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Abstract

Seismic low velocity and high attenuation observed in the upper mantle have been mostly

attributed to the presence of melt. However, a recent experimental study on a polycrys-

talline aggregate showed that anelastic relaxation increases as temperature approaches the

solidus temperature, indicating that seismic low velocity and high attenuation can occur

without melt. In this previous study, because the experiment was performed only be-

low the solidus temperature, the relationship between the increase of anelastic relaxation

below the solidus temperature and partial melting was not clarified. The present study

aimed to clarify the effects of temperature and partial melting on polycrystal anelastic-

ity. For this purpose, the mechanical properties of a polycrystalline aggregate existing

over a broad range of frequencies (elasticity, anelasticity, and viscosity) were measured at

near-solidus temperatures ranging from below to above the solidus temperature (Tm).

The present experimental results show that the effects of partial melting on the me-

chanical properties of a polycrystalline material are twofold; changes just below the solidus

temperature in the absence of melt and changes at the solidus temperature due to the on-

set of partial melting. Just below the solidus temperature (0.92 ∼< T/Tm < 1), anelastic

relaxation significantly increases with increasing homologous temperature (T/Tm). Also,

viscosity of the grain boundary diffusion creep is reduced significantly in this temperature

range. At the solidus temperature (T/Tm = 1), further reduction of elasticity, further

increase of anelastic relaxation strength, and further reduction of viscosity occur. The

mechanical properties of a partially molten aggregate are determined by the total of these

twofold changes.

The changes just below the solidus temperature are caused by a solid state mechanism,

whereas the changes at the solidus temperature are caused by the direct effect of melt. I

speculate that a structural transition at grain boundary occurs just before partial melting

(premelting), which may change the dynamical properties of grain boundary and enhance

grain boundary sliding (anelasticity) and grain boundary diffusion creep (viscosity). The

present experimental result showed that the changes due to the premelting has a large

amplitude even for a sample which generates a very small amount of melt (0.4–0.5%) at

the solidus temperature, whereas the changes due to the direct effect of melt are very



small for a sample with very small melt fraction. The present result predicts that in most

part of the upper mantle, where the melt fraction is considered to be very small, the direct

effect of melt is negligibly small and the premelting effect is dominant.

To assess the effect of premelting on the seismic waves, I performed the parameteri-

zation of the present experimental results and obtained a general empirical formula for

polycrystal anelasticity and viscosity. It was fitted to the temperature dependence of seis-

mic shear wave velocity (VS) in the Pacific mantle. The present model explains well the

steep reduction of VS just below the solidus temperature by the premelting effect without

invoking any direct effect of melt. In the fitting, the material parameters (elasticity and

viscosity) of the mantle rock needed to calculate VS were determined as the fitting param-

eters. The obtained parameters agree well with those experimentally measured for olivine

aggregates. By using the empirical formula and the material parameters determined by

the fitting, a new anelasticity model applicable to the mantle was established.

The new anelasticity model was further applied to the lithosphere-asthenosphere bound-

ary (LAB) to examine whether the premelting effect can explain the seismic discontinuity.

Vertical structure of VS was calculated, by using the geotherm obtained from the cool-

ing models of oceanic plate and the solidus temperature of peridotite obtained from the

thermodynamic models. The result shows that if the solidus temperature is decreased by

the existence of volatile, seismic discontinuity is reproduced as the steep reduction of VS

by the premelting effect. In addition, the premelting effect can explain high attenuation

in the asthenosphere. The present study proposes a new insight that premelting is the

origin of the asthenosphere.
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Chapter 1

Introduction

1.1 Importance of Understanding Anelasticity

At high temperatures, rock is a viscoelastic material which behaves elastically at high

frequencies and viscously at low frequencies (Figure 1.1). Anelasticity is a transitional

property between elasticity and viscosity, and causes dispersion and attenuation of the

elastic waves [e.g., Nowick and Berry, 1972]. Therefore, it is important to understand

rock anelasticity for a quantitative interpretation of the upper mantle seismic structures

[e.g., Karato, 1993].

In the past, effects of temperature and pressure on the elastic properties of the rock

forming minerals were investigated by using the ultrasonic method [e.g., Isaak, 1992].

Seismic frequency (f = 10−3–1 Hz) is much lower than the ultrasonic frequency (f >∼ 1

MHz), and seismic waves can be affected by the rock anelasticity (Figure 1.1). However,

in the 1980s and 90s, rock anelasticity had not received much attention, because one-

dimensional global seismic structures, like PREM [Dziewonski and Anderson, 1981], can

be almost fully explained by the ultrasonic data, or in other words, intrinsic elasticity

of each mineral and its pressure and temperature dependence (e.g., anharmonic effect)

[e.g., Duffy and Anderson, 1989]. Although the absorption band model was introduced

to explain seismic attenuation [Anderson and Given, 1982], it was treated as a mere

similitude.

Recent seismic tomographic studies have revealed the 2-D or 3-D structures of seis-

mic wave velocity V and attenuation Q−1 in the upper mantle with high resolution [e.g.,

Priestley and McKenzie, 2013; Nakajima et al., 2013; Abers et al., 2014]. The lateral

variations in V and Q−1 reflect the lateral heterogeneities in temperature, chemical com-

position (major and minor elements), grain size, and melt fraction. In particular, low-V
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Figure 1.1: Schematic illustration for elastic modulus and attenuation for a viscoelastic material as
functions of frequency. No dispersion and no attenuation in the elastic regime, and Q−1 ∝ f−1 in
the viscous regime. Hatched areas by pink and green show the ultrasonic (f >∼ 1 MHz) and seismic
(f = 10−3–1 Hz) frequency ranges, respectively.

and high-Q−1 regions captured beneath the volcanic areas near the ridge and subduction

zone have attracted much attention, and there were many attempts to constrain temper-

ature, melt fraction, and/or water content in these regions [e.g., Nakajima et al., 2005,

2013]. However, effects of these factors measured at MHz–GHz cannot solely explain the

seismological data in a consistent manner with the other geophysical and geochemical

constraints. Understanding rock anelasticity especially at near-solidus temperatures is

necessary for quantitative interpretation of such seismic anomalies [Takei et al., 2014;

Abers et al., 2014]. In order to update the understanding of anelasticity as required by

the recent progress of seismology, measurement of rock anelasticity at seismic frequencies

has become crucial [e.g., Jackson et al., 2002].

1.2 Previous Experimental Studies of Polycrystal Anelasticity

Forced oscillation tests have been performed on the mantle rock samples to investigate the

effects of temperature, grain size, chemical composition, and melt on the rock anelasticity

[e.g., Gribb and Cooper, 1998; Tan et al., 2001; Jackson et al., 2002, 2004; Barnhoorn
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Figure 1.2: (black) Schematic illustration for the typical form of the attenuation spectrum observed in
the forced oscillation tests for rock and rock analogue. The attenuation spectrum is represented by the
superposition of high-temperature background (blue) and high-frequency peak (pink).

et al., 2007; Jackson and Faul, 2010]. However, the data obtained so far are not enough

to understand the underlying mechanism which is necessary to extrapolate the experi-

mental data to the mantle conditions. To address this lack, forced oscillation tests on

the rock analogue (polycrystalline aggregates of organic “borneol”) have been performed

[McCarthy et al., 2011; McCarthy and Takei, 2011; Takei et al., 2014]. The attenuation

spectra obtained from the rock and rock analogue generally consist of a monotonic part

(Q−1 = Q−1
0 f−α, α = 0.2–0.3) observed at low frequencies and a plateau or flattening

observed at high frequencies (Figure 1.2, black line). Here, I review how these parts have

been understood in the previous studies.

1.2.1 Monotonic Part (High-temperature Background)

The monotonic part, which is called “high-temperature background”, has been observed

robustly in all experiments (Figure 1.2, blue dashed line). Particularly, in the early

experiments for the mantle rocks, only this part was captured [Gribb and Cooper, 1998;

Tan et al., 2001; Jackson et al., 2002]. At that time, rock anelasticity was treated under

the assumption of similitude; by using a single master variable f/fr, attenuation spectra

obtained under various experimental conditions (e.g., temperature T , grain size d, and

pressure P ) were expressed as Q−1(f, T, d, P ) = Q−1(f/fr), where fr(T, d, P ) represents

the reference frequency. By clarifying the dependence of fr on temperature, grain size,

and/or pressure, the underlying mechanism for anelasticity have been investigated. The

samples in these early experiments do not include melt nor many dislocations. Therefore,

5



the dissipation was attributed to the grain boundary sliding (GBS).

Gribb and Cooper [1998] first proposed the idea of Maxwell frequency scaling. Maxwell

frequency is calculated as fM = MU/η by using the unrelaxed elastic modulus MU and the

viscosity η of grain boundary diffusion creep. They showed that when anelasticity is in-

duced by diffusionally accommodated GBS [Raj and Ashby, 1971; Raj, 1975], attenuation

spectrum can be expressed as Q−1(f/fM) by using a single master variable f/fM . This is

intuitively understandable because GBS is rate limited by matter diffusion along the grain

boundaries in the same manner as grain boundary diffusion creep [Raj, 1975]. Another

mechanism of GBS, called elastically accommodated GBS, has a reference frequency fe

different from fM [Raj and Ashby, 1971]. The most remarkable difference between fe

and fM is in the grain size dependence (fe ∝ d−1 [e.g., Nowick and Berry, 1972], and

fM ∝ d−3). Therefore, in order to test the Maxwell frequency scaling, the grain size

dependence of fr has to be investigated. Gribb and Cooper [1998], however, investigated

only the temperature dependence of Q−1. Jackson et al. [2002] measured Q−1 and η for

various temperatures and grain sizes. Although the obtained temperature and grain size

dependence of fr agreed well with those of fM , the grain size dependence of fr and fM

was d−1, which was different from the theoretical prediction (d−3). Morris and Jackson

[2009] further investigated the applicability of the Maxwell frequency scaling to the data

of Jackson et al. [2002] by using η extrapolated from other data set. However, they could

not obtain a conclusive result because of a large uncertainty in η.

To investigate the applicability of the Maxwell frequency scaling, anelasticity data

with reliable viscosity data are required. McCarthy et al. [2011] accurately measured both

anelasticity and viscosity of rock analogue (borneol) under various temperatures and grain

sizes. They showed that the attenuation spectra obtained under various experimental

conditions collapse onto a single curve, when the testing frequency f is normalized to the

Maxwell frequency fM (Figure 1.3, black symbols). Their viscosity data (and hence fM)

show the grain size exponent of 3. Furthermore, they showed that the data for melt-free

olivine aggregates collapse onto the same master curve, demonstrating the universality

of the master curve for polycrystalline materials. McCarthy and Takei [2011] further

showed that Q−1 data for melt-bearing borneol samples collapse onto the master curve as

melt-free samples.

In Figure 1.3, the shaded frequency range (f/fM = 106–109) corresponds to the seismic
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McCarthy et al., 2011 (borneol)

Figure 1.3: Measured Q−1 versus normalized frequency f/fM (after McCarthy et al. [2011], modified).
Black symbols show data for borneol aggregates (at T = 22.4–45.4◦C and d = 3.4–22 µm) [McCarthy
et al., 2011], and the others are data for olivine aggregates. For Gribb and Cooper [1998], T = 1200
and 1250◦C; d = 3 µm. For Tan et al. [2001], T = 1200◦C; d = 23.6 µm. For Jackson et al. [2002],
T = 1200◦C; d = 2.9 µm. The shaded area shows the normalized seismic frequency range.

range (f = 10−3–1 Hz) normalized to the fM of the upper mantle (fM = MU/η ≃ 1011

Pa/1020 Pas = 10−9 Hz). All experimental data existing at that time did not cover the

seismic range. The understanding of anelasticity at higher frequencies became crucial

for seismological applications. The subsequent experiments for the mantle rock [e.g.,

Jackson et al., 2004; Jackson and Faul, 2010] and for the rock analogue [Takei et al.,

2014] found a plateau in the higher-frequency part of the attenuation spectra, as reviewed

in subsection 1.2.2.

1.2.2 Plateau (High-frequency Peak)

Attenuation spectrum with a plateau is usually represented by the superposition of the

high-temperature background and a broad peak existing at high normalized frequencies

(f/fM ≫ 1) [Jackson et al., 2004; Jackson and Faul, 2010; Takei et al., 2014]. The

broad peak causing the plateau is hereafter referred to as “high-frequency peak” (Figure

1.2, pink dashed line). In order to clarify the mechanism of the high-frequency peak,

experimental studies to investigate the scaling law have been performed. Although there

is a general consensus about the mechanism of the high-temperature background, that

of the high-frequency peak is still controversial. It is crucial to better understand the

high-frequency peak, because it dominates the attenuation in the seismic frequency range

[Takei et al., 2014].

Generally, the high-frequency peak is small for melt-free rocks [Jackson and Faul,

2010] and large for melt-bearing rocks [Jackson et al., 2004; Sundberg and Cooper, 2010].
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Figure 1.4: Relaxation spectra for high-temperature background (backgroundXB) and for high-frequency
peak (peak XP ) are plotted as functions of time scale normalized to the Maxwell relaxation time τ/τM
(adapted from Takei et al. [2014]). In the right plot, some experimental data of XP (symbols) and their
best fit Gaussian distribution (solid lines) are shown. Solid symbols show data for the impure borneol
samples (at T = 10–20◦C (T/Tm = 0.90–0.93) and d = 19–23 µm), and open for the high-purity borneol
sample (at T = 5◦C (T/Tm = 0.58) and d = 4.4 µm), where Tm is solidus or melting temperature.
Attenuation can be approximately calculated from X(= XB +XP ) as Q−1(f/fM ) ≃ π/2 ×X(τ/τM =
fM/(2πf)), where τM = f−1

M .

Recent data obtained from the rock analogue showed the amplitude and width of the peak

increase with increasing temperature and grain size (Figure 1.4) [Takei et al., 2014]. Takei

et al. [2014] considered this result as an important clue to understand the mechanism for

the large high-frequency peak in the partially molten rocks.

Takei et al. [2014] used high-purity borneol and impure borneol containing dipheny-

lamine. The high-frequency peak captured for the impure borneol sample was significantly

larger than that captured for the high-purity borneol sample at the same temperature T

and grain size d. Because the impurity (diphenylamine) lowers the solidus tempera-

ture Tm, this observation can be interpreted that the high-frequency peak increases as

temperature approaches the solidus. Similar observation was reported for rock samples;

high-frequency peak was large for a lower-purity MgO sample but undetectable for a

high-purity MgO sample [Webb and Jackson, 2003; Barnhoorn et al., 2007]. Takei et al.

[2014], therefore, speculated that the high-frequency peak is mutually related to “partial

melting” and might be scaled by using the homologous temperature T/Tm. However,

their data were limited to the sub-solidus temperatures (T/Tm ≤ 0.93). To understand

the effect of partial melting on the high-frequency peak, it is needed to observe the peak

continuously from subsolidus to supersolidus temperatures. The significant enhancement

of the high-frequency peak at subsolidus temperatures suggests the possibility of low V
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and high Q−1 even without melt in the upper mantle [Takei et al., 2014]. To apply the

experimental results to the upper mantle and discuss the causes of the seismic low V and

high Q−1, it is necessary to obtain an experimental formula by the parameterization of

the experimental data extending from subsolidus to supersolidus temperatures.

1.3 Purpose of This Study and Structure of This Thesis

The purposes of this study are summarized as follows:

• To clarify the effects of temperature and partial melting on the high-frequency peak

• To complete the parameterization of the high-frequency peak and obtain an empirical

model of polycrystal anelasticity

• To apply the experimentally obtained anelasticity model to the seismic waves and

assess the effect of anelasticity on the seismic structures in the upper mantle

I achieved these goals by conducting the experiments on polycrystal anelasticity at near-

solidus temperatures ranging from subsolidus to supersolidus temperatures and applying

the results to the seismological data. This thesis consists of five chapters. The exper-

imental study is shown in Chapter 2, and the applications are shown in Chapters 3–4.

Contents of each chapter are as follows:

Chapter 2: Detailed methods and results of the experiment and discussion on the mech-

anism of the high-frequency peak. The work presented in this chapter has been

published as Yamauchi, H., and Y. Takei (2016), Polycrystal anelasticity at near-

solidus temperatures, J. Geophys. Res. Solid Earth, 121, 7790–7820.

Chapter 3: Parameterization of the experimental data and its applicability test to the

mantle. The work presented in this chapter has been also published as Yamauchi,

H., and Y. Takei (2016), Polycrystal anelasticity at near-solidus temperatures, J.

Geophys. Res. Solid Earth, 121, 7790–7820. As part of this research, the fitting of

the new anelasticity model to the seismological data was conducted by co-author Y.

Takei (section 3.2).

Chapter 4: Application of the new anelasticity model obtained in Chapter 3 to the seis-

mic discontinuity at the oceanic lithosphere-asthenosphere boundary. The manuscript
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for the work presented in this chapter is in preparation and intended for submis-

sion to the Journal of Geophysical Research: Solid Earth as the title Application of

new anelasticity model to seismic discontinuity at lithosphere-asthenosphere boundary

(tentative).

Chapter 5: Overall conclusions of this thesis are presented.

10



Chapter 2

Experimental Study of Polycrystal
Anelasticity at Near-Solidus
Temperatures

I measured the anelasticity of the rock analogue at near-solidus temperatures ranging

from subsolidus to supersolidus temperatures (0.89 ≤ T/Tm ≤ 1.01) and investigated

the effect of temperature and partial melting on the high-frequency peak. Using the

same rock analogue used in the previous studies [McCarthy et al., 2011; McCarthy and

Takei, 2011; Takei et al., 2014], I performed the forced oscillation test to measure the

anelasticity from 100 Hz to 2 × 10−4 Hz, the creep test to measure the steady state

viscosity, and the ultrasonic test to measure the unrelaxed elastic modulus. The measured

viscosity and unrelaxed elastic modulus were used to calculate the Maxwell frequency

fM . The anelasticity data obtained in this study were limited to f/fM ≤ 106, because

viscosity is low, and hence, fM is high at near-solidus temperatures. However, the total

relaxation strength of the high-frequency peak can be estimated by using the deficit of the

modulus measured by the forced oscillation test from the unrelaxed modulus. Although

the anelasticity of the same material at the subsolidus and supersolidus temperatures

was reported by McCarthy and Takei [2011], the modulus data of the forced oscillation

test in this previous study were not accurate enough to quantitatively estimate the total

relaxation of the high-frequency peak. The accuracy of the modulus data was greatly

improved by the new forced oscillation apparatus and pore-free samples developed by

Takei et al. [2014]. Using the improved methods by Takei et al. [2014], I obtained a new

data set which enables a detailed examination of the high-frequency peak at near-solidus

temperatures.
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2.1 Experimental Details

2.1.1 Sample Preparation

Borneol (C10H18O; melting temperature = 204.5◦C) is classified as a plastically crystalline

organic that deforms by the same kinds of diffusion and dislocation processes as minerals,

metals, and ceramics [Sherwood, 1979]. Aggregates of borneol + melt obtained by partially

melting the samples made from borneol + diphenylamine ((C6H5)2NH) binary eutectic

system (eutectic temperature Tm = 43◦C, Figure 2.1a) have an equilibrium microstructure

similar to that of olivine + basalt system [Takei, 2000]. Therefore, high-purity borneol

and borneol + diphenylamine system have been used as rock analogue to investigate

the mechanical properties of melt-free and melt-bearing polycrystalline materials [Takei,

2000; McCarthy et al., 2011; McCarthy and Takei, 2011; Takei et al., 2014]. In this

study, elasticity, anelasticity, and viscosity of the borneol + diphenylamine system were

measured from below to above the eutectic temperature, and the onset of melting was

examined in a broad frequency range. In this chapter, unless otherwise specified, Tm

represents the eutectic temperature of the binary samples, 43◦C, which is also referred to

as solidus temperature.

Eight samples used in this study are summarized in Table 2.1. Samples #40–44 were

used in the forced oscillation test and creep test, and samples #h10–h12 and a half-cut

piece of #42 were used in the ultrasonic test. A sample without diphenylamine is referred

to as high-purity borneol. Samples made from borneol + 0.833 wt%, 1.666 wt%, and 3.332

wt% diphenylamine are referred to as BD1, BD2, and BD4, respectively, because they

can produce 1 wt%, 2 wt%, and 4 wt% melt, respectively, at T = Tm (Figure 2.1a). The

difference between weight fraction and volume fraction of melt is negligible because the

density of melt (1.051×103 kg/m3) is almost equal to that of borneol (1.011×103 kg/m3)

[Takei, 2000].

Following Takei et al. [2014], very fine powder (∼ 3 µm) of high-purity borneol or

a mixture of borneol and diphenylamine, obtained from a cold-ball milling procedure

(−40◦C, 6 days), was placed in a cylindrical die and pressed to 13.9 MPa at room tem-

perature for about 4 days to produce fully dense, polycrystalline right circular cylinders

(diameter 2R = 30 mm; length L = 65 mm for the forced oscillation test and L = 25

mm for the ultrasonic test). Before removing the sample from the die, isothermal an-
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Figure 2.1: (a) Phase diagram of borneol + diphenylamine binary eutectic system (after Takei [2000],
modified). Data from D’Ans et al. [1964]. (b) Typical thermal histories of a supersolidus cycle (thick
solid line) and a subsolidus cycle (thick dotted line).

Table 2.1: Experimental Samples Used in This Study

Sample Initial Chemical Preannealing Melt Fractiong Grain Size Density Voidageh

Number Composition (◦C) [(days)] ϕ d (µm) ρ (103 kg/m3) (%)
40a BD1c 30[1];40[1];47[4] 0.0045 ± 0.0017 24.4 ± 1.2 1.0044 0.7
41a BD1c 30[1];40[1];55[7.7];47[1] 0.0040 ± 0.0003 34.2 ± 1.5 1.0072 0.4
43a BD1c 30[1];40[1];55[50];47[2] 0.0054 ± 0.0003 39.7 ± 0.4 1.0073 0.4
42a,b BD2d 30[1];40[1];55[7.7];47[1] 0.0162 ± 0.0002 46.3 ± 1.1 1.0064 0.6
44a BD2d 30[1];40[15] 0.02 12.5 ± 0.4 1.0063 0.7
h10b BD4e 30[1];40[1];55[9];47[1] 0.0059 ± 0.0010 48.7 ± 2.1 1.0087 0.3
h12b BD4e 30[1];40[1];55[5];47[1] 0.0272 ± 0.0014 58.4 ± 3.3 1.0082 0.6
h11b high purityf 30[1];40[1];55[5] 0 18.8 ± 1.3 1.0058 0.5
a Used in the forced oscillation test and creep test.
b Used in the ultrasonic test.
c Borneol + 0.833 wt % diphenylamine.
d Borneol + 1.666 wt % diphenylamine.
e Borneol + 3.332 wt % diphenylamine.
f High-purity borneol.
g Melt fraction generated at 43◦C is shown. Not in percent.
h Calculated from the density of borneol (1.011 × 103 kg/m3) and that of diphenylamine (1.160 × 103 kg/m3)
[Takei, 2000].
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nealing was performed at elevated pressure (∼ 3 MPa) and temperatures (30–55◦C) for

a duration summarized in Table 2.1. In order to minimize the grain growth during the

mechanical testing, the annealing temperature was higher than the highest run temper-

ature of each sample. Binary sample #44 was annealed below Tm (hereafter referred

to as subsolidus annealing), whereas the other binary samples were annealed above Tm,

that is, in a partially molten state (supersolidus annealing). Equilibrium dihedral angle

θ of the borneol + melt system depends on temperature [Takei, 2000]. Therefore, at the

end of the supersolidus annealing, temperature was kept at 47◦C for more than one day,

so that the equilibrium melt geometry corresponding to θ = 34.6◦ develops. After the

high-temperature annealing, the sample was removed from the die; a teflon inner sleeve

allowed removal of the sample without fracture. The initial sample geometry (diameter

2R and length L) was measured accurately with micrometers. The sample mass was also

measured accurately. From the measured geometry and mass, density ρ and voidage were

calculated.

In the supersolidus annealing, a piston and a bottom rod with O-rings were used to

avoid the escape of melt from the sample. When removed from the die, the piston and

rod were caked with a small amount of solidified melt, which was squeezed into the gaps

between the sample and O-rings during the supersolidus annealing. Therefore, the mass

of the escaped melt was estimated accurately by measuring the incremental mass of these

parts. Then, the melt fraction ϕ of each sample at T = Tm (Table 2.1) was calculated

from the initial chemical composition and the mass of the escaped melt. Error in ϕ comes

from the uncertainty in the escaped melt mass. (A large amount of melt (3.41%) escaped

from the sample #h10 accidentally during the supersolidus annealing.)

2.1.2 Measurement of Anelasticity and Viscosity

Anelasticity and viscosity were measured for samples #40–44 by using the forced oscilla-

tion apparatus developed by Takei et al. [2014]. After attaching two brass end platens,

the sample and platens were sealed in a non-reactive plastic bag to prevent sublimation

and evaporation during the mechanical testing. The sample was then attached to the

forced oscillation apparatus (Figure 2.2) by clamping the two end platens tightly to the

mirrored sample head and the bottom plate using a platen-clamping system (Figure 1c

in Takei et al. [2011]). We removed air from all contact planes of the plastic bag against
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Figure 2.2: Schematic illustration of the forced oscillation apparatus used in this study (after Takei et al.
[2014], modified). Sample and two brass end platens, which are sealed in a non-reactive plastic bag, are
tightly fixed to the apparatus. The apparatus is placed within a temperature-controlled chamber, and
the temperature is monitored by two thermocouples that terminate in air approximately 5 mm from the
sample.

the two end platens, sample head, and bottom plate, by using epoxy bonding agent and

superglue. The sample was first deformed at about 30◦C for several days under a uniaxial

stress (0.11 MPa) to ensure good contact with the two end platens. Then, anelasticity

and steady state viscosity were measured at various run temperatures. Typical temper-

ature cycles are shown in Figure 2.1b. There are two types of cycles. Samples #40–43

were pre-annealed at supersolidus temperatures and tested both below and above the

solidus temperature to investigate the effect of partial melting (thick solid line in Figure

2.1b). This type of cycle is referred to as supersolidus cycle. In contrast, sample #44

was pre-annealed at subsolidus temperature and tested near, but only below, the solidus

temperature (thick dotted line in Figure 2.1b). This is called subsolidus cycle. Forced

oscillation test and creep test were performed at each run temperature (open and solid

circles in Figure 2.1b). In the forced oscillation test, a series of sinusoidal stress (zero-

to-peak amplitude ≃ 0.03 MPa), in addition to an offset stress (0.11 MPa), was applied,

and Young’s modulus E and attenuation Q−1 were measured at various frequencies from

68.1 Hz to 2.15×10−4 Hz. After a long run with 14–19 frequencies (primary run), a short

run with less than ten frequencies was repeated to check the reproducibility (repeated

run). In the creep test, a steady-state viscosity was measured under the constant offset

stress. Further details of these tests are presented in Takei et al. [2014]. The amplitude
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of the offset stress and that of the sinusoidal stress were smaller than those in Takei et

al. [2014], because the run temperatures of this study are higher and hence the samples

had lower viscosity.

When all mechanical tests were finished, the testing sample was cut in half perpen-

dicularly to the cylindrical axis. The cross section was polished to a mirror finish with a

microtome and examined with a high-resolution real color confocal microscope (Lasertec

Optelics C130). Sample #42 was cut in half without damage, and one piece (L ≃ 30 mm)

was used for the measurement of ultrasonic velocities.

The data obtained from the forced oscillation tests and the creep tests were processed

in the same manner as described previously [Takei et al., 2014]. Young’s modulus E and

attenuation Q−1 were obtained from the amplitude ratio σ0/ε0 and the tangent of phase

delay δ, respectively, between the uniaxial stress and strain. Complex compliance is also

calculated as J∗ = J1+ iJ2 = (ε0/σ0)e
iδ. Phase delay δ was corrected for the instrumental

time lags, and Young’s modulus E was corrected for the effects of apparatus stiffness and

sample length (Appendices A1–A3 in Takei et al. [2014]). The apparatus compliance C∗
a

used in the correction was measured by a blank test with a stainless-steel sample which

was superglued to the two brass end platens, sealed in a plastic bag, and then fixed to

the apparatus in exactly the same manner as the experimental samples. The apparatus

compliance C∗
a (Re(C∗

a) ≃ 1 × 10−9 m/N, Im(C∗
a) ≃ 2 × 10−11 m/N) was slightly larger

than that in Takei et al. [2014] due to the plastic bag and was highly reproducible. Takei

et al. [2014] estimated the random and systematic errors of the E measurement by the

present forced oscillation apparatus to be < 2% and ≤∼ 3%, respectively, by using the

deficit ∆∞ from the unrelaxed Young’s modulus EU (section 3.5 in Takei et al. [2014]).

This estimate applies to the present data as well. Viscosity η was calculated from the

constant offset stress σoffset and the steady-state uniaxial creep rate ε̇ as η = σoffset/ε̇.

Rigorously speaking, attenuation measured by the uniaxial test should be written as

Q−1
E , which is generally affected by both bulk Q−1

K and shear Q−1
µ attenuation. However,

because of a large Poisson’s ratio of borneol (ν = 0.371 [Takei, 2000]), even if Q−1
K ≃ Q−1

µ ,

the contribution from Q−1
K to Q−1

E is negligible, and hence Q−1
E ≃ Q−1

µ [McCarthy et al.,

2011]. Viscosity of the uniaxial deformation, ηE, is related to the shear viscosity ηµ as

ηE = 3ηµ. In this study, Q−1
E and ηE are simply written as Q−1 and η, respectively.
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2.1.3 Measurement of Ultrasonic Velocity

Longitudinal and shear wave velocities, VP and VS, of samples #h10–h12 and #42 were

measured by using ultrasonic waves. Each sample was sealed in a bag made of nonreactive

plastic film (thickness = 77 µm) to avoid sublimation and evaporation during the mea-

surement. The sample assembly is given in Figure 2 of Takei [2000]. Both P and S travel

times were measured by the pulse transmission method by using PS-dual transducers

(D7054, Panametrics Inc., center frequency = 1 MHz). The measurement was performed

at various temperatures in a constant temperature chamber. The temperature cycle was

similar to that of the supersolidus cycle in Figure 2.1b. Sample length L was measured

accurately at each run temperature by using a micrometer. Further details of the mea-

surement are presented in Takei et al. [2014]. After the ultrasonic tests, microstructural

observation to measure grain size was performed on the testing samples.

Following Takei et al. [2014], the obtained travel times were corrected for the time

lags caused by the transducers and by the plastic films. Possible errors in VP and VS data

are ± 0.15% and ± 0.2%, respectively [Takei et al., 2014]. For a partially molten sample,

however, high-frequency components of the shear waves dissipate significantly, and the

possible error in VS is estimated to be ± 1%.

2.2 Results

2.2.1 Microstructure and Grain Size

Figure 2.3a shows the typical microstructure of the high-purity borneol sample (#h11),

Figure 2.3b shows that of the binary sample used in the subsolidus cycle (#44), and

Figures 2.3c and 2.3d show those of the binary samples used in the supersolidus cycle

(#42 and #41, respectively). In the samples used in the supersolidus cycle, the solidified

melt pockets were observed homogeneously at the triple junctions of the borneol grains

(Figures 2.3c and 2.3d). Some pockets were also found along the grain boundaries as

indicated by the white arrows in Figures 2.3c and 2.3d. In contrast, in the sample used in

the subsolidus cycle, the grain-edge melt network was not observed but the diphenylamine

grains with similar sizes as borneol grains existed homogeneously, as indicated by the

black arrows in Figure 2.3b. This remarkable difference between Figure 2.3b and Figures

2.3c–2.3d confirms that the binary samples are not partially molten below the eutectic

temperature 43◦C, as expected from the phase diagram (Figure 2.1a).
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Figure 2.3: Light microscope images of (a) high-purity borneol (#h11) and (b, c, d) borneol + dipheny-
lamine samples, where (b) sample #44 was used in the subsolidus cycle (thick dotted line in Figure 2.1b)
and (c, d) samples #42 and #41 were used in the supersolidus cycle (thick solid line in Figure 2.1b).
Black arrows in Figure 2.3b show diphenylamine grains. Melt pockets in Figures 2.3c (ϕ = 1.6%) and
2.3d (ϕ = 0.4%) are exaggerated by preferential sublimation at the melt-grain interface. White arrows
in Figures 2.3c and 2.3d show the isolated melt pockets along the grain boundaries. In all figures, scale
bar is 10 µm.
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Mean grain size was measured by the line intercept method with a factor of 1.5 [Gifkins,

1970]. The measurement was conducted at several positions for each sample, and the

averages of the measured grain sizes are summarized in Table 2.1 with one sigma uncer-

tainty of the average. As shown in section 2.2.3, viscosity is sensitive to the grain size

(η ∝ dm,m ≃ 3). Viscosity at ∼23◦C measured at the end of each temperature cycle was

almost equal to that measured at the beginning, and hence the grain size of each sam-

ple can be considered as constant (Viscosity shows dend/dbeginning ≃ 1.0–1.05 for samples

#40–43, and ≃ 1.2 for #44).

2.2.2 Ultrasonic Velocity

Figure 2.4 shows the typical waveforms obtained at the subsolidus (dashed line) and

supersolidus (solid line) temperatures. Velocity reduction and attenuation by partial

melting are considerably larger for the shear wave than for the longitudinal wave. The

Fourier transformation of the waveforms shows that the testing frequency of the P wave

is f ≃ 1 MHz at all temperatures, and that of the S wave is f ≃ 1 MHz at subsolidus

temperatures but f ≃ 700 kHz at supersolidus temperatures.

Figure 2.5 shows VP and VS obtained for samples #h10–h12 and #42 as functions

of temperature. Solid symbols show the warming stage, and open symbols show the

subsequent cooling stage. This figure clearly shows that, compared with the high-purity

sample (#h11), the binary samples (#h10, 42, h12) have considerably lower VP and VS

at the supersolidus temperatures (≥ 43◦C). These velocity reductions, which increase

with increasing melt fraction, can be attributed to the partial melting. The reduction

was initiated at about 8◦C lower than Tm in the warming stage. These observations are

Figure 2.4: Ultrasonic waveforms of sample #42 at 21◦C (< Tm) and 47◦C (> Tm, partially molten).
(left) Longitudinal waves. (right) Shear waves, where voltage for T = 21◦C is reduced to one-twentieth,
and gray bar shows the reading error for 47◦C (± 0.21 µs corresponding to ± 0.64% error to VS).
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Figure 2.5: Temperature dependence of (a) longitudinal and (b) shear wave velocities obtained from the
ultrasonic measurements. Each sample is denoted by color and symbol shape, where solid symbols show
the warming stage and open symbols show the subsequent cooling stage. All samples except for the
high-purity sample (#h11) are partially molten at T ≥ Tm (= 43◦C), and the numerals near the data
symbols show the melt fraction in the same color.

consistent with the results of Takei [2000]. Hysteresis was observed for samples #42 and

#h12; in the solidifying stage of melt, velocity was lower and attenuation was higher than

those in the warming stage. However, these samples regained the initial high velocity and

low attenuation finally after sufficient cooling below 20◦C.

When temperature is more than 8◦C lower than Tm (and without the hysteresis), VP

and VS are insensitive to the chemical composition and grain size (Figure 2.5), showing

that anelastic relaxation does not occur at the frequencies higher than the ultrasonic

frequency (f ≥ 1 MHz). We, therefore, calculated the unrelaxed Young’s modulus EU

by using VP , VS, and density ρ of the high-purity sample (#h11). Figure 2.6 shows the

obtained EU(T ), which shows good agreement with the previous result by Takei et al.

[2014]. As discussed in Takei et al. [2014], the slight increase in EU with increasing T

(< 40◦C) is considered to be an intrinsic property of borneol.

Figure 2.7 shows VP/V
0
P and VS/V

0
S of the partially molten samples as functions of

melt fraction ϕ, where V 0
P and V 0

S are the velocities of the melt-free sample (#h11) at

the same temperature. Also shown in Figure 2.7 are the predictions from the theory of

poroelasticity (dashed and solid lines):

VP

V 0
P

=

√
Keff/k + (4γ/3)N/µ√

1 + 4γ/3
√

ρ̄/ρ
, (2.1)
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Figure 2.6: Unrelaxed Young’s modulus EU calculated from VP , VS , and ρ of the high-purity borneol
sample (#h11). Solid symbols show the warming stage (20◦C → 60◦C) and open symbols show the

cooling stage (60◦C → 10◦C). Black line shows the best fit curve given by EU(T ) =
∑k=5

k=0 akT
k, where

T is temperature in ◦C, a0 = 2.5943, a1 = 2.6911 × 10−3, a2 = −2.9636 × 10−4, a3 = 1.4932 × 10−5,
a4 = −2.9351× 10−7, and a5 = 1.8997× 10−9. Gray symbols show the previous data (U35BD1S in Takei
et al. [2014]).

VS

V 0
S

=

√
N/µ√
ρ̄/ρ

, (2.2)

and
Keff

k
=

Kb

k
+

(1−Kb/k)
2

1− ϕ−Kb/k + ϕk/kf
(2.3)

[e.g., Biot, 1956; Takei, 2002]. Parameters µ, k, and ρ are the shear modulus, bulk

modulus, and density, respectively, of the solid phase, and γ = µ/k. Parameters kf and

ρf are the bulk modulus and density, respectively, of the melt phase, and ρ̄ = (1−ϕ)ρ+ϕρf .

Parameters Kb and N are the bulk and shear moduli of the solid skeleton, which are given

as functions of porosity (= melt fraction) ϕ and dihedral angle θ [Takei, 1998]. The solid

and dashed lines in Figure 2.7 were calculated from equations (2.1)–(2.3) by using the

Poisson’s ratio of borneol (ν = 0.371), the density ratio between borneol and melt (ρf/ρ =

1.04), the compressibility ratio between borneol and melt (k/kf =1.16), and the dihedral

angle θ = 34.6◦ [Takei, 2000]. Equations (2.1)–(2.3) give the relaxed state of the melt

squirt flow in which the testing frequency is low enough to allow melt to flow between

the connected pores [Mavko and Nur, 1975]. The good agreement between the data and

the theory shows that the partially molten samples are almost in the relaxed state of the

melt squirt flow at the ultrasonic frequency (f ≃ 700 kHz).
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Figure 2.7: Ultrasonic velocities of the partially molten samples (T = 44◦C for #h10, 47◦C for #42, and
48◦C for #h12) normalized to those of the melt-free sample (V 0

S , V
0
P ) are plotted as functions of melt

fraction. Solid and open symbols show the measured VS/V
0
S and VP /V

0
P , respectively. Solid and dashed

lines show those predicted from the poroelasticity theory [Takei, 2000].

The ultrasonic result of the Young’s modulus obtained in the partially molten state is

hereafter written as Eϕ
U . In this study, EU(T ) and Eϕ

U , representing the anharmonic and

poroelastic effects, respectively, are used as the reference unrelaxed moduli to investigate

the anelastic relaxations existing at lower frequencies, which are the primary focus of this

study. Although the poroelastic effect was initiated at 8◦C lower than Tm, E
ϕ
U is used

only at T ≥ Tm, for simplicity. This simplification does not affect the conclusions of this

study, because the relaxations at frequencies lower than the ultrasonic frequency are much

stronger than the poroelastic effect. Note that Eϕ
U corresponds to the undrained modulus

(eqs. (2.1)–(2.3)). The drained modulus would be better to evaluate the poroelastic

effect at f < 40 Hz (= kϕkf/R
2ηfϕ [e.g., Cleary, 1978; Lu and Jackson, 2006] with

sample size R = 15 mm, permeability kϕ = d2ϕ2/1600, and melt viscosity ηf = 7× 10−3

Pas). However, as shown later, the difference between the drained and undrained moduli

is small.

2.2.3 Viscosity

Typical creep curves are shown in Figure 2.8. Because the constant offset stress was

applied continuously, linear creep curves corresponding to the steady state were obtained.

All viscosity data are summarized in Table 2.2 together with the detailed temperature
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Figure 2.8: Typical creep curves (sample #41).

history of each sample. By fitting the formula

η(T, d, ϕ) = Bdm exp

(
H

RT

)
exp(−λϕ) (2.4)

to these results, grain size d dependence, temperature T dependence, and melt fraction ϕ

dependence of viscosity are detailed in this section. We also show an anomalous behavior

deviating from these systematics, which can be attributed to a hysteresis effect of the

partial melting.

Figure 2.9a shows the viscosity at T = 23± 1◦C (< Tm) versus grain size, where data

of our previous study are also plotted by gray symbols. Although these samples have

various chemical compositions (corresponding to ϕ = 0.4–2% at Tm), all data, except

for those shown by open symbols (#42 and the first temperature cycle of #43), collapse

fairly well onto the regression line with a grain size exponent of m = 2.56. This result

is supported by the result of McCarthy and Takei [2011] that the viscosity of the binary

samples at subsolidus temperatures is insensitive to the concentration of diphenylamine.

The grain size exponent m(= 2.56) is close to 3, showing that the dominant mechanism

for the steady-state creep is the grain boundary diffusion creep. Possible cause of the

significant deviation of the data of #42 and of the first temperature cycle of #43 from

the regression line is discussed below.

To elucidate temperature dependence, the viscosity data corrected for the grain size

effect are shown in Figure 2.9b as a function of T−1. Solid symbols in Figure 2.9b show

the data obtained for samples #40, 41, 44, and for the second temperature cycle of #43,

in the same symbol scheme as Figure 2.9a. The η versus T−1 curves for these samples

bend sharply at T ≃ 23◦C, and the activation energy H is higher at T ≥ 23◦C than
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Table 2.2: Viscosity Data

#40 (d = 24.4 µm) #41 (d = 34.2 µm) #42 (d = 46.3 µm)

T a η T a η T a η
(◦C) (1012 Pa s) (◦C) (1012 Pa s) (◦C) (1012 Pa s)

23.1 ± 0.7 22.1 22.9 ± 0.2 67.3 24.1 ± 0.3 13.4
28.9 ± 0.7 4.44 28.4 ± 0.3 12.9 29.9 ± 0.2 4.57
34.7 ± 0.6 0.941 34.1 ± 0.2 3.09 35.2 ± 0.2 1.81
39.2 ± 0.5 0.347 38.5 ± 0.2 1.03 39.4 ± 0.2 0.858
46.1 ± 0.2 0.104 46.2 ± 0.4 0.248 47.5 ± 0.3 0.203
23.5 ± 0.7 24.6 23.6 ± 0.2 6.24c 24.3 ± 0.3 16.6
18.3 ± 0.8 76.5 Cooling at 15◦C 18.9 ± 0.4 55.5
13.4 ± 0.8 187 22.7 ± 0.2 72.9 13.2 ± 0.5 132
8.5 ± 0.7 (565)b 17.8 ± 0.2 167 24.1 ± 0.3 15.1
23.3 ± 0.8 21.7 13.0 ± 0.1 (497)b

8.2 ± 0.2 (1433)b

22.3 ± 0.1 69.3

#43 (d = 39.7 µm) #44 (d = 12.5 µm)

T a η T a η
(◦C) (1012 Pa s) (◦C) (1012 Pa s)

First T cycle 22.6 ± 0.3 6.09
23.6 ± 0.3 34.5 28.3 ± 0.2 1.50
29.0 ± 0.3 7.84 34.5 ± 0.2 0.288
34.5 ± 0.3 2.73 38.7 ± 0.1 0.0918
39.0 ± 0.4 1.02 23.4 ± 0.3 10.1
46.5 ± 0.3 0.267 18.7 ± 0.3 32.1
Second T cycle 13.7 ± 0.6 109
23.8 ± 0.3 47.6 8.1 ± 0.7 258
18.3 ± 0.3 108 23.2 ± 0.5 10.6
13.5 ± 0.3 377
28.9 ± 0.3 11.7
33.9 ± 0.3 3.96
38.6 ± 0.4 1.38
46.3 ± 0.4 0.335
23.6 ± 0.3 55.4

a Run temperature T = (T1 + T2)/2 ± |T1 − T2|/2, where T1 and T2 represent
the temperatures of the two thermocouples (Figure 2.2).

b Value in the parentheses is estimated by using the fitting formula given by
equation (2.4).

c A datum which is not used in Figures 2.8, 2.9, and Table 2.3.
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Figure 2.9: (a) Viscosity at T = 23± 1◦C (< Tm) versus grain size. (b) Viscosity corrected for the grain
size effect versus inverse absolute temperature. (c) Viscosity at T = 46.2◦C (> Tm) corrected for the
grain size effect versus melt fraction ϕ. In the correction for the grain size, grain size exponent m = 2.56
and reference grain size = 34.2 µm were used. The data of this study are shown in black, where symbol
shape shows each sample, and the data of the BD1 and BD2 samples in Takei et al. [2014] are shown in
gray. Although each sample has multiple data points at 23◦C (Figure 2.9a), only the average is shown
in Figure 2.9b. In Figure 2.9c, the cross and asterisk symbols show η at ϕ = 0 calculated from a typical
value of η at 23◦C (#41) by using H = 205 kJ/mol (asterisk) or 147 kJ/mol (cross), and the line shows
the melt fraction dependence of exp (−λϕ) with λ = 26 [Mei et al., 2002].
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Table 2.3: Activation Energy H Estimated from Viscosity Data

H (kJ/mol)

Sample Number T ≤ 23◦C 23◦C ≤ T < Tm

40 and 41 147 ± 7 205 ± 3
43 (2nd T cycle) 134 ± 15 187 ± 6
44 162 ± 18 222 ± 16
42 147 ± 4 147 ± 4
43 (1st T cycle) – 173 ± 8
Takei et al. [2014]a 141 ± 3 –
a BD1 samples.

at T ≤ 23◦C. The low activation energy at T ≤ 23◦C (134–162 kJ/mol, Table 2.3) is

consistent with the previous result obtained in the same temperature range (141 kJ/mol,

Takei et al. [2014]). The high activation energy at T ≥ 23◦C (187–222 kJ/mol, Table

2.3) was newly recognized in this study. Such a bend in the Arrhenius plot does not exist

in the high purity samples (Figure 8a in Takei et al. [2014]) and is characteristic of the

binary samples at near solidus temperatures (T/Tm ≥ 0.94).

Open symbols in Figure 2.9b show the data obtained for sample #42 and for the

first temperature cycle of #43, which showed anomalously low viscosity in Figure 2.9a.

As shown in Figure 2.9b, these samples did not show a high activation energy at T ≥

23◦C. Sample #43, however, regained a higher viscosity and a sharp bend in the second

temperature cycle (solid inverted triangles), indicating that the anomalous behavior in

the first cycle (open inverted triangles) was not an inherent property. Also, sample #41

showed a significantly low viscosity at 23◦C just after the cooling from the partially molten

state, but regained the high viscosity after further cooling at 15◦C (Table 2.2). Therefore,

such anomalous behavior in viscosity is, we think, a hysteresis effect of the partial melting.

This hypothesis is supported from the fact that such anomaly in viscosity was not observed

for the samples which had not experienced partial melting (sample #44 of this study and

all binary samples in Takei et al. [2014]), nor observed for the partially molten samples,

as shown in the next paragraph. In section 2.2.4, we will show that the hysteresis effect

affecting the viscosity data also affect the anelasticity data.

The viscosity data under the partially molten condition, corrected for the grain size

effect, are plotted in Figure 2.9c as a function of melt fraction ϕ. All data depend on

ϕ systematically, showing that the samples do not exhibit any hysteresis in the partially

molten state. The obtained dependence on ϕ is consistent with that of partially molten
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rocks, which is usually represented as η ∝ e−λϕ with λ = 25–30 [Mei et al., 2002; Hirth

and Kohlstedt, 2003]. The viscosity at ϕ = 0 (asterisk and cross symbols in Figure 2.9c)

was calculated from the typical result of η at 23◦C (#41), where the temperature effect

from 23◦C to 43◦C was estimated by using either H = 205 kJ/mol (a typical value of

H at T ≥ 23◦C) or H = 147 kJ/mol (a small value of H at T ≤ 23◦C). The asterisk

symbol (H = 205 kJ/mol) lies on the smooth extension of the partially molten data,

corresponding to the experimental result that η decreased continuously with increasing

T even at T = Tm (Figure 2.9b). The cross symbol (H = 147 kJ/mol) is used in the

discussion section.

2.2.4 Young’s Modulus and Attenuation

Typical examples of the Young’s modulus E and attenuation Q−1 measured by the forced

oscillation tests are shown in Figure 2.10 for #41 and #42. Results for the other samples

can be found in Appendix A. Solid symbols show the data at subsolidus temperatures,

and open symbols show those in the partially molten state. Young’s modulus E gener-

ally decreases, and attenuation Q−1 generally increases with decreasing frequency and/or

increasing temperature. Horizontal lines in Figures 2.10a and 2.10c indicate the levels

of unrelaxed Young’s modulus EU(T ) obtained from the ultrasonic data at f ∼ 1 MHz

(Figure 2.6). The temperature dependence of E at f < 100 Hz is far stronger than that

of EU due to the occurrence of anelastic relaxation. Previous studies have shown that

the anelasticity of polycrystalline aggregates follows the Maxwell frequency (fM) scaling,

particularly at low frequencies [e.g., Takei et al., 2014]. We plot the obtained anelasticity

data as a function of the normalized frequency f/fM , and investigate a possible deviation

from the Maxwell frequency scaling in detail.

The Maxwell frequency fM for temperature T , grain size d, chemical composition C,

and melt fraction ϕ was calculated by using the directly measured viscosity η as

fM(T, d, C, ϕ) =
EU(T )

η(T, d, C, ϕ)
. (2.5)

Figures 2.11 and 2.12 show the normalized Young’s modulus E/EU and attenuation Q−1

as functions of the normalized frequency f/fM . The data for sample #42 and the first

temperature cycle of #43, both of which showed anomalously low viscosity due to the

hysteresis effect of partial melting (section 2.2.3), are plotted in Figure 2.12, and the data

for samples #40, 41, 44 and the second temperature cycle of #43, which did not exhibit
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Figure 2.10: Typical examples of Young’s modulus and attenuation measured by the forced oscillation
tests are shown for samples (a, b) #41 and (c, d) #42 as functions of testing frequency f . Symbols show
the experimental data, where each line shows the fitting using the corresponding relaxation spectrum in
Figure 2.14. Color represents run temperature, where solid and open symbols show the data at subsolidus
and supersolidus temperatures, respectively. The legend is arranged in the order of the measurements
(from top to bottom). Horizontal lines in Figures 2.10a and 2.10c show the unrelaxed Young’s modulus
EU (T ) (Figure 2.6) in the same color scheme. In Figure 2.10c, ultrasonic data for #42 are also plotted
at f = 1 MHz for T < Tm and at f = 700 kHz for T > Tm with an enlarged view (insert).
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the hysteresis in the viscosity data, are plotted in Figure 2.11.

We first examine Figure 2.11. The attenuation data (Figures 2.11b, 2.11d, 2.11f, and

2.11h) show that Q−1 collapses onto a nearly single curve at f/fM < 104, but does not at

f/fM > 104; when f/fM > 104, Q−1 corresponding to a given value of f/fM increases with

increasing temperature. The modulus data (Figures 2.11a, 2.11c, 2.11e, and 2.11g) show

that E/EU corresponding to a given value of f/fM decreases with increasing temperature.

This behavior of E/EU can be explained well by the behavior of Q−1 at f/fM > 104,

because the reduction of E/EU at a certain value of f/fM is determined by the total

relaxation strength at higher normalized frequencies than this f/fM .

The anelasticity data in Figure 2.11 follow the Maxwell frequency scaling at f/fM <

104, but do not at f/fM > 104. In contrast, E/EU and Q−1 shown in Figure 2.12 collapse

onto each single master curve for all normalized frequencies except for the supersolidus

data of sample #42. In particular, the collapse of the E/EU data onto a nearly single

curve means that the Q−1 data follow the Maxwell frequency scaling even at the high

normalized frequencies where data points do not exist. The samples shown in Figure 2.12

are characterized by the anomalous behavior in viscosity, which was attributed to the

hysteresis of partial melting (section 2.2.3). Therefore, the perfect applicability of the

Maxwell frequency scaling is considered to be resulted from the hysteresis.

Without the hysteresis, the Maxwell frequency scaling is not fully applicable because

of the tendency that the total relaxation strength at f/fM > 104 increases with increasing

temperature (Figure 2.11). This tendency was reported by Takei et al. [2014], in which

only the subsolidus cycles were performed and hence the data are free from the hysteresis.

Although the previous data were limited to T/Tm ≤ 0.93, the present study confirmed

that this tendency continues up to the supersolidus temperature.

The temperature dependences of anelasticity shown in Figures 2.10 (and A.1), 2.11,

and 2.12 are mostly continuous even at the solidus temperature. A discontinuous change

at the onset of partial melting was observed only in the E data of sample #42 with the

largest melt fraction (Figures 2.10c and 2.12a). In other words, the discontinuous change

in anelasticity at the onset of melting does not occur at small melt fractions (ϕ < 1%).

Also shown in Figures 2.10c and 2.12a are the Young’s modulus measured on this sample

by using the ultrasonic waves (symbols at f ∼ 1 MHz). These ultrasonic data show

a discontinuity at the onset of melting, which can be explained well by the poroelastic
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Figure 2.11: Young’s modulus normalized to the unrelaxed modulus EU (T ) and attenuation are shown
for samples (a, b) #40, (c, d) #41, (e, f) #43 in the second temperature cycle, and (g, h) #44 as functions
of the frequency normalized to the Maxwell frequency f/fM . Explanations for color, symbol type, line,
and order of legend are given in the caption of Figure 2.10.
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Figure 2.12: Young’s modulus normalized to the unrelaxed modulus EU (T ) and attenuation are shown for
samples (a, b) #42 and (c, d) #43 in the first temperature cycle as functions of the frequency normalized
to the Maxwell frequency f/fM. Also shown in Figure 2.12a are the ultrasonic data of this sample. In the

inset of Figure 2.12a, E at 47◦C is corrected for the poroelastic effect by normalizing E to Eϕ
U obtained

from the ultrasonic measurement of this sample at 47◦C. Explanations for color, symbol type, line, and
order of legend are given in the caption of Figure 2.10.

effect (Figure 2.7). When the E data in the partially molten state are corrected for the

poroelastic effect by normalizing them to Eϕ
U introduced in section 2.2.2 (Eϕ

U/EU = 0.935

for sample #42), the discontinuity is mostly removed, but slightly remains (open symbols

in the inset in Figure 2.12a). The discontinuity cannot be removed even by using the

drained modulus, which is only 0.022 smaller than Eϕ
U/EU at ϕ = 1.6%. Therefore, when

melt fraction is large (> 1%), anelasticity may show a discontinuous change at the onset

of melting.

2.2.5 Relaxation Spectrum X

The anelasticity data shown by E and Q−1 are further represented by using the relaxation

spectrum X. Complex compliance (J∗ = J1 + iJ2) of a linear viscoelastic material is

generally represented by the unrelaxed compliance JU (= 1/EU), relaxation spectrum
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X(τ), and viscosity η as
J1(ω) = JU

[
1 +

∫ ∞

τ=0

X(τ)
1

1 + (ωτ)2
dτ

τ

]
J2(ω) = JU

∫ ∞

τ=0

X(τ)
ωτ

1 + (ωτ)2
dτ

τ
+

1

ωη
,

(2.6)

where ω (= 2πf) and τ represent angular frequency and relaxation time scale, respectively

[Nowick and Berry, 1972]. To confirm the linearity of the data, we measured E and Q−1 as

functions of stress/strain amplitude at the supersolidus temperature. As shown in Figure

2.13, the dependence of E and Q−1 on the strain amplitude was small for the partially

molten sample with the largest ϕ (= 1.6%). The linearity of the melt-free samples was

already shown by Takei et al. [2014]. These results show the validity of the analysis by

using equation (2.6). Detailed procedures to estimate X(τ) from J1 and J2, or from E

and Q−1, are presented by Takei et al. [2014] and are not repeated here.

The obtained X(τ) is shown in Figure 2.14 as a function of time scale τ normalized

to the Maxwell relaxation time τM = f−1
M . The validity of these results can be confirmed

in Figures 2.10–2.12 (and A.1) by the good agreement between the symbols (measured)

and lines (calculated from X). The relaxation spectra X plotted in Figures 2.14a–2.14d

collapse onto a nearly single curve at τ/τM ≥ 2× 10−5, but does not at τ/τM < 2× 10−5,

similar to the Q−1 spectra shown in Figure 2.11. In contrast, the relaxation spectra X

shown in Figures 2.14e and 2.14f collapse onto a single master curve for all τ/τM , similar

Figure 2.13: Young’s modulus (open symbols) and attenuation (solid symbols) versus strain amplitude
obtained by a partially molten sample. Symbol shape denotes a testing frequency (21.5 Hz (diamond),
2.15 Hz (triangle), 0.215 Hz (square), and 0.0215 Hz (circle)). The data encircled with a dashed line were
obtained at the condition of this study.
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to the Q−1 spectra of these samples shown in Figure 2.12.

Following Takei et al. [2014], the obtained relaxation spectra are represented by a

superposition of a background dissipation and a high-frequency peak:

X(τ) = XB(τ) +XP (τ). (2.7)

The background dissipation is a monotonic spectrum defined as a function of normalized

time scale τn = τ/τM ,

XB(τn) = AB × (τn)
α, (2.8)

where the amplitude AB and slope α are constants. The background dissipation follows

the Maxwell frequency scaling. The high-frequency peak is defined by the deviation of X

from the background XB. It has a shape of broad peak, which can be roughly represented

by a Gaussian distribution with the amplitude AP , peak time scale τP , and peak width

σP estimated by the least squares fitting [Takei et al., 2014]. Takei et al. [2014] reported

that the peak time scale τP/τM is a constant nearly independent of each experimental

condition, but that the peak amplitude AP and width σP increase with increasing T , d,

and C. They showed that the variations of AP and σP cause the breakdown of the Maxwell

frequency scaling at the high normalized frequencies (>∼ 104), where XP dominates over

XB. Therefore, in this study, by introducing the normalized peak time scale τPn = τP/τM ,

the high-frequency peak is expressed as

XP (τn, T/Tm, d, ϕ) = AP exp

(
−
(
ln(τn/τ

P
n )
)2

2σ2
P

)
, (2.9)

where the total relaxation strength of the peak ∆P is related to AP and σP as ∆P =
√
2πσPAP .

The background dissipation XB obtained for each sample is shown by the black line

in Figure 2.14. The parameter values are explicitly written as AB = 0.664 and α = 0.38

for #40, 41, and 43, AB = 0.716 and α = 0.34 for #42, and AB = 0.444 and α = 0.38

for #44. Although AB and α for the subsolidus cycle (#44) are equal to those of Takei

et al. [2014], AB obtained for the supersolidus cycles were slightly larger.

Typical examples of the high-frequency peak XP are shown in Figure 2.15 for samples

#41 (without hysteresis) and #42 (with hysteresis). The data at T ≤ 23◦C have enough

data points on both sides of the peak and hence reliable values for σP , AP , and τPn can be

obtained by the fitting [Takei et al., 2014]. The obtained parameters are shown in Figure
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Figure 2.14: Relaxation spectrum X as a function of the time scale normalized to the Maxwell relaxation
time τ/τM (= τn). (a) Sample #40, (b) #41, (c) #43 in the 2nd temperature cycle, (d) #44, (e) #42,
and (f) #43 in the 1st temperature cycle. Legend is arranged in the order of temperature, where the
same runs as those in Figures 2.10–2.12 are plotted by the same color and symbol type. Black solid line
shows the background dissipation XB . Dashed line in Figure 2.14b shows a possible uncertainty in XB

(AB = 0.75).
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Figure 2.15: Typical examples of high-frequency peak XP for samples (a) #41 (without hysteresis) and
(b) #42 (with hysteresis), obtained by subtracting XB from X in Figures 2.14b and 2.14e, respectively.
The error bar in Figure 2.15a shows a possible uncertainty in XP caused by that in XB shown in Figure
2.14b (dashed line).

2.16 as a function of T/Tm (black symbols). These data show that τPn (= 6 × 10−5) is

independent of each experimental condition and that AP and σP increase with increasing

T/Tm. These observations are consistent with the results of Takei et al. [2014]. At

T ≥ 29◦C, the data points exist only on the longer time scale side of the peak and it is

difficult to estimate σP and τPn from the data fitting. For these data, as shown below, ∆P

was estimated by using the modulus data.

The total relaxation strength that exists above f , or below τ = (2πf)−1, is defined by

∆(f) =

∫ ∞

τ=0

X(τ)
1

1 + (2πfτ)2
dτ

τ
=

J1(f)− JU
JU

(2.10)

[Takei et al., 2014]. Even if X at small τ cannot be directly measured, the integral ∆(f)

can be calculated by using the accurately measured J1(f). We calculated ∆P from ∆(fP )

by using equation (B1) of Takei et al. [2014] with fixed τPn = (2πfP/fM)−1 = 6 × 10−5.

(We used ∆∞ = 0.015 for #44 and 0.031 for the others. When T > Tm, ∆(fP ) was further

corrected for the poroelastic effect by using the theoretical prediction in Figure 2.7.) Then,

by estimating AP as AP = X(τP ), σP was calculated from ∆P and AP . These results

obtained from the modulus data are shown in Figure 2.16 by gray symbols. In Appendix B,

the Gaussian distributions thus determined are plotted along with the XP data for sample

#41.
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Figure 2.16: (a) Normalized peak time scale τPn , (b) peak amplitude AP , (c) peak width σP , and (d) total
relaxation strength ∆P of the high-frequency peak XP are plotted as functions of normalized temperature
T/Tm. Symbol shape shows each sample. Black symbols show the parameters obtained by the fitting to
XP , and gray symbols show those obtained by using the modulus data. Each data point at T/Tm = 0.94
shows the average of several measurements during the cycle. Solid line in Figure 2.16b shows empirical
formula (3.3), and that in Figure 2.16c shows (3.4).
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2.2.6 Elasticity, Anelasticity, and Viscosity at Near-solidus Temperatures

Temperature dependences of elasticity, anelasticity, and viscosity near T = Tm are sum-

marized in Figure 2.17. The bottom panel shows the total relaxation strength above

f/fM = 103, ∆(f/fM = 103), which is calculated from J1 by using equation (2.10).

The horizontal line labeled “background” shows ∆(f/fM = 103) calculated from XB,

which is constant because XB follows the Maxwell frequency scaling. The deviation of

∆(f/fM = 103) from this horizontal line shows the relaxation strength associated with

the high-frequency peak XP ; the deviation increases with increasing T/Tm, showing the

breakdown of the Maxwell frequency scaling. Without the hysteresis, ∆(f/fM = 103) sig-

nificantly increases at near-solidus temperatures (black solid and gray symbols). Although

this trend was already reported by Takei et al. [2014] at T/Tm ≤ 0.93 (gray symbols in

Figure 2.17), we have confirmed that it does continue up to T/Tm > 1. We also captured

some discontinuous increase in anelasticity at T/Tm = 1 for #42 with ϕ = 1.6%, but

it was negligibly small for ϕ < 1% (red symbols). Once the sample is partially molten,

∆(f/fM = 103) sometimes remains at a high level even below the solidus temperature

and becomes insensitive to temperature (open symbols). With this hysteresis, the peak

dissipation follows the Maxwell frequency scaling. Also shown in Figure 2.17 are typical

behaviors of elasticity and viscosity (top and middle panels). The enhanced reduction of

viscosity with a higher activation energy (middle panel) and the significant increase in

anelasticity (bottom panel) occur almost simultaneously, but the reduction of the ultra-

sonic wave velocity occurs much more steeply than these (top panel).

2.3 Discussion

In this study, elasticity, anelasticity and viscosity of polycrystalline aggregates were mea-

sured at the near-solidus temperatures to investigate the effect of partial melting. Gener-

ally, clear definitions of the solidus temperature and partial melting are difficult, because

of a possible existence of a very small amount of melt generated below the solidus by

impurities [e.g., McKenzie, 1985; Hirschmann, 2010]. However, in this study, we can

define the solidus temperature by Tm = 316 K (43◦C) and can define the partial melting

as follows. The samples used in this study and in Takei et al. [2014] have two types of

microstructure. Sample #44 and the binary samples of Takei et al. [2014], which were

pre-annealed just below the solidus temperature (40◦C and T/Tm = 0.991), have dispersed
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Figure 2.17: (top) Elasticity, (middle) viscosity, and (bottom) anelasticity versus normalized temperature
T/Tm, where Tm represents solidus or melting temperature of each sample. Black symbols show the
present data, where symbol shape shows each sample. Gray cross symbols show our previous data
(37BD2L, 34BD1L, and 27pureS in Takei et al. [2014]). The bottom panel plots the total relaxation
strength ∆ at f/fM ≥ 103 calculated by equation (2.10), where the horizontal lines show ∆ at f/fM ≥ 103

calculated from the background dissipation XB (solid: #40, 41, 43, dashed: #44, dotted: #42). The
difference from this line is caused by the high-frequency peak XP . At T > Tm, both before and after the
correction for the poroelastic effect are shown by black and red symbols, respectively. Each data point
at T/Tm = 0.94 shows the average of several measurements during the cycle. In all plots, open symbols
show the data strongly influenced by the hysteresis of partial melting.
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diphenylamine grains (Figure 2.3b). Samples #40–43, which were pre-annealed just above

the solidus temperature (47◦C and T/Tm = 1.013 for #40, 47–55◦C and T/Tm = 1.013–

1.038 for #41–43), have connected network of the grain-edge tubules (Figures 2.3c and

2.3d), which were filled with solidified melt during the microstructural observation at the

room temperature. Therefore, partial melting can be clearly defined in the present binary

system as a formation of the tubule network at T/Tm = 1.00 ± 0.01. High-temperature

annealing below T/Tm = 0.991 does not leave any sign of melting in the microstructure.

In other words, the variations of the mechanical properties at T/Tm < 0.991 occur in

the absence of the melt phase, whereas those at T/Tm ≥ 1.00 occur in the presence of

the melt phase with the melt fractions of 0.4–1.6%. In this section, the variations of the

viscoelastic properties with temperature and/or samples obtained in this study and in

Takei et al. [2014] are discussed in detail based on the understanding of Tm mentioned

above.

2.3.1 Ultrasonic Data

As shown by Figure 2.7, the reduction of the ultrasonic velocities at T ≥ Tm can be

explained quantitatively by the poroelastic effect predicted for the present samples with

dihedral angle θ = 34.6◦. Although this requires that the melt squirt flow, which com-

pletes the poroelastic effect by relaxing the liquid pressure heterogeneity between the

neighboring pores [Mavko and Nur, 1975], has a higher characteristic frequency fsquirt

than the ultrasonic frequency (700 kHz), the estimation of fsquirt = a few MHz for the

present samples [Takei, 2000] satisfies this requirement. An important consequence of this

result is that the large high-frequency peak captured by the forced oscillation test under

the partially molten condition is caused by some other mechanism than the melt squirt

flow. The ultrasonic velocity starts reducing at T/Tm = 0.975(< 0.99) and hence starts

reducing in the absence of melt (Figures 2.5 and 2.17). Although this process cannot be

explained by the poroelastic effect, because the final velocity reductions at T ≥ Tm can be

explained well by the elastic effect of the melt phase, the slight reduction at T/Tm < 0.99

should be considered as the initiation of the poroelastic effect.
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2.3.2 Anelasticity and Viscosity

2.3.2.1 Changes below the Solidus Temperature: Premelting?

The most remarkable observation of this study and of Takei et al. [2014] is that the

amplitude and width of the high-frequency peak XP start growing from considerably

below the solidus temperature (Figures 2.16–2.17). This observation indicates that a

solid-state mechanism is active in the high-frequency peak XP . The total relaxation

strength of the poroelastic effect ∆poro under the undrained or drained condition is almost

proportional to melt fraction ϕ and hence small for a small ϕ (Figure 2.18). In contrast,

the total relaxation strength of the high-frequency peak ∆P at T ≥ Tm is more than one

order of magnitude larger than ∆poro and remains to be large even at a small ϕ (< 1%)

(Figure 2.18). The small amplitude of the poroelastic effect cannot explain the large ∆P

particularly at very small ϕ, and we have to introduce some other mechanism than the

poroelastic effect to explain the high-frequency peakXP . This conclusion is also supported

by the ultrasonic data discussed in section 2.3.1. Because a solid-state mechanism is

required, and because the peak time scale τP is closely related to the Maxwell relaxation

time scale τM , the most plausible mechanism of XP is the diffusionally accommodated

grain boundary sliding, which is equal to the mechanism of the background dissipation

XB. The possibility of elastically accommodated grain boundary sliding [Raj and Ashby,

1971] is not supported by the independence of τP/τM from grain size [Takei et al, 2014].

Although mutual relationship of the grain boundary sliding to the partial melting has not

been known so far, the present data indicate that the dynamical property of the grain

boundary changes near the solidus temperature and significantly changes the shape of the

relaxation spectrum at short normalized time scales. The mechanical properties in the

partially molten state are affected both by this change in the grain boundary and by the

change directly caused by the melt phase, such as the poroelastic effect. As a result, the

effects of the partial melting on the mechanical properties are significantly larger than

those estimated by the poroelastic effect alone. In particular, ∆P dominates over ∆poro

at very small ϕ.

The interpretation that the temperature dependence of ∆P is caused by a change in

the dynamical property of the grain boundary just below the solidus temperature is only

a hypothesis. However, structural transition of grain boundary below the bulk melting

point has been known as “premelting” [e.g., Wolf, 2001]. If a similar structural change
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Figure 2.18: Total relaxation strength of high-frequency peak ∆P at T > Tm (black) and that of poroe-
lastic effect ∆poro (gray) are plotted as functions of melt fraction ϕ. ∆poro is shown for both undrained
and drained conditions.

occurs below the solidus temperature, it explains well the growth of ∆P and also the

large amplitude of ∆P even for a small ϕ. Effect of partial melting has been considered

mostly within the framework of the direct effect which is caused by the presence of the

melt phase. However, this hypothesis proposes another possibility beyond this framework.

Similar hypothesis was once introduced by Priestley and McKenzie [2006] to explain the

seismic velocity data, but further examination of this hypothesis has not been performed.

If such process is active in the Earth, it significantly influences the interpretation of the

seismic low velocity regions in the upper mantle. We consider it important to further test

this hypothesis by experimental and theoretical studies.

In this study, we also captured the steeper reduction of viscosity represented by the

higher activation energy at T ≥ 23◦C (T/Tm ≥ 0.937), which was not recognized in the

previous experiments conducted at lower run temperatures than 23◦C [Takei et al. 2014].

As shown by the difference between the asterisk and cross symbols in Figure 2.9c, the extra

reduction due to the increase in the activation energy is a factor of 5 at T ≥ Tm, which

is not sensitive to the concentration of the secondary component. This extra reduction

of viscosity and the growth of ∆P are roughly simultaneous (Figure 2.17). We consider

that the extra reduction of viscosity is also resulted from the change in the dynamical

property of the grain boundary. As a result, the viscosity in the partially molten state

is influenced both by this change in the grain boundary (probably) and by the change
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directly caused by the melt phase.

In this subsection, we discussed the behavior at T < Tm observed commonly in both

subsolidus and supersolidus cycles (Figure 2.1b). In the next subsection, we discuss the

hysteresis, which was observed in the supersolidus cycle, but not in the subsolidus cycle.

2.3.2.2 Insights from the Hysteresis

The hysteresis effect was captured as the enhanced anelastic relaxation (that is, large and

broad XP ) and enhanced viscous deformability at T < Tm (e.g., open symbols in Figures

2.9 and 2.16). This effect is newly recognized in this study. Because the hysteresis did

not occur in the subsolidus cycle performed on sample #44 and in Takei et al. [2014],

the hysteresis is considered to be caused by the existence of the tubule network which

is filled with small crystals solidified from the melt phase. The observed hysteresis can

be understood by considering that the solidified melt has higher diffusivity than the

surrounding matrix and the matter diffusion is enhanced by the presence of this network.

With this hypothesis, the strongest hysteresis of sample #42 (ϕ = 1.6%, d = 46.3 µm)

and the 2nd strongest hysteresis of #43 (ϕ = 0.54%, d = 39.7 µm) can be explained well

by the large melt fraction and/or large grain size of these samples, because the tubules

are thinner for smaller melt fraction and/or smaller grain size, and are expected to be

difficult to keep the full connectivity during the crystal growth in the tubules at T < Tm.

This expectation is supported by the observation that when ϕ = 1.6%, melt pockets are

found at almost all triple junctions (Figure 2.3c), but when ϕ < 1%, melt pockets are

absent from a large number of triple junctions (Figure 2.3d). The isolated melt pockets

sometimes observed along the grain boundaries (white arrows in Figures 2.3c and 2.3d)

are considered to be an indication of the disconnection by necking. Under the strong

hysteresis, XP fully follows the Maxwell frequency scaling (Figure 2.12), suggesting that

the active mechanism is the diffusionally accommodated grain boundary sliding. This

gives another support to the hypothesis that XP is caused by this mechanism and not

by the elastically accommodated grain boundary sliding, providing an important clue to

develop a theoretical model of XP .

The occurrence of the hysteresis suggests that the matter diffusivity is enhanced by

the network of solidified melt. Therefore, when we look at the results of the supersolidus

cycles, we have to take into account the following consequences of the network. One

of our major concerns in this study is whether or not the formation of the connected
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melt network at T = Tm discontinuously increases the matter diffusivity, which causes a

discontinuous change in the mechanical properties [Takei and Holtzman, 2009a, 2009b].

However, such discontinuity can be smeared and smoothed by the fast diffusion path at

T < Tm. In this sense, the supersolidus cycle performed in this study may not be the best

way to examine the existence or nonexistence of the mechanical discontinuity. Although

a sample prepared by the subsolidus annealing is suitable for this examination, such

sample causes a rapid grain growth at the onset of melting, which results in the growth

of pores at ambient pressure. The present data from the supersolidus cycle are important

to investigate the effects of partial melting without the effects of grain growth nor void

growth. Therefore, in section 2.3.2.3, by keeping the limitation mentioned here in mind,

we discuss the existence and nonexistence of discontinuity by using the present data. The

possibility of the smoothing also means that even if a gradual change below the solidus

temperature is captured in the supersolidus cycle, it is difficult to distinguish between

smoothed discontinuity and premelting. In order to avoid this ambiguity, the subsolidus

cycle was performed on the sample #44 with dispersed diphenylamine grains. All the

changes discussed in section 2.3.2.1 did occur in all subsolidus cycles in this study and

in Takei et al. [2014], as well as in the supersolidus cycles without the strong hysteresis,

and hence do not depend on the microstructure.

2.3.2.3 Direct Effect of Melt

Although the direct effects of the melt phase on elasticity and viscosity have been studied

intensively, that on anelasticity is poorly understood. As we discussed in section 2.3.1, the

poroelastic effect consistent with the theoretical prediction was obtained by the ultrasonic

data. This effect was removed from the modulus data in the partially molten state

measured by the forced oscillation test, so that the total relaxation strength of the high-

frequency peak ∆P at T > Tm does not include the poroelastic effect. A discontinuous

increase of ∆P at T = Tm was observed for the largest melt fraction sample (#42 with

ϕ = 1.6%), but not for the other samples with ϕ < 1% (Figures 2.16d and 2.17 bottom).

Therefore, the present data show that when melt fraction is not so small, ∆P is increased

discontinuously by the presence of the melt phase. This change breaks the Maxwell

frequency scaling. In addition to such direct effect of melt on ∆P , if the anelastic effect is

evaluated at a given frequency f (Hz), it is affected by the direct effect of melt on viscosity,

because viscosity affects the Maxwell frequency fM used to normalize f . This direct effect
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of melt on anelasticity through the effect on fM is treated within the framework of the

Maxwell frequency scaling.

Theoretical studies have shown that the melt phase significantly enhances the grain

boundary diffusion creep because of its small viscosity and high diffusivity [Cooper et al.,

1989; Takei and Holtzman, 2009a, 2009b]. The direct effect of the melt phase consistent

with the theoretical prediction was captured by the exponential dependence of viscosity

on ϕ shown in Figure 2.9c. The model by Takei and Holtzman [2009a, 2009b] further

predicted that when melt forms a connected network at T = Tm, viscosity decreases dis-

continuously by a factor of 5. However, in this study, the discontinuity clearly attributable

to the formation of a connected network was not captured. The discontinuous reduction

of viscosity is particularly expected for sample #44 with dispersed diphenylamine grains.

Because this sample was not tested above the solidus temperature, we use the supersolidus

data of #42 with a similar chemical composition to #44 instead. Although the two sam-

ples are different in grain size, this effect on viscosity is known (Figure 2.9a). In the

viscosity plot corrected for the grain size effect (Figures 2.9b and 2.17 middle), the data

point of sample #42 (ϕ = 1.6% ≃ 2%) in the partially molten state with a connected melt

network lies on the smooth extension of the data of #44 with dispersed diphenylamine

grains, showing no discontinuity. Even for a sample with solidified melt tubules, if the

network is disconnected at T < Tm, the reconnection of the network at T = Tm is expected

to cause a mechanical discontinuity. However, the samples used in the supersolidus cycle

did not show any viscosity jump at T = Tm, either (Figures 2.9b). Therefore, the present

data do not support the theoretical prediction by Takei and Holtzman [2009a, 2009b].

When melt fraction is small (< 1%), the direct effects of melt on ∆P and on viscosity

were both very small and hence cause no discontinuous change in anelasticity and viscosity

at T = Tm. In the applications in Chapters 3–4, by following the present results, we do

not include any discontinuous change at T = Tm to analyse the seismic data of a region

where melt fraction is considered to be not so large. However, as discussed in section

2.3.2.2, it is desired to further check this conclusion by partially melting a sample with

dispersed secondary phase. Also, the discrepancy from the theory by Takei and Holtzman

[2009a, 2009b] has to be studied further.
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2.3.3 Comparison with Other Studies

A large high-frequency peak similar to this study was observed in the attenuation spectra

of the melt-bearing olivine aggregates [Jackson et al., 2004]. As summarized in Takei et

al. [2014], it shows a similarity to the peak observed by Takei et al. [2014], and hence we

consider that the underlying mechanism of the peak has something in common between

these two polycrystalline materials. However, the mechanism of the peak proposed by

Jackson [2015] and Faul and Jackson [2015] is the melt squirt flow, which is quite differ-

ent from the present conclusion that the high-frequency peak is caused by a solid-state

mechanism. One reason for this disagreement is that, as discussed in section 2.3.2, the

existence of the peak below the solidus temperature plays an important role in our estima-

tion of the mechanism, but the data below the solidus temperature were not used in their

study, probably because of the difficulty to accurately determine the solidus temperature

in their study. Another reason for the disagreement is that the melt geometry considered

in the two studies is quite different. Here, we discuss this latter point in some detail.

The total relaxation strength of the poroelastic effect ∆poro and characteristic frequency

of the melt squirt flow fsquirt depend on the melt geometry. The equilibrium melt geometry

is similar between the present samples (dihedral angle θ = 34.6◦) and the olivine-basalt

system (20◦ ≤ θ ≤ 40◦, Holness [1997]). In order to obtain large ∆poro and small fsquirt

comparable to ∆P and fP , respectively, melt geometry must be largely different from the

equilibrium geometry. Jackson [2015] and Faul and Jackson [2015] considered thin melt

films, based on the observation of Garapić et al. [2013]. However, it is difficult to apply the

film geometry to the present samples for the following three reasons. First, in the present

organic samples, invisibly thin melt films, if any, are expected to be visible by preferential

sublimation at the melt-grain interface. However, the microscopic observation of the cross

sections shows that most of the melt pockets exist at triple junctions rather than along

grain boundaries (Figures 2.3c and 2.3d). Second, the agreement between the poroelastic

effect calculated by assuming the equilibrium melt geometry and the ultrasonic results

can be obtained robustly for various ϕ and θ (section 2.2.2 and Takei [2000]), indicating

that the assumed geometry is correct. Third, the steady-state viscosity of grain boundary

diffusion creep is much more sensitive to the melt geometry than the elastic property

[Takei and Holtzman, 2009a]. As a result, if ∆poro = 0.5, the steady-state viscosity must

be about 40 times smaller than that without melt, which is not consistent with the present
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viscosity data (Figure 2.9c). Therefore, even if the data below the solidus temperature

were not taken into account, the high-frequency peak in this study cannot be attributed

to the melt squirt flow mechanism.

McCarthy and Takei [2011] reported that their data are consistent with the theoretical

prediction by Takei and Holtzman [2009a] that the partial melting discontinuously reduces

the diffusion creep viscosity by a factor of 5. However, the present data obtained by

using the same material did not show a discontinuity in viscosity. We note that this

apparent disagreement does not mean any inconsistency between the two data sets. We

measured viscosity from T = 0.89Tm to 1.01Tm as a nearly continuous function of T , but

the measurement by McCarthy and Takei [2011] was only at T = 0.94Tm and 1.02Tm.

In this study, as discussed in section 2.3.2.1, the extra reduction of viscosity occurred

not discontinuously at T = Tm, but gradually at 0.94Tm ≤ T ≤ Tm by increasing the

activation energy in this temperature range. Therefore, if viscosity is measured only at

0.94Tm and 1.02Tm, the gradual change cannot be distinguished from the discontinuous

change at T = Tm. The careful measurement of this present study revealed that most of

the extra change occurs below Tm, in the absence of melt, and hence cannot be attributed

to the discontinuous change theoretically predicted by Takei and Holtzman [2009a] by

assuming the existence of the melt phase. We further note here that although McCarthy

and Takei [2011] analysed their data by assuming that chemical effect does not depend

on temperature, Takei et al. [2014] showed that the activation energy is different between

the high-purity samples and the binary samples and hence this assumption is not valid.

However, it is difficult to reanalyses their data: their samples contained pores resulted

from the grain growth at ambient pressure, and probably due to this difference, the

measured viscosity and activation energy are different from those measured in this study

and in Takei et al. [2014] on the pore-free samples.

Zimmerman and Kohlstedt [2004] reported the diffusion creep viscosity of lherzolite

at near-solidus temperatures. Their data do not show a discontinuous change at the

solidus temperature (Tm = 1160◦C). In comparing our data to theirs, we should note the

difference that melt fraction increases discontinuously at T = Tm in the present binary

system and gradually with temperature in their multicomponent system (Figure A2 in

Zimmerman and Kohlstedt [2004]). However, the theory predicts that the critical melt

fraction ϕc needed for the reduction is very small (ϕc << 1%, Takei and Holtzman [2009b];
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Holtzman [2016]), and hence discontinuous reduction in viscosity is expected to occur

within, at least, 20◦C from Tm (= 1160◦C). However, such a steep change in viscosity is

not observed in their data. Therefore, the present data agree with their data about the

absence of discontinuity. Because their data are limited to T/Tm ≥ 0.96, it is difficult to

discuss the possible change in activation energy below the solidus temperature.

Here, we note that when two data obtained below and above the solidus temperature

are largely different, we usually consider that the difference is caused at the solidus tem-

perature due to the onset of melting. However, the result of this study proposes another

possibility that the large difference is caused just before the melting.

2.4 Summary of the Experimental Study

I found that the effect of “partial melting” on the mechanical properties occurs by two

stages: first, just before melting and second, at the onset of partial melting. Just before

partial melting (0.92 ∼< T/Tm < 1), amplitude and width of the high-frequency peak

XP significantly increase, and viscosity of the grain-boundary diffusion creep is reduced

significantly. These mechanical changes in the solid state are considered to be caused

by a change in the dynamic property of grain boundary by premelting. At the onset of

melting (T/Tm = 1), further changes in elasticity, anelasticity, and viscosity occur due to

the direct effect of melt. They are reduction of elasticity due to the poroelastic effect,

increase of the amplitude of XP , and reduction of viscosity by a factor of e−λϕ. The former

subsolidus changes have large amplitudes even for the samples which generate very small

melt fraction (ϕ = 0.4–0.54%) at T = Tm. In contrast, the latter changes at T = Tm

are negligibly small for a very small melt fraction. In the upper mantle, melt fraction is

considered to be very small (≪ 1%) based on the geochemical studies [e.g., McKenzie,

2000]. Therefore, the premelting effect plays an important role in the interpretations of

the low-velocity and high-attenuation zones in the upper mantle.
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Chapter 3

New Anelasticity Model and its
Applicability to the Mantle

The experimental result in Chapter 2 shows that the large high-frequency peak XP is

caused by a solid-state mechanism (probably, by diffusionally accommodated grain bound-

ary sliding) in the absence of the melt phase. The growth and broadening of XP occur just

below the solidus temperature. Seismic waves have high normalized frequencies and can

be influenced only by the broadened relaxation spectrum. As a result, the anelastic effect

on the seismic waves is closely related to the partial melting. Such a mutual relationship

between anelasticity and partial melting has not been pointed out so far. McCarthy et

al. [2011] proposed a master curve model by assuming a constant spectrum shape X(τn)

independent of the normalized temperature T/Tm. However, as shown in sections 2.2.4–

2.2.5, this assumption is not valid at high normalized frequencies and the spectrum shape

depends on T/Tm. As an important consequence of this difference, the model of anelastic-

ity proposed by this study predicts much steeper reduction of the seismic wave velocity at

near-solidus temperatures than the master curve model. In this chapter, I present a new

anelasticity model based on the present experimental results (section 3.1). Applicability

of this model to the mantle is tested by using the tomographic model of the Pacific mantle

obtained by Priestley and McKenzie [2013] (section 3.2). The new anelasticity model is

also completed by this test, in which we can obtain several material parameters repre-

senting the elasticity and viscosity of the peridotite as fitting parameters [Priestley and

McKenzie, 2013]. In the next chapter, I further apply the new anelasticity model obtained

in this chapter to the seismic discontinuity at the lithosphere-asthenosphere boundary.
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3.1 Parameterization

The relaxation spectrum of shear modulus µ is expressed as

X(τ, T, d, P, ϕ or C) = XB(τn) +XP (τn, Tn) (3.1)

with normalized time scale τn = τ/τM and normalized temperature Tn = T/Tm (defined

by T K and Tm = solidus temperature K). The background XB and peak XP are given

by 
XB(τn) = AB (τn)

α

XP (τn, Tn) = AP exp

(
−
(
ln(τn/τ

P
n )
)2

2σ2
P

)
,

(3.2)

where amplitude AB and slope α of XB and normalized time scale τPn of XP are constants,

and amplitude AP and width σP of XP are given as functions of Tn:

AP (Tn) =



0.01 at Tn < 0.91

0.01 + 0.4(Tn − 0.91) at 0.91 ≤ Tn < 0.96

0.03 at 0.96 ≤ Tn < 1

0.03 + β(ϕ) at 1 ≤ Tn

(3.3)

σP (Tn) =


4 at Tn < 0.92

4 + 37.5(Tn − 0.92) at 0.92 ≤ Tn < 1

7 at 1 ≤ Tn.

(3.4)

The term β(ϕ) in (3.3) is introduced to represent the direct effect of the melt phase on

∆P , which was nearly zero at very small ϕ. Good agreement between these empirical

formulae and the data are shown in Figure 2.16. Figure 3.1 shows X versus τ/τM for

T/Tm = 1 and ≤ 0.9, using the parameter values summarized in Table 3.1. Also shown

in this figure is the master curve proposed by McCarthy et al. [2011]. The dependence of

AP and σP on Tn given by equations (3.3) and (3.4) causes the breakdown of the Maxwell

frequency scaling. Although AP and σP depend on the grain size in Takei et al. [2014],

the dependence on d was not so clear in this study by using the larger grain size samples

than theirs. We therefore consider that the the effects of d on AP and σP are saturated

and apply the present results of AP and σP directly to the Earth.

Because X smoothly depends on τn, by substituting (3.1) and (3.2) into the approx-

imate formulae given by equations (18) of McCarthy et al. [2011], complex compliance
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Figure 3.1: Normalized relaxation spectrum X of the new anelasticity model proposed in this study
depends on the normalized temperature T/Tm. The spectra at T/Tm = 1 (solid line) and T/Tm ≤ 0.9
(dashed line) are compared to the master curve proposed by McCarthy et al. [2011] (dotted line).

J∗ = J1 + iJ2 can be obtained as
J1(τ

S
n ) = JU

[
1 +

AB(τ
S
n )

α

α
+

√
2π

2
APσP

{
1− erf

(
ln(τPn /τ

S
n )√

2σP

)}]
J2(τ

S
n ) = JU

π

2

[
AB(τ

S
n )

α + AP exp

(
−(ln(τPn /τ

S
n ))

2

2σ2
P

)]
+ JUτ

S
n ,

(3.5)

where τSn = τS/(2πτM) represents the normalized period of the seismic wave with period

τS. Shear wave velocity and attenuation are calculated from J1 and J2 as
VS =

1√
ρJ1

(
1 +

√
1 + (J2/J1)2

2

)− 1
2

≃ 1√
ρJ1

Q−1
S =

J2
J1

(
1 +

√
1 + (J2/J1)2

2

)−1

≃ J2
J1

.

(3.6)

The unrelaxed compliance JU = 1/µU is written as JU = JU(P, T ) × (1 + ∆poro(ϕ)) by

taking into account the modulus reduction by the poroelastic effect, where melt follows

the undrained condition in the seismic waves. When ϕ is very small, ∆poro ≃ 0 and

JU = JU(P, T ).

The Maxwell relaxation time τM is written as τM = η/µU with unrelaxed shear modulus

µU and shear viscosity η, which is given by

η = ηr

(
d

dr

)m

exp

[
H

R

(
1

T
− 1

Tr

)]
exp

[
V

R

(
P

T
− Pr

Tr

)]
Aη(Tn), (3.7)
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Table 3.1: Parameter Values

Parameter Valuea

AB 0.664
α 0.38
τPn 6× 10−5

β(ϕ) ∼ 0b

∆poro(ϕ) ∼ 0b

γ 5
T η
n 0.94

λϕ ∼ 0b

a Based on the data of #41.
b Here direct effects of melt are not
taken into account.

where ηr represents a reference shear viscosity for reference temperature Tr, reference

pressure Pr, and reference grain size dr, m is grain size exponent, H is activation energy,

V is activation volume, and R is the gas constant. The last factor Aη(Tn) in (3.7) is

introduced to take into account the extra reduction just below the solidus temperature.

We define Aη(Tn) as

Aη(Tn) =


1 at Tn < T η

n

exp

[
− (Tn − T η

n )

(Tn − TnT
η
n )

ln γ

]
at T η

n ≤ Tn < 1

γ−1 exp (−λϕ) at 1 ≤ Tn,

(3.8)

where γ(≥ 1) represents the factor of the extra reduction and T η
n represents the normalized

temperature above which the activation energy is higher than H. Let H+∆H be the high

activation energy at T η
n ≤ Tn ≤ 1. Then, the three parameters γ, T η

n , and ∆H satisfy

the relationship ∆H = RTmT
η
n (1 − T η

n )
−1 ln γ, showing that only two of the three are

independent. The direct effect of melt is also introduced into Aη(Tn) by the exponential

factor exp(−λϕ), which approaches one as ϕ approaches zero.

3.2 Applicability to the Mantle

The new anelasticity model given by equations (3.5) with (3.3) and (3.4), and the new

viscosity model given by equations (3.7) and (3.8) were fitted to the seismic velocity data

of the Pacific mantle at 50 and 75 km depths obtained by Priestley and McKenzie [2013]

(hereafter called PM2013) as a function of temperature. The parameter values of the

anelasticity model used in the analysis are given in Table 3.1, which are faithful to the

present experimental data. As shown in this table, the direct effects of the melt phase
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Figure 3.2: The new anelasticity model proposed in this study was fitted to the velocity profiles of the
Pacific mantle obtained by Priestley and McKenzie [2013] (PM2013). Also shown are the previous fits
by using the master curve model proposed by McCarthy et al. [2011]. The six of the seven fitting
parameters (reference viscosity ηr for Tr = 1200◦C, Pr = 1.5 GPa, and dr = d, activation energy H,
activation volume V , unrelaxed shear modulus µ0

U at 0◦C and 0 Pa, ∂µU/∂T , and ∂µU/∂P ) determined
by the inversion are shown in the lower left. Also, Tm at 75 km depth was determined as 1351◦C, where
Tm at 50 km depth was fixed to 1326◦C. The fitting parameters for the master curve model are presented
in Table 1 of PM2013 (thick letters).

are neglected in this analysis because melt fraction is considered to be small (≪ 1%) in

most of this region [e.g., Hirschmann, 2010]. Following PM2013, the material parameters

of the mantle rock needed to calculate the seismic velocity (µ0
U at 0◦C and 0 Pa, ∂µU/∂T ,

and ∂µU/∂P for elasticity; ηr at Tr = 1200◦C, Pr = 1.5 GPa, and dr = d, H, and

V for viscosity; Tm(75 km) − Tm(50 km) for solidus) were determined by the fitting of

the anelasticity model to the geophysical constraints. We used the same program and

constraints as PM2013 presented in section 4 of PM2013. We can check the applicability

of the new anelasticity model to the mantle data by comparing the values of parameters

determined by the fitting with those measured in laboratory and investigating whether

they agree well. The solidus temperature at 50 km depth was assumed to be 1326◦C (dry

solidus at P = 1.67 GPa).

The result of the fitting is shown in Figure 3.2, together with the previous result

of PM2013 by using the master curve model. As shown in this figure, the new model

explains well the temperature dependence of VS in the oceanic lithosphere, particularly
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the steep reduction just below the solidus temperature, which was difficult to explain

by the previous model. Shown in the lower left are the fitting parameters determined

for the new model, which are consistent with those experimentally measured for olivine

aggregates (Table 1 of PM2013). The good agreement indicates the applicability of the

new anelasticity model to the mantle. Although the anelastic effect at 50 km depth starts

at about 950◦C in the previous model, it starts at 1200◦C in the new model. The steep

reduction in VS occurs because temperature is just below the solidus temperature, and

whether very small amount of melt exists or not does not matter in this model. Here,

I note that the analysis in section 3.1 by using the experimental data and the fitting in

section 3.2 to the seismological data were performed independently, by myself and by

co-author Y. Takei of Yamauchi and Takei [2016], respectively, so that the applicability

of the present empirical model to the mantle can be examined strictly. Further details of

the fitting and its seismological implications are presented by Takei [2017].

Takei [2017] pointed out that in the new anelasticity model, besides temperature and

partial melting, volatiles (H2O and CO2) play an important role. For example, the solidus

temperature at 75 km depth determined by the fitting (1351◦C) is considerably lower

than the dry peridotite solidus (1436◦C). This result can be interpreted that the solidus

temperature is depressed by volatiles existing at 75 km depth.

The geophysical application in this section was concerned with the temperature gra-

dient of VS, ∂VS/∂T . The application in the next chapter is concerned with the spatial

gradient of VS, ∂VS/∂z, which further depends on the spatial gradient of temperature,

∂T/∂z, and that of solidus, ∂Tm/∂z, which is affected by volatile distribution.
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Chapter 4

Origin of the
Lithosphere-Asthenosphere
Boundary

本章については、５年以内に雑誌などで刊行予定のため、非公開。
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Chapter 5

Conclusions

I measured elasticity, anelasticity, and viscosity of a polycrystalline aggregate at near-

solidus temperatures ranging from subsolidus to supersolidus temperatures (Chapter 2).

Effects of “partial melting” on the mechanical properties captured in this study are

twofold; changes just before the solidus temperature (0.92 ∼< T/Tm < 1) in the ab-

sence of melt and changes at the solidus temperature (T = Tm) due to the onset of partial

melting. As temperature increases from T ≃ 0.92Tm to Tm, the amplitude and width of

the high-frequency peak XP gradually increase, causing a breakdown of the Maxwell fre-

quency scaling for anelasticity at high normalized frequencies (f/fM ≥ 104). In addition,

viscosity reduction by temperature shows a higher activation energy at T/Tm ≥ 0.94 than

at T/Tm < 0.94. At T = Tm, further reduction of elasticity due to the poroelastic effect,

further increase of the amplitude of XP , and further reduction of viscosity by a factor of

e−λϕ (λ > 0) occur.

The changes in anelasticity and viscosity just below the solidus temperature are caused

by a solid state mechanism, whereas the changes at the solidus temperature are caused

by the direct effects of the melt phase. The grain size exponent of viscosity is almost

3, showing that the mechanism is the grain boundary diffusion creep. The mechanism

of the high-frequency peak XP is considered to be the diffusionally accommodated grain

boundary sliding, which is equal to the mechanism of the background XB. This is sup-

ported by the facts that the center position of XP follows the Maxwell frequency scaling

and that under the strong hysteresis, XP fully follows the Maxwell frequency scaling.

The hysteresis, which was newly recognized in this study, shows that the behavior of

XP is closely related to the partial melting. I speculate that a structural transition of

grain boundary by premelting occurs just below the solidus temperature and enhances
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the matter diffusion along the grain boundary.

The changes by the premelting effect are not sensitive to the concentration of the sec-

ondary component (diphenylamine), and even when samples generate very small amounts

of melt (0.4–0.54%) at T = Tm, the amplitude of these changes is large. In contrast, the

changes by the direct effect of melt depend on the melt fraction and the amplitude is

very small when the samples have very small melt fractions (< 1%). In most parts of the

upper mantle, melt fraction is considered to be very small (≪ 1%). In these regions, it is

predicted that the direct effect of melt is negligibly small, and the mechanical properties

are determined by the premelting effect.

The parameterization of the experimental results was performed in section 3.1. The

obtained empirical formula was fitted to the temperature dependence of the seismic wave

velocity in the Pacific mantle obtained by Priestley and McKenzie [2013] (section 3.2).

The steep reduction of VS(T ) just below the solidus temperature near the ridge can be

explained well by the premelting effect without any direct effects of melt. In this fitting,

the material parameters for the viscosity and elasticity of the mantle rock, which are

needed to calculate the Maxwell relaxation time, are determined as the fitting parameters.

The obtained fitting parameters agree well with those experimentally measured for the

olivine aggregates. By combining the empirical formula (section 3.1) and the material

parameters determined by the fitting (section 3.2), the new anelasticity model applicable

to the mantle is completed.

In Chapter 4, I further applied the new anelasticity model to the oceanic lithosphere-

asthenosphere boundary (LAB) to investigate whether the premelting effect can explain

the seismic discontinuity. The vertical structure of VS was calculated by using the

geotherm obtained from the cooling models of oceanic plate and the solidus tempera-

ture of peridotite obtained from the thermodynamic models. I found that if the solidus

temperature is decreased by the existence of volatile (water), the steep reduction of VS(z)

(seismic discontinuity) can be reproduced by the premelting effect. In addition, the pre-

melting effect could explain the high attenuation and the weak dependency of attenuation

on frequency in the asthenosphere. I propose a new hypothesis that the asthenosphere

is caused by the premelting effect. Although some difficulty remains in the quantitative

explanation for the amplitude of seismic discontinuity (∆VS), the present results are not

conclusive and it could be solved by the further refinement of the model on the basis
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of future experimental and theoretical studies. It is especially important to clarify the

material dependence of the premelting phenomenon and detailed behavior of premelting

(disordering) for T/Tm > 1.

Temperature, volatile, and “partial melting” work not independently but mutually

to cause premelting. This point is a distinctive difference of the present anelasticity

model from the existing models. With the premelting effect, interpretation of the seismic

structures will change significantly. In particular, melt fraction needed to explain low V

and/or high Q−1 will become considerably smaller than that interpreted by using only

the direct effects of melt. Toward the application of the new model to the places where

melt fraction is considered to be large (e.g., volcanic fronts), I am planning a further

experimental study to investigate the dependency of XP on melt fraction (> 1%) and the

effect of the formation of melt network on anelasticity and viscosity.
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Appendix

A Plots of E(f) and Q−1(f) for Samples #40, 44, and 43

Figure A.1 shows the results of the forced oscillation tests for samples #40, 44, and 43 as

functions of frequency. In Figures A.1a–d, the data from the repeated run are also plotted

(open symbols at T/Tm < 1 and solid symbols at T/Tm > 1); the good reproducibility can

be confirmed from the agreement between the primary and repeated runs. Although the

data from the repeated run are not shown in the other plots in the text and in Figure A.1,

the good reproducibility similar to these two samples was obtained for all samples.

B Comparison Between XP and the Gaussian Distribution (#41)

In Figure B.1, symbols show the data of XP for sample #41, and lines show the Gaussian

distributions determined by fitting to these data (solid) and by additionally using the

modulus data (dashed). The data at low temperatures (T ≤ 29◦C) are fitted fairly well

by the Gaussian distribution (solid line). Using the data at T ≤ 29◦C, we also confirmed

the consistency between ∆P determined from XP and ∆P determined from modulus data,

as shown in Figure 2.16d (black and gray squares). At T ≥ 35◦C, although the data points

exist only on the longer time scale side of the peak, we determined ∆P and σP by using

the modulus data and the constant value of τP/τM determined at T ≤ 29◦C (dashed line).
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Figure A.1: Young’s modulus and attenuation versus frequency. (a, b) Sample #40, (c, d) #44, (e, f)
#43 in the first temperature cycle, and (g, h) #43 in the second temperature cycle. Explanations for
color, symbol type, line, and order of legend are given in the caption of Figure 2.10. In Figures A.1a–d,
data from the repeated run are also plotted by using open symbols at T < Tm and solid symbols at
T > Tm to demonstrate the good reproducibility.
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Figure B.1: High-frequency peak XP for sample #41 (symbols). Lines show the Gaussian distribution
determined by the fitting to these XP data (solid) and by additionally using the modulus data (dashed).
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