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Abstract
The principal target of this thesis is to determine the elastic properties of dense hydrous
magnesium silicate phases, namely OH-clinohumite and phase A, stable in the deeper
parts of the upper mantle and in subduction zone. From the results it is possible to
predict their presence in subducting slabs by seismic tomorgaphy methods. This was
achieved by ultrasonic techniques under ultra-high pressure conditions in a multi-anvil
apparatus.
A prerequisite for successful measurements of wave propagation velocities in a multianvil apparatus is the synthesis of appropriate sample specimens that satisfy strict
requirements with respect to density, grain-size and homogeneity. In a series of
synthesis experiments a successful strategy was developed to obtain samples with the
required quality that involves a combination of solution-gelation and hot-pressing
synthesis methods. Starting materials were prepared by solution-gelation of magnesiumnitrate-hexahydrate and TEOS (tetraethylorthosilane) to obtain homogeneous ultra-fine
(nano-sized) powders of MgO and SiO2. These mixtures were subsequently subjected to
a 2-step recrystallization and sintering process by hot isostatic pressing to generate
monomineralic aggregates of forsterite (Mg2SiO4), OH-clinohumite (Mg9Si4O16(OH)2)
and phase A (Mg7Si2O8(OH)6) employing a shaking piston-cylinder and/or multi-anvil
apparatus. The resulting specimens are homogeneous, with small and homogeneous
grain sizes of less than 20 micrometers, free of microscopic cracks, devoid of lattice or
shape preferred orientation, and with a porosity of less than 1%.
Ultrasonic wave propagation velocity measurements of forsterite and the dense hydrous
magnesium silicates phases were carried out in 6/8 multi-anvil device using the transfer
function method. Pulses were created by a dual Li-Niobate transducer with carrier
frequencies in the range 10 to 30 MHz that generate both compressional and shear
waves simultaneously. A sin(t)/t signal is propagated through the rock sample and the
reflections are recorded. The travel time of the pulse through the sample combined with
the known length of the sample allows direct determination of the wave velocities.
Elastic moduli can be derived from the velocity information using a third-order finitestrain equation of state. Experiments have been conducted in the pressure range 1 to 11
GPa at room temperature. For OH-clinohumite, we determined the following elastic
v

properties: adiabatic bulk modulus KS = 119(2) GPa with its first derivative K’S = 4.8(1)
and the shear modulus G = 77(1) GPa with its first derivative G’ = 1.9 (2). For phase A,
the values are: KS = 100(1) GPa, K’S = 6.3(2), G = 61(1) GPa, and G’ = 2.2 (1). The
experiments are reproducible and confirm that elastic velocities of polycrystalline
aggregates of dense hydrous magnesium silicate phases can successfully be measured
by the ultrasonic technique under subduction zone pressure condition. Measured
velocities of clinohumite and phase A and their derived elastic properties were
combined with literature values of other relevant (anhydrous) phases to compute
seismic velocities and Vp/Vs ratios of anhydrous eclogite and anhydrous and hydrous (2
and 5 wt.% H2O) peridotite assemblages at high pressure (up to 11 GPa) and a
temperature of 1073 K. The results suggest that seismic velocities contrasts between
eclogite, dry peridotite and hydrous peridotite can vary up to 5 % depending on the
weight fraction of water contained in the clinohumite- or phase A-bearing peridotite
assemblages. Such contrasts might, in principal, be detectable by high-resolution
seismic tomography offering the possibility to diagnose the presence of hydrous phases
at depth of 200-400 km in cold subduction zones. In contrast, the Vp/Vs ratio of
hydrous peridotite only show small differences to eclogite and dry peridotite, and
therefore, they might not be adequate to predict the presence of hydrous phases within
peridotitic assemblages.
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Zusammenfassung
Diese Doktorarbeit verfolgte das Ziel, elastische Eigenschaften von so genannt ´dichten
Magnesio-Hydrat-Silikatphasen´ (DHMS), namentlich OH-Klinohumit und Phase A,
die im tieferen Bereich des oberen Erdmantels stabil sind, unter HöchstdruckBedingungen zu bestimmen um den möglichen Nachweis ihrer Anwesenheit in
subduzierter ozeanischer Lithosphäre mittels seismischer Tomographie zu evaluieren.
Dazu wurden die Fortpflanzungsgeschwindigkeiten von Ultraschallwellen bei
Höchstdruck Bedingungen in einer Multi-Anvil (Vielstempel) Apparatur gemessen.

Voraussetzung für eine erfolgreiche Durchführung von Schallwellenfortpflanzungsexperimenten in einer Multi-Anvil Apparatur ist die Synthese von geeigneten Proben,
die strikte Anforderungen in Bezug auf Dichte, Korngrösse und Homogenität erfüllen
müssen. In einer Serie von Syntheseexperimenten wurde die folgende, erfolgreiche
Strategie entwickelt, die eine Kombination von Lösungs-Gelierungs- (sol-gel) und
Heisspress- (hot-pressing) Methoden darstellt: Homogene, ultrafeine (Nanometer)
Pulver bestehend aus MgO und SiO2 wurden mittels der Lösung-Gelierungs-Methode
aus Magnesium-Nitrat-Hexahydrat und TEOS (Tetraethylorthosilan) hergestellt.
Anschliessend wurden die Pulver in einem 2-Stufen Prozess in einer schwenkbaren
Piston-Zylinder

(Stempel-Zylinder

Presse)

und

Multi-Anvil

Apparatur

durch

Heisspressen umkristallisiert und gesintert um monomineralische Aggregate von
Forsterit (Mg2SiO4), OH-Klinohumit (Mg9Si4O16(OH)2) und Phase A (Mg7Si2O8(OH)6)
zu erhalten. Die resultierenden Proben sind homogen mit einer geringen Korngrösse
von weniger als 20 Mikrometer, enthalten keine mikroskopisch erkennbaren Brüche
oder bevorzugte kristallographische oder morphologische Orientierung und weisen eine
Porosität von weniger als 1 % auf.

Die Ultraschallwellenfortpflanzungsgeschwindigkeiten von Forsterite und den dichten,
Magensio-Hydrat-Silikatphasen wurden mittels der Pulstransfermethode an einer 6/8
Multi-Anvil Apparatur durchgeführt. Simultane Kompressions- und Scherwellenpulse
wurden mit einem dualen Li-Niobat-Transducer (Signalumwandler) mit einer
Trägerfrequenz im Bereich 10 bis 30 MHz erzeugt. Ein sint/t Signal wird durch die
vii

Probe gesandt und die Reflektion(en) aufgezeichnet. Aus den Laufzeit differenzen und
der bekannten Probenlänge erhält man direkt die Wellenfortplanzungsgeschwindigkeit.
Die elastischen Moduli erhält man aus den Geschwindigkeitsdaten durch Berechnung
mittels einer ´third-order finite-strain´ finite Deformations Zustandsgleichung 3.
Ordnung. Experimente wurden im Druckbereich von 1 bis 11 GPa bei Raumtemperatur
durchgeführt. Die folgenden elastischen Parameter wurden für OH-Klinohumit
bestimmt: adiabatisches Kompressionsmodul KS = 119(2) GPa; Druckableitung des
Kompressionsmoduls K´s = 4.8(1); Schermodul G = 77(1) GPa; Druckableitung des
Schermoduls G´= 1.9(2). Für Phase A wurden die folgenden Werte bestimmt: KS =
100(1) GPa, K’S = 6.3(2), G = 61(1) GPa, und G’ = 2.2 (1). Die Experimente sind
reproduzierbar und bestätigen, dass die Fortpflanzungsgeschwindigkeit seismischer
(elastischer) Wellen in polykristallinen Aggregaten von dichten, Magnesio-HydratSilikatphasen unter Druckbedingungen wie sie in Subduktionszonen herrschen,
erfolgreich im Labor mittels der Ultraschall-Technik gemessen werden können.

Die

gemessen

Fortpflanzungsgeschwindigkeiten

und

berechneten

elastischen

Eigenschaften von Klinohumit und Phase A wurden mit Literaturdaten weiterer,
relevanter,

H2O-freier

Phasen

kombiniert,

um

die

seismische

Fortpflanzungsgeschwindigkeiten und VP/VS Verhältnisse für Eklogit- und Wasserhaltige (2 and 5 Gew.% H2O) und Wasser-freie Peridotitparagenesen bei hohen
Drücken (bis 11 GPa) und einer Temperatur von 1073 K zu berechnen. Die Resultate
dieser Modelrechnungen ergeben, dass der Kontrast der seismischen Geschwindigkeiten
zwischen Eklogiten, H2O-freien und H2O-haltigen Peridotiten bis 5% betragen kann,
abhängig vom H2O-anteil, der in den Klinohumit- oder Phase A-führenden
Peridotitparaganesen

gespeichert

ist.

Solche

Unterschiede

sollten

mittels

hochauflösender seismischer Tomographie nachweisbar sein und sollten damit die
Möglichkeit bieten, die Anwesenheit von Hydratphasen in Tiefen von 200 – 400 km in
kalten Subduktionszonen zu erkennen. Im Gegensatz dazu, zeigen die Vp/Vs
Verhältnisse nur geringe Unterschiede zwischen den verschiedenen möglichen H2Ofreien und H2O-haltigen Lithologien und dürften deshalb nicht geeignet sein die Präsenz
von Hydratphasen in Peridotiten in grosser Tiefe festzustellen.
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Chapter 1

Introduction
1.1 Aims and objectives
This thesis essentially comprises an experimental study to determine ultrasonic wave
velocities and elastic properties of two Dense Hydrous Magnesium Silicates (DHMS)
phases: OH-clinohumite and phase A. Since clinohumite and phase A are thought to
have the potential to transfer water into deep parts of the upper mantle approaching the
boundary of the Earth´s transition zone, the understanding of their elastic properties at
the condition prevailing in subduction zones will provide a better insight into the
transport of H2O and geologic/tectonic processes such as the generation of deep-focus
earthquakes, or magmatism at convergent plate boundaries. Reliable velocity
measurements of these minerals at high pressures will additionally provide constraints
to answer the question whether the presence of hydrous phases in subducted oceanic
lithospheric slabs can be detected using the velocity information derived from seismic
records.
Specifically there are four objectives of this study:
1. To set up a suitable experimental method that allows accurate measurement of
physical properties of samples under high pressure (and high temperature) conditions.
2. To produce high quality specimens that are stable under high pressure and
temperature conditions and are suitable for ultrasonic wave propagation experiments.
3. To measure the ultrasonic velocities and estimate elastic properties of clinohumite
and phase A at variable pressures up to condition representing the bottom of the upper
mantle.
4. To evaluate the effect of hydrous phases on the overall seismic velocities of
subduction zones to answer the question whether the presence of hydrous phases can be
detected using seismic methodology.

1

1.2

Background and motivation

The following sections provide background information on the thermochemical and
physical properties of hydrous phases from different perspectives to rationalize why
clinohumite and phase A are in the focus of this study.

1.2.1

Petrologic perspective

The H2O on the Earth´s surface constitutes only about 0.025wt% of the planet’s mass,
far less than the Earth is thought to have originally contained. It is about ten times less
than the water content of typical tholeiitic magmas formed in the asthenosphere below
mid-ocean ridges (0.2-0.3wt% H2O) and about half of what the “enriched mantle”
model predicts (0.04 wt.% H2O) (Jacobsen and Van der Lee, 2006). Subduction zones
deliver six times more water into the mantle (8.7*1011 kg yr-1) than the amount
delivered back to the surface by the arc volcanism (1.4*10-11 kg yr-1) (Peacock, 1990).
This implies that the majority of Earth’s water resides in the upper mantle or can even
be transferred into the deep mantle by subduction processes.
The H2O in the mantle could be stored in the form of (1) an aqueous fluid phase or a
hydrous melt (Thompson, 1992), (2) hydrous (silicate) phases (Ulmer and
Trommsdorff, 1999) or (3) it could be incorporated into the crystal structure of
nominally anhydrous minerals constituting the major mantle mineralogy (i.e. olivine,
pyroxenes, garnets; Bell and Rossman, 1992; Jacobsen et al., 2008). The subducted
oceanic

lithosphere

consists

of

serpentinized

peridotitic

mantle,

plutonic

mafic/ultramafic cumulates and gabbros, basaltic volcanic rocks and pelitic to carbonate
sediments. In the past, gabbroic and volcanic rocks representing oceanic igneous crust
and pelitic rocks corresponding to ocean floor sediments were considered as potential
water reservoirs in the subducted oceanic lithosphere (Tatsumi, 1986; Massone and
Schreyer, 1989; Schmidt, 1996; Davies and Stevenson, 1992). However, studies in the
last decade have changed these views because: 1) there are widespread occurrences of
strongly serpentinized ultramafic rocks in ophiolites and on the ocean floor. The oceanic
drilling samples confirmed the presence of intensively serpentinized peridotites in a
variety of tectonic setting. 2) Antigorite serpentine is stable at higher pressures than
amphibole. 3) The possibility of cold subduction path for hydrated oceanic mantle
2

within the stability field of antigorite-serpentine and chlorite (Ulmer and Trommsdorff,
1999). The question, in what form water is transported and how it is distributed within
the mantle has been the subject of debate.

Figure 1.1: Pressure – temperature phase diagram of the peridotite + H2O system
(Maruyama and Okamoto, 2007). White area: hydrous minerals are unstable, shaded
area: hydrous minerals are stable. A, B, C and D: representative P-T paths of the slab
surfaces. X1, X2, X3 are critical points that control the fate of water in a subduction
zone (from Maruyama and Okamoto, 2007).
Ultrahigh-pressure experiments (e.g. Yamamoto and Akimoto, 1977; Bose and
Ganguly, 1995; Ulmer and Trommsdorff, 1995; Kawamoto et al., 1996; Kawamoto and
Holloway, 1997) found that hydrous minerals typical for ultramafic compositions are
stable under temperature and pressure condition prevailing in the subducted slab and in
the mantle wedge adjacent to it (Figure 1.1). At depths shallower than 100 km
amphibole is stable at pressures up to 3 GPa and temperature below 1000oC, chlorite is
3

stable at up to 5 GPa and 800oC and antigorite up to 6.5 GPa and 500-6000C. As
subducting slabs comprise mostly hydrated peridotite, numerous experimental attempts
have been made to determine the degree of hydration and the phase relations of hydrous
peridotite systems within the deeper parts of the upper mantle down to transition zone
conditions (Nakagawa and Buffett, 2005; Gorczyk, et al. 2007; Iwamori, 2007;
Maruyama and Okamoto 2007). These studies indicate that in warm subduction zones
(line D, Figure 1.1), antigorite, which is the dominant hydrous phase in hydrated slab
peridotites at shallower depth, is dehydrating and could potentially cause arc
magmatism (Ulmer and Tromsdorff, 1995) and/or deep-focus earthquakes (Peacock,
2001; Dobson et al., 2002; Perrillat et al., 2006). On the other hand, in cold subduction
zones, or even in intermediate subduction zones but with the presence of impurities
such as Al3+ (Fockenberg, 1998), Ti4+ (Khodyrev, et al. 1992; Iizuka and Nakamura,
1995) and F (Stalder and Ulmer, 2001) (trajectories A, B - Figure 1.1), the stability of
hydrous magnesium silicate phases with respect to pressure and temperature is greatly
enhanced.

Figure 1.2: Phase diagram of the water-saturated peridotitic rocks from the compilation
of the experimental results (from Iwamori, 2004).Red ellipse indicates P-T conditions
where phase A and clinohumite represent the principal H2O-carriers.

4

Figure 1.2 displays the stability and hence, the potential presence of hydrous phases as a
function of temperature and pressure summarizing the results of experiments relating
clinohumite and phase A (Iwamori, 2004). At pressures from 5 to 10 GPa and
temperatures up to 1000oC clinohumite and phase A are formed upon antigorite
breakdown. At pressures from 6 GPa to 12 GPa and temperatures less than 600oC
hydrous assemblages consist of phase A plus antigorite coexisting with anhydrous
phases. In case temperature increases above 600 °C, all antigorite breaks down and
phase A remains stable together with anhydrous phases. At temperatures exceeding 900
°C clinohumite still forms a stable phase in this pressure range. The stability conditions
of clinohumite and phase A in a subducting slab suggest that phase A resides in the
cooler core and clinohumite in the warmer rim of a subducted slab.

1.2.2 Geophysical perspective

For the time being, only high resolution seismic tomography can directly provide
information on the structure of the Earth’s interior. There are basically four
seismological parameters: seismic velocity, attenuation, anisotropy and density. Among
them seismic velocity is the most appriopriate to estimate physical parameters of the
Earth’s structure because it is determined by seismic wave travel time that can be
measured with high accuracy.
Many studies have investigated the detailed structure of subducting slabs using seismic
data (e.g. Iwamori and Zhao, 2000; Koper et al., 1999; Roth et al., 1999; Sato, 1992;
Van der Lee and James, 2001). Figure 1.3 depicts a heterogeneous velocity distribution
image from a subducted slab (Tonga – Lau system), with velocity anomalies ranging
from -6% to 6%. Low velocity areas exist above the subducting slab, while inside the
subducted lithosphere a positive velocity anomaly with amplitudes in the range 2 to 6 %
is observed. These anomalies are difficult to explain either as the result of thermal
structure, bulk composition or both and are very suggestive of the involvement of water.
It is commonly considered that aqueous fluids released from the subducted slab cause
the negative anomalies beneath the crust in the upper mantle. The varying (positive)
velocity anomalies inside the slabs are sometimes suggested to be caused by hydrous
phase inside it, but there is not yet reliable measurements to confirm this hypothesis.
From these observations, the principal motivation for this study is derived: Provided the
velocities of clinohumite and phase A can be reliably determined, the effects of their
5

presence on the overall velocity of the slab can be evaluated and the question whether
the presence of hydrous phases at great depth within subduction zones can be predicted
by seismic method can be addressed.

Figure 1.3: East-west vertical cross section of P-wave velocity distribution from 0 to
700 km depth beneath the Tonga arc and Lau back arc region. Red and blue colours
denote slow and fast velocities, respectively. The velocity anomaly scale is shown at the
bottom (after Zhao et al, 1997).

1.2.3 Mineralogy of clinohumite and phase A

Minerals of the humite group including clinohumite are probable hosts for water in the
upper mantle. These minerals are structurally and chemically similar to olivine, from
which they can form by hydration in fluid-rich environments (e.g. by reaction with
6

water H2O dehydrating minerals or by crystallization from low temperature H2O saturated melts).
Persuasive evidence for humites as H2O reservoirs in the upper mantle was the
recognition of titano-chondrodite and titano-clinohumite in mantle-derived kimberlite
rocks (McGetehin et al., 1970; Aoki et al., 1976). These minerals are present as separate
phases within thin layers in olivine crystals or as inclusion in pyrope garnets. Humites
are more likely the products of secondary hydration of olivine (Bell and Rossman,
1992; Thompson, 1992). They may be formed in relatively cold shallow portions of the
upper mantle by the crystallization of mafic melts which could not rise into the crust to
form basalts or gabbros. In the humite structures there are at most two OH groups per
formula unit. Hydroxylclinohumite Mg9Si4O16(OH)2 was first synthesized by
Yamamoto and Akimoto (1974) and recently by Pawley (2000) at conditions ranging
from below 1.5 GPa at 900oC to at least 1250oC at 5 GPa and up to 12 GPa, 1100oC
(Burnley and Navrotsky, 1996; Stalder and Ulmer, 2001).

Clinohumite

Figure 1.4: Polyhedral representations of the clinohumite structure viewed down
the a-axis (top) and c-axis (bottom) (Ross and Crichton, 2001).
According to Ross and Crichton (2001) clinohumite forms part of a polysomatic series
based on slightly distorted hexagonally closed–packed (hcp) arrays of (O,F,H)-anions in
which one half of the available octahedral sites are filled by M cations. The structural
7

homology is derived from replacement of four O atoms by four (F,OH)-atoms which is
charge–compensated by the replacement of one tetrahedrally coordinated silicon atom
by a tetrahedral void (Fig. 1.4).
H2O

MgO-SiO2-H2O
System
Brucite

Serp

phase A
Chondrodite
Clinohumite

MgO

forsterite

enstatite

SiO2

Figure 1.5: Composition diagram for serpentine (antigorite–ser), humite group
minerals (clinohumite and chondrodite) and phase A in the system MgO-SiO2-H2O
The structure of phase A and clinohumite may be described as an alternating sequence
of m olivine-modules (Mg2SiO4) and n brucite-modules (Mg(OH)2) (Fig. 1.5):
m.Mg2SiO4 +n.Mg(OH)2.
For phase A m=2 and n=3 and for clinohumite m=4 and n=1; therefore, m/n is less than
unity for phase A and greater than unity for clinohumite. According to Kudoh et al.
(2002; 2004), one out of two Si-tetrahedra shares three edges with Mg-octahedra in
phase A. The other tetrahedron only shares corners with octahedra. Hydrogen atoms
locate between two oxygen atoms forming hydrogen bonds in phase A. This particular
hydrogen location characterized by hydrogen bonds is a characteristic feature common
for high-pressure dense hydrous magnesium silicates, such as phase A (Horiuchi et al.,
1979), phase B (Finger et al., 1991), superhydrous B (Pacalo and Parise, 1992; Kudoh et
al., 1994), hydrous wadsleyite (Kudoh et al., 1996) and hydrous ringwoodite (Kudoh et
al., 2000) (Figure 1.6).
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Phase A

Figure 1.6: The crystal structures of (a) phase A viewed along the c-axis; and (b)
phase A viewed along the c-axis (Kudoh, 2004).

1.3 Thesis outline

This thesis consists of 7 chapters with chapters 3, 4 and 5 presented in the form of draft
manuscripts for publishable articles.

Chapter 2 introduces the technology of the ultrasonic method and describes the
experimental set up.

Chapter 3 describes the synthesis of forsterite, clinohumite and phase A specimens,
which are suitable for ultrasonic wave propagation measurements at high pressures (and
temperatures). For this purpose, the specimens must satisfy strict requirements such as
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uniform grain size, high grain density, good homogeneity, absence of microscopic
cracks and devoid of preferred orientation.

Chapter 4 presents the experiments and results of the seismic velocity measurements
carried out on clinohumite at variable pressures up to 11 GPa by the ultrasonic method.
This is actually the first time seismic velocities of clinohumite are directly measured in
the laboratory.

Chapter 5 presents the experiments and results of the seismic velocity measurements
carried out on phase A at variable pressures up to 11 GPa. Additionally, the effects of
iron substitution in Mg-endmembers on the overall elastic properties of mineral phases
in the MgO-(FeO)-SiO2-H2O system are discussed in this chapter.
In chapter 6 the results from the velocity measurements and the derived elastic
properties for the monomineralic polycrystalline aggregates are combined with
literature data to model the seismic velocity of different rock types occurring in
subducted oceanic lithosphere namely dry eclogite, dry and hydrous peridotites.

Chapter 7 contains a summary and the principal conclusions.
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Chapter 2

In-situ ultrasonic velocity measurement
in a multi-anvil apparatus
2.1 Introduction
Elastic properties of mantle minerals can be studied in the laboratory by a variety of
methods such as static and shock wave compression methods (e.g. Bass et al., 1981),
various spectroscopic techniques and physical acoustics methods (Li and Liebermann,
2007). Volume compression experiments measure the volume and hence the density of
materials at elevated pressures. Because the isothermal bulk modulus KT is defined as
 V (P / V ) T , its value can be derived from the derivative of a P-V curve.

Compression techniques provide important information about the variation of density
and crystal structure at conditions up to the core- mantle boundary. However, they do
not directly measure seismic velocities and elastic shear properties (Li and Liebermann,
2007). Methods based on physical acoustic experiments such as ultrasonic
interferometry, Brillouin spectroscopy, impulsive stimulated scattering (ISS) and
resonant ultrasound spectroscopy (RUS) (Anderson and Liebermann, 1968; Weidner,
1987) can measure directly elastic properties and P- and S-wave velocities. Resonant
ultrasound spectroscopy for example allows experiment at temperature of up to 1500K
but only at room pressure. Experiments using impulsive stimulated scattering methods
can be carried out under pressures up to 50 GPa but at room temperature. With Brillouin
spectroscopy techniques, experiments can be carried out at high pressures and high
temperatures but not simultaneously (Fritzel and Bass, 1997; Sanchez-Valle, 2008). The
approach used in this study measures the travel time of elastic waves by an ultrasonic
echo method based on the transfer function (Li et al., 2002). It has the advantage,
together with other ultrasonic techniques, to allow direct measurements of elastic wave
velocities of minerals in-situ at simultaneous high temperature and high pressure
conditions (Liebermann, 1972; Gwanmesia et al., 1990; Li and Liebermann, 1996). To
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date, several experiments have successfully been conducted under simultaneous highpressure and high-temperature condition, but so far only with anhydrous phases such as
forsterite (e.g. Li and Liebermann, 1996; 2000) or with single crystals of hydrous
phases such as ringwoodite (Jacobsen and Smyth, 2006).

2.2 Experimental Setup
2.2.1 Assembly

The in-situ elastic wave velocity measurements reported here have been carried out in a
6/8 Walker- type multi-anvil module compressed with a 600-ton press. The multi-anvil
module comprises two stages of anvils: The external anvils consists of six removable
cylinder-segments (wedges) placed inside a cylindrical containment ring with two
pressure distribution plates on both ends (Figure 2.1).

Containment Ring
(Hardened Tool Steal
AISI 1.3- Re 49).

Safety Ring
(Mild Steal).
Scatter Shield
(Polycarbonate
(Makralon)).
Wedges
(Hardened Tool Steal
AISI M2-Re 62).
Tungsten Carbide Cubes
with edge truncations.
(Toshiba grade F(6%Co)
polished 1- edge length).
MgO- Octahedron
(with fins-Aremco 584

compound).

Figure 2.1: Cross-section of 6/8 multi-anvil module with the 6 external (yellow) and
8 internal (purple) anvils contained in the cylindrical (red) steel containment ring.
The wedges redirect the axial force generated by the 600-ton press onto the six faces of
a cube formed by the anvils, which itself consists of eight smaller (25 mm edge length)
tungsten carbide (WC) cubes. The corners of each WC cube facing the centre of the 8
assembled cubes are truncated into triangular surfaces with an edge length of 8 mm
forming an octahedral cavity that hosts the acoustic cell assembly (octahedron) (Fig.

16

2.2). A transducer is mounted on one of the WC cubes at the opposite corner of the
truncated corner facing the centre of the assembled cubes. One side of the transducer is
electrical grounded via the WC octahedron that is in contact with the wedges and the
pressure plate. The other side of the transducer is connected to the signal potential by a
gold pin that impinges towards the transducer surface by a spring.

Figure 2.2: The second stage anvils of the multi-anvil device. Eight WC cubic
anvils with truncated corners and the octahedral pressure medium are assembled
to a large cube (right side). Left side: WC cube (25 mm edge length, 8 mm
truncation edge length with piezoelectric transducer and acoustic cell assembly
located on opposite corners of the truncated cube.
The compressional and shear waves generated by the transducer travel through the WC
cube and the corundum buffer rod before reaching the sample. The reflected signals are
captured by the transducer and transformed into an electrical response signal. The crosssection displayed in Figure 2.3 illustrates the cell assembly employed in this study. A
sample of 2-2.3 mm in diameter and about 1.5 mm in length is surrounded by lead (Pb)
and Teflon® that provide a pseudo-hydrostatic pressure environment. Corundum
(Al2O3) is used as a buffer rod to centre the sample in the cell assembly and to increase
mechanical coupling.
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Figure 2.3: Cross-section of the cell assembly used for the high pressure acoustic
velocity measurement experiments (modified after Li et al., 2002).

2.2.2 Pressure calibration

The pressure calibration is based on a nearly linear relationship between applied oil
pressure generating the force acting on the multi-anvil module and the pressure acting
on the sample. At room temperature conditions, such a calibration can conveniently be
done by utilizing known pressure-sensitive phase changes in metals such as Bismut that
are characterized by sudden changed in the electrical resistance. In the case of Bismut,
the transition of Bi(I) to Bi(II) occurs at 2.55 GPa and the transition from Bi(III) to
Bi(IV) occurs at 7.7 GPa at room temperature (Lloyd, 1971). To calibrate and monitor
pressure during acoustic measurements at high pressures, a small chip of Bi-metal is
placed into the cell assembly, below the sample within the Teflon rod, and resistance
through the Bi-metal is constantly monitored via a voltage-bridge (constant current)
(Fig. 2.4). Phase transitions are recorded and the pressure of each experiment is
calculated based on a linear relationship between oil pressure and the occurrence of the
phase transitions at 2.55 and 7.7 GPa in Bi-metal.
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Figure 2.4: In-situ pressure calibration employing resistance changes to detect
pressure-sensitive phase transitions in Bi-metal (a) and linear approximation of
pressure versus force derived from Bi-calibration for a single experiment (b).

2.2.3 Transducer

Piezoelectricity is a physical property only occurring in crystals having a
crystallographic polar axis. When an external force is applied and deforms the crystal an
electrical voltage can be measured between opposite faces of the crystal. On the other
hand, if an external electrical field is applied to a piezoelectric crystal, it will deform
(converse piezoelectric effect; Figure 2.5).

Figure 2.5: The converse piezoelectric effect of a piezoelectric crystal.
A piezoelectric transducer is a chip cut from a polar crystal in such a way that it
produces compressional waves, shear waves or both simultaneously when an electrical
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AC-potential is applied. The strongest amplitude of vibration is obtained when the
crystal vibrates at its resonance frequency. In this study, 10 degree rotated Y-cut lithium
niobate is used to generate both compressional and shear wave simultaneously. The
resonance frequency for compressional waves is 16.7 MHz and for shear waves it is
10 MHz. Therefore, applying a 50 MHz AC field a compressional wave is excited at
the resonant frequency through its 3rd harmonic. Simultaneously, a shear wave is
generated at resonant condition by excitation of its 5th harmonic.

2.3 Data acquisition and processing
The measurement of the seismic wave travel time is performed at ultrasonic frequencies
in the range of 10-60 MHz. The wavelength  lies in the range of 0.8-0.15 mm
assuming a wave velocity of 8 km/s in the sample.  is, therefore, about 3 to 20 times
shorter than the sample length (  2.5 mm) and 10 times longer than the average grain
size (10 µm). The signals are, thus, appropriate for the travel time measurement
experiments of specimens employed in this study.

2.3.1 Data acquisition system

Trigger
Generator

sinc(kt)

h(t)
h(t)

Figure 2.6: Flow charts of the ultrasonic velocity measurement set-up (Li et al.,
2002).
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The seismic method employed in this study is based on the transfer function of the
entire system including the transducer, the WC anvil, the buffer rod and the sample.
Figure 2.6 shows the setup used for the travel time measurements. The initial signal
x(t) is created by the waveform generator and sent to the transducer. The response y(t)
is converted to an electrical signal by the transducer and recorded together with the
initial stimulus x(t) by a digital oscilloscope. This procedure is repeated several hundred
times to obtain a good signal/noise ratio by stacking the recorded signal. The computer
defines the original signal x(t) and records the final stacked response y(t) for further
processing. A photograph of the electronic equipment setup for ultrasonic experiments
is given in Figure 2.7.

Figure 2.7: Photograph displaying the electronic equipment consisting from top to
bottom of the trigger (Tektronix® CFG253) , the wave form generator (Tektronix®
AWG 2021) and a 4-channel digitalizing oscilloscope (Tektronix® TDS 540C) setup at
IMP, ETHZ.
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2.3.2 Acquisition of the transfer function
In a linear time invariant (LTI) system the response function y(t) is the convolution of
the transfer function h(t) and the stimulus function x(t). The transfer function h(t) is
identical with the response function if the system is stimulated by a Dirac pulse δ(t):

(2.1)

h(t) = [LTI-system] * δ(t).

In frequency domain the response Y(f) is obtained by multiplying the Fourier-transforms
(2.2)

Y(f) = H(f) . X(f),

with


(2.3)

H(f) =

 h(t )e

i 2ft

df

i 2ft

dt .



and


(2.4)

X(f) =

 x(t )e



The Fourier-transform of the Dirac pulse (t) is the white spectrum D(f) = 1 containing
all frequencies from - to + Hz at the same amplitude. However, the generation of an
ideal Dirac pulse is not feasible in the real world. Therefore, an approximation D*(f)
comprising a frequency range fmin to fmax at constant amplitude is used as stimulus
function to obtain an approximate transfer function H*(f) or, in time domain, h*(t). The
approximate Dirac pulse d*(t) is obtained by the inverse Fourier-transform of D*(f)
limiting the frequency range from fmin = fc-f to fmax = fc+f, where fc is the center
frequency and 2f is the full frequency range. d*(t) is the input signal used for the
experiments. It is calculated from:
(2.5)

x(t )  d (t ) 
*

f c  f

 D ( f )e
*

i 2ft

df  2

f c f

sin(2ft )
 2 sinc(2ft )
2ft

The sinc(2ft) function is shown in Figure 2.8 for two different frequency ranges. If
the signal x(t) spans a wider range of frequencies then it is sharper in time domain (Fig.
2.8).
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Figure 2.8: sinc(t) function with f = 20MHz (red ) and f =10MHz (blue).

The response function h*(t),
(2.6)

h*(t) = [LTI-system] * sinc(kt),

with k=2f, is a good approximation for the transfer function in the selected frequency
range, provided the amplitudes are relatively small (Fig. 2.9).

Compressional wave reflections
Shear wave reflections
amplitude

time

Figure 2.9: Example of recorded signals after acquisition. P and S reflections show as

finite wavelets.
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2.3.3 Travel time measurements

X: 9405
Y: 2.065e+009
X: 10790
Y: 3.306e+008

P3/S3
P2/S2
P1/S1
time
Figure 2.10: Cross correlation function rxy used for accurate time picking of the

recorded signal.

A combination of cross-correlation function and train alignment is used to define the
peak to peak time differences between the reflection wavelets from the top and the
bottom of the sample. The wavelet of the reflection from the bottom of the corundum
(P2/S2), x(n), is cross-correlated with the entire wave train, y(n). Local maxima on the
cross-correlation function indicate the arrival time at each interface.
(2.7)

rxy (l ) 



 x ( n  l ) y ( n)

n  

where l=0,  1,  2,  3, …
To ensure the consistency of the time pickings for the same sample at various pressures
the wave trains are aligned by the first reflection (from the top of the buffer rod) and
arranged side by side as illustrated in Figure 2.10. The two-way travel time of the
signals travelling through the sample is equal to the difference in arrival time between
the reflections from the top and the bottom of the sample (Fig. 4.6c):
(2.8)

tP,S= ½(tP3,S3-tP2,S2).
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2.3.4 Amplitudes of reflected signals

Assuming a normal incidence angle (wave propagation direction is perpendicular to the
interface) the reflection and transmission coefficients are (e.g. Officer, 1974):

(2.8)

R12 

Ar  2 v 2  1v1

,
Ai  2 v 2  1v1

(2.9)

T12 

At
2 1v1
,

Ai  2 v2  1v1

where R12 is the reflection coefficient, T12 is transmission coefficient; Ai, Ar and At are
the amplitudes of the incident wave, the reflected wave and the transmitted wave
respectively; 1, v1, 2, v2 are the densities and velocities of media 1 and 2 respectively.
Apparently, the reflection amplitude depends on the seismic impedance contrast
between the two media. For the assembly described in Figure 2.3, the seismic
impedances are given in Table 2.1. If attenuation effects are considered negligible, the
amplitude of reflection at the sample bottom is about 11% and 15% of the initial
impulse amplitude for P wave and S wave respectively.
Table 2.1: Calculated (theoretical) impedances of materials employed in the assemblies.
Zp, Zs are impedance contrasts for compression and shear waves.

Zp

Zs

(g/cm3)

Vp(km/s) (106kg/m2s) Vs(km/s) (106kg/m2s)

WC

15.8

7.23

114.18

4.23

66.78

corundum (Al2O3)

3.98

11.96

47.61

5.89

23.44

forsterite

3.203

8.49

27.18

5.03

16.10

phase A

2.976

7.93

23.60

4.52

13.45

clinohumite

3.261

8.25

26.90

4.74

15.46

Teflon®

2.14

1.39

2.97

0.48

1.03
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2.3.5. Length of the sample (l)

Assuming that 1) the pressure is isotropic and 2) deformation of the sample at high
pressure is elastic, the length of the sample can be calculated by the method introduced
by Cook (Cook, 1957):
P

(2.10)

l0
1 
dP
 1

3h0 0 1  4
l
t p2 3t s2

(2.11)

h0  4l02  0

where
l0 is initial length of the sample at room pressure,
l is the length of the sample at pressure P,

0 is the density of sample at ambient condition,
0.01 (for most isotropic solids) and

tp, ts are travel times of compressional (P) and shear waves (S) through the sample.
The elastic properties of forsterite have been studied by several authors (e.g., Li et al.,
1998; Kumazawa and Anderson, 1969) yielding reproducible results. In this study, the
travel time measurements were first conducted on forsterite and compared to the
existing data to validate the experimental setup and the data processing.

2.4 Verification of the experimental setup and data processing
procedure
For this experiment, the pressure was increased from room pressure to 11 GPa by 0.7
GPa steps. For each pressure P- and S-wave signals were propagated through the
sample and recorded. In order to calculate the wave velocities, the time of reflections at
the top and the bottom of the sample were determined using the procedures outlined in
the previous section. The first reflections of the recorded wave trains were aligned as
shown in Figure 2.10. The cross correlation function of the signals was used to define
the time difference between the reflections to calculate the travel time through the
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Table 2.2: Summary of experimental results on P and S-wave propagation in forsterite
at high pressure.

P(GPa)

lo/li

li

0.68
1.63
2.36
2.98
3.80
4.61
5.43
6.59
7.32
8.14
8.95
9.77
10.58
11.39
12.21
13.02

1.002
1.004
1.006
1.008
1.010
1.011
1.013
1.015
1.017
1.018
1.020
1.021
1.022
1.024
1.026
1.027

1.990
1.985
1.982
1.979
1.975
1.972
1.968
1.964
1.961
1.958
1.955
1.953
1.950
1.947
1.944
1.942

Density
(kg/m3)
3.21
3.23
3.25
3.26
3.28
3.30
3.32
3.34
3.35
3.37
3.38
3.40
3.41
3.42
3.44
3.45

2tp(µs)

2ts(µs)



Vp(km/s)

Vs(km/s)

0.472
0.460
0.455
0.451
0.445
0.442
0.437
0.431
0.429
0.425
0.423
0.420
0.417
0.415
0.414
0.412

0.8008
0.7848
0.7778
0.7728
0.7678
0.7618
0.7568
0.7518
0.7478
0.7418
0.7408
0.7388
0.7348
0.7338
0.7318
0.7298

-0.002
-0.004
-0.006
-0.008
-0.010
-0.011
-0.013
-0.015
-0.017
-0.018
-0.020
-0.021
-0.023
-0.024
-0.026
-0.027

8.440
8.639
8.718
8.782
8.875
8.929
9.006
9.123
9.140
9.224
9.254
9.308
9.362
9.385
9.393
9.426

4.970
5.059
5.095
5.121
5.145
5.176
5.202
5.225
5.245
5.280
5.279
5.286
5.308
5.308
5.314
5.321

lo - length of the sample at zero pressure; lo/li – ratio of sample length at pressure P
divided by initial length at zero pressure; 2tp and 2ts – 2-way travel times of P- and Swaves;  - strain; for details of velocity calculations refer to chapters 4 and 5
sample. Figure 2.11 shows that the Vp and Vs velocities of forsterite determined in this
study are in excellent agreement with the results given by Li et al. (2004) and Zha et al.
(1996). However, we did not successfully measure the velocities at P=0 most probably
due to an imperfect coupling across the gold foils placed at the interfaces between WC
cube- corundum- sample.

In conclusion, the results of the forsterite experiment confirms that the experimental
setup and the data processing are appropriate to obtain precise measurements of
ultrasonic seismic velocities, and, consequently, were employed to determine seismic
velocities and elastic properties of clinohumite and phase A at high pressures. These
results are presented in chapters 4 and 5 of this thesis.
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(a)

(b)
Figure 2.10: Trains of reflections through the acoustic cell assembly collected at
increasing pressure from room pressure up to 12 GPa for the forsterite sample: (a) for
compressional waves; (b) for shear waves.
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Figure 2.11: P- and S-wave velocities of forsterite as a function of pressures obtained

in this study compared to literature values.
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Chapter 3

Fabrication of monomineralic, polycrystalline aggregates of
forsterite, clinohumite and phase A for ultrasonic wave
propagation measurements at high pressures

ABSTRACT

Polycrystalline aggregates of forsterite (Mg2SiO4), dense hydrous magnesium silicate
phases (DHMS) clinohumite (Mg9Si4O16(OH)2) and phase A (Mg7Si2O8(OH)6) have
been produced by combining sol-gel techniques (McDonnell et al., 2002), conventional
high-temperature and high-pressure synthesis and hot-isostatic pressing (Gwanmesia et
al., 1993). The starting materials were prepared by gelation of intensely stirred solutions
of MgNO3 and TEOS (Si(OC2H5)4) to produce homogeneous, nanometer-sized mixtures
of MgO and SiO2. The mixture were either fired at 1 bar (forsterite) or loaded into Ptcapsules with excess H2O added by a micro-syringe and synthesis experiments were
conducted in the ‘shaking’ piston cylinder and multi-anvil apparatus (Schmidt and
Ulmer, 2004) to produce homogenous magnesium-silicate phases. These samples were
further treated by hot isostatic pressing at high pressure and temperature conditions
within their respective stability fields in piston cylinder and multi-anvil apparatus to
produce monomineralic polycrystalline aggregates suited for high-pressure ultrasonic
measurements. Pressure, temperature, sintering time, cooling and decompression rates
were systematically varied to delimit the condition of synthesis to obtain samples with
optimal grain sizes and densities. The final procedure results specimens that are
homogeneous with small grain sizes of less than 20 micrometers, free of microscopic
cracks, devoid of preferred orientation, and with bulk densities greater than 99% of the
theoretical value, optimally suited for high-pressure ultrasonic wave propagation
measurements in multi-anvil devices.

32

3.1 INTRODUCTION

The mineral repository and the distribution of water within the Earth´s mantle has been
the subject of debate among geoscientists for a long time. Several authors proposed that
under conditions prevailing during subduction of hydrated oceanic lithosphere, the
water stored in the serpentinized mantle either transforms to higher pressure hydrous
phases or is released from the oceanic lithosphere and produces hydrous phases such as
amphibole, phlogopite, clinohumite or phase A in the overlying mantle wedge that, in
turn, could be dragged down to deeper parts of the upper mantle or even into the Earth´s
transition zone (e.g. Stalder and Ulmer, 2001; Komabayashi et al., 2005; Iwamori and
Watada, 2007; Maruyama and Okamoto, 2007). While thermodynamic properties
controlling hydrous phase stabilities and phase relations of hydrated peridotitic systems
are rather well constrained and understood, elastic properties of post-serpentine, dense
hydrous magnesium silicate phases (DHMS) under subduction zone conditions have not
been sufficiently studied to potentially identify the presence of such phases by seismic
tomography of subducted oceanic lithosphere and the adjacent mantle wedge. To date,
there are only a few studies on this topic, e.g. sound velocity measurements of single
crystals of phase A and clinohumite at ambient conditions by Brillouin scattering
(Fritzel and Bass, 1997) and a recent single crystal study of phase A at high pressures
by Sanchez et al. (2008). An alternative approach is the measurement of sound wave
velocities of hydrous phases by in-situ ultrasonic techniques to infer the elastic
properties (e.g. Liebermann and Li, 1998). This method, applied in our laboratory,
requires high quality polycrystalline specimens with suitable, grain-sizes, grain-size
distributions, microstructures and densities (porosities). This contribution describes in
detail the fabrication of (nearly) mono-mineralic aggregates of forsterite, clinohumite
and phase A using state-of-the-art material science sol-gel synthesis (McDonnell et al.,
2002) and isostatic hot-pressing (Gwanmesia et al., 1993) techniques.

Required sample quality
Synthetic samples for ultrasonic wave propagation velocity measurement have to satisfy
the following conditions in order to produce strong signal reflections with high signal to
noise ratio (SNR) during ultrasonic wave propagation measurements.
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1) Grain size
According to Mason and McSkimin (1947), the attenuation A of a propagated wave
depends on grain sizes a and wavelength . Therefore, for a given wavelength, the grain
size is the principal factor that controls the sample quality in terms of signal attenuation.
Mason and McSkimin (1947) found that the bigger the grain size the higher the
attenuation, i.e. A=f(a)2. In addition, if the sample exhibits large grain sizes, the crystals
will tend to form preferred orientation and the sample will become anisotropic.
According to Liebermann et al. (1974), the ratio /a must exceed three and it is
recommended that /a > 10. Anisotropy caused by even a small degree of preferred
orientation within the polycrystalline specimen can produce directional dependence as
well as pressure dependence of the measured wave propagation velocities, and should,
therefore, be avoided.

2) Sample density
The required specimen density is about 99% of the theoretical value and should be
devoid of any micro-cracks. Lower density could result in reduced wave velocities in
the solid phases. In addition, the received signal becomes weaker due to high inelastic
absorption in the specimen.
3) Ratio between length and diameter of the sample (l/) (aspect ratio)
The aspect ratio (l/) must be less than 4 to 5 in order to avoid boundary effects during
the measurements. General observations by Love (1927) indicate that in an isotropic
elastic medium the first motion resulting from an arbitrary disturbance in an unbounded
medium is propagated with the compression velocity Vp given by the equation:
(3.1)

Vp = [(+2µ)/]1/2

where  = first Lamé parameter, µ = shear modulus,  = density.
In laboratory experiments, for many practical reasons, the most convenient specimen
shape is a cylinder, which is not really an unbounded medium. According to Birch
(1960), the aspect ratio l/ of the specimen should not exceed four or five for successful
P-wave measurements. Larger values of l/ seriously affect the recorded signals by
boundary reflections and only a small portion of the energy will arrive with velocity Vp
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and tends to fade to the noise level, while large portions of the energy will travel with
the ‘rod/bar velocity’ VPR= (E/)1/2, (with E= Young’s modulus) that is lower than VP .

4) Ratio between sample diameter () and wavelength ()
Studies by Tu et al. (1955) and Silaeva and Shamina (1958) show that, depending on the
relationship between sample diameter and wavelength of the elastic wave propagating
through the sample, the measured velocity could be the velocity of longitudinal waves
in an infinite medium VPM, in a plate VPPL in a thin rod VPR. To warrant that the
measured velocity in our sound velocity propagation studies is indeed VPM, the ratio
(/) must not fall below 2.4.

5) Mechanical coupling between buffer rod, sample and transducer
Dispersion of travel time (velocity) depends on the quality of the contact between the
transducer, the buffer rod and the sample; therefore, both sides of the sample need to be
polished flat and parallel. In addition, the insertion of thin gold foils (2 µm thickness)
between the interfaces can be utilized to optimize elastic energy propagation by
enhancing the mechanic coupling.

We started our synthesis work by preparing samples of olivine for ultrasonic
measurements: Initially we attempted to use natural San Carlos olivine powders with an
initial grain size of about 50 µm as starting materials for synthesis: Olivine crystals
were ground in a commercial milling machine to fine powders; the minimum grain size
we could reach by mechanical milling was 2-3 µm. These powders were subsequently
isostatically hot pressed in a piston cylinder apparatus at 3.0 GPa, 1200-1400°C for 10
to 24 hours. The quality of the recovered charges was, however, rather bad and was
characterized by low density, numerous cracks, rather large grain size (exceeding 100
m) and by a strongly inhomogeneous grain-size distribution (Figure 3.1).

Consequently, we decided to apply the sol-gel method to obtain ultra-fine grained
starting mixtures combined with hot isostatic pressing that resulted to be a successful
technique to produce samples with the required quality. The following section describes
the employed methods and strategies to obtain such samples.
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100 m

b)

a)

Figure 3.1: a) Back scattered electron (BSE) image of a sample specimen using fine
grained San Carlos olivine after hot-pressing. b) The initial starting material had an
average grain size of 1.5 µm and 80 % of the grains exhibited sizes < 2 µm. The final
product is inhomogeneous with grain sizes exceeding 100 m.

3.2 SYNTHESIS METHODS

a) Sol-gel process:
Sol-gel, an abbreviation for solution and gelation, is a technique that has been applied
widely in the last decades, especially in material science. According to McDonnell et al.
(2002) the principal advantages of this technique can be summarized as follow:
(i) High surfaces area and intimate mixing of the colloidal particles results in high
reactivity, allowing low-temperature reaction sintering.
(ii) The synthesized nanometer-sized powders have enhanced sinterability and
uniform texture that result in very homogeneous products compared with coarser
powders produced by the reaction of oxides or minerals.
(iii) Chemical contamination can be minimized.
(iv) Narrow initial grain size distribution limits abnormal grain growth during hot
isostatic pressing.
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In the present study, the sol-gel technique was employed to produce mixtures of MgO
and SiO2 (xero-gel) that were utilized as starting materials for the generation of
forsterite, clinohumite and phase A samples.
Solid colloidal particles were formed by the reaction of TEOS [Tetraethylorthosilicate,
Si(OC2H5)4] and Magnesium-nitrate-hexahydrate (Mg(NO3)2.6H2O) solutions. An
initial calibration was performed to establish the correct proportion of MgO and SiO2
resulting from magnesium nitrate and TEOS. The conversion factors for MgO and SiO2
were 6.36 and 3.47 respectively, i.e. within error identical to the stoichiometric values.

The flow-chart shown in Figure 3.2 illustrates the various steps during the sol-gel
process:
1. Magnesium-nitrate-hexahydrate Mg(NO3)2.6H2O is completely dissolved into
ethanol at room temperature by using an ultrasonic baths and magnetic stirring.
2. TEOS [Si(OC2H5)4] is poured into the Mg-nitrate – ethanol mixture and stirred
until the solution is homogeneous. In this stage, hydrolysis processes take place
(Figure 3.3).

Mg(NO3 )2. 6H2 O + C2 H5 OH

Si(OC2 H5 )4

HNO3 CATALYST
ALCOGEL
(drying)
XEROGEL

Figure 3.2: Flow diagram of the sol-gel process used to produce SiO2-MgO
mixtures.
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Figure 3.3: Schematic representation of the hydrolysis and self-condensation process
of tetra-ethyl-orthosilicate (TEOS). R represents the C2H5 group.

3. HNO3 is added as a catalyst to force completion of hydrolysis before
condensation initiates. The mixture is slowly heated to 70 °C.
4. After about 8 hours the gelation process starts. The wet gel, still containing the
ethanol solvent, is called alcogel.
5. After about one day of drying the alcogel at 70oC the mixture becomes dry, the
gel shrinks and cracks and forms the so called xerogel.
6. The xerogel is heated with a Bunsen burner for 1 hour; care has to be taken to
increase the temperature gradually. Otherwise, if the temperature increases too
quickly, a portion of the MgO can be lost during NO2 evaporation.
7. Finally, the powder is fired in a laboratory furnace at 1000 °C for 1 hour to
ensure that the mixture is free of any HNO3.
The final result is a homogeneous mixture of MgO and SiO2 with sub-micron grain-size
and the correct stoichiometry of the targeted magnesium silicate phases.
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b) Synthesis of monomineralic starting materials
The ultra-fine powders obtained by the sol-gel technique were further treated to obtain
mono-mineralic product phases with the appropriate stoichiometry and structure of the
target phases using the following procedures:
(i) Forsterite: Thoroughly ground powders of MgO and SiO2 obtained by the solgel technique are pelletized in a steel die and heated at 1400 °C for 12 hours
in a Pt-crucible in a high-temperature laboratory furnace to synthesize
forsterite according to the equation:
(3.2)

2 MgO +SiO2= Mg2SiO4.

(ii) Clinohumite: Guided by experimental phase equilibra (Yamamoto and Akimoto,
1977; Wunder, 1998; Pawley and Wood, 1996; Pawley, 2000) summarized
in Figure 3.4, the synthesis of clinohumite was conducted at 3.3 GPa, 800oC
for 51 hours employing an end-loaded, shaking piston-cylinder apparatus.
Approximately 100 mg of starting xerogel MgO-SiO2 mixture with the
molar ratio according to the stoichiometric reaction:
(3.3)

9 MgO + 4 SiO2 + H2O= Mg9Si4O16(OH)2 (clinohumite)

was loaded into 4.0mm OD, 3.5mm ID Pt-capsules with excess H2O added
by micro-syringe and welded shut. For the synthesis we utilized 14.0 mm
talc-Pyrex-BN piston cylinder assemblies (Fig. 3.5) and applied a pressure
correction due to frictional losses of 10%. Pt-Rh based thermocouples (Btype, Pt94Rh6 – Pt70Rh30) were used for temperature measurement and
control.
(iii)

Phase A: Based on experimental phase equilibria (e.g. Yamamoto and
Akimoto, 1977; Wunder, 1998; Pawley and Wood, 1996) summarized in
Figure 3.4, the synthesis of phase A was conducted at 6.0 GPa, 700oC for 24
hours employing a shaking multi-anvil apparatus with 32mm WC cubes,
17mm truncation edge length and 25mm edge length MgO octahedrons with
5% Cr2O3. Approximately 50 mg of starting xerogel MgO-SiO2 mixture with
the molar ratio according to the stoichiometric reaction:
(3.4)

7 MgO + 2 SiO2 + 3 H2O= Mg7Si2O8(OH)6 (phase A)
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was loaded into 4.0mm OD, 3.5mm ID Pt-capsules with excess H2O added by
micro-syringe and welded shut. The capsule was contained in a 25/17 graphite
furnace assembly shown in Figure 6; temperature was measured and controlled
by B-type Pt-Rh thermocouples inserted vertically with the thermocouple tip
located at the top of the capsule.
.

Figure 3.4: Pressure – temperature diagram displaying reactions that delimit the stability
fields of clinohumite and phase A used as guides for the synthesis of these minerals.
Abbreviations are: Fo - forsterite; Br – brucite; En – enstatite; Chum – clinohumite, Chon
– chondrodite; A – phase A. Blue and pink point indicate conditions of synthesis for
clinohumite and phase A respectively.
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Figure 3.6: Cross-section of the
cell assembly used for synthesis of
phase A and subsequently for hot
pressing specimens in the shaking
multi-anvil device.

Figure 3.5: Cross-section of the
piston-cylinder cell assembly used
for synthesis of clinohumite in the
shaking piston cylinder.

c) Characterization of synthesis run products
The resulting synthesis products were analyzed by powder X-ray diffraction (XRD) and
micro-Raman spectroscopy to verify completion of the synthesis reactions and the
purity of reaction products. Figures 7a-e) display powder XRD and Raman spectra of
forsterite, clinohumite and phase A synthesis products and reveals the purity (> 98%) of
the obtained reactants, basically free of any additional phases or non-reacted starting
oxides.
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d)
raman spectra for clinohumite
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Figure 3.7: Powder XRD analysis of synthetic a) forsterite; b) clinohumite; c) phase A;
and Raman spectra of the 500 – 1100cm-1 region of d) clinohumite, and e) phase A.
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d) Hot Pressing of synthetic monomineralic phases
Hot-pressing involves the simultaneous application of high pressure and temperature to
densify powders. Pressure provides a driving force for sintering by building up stresses at
the touching corners and edges of particles. The advantage of hot-pressing over
conventional sintering is that the microstructures of the material can be controlled and
properties of the material can be improved. For example, high density can be attained with
minimum grain growth due to reduced temperature and time of sintering (Gwanmesia et al.,
1993).

In order to select appropriate pressure-temperature paths to control the final grain size,
thermodynamic conditions and kinetics of transformation must be considered during the
experiments. According to Kingery et al. (1976) the following criteria and conditions need
to be considered:
-

The supplied energy (heat) must be sufficient for the atoms of the specimen to rearrange
into a new crystalline structure.

-

At high temperature, where the kinetics of reactions is faster, the temperature hysteresis
across a phase boundary is small. However, this hysteresis increases with increasing
pressure; e.g. for iron at one bar the temperature hysteresis of the - transition is on
the order of a few degrees, but at 10 GPa this hysteretic increases to about 30 °C
(Decker et al., 1972). Based on these empirical data, the temperature was changed in 30
to 50 °C steps during the hot-pressing process to evaluate the effect of temperature on
the sintering products.

-

The sintering rate steadily decreases with time. Therefore, long time periods do not
improve the sample properties and time is not a major or critical variable for process
control.

-

The sintering rate is inversely proportional to the particle size. This promotes much
faster reaction of smaller than larger grains during sintering.

-

The sintering rate is additionally controlled by diffusion. The diffusion coefficients, in
turn, are strongly dependent on temperature.
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-

The presence of agglomerates of the fine particles can lead to both, an increase in grain
size and pore size during the early stage of heat treatment. It is indeed common to
observe this when utilizing very fine-grained starting materials. Consequently, prior to
loading the powder into the Pt-capsules, the samples were ground to break up the
agglomerates.

-

Moreover, not only the kinetics of pore elimination can lead to considerable residual
and stable porosity but also thermodynamically metastable equilibrium pore
configuration can affect it. This explains why some large pores in poorly compacted
powder are not only stable or disappear but they actually grow. Therefore, it is vital to
compact the powders into capsules as much as possible by physically pressing them: we
actually employed steel pressing dies to compress the capsules even further.

-

An additional, important factor that may restrain grain growth is the presence of free,
non crystal-bound water in the capsule. In order to minimize this effect, the filled
capsules were stored in an oven at 220oC for 2 hours prior to closing them by arcwelding.

Taking into account the processes and procedures outlined above we carried out a series
of experiments employing different run durations, pressure and temperature conditions
to establish the optimum conditions that produce the best sample quality for forsterite,
clinohumite and phase A monomineralic aggregates. A summary of the experimental
run conditions is given in Table 1.
Table 3.1: Run conditions, grain sizes and sample densities of HIP experiments
Run#

Forsterite
pc- fo-1
pc- fo-2
pc- fo-4
pc- fo-5
pc- fo-6
pc- fo-8
pc-fo-9
pc- fo-11

Temparature
(°C)

Pressure Run duration
(GPa)
(hours)

1400
1400
1300
1350
1100
1280
1378
1300

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

22.0
19.0
7.0
7.0
4.0
5.0
2.5
2.5
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Average grain
size (m)

45.89
35.63
33.19
35.05
r.n.c.
35.49
26.70
r.n.c.

Standard
deviation (m)

Density
(% nominal)

24.31
15.59
11.83
18.7

99
96
91
99

12.91
12.97

97
96

pc- fo-12
pc- fo-13
pc- fo-14
pc- fo-15
pc- fo-17*
pc- fo-17**
pc- fo-18*
pc-fo-18**
pc- fo-19*
pc-fo-19**
pc-fo-20
pc-fo-24
pc-fo-25*
pc-fo-25**
pc-fo-26*
pc-fo-26**
pc-fo-26**
pc- fo-28*
pc-fo-28**
pc- fo-30

1300
1250
1300
1280
1000
1300
1000
1300
1000
1300
1250
1150
1050
1250
1000
1250
1300
1000
1250
1280

2.6
2.3
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

30.0
26.0
20.0
20.5
3.0
7.0
5.0
15.0
4.0
20.0
20.0
24.0
16.5
7.0
18.5
3.0
3.0
46.0
6.5
24.5

Clinohumite
HP-CH1
HP-CH2
HP-CH3*
HP-CH3**
HP-CH4

800
800
700
800
800

3.3
3.3
3.3
3.3
3.3

3.0
20.0
25.0
5.0
24.0

Phase A
HP-A1
HP-A2*
HP-A2**

700
650
700

6.0
6.0
6.0

24.0
4.0
21.0

31.99
23.85
18.48
13.48
14.32

19.9
16.9
9.91
7.82
7.23

99
99
99
99
99

18.98

9.08

99

13.55

7.64

99

14.43
12.69
5.51

8.38
7.23
2.41

99
99
99

5.46

2.14

99

5.10

2.25

99

19.49

3.25

99

8.04

5.03

89
99
99

8.18

6.07

99
99

r.n.c. = reaction not completed.
* = multi-step runs conducted with a first step at lower temperature (nucleation) and a second or even
third step (**) at higher temperature (crystal growth).

3.3 RESULTS

After sintering, the experimental charges were analyzed by an electron microprobe to verify
the chemical and mineralogical homogeneity. Backscattered electron (BSE) and
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forwardscattered electron (FSE) images were acquired to estimate the porosity, the grain
size variations of the samples and the preferred orientation of crystals. Figures 8a)-f)
provide an overview over the textures obtained by HIP-sintering of forsterite at various
conditions.

a) BSE image of run pc-fo-1 (1400oC, 3 GPa, b) BSE image of run pc-fo-4 (1300oC, 3 GPa, 7
22 hours)
hours)

c) BSE image of run pc-fo-5 (1350oC, 3 GPa, d) BSE image of run pc-fo-6 (1100oC, 3GPa,
7 hours)
7hours)
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e) BSE image of run pc-fo-11 (1300oC, 3 f) FSE image of run pc-fo-12 (1300oC, 3 GPa,
GPa, 2.5 hours)
30 hours)

Figure 3.8: BSE and FSE images of forsterite
sintering
experiments
with
variable
temperature, pressure and run durations.
g) FSE image of run pc-fo-14 (1300oC, 1
GPa, 20 hours)

Our principal findings are:
(i) At high pressure (3GPa) and high temperature (1400oC) the density of the
samples is good but the grain sizes are too large (Figure 3.8a), in the order of
50 μm. Decreasing the temperature reduces the grain size, but causes also
density to decrease (Figures 3.8b and 3.8c). Moreover, recrystallization does
not occur at temperatures of 1100 °C and below (Figure 3.8d).

(ii) Short run duration (a few hours) results in relatively low density samples
(Fig. 3.8b). In addition, in short experiment such as pc-fo-11 (2.5 hours, Fig.
3.8e) the re-crystallization is not completed and inhomogeneous charges are
obtained. Increasing the sintering duration to 20 hours or longer significantly
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increases the density (Fig. 3.8f), but we still obtain rather large grain sizes in
the order of 30 µm.

(iii) By reducing pressure to 1 GPa and selecting a temperature of 1300oC one
can significantly decrease the grain size, but at the same time maintain high
sample density. Figure 3.8g displays the run product of an experiment
performed at 1300oC, 1GPa for 20 hours. The density obtained amounts to
99.6% of the nominal forsterite density, the grain size is small (about 20 µm)
and the grain distribution is quite homogeneous.

Figure 3.9: FSE images of experimental charges employing a two step procedure for
nucleation and crystal growth; a) and b) overview and detail images of run pc-fo-18
using a short time interval for the first (nucleation) step (5 hours at 1000°C); and c)
and d) overview and detail image of run pc-fo-28 hold for a longer time interval at
lower temperature (46 hours at 1000°C).
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(iv) In theory, the nucleation process requires temperatures lower than the
temperatures needed for crystal growth. Therefore, the process could be
further improved by splitting the experiment into two steps. First, apply a
low temperature to promote abundant nucleation, and secondly increase
temperature to promote crystal growth. Applying this strategy we were able
to generate samples with small grain sizes ≈ 15 µm using short time intervals
for the first (nucleation) step and even grain size as small as ≈ 10 µm for
longer time intervals of the first step (see Table 1, runs 17,18,19,25,26, HPCH3, HP-A2). However, we also found that this practice causes rather large
fractures throughout the sample as illustrated in Figure 3.9a) and 3.9c) and
cracks along the grain boundaries shown in Figure 3.9d).

Figure 3.10: FSE image of an Figure 3.11: FSE image of an
experimental run product of clinohumite experimental run product of phase A
sintering.
sintering.

(v) Cooling and decompression rates during unloading were selected to avoid
micro-cracking of the hot-pressed sample. As cooling reduces the volume of
the sample and decompression expands it, it was necessary to find a
cooling/decompression path to balance the two effects in such a way that the
volume changes were minimized. In our experiments, the cooling rate is 1oC
per minute and decompression rate is about 0.2-0.35 GPa per hour.

Finally, the optimum isostatic hot pressing condition for sintering forsterite was found
at 1 GPa, 1300oC and for a duration of 20 to 24 hours resulting in samples devoid of
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cracks, exhibiting high density (≈99.6% of the theoretical value) and small and
homogenous grain sizes (≈ 15µm).

Similarly, we found optimal conditions to produce best sample quality for clinohumite
and phase A: for clinohumite these are 800oC, 3.3 GPa and 24 hours (Fig. 10) and for
phase A - 700oC, 6 GPa and 24 hours (Fig. 11). Again, the samples are devoid of
cracks, reveal high densities (≈99% of theoretical value) and small grain sizes (<
20µm).

3.4 CONCLUSIONS

Combining the sol-gel, and isostatic hot-pressing (HIP) synthesis techniques we were
able to produce high quality, synthetic specimens that are appropriate for ultrasonic
wave propagation measurements at high to ultra-high pressures in a multi-anvil
apparatus.
Three principal factors controlling the quality of the final products during HIP are
sintering time, pressure and temperature. Dividing the HIP experiments into two steps, a
lower temperature nucleation step and a higher temperature crystal growth interval
results in samples with considerably smaller grain sizes and high sample densities, but
cracks along grain boundaries and fracture throughout the samples are formed rendering
them less favorable for ultrasonic measurements.
The optimal HIP conditions found are: 1300oC, 1 GPa for 20 hours for forsterite; 800oC,
3.3 GPa for 24 hours for clinohumite; and 700oC, 6 GPa for 24 hours for phase A. The
samples are characterized by small grain sizes of less than 20 µm that are free of
microscopic cracks, having low porosity <1 % and are devoid of preferred orientation.

ACKNOWLEDGMENT: We thank Ulrich Faul for introducing us to the sol-gel
method, Kastern Kunze for providing high contrast FSE images, and Renee Heilbronner
for grain size analysis. This research has been funded by ETH-grant TH-44/02-1 and
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Chapter 4

Elastic wave velocity measurements for Clinohumite in a multianvil apparatus to 11 GPa pressure

ABSTRACT
Ultrasonic wave propagation velocities of polycrystalline aggregates of the dense hydrous
magnesium silicate phase (DHMS) clinohumite (Mg9Si4O16(OH)2) have been measured at
high pressure and room temperature condition. The starting materials were prepared by a
sol-gel technique and synthesis experiments were conducted with a rocking piston cylinder
and multi-anvil apparatus to produce homogenous fine-grained polycrystalline aggregates.
The recovered specimens are homogeneous with small grain sizes of less than 20
micrometers, free of microscopic cracks, devoid of preferred orientation, and with bulk
densities of 99% of the theoretical value. They are appropriate for the study of sound
wave propagation velocities. Measurement were carried out in a 6/8 multi-anvil device
using an ultrasonic wave propagation technique. Pulses were created by Li-Niobate dual
transducers with a resonant frequency in the range of 10-40 MHz that generate both
compression (P) and shear (S) waves simultaneously. A sin(t)/t-type signal was propagated
through the rock sample and reflections were collected to measure the travel times that, in
turn, were used to determine the wave propagation velocities. Experiments have been
performed in the pressure range 1 to 11 GPa at room temperature. Using the third-order
finite-strain equation of state elastic moduli and their derivatives of clinohumite were
derived and result: KS= 119(2) GPa, K’S= 4.8(1), G= 77(1) GPa and G’=1.9(2) that
compare favorably with independent measurements obtained by Brillouin scattering of
single crystal clinohumite (Fritzel and Bass, 1997). Experimental results are reproducible
and confirm that elastic wave velocities of dense hydrous mantle minerals can be measured
at pressures corresponding to the bottom of the Earth´s upper mantle in a multi-anvil
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apparatus using the transfer function technique. Seismic velocities of clinohumite at
ambient temperature and high pressures are basically indistinguishable from forsteritic
olivine, rendering it unlikely that the presence of clinohumite-bearing peridotitic rocks
within or above a subducted oceanic lithosphere can be detected by seismic tomography.

4.1 INTRODUCTION
The presence of H2O in the Earth interior causes considerable effects on the physical and
thermo-chemical properties of minerals and rocks. For instance, it significantly reduces the
melting temperature of mantle rocks (e.g. Green, 1973; Kushiro, 1990; Mysen and
Boettcher, 1975) and, consequently, is thought to be responsible for the generation of
island-arc magma by ‘flux-melting’ of the sub-arc mantle in the hottest region of the wedge
(e.g. Ringwood, 1974; Kushiro, 1990; Ulmer, 2001; Grove et al., 2006). H2O decreases the
viscosity of magmas that controls ascent and extrusion of magmas within and at the surface
of the crust (i.e. explosive versus effusive eruptions) and may even generate the conditions
that cause deformation accompanied by earthquake activities (e.g. Dingwell et al., 1996).
However, two questions are still highly debated among geoscientists: 1) What is the
principal form of H2O contained within the Earth’s mantle (crystal-bound H2O in hydrous
minerals, free aqueous fluid phase, dissolved H2O in a silicate liquid phase); and 2) How is
it distributed within the mantle? Regarding the deep (mantle) H2O-cycle within the Earth,
the prime targets of investigation are subduction zones, where H2O bound to hydrous
phases are transported in the cold part of the descending slab to great depth at least to the
bottom of the upper mantle, but potentially even through the Earth’s transition zone into the
lower mantle (e.g. Komabayashi et al., 2005). Identification of H2O-reservoirs within the
Earth’s mantle can potentially be derived from seismic tomography. For example: the
results of global seismic tomography reveals that a low-velocity layer (LVL) exists at
depths around 150 – 250 km within subducted oceanic lithosphere, which could be
attributed to the following potential sources according to Abers (2005):
(i) metastably persisting gabbroic crust in upper part of the subducted oceanic
lithosphere;
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(ii) a serpentinized layer localized above (in the mantle wedge) or below (in the
lithospheric mantle of the oceanic lithosphere) the subducting crust;
(iii) hydrated oceanic crust (with H2O bound in hydrous minerals) surviving to great
depth at low temperatures.
(iv) abundant free fluid contained in pores.
Petrologists mainly focus on the two following scenarios to explain the LVL within
subducted oceanic lithosphere:
Anhydrous mineral phase models: In subduction zones, it is often assumed that the basaltic
oceanic crust dehydrates and undergoes a series of reactions to generate high-density
eclogite, triggered by phase changes that initiate at 20-50 km depth (e.g. Ringwood et al.
1996; Schmidt et al, 1998). On the other hand, Ahrens & Schubert (1975) and Kirby et al.
(1996) propose that the basalt-to-eclogite reaction sequence may be kinetically hindered,
such that basalt (or more likely coarse-grained gabbroic plutonics forming the
overwhelming part of the oceanic crust) might persist metastably to considerable depth in
subducted slabs. The presence of a LVL with seismic propagation velocities that are 10-15
% lower than in the surrounding rocks could be an indication for such a metastable layer
composed of basic igneous rocks. However, the waveguide velocities found in most LVL
usually exhibit a decrease of less than 10 %, possibly resulting from only partial
transformation to eclogite (in mafic rocks) or high-pressure assemblages in peridotite (in
ultramafic rocks).
Hydrous mineral phase models: At mantle conditions, H2O can be contained within the
crystal structures of minerals as hydroxyl (OH-) ions or it could, alternatively, be present in
the form of dissolved H2O in high-temperature melts (as both molecular H2O and as
hydroxyl (OH-) ions). Several studies (Peacock, 2001; Rüpke et al., 2002; Ranero, 2003;
Kerrick, 2002) indicate that the subducting plate is bent and normal faults appear in the
trench area where the subducting oceanic lithosphere enters the subduction zone. These
‘bend-faults’ may act as conduits for sea-water to reach and react with lithospheric mantle
rocks to generate serpentinized peridotites.
During subduction, the temperature and pressure conditions experienced by the down going
slab increase causing minerals to melt and/or dehydrate with the formation of abundant
H2O or hydrous melt contained in pore space. The released hydrous fluids or melts are then
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either recycled back into the overlying parts of the subduction zone (mantle wedge and
crust), some of it ultimately returning to the Earth’s surface and atmosphere via volcanic
activity occurring along convergent plate margins or it is consumed in the formation of
hydrous phases, such as amphibole, phlogopite or clinohumite in the colder parts of the
mantle wedge overlying the subducting oceanic lithosphere.
As a result, depending on the thermal structure of the subducting slab, up to 40% of the
water originally stored in serpentinized mantle may be transferred into deeper parts (beyond
serpentine stability, 200 km, 6 GPa) of the mantle. While former experimental studies
imply that only very cool geothermal gradients are capable to bring H2O down into the
deeper parts of the upper mantle (e.g., Ulmer & Trommsdorff, 1995, 1999), more recent
work by Stalder and Ulmer (2001), Komabayashi et al. (2005) and Melekhova et al. (2006)
indicates that in the presence of impurities such as Al3+, Ti4+ or F, the pressure and
temperature stability of hydrous magnesium silicate phases can be greatly enhanced. These
authors alternatively proposes that subducted serpentinites transform directly into
clinohumite
(Mg9Si4O16(OH)2)
phase

A

(DHMS

and/or

(Mg7Si2O8(OH)6)
phases)

bearing

assemblages at depth between
150 and 250 km that might be
responsible for the LVL as
well as representing potential
hosts

H2 O

for

within

the

lithosphere.

transport
subducted

Both

phases

further convert to phase E
(Mg

2.3Si1.25H2.4O6)

bearing

assemblages around 400 km.

Figure 4.1: Stability of hydrous Mg-silicate phases
overlain on the thermal structure of a subduction (after
Stalder & Ulmer, 2001).

Based on thermal models, this

59

scenario further implies that subducted oceanic lithospheric mantle consists mainly of
clinohumite in the outer rim and phase A in the core (see Figure 4.1) in the depth interval
200 to 400 km.
This study aims to provide physical properties, in particular seismic wave propagation
velocities that, in turn, can be utilized to test various scenarios proposed for the occurrence
of the LVL. Experimentally, these measurements are conducted by producing
monomineralic clinohumite aggregates using the rocking multi-anvil and piston cylinder
equipment and determining their shear and compressional wave propagation velocities at
high pressure conditions employing ultrasonic pulse echo techniques in a multi-anvil
device.

4.2 EXPERIMENTAL METHODS

4.2.1 Sample preparation
After several attempts employing natural, ground materials (olivine) that were unsuccessful
due to inhomogeneous grain size distribution, we decided to synthesize forsterite,
clinohumite and other MSH phases investigated using the solution-gelation –technique (solgel; McDonnell et al., 2002) combined with hot isostatic pressing (Gwanmesia et al., 1993).
The detailed procedures to synthesize appropriate polycrystalline sample specimens
appropriate for ultrasonic wave propagation measurements are described elsewhere (Phan
et al., in prep.) Starting materials obtained by the sol-gel technique were synthetic MgO and
SiO2, with a molar Mg:Si ratio of 9:4 About 100 mg of ultrafine grained powders were
densely packed into Pt-capsules of 4.0 mm OD, 3.5mm ID with excess liquid H2O added by
micro-syringe, welded shut, and run at 3.3 GPa and 800 oC for 51 hours using a shaking,
end-loaded piston cylinder apparatus (Schmidt and Ulmer, 2004). The polycrystalline
clinohumite was generated during the synthesis experiments by the reaction:
(4.1)

9 MgO + 4 SiO2 + H2O= Mg9Si4O16(OH)2.

A portion of the recovered clinohumite was finely ground and hot pressed without the
addition of excess H2O under identical condition for another 24 hours using the rocking
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multi-anvil device to create high density samples. Shorter hot-pressing durations produce
samples with higher porosity ( 2%).
Subsequent analysis by X-ray powder diffraction, micro-Raman spectroscopy and electron
microprobe reveals that the obtained samples fully met the required quality for ultrasonic
measurements. Figure 4.2 illustrates that the recovered samples are free of microscopic
cracks and lack any preferred orientation. The mineralogical composition is very
homogeneous with 99% clinohumite and only 1 % forsterite. The average grain size was
smaller than 20 m with a homogeneous grain size distribution (analyzed with the SCION
image analysis program). The bulk density of the specimens amounts to  99% of the
theoretical value measured by the Archimedes immersion method using sea water as the
weighing fluid. For the ultrasonic measurements, cores were drilled out from the
synthesized charges and ground to obtain specimens with a diameter of about 2 mm and a
length of 1.3 to 2 mm. Top and bottom ends of the sample were polished to be completely
flat and parallel to each other using 0.5 m diamond paste in the final steps.

Figure 4.2: Forward scattering electron (FSE) image of a clinohumite sample after hot
isostatic pressing used for ultrasonic wave propagation measurements.
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4.2.2 Experimental setup
The experimental setup to measure wave propagation velocities in a 6/8 Walker-type multianvil device (Walker et al., 1990) consists of a Tektronix© TDS 540C four channel
digitalizing oscilloscope (500 MHz, 2 GS/s), a Tektronix© AWG 2021 arbitrary wave form
generator and a Tektronix© CFG 253 trigger unit connected to the multi-anvil apparatus to
measure sound wave velocities of the samples at various pressures. A dual LiNbO3
transducer (10° rotated Y-cut; Boston Piezo Optics Inc.) was used to generate compression
(P) and shear (S) waves simultaneously (Sinelnikov et al., 2004).
Figure 4.3 illustrates a 25 mm WC cube anvil with 8 mm truncation edge length used as
second stage anvils in the 6/8 multi-anvil device with a LiNbO3 transducer adhered to the
truncation opposite to the octahedral
cell assembly containing the sample
and the buffer rod. The transducer
was attached to the WC cube by
polyester reaction of glycerin and
phthalic anhydride (McIntyre, 2003)
employing the following procedure:
-

Mixing

phthalic

anhydride

powder with glycerin in a 1:1
molar ratio.
-

Gradually heating the mixture
first at 110°C for two hours
then at 220°C for one hour to
melt it.

-

Figure 4.3: Experimental setup employed in
the multi-anvil apparatus for simultaneous Pand S-wave measurements.

Gluing the transducer to the
WC cube with the molten mixture.

-

Putting the combination back to the oven and heating it at 110°C for another 24
hours to ensure firm attachment.

-

Checking the impedance contrasts of WC-cube, corundum (buffer rod) and sample
to verify good reflections at the boundaries (Tab. 4.1).
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Table 4.1: Calculated (theoretical) impedances of materials employed in the assembly
(Zp and Zs are the seismic impedances for compressional and shear waves respectively)

Zp(106kg/(m2s) Vs(km/s) Zs(106kg/(m2s)

(g/cm3)

Vp(km/s)

WC

15.8

7.23

114.18

4.23

66.78

corundum

3.98

11.96

47.61

5.89

23.44

forsterite

3.203

8.49

27.18

5.03

16.10

phase A

2.976

7.93

23.60

4.52

13.45

clinohumite

3.261

8.25

26.90

4.74

15.46

Teflon

2.14

1.39

2.97

0.48

1.03

Figure 4.4: Cross section of the assembly-cell inside the octahedral pressure medium
(14mm edge length octahedron) used for the high pressure measurement of elastic
velocities.
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Figure 4.4 illustrates the cell assembly, slightly modified after Li et al. (2002) employed in
this study. A sample of 2 mm diameter and about 1.5 mm in length was surrounded by lead
(Pb) and Teflon® that provide a pseudo-hydrostatic pressure environment. Corundum
(Al2O3) was used as a buffer rod to center the sample in the cell assembly in order to
improve hydrostatic conditions for the specimen and to increase the mechanic coupling to
optimize the signal/ noise ratio to obtain a better resolution of the travel time. A small
quantity of Bismuth metal (Bi) was inserted in the middle of the Teflon rod for in-situ
pressure calibration using the room-temperature phase transitions reported by Lloyd (1971):
transition from Bi I-II at 2.55 GPa and from Bi III-V at 7.7 GPa. A steel sleeve covers the
lead parts to prevent the cell materials from extruding into the gaskets region between the
WC cubes. Two thin gold foils (2 µm) were inserted between the cube and the corundum
and between the corundum and the sample for the following benefits:
1) Relative good impedance match between gold, buffer rod and specimen ensures
that the phase shifts associated with reverberation of the elastic waves at the
boundary are minimal and have little frequency dependence (Niesler, et al. 1989)
2) The thickness and impedance of the gold foil are known and change negligibly
with pressure, therefore, one can correct the travel time (Niesler, et al. 1989)
accordingly.
3) Reduction of friction forces on the sample at the boundary to the buffer rod to
protect the sample from chipping at the edges.
Utilizing this cell assembly setup actually protected the sample specimens so well that
some of the specimens could be reused in repeated experiments.

4.3 DATA ACQUISITION
In the present study, we applied the transform function method (Li et al., 2002) . A sin(t)/ttype was generated by the transducer and propagated through the assembly.
Initially, we attempted to use signals with a center frequency of 50MHz, but it turned out
that the reflections were too weak to be detected reliably (Fig. 4.5). Subsequently, we tested
a range of frequencies to determine the optimal resonance frequency for both P- and Swaves. Figure 4.6 shows examples of recorded signals with center frequencies of 10, 16
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and 20 MHz that cover a frequency range of 10 to 30 MHz. It is evident that the echoes’
amplitudes are significantly improved at a center frequency of 20MHz compared to the
other frequencies.

Figure 4.5: Recorded seismic wave signals at a frequency of 50 MHz for both P- and Swaves. The P- and S-echoes for two different boundaries are not resolved.
Consequently, the acquisition was subsequently carried out with the optimal center
frequency of 20 MHz and a frequency range from 10 to 30 MHz throughout the course of
the experiments.
Sample pressure was controlled by constantly monitoring and automatically adjusting the
oil pressure of the hydraulic ram. Experiments were conducted by gradually increasing the
oil pressure from 2.5 MPa to 40 MPa in 2.5 MPa steps, which are equivalent to an increase
from 1 to 11 GPa sample pressure. For each clinohumite sample we recorded sixteen wave
trains with P-wave and S-wave reflections at the top and bottom of the sample that allowed
calculation of the travel times and, consequently, estimation of the wave velocities and
elastic moduli of the sample at different pressures.
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time

time

time

Figure 4.6: Compression (P) and shear (S) wave echo trains with a source frequency of 10
MHz (a), 16 MHz (b) and 20MHz (c). For each train, three reflections are expected: (P1,
S1) from the interface between the WC cube and the corundum buffer rod; (P2, S2) from
the interface between buffer rod and the clinohumite sample; and (P3, S3) from the
interface between the clinohumite sample and the Teflon rod (see also Figure 4.4).
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4.4 DATA ANALYSIS

4.4.1 Travel time picking

X: 9405
Y: 2.065e+009

X: 10790
Y: 3.306e+008

P3
P2
P1

time
Figure 4.7: Cross correlation function r(t) used for accurate time picking of the
recorded signals.
The two-way travel time of the signals travelling through the sample is equal to the
difference in arrival time between the reflections from the top and the bottom of the sample
(Fig. 4.6c):
(4.2)

tP,S= ½(tP3,S3-tP2,S2).

In this study, we used the cross-correlation method to define the peak to peak time
differences (Fig. 4.7).The wavelets of the reflections from the bottom of the corundum (P2,
S2) were cross-correlated with the entire wave train. Local maxima of the cross-correlation
function r(t) indicate the arrival time at each boundary. The interval between peak P2 (or
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S2) and peak P3 (or S3) in the cross-correlation function is the two way travel time of the
wavelet that propagated through the sample.
To ensure consistency of the time picking on all 16 wave trains recorded at the various
pressures we aligned the traces to peak P1 (or S1) and arranged them side by side as
illustrated in Figure 4.8. For each event the time was picked at the first positive maximum
(red lines in Figure 4.8). The final time is corrected for the gold foil by subtracting 0.7 ns
for P- and 3.6 ns for S-waves.
In this contribution, we present the results from two successful experiments in order to
demonstrate that the results are consistent and that the experimental results are
reproducible.

a)

b)

b)
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c)

d)

Figure 4.8: Elastic wave trains collected at increasing pressure from 1 to 11 GPa for:
a) P waves of experiment clinohumite-1; b) S-waves of experiment clinohumite-1; c)
P-waves of experiment clinohumite-2; and d) S-waves of experiment clinohumite-2.
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4.4.2 Velocity calculation
In the absence of in-situ measurements of the specimen length by synchrotron X-ray
radiation (e.g. Li et al., 2004), we calculated the length of the sample by using the method
introduced by Cook (Cook 1957) applying the following equations:
(4.3)

l0
1 
dP
 1

3h0 0 1  4
l
t p2 3t s2

(4.4)

h0  4l02  0

P

where l0 is initial length of the sample at room pressure,
l is the length of the sample at pressure P,
0 is the density of sample at ambient condition,
0.01 (for most isotropic solids) and

tp, ts are travel times of compressional (P) and shear waves (S) through the sample.
The results of experiments are summarized in the Table 4.2
where P is pressure (in GPa),
 is the density of the sample at P pressure,
 strain is defined as (7),
VP,VS compressional and shear velocity through the sample,
Vo, V- volume of the sample at ambient condition and high pressure,
G, K- bulk and shear moduli of the sample.
The velocity values are obtained by dividing the calculated sample length by the one way
travel time. To validate the applied procedure, seismic velocity measurements were
conducted on forsterite and compared to existing data reported by Li et al. (1998). The
results (not reported here in detail) are identical within the errors limits. Therefore, the
procedure used in our laboratory is validated with respect to the close-to-identical setup
employed at the high-pressure laboratory at the Mineral Physics Institute at the State
University of New York at Stony Brook, USA.
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Figure 4.9 shows the comparison of the variation of P-wave and S-wave velocities of
clinohumite as a function of pressure measured determined in this study with the values
obtained for forsterite. It is clearly evident that the velocity differences between
clinohumite and anhydrous forsterite are not significant, especially at high pressure.
10
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Figure 4.9: Comparison of P- and S-wave velocities of clinohumite and forsterite measured
with the same equipment and setup as a function of pressure.

At low pressure (< 2.7 GPa), the velocities increase more rapidly than at high pressures.
This non-linear pressure dependence of the wave propagation velocity at low pressure is
most probably caused by an imperfect coupling across the gold bond at the interface
between the corundum buffer rod and the specimen (Gwanmesia et al., 1993). At higher
pressures, when the physical contacts between the various sample materials (anvils, gold
foils, buffer rod, sample specimen) improve, measured velocities closely approach their
true values. Additional velocity losses that could potentially arise from micro-cracking of
the sample can be ruled out because the samples were checked by back scattered electron
imaging on the electron microprobe after the experiment and no sign of micro-cracking was
found.

4.4.3 Computation of Elastic moduli
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The elastic moduli of the clinohumite aggregates can be derived from the velocity data and
the sample density at room pressure by fitting the velocity data to a third order Eulerian
finite-strain equations of state (Davies and Dziewonski, 1975) utilizing the following
equations:
(4.5)

VP2= (1-2)5/2(L1+L2)

(4.6)

Vs2= (1-2)5/2(M1+M2)

(4.7)

P=-(1-2)5/2(C1+C22/2)

where strain is defined as
(4.8)

 =[1-(0/)2/3]/2=[1-(V0/V)2/3]/2=[1-(l0/l)2]/2.

The fitted coefficient L1, L2, M1 and M2 are used for the calculation of the zero-pressure
adiabatic bulk and shear moduli KS0 and G0 and their derivatives K’So and G’o by solving the
following equations:
(4.9)

M1=G0

(4.10)

M2= 5G0-3KS0G0’

(4.11)

L1= KS0+4G0/3

(4.12)

L2= 5L1-3KS0(KS0’+4G0’/3)

(4.13)

C1= 3L1-4M1

(4.14)

C2= 3L2-4M2+7C1

Figure 10 reveals the excellent agreement between the two runs on clinohumite. The
derived elastic moduli for the two experiments amount to: clinohumite-1: KS0= 119 GPa,
K’S= 4.8, G0= 77 GPa, G’0= 1.9 and clinohumite-2: KS0= 119 GPa, K’S= 4.8, G0= 77 GPa,
G’0=2.0.
Utilizing the computed elastic moduli and their derivatives we can recalculate sound
velocities of clinohumite at different pressures. This has the advantage of fitting out the
experimental noise and being able to compute the velocities at low pressures . Figure 4.11
reveals that the compression and shear wave velocities increase by about 10% and 7%
respectively over the pressure range investigated (1 to 11 GPa); the calculated velocities at
ambient conditions for clinohumite are Vp = 8.5 km/s and Vs=5km/s.
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Figure 4.10: Variation of elastic bulk (Ks) and shear (G) moduli computed from
experimentally derived P- and S-wave propagation velocities as a function of pressure.
Solid lines represent fits from the third-order finite-strain equation of state (EoS) to
obtain the elastic moduli. Zero-pressure elastic moduli (triangles) are taken from Fritzel
and Bass (1997).
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Figure 4.11: Measured and computed P- and S-wave velocities and calculated densities using
the third order finite-strain EoS.

4.5 DISUCSSION AND CONCLUSIONS
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The consistent results obtained from the two experiments (clinohumite-1 and clinohumite2) clearly indicate that the results are reproducible. We obtain the following elastic
properties for clinohumite: Kso =119(2) GPa and G = 77(1) GPa compared to 125(2) and
73(5) by Fritzel and Bass (1997). Our values are significantly lower than for olivine (125(2)
and 81(1), Li et al., 1998). In contrast, the pressure derivatives of the elastic moduli for
clinohumite that amount to Ks’=4.8(1) and G’=1.9(2) are higher than the values reported
for olivine, except for the study by Kumazawa and Anderson (1969; Tab. 4.3).
Table 4.3: Compilation of elastic bulk (Ks) and shear (G) moduli of clinohumite and
forsterite and Fe bearing olivine.

Reference

Kso(GPa) Ks’

G(GPa) G’

Olivine (Kumazawa and Anderson, 1969)

131.5

81.1

Forsterite (Li et. al, 1998)

125(2)

4.5(2)

Forsterite Mg2SiO4(Li et al., 1996)

128

4.44(2) 80

1.32(3)

Forsterite (Kumazawa and Anderson, 1969)

129

5.37

1.8

Clinohumite (Fritzel and Bass, 1997- Brillouin 125(2)
scattering)
Clinohumite (Ross and Crichton, 2001 – single 119.4(7)

81(1)

81

1.4(1)

73(5)
4.8(2)

crystal X-ray EoS)
Clinohumite-1 (this study)

119(1)

4.8(1)

77(1)

1.9(2)

Clinohumite-2 (this study)

119(1)

4.8 (1)

77(1)

2.0(1)

The results of this study are consistent with previous studies using Brillouin scattering
(Fritzel and Bass, 1997) and for the bulk modulus and its derivative also with the single
crystal X-ray study of Ross and Crichton (2001). They clearly indicate that compressional
and shear wave velocities of clinohumite are very close to the values of forsteritic olivine;
at 7.5 GPa and room temperature for example, the values are 9.15 km/s and 5.26 km/s for
clinohumite (this study) and 9.18 km/sand 5.19 km/s for forsterite (Li et al., 1998), both
measured by ultrasonic wave propagation techniques. Such small differences render it very
unlikely that the presence of a hydrous, clinohumite-bearing peridotite can be distinguished
by seismic tomography from an anhydrous olivine-enstatite-garnet bearing harzburgite.
However, the mineralogical difference between a clinohumite-bearing peridotite and a
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anhydrous harzburgite is not just given by the occurrence of clinohumite, but for an
isochemical system, the formation of clinohumite is accompanied by the production of
considerable amounts of enstatitic pyroxene: Complete hydration of a typical, depleted
oceanic harzburgite forming the mantle part of the subducted oceanic lithosphere composed
of 70% olivine, 25% enstatitic pyroxene and 5% garnet (at pressures > 3 GPa) will produce
a rock composed of ≈ 40% enstatitic pyroxene, 55% clinohumite and 5% garnet. The
formation of clinohumite that is only stable above approximately 7 GPa in enstatite-bearing
assemblages (i.e. SiO2-saturated, e.g. Stalder and Ulmer, 2001; Melekhova, 2006) is
accompanied by the formation of enstatitic pyroxene, increasing its modal amount
concomitantly. Under subduction zone conditions (high pressure, low temperature)
enstatitic pyroxene will be present in the form of high-pressure clinoenstatite (Pacalo and
Gasparik, 1990; Ulmer and Stalder, 2001). This polymorph, however, exhibits considerably
higher P- and S-wave velocities then either enstatitic orthopyroxene or olivine (Kung et al.,
2004) and the net effect of clinohumite-bearing subducted oceanic lithosphere compared to
anhydrous harzburgite at the same pressure – temperature conditions might actually be an
increase in the bulk-rock seismic velocities and not a decrease as probably intuitively
anticipated. Further discussion on this subject is contained in chapter 6 of this thesis that
presents modal velocity calculations for various peridotite-types with variable H2Ocontents and mineral parageneses as a function of depth.
One of the initial questions raised in the introduction, namely if the LVL could potentially
by caused by the presence of the hydrous DHMS phase clinohumite can, therefore, quite
distinctly be answered by no! Even complete hydration of typical oceanic peridotite within
the stability field of clinohumite, will not lead to a significant decrease of the seismic
velocities to produce a detectable ´low velocity layer´, if any reduction of seismic velocities
at all is actually associated with it depends also on the other minerals, such as clinoenstatite
that must form by the conversion of forsterite + H2O to clinohumite.

REFERENCES

Abers, A. G. (2005). "Seismic low-velocity layer at the top of subducting slabs:
observation, prediction, and systematics." Physics of the Earth and Planetary interiors 149:
7-29.
77

Ahrens, T. J. and Schubert, G. (1975). "Gabbro-eclogite reaction rate and its geophysical
significance." Reviews of Geophysics 13: 383-400.
Cook, R. K. (1957). "Variation of elastic constants and static strains with hydrostatic
pressure: A method for calculation from ultrasonic measurements." Journal of the
Acoustical Society of America, 29: 445-449.
Dingwell, D. B., Romano, C., Hess K.-U. (1996). "The effect of water on the viscosity of a
haplogranitic melt under P-T-X conditions relevant to silicic volcanism." Contributions to
Mineralogy and Petrology 124: 19-28.
Fritzel, T. L. B. and Bass, J. D. (1997). "Sound velocities of clinohumite and implications
for water in Earth's upper mantle." Geophysical Research Letters 24(9): 1023-1026.
Green, D. H. (1973). "Experimental melting studies on a model upper mantle composition
at high pressure under water-saturated and water undersaturated conditions." Earth and
Planetary Science Letters 19: 37-53.
Gwanmesia, G. D., Li, B., Liebermann, R.C. (1993). "Hot pressing of polycrystals of highpressure phases of mantle minerals in multi-anvil apparatus." Pure and Applied Geophysics
(Historical Archive) 141: 467-484.
Grove, T. L., Chatterjee, N., Parman, S. W. and Médard, E. (2006). “The influence of H2O
on mantle wedge melting.“ Earth and Planetary Science Letters 249: 74-89.
Kerrick, D. (2002). "Serpentinite Seduction." Science 15: 1344-1345.
Kirby, S. H., Stein, S., Okal, E. A. & Rubie, D. C. (1996). "Metastable mantle phase
transformations and deep earthquakes in subducting oceanic lithosphere." Reviews of
Geophysics 34(261-306).
Komabayashi, T., Omori, S., Maruyama, S. (2005). "Experimental and theoretical study of
stability of dense hydrous magnesium silicates in the deep upper mantle." Physics of the
Earth and Planetary Interiors 153: 191-209.
Kumasawa, M. and Anderson, O. L. (1969). “Elastic moduli, pressure derivatives, and
temperature derivatives of single-crystal olivine and single-crystal forsterite.” Journal of
Geophysical Research 74: 5961-5972.
Kung, J., Li, B., Uchida, T., Wang, Y., Neuville, D. R., Liebermann, R. C. (2004). "In situ
measurements of sound velocities and densities across the orthopyroxen -> high-pressure
clinopyroxene transition in MgSiO3 at high pressure." Physics of the Earth and Planetary
Interiors 147: 27-44.
Kushiro, I. (1990). "Partial melting of mantle wedge and evolution of island arc crust."
Journal of Geophysical Research, B, Solid Earth and Planets 95(10): 15929-15939.
78

Li, B., Chen, G., Gwanmesia, G. D., Liebermann, R. C. (1998). “Sound velocity
measurements at mantle transition zone conditions of pressure and temperature using
ultrasonic interferometry in a multi-anvil apparatus.” In Properties of Earth and Planetary
Materials at High Pressure and Temperature, edited by M. H. Manghnani and T. Yagi, 4161.
Li, B., K. Chen, Kung, J., Liebermann, R.C., Weidner, D.J. (2002). "Sound velocity
measurement using transfer function method." Journal of Physics: Condensed Matter 14:
11337-11342.
Li, B. and Liebermann R. C (2000). "Sound velocities of
(Mg0.88Fe0.12)2SiO 4 to 10 GPa." American Mineralogist 85: 292-295.

wadsleyite

ß-

Li, B., Kung, J., Liebermann, R.C. (2004). “Modern techniques in measuring elasticity of
Earth materials at high pressure and high temperature using ultrasonics in conjunction with
synchrotron X-radiation. Physics of the Earth and Planetary Interiors 143-144: 559-574,
2004.
Lloyd, E. C. (1971). "Accurate characterization of the high pressure environment." NBS
Special Publication 326: 1-3.
McDonnell, R. D., Spiers, C. J., Peach, C.J. (2002). "Fabrication of dense forsteriteenstatite polycrystals for experimental studies." Physics and Chemistry of Minerals 29(1):
19-31.
McIntyre, J. E. (2003). The historical development of Polyesters. In; Modern Polyesters:
Chemistry and Technology of Polyesters and Copolyesters. J. S. a. T. E. Long (Eds.), John
Wiley & Sons, Ltd ISBN: 0-471-49856-4.
Melekhova, E. (2006). “Rocking experiments on hydrous phases and high pressure fluid in
the MgO – SiO2 – H2O (MSH) system: Phase compositions, stabilities and
thermodynamics. PhD thesis, ETH Zurich, 17010, 69p.
Mysen, B. O. and Boettcher, A. L. (1975). "Melting of hydrous mantle. I. Phase relations of
natural peridotite at high P and T and with controlled addition of water, carbon dioxide and
hydrogen." Journal of Petrology 16: 520-548.
Niesler, H., Jackson, I., Morris, E.C. (1989). "Calibration and intercomparison of minalpha
and manganin resistance pressure gauges to 3 GPa." High temperature - High Pressure 20:
1573-1585.
Pacalo , R.E.G. and Gasparik, T. (1990). „Reversals of the orthoenstatite - clinoenstatite
transition at high pressures and temperatures. " Journal of Geophysical Research 95: 1585315858.

79

Pawley, A. R. and Wood, B. J. (1996). "The low-pressure stability of phase A,
Mg7Si2O8(OH)6." Contributions to Mineralogy and Petrology 124: 90-97.
Peacock, S. M. (2001). "Are the lower planes of double seismic zone caused by serpentine
dehydration in subducting oceanic mantle?" Geology 29(4): 299-302.
Phan, H. T., Ulmer, P. and Reusser, E. (2009). “Fabrication of forsterite, clinohumite and
phase A polycrystalline aggregates for ultrasonic wave propagation measurements at high
pressures.” (in preparation, part of this thesis).
Ranero, C. R., Phipps Morgan J., McIntosh, K.D., Reichert, C. P. (2003). "Bending,
faulting, and mantle serpentinization at the Middle America trench." Nature 425: 367-373.
Ringwood, A. E. (1974). "The petrological evolution of island arc systems (twenty-seventh
William Smith lecture)." Journal of the Geological Society of London 130(3): 183-204.
Ringwood, A. E. and Green, D. H. (1966). "An experimental investigation of the gabbroeclogite transformation and some geophysical implications." Tectonophysics 3: 383-427.
Ross, N. L. and Crichton, W. A. (2001). “Compression of synthetic hydroxyl clinohumite
(Mg9Si4O16(OH2)) and hydroxyl chondrodite (Mg5Si2O8(OH)2). American Mineralogist 86:
990-996.
Rüpke, L. H., Morgan, J. P., Hort, M., Connolly, J. A. D. (2004). "Serpentine and the
subduction zone water cycle." Earth and Planetary Science Letters 223(1-2): 17-34.
Schmidt, M. W. and Poli, S. (1998). "Experimentally based water budgets for dehydrating
slabs and consequences for arc magma generation." Earth and Planetary Science Letters
163: 361-379.
Schmidt, M. W. and Ulmer, P. (2004). "A rocking multi anvil: elimination of chemical
segregation in fluid- saturated high pressure experiments." Geochimica et Cosmochimica
Acta 68(8): 1889-1899.
Sinelnikov, Y. D., Chen, G. and Liebermann, R.C. (2004). “Dual mode ultrasonic
interferometry in multi-anvil high-pressure apparatus using single crystal olivine as the
pressure standard." International Journal of High Pressure Research 24: 183-191.
Stalder, R. and Ulmer, P. (2001). "Phase relations of a serpentine composition between 5
and 14 GPa: significance of clinohumite and phase E as water carriers into the transition
zone." Contributions to Mineralogy and Petrology 140: 670-679.
Ulmer, P. and Trommsdorff, V. (1995). "Serpentine stability to mantle depth and
subduction related magmatism." Science 268: 858-861.
Ulmer, P. and Trommsdorff, V. (1999). “Phase relations of hydrous mantle subducting to
300 km.” In: Fei Y., Bertka C. M., Mysen B. (Eds): Mantle petrology: Field observations
80

and high-pressure experimentation. Special Publication in honor of Francis R. Boyd.
Geochemical Society Special Publication, 259-281.
Ulmer P. (2001). "Partial melting in the mantle wedge - The role of H2O on the genesis of
mantle-derived 'arc-related' magmas." Physics of the Earth and Planetary Interiors 127:
215-232.
Ulmer, P. and Stalder, R. (2001) The Mg(Fe)SiO3 orthoenstatite - clinoenstatite transitions
at high pressures and temperatures determined by Raman-spectroscopy on quenched
samples. American Mineralogist 86: 1267-1274
Walker, D., Carpenter, M. A., Hitch, C. M. (1990). “Some simplification to multianvil
devices for high pressure experiments.” American Mineralogist 75: 1010-1028.
Wunder, B. (1998). "Equilibrium experiments in the system MgO- SiO2-H2O (MSH):
stability fields of clinohumite-OH [Mg9Si4O16(OH)2], chondrodite-OH [Mg5Si2O8(OH)2]
and phase A [Mg7Si2O8(OH)6]." Contributions to Mineralogy and Petrology 132: 111-120.
Yamamoto, K. and Akimoto, S.-I. (1977). “The system MgO-SiO2-H2O at high pressures
and temperatures - stability field for hydroxyl-chondrodite, hydroxyl-clinohumite and 10Åphase. American Journal of Sciences 277: 288-312.

81

Chapter 5

Elastic wave velocity measurements of polycrystalline phase A
(Mg7Si2O8(OH)6) at high pressures in a multi-anvil apparatus

ABSTRACT

Ultrasonic wave propagation velocities of polycrystalline aggregates of phase A
(Mg7Si2O8(OH)6), a dense hydrous magnesium silicate (DHMS) phase, has been measured
in the pressure range from 1 to 11 GPa at room temperature. The combination of sol-gel
and hot isostatic pressing techniques were employed to produce high quality specimens that
are suitable for wave propagation measurements at high pressures. Measurement were
carried out in a 6/8 multi-anvil device using an ultrasonic wave propagation technique.
Pulses were created by Li-Niobate dual transducers with a resonant frequency in the range
of 10-40 MHz that generate both compression (P) and shear (S) waves simultaneously. A
sin(x)/x signal was propagated through the rock sample and reflections were collected to
measure the travel times that, in turn, were used to determine the wave propagation
velocities. From the measured velocities, the elastic properties of phase A have been
obtained by applying a third order Eulerian finite-strain equation of state resulting in
KSo=100(1) GPa, K’S=6.3(1), G=61(1) GPa, and G’=2.2(1). Experiments are reproducible
and confirm that we can measure elastic wave velocities of dense hydrous magnesium
silicate minerals at pressures corresponding to the Earth´s upper mantle approaching
transition zone pressure conditions in a multi-anvil apparatus. At a pressure of 11 GPa the
velocity contrast between (anhydrous) forsterite and hydrous phases A is 1.5% (positive)
for compressional and 3.8 % (positive) for shear wave velocities. Such differences might be
difficult to detect by seismic tomography records. Moreover, the formation of phase A is
accompanied by significant concomitant production of enstatitic pyroxene that exhibits
rather high seismic velocities, in particular for high-pressure clinoenstatite that is the stable
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polymorph in cold subducted lithosphere; this could potentially result in seismic velocities
of hydrated peridotite that are higher than anhydrous peridotite at the same conditions.

5.1 INTRODUCTION

In a subduction zones, the temperature inside the subducted oceanic slab is considerably
lower than the temperature on the top of the slab (e.g. Schmid et al, 2002; Hacker et al,
2003). Based on calculated temperature and pressure trajectories inside cold subduction
zones and taking into account the presence of impurities such as Al3+, Ti4+ and F, several
authors (e.g. Stalder and Ulmer, 2001; Frost et al., 1999; Angel et al., 2001; Komabayashi
et al., 2005) suggest that serpentine, the dominant hydrous phase in the hydrated, peridotitic
mantle part of the subducted oceanic lithosphere at shallow depth, may react to dense
hydrous magnesium silicates (DHMS: phase A, E, D and superhydrous phase B,
clinohumite, chondrodite) at a depth around 200 km. The pertinent break-down reaction of
the dominant sepentinite minerals, i.e. antigorite is as follows (Ohtani et al. 1995; Schmidt
and Poli, 1998): Atg = phA + En + Fld (phA for phase A, En for enstatite, Fld-for H2O-rich
fluid) producing phase A bearing assemblages in the core of a subducted lithosphere around
200 km depth (Schmidt and Poli, 1998) as depicted in Figure 5.1.
Upon further descent, increasing pressure will lead to the transformation of phase A to
phase E at depth around 400 km (Komabyashi et al., 2004; Melekhova, 2006). The
presence of hydrous phase A is not only significant as an H2O repository, but might also
play inportant role in defining elastic properties of deeply subducted oceanic lithospheric
mantle (e.g. Kawamoto and Holloway, 1997; Mei and Kohlstedt, 2000; Jung and Karato
2001; Omori, 2004; Komabayashi T. et al. 2004; Sanchez-Valle et al., 2008). Several
studies concerning the stability and phase relations of of phase A have been published
(Ohtani et al., 2004; Wunder, 1998; Schmidt and Poli, 1998; Luth, 1995; Melekova, 2008).
In addition, a number of studies specifically dealt with thermoelastic properties (Pawley et
al., 1995; Cricton and Ross, 2002; Kudoh et al., 2002; Kuribayashi et al., 2003; SanchezValle, 2008).
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Figure 5.1: Thermal structure of a cold subduction zone modified after Schmidt and
Poli (1998). The slab/mantle wedge interface is heated as it descends, and the lowesttemperature part shifts to the center of the subducted slab. Therefore, the isotherms
show a parabolic shape that is convex in the subduction direction. Parameters that
could contribute significantly to the degree of heating in the slab are thermal
conductivity and viscous heating (shear heating), dip of slab (structure), age of the
plate. The T-P trajectory of rocks inside the slab becomes low because heatconduction is relatively slow compared with the subduction velocity.
However, thermoelastic properties published so far were mostly measured by static
compression methods and are not very consistent. For example, Pawley et al. (1995)
studied thermal expansivity and compressibility of phase A using X-ray diffraction
methods and reported KS0= 145(5) GPa, K’s= 4, much different from results reported by
Kudoh et al. (2002) and Kuribayashi et al. (2003) giving KSo= 105(4), K’ =3.9(8) from
single crystal X-ray diffraction studies; Crichton and Ross (2002) found KS0= 99.2 GPa,
K’s= 5.9 and, recently, Sanchez-Valle et al.(2008) report KS0= 106(1) GPa, K’s= 5.8(3)
derived from Brioullain scattering experiments. In addition, the presence of hydrous phases
such as phase A was invoked to explain the negative seismic velocity anomalies (LVL)
occasionally observed in subduction zones (Hellfrich, 1996; Hacker et al., 2003) at
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intermediate depths around 150 – 250 km. However, this assumption is yet to be verified as
none of the elastic property measrements of phase A was done at high pressure and
temperature condition . The elastic wave velocities (Vp and Vs) of phase A were usually
derived from bulk moduli and their derivatives except for the study of Sanchez et al. (2008)
who directly measured the velocities by Brillouin scattering technique.
In this study we report the results of direct measurements of elastic velocities (Vp, Vs) of
phase A at various pressures and room temperature using ultrasonic techniques that were,
in turn, utilized to derive its elastic moduli. The results provide additional insight into the
potential role of phase A in low seismic velocity regions observed in subduction zones.

5.2 EXPERIMENTAL METHODS

5.2.1 Sample preparation

The phase A samples used in this experimental study were prepared by a combination of
the sol-gel technique (McDonnell et al., 2002) and the hot isostatic pressing method
(Gwanmesia et al. 1993) summarized in a separate publication (Phan et al., 2009). Ultrafine gels composed of MgO and SiO2 in a molar ratio of 7:2 where loaded with excess H2O
added by micro-syringe into 4 mm OD Pt capsules, welded shut and run at 6 GPa and
700oC for 24 hours using the rocking multi-anvil apparatus installed at the Institute of
Mineralogy and Petrology at ETH Zurich (Schmidt and Ulmer, 2004). As a result
polycrystalline phase A was generated by the reaction: 7 MgO + 2 SiO2 + 3 H2O=
Mg7Si2O8(OH)6. An aliquot of the synthesized phase A was finely ground and hot pressed
without the addition of excess H2O at the same pressure and temperature conditions for
another 24 hours using the rocking multi-anvil device to create high density samples (Phan
and Ulmer, 2006; Phan et al., 2009). Note that shorter hot-pressing durations would cause
the samples to be too porous ( 2% porosity) for successful ultrasonic measurements.
Subsequent analysis with X-ray powder diffraction, micro-Raman spectroscopy and
electron microprobe analysis reveals that the obtained samples fully met the required
quality for ultrasonic measurements. Figure 5.2 illustrates that they are free of microscopic
cracks and lack any preferred orientation. The mineralogical composition was very
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homogeneous with 95% of phase A and 5% of clinohumite (Mg9Si4O16(OH)2) and
chondrodite (Mg3Si2O8(OH)2).

Figure 5.2: Forward scattering image (FSE) of phase A sample synthesized by hot isostatic
pressing at 6 GPa, 700 °C for 24 hours employed for ultrasonic measurements.
The grain size was 7±4 m with a homogeneous distribution (analyzed with the SCION
image analysis program). Bulk density of the specimen was determined around 99% of the
theoretical value using the Archimedes immersion method and sea water as the weighing
fluid. For the ultrasonic measurements, cores were drilled out from the synthesized charges
and ground to obtain specimens with a diameter of about 2.3 mm and a length of 1.3 to
2mm. Top and bottom ends of the sample were polished to be completely flat and parallel
to each other using 0.5 m diamond paste in the final steps.
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5.2.2 Experimental setup

In-situ ultrasonic technique was employed to measure elastic wave propagation velocities.
The experimental setup to measure sound propagation velocities on a 6/8 Walker-type
multi-anvil device (Walker et al., 1990) consists of a Tektronix© TDS 540C four channel
digitalizing oscilloscope (500 MHz, 2 GS/s), a Tektronix© AWG 2021 arbitrary wave from
generator and a Tektronix© CFG 253 wave form generator (3 MHz) connected to the
multi-anvil apparatus to measure sound wave velocities of the samples at various pressures.
A dual transducer Li-NbO3 (10° rotated Y-cut; Boston Piezo Optics Inc.) was used to
generate compression (P) and shear (S) waves simultaneously (Sinelnikov et al., 2004).
Figure 5.3a illustrates a 25 mm WC cube with 8 mm truncation edge length (TEL) used as
second stage anvils in the 6/8 multi-anvil device with a Li-NbO3 transducer adhered to the
truncation opposite the octahedral cell assembly containing the samples and buffer rods.
Transducer was attached to the WC cube by polyester reaction of glycerin and phthalic
anhydride (McIntyre, 2003).
The assembly for the measurement is illustrated in the Figure 5.3b and corresponds, with
slight modifications, to the assembly used by Li et al. (2002). A sample of 2.3 mm diameter
and 1.5 mm in length was surrounded by lead (Pb) and Teflon® that provide pseudohydrostatic pressure environment. Corundum (Al2O3) was used as a buffer rod to (1)
maintain the sample in the center of the cell assembly, (2) improve the hydrostatic
conditions for the specimen and (3) increase the mechanic coupling in order to enhance the
signal responses. A small quantity of Bismuth metal (Bi) was inserted in the middle of the
Teflon rod for in-situ pressure calibration following the report by Lloyd (1971) using the
phase transitions from Bi I-II at 2.55GPa and from Bi III-V at 7.7GPa using the roomtemperature phase transitions reported by Lloyd (1971): transition from Bi I-II at 2.55 GPa
and from Bi III-V at 7.7 GPa. A steel sleeve covers the lead parts to prevent the cell
materials from extruding into the gaskets region between the WC cubes. Two thin gold
foils (2 µm) were inserted between the cube and the corundum and between the corundum
and the sample to improve the layer contacts and protect the samples. Utilizing this cell
assembly setup actually protected the sample specimens so well that some of the specimens
could be reused in repeat experiments.
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a)

b)

Figure 5.3: Experimental set-up employed in the multi-anvil apparatus for simultaneous Pand S-wave measurements: a) WC cube anvil and Li-niobate transducer; b) Cross section
of the assembly-cell inside the octahedral pressure medium (14 mm edge length
pyrophyllite octahedron) used for high pressure acoustic velocity measurements.
5.3 DATA ACQUISITION AND PROCESSING

5.3.1 Data acquisition

The LiNbO3 dual transducer was used to generate both, compression and shear waves,
simultaneously. A sin(x)/x pulses (Li et al., 2002) with a resonance frequency of 20 MHz
covering a frequency range of 10 to 30 MHz were generated by the transducer and
propagated through the assembly (Fig 5.4b). Reflections at three interfaces between the
WC cube and corundum (P1), corundum and the top of the sample (P2) and the bottom of
the sample and the Teflon (P3) were recorded by the transducer (Fig. 5.4a, 5.4c). After
collecting the raw reflection signals, we used cross correlation of the signals to define the
time difference between peak (P2) and peak (P3), which is the two way travel time of the
wave propagating through the sample (Fig. 5.4d). In Figure 5.4d, the arrival times of the
reflections can clearly be identified by the cross-correlation of reflection (P2) with the
entire signal.
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b)

c)
P1

P2 P3

d)

P1

P2

P1 P2

P3

P3

Figure 5.4: Ultrasonic data collection and processing. a) Photograph of the elastic
train at high pressure, with 3 reflections: P1 between WC-anvil and the buffer rod;
P2 between the buffer rod and the top of the sample; P3 between the bottom of the
sample and the Teflon rod; b) initial pulse; c) raw data; d) cross-correlated data.
Sample pressure was controlled by constantly monitoring and automatically adjusting
the oil pressure of the hydraulic ram. Experiments were conducted by gradually
increasing the oil pressure from 2.5 MPa to 40 MPa in 2.5 MPa steps, which is
equivalent to a stepwise (0.7 GPa) increase from 1 to 11 GPa resulting in 16 wave
trains for each P-wave and S-wave signals that allow calculating the travel times and,
consequently, estimating the wave velocities and elastic moduli of the sample under
different pressures.

5.3.2 Data processing

Travel time picking
The two-way travel time of the signals travelling within the sample is equivalent to
the difference in arrival time between the reflections from the top and the bottom of
the sample. In this study we used the cross-correlation method to define the peak to
peak time differences (Fig. 5.4c).
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Figure 5.5: Elastic wave trains collected at increasing pressure from 1 to 11 GPa.
The wavelet envelop of the reflections from the bottom of the corundum (P3) were crosscorrelated with the entire wave train. Local maxima on the cross-correlation function
should indicate the arrival time at each boundary. The interval between peak P2 and peak
P3 (or S3) in the cross-correlation function is, therefore, the two way travel time of the
wavelet that propagated through the sample.
To ensure consistency of the time picking on all 16 wave trains recorded at the various
pressures we aligned the traces to peak P1 and arranged them side by side as illustrated in
Figure 5.5. For each event the time was picked at the first positive maximum (red lines in
Fig. 5.5). The final time is corrected for the gold foil by subtracting 0.7 ns for P- and 3.6 ns
for S-waves.

Velocity estimation
The velocities Vp and Vs are calculated by the equation: v = l/t with l being the length of
sample and t the travel time of compression and shear waves at pressure of interest.
In the absence of in-situ measurement of the specimen length by synchrotron X-ray
radiation (e.g. Li et al., 2004), we estimated the length of the sample by using the method
of (Cook 1957) applying the following equations:
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(5.1)

h0  4l02  0

(5.2)

l0
dP
1 
 1

l
3h0 0 1  4
t p2 3t s2
P

where l0 is initial length of the sample (= sample length at room pressure)
l is the length of the sample at pressure P
0 is the density of the sample at ambient condition (room temperature and room
pressure).
0.01 (for most isotropic solids)
tP, tS are the travel times of compressional and share wave through the sample.

Calculation of elastic moduli
The elastic moduli can be derived from the velocity data and the sample density at room
pressure by fitting velocity data to third order Eulerian finite-strain equations of state
(Davies and Dziewonski, 1975) utilizing the following equations:

(5.3)

VP2= (1-2)5/2(L1+L2)

(5.4)

VS2= (1-2)5/2(M1+M2)

where strain is defines as:
(5.5)

= [1-(V0/V)2/3]/2=[1-(l0/l)2]/2

The fitted coefficient L1, L2, M1 and M2 are, in turn, used for the calculation of the zeropressure adiabatic bulk and shear moduli KS0 and G0 and their derivatives K’S0 and G’0 by
applying the following equations:

(5.6)

M1=G0

(5.7)

M2= 5G0-3KS0G0’

(5.8)

L1= KS0+4G0/3

(5.9)

L2= 5L1-3KS0(KS0’+4G0’/3)

(5.10)

P=-(1-2)5/2(C1+C22/2)
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5.4 RESULTS AND DISCUSSION

The results of the velocity measurements are given in Table 5.1 and illustrated in Figure
5.6. Figure 5.6 reveals excellent agreement between the values of Vp, Vs determined in this
ultrasonic, experimental study and the results reported by Sanchez- Valle (2008) obtained
from single crystal Brillouin scattering in a diamond anvil cell at pressure higher than 2
GPa. The fitting curves intersect with the vertical axis resulting values at ambient
conditions of Vp=7.9 km/s, Vs=4.5 km/s. It should be noted that at pressures below 2 GPa,
measured values of Vp, Vs are significantly lower than the expected trend. This could be
due to (1) poor coupling between layers at low pressures and (2) open porosity at low
pressures. The density values derived from the sample length calculated by the Cook’s
method match very well with the fitted results. This confirms that in our high-pressure
experiments deformation is purely elastic.
Table 5.1: Summary of experimental results on P- and S-wave propagation in phase A

P(GPa)

(kg/m3)

2tp(s)

2ts(s)

l0/li

li(mm)

V0/V



Vp
(km/s)

Vs(km/s)

0.68

2.94

0.354

0.591

1.003

1.303

1.008

-0.003

7.372

4.412

1.36

2.96

0.338

0.572

1.005

1.301

1.015

-0.005

7.705

4.549

2.03

2.98

0.323

0.550

1.007

1.298

1.020

-0.007

8.049

4.723

2.71

2.99

0.314

0.538

1.008

1.296

1.025

-0.008

8.267

4.821

3.39

3.01

0.310

0.538

1.010

1.294

1.030

-0.010

8.360

4.813

4.07

3.02

0.305

0.534

1.011

1.292

1.034

-0.011

8.485

4.842

4.75

3.03

0.300

0.529

1.013

1.291

1.038

-0.013

8.616

4.881

5.43

3.04

0.296

0.530

1.014

1.289

1.042

-0.014

8.723

4.867

6.10

3.06

0.294

0.517

1.016

1.287

1.048

-0.016

8.766

4.980

6.78

3.07

0.290

0.515

1.017

1.285

1.051

-0.017

8.878

4.994

7.46

3.07

0.285

0.514

1.017

1.285

1.053

-0.018

9.028

5.001

8.14

3.09

0.286

0.509

1.019

1.282

1.060

-0.020

8.978

5.040

8.82

3.10

0.282

0.509

1.020

1.281

1.061

-0.020

9.100

5.036

9.49

3.12

0.282

0.504

1.022

1.279

1.067

-0.022

9.083

5.077

10.17
10.85

3.13
3.13

0.282
0.278

0.510
0.506

1.023
1.024

1.277
1.277

1.071
1.073

-0.023
-0.024

9.073
9.198

5.012
5.048

92

Phase A
10

10

Vp
8

Density (kg/m3)

Velocity (km/s)

8
This study
Finite strain fit*
Sanchez- Valle et al.(2008)

6

Vs

6

4

4


2

2
0

4

8

12

Pressure (GPa)

Figure 5.6: Plot of velocities (Vp and Vs) and density versus pressure. Solid lines are
fits to the data of this study employing the 3rd-order finite strain equation of state
(Davies and Dziewonski, 1975).
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Figure 5.7: Adiabatic bulk (Ks) and shear (G) moduli of phase A versus pressure up
to 11 GPa. The data are compared with data from Sanchez-Valle (2008). The lines
correspond to fits of the data by the 3rd-order finite strain equation of state (Davies
and Dziewonski, 1975) using data from this study and Sanchez- Valle et al.(2008)).
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Figure 5.7 illustrates the variation of elastic moduli derived from fitting of the measured Vp
and Vs values to the 3rd-order finite strain equation of state (Davies and Dziewonski, 1975)
as a function of pressure. Elastic properties amount to: KSo=100(1), K’=6.1(1), Go=61(1),
and G’o=2.2(1) that compares favourably with Ks=106(1), K´=5.8(3), G=61(1) and
G´o=1.8(1) measured by Brillouin scattering by Sanchez-Valle et al. (2008) and Ko=97.5(4)
and K´=5.97(14) determined by Crichton and Ross (2002) and Ko=102.9(28) and K´=
6.4(3) by Holl et al. (2006) using high-pressure single-crystal X-ray diffraction.
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120
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[phase A]
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60
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Bulk moduli (KSo)
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[Chd]

Shear moduli (Go)
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40
0
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Water content (wt%H2O)

Figure 5.8: Plot of elastic modulus versus water content (wt% H2O) Data include Fe-free
(black solid circle) and Fe-bearing phases (red solid circle). Sources: Anhydrous Fo100 Suzuki et al. (1983); San Carlos olivine - Webb (1989), Hy-Fo, Hy-Fo97 - Jacobsen et al.
(2008); Fe-bearing clinohumite (Ch) - Fritzel and Bass ( 1997); Fe-free chondrodite (Chd)
and Fe-free clinohumite (Ch) - Ross and Crichton (2001) and Phan et al. (in prep.); Febearing chondrodite (Chd) - Sinogeikin and Bass (1999); Fe-bearing phase A - SanchezValle et al.(2008); Fe-free phase A - this study; brucite - Duffy et al. (1995).

A plot of bulk and shear moduli versus water content for different anhydrous and hydrous
phases in the MgO – (FeO) - SiO2 – H2O system reported by different authors (Table 5.2) is
shown in Figure 5.8 and reveals that Fe has a definite effect on the elastic properties of both
Ks and G. The relationship between P- and S-wave velocities and density (Figure 5.9)
reveals that the values of Fe-bearing and Fe-free phases locate separately on either side of
linear fitting lines. Neglecting the influence of Fe, the elastic moduli of phase A plot onto
the join connecting forsterite and brucite with respect to both, variations as function of
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water content and density, despite the fact that crystal structure does neither correspond to
that of forsterite or brucite.
The iron-free minerals define the following linear variations of the bulk and shear moduli
as a function of water content:
(11)

KSo(GPa) = 129(1) - 2.37(9)*wt.% H2O

(12)

Go(GPa) = 81(1) - 1.77(9)*wt.% H2O

and the following linear variations of the compression and shear wave velocities as a
function of density:
(13)

Vp (km/s) = 0.65(1) + 2.47(1)*density

(14)

Vs (km/s) = -0.30(1) + 1.67(1)*density
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Figure 5.9: Plot of Vp and Vs as a function of density (kg/m3): a) data include Fe-free
(black solid circle) and Fe-bearing phases (red solid circle); b) data include only Fefree phases. Detailed descriptions of each data point including sources are given in
Table 2 and referred to by bracketed numbers adjacent to the data points.

Figure 5.10 illustrates the variations of the derivative terms K’ and G’ of Fe- free phases in
the MSH system as a function of water contents. It is evident that for most cases both K’
and G’ increase with increasing water content. The K’ and G’ values derived from the data
of this study are in excellent agreement with those reported Sanchez et al. (2008) (both
derivatives) and Crichton and Ross (2002) and Holl et al. (2006) for K´. Kudoh et al.
(2002) and Kuribayashi et al. (2003) found slightly higher KSo at ambient condition but
lower K’ compared to our results. The difference should be small at high pressure.
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However, K’ values below 5 clearly plot outside the range defined by the forsterite - brucite
join.
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Figure 5.10: Plot of K’ versus water content (wt % H2O)
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Figure 5.11: Comparison of seismic velocities of forsterite and phase A as a function of
pressure (data from this study).
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The considerably discrepancy of KS found by Pawley et al. (1995) compared to all other
values is probably caused by non-hydrostatic stresses that developed between grains of
powdered phase A and the NaCl pressure standard used in their experiment (Crichton and
Ross, 2002).
Figure 5.11 shows the comparison of the variation of P-wave and S-wave velocities of
phase A as a function of pressure measured in this study with the values obtained for
forsterite also measured in our laboratory. The values obtained for forsterite (not reported
here) are, within error, identical to the values reported by Li. et al (1998) and served as a
reference value for testing our equipment against the basically identical equipment installed
at the Mineral Physics Institute at the State University of New York at Stony Brook, USA.
The difference in compression wave velocity between anhydrous forsterite and hydrous
phase A amounts to 6.8 % at low pressure (1 GPa) and reduces to 1.5% at high pressure (11
GPa). For shear wave velocity, the different is 8.5 % at low pressure and reduces to 3.8% at
high pressure. These differences are significant, but it might be difficult to detect the
presence of phase A in the coldest part of the subducting slab from velocity information
obtained from seismic methods with the resolution attainable today. In any case, the
detection of phase A would only be possible if the modal proportion of phase A is
significant. Conversion of modal depleted oceanic harzburgite consisting of about 70%
olivine, 25% low-Ca pyroxene (enstatite) and 5% garnet as an anhydrous assemblage to a
phase A plus enstatite plus garnet-bearing assemblage in the range 6-11 GPa by conversion
of all serpentine to phase A + enstatite results about 50 vol% enstatitic pyroxene, 45%
vol% phase A and 5 vol% garnet. Interestingly, the calculated compressional and shear
wave velocities of the hydrous paragenesis is actually higher than the dry (anhydrous)
peridotite assemblage because the large amount of enstatitic pyroxene stable as the highpressure polymorph clinoenstatite (C2/c, Angel et al., 1992) exhibiting high seismic
velocities (Kung et al., 2004). This, the conversion of serpentine and/or forsterite to phase
A results in a considerable net increase of seismic velocities by as much as 2.3% for Vp
and 3.4% for Vs at 11 GPa thereby approaching seismic velocities of dry eclogite at these
conditions. The detailed results of these calculations are presented elsewhere (currently in
chapter 6 of this thesis).
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5.5 CONCLUSIONS

This experimental study reports the results of P- and S-wave velocity measurements of
phase A at high pressures corresponding to conditions in a subduction zone environment
utilizing ultrasonic methods in a multi-anvil apparatus using polycrystalline, nearly
monomineralic aggregates of phase A. From velocity data, elastic properties of phase A
were determined at mantle pressures. This study demonstrates that in-situ ultrasonic
technique can be successfully employed to derive elastic properties of polycrystalline
aggregates of dense hydrous magnesium silicate phases (DHMS) at high pressures. The
advantage of this method is that it directly provides the velocities of the minerals and by
means of the finite strain EoS both bulk and shear moduli can be obtained. Although the
mineral structure of phase A is considerably different from that of forsterite and brucite,
their elastic moduli and velocities are fitting well along arrays connecting the forsterite brucite join as functions of H2O-contents and/or densities of the mineral phases. Evaluation
of existing data as well as our new data strongly suggests that iron may have a significant
influence on elastic properties of DHMS phases.

In the range 1 to 11 GPa, the compression velocity contrast of phase A and forsterite
reduces from 6.8 to 1.5% while the shear velocity contrast reduces from 8.7 to 3.8%. Such
small difference might be difficult to detect by seismic tomographic records. Moreover, the
formation of phase A is accompanied by significant production of enstatitic pyroxene that
exhibits rather high seismic velocities, in particular in the cold parts of the slab where highpressure clinoenstatite is the stable polymorph (e.g. Pacalo and Gasparik, 1990; Ulmer and
Stalder, 2001) that could potentially result in seismic velocities of hydrated peridotite
higher then anhydrous peridotite at the same conditions.
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Chapter 6

Seismic implications of hydrous
peridotite subducting deeply into the
Earth’s interior
In this chapter, elastic data of the principal anhydrous and hydrous phases stable at
´post-serpentine´ conditions derived from this study and literature values combined with
petrologic phase assembly constraints are utilized to calculate the seismic velocities of
various hydrous peridotite compositions with different degrees of hydration at
subduction zone condition (pressure up to 11 GPa and at a temperature of 1073 K),
where clinohumite and phase A can be stable and form the principal H2O repositories.
The aim is to evaluate whether velocity changes due to the presence of abundant
hydrous phases are large enough to detect their presence in cold subducted slabs in the
upper mantle by seismic methods. The investigation includes eclogite (former mafic
oceanic crust) and peridotite (dry and hydrous oceanic mantle lithosphere). The first
step was to calculate the modal (volumetric) abundances of various minerals in partially
to (nearly) completely hydrated peridotite and in nominally dry eclogite (neglecting the
potential presence of small amounts of epidote-group minerals and/or lawsonite in
basaltic oceanic crustal lithologies (Schmidt and Poli, 1998)). As a starting composition,
a depleted oceanic harzburgite, composed of a high-pressure, dry modal composition of
70 vol.% olivine (Fo90), 25 vol.% enstatitic (low-Ca) pyroxene (En90), and 5 vol.%
garnet (68% pyrope, 16% almandine and 16% grossular component, xMg = 0.81) was
selected. These mineral compositions compare with compositions reported by Smith et
al. (1993). This harzburgitic bulk composition corresponds to chlorite-serpeninite
(antigorite serpentine with xMg of 0.90 and chlorite with xMg of 0.80) with 40 vol%
olivine, 47 vol% serpentine, 10 vol% chlorite and 3 vol% diopsidic clinopyroxene (xMg
= 0.90) and represents the maximum H2O storage capacity under low temperature
eclogite-facies conditions for the chosen bulk composition that amounts to 6.0 wt.%
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H2O. The maximum H2O content is given by the fact that for this H2O content and the
inferred mineral and bulk composition, enstatite is completely consumed in the
reactions forming serpentine and chlorite. Thus, within the given compositional space
the reactions terminate and no more chlorite (limited by the amount of alumina in the
system) and antigorite (limited by the amount of silica in the system) can be formed.
Subsequently, we calculated the phase proportions for this model harzburgite in the
stability fields of clinohumite and phase A, assuming both are coexisting with garnet (as
the aluminous, Ca-bearing phase), olivine and low-Ca enstatitic pyroxene (Ca-rich
clinopyroxene is not likely to occur as the small amount of Ca can completely be
incorporated into garnet and to a lesser extend into enstatitic pyroxene).
Table 6.1: Mineral proportions (vol.%) in dry and hydrous peridotite compositions
computed for clinohumite- and phase A-bearing assemblages.
Compositions

Harzburgite

Dry
a

Phases/H2O

peridotite

Eclogite

1wt%H2O

2wt% H2O

2wt% H2O

5wt% H2O

Olivine

70

0

47.4

6.5

53.1

8.5

25

0

22.8

34

29.8

55.8

Cpx

0

48

0

0

0

0

garnet

5

52

5.9

6.2

5.5

5.3

Clm

0

0

23.9

53.3

0

0

phA

0

0

0

0

11.6

30.4

Cen

b

a

composition of eclogite and mineral proportions taken from Kessel et al., 2005
low-Ca enstatitic pyroxene is stable as high-pressure clinoenstatite (Angel et al.,
1992)
b

For both parageneses (clinohumite- and phase A-bearing) we calculated the modal
abundances by assuming variable H2O contents: 1 and 2 wt.% H2O for clinohumitebearing assemblages; at 2 wt.% H2O, olivine is basically exhausted from the peridotite
and the clinohumite-forming reaction olivine + H2O = clinohumite + enstatite stops.
Phase A-bearing assemblages can store larger amounts of H2O and, consequently, we
performed modal calculations at 2 and 5 wt.% H2O; 5 wt.%, again, represents
exhaustion of olivine from the assemblage, where the reaction olivine + H2O = phase A
+ enstatite stops. The calculations were performed with a least-square fitting procedure
(Matlab program, see Appendix); the results are summarized in Table 6.1.
In order to compare the computed seismic wave velocities of dry and hydrous peridotite
with the other important constituent of subducted oceanic lithosphere, eclogite, we
additionally calculated seismic velocities under subduction zone conditions for this rock
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type. As an appropriate starting composition, we selected an ´average´ K-poor tholeiitic
basalt as starting composition that was studied experimentally by Kessel et al. (2005) in
the pressure – temperature range 4 – 6 GPa and 700 – 1200°C. Under these conditions,
the basaltic starting composition forms an eclogitic mineral assemblage composed of
48% clinopyroxene (60 mol.% jadeite and 40 mol.% diopside) and 52% garnet
(35mol.% pyrope, 35mol.% almandine and 30mol.% grossular).
The isotropic adiabatic bulk moduli (Ks), shear moduli (G) and the densities of the
peridotitic and eclogitic assemblages at high pressures (5 to 11 GPa) at a constant
temperature of 1073K can be estimated on the basis of the properties of the respective
minerals at ambient condition (see Tab. 6.4) through the following steps (note that for
enstatitic pyroxene we used the elastic properties of high-pressure clinoenstatite, space
group: C2/c, (Angel et al. 1992), which is the stable polymorph under high-pressure
subduction zone conditions):

1. Calculate the temperature effect on the adiabatic elastic moduli Ks and G (Duffy
and Anderson, 1989):
K S (T , Po)  K S (To, Po)  (
G (T , Po)  Go(To, Po)  (

dK S
1 dKs 2
) P (T  To)  (
) (T  To) 2 +…
2 P
dT
2 dT

dG
1 dG 2
) P (T  To)  (
) (T  To) 2  ...
2 P
dT
2 dT

where T is the temperature of interest and To and Po are the reference temperature
and pressure; in our case To=298K and Po0 GPa. Generally, the higher order terms
cannot be obtained in a reliable manner (Suzuki et al., 1983), therefore, only the first
term was considered for calculation.
2. Calculate derivative KS’ and G’ at high temperature as
T

T

To

298

K S ' (T , Po)  K S ' (To, Po) exp   (T ' )d (T ' )  K S ' (298,0) exp
T

T

To

298



 (T ' )d (T ' )

G ' (T , Po)  G ' (To, Po) exp   (T ' )d (T ' )  G ' (298,0) exp   (T ' )d (T ' )

with the thermal expansivity  (T )  o  1 * T   2 * T 1   3 / T 2

3. Calculate the density at ambient pressure and high temperature:
T

 T ,0   0 exp   (T ' )d (T ' )
298
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4. Calculate strain  at high temperature and pressure using a 3rd order finite strain
EoS:
P  3Ko(T )((1  2 ) 5 / 2 (1  (3 / 2) (4  K ' (T )))
where Ko(T) is the isothermal bulk modulus and K’(T) is its pressure derivative at
zero pressure and the temperature of interest T. The values can be calculated by the
following equation:

K T  K S (1  T ) 1 and K ' (T )  (

 dK
dK T
T dK T 
) T  (1  T ) 1 ( S ) T 
(
)P 
dP
K T dT 
 dP

In the present case we assumed K’T(T,0) KS’(T,0)
5. Calculate the density at high temperature and pressure as:
=0(1-2)3/2
6. From the 3rd order finite-strain EoS, we can compute the velocity at pressures up to
11 GPa and at the selected temperature of 1073K applying the following equations:
V  (1  2 )
2
P

5/2

4
20


 K S (T ,0)  3 G (T ,0)   (5 K S (T ,0)  3 ) * G (T ,0)  3K S (T ,0) K S ' (T ,0)  


 4 K S (T ,0)G ' (T ,0)


VS2  (1  2 ) 5 / 2 G (T ,0)   (5G (T ,0)  3K S (T ,0)G ' (T ,0))
7. From the computed VP2, VS2 and densities, compression and shear wave velocities
at pressures varying from 0 to 11 GPa at a temperature of 1073K can be calculated.
8. By plotting Vp, Vs at a temperature of 1073 K as a function of pressure varying from
0 to 11 GPa, using 3rd order finite strain theory, we obtain the adiabatic elastic
moduli at the same pressure and temperature conditions for all individual phases.
9. Knowing elastic moduli and density of every single phase at temperature and
pressure of interest, and assuming that the bulk rock property is an isotropic mixture
of the individual mineral constituents, the adiabatic elastic moduli (Ks and G) For
different mineral assemblages can be obtained using the Voigt-Reuss- Hill
averaging method, while the density of the mineral assemblage can be calculated by
the Voigt average method (Watt et al., 1976; Sanchez-Valle et al., 2008):
n

M   ai M i
i 1
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where M are the adiabatic elastic moduli (K, G) or density of the assemblage and Mi
are the corresponding adiabatic elastic values and ai phase proportions (volume
percents) of the i single phases joint in the assemblage.
10. From the adiabatic elastic moduli at the temperature of interest of 1073 K and at
pressures up to 11 GPa we finally calculate the velocities of the aggregate (rock):

VP 

4
( K  G)
G
3
and VS 
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Figure 6.1: Seismic velocities Vp (a) and Vs (b) of phase A and clinohumite compared
with the velocities of the principal anhydrous peridotite minerals at high pressures and
a temperature of 1073 K.

Figures 6.1 and 6.2 display the calculated Vp and Vs velocities as a function of pressure
for the individual mineral phases proposed to be stable in dry and hydrous harzburgite
(peridotite, Fig. 6.1) and dry eclogite (Fig. 6.2). In both, anhydrous eclogite and
peridotite, garnet exhibits the highest seismic velocities. In peridotite, olivine, cpx
(high-Ca clinopyroxene, not present in the calculated assemblages) and phase A (phA)
result in comparable velocities. At low pressure, phase A possesses the lowest Vp and
Vs but above 6 GPa for Vp and 8.4 GPa for Vs, the velocity of phase A slightly exceeds
that of cpx and olivine because of its larger dV/dP gradient. The calculated velocities
for

clinohumite

result

in

intermediate

olivine/cpx/phaseA.
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Figure 6.2: Seismic velocities Vp (a) and Vs (b) of garnet, various pyroxene
components and bulk eclogite at high pressures and a temperature of 1073 K.

The most prominent results of these calculations are: (1) clinohumite has actually
considerably higher P- and S-wave velocities at high pressure and moderate temperature
conditions than olivine approaching that of cen. This strongly implies, as will be shown
later, that the formation of clinohumite + cen at the expense of olivine leads to a
considerable increase of the aggregate (rock) velocities for the hydrated peridotites.
Errors on the aggregate seismic velocities of the assemblages are estimated to be in the
order of 1% based on the estimated errors of the mineral mode calculations and the
determinations of the elastic moduli of the mineral end-members.
Figure 6.3 shows the resulting velocity variations as a function of pressure (depth) up to
11 GPa (approximately 300 km) for anhydrous eclogite, dry peridotite and hydrous
peridotite assemblages. Eclogite containing a large proportion of garnet exhibits the
highest velocity while dry peridotite has the lowest velocity dominated by the properties
of the most abundant phase olivine. As noted before, a clinohumite-bearing peridotite
assemblages can contain up to about 2 wt.% of H2O when all olivine has been
transformed to clinohumite. Although phase A has a relatively low velocity, comparable
to olivine, increasing amount of phase A simultaneously leads to increasing amounts of
cen at the expense of olivine in a fixed bulk composition and, therefore, the overall
velocity of the assemblage increases with increasing amount of H2O available. This is
even much more prominent for clinohumite-bearing assemblages that can ultimately
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result in wave velocities of the hydrous assemblage containing the maximum amount of
2%wt H2O exceeding the velocities of dry eclogite (Fig. 6.3).
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Figure 6.3: Seismic velocities Vp (a) and Vs (b) of dry and hydrated peridotite and dry
at high pressures and a temperature of 1073 K.
Table 6.2: Percental deviation (xP) of compressional and shear wave velocities for
different hydrous peridotite assemblages from dry peridotite

Condition
Assemblage

Vp change (%)

Vs change (%)

6 GPa

11 GPa

6 GPa

11 GPa

1%wt H2O by Clm

1.26

1.36

2.33

2.47

2%wt H2O by Clm

2.33

2.81

4.43

4.87

2%wt H2O by phA

0.84

0.94

1.58

1.59

5%wt H2O by phA

1.61

2.33

3.17

3.44

 Vhydrousassemblage  Vdryperidotite  100 
xP  

Vdryperidotite

 P
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Figure 6.4: Fractional (percental) deviation of compressional and shear wave
velocities of hydrous peridotitic assemblages from dry peridotite and eclogite as a
function of pressure from 5 to 11 GPa at a temperature of 1073K. The yellow
coloured areas delimit the regions, where the fractional deviation exceeds + or - 1%.
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Table 6.3: Percental deviation (xP) of compressional and shear wave velocities for
different hydrous peridotite assemblages from eclogite.

Condition

Vp change (%)

Vs change (%)

Assemblage

6 GPa

11 GPa

6 GPa

11 GPa

1%wt H2O by Clm

-2.35

-1.88

-1.75

-1.24

2%wt H2O by Clm

-1.32

-0.48

0.27

1.06

2%wt H2O by phA

-2.76

-2.29

-2.47

-2.1

5%wt H2O by phA

-2.05

-0.94

-0.94

-0.31

 Vhydrousassemblage  Vec log ite  100 
xP  

Vec log ite

 P
Tables 6.2 and 6.3 provide the fractional (percental) deviation of Vp and Vs values at
pressures of 6 and 11GPa of the different hydrous peridotite assemblages from dry
peridotite and eclogite respectively. Figure 6.4 exhibits the evolution of the fractional
deviations as a function of pressure and reveals that the presence of hydrous phases can
cause velocity changes by more than 2%, which are probably detectable by seismic
methods, but instead of being negative, as intuitively anticipated, they are positive for

hydrous versus dry peridotite.
1.86
1.84
1.82
1.8

Vp/Vs

1.78
1.76
1.74

dry peridotite
eclogite
2%H2O with phA
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2%H2O with Clm
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Figure 6.5: Vp/Vs ratios of aggregate velocities of relevant eclogite and peridotite
assemblages occurring in subducted oceanic lithosphere at high pressure and a
temperature of 1073 K.
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The Vp/Vs ratio (Figure 6.5), on the other hand, only changes insignificantly from dry
peridotite (1.79) to eclogite (1.78) to the 2 % H2O containing clinohumite-bearing
assemblage (1.76) that exhibits the lowest values. Thus, this ratio may not be an
adequate indicator for the presence of hydrous phases in peridotitic assemblages.
(1) In conclusion, although the effect of temperature on the elastic properties of
phase A and clinohumite was calculated with some simplifying assumptions and
the effect of the iron component on the elastic properties of the calculated
aggregate velocities has not been taken into account, the calculations show some
noteworthy and not necessarily expected results: Calculated Vp and Vs at a
constant temperature of 1073K (800 °C) and pressures varying from 5 to 11 GPa
indicate that the hydrous phases clinohumite and phase A exhibit a similar or
stronger, positive pressure dependence than the anhydrous phases considered
(olivine, garnets, high- and low-Ca pyroxenes, jadeitic clinopyroxene) resulting
in increasing isothermal seismic velocities with in increasing pressure.
Computed, aggregate (rock) seismic velocities of hydrated peridotite are higher
than anhydrous, olivine-dominated peridotite due to the elastic properties of the
hydrous phases and the fact that the formation of hydrous phases is inevitably
linked to increasing modal amounts of clinoenstatite (seismically fast) in an
isochemical peridotitic system. Seismic velocities of fully hydrated clinohumitebearing peridotite might actually exceed the velocity of a dry eclogite under the
same conditions. This, however, needs further evaluation as the majorite
component in garnet that starts to become significant above about 8 GPa has not
been considered in these calculations.
(2) Fractional (percental) differences of the seismic velocities between hydrated and
dry peridotite might exceed 2%; a value that should be detectable by seismic
tomographic methods. However, we should search for faster, not for slower
regions within the subducted oceanic lithosphere for the presence of hydrous
phases at depth exceeding the stability limit of antigorite-peridotite (6 GPa;
Ulmer and Trommsdorff 1995). Such regions have, so far, mostly been
associated with dry, cold peridotites and not necessarily with hydrated regions at
comparable temperatures.
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Chapter 7

Conclusions
This thesis summarizes the results of an experimental study aimed to determine elastic
properties of hydrous phases under ultra-high pressure condition. In particular, the work
concentrated on two dense hydrous magnesium silicate minerals: OH-clinohumite and
phase A. More than one hundred experiments were carried out to achieve two main
objectives:

(1)

The

fabrication

of

anhydrous

and

hydrous

polycrystalline,

monomineralic aggregates that fulfill strict quality requirements to employ them for (2)
the direct measurement of elastic velocities at variable pressures up to 11 GPa. All but
one experiment were conducted in the multi-anvil laboratory of the Institute for
Mineralogy and Petrology, ETHZ; one experiment was performed at the Mineral
Physics Institute, State University of New York at Stony Brook under the guidance of
Prof. Baosheng Li.
The results provide crucial constraints to address the question whether the presence of
hydrous phases beyond serpentine stability in cold subduction zones can be recognized
on the basis of velocity information derived from seismic methods. In this chapter the
principal results and findings of the research project are summarized along with
suggestions for future extensions to this work.

7.1 Overview of the results and findings
7.1.1 Fabrication of anhydrous and hydrous polycrystalline aggregates for
ultrasonic wave propagation measurements at high pressures.

In order to measure directly ultrasonic wave propagation velocities at high pressures it
is essential to produce high quality specimens that meet strict requirements regarding
grain size, density, homogeneity and isotropy. A combination of solution-gelation and
isostatic hot-pressing synthesis techniques was successfully applied for this purpose.
The sol-gel technique allows creating homogeneous, nano-meter sized powders of
starting materials. The hot-isostatic pressing technique ensures high quality of the
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obtained samples with high density (99% of theoretical value), small grain size (10-20
µm), free of micro-cracks and devoid of preferred orientation. Three principal factors
control the success of these experiments: temperature, pressure and run duration that
have been systematically tested to delimit optimal conditions for synthesis of each
mineral phase. They are 1300 oC, 1GPa and 20 hours for forsterite; 800 oC, 3.3 GPa and
24 hours for clinohumite; and 700 oC, 6 GPa and 24 hours for phase A.

7.1.2 Elastic wave velocity measurements of clinohumite and phase A at high
pressures

The transfer function method was applied to measure ultrasonic velocities of forsterite,
clinohumite and phase A in the pressure range 1 to 11 GPa at room temperature. The
results infer that elastic velocities (Vp and Vs) of clinohumite are, within error,
indistinguishable from the velocities of anhydrous forsterite. On the other hand, at
ambient condition phase A shows 6.8% decrease of Vp and 8.7% decrease in Vs
compared to forsterite. The differences at high pressure (11 GPa) are, however, reduced
and amount to 1.5% for Vp and 3.8% for Vs.

From the measured elastic velocities, adiabatic elastic moduli and their derivatives have
been calculated. For clinohumite, the moduli are Ks = 119(2), G = 77(1), which are
significantly lower than for olivine, but their derivatives K’s = 4.8(1) and G’ = 1.9(2)
are slightly higher than the derivatives for olivine. The corresponding values for phase
A are Ks = 100(1) GPa, K’s = 6.3(1), G = 61(1) GPa and G’ = 2.2(1). These parameters
indicate that the elastic moduli of phase A are considerably more pressure dependant
than those of anhydrous phases. As a consequence, at pressures above 6 GPa, velocities
of phase A exceed those of some anhydrous phases such as olivine and high-Ca
clinopyroxene.

7.1.3 Implications for the seismic velocities of hydrous peridotite at deep upper
mantle conditions

The computed elastic moduli of hydrous phases obtained in this project were combined
with elastic moduli for anhydrous phases from the literature and were utilized to
investigate the elastic properties of various hydrous peridotite compositions with
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different degrees of hydration at subduction zone condition. Interestingly, the results
indicate that the velocities of hydrous peridotite exceed that of dry peridotite due to a
combined effect of the elastic properties of the hydrous phases and the concomitant
increase of the modal abundances of high-velocity clinoenstatite formed as a reactant
product during the formation of silica-deficient hydrous silicates such as clinohumite
and phase A. The velocities of hydrous peridotite might even exceed the velocities of a
dry eclogite at the same conditions. Fractional differences of the seismic velocities
between dry and hydrated peridotite might excess 2%, a value that could be detected by
high resolution seismic tomography methods. However the presence of hydrous phases
makes the wave propagate faster rather than lower as initially anticipated.

7.1.4 Additional results

This study confirms that ultrasonic technique using the transfer function method can be
applied to measure the wave velocities and evaluate the elastic properties of
polycrystalline aggregated dense hydrous magnesium silicate phases (DHMS) at high
pressures in a multi-anvil apparatus
Even though clinohumite and phase A possess mineral structures that are quite different
from either forsterite or brucite, their elastic moduli and velocities fit well along a
simple linear variation between forsterite and brucite for both, H2O content and density.
Comparison of Fe-free and Fe-bearing silicate and hydrate phases in the MgO-SiO2H2O system reveals that iron can have a significant influence on the elastic moduli.

7.2 Outlook
There are several topics to conduct future research on the elastic properties of hydrous
phases starting from the present project:
(1) A systematic study to assess the effect of iron on the elastic properties of dense
hydrous silicate phases should be conducted to evaluate its effect on seismic
velocities under subduction zone pressure conditions.
(2) The experiments reported here have exclusively been conducted at room
temperature conditions. A full assessment of seismic wave velocities, however,
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demands that future experiments are conducted at simultaneous high-pressure
and high-temperature conditions, as performed for example at the Mineral
Physics Institute in Stony Brook. Most practically, this should be done on a
multi-anvil device mounted on a synchrotron X-ray radiation facility such as the
Swiss Light Source (SLS) at the PSI (Würenlingen; Switzerland) to monitor
sample length and possible mineralogical changes in-situ.
(3) Extension to higher pressures would be desirable to investigate higher pressure
hydrous phases in the MgO-SiO2-H2O system such as phase E and D that are
thought to be the principal H2O-carriers in subducted oceanic lithosphere in the
Earth´s transition zone and (at the top of the) lower mantle. Appropriate sample
fabrication processes and adjustments of the multi-anvil cell assemblies for
ultrasonic wave propagation measurement are, however, mandatory for this
purpose.
(4) Intensive collaboration with the high-pressure geochemistry group to
characterize appropriate samples of hydrous magnesium silicates by both (i)
single-crystal high-pressure and temperature Brillouin scattering experiments
with the externally heated diamond-anvil cell to obtain elastic tensors and
anisotropy information; and (ii) ultrasonic wave propagation measurements at
high pressures and temperatures to obtain bulk elastic properties and to correlate
elastic property data.
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Appendices
The appendices contain experimental results that have not been included in the thesis.
They are stored on the included CD under the following directories:


BSE_Images: Back scattering electron images measured at 15 kV.
Magnification factor varies from 40 to 400 times for 30 samples of forsterite
(olv); two samples of clinohumite; and two samples of phase A.



FSE_Images: Forward scattering electron images measured at 15 kV.
Magnification factor varies from 40 to 1000 times for forsterite, clinohumite and
phase A. The file names are formed by the combination of sample names and
magnification factors.



Grinding: Results of grinding tests using natural San Carlos olivine as starting
materials for the hot-pressing method. Measurements of grain sizes were carried
out with the laser-optical grain size analyzer available in the Limnogeology
laboratory (Geology Institute- ETH). The results are given in PDF format. There
are 4 results of samples ground for different times (table 8.1)

Table 8.1: contents of files on grinding tests

Name

Time in minute

1

Grinding0

0

2

Grinding 142

142

3

Grinding 330

330

4

Grinding 570

570
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EPMA–_quantitative_analysis: Electron microprobe microanalysis method
was used to estimate sample homogeneity. This method bases on the atomic
ratio of Magnesium and Silicon.

Table 8.2: Atomic Ratio between Mg and Si of anhydrous and hydrous phases
Name

Formula

Mg+/Si+

Enstatite

MgSiO3

1

Forsterite

Mg2SiO4

2

Clinohumite

Mg9Si4O16(OH)2

2.25

Chondrodite

Mg5Si2O8(OH)2

2.5

Phase A

Mg7Si2O8(OH)6

3.5

Based on this ratio and using histogram plots in Excel, the percentage of
clinohumite and phase A in the sample can be calculated. For every sample,
more than 100 points were selected for examination. The results for clinohumite
and phase A are given in four excel data files.

 Ultrasonic_Measurement: Data obtained from the acquisition processes for
forsterite, clinohumite and phase A are provided in the format used by uxpert
program. The file names are formed by combining sample names and the
pressure values where the measurement was carried out.
The data from the acquisition processes recorded by the transducer are also
stored in this folder. These acquisition was performed at ambient condition with
resonance frequency steps of 0.5 MHz.

 Modeling_velocity: Estimations of seismic velocities and elastic properties of
various hydrous peridotite compositions with different degrees of hydration at
subduction zone conditions. The data are given in two Excel files: dry peridotite
and eclogite velocity and harzburgite velocity containing velocity information at
1073 K temperature and 0 to 11 GPa pressure. The Matlab script used to
calculate the composition of anhydrous and hydrous phases is also included
herewith.
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 Phase A1: This folder includes an Excel file (data-table-sa1.xls) containing
travel time measurements. The time picking process is illustrated by figures:
sa1-p.png (for compressional wave) and sa1-s.png (for shear wave). The results
of velocity and elastic property calculations of phase A at room temperature and
high pressure are illustrated in Figures sa1-data.png and sa1-eos-1.png.
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