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Abstract of the Dissertation
Mantle composition and temperature of western North America revealed from in-situ
velocity measurements of KLLB-1 peridotite
by
Xuebing Wang

Doctor of Philosophy

in
Geosciences
Stony Brook University

2016

The composition and thermal structure of the Earth’s mantle, especially the mantle
transition zone, still remain controversial due to the lack of direct access to the Earth’s interior.
An important geophysical approach to constrain the mineralogical composition of the mantle is
to compare seismic profiles (e.g., PREM and AKI135) with the elasticity of candidate
compositional models calculated by averaging schemes based on the phase equilibrium and
elasticity data of individual mantle minerals. However, chemical reactions, element partitioning
and diffusion cannot be fully taken into account by this approach. In this study, I conducted
direct velocity measurements on KLB-1 peridotite which is compositionally close to pyrolite up
to the pressure and temperature conditions of the mantle transition zone. The KLB-1 specimens
were successfully hot-pressed at mantle conditions followed by X-ray diffraction, optical and

scanning electron microscopy (SEM), electron probe micro-analyzer (EPMA) analyses on
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specimens for a full characterization before conducting the ultrasonic measurements at high
pressure.

For the off-line acoustic measurements, we developed a new method for in-situ pressure
determination in multi-anvil, high-pressure apparatus using an acoustic travel time approach
within the framework of acoustoelasticity. It not only can be used for continuous in-situ pressure
determination at room temperature and high temperatures, during both compression and
decompression, but also for simultaneous pressure and temperature determination with a high
accuracy (£0.16 GPa in pressure and =17 °C in temperature).

Comparison of the P and S wave velocities of a KLLB-1 specimen at room temperature
with Voigt-Reuss-Hill (VRH) calculations based on literature elasticity data for its constituent
minerals indicates that the experimentally measured P and S wave velocities, densities, bulk
sound velocities and Vp/Vs ratios fall close to the lower limit of VRH averages within the
uncertainties of the mineral elasticity data. Mantle temperatures under western North America
have been estimated from a comparison between the velocities of KLB-1 specimens measured at
mantle conditions and the TNA2 shear velocity model to be along a 1450 °C adiabat or along a
1300-1350 °C adiabat after correction for the effect of inelasticity. The velocity jump at 410 km
is 6.6% for P wave and 7.0% for S wave with a volume fraction of 70% for olivine. A Lehmann
discontinuity is observed at the pressure of 7.5-7.8 GPa (230-240 km) with the velocity jump of
~1.5% and velocity-pressure slope change for P and S waves, which may be caused by the large
mineral compositional change before and after this pressure. Our results also suggest that the
temperatures in the mantle of this region are beneath the solidus and the velocity reduction does

not require the presence of partial melt beneath this region.
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Chapter 1 Introduction

1.1 Scientific background

One of the most fundamental and long-term standing problems in Earth science is the
question of dynamics and the composition of the Earth’s interior. In the late 19" century, an
Earth model was proposed with a dense metallic core and a less dense rock mantle based on the
mass and moment of inertia of the Earth. In the 20" century, a more detailed structure was
obtained from seismological studies, which is the most important way to directly obtain the
information from deep Earth. The 1-D global models, such as the Preliminary Reference Earth
Model (PREM, Dziewonski and Anderson, 1981) and AK135 (Kennett et al., 1995), revealed a
more clear Earth’s structure with crust, mantle and core. The mantle of the Earth has two parts:
(1) the upper mantle from the Mohorovicic discontinuity (Moho) from the base of the crust to
660 km.; including a transition zone ranging from ~410 - ~660 km (Figure 1.1 a), in which the P
and S wave velocities have larger gradients than in other regions; (2) the lower mantle with a
smoother velocity-depth profile than the upper mantle from the bottom of the transition zone to
the core-mantle boundary (Bass and Parise, 2008). However, as of today, the detailed structure
and composition of the Earth’s mantle still remains controversial due to the lack of direct

sampling of rocks from these depths.

The transition zone of the mantle holds the key to understand a number of major

geophysical problems (Birch, 1952). However, the depth and the sharpness of the velocity jumps



are not well determined because of the limitations of the sensitivity and the resolutions of long-
period data from synthetic seismograms. Birch (1952) proposed that the large gradients in the
transition zone might be caused by the structural changes in the constituent minerals of the upper
mantle assemblage. Previous studies (Ringwood, 1975; Katsura and Ito, 1989; Akaogi et al.,
1989; Akimoto and Fujisawa, 1965, 1968) showed that olivine (Ol, a phase) transforms to its
high pressure phase named wadsleyite (Wd, B phase) at the pressure matches well with the
seismic discontinuity at 410 km, which may be responsible, at least partially for the velocity
jump at 410 km; and further the 520 km discontinuity could be explained by the phase transition
from wadsleyite to ringwoodite (Rw, y phase) (Rigden et al., 1991; Weidner et al., 1984).
However, the velocity jumps produced by olivine to wadsleyite at 410 km are much larger than
those from seismic models of PREM and AKI135 (see Figure 1.1 b). Thus the upper mantle
cannot be composed only of olivine. Accompanying olivine in the upper mantle are orthpyroxene
(Opx, Ca-poor), clinopyroxene (Cpx, Ca-rich) and garnet (Gt, Al-rich) (Bass and Parise, 2008).
Phase equilibrium and transformations for these minerals have been studied by many previous
investigators to better understand the composition of the mantle (e.g. Irifune, 1987; Ringwood
1975; Liu 1977; Katsura and Ito, 1989; Ito and Yamada, 1982; Gasparik, 1989; Akaogi et al.,
1989; Morishima et al., 1994; Irifune and Ringwood 1993). The pyroxenes also undergo several
phase transitions in the upper mantle condition (e.g. Gasparik, 1992). At higher pressures,
ringwoodite decomposes to the assemblage of MgSiOs-rich perovskite (Pv) and (Mg, Fe)O
periclase at ~24 GPa and pyroxenes transforms to majorite garnet (Mj) at ~16 GPa (Irifune and
Ringwood, 1987) (see Figure 1.1 a for the major phases in Earth’s interior at their corresponding

depths).



Some mineralogical models (e.g. pyrolite and piclogite) have been proposed based on
evidence from geochemical and petrological studies. As shown in Table 1.1, pyrolite is more
enriched in olivine (57%) with the similar composition as the most fertile olivine-rich mantle
xenoliths, while piclogite is predominated by garnet (45%) and pyroxene (33%) (Anderson and
Bass, 1984). One of the most commonly used geophysical approaches to distinguish and
constrain the composition of the Earth’s mantle is to compare velocity and density profiles of
mantle mineralogical models with those from seismic studies. In particular, the mineralogical
model of the mantle should reproduce both the magnitude and the sharpness of the globally
observed seismic discontinuities at 410- and 660-km depths, as well as the velocity gradients in
the mantle transition zone. Although some studies show that the pyrolite model (e.g., Weidner,
1985; Ita and Stixrude, 1992; Jackson and Rigden, 1998; Li and Liebermann, 2007) yields
seismic velocities more consistent with global seismological models than the piclogite model in
the whole mantle, there are also studies arguing that the seismic velocity jump at 410 km can be
better reproduced by a piclogitic composition, thereby requiring a layered mantle with a

piclogitic transition zone (Bass and Anderson, 1984).

Temperature profiles (geotherms) at the deep mantle are usually constrained by the P T
conditions of phase transitions at seismic discontinuities. The principal discontinuities used are
inner core boundary, identified with the melting point of an iron alloy, and the 660 km
discontinuity with the phase boundary of MgSiO;-perovskite. The geotherms follow an adiabat
in the homogeneous regions where the Bullen parameter is close to 1 (e.g., the lower mantle,
Poirier, 2000). One of the most important developments in Earth Science in past decades is
seismic tomography (Masters et al., 2000; Grand et al., 1997, Romanowicz, 1995, Wen and

Anderson, 1995, 1997). It provides the information of the lateral variability in P and S wave



velocities, which is thought to be caused by temperature variation. However, in order to interpret
these lateral velocity variations in the mantle, the temperature would be unreasonably high or
low in many regions according to mineral physics data (Bass and Parise, 2008). Thus this kind of
lateral heterogeneity may be due to the combined effects of chemical composition, temperature
and mineralogical phase changes. With an assumed chemical composition, the temperature
profile can be inferred from infinitesimal strain approximation for the calculation of seismic
velocities (e.g. Goes and Van der Lee, 2002; Cammarano et al., 2003) or a comparison between a

directly velocity measurement of mantle phase assemblages and seismic models.

1.2 Mineral physics approach to constrain the composition and temperature of the mantle

Elastic properties of minerals at high pressures and temperatures are the keys to translate
seismic information into quantities of composition, minerology and temperatures of the Earth.
Elastic properties are directly related to the velocities of seismic waves and the density change of

mantle minerals at high pressures through the following relationships:

V- /# Ve

Where Vp is the P wave velocity, Vs is the S wave velocity, K is the adiabatic bulk modulus, G
is the shear modulus and p is the density. K and G of individual mineral are essential properties

to infer the velocities of mineral assemblages at high pressures and temperatures.

As the pressures and temperature in the deep Earth are extremely high (up to 360 GPa
and 4000-7000 K), various techniques are needed to generate high pressures to investigate the
elastic properties of minerals under high P T condition. The diamond anvil cell (DAC) is one of

the most commonly used techniques in high pressure research which can reach the pressures of

4



the Earth’s core (Mao et al., 1990). It also can be heated by focusing an infrared laser on the
sample to very high temperature (several thousand K, see Meng et al., 2006). By comparison, the
multi-anvil apparatus (also called “large volume press”) can hold much larger samples (with
diameter and length in mm) than the DAC and can reach the pressures up to the top of the lower
mantle. With these advanced techniques combined with the ultrasonic methods, light-scattering
techniques, inelastic X-ray scattering and other techniques such as the inelastic neutron
scattering, the elastic properties of key mantle minerals have been studied under high pressures
and temperatures (see Figure 1.1 b), such as olivine and its polymorphs (Duffy et al., 1995; Zha
et al., 1996, 1997, 1998; Li et al., 1996,1998, 2004; Li and Liebermann, 2000; Darling et al.,
2004; Liu et al., 2005, 2009; Liu et al., 2008; Abramson et al., 1997; Rigden et al., 1993; Li,
2003; Higo et al., 2008; Mao et al., 2008, 2011,2012), pyroxenes (Liebermann and Mayson,
1976; Chai et al., 1997; Angel and Jackson, 2002; Kung et al., 2004, 2005; Li and Neuville,
2010; Sang and Bass, 2014; Collins and Brown, 1998; Zhang et al, 2013; Flesch et al., 1998),
garnet (Gwanmesia et al., 2006, 2009, 2014; Irifune et al., 2008; O’Neil et al., 1989; Kono et al.,
2010; Zou et al., 2012; Conrad et al., 1999; Lu et al., 2013; Sinogeikin and Bass 2000; Jiang et
al., 2004; Wang and Ji, 2001; Chen et al., 1999), perovskite (Sinelnikov et al., 1998; Li and
Zhang, 2005, Chantel et al., 2012), ferropericalse (Fp)/magnesiowustite (Mw) (Chen et al., 1998;
Li et al., 2006; Jackson and Niesler, 1982; Yoneda, 1990; Kung et al., 2002; Jacobsen et al.,
2005). In previous mineral physics approaches, when using elasticity and phase equilibrium data
to test compositional models of the mantle, the seismic properties of the mineralogical
aggregates were calculated by using averaging schemes such as Hashin-Shtrikman (Hashin and
Shtrikman, 1962a, b, 1963) and Voigt-Reuss-Hill (Hill, 1952) based on the proportions and

elasticity of each phase (e.g., Ita and Stixrude, 1992; Jackson and Rigden, 1998; Li and



Liebermann, 2007). However, this kind of approach suffers from several disadvantages: (1)
these calculated properties only represent the mean values of the upper and lower bounds under
assumed [e.g., iso-stress (Reuss) and iso-strain (Voigt) in VRH] conditions which may not be the
same as the actual states of the multiphase aggregate (i.e., mantle rocks) under mantle conditions.
(2) large variations in the elastic properties, especially for the temperature derivatives of bulk
and shear modulus at high pressures for the same mineral from different techniques, make it
difficult to obtain accurate velocity profile of these mineralogical models (e.g. Wang et al, 2015);
(3) most importantly, chemical interactions and elements partitioning occur among co-existing
mantle phases with increasing depths are often ignored, for example, iron partitioning occurs
among almost all major mantle minerals at different pressures (i.e. Figure 2, Irifune and Ishiiki,
1998) and garnet can accept many cations with various valence states (Kono et al., 2007).
Nufnez-Valdez et al., (2013) summarized the available elasticity data of olivine and
wadsleyite and found that iron increases the bulk modulus [K,= (126.54 + 24x) GPa and Kg=
(164.37 + 42.2x) GPa, and decreases the shear modulus, [G, = (78.17 - 26.2x) GPa and Gg=
(107.11 - 47.6x) GPa] for 0< x < 0.125 (x is the mole fraction of Fe). However, there are other
minor elements in olivine and other mantle constituent phases other than iron and the
composition of these phases changes as the function of pressure and temperature, and there is not
an integrated database for all these compositions. According to Irifune and Isshiki (1998), olivine
becomes more Mg rich with increasing pressure, from Mg# = 89 at ambient condition to Mg# =
92-93 at 13.5 GPa (410 km). Thus this iron partitioning will affect the velocity jump at 410 km.
Irifune and Isshiki (1998) argued that the volume fraction of olivine should be increased by ~4-
5% in the estimations from isochemical phase transformation of olivine. For pyroxenes,

velocities measurements on a natural orthopyroxene from Kilbourne Hole from Chai et al. (1997)



shows that Al content increases both P and S waves by ~3%. The garnet system is even more
complex than olivine and pyroxenes as it has various valence states. For example, the rigidity of
grossular is 16% larger than pyrope at ambient condition because the Ca2-Mg2" substitution has
a large effect on shear modulus (Jiang et al., 2004).

Recently, Irifune et al., (2008) measured the velocities of a “pyrolite minus olivine”
composition to the condition of mantle transition zone and combined with previous velocities of
ringwoodite to address the compositions of mantle. The results show that although pyrolite
model yields seismic velocities more consistent with global seismic models (e.g. PREM, AK
135) in the upper part of the transition zone than piclogite (except for the large velocity jump at
410 km), neither of these compositional models can reproduce all the features of seismic models
and both models have lower shear wave velocities at the lower part of the transition zone. The
calculated velocities for these models involve errors as large as 3% owing to uncertainties in the
mineral elasticities as stated in their paper. Since chemical reactions and elemental partitioning
occur with increasing pressures and temperatures, and it is difficult to take these effects into
account. Due to lack of knowledge of detailed chemical composition of mantle minerals and
their elastic properties at various PT conditions when modeling the Earth, direct measurements
of the elasticities of natural mantle assemblages would be very valuable to constrain the
composition and thermal structure of the deep Earth.

With the improved technology to obtain the 3D tomographic images of the deep Earth,
recent studies have shown that the Earth’s mantle is very heterogeneous especially in the upper
mantle (e.g. Masters et al., 2000; Grand et al., 1997, Romanowicz, 1995, Wen and Anderson,
1997). Thus either the chemical composition or the temperature exhibits large lateral variations.

Inasmuch as previous mineral physics studies have shown that no single compositional model



can reproduce all of the observed velocity discontinuities and gradients in global seismological
models at mantle depths (e.g., Irifune et al., 2008; Xu et. al., 2008), more investigations are
needed on regional variations of composition and/or temperature at various tectonic settings with
the context of 3D tomographic studies (e.g., Masters et al., 2000; Grand et al., 1997,
Romanowicz, 1995) and/or 1D regional velocity models (e.g., Nolet et al., 1994; Van der Lee

and Nolet, 1997). This new approach is the focus of this thesis.

In this study, a series of natural rock samples with composition close to pyrolite were hot
pressed at mantle solidus temperatures (e.g., Zhang and Herzberg, 1994) along a mantle
geotherm and the elastic properties were measured at high pressures and temperatures to the
conditions of mantle transition zone; these acoustic measurements were conducted in multi-anvil
high-pressure apparatus by combining ultrasonic interferometry with synchrotron X-radiation.
The results of these sound velocity measurements and their implications for the composition and
thermal structure of the Earth will be described in detail in the following chapters. The
techniques for sample hot-pressing, characterization and for acoustic velocity measurements will
be presented in Chapter 2. The newly developed techniques for in-situ determination of pressure
and temperature by acoustic travel time and the stress and strain determination in the
macroscopic scale for multi-anvil apparatus are discussed in Chapter 3. The application for these
techniques to the elastic wave velocities measurements of peridotite KLB-1 at mantle pressures
and implications for mantle velocity modeling are presented in Chapter 4. In Chapter 5, I will
show the result of appling these directly measured P and S wave velocities for KLB-1 peridotite
to the conditions of the transition zone (high PT) and the implications for the mantle composition

and temperature under western North America.



Table 1. 1 Comparison of composition and properties at ambient conditions between pyrolite
and piclogite models (Anderson and Bass, 1984)

Pyrolite Piclogite
Ol (wt%) 57 16
Opx (Wt%) 17 6
Cpx (wWt%) 12 33
Gt (wt%) 14 45
p (g/cm3) 3.379 3.497
Vp (km/s) 8.306 8.445
Vs (km/s) 4.801 4.8
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Chapter 2 Experimental techniques and data processing

2.1 Sample hot-pressing techniques

2.1.1 Introduction

KLB-1 peridotite is a spinel lherzolite xenolith from the Kilbourne Hole, New Mexico
(Takahashi, 1986; Zhang and Herzberg, 1994). Since the chemical composition of KLB-1
closely matches that of pyrolite, many authors have conducted research on its melting
temperature at high pressures as well as the compositions of the melts and the residual phases
upon partial melting to investigate the petrogenesis of mid-ocean ridge basalts (MORB) and the
evolution of the continental lithosphere (e.g., Takahashi, 1986; Zhang and Herzberg, 1994).
When equilibrated at various pressures along the geotherm, KLLB-1 produces a synthetic “rock”
whose mineralogy closely resembles that of pyrolitic mantle; thus, acoustic velocities
measurement on these synthetic rocks can yield elasticity data that account for the physical
(pressure, temperature) and chemical conditions (phase fractions, elemental partitioning among
co-existing phases, and the effect of minor and trace elements on elasticity) at relevant mantle

depths.

The starting material for the acoustic samples is KLB-1 peridotite rocks donated by Dr.
Claude Herzberg. Its bulk composition has been determined in several previous studies (e.g.
Herzberg et al., 1990; Takahashi, 1986); in which are summarized Table 2.1 and compared with
pyrolite and CI carbonaceous chondrite. In this section, the sample hot-pressing methods and

conditions will be summarized. We will also show the results for the sample characterization
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including electron microprobe results for determination of the mineral composition, SEM images

before/after acoustic experiments and X-ray diffraction to determine the crystal structure.

2.1.2 Hot pressing of KL.B-1 specimens

One of the key points for accurately determining the velocity-depth profile of the KLB-1
mantle is to fabricate specimens of high quality KLB-1 aggregates at equilibrium P and T
conditions which are suitable for high-frequency ultrasonic interferometric measurements of P
and S wave velocities at high P-T conditions. In synthesis experiments, the starting material is
KLB-1 peridotite powder, whose bulk composition is identical to those of Herzberg et al. (1990).
Previous studies have shown that powdered samples of KLB-1 equilibrate quickly during hot
pressing, while the sintered samples re-equilibrate more slowly at different PT conditions (Sojda
and Wang, 2002). Thus, it is essential to hot press multiple specimens at conditions up to the
mantle transition zone with an increment of 2-3 GPa in pressure at temperatures closely

following the mantle geotherm.

The high-pressure apparatus used for hot pressing and sound velocity measurements is a
two stage multi-anvil press capable of synthesizing large volume samples (mm sized) at mantle
conditions. The first stage of this 2000-ton uniaxial split-sphere apparatus (USSA-2000)
(Gwanmesia and Liebermann, 1992; Gwanmesia et al., 1993 and Liebermann and Wang, 1992)
consists of a six-piece tool steel sphere glued to the upper and lower guide blocks. The second
stage consists of eight tungsten carbide (WC) cubes with truncated corners, which form an
octahedral cavity containing the cell assembly. Pyrophllite gaskets placed along the lengths of
the truncated edges separate the WC cubes. The cell assemblies used in this study are 14/8 G2

cell, 14/8 High T cell and 10/5 cell obtained from Kurt Leinenweber at Arizona State University
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through the COMPRES (COnsortium for Materials Properties Research in Earth Sciences)
Multi-Anvil Cell Assembly Initiative. These dimensions (generally designed as 14/8, 10/5 and
8/3) allow a wide range of pressures and temperatures to be achieved for high pressure
experiments. 14/8 means the MgO octahedron has a 14 mm edge length and the truncated edges
of the WC cubes are 8 mm. 14/8 G2 cell uses graphite as heater and the 14/8 High T cell and
10/5 cell use Re as heater for higher temperatures. The differences between the 14/8 G2 cell and
the 14/8 High T cell are shown in Figure 2.1. 10/5 cell is similar to the 14/8 High T cell with a
straight Re furnace while the 14/8 G2 cell has a box furnace made of graphite (see detailed

descriptions in Leinenweber et al., 2012).

The hot pressing cell assembly, procedures and PT path are shown in Figure 2.1 and
Figure 2.2. Briefly, in the cross section of the MgO octahedron in Figure 2.1, a powder sample is
enclosed in an iron/rhenium capsule; heating to the sample is provided through resistivity heater
of graphite/rthenium. The duration is 1 hour for the sample under 8 GPa and 11 hours for the
sample hot pressed above 10 GPa. The longer duration for the sample hot pressed at the
condition of the transition zone is to ensure the olivine is fully transformed to wadsleyite and the
long term diffusion and partitioning are completed. During decompression, a special PT path was
used by firstly decreasing the temperature until it reached ~300°C. Then the temperature was
maintained during decompression (~20 bars/hr) until oil pressure decreased to 50 bars. The
purpose of the path is to anneal intergranular stress to avoid shattering (e.g., Gwanmesia et al.,
1993). All of the hot pressing experiments are summarized in Table 2.2. KLB-1 specimens were
successfully synthesized and hot-pressed at 3 GPa 1400 °C, 3 GPa 1200 °C, 5 GPa 1200 °C, 6
GPa 1200 °C and 8GPa 1300 °C and 15 GPa 1200 °C using 14/8 and 10/5 cell assemblies in

1000-ton/2000-ton uniaxial split-cylinder apparatus, following the procedures described in
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Gwanmesia et al. (1993) (see also Figure 2.2). Previous attempts to synthesize KLB-1 specimens
at pressures between 9 GPa and 14 GPa at various temperatures have all failed. The recovered
samples are all still powder. A suggested cause for this is that the phase transition from
orthopyroxene to high pressure clinopyroxene at ~8 GPa is not reversible. The high pressure
clinopyroxene would transform to a low pressure clinopyroxene which has a larger unit cell

volume during decompression.

2.2 Characterization of KLLB-1 specimens

An ideal sample for in-situ velocity measurements should be uniform, full dense and of
small grain size to be used in high-frequency ultrasonic measurements to avoid scattering. The
recovered samples are in cylindrical shape, with diameter in the range of 2-3 mm and length of
1.5-2.5 mm. Density measurement on these KLB-1 specimens hot pressed at 3-8 GPa using the
Archimedes’ method yielded the bulk density of 3.34-3.36 g/cm’. The specimens for acoustic
measurements, are examined and characterized by scanning electron microscope (SEM) and
Electron probe micro-analyzer (EPMA) analyses by polishing with 1-um diamond paste. SEM
analysis reveals that the specimens used for acoustic measurements (e.g., K657, K973, and
K1000) are well-sintered, of average grain size ~ 10 micron, and free of visible micro-cracks (see
Figure 2.3, 2.4). The melted specimens have special features as shown in Figure 2.5. The sample

has become olivine rich and has metallic spots inside the sample.

2.2.1 Electron Microprobe Analysis

EPMA analyses have the capability to acquire precise, quantitative analyses with the

beam size as small as 1-2 microns. Combining the secondary and back-scattered electrons to
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create detailed images of the sample surface, it is the most commonly used method to obtain the

chemical composition of geological materials like KLB-1 peridotite.

In this study, we examined most of the sintered samples to check their composition. The
chemical compositions of the constituent mineral phases were obtained by averaging at least 4-5
electron microprobe analyses of KLB-1 specimens (see Table 2.3). The olivine (Ol) has a Mg #
[Mg / (Mg+Fe)] of 89-90, which is similar to that observed for fertile xenoliths (e.g. Lee, 2003).
Only trace amounts of Ca, Al, and Mn are detected in olivine grains. The compositions of
orthopyroxene (Opx, Mg#~89-90) and clinopyroxene (Cpx, Mg#~89-90), in the current KLLB-1
aggregate show a good agreement with those reported by Chai et al. (1997) and Collins and
Brown (1998) for natural Kilbourne Hole orthopyroxenes (KBH Opx) and clinopyroxenes (KBH
Cpx). With the averaged composition of each mineral, the modal composition of each specimen
can be obtained using mass balance based on the bulk composition of KLB-1 from previous
studies (e.g., Herzberg et al., 1990; Davis et al., 2009). The composition of each specimen is
summarized in Table 2.3. As shown in Table 2.3, five phases have been identified from
microprobe analysis: Ol, Opx, Cpx, Gt and spinel (Sp). Mineral modes were calculated based on
the bulk composition reported in Herzberg et al., (1990). We note that when spinel was included
in the products, an unrealistic (negative) value is resulted; we therefore calculated the modes
with an estimated amount of spinel (<< 1%) as shown in Table 2.3. The modes agree with
previous studies on natural peridotites which indicate that the formation of garnet involves the
consumption of orthopyroxene and spinel through 20px + Sp = Gt + Ol (O’Neill, 1981; Perkins

and Anthony, 2011) and/or Cpx + Sp = Gt + Ol (Perkins and Anthony 2011).

The mineral composition and their fractions of specimens hot pressed at 3-8 GPa are very

close as shown in Figure 2.6 and Table 2.3. These results are similar with the composition of
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pyrolite samples as the function of pressure by Irifune and Isshiki, (1998). After 8 GPa (~230
km), all the opx are dissolved into garnet, and the mineral compositions changed also. The Mg #

slightly increased after that depth.

Tests with previously established clinopyroxene geothermobarometers (Nimis and
Taylor, 2000) yield an equilibrium pressure of ~ 3.4 GPa for specimens hot pressed at 3 GPa
which is consistent with experimental synthesis pressure (~3 GPa) within mutual uncertainties.
Applying the partitioning of Na between Opx and Cpx thermometer given by Brey and Kohler
(1990) yields an equilibrium temperature of 1164 °C, which also shows a good agreement with
the experimental temperature of 1200 °C for specimen K973. However, these thermometers and

barometers yield very unreasonable results for specimens hot pressed after 3 GPa.

2.2.2 Powder X-ray diffraction Analysis

X-ray diffraction was also used to identify the phases and obtain the mineral structure
information. It is a widely used technique in physics, material sciences and Earth sciences to
study the crystal structures by using X-ray on powder/bulk samples, in which the atoms of the
crystal will cause the X-ray beam to diffract into specific directions according to the Bragg’s

Law (2dsin = n}).

To verify if the X-ray diffraction method can provide reasonable results on phase
fractions, we did a test by mixing the olivine and pyroxene powders in the weight percentage of
78% and 22% respectively, and collected the X-ray diffraction data using a Scintag powder
diffractometer with a Cu target and analyzed the data by GSAS. Rietveld refinement yielded the
weight fraction of olivine and pyroxene of 80% and 20%. Thus the powder X-ray diffraction can

also be used to obtain phase fractions on multiphase polycrystalline samples. We did two powder
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X-ray diffraction experiments on specimen K973 and S4253. For sample S4253, olivine
completed the phase transition and all became wadsleyite and was hot pressed at the same
condition as S4255. There are small variations between the X-ray results and the probe analyses.

The weight fractions results for all three specimens are summarized in Table 2.4.

The main purpose of the X-ray diffraction is to obtain the theoretical density of the
specimen and compare it with the measured density by Archimedes’ method. Rietveld
refinement for specimen K973 yielded a density of 3.344(3) g/cm3, 3.295(3) g/cm3, 3.325(3)
g/cm3, and 3.674(5) g/cm3 for olivine, orthopyroxene, clinopyroxene, and garnet, respectively;
this results in a theoretical density of 3.353(4) g/cm3 for K973 which is indistinguishable from
the measured bulk density (3.357(18) g/cm3), suggesting a maximum porosity of 0.5 % in the
specimen. All other specimens used in the acoustic measurements have the same quality as K973

to guarantee high quality ultrasonic signals and reliable velocity results.

2.3 Elastic wave velocity measurements in a multi-anvil apparatus using ultrasonic

interferometry

2.3.1 Introduction

In the last half century, several methods were used to obtain the elasticities of mantle
rock samples and the key mantle minerals, such as the resonant ultrasound spectroscopy method
(e.g., Anderson and Liebermann 1968; Anderson and Isaak, 1995; Yoneda, et al., 2012),
ultrasonic methods including pulse-transmission techniques (Hughes and Jones, 1950; Birch,
1960, 1961) and ultrasonic interferometric methods (McSkimin, 1950; Thurston and Brugger,

1964), laser scattering techniques [e.g. Brillouin scattering method (Weidner et a., 1975) and
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impulsive stimulated scattering (Abramson et al., 1999)], inelastic scattering (Burkel, 2000) and

other techniques.

Among all these methods, ultrasonic interferometric methods have been widely used in
obtaining the elastic properties of rocks (e.g., Wang et al., 2015), minerals (e.g., Liu et al., 2005;
Kung et al, 2004; Chen et al., 2015; Li and Liebermann, 2000) and glass (e.g., Liu et al., 2011)
at high pressures and temperatures in last five decades. These techniques have also been utilized
in measurements of sound velocities and attenuation of melts (e.g., Katahara et al., 1981; Rai et
al., 1981). The high resolution of ultrasonic interferometry enables the high precision travel time
measurements for both P and S wave velocities of interested materials (see McSkimin, 1950,

1961; Wang et al., 2015b).

In this section, I will demonstrate the experimental techniques used in velocity
measurements on KLB-1 specimens including the high pressure generation and cell assembly,
ultrasonic interferometry used for obtaining travel times, velocity measurements at simultaneous

high PT conditions, and the data processing methods.

2.3.2 High pressure generation and cell assembly

Acoustic measurements were conducted in a 1000-ton uniaxial split-cylinder apparatus
(USCA-1000) with a Walker-type split cylinder multi-anvil module (Walker et al., 1990) in the
Stony Brook High Pressure Lab and a 1000-ton Kawai type large volume apparatus (T-25) at
synchrotron X-ray beamline 13-ID-D of Advanced Photon Source, Argonne National Laboratory.
The module (Figure 2.7) consists of six removable split cylinder anvils. These first stage tool
steel anvils enclose a cubic cavity, in which the eight tungsten carbide cubes form the second

stage for compressing the cell. The cubes used in this study have 25 cm edge and eight truncated
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corners with a triangular face. The size of the cubes and their truncations vary depending on the
desired pressure and sample volume of the experiment.The truncated corners with an edge length
of 8 mm are used in all acoustic velocity measurements in this study. The cubes are separated by
pyrophyllite gaskets and balsa wood spacers. A semi-sintered MgO octahedron is placed in the
cavity formed at the center of the eight tungsten carbide cubes and served as pressure
transmitting medium. The pressure determination methods will be described in detail in Chapter

3.

Figure 2.8 shows the cross section of the octahedral cell assembly used at room
temperature velocity measurements at the High Pressure Lab at Stony Brook University ( Figure
2.8 a) and the high temperature measurements at Beamline 13-ID-D of Argonne National Lab
(Figure 2.8 b). For both assemblies, a dual-mode LiNbOs3 transducer (10°Y-cut) mounted on the
back of one WC cube is used for simultaneously generating and receiving P and S wave signals.
The WC cube serves as an external buffer rod to transmit the acoustic signals to and from the cell.
The standard materials such as Al,O3 and W placed next to the sample are used as internal buffer
rod with suitable acoustic impedance relative to the sample and the WC anvil. The backing piece
is a soft material like NaCl and leads to a pseudohydrostatic pressure environment for the sample.
In high-temperature experiments at synchrotron beamline (Figure 2.8 b), the sample is
surrounded by a mixture of NaCl plus BN (10:1 by weight) to serve as the pressure standard (see
Chapter 3 for details). A graphite heater is used for the high-temperature measurements. The
temperature is measured using W3%Re-W25%Re thermocouples placed against the MgO cap

next to the NaCl backing piece.
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2.3.3 Ultrasonic interferometry

Figure 2.9 shows the principle of travel time measurements using interferometric method.
The input signal is transmitted from the transducer via the buffer rod into the sample. The
propagating wave is partially reflected back at the interface of the buffer rod and sample (buffer
rod echo) and the remaining acoustic energy transmitted into the specimen is reflected at the
back of the sample (sample echo). These echoes are recorded by the transducer with a delay time
of At corresponding to the waves traveling round trip inside the sample. The dual-mode LiNbO3
transducers enable measurements of P and S wave velocities simultaneously. The transfer
function method was developed (Li et al., 2002) by using a wideband input signal containing all
the frequency components centered at the resonance frequency of the transducer. It can reduce
the data collection time from more than 30 min using individual frequencies to a few seconds (Li
et al., 2002, 2004). The pulse echo overlap (PEO) method is used for the determination of travel
times by directly moving the sample echo to overlap with the buffer rod echo in time axis

(Papadakis, 1968).

2.3.4 Velocity measurements at simultaneous high PT conditions

2.3.4.1 Introduction

Using synchrotron radiation in conjunction with the recent state-of-the-art of ultrasonics
and X-ray diffraction techniques enables sound velocity measurements of the elastic/mechanical
properties for both single-crystal and polycrystalline materials at simultaneous high-pressure and
high-temperature conditions . In particular, the more recent implementation of X-radiography to

the existing setup enables us to measure sample lengths directly at high P-T conditions in large-
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volume apparatus on beamline X17B2 at Brookhaven National Laboratory and 13-ID-D at

Argonne National Laboratory.

With the application of these state-of-the-art techniques, synchrotron experiments show
many advantages, as compared with the conventional ex-situ (quench) experiments. The
traditional ex-situ experiments for determining pressure (i.e., a calibration curve fitted by some
fixed points calibrated by using well-known phase transitions) are not precise enough to obtain
the pressure and temperature dependences of the elastic modulus and cannot readily be applied at
high temperatures. Moreover, the estimation of the sample length (needed for converting travel
times to velocities at high pressures and temperatures) using previous equation-of-state (EOS)
data is not reliable, especially when the sample environment deviates from hydrostatic conditions

and plastic deformation occurs at high temperatures.

Therefore, with the application of the synchrotron radiation, we can obtain high-quality
in-situ X-ray diffraction patterns of the pressure marker and specimen as well as its X-
radiography images, which enable us to precisely determine the stability and elastic properties of
KLB-1 at high pressure and high temperature combined with simultaneous X-ray diffraction and

ultrasonic measurement techniques in multi-anvil apparatus.

2.3.4.2 Experimental setup

Figure 2.10 shows the schematic diagram of the experimental configuration for
simultaneous ultrasonic, X-ray diffraction, and X-ray imaging measurements using the 1000-ton
Kawai type large volume apparatus (T-25) installed at synchrotron X-ray beamline 13-ID-D of

Advanced Photon Source, Argonne National Laboratory.
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The experimental setup includes the multi-anvil press, the ultrasonic measurement
system, the solid-state detector and the X-ray imaging system. Data collected in my experiments
using this setup mainly includes the X-ray diffraction from the sample and the pressure standard,
the ultrasonic waveforms using transfer function method and the X-ray radiographic image of the
sample. During the experiment, X-ray diffraction patterns from both the sample and the pressure
standard surrounding the sample (e.g., NaCl) are collected using energy dispersive X-radiation
source at a certain diffracting angle to detect the structure change of the sample and the cell
pressure. The X-ray imaging system for capturing the image of the sample during the high-
pressure experiment contains of an aluminum garnet YAG scintillator and a charge-coupled
device CCD camera (Li et al., 2004, 2005). The brightness contrast between the sample and its
neighboring materials results from the difference in the X-ray absorption coefficients of the
various materials in the high-pressure cell assembly (Figure 2.10 c¢) Gold foils with high x-ray
absorption are placed on the front and the back of the sample (Figure 2.8 b) in case the sample
have similar absorption coefficients with buffer rod or the backing piece. In high-pressure
ultrasonic measurements, such 2 um thick gold foils are used at the sample/buffer rod interface
to enhance the mechanical coupling between the buffer rod and sample as shown in Figure 2.8 a
and Figure 2.8 b (e.g., Wang et al., 2015a). The sample length is obtained from the pixel
numbers between two gold foils combining with the length per pixel defined by the total pixel
number of the sample region in the last image collect at ambient condition to be the metric length

of the recovered sample measured by a precise micrometer (Li et al., 2004).

The set up at beamline X-17B2 at the Brookhaven National Laboratory is very similar to
the setup discussed above with a one stage Deformation-DIA (D-DIA) type multi-anvil apparatus

(SAM 85) (see details in Li et al., 2004).
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2.3.5 Data analysis method

Since V=21/t (V is the velocity, 1 is the length of the sample and t is the round trip travel
time for the sample), with high-precision P and S wave travel times obtained from PEO method,
the sample length is needed for calculating velocities. In experiments conducted at synchrotron
beamlines, the sample length is obtained from the X-ray image of the sample from the number of
pixels of the sample region as discussed in the section above. For off-line high pressure
experiments at room temperature, with the measurements of both P and S wave travel times, the

length change at high pressures can be obtained by Cook’s method (Cook,

l 1+ayT d ) . )
1957): 2= 42° (P_4P_ , where t, and t; are the P and S wave travel times with specimen
l 12ppl3 70 1 4 P p
t2 342

14 S

length 1, subscript *“0’’ represents values at ambient condition. The term (1 + ayT) accounts for
the conversion from adiabatic to isothermal values for the bulk modulus Ks = Kr (1 + ayT), a is
the thermal expansion coefficient, y is the Griineisen parameter, and T is temperature. ayT
=~0.01 at room temperature for most mantle minerals. With the lengths from Cook’s method and
the measured travel times, the P and S wave velocities can be calculated at all pressures. As the
density changes following the equation p/po= (l¢/1)’ under hydrostatic compression, the bulk (K)
and shear moduli (G) can be obtained from Ks= p (Vp*- 4/3Vs®) and G = pVs” at high pressures
Alternatively, a finite strain approach can be used to calculate velocities and moduli using the

following finite strain equations (e.g. Davies and Dziewonski, 1975):

pVp’ = (1-26) (L1 +1Ls€) (1)
pVs?=(1-2€) % (M +M,€) ®)
P = -3Kor ((1-2€) *? (1-3(4-K01) €/2) € (3)
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in which € = 1-(Vo/V)*?/2, Go= M}, Kos= Li-4/3 Go, Go’ = 1/3(5M;-M,)/Kos, Kos’ = 1/3(5L;-

L»)/Kos -4/3Go’.

With a set of estimated values for Kos, Go, Kos’, Go’ and p at each high pressure, Vp and Vs and
P can be calculated using Eqgs. (1) — (3). Then the final values for Kos, Go, Kos’, Gy’ and p can be
obtained by a nonlinear least-square minimization of the difference between the calculated Vp,
Vs and P and those measured in the experiment. By comparison, the finite strain method has the
advantage of maintaining a self-consistency within the finite strain framework by searching for a
set of densities that satisfies all three equations of the finite strain theory (Li and Liebermann,
2014). As stated in Li and Liebermann, 2014, these two methods are almost identical with a

difference of < 0.01% at all pressures.
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Table 2. 1 Comparison of the composition of KLB-1 peridotites with pyrolite and CI

carbonaceous models.

Pyrolite

(McDonough and Sun, 1995)

CI model

(Taylor and McLennan, 1985)

KLB-1

(Takahashi, 1986)

KLB-1

(Herzberg et al., 1990)

Si0,

TiO,

Al,O3

CI‘203

MnO

FeO

NiO

CaO

NagO

K,O

P,0s

45

0.201

4.45

0.384

0.135

8.05

0.25

37.8

3.55

0.36

0.029

0.021

49.9

0.16

3.65

0.44

0.13

0.25

35.15

2.9

0.34

0.022

44.48

0.16

3.59

0.31

0.12

8.1

0.25

39.9

3.44

0.3

0.01

44.3

0.12

3.54

0.14

8.59

39.5

3.03

0.3

0.01
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Table 2. 2 Summary of the hot-pressing experiments of KLB-1 specimens.

Run# Condition Cell assembly Quality

K657 3GPa 1400 °C 1h 14/8 G2 cell good

K968 3GPa 1400 °C 1h 14/8 G2 cell sample melted

K973 3GPa 1200 °C 1h 14/8 G2 cell good

K984 6 GPa 14/8 G2 cell failed, heater broke, sample melted

K986 6 GPa 1200 °C 1h 14/8 G2 cell good

K998 3GPa 1200 °C 1h 14/8 G2 cell good

K1000 8GPa 1250 °C 1h 14/8 G2 cell good

K1001 8GPa 1200 °C 1h 14/8 G2 cell good

k1030 10 GPa 14/8 G2 cell Failed, sample melted

K1031 8GPa 14/8 G2 cell heater lost control after 20 min

K1032 8GPa 1300 °C 1h 14/8 G2 cell good

K1033 8GPa 1300 °C 1h 14/8 G2 cell good

S4238 15GPa 1500 °C 1h 10/5 cell layered, not homogeneous

S4239 15GPa 1500 °C 1h 10/5 cell layered, not homogeneous

S4240 15GPa 1500 °C 2h 10/5 cell not well sintered

S4241 15GPa 1500 °C 4h 10/5 cell layered, not homogeneous

S4242 15 GPa 10/5 cell blowout during heating

S4247 15GPa 1500 °C 10/5 cell heater broke at 1500 °C

S4249 10/5 cell blowout at 280 bar

S4250 15 GPa 1500 °C 14/8 high T cell Fe capsule melted current drop to 0 at
1500 °C

S4251 15GPa 1400 °C 12h 14/8 high T cell Fe capsule melted

S4252 15GPa 1300 °C 3h 14/8 high T cell use Re capsule sample not homogeneous
has color difference on the edge

S4253 15GPa 1200 °C 11h 14/8 high T cell same cell as 4252. Sample is homogeneous
but slightly crumble

S4255 15GPa 1200 °C 11h 14/8 high T cell same cell as 4252. Sample is homogeneous
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Table 2. 3 Summary of mineral chemical compositions and the weight fractions of each mineral.

K657 SiO, AL O; FeO MgO Na,O TiO, Cr,03 CaO MnO Sum wt%
cpx avrg 53.36 5.14 3.89 18.16 1.38 0.34 0.40 17.34 0.00 100.00 | 13.32
grt avrg 41.80 23.09 6.76 21.46 0.00 0.23 1.24 5.42 0.00 100.00 | 9.24

ol avrg 40.70 0.05 10.24 48.83 0.00 0.00 0.04 0.14 0.00 100.00 | 62.51
opx agrg 54.67 4.86 6.57 32.35 0.18 0.12 0.19 1.06 0.00 100.00 | 14.82
spn avrg 0.00 62.26 10.18 21.10 0.06 0.01 0.12 6.27 0.00 100.00 | 0.00

K973 SiO, AL O3 FeO MgO Na, O TiO, Cr,0; CaO MnO Sum wt%
cpx avrg 51.88 7.71 3.29 15.19 1.73 0.55 0.33 19.22 0.10 100.00 | 12.88
grt avrg 42.19 23.51 6.63 21.05 0.02 0.28 0.91 5.19 0.22 100.00 | 6.81

ol avrg 40.45 0.06 10.11 49.02 0.03 0.02 0.02 0.13 0.16 100.00 | 62.48
opx agrg 54.35 5.40 6.53 32.26 0.16 0.14 0.17 0.85 0.13 100.00 | 17.82
spn avrg 0.14 62.09 10.07 20.61 0.00 0.14 6.80 0.05 0.09 100.00 | 0.00

K998 SiO, AL O3 FeO MgO Na,O TiO, Cr,03 CaO MnO Sum wt%
cpx avrg 51.75 7.42 3.17 15.40 1.90 0.56 0.38 19.33 0.09 100.00 | 12.62
grt avrg 42.27 22.89 7.04 20.72 0.06 0.25 1.27 5.18 0.32 100.00 | 7.34

ol avrg 40.62 0.05 10.25 48.78 0.02 0.01 0.01 0.11 0.15 100.00 | 62.90
opx agrg 54.18 5.33 6.64 32.35 0.12 0.15 0.15 0.93 0.15 100.00 | 17.21
spn avrg 0.13 62.01 9.90 20.67 0.04 0.16 6.92 0.05 0.12 100.00 | 0.00

K986 SiO, AL O3 FeO MgO Na,O TiO, Cr,0; CaO MnO Sum wt%
cpx avrg 51.55 7.85 3.36 15.04 1.89 0.53 0.41 19.27 0.09 100.00 | 12.73
grt avrg 42.53 22.11 6.90 21.75 0.04 0.31 1.65 4.43 0.27 100.00 | 7.05

ol avrg 40.68 0.10 10.40 48.41 0.03 0.01 0.04 0.16 0.15 100.00 | 64.01
opx agrg 54.64 5.34 6.61 32.02 0.13 0.13 0.17 0.83 0.14 100.00 | 16.25
spn avrg 0.06 62.32 10.27 20.00 0.03 0.13 7.06 0.05 0.08 100.00 | 0.00

K1000 SiO, AL O; FeO MgO Na,O TiO, Cr,03 CaO MnO Sum wt%
cpx avrg 51.77 7.75 3.20 15.09 1.81 0.55 0.40 19.36 0.09 100.00 | 13.13
grt avrg 42.23 22.15 7.57 21.34 0.03 0.33 1.72 4.29 0.34 100.00 | 7.41

ol avrg 40.73 0.04 10.00 48.98 0.03 0.01 0.02 0.06 0.13 100.00 | 63.23
opx agrg 54.33 5.49 6.56 32.08 0.19 0.15 0.17 0.86 0.15 100.00 | 16.23
spn avrg 0.10 62.10 10.49 20.27 0.01 0.14 6.76 0.03 0.09 100.00 | 0.00

K1001 SiO, AL O3 FeO MgO Na, O TiO, Cr,0; CaO MnO Sum wt%
cpx avrg 51.35 7.80 3.24 15.04 1.94 0.59 0.42 19.52 0.09 100.00 | 12.98
grt avrg 42.40 22.17 8.41 20.71 0.06 0.35 1.24 4.29 0.38 100.00 | 7.70

ol avrg 40.82 0.01 9.89 48.98 0.06 0.04 0.02 0.05 0.15 100.00 | 63.29
opx agrg 54.35 5.36 6.58 32.29 0.15 0.16 0.17 0.80 0.15 100.00 | 16.06
spn avrg 0.16 61.99 10.64 20.21 0.02 0.11 6.75 0.02 0.10 100.00 | 0.00

K1032 SiO, AL O3 FeO MgO Na, O TiO, Cr,0; CaO MnO Sum wt%
cpx avrg 52.74 6.13 3.29 16.06 1.65 0.36 0.71 18.96 0.10 100.00 | 17.12
grt avrg 42.88 21.55 6.45 22.59 0.04 0.23 1.84 421 0.21 100.00 | 12.78
ol avrg 41.07 0.14 9.32 49.13 0.05 0.01 0.10 0.22 0.11 100.00 | 69.89
S4255 SiO, AL O; FeO MgO Na,O TiO, Cr,03 CaO MnO Sum wt%
cpx avrg 52.41 7.01 2.85 15.04 1.97 0.34 0.73 19.55 0.11 100.00 | 15.80
grt avrg 42.83 21.07 5.82 21.47 0.15 0.11 2.51 5.68 0.35 100.00 | 12.73
ol avrg 41.07 0.14 9.32 49.13 0.05 0.01 0.10 0.22 0.11 100.00 | 71.06

34



Table 2. 4 Mineral fractions of KLB-1 specimens from powder X-ray diffraction analyses and

EPMA.
X-ray (K973) EPMA(KY73) | X-ray (S4253) EPMA(S4255)
cpx (Wt%) 13 13 10 16
grt (Wt%) 8 7 19 13
ol (Wt%) 56 62 71 71
opx (Wt%) 24 18 0 0
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Figure 2. 3 SEM images of KLB-1 specimens in the large scale. Sample diameter: ~2.5 mm.
Left: SEM image of KLB-1 specimen (K657) hot pressed at 3 GPa and 1400 °C Right: SEM
image of KLB-1 specimen (K1000) hot pressed at 8 GPa and 1250 °C. Dark parts are a
combination of voids left by lost grains during polishing and a small amount of porosity.
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Figure 2. 4 SEM images of KLB-1 specimens in the small scale. SEM image of KLB-1
specimen hot pressed at 3 GPa and 1200 °C (K973) and 3 GPa and 1400 °C (K973). Dark parts

are a combination of voids left by lost grains during polishing and a small amount of porosity.
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Figure 2. 5 Melting feature of specimen K968 and K984. For K968, the entire sample is Mg-rich
olivine. No other minerals remain. Light regions in the sample center are Ca-rich melts. White
dots in the specimen K984 are Fe.
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Figure 2. 7 Exploded view of the multi-anvil apparatus adapted for ultrasonic measurements.
The eight inner cubes are WC anvils that compress an octahedron-shaped sample assembly. Dual
mode LiNbO; transducer (50 MHz for P wave and 30 MHz for S wave) are mounted on the back
of the WC anvil.
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Chapter 3 Acoustic travel time gauges for in-situ determination of pressure and

temperature in multi-anvil apparatus

3.1 Introduction

The behavior of materials in response to extreme conditions is of great interest to
scientists in many disciplines, such as condensed matter physics, solid-state chemistry, materials
sciences and Earth and planetary sciences. Currently, the diamond anvil cell (DAC) and multi-
anvil large volume presses are the two most commonly utilized techniques to generate static
pressures for laboratory studies of structural, physical and chemical properties of condensed
matter under compression (e.g., Hemley and Ashcroft, 1998; McMillan, 2010), synthesis and
discovery of new materials with desired functionality (e.g., McMillan, 2002), and an improved
understanding about the composition, dynamics and history of the Earth and other planets (e.g.,
Bassett, 2009; Liebermann, 2011; Li and Liebermann 2007, 2014). In these experimental studies,
accurate determination of pressure is needed in order to compare with and validate predictions
from atomistic simulations (e.g., Li et al., 2014), perform thermodynamic calculations for
systematic and predictive modeling in material design (Moriarty et al, 2002; McMillan, 2002),
and relate the experimentally observed material behavior and physiochemical properties to the
corresponding depths in the interior of the Earth (e.g., Irifune et al., 1998; Jackson and Rigden,
1998; Liebermann, 2000; Li and Liebermann, 2014; and references therein).

Many techniques have been developed for pressure measurements under static loading
(see review in Decker et al., 1972). These can be classified into two broadly defined approaches.
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The first approach uses fixed-point pressure calibration, which relies on monitoring changes in a
characteristic physical property (e.g., electrical, optical, elastic, etc.) at some known transition
pressures which have been determined previously. Electrical resistance is one of the most widely
used methods (e.g., Matityahu et al., 2015, references therein). Phase transitions in many
materials have been established as discrete fixed-points (e.g., Bi I-II at 2.55GPa, III-V at 7.7
GPa; ZnTe: 9.6 GPa and 12.2 GPa; see Bridgman, (1948) for phase transitions in various
metals). A second approach is to establish a general relationship between pressure and certain
experimentally measurable properties of a given material. Theories of material under
compression allow such pressure scales to be described as continuous analytical or empirical
functions, which can be used to determine pressure. Good examples of such scales are
diffraction-based equations of state pressure scales using NaCl (Decker, 1971), Au (Anderson, et
al., 1989; Jamieson et al., 1982; Tsuchiya 2003; Hirose, et al., 2008; Dorfman et al., 2012; Fei et
al., 2007), MgO (Wu, et al., 2008; Speziale et al., 2001), and peak shifts in fluorescence (Ruby,
SmB,40O7) and Raman spectra (diamond, cBN) (see Dorogopets and Oganov, 2007). Compared to
the discrete fix-point calibrations, which are often presented as calibrated ram load versus cell
pressure at limited P-T positions and can only be used during compression, the continuous
pressure scales have the advantages of providing continuous pressure determination and being
used for both compression and decompression. On the other hand, reconciling the internal
consistency among different pressure gauges remains a challenging task. The status of different
scales at high pressure and temperature can be found in recent studies for equation of state based
(e.g., Dorfman et al., 2012; Fei et al., 2007, Dorogopets and Oganov, 2007) and optical property

based scales (e.g., Syassen, 2008).
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Previously, acoustic measurements have been primarily used to detect phase transition
pressures for fixed-point calibration (e.g., Wang et al., 2012), a pressure scale based on acoustic
velocity/travel time, especially at high temperatures, has never been explored in the past. In the
last 2 decades, sound velocity measurements have been extended to above 20 GPa in pressure
and 1500 °C in temperature in Kawai-type multi-anvil apparatus and have been successfully
applied to many materials (see review in Li and Liebermann, 2007, 2014; Irifune et al., 2008),
yielding a large amount of velocity data at simultaneous high pressures and high temperatures. In
principle, all these velocity data can be used for continuous pressure determination, provided that
both the high quality acoustic pressure marker and the sample can be placed under hydrostatic
pressures and accurate velocity measurements can be performed. In practice, however, the
sophisticated procedures as well as the stringent requirements for experimental implementation
have made it less appealing than the X-ray diffraction based approach. Recently, ultrasonic
experiments have been regularly performed in conjunction with synchrotron X-radiation to allow
for simultaneous ultrasonic interferometry and X-ray diffraction measurements, this opens new
opportunities to obtain pressure without using any pressure standard (a.k.a, absolute pressure; see
Ruoff et al., 1973; Li et al., 2005; Mueller et al., 2003) and to establish velocity / travel time
based new pressure scales for offline use.

In this Chapter, I will present a new travel time pressure gauge up to 15 GPa and 900 °C,
which was obtained by calibrating the travel times of the polycrystalline Al,O; against the unit
cell volumes of NaCl using the Decker pressure scale (Decker, 1965). Separate pressure scales
are derived for in-situ pressure determination at room temperature, high temperature, as well as
for simultaneous pressure and temperature determination. The new pressure scale at room

temperature was applied to an offline experiment for the study of coesite (Chen et al., 2015), in
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which the pressures on compression determined using the new Al,O; travel time scale were
found to be in excellent agreement with the existing fixed-point pressure calibration curve; this
experiment also provides additional information about the well-known pressure hysteresis on
decompression in multi-anvil apparatus. Moreover, the densities of coesite as a function of
pressure from this offline experiment are in complete agreement with those from previous single
crystal compression studies under hydrostatic pressures, indicating that these acoustic pressure

scales can be conveniently and reliably used for laboratory high-pressure measurements.

3.2 Experiment method

Figure 3.1 shows the standard 14/8 cell assembly used for high pressure and high
temperature acoustic velocity measurement experiments (see also Li et al., 2004; Kung et al.,
2004; Bass et al., 2008). The acoustic signals are generated by a dual-mode LiNbO; (10° rotated
Y-cut) transducer (central frequencies 50 MHz for P wave and 30 MHz for S wave) mounted on
the back corner of one of the eight WC cubes and serving as both a transmitter and a receiver. A
commercial grade (Coors 998), double-side polished polycrystalline Al,O; was used as the
buffer rod to propagate high-frequency acoustic waves into the sample, which was surrounded
and backed by NaCl to provide quasi-hydrostatic environment and serves as an in-situ pressure
calibrant based on the equation of state of Decker (1965). High quality (pure composition, high
density, small grain size) polycrystalline Al,O3is an excellent material to use as buffer rod as it
provides suitable acoustic impedance and ensures good coupling of the buffer rod with both the
sample and the WC anvil. Details of Coors 998 alumina: composition: 99.8% Al,Os, density:
3.914(2) g/em’ [98.2% of theoretical X-ray density of 3.986 g/cm’ (Smyth and McCormick,
1995)], average grain size: 6 microns, diameter: 3.18 mm, length: 3.65-3.85 mm.
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To establish a travel-time pressure gauge, the materials contacting the top and/or the
bottom surface of the sample could both be considered as candidates (e.g., Al,O; buffer rod and
NaCl backing in Figure 3.1(a)). However, our previous experience suggests that it is not
practical to use the NaCl backing as an acoustic calibrant, primarily due to its low yield strength
(hence large deformation) as well as the difficulty of distinguishing reliably its acoustic signal at
high pressures and high temperatures. Thus, without further complicating and perturbing the
standard cell assembly, the travel time from the Al,Os buffer rod is the most practical and
convenient choice for the construction of an acoustic pressure scale. Note that the Al,Os buffer
rod in the current high pressure cell assemblies extends from the top surface of the sample to the
edge of the octahedron pressure medium where it is in contact with the WC anvil (see Figure
3.1(a)) so that the buffer rod is expected to experience deviatoric stresses as well as pressure and
temperature gradients; thus, the velocities (or travel times) of the Al,O; buffer rod are expected
to be different from those for Al,Os under hydrostatic/quasi-hydrostatic conditions (see Figure
3.2). A key point for obtaining a reliable pressure scale is to measure the Al,Os travel times
under the stress conditions similar to the current buffer rod/sample/NaCl configuration (see
Figure 3.1(a)) and correlate them with the cell pressures determined by X-ray diffraction from
the NaCl adjacent to the sample.

Acoustic measurements were conducted up to 10 GPa at 25 °C and 15 GPa, 900 °C in the
1000-ton Kawai type large volume apparatus (T-25) installed at synchrotron X-ray beamline 13-
ID-D of Advanced Photon Source, Argonne National Laboratory, with KLB-1 peridotite (Wang
et al., 2014) and enstatite (Kung et al., 2004) as samples, respectively. In the high temperature
experiment, the temperature was measured using W3%Re-W25%Re thermocouples placed next

to the sample and NaCl interface. After reaching peak pressure and temperature conditions, five
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heating/cooling cycles up to 900 °C were performed during decompression from 13 to 6 GPa. At
each data point, ultrasonic interferometry measurements and X-ray diffraction data acquisition
were performed simultaneously to ensure a high degree of synchronization and consistency
between the two data sets. Additional details can be found in Wang et al. (2014) and Kung et al.
(2004).

For ultrasonic measurements, the transfer function method of Li et al. (2002) was used to
acquire acoustic response in the frequency range of 25-70 MHz followed by a pulse echo overlap
(PEO) analysis at monochromatic frequencies to obtain the travel times (see Papadakis, 1976).
As shown by the acoustic signals at ~5 GPa in Figure 3.1(b), the high signal to noise ratio
ensured a clear identification of the acoustic reflections from the interfaces encountered along
the wave propagation path. P and S wave travel times inside the Al,Os buffer rod were obtained
by overlapping the echoes reflected from the anvil and the buffer rod with a precision better than

0.2 % (see also Li et al., 2002).

3.3 Results and discussion

3.3.1 Pressure scale at room temperature

The pressure scale at ambient temperature is parameterized via the normalized travel time
of S wave tg/tso, where tg is the measured round-trip travel time at high pressure and tso is at zero
pressure. In theory, either P or S wave travel time can be used to derive a pressure scale at
ambient temperature; compared to S wave, the travel time for P wave has a slightly higher rate of
change with pressure (At/AP, hence higher sensitivity) but with smaller absolute values for t and
At. Thus, if we consider the sampling step size (0.2 ns) in the recorded waveform (limited by the

sampling rate of the current oscilloscope, 5 GS/s) as the system uncertainty of the measured
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travel time, the S wave travel time has a slight advantage due to its relatively smaller uncertainty.
Since the overall error in the derived pressure scale is larger than their respective sensitivities
(see later sections), both P and S waves are expected to work equally well within the reported
uncertainty. Another practical point is that S wave echoes from buffer rod and sample are
separated much farther along the time axis such that the buffer rod echo is less likely to be
contaminated by the echo from the sample in the case of a very short buffer rod. Thus, in the
current study, the room temperature pressure scale is derived only based on S wave travel time.
Theoretical support for the current Al,O; travel time pressure scale can be sought within
the framework of acoustoelasticity by considering the stress field on the Al,O3 buffer rod to
consist of a hydrostatic pressure (P) that equals to that at the center of the high pressure cell and
a mean uniaxial stress 0. The normalized travel time in the Al,O3 buffer rod can be described by
ts/tso = (L/Lo)x(Vso/Vs), where Ly and Vg are the length and S wave velocity at ambient
conditions; L and Vg are the length and S wave velocity under nonhydrostatic experimental

condition. Based on acoustoelasticity, the S wave velocity in the Al,Os buffer rod propagating

along the stress direction is approximated by Vs = /G+;/ 20, with the 1/26 term accounting for the

effect of stress (e.g., Dey et al., 1984). The normalized Al,Os buffer rod length (L/Ly) consists
of a hydrostatic pressure component L(P)/Ly and an uniaxial stress (c) component AL(0)/L,
resulting in a total length change L/Ly= [L(P) + AL(0)]/Lo. From the definition of bulk modulus,
we obtain the normalized volume V/Vo= p(P)/po= [L(P)/Lo]’ = (1 + P/Ko)" under hydrostatic
pressures. A rearrangement of the L/Ly results in L/Lo= [L(P) + AL(0)])/ Lo = (1+ o/E) x (1 +

P/Ko)™""?, in which E = o/[AL(G)/L(P)] is the Young’s modulus at high pressure. Similarly, the
Vso/Vs can be evaluated by Vso/Vs = \/i—:/ /G“P#= {[G + 1/20))/Go}™ x (p/po)"”. By
0
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assuming G = Go+ G’P, Vso/Vs can be approximated by [1 + 6/(2Go) + G’P/Go] "* x (L/Lg)™>"?
=[(2Go+ 6)/(2Go) + G’P/Go] * x (1 + P/Kg)"* x (1 + o/E)?>. Taking into account both the length
and velocity changes, the final expression for the normalized S wave travel time in terms of
hydrostatic pressure and stress can be derived as the following:

ts/tso = (L/Lo) % (Vso/Vs) = [(2Go + 6)/(2Go) + G’P/Go] * x (1+P/K)"® x (1+0/E) "

By using a Taylor expansion to only the second order of pressure, we obtain

ts/tso= A+BP+CP*

with A = [(2Go+ 6)/(2Go) x (1 + o/E)]"?

B = {1/(6Ky) * [(2Go+ 6)/(2Go)]"* G’/(2Go) * [(2Go+ 0)/(2Go)]**} % (1+o/E)y 2

C = {-5/(72Ko?) * [(2Go + 6)/(2Go)]*-G /(12K oGo) * [(2Got+6)/(2Go)]* + 3G°H(8Go?) * [(2Go
+06)/(2Go)7?} x (1 + o/Ey'2

Thus, by fitting the experimentally observed ts/tsy to the measured hydrostatic pressure
from the equation of state of NaCl, the coefficients for the travel time pressure scale can be
derived. With the elastic properties of Al,O3 and a wide range of guessed values for the axial
stress, the second order term contributes to well less than 1% within current pressure range. Note
that, although the mean stress is dependent on pressure, this dependence is implicitly included in
the fitted coefficients. A more rigorous treatment of the acoustoelastic effect will be present in a
separate paper (Wang and Li, in preparation).

Figure 3.2 shows the normalized S wave travel time of Al,Os buffer rods as a function of
pressure from Run#l1 and Run #2 during compression as well as those obtained during
decompression from Run #2. It can be seen that the data from these two runs are highly
consistent, even though in Run#2 the sample underwent a first order phase transition between

12-14 GPa (e.g., Kung et al., 2004; Li et al., 2014). The normalized travel time of S wave
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appears to decrease linearly as a function of pressure within the current experimental pressure
range, in spite of the nonhydrostatic stress field and/or pressure gradient experienced by the
buffer rod, which is consistent with the theoretical approximation based on acoustoeleasticity. A
linear fit was therefore performed to obtain the relation between the normalized travel time and

pressure, yielding the following expression for the travel time pressure scale at room

temperature:
P (GPa) =249.7(7) x (1-ts/tsp) (1)

n ._p)2
The error associated with this linear least squares fit is calculated using op= %

m ,(aPy)? . = . . .
= ’%, where P; is the calculated pressure, P is the pressure measured using NaCl, n is the

number of data points and op is the standard error. With all the 48 data points in Figure 3.2 from
compression and decompression that are used to derive the pressure scale, the standard error is
+0.18 GPa. It should be noted that since the Decker NaCl pressure scale has a reported
uncertainty ~3% within the current pressure range which is much larger than the uncertainty
introduced by the fitting (~0.6%) and travel time measurement (~0.02%), the uncertainty for the
current travel time scale is thus predominately determined by the accuracy of the NaCl scale; this
is similar to the establishment of ruby florescence scale that was calibrated against NaCl in
previous studies (e.g., Yamaoka et al., 2012). In future experiment, this scale can be derived by
calibrating the travel times against the absolute pressures obtained using MgO or NaCl as the
sample (e.g., Li et al., 2005; Zha et al., 2000; Mueller, et al., 2003; Matsui et al., 2009).

For comparison, the travel times of Al,Os based on previous ultrasonic experiments
under hydrostatic conditions (Gieske and Barsh, 1968) and quasi-hydrostatic conditions (Li et

al., 1996) are also included in Figure 3.2, which can be well described by a linear relation P =
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217(3)x(1-ts/tsp) within uncertainties (e.g., Li and Liebermann, 2014). This indicates that, at a
measured travel time t/ty for the buffer rod, if the literature results from hydrostatic/quasi-
hydrostatic conditions are used as reference values (e.g., Sinelnikov et al., 2004) without
accounting for the stress effect, the pressure will be underestimated by as much as ~13%. This
difference mainly reflects the effect of stresses and pressure gradients across the buffer rod (e.g.,
Mazaki et al., 1973) due to the fact that the measured travel time represents an average from the
center to the edge inside the pressure medium. However, for the purpose of establishing a
pressure gauge, the linear pressure dependence displayed by the current travel time data as well
as the pressure distribution inside the pressure medium (e.g., Mazaki, 1973) suggests that a
pressure scale can be reliably established by correlating the measured travel time with the
independently measured pressure in the center of the pressure medium; effectively, it may be
viewed as if it were derived from its hydrostatic equation of state with a correction for the effects
of stress/pressure gradient (P=217 x (1-tg/tso) + 32.7 x (1-ts/tsp)) or from the equation of state
using an effective K’ and G’ of Al,Os. We note that the lengths of the Al,Os buffer rod differ
by ~5% in Run#1 and Run #2 which used MgO (55wt%)-MgAL,O4 (45wt%) and MgO (99%) as
pressure medium, respectively; the normalized travel times from the two runs, however, are
completely indistinguishable (see Figure 3.2). In addition, a previous study on two different
types of polycrystalline alumina (Lucalox with a bulk density of 3.972(2) g/cm’ and Coors 998
with a bulk density of 3.914(2) g/em’, ~1.5% difference) shows that even though the S wave
velocities have ~2-3% difference between them (P wave velocities are almost identical), their
normalized travel times as the function of pressure are almost identical (see Table 2.3, Table 2.4,

Figure 2.12 and Figure 2.13 of Li, 1996). These important attributes allow the current travel time
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pressure scale to be safely used in high pressure cell assemblies with slightly different buffer rod
dimensions, densities and/or surrounding materials without introducing appreciable uncertainties.

Another important feature to note in Figure 3.2 is that the normalized S wave travel time
of Al,O3 buffer rod along decompression displays a good agreement with those obtained along
compression, implying that the same pressure scale can be used for pressure determination along
decompression without being affected by the complication of hysteresis in the apparatus and,
consequently, the pressure hysteresis along decompression can be fully characterized from the

travel time pressure gauge.

3.3.2 Pressure scale at high temperature

High temperature measurements were conducted up to 13 GPa and 900 °C in run #2, and
the results of travel time of the Al,Os buffer rod as a function of pressure and temperature are
shown in Figure 3.3. Similar to the strategy utilized for the pressure scale at room temperature,
the pressure at high temperature is expressed by linear terms of normalized travel time and
temperature, P = Pp + a x (1- ts/tsp) + b x (T-Ty), where T is the experimental temperature
measured by thermocouple, and Py and T, are the pressure and temperature at the reference
condition (Py = 0 GPa and Ty = 25 °C in this study). A multi-variable linear regression is applied
which treats the normalized S wave travel time and temperature as independent variables and
pressure as the dependent variable, yielding the following expression with P in GPa and T in °C:
P (GPa) = 242.5(9) x (1-ts/tso) +0.01099(5) x (T-Ty) (2)
Figure 3.3 shows the comparison between the experimentally measured pressure from the NaCl
scale and those from the least squares fit. The fitting has a standard error ~0.13 GPa for the entire
pressure and temperature range, which is comparable to that for the pressure scale at room
temperature. With this scale, we believe that the cell pressure at high temperatures in offline

60



experiments can be determined with an uncertainty comparable to that of NaCl scale measured
by X-ray diffraction in synchrotron-based experiments.

One practical note is that if the value of ty at zero pressure after experiment is different from the
one before experiment, the value after the experiment should be used in order to make it
consistent with the travel time data at high temperatures. This is because the current pressure
scale is parameterized through t/ty and requires that the buffer rod length is fully recovered after
high temperature. In some cases, the buffer rod may experience plastic deformation if the stress
exceeds the yield strength of polycrystalline Al,O; during heating to the peak pressure and
temperature conditions of the experiment in the first heating cycle. However, as seen in previous
experiments, as long as the subsequent heating along decompression is not above the peak
temperature, the cell assembly (buffer rod, sample, pressure medium) is expected to experience
only elastic deformation and recovery, thus a single t, value can be preserved for all the data at

high pressure and high temperature along decompression.

3.3.3 Simultaneous pressure and temperature scale

To date, simultaneous pressure and temperature determination using pressure scale
approach remains a challenge. Previously, a double X-ray diffraction pressure standard approach
has been investigated and its practical use is still under investigation due to the stringent
precision and accuracy requirements in the measurement of unit cell volume and the associated
equation of states (e.g., Utsumi et al., 1996). Since both P and S waves are simultaneously
measured in the current study, the same approach used above offers a unique opportunity to
construct a travel time scale for simultaneous determination of temperature and pressure. The
intrinsic difference between P and S waves in their respective pressure and temperature
dependences warrants a unique solution for P and T. For polycrystalline Al,O; used in the
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current study, to for S wave is ~ 1100 ns and its sensitivity to pressure is ~ 4 ns/GPa (Figure 3.2);
theoretically, under the resolution of the current travel time measurement (0.2 ns), the maximum
pressure change can be resolved is ~0.05 GPa; by analogy, the S wave travel time displays a
temperature sensitivity of ~ 0.04 ns/°C (Figure 3.3), implying that the maximum resolving power
for temperature change would be limited to 5 °C. As seen above in the derived pressure scales,
the resultant standard error is on the order of three times the maximum resolvable changes.

For the simultaneous P-T scale, the pressure and temperature are both expressed as a linear
function of P and S wave travel times, P = Py+ a x (1- ts/tso) + b % (1- tp/tpg) and T = To+ ¢ x (1-
ts/tso) + d x (1- tp/tpp), in which “0” denotes the reference condition (in this study, Po= 0 GPa,
To= 25 °C), and a, b, c, and d are the coefficients. A least squares fit of all the P and S wave
travel time data to the observed P (from NaCl) and T (from thermocouple reading) yielded the
following expressions,

P (GPa) =-245.4 (£3.4) x (1- ts/tsg) +402.7 (£2.1) x (1- tp/tpo) 3)

T (°C) =Ty - 44278.2(£353.6) x (1- ts/tso) +36496.5(£224.6) x (1- tp/tpy) 4)
Figure 3.4 shows the comparison between the experimental results and fitting results. The fit
results in a standard error of 0.16 GPa in pressure and ~17 °C in temperature. Note that the
standard error in pressure appears to be preserved regardless whether the temperature is
measured using thermocouple or to be determined using the travel time scale. A closer
examination of the error distribution did not reveal any correlation with pressure which might
result from the pressure effect on the EMF reading of the thermocouple. Note that, although the
standard error in temperature is about 12 °C higher than the lowest temperature change
resolvable by the current precision of travel time measurement, it is smaller than the temperature

gradient (25 °C/mm) measured from the center to the edge across the sample region (Gwanmesia
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et al., 1993) in a similar cell assembly. In addition, the easy access and the accuracies attainable
of the current travel time scale make it superior to the double X-ray diffraction standard

approach for simultaneous pressure and temperature determination in multi-anvil apparatus.

3.4 Application of the scale for offline experiment at room temperature

The new travel time pressure scale has been utilized in an ultrasonic measurement of
coesite under high pressure in the 1000-ton double-stage multi-anvil apparatus installed in the
High Pressure Lab of Stony Brook University (also see Chen et al., 2015). The cell assembly
used is similar to the one in Figure 3.1(a) but without the graphite heater. Previously, the cell
pressure versus ram load at room temperature for this apparatus has been calibrated using the
fixed-point method to 12 GPa (e.g., Gasparik, 1989). As compared in Figure 3.5(a), the pressures
derived from this new travel time method (equation 1) are in excellent agreements with those
from the fixed-point method. Additionally, Figure 3.5(a) also includes the pressures obtained in
the current study along decompression, which clearly shows the pressure hysteresis versus those
along compression. Note that, at the first stage of decompression, the cell pressure only changed
slightly (<1GPa) when the oil pressure decreased from 600 bar to 300 bar compared to that along
compression (~ 4GPa), followed by a rapid drop in the lower oil pressure range (< 200 bar). This
pressure dependent hysteresis prevents the fixed-point method from being reliably used during
decompression for in-situ pressure determination.

To further evaluate the current travel time pressure scale, we derived the equation of state
for coesite based on the measured P and S wave velocities and calculated the densities at high
pressures (see also Chen et al., 2015). Figure 3.5 (b) shows the comparison of the density as a
function of pressure from the current experiment with those of Angel et al. (2001) which were
obtained from X-ray diffraction study on single crystal coesite in a diamond anvil cell with
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hydrostatic pressure medium (4:1 mixture of methanol and ethanol) and a quartz crystal as
internal pressure standard. The excellent agreement between the current data and those from
previous single crystal study provides convincing evidence that this pressure determination
method is very reliable. Needless to say, this development will greatly extend the capability of
the multi-anvil apparatus for offline laboratory investigations of acoustic velocities, electrical
resistivity/ conductivities, equation of state as well as other physical and chemical properties of

condensed matter under high pressure.

3.5 Exploratory application for stress and strain measurements on the macroscopic scale

Based on acoustoelastic theory, we developed a new stress and strain determination
method on the macroscopic scale using synchrotron X-radiation image technique in conjunction
with ultrasonic technique at GSECARS beamline 13-ID-D of the Advanced Photon Source. The
cell assembly is similar as shown in Figure 2.8 b with smaller amount of NaCl. Polycrystalline
San Carlos olivine is used as sample, which was compressed to 15 GPa at room temperature with
a higher pressurizing rate. As shown in Figure 3.6, the unit cell volume of San Carlos olivine
sample at each pressure from our experiment is smaller than that from the hydrostatic
compression by Abramson et al., (1997), which indicates that our sample is under differential

stress.

As in conventional deformation experiments, the macroscopic stress field in the sample is

divided into two terms at the center of the sample:
cl 0 O op 0 O 2t/3 0 0
oij=<0 ol 0>=<0 Op 0>+< 0 -t/3 0 )
0 0 o3 0 0 op 0 0 —t/3
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Where 6, and o3 represent the maximum and minimum principal stress, representatively; cp =

(0112 03)/3, is the hydrostatic pressure; t= 61-03, is the differential stress.

Based on acoustoelasticity, the S-wave velocity in the olivine specimen propagating

along the stress direction is approximated by Vs = / G+;/ Zt, with the 1/2t term accounting for the

effect of stress (e.g., Dey et al., 1984). Thus with the directly measured S wave velocities and
shear modulus of San Carlos olivine under the hydrostatic condition from previous studies (e.g.
Abramson et al., 1997; Zha et al., 1998) the differential stress t (5;-63) can be obtained by t=2(G-
Ghydro). Here we use the elasticities of San Carlos olivine from Abramson et al., (1997) to
calculate the shear modulus as the function of pressure under hydrostatic conditions as their
pressure range is close to that of our experiment. Figure 3.7a shows the differential stress of the
sample as the function of pressure. The differential stress increases until ~13 GPa and starts to
decrease after this pressure under the configuration of our experimental setup and conditions.

Further analysis of this stress-strain curve is needed to determine if this is the yield point.
Deviatoric Strain is defined as follows:

€1= (L-Lhydro)/Luydro, Where Liyaro 1s the sample length under hydrostatic conditions.

€= €3 =(D-Dhydro)/Dhydro, Where Dyydro 1s the sample diameter under hydrostatic conditions.

Liyaro at each experimental pressure can be obtained by the equation L/Ly= (V/Vo)"” based on
the equation of state of San Carlos olivine from previous studies (e.g., Abramson et al., 1997).
Lengths of the sample from the experiment are from the radiographic images as discussed in
Chapter 2. For sample diameter, phydroX Vhydro= PexpX Vexp since the density is the same, so the

. . 2 2
volume is also conserved. i.e., at the same P, Diyydro X Liyaro = D% L. Thus &= & = (D-
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Dhydro)/Dhydro =D/Dhyaro-1 can be calculated from the hydrostatic length and experimental length

above (see results in Figure 3.7 b)

Figure 3.8 shows the plot of differential stress (61-03) as the function of differential strain
(e1- €3). Thus we confirmed that the olivine sample yield at ~13 GPa under the configuration of

our experiment and the yield strength is ~4.5 GPa.

This newly-established method has the advantage of in-situ measurement of the shear
modulus under high pressures over previous methods like the lattice strain approach. The
differential stress and strain and the yield strength are determined in the macroscopic scale.
However, as this is an exploratory study, more work is needed to verify the results, especially

about locating the yielding point (Wang and Li, in preparation).

3.6 Conclusions and concluding Remarks

Within the framework of acoustoelasticity accounting for the effects of hydrostatic and
nonhydrostatic pressures, we have established a travel time pressure gauge using polycrystalline
Al,O3 which was calibrated against NaCl by performing simultaneous synchrotron X-ray
diffraction and ultrasonic interferometry measurements up to 15 GPa and 900°C. The scales for
room temperature and high temperature pressure determination are given by equations (1) and
(2), respectively.

The standard errors associated with these scales are less than 0.2 GPa. As demonstrated
in the offline experiment for the study of coesite coupled with a pressure determination method
using the current Al,O;3 buffer rod travel time pressure scale, the equation of state of coesite from
our study completely reproduced the results from previous single crystal hydrostatic compression

data at room temperature, indicating that the travel time pressure scales offer reliable
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measurements with a comparable accuracy to other in-situ primary pressure scales. A great
advantage of these scales is that it allows for precise and continuous pressure determination not
only during compression but also during decompression.

Compared to previous pressure scales, the current travel time pressure gauge bears a
novel feature that allows for simultaneous determination of pressure and temperature due to the
simultaneous measurements of compressional and shears waves. The corresponding pressure and
temperature scales are expressed as a linear combination of P and S wave travel times (equations
3 and 4).

Within the resolution of the current experimental apparatus, the standard errors associated
with the determined pressures and temperatures are 0.16 GPa and 17 °C, respectively. Giving its
reliability, easy access, as well as the accuracy, this travel time approach can be a superior and
practical choice for simultaneous pressure and temperature determination in both offline and
online multi-anvil apparatus. Before direct data are available, we expect that, with the
approximation of a linear pressure distribution in the pressure medium as supported by previous
experimental study of Mazaki et al. (1973), the current pressure scale may also be applied to
other cell assemblies (e.g., for 10/5, 8/3) by normalizing the observed pressure difference in
Figure 3.2 to the initial Al,O3 buffer rod length and re-scaling to the desired buffer rod length.

Our final remarks are that the polycrystalline Al,Os is probably the most preferable buffer
rod material for acoustic pressure scale development because of its wide pressure and
temperature stability fields, high strength, and chemical resistance; more importantly, its
moderately high acoustic impedances make it an excellent matching material between high
acoustic impedance WC anvil and most condensed matter under study (e.g., medals and alloys,

oxides, and silicates). Together with previous equation of state results under hydrostatic pressure
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conditions, the Al,Os travel time scales can now be utilized for in-situ pressure and temperature
determination in offline multi-anvil experiments under both hydrostatic and non-hydrostatic cell
configurations. These developments are expected to enable new opportunities for laboratory
studies of materials under high pressure and high temperature in multi-anvil apparatus, ranging
from ultrasonic velocities, equation of state, phase equilibrium, new material synthesize, and
thermal and electrical conductivity, with a precise and continuous pressure scale. And the newly
developed method for stress and strain determination also enables new opportunities for the
study of deformation, rheology of a wide range of materials under high pressure and high

temperature in multi-anvil apparatus.
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Figure 3. 1 (a) Cross section of the 14/8 cell assembly for high pressure ultrasonic measurements
in the 1000-ton uniaxial split-cylinder apparatus (WC anvil is not in scale). (b) Observed 30
MHz shear wave signal at 5 GPa (run #1) showing the reflections from the anvil, buffer rod and
sample, respectively. The inset shows the overlap of anvil and buffer rod echoes.
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Figure 3. 2 Normalized S wave travel time of alumina buffer rod as a function of pressure from
Run #1 (Wang et al., 2014) and Run #2 (Kung et al., 2004). The green triangles are data from
Run #1 during compression; the pink open triangles and the orange dots are from Run #2 during
compression and decompression, respectively. The black line is the linear least square fitting
results to all data along compression. Blue stars are calculated S wave travel times based on data
for single crystal Al,O;under hydrostatic (Gieske and Barsch, 1968) and polycrystalline sample
under quasi-hydrostatic pressures (e.g., Li et al., 1996).
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normalized S wave travel times of Run #2 at high temperatures.
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Figure 3. 6 Unit cell volume change as the function of pressure from this study and previous
hydrostatic studies. The disagreement indicates the sample experienced differential stress during

compression.
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Chapter 4 Elastic wave velocities of peridotite KLB-1 at mantle pressures and implications

for mantle velocity modeling

4.1 Introduction

To date, the composition of the Earth’s upper mantle still remains controversial due to the
lack of direct sampling of materials from all locations. Several models, such as pyrolite
(Ringwood, 1975; see also Weidner, 1985; Ita and Stixrude, 1992; Jackson and Rigden, 1998; Li
and Liebermann, 2007) and piclogite (e.g. Anderson and Bass, 1984; Bass and Anderson, 1984;
Duffy and Anderson, 1989) have been proposed based on evidence from geochemical,
petrological and seismic studies. The major difference between these two compositional models
is that the former is olivine-rich (~ 60 %, Mg/Si ~ 1.2-1.3) while the latter is dominated by garnet
and pyroxenes (Mg/Si ~ 1). More recently, a mechanical mixture of dis-equilibrated basalt and
harzburgite has been proposed as a viable alternative compositional model (Xu et al., 2008;

Ritsema et al., 2009).

One of the most commonly used geophysical approaches to distinguish and constrain the
composition of the Earth’s mantle is to compare calculated velocity and density profiles for
mantle mineralogical models with those observed in global seismic studies, such as PREM
(Dziewonski and Anderson, 1981) and AK135 (Kennett et al., 1995). In the last two decades,
sound velocities have been measured for many Earth minerals at pressure and temperature
conditions relevant to the Earth’s upper mantle. While these studies provide indispensable data

for characterizing individual phases and formulating possible systematics for the effect of
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composition and mineralogy on the elasticity of mantle minerals, discrepancies in the existing
elasticity data from different studies/techniques suggest that the extant data may not be sufficient
when modeling a system as complex as the Earth’s mantle, considering that compositional
variations associated with chemical interactions of co-existing phases and element partitioning
occur continuously at mantle depths (e.g., Irifune et al., 2008; Xu et al., 2008). Before this study,
sound velocities of multiphase aggregate of possible mantle composition, the mostly relevant
data to compare with seismic data, have only been available from acoustic studies up to 1GPa

1300°C (e.g., Christensen, 1979; Kern, 1982; Sato et al., 1989).

KLB-1 peridotite is a spinel lherzolite xenolith from the Kilbourne Hole, New Mexico.
Since the chemical composition of KLB-1 closely matches that of pyrolite (Table 2.1), many
authors have conducted research on its melting temperature at high pressures as well as the
compositions of the melts and the residual phases upon partial melting to investigate the
petrogenesis of mid-ocean ridge basalts (MORB) and the evolution of the continental lithosphere
(e.g., Takahashi, 1986; Zhang and Herzberg, 1994). When equilibrated at various pressures
along the geotherm, KLB-1 produces a synthetic “rock” whose mineralogy closely resembles
that of pyrolitic mantle; thus, acoustic velocities measurement on these synthetic rocks can yield
elasticity data that account for the physical (pressure, temperature) and chemical conditions
(phase fractions, elemental partitioning among co-existing phases, and the effect of minor and
trace elements on elasticity) at relevant mantle depths. In this chapter, I will report results of
ultrasonic P and S velocities of KLB-1 as a function of pressure to 10 GPa at room temperature,
followed by comparisons with seismic velocities for the same composition calculated using
theoretical averaging models to obtain insights into mantle compositions modeling (e.g., the

Voigt-Reuss-Hill VRH or Hashin-Shtrikman HS methods).
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4.2 Experimental methods and sample description

Polycrystalline aggregate specimens were hot-pressed at ~ 3 GPa, 1200 °C (K973) and
1400 °C (K657) for 1 hour using a 14/8 cell assembly in a 1000-ton uniaxial split-cylinder
apparatus (Li et al., 1996a). The recovered specimens are cylindrical in shape, with ~ 2.5 mm
diameter. Density measurement on specimen K973 using the Archimedes’ method yielded a bulk
density of 3.357(18) g/cm’; it was prepared for acoustic measurements by polishing with 1-pum
diamond paste to yield a final length of 1.82(1) mm. Scanning electron microscope (SEM)
analysis reveals that the specimens are well-sintered, of average grain size ~ 10 micron, and free

of visible micro-cracks (see details in Chapter 2).

The chemical compositions of the constituent mineral phases were obtained by averaging
4-5 electron microprobe analyses of specimen K973 (see Table 2.3). The olivine (Ol) has a Mg #
[Mg / (Mgt+Fe)] of 89.7, which is similar to that observed for fertile xenoliths (e.g. Lee 2003).
Only trace amounts of Ca, Al, and Mn are detected in olivine grains. The compositions of
orthopyroxene (Mg#~89.8, Eng7Fs10Wo0,Jd;) and clinopyroxene (Mg#~89.2, EngsFssWougJds), in
the current KLB-1 aggregate show a good agreement with those reported by Chai et al. (1997)
and Collins and Brown (1998) for natural Kilbourne Hole orthopyroxenes (KBH Opx) and
clinopyroxenes (KBH Cpx). Lastly, the garnet (Gt) identified in the aggregate can be described
by a solid solution of pyrope (Py), almandine (Alm), grossular (Grs) and uvarovite(Uv),
Py74Alm;,Grs;oUvs; the negligible variation in composition from grain to grain (<1%) suggests
that the hot-pressed specimen has reached thermodynamic equilibrium. Spinel was not found in
SEM and powder X-ray diffraction analyses, but a few scattered grains were identified during

microprobe analyses.
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The EPMA analyses yield the phase fractions of Ol ~ 61.6 wt%, Opx ~ 19.0 wt%, Cpx ~
13.0 wt%, Gt ~ 6.4 wt% for K973 as shown in Table 2.3. The current run product is consistent
with that recovered from 2.6 GPa and 1410 °C by Walter (1998) (Run # 26.01)) using peridotite
KR4003 from West Kettle River, British Columbia, taking into account that the difference of
Na,O and Cr;O; in compositions may result in the spinel to garnet transition at different

pressures (e.g., O’Neill, 1981; Webb and Wood, 1986; Klemme, 2004).

Acoustic measurements were conducted in a 1000-ton uniaxial split-cylinder apparatus
(USCA-1000) using ultrasonic interferometry (Li et al. 1996a, 1998). A dual mode LiNbO;
transducer (50 MHz for P wave and 30 MHz for S wave) mounted on the back of the WC anvil
was used as both transmitter and receiver of the acoustic signals. Alumina was used as buffer rod
to transmit acoustic pulses into the sample. The transfer function method (Li et al., 2002) was
used to acquire the acoustic response in the entire frequency range (25-70 MHz) followed by a
pulse echo overlap (PEO, see Papadakis, 1976) analysis at monochromatic frequencies to obtain
the travel times. The P and S wave travel times measured using the current method have a
precision better than 0.2 % (Li et al., 2002). The alumina buffer rod also served as an in-situ
pressure marker as discussed in Chapter 3, whose travel time as a function of pressure was
constructed based on similar experiments conducted at synchrotron X-ray beamline, in which the
pressure (at the center of the cell assembly) was determined by X-ray diffraction of NaCl
(Decker, 1965) while the travel time of the Al,O; buffer rod was measured simultaneously (Li
and Liebermann, 2014, Wang et al., 2015). The Decker NaCl pressure scale has a reported
uncertainty less than ~ 3 % within the current pressure range (Decker, 1965); the pressure
determined in this study is thus estimated to have a maximum uncertainty ~ 0.3 GPa. After the

high-pressure acoustic experiment, the sample length was measured to be 1.81(1) mm, which
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agrees with its initial length within ~0.5%, (see Table 4.1), which leads to an error of 0.5% in
velocity when combined with the error from travel time (0.2%). The specimen (K973) was then
ground into fine powder, and X-ray diffraction data were collected using a Scintag powder
diffractometer with a Cu target. Rietveld refinement yielded a density of 3.344(3) g/em’,
3.295(3) g/em’, 3.325(3) g/em’, and 3.674(5) g/em’ for olivine, orthopyroxene, clinopyroxene,
and garnet, respectively; this results in a theoretical density of 3.353(4) g/cm’ for K973 which is
indistinguishable from the measured bulk density [3.357(18) g/cm’], suggesting a maximum

porosity of 0.5 % in the specimen.

4.3 Results and discussion

As shown in Figure 1 (a) and (b) (see also Table 4.1), both V), and ¥ of K973 increase
monotonically as a function of pressure; measurements at pressures < 2 GPa are often affected
by the gradual improvement of the mechanical coupling between the buffer rod and the specimen
which are separated by a thin (~ 2 pm) gold foil (see Li et al., 1996a, 1998; Jackson et al., 1981)
and thus not included for analysis and discussion. Figure.1 (a) and (b) also include the V), and V
for another specimen K657 which was hot pressed at ~ 3 GPa and 1400 °C. The 200 °C
temperature difference only resulted in a difference of ~ 2 to 3 wt% in garnet and orthopyroxene
content in the modal compositions (see Table 4.2) which will be expected to cause a difference
of < 0.1 % in Vpand Vs based on VRH calculations. Note that the measured velocities of these
two specimens indeed show excellent agreement for both Vpand Vs, which demonstrates that our
experimental results on their relative comparison are robust and reliable. More importantly, it
also suggests that in a well-mixed and equilibrated upper mantle with a uniform bulk
composition, lateral variations in seismic velocities are largely due to temperature variations (or
lattice preferred orientations) rather than compositional variations induced by thermal anomalies.
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These data are especially important for the investigation of composition, density and seismic
velocities of fertile and depleted peridotites to obtain insights into the dynamics and evolution of

the upper mantle (e.g., Lee, 2003; Jordan, 1979; Afonso et al., 2010).

The P and S wave velocities for the individual mineral phases of KLB-1 were calculated
using the third-order Eulerian finite strain equations (Davies and Dziewonski, 1975) and the
elasticity data in Table 4.3, and the results are compared with those of KLB-1 in Figure 4.1(a)
and Figure 4.1(b). We note that the elasticity data in Table 4.3 are our best choices based on
literature studies on compositions identical or close to those identified in the current KLB-1
specimens (see Table 4.4). Acoustic data for phases with compositions close to those identified
in the current KLLB-1 are available for olivine (Liu et al., 2005; Zha et al., 1998; Abramson et al.,
1997; Darling et al., 2004) and orthopyroxene (Chai et al., 1997) which were all obtained at
pressures comparable to the current study. In addition, the bulk modulus and its pressure
derivative from hydrostatic compression on a natural Opx (Specimen N2, Hugh-Jones and
Angel, 1997) with compositions similar to the current Opx are highly consistent with the
acoustic data. For Kilbourne Hole clinopyroxene, bulk and shear moduli at ambient conditions
were reported in a study by Collins and Brown (1998), but no high pressure studies can be found
in the literature. Since the composition of the current clinopyroxene is very diopsidic, the
pressure derivatives from recent high-pressure acoustic studies on diopside (Li and Neuville,
2010; Sang et al., 2014) are thus considered to be good representative values. These
approximations for Cpx are also supported by comparing the bulk modulus and its pressure
derivative with those from X-ray diffraction studies by Comodi et al. (1995) and Bindi et al.
(2006) on specimens with similar composition to the current study, especially with respect to the

of aluminum content. Among all acoustic studies on garnets in literature, we failed to find any
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direct measurement on Py73Alm13Grs11Uv3. An estimation using the properties of the end-
members resulted in a wide range of 170.0-177.5 GPa and 90.4-93.9 GPa for the bulk and shear
moduli, respectively, this is primarily due to the spread of the literature values for the elasticity
of the endmembers; instead, the bulk and shear moduli were obtained based on the average of the
results from Babuska et al., (1978), Sumino and Anderson (1982), Suzuki and Anderson (1983)
and Lu et al. (2013) whose composition are close to the current one in KLB-1, while the pressure

derivatives are taken from Lu et al. (2013) (see Table 4.4).

It can be seen that the velocities of KLB-1 follow closely the trend of its constituent
phases. Between 2-10 GPa, P and S wave velocities of KLB-1 have an average pressure
dependence of ~ 0.078 km/s GPa™ and 0.020 km/s GPa™', respectively, which falls within those
for clinopyroxene (0.085 km/s GPa™, 0.029 km/s GPa™), orthopyroxene (0.10 km/s GPa™, 0.020
km/s GPa™), garnet (0.060 km/s GPa™, 0.017 km/s GPa™) and olivine (0.080 km/s GPa™, 0.028
km/s GPa™). Note that the KLB-1 Opx exhibits higher shear wave velocities than KLB-1 olivine
at pressures up to ~9 GPa, while for P waves, Opx has lower velocities than olivine below 6
GPa but higher after ~6 GPa (see also Chai et al., 1997). These observations are in sharp
contrast to the comparison of their magnesium end members (e.g., Flesch et al., 1998),
emphasizing the importance of including the effects of minor elements in modeling mantle

compositions.

The largest velocity difference is observed between garnet and clinopyroxene, reaching
about 9% and 6% for P and S waves, respectively; these comparisons at mantle temperatures
may vary, depending on the similarities of the temperature dependence of the bulk and shear
moduli between these phases (see Table 1 in Li and Liebermann, 2014 for latest compilation).

Estimations based on pyrope (Gwanmesia et al., 2006) and diopside (Li and Neuville, 2010)
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yield a difference of ~10% for both P and S wave velocities at 1473 K at upper mantle pressures.
Thus, variations in bulk chemical compositions in a dis-equilibrated upper mantle can also
contribute to the lateral seismic heterogeneities in addition to those caused by thermal anomalies

(see also Xu and Wiens, 1997; Lebedev and van der Hilst, 2008).

The characteristics of Vp/Vs can also be a diagnostic for compositional or thermal
anomalies in the mantle (e.g., Afonso et al., 2010; Lee, 2003). The Vp/Vs ratio of KLB-1 from
the two experiments shows very good agreement within mutual uncertainties and exhibits a
monotonic increase from 1.74 to 1.82 within 2-10 GPa (Figure 4.1(c)). Although garnet has the
highest Vp/Vg value among all co-existing phases in the entire pressure range, the fast increase of
Vp/Vs of KLB-1 is mostly attributable to contributions from orthopyroxene (Figure 4.1(c)). Thus,
a decrease (increase) in garnet or an increase(decrease) in orthopyroxene content is effective in

causing low (high) V»/Vs anomalies at shallow upper mantle depths (Afonso et al., 2010).

4.4 Implications for mantle velocity modeling

Among many theoretical methods for modeling properties of aggregates, the commonly
used approaches for seismic properties of the mineralogical aggregates of mantle minerals are
the Hashin-Shtrikman (HS) (Hashin and Shtrikman, 1962a, 1962b, 1963) and/or the Voigt-
Reuss-Hill (VRH) (Hill, 1952) methods based on the volume proportions and elasticity of each
constituent phase (e.g., Ita and Stixrude, 1992; Jackson and Rigden, 1998; Li and Liebermann,
2007). With the modal composition of KLB-1 from EPMA analyses and the elasticity data for
constituent phases, a direct comparison can be made between the measured velocities and those
calculated using these theoretical averaging approaches to obtain insights into current mantle

velocity modeling.
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The VRH and HS bounds calculated using the data in Table 4.3 are compared with the
directly measured velocities in Figure 4.2 (a) (see also Table 4.1 and Table 4.5). According to
Watt and O’Connell 1980, the polycrystalline end members are almost fully dense (99.8~99.9%)
while the aggregates have relatively larger porosity (98.0~99.6% of theoretical value, see table II
of Watt and O’Connell, 1980), and the effects of anisotropy and porosity must be taken into
account due to the importance in comparison with calculated velocities. Thus, we corrected the
effect of porosity (~0.5%) following the approach of MacKenzie (1950) by assuming spherical
pores. The velocity anisotropy information for our KLB-1 specimens is not directly available;
however, based on studies on an very anisotropic mineral stishovite (up to ~60% variation in S
wave velocity along different crystallographic directions) hot-pressed using the same cell
assembly, the velocities measured in three orthogonal directions are essentially identical within
measurement uncertainties (e.g., Li et al., 1996b). Thus, the anisotropy in the current KLB-1 is

assumed to be within the current experimental uncertainties.

Since the difference in the bulk and shear moduli among all major constituent phases are
within ~10% (garnet not considered due to its low content), the lower (Reuss, HS") and the upper
(Voigt, HS") bounds as well as the HS average nearly coincide with the VRH average, thus only
VRH is shown in Figure 4.2 (a) and used for discussion hereafter. To obtain the upper and lower
limits of the predicted values associated with VRH due to uncertainties in the elasticity data for
all constituent phases (e.g., Watt and O’Connell, 1980), two additional calculations were
performed by using the highest and lowest values, respectively, for the bulk and shear moduli of
each phase within their uncertainties; in the current case, the range of Voigt and Reuss values
calculated from the reported single crystal elastic constants for each phase are considered as their

respective uncertainties (Table 4.3). VRH calculations using all-Voigt (i.e., VRH-upper) and all-
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Reuss (i.e., VRH-lower) values yielded an error band of ~+0.8% for both P and S wave
velocities (see blue and yellow lines in Figure 4.2 (a)); this calculated range is comparable to that
estimated using the reported uncertainties for the bulk and shear moduli in the individual phases
considered in this study (e.g., 1.9-2.2% for the bulk and shear moduli for San Carlos olivine, see
Table 3 of Zha et al., 1998). Following Watt and O’Connell (1980), the values in the entire range
predicted by the theoretical averaging schemes are viewed as equally valid when comparing with

experimental data.

As shown in Figure 4.2 (a), the P and S wave velocities of KLB-1 after porosity
correction are ~1.0% lower than the average VRH values in the pressure range of 2-6 GPa; these
differences gradually increase to 1.4% (P wave) and 1.9% (S wave) at 9.2 GPa. The increased
deviation above 6 GPa could be related to the negligible velocity increase with pressure within 6-
10 GPa (average dVgs/ 0P ~ 0 km/s GPa™') in the KLB-1 pyroxene (see Figure 8 in Kung et al.,
2005; Figure 7 in Zhang et al., 2013], which is not adequately accounted for by the third order
finite strain equations. On the other hand, a close examination indicates that, except for S wave
at pressure above 6 GPa, the velocities of KLLB-1 can be found in good agreement with the lower
limit of the VRH within experimental uncertainties. Similar observations were obtained in
previous studies on two-phase composites, such as KCI+NaCl (Watt and O’Connell, 1980),
Al,O3+NiAl (Upadhyay et al., 2012), and forsterite+enstatite mixtures (Ji and Wang, 1999); i.e.,
that the direct experimental data often fall in the vicinity of the lower limit of VRH (Ji and
Wang, 1999) or HS (Watt and O’Connell, 1980). In particular, the ultrasonic measurements to 3
GPa on hot-pressed forsterite-enstatite mixtures with 60% forsterite (Ji and Wang, 1999) bear a
strong resemblance to the current study on KLB-1 (~62% olivine). As shown in Ji and Wang

(1999), the P and S wave velocities at 2 GPa agree within 0.3(x0.1) % with the lower limit of
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VRH calculated using the bulk and shear moduli of forsterite and enstatite within their
measurement errors, together with an agreement (~1.5%) with the mean value of the VRH, all of
which are consistent with the current observations. It is worth noting that if the comparison with
VRH for the 60% forsterite mixture is carried out using the same approach undertaken for KLB-
1 in this study [i.e., using literature (porosity free) data for the bulk and shear moduli in VRH
and applying a correction for the measured porosity (0.9%) to the experimental data] exactly the

same conclusions can be drawn as those discussed above.

The densities derived from the current velocity measurements are indistinguishable
(within ~0.3%, Figure 4.2 (b)) from the values based on the volumetric fractions of each mineral;
unlike VRH velocities, this calculation requires no approximation or assumptions about the
aggregate. Similarly, the Vp/Vs values are only different from the VRH value (lower, upper and
mean VRH values are indistinguishable) by less than 0.3% at pressures 2-6 GPa and 0.4-0.45%
from 6 to 9.2 GPa (Figure 4.2 (c¢)). The bulk sound velocities (Vg,,2 = Vp’-4V§’/3) calculated from
the porosity-corrected KLB-1 velocities show an agreement of <0.1% with the lower limit of the
VRH (except for the first and last pressure points ~0.3%) and ~0.7% with the mean VRH value

(Figure 4.2 (d)).

In summary, these results demonstrate that precise and reliable P and S velocities and
densities of multiphase aggregates of complex mantle compositions can be obtained by direct
measurements, offering a unique opportunity for improved studies of the mantle. In addition, the
comparisons of the experimental results in Figure 4.2 are analogous to the inverse of geophysical
modeling of mantle composition which involves comparison of VRH calculated properties with
seismic data; thus, inferences from above comparisons have direct implications for the

investigation of mantle composition. Firstly, it is important to include the effect of minor
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elements on the elasticity of mantle phases, such as in Opx, Cpx, and Gt (see also Chai et al.,
1997; Kono et al., 2007; Irifune et al., 2008); ignoring the effect of aluminum on the elasticity of
Opx and Cpx alone lowers the VRH velocities in Figure 4.2 (a) by ~1.1% and leads to different
inferences about the comparisons discussed above. Secondly, when modeling mantle
composition using VRH calculated velocities based on literature elasticity data for mantle
phases, candidate compositions whose density and velocities reproducing seismic data within the
limits given by experimental uncertainties should be considered equally valid. For velocity
models of mantle compositions calculated at mantle temperatures that are reported to have
typical uncertainties of 2-3% (e.g., Irifune et al., 2008; Ita and Stixrude, 1992; Cammarano et al.,
2003) due to uncertainties in the elasticity data, the observations in Figure 4.2 (a) do not seem to
invalidate the comparisons and/or conclusions made in these previous studies, and have no effect

on the modeled velocity contrasts across mantle discontinuities.

Lastly, we note that the P and S wave velocities based on VRH calculations for the KLB-
1 composition and those of pyrolite are almost identical due to the similarity in their mineralogy
(see Table 2.1), with a difference less than 0.3% . Thus, the current data in Figure 4. 2 (a) can be
directly applied to comparisons between pyrolite and seismic data in previous studies, provided
that comparable elasticity data are used in VRH calculations (as cautioned above). A test using
the elasticity data compiled in Cammarano et al. (2003) or Li and Liebermann (2007) indicated
that the resultant VRH velocities for pyrolite are ~1.0% lower than those obtained using the data
in Table 4.3 and nearly coincide with the experimental data of KLB-1 (see Figure 4.3),
presumably due to the incomplete correction for the effect of aluminum on Opx and Cpx as
discussed above. While this does not seem to significantly affect the comparisons with seismic

models (see Figure 5 of Li and Liebermann, 2007), it does imply that the velocities for an
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aggregate with pyrolitic composition of KLB-1 are in close agreement with seismic data at the

depths of the Earth’s upper mantle.
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Table 4. 1 Elastic properties of KLB-1 at room temperature'

P(GPa) t,(us) t(us) Il(mm) p(g/cm3) Vp (km/s) Vi (km/s)

(a) Specimen K657
0

0334 0557 121  3.347 7.25 4.36
0.89 0306 051 1207 3.368 7.89 4.75
1.26 0.301 0.505 1206 3.377 8.02 4.79
1.83 0297 0.503 1.205 3.387 8.13 4.80
3.52 0281 0.500 1.197 3.455 8.51 4.81
5.07 0277 0497 1.194 3.485 8.62 4.83
6.47 0273 0492 1.190 3.515 8.73 4.86
7.72 0269 0.487 1.188  3.540 8.82 4.90
8.83 0267 0.484 1.185 3.560 8.89 491
9.79 0264 0482 1.183  3.580 8.97 4.92
(b) Specimen K973

0 0.457* 0.785% 1.82  3.357 7.95 4.64
1.29 0444 0771 1.819 3.393 8.14 4.70
1.57 0439 0.763 1.812  3.400 8.23 4.75
1.96 0435 0.759 1.810 3.411 8.30 4.77
2.56 0430 0.753 1.808  3.426 8.38 4.80
3.28 0426 0.75  1.804 3.445 8.45 4.81
3.90 0422 0.746 1.802  3.460 8.51 4.83
5.09 0417 0.741 1.797 3.488 8.60 4.85
6.41 0411 0735 1.792 3.518 8.70 4.87
7.41 0407 0.731 1.788  3.541 8.77 4.89
7.86 0405 073  1.786  3.551 8.79 4.89
8.43 0403 0.728 1.784  3.564 8.82 4.90
9.21 0401 0.725 1.781 3.581 8.86 491

"The travel time has a standard deviation less than 0.2ns and 0.4ns for P and S wave,
respectively. The overall uncertainty propagated into the calculated velocity is better than 0.5%
while the modulus is about 1%, the pressure has a uncertainty of ~3%.

Velocities under 1.83 GPa for K657 and under 1.96 GPa for K973 are not shown in figures and
not discussed in the manuscript.

? Bench top signals of K973 were not obtained. Zero pressure t, t; are from linear fitting.
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Table 4. 2 Composition of KLB-1 sample and cell parameters of constituent phases*

Bulk composition

K973 ()| Cpx Opx Gt Sp
(Herzburg et al., 1990)

Si0, 40.45 51.88 54.35 42.19 0.14 443
AlL,Os 0.06 7.71 5.40 23.51 62.09 3.54
FeO 10.11 3.29 6.53 6.63 10.07 8.59
MgO 49.02 15.19 32.26 21.05 20.61 39.5
CaO 0.13 19.22 0.85 5.19 0.05 3.03
Na,O 0.03 1.73 0.16 0.02 0.00 0.3
TiO, 0.02 0.55 0.14 0.28 0.14 0.12
Cr,03 0.02 0.33 0.17 0.91 6.80 NA
MnO 0.15 0.10 0.13 0.22 0.09 0.14

Modal Composition (wt %)

K973'

62.5 12.9 17.8 6.8 0 (3 GPa, 1200 °C)
K973*

60.7 13.1 20.3 5.9 0 (3 GPa, 1200°C)
K973° 61.6 13.0 19.0 6.4 0
K657 62.6 13.3 14.8 9.2 0 (3 GPa, 1400°C)
KLB-1
(Herzberg et al 62 14 22 0 2 (0 GPa, 25 °C)
1990)
KLB-1
(Davis et al 60 14 23 0 2 (0 GPa, 25 °C)
2009)
Pyrolite
(Ringwood 57 12 17 14 (0 GPa, 25 °C)
1975)
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*The chemical formulas and lattice parameters of each mineral of K973 are as following:
Ol: (Mg, gFe2)Si04.a=4.763 A, b=10.227 A, c =5.994 A, p = 3.344 g/cm’.

CpXI (Mgo,nge().1C8.0_74Na()412A10_2Ti0_01)(A1041QSi1.88)O6; a— 9691 A, b = 8845 A, C= 5272 A, B
=107.41°, p=3.325 g/em’.

OpXI3(Mgl_66Feo_19C30.03Alo_12)(A1041$i1_89)06; a=18.242 A, b = 8.804 A, c=5.195 A, p= 3.295
g/cm’.

Gt; (lg/lgz_22Feo,29Cao.4M1’10,03CI'0.06Ti0_01)(Al]_9Fe3+0.1)(Si2_98A10,04)012; a=11.530 A, p= 3.674
g/cm’.

Sp: (MgO.SFeO.Z)(All,86CI'0_14)O4
**The percentage of spinel is based on estimation and fixed in mass balance calculation.

K973": modes were calculated based on the bulk composition of KLB-1 from Herzberg et al.,
(1990).

K973% modes were calculated based on the bulk composition of KLB-1 from Davis et al.,
(2009).

K973%: Average of K973' and K973°.
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Table 4. 3 Elasticity of aggregate KLB-1 (K973) and its constituent minerals*

Ksy Kso' Go Go' Remarks
(GPa) (GPa)
KLB-1 123 5.1 75 1.3 This study
VRH 127 5.0 77 1.5 This study
ol 129.2 46 715 1.6
(13 1, 127) (783, 757) Based on single crystal data
from Zha et al. (1998)
Cpx 1172 485 722 1.65
(122’ 1 124) (747, 698) Based on single crystal data
from Collins and Brown (1998)
Opx 1155 67  78.1 1.44
(1163, ]]24) (786, 773) Based on single crystal data
from Chai et al. (1997)
Gt 170.5 4.4 92.3 1.2

*: The values for the constituent minerals (first entry for each mineral) are best approximations
for the composition identified in the current KLB-1 specimen; these values are used to calculate
the red lines in Figure 4. 2. Data in parenthesis for each mineral are Voigt and Reuss limits
calculated based on single crystal data, respectively; these values are used to calculate the blue
(Voigt) and yellow (Reuss) lines in Figure 4.2.
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Table 4. 4 Elasticity of constituent minerals of KLB-1

Mineral Ksy Ksy' Go Go' References
(GPa) (GPa)

San Carlos Olivine 130.3 4.6 77.4 1.6 [1]
San Carlos Olivine 131.1(130) 3.8(4.7) 79.4(77) 1.0(1.9) /2]
San Carlos Olivine 129.4 4.35 78.3 1.45 [3]
San Carlos Olivine 127.2 4.8 77.4 1.63 [4]
KBH Cpx 117.2 72.2 [5]
Diopside 114.6 4.8 72.7 1.7 [6]
Diopside 116.4 4.9 73 1.6 [7]
Natural Cpx 116-117 4.0% [8]
Synthetic Cpx (117.2) 4.2 [9]
KBH Opx 115.5 6.6 78.1 1.44 [10]
Natural Opx (115.5) 6.7 [11]
Py68 Alm24Gr5Spl 168.2 4.4 92.1 1.2 [12]
Py73Alm16Gr5Uv5Anl 170.0 92.6 [13]
Py73Alm16Spe6GrsS 171.3 92.6 [14]
Py70Alm16Spe9GrsS 170.8 92.0 [15]
Py73Alm16An4Uv6 171.2 92.6 [16]
Py73Alm14Spe5Grs8 171.6 92.2 [17]

1: Liu et al., (2005); Fo90Fal0, Pmax=8GPa

2: Zha et al. (1998); Fo90; Pmax= 32 GPa; results in parenthesis are 3" order finite strain fit to
those below 10 GPa and were used to obtain the average elastic properties in Table 4.3.

3: Abramson et al., (1997); Fo90; Pmax =12 GPa

4: Darling et al. (2004); Fo90; P max=10.6 GPa

5: Collins and Brown (1998); KBH Cpx; P = 0 GPa

6: Sang and Bass. (2014); Diopside; P max = 14 GPa

7: Li and Neuville (2010); Diopside; P max 8GPa

8: Comodi et al. (1995); K’ is set to be 4.0;X-ray; P max ~ 5 GPa; cpx composition similar to
this study;

9: Bindi et al. (2006), Reanalyzed by setting K=117.2GPa; X-ray, synthetic sample, Pmax =9
GPa

10: Chai et al. (1997); Reanalyzed using 3" order finite strain; KBH opx; P max=12 GPa

11: Hugh-Jones and Angel (1997); Reanalyzed by setting K=115.5GPa; V,=833.12 A’ (834.33
A’of KLB-1 Opx) Pmax =11 GPa

12: Lu et al. (2013); Pmax=20 GPa

13: Babuska et al. (1978); P =0 GPa

14: Sumino and Anderson (1982); P =0 GPa

15: Sumino and Anderson (1982); P =0 GPa

16: Suzuki and Anderson (1983); P =0 GPa

17: Sumino and Anderson (1982); P =0 GPa
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Table 4. 5 P and S wave velocities derived from VRH

Vp- Vs- Vp- Vs-
Ve-VRH Vs-VRH  upper* upper* lower**  lower**
P(GPa) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)

0 8.29 4.80 8.35 4.84 8.22 4.77
1.29 8.41 4.84 8.47 4.88 8.34 4.80
1.57 8.43 4.85 8.50 4.89 8.37 4.81
1.96 8.47 4.86 8.53 4.90 8.40 4.82
2.56 8.52 4.88 8.58 491 8.46 4.84
3.28 8.58 4.90 8.65 4.93 8.52 4.86
3.90 8.64 491 8.70 4.95 8.57 4.87
5.09 8.73 4.94 8.79 4.98 8.67 4.90
6.41 8.84 4.98 8.90 5.01 8.77 4.94
7.41 8.91 5.00 8.97 5.04 8.85 4.96
7.86 8.95 5.01 9.01 5.05 8.88 4.97
8.43 8.99 5.02 9.05 5.06 8.92 4.99
9.21 9.04 5.04 9.10 5.08 8.98 5.00

* Vp-upper and Vs-upper are the upper limits calculated by VRH using Voigt values of K and G
of constituent phases.
=+ Vp-lower and Vs-lower are the lower limits calculated by VRH using Reuss values of K and G
of constituent phases.
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Figure 4. 1 (a) V, and (b) Vs for synthetic KLB-1 specimens and their comparisons with
individual minerals using elastic properties from Table 4.3. Errors are ~0.5%. (c) Pressure
dependence of Vp/Vgratio of KLB-1 specimens and individual minerals. Errors are ~0.7%. Green
diamonds: K973, pink triangles: K657.
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Figure 4. 2 Comparisons of experimentally observed velocities [(a): Vp and Vs, (d) V,], densities
[(b)] and V,/V; [(c)] for KLB-1 (K973) with VRH average based on the fractions and elasticity of
individual minerals; note that the two averaging methods (VRH and HS) are indistinguishable in
this study. Green empty symbols: measured values of KLB-1 (K973). Green solid symbols:
velocities of KLB-1 (K973) after 0.5% porosity correction. The red solid lines are our best
estimates according to the individual mineral data with compositions closest to the KLB-1
specimen. Blue and yellow dashed lines are the upper and lower limit calculated by VRH using
Voigt and Reuss values of all minerals, respectively. The legend in (a) is also applicable to (b)

(c) (d).
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Figure 4. 3 Comparisons of V, and V for K973 with calculations using the mineral elasticity
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Chapter 5 Mantle composition and temperature of western North America revealed from

direct P and S wave velocities of KLB-1 peridotite to the conditions of the transition zone

5.1 Introduction

The composition and thermal structure of the Earth’s mantle have been studied
extensively by seismology, geochemistry, petrology and mineral physics, but they still remain
controversial. The challenge lies in that, without samples from these depths for direct laboratory
analyses, only indirect constraints can be obtained by examining models based on evidence from
geochemical and petrological studies on surface/crustal rocks (e.g., Anderson, 1989;
McDonough and Sun, 1995) or by comparing global and/or regional seismic observations with
the elastic properties of constituent minerals and their high-pressure phases (Goes and Van der
Lee, 2002; Kuskov and Kronrod, 2006). Some research shows that pyrolite model (~57vol%
olivine, 29vol% pyroxenes, 14vol% garnet; see Ringwood, 1975) along ~1300(+100) °C
adiabatic geotherm yields seismic velocities more consistent with typical seismological models
than those of piclogite in the whole mantle (e.g., Ita and Stixrude, 1992; Jackson and Rigden,
1998; Li and Liebermann, 2007). However, there are also studies arguing that the seismic
velocity jumps at 410 km can be better reproduced with a piclogitic composition (< 40%
olivine), thereby calling for a layered mantle with a piclogitic transition zone (e.g., Bass and
Anderson, 1984). More recent mineral physics studies show that there is not a single
compositional model that can reproduce all the featured velocity discontinuities and gradients in

global seismological models at mantle depths (e.g., Irifune et al., 2008; Xu et. al., 2008),
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prompting more investigations on regional variations of composition and/or temperature in
various tectonic settings in connection with 3D tomographic studies (Masters et al., 2000; Grand
et al., 1997, Romanowicz, 1995) and/or 1D regional velocity models (Nolet et al., 1994; Van der

Lee and Nolet, 1997).

Chemical interactions are known to occur among co-existing mantle phases (e.g.,
Fumagalli and Klemme, 2015; Zhang and Herzberg, 1994 and references therein) and
partitioning of minor and trace elements can play important roles in affecting the velocities of
aggregates (e.g., Weidner and Wang, 1998; Chai and Brown, 1997; Walter, 1998). Construction
of velocity-depth profiles for the aggregate of mantle composition necessitates accurate
thermodynamic and elasticity data for all minerals and phases in equilibrium at depths (e.g., Ita
and Stixrude, 1992). The extant laboratory sound velocity measurements, however, are
predominantly limited to single mineral phases of simple compositions; data on natural mineral
samples are still scarce and of limited coverage in composition (see reviews by Li and
Liebermann, 2014; Bass, 1995). This incompleteness as well as the inconsistency of the current
elastic properties of mantle minerals and phases may have undermined previous comparisons
between seismic data and mineral physics modeling, which is believed to be partially, if not

entirely, responsible for the standing controversies.

In this study, we overcome this challenge by performing in-situ X-ray and ultrasonic
velocity measurements on a series of polycrystalline aggregates of peridotite KLB-1 hot-pressed
at 5-15 GPa 1200-1400°C under the mantle pressures and temperatures to depths of the transition
zone (which begins at 410 km); with this approach, phase transitions and chemical interactions
among all phases at various depths are fully included in a self-consistent fashion. The starting

material KLB-1 peridotite (e.g., Herzberg et al., 1990), as described in Chapter 2, is a spinel
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lherzolite xenolith from the Kilbourne Hole crater in New Mexico, which is under the region of
Rio Grande Rift. It is a natural fertile lherzolite [Mg/(Mg+Fe) ~89.1] and is considered to be
representive of the upper part of the Earth's mantle with composition close to pyrolite (e.g.,
Takahashi, 1986; Zhang and Herzberg, 1994; Davies, 2009; Walter, 1998). From seismic studies,
the detailed velocity structure of the upper mantle and transition zone for the tectonic western
North American has been obtained by regional seismic studies [e.g., TNA (Grand and
Helmberger 1984), TNA2 (Yang et al., 2014), GCA (Walck 1984), etc.]. By comparing the
directly measured velocities on these “synthetic” rocks under the pressure and temperature
conditions of mantle depths with the most relevant seismic models for the same region, we

derive unique constraints on the composition and thermal structure of western North America.

5.2 Experimental methods

Polycrystalline aggregate specimens of KLB-1 were hot-pressed at ~ 5 GPa (K998),
6GPa (K986), 8GPa (K1000 K1001 K1032) 1200 °C for 1 hour using a 14/8 cell assembly in a
1000-ton uniaxial split-cylinder apparatus (USCA-1000; Li et al., 1996) and 15 GPa 1200 °C
(S4255) for 11 hour using a 14/8 cell assembly in a 2000-ton uniaxial split-cylinder apparatus
(USSA-2000; Gwanmesia and Liebermann, 1992; Gwanmesia et al., 1993 and Liebermann and
Wang, 1992) at Stony Brook University. SEM analysis reveals that the specimens are well
sintered, of average grain size ~ 10 micron, and free of visible micro-cracks. The chemical
compositions of the equilibrated mineral phases were determined by electron microprobe
analyses at Rutgers University. The mineral modal compositions are obtained by mass balance
calculations and Rietveld refinement from powder X-ray diffraction as discussed in Chapter 2
(see summary in Table 5.1). In-situ X-ray diffraction and ultrasonic velocity measurements were
performed under the pressures and temperatures to the transition zone in a 1000-ton uniaxial
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split-cylinder apparatus at beamline 13-ID-D in Argonne National Laboratory operated by
GSECARS. See the setup, cell assembly, data collection and data processing methods in Chapter
2 and previous studies (e.g., Li et al., 2004; Li et al., 2005; Li and Liebermann, 2014). KLB-1
specimens are compressed and heated to condition close to those where they were hot pressed
before collecting the travel time and sample length data. If the conditions between the hot-
pressing and ultrasonic experiments are not the same, the run was extended for another 1 hour to
maintain equilibrium at the new target pressure. The peak experimental conditions for each
specimen are shown in Table 5.1. The P and S wave velocities at each condition are summarized

in Table 5.2.

5.3 Results and discussion

5.3.1 Temperature under western North America revealed from velocity measurements

Two regional seismological models are used as references to represent the average mantle
velocities under tectonic western North America: The Tectonic North America model (TNA2;
Yang et al., 2014) for S wave velocity and the Gulf California America (GCA; Walck 1984) for
P wave velocity. Figure 5.1 shows the comparison of P and S wave velocities from global
models, regional models and experimental results of this study. The velocities of AK135 and
PREM global models are obviously higher than those of the regional models and the
experimental results for both P and S waves (except for P wave at ~220 km and ~410 km).
Previous P and S wave tomography studies (e.g., Porritt et al., 2014; Wilson et al., 2005; Gao et
al., 2004) show that the P and S wave velocities of Rio Grande Rift area are lower than global
velocities, which is consistent with the velocities from the regional seismological models

(TNA/TNA2, GCA). At upper mantle depths, S wave velocities of KLB-1 peridodite match best

113



with TNA2 model along ~1450°C adiabat based on the experimental results with no correction
for anelasticity/attenuation. If we assume the QOshear (quality factor) is in the range of 100-200 in
the upper mantle (e.g., Karato et al., 2015) then the change of seismic velocity (6V/V) due to
anelasticity is no more than ~1% as estimated by dV/V = Q'1 (e.g. Karato et al., 2015; Liu et al.,
1976). Thus, if the velocities are corrected by taking the attenuation into account, the velocity
decrease of ~1% is equivalent to ~100-150 °C change in temperature, resulting in a mantle
potential temperature of 1300~1350 °C. It is worth noting that even though the temperature is
obtained by comparing the S wave velocities of KLB-1 with TNA2 model, the P wave velocities
corrected to this potential temperature match very well and nearly coincide with the GCA model
(Figure 5.1), not only the absolute velocities, but also the characteristic features of the low (100-
250 km) and high velocity gradients (250-400 km) (see below for more discussions). This
agreement appears to provide strong validation to the composition and the derived mantle

temperature.

Figure 5.2 shows a comparison of upper mantle temperature profiles of western North
America based on (a) xenolith thermobarometric results (for the Rio Grande Rift and Colorado
Platuea), (b) inversion of seismic velocities of western North America (western North America
average and Rio Grande Rift) and (c¢) the mantle adiabat from this study. The mantle
temperature under this region follows the mantle adiabat with a potential temperature of 1300 °C
after 150 km as inferred from infinitesimal strain approximation for the calculation of seismic
velocities by Goes and Van der Lee (2002). The mantle adiabat from our results after the
correction of inelasticity (blue region of Figure 5.2) is consistent with that of western North
America average (dark grey dashed line) and Rio Grande Rift (light grey dashed line) by Goes

and Van der Lee (2002) (Figure 5.2). At the shallower depths, the thermal structure of
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continental thermal boundary layers can be constrained by mantle xenoliths as the high ascent
speed preserved the equilibrium state of the constitute minerals in the deep Earth (Boyd 1987;
Rudnick et al., 1988; Lee et al., 2011). The temperature of peridotites from the Rio Grande Rift
calculated using geothermometers (e.g. Brey and Koéhler, 1990) is 1000-1100 °C at 1-2 GPa
(Baldridge 1979; Smith 2000; Porreca et al., 2006), which is higher than that under Colorado
Plateau (Smith and Barron, 1991; Riter and Smith, 1996; Smith, 2000) as shown in Figure 5.2.
The heat flow data also show the crustal temperature of the Rio Grande Rift is above that of its
neighboring areas (Reiter et al., 1978). The high surface heat flux indicates a very thin thermal
boundary layer (Lee et al., 2011), which is consistent with the rift process that results in the
thermal boundary layer under Rio Grande Rift thinning to an average thickness of 30-35 km
(e.g., Baldridge et al., 1984; Olsen, et al., 1987; Wilson et al., 2005); this is thinner by 10—15 km

than the Colorado Plateau and the Great Plains (Perry et al., 1987).

The continental lithosphere and upper mantle near Rio Grande Rift have been
investigated by many previous studies including geochemistry, isotope, geophysics and tectonics
(Wilson et al., 2005, Olsen et al., 1987; Gao et al., 2004; Slack et al., 1996; Baldridge et al.,
1984; Kil and Wendlandt, 2004). The seismic structure of this region is characterized by low P
and S wave velocities beneath the Rio Grande Rift, which has been attributed to the hot mantle
and high crustal temperatures and possibly the presence of partial melting (e.g., Baldridge et al.,
1984; Wilson et al., 2005). However, Gao et al. (2004) argues that tomographic imaging studies
show no indication of low seismic anomalies in the mantle beneath the Rio Grande Rift
associated with upwelling mantle below 150 km depth. This is consistent with the interpretation
by Olsen et al. (1987) that there is no major heat source associated with this region and no deep

mantle upwelling beneath the rift and the thinning has been accomplished with little addition of
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heat to the system during rift process. Melting and hydration from previous processes, if present,
has been mechanically removed to the east by the convection flow indicated by the Great Plains
down-welling (Gao et al., 2004). Note that the temperature from our study is far below the
melting curve of anhydrous KLB-1 (Zhang and Herzberg, 1994). In addition, the slope of a linear
relationship between the S and P wave travel time residuals is ~3.0 (Slack et al, 1996) which is

not large enough to require the existence of partial melting (Ritzwoller et al., 1988).

5.3.2 Velocity jump at 410 km

If the velocities across the 410 km (13.5 GPa) seismic discontinuity are compared with
those produced by the phase transformation from olivine to its high-pressure polymorph
wadsleyite, it is possible to constrain the fraction of olivine in the mantle mineralogy. However,
as mentioned above the results from previous attempts to do this are very discrepant, ranging
from 27 to 61 wt% (e.g., Duffy and Anderson, 1989, Duffy et. al, 1995; Li and Liebermann,
2007; Cammarano and Romanowicz, 2007; Irifune et al., 2008). Based on the current data shown
in Fig. 5.1, the directly measured P and S wave velocities of KLB-1 peridodite at ~13 GPa show
excellent agreement with those of regional seismic models GCA and TNAZ2. At this pressure, in-
situ X-ray diffraction during the current measurement indicated that no back transformation from

wadsletiye to olivine structure was observed.

Direct acoustic measurements on KLB-1 before the 410 km discontinuity, however,
could not be obtained due to technical difficulties; instead, the velocities before phase transition
are derived from the data at ~13 GPa by replacing wadsleyite with olivine in the aggregate using
VRH calculations based on the elasticity of San Carlos olivine and wadsleyite from previous

studies (Liu et al., 2005; Zha et al., 1998; Abramson et al., 1997; Darling et al., 2004; Nufez-
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Valdez et al., 2011; Liu et al., 2009; Li and liebermann 2000, 2007; Mayama et al., 2004) since
the uncertainties in VRH calculations have no effect on the modeled velocity jump for the mantle
discontinuities as discussed in Chapter 4 (page 93). As shown in Irifune et al. (1998) and Nunez-
Valdez et al. (2013), the effect of iron on the discontinuities across the olivine-wadsleyite
transition cannot be neglected. From the microprobe analyses, the Mg# of our specimen
equilibrated at 13 GPa is 90. Thus, only the elasiticity data of olivine and wadsleyite with Mg#
of ~90 are taken into account when calculating the velocities before the 410 km discontinuity.
The olivine data are from San Carlos olivine from Wang et al., 2015a (average of Liu et al.,
2005; Zha et al., 1998; Abramson et al., 1997; and Darling et al., 2004). The wadsleyite elasticity
data used in the calculation are from the average of the values listed in Table 5.3. The density of
wadsleyite (3.605 g/cm’) is from the refinement of the powder X-ray diffraction of a specimen
hot pressed at the same condition as S4255. A ~80°C temperature difference before and after the
410 km is also taken into account in the calculation of the velocity jumps. The temperature
dependence of K and G of olivine and wadsleyite are taken from Li and Liebermann (2007).
Thermal expansion data for the calculation of the densities of olivine and wadsleyite at high
temperatures are from Fei (1995). The densities of olivine and wadsleyite at the experimental
pressures around the 410 km are calculated from the “high-temperature Birch Murnaghan
equation of state” by using Ko, and py at high temperatures (e.g. Wang et al., 1996; Uchida et al.,
2001). Then the bulk and shear moduli are calculated by finite strain equation of state discussed
in Chapter 2. Thus the velocity jumps can be obtained from VRH calculations by substitute the
elasticities of wadsleyite with those of olivine in the aggregate. Water content can effectively

decrease the velocity jump of 410 km as shown in Mao et al., (2008). However, the water

117



content in olivine of the KLB-1 sample is less than 20 ppm (Schaffer et al., 2013) and the effect

of such a small amount of water on the velocity jumps is negligible.

The resultant values (red dots in Figure 5.1) are found to be in good agreement with the
seismic models as well as the projected values based on the experimental data between 3 and 10
GPa. Based on powder X-ray diffraction data for a sample hot-pressed at the same P-T condition
as those for S4255, the volume fraction of modal olivine is determined to be ~70% by a full-
profile Rietveld refinement (see Table 5.1). We infer that the velocity jumps for KLB-1
peridotite are ~6.6 % for P wave and ~7.0 % for S wave at the 410 km discontinuity (the velocity
jump for P wave may range from 7.3% and 5.1% and S wave from 7.9% to 6.1% by using
different elasticity data of wadsleyite from different studies listed in Table 5.3). These results are
consistent with the regional TNA/TNA2 and GCA models as well as recent mineral physics
calculations on pyrolite model by Li and Liebermann (2007) and Irifune et al (2008), but are
much larger than the globally averaged values in PREM and AK135. In addition, according to
Gao et al., (2006) the velocity jumps beneath the southeastern Mexico across 410 km are 6.2%
and 7.3 % for P and S waves, respectively, which is also consistent with the current experimental
data on KLB-1. These observations appear to suggest that lateral heterogeneity in the deeper
upper mantle and the transition zone in the western North American is small, which is consistent
with that indicated by tomographic studies (e.g., Masters, et al., 2000) as well as the lack of a
localized thermal anomaly as inferred by the negligible topography of the 410 km discontinuity

in this region (Wilson et al., 2005).
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5.3.3 Lehmann discontinuity under Rio Grande Rift

A closer examination of the velocity data in Figure 5.1 seems to suggest a noticeable
discontinuity at the pressure of 7.5-7.8 GPa (230-240 km) with velocity jumps of 1.7% and 1.6%
for P and S waves, respectively. Note that the slopes of P and S wave velocities as the function
of pressure change significantly before and after this pressure, which is consistent with the
gradients in TNA2 and GCA; note that no velocity discontinuities are observed in these regional
models. This pressure range is near the 220 km discontinuity in the PREM model and the
characteristic velocity features observed here are consistent with those for the Lehmann
discontinuity (Lehmann, 1961). This discontinuity has been observed by SS precursors under
both continents and oceans (e.g., Deuss and Woodhouse, 2002) and various causes have been
suggested. These include the bottom of the asthenospheric low-velocity zone, a phase transition
in pyroxenes, the coesite-stishovite transition, or a shear-induced anisotropic boundary (Wilson
et al., 2005; Leven, 1981; Mendelssohn and Price, 1997; Revenaugh and Jordan, 1991; Karato,
1992). For the regional seismic structure relevant to the current KLLB-1 peridodite, an upper
mantle discontinuity was observed from receiver functions by Wilson et al. (2005) at ~250 km
depth from Rio Grande Rift to Colorado Pleateau, which is in good agreement with the current

observations in Figure 5.1.

As shown in Figure 2.6, the KLB-1 specimens hot pressed within 3-8 GPa show
negligible changes in chemical and mineralogical compositions (see also Wang et al., 2015a).
Orthopyroxene in KLB-1 completely dissolves into garnet at ~8 GPa (Table 5.1) after which all
the phases become more Mg-rich with increasing pressure, which is consistent with the trend
observed by Irifune et al., (1998) on synthetic pyrolite. Thus, the origin of the Lehmann

discontinuity may be attributed in part to mineralogical and chemical compositional changes at
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~230-250 km and could possibly be a global feature for an upper mantle with pyrolitic

composition.

5.4 Conclusion

The mantle temperature under Rio Grande Rift revealed from the comparison between
the velocities of KLB-1 specimens and TNA2 shear velocity model is along 1450 °C adiabat or
along 1300-1350 °C adiabat with the correction for anelasticity effect. The velocity jump at 410
km is 6.6% for P wave and 7.0% for S wave with a volume fraction of 70% for olivine. A
Lehmann discontinuity is observed at the pressure of 7.5-7.8 GPa (230-240 km) with velocity
jumps of ~1.5% and changes in the velocity-depth slope for both P and S waves, which may be
caused by mineralogical and compositional changes before and after this pressure range. Our
results also suggest that the temperatures in the mantle of this region are below the solidus and

the observed velocity reductions do not require the presence of partial melt beneath this region.
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Table 5. 1* Modes for mineral compositions of KLB-1 specimens at varies pressures and
conditions for in-situ acoustic measurements. For transition of orthopyroxene to garnet above 8
GPa, see also Irifune et al., (1998).

Experimental | Ol Cpx Opx Gt
Pressure (GPa) conditions wWt%) (wt%) (wt%) wt%)
3 (K973) 3 GPaRT 62(56) 13(13) 18(24) 7(7)
5(K998) 5GPa 1200 °C 63 13 17 7
6(K986) 6GPa 1005 °C 64 13 16 7
8(K1000 K1001) | 8 GPa 1100 °C 63 13 16 8
10 GPa 1160
10 (K1032%%) °C 70 17 0 13
13 GPa 1026
13 (S4255%**%) | °C 71(71) 13(10)  0(0) 16(19)

*Values in the parenthesis are from Rietveld refinement of data from powder X-ray diffraction.

**Sample K1032 was re-equilibrated at ~10 GPa for 1 hour during ultrasonic measurement. The
composition in the table was measured after experiment.

*#*Sample S4255 was re-equilibrated at ~13 GPa for 1 hour during ultrasonic measurement. The
composition in the table was measured after experiment.
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Table 5. 2 Summary of velocities of KLLB-1 specimens at high pressures and temperatures before
and after the temperature correction.

Results after T correction®* | Orignial results before T correction
P
(GPa) | Vp(km/s) Vs (km/s) T (°C) Vp (km/s) Vs (km/s)
5.01 7.99 4.34 1200 8.14 4.44
5.93 8.09 4.37 1005 8.34 4.62
7.53 7.98 4.36 1100 8.19 4.51
7.82 8.10 4.44 1000 8.36 4.62
8.24 8.15 4.43 860 8.48 4.66
9.80 8.51 4.58 1162 8.70 4.72
9.82 8.49 4.57 1162 8.67 4.71
10.50 | 8.51 4.59 1020 8.77 4.77
10.57 | 8.45 4.56 1020 8.71 4.74
10.60 | 8.44 4.55 1020 8.70 4.73
10.70 | 8.47 4.56 1020 8.73 4.75
12.65 |9.34 5.07 1026 9.55 5.24
13.00 | 9.30 5.05 1026 9.55 5.24
13.10 | 9.37 5.08 1000 9.59 5.26
13.65 |9.36 5.07 907 9.62 5.28
Velocities before 410 km from VRH calculations
P(GPa) | Vp (km/s) Vs (km/s)
12.65 | 8.75 4.73
13.00 | 8.71 4.71
13.10 | 8.79 4.75
13.65 | 8.78 4.74

* Temperature for each pressure is along 1450°C or 1325°C after Q correction.
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Table 5. 3 Elasticities of wadsleyite used in calculation of the velocities at 13 GPa before 410

km

mg# K G
Nuiez-Valdez et al., 2011 87.5 180.4 106
Liu et al., 2009 87 171.3 108.7
87 175.4 108
Li and Liebermann, 2000 88 172 106
Li and Liebermann, 2007 90 173 108
Mayama et al., 2004 91 165.7 105.43
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Figure 5. 1 Comparison of Vp and Vs at mantle conditions between KLB-1 and seismic models.
Red symbols: KLB-1 along 1450 °C adiabat without Q correction; KLB-1 along 1325 °C adiabat
with Q correction. Same red symbols are from the same specimen from one run by collecting
data at a small range of variations in pressure and temperature. Grey line: AK135; Blue line:
PREM; Green Line in Vp: GCA; Green line in Vs: TNA2. Grey shadows show the slope change
of the velocities before and after the possible Lehmann discontinuity.
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