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ABSTRACT OF THE DISSERTATION
INFLUENCE OF CHEMICAL COMPOSITION AND WATER
ON THE BULK MODULUS OF PYROPE
by
Shu Huang
Florida International University, 2014
Miami, Florida
Professor Jiuhua Chen, Major Professor

Garnets are major silicates from the upper mantle to the transition zone. Elastic properties
of garnets are essential to interpret the variation of seismic velocities at different depths
and construct a model of the Earth’s composition. Due to the chemical flexibility at
octahedron sites of the crystal structures, garnets usually exist with multiple components
and have many composition variations. Pyrope is an important member in the garnet
group. Fe*-Mg”" substitution in pyrope is one of the common solid solutions. We have
synthesized and measured three synthetic solid solutions samples (Pyg3;Alm;7, PyssAlmae
and Py;0Almyp). Equations of state yielded their isothermal bulk moduli Ky to be
172(4)GPa, 174(2)GPa, and 183(2)GPa, respectively, which confirmed that almandine
content (Fe*" substitution) increased the bulk modulus of the garnet. A relation between
the bulk modulus and the almandine mole fraction (n) was derived to be Ky =170 + 15 n,

showing it is a nearly ideal mixing model.



Another factor that also significantly influences the elasticity of pyrope is water. Water is
transported to the deep Earth by subduction slabs and mainly exists in nominally
anhydrous minerals (NAM) as hydroxyl (OH’). Its content in minerals varies as depth
increases. We therefore investigated pressure influence on water solubility in pyrope. A
suite of pyrope single crystals was synthesized in a water-saturated environment at 6, 7, 9
and 12GPa and water was characterized by FTIR. IR spectra showed a typical peak at
3630 cm™. At 9 and 12GPa, new peaks at 3572 cm and 3504 cm™ appeared and
indicated that a new substitution mechanism, other than hydrogarnet substitution
Si04=(OH)4, was adopted in the pyrope crystal structure. Water solubility in pyrope
reached 0.2wt% at 7GPa. From 4-7GPa, water solubility increased. At 9GPa, water
content dropped to 0.07wt% and increased to 0.3wt% at 12GPa, where a cubic to
tetragonal phase transition was observed. Water showed a weakening effect on the bulk
moduli of hydrous pyrope. Their bulk moduli were 166GPa, 173GPa and 161GPa with
water contents of 0.07wt%, 0.1wt% and 0.2wt%, respectively. An approximate linear

relationship was proposed about the bulk modulus as a function of water content.
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Chapter 1

Introduction

1. Overview

Seismic waves travel through the Earth’s interior and reach the Earth’s surface.
Interpretation of seismic velocity reveals the Earth’s interior information: chemical
composition, mineralogical anomalies, structure and so on. Variation of the velocity with
depth depends on the elastic moduli and density of minerals. Elastic properties of
minerals are, therefore, essential to examine seismic files and construct a composition

model of the Earth.

High-pressure equipment, such as the multi anvil press and the diamond anvil cell,
provides a way to generate high pressure similar to the Earth interior’s environment. X-
rays serve as a tool to probe the physical properties of minerals. Synchrotron radiation
sources produce X-rays of high brilliance, which are many orders of magnitude brighter
than the conventional X-rays and enable in situ measurement of various minerals of the

mantle at high pressures and high temperatures.

Garnets are important minerals of the Earth’s interior. According to pyrolite and piclogite
mantle mineralogical models, garnets may comprise up to ~15% or ~ 22% of the total
volume in the upper mantle, which corresponds to high pressures up to 13GPa. Within
the pressure range between 13 and 24GPa of the transition zone, garnets may even
constitute 40% or more of the total volume (Ringwood, 1991). Garnets are stable in the
Earth’s interior from the crust to the top of the lower mantle. They have a cubic crystal

structure with a space group of /a3d and a general formula X3Y,Si4O;2. The most



abundant garnet in the mantle is magnesium aluminum silicate, with AI**

taking Y sites.
The X site is flexible in chemical compositions. Fe*’-Mg”" substitution at X sites is quite
common in nature and forms binary garnet solid solutions. Those anomalies of chemical
composition result in a variation of seismic velocity at certain depths. Therefore,

knowledge of elasticity of the garnet solid solution with different compositions becomes

significant.

Although chemical composition alters physical properties of minerals, volatiles, such as
water, also significantly influence the properties. Water is introduced into the Earth’s
mantle by subduction slabs. Traces of water can dramatically affect the properties of
minerals, such as transport properties, diffusion and electrical conduction. Water
incorporated into nominally anhydrous minerals, even at the ppm level, will influence
their elastic properties. In mineral physics studies, investigations have been conducted on
hydrous olivine, ringwoodite and wadsleyite. However, studies on hydrous pyrope are
very few. This experimental study of hydrous pyrope can supply complementary data to
other dominant mantle minerals. Besides, water in minerals is related to another issue--
the water cycle and budget in the deep Earth. Water solubility study offers an upper limit
of water in minerals that can be used for water budget calculation. In different depths of
the Earth’s mantle, water content varies. Thus, water solubility as a function of pressure

is also needed.
2. Specific Statement of Research Questions/Objectives

The main goal of this study is to investigate the elastic property of garnet along the

pyrope-almandine join and water influence on the equation of state of hydrous pyrope.



In this study, we will synthesize pyrope-almandine solid solutions with different ratios
(Almy g9, AlmgoPy20, AlmsoPysg, AlmyoPyso, Pyigo). Pressure (P)-volume (V) data of these
samples will be measured using in situ X-ray diffractions. After that, a relationship is
defined in terms of compositional dependence of the bulk modulus (Ky) of garnet along

the almandine-pyrope join.

In order to study water influence in pyrope, we will synthesize a series of single crystal
pyrope crystals at different pressures (4, 6, 7, 9, 12GPa) and in a water-saturated
environment. Water content in each sample is characterized by using Fourier transform
infrared (FTIR). For this part, we want to study water solubility as a function of pressure

and its substitution mechanism in pyrope structure.

As hydrous pyrope garnets are prepared, the last step is to study their elasticity at high
pressures. Since the pyrope samples are single crystals, a more precise lattice parameter
can be obtained, which is critical in the equation of state fitting. To recognize the
difference in bulk modulus caused by tenths of a weight percentage water and minimize
the experimental error in such comparisons, we will load two samples in the high-
pressure cell for the comparative study to quantify the water influence on the bulk

modulus.
3. Content of chapters

The first chapter describes overview, research objectives and chapter contents of this

dissertation.



The second chapter introduces the geological background of this dissertation. It is a
review of Earth’s structure, composition, garnet in the mantle, a summary of water in the

mantle and water solubility in nominally anhydrous minerals related to this research.

The third chapter gives a description of instruments and techniques used in this study. It
includes high-pressure synthesis press, such as the multi anvil press, and the diamond
anvil cell for bulk modulus measurement. Also included are synchrotron facilities where
most of the measurements were conducted, FTIR and single crystal techniques for precise

P-V measurements of hydrous pyrope.

The fourth chapter presents the equation of state study on the garnet solid solution along
the pyrope-almandine join. In this chapter, compositional dependence of the bulk
modulus in this pyrope-almandine binary system will be discussed: how Mg*"Fe*"
substitution influences the elasticity of end member pyrope, and a relationship of
composition and bulk moduli will be derived. This part has been published in the journal

of Physics of the Earth and Planet Interiors.

The fifth chapter describes the systemic study of water solubility in synthetic pyrope at
high pressures and a high temperature. Results of water solubility and characteristics of
IR spectra at different pressures are presented. The water incorporation mechanism and

the pyrope structure change are discussed as well.

The sixth chapter is about water influence on the equation of state of hydrous pyrope, in
which water content had been investigated in the previous chapter. Equations of state of
the three hydrous pyrope samples are derived and the relationship of bulk moduli as a

function of water content is defined.



The seventh chapter is a summary of experiment results: bulk modulus of garnet solid
solution and also water influence on the equation of state and water solubility at different
pressures. Further work includes the chemical composition characterization and

refinement of the crystal structure of single crystal pyrope at 12GPa.



Chapter 2
Literature review and background
1. Earth structure and composition

Seismologists use elastic waves collected from global seismic stations to probe the
inaccessible interior of the Earth and to build a seismological model (Table 2.1) about the
structure of the Earth. One of the important models is the Preliminary Reference Earth
Model (PREM) by (Dziewonski & Anderson, 1981) (Figure 2.1). They defined different
layers in the Earth by the variation and discontinuities of seismic wave velocities.
Seismic waves are very sensitive to temperature, chemical and mineralogical anomalies.
When seismic waves travel through various phases in the Earth, the travel time depends
on elastic moduli and density of the medium where the waves propagate. Those
properties of minerals are related to their crystal structure and compositions at high
pressures and temperatures. Therefore, mineralogy information is quite essential to

examine velocity files to achieve Earth’s information in return.

The petrological models are assembled of different minerals with different percentages,
which result in less anisotropy of velocities. The pyrolite model (Fig. 2.2-2.3) is one of
the compositional Earth’s models that show volume percentages of minerals at different

depths.



Table 2.1 1-D structure of Earth’s model

0-80 Lithosphere
0-35 Crust
35-80 Uppermost part of mantle
35-2890 Mantle
80-220 Asthenosphere
410-660 Transition zone
35-660 Upper mantle
660-2890 Lower mantle
2740-2890 D"-layer
2890-5150 Outer core
5150-6360 Inner core
PREM reference model
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Figure 2.1 The Preliminary Reference Earth Model by Dziewonski and Anderson, 1981
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Figure 2.2 Mineral proportions in pyrolite as a function of depth in the mantle (Ringwood,
1991). Note the increasing modal amount of garnet with depth from 200 to 450 km due to
the dissolution of pyroxene into garnet. Garnet becomes more majoritic in this depth
interval ( cited from (Wood, Kiseeva, & Matzen, 2013))
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Figure 2.3 Composite diagram ((Irifune, Sekine, Ringwood, & Hibberson, 1986;
Ricolleau et al., 2010) showing phase transformations and proportions for an eclogite
composition as a function of depth in the Earth. Note that eclogite becomes essentially a
garnet in the deeper parts of the transition zone (410—660 km). Stish = stishovite. NAL =
new aluminous phase, Na-rich (cited from(Wood et al., 2013))



2. Garnet in the mantle

Garnet exists in a wide pressure and temperature range, as shown in Fig. 2.2. It is stable
up to 25 GPa and 2000 °C. Its physical properties are closely related to mantle processes
and are useful for modifying seismic wave velocities to layer the Earth’s interior. Garnet
takes the cubic structure with a space group la3d. Its general formula is X3Y,Z30;,
where X is in dodecahedral sites, Y is in octahedral sites, and Z is in tetrahedral sites. The
garnet structure is shown in Figure 2.4 with local detail connections of polyhedrons. X,
Y and Z are in a wide composition, where 53 elements are reported to form a garnet
structure in the Inorganic Crystal structure Database (Allmann & Hinek, 2007). The most

common garnets’ end members and their formulas are listed in table 2.2.

Table 2.2 Natural and synthetic garnet end members and formulas

Almandine Fe,ALS101, Andradite CazFe, S0+,
Grossular Ca,ALSK01, Majorite Mg;(MgSi)S501,
Pyrope Mg;ALS101, Spessartine Mnm;ALS101,
Uvarovite Ca,Cr,S301,

:ﬁfmiing‘zgg“m Y;ALALO Efgjryggem YUy Be,Fes01

Most of the natural garnets are solid solutions with two or more components. In the
structure (Figure 2.2), X and Y sites can be exchanged by cations. Aluminosilicate
garnets (X3Al1,S130,,) with a single X site, offer a good system for thermodynamics

behaviors studies in silicates.



Figure 2.4 Structure of Garnet with local details

A: (A) Polyhedral model of garnet and unit cell directions. The tetrahedra and
octahedra share corners, building a three-dimensional framework. The X cations
(yellow spheres) are located in small cavities of triangular dodecahedral
coordination. Various local coordination polyhedra relationships are shown in
(B) to (F). (B) Edge-sharing relationship between neighboring dodecahedra
(yellow). (C) A central octahedron (blue) and six edge-shared dodecahedra. (D)
A central tetrahedron (red) and two edge-shared and four corner-shared
dodecahedra. (E) A central dodecahedron and four edge-shared octahedra. (F) A
central dodecahedron and two edge-shared and four corner-shared tetrahedra.
(Cited from (C. A. Geiger, 2013))
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3. Equation of state (EOS)

The equation of state is essential to describe minerals and dynamics of the Earth’s interior.
The best-known equation of state is PV = RT for ideal gas. In mineral physics, we are
concerned with the EOS for minerals at high pressures and high temperatures. The
importance of the EOS in mineral physics is because it can provide an equation to
extrapolate the bulk modulus at extreme pressures. The Birch-Murnaghan equation is one
of the popular methods to obtain the bulk modulus of measured minerals and responding
derivative. The third order Birch-Murnaghan equation of state is

7 3
3 3

S ORE

where V,,, K, and K, are zero pressure volume, isothermal bulk modulus and pressure

2
3

3 Vo
x11+-=(Kj— —] -
1+ (K =4 ( ) 1

derivative of the bulk modulus. The order of equation depends on pressure-volume data
sets. In general, four is a common value during the fitting process, which is in the 2™

order, and any value bigger than 4 is in the 3 order.

There are two types of bulk moduli: Isothermal and adiabatic moduli. The elastic moduli
measured by ultrasonic methods and Brillouin scattering are adiabatic (constant entropy).
The one derived from seismic wave velocity is adiabatic moduli, because the wave
travels fast and doesn’t have enough time for heat exchange. All the measurements in this

dissertation are about isothermal bulk modulus using diamond anvil cells.
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Estimation of Bulk moduli of composite materials:
Rocks are aggregate of different minerals. The way to calculate their elastic moduli is to

assume uniform stress or strain in the entire aggregate.

-1
M, :[Zvi /M,.j SM<YvwM, =M,
i=1

i=1
Where M. is the elastic modulus (K or G) of the i phase, M is the actual modulus, R and
V denote Reuss (uniform stress) and Voigt (uniform strain). If A, are not in wide range,
thenM , = M, . (Anderson, 1989)

4. Water in the mantle
4.1 Water cycle

Peacock and Simon (1990) estimated around 8.7x10'" kg/year of water is transported to
the Earth’s mantle by subduction slabs and about 2.0x10'" kg/year of water is out-gassed
from the mantle to the surface. The imbalance of water is transported into the deep
mantle by the Earth’s interior water circulation (Figure 2.5). Water stays in the mantle as
fluid, hydrous phases and hydroxyl defects in nominally anhydrous minerals. The
selected hydrous phases are listed in Table 2.3. Most of these hydrous phases are not
stable over a wide range of pressures and temperatures The water transported to the
mantle is stored at nominally anhydrous minerals. That is one of the reasons to study
water’s influence on the bulk modulus of pyrope, which is one of the important end

members in the garnet family.
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ocean
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410 km, 13 GPa

1660 km, 22 GPa

2900 km, 135 GPa

outer core I
l' 5150 km, 330 GPa

Figure 2.5 Schematic models of the global water circulations. The model by Williams
and Hemley (2001) is modified in this figure, based on Maruyama et al. (2001) and
Ohtani et al. (2004, 2005).Arrows indicate directions of water or hydrogen movement
( pic from (Ohtani, 2005))

Table 2.3 Hydrous phases in the mantle

Name Formular Water content(wt%)
serpentine Mg;S1,05(OH),4 14

chlorite Mgs AL S1010(OH)g 13

phase A Mg;S1,Og(OH)e 12

phase E Mg, 351 25H, 4O 11.4
wadsleyite Mg,SiO4 3
topaz-OH AL SiO4(OH), 10
diaspore AIOOH 15

phase EGG AISiO;OH 7.5

Superphase B (Mg;0Si3014(OH)a) is stable at the lower mantle at the pressure of 30 GPa.
However, most of the other hydrous phases are not stable along the geotherm. The

transported water from the Earth’s surface is mostly stored in the nominally anhydrous

13



minerals (NAM). That is the reason why it is important to study water in NAM, even

with traces of water. Water plays an important role in most of the mantle’s processes.
4.2 water in nominally anhydrous minerals

Overall, traces of water in minerals are from ppm to tenths of a percent by weight.
Studies on water in the NAM are closely related to two issues. One is the water budget of
the Earth. NAM can be the major water storage in the mantle (Bell & Rossman, 1992).
Ringwood and Green (1966) estimated that five times the weight of the surface water
could be present in the mantle if only ~0.2 wt% of water was distributed in the entire
mantle. The other issue is that traces of water can significantly influence properties of
minerals. Those properties include elasticity, diffusion rate, electrical conductivity,
rheology and melting behaviors. For example, L. Wang, Zhang, and Essene (1996)
observed that the diffusion of Fe-Mg in olivine in wet conditions is one magnitude higher
than under anhydrous conditions. Mei and Kohlstedt (2000) found that water has
hydrolytic weakening to mantle convection by lowering the viscosity of the mantle.

4.3 Water solubility

Examination of water content in specific mineral crystals cannot tell us that the hydration
conditions of the original sources, because there could be water lost when minerals
ascend to the surface. However, investigation of water solubility gives an upper limit of

water that mineral can incorporate if provided in a water-saturated environment.

Keppler and Bolfan-Casanova (2006) reviewed thermodynamics of water solubility and
defined the term water solubility as the equilibrium water content of a mineral coexisting

with an aqueous fluid phase. “Water” exists in minerals as bonded OH groups, which
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controls water solubility. OH groups can be isolated OH, pairs of OH groups or four of
OH clusters in different minerals (Table 2.4).

Table 2.4 OH forms in minerals (Keppler & Bolfan-Casanova, 2006)

OH form Mineral Substitution Mechanism Reference
[solated protons ~ orthopyroxene H++Al3+--2Mg2+ Mierdel 2006
orthopyroxene H+AP--Si" Rauch and Keppler 2002
olivine H+B Al Sykes et al. 1994
pyrope H++Li+--Mg2+ Lu and Keppler 1997
Proton pairs olivine 2H+--Mg2+ Smyth, pers. Comm.
enstatite Rauch and Keppler 2002
wadsleyite Smyth 1987
ringwoodite Smyth et al. 2003
perovskite(MgSiO5) Ross et al. 2003
ringwoodite 2H Mg --Si™ Kudoh et al. 2000
feldspars mterstitial H,0 Johnson and Rossman 2004
four protons garnet Ackerman et al. 1983
Lager et al 2005

OH pairs is generated by reation:
H,0+0=(0H),
Then, equilibrium constant K of this reaction is :

Yon),

K, =
szo'ao

Reaction of hydro grossular that generate four protons is
2H,0+20=(0OH),

Equilibrium constant Ky is
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a

K4 — . (OH)4 5
S mo-a,

Thus water solubility is proportional to the square of water fugacity in the case of four

protons substitution: ¢, ~ f*u0 , while pair of protons with water solubility is

water

Crarer ~ S0 - The dependence of water solubility on water fugacity indicates what kind of

water
substitution mechanism minerals employed.
If we involved Gibbs free energy into the constant K equation, then
—RTInK =AG=AH -TAS+AV

AH+AV.PJ
R-T

Cwater = Af[-’IZO exp(—
Where A is a constant, n is an exponent related to OH forms: n=1 for OH pairs, n=0.5 for
isolated OH groups, n=2 for four OH clusters. (Lu & Keppler, 1997) measured water
solubility of pyrope and obtained A=0.679ppm/bar, n=0.5 for the best fitting of results,

AV =5.71 cm>/mol.

5. Water in garnet
5.1 OH analysis method and calibration

Rossman (2006) reviewed various analytical methods to measure water in minerals. For
decades, there have been extensive studies on hydrous components in nominally
anhydrous minerals, where hydrous components are usually in a few percentages or
tenths of a percent by weight. Common analytical methods, such as X-ray and electron

probe, become difficult to quantify the small amount of hydrous component.
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Infrared (IR) spectroscopy has become one of the most widely used methods to
characterize OH in minerals. It is sensitive to OH vibration and can detect and complete a
spectrum rapidly. In the IR spectrum, the vibrational mode of the OH dipole gives rise to
absorption bands and the positions of these bands depend on the strength of the hydrogen
bond, bond geometry and neighbors.

Although Infrared spectra are easy to obtain, they still need independent analysis to
calibrate the spectroscopic work. A variety of absolute hydrogen extraction methods were

used for this purpose of calibration.

To determine concentration of an oriented and absorbing species, we use Beer-Lambert

law:
Absorbance = excxt (1)
Absorbance : the band height in the region of interest
c¢: concentration of hydrous component
t : the thickness of the path through, usually is the crystal thickness
£: calibration factor which is a mineral specific value

The first calibration designed for hydrous minerals studies was done by Paterson (1982).
He presented a calibration line that OH intensity is proportional to wavenumber, which
can be used for silicates, quartz and various substances. His method is about integration
of the infrared spectra over the OH stretching range, which is around 3750 to 3000 cm™

(equation 2). Then, the concentration equation becomes:
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c=— [ KW)v (2)

In equation 2:
¢ : the concentration of the absorbing species

K(v): the absorption coefficient
y: orientation factor

I: integral molar coefficient and is specific value for each specie

Paterson also demonstrated that intensity of the OH band increases at lower wavenumber
positions because of hydrogen bonding. Subsequent work has followed his trend to
estimate OH in various minerals and demonstrated that this trend is correct for estimation,
but precise determination of OH content needs specific calibration for each kind of

mineral.

Bell, Thinger, and Rossman (1995) followed Paterson’s method and measured OH content
in pure pyrope, augite and enstatite by mannometry after heating the minerals and
extracting H, under a vacuum. They determined an integral molar absorption coefficient
of 6700+670L-mol"-cm™ for pyrope. Spectra of garnet before and after heating are
shown in figure 2.6 (Bell et al., 1995). The absorption coefficient is mostly referred to
for OH calculations in further hydrous garnet studies. Another value (3630+1580 L-mol
I.cm™) was proposed later by Maldenser et al., 2003. They analyzed garnet crystals with

a broad variety of compositions.
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Figure 2.6 IR spectra of garnet Mon-9 in the OH stretching region between 3000-
4000cm™. (a) Untreated sample before extraction. (b) Garnet after extraction at 900 °C
for 10 hrs. (c) Garnet ater extraction at at 900 °C for 32 hrs. (d) Garnet with all detectable
OH removed after hearting 24 hrs at 1000 °C. (from (Bell et al., 1995))

5.2 IR spectra features of hydrous garnet

The IR spectra of garnet are complicated. Natural garnets are found in different places.
Their OH peak positions vary and water contents are in a wide range. Table 2.5
summarizes analysis of nature garnets from different places for water content and OH

stretching peak positions.

19



Table 2.5 Water component and OH peak positions in natural garnets

Sample OH (ppm) OH positions (cm'l) Reference

Pyrope 58 3601.9 3640.5 3650.8 3660.6 Luand Keppler 1997
Pyrope 22-122(59) N/a Wang et al., 1996
Garnet 1-135(29) 3512 3570 3650 Bell and Rossman (1992)
Garnet 1-72(20) 3590 3650 Snyder et al., 1995
Garnet 1-290(70) 3561-3583, 3645-3662 Matsyuk et al., 1998
Garnet 15-74(44) 3512 3570 Bellet al., 2004

Garnet 130 3580 3630 Katayama et al., 2006
Gro49Py126Alm20Uvar4 620 3630 Beranet al., 1993

Gro: grossular; Pyr: pyrope; Alm:almandine, Uvar:uvarovite

5.3 Substitution mechanism

One of the confirmed substitution mechanisms is hydrogarnet substitution, shown in
figure 2.7. (OH), clusters replaced the SiOj4 in the crystal structure, which is observed in
hydrous grossular of a high water content(>5 wt%). However, in the low water content,
these hydrogarnet substitution characteristics are not observed. That indicates the
hydrogarnet substitution is not the only way that garnet can incorporate OH into the
structure.

Water content in other non-cubic garnet has been investigated by Andrut, Wildner, and
Beran (2002). Andrut et al., (2002) measured three garnet crystals with compositions
close to the uvarovite-grossular solid solutions and with water less than 0.5wt%. The IR
spectra showed peaks between 3470 cm™ and 3680cm™ and band doublets at 3559/3540
cm™, 3572/3565 cm™, and 3595/3588 cm™. They proposed that OH defects (SiO3(OH)
group) played an important role in garnets with a low water percentage. Another [(OH);0]
substitution was reported by Khomenko, Langer, Beran, Koch-Miiller, and Fehr (1994) in

a Ti-bearing pyrope.
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C. A. Geiger, Langer, Bell, Rossman, and Winkler (1991) obtained different IR spectra of
synthetic pyrope: pyrope synthesized from oxides showed a typical hydrogarnet
absorption peak at 3629 cm’, while sample synthesized from gel starting material
showed several absorption bands. Single crystal pyrope doped with Ti has a similar
spectrum as (Khomenko et al., 1994) and a V** bearing pyrope display the same number
of bands. It suggests that high-charged cation can cause more OH substitutions and thus

higher water content in garnet.

Figure 2.7 Structure of silicate tetrahedron and (OH),4 clusters. (O4H4)4. has a larger size
than silicate tetrahedron. Square is an empty Si*" position and the H atoms are above
tetrahedral surface. (structural data from (G. Lager, Armbruster, & Faber, 1987), picture
from (Libowitzky & Beran, 2006))

21



Chapter 3
Experimental Setup

This chapter describes the high pressure devices (multi-anvil press and diamond anvil cell)
used in the study. Synchrotron X-ray in situ measurements and FTIR water

characterizations are presented as well.
1. Multi-anvil Press

The multi anvil press used in the synthesis of dry pyrope-almandine solid solutions and
wet pyrope is a 500-ton multi-anvil apparatus equipped with a Walker module at the

Center of Matter at Extreme Conditions (CeSMEC), showing in Figure. 3.1.

The basic compression diagram is shown in Figure 3.2. High pressure is generated with
eight tungsten carbide (WC) anvils. Each anvil has a truncation with three pyrophyllite
gaskets surrounded. The generated pressure depends on the length of the truncation and
edge length of octahedron. The eight WC cubes are held together by six plastic boards
with a cell assembly sitting in the center. The entire assembly is loaded in the module

(Figure. 3.1 left panel).

There are three types of cell assemblies (14/8, 10/5 and 8/3) used for different pressure
range. At pressures 0- 10 GPa, the 14/8 cell assembly is employed. The cross section of a
14/8 cell assembly is shown in Figure. 3.3, where 14 is the edge length of octahedron and
8 is the truncation length of WC anvil. In this type of cell, graphite tube serves as a
furnace. The MgO sleeve inside is to ensure a quasi-hydrostatic condition. The

thermocouple wires W5%Re-W26%Re are inserted into a 4-hole AlO; sleeve and the
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rest of wire outside of the Al,Os3 sleeve is covered with a mullite tubing. The top of

octahedron is covered with cement.

Different capsules are used according to different experiment requirements. For pyrope-
almandine garnet solid solution, we used the graphite capsule with a graphite lid (Figure.
3.4) and for hydrous pyrope synthesis, we used platinum tubes (Figure. 3.5). The two
half Pt tubes are of closed ends at the bottom. One is 1.8 mm in diameter and the other is
0.2 mm larger in diameter. They are assembled together to create a closed chamber for
starting oxides and the water source. As the sample is in pressure, capsule is pressed and

water is not possible to escape so that a water saturated environment is ensured.

Figure 3.1 Picture (right) is multi-anvil press and control panel, picture ( left) is the top
view of inner structure of module.
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Electrical contact WC cubes

—Thermocouple ~ VWedges
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+«—WC anvils

W,Re,.-W,Re,, thermocouple

Heater and capsule
___'—/i—(MgO)ﬂ(AI)O,)‘ pressure medium

Pyrophylite gasket

«—— WC anvils

Figure 3.2 Illustration of the WC multi-anvil press used to generate pressure in
experiment

-hole Alumina

Silver

Sample
+

Capsule

Graphite
Furnace

MgO + Spinel
Octahedron

Cross section of 14/8 cell assembly

Figure 3.3 14/8 cell assembly truncation: graphite serves furnace to heat up the sample
and thermal couple is W5%Re-W26%Re
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Figure 3.4 Graphite capsule with lid on the top

1 2 assembly

Figure 3.5 Capsule for hydrous pyrope synthesis, 1 and 2 are both platinum caps with one
end closed. 2 is 0.2mm larger in diameter, assemble the two to ensure a closed chamber
to seal water in under pressure

2. Diamond anvil cell

The principle of diamond is generating pressure by two diamonds (Fig. 3.6). The gasket
is usually made of steel and pre-indented to 40-70um in thickness, in which depends on
the target pressure. A hole in the pre-indented area is drilled as a sample chamber. Ruby

fluoresce is used to measure pressure inside the cell. To maintain a hydrostatic
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environment, a pressure medium is loaded, such as silicon oil and neon gas. X-rays go
through the diamonds, hit the sample and are reflected back crystal information which is

collected by the detector.

Diamond anvil

g

|
|

|

L%

Gasket b ':]T!”

i

hum

Figure 3.6 Principle of diamond anvil cell

The cells used in the experiment are symmetrical cells for P-V measurement of pyrope-
almandine solid solution. Its typical opening is ~35°, as shown in Fig. 3.7 (top picture). In
the powder diffraction, there is no strict requirement for the opening of the cell. However,
in single crystal X-ray diffractions, the opening is critical for collecting enough
diffraction spots. In this experiment, we used a new designed diamond anvil cell, BX90

(Fig.7 bottom). Thus diffractions were not blocked by the supporting plate.
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Figure 3.7 Geometry of different types of diamond anvils and supporting seats and
corresponding X-ray and optical openings in the BX90 cell.

Top: a typical setup for optical measurements: standard diamond anvils of ~2.1 mm thick
and a tungsten carbide supporting plate of 3.2 mm thick. Due to the high refraction index
of diamond, a full 90° optical opening is achieved (bold dashed line), while the X-ray
opening is only 35°.

Center: a typical setup for powder X-ray diffraction studies. A standard diamond anvil of
2.1 mm and a 5 mm thick cubic boron nitride supporting plate provide a 57° X-ray
opening.

Bottom: a highest possible X-ray opening can be achieved using specially designed anvils
and supporting plate (cited from Kantor et al., 2012)
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Most of the in-situ X-ray diffraction experiments were conducted using beamline X17C
synchrotron X-rays of the National Synchrotron Light Source (NSLS), BNL. Beamline
X17C (Fig. 3.8) is a delicate diamond anvil cell (DAC) high pressure beamline with a
focused monochromatic beam (~30 keV). It can provide the capabilities of diffractions at
extreme conditions of pressure and temperature for studies of equation of State,

compressibility of materials at extreme conditions.

The instrument setup is as follows: a diamond anvil cell coupled with X-ray beam
(wavelength is ~0.407Angstrom) is used for bulk modulus measurements through in-situ
X-ray diffractions. A sample is loaded between two diamonds of a 400 pm anvil culet,
which can create high pressures beyond 20GPa. Synchrotron X-rays penetrating through
the diamonds reach the sample and diffracted X-rays are collected by Ge-detector.
Diffraction patterns are recorded from O(ambient pressure) to 20GPa by the step of 1GPa.
Those patterns can be used for volume of crystal unit cell calculation. Thus series of

Pressure-Volume data sets are collected.
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3. Fourier transform infrared spectroscopy-FTIR

Pyrope was synthesized according to this reaction:

3MgO+A1203+3 SiOg-----Mg3Alzsi3012

with 10 wt% of SiO, in excess and 15 wt% of distilled water as water source.
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Water content was characterized at Beamline U,, which provided the infrared
spectroscopy to study OH in materials. Crystals were prepared for OH characterizations.
Crystals were mounted in the epoxy first and both sides were polished to get a pair of
parallel surfaces. In the measurements, we were trying to avoid any cracks and inclusions.
Background spectra are always collected before each single measurement and software
will subtract the background from sample spectra to avoid moisture from atmosphere.
The instrument is Bruker IRscopell with a resolution of lcm™. The detector is MCT-A
SiB/Si. IR image is showing in Fig. 3.9, the grid is the aperture size and can be adjusted

according to sample’s dimension and quality.
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Figure 3.9 Left: image under FTIR, grid in the center is where beam is located. Clear area
is selected for examination. Right: single crystal of pyrope under microscopy.

4. Analysis of single crystal X-ray diffraction data

The bulk modulus of single crystal X-ray diffraction measurements were conducted at
GSECARS, section 13-BM-D, APS. This experiment was similar to P-V measurement of
pyrope-almandine solid solution. The difference was that single crystal experiment used a

special designed diamond anvil cell (BX90), which has a larger opening than the regular
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symmetrical cell, so that more diffraction spots were collected by the detector, not been

blocked by the supporting seat.

The data analysis procedure is also different from that of powder X-ray diffractions. For
powder X-ray diffraction, since all the crystals are oriented randomly, we get diffraction
patterns of rings from crystals and the integration of the patterns gives the lattice
parameters. However, the analysis of single crystal data is much more complicated.
Single crystal has continuous crystal lattice. Its diffraction pattern is random spots at
specific regions which depend on how the crystal is oriented. Fig. 3.10 is a typical wide

range scan image of pyrope 183 at the pressure 11.23 GPa.
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Figure 3.10 Wide range scan image of sample 183 at 11.23Gpa

In Fig. 3.10, it is a close examination of single crystal diffraction pattern. The strong
shiny spots are from diamond diffractions. The tiny spots surrounded the center are from
the sample. This image is merged by the software ADA. Since diamond spots are just
noise to the data analysis, we will use ADA do the peak search and remove those spots,
such as diamond diffraction spots, sample diffractions on the rings and dust diffractions,
As shown in Fig 3.11, it is a typical peaking fitting process for single crystal data sets.
The white dot in the green square is selected for fitting. The three small windows show

the fitting process: the left on the top is the enlarged image of spot, and box size can be
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changed to zoom in if the peak is weak; the right on the top is how this peak is fitted, a
calculated file; the right on the bottom is the residue, the difference between the observed

peak and the calculated one.

The peaks of irregular shapes and failed in fitting process were deleted from the image.
After the fitting process is finished, a peak list will be displayed in the window for the

sample analysis and each peak will have an assigned omega.

Dosaon 1o sy 220 I I - = =
Progress 100% Number of peales 13
File [ e Colors max  |5000 Close
Prirt min 0

Fie | Search | Scan | Predict | Integrate | Calbration Peaks | zoom | Help |

Open = [~ hidlabels |~ Constrain tit
Reload | Updatefie | Observed 13 | Prefiting

Clear

Delete Peak fit Expart Edit Bax [6
Laue class [-1 | Move | & P Change s.zeJr ien e
Rirt) [18317 " PT2 & Ml @ pseudoVoigt

aoaoonnas
2RIV

=
=

Figure 3.11 peak fitting process of sample 183 at 11.23 GPa

In Figure 3.12, it is a peak indexing process by software RSV. When the peaks file is
loaded into the software, it shows in the left window. If the quality of data is good, well
aligned rows will be displayed in the window. This software features a 3-D rotation, any

axis (X, Y and Z direction) can be chosen to rotate the pattern. Then, peaks will be
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indexed and the orientation matrix will be determined. The lattice parameter will be
calculated and refined. This is a basic data analysis procedure for each diffraction pattern

at certain pressures.
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Figure 3.12 Index of peaks and calculation of orientation matrix by rsv software
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Chapter 4
Chemical composition influence on the bulk modulus of pyrope

This chapter is about the chemical composition (iron substitution) influence on the bulk
moduli of garnet solid solutions in the pyrope-almandine binary system. Three garnet
solid solutions along this py-alm join were synthesized using multi-anvil press. Bulk
modulus measurements at room temperature were conducted at Brookhaven National Lab.
This chapter, titled Equation of state of pyrope-almandine solid solution measured using
a diamond anvil cell and in situ synchrotron X-ray diffraction by Huang and Chen has

been published in Journal of Physics of the Earth and Planetary Interiors.
1. Abstract:

The Pressure-Volume relations of three synthetic garnet samples along pyrope-almandine
(Py-Alm) join were measured at ambient temperature and high pressures up to 7GPa,
21GPa and 19GPa for Pyg;Alm,7, PyssAlmye and Py3;pAlmy, respectively. The obtained
P-V data were fitted to the third order Birch—-Murnaghan equation of state (EOS). The
ambient cell volumes V,of the three samples were measured to be 1511(1) A®, 1515
(2) A°, and 1526(1) A’ respectively. With fixed pressure derivative of the isothermal bulk
modulus K’ at 4.3, isothermal bulk moduli K, of the three samples were determined to be
172(4), 174(2), and 183(2) GPa respectively. These results confirm that almandine
content (iron substitution) increase the bulk modulus of the garnet join following a nearly

ideal mixing model. The relation between bulk modulus and almandine mole fraction (n)
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in this garnet join is derived to be Ky = 170 + 15 n. These data can be used to contribute

to construction of compositional model of Earth mantle.
2. Introduction:

Garnets are important minerals of Earth’s interior existing in the upper mantle and
transition zone. Pyrope garnet, Mg3;Al,(SiOy)s, is a primary aluminum carrier in the upper
mantle (Ita & Stixrude, 1992). Along the geotherm, both phase fraction and composition
of garnets changes as a function of depth. Knowledge about elastic properties of different
composition variations is essential for construction of the upper mantle and transition
zone composition models. Elastic properties of garnets along pyrope-majorite(Py-Mj)
join have been extensively studied using ultrasonic techniques (G. Chen, Cooke,
Gwanmesia, & Liebermann, 1999; Gwanmesia et al., 2000; Gwanmesia, Wang, Triplett,
& Liebermann, 2009; Rigden, Gwanmesia, & Liebermann, 1994; Z. Wang & Ji, 2001),
Brillouin scattering(Conrad, Zha, Mao, & Hemley, 1999; Sinogeikin & Bass, 2000, 2002),
and X-ray diffraction(Hazen, Downs, Conrad, Finger, & Gasparik, 1994; Y. Wang,
Weidner, Zhang, Gwanrnesia, & Liebermann, 1998; Yagi, Akaogi, Shimomura, Tamai,
& Akimoto, 1987; Yagi, Uchiyama, Akaogi, & Ito, 1992). However, study on garnet
along pyrope-almandine join is very limited although some natural samples containing
pyrope, almandine and some other phase, e.g. spessartine (Fan et al., 2009), uvarovite
and andradite (Suzuki & Anderson, 1983) or unidentified phases(Takahashi & Liu, 1970)
have been investigated. Equations of state of the end members, pyrope and almandine
(Fe3Al(Si04)3), have been also studied (O'Neill, Bass, Rossman, Geiger, & Langer, 1991;

Y. Wang et al., 1998; Zhang, Ahsbahs, & Kutoglu, 1998; Zhang, Ahsbahs, Kutoglu, &

36



Geiger, 1999). Compositional effect on bulk moduli of natural garnet in grossular-
almandine-pyrope system have been examined (Jiang, Speziale, & Dufty, 2004; O'Neill,
Bass, Smyth, & Vaughan, 1989). To our knowledge, no experimental bulk modulus data

is available on synthetic binary Py-Alm solid solution.

Here we report some new data on bulk moduli measurements of three garnet samples
(PyssAlm;;, PyssAlmys and PyspAlmyg) along pyrope-almandine join, which were
conducted using diamond anvil cell combined with in situ X-ray diffraction at X17C

beamline, BNL.
3. Experiment:

The sample synthesis followed the procedure described by Geiger et al., (1987). Glasses
with compositions of two end members, pyrope and almandine, respectively were first
prepared by pulse arc. Garnet samples were synthesized using a multi-anvil press at 2.8
GPa and 1250° C for 20 hours. The starting materials were mixtures of end member
glasses with 1:4, 1:1 and 4:1 pyrope to almandine ratios. The synthesized garnet phases
were confirmed by X-ray diffraction and their composition were analyzed using JEOL
8900R superprobe with wavelength dispersive spectrometers (WDS). The beam size of
the microprobe is of 1-2 um. The samples were mounted in epoxy, and carbon coated
after polishing for the composition analysis. 5-6 spots were probed for each sample, and
the final results are average values over these spots. Since the starting oxides (MgO,
Al O3, SiO,) are pre-fired at 800 °C and mixed powder are kept in an oven at temperature

above 100 ° C to avoid moisture from atmosphere, the synthesized samples are assumed
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to be dry although we did not conduct measurements to quantify the water content in the

samples in this study.

A diamond anvil cell (DAC) with 400 um culets was used for equation of state
measurement through in situ X-ray diffraction at the X17C beamline of National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL). The
synthetic garnet crystals were ground into fine powder and then pressed into pellets. A
stainless steel sheet was used as a gasket for the DAC. The gasket was pre-indented to
~50 um thickness, and a hole of 140 um in diameter was drilled to use as a sample
chamber. Silicone oil (Aldrich, 5 ¢St viscosity) was used as pressure transmitting medium
to ensure a hydrostatic environment. According to Shen et al., (2004), silicone oil
behaves as a good pressure medium at pressures up to 20 GPa. Ruby chips were loaded
with the sample in each run as a pressure calibrant; the pressure was calculated using the
pressure dependence of ruby fluorescence (H. Mao, Xu, & Bell, 1986) programmed at the
beamline. A newer ruby pressure scale was also used for pressure calculation (Dewaele,
Loubeyre, & Mezouar, 2004) with improved parameters A=1904GPa, B=9.5 (where

B=7.665 by Mao et al., 1986) in the formulas of
A a8
pP= E{[l +2 - 1}

Pressure difference calculated using the two ruby pressure scales is small (within 1%) in
pressure range of our experiments. For example, the highest pressure 21.4 GPa measured
in this study is re-calculated to be 21.6GPa. Width of the ruby fluorescence peak R; in the
pressure range of our experiment is similar to that under ambient conditions. The X-ray

beam was 20 um x 20um in cross-section and 0.4075(£0.0001)A in wavelength. The
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absolute X-ray energy was calibrated using an iterative algorithm in which X-ray
diffractions of different common standards are taken at a series of sample to detector
distance for the energy calibration (Hong, Chen, & Duffy, 2012). During the experiment,
sample pressure was increased stepwise at room temperature. At each step, ruby
fluorescence was collected first, and then X-ray diffraction was collected. After X-ray
diffraction, ruby fluorescence was collected again to confirm the pressure. Occasionally,
the pressure before and after the X-ray diffraction were slightly different (within 0.5 GPa).

In this case an average value was used for the sample pressure.
4. Results and discussion:

The microprobe results indicate compositions of the three garnet samples were Pys;oAlmyy,
PyssAlmys and Pyg;Alm,;, respectively, as shown in Table 4.1. All the X-ray diffraction
patterns collected at different pressures were analyzed through full spectrum fitting (Le
Bail fit) using program Rietica (Hunter, 1997). Figure 4.1 (b) shows a typical fitting of
the full X-ray pattern at 19 GPa after integration of powder diffraction pattern Figure (a).

The calculated unit cell parameter (a) and volume (V) are listed in Table 2.

Unit cell volumes of samples Pys;Alm;7, PyssAlmss and PyspAlmyg are determined to be
1511(1) A*, 1515 (2) A®, and 1526(1) A® at ambient conditions. Geiger et al. (1997)
measured a series of garnet samples along this Py-Alm join and derived a volume-
composition relationship in this system (figure. 4.2). The two V, of Pyg;Alm;7 and
Py30Almy;o from our experiments agree well with Geiger’s data, while V,, of PyssAlmyg is

slightly smaller (ca. 0.3%).
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4.1 P-V equation of state

A survey of bulk moduli of the end members and Py-Alm solid solutions is summarized
in Table 4.3. K, is in the range of 169 GPa to 185 GPa and K’ is varied from 3.8 to 6.2

because different techniques are employed and sample quality.

Our volume-pressure data were fitted into the third order Birch-Murnaghan equation of

state:

5 2
3

X 1+3(1<' 4) (V°)3 1
470 %

7
3 Vo3 (V.
P=()%|) -(7)
where V,, K, and K, are zero pressure volume, isothermal bulk modulus and pressure
derivative of the bulk modulus. With fixed K;=4.3, and fixed V;, the bulk moduli of
Py30Almyg, PyssAlmye and Pys3Alm,;; samples are derived to be 183(2) GPa, 174(2) GPa
and 172(4) GPa respectively using EOSfit (Angel, 2000). Figure 4.3 shows the unit cell
volumes of the three samples as a function of pressure and the derived equation of state.
The reason to fix Ky=4.3 is for the study compositional influence on bulk modulus since
value of K, relies on Ky and Zhang et al., 1999 proposed K;=4.2(3) for almandine and
Ky=4.4(2) for pyrope. Therefore a value between 4.2-4.4 is chosen for solid solution in
Py-Alm binary system.
There have been extensive discussions about K, of garnet. Different techniques employed
and sample quality may have influence on value of K;. Takahashi and Liu (1970)
estimated two natural garnet samples, PyspAlms; and Py,»Alm;, and obtained K = 5.45.
This slightly bigger pressure derivative may due to partial unidentified phases in natural

samples and technique limitations at that time. Zhang et al. (1999) suggested that K of
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garnets with different compositions are slightly different, such as K'(Py) > K'(Alm).
They obtained an experimental value of 4.2(3) for almandine and 4.4(2) for pyrope.
Recently, Li, Weidner, Brodholt, Alfe, and Price (2011) calculated K, of pyrope to be
4.3 using Ab initio molecular dynamic simulation. Zou et al., (2012) estimated Ky =4.6(3)
for synthetic pyrope at high pressure up to 19GPa. Therefore, based current experimental
data and theoretical calculation, K is in the range of 4-4.6. We tried to fit the data using
fixed K; =4.4 for pyrope rich garnet (Pys;Alm;; and PyssAlmye) and Ky =4.2 for sample
Py30Almy, the results are list in table 4.4. There is not much change in bulk moduli for
the three samples from those when K is fixed at 4.3.

4.2 Mg**-Fe*" substitution effect on bulk modulus

Pyrope has been intensively studied because it is an important garnet end member in the
mantle. However, minerals in the mantle do not exist as pure phases and they form solid
solutions through element partitioning, such as Py-Alm join and pyrope-majorite (Py-Mj)
join. As shown in Table 4.3, experimental studies have indicated that K, values of
almandine and pyrope are about 185GPa and 170 GPa respectively. Therefore K, of
garnet in Py-Alm join is expected to be between these values. Our results show that bulk
moduli of the three samples, 172(4) GPa, 174(2) GPa and 183(2) GPa for Pyg;Alm;,
PyssAlmye and PyspAlmyg respectively, are within this range when K fixed at 4.3. Similar
to the compositional effect on the bulk modulus of (Mg, Fe),SiO4 olivine solid solution,
iron partitioning increases the incompressibility of the Py-Alm garnet joint. From
Pyg3Alm;7 to PyspAlmyg, 53% more of almandine results in 6.3% increase in bulk

modulus. In Py-Mj join, K, decreases with increasing Majorite content (Gwanmesia et al.,
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2000; Nishihara, Aoki, Takahashi, Matsukage, & Funakoshi, 2005). The results of this
study on garnets along Py-Alm join, as well as data on the other garnet solid solution,
provide useful for mineralogical modeling of the Earth mantle.

Figure 4.4 plots bulk moduli of Py-Alm solid solution in this system. Solid symbols are
synthetic samples and open symbols are natural samples. The bulk moduli of two natural
samples, PygAlm;; and Py;yAlm;,, were measured by Takahashi and Liu (1970).
PysoAlmjs; contains 60% of pyrope and has a higher K, than that of Py,;Alm7,, which is
opposite to the general trend that iron substation increases K. This may be attributed to
unidentified phases in natural samples. Geiger et al., (1997) reported the volume mixing
along Py-Alm join is ideal. Therefore a simple ideal mixing model (K = n,K; + n,K;; ny,
ny: mole fraction of pyrope and almandine) is used to fit our bulk modulus data. If we
consider the experimental data from the samples that have the exact compositions along
the Py-Alm binary system (i.e. synthetic samples), we obtain Ky= 170 + 15 n (n is mole
fraction of almandine). From these data, we conclude that bulk moduli of garnet along

Py-Alm join basically follow ideal mixing model.

Table 4.1 Composition of pyrope-almandine garnets at room temperature

Measured Fe/(Mg+Fe) Standard
composition  in mole ratio  deviation

PY3()A1m70 0.700 0.003
PyssAlmye 0.46 0.03
Pyg3Alm17 0.17 0.03
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Table 4.2 Unit cell parameters of synthetic garnet of pyrope-almantine join at high

pressures and room temperature

Py3,Almy, Pys,Almyg Pyg;Almy;

P(GPa)  a(A) V(AY) P(GPa)  a(A) V(AY) P(GPa) a(A) V(A?)
0 115121(3) 1526(1) 0 11.4859(1) 1515(2) 0 11.4650(3) 1511(1)
04  11.5068(3) 1524(1) 34 11.4262(6) 1492(3) 0.9 11.4604(5)  1505(2)
38 11.4312(7)  1493(2) 79 11.3392(4) 1458(2) 1.6 11.4348(4)  1495(2)
41 11.42536) 1491(2) 98  11.3011(2) 1443(1) 2.1 11.4252(6) 1491(3)
6.1 11.4074Q2)  1484(6) 1.1 11.2824(8) 1436(3) 2.7 11.4163(5)  1487(2)
101 11.33342)  1456(1) 151 11.1963(7) 1403(3) 3.7 11.3961(8)  1480(4)
115 11.2958(3)  1441(1) 189  11.1423(4) 1383(2) 53 11.3700(9)  1470(4)
147 11.2578(1) 1426.8(5) 203 11.1281(7) 1378(3) 7.0 11.3377(4)  1457(2)
17.1 112133(4)  1410(1) 214 11.1169(1) 1374(1)

190 11.1794(4)  1397(2)

Note: pressure uncertainty is estimated to be 0.5GPa

Table 4.3 EOS fitting results using different K

Sample Vo (A%) (({f%a) K,
PysAlmyy  1526(1) 183(2)  4.3(fixed)
1526(1) 181(4)  4.2(fixed)
PyssAlmys  1515(2) 174(2)  4.3(fixed)
1515(2) 174(2)  4.4(fixed)
PyssAlmy;  1511(1) 172(4) 4.3(fixed)
1511(1) 171(4)  4.4(fixed)
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Table 4.4 Bulk modulus and pressure derivative of garnets

Sample Vo (A%) Ko (GPa) K Method Reference
Almandine(synthetic) 1528.62  185(3) 4.2 Xrd Zhang et al.
1999
Almandine(natural) - 175(1) 6.2(5) Us Wang and Ji
2001
Pyrope(synthetic) 1502.9(3) 171(2) 4.4(2) Xrd Zhang et al.
1998
Pyrope(synthetic) 1500(1)  167(2) 4.6(3) Xrd Zou et al. 2012
Pyrope(synthetic) 1503.4(5) 175(1) 4.5(5) Xrd Levien et al.
1979
Pyrope(synthetic) 1503.87 172.8 3.8(1) Xrd Leger et
al.1990
Pyrope(natural) --- 171.32 3.22 Bs Conrad et al.
1999
Pyrope(natural) 1509.59  174(3) 4 Xrd Hazen et al.
1994
PysoAlms; 1529.22 177 5.45(fixed) Xrd Takahashi and
Liu 1970
Py»Almy, 1530.02 173 5.45(fixed) Xrd Takahashi and
Liu 1970
Alm7,PyproSp3GrssAnd, 1535.2 173.6(16) Bs Jiang et al.
2004
AlmgcPy7Spe; 1539.2(2) 177(2) 4(fixed) Xrd Fan et al. 2009
Pys;Alm; 1511(1)  172(4) 4.3(fixed) Xrd This work
Pys4Almyg 1515(2)  174(2) 4.3(fixed) Xrd This work
Py30Almy 1527(2)  183(2) 4.3(fixed) Xrd This work

Us: Ultrasonic technique;Bs: Brillouin scattering; Uv: uvarovite; Sp: spessartine
And:andradite;Grs:grossular
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Figure 4.1 (a) Powder diffraction image collected by CCD detector. (b)Result of Le Bail
fitting of Py3pAlmypat 19 GPa and room temperature. Black crosses are experimental data;
red line is calculated spectrum; blue dots represent background; blue bars at the bottom
are expected positions of diffraction peaks; green line at the bottom is difference between
the experimental data and the calculated spectrum. The Miller indices of major peaks are
indicated by Akl next to the peaks
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Figure 4.2 The unit cell volume as a function of pyrope content in the Py-Alm binary
system. Bars attached to the symbols represent the experimental uncertainties.
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Figure 4.3 Volume of Py-Alm garnets as a function of pressure measured using in sifu X-
ray diffraction at room temperature. Uncertainties of volume data are smaller than
symbols. Solid lines represent the third order Birch-Murnagahan EOS fitting.
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Figure 4.4 Bulk modulus data of almandine-pyrope binary system. Solid symbols are the
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Py30Alm7y sample is smaller than the symbol. The line presents a linear fitting of the data
from synthetic samples (solid symbols), based on the ideal mixing model.
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Chapter 5
Water solubility in synthetic pyrope at high temperature and high pressure

This chapter investigated water solubility in pyrope as a function of pressure. In order to
study water influence on the bulk modulus of pyrope, hydrous pyrope samples were
synthesized at high temperature and high pressure under water saturated environment.
Therefore, water content in each sample needed to be quantified, which was water
solubility in pyrope at different pressure. This chapter, titled Water solubility in pyrope
at high pressure and high temperature by Huang and Chen will be submitted to

Geophysical Research Letters.
1. Abstract:

A series of single crystal pyrope crystals were synthesized at 1000 °C and high pressure
up to 9GPa. Water content of each sample was characterized by FTIR. Water content
increased with pressure till 7GPa and dropped after 7GPa. The water content in synthetic
pyrope reached 1903 ppm at 7 GPa, while previous reported water solubility in pyrope is
around 0.1% wt. (Withers, Wood, & Carroll, 1998). The OH stretching peak we observed
at 4-7 GPa is an asymmetric peak located at 3630 cm™. Peak at 3630 cm™ represents the
incorporation of hydroxyl into pyrope structure by means of SiO4s=(OH),. Spectra at 9
GPa and 12 GPa, it shows two major peaks located at 3572 cm™ and 3504 cm™ and
indicates that OH may enter pyrope structure via different substitution mechanisms when
OH content is low. Besides, structure symmetry information of sample 184 obtained by

single crystal X-ray diffraction reveals a tetragonal structure of pyrope at 12GPa. A
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possible cubic to tetragonal phase transition may occur to incorporate more OH into the

structure. At 12GPa, water content increased to 0.3wt%.
2. Introduction:

Water can be incorporated into normally anhydrous minerals as OH defects and
transported into the mantle. Its existence in the mantle may affect property of minerals,
such as elasticity, electrical conductivity and rheological properties. Water solubility
measurement can provide an upper limit of water that possibly stores in the mantle at
specific temperatures and pressures. Analysis of natural samples may only provide a
lower limit of water solubility since minerals may lose water when transported to the
Earth’s surface (Keppler & Bolfan-Casanova, 2006). As the secondary mineral in the
mantle and pyrope is an important end member, water solubility in pyrope has not been
extensively studied and there are discrepancies among the existing experiments on the
water solubility at high temperature and high pressure. C. A. Geiger et al. (1991)
investigated water content in synthetic pyrope and concluded 0.02wt% to 0.07wt% OH
substitution. Lu and Keppler (1997) found out 198ppm water in the Dora Miara pyrope at
100Kbar and 1000°C. Withers et al. (1998) obtained that water solubility in pyrope
reached 1000ppm at 5GPa and then decreased as pressure increasing; above 7GPa, no
water was detected. Mookherjee and Karato (2010) also explored pyrope-rich garnet,
which contains water up to 0.1%wt at 5-9GPa and temperatures 1373K-1473K. Here we
report a new study of water solubility in synthetic pyrope along pressures range from 4 to

12GPa and constant temperature 1000°C. Single crystals of pyrope were synthesized
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using multi-anvil press and water contents in these samples were measured by FTIR at

beamline U2a, Brookhaven national lab.
3. Experimental:
3.1 pyrope synthesis

Single crystals of pyrope were synthesized at 1000°C and high pressure from 4 GPa to 12
GPa using a 500 ton multi-anvil apparatus equipped with a walker module. The largest
cell assemblies (14/8) were used in the experiments (octahedral edge length 14mm, the
truncated edge length of WC anvil 8.0 mm). Cylindrical graphite was employed as heater
and temperature was measured with a W6%Re-W25%Re thermocouple. The starting
materials are oxides (MgO, SiO;, and Al,O3) from alfa aesar, mixed at a composition of
pyrope (Mg3Al>Si14012) with 10wt% of SiO; in excess. 15wt% of distilled water was
added to the oxides mixture as water source. A platinum capsule was used to seal the
water in the sample during the synthesizing process. The synthesizing conditions are

shown in Table. 1. The sample was characterized in powder X-ray diffraction (Fig. 5.1).

3.2 Infrared spectroscopy

Water measurements were performed at the U2A beamline at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory. Infrared spectra were collected
using Bruker 66/S vacuum Fourier transform interferometer (FTIR) equipped with a
Bruker IRscope-II microscope. Liquid N, was purged in the microscope to avoid water
absorption peaks from the air moistures. The resolution is 1 cm™ and frequency range is

200-10000 cm™. Spot size is 100x100um for large samples and can be adjusted to
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smaller size to avoid the visible inclusions. Crystals synthesized at different pressure are
selected and mounted in epoxy resin. During selection, big crystal and with less inclusion
are preferred. The crystals are polished both sides to make it approximately parallel. The
thickness is measured by electro micrometer. Uncertainty of 10% is estimated in the
water content calculation. Water content is calculated using absorption coefficient
6700670 mol'cm™ by Bell et al. (1995). The broad background is subtracted by Fityk
using functions spline and polyline for peak integration (Fig. 5.2). The OH peak is fitted
by software FITYK to calculate its area value. Water content is calculated using the

following equation:
1
€=+ fv“: K@)dv, K =log (I,/1,)/d

Where c is the concentration of water per mole, v is wavenumber and [ is the integral
molar absorption coefficient (6700£670 mol 1 em?, Bell et al. (1995)); d is thickness of
sample; I is the incident intensity of the infrared beam, I, is the transmitted intensity.

4. Results and Discussion:
4.1 OH stretching spectra at high pressure

The FTIR spectra of samples from 4 to 12GPa are shown in Fig. 5.3. An asymmetric OH
stretching peak located at 3630cm™ is observed in each sample synthesized at pressure
from 4-7GPa. This peak is already been confirmed by other references (C. A. Geiger et
al., 1991; Mookherjee & Karato, 2010; Withers et al., 1998), which indicates the OH
vibration tetrahedral cluster SiO4=(OH)4 substitution mechanism. At the low temperature

78K, this peak changed to two narrow peaks (C. A. Geiger et al., 1991).
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4.2 Peak fitting analysis

At 4GPa, the OH peak is dominant at 3630 cm™. After subtracting the broad background,
this asymmetric peak can be fitted into two peaks, one dominate at 3630 cm™, the other at
around 3570cm’. Same fitting processes are performed for spectra at 6 and 7GPa. As
pressure goes up, this asymmetric peak split into two sharp peaks, one at 3520 cm™ the
other at 3570cm™. A close examination of the 184 spectrum shows a peak splitting

process is starting.
4.3 IR complexity

We have observed complicated spectra at 9GPa and 12 GPa, at which pyrope showed
new peaks at around 3572 cm™ and 3504 cm™ and the peak intensity at 3630 cm™ was
reduced. We also characterized the sample which is synthesized at 9GPa by X-ray
diffraction, which showed a single pure phase. Such spectra diversity is also observed by
Geiger et al. (1991). They observed four band spectra at 3665, 3651, 3641 and 3618cm™
of synthetic pyrope, which was grown from a gel starting material and at a temperature
lower than 1000°C. That also indicates other incorporation mechanism may be dominant
other than hydrogarnet substitution mechanism. In the natural pyrope, IR spectra are
more complicated. Lu and Keppler (1997) investigated on the pure pyrope from Dora
Maira and found OH region including a single peak at 3601.9 cm-1, a band series of

3640.5 cm™, 3650.8 cm™ and 3660.6 cm™.
4.4 Water solubility in pyrope under high pressure

Previous water solubility studies and this work are shown in Fig. 5.4. Water percentage is

plotted as a function of pressure. Withers et al. (1998) determined water solubility to be
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0.1 wt% at 6GPa and no water was detected after 7GPa. Mookherjee and Karato (2010)
examined pyrope-rich garnet at 5-9GPa and found its water solubility around 0.1%wt at
5-9GPa. In our study, we obtained the highest water content at 7GPa (1903ppm in
average). From 4GPa to 7GPa, water solubility in pyrope was increased with pressure,
which is consistent with the trend of Wither’s results below 7GPa. We also observed
water content dropped after 7GPa. At 9GPa, water in the sample decreased to 700 ppm,
and OH peak positions changed as well. According to the theory of water equilibrium,
water solubility should increase with water fugacity and we assume constant silica

activity since excess SiO, was added to each experiment.
4.5 Water in grossular garnet and incorporation mechanism

Grossular is a promising water carrier mineral in garnet family (Rossman, 1996).
Rossman and Aines (1991) investigated natural grossular samples from 33 locations
using IR. Their water content varied from 12.8% to 0.0005%. (Withers et al., 1998) also
synthesized hydrous grossular and found the OH peak was located at 3622 cm™. This
peak persisted to 8GPa at 1000 °C, which represented 0.1 wt% of water. Under same

conditions, pyrope became anhydrous.

Garnet shows the greatest complexity in the OH region. Rossman and Aines(1991)
identified seven types of hydrous grossular spectra. The IR spectra collected from
samples of high water content, which were consistent with that of hydrous grossular
substitution, showing peaks at 3598 and 3662 cm™ . However, the spectra of samples with

low OH concentrations were significantly different from that of synthetic grossular. He
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concluded that hydrogarnet substitution SiOs= (O4H4) was not the only mechanism of

incorporating OH into garnet structure.

OH ions can enter anhydrous minerals as an isolated proton, which is related to defects
and the vacancy movement. Some is incorporated in a two-proton cluster, eg. olivine, or
in a four-proton cluster, which is mostly considered as hydrogarnet substitution. However,
evidence has shown that the hydrogarnet substitution is not an accurate description of the
water incorporation. Cho and Rossman (1993) performed a solid state proton NMR study
on natural single crystal grossular garnets from different locations; they reached an
conclusion that some grossular was substituted in a manner of two-proton clusters and
some were in the form of four-proton clusters or a mixture of two-proton and four-proton
clusters. In our study, we observed IR complexity at 9GPa and 12GPa, other than peak at
3630cm™. Thus, it is suggested that in the hydrous pyrope, OH may exist in different

environments; in the low concentration, other dominant incorporation mechanism may
apply.
4.6 Tetragonal polymorph of pyrope at 12GPa

Single crystal X-ray measurement gave a tetragonal crystal structure with a =b=8.098 A
and ¢=5.72 A. Harris, Hutchison, Hursthouse, Light, and Harte (1997) found a new
tetragonal almandine-pyrope phase(TAPP) in the inclusions of diamonds. It had a garnet
composition similar to pyrope-almandine and a tetragonal structure with a space group
[42d. The other two tetragonal garnet phases are henritemierte(Ca(Mn>"),(Si04),(OH),)
and holtstamite (Ca3Aly(SiO4)2(OH)4) , which have a space group /4;/acd (Grew et al.,

2013). It is assumed that the tetragonal type of pyrope does exist and this phase transition
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occurred at 12 GPa and 1000 °C. Then, it indicates that water fluid may promote phase
transitions and through this way pyrope can incorporate more OH than we expected.

According to water calculation of this sample, it contains 3258 ppm in the structure.
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Figure 5.1 XRD of ground pyrope powder at ambient conditions

55



Figure 5.2 A fitting example. (a)Base line subtracted using function spline.(b)
Peak located at 3630cmis fitted using Gaussian function and peak area is
calculated.
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Figure 5.4 Water solubility in pyrope as a function of pressure, average water content in
each sample is plotted in this study

Table 5.1 synthesis conditions of single crystal pyrope and calculated water content

Pressure

Run# (GPa) T(°C) Time(hrs) Crystals # water content(ppm) C(average) Uncertainty
176 4 1000 15 3 539 609 865 671 59
178 4 1000 17 3 515 609 647 590 51
180 6 1000 13 3 1029 1078 1147 1085 94
181 7 1000 19 3 1802 1676 2232 1903 166
183 9 1000 14 2 749 652 701 74
184 12 1000 8 3 2700 3828 3245 3258 284
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Chapter 6

Water influence on Equation of state of hydrous Pyrope

We have conducted high-pressure experiments to study single crystal pyrope grown
under water saturated environment at different pressures. It showed pressure influences
on water solubility. In this chapter, we studied equations of state of hydrous pyrope
crystals.

1. Abstract:

We have synthesized dry pyrope at 4 GPa and a suite of pure hydrous single crystal
pyrope at 6, 7, 9 and 12 GPa, which contain 0.1wt%, 0.2wt% and 0.07 wt% of water
respectively. Several compressibility experiments were conducted up to 30GPa by single
crystal in situ X-ray diffractions. The bulk moduli of the hydrous samples (180, 181 and
183) were determined to be 173(2)GPa, 161(1)GPa and 166(1)GPa at a fixed derivative
of bulk modulus, Kyj=4.4. The bulk modulus of dry sample was 172(1)GPa. Water
weakening effect has been observed on hydrous pyrope. A reduction rate of bulk modulus
is obtained; 1 wt% of water reduces 12GPa of bulk modulus at water content range 0-

0.2wt%. Besides, the measured unit cell volume decreased with water content.
2. Introduction:

Water effect on properties of minerals in the mantle has been extensively studied. For
example, elasticity of Wadsleyite (Holl, Smyth, Jacobsen, & Frost, 2008; Z. Mao et al.,
2008) and ringwoodite (Manghnani et al., 2005; Sinogeikin, Bass, & Katsura, 2003; J.

Wang, Sinogeikin, Inoue, & Bass, 2003) and olivine (J. Chen, Liu, & Girard, 2011;
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Jacobsen et al., 2008). Jacobsen (2006) reviewed effect of water on the equations of state
of nominally anhydrous minerals and the availability of current experimental data.
However, to date, very few studies have been conducted on qualifying water effect on
elasticity of pyrope. Studies of hydrous garnet are mostly on grossular and its hydrous
phase Katoite (C. A. Geiger, Dachs, & Benisek, 2012; G. A. Lager, Downs, Origlieri, &
Garoutte, 2002; G. A. Lager, Marshall, Liu, & Downs, 2005; O'Neill, Bass, & Rossman,
1993; Olijnyk, Paris, Geiger, & Lager, 1991). Those investigations showed that water
effect on elasticity of grossular via hydrogarnet substitution is significant. Garnet is an
important mineral and takes a substantial fraction from upper mantle to transition zone; it
may act as a potential water bearing phase and its properties may be influenced by water
as well. Pyrope is a major end member in the garnet family. Previous studies on hydrous
pyrope were carried out on water influence on electrical conductivity of pyrope rich
garnet (Dai & Karato, 2009) and recent experiments on rheological properties of natural
pyrope under water saturated conditions (Xu et al., 2013). Here, we report an
experimental study conducted on hydrous pyrope by in situ single crystal X-ray
diffractions and investigate water influence on equations of state of hydrous pyrope.

3. Experimental:

The hydrous single crystal samples were synthesized using a 500-ton multi anvil press at
Center (CeSMEC). The synthesis conditions of the samples were at 1000°C and 6, 7 and
9 GPa (See chapter 5 for details). High pressure single crystal XRD measurements were
conducted at GSECARS beamline 13 BM-D, Advanced Photon Source (APS), Argonne
National Laboratory. High pressure single crystals diffractions were collected using a

BX90 cell (Kantor et al., 2012), which provided a broad opening for collecting more data
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of single crystal diffractions. The BA type diamond anvils were of 400 um culets. The
gasket was made from steel plate and pre-indented to 30-40 pm in thickness. Neon was
loaded as a pressure-transmitting medium by COMPRES/GSECARS gas loading system.
The initial pressure point in the cell was measured after the gas loading. The zero
pressure volume was measured outside the cell in the ambient conditions. Pressure was
calculated from fluorescence shift of ruby sphere (H. Mao et al., 1986). The beam size is
15 umx5 pm with a 0.3344 A wavelength. Clear crystals of 30 um in diameter and 10
um in thickness were selected for measurements. Four hydrous samples, dry and three
other hydrous pyrope samples (0.07wt%, 1wt% and 0.2wt% of water) have been

measured. One of the sample chamber pictures with two samples is shown in Fig. 6.1.

During single crystal diffraction collections, omega range was from -14° to 14°. After 1°
of rotation, one image was taken. In total, 28 tiff images were collected for diffractions of
single crystal sample at one pressure point. Those step-scan images were then merged
and analyzed by software GSE-ADA/rsv (Dera et al., 2013). The orientation matrix was
determined by the omega assignment and the index of each peak in the merged images.
Once orientation matrix was determined, it provided an approximation to index peaks in
the next pressure for the same sample, if no phase change was observed and no obvious
movement of sample was shown. Unit cell parameter was calculated and refined when
orientation matrix was determined. In each diffraction pattern, ~60 to 70 peaks were
indexed for crystal structure determinations and lattice parameter calculations. The

lattice parameter of each sample is listed in table 6.1.
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4. Results and discussion:
4.1 Equation of state and bulk modulus

The compression data sets were fitted to the Birch-Murnaghan equation of state using

EOSFIT 5.2 (Angel, 2000) with non-weighting schemes.

7 5 2
P= ()| (1) - ()] < {1+ 306 - 0| (2) -]}

where V,, K, and K, are zero pressure volume, isothermal bulk modulus and pressure
derivative of the bulk modulus. The fitting results are summarized in Table 6.2. We fitted
all the data in two fitting strategies: One with a fixed K;=4.4, the other with a refined K.
The reason to show results of Ky=4.4 is for the bulk moduli comparison between dry and
hydrous samples. The second fitting procedure was as follows: all the parameters had
been refined and V, refinement started with an experimental value measured outside of
DAC. With the 2nd order (Ky=4) EOS fitting of dry pyrope, it gave a K, = 172.7(3) GPa,
which is close to previous bulk modulus’s measurement of single crystal pyrope
(Sinogeikin & Bass, 2000; Zhang et al., 1998; Zou et al., 2012). The EOS fitting curve is
shown in Fig. 6.2. For the hydrous samples, the EOS fittings yield decreased bulk moduli
compared to that of dry pyrope (K, =172 GPa). The fitting curves are illustrated in Fig.
6.3 with a comparison among dry pyrope and hydrous samples.

To give a visual evaluation of K, Birch normalized pressure (F), vs Euler finite strain (f),
is plotted in Fig. 6.4, where f = [(V/VO )" —1J/2 , F= P/[Bf(1+ 2f)2'5J . The slope

represents the K. It reveals that K;=4 represents well for the P-V data of pyrope and

sample 181. Positive slopes are for samples 180 and 183.
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The trend of bulk modulus as a function of water content is plotted in Fig. 6.5. It is the
fitting results at a fixed pressure derivative (4.4). An approximate linear relationship is
obtained for the bulk moduli of sample 180 (0.1wt%), 181(0.2wt%), 183(0.07wt%) and
dry pyrope. In Fig. 6.6, we plotted the bulk modulus results by the other fitting method
with all the parameters refined. It also shows a linear relationship. The sample 183 (0.07
wt%) has the lowest bulk modulus (K, =157(2)GPa) among the three hydrous samples.
This sample was synthesized at 1000 °C and 9 GPa. Its IR spectrum shows that OH
stretching peaks are located at 3572 cm™, 3504 cm™ and peak at 3630 cm™ becomes very
weak. OH may enter different sites of the structure other than substituting the SiO4
clusters’ positions. However, for hydrous pyrope, it may employ different incorporation
mechanisms at pressures of 9GPa and above. Since this hydrous sample was synthesized
at a significant higher pressure (9GPa), which is another variable in this study, one would
think that pressure may play an role in elasticity as well. In the upper mantle and the
transition zone, those crystals were generated under high pressures and high temperatures.
While water reduces bulk moduli, the high pressure in the Earth may also intensify this
effect.

According to bulk modulus-molar volume law (Anderson, 1970), isostructural crystals
follow that bulk modulus xvolume=constant. K, versus 1/}} is plotted in Fig. 6.7; it
appears that this law still holds for dry and hydrous pyrope of different water contents.
Unit cell volume of each sample is plotted as a function of water content in Fig. 6.8.

Derivative of bulk modulus

Elevated derivatives of K, (5.3 and 5.4) have been observed for samples 180 and 183.

The f-F plots (Fig. 6.4) of the two samples show positive slopes. It seems that the value
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of K depends on the water content of each individual sample. Holl et al. (2008) studied a
series of hydrous wadsleyite with different water contents and obtained K, =4.1 for 0.005
wt% H,0, K5 = 5.4(11) for 0.38 wt% H,O; K, = 4.2(9) for 1.18 wt% H,O; and K =
4.9(11) for 1.66 wt% H,0. Z. Mao et al. (2008), (2010) investigated hydrous wadsleyite
and hydrous forsterite by Brillouin scattering and found that hydrous wadsleyite had an
identical K; to dry sample, while hydrous forsterite had an elevated K, (7% more). In
the theoretical calculation, Li, Brodholt, and Alfé (2009) predicted K, (3.91 and 4.21) by
first principal calculation for hydrous ringwoodite with 1.65 wt% and 3.3wt% water
percentage individually. All the observations and calculations above suggest that
experimental elevated K;; depends on individual sample and techniques employed.

4.2 Other hydrous garnet: Hydro-grossular

In the garnet family, hydrous grossular is mostly studied because of its availability, and
its hydrous phase Katotite (CazAly(O4Hy); is well determined. The structure difference
between grossular and Katotite is that SiO4 is completely replaced by (OH)s in the
tetrahedron site, which is defined as hydrogarnet substitution. The K, of Katotite reflects
the lower bound of the K, of hydrous grossular, showing a hydration weakening effect on
the elasticity of minerals. G. A. Lager et al. (2002) (2005) examined the structure of
Katotite by X-ray diffractions and neutron powder diffractions. They found a phase
transition from la3d to [43d in the neutron spectrum at 7.5GPa and proposed that
compression of H-H distance between O4H4 groups destabilized the structure. However,
C. A. Geiger et al. (2012) calculated entropy and Gibbs-free energy of Katoite and

pointed out that no phase transition evidence was found. O’Neill 1993 studied another
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hydrous grossular phase, hibschite (CaszAl,(Si04); 72(H40,) using Brillouin spectroscopy.

Both adiabatic bulk modulus and shear moduli were 40% lower than anhydrous grossular.
4.3 Compression behavior in garnet

Hazen et al. (1994) suggested that the octahedron-tetrahedron framework was the
important factor that controls compressibility of garnet. For example, Pyrope is more
compressible than the other garnets, such as andradite and grossular, which may be
resulted from less support from a smaller dodecahedra cation (Mg”") for the octahedral-
tetrahedral framework. In addition , Zhang et al. (1999) pointed out that in similar
frameworks presented in almandine, pyrope, grossular and spessartine, and their bulk
moduli discrepancies may be due to the different electronic configurations of the
dodecahedral cation. However, the dodecahedral site is not the primary factor, which is
documented by the bulk modulus of Na-majorite. It incorporates Na in the dodecahedral
site, however, does not have the lowest bulk modulus in the garnets. The valence of the
octahedral cation determined the compressibility of garnet. Thus, if pressure is above
9GPa, hydrous pyrope employs another substitution mechanism. OH enters other sites,
instead of substituting SiOs as clusters, and weakens the tetrahedron-octahedron
framework. Then, it will not follow the trend of K, as a function of water percentage,
where water is calculated based on the 3630 cm” OH stretching peak, which is

hydrogarnet substitution (OH)4=Si0s.
4.4 Comparison with other minerals

Figure 6.9 shows the bulk modulus plotted as a function of water content in various dry

and hydrous minerals, including olivine, ringwoodite, wadsleyite, grossular and pyrope.
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The slopes of the lines indicate the hydration effect on bulk moduli: 2.5wt% of water
lowers by 10% of bulk modulus of wadsleyite; 1wt% of water reduces the bulk modulus
of olivine by 6%; 2.2wt% of water in ringwoodite decreases 16% of bulk modulus. Water
content in pyrope is not high, compared with water incorporation levels, such as
wadsleylite, 2-3 wt%. The highest water content we obtained is 0.3wt% at 12GPa. The
slope of pyrope, obtained in this study, however, shows a much stiffer reduction rate,
12GPa decrease of bulk modulus per wt% of water at the water range from 0-0.2wt%.
One possible explanation can be the new substitution mechanism at high pressure in
pyrope, which weakens its framework. The evidence that support this statement was the
cubic to tetragonal structure change at 12GPa. We also observed new peaks in IR of
pyrope synthesized at 9 and 12GPa, which may represent new OH stretching mode. To
verify if the new substitution mechanism employed at the high pressure in pyrope, we
need do a micro probe study to confirm the chemical composition of pyrope. If certain
atoms are less than the composition ratios, then most likely it is replaced by the OH

hydroxyl. Besides, structure refinement is also needed for the pyrope sample at 12GPa.
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Figure 6.1 Two samples (181and 183) in the DAC sample chamber with ruby sphere
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Table 6.2 EOS fitting results of hydrous and dry pyrope (a) all the

parameters refined (b) K' fixed at 4.4 and V| fixed at the measured value.

(a)

Sample #  Water wt% Pressure(GPa) VO(A3) Ko(GPa) K’
dry 0 4 1506(2) 172.7(3) 4
180 0.1 6 1502.5(7) 166(6) 5.4(8)
181 0.2 7 1505(1) 160(2) 4
183 0.07 9 1504(2) 157(6) 5.3(5)

(b)

Sample #  Water wt% Pressure(GPa) VO(A3) Ko(GPa) K’
dry 0 4 1504.1(2) 172 (1) 44
183 0.07 9 1503.3(3) 166(1) 4.4
180 0.1 6 1502.6(2) 173(2) 4.4
181 0.2 7 1501.6(5) 161(1) 4.4
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Figure 6.2 Unit cell volume as a function of dry pyrope, error bar is too small
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Figure 6.3 Comparison of EOS fitting between dry and hydrous samples. Solid line
represents dry pyrope and dash lines are for hydrous samples; error bars are smaller than

symbols.
dry-f-F
240 A
220
200 A
LR ISP I A SUUUE SP
160 -
140 -
120 -
100 T T T T T
0 001 002 003 004 005 006
Je
180_f-F
250
200 A s
............. 0. E g
150 - ¢
S 10
= g0
0 T T T T
0 0.01 0.02 0.03 0.04 0.05
fe

71



181 _f-F

200
190 A %
180 A
170 - § ¢ *

--------------------- *
o | §§.¢..¢....¢....¢.:¢
150 1
140 A

130 -

120 T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06

Fi (GPa)

Je

200
190 -

180 -

o ; : w4
160 4 LR .

150 ~

Fi (GPa)

140 ~

130 | | | |
0 0.01 0.02 0.03 0.04 0.05

Je

Figure 6.4 Birch-normalized pressure (Fg) as a function of Euler finite strain (fg) plots for
dry pyrope and hydrous samples (180,181, 183). The slope of dash lines represent K’

72



180

175

=
~J
o

165

160

Bulk modulus (GPa)

155

150
0 0.05 0.1 0.15 0.2 0.25
Water content (wt%)

Figure 6.5 Bulk modulus of hydrous pyrope as a function of water content using fitting
results at K’=4.4

190
180
&
= 170 §
& *
% 160 | *
3
g 150  #hydrous pyrope
= < dry pyrope
@ 140
130 | | | | |
4 5 ) 7 8 9 10

Pressure (GPa)

Figure 6.6 Bulk modulus plotted as a function of pressure under water saturated
environment. Empty marker is dry pyrope, black marker are hydrous samples

73



Cell Volume(A?)

KV=constant

190

170 + ¢ . o
4

150 |

130

110

90 r

K (GPa)

70 r

50 1 1 1
0.0006645 0.000665 0.0006655 0.000666  0.0006665
1/V,

Figure 6.7 Bulk modulus versus 1/V, for dry and hydrous pyrope

1505
1504.5
1504
1503.5
1503
1502.5
1502
1501.5
1501

1500.5 ' ' ' '
0 0.05 0.1 0.15 0.2 0.25

Water content wt%

Figure 6.8 Unit cell volume as a function of water content in each sample.

74



<>\_\ <Oringwoodite
180 - Owadsleyite
7 170 E_\\N A hydrogrossular
% 160 e X Olivine
g 150 | @ pyrope
=
'5 140 r Reference:
(<3] 130 L Wadsleyite: Sinogeikin et al. 1998;
X— Holl et al. 2003
i — ———— Ringwoodite: Li 2003,
120 Jacobsen and Smyth 2006
Grossular: Pavese et al. 2001
110 - Olivine: Smyth et al. 2005; Zhang1998
100
0 0.2 04

Water content wi%

Figure 6.9 Bulk modulus as a function of water content is plotted in various nominally
anhydrous minerals.

75



Chapter 7

Summary and further work

The main goal of this dissertation is to investigate the influence of two factors, chemical
composition and water, on the bulk modulus of pyrope. This was done with high-pressure
equipment and synchrotron X-ray facilities. Multi-anvil press was used to synthesize all
the garnet solid solution samples and hydrous pyrope crystals. Diamond anvil cells were
employed for all the bulk moduli measurements with in situ X-ray diffractions in

synchrotron.

Mineral physics is essential to analyze seismic velocities from the Earth’s interior. The
velocities change while travelling through different minerals of various compositions.
Pyrope is stable from the mantle to the transition zone with a large volume percentage in
the mantle. Because of that, it is of importance in studying seismic velocities in the
mantle. In other words, any variation in properties of pyrope will contribute to the
seismic velocity changes. The bulk modulus is studied because seismic velocities in
minerals are determined by their density and bulk moduli. Therefore, study of seismic
velocities in pyrope of various compositions becomes a bulk modulus investigation of
pyrope. To determine how chemical compositions of pyrope influence its bulk modulus,
one will need pure garnet end member samples and pure solid solutions. Previous
research has been done on many natural solid solutions, which are not pure phases and
contain a variety of elements. Such data are not good to define a single chemical
influence (eg. Fe) on the bulk modulus of pyrope. In the binary systems of pyrope and

other end members, such as garnets in the pyrope-majorite join, there are bulk modulus

76



data on this join. However, in the pyrope-almandine join, no synthetic solid solution data
is available yet. This study was a systematic investigation on the pyrope-almandine
binary system. A relation between the bulk modulus and the almandine mole fraction (n)
was derived to be Ky = 170 + 15 n. We concluded that this system is close to an ideal
mixing model, which agrees with Geiger et al., (1997), who studied volume mixing and

thermodynamic parameters of garnet in the pyrope-almandine join.

Water has attracted much attention of scientists to study its trace levels in nominally
anhydrous minerals; however, there was significant influence in properties. Pyrope is not
expected to be a large water carrier in the mantle compared with the other minerals, such
as ringwoodite, wadsleyite, which can take a few percentages of water into the structure.
Previous studies showed that tenths of wt% of water can be incorporated into the
structure. Due to its low water content, not many experimental data are available in
pyrope. We studied pyrope grown at pressures from 4Gpa to 12GPa and 1000°C under
the water-saturated environment. Water solubility was examined as a function of pressure.
At 4-7GPa, it increased with pressures and reached a 0.2wt% of water content at 7GPa.
At 9GPa, water in pyrope dropped to 0.07wt%. From IR spectra, we observed
hydrogarnet substitution from 4-7GPa, which showed a peak at 3630 cm™. This is the
same type of substitution mechanism as in hydrous grossular. At 9 and 12GPa, new
peaks appeared at 3572 cm” and 3504 cm™, which indicates that a new substitution

mechanism may be employed by hydrous pyrope.

We also observed the water weakening effect on the bulk moduli of pyrope single

crystals. The three hydrous pyrope bulk moduli were measured to be 166GPa, 173GPa
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and 161GPa with water contents of 0.07wt%, 0.1wt% and 0.2wt%, respectively. A trend
has been defined for the bulk modulus with water content: 1 wt% of water lowers 12GPa

of the bulk modulus at the water range 0-0.2wt%.

The significance of this water effect study is that we observed new OH stretching peaks,
which may represent a new substitution mechanism in pyrope, other than hydrogarnet
substitution. The other is the bulk modulus reduction by incorporated water, which is
more significant than we expected and is supported by a comparative study of two
samples with 0.07wt% and 0.2wt% of water, respectively. The two samples showed a
5GPa bulk modulus difference with the same K’. The cubic to tetragonal structure change
also suggests that water incorporation in pyrope is more complicated than hydrogarnet
substitution. Water content in pyrope reached the highest solubility (0.3wt%) after
structure change. Water may be the cause of this structure change. The tetragonal garnets
are not common but do exist in nature. Therefore, further study is planned to characterize
the compositions of hydrous pyrope by a micron probe to find out which element is off
the nominal composition ratios and is likely to be replaced by the OH hydroxyl. Besides,
a structure refinement of hydrous pyrope at 12GPa is needed to determine its accurate

space group.
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APPENDICES

Appendix 1: Crust and upper mantle of PREM including directional velocities,
anisotropic elastic constants and equivalent isotropic velocities.

Appendix 2: Elastic properties of mantle minerals (Duffy and Anderson, 1988)

The two tables are cited from the book:
Anderson, Don L. Theory of the Earth. Boston: Blackwell Scientific Publications, 1989.
http://resolver.caltech.edu/CaltechBOOK:1989.001
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Appendix 1: Crust and upper mantle of PREM including directional velocities,

anisotropic elastic constants and equivalent isotropic velocities.

Crust and Upper Mantle of PREM Including Directional Velocities, Anisotropic Elastic
Constants and "Equivalent™ Isotropic Velocities. Evaluated at Reference Periods
of 1 s (top) and 200 5 (bottom).

Radins Depth Density  Vpy Vou Vey Von nm @ @ 4 € L N F Ve v,
(km) (km) (glem®) (km/s) (km/s) (km/s) (km/s) {kbar) (kbar) (kbar){kbar)(kbar) (km/s) (km/s)
61510 2200 3,35950 7.B00S0 R.O04862 444110 443620 097654 B0 STE2Z 2176 2044 663 661 831 7.98570  4.41885
6ITLLO 2000 336167 7T.82315 B.O6310 443649 445421 (96877 RO STE22 2186 2057 662 66T 835 8.00235  4.42380
6191.0 1800 336384  T.B4581  R.OTTE0 443189 447218 096099 B0 STE2Z 2195 2071 661 673 839 B.01494 443285
6211.0 1600 336602  T.86847  B.00200 442728 449013 (95321 B0 STH2Z 2204 2084 660 679 843 B.02747  4.44000
6231.0 14000 336819 T.E9113 B.10659 442267 4.50B0T 094543 B0 57822 2213 2097 659 685 847 B.03992 444724
G251.0 1200 337036  T.91378  H.12106 441806 452602 093765 RO STE22 2223 2111 658 600 851 B.0S231 4.45458
G270 10000 337254 793644  B.13558  4.41345 454397 092987 B0 S7H22 2232 2124 657 696 BS54 B.OG63  4.46201
62010 300 337471 795009 815006 440885 456191 092210 B0 57822 2242 2138 656 702 B5T  B.OTGBE  4.46953
G910 800 337471 795911 815008 440884 456193 092209 600 57822 2242 2138 656 702 BT B.OTOH9 446054
63110 600 337688 798176 8.16457 440424 4.579RT  0.91432 600 57822 2251 2151 655 TOR  B60  B.OS90T 447715
633110 400 337906 B.00442  S.07906 439963 459782 090654 600 57822 2260 2165 654 714 B63 810119 448486
63466 244 338076 RO2212 809033 430603 461184 000047 600 STRIZ  ZXGR 2176 633 719 BG6  B.1IDG]  4.40004
63466 244 200000 680000 680000 390000 390000 100000 600 5TRIZ 1341 1341 441 441 459 680000 390000
63560 150 290000 680000 680000 380000 390000 LOODGO 600 5TE22 1341 1341 441 441 459 6.80000  3.90000
63560 150 260000 S.80000  S.80000 320000 320000 1.OO000 600 STE22  B7S  875 266 266 342 580000 320000
6368.0 300 260000 580000 5.80000 320000 3200000 1.OO00O 600 STR22 RS 87 266 266 342 580000 3.20000
6368.0 30 102000 145000 145000 0. 0. 1.00000 0 57822 21 21 0 0 21 L45000 0.
6371.0 0. LO200O 1.43000  1.45000 0. 0. 100000 0 57822 21 21 4] O 21 145000 0.
G151.0 2200 335950 772030 TOTITF  4.M4T4E 434277 097634 B0 5722 2139 2007 635 634 B49 792008 432495
61710 2000 336167 7.75230  T.99380 4.34297 436033 096877 B0 5TH22 2148 2020 634 639 BS3  7.93236 433212
61910 1800 336384 777530 B.00786 433846 437790 096099 B0 57822 2157 2034 633 645 BS6 794457  4.33934
62000 1600 336602 779831 802192 433395 439547 095321 B0 STR22 2166 M7 632 650 RS9 T.95673  4.34665
62310 1400 336819 T.E2132 03598 432943 441304 094543 B0 STR2Z 2175 2060 631 656 B63  T.96B82  4.35406
62500 12000 337036 784432 B.05004 432492 443061 0.93765 80 57822 2184 2074 630 662 866 798084  4.360155
62700 10000 337254 T.EATIZ  BO60 432041 444818 0.92987 80 57822 2193 2087 630 66T  B69 799279 436914
62910 B0 337471 789031 BOTELS 431590 446574 092210 80 57822 2202 2100 629 673 871 B.00468 437682
G291.0 B0 337471 794932 B I4037 439645 4.54011 092209 600 STR22 2236 2133 652 698 859 R.O6TIS  4.45717
63110 600 337688 797251 B 15480 430186 456700 091432 600 STR22 2246 2146 651 704 862 B.07928  4.46480
63310 400 337906 799522  B.16924 438726 458400 090654 600 STR22 2355 2160 650 TI0 865 B.00135  4.47253
63466 4.4 33R0T6  B.01285  B.1B051 43RG 4 SOHET 090047 600 STE22 2262 2171 650 715 B6T  E.10074  4.47863
6346.6 4.4 290000 679151 679151 3.EE904  3RES04  LOOOD0 600 57822 1338 1338 439 430 460 679151 3.88004
6356.0 150 290000 679151  6.79151  3.EE904  ZER904  LODOOD GO0 S7R22 1338 1338 439 430 460 679151 3.88904
63560 15.0  2.60000 579328 579324 309101 319101 LOODDD 600 57822 873 B73 265 265 343 579328 319101
6368.0 3.0 260000 S5.79328 579328 9100 3091001 LODKOO 600 57822 RT3 BTI 265 265 M3 579328 309101
6368.0 300 102000 144996 |.44996 0, 0. 100000 0 s7822 21 21 ] 0 21 144996 0.
6371.0 0. 102000 144996 144996 0. 0. 100000 0 57822 21 21 0 0 21 144996 0.

Dziewonski, A. M. and D. L. Anderson (1981) Preliminary Reference Earth Model, Pliys. Earth Planet.

Inter., 25, 297356
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Appendix 2: Elastic properties of mantle minerals (Duffy and Anderson, 1988)
Elastic Properties of Mantle Minerals (Duffy and Anderson, 19588)

Formula Density?! K, G K, G" -Kg -G

(structure) (g/em?) (GPa) (GPa) (GPa/Ky (GPa/K)
(Mg, Fe),Si0, 3.22%(2) + 129(2)? 82(1) — 5.1(3) 1.8(1)° 0.016(1)* 0.013(1)°
(olivine) 1.182xp, 31(1xl,
(Mg,Fe),Si0, 3.472(5) + 174(1)% 14(1) — 4.9 1.8 0.018 0.014
(3-spinel) 1.24(Nx g, 41x},
(Mg.Fe),5i0, 3.548(1) + 184(1)" 119(1) — 4.8 1.8 0.017 0.014
(v-spinel) 1.30x, dlxd
(Mg.Fe)Si0, 3.204(5) + 104(4)* T — 5.0 2.0 0.012 0.011
(orthopyroxene) 0.799(5)x, 24(1)xg,
CaMgSi, 0, 3.277(5)0 113(1)" 672! 4.5(1.8)"% 1.7 0.013 0.010
(clinopyroxene)
NaAlSi, O, 3320 14328 B4(2p1* 4.5 . 1.7 0.016 0.013
(clinopyroxene)
(Mg, Fe)Or 35831 + 163(1) — 131(1) - 4.2(30 2.5(1)" 0.016(3) 1 00241
(magnesiowustite)| 2.28(1)xp 8(5)x ) TSk
Al O, 3,988(2)10 251(3)1 162(2) 1 4.3(1)" 1.8(1) 0.014(3)1 0.019(1 "
(corundum)
Si0, 4,289(3) 3l6(4)H 220(3) 4.0 1.8 0.027 0.018
(stishovite)
(Mg,Fe),AL,Si,0,, 3.562(2) + 175(1) 90(1) + 4.9(5)" L4 0.021(2)" 0.010(1)"
(garnet) 0.758(3)x, (1 B(1)x!
Ca,(Al Fe),5i,0,, 3.595(2) + 169(2y — 104(1) — 4.9 1.6 0.016'¢ 0.015"
(garnet) 0.265(Dx  11@xE  14(1)x
(Mg, Fe)SiO, 3.81004) + 212(H) "7 132(9) = 4.3 1.7 0.017 0017
(ilmenite) 1.10(5)xp, 41xl]
(Mg.Fe)Sio, 4.104(7) + 266(6) 1# 153 3.9(4)" 2.0 0.031 0.028
(peravskite) 1.07(6)xp,
CaSi0, 4.13(1nH" 227 125 39 1.9 0.027 0.023
{perovskite)
(Mg,Fe),Si,0,, 3.5183) + 175 + 90 + 4.9 1.4 0.021 0.010
(majorite) 0.973(T)xp, 1x 8x il
Ca,Mg,5i,0,, 3.53% 165 104 49 1.6 0.016 0.015
(majorite)
Na,ALSi,0,, 4,000 200 127 4.9 1.6 0.016 0.015
(majorite)

(1) All densities from Jeanloz and Thompson (1983) except where indicated; ¥, is molar fraction of Fe endmember.
(2) Graham and others (1982), Schwab and Graham (1983), Suzuki and others (1983), Sumino and Anderson (1984), and Yeganeh-Haeri and Vanghan (1984).
(3) Schwab and Graham (1983), Sumino and Anderson (1984).

(4) Suzuld and others (1983), Sumino and Anderson (1984); K = gK/0T

(35) Schwab and Graham (1983), Suzuki and others (1983), Sumino and Anderson (1984); G = 0G/aT.
(6) Sawamoto and others (1984).

(7) Sawamoto and others (1984). The effect of Fe on the modulus is from Weidner and others (1984).
(8) Weidner and others (1984).

(9) Sumino and Anderson (1984), Bass and Weidner(1984), Duffy and Vaughan (1986).

(10) Robie and others (19686).

(11) Sumino and Anderson (1984).

(12) Levine and Prewitt (1981).

(13) Kandelin and Weidner (1984).

(14) Sumina and Anderson (1984).

(15) Halleck (1973), Bass (1986).

(16) Isaak and Anderson (1987).

(17) Weidner and Ito (1985).

(18) Knittle and Jeanloz (1987).

(19) Bass (1984).

(20) Inferred from Weidner and others (1987).

(21) Estimated by Bass and Anderson (1984).
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