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Abstract

Compressional wave velocities (VP) at above-solidus temperatures and at 1 GPa were obtained for a granite and amphibolite,

which are considered to be major constituents of the continental crust. The temperature variation of velocities showed that the

VP values of granite decreased with rising temperature, but substantially increased beyond the melting temperature (850–900

jC). Such an increase may be caused by the a–h transition of quartz. The velocities of amphibolite decreased linearly with

increasing temperature and dropped sharply at temperatures above the solidus (700 jC), indicating that partial melting of

amphibolite acts to significantly lower the seismic velocities. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Seismic observations have provided key informa-

tion on the structure of the continental crust in the

form of velocity–depth relations. In order to interpret

the velocity profiles in terms of petrology, laboratory

measurements of elastic properties have been con-

ducted for a variety of rock types (e.g., Birch, 1960,

1961; Christensen, 1979; Christensen and Mooney,

1995; Ito and Tatsumi, 1995; Jackson et al., 1990;

Kern et al., 1999). However, owing to technical

difficulty, the effect of temperature high enough to

cause partial melting on elastic wave velocities is not

sufficiently understood. For instance, considering the

phase relations of plausible constituents of continental

crust, such as granite and amphibolite at high P–T

conditions corresponding to high heat flow (Lachen-

burch and Sass, 1977), these rocks would suffer

partial melting at depths (e.g., Huang and Wyllie,

1981; Wolf and Wyllie, 1995). Therefore, although

the presence of low velocity zones have been pro-

posed in the continental crust with anomalously high

heat flow (e.g., Gutenberg, 1951; Kind et al., 1996;

Swenson et al., 2000), the origin of such low velocity
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zones is still in debate. In this study, we report

laboratory measurements of compressional wave

velocities (VP) at 1 GPa for granite and amphibolite

at temperatures beyond the solidus (800–950 jC) in
order to investigate the influence of partial melting on

seismic wave velocity.

2. Experiments

The experiments were carried out using a piston-

cylinder apparatus with a 24-mm inner diameter and

80-mm thickness. The assembly is shown in Fig. 1.

Talc was used as the pressure-transmitting medium.

Nickel tubes (each 23 mm long) placed on the top

and base of a carbon heater (20 mm long), act to

lower the temperature around the transducer and faci-

litate experiments under high temperature conditions

(f 1000 jC). The sample was wrapped in Pt foil in

order to avoid direct contact between the sample and

the BN sleeves. Temperature was measured with a

Chromel/Alumel thermocouple and the temperature

gradient across the sample was estimated to be f 30

jC at 1000 jC.

LiNbO3 transducers (0.5 mm thick, 36j Y-cut)

were used to emit and receive the acoustic signals.

Each transducer was mounted on the end of a plati-

num buffer rod. Both transmitted and reflected ultra-

sonic echoes were observed at the interface between

the sample and the second buffer rod, and subse-

quently, the sample and the first buffer rod. Travel

times were determined by the differences in arrival

time between these echoes. Thus, the velocity deter-

mination was dependent only on the sample length

and not on the buffer rods. The accuracy of each

velocity measurement was better than 1%. Further

details of these experiments are described in Aizawa

et al. (2001).

The granite sample was collected from Nabaru-

gawa, Osaka, Japan and mainly composed of quartz,

alkali and plagioclase feldspar and biotite (Fig. 2(a)).

The amphibolite sample that contains amphibole,

albite and epidote is from Nikanbetsu, Hokkaido,

Japan (Fig. 2(d)). The bulk rock and mineral compo-

sitions and modal compositions are shown in Table 1.

The bulk chemical compositions were obtained by X-

ray fluoresence spectrometers, RIGAKU Symaltics

3550 and 3070, following the procedure outlined by

Goto and Tatsumi (1990). The modal compositions

were estimated by mass balance calculations based on

the chemical compositions of individual phases deter-

mined by an electron-probe micro-analyzer (JEOL-

JXA8800). Fig. 3(a) and (b) present pole figures of

the optical indicatrix (X, Y, Z axes) of the plagioclase

and amphibole in the granite and amphibolite sample,

respectively. There is no evidence for strong preferred

orientation of minerals.

3. Results and discussion

3.1. Granite

Fig. 4(a) illustrates the temperature variation of the

observed waveforms. Compared to previous measure-

ments (Aizawa et al., 2001), the signals were

degraded and sample echoes were slightly ambiguous,

probably because the ultrasonic waves were scattered

at the grain boundaries. This is probably caused by the

relatively large grain size (0.3–1.5 mm) of the natural

rock sample. At high temperatures, specifically imme-

diately above the solidus (from 750 to 850 jC), theFig. 1. The cell assembly for the velocity measurements.
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amplitudes of signals decreased substantially, yielding

relatively large errors in velocity determination (at

most within F 2%), though in the h-field of quartz

(above 850 jC), the signals became clear again. The

effect of temperature on VP measured separately along

three different directions in the granite sample is

shown in Fig. 5(a).

VP decreases substantially when the temperature

approaches the a–h transition, and then increases in

the h-field of quartz. The melting temperature for the

Fig. 2. Back-scattered electron images of the starting materials. (a) Granite: representative minerals are labeled (biotite (Bt), white; K-feldspar

(K-f), gray; plagioclase (Pl), dark gray; quartz (Qt), black). (b) Granite at 850 jC: the melt was formed associated with the biotite breakdown

reaction. The melt was observed at biotite– feldspar boundaries. (c) Granite at 970 jC: most grain boundaries are wetted by the melt. (d)

Amphibolite: Amphibole (Amp), dark gray; epidote (Ep), gray; sphene (Sp), white; albite (Ab), black. (e) Amphibolite at 780 jC: the melt

appears along amphibole–plagioclase grain boundaries. (f) Melt pools at 800 jC: euhedral garnet, clinopyroxene and prismatic biotite are

nucleated.
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present granite sample at 1 GPa is 750 jC, which is

consistent with previous experimental works (e.g.,

Huang and Wyllie, 1981). The geometrical structure

of partially molten rocks have been investigated in

terms of dihedral angles because the relative inter-

facial energies between melt and grains, and between

grains are supposed to control the connectivity of the

melt (e.g., von Bargen and Waff, 1986; Jurewicz and

Watson, 1984, 1985; Holness, 1995). Laporte (1994),

however, demonstrated that significant interfacial

energy anisotropies exist in quartz-bearing systems

and the connectivity is influenced more by the

crystallography than by the dihedral angle. The onset

of melting is associated with the breakdown reac-

tions of biotite above 750 jC, in which hydrous melt

surrounding the biotite grains and garnet within the

melt pools are produced. In 850 jC run, the melt is

not yet completely interconnected and observed at

biotite–feldspar grain boundaries (Fig. 2(b)). In 970

jC run, the melt is formed at quartz–feldspar inter-

faces, and intragranular feldspar melting occurs (Fig.

2(c)), and the melt is interconnected along most

grain boundaries.

It should be noted that the velocity of the granite

increased substantially after the transition ( > 850 jC),
which was well above the solidus temperature. Though

the melt fraction reached about 15% at 970 jC (Fig.

2(c)), the velocities nevertheless increased, possibly

associated with the crystal growth within the h-phase.
It is thus suggested that partial melting of granite may

even increase the seismic wave velocity at high tem-

peratures, instead of decreasing.

3.2. Amphibolite

The temperature variations of VP for amphibolite

measured separately along the three different direc-

tions are shown in Fig. 4(b). It is well demonstrated

that the first arrival transmitted and sample echoes are

clearly observed. Fig. 5(b) illustrates the relationship

between VP and temperature. Here, VP decreased

linearly with temperature below 700 jC, and then

dropped significantly above 700 jC. The pronounced
decrease in VP above 700 jC may be caused by the

onset of partial melting. We confirmed a solidus

temperature for the amphibolite of 700 jC, which is

Table 1

Chemical and modal compositions of granite and amphibolite

Granite Amphibolite

Bulk Quartz Plagioclase K-feldspar Biotite Bulk Amphibole Albite Epidote

SiO2 75.55 99.33 63.74 64.60 34.68 46.22 54.18 69.03 37.97

TiO2 0.14 0 0 0 2.36 2.09 0.18 0 0.12

Al2O3 14.19 0 22.71 18.59 18.90 17.33 5.25 19.77 22.15

FeO 1.27 0 0 0.06 23.73 12.00 17.83 0.13 13.29

MnO 0.04 0 0 0 0.60 0.22 0 0.01 0.02

MgO 0.32 0 0 0 5.52 4.76 3.51 0 0

CaO 1.70 0 3.80 0.03 0 8.94 6.87 0.02 22.86

Na2O 3.11 0 9.05 1.09 0.06 3.78 9.86 11.29 0

K2O 3.99 0 0.08 15.05 9.62 1.00 0 0 0

Total 100.31 99.33 99.38 99.41 95.48 96.34 97.69 100.25 96.41

mode 34.4 37.1 23.7 4.9 42.8 14.0 42.3

Oxygen 2.00 8.00 8.00 11.00 23.00 8.00 12.00

Si 1.00 2.79 2.99 2.71 8.07 3.00 3.02

Ti 0 0 0 0.13 0.04 0 0.02

Al 0 1.21 1.02 1.71 0.92 1.00 2.05

Fe 0 0 0 1.56 2.23 0 0.91

Mn 0 0 0 0.04 0 0 0

Mg 0 0 0 0.66 0.71 0 0

Ca 0 0.23 0 0 0.93 0 1.94

Na 0.73 0.10 0.01 3.09 0.97 0

K 0 0.01 0.89 0.97 0 0 0

Cation sum 1.00 4.97 5 7.79 15.98 4.97 7.94
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Fig. 3. The orientation of optical indicatrix (X-, Y- and Z-axes) of the plagioclase in granite and the amphibole in amphibolite, respectively.

Fig. 4. Temperature variation of the observed waveforms for granite at 1 GPa and up to 970 jC (a) and for amphibolite at 1 GPa up to 794 jC
(b). When the sample echo (Path II) is not sufficiently clear, we estimate the travel time by using the first arrival time (Path I).
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consistent with previous melting experiments (e.g.,

Wolf and Wyllie, 1995).

As discussed in the previous section, in partially

melted coarser-grained solid amphibolite, the melt

morphology is crystallographically controlled by the

surface energy anisotropy of the hornblende-domi-

nated system (Wolf and Wyllie, 1995). In the present

experiments, melt formation along most amphibole–

plagioclase boundaries leads to melt pools with

angular morphologies, not the tetrahedronally shaped

junctions of the interfacial energy controlled systems.

In the 780 jC run, the melt comprises f 15% of the

rock and almost surrounds the plagioclase grains

(Fig. 2(e)). The melt at amphibole–plagioclase boun-

daries is interconnected along the rim of the amphib-

ole grains. In the 800 jC run, the melt comprises
f 20% of the rock. Amphibole, plagioclase and

newly formed clinopyroxene, garnet and biotite are

observed (Fig. 2(f)). The melt is partly associated

with amphibole–plagioclase boundaries, and mostly

forms through intragranular melting of plagioclase.

Compressional wave velocities of amphibolitic

rocks with basaltic compositions have been measured

at 0.2 and 0.6 GPa and up to 600 jC (Christensen,

1979; Kern et al., 1999). Extrapolation of these results

gives VP between about 6.7 and 6.8 km s� 1 at 700 jC,
in good agreement with the present results (Fig. 5(b)).

The temperature dependence of VP (yVP/yT) is

� 5.4� 10� 4 km�s� 1�jC � 1 below the solidus (700

jC), and � 5.0� 10� 3 km�s� 1�jC� 1 above the soli-

dus temperature resulting in a significant reduction of

seismic wave velocity due to the presence of partially

molten amphibolite at depths.

4. Conclusion

The temperature variation of compressional wave

velocities showed that the VP values of granite

decreased with rising temperature, but substantially

increased beyond the melting temperature (850–900

jC). Such an increase may be caused by the a–h
transition of quartz. The present results suggest that the

presence of felsic crust with sufficiently high temper-

ature to cause partial melting, for example, beneath

southern Tibet, yield not only low seismic wave

velocity but also relatively high velocity at depths,

due to the quartz transition. In contrast to granite, the

velocities of amphibolite decreased linearly with

increasing temperature and dropped sharply at temper-

atures above the solidus (700 jC), indicating that

partial melting of amphibolite acts to significantly

lower the seismic velocities. It is likely that a signifi-

cant reduction of the seismic velocity observed

beneath the central Andes may be explained by the

presence of partially molten amphibolite, which is

Fig. 5. Compressional wave velocity (VP) of granite (a) and amphibolite (b) measured separately along three different directions as a function of

temperature.
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probably originated from basaltic magmas underplated

at the base of the crust.
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