wide range of possible compositions [40]. The
octahedral layers contain two types of cation sites; the smaller M1 site with more regular coordi-
nation geometry, typically occupied by Mgt or Fe?T, and the larger M2 site, which often features
coordination numbers higher than 6. There are three main stacking polymorph types differing in

symmetry — C2/c or P21 /c for clino-pyroxene (cPx), Pbca for ortho-pyroxene (oPx) and Pben for



Proto-pyroxene (pPx). Within each of these three main types, further symmetry distortions are
possible by changing the silicate chain kinking angle and substitutional ordering of cations[40].

The most important pyroxenes/pyroxenoids include end-member compositions of M g2Si20¢ (en-
statite, En), FeaSio0g (ferrosilite, Fs) and CaySi20g (wollastonite, Wo) as shown in figurel.6.
The compositions with Ca/(Mg, Fe) exceeding 1.00 crystallize in a pyroxene-related pyroxenoid
structure, whereas the compositions belonging to the quadrilateral CaM ¢gSi20g (diopside, Di),
CaFeSia0¢ (hedenbergite, Hed) are proper pyroxenes. At ambient conditions, Ca content above
Ca/(Mg, Fe) 0.05 favors the C2/c c¢Px stacking arrangement, whereas the Ca-poor pyroxenes found
on the surface typically crystallize in Pbca orthopyroxene structure, though P2;/c is believed to

be the stable phase of Ca-poor pyroxenes at ambient condition[40].

Ca,S5i,06
Wollastonite
- - - 50
Diopside | Hedenbergite 45
Augite
20
Pigeonite
- — 5
Enstatite | Ferrosilite
Mg,Si, 04 Fe,Si,0¢

Figure 1.6: Ternary composition phase diagram with En-Fs-Hed-Di principal quadrilateral.

1.4 High-pressure Techniques

1.4.1 Diamond Anvil Cell

The interior of the Earth is under high-pressure (up to ~360 GPa) and high-temperature (up to ~
6000 K) conditions [41]. To study the behavior of mateirals in the interior of the Earth, special de-
vices are required to simulate the high-pressure and high-temperature conditions. Currently, there
are three major approaches to generate high pressure. The first approach is the shock compres-

sion. This method generates a large-amplitute and supersonic compressional wave (shock wave) to
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compress samples to high pressure within a short period (nanosecond to microsecond). The shock
wave can be generated by either accelerating projectiles and impact the target samples (e.g., [42])
or using high-power laser (e.g., [43]). This method can compress the samples to extremely high
pressures (~ 1000 GPa) ([43, 44, 45, 46]). However, this method is limited by its short compres-
sion duration (nanosecond to microsecond). During such short compression time, huge amount of
energy is ejected to the sample, raising the temperature of the sample. Such short time duration
also makes many types of measurement that requires long exposure time difficult. Meanwhile, not
enough time is given to the sample to dissipate the heat to reach thermal equilibrium with the
environment. Shock experiments requires large and expensive devices that is not accessible to most
people. Therefore, static compression methods, as discussed below, are more commonly used.

The second type of high pressure generation apparatus is the large volume press [47]. In this

3 size sample is placed in the center of a press, which hundreds to thousands

method, a ~ 0.1 mm
tons of static force exerted to generate high pressure [47]. The size of samples used in this method
is usually larger compared to other methods, so it is often used in sample synthesis. However, due
to its large sample chamber size, the pressure that large volume press can reach is limited to ~ 65
GPa with WC anvils [48].

The third device for high pressure generation is the diamond anvil cell [49]. This method, due
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Figure 1.8: The diamond anvil cell and their components. (a) Diamond (diameter = 3.3 mm) with
a cutlet diameter of 300 pm. (b) WC backing plate with a diameter of 3.3 mm for the inner hole.
(c) The side view of a closed diamond anvil cell with a Re gasket. (d) Sample chamber viewed
through the diamonds. (e) The side view of a diamond anvil cell. The length of the screws (cap
not included) is 1 inch; (f) The top view of a diamond anvil cell.



to its many advantages, is used in this thesis and is described in detail below. The diamond anvil
cell (DAC) is in principle a piston-cylinder or a plate-opposing device, which uses diamonds, one
of the hardest material on the Earth, as anvils to generate high pressure. There are many differ-
ent types of diamond anvil cell, but the basic components and the principles are similar. Figure
1.7 and figure 1.8(e)(f) show the piston-cylinder type diamond anvil cell (BX-90). Two diamonds
with tips cut flat (called the ”culet”) (figure 1.8(a)) are mounted on backing plates (figure 1.8(b))
and are placed on each side of the piston-cylinder device. The backing plates are usually made of
hard materials such as tungsten carbide (WC) and cubic boron-nitride (cBN). Between the two
diamonds is a metal gasket (usually made of Rhenium) with a hole in the center, within which
samples are placed. Figure 1.8(c) shows a closed diamond anvil cell and figure 1.8(d) shows the
sample chamber looking through the diamond. Pressure P = F/A is the force (F') devided by the
contacting area (A). To increase pressure, either the force should be increased or the contacting
area should be decreased. The screws with washers in the piston-cylinder device are used to in-
crease the force. The diamond tips are cut to ~ 60 — 500 pm to decrease the contacting area. To
keep a quasi-hydrostatic environment, gas pressure-transmitting medium such as neon or helium is
usually loaded into the sample chamber [50].

Diamond anvil cell has many advantages comparing to shock compression and large volume press:
(1) Diamond is one of the hardest materials on the Earth and can hold several hundred GPa pres-
sures [51]. (2) Diamond anvil cell generates static and (quasi-)hydrostatic pressure. (3) Diamond
is trasparent to a wide range of electromagenic radiations including X-ray, which allows the ap-
plication of various techniques, such as Raman spectroscopy and X-ray diffraction, to the samples
in situ. In situ measurements are important because many high-pressure and high-temperature
phases cannot be preserved to ambient conditions. (4) Diamond anvil cell is a small device and
can be easily transported to different locations, which faciliates the usages of synchrotron radiation
sources. However, the samples used in the diamond anvil cell are very small (about micrometers
in size), which makes some measurements difficult. Therefore, strong X-ray radiation sources, such
as synchrotron radiation sources, are used (discussed in the next section).

BX-90 cell is the type of diamond anvil cell that used mostly in this thesis as shown in figure 1.7
and figure 1.8(e)(f) [52]. This cell consists a piston and a cylinder that matches exactly with each
other, providing high mechanical stability for the diamonds. This cell is characterized by its wide
symmetrical axial opening of 90 °, which is crucial for single crystal X-ray diffraction experiments.
Bohler-Almax diamonds are usually used together with this type of cell to make the maximum
usage of its wide opening angle. The Bohler-Amlax diamond anvil (BA diamond) is a specially
designed conical type diamond used to achieve big opening (figure 1.7 and figure 1.8(a)) [53]. The
aperture of diamonds is determined by the height to base diameter ratio as shown in figure 1.7.
The BA diamond has a circular bottom cone which increases the diamter, and therefore increases

the aperture. A typical BA diamond achieves an opening of 70° — 75° . In order to mount the
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diamond on cell, a backing plate with a matching cone should be used [53] (figure 1.7 and figure
1.8(b)).

The diamond anvil cell consists of two opposite anvils and therefore provides higher stress along the
loading direction. However, in most high-pressure experiments, (quasi-)hydrostatic environment is
desired. In order to achieve (quasi-)hyrdrostatic environment, pressure-transmitting medium is
always used. Different pressure-transmitting medium is used for different purpose. Light noble
gas, such as He and Ne, is one of the most commonly used pressure-transmitting medium, thanks
to the gas-loading system at the beamline [50]. There are many advantages of using noble gas
as the pressure-transmitting medium: (1) It is chemically inert and therefore does not react with
most samples. (2) Inert gas crystallizes at high pressure and is soft, even after crystallization [54],
providing (quasi-)hydrostatic environment. (3) Inert gas is optically transparent. (4) Light noble
gas is a weak X-ray scatterer.

Neon and helium are two types of most commonly used noble gas pressure-transmitting medium.
Neon crystalizes at 4.8 GPa at ambient temperature [55]. Experiments show that neon becomes
nonhydrostatic at ~ 15 GPa. Helium provides better hydrostatic environment than neon and other
pressure-transmittin medium [55]. However, helium diffuses easiliy into diamonds, making the

diamonds more vulnerable to cracks.

1.4.2 Pressure Determination
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Figure 1.9: The ruby spectrum at 0.00 and 6.00 GPa.

Sample chamber of the diamond anvil cell is very small (few hundred pm in diameter, few pm
in thickness) as shown in figure 1.8(d). Therefore, mechanical pressure gauges cannot be used to
determine pressure in DAC. Instead, the pressure inside the sample chamber is measured by optical

spectroscopy or X-ray diffraction methods.
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Ruby fluorescence method is one common optical spectroscopy method to determine the pressure
inside the sample chamber [49]. Ruby is a pink to blood-red colored gemstone-quality variety of
corundum (a-Aly0O3). Corumdum is colorless, and the red color of ruby is from partial substitution
of Cr3* for AI3+ at the octahedral site in the structure. Cr3T is a transition metal ion and causes
the fluorescence phenomenon of the ruby crystal. After absorption of light, the d-electrons of Cr
are excited from the ground %A, state to the *T} state, which then decays into an excited 2E state.
The high pressure experiments make use of the emission photon related to the 2E to 44, transition.
This transition is dominated by two sharp bands located at ~ 692.8 nm (R2) and 694.2 nm (R1)
at ambient condition [56, 57]. The shift of ruby fluorescence peak R1 with pressure is well-studied

[58, 59] and is expressed by the following equation:
P =A/B[1+(6)\/X)?] -1 (1.1)

Mao et al. gives A = 19.04 Mbar and B = 7.665 [58]. Figure 1.9 shows the fluorescence spectrum
of ruby at ambient condition and high pressure. The fluorescence peaks at high pressure shift to

higher wavelength compared to that at ambient condition.

Figure 1.10: The diffraction peaks of neon (inside the red boxes) at 33.8(3) GPa.

At high pressure, ruby spectrum becomes broad, which makes the pressure determination dif-
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ficult. Besides ruby fluorescence, well-defined equation of state of pressure medium (e.g., Neon)
or pressurecalibration samples (e.g., Pt and Au) can also be used to determine pressure inside the
sample chamber. Neon transforms to a face-centered cubic crystal at 4.8 GPa and 298 K [55], and
the diffraction of neon crystal can be collected during X-ray diffraction measurements as shown in
figure 1.10. In DAC, neon usually first crysalizes in single-crystal form and then becomes more and
more powder-like. The equation of state (EoS) of neon has been well-studied to 208 GPa [60], and

is described by Mie-Grunesen-Debye formalism.

1.5 X-ray Diffraction

1.5.1 The Physics of X-ray Diffraction

Diffracted X-ray Incident X-ray

-e--@--9---6---@

Figure 1.11: Bragg’s law. The magenta dots represent unit cells in a crystal.

X-ray diffraction is a powerful method for obtaining structural information of crystals. X-rays
are electromagnetic radiations, like visible light, but of much shorter wavelength. The wavelength
of X-rays is between that of ultraviolet light and gamma rays, and is ~ between 0.01 to 10 nm. The
diffraction of X-rays by matter results from the combination of two different process: (1) scattering
by the individual atoms with several electrons, and (2) interference between the waves scattered
by each atom [61]. The diffraction pattern is related to the type of atoms inside the matter and
also the spatial arrangement of the atoms. By interpreting the resultant diffraction pattern, the
structure of the matter can be obtained.

The interference between unit cells in the crystal determines the positions of diffraction peaks, and

is described by the famous Bragg’s law [61]

nAx = 2dhklsin(9hkl) (1.2)
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where )\ is the wavelength of the incoming beam, n is an integer number, dpx; is the spacing
between hkl planes and 6y is the diffraction angle associated with a specific hkl as illustrated in
figure 1.11. This equation shows the conditions when a diffraction peak can be observed. The
difference between the incident and the diffracted X-ray vector (S1 — So) is 2dpg;sin(fnk), and
the diffraction condition satisfies when S1 — Sg equals to nA. From this equation, two important
conclusions for experiment design can be drawn: (1) For each dpk;, the diffraction peaks (Bragg
peaks) can only be observed at certain angles (Bragg angles). (2) If the position of the Bragg peaks
are known, the unit cell parameters can be solved from the d-spacings (dpx;)-

The intensity of the Bragg peaks also convey important information. The intensity I,,s of the
diffraction peak is propotional to square of the structure factor F'(ry,;) of the unit cell, which is

described by
N 1 .
F(rhy) = ijlfj(%)ea:p[ZM(erl‘rwz)] (1.3)
where r*=h-a* + k-b* + [-c* is the vector in the reciprocal space, r=x-a 4+ y-b + z-c is the vector
of an atom in the real space. N is the number of atoms in the unit cell, fl(ﬁhkl) is the atomic

scattering factor of atom i at dpy = —— [61, 62]. With this equation, the atomic positions can be

- Tkl
solved from peak intensitites.

1.5.2 Single-crystal X-ray Diffraction

In general, based on the type of sample, there are two types of X-ray diffraction (XRD) techniques —
powder XRD and single-crystal XRD. As can be infered from the name, powder X-ray diffraction
uses powder crystalline samples. Crystals have different orientations in powder samples, which
produces ring-like diffraction pattern, instead of spotty patterns as observed in single crystal X-
ray diffration experiments. Besides, a new type of X-ray diffraction technique — multi-grain X-
ray diffraction, which aims to fill the gap between powder and single-crystal XRD is playing an
important role in high pressure research [63].

Powder XRD is one of the most widely used characterization technique in high pressure research.
Compared with single-crystal XRD, it has many advantages: (1) The measurement time is shorter.
(2) It is easier to set up. (3) It is easier for quick identification of known phases. (4) It does not
require high quality single-crystal samples, which can be hard especially after some treatment such
as laser heating. (5) With the convenience list above, it can be used to obtain important information
such as unit cell parameters. However, powder XRD has many limitations. The peaks in powder
diffraction are often broad and overlapped, which makes it difficult for indexing of low-symmetric
structures, solving atomic positions and solving new crystal structures.

Thanks to the development of advanced synchrotron infrastructures [50], large aperture diamond
anvil cell techniques [53], and data processing softwares [64] for high pressure research, single-

crystal XRD becomes routine in high pressure research. The development of single-crystal XRD
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at high pressure makes the determination of unknown crystal structures possible at high pressure
[65, 66, 12]. Single-crystal diffraction is the main technique used in this thesis. The physics and
the procedures of single-crystal diffraction is discussed below.

In general, data processing of single-crystal XRD can be divided into the following steps:

(1) Harvesting Bragg peaks;

(2) Indexing of the Bragg peaks;

(3) Solving the cystal structure;

(4) Refining the crystal structure.

Firstly, The Bragg peaks are extracted from 2D images collected different angles using spot detecting
algorithms and fit with Gaussian or pseudo-Voigt functions [64]. The positions of the peaks in 3D
space are used to determine the unit cell parameters (step 2). The intensities, together with the
indexing results, are used for solving (step 3) and refining (step 4) the position of each atom in the
unit cell. If the structure is known, step 3 can be skipped. With the peak positions known, the unit
cell parameters can be determined by searching for lattice in the reciprocal space. The orientation
of crystals and the hkl-index of each peak can also be obtained [67].

One big advantage of single-crystal XRD over powder XRD is the ability to solve crystal structure,
which, however, is not trivial because of the famous phase problem. As discussed above, the
observed intensity I,ps of a given diffraction peak is proportional to |F(r},,)|*. However, the X-ray
detectors can only measure the amplitude but not the phase of the X-ray waves. Therefore, the
phase information which is crucial for structure determination is missing in the experiments. To
overcome the phase problem, several methods such as probabilistic methods (e.g. direct methods
[68]) and Fourier methods (e.g. Patterson methods [69]), are used.

After the structure is solved, refinement should be done to obtain a more precise structure. The
goal of structural refinement is to minimize the difference between |Fyp,|? and |Fq.|?, where | F,ps|?
is converted from I,,s obtained from experiments and |F.q.|? is calculated from the trial model.

Below are three commonly used metrics to determine the quality of structural refinement:

Rl = Z||Fobs|_|Fcalc|| (1 4)
Z‘Fob8|

Sow(|Fops|® — ‘Fcalc,2)2]1/2

R = s L [Fo )2

(1.5)

(| Fops|* = [Feate]?)?
Goor = (2 e (16)
In these equations, |Fyps| and |Feqc| are observed and calculated structural factors. w is the
weight for each peak used in the fitting. Ng is the number of symmetrically independent diffraction
peaks used in the fitting and Np is the number of parameters refined. Usually, for a good refinement,
R1 is below 10%, wR2 is below 20% and GooF' is near but slightly greater than 1.0 [70].
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1.5.3 The X-ray Diffraction at the Synchrotron

High pressure single-crystal XRD is more difficult than ambient condition XRD, mainly due to the
following reasons: (1) The aperture of the diamond anvil cell limits the reciprocal space that can
be probed by experiments; (2) Samples are placed between two diamonds which absorb X-rays; (3)
There is a metal gasket surrounding the sample, which could contribute undesired signals. To solve
these problems, synchrotron radiations are often used in high pressure XRD research.

Synchrotron radiations are generated by accelerated electrons and has the following advantages over
a conventional X-ray tube: (1) It is more than a billion times brighter; (2) It can be focused to nano-
meter size; (3) It provides broader spectrum and higher energy. The single-crystal XRD experiments
in this thesis have been performed at synchrotron radiation sources, such as the Advanced Photon
Source at Argonne National Laboratory. The experimental setup in synchrotron radiation sources

is discussed below. In a synchrotron radiation source, electrons are generated by a hot electron gun.

nA = 2dsin(0)

Diamond X-Ray
Anvil Cell
Synchrotron

Source

Pin-hole
I ] E—
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Figure 1.12: The experimental setup of 13IDD at the Advanced Photon Source.

The electrons travel through a linear accelerator and then a circular booster ring to get accelerated.
After that, the electrons are ejected to the storage ring, where they go through a series of bending
magnets and undulators. In this process, the traveling directions of electrons change and result
in radiation of X-rays. The radiated X-rays are then directed to different experimental hutches.
Different experimental hutches have different techniques and therefore have different X-ray optics
to make advantage of different properties of the X-rays. For monochromatic X-ray diffraction
experiments, the X-rays are usually directed through a monochromator and two focusing mirrors

as shown in figure 1.12. The sample, diamond anvil cell, is placed on a rotation stage, the rotation
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center of which is alligned with the X-ray beam. A charge-coupled device (CCD) detector is placed

at the downstream position to collect diffraction peaks.

1.6 Scope of the thesis

This thesis studies the high-pressure behavior, including the equation of state and phase transi-
tions, of clinopyroxene. The main technique used in this thesis is synchrotron single-crystal X-ray
diffraction.

In chapter 2, the high pressure equation of state of the Fe-, Ca- rich clinopyroxene, hedenbergite
(CaFeSiy0g), was studied to ~ 33 GPa by single-crystal X-ray diffraction and Raman spectroscopy.
The unit cell parameters and equation of state of this mineral is reported. The compression mech-
anism, the structural distortion and the Raman vibrational modes are also studied.

The high pressure behavior of diopside is studied in chapter 3 and chapter 4. Chapter 3 focuses
on the high pressure equation of state of diopside. The equation of state of an end-member and
an aluminous iron-bearing diopside (CaFeSi2Og) was studied to 50 GPa by single-crystal X-ray
diffraction and density functional theories. The equation of state of both samples are studied and
compared with other clinopyroxenes. The effect of A>T and Fe?t on volume and bulk modulus
are examined in clinopyroxene. The role of alumious iron-bearig diopside in the slab subduction
and stagnation process is studied.

Chapter 4 focuses on phase transitions of diopside at high pressure. An new phase with rare penta-
coordinated Si is observed. This observation suggests a possibility that this phase be preserved to
the cold subducted slab. The effect of five-coordinated Si on chemical reactivity, elastic and plastic
deformation, density of the subducted slab and its buoyancy relative to the surrounding mantle is
studied.
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CHAPTER 2
COMPRESSIONAL BEHAVIOR OF HEDENBERGITE UP TO
33 GPA

This chapter has been published as Hu, Y., Dera, P., and Zhuravlev, K. (2015). Single-crystal
diffraction and Raman spectroscopy of hedenbergite up to 33 GPa. Physics and Chemistry of Min-
erals, 42(7), 595-608.

2.1 Abstract

Pyroxenes are important minerals in Earth’s upper mantle and subducting plate. Here, we report
results of high-pressure single-crystal X-ray diffraction and Raman spectroscopy experiments con-
ducted on natural Ca, Fe pyroxene hedenbergite up to ~ 33 GPa in diamond anvil cell. Unit cell
parameters a, b, ¢, B, V, as well as bond lengths of hedenbergite are reported within the studied
pressure range. Cell parameters exhibit continuous decrease on compression. Axial compressibil-
ities of a, b and ¢ are calculated to be 1.7(2), 4.9(5), 2.13(9) x 1073 GPa™!, respectively. Bulk
modulus and its pressure derivative are determined to be 131(4) GPa and 3.8(3). Compression
mechanism is dominated by polyhedral and bond compression trends typical of clinopyroxenes. In
general, shorter bonds show lower compressibility and SiOy4, the smallest polyhedra, show the low-
est compressibility. Angle and elongation distortions are reported for the three types of polyhedra
at high pressure. 11 vibrational modes are observed with Raman spectroscopy up to ~ 33 GPa.

All observed, mode frequencies increase as pressure increases.

2.2 Introduction

Pyroxenes are important minerals in the deep Earth. In the bulk mantle, according to pyrolitic
compositional model, the top upper mantle is composed of ~ 65% olivine, ~ 20% pyroxene and
15% garnet by volume [25, 71]. As pressure and temperature increase, pyroxenes gradually dissolve
into garnet and form majorite garnet at the base of the upper mantle [72]. Pyroxenes are also abun-
dant in subducting slabs. The oceanic lithosphere constitutes of basaltic crust (fine grained basalt
and coarse grained gabbro), harzburgite, lherzolite and light-rare-earth-element (LREE)-depleted
pyrolite. There are ~ 22% and ~ 35% pyroxenes in harzburgite and lherzolite, respectivly [1].
As the slab subducts into mantle, the top basaltic crustal layer undergoes eclogitic metamorphism
during which plagioclase and some of the clinopyroxenes are consumed to produce grnet [1]. How-
ever, recent high pressure studies show that the dissolution of pyroxene into garnet is kinetically
suppressed at temperatures below geotherm (<1000°C) thus they may be preserved to much higher

pressure in the cool subduct slab [36, 33, 34]. Recently, many anomalous seismic velocity structures
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have been observed by different seismic methods and are interpreted as metastable olivine wedge
in cold suducting slabs [73, 74, 75]. It is possible that metastable pyroxenes exist in the cold slabs
and even in broader ranges than metastable olivine, due to the higher temperatures defining their
etastabilty limits [9].

Pyroxenes, with a general formula M2M1(Si, Al)2Og, belong to the inosilicate family, with crystal
structures consisting of alternating layers of tetrahedral chains and layers of octahedrally coordi-
nated cations. The ability of the tetrahedra along the silicate chains to rotate with respect to one
another allows the structure to accommodate cations with different ionic radii and charges, leading
to a wide range of possible compositions [40]. Recent single-crystal X-ray diffraction studies on
pyroxenes (enstatite, diopside, ferrosillite) reported a number of new high-pressure phases under
ambient temperature [76, 65, 66]. Hedenbergite is an important Ca, Fe end-member of clinopyrox-
enes family, and constraining its behavior and physical properties can be useful for modeling the
behavior of clinopyroxenes solid solutions. Hedenbergite can be found in chondries [77] and skarn,
a calcium-bearingrock [78]. Hedenbergite has been the subject of several high pressure studies. Its
structure was determined up to ~ 10 GPa by single-crystal diffraction and no discontinuous be-
havior was observed [3]. On the other hand, high-pressure nuclear forward scattering (synchrotron
Méssbauer) studies up to 68 GPa reported discontinuities at 53 GPa ad 68 GPa [3, 79]. High
temperature and high pressure phase transformation of hedenbergite were studied up to 40 GPa
and ~ 1200°C and decomposition to multiple phases was also observed [80, 81].

Single crystal diffraction is a powerful tool for resolving variations in the crystal structure. The
bond length changes inside the crystal can be useful for predicting crystal behavior at high pressure
and calculating element partitioning, as well as thermodynamic properties [82, 83, 84, 85]. Here,
we determined the compressibility, structure and vibrational properties of natural hedenbergite by
synchrotron single-crystal X-ray diffraction and Raman spectroscopy up to ~33 GPa in diamond
anvil cell. Compressibilities and pressure evolution of bond lengths and polyhedral distortion are

determined and discussed.

2.3 Methods

In this study, we used a sample of natural hedenbergite from the University of Arizona RRUFF
collection #R070236, with composition Caj go(Feg.s7Mng.16Mgo.17)Si20¢, determined by means of
electron microprobe analysis. The ambient unit cell parameters, determined by single-crystal X-ray
diffraction at the University of Arizona, are a = 9.834(6) A, b = 9.023(5) A, ¢ = 5.237(2) A, 3
= 104.70(3) © and VO = 449.5(6) A3. For comparison, the sample used by [3] was a synthetic
CaFeSioOg hedenbergite.

A large approximately 1 mm? specimen of hedenbergite was crushed into smaller pieces in a mortar
under methanol. One small platelet-shaped crystal with approximate size 0.025 x 0.025 x 0.005

mm was loaded into a diamond anvil cell (DAC). The sample crystal was oriented with [1 1 0]
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direction along the DAC axis.

Diamond anvils with 0.250 mm culet size and Re gasket preindented to a thickness of ~0.042 mm
were used. We utilized a combination of cubic boron nitride ¢cBN(upstream) and tungsten carbide
WC (downstream) backing plates. The angular access to the sample through the WC seat was
+13°; however, two additional rotation ranges, from -30° to -20° and from 20° to 30°, could be
accessed thanks to the low X-ray absorption coefficient of the ¢cBN seat. In the remaining two
rotation ranges, from -20° to -13° and from 13° to 20°, strong powder diffraction signal caused by
the transmitted beam touching the WC seat cone contaminated the diffraction images and this data
were not used for further analysis. The gasket hole with initial diameter of ~0.160 mm was filled
with Ne pressure medium, using the GSECARS/COMPRES gas loading apparatus [50]. Two small
ruby spheres were placed in the sample chamber together with the sample crystal for pressure cali-
bration. Pressure was calculated from the shift of the R1 ruby fluorescence line [58]. The diffraction
experiments were carried out at the GSECARS facility at APS, Argonne National Laboratory, in
experimental station 13IDD. Monochromatic beam with incident energy of 37 keV was focused by
a pair of KirkpatrickBaez mirrors to a spot of 0.003 by 0.005 mm. Diffraction images were collected
using a MAR165 charge-coupled device(CCD) detector, placed at a sample-to-detector distance of
approximately 200 mm. During the exposure, the sample was rotated about the vertical axis of
the instrument (w) in the three accessible rotation ranges, with a typical exposure time of 0.5 s/°.
Diffraction images were collected at three different detector positions, differing by a translation of
70 mm perpendicular to the incident beam. The detector geometry parameters at each detector
position were calibrated with a CeO9 NIST diffraction standard. In addition to the full-rotation
exposures, a step scan with 1° rotation steps was performed at each pressure. The sample was
compressed in approximately 5 GPa steps, with full data collection at each step. The pressure
range covered was 0.0001-29.9(1) GPa.

Diffraction images were analyzed using the GSE_ADA /RSV software package [64]. Integrated peak
intensities were corrected for Lorenz, polarization, DAC absorption and sample displacement effects
using the methods implemented in GSE_ADA [64]. Because of high incident energy, negligible sam-
ple thickness and low X-ray absorption coefficient of the sample at 37 keV, the sample absorption
effect was ignored. Corrected peak intensities were used for least-squares structure refinement with
SHELXL [86], which started from the C2/c ambient pressure structure model of [40]. Because of the
limited number of unique observations, anisotropic atomic displacement parameters (ADPs) were
used only for the non-oxygen atoms, whereas oxygen atoms were modeled with isotropic ADPs.
According to the microprobe analysis, the M2 site was fully (within experimental uncertainty) oc-
cupied by Ca?* and any attempts at refining the site occupancy factor (SOF) for this site resulted
in convergence to SOF = 1; therefore, in the final refinement, this parameter was fixed to one.
Occupancy model was also not refined for Si*t and oxygen sites. For the M1 site, we assumed that

Mn?* and Fe?*, having almost the same atomic number, are undistinguishable with X-rays and
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treated both of these cations as Fe?T. We modeled cation disorder at the M1 site assuming sub-
stitution of Fe?* /Mn?T with Mg?* and constraining the sum of the two SOFs to one (no vacancy
model). The SOF model of M1 site was only refined at the lowest pressure point and was fixed
to be a constant at high pressures. The positions and ADPs of Fe?* and Mg?* were fixed to be
the same. The substitution model for the M1 site at 1.9(1) GPa, based on refined SOFs for Mg+
and Fe?* /Mn?*, is consistent with the microprobe results. Extinction parameter was also refined.
Details of the crystal structure refinements, final fractional atomic coordinates and ADPs, as well
as selected bond lengths and angles at the six pressures studied, are presented in tables 2.1, 2.2
and 2.3. VESTA was used to calculate polyhedral volume.

Raman spectra were collected at GSECARS offline system at the Advanced Phonon Source, Ar-
gonne National Laboratory. Raman scattering was excited with 514 nm green laser. The laser was
focused on the sample by a 10x objective to a spot of few micrometers. Raman spectra were col-
lected with a Horiba HR460 spectrometer equipped with 1800 lines/mm grating. A 30 pum spatial
filter was used. The Roper Scientific LN/CCD-1340/100-EB/1 liquid nitrogen cooled CCD was

used as detector.

2.4 Results

2.4.1 Axial compressibilities of hedenbergite

Unit cell parameters of hedenbergite up to 29.9(1) GPa are listed in table2.4. Normalized unit cell
parameters of this study along with [87] are shown in figure 2.1. Our low-pressure results show
good agreement with the previous study. No discontinuity in the pressure dependence of any of the
parameters is found up to 29.9(1) GPa.

Axial compressibility (g is defined as

1 10l

3K, = _(787)T (2.1)

where Kjg is the linearized modulus at ambient pressure, 1 is axis length and P and T represent
pressure and temperature, respectively. K;q is obtained by weighted least-squares fit of the second-

order linearized Birch-Murnaghan (BM2) equation of state as shown below [88]:

3Ky

P) ==

lo lo
(D)7 = ()7 (22)
The three crystallographic axes a, b and ¢ of hedenbergite exhibit different compressibilities. The
results of linearized second-order Birch-Murnaghan equation of state fitting are shown as solid lines
in figure 2.1. Axial compressibility of a, b and ¢ are calculated to be 1.7(2), 4.9(5), 2.13(9) x 1073
GPa~! by BM2. $ in figure 2.1 is fit with third-order polynomial fitting.
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2.4.2 Equation of state of hedenbergite

The bulk modulus K7¢ and its pressure derivative K7y’ can be determined with a weighted nonlinear

least-squares fitting of third-order Birch-Murnaghan equation of state(BM3):

_ 3Ky
)

(G277 = (G231 -+ 2 (K = 4)(

%

P(V) =

23— 1 (23)
where P is pressure and V and Vj represent the volume at high pressure and ambient pressure,
respectively [88]. The bulk modulus Kr¢ and Kz¢’ are determined to be 131(4) GPa and 3.8(3) in
this study, as shown in table 2.5. Considering the trade-off between Kpg and Kpq’, the confidence
ellipses (with a confidence level of + 68.3%) of this study and previous study are shown in fig-
ure 2.2. Previous study has a smaller bulk modulus K7¢ and a wider range of K7y’. Second-order
Birch-Murnaghan equation of state (BM2) is also obtained with K = 128.3(5) GPa.

Figure 2.3 shows the fr — Fg plot, depicting a relationship between Eulerian strain fz and Birch

9

normalized stress Fpg; thus, Kprg and Kpg’ can also be determined from a weighted linear least-

squares fitting [88].

Frg = KTo[l + 15fE<Ké“0 — 4)] (24)
where
fo=[(V/Vo)* = 1]/2 (2.5)
and
Fp = P/[3fu(1+2fg)*?] (2.6)

In Egs. 3.2-3.4, P is pressure and V and V( represent the volume at high and ambient pressures,
respectively. Kpg = 128(2) GPa and Kpy’ = 4.0(2) are determined using weighted linear least-

squares fitting and are in good agreement with the results of BM3 fitting discussed above.

2.4.3 Polyhedral compression in hedenbergite

Figures 2.4, 2.5 and table 2.6 report the bond lengths and polyhedron volumes of SiO4 tetrahedron,
FeOg octahedron and CaOg polyhedron. The three polyhedra show anisotropic compressibility, usu-
ally shorter bond lengths show lower compressibility and smaller polyhedra show lower compress-
ibility. It is interesting to notice that there are crossovers in bond lengths for all three polyhedra;

however, they do not seem to cause any discontinuous changes in the compression mechanism.

SiO, tetrahedron

SiOy4 tetrahedron has the smallest volume of ~2.1 A% and shows the lowest volume compression of
2.0(1) x 1073 GPa~! between 1.9(1) GPa and 29.9(1) GPa, as shown in table 2.6 and figure 2.5.
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Four unique pairs of bond lengths along with the average bond length are shown in figure 2.4(a)
and table 2.6. The average Si-O bond length decreases continuously with a lowest compressibility
of 1.07(8) x 1073 GPa~! among the three polyhedra, while individual bond behavior shows minor
irregularities. Si#0-O(3)#2 is the longest bond between 0 GPa and 5.9(1) GPa, while Si#0-O(3)#1
is the second longest bond. These two bonds show anomalous behavior at 12.7(1) GPa; however, we
attribute this anomaly to possible experimental error and omit that pressure point in polynomial
fittings shown in figure 2.4(a). A turnover is found in the two shorter Si-O bonds between 5.6(1)
and 12.7(1) GPa.

M1 octahedron

Between 1.9(1) and 29.9(1) GPa, the volume of the M1 octahedron decreases from 12.48 to 10.72
A3 and shows a compressibility of 5.2(2) x 1072 GPa™!, as listed in table 2.6 and figure 2.5. There
are three different bond lengths in FeOg octahedron, and they show some anisotropy of compression
behavior as shown in figure 2.4(b) and table 2.6. The shortest bond Fe(1)#0-O(1)#11 shows a
medium compression. Fe(1)#0-O(1)#14 is the longest bond at low pressure and shows the largest
compressibility, while the second longest bond, Fe(1)#0-O(1)#4, displays the smallest compression
among the three bonds, thus leading to a crossover of the two bonds somewhere between 5.9(1) and
12.7(1) GPa. This crossover was also observed by [3]. The average bond displays a compressibility
of 3.7(1) x 1073 GPa~! which is medium among the three polyhedra.

M2 polyhedron

As shown in table 2.6 and figure 2.5, the larger polyhedral site, CaOg, has a volume of 25.58 A3
at 1.9(1) GPa and 21.96 A% at 29.9(1) GPa and is characterized by an average compressibility
of 5.1(7) x 1073 GPa~! from 1.9(1) to 29.9(1) GPa. Four unique bond lengths are shown in
figure 2.4(c) and table 2.6. The longest bond Ca(2)#0-O(3)#6 shows the highest compressibility,
while the second longest bond Ca(2)#0-O(3)#9 displays a second largest compressibility; therefore,
a crossover is observed at ~5.9(1) GPa. The shortest bond is Ca(2)#0-O(2)#6 and shows a smallest
compression, while the second shortest bond Ca(2)#0-O(2)#3 has a second smallest compression,
with a turnover of these two bond lengths at ~5.5(1) GPa. The average bond length reveals a
compressibility of 5.2(6) x 1072 GPa~! which is the highest among the three polyhedra.

Raman spectroscopy

Raman spectroscopy experiments were conducted on the same hedenbergite sample up to ~33 GPa.
The Raman spectra of hedenbergite at 2.0(1), 17.4(1) and 32.8(1) GPa are shown in figure 2.6(a).
The peaks are fit with a Gaussian function and labeled v1 - 13 (figure 2.6(b)). Our results show
a good agreement with previous ambient study (table 7) by [89] and the data from University of

23



Arizona RRUFF collection database. In our experiment, 13 Raman modes were observed between
200 and 1200 cm~!. Group theory analysis predicts 20 Raman active modes [90]. The reason why
there are less observed modes in our experiments may be that some modes are too weak to be
detected by our spectrometer or the spatial resolution is not sufficient to distinguish peaks that
are very close to each other. Due to cation substitution in the M1 site, broadening of the M-O
bend/stretch modes are expected [91, 89].

2.5 Discussion

2.5.1 Compression mechanism

Hedenbergite belongs to chain silicates, with single chains of SiO4 tetrahedron along the ¢ axis,
sandwiched by FeOg octahedron and CaOg polyhedron sheets, oriented in b-c¢ plane. The SiOy4
tetrahedron, FeOg octahedron and CaOg polyhedron constitute about 38% volume of the unit cell.
These polyhedra are compressed by ~15% between 1.7(1) and 29.9(1) GPa.

In this study, the axial compressibilities of a, b and ¢ are calculated to be 1.7(2), 4.9(5), 2.13(9)
x 1073 GPa~!. [3] adopted a different compressibility fitting algorithm, which causes an apparent
discrepancy in values. Recalculating the axial compressibility of [3] with our method yields 2.3(9),
4(1) and 2.9(5) x 1073 GPa~! for a, b and c axis, respectively. Our results show similar pattern in
the ratio of 1:2.83:1.22, as compared to 1:1.77:1.28 determined by the previous authors. In general,
b shows the highest compressibility and ¢ axis is more compressible than a. Brillouin scattering
determined the elastic moduli C;;, Co2 and Cs3 to be 222(6), 176(5) and 249(5) GPa [92], which
correlates well with our axial compressibility ratios. However, our results show that b axis is more
compressible than indicated by the previous data. Diopside is a Ca, Mg end-member pyroxene,
which is related to hedenbergite by substituting Fe?™ with Mg?*. We calculated the compressibility
of diopside [3] with our method and obtained 3(1), 4(1) and 3.0(5) x 1072 GPa~! for a, b and c axes.
Similar to hedenbergite, also in diopside, the b axis has the highest compressibility. However, in
contrast to hedenbergite, where ¢ axis is more compressible than a, @ and ¢ have almost equal axial
compressibility in diopside. The decrease in compressibility of ¢ axis in diopside may be caused by
the lower compressibility of MgOg compared to FeOg along the chain [3]. Different pressure range
of data can also contribute to the discrepancy between our data and [3]’s.

Figure 2.2 presents the confidence ellipses of this study and [3]’s data calculated by our method.
We obtained K7¢ = 131(4) GPa and K7o’ = 3.8(3) for this study and Ky¢ = 118(3) GPa and K¢’
= 4.2(7) for [3]’s. Our results show higher bulk modulus K7g but lower K7y’. The discrepancy
between these two data is likely due to the trade-off between Kpg and Kpg’, but could also be
related to the compositional differences and different pressure ranges. For the diopside data [3], the
bulk modulus and its pressure derivative calculated with our method are Kro = 108.3(3) GPa and

Kpo’ = 5.4(6). Comparing hedenbergite and diopside, the latter has lower bulk modulus, which
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was also noted by [3].

The geometry of the SiO4 tetrahedral chain and pressure evolution of the 03-O3-O3 angle are
shown in figure 2.8 and table 2.6. The angle 03-03-O3 (6 in figure 2.8(a)) is defined by the
03 atoms which form the two longest bonds with Si as shown by the red and magenta bonds in
figures 2.8(b) and (c) (color of the bonds is consistent with figure 2.4(a)). The 03-03-O3 angle
is 163.7(2)° at 1.9(1) GPa and decreases, in general, as pressure increases which contributes to
the axial compression along with the bond length decrease. The 03-03-03 angle remains almost
unchanged from 5.9(1) to 12.7(1) GPa and even increases from 18.0(1) to 24.5(1) GPa; therefore,
the decrease in Si-O3 bond lengths contributes mostly to the ¢ axis compression in these pressure

ranges.

2.5.2 Polyhedral distortion in hedenbergite

The polyhedral distortion can be described by angle variance and mean quadratic elongation pa-
rameters proposed by [93]. The angle variance of the three polyhedra is shown in Fig. 8a. Angle
variance is defined as 02 = > [(6; —6p)?/(n—1)], where 6; is the ith angle, 6 is the angle of ideal
polyhedron of the same volume and n is the number of bonds. SiO4 tetrahedron shows a medium
angle variance of ~30 and remains almost constant as pressure changes. FeOg octahedron shows
the smallest angle variance of ~14 at low pressure and starts to increase somewhere between 12.7(1)
and 18.0(1) GPa and reaches ~33 at 29.9(1) GPa. The CaOg polyhedron is already quite distorted
at ambient conditions and has the largest angle variance of ~150; however, the distortion decreases
linearly with pressure. It is interesting to notice that the drop in angle variance somewhere between
18.0(1) to 24.5(1) GPa can be the main factor that contributes to the decrease in CaOg polyhedral
compressibility starting from 18.0(1) GPa.

Mean quadratic elongation is defined as < A >= Y"1 [(;/l0)?/n] where lj is the center-to-vertex
distance of a regular polyhedron of the same volume, 1; is the it" center-to-vertex distance and n
is the number of bonds. In figure 2.7(b), both SiO4 and FeOg show a mean quadratic elongation
>1. The mean quadratic elongation of SiO4 remains almost constant as pressure changes, just like
in the case of the angle variance. However, the quadratic elongation of FeOg starts to increase
somewhere between 12.7(1) and 18.0(1) GPa, which indicates an increase in distortion. CaOg has
a mean quadratic elongation <1, which decreases gradually as pressure increases, also indicating

increasing distortion.

2.5.3 Raman mode variation with pressure

Modes are assigned by comparing our results with previous ambient pressure data [89]. Four
modes(v1 - v6 ) are assigned to M-O stretch or O-M-O bend (M = Ca?* | Fe?t, Mg?*, Mn?"),
three modes (v7 - ¥9) are assigned to O-Si-O bend, and four modes (¥10 - ¥13) are assigned to Si-O
stretch. Two additional modes (v1, ©2) are reported by [89], but not in this study. The reason for
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this may be that these peaks are too weak or the difference in chemical composition and ordering
causes them to be obscured. Our study also observed three modes 12, v6 and v9 that were not
reported previously. These peaks are very weak at low pressure and as pressure increases, they
start to diverge, as shown in figure 2.6. Such phenomenon was also observed by [91]. The reason for
the divergence of the two peaks may be the anisotropic compression making the crystal distorted,
thus enhancing the difference between two peaks. In general, frequency increases as pressure
increases, since compression generally strengthens bond, thus increasing the force constants. It is
interesting to notice some discontinuities as frequencies increase. These phenomena are related to

the discontinuous change in bond length and angles in the structure.

2.6 Conclusions

We reported results of high-pressure single-crystal X-ray diffraction and Raman spectroscopy ex-
periments conducted on natural Ca, Fe end-member pyroxene (hedenbergite) up to ~33 GPa in
diamond anvil cell. Unit cell parameters exhibit continuous decrease on compression. Axial com-
pressibilities of hedenbergite up to ~30 GPa are calculated to be 1.7(2), 4.9(5) and 2.13(9) x
1073 GPa~', respectively, and show a highest compressibility of b and lowest compressibility of
a. Our data show similar results in compressibilities with previous studies. Diopside shows a
highest compressibility of b but almost equal compressibilities of a and ¢. The difference between
hedenbergite and diopside may be caused by the different compressibilities of FeOg and MgOg
polyhedra. Bulk modulus and its pressure derivate for hedenbergite are calculated to be 131(4)
GPa and 3.8(3), respectively, by fitting third-order Birch-Murnaghan equation of state. The bulk
modulus of hedenbergite is higher than that of diopside (108.3(3) GPa), but its pressure derivative
is lower than that of diopside(5.4(6)).

Bond lengths are also discussed in this study. Generally, longer bonds show higher compressibilities
except for some of the Si-O bonds. SiOy, the smallest polyhedron, shows the lowest compressibility.
Angle and elongation distortions are observed in three polyhedra at high pressure. Thirteen vibra-
tional modes are observed with Raman spectroscopy up to ~33 GPa. In general, mode frequencies

increase as pressure increase.
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Table 2.6: Selected bond lengths(A), angles (°), average bondlength and polyhedral volume(A?3) of
hedenbergite up to 29.9(1) GPa. Symmetry transformations used to generate equivalent atoms are
given below: #0 x,y, z; #1 x,y, z1; #2 x,y,2z1/2; #3x + 1/2, y + 1/2, z + 1; #4 x, y + 1, 7
#H5x+1/2,y1/2,2; #6 x1/2,y + 1/2,21/2; #T7x,y,2 + 1/2; #8 x + 1/2, y + 1/2, 2z + 3/2; #9
x1/2,y + 1/2,21; #10x1/2, y + 1/2, 2; #11 x + 1/2, y + 1/2, 2 + 1/2; #12 x, y + 1, z + 1/2;
H#13x, y+ L,z #ldx,y+ 1,24+ 1/2; #15x, y+ 2,z + 1; #16 x, y + 2, z; #17x, y + 1,z +
L #18 x, yl, z; #19x, v,z + 1; #20 x, y, z + 1/2; #21 x + 1/2, y1/2,z + 1

Pressure(GPa) 1.9(1) 5.9(1) 12.7(1)  18.0(1)  24.5(1)  29.9(1)
SiOy4 tetrahedron
Si#0-0(1)#0 1.599(6)  1.58(1)  1.56(1)  1.55(1) 1.555(6)  1.54(1)
Si#0-0(2)#0 1.575(6)  1.57(1)  1.59(1)  1.57(1) 1.556(7)  1.57(1)
Si#0-0(3)#1 1.669(4) 1.676(8) 1.699(8) 1.654(8) 1.645(6) 1.638(7)
Si#0-0(3)#2 1.691(5) 1.677(9) 1.629(9) 1.685(9) 1.671(6) 1.664(9)
Mean Si-O length 1.634(5)  1.63(1)  1.62(1) 1.61(1) 1.607(6) 1.60(1)
O(1)#0-Si#0-0(3)#1  110.5(2) 110.9(4) 111.6(4) 111.9(5) 110.8(3) 110.5(5)
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O(1)#0-Si#0-0O(3)#2
O(2)#0-Si#0-O(1)#0
O(2)#0-Si#0-0(3)#1
O(2)#0-Si#0-0(3)#2
O(3)#1-Si#0-0O(3)#2
Volume
02
<A>

FeOg octahedron

Fe(1)#0-O(2)#10

Fe(1)#0-O(2)#11

Fe(1)#0-O(1)#12

Fe(1)#0-O(1)#4

Fe(1)#0-O(1)#13

Fe(1)#0-O(1)#14

Mean Fe-O length
(1)#12-Fe(1)#0-O(1)#13
(1)#12-Fe(1)#0-O(1)#14
(1)#13-Fe(1)#0-O(1)#14
(1)#4-Fe(1)#0-O(1)#13
(1)#4-Fe(1)#0-O(1)#14
2)#10-Fe(1)#0-O(1)#12
2)#10-Fe(1)#0-O(1)#14
(2)#10-Fe(1)#0-O(1)#4
O(2)#10-Fe(1)#0-O(2)#11
O(2)#11-Fe(1)#0-O(1)#12
O(2)#11-Fe(1)#0-O(1)#13
O(2)#11-Fe(1)#0-O(1)#4

Volume

O
O
0]
O
0]

0
0
(
(
0

02
<A>
CaOg polyhedron
Ca(2)#0-O(1)#0

1.0070

92.3(2)
12.4836
14.6060
1.0044

27.8075
1.0069

12.2891
14.0974
1.0042

2.33(1)
2.33(1)
2.316(7)
2.316(7)
2.592(9)
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1.0068

11.8387
14.3422
1.0047

2.29(1)
2.29(1)

1.0071

11.4816
18.2916
1.0057

1.0078

102.0(4)
87.5(2)
88.2(3)
90.9(2)
10.9788
23.1345
1.0069

1.0076

106.0(6)
88.1(4)
86.1(4)
90.9(3)
10.7204
33.8212
1.0100

2.24(1)
2.24(1)
2.283(9)
2.283(9)
2.400(8)



Ca(2)#0-O(3)#6
Ca(2)#0-O(3)#8
Ca(2)#0-0(3)#9
Mean Ca-O length
3)#8-Ca(2)#0-0(3
3)#9-Ca(2)#0-0(3
2)#3-Ca(2)#0-0(3
2)#6-Ca(2)#0-0(3
3)#8-Ca(2)#0-0(3
3)#9-Ca(2)#0-0(3
1)#0-Ca(2)#0-0O(1
2)#3-Ca(2)#0-0(1
2)#6-Ca(2)#0-0(1
2)#3-Ca(2)#0-0(1
) (2) (
3)#8-Ca(2)#0-0(3
2)#3-Ca(2)#0-0(3
2)#6-Ca(2)#0-0(3
1)#7-Ca(2)#0-0(3
1)#0-Ca(2)#0-0(3

Volume

)#3
)#6
)#8
)#9
)#6
)#3
)
)
)#0
)#0
)
)#9
)#6
)#3
)#6
)#3

09
<A>
03-03-03

i
7

7
7

2)#6-Ca(2)#0-O(1)#7

2.675(6)  2.592(9)
2.605(6)  2.588(9)
2.605(6)  2.588(9)
2.491(6)  2.456(9)
59.98(9)  60.8(2)
59.98(9)  60.8(2)
62.3(2)  62.5(4)
62.3(2)  62.5(4)
67.1(2)  67.0(3)
67.1(2)  67.0(3)
72.2(3)  72.4(5)
80.5(2)  80.4(3)
80.5(2)  80.4(3)
81.9(2)  80.6(3)
81.9(2)  80.6(3)
82.5(2)  83.1(4)
85.2(2)  86.3(3)
85.2(2)  86.3(3)
90.9(2)  90.6(3)
90.9(2)  90.6(3)
25.5778  24.5878
149.5173  147.1162
0.9567  0.9537
163.7(2)  161.9(4)

2.499(8)  2.460(9)
2.545(9)  2.515(9)
2.545(9)  2.515(9)
2.408(9)  2.387(9)
61.8(2)  62.5(2)
61.8(2)  62.5(2)
63.0(3)  64.6(3)
63.0(3)  64.6(3)
66.8(3)  67.1(3)
66.8(3)  67.1(3)
72.7(6)  71.9(5)
80.1(3)  79.4(3)
80.1(3)  79.4(3)
78.1(3)  77.2(3)
78.1(3)  77.2(3)
84.7(4)  83.1(4)
88.4(3)  88.3(3)
88.4(3)  88.3(3)
90.4(3)  89.6(3)
90.4(3)  89.6(3)
23.2452  22.8337
148.4800  132.6054
0.9515  0.9462
161.7(4)  158.4(4)

2.430(6)  2.400(R)
2.455(7)  2.45(1)
2.455(7)  2.45(1)
2.358(6)  2.344(9)
63.2(1)  63.3(2)
63.2(1)  63.3(2)
64.8(2)  65.4(3)
64.8(2)  65.4(3)
68.1(2)  69.1(3)
68.1(2)  69.1(3)
72.5(3)  72.1(5)
78.7(2)  78.8(4)
78.7(2)  78.8(4)
76.2(2)  74.3(4)
76.2(2)  74.3(4)
84.8(3)  85.4(4)
89.3(2)  91.1(3)
89.3(2)  91.1(3)
88.5(2)  88.0(3)
88.5(2)  88.0(3)
22,1611  21.8551
120.4928  133.7569
0.9393  0.9350
159.4(3)  158.1(4)

29



5.5

® Zhangetal. (1997)
5 QO This study

dK_,/dP

357

3 I I I I I
110 115 120 125 130 135 140

Bulk Modulus [GPa]

Figure 2.2: Confidence ellipses in K79 and Kpy’ for the fit of the third-order BirchMurnaghan
equation of state to the hedenbergite P-V data. Data with the filled circles are from this study
yielding Vo = 449.2(5) A3, Kpo = 131(4) GPa and Ky’ = 3.8(3). Data with the open circles
represent [3] giving Vo = 449.8(1) A3, Ko = 118(3) GPa and Ko’ = 4.2(7).
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Figure 2.3: Birch’s normalized stress Fg versus the Eulerian strain fg. Triangles represent the data

from this study. Bulk modulus K and its pressure derivative calculated from linear fit of this study
are KTO = 128(2) GPa and KT07 = 40(2)
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Figure 2.4: Bond lengths of hedenbergite. Data with filled markers are from this study, and
those with open markers are from [3]. (a) SiO bond lengths of hedenbergite. There are four
different SiO bond lengths, Si#0-O(3)#2, Si#0-O(3)#1, Si#0-O(2)#0 and Si#0-O(1)#0, which
are represented by diamonds, pentagrams, right—pointing triangles and circles, respectively. The
average Si-O bond lengths are marked with squares. The 12.7(1) GPa data points were excluded
when doing second-order polynomial fitting for Si#0-O(3)#2 and Si#0-O(3)#1. (b) Fe-O bond
lengths of hedenbergite. Six bonds with three different bond lengths are reported here. Fe(1)#0-
O(1)#14 and Fe(1)#0-O(1)#13 have the same length and are represented by diamonds. Fe(1)#0-
O(2)#4 and Fe(1)#0-O(2)#12 have the same bond length and are represented by circles. Triangle
markers stand for Fe(1)#0-O(2)#11 and Fe(1)g40-O(2)#10, while the average bond lengths are
represented by squares. (c) Ca-O bond lengths are reported. Ca(2)#0-O(3)#6 and Ca(2)#0-
O(3)#3 are represented by pentagrams, and Ca(2)#0-O(3)#9 and Ca(2)#0-O(3)#8 are marked
with diamonds. Data with circles are Ca(2)#0-O(1)#0 and Ca(2)#0-O(1)#7, while those of
Ca(2)#0-O(1)#3 and Ca(2)#0-O(1)#6 are marked with triangles. Average values are represented
by squares.
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volumes in hedenbergite.
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Figure 2.6: (a) Raman spectra of hedenbergite at 2.0(1), 17.4(1) and 32.8(1) GPa. (b) Raman peak
positions of hedenbergite up to ~33 GPa.
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Figure 2.7: (a) Polyhedral illustrations of the SiO4 tetrahedral chain, 8 is 03-03-O3 angle. (b)
Mlustration of bonds in SiO4 tetrahedron viewed along a axis. (c) Illustration of bonds in SiO4
tetrahedron viewed along b axis. Colors of the bonds are consistent with figure 2.4(a).
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Table 2.2: Structural parameters of hedenbergite as a function of pressure.

Pressure(GPa)  1.9(1) 59(1)  12.7(1)  18.0(1)  245(1)  29.9(1)

Si

x 0.2873(2) 0.2874(3) 0.2878(3) 0.2868(4) 0.2868(2) 0.2853(4)

y 0.0937(2) 0.0945(4) 0.0946(5) 0.0969(5) 0.0984(3) 0.0991(4)

z 0.2318(3) 0.2313(5) 0.2326(5) 0.2327(5) 0.2341(4) 0.2356(7)
Ca(2)

X 0 0 0 0 0 0

y 0.3022(3) 0.3045(5) 0.3069(5) 0.3090(5) 0.3111(4) 0.3121(5)

z 0.25 0.25 0.25 0.25 0.25 0.25
Fe(1)

X 0 0 0 0 0 0

y 0.9078(2) 0.9090(4) 0.9108(4) 0.9102(4) 0.9110(3) 0.9104(4)

v/ 0.25 0.25 0.25 0.25 0.25 0.25
Mg(1)

X 0 0 0 0 0 0

y 0.9078(2) 0.9090(4) 0.9108(4) 0.9102(4) 0.9110(3) 0.9104(4)

z 0.25 0.25 0.25 0.25 0.25 0.25
0O(1)

x 0.1185(6) 0.119(1)  0.120(1) 0.119(1) 0.1182(6) 0.118(1)

y 0.0899(7)  0.092(1)  0.095(1)  0.095(1) 0.0944(8) 0.093(1)

z 0.1503(8) 0.152(2)  0.156(2) 0.154(2) 0.150(1)  0.151(2)
0(2)

X 0.3620(5) 0.3612(9) 0.3598(9) 0.357(1) 0.3548(6) 0.352(1)

y 0.2473(6)  0.249(1)  0.256(1)  0.258(1) 0.2624(9)  0.267(1)

z 0.3248(8) 0.328(1)  0.331(1)  0.333(1) 0.337(1)  0.343(2)
0(3)

x 0.3511(5) 0.3526(8) 0.3549(8) 0.3563(9) 0.3565(6) 0.3552(8)

y 0.0209(7) 0.023(1)  0.024(1)  0.028(1) 0.0272(8) 0.029(1)

z 0.9916(7) 0.986(1)  0.978(2)  0.987(1) 0.989(1) 0.9878(2)
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Table 2.3: Atomic displacement parameters(A2?) of hedenbergite as a function of pressure.

Pressure(GPa) U11 Uso Uss Uss Uis Uio
1.9(1)

Si 0.005(2) 0.006(2) 0.010(1) 0.000(1) 0.000(1) 0.000(1)
Ca(2) 0.009(2) 0.011(2) 0.013(1) 0 0.001(1) 0
Fe(1) 0.005(1) 0.008(2) 0.011(1) 0 0.000(1) 0
Mg(1) 0.005(1) 0.008(2) 0.011(1) 0 0.000(1) 0
5.9(1)

Si 0.013(3) 0.001(4) 0.011(2) 0.000(1) 0.001(1) 0.002(1)
Ca(2) 0.017(3) 0.007(4) 0.013(2) 0 0.001(1) 0
Fe(1) 0.009(3) 0.009(3) 0.012(2) 0 0.001(1) 0
Mg(1) 0.009(3) 0.009(3) 0.012(2) 0 0.001(1) 0
12.7(1)

Si 0.003(3) 0.009(4) 0.008(2) 0.001(1) 0.002(1) 0.000(1)
Ca(2) 0.018(3) 0.000(4) 0.009(2) 0 0.004(1) 0
Fe(1) 0.002(2) 0.005(3) 0.007(1) 0 0.001(1) 0
Mg(1) 0.002(2) 0.005(3) 0.007(1) 0 0.001(1) 0
18.0(1)

Si 0.009(3) 0.002(4) 0.008(2) 0.000(1) 0.001(1) 0.001(1)
Ca(2) 0.012(3) 0.004(4) 0.012(2) 0 0.001(1) 0
Fe(1) 0.005(2) 0.006(3) 0.011(2) 0 0.000(1) 0
Mg(1) 0.005(2) 0.006(3) 0.011(2) 0 0.000(1) 0
24.5(1)

Si 0.006(2) 0.005(3) 0.012(2) 0.001(1) 0.000(1) 0.001(1)
Ca(2) 0.008(2) 0.011(3) 0.012(2) 0 0.000(1) 0
Fe(1) 0.006(2) 0.010(3) 0.011(1) 0 0.001(1) 0
Mg(1) 0.006(2) 0.010(3) 0.011(1) 0 0.001(1) 0
29.9(1)

Si 0.004(2) 0.016(4) 0.008(2) 0.001(1) 0.001(1) 0.001(1)
Ca(2) 0.009(3) 0.008(4) 0.014(2) 0 0.000(1) 0
Fe(1) 0.005(2) 0.013(3) 0.012(2) 0 0.002(1) 0
Mg(1) 0.005(2) 0.013(3) 0.012(2) 0 0.002(1) 0

Table 2.4: Unit cell parameters of hedenbergite. * Data from RRUFF R070236. Standard deviations
in the last decimal digit are given in parentheses.

Pressure(GPa) a(A) b(A) c(A) B(°) Volume(A3) p(g/cm?)
0.00¢ 9.834(6) 9.023(5) 5.237(2) 104.70(3)  449.5(6) 3.586(5)
1.9(1) 9.787(4) 8.953(5) 5.226(1) 104.64(2)  443.1(3)  3.638(2)
5.9(1) 0.706(3) 8.852(4) 5.176(1) 104.29(2)  430.9(2)  3.741(2)

12.7(1) 0.615(4) 8.665(6) 5.111(2) 103.96(3)  413.2(3)  3.901(3)
18.0(1) 0.515(5) 8.591(5) 5.069(2) 103.78(3)  402.4(3)  4.006(3)
24.5(1) 90.480(5) 8.392(6) 5.035(2) 103.63(3)  389.2(3)  4.141(3)
29.9(1) 0.442(5) 8.288(6) 4.997(2) 103.39(3)  380.4(4)  4.237(4)
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Table 2.5: Bulk modulus (K7pg) and its pressure derivatives (K7¢’) of hedenbergite. PC polycrys-
talline sample, SC single-crystal sample

Composition K79(GPa) Kpo  Ppa:(GPa) Method  Reference

Ca1_()0 (Fe_67Mn_16Mg.17)Si206, SC 131(4) 38(3) 29.91 X—ray This study
CaFeSia0¢, SC 120 0 Brillouin [92]
CaFeSiy0g, PC 119(2) 4 3.7 X-ray [94]
CaFeSiy0g, SC 117(1) 4.3(4) 10 X-ray (3]
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CHAPTER 3
COMPRESSIONAL BEHAVIOR OF END-MEMBER AND
ALUMINOUS IRON-BEARING DIOPSIDE AT HIGH
PRESSURE FROM SINGLE CRYSTAL X-RAY DIFFRACTION
AND FIRST PRINCIPLES CALCULATIONS

This chapter will be published as Hu, Y., Kiefer, B., Plonka, A., Parise, J., Zhang, J. S., Mangh-
nani, M., Sahu, B. N., and Dera, P. K. Compressional behavior of end-member and aluminous
iron-bearing diopside at high pressure from single crystal X-ray diffraction and first principles cal-

culations.

3.1 Abstract

Diopside (CaM gSi20¢) the Ca- and Mg-rich clinopyroxene is an important group of minerals in the
Earth’s upper mantle and subducted lithospheric plate. Here, we report the results of high-pressure
single-crystal X-ray diffraction experiments conducted on a natural aluminous iron-bearing diopside
and a natural, nearly end-member diopside, up to 50 GPa in diamond anvil cell. Density functional
theory calculation results on end-member diopside are also reported. Unit cell parameters a, b, c,
8, V, as well as bond lengths of diopside are reported and compared with other clinopyroxenes.
Bulk modulus and its pressure derivative of the two diopside samples are determined using third-
order Birch-Murnaghan equation of state. The density of the two diopside samples are calculated
under cold subducting slab conditions and are compared with the seismic models. Along the cold
slab geotherm, aluminous iron-bearing diopside has higher density than end-member diopside. In
the upper mantle, eclogite with aluminous iron-bearing diopside is denser than eclogite with end-
member diopside, and therefore provides larger slab pulling force. At the bottom of the transition
zone and the top of the lower mantle, eclogite with aluminous iron-bearing diopside, though has
higher density than that with end-member diopside, is still less dense than the surrounding mantle

and could contribute to the slab stagnation.

3.2 Introduction

Diopside (CaMgSi20g), the Ca- and Mg-rich clinopyroxene (cpx) is an important mineral in the
Earth’s upper mantle. In the pyrolite and piclogite upper mantle models, clinopyroxene constitutes
about 15% and 35%, respectively, of the total minerals in the top portion of the upper mantle
[25, 27, 71, 95, 96]. As depth increases, clinopyroxene gradually dissolves into garnet and forms

majorite garnet at the depth of transition zone [72].
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Diopside is also an important mineral in the subducting slab. Eclogite — a rock formed by high-
pressure metamorphism of basalt or gabbro at subduction zones — is mainly composed of clinopy-
roxene (60-70 vol%) and garnet (20-30 vol%) [1, 30], though the proxene is typically enriched in
Na and Al, and classified as omphacite. When temperature is sufficiently high (e.g. >1300 K),
omphacite slowly dissolves into garnet at depths greater than 300 km, transforming eclogite into
garnetite [1]. This transition is highly dependent on temperature profile of the subducting slab,
which varies with the age of the sea floor. Recent studies show that at temperatures well below
the mantle geotherm, pyroxene-garnet transformation is kinetically inhibited at the conditions of
subducting slab, so that clinopyroxene may be well preserved down to the transition zone, or even
the top of the lower mantle in the subducting slab [36, 34, 33].

Seismic studies show a large variety of subducting slab morphologies near the base of the mantle
transition zone, between 400 and 800 km depth. Some subducted slabs sink into the lower mantle,
for example, beneath the Central America, while others seem to flatten to form stagnant slab, for
example, beneath the Izu-Bonon region [19, 97]. Another notable phenonemon is that hot (>1200
K) slabs are dominated by absence of stagnancy, while cold (<1200 K) slabs are dominated by stag-
nancy [37]. The perservation of metastable clinopyroxenes at the transition zone provides a good
explaination to the cold stagnant slab phenomenon — cold environment perserves the metastable
phases which are less dense than the surrounding stable phases, thus providing buoyancy force
to the slab. As a consequance, the metastability and density of pyroxene below 1200 K play an
important role in slab dynamics [98, 99, 33].

Pyroxenes are also found in various chondrite meteorites including ordinary and carbonaceous chon-
drites, as well as in the silicate inclusions in iron meteorites [100]. Enstatite chondrites is a group
of meteorites that contains a high content of enstatite, the Mg end-member pyroxene. According to
the condensation series theory, iron-free fosterite (M g25i04) appears at 1370 K, consuming most of
the Mg, and later it reacts with the vapor to form enstatite (M gSiO3), consuming all the remaining
gaseous Si [101]. Diopside (CaM gSi20sg), the Mg, Ca-endmember clinopyroxene, condensates at a
higher temperature (1450 K). The major sink for Ca at high temperature is melilite, which later
disappears by reaction to form diopside and spinel. Some studies report the observation of diopside
in heavily shocked chondrites [100, 102], which suggests that it can survive to pressure beyond the
established stable region. Therefore, the study of diopside at high pressure is also important to
explain its behavior in the shock process.

Clinopyroxenes, with a general formula M2M1(Si, Al)20¢ and a C2/c space group at ambient
conditions, have crystal structures consisiting of alternating layers of tetrahedral chains and layers
of octahedrally coordinated cations. The flexibility of the tedrahedra to rotate with respect to one
another allows the structure to accommodate cations with different ionic radii, leading to a wide
range of possible compositions [40]. In this structure, M2 is usually occupied by large cations such
as Ca*t, Nat, Mn?*t, Fe**, Mg?>t and LiT; M1 is usually occupied by smaller cations such as
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Mn?T, Fe*t, Mg>t, Fe*t, AP, and Ti*t. The subducted oceanic crust is rich in Fe?t and
A3 [1]. The downgoing sediments carried by the crust also contain Fe- and Al-rich pelitic pack-
ages [103, 24]. Thus, it is possible that Fe?T and Al3T present in the subducted pyroxenes. The
presence of Fe?T and AT in the system has been known to affect the density of the crystals.
Hedenbergite(CaFeSiz0g), the Ca- and Fe-endmember clinopyroxene, has ~12% higher density
than diopside [3], while Ca-Tschermak(CaAl2Si0g), the Ca- and Al-endmember clinopyroxene,
has ~5% lower density than diopside [2].

Diopside has been the subject of several high-pressure studies. The equation of state of diop-
side has been well determined to ~15 GPa [3, 104, 105, 106, 107] by single-crystal or powder
X-ray diffraction. Diopside is thermodynamically stable to ~17 GPa. Above 17 GPa and 1400°C,
diopside decomposes into a mixture of product phases including Mg-rich (Mg, Ca)SiOs garnet and
CaSi0s-rich perovskite [108, 109]. Below 1400°C, diopside dissociates to Ca-perovskite, wadsleyite
and stishovite [110, 111]. Above 20 GPa, between 1000°C and 1900°C, diopside is observed to break
down to Mg-perovskite and Ca-perovskite [112, 113]. At ~1300° and 32 GPa, a metastable cubic
CM-perovskite Ca(Mg, Fe, Al)SiaOg phase was observed [114]. However, at ambient temperature,
where the diffusion is slow, diopside can be preserved to pressures well above its thermodynamically
stable region. The structure of diopside was determined up to ~55 GPa on an end-member and an
aluminus Fe-bearing diopside. T'wo new high-pressure phases, one featuring 4- and 6-coordinated Si
and one featuring rare 5- and 6-coordinated Si, were observed [76, 115]. In this study, we conducted
high-pressure single-crystal X-ray diffraction experiments on end-member diopside and aluminus

Fe-bearing diopside. We studied the equation of state of diopside and also the compositional effect.

3.3 Methods

Two samples were used in the experiments: (1) an nearly end-member diopside C'a(M go.97F'ep.03) (Alo.01.5%1.99)O6
(denoted as Di_M gg7 below) and (2) an aluminums Fe-bearing diopside

(Cag sss Feg hos Nao.030Mno.006Ko.003) (M go.752Feg 53 Alo.osa Fep oo Ti0.011) (Si1.936 Alo.064) O (denoted
as Di_M g75 below). Di_M gg7 is the same sample used in [76] and Di_M g75 the same sample used

in [115], Di_Mg7s is a natural sample from the Harry Hess collection at Princeton University (des-
ignated as sample C’ in [116]).

High pressure experiments were performed at the synchrotron beamline 13ID-D of the Advanced
Photon Source at Argonne National Laboratory. One Di_M gg7 crystal was loaded into a symmetric
piston-cylinder Princeton-type diamond anvil cell (DAC) with a total opening of 54°. Neon pres-
sure medium was loaded using the GSECARS/COMPRES gas loading system [50]. One Di_M g75
crystal was loaded in helium pressure medium into a diamond anvil cell equipped with conical
diamond anvils, featuring 70° total X-ray opening.

Pressure of the Di_Mg7s and Di_Mgg; was determined using ruby fluorescence [58] and neon
diffraction [60], respectively. Diffraction data were collected with a MAR165 Charge Coupled De-
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vice (CCD) detector at incident energy of 37.7 keV, following the same procedure as described
in [66]. Diffraction images were processed using ATREX software package [64], and the structure
refinements were conducted using SHELXL [86]. The refinement details of the two phases are listed
in table 3.1 and table 3.2. VESTA program was used for calculation of polyhedral geometry pa-
rameters [117]. SXD data were collected at each pressure point. The principal component analysis
was done using the Scikit-learn package [118].

Density functional theory (DFT) calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) [119, 120], with the electronic exchange and correlation described using the local-
density approximations(LDA) [121]. The Brillouin zone was sampled on a 2x2x4 Monkhorst-Pack
grid and a plane-wave cutoff energy of 700 eV was used. The projector augmented wave method
(PAW) was used in describing the interactions between atoms [122, 119]. The core region cut-off
radii of the PAW potentials for Ca, Mg, Si, and O were 3.0 ap, 2.0 ap, 1.6 ap, and 1.52 ap, respec-
tively (1 ap = 0.529;1). These computational settings are similiar to previous work on pyroxenes
[123, 124]. The DFT calculations were performed in C2/¢ space group and all athermal structural
optimizations were performed at constant volume. All crystallographic degrees of freedom consis-
tent with the crystal symmetry were relaxed simultaneously until deviatoric stresses were less than
0.05 GPa.

3.4 Results and Discussion

3.4.1 Equation of state

The volume changes with pressure of different clinopyroxenes up to 50 GPa are plotted in fig-
ure 3.1a and a detailed comparison with existing data up to 15 GPa is shown in figure 3.1b.
The volumes of diopside determined in this study show a good agreement with those from lit-
erature in the low pressure regime [3, 104, 107, 105, 106]. The differences between Di_M g5,
Di_M gg7 and DiggEnog become larger at high pressure as shown in figure 3.1a, which could be due
to either a compositional, or non-hydrostatic effect. The ambient volumes of end-member diop-
side (CaMgSi20g), hedenbergite(CaFeSia0Og) and Ca-Tshermak(CaAlAlSiOg) are 438.82(11),
449.90(7) and 421.858(22) A3, respectively [87, 2]. The volume of diopside is ~ 2.5% smaller than
hedenbergite, and is ~ 4.0% larger than Ca-Tshermak, which indicates that iron increases the vol-
ume, while aluminum decreases the volume in Ca-rich clinopyroxenes.

The bulk modulus (K7p) and its pressure derivative (K7g’) can be determined from a weighted
nonlinear least-squares fitting of 3rd-order Birch-Murnaghan equation of state (BM3) (Eq. 3.1):

3 Vo

(G277 = RO+ 5 (B = )5

_ 3Kro

P(V) ==

)7 1] (3.1)

44



1
’ U(V)2
is used as the weighting factor (o(V) is the error of volume from the experiments) and Vj is

where P is pressure, V and V( represent the volumes at high and ambient pressure [8§]

fixed, if constrained in ambient measurement. For Di_M gg7, which has no experimental V value,
the ambient volume is estimated to be 439.57(68) A3 by averaging the volume of several nearly
end-member diopside samples (R040009.2, R060171.2, R060276.2 from RRUFF database and the
diopside sample from [87]). The BM3 fitting results of Di_M gg7 yield Kp¢g = 124(3) GPa and K¢’
= 4.4(3). The BM3 fitting of DFT calculated volumes on end-member diopside yields K7¢ = 128(4)
GPa and Kpy’ = 4.0(2), which shows a comparable bulk modulus with Di_M gg7. The discrepancies
between experimental and DFT results are mainly from the neglect of thermal vibrations in the
calculations. The bulk modulus and its pressure derivative of Di_M g75 determined from fitting
BM3 are 113(1) GPa and 4.46(9), respectively. Based on those results, we conclude that Fe and Al
in diopside structure decrease the bulk modulus.

Figure 3.2 shows the Fg-fg plot of both diopside samples, depicting a relationship between Eulerian
strain fr (Eq. 3.3) and Birch normalized stress Fg (Eq. 3.4):

Fp = Kro[l + 1.5 f5(K7o — 4))] (3:2)
where
fo=[(V/Vo) ™ —1]/2 (33)
and
Fp = P/3fp(1+2fp)>?] (3.4)

The Ko = 112(1) GPa and K7¢’=4.5(1) of Di_M g75 obtrained from linear fg-Fpg fit are in good
agreement with the values from direct BM3 fitting (K7 = 113(1) and Kpo’ = 4.46(9)). The Ko
and Ko’ of Di_M gg7 from fg-Fg plot are determined to be 123(3) GPa and 4.5(3), and agree well
with the values from BMS3 fitting.

The Ko and Kpg’ ellipses of different kinds of clinopyroxenes (with a confidence level of + 68.3%)
are ploted together with Di_M g75 and Di_M gg7 in figure 3.3. The Kpg and Krg’ of Di_M g75 and
Di_Mgg7 determined from fitting BM3 are similar to the observations in [106, 105, 107], but are
different from the values determined by [104, 87]. The discrepancy between the data is probably
due to pressure calibration or K7¢ and K7’ trade-off. Hedenbergite shows larger Kpg than diopside
[5] and aluminous iron-bearing diopside has smaller K7y than nearly end-member diopside. This
indicates Fe in diopside structure tends to increase bulk modulus and Al in diopside structure tends
to decreases bulk modulus. However, the variation with changes in composition is weak, which is

consistent with the observation in [92].
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3.4.2 Structure comparison

The lattice parameters of both diopside samples along with Hed_Fegs at different pressures are
shown in figure 3.4 and are tabulated in tables 3.3 and 3.4. Clinopyroxenes can be described as
layered structures. The Si-O tetrahedra chains extend along the ¢ direction with M1 and M2 cations
located between the chains. a axis points to the direction that is perpendicular to the layers and
therefore the length of a axis is mainly controlled by composition. Both diopside samples have
similar length in the a direction, which is ~0.8% smaller than hedenbergite, and is caused by the
small cation size of Mg?* compared to Fe?t. This effect can also be observed in the average M1-O
bondlength and M10Og polyhedral volumes as shown in figure 3.5a and figure 3.5b. The average
bondlength of M1-O in hedenbergite is larger than in diopside, and the polyhedral volume of M1Og
in hedenbergite is also larger than in diopside. The b unit cell parameter of hedenbergite is ~1.1%
greater than that of diopside. The unit cell length along the ¢ direction is controlled by O3-03-
03 angle. The 03-03-03 angle is almost the same in diopside and hedenbergite, in the range of
~165°-156°. The c lattice parameter of all diopside phases compared here are about the same.
The [ angles of diopside decrease significantly upon compression at relatively low pressure. The
Mg-rich samples Di_M gg7 and DiggEnog show a fattening in 8 angle at ~30 GPa. The 8 angle of
diopside are ~1.1% higher than that of hedenbergite. Similar analyses are also found in previous

literature [3].

3.4.3 Compositional effect on unit cell volume

Density is an important property of minerals which is responsible for both the positive and negative
buoyancy force of the slab [31], and therefore affects the slab dynamics. The unit cell volume
of minerals with different compositions can be modeled through thermodynamic mixing [125].
However, the composition of natural diopside is very complicated and thermodynamic modeling
can be challenging and require a lot of data. Therefore, we used statistical methods instead of
physical model to analyze the compositional effect on density in this study. In order to build
the relationship between composition and unit cell volume, data from the mineral database are
analyzed together with data obtained in this study, as shown in table 3.5. In this table, columns 2
to 16 (15 columns in total) show the number of atoms of different elements in each crystallographic
site multiplied by 100, and the last column shows the volume. The columns 2 to 16 are used as
the input (old vectors) and are decomposed to 4 new principal vectors using principal component
analysis (PCA), and then multi-dimensional linear regression is used to fit the four new vectors
and the volume [126].

Principal component analysis is a method to find a low-dimensional representation of the data that

has the maximum variation. Each of the new dimensions found by PCA is a linear combination of
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the normalized old vectors. The i*" vector in the new space is represented by:
Z; = t1;X1 +t9; Xo + ... + tm1iXm170 <1< mgy (35)

where X = {X17; X7 ...; Xy, T} (the superscript T means transpose) is the normalized old vector
which has dimension n x m; (n is the sample size and m; is the dimension of the old space), and

t;; is the element of the transformation matrix T. Therefore, equation 3.5 can be represented as:
Z=X-T (3.6)

The matrix T which maximize the variation of the new vectors can be found via eigen decompo-
sition. The transformation matrix T has dimension m; x msy Here, We picked 38 clinopyroxene
samples as listed in table 3.5. The transformation matrix is listed in appendix A.1. The four new
principal vectors forming the Z = {ZlT; ZQT;Z,?,T;Z4T} with dimension n x mg) are shown in
appendix A.2*. ! The four vectors in the new space explain 53.73%, 35.90%, 5.49% and 3.40%,
respectively, of the total variance. The total represented variance is 98.52%, which indicates a good
representation.

A linear regression is done between the 4 principal components z1, z2, z3 and z4 and the volume

V', using the equation 3.7
V=ai-z1+as-29+ag-23+ag-24+0 (3.7)

The fitted coefficients are oy = —10.45974072, as = 10.60254801, a3 = —3.95525137, ay4 =
—2.44711143 and = 440.94789474. The mean square error of the fitting is 2.39 (A43)% and the
maximum mismatch between the predicted and the actual value is 1.62%. Figure 3.6 shows the
linear regression results between the four new vectors and the unit cell volume. Good agreement
is achieved between the fitting results and the actual values.

Elements in the transform matrix T;; show the projection of the normalized vector in the old space
(Xj) on the vector in the new space (Z;). By analyzing T, we can have a better idea of the principal
components in this fitting. The first intersting observation in T is that the last two rows (the 14"
and the 15" row) always have opposite values. The value on the 14" row is the projection of Si
(in T site) to the new space and the value on the 15" row is the projection of Al (in T site) to the
new space. Si (in T site) and Al (in T site) add up to a constant value and therefore have strong
negative correlation. PCA correctly recognized the negative correlation between the two vectors
and opposite numbers on the 14*" and the 15" row can maximize the variance. Therefore, the

variance contribution of Si (in T site) and Al (in T site) can be combined and analyzed together.

!New vectors Z; even though formed through linear combination of compositional vectors, are abstract mathe-
matical constructs without a direct chemical interpretation, because coefficents of Tjj are not restricted to be positive
only.
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The elements in matrix T range from 107°! to 10794, So the most important components in the

079, The first new vector, Z1, is the most

old vectors are those with coeffients T;; in the order of 1
important principal component which explains 53.73% of the total variance. Among the coefficients
Tih (1<=1i <=15), Ty and 115, are in the order of 107°" and have a positive sign. This means
that the new vector Zy contribution increases as AI>* (in M1 site) and Al (in T site) increase. Fig-
ure 3.6 shows the trend between Z; and volume, there are roughly two branches, the branch where
volume decreases as Z; component increases, is mainly caused by the increase in AI** in M1 site
and Al in T site. T 1, which is the projection of normalized M ¢T concentration in M1 site on Zq,
is the element in Tj; which has the largest negative value. Therefore, the Z1 component decreases
as Mg?>t in M1 site increases. The other branch in figure 3.6 shows negative correlation between
volume and the concentration of Mg*t in M1 site. Among the coefficnets Tjo (1<=i<=15), Ty 2,
which is the projection of Fe?t in M1 site on Zs, has the largest positive value. In figure 3.6, unit
cell volume and the the Zs component are in general positively correlated. Therefore, unit cell
volume and Fe?* in M1 site have positive correlation. The two branches in figure 3.6 differ by Al

concentration.

3.4.4 Implication to the subducting slab

Diopside is the Mg-end member of omphacite - an important clinopyroxene in eclogite, which is a
rock formed by high-pressure metamorphism of basalt or gabbro in the subducted slab. It provides
the pulling force for the subduction and is therefore relevant for the slab dynamic studies. The
densities of different diopside and pyrope samples [31] along the cold basalt geotherm ([127]) are
shown in figure 3.7. The mineral assembladges with different diopside and pyrope proportions along
with two seismic density profiles are also shown in figure 3.7. Along the cold basalt geotherm, at
the base of the upper mantle, Di_M g75 and pyrope are ~3.5% and ~6.9% denser than Di_Mgg7. A
mineral assemblage of 30% Di_Mg75 + 70% pyrope is ~2.4% denser than a mineral assemblage of
30% Di_M gg7 + 70% pyrope and is ~4.2% denser than the density profile determined from seismic
model AK135-f and PREM. A mineral assemblage of 50% Di_M g75 + 50% pyrope is ~1.7% denser
than a mineral assemblage of 50% Di_Mgg7; + 50% pyrope and is ~4.9% denser than AK135-f
and PREM model. Therefore, the cold basalt provide a pulling force to the slab in the upper
mantle. Di_Mg7s, which has more Fe and Al, provides ~2% more pulling force than the end-
member diopside. Therefore, with more Fe?t and A3t the slab tends to have more pulling force.
At the base of the mantle transition zone, the diopside and pyrope mixtures are less dense than the
density profile determined from seismology. The mineral assemblage of 30% Di_M g75 + 70% pyrope
is 2.6% denser than the mineral assemblage with 30% Di_Mgg; + 70% pyrope. This assemblage
is 3.35% lighter than the seismic models. The mineral assemblage of 50% Di_M g75 + 50% pyrope
is 1.9% denser than the mineral assemblage with 50% Di_Mgg7; + 50% pyrope. This assemblage
is 3.0% lighter than the seismic models. At the top of the lower mantle, the 30% Di_M g5 + 70%
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pyrope assemblage and the 50% Di_Mg75 + 50% pyrope assemblage are 10.5% and 10.3% lighter
than the seismic models. Therefore, even with Di_M g5, which has more Fe and Al, the cold basalt
is less dense than the surrounding mantle transition zone materials. This mineral assemblage still
provides a buoyancy force to the slab, and could contribute to the slab stagnation observed at the

bottom of the transition zone or the top of the lower mantle.

3.5 Conclusions

Diopside (CaM gSi20g) is an important mineral in the subuducted lithospheric plate. It is believed
to dissolve into garnet at high pressure and high temperature conditions equivalent to the Earth’s
upper mantle. However, recent studies show that this reaction is kinetically inhibited at the condi-
tions of cold subducting slab, and therefore clinopyroxene can be preserved down to the transition
zone or even the top of the lower mantle [98, 99, 33]. We reported the results of high-pressure
single-crystal X-ray diffraction experiments conducted on aluminous iron-bearing diopside and a
nearly end-member diopside up to 50 GPa in diamond anvil cell. The density functional theory
calculations of end-member diopside are also reported. The bulk modulus and its pressure deriva-
tive are determined to be 123(3) GPa and 4.5(3) for the nearly end-member diopside and 113(1)
GPa and 4.46(9) for the aluminous iron-bearing diopside. These results are compared with heden-
bergite (CaFeSia0g) and Ca-tshermak (CaAlAlSiOg), and indicate Fe in clinopyroxene structure
increases bulk modulus and Al decreases bulk modulus. The structure of diopside is compared with
hedenbergite and DiggFEngg, diopside has smaller a axis than hedenbergite and this is caused by
the smaller cation size of Mg¢?*, compared to Fe?t. The § angle of Mg-rich clinopyroxene such
as diopside and DiggEngy show a flattening at ~30 GPa. The effect of Fe?t and Al in the unit
cell volume of Mg-, Fe- and Al-rich clinopyroxenes are analyzed using principal component anal-
ysis. Positive correlation is observed between Al and unit cell volume and negative correlation is
shown between Fe and unit cell volume. The density of the two diopside samples are modeled along
the cold subducting slab geotherm [127] and are compared with the seismic models. Aluminous
iron-bearing diopside shows density higher than the end-member diopside. Therefore, in the upper
mantle, aluminous iron-bearing diopside provides larger pulling force to the subducted slab. At the
bottom of the transition zone and top of the lower mantle, eclogite with aluminous iron-bearing
diopside has higher density than that with end-member diopside. However, it is still less dense
than the surrounding mantle and therefore could contribute to the buoyancy force, which explains

the slab stagnation phenomena observed at that depth.
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Figure 3.1: (a) The pressure—volume relationship and the equation of state fit of different clinopy-
roxenes up to ~ 50 GPa. (b) The pressure—volume relationship and the equation of state fit of
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Figure 3.2: fg—Fg plot of diopside#1 and diopside#2.

Table 3.3: Lattice parameters of Di_M grs

Exp. No. Pressure(GPa) a(A) b(A) c(A) B(°) Volume(A3)
PO 0.00001 9.7578(9) 8.9168(9) 5.2584(5) 105.885(9)  440.05(8)
P1 0.7(1) 9.733(1)  8.8930(9) 5.2450(5) 105.809(9)  436.81(8)
P2 2.8(1) 90.676(1)  8.830(1) 5.2164(6) 105.52(1)  429.41(9)
P3 12.0(4) 9.500(1)  8.5954(7) 5.1066(4) 104.815(9)  403.13(7)
P4 19.9(4) 0.394(2) 8.4345(9) 5.0336(5) 104.40(1)  386.32(9)
P5 25.0(4) 9.331(1)  8.3333(9) 4.9960(5) 104.28(1)  376.46(8)
P6 31.7(4) 0.268(1) 8.2008(9) 4.9584(5) 104.14(1)  365.45(8)
P7 37.7(4) 9.238(1)  8.096(1) 4.9242(5) 103.92(1) 357.43(8)
P8 42.7(4) 0.193(2)  8.0L(1) 4.9061(7) 103.70(2)  350.8(1)
P9 48.4(4) 0.181(2)  7.897(2) 4.8764(8) 103.48(2)  343.8(1)
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Figure 3.3: Trade-off ellipses of K¢ and K7¢’ of different diopside and hedenbergite samples.

Table 3.4: Lattice parameters of Di_M gg7

Exp. No. Pressure(GPa) a(A) b(A) c(A) B(°) Volume(A3)
P1 2.28(3) 9.696(9) 8.882(9) 5.220(2) 105.58(3) 433.0(6)
P2 9.99(2) 0.522(4) 8.685(3) 5.1324(6) 105.03(1)  409.9(2)
P3 15.62(3) 9.463(3) 8.533(3) 5.0846(5) 104.85(1) 396.8(2)
P4 20.5(1) 0.406(6) 8.459(5) 5.050(1) 104.83(2)  388.4(3)
P5 25.2(2) 0.340(6) 8.400(5) 5.019(1) 104.73(2)  380.8(3)
P6 33.1(2) 0.273(6) 8.245(5) 4.9738(9) 104.60(2)  368.0(3)
P7 35.9(2) 0.230(3) 8.205(3) 4.9522(6) 104.45(3)  363.2(2)

95



(a) : : : :
10 | O DigoEn,g, Tribaudino et al., 2000
Hed_Fegs, Hu et al., 2015
@® Di_Mqgys, This study
@ Di_Mggy, This study

< 95¢
©

0 10 20 30 40 50
Pressure (GPa)
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CHAPTER 4
HIGH-PRESSURE GAMMA-DIOPSIDE: DOES
PENTA-COORDINATED SILICON EXIST IN THE EARTH’S
MANTLE?

This chapter has been published as Hu, Y., Kiefer, B., Bina, C. R., Zhang, D., and Dera, P. K.
(2017). HighPressure ~y-CaMgSi; Og: Does PentaCoordinated Silicon Ezist in the Farth’s Mantle?.
Geophysical Research Letters, 44(22).

4.1 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 y-diopside polymorph with rare penta-coordinated silicon. On
compression a-diopside transforms to the y-phase at ~ 50 GPa, which in turn, on decompression is
observed to convert to the known S-phase below 47 GPa. The new «y-diopside polymorph constitutes
another recent example of penta-coordinated silicon (V'Si) in over-compressed metastable crystalline
silicates, suggesting that ¥'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.

4.2 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 processes such as tectonics and deep-focus earthquakes. Si strongly prefers four-
coordinated crystallographic sites due to sp? 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 (/V'Si). This low coordination number and mesodesmic bonds,
found e.g. 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, 5- and 6- coordinated states (¥'Si and V/Si). 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
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in octahedral geometry, leading to more compact, higher density phases such as SiOg stishovite,
(Mg,Fe)SiO3 bridgmanite or MgSiO3 akimotoite. Densification of silicates, involving a coordination
number increase from four (V' Si) to six (V/Si) 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 [SiLs] 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 to an [SiLs] trigonal bipyramid, and that the penta-coordinated
state indeed plays a critical role as intermediate in condensation and decondensation reactions of
silicates in aqueous solutions and in melts [128]. Amorphous solids and melts can sustain exotic
coordination environments such as SiOs more easily than crystalline silicates due to the lack of
symmetry and long-range order. Indeed, several studies of glass and melts clearly indicate exis-
tence 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 [129]. Crystalline silicate minerals 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 reaction
processes. For example, a quenchable phase with five-coordinated Si was observed in CaSi2Os
silicate, which can be synthesized at 1500 °C and 10 GPa [18]. A non-quenchable high-pressure
polymorph of enstatite [12] and a high-pressure phase of danburite [130] observed in single crystal
X-ray diffraction experiments also featured V'Si. Molecular dynamics calculations predicted that
VSi coordination should form in SiOs a-quartz under uniaxial stress at high pressure [13]. High-
pressure states involving V'Si are also reported to act as intermediates during the 'V Si to V/Si
transition in molecular dynamics simulations on a-quartz [131] and orthoenstatite [132].
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 [71], and basaltic crust layer, where
the pyroxene content may be as high as 70% [133]. Diopside (CaMgSiaOg), the Mg,Ca-endmember
clinopyroxene (cpx), is abundant in both the upper mantle and the subducted lithosphere [133].
At ambient conditions, diopside crystallizes in C2/c space group and is thermodynamically stable
up to ~ 18 GPa. Above this pressure and 1400 °C diopside decomposes into a mixture of product
phases including CaSiOgs-rich perovskite and Mg-rich (Mg,Ca)SiO3 tetragonal garnet. Below 1400
°C, diopside dissociates to Ca-perovskite + wadsleyite+stishovite [108, 109, 110, 111]. At pressures
above 20 GPa, between 1000 °C and 1900 °C, diopside is observed to break down to Mg-perovskite
and Ca-perovskite [112, 113]. Subsequently, a metastable cubic CM-perovskite Ca(Mg,Fe,Al)SioOg

phase was observed to form at ~ 1300 °C and 32 GPa and was also observed in diopside glass at ~
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1000 °C and 13 GPa as a metastable phase. At 1800 °C, CM-perovskite was observed to decompose
into cubic Ca-perovskite and orthorhombic Mg-perovskite and stishovite [114, 110].

In the more chemically and petrologically complex upper mantle and transition zone where tem-
perature is high (> 1400 °C), pyroxene is believed to gradually dissolve into garnet and form
majorite around depths corresponding to the transition zone [71]. However, the mantle transition
zone is not homogeneous in temperature and chemical composition. Seismic tomography observa-
tions show that some cold subducted slabs in the west Pacific regions stagnate at the bottom of
transition zone or the uppermost lower mantle [19, 97]. Geodynamic models estimate the temper-
ature in the stagnant slabs are lower than 900 °C and can be as low as 500 °C in regions such
as Tonga [127, 37]. It has been reported that, in cold environment (< 1400 °C), the diffusion be-
tween 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
[36, 134, 99, 34, 33, 135, 37, 98]. As a consequence, the metastability of pyroxene and the kinetics
of post-pyroxene transformations below 1000 °C have been suggested to play an important role in
the slab dynamics [99, 33, 98].

High-pressure ambient-temperature experiments not only pave the road to high-pressure moderate-
temperature (500 °C < T < 1000 °C) experiments, but also create conditions to trap the metastable
intermediate phases which can provide important transition path information for future kinetic
studies. On compression at ambient temperature, diopside can be metastably preserved to pres-
sures as high as 50 GPa [136, 107], above which it transforms to (-phase with mixed 4 and 6
coordinated silicon [76]. A similar structure was also observed in clinoferrosillite FeSiO3 at high
pressure [137]. Other clinopyroxenes were also observed to be preserved to at least 30 GPa at am-
bient temperature [5, 138, 139]. Natural diopside typically contains appreciable amounts of iron,
and the objective of this study is to examine the effect of iron on the post-pyroxene transforma-
tion in natural samples 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) calculations, to better understand the formation of exotic

hypervalent silicon states in pyroxenes.

4.3 Methods

The sample used for synchrotron experiments was a natural Fe- and Al-bearing diopside from the
Harry Hess collection at Princeton University. The chemical composition of this sample (designated
as sample C’ in [116]) is (Cao,gggFegjONao.ggMno.m) (Mg0.75Fe%.J{5Alo,mFengQTig,m)(Sil,94AIO_06)06.
The site occupancies are assigned according to [140]. Single crystal X-ray diffraction (SXD) exper-
iments were conducted at ambient pressure using Bruker D8 Venture diffractometer with AgKa
microfocus source and PHOTON-II detector at the University of Hawaii and 13-BM-C of the Ad-

vanced Photon Source at Argonne National Laboratory. The high pressure experiments were done
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at the synchrotron beamline 13-ID-D of the Advanced Photon Source at Argonne National Labora-
tory. High quality ambient pressure single crystal refinement results with anisotropic displacement
parameters for all atoms were is reasonable agreement with the microprobe results reported in
[116]. Refined cation disorder model included substitution of Mg?* and Fe?* on the M1 site, and
yielded a refined approximate composition of CaFe%fglego,mgSig.goOﬁ, which was used as starting
composition in high pressure refinements.

One natural Fe- and Al-bearing diopside crystal was loaded in helium pressure medium into a
diamond anvil cell equipped with conical diamond anvils, featuring 70° total X-ray opening. Pres-
sure was determined using ruby fluorescence method [58]. Diffraction data were collected with a
MAR165 Charge Coupled Device (CCD) detector at incident energy of 37.7 keV, following the same
procedure as described in [5]. Diffraction images were processed using ATREX software package
[64], and the structure refinements were conducted using SHELXL [86]. Despite the fact that the
quality of the single crystal specimen became significantly worse after the transition due to defects
arising from coexistence of the two phases over a range of pressure of ~5 GPa, the crystallographic
analysis of the high-pressure phase was still possible, revealing details of unit cell changes, sym-
metry, atomic arrangement and bonding. Anisotropic displacement factors are used for all atoms
in a-diopside and isotropic displacement factors are used for all atoms in high-pressure - and
~v-diopside. The refinement details and atomic coordination of the different phases are listed in
tables 4.1, 4.2, 4.3 and 4.4. VESTA program was used for calculation of polyhedral geometry
parameters [117]. The samples were compressed from ambient pressure to 57.1(1) GPa in approx-
imately 5 GPa steps, and then decompressed to 47.0(1) GPa. SXD data were collected at each
pressure point. Diffraction patterns of a-diopside and ~-diopside are shown in supplementary fig-
ures Sla and Slb, respectively.

3-dimensional periodic density functional theory (DFT) calculations were performed using VASP
(Vienna Ab-initio Simulation Package) [119, 120]. The electronic exchange and correlation effects
were described in the LDA approximation [121]. The interactions between atoms were described
within the PAW method [122, 119]. The results of this approach have been shown to be of compa-
rable accuracy to all electron calculations [141, 120]. The core region cut-off radii (1 ag = 0.529 A)
of the PAW potentials were 3.0 ap (core configuration 3p%4s?), 2.0 ap (core configuration 2p°®3s?),
1.6 ap (core configuration 3s23p?), and 1.52 ap (2s22p?) for Ca, Mg, Si, and O, respectively. The
Brillouin zone was sampled on a 2x2x4 Monkhorst-Pack grid and a plane-wave cutoff energy
Ec,:=700 eV was applied. These computational settings are similar to previous work on pyroxenes
[123, 124]. The DFT calculations were performed in the known space groups of diopside C2/c
(low pressure) and P2;/c (high pressure). All athermal structural optimizations were performed
at constant volume. All crystallographic degrees of freedom consistent with the crystal symmetry
(unit cell shape and atomic positions) were relaxed simultaneously until deviatoric stresses were
less than 0.05 GPa).
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4.4 Results

At ambient conditions, in the a-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 4.1). The a-phase is
characterized by a monoclinic angle of ~ 105° and all Si in tetrahedral coordination. Upon further
compression, the Fe- and Al-bearing diopside undergoes a phase change to a P2;/c 7-phase with
a decrease in volume and a change in monoclinic angle to ~ 98° at ~ 55.1(1) GPa (figure 4.1,
table 4.1). Our refinements reveal a structure with a mixture of V'Si and V/Si polyhedral layers.
Unlike the case of experiments with end-member diopside, which transformed from a- to 8- phase,
converting a single tetrahedral /¥ Si site into a 1:1 mixture of /V'Si and V/Si [76], compression of the
natural diopside sample results in a change to the coordination number of both Si sites in the P21 /c
structure, producing hypervalent 5- and 6- coordinated polyhedra. Whereas this discrepancy could
be attributed to the different chemical composition, it is also possible that the previous experi-
ments simply did not reach high enough pressure to reveal the y-phase in the end-member. Upon
decreasing pressure, the ~-phase is preserved to ~ 51 GPa. At ~ 47 GPa, ~-diopside undergoes
an isosymmetric phase transition to the P2;/c -phase with monoclinic angle changing to ~ 96°
(Table S1). The transition pressure from C2/c phase to P2;/c phase is very close to what was
observed in previous shock experiments, which reported a thermomechanical phase transformation
at ~ 50 GPa [142]. Our experiments were complemented by a series of first-principles computa-
tions, 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 figure 4.1 and fig-
ure 4.6. The enthalpy calculated by density functional theory indicates that the P2;/c structure
becomes energetically favorable over C2/c structure from ~ 30 GPa and the 5-, 6- coordinated
P2, /c transition takes place above ~ 38 GPa, which corresponds to the pressure of the uppermost
lower mantle (figure 4.7). Once locked in the 5-coordinated configuration, diopside can remain in
this structure without transforming to six-coordinated structure to ~ 150 GPa. The discrepancy
between experimentally-observed and computationally-determined transition pressures can be at-
tributed to kinetic effects, as well as absence of thermal contributions in the computations. In the

IVVIGid+ in P24 /c space

DFT calculations we also found two other structural variants - one with
group and one with V»V'Si** in C2/c space group, which do not manifest themselves in nature.

Based on experimental observations, we propose a model explaining how a-diopside transforms to
the 8- and «-phases. C2/c a-diopside is described by corner-sharing SiO4 tetrahedral chains that
extend along the c-axis. Between these Si-O chains, Ca?* and Mg?* /Fe?* cations are placed for
charge neutrality. The I-beam representation of building blocks of the pyroxene structure conve-
niently shows that each octahedral layer is intimately connected to two silicate chain layers on
either side by sharing oxygen atoms (figure 4.8(a)). In the C2/c a-diopside phase, there is only one
unique Si site (table ??). The Si atoms in different layers are related by a (1/2, 1/2, 0) translation

symmetry (C-centering). After the C2/c to P2;/c phase transformation, the C-centering is lost,
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producing two symmetry-independent Si-O layers (table 4.3 and 4.4). As a consequence, there are
two unique sites for Si cations (Sil and Si2) in the P2;/c phase, residing in two different layers.
We denote Si-O layer with Sil as layer 1, while the layer containing Si2 is denoted as layer 2 (fig-
ure 4.8(b)). 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 P2;/c phase. In the P2;/c structure the oxygen
atoms occupy general positions and therefore possess a degree of translational freedom to respond
to changes in applied pressure, which is absent in C2/c symmetry.

At low temperatures, the kinetic energy available for atomic rearrangements accompanying struc-
tural transitions is limited, and as a result, displacive phase transformations are favored. As pres-
sure increases, the Si-O layers become more condensed and the Si-O chains start to interconnect,
as shown in figure 4.2. In layerl, 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 4.2).
Si#0-02#2 and Si#0-O1#1 distance in C2/c phase are denoted by blue and black dash lines in
figure 4.2(a) and markers with the same color in figure 4.9. Both distances decrease gradually as
pressure increases and new bonds form after the phase transformation. In the P2;/c phases, Si#0
becomes Sia#1 while O2#2 and O1#0 become O2a#0 and Ola#0, respectively. Sia#1 connects
with O2a#0 (the blue bond) and Ola#0 (the black bond), forming edge-sharing Si-O octahedral
layers with V/Si (figure 4.2(c) and 4.2(e)). These new bonds cause the oxygen layers shift, and the
0-0-0 (0) angle change from ~ 150° to 200° (table 4.9) (€ is labeled in figure 4.2). As can be seen
from figures 4.2(c) and (e), one chain of O atoms shifts by approximately c¢/2, along the ¢ axis and
the SiO4 polyhedra rotate by ~ 50° (6 angle). In layer 2, Si#3-O2#5 and Si#3-O1#6 in C2/c
phase are denoted by blue and black dash lines in figure 4.2(b). 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-P2;/c phase transformation, Si#3
turns into Sib#3 while O2#5 and O1#6 turn into O2b#5 and O1b#6. Both distances decrease
dramatically, but only Sib#3-O1b#5 becomes a bond (figures 4.9(b), 4.2(d) and 4.2(f)). The fifth
Si-O interatomic distance in y-diopside phase has a length of ~ 1.9 A. At 55.1(1) GPa, electron
density map is calculated by DFT and a bond path can be seen (figure 4.10), confirming the attrac-
tive character of this interatomic interaction. A similar structure with 441 coordinated Si is also
observed in post-enstatite [12]. The fact that pyroxenes go through penta-coordinated structures
suggests such structure could be a common intermediate between the 4- to 6-coordinated transfor-
mations in pyroxenes. The bond-forming characteristics of the phase transformation between a-
and v-diopside suggest exothermic reaction which is one of the criteria for phase transformations
that could be responsible for deep-focus earthquakes [143].

The dominating coordination state of Si in the Earth’s upper mantle and transition zone is V'Si,
whereas in the lower mantle it changes to V/Si [27]. This change in coordination number and geom-

etry of SiOx (N = 4, 5, 6) units is determined by different electron orbital hybridization types. The
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tetrahedral geometry of SiO4 group (figure 4.11(a)) is caused by sp? hybridization of the Si orbitals,
while the octahedral geometry of SiOg group (figure 4.11(c)) is a result of sp>d? hybridization [144].
Most of the penta-coordinated silicate structures reported to date have approximately square pyra-
mid configuration with bond lengths ranging from ~ 1.6 to ~ 1.9 A, averaging ~ 1.7 A, as shown in
figures 4.11(d)-(f) [18, 13, 12]. Geometrically, these structures suggest the sp?d? hybridization with
a lone electron pair. However, the SiOs group in this study shows a trigonal bipyramid structure
with four bond lengths ranging from 1.60(2) to 1.67(2) A and the fifth bond length of 1.95(2) A
which suggests a sp>d hybridization (figure 4.11(b)) [144]. 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 A and 1.918 A in organic
compounds due to the weak bonding character of the 3c-4e bonds [145]. Hypervalent compounds
exhibit high Lewis acidity because the electron density on the central atom decreases with increasing
coordination. For example, methanium (CH?'), which can be explained by the electron-deficient
3c-2e chemical bond, is a superacid [146, 147]. The occurrence of V'Si in chemical compounds has
been reported to result in greatly increased chemical activity [145], therefore, the presence of V'Si
in y-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 4.3). In basalt and diopside melt, this increase is continuous and
the 7V'Si - VISi jump takes place between 20 and 50 GPa, which roughly corresponds to the transi-
tion zone and top of the lower mantle [27]. Si coordination changes in enstatite [12] and silica [13]
indicate very similar behavior, with densification starting at lower mantle pressures. In this study,
the average coordination number of crystalline diopside reaches 5 (4+6) in the S-phase around 40
GPa, and increases to 5.5 (5+6) in the -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 [129]. 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 be-
tween Si-O tetrahedral chains, as shown in figure 4.8(a). Both the 8 and v hypervalent-Si diopside
phases show structures in between pyroxene and ilmenite, and the fact that the Si-O tetrahedral
chains become connected will modify fracture toughness, 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>, {110}[001] and (100)[001] [148]. The new bonds in
P2, /c phases which form in {110} planes will most likely reduce the mobility 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
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glass by facilitating shear deformation and in dissipating energy by converting back to the 4-fold
coordination state during deformation [129]. If V'Si is also present in crystalline silicates, the con-
densed 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 subducted slabs in the west Pacific regions where the estimated temperatures at 660 km
are below 1000 °C [19, 97, 37]. 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 [149, 150, 151, 152, 153, 154]. It has been suggested that the pyroxene-garnet trans-
formation 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 [34, 33]. 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 [135, 37].

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 properly 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 compress-
ibility and volume discontinuities, and compared our results with the calculated results of several
important minerals in the transition zone and lower mantle (figure 4.4(a)). The volumes calculated
by DFT are usually ~ 3% smaller than experimental results because of neglecting vibrational con-
tributions [155, 31]; however, the relative values give good approximations. The calculated bulk
modulus from third order Birch-Murnaghan equation of state for the a-phase was 128(4) GPa, with
Ko'=4.0(2) and V(=422.1(6) A3. The transformation to S-diopside increases the bulk modulus to
Ko=159(6) GPa, Ko’=3.6(3) and V(=396.5(7) A3, and results in a 4.3% density increase. The
~y-phase, is characterized by Ko=170(5) GPa, K¢’=3.87(8) and V(=386(1) A3, and is accompanied
by 1.5 % density increases. The densities of both - and ~-phases lie in the bracket determined by
shock experiments (3.6-3.9 g/cm?®) [142, 156], 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 ~ 1200 °C, which indicates that this phase could exist at ~ 1200 °C and ~ 90 GPa. The
bulk moduli and bulk velocity (v = \/m ) of different phases are also calculated as a function
of pressure (figures 4.4(b) and (c)). The new - and 7- diopside are stiffer than a-diopside and
have higher bulk sound velocity. However, in comparison, bridgmanite (Mg-Pv), Ca-perovskite
(Ca-Pv) and akimotoite (Akm) have much higher bulk modulus and bulk sound velocity than the
a-, f- and ~-diopside. The 7-diopside is ~ 6% and ~ 11% lighter than MgSiO3 akimotoite [16] and
CaSiO3+MgSiO3 perovskite mixture [15, 14], which would promote stagnation of the cold slab in
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the transition zone or the uppermost part of the lower mantle [97]. In terms of elastic anisotropy, we
expect both the 8- and ~- phases to resemble diopside and akimotoite, which are highly anisotropic

[106], consistent with seismic observation in the cold stagnant slab [157, 158].

4.5 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 transformation 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 belonging to the En-Fs-Hd-Di
quadrilateral, for both clinopyroxene and orthopyroxene compositions, and it sems to always involve
phases with penta-coordinated Si. The presence of V'Si has consequences for chemical reactivity,
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 8- and y-diopside far outside of their thermodynamic stability

fields in the lower mantle.
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Table 4.1: Experimental and refinement details of three different diopside phases

a—diopside v-diopside [-diopside

Pressure (GPa) P9 =48.4(1) P11 =55.1(1) P14 =47.0(1)
Space Group C2/c P2;/c P2;/c
9.181(2) 9.279(4) 9.138(3)
Lattice Parameters (A) 7.897(2) 7.566(2) 7.648(2)
4.8764(8) 4.628(1) 4.6998(9)
B angel (°) 103.48(2) 98.35(3) 96.42(2)
Volume (A?) 343.8(1) 321.5(2) 326.3(1)
Si Coordination 4 5 and 6 4 and 6
0 range for data collection 1.620-18.442 2.442-17.914 1.638-18.121
No. of Reflections Collected 792 795 655
No. of Independent Reflections 374 397 365
No. of Parameters Refined 47 41 41
-14<h<14 -12<h<13 -12<h<11
Limiting Indices -13<k<13 -12<k<10 -11<k<11
-7<1<T7 -6<1<6 -6<1<6
Rint 0.886 0.2239 0.1511

Final R; and wRs (I>2sigma(I)) 0.0621, 0.1483 0.1449, 0.3499 0.1634, 0.3969

Final R; and wR; (all reflections) 0.0620, 0.1483 0.1496, 0.3527 0.1661, 0.3990
Goodness of Fit 1.163 1.072 1.090

Apmazs DApmin (eA™3) 1.017,-1.096  2.616, -1.983  3.862, -3.177

Table 4.2: Atomic position in a-diopside

Pressure (GPa) P9 = 48.1(1)
X y z SOF U(eq)x10° (A?) Wyckoff
Ca 0 0.3155(2)  0.25 0.5 10(1) de
Mg, Fe 0 0.9109(2) 025  0.394(2), 0.106(2) 8(1) de
Si 0.7842(2) 0.6010(2) 0.2413(4) 1 8(1) 8t
o1 0.6114(5) 0.5961(4)  0.136(1) 1 11(1) 8t
02 0.8516(5) 0.7755(5)  0.350(1) 1 12(1) 8f
03 0.8588(5) 0.5326(5) -0.0075(9) 1 10(1) 8t
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Table 4.3: Atomic position in «-diopside

Pressure (GPa) P11 = 55.1(1)
X y zZ SOF U(eq)x10° (A?) Wyckoff

Ca 0.7433(5) 0.0798(6) 0.118(1) 1 10(1) de

Mg, Fe 0.2454(8)  0.1628(8) 0.389(1) 0.788(5), 0.212(5) 12(1) de
Sia 0.5088(8) 0.1676(8) 0.459(2) 1 10(1) de
Sib 0.0138(8) 0.8565(7) 0.193(1) 1 8(1) de
Ola 0.391(2)  0.165(2) 0.116(4) 1 8(3) de
O1b 0.144(2)  0.354(2)  0.207(4) 1 11(3) de
02a 0.394(2)  0.483(2) 0.080(4) 1 12(3) de
02b 0.093(2)  0.042(2) 0.163(4) 1 17(3) de
O3a 0.611(2)  0.296(2) 0.277(4) 1 12(3) de
03b 0.103(2)  0.713(2)  0.013(4) 1 18(4) de

Table 4.4: Atomic position in S-diopside
Pressure (GPa) P14 = 47.0(1)
X y z SOF U(eq)x10° (A?) Wyckoff

Ca 0.7388(5) 0.0711(6) 0.0961(9) 1 8(1) de

Mg, Fe 0.2433(9) 0.1646(9) 0.401(2)  0.788(5), 0.212(5) 12(2) de
Sia 0.5086(8) 0.1668(8)  0.462(1) 1 7(1) de
Sib 0.0253(9) 0.8566(9) 0.251(2) 1 10(1) 4de
Ola 0.388(2)  0.163(2)  0.118(3) 1 A(3) de
O1b 0.145(2)  0.351(2)  0.223(3) 1 9(3) de
02a 0.390(2)  0.484(3)  0.101(4) 1 15(4) de
02b 0.102(2)  0.034(2)  0.189(3) 1 7(3) de
O3a 0.611(2)  0.295(2)  0.275(4) 1 11(3) de
03b 0.106(2)  0.709(2)  0.065(3) 1 8(3) de
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Figure 4.1: (a) Normalized unit cell volume of different diopside phases with respective to Vg

of a-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) a-
diopside (circles), P21 /c Si(4, 6) f-diopside (down-pointing triangles) and P2; /c Si(5, 6) ~-diopside
phases (squares) at high pressure. Filled symbols are from XRD experiments on Fe- and Al-bearing
diopside (errors are smaller than the markers) ?211d open symbols are from DFT calculations on
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Figure 4.2: (a) Layer 1 of C2/c a-diopside phase with 1V'Si**. 6 is the 03-03-O3 angle. Green
arrows show the Si-O chain rotation and translation. (b) Layer 2 of C2/c a-diopside phase with
V§it+ . @ is the 03-03-03 angle. (c) Layer 1 of P2;/c S-diopside phase with V/Si**. 6 is the
03a-03a-03a angle. (d) Layer 2 of P2;/c -diopside phase with /V'Si**. @ is the O3b-03b-O3b
angle. (e) Layer 1 of P2;/c y-diopside phase with V/Si**. § is the O3a-O3a-O3a angle. (f) Layer 2
of P21 /c v-diopside phase with V'Si**. @ is the 03b-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 77?.
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cell. (a) C2/c a-diopside. The I-shape beams formed by two Si-O tetrahedral chains are denoted
by orange outlines. Dash orange lines denote the cleavage plane. (b) P2;/c y-diopside.
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Table 4.5: Si-O distances and polyhedral parameters in layer 1 and layer 2. C2/c: #0, x, vy, z;
#1, x, -y+1, z4+1/2; #2, x+3/2, -y+3/2, -z+1. #3, x-1/2, y-1/2, z; #4, x-1/2, -y+1/2, z4+1/2;
#5, -x+1, -y+1, -z; #6, x-1/2, -y+1/2, z-1/2. P2y /c: #0, x, vy, z; #1, x,-y+1/2, z-1/2; #2, -x+1,
-y+1, -z, #3,x, y-1, z; #4, x, -y+1/2, 24+1/2; #5, -x, -y, -z; #6, -x, y-1/2, -z+1/2. Blue and black
indicate the color of distances used in figure 4.8.

Phase a-diopside ~v-diopside  [-diopside
Pressure
(GPa) P9=48.4(1) P11=55.1(1) P14=47.0(1)
Space
Group C2/c P2;/c
Layer 1
Si
Coordination 4 6 6
Si#0-O1#0 1.550(5) Sia#1-Ola#1 1.79(2) 1.86(2)
Si#0-O2#0 1.553(5) Sia#1-02a#2 1.68(2) 1.72(3)
Si-O Si#0-O3#0 1.619(6) Sia#1-0O3a#1 1.67(2) 1.67(2)
Distances (A) Si#0-03#1 1.640(5) Sia#1-03a#0 1.66(2) 1.68(2)
Si#0-02#2(blue) 2.764(6) Sia#£1-02a#0(blue) 1.71(2) 1.76(3)
Si#0-O1#1(black) 3.174(6) Sia#1-Ola#0(black) 1.89(2) 1.90(2)
Average
Bondlength (A) 1.590(6) 1.73(2) 1.76(2)
Polyhedral
Volume (A?) 2.0351 6.7934 7.1962
Quadratic
Elongation 1.0101 1.0178 1.0143
Bond Angle
Variance (deg.?) 41.2691 52.2535 39.8586
0 (°) 03-03-03 156.2(4) 03a-03a-03a 213(1) 239(1)
Layer 2
Si
Coordination 4 5 4
Si#3-0O1#43 1.550(5) Sib#3-O1b#6 1.60(3) 1.58(3)
Si#3-02#3 1.553(5) Sib#3-02b#3 1.60(2) 1.57(2)
Si-O Si#3-03#3 1.619(6) Sib#3-03b#3 1.66(2) 1.65(2)
Distances (A) Si#3-03+#4 1.640(5) Sib#3-03b#4 1.67(2) 1.65(2)
Si#3-024#5(blue) 3.024(5) Sib#3-02b#5(blue) 1.95(2) 2.41(2)
Si#3-01#6(black) 3.385(5) Sib#3-01b#5(black) 2.71(2) 3.02(2)
Average
Bonglength (A) 1.590(6) 1.70(2) 1.61(2)
Polyhedral
Volume (A?) 2.0351 3.9513 2.068
Quadratic
Elongation 1.0101 1.3783 1.0267
Bond Angle
Variance (deg.?) 41.2691 86.5511 107.0202
6 (°) 03-03-03 156.2(4) 03b-03b-03b 207(2) 210(1)
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

The subduction zone is an important place where phenomena such as earthquakes and volcanic
eruptions take place. Subducted slabs also play a crucial role in the global mantle convection —
the most important process in the deep Earth. However, there are many unsolved problems related
to this process, such as slab stagnation at the mantle transition zone and deep-focus earthquakes
[19, 149]. These phenomena are believed to be related to mineral phases and phase transitions in
the subducted slab[37, 149].

Pyroxene is an important group of minerals in the subducted slab and the upper mantle. In the
normal upper mantle, where the temperature is high, pyroxene gradually dissolves into garnet
and form majoritic garnet at the depth of the transition zone [28]. However, recent studies show
that the transition from pyroxene to garnet is slow, especially in cold environment such as the
the cold subducted slab. Therefore, it is possible that pyroxene can be preserved to the bottom of
the transition zone and the top of the lower mantle and explain the slab stagnation phenomena [33].
This thesis reported the results of high pressure studies of two clinopyroxenes — diopside (CaM gSi2Og)
and hedenbergite (CaFeSiz0g), and studied the role of metastable pyroxene in the subducted slab
by modeling. At ambient temperature, diopside and hedenbergite can be preserved to ~ 50 GPa
and 33 GPa without phase transitions. The density of diopside and hedenbergite is determined
by single-crystal X-ray diffraction and is modeled along the cold subducting slab geotherm. Alu-
minous iron-bearing diopside shows higher density than the end-member diopside and therefore
provides larger pulling force to the subducted slab. At the bottom of the transition zone and top of
the lower mantle, eclogite with aluminous iron-bearing diopside has higher density than that with
end-member diopside. However, it is still less dense than the surrounding mantle and therefore
could contribute to the buoyancy force, associated with the slab stagnation.

A new phase (vy-diopside) with Si in five-coordinated sites is observed in diopside above 50 GPa,
which suggests a new low-energy phase transition path that involves a displacive and reversible
mechanism. y-diopside, though denser than a-diopside, is lighter than the stable lower mantle min-
erals (CaSiOs + M gSiOs perovskite mixture). This results supported the idea that metastable
phases contribute to the slab stagnancy, even after going through phase transitions to a denser

phase.

Much work on experiments and modeling have been left for the future due to lack of time. Future
work should concern the high-temperature measurements, kinetic studies of phase transitions and
geodynamic modeling.

High-temperature high-pressure experiments to 1000 °C should be done for clinopyroxenes. Al-

though the temperature in the cold subducted slabs is lower than the surrounding mantle, it
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can still be as high as 1000 °C [37]. Temperature affects the stability regions, density and bulk
modulus of clinopyroxenes, which are important in the geodynamic modeling. High-pressure high-
temperature experiments can be non-trivial. There are two ways of heating samples in diamond
anvil cell experiments: (1) laser heating and (2) resistive heating. Laser heating device is not
usually designed for generating temperature < 1000 °C due to its limitation in power control and
temperature measurement. Resistive heating is used routinely for generating high temperature
in the range of 25 — 1000 °C. In resistive heating high-pressure experiments, heaters are usually
made of metal alloy [159] or graphite [160]. Thermocouples are used for temperature measurements.
Temperature can be controlled by proportional-integral-derivative feedback system. Water-cooling
systems are usually used to protect the sample stage from over-heating.

The kinetics of phase transitions in the clinopyroxene system, which plays an important role in
the mineral phase determination, should also be studied. This kind of measurements can be done
with time-resolved X-ray diffraction [161, 162] or modeling (e.g. molecular dynamics) [163, 164].
However, kinetic measurements of phase transitions can be hard by experiments or calculations. It
is hard in experiment because of the timescale can be either too long or too short compared to the
experimental time. Kinetic properties are also hard to model because of its multi-scale nature.
The physical properties (density, bulk modulus etc.) of clinopyroxene at high pressure measured
in this thesis can be useful for geodynamic modeling and seismic signal interpretation. Density,
which controls the buoyancy force of the slab, is important in geodynamics modeling [21], Density
together with bulk modulus and shear modulus can also be used for calculating seismic wave ve-
locities, which are necessary for interpreting seismic wave signals. Geodynamics modeling should

be done in the future to test the ideas in the thesis.
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