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Compressional Wave Velocities in Metamorphic
Rocks at Pressures to 10 Kilobars1

N IKOLAS 1. CHRISTENSEN2

Hoffman Laboratory, Harvard University, Cambridge, Massachusetts

Abstract. Velocities of compressional waves have been measured at pressures of 100 to
10,000 bars for various metamorphic rocks which are believed to be important constituents of
the earth's crust, Detailed petrographic and petrofabric analyses are reported from thin sec-
tions cut from the specimens. The principal factors contributing to the velocities of com-
pressional waves in igneous and metamorphic rocks are discussed. Particular attention is
given to the dependence of velocity on porosity, mineral orientation, and mineral composition.
The principal conclusions are: (1) the initial changes in velocity with pressure are related to
the arrangement and shape of pore spaces in a rock, (2) variation of velocity with propagation
direction in metamorphic rocks is a consequence of preferred mineral orientation, and (3)
velocities calculated from single-crystal data agree with most of the measured velocities.

Introduction. In recent years the compres-
sional wave velocities of many rocks have been
measured in the laboratory. Frequently the only
clue to the interpretation of observed seismic
velocities in terms of lithology is offered by
laboratory measurements. Many of the velocities
measured previously were for igneous and sedi-
mentary rocks. The igneous rocks were pri-
marily granites, which are common in many
parts of the earth's crust, along with various
basic and ultrabasic rocks which may be im-
portant constituents of oceanic crustal rocks and
the earth's deeper interior. Velocities of sedi-
mentary rocks have been studied chiefly for
their use in seismic prospecting for oil.

Detailed mapping of the more deeply eroded
parts of the earth's crust has shown the existence
of abundant metamorphic rocks, the most com-
mon being gneiss, schist, and amphibolite. The
purpose of this paper is to present compres-
sional wave velocity data for selected meta-
morphic rocks up to pressures which are be-
lieved to prevail at the base of the crust and to
use the data to develop a better understanding
of the basic factors which influence the velocities
of elastic waves in rocks.

Apparatus. The apparatus is similar to that
described by Birch [1960] and is illustrated in
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Figure 1. A rectangular electrical pulse of about
100 volts, applied to a barium titanate trans-
ducer, imparts a compressional pulse to one face
of the sample. The mechanical pulse is received
by an identical transducer and converted to an
electrical signal which is amplified and displayed
on a dual-trace oscilloscope (Tektronix 545 with
a C-A plug-in preamplifier). The initial pulse is
also sent through a continuously variable colunm
of mercury separated by two transducers, one
fixed in the base and the other mounted on a
slide. Measurements are made by adjusting the
length of the mercury colunm to superimpose
the first arrivals from the sample and mercury
delay. The velocity of propagation Vp through
the sample is simply obtained from the length
of the mercury column, the Vp in mercury, and
the length of the sample.

The specimen, a cylindrical core 2.5 em in
diameter and 5 to 10 em long, is jacketed with
a thin copper tube. The ends of the specimen
are ground parallel and painted with silver con~
ducting paint for an electrical ground as recom-
mended by Simmons [1964b]. The rubber tubing
serves to seal the pressure fluid from the spaces
between the sample, aluminum electrodes, and
transducers. The copper jacket and rubber tub-
ing exclude the pressure fluid from the pore
space of the rock.

Velocity data. Velocities and densities for
the metamorphic rocks are given in Table 1.
Measured velocities obtained with increasing
pressure are usually slightly lower than those
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Fig. 1. Diagram illustrating electrical compo-
nents and arrangement of rock sample, trans-
ducers, and electrodes.

found with decreasing pressure. Examples are
shown in Figures 2 and 3. The amount of
hysteresis is related to the rock type. The gneiss
and schist specimens exhibit significant hysteresis
at pressures below 1 kb, whereas in the finer-
grained, more compact quartzite, feldspathic
mica quartzite, and slate, departures from a
mean curve rarely exceed 1%.This is illustrated
by a comparison of Figures 2 and 3.

The hysteresis is attributed primarily to the
adjustment of the rock porosity to changes in
pressure. During the runs, at pressures below
1 to 2 kb, insufficient time was allowed for the
porosity to come to equilibrium at a given
pressure. This effect would produce lower-
velocity and higher-velocity measurements with
increasing and decreasing pressure, respectively.
The true velocity will be somewhere between
the two curves. The velocities of Table 1 are
mean values for first-cycle runs of the specimens.

The accuracy of the velocity data has previ-
ously been discussed by Birch [1960] and the
discussion will not be repeated here. The ve-
locities have not been corrected for change in
length due to pressure, nor have corrections
been made for mercury temperature changes in
the delay line. According to Birch [1960] and
Simmons [1964b], these corrections amount to
less than 1 or 2% and are of minor significance
as far as absolute velocities are concerned.

Description of materials. In recent papers by
Birch [1960, 1961] and Simmons [1964a] the
need for a more systematic study of the factors
which influence the velocities of compressional

waves in rocks has been stressed. Compositional
and structural differences often produce large
velocity differences in specimens de;;cribed as the
same rock type. Further confusion is often added
by the inconsistencies in rock terminology. Thus
in order to make full use of elastic wave data it
is necessary to study in detail the rocks from
which velocities are measured.

Densities and localities from which the speci-
mens were collected are given in Table 1. Aver-
age mineralogical compositions for a number of
the specimens are given in Table 2. All modal
analyses were made using the point-counting
method. The modal analyses, which represent
averages of 4 to 6 thin sections cut directly from
the ends of the velocity cores, are therefore
considered to be representative of the samples.
The minimum number of points counted for
each specimen is 2500. Plagioclase compositions
(Table 2) were determined on the universal
stage by measuring extinction angles in grains
oriented normal to crystallographic a. Average
grain size is given in Table 3. Descriptions of
the specimens are summarized in Table 4. The
rock terminology used in this paper is essentially
that outlined by Gates and Christensen [1965].

Discussion. Observed seismic velocities in
the earth are equivalent to laboratory measure-
ments of a variety of rocks. Most reported
velocities in the crust have been correlated
with an igneous sequence ranging from granite
to gabbro. However, sole consideration of igneous
rocks as possible constituents of the crust may
result in misjudgment of crustal composition,
since average velocities over three measured di-
rections for several metamorphic and igneous
rocks with similar chemical compositions and
densities are nearly equivalent.

A comparison of velocities above 4 kb for
granitic gneiss and homogeneous granite of
similar composition shows little difference in
average velocities. Birch [1960] gave compres-
sional wave velocities for Chelmsford granite
ranging from 6.22 to 6.35 km/sec at 4 to 10 kb
pressure. The reported mineral composition of
the Chelmsford granite closely approximates
gneiss 2, which gives average velocities of 6.18
to 6.33 km/sec over an equivalent pressure
range. In the basic rocks, amphibolite and gab-
bro, which differ in mineralogy but are chemi-
cally equivalent, have similar velocities. Birch
[1960] reported measurements for two gabbros,
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Pressure,
Den- kb

Orien- sity,
Rock tation g/cm3 0.1 0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0 8.0 10.0

Gneiss 1 X 2.643 4.7 5.0 5.5 5.7 5.8 5.92 6.12 6.23 6.29 6.34 6.37
Torrington, Y 2.621 5.0 5.4 5.8 5.9 6.01 6.07 6.18 6.29 6.32 6.37 6.41
Conn. Z 2.665 4.6 4.9 5.5 5.7 5.84 5.91 6.05 6.15 6.21 6.24 6.29
Mean 2.643 4.8 5.1 5.6 5.8 5.9 5.97 6.12 6.22 6.27 6.32 6.35

Gneiss 2 X 2.661 4.5 4.8 5.3 5.5 5.7 5.79 6.04 6.22 6.29 6.35 6.39
Torrington, Y 2.651 4.5 4.9 5.4 5.7 5.8 5.91 6.09 6.22 6.27 6.31 6.35
Conn. Z 2.650 4.6 5.1 5.5 5.7 5.8 5.85 6.04 6.09 6.15 6.21 6.25
Mean 2.654 4.5 4.9 5.4 5.6 5.8 5.85 6.06 6.18 6.24 6.29 6.33

Gneiss 3 X 2.742 5.1 5.3 5.7 5.9 6.05 6.19 6.32 6.44 6.48 6.54 6.58
Torrington, Y 2.745 4.7 5.0 5.5 5.8 5.97 6.06 6.33 6.42 6.48 6.53 6.57
Conn. Z 2.777 5.4 5.5 5.9 6.1 6.14 6.19 6.32 6.43 6.50 6.53 6.56
Mean 2.755 5.1 5.3 5.7 5.9 6.05 6.15 6.32 6.43 6.49 6.53 6.57

Gneiss 4 X 2.819 4.6 5.0 5.4 5.7 5.9 6.02 6.32 6.52 6.60 6.68 6.72
Torrington, Y 2.877 4.7 5.1 5.5 5.8 6.0 6.08 6.28 6.45 6.52 6.57 6.63
Conn. Z 2.776 5.1 5.3 5.7 5.8 5.92 5.98 6.14 6.23 6.29 6.34 6.38
Mean 2.824 4.8 5.1 5.5 5.8 5.9 6.03 6.25 6.40 6.47 6.53 6.58

Gneiss 5 X 2.845 5.5 5.8 5.9 6.1 6.24 6.29 6.35 6.47 6.54 6.58 6.63
Torrington, Y 2.850 5.7 5.7 5.8 5.81 5.85 5.88 5.99 6.16 6.36 6.49 6.58
Conn. Z 2.848 5.2 5.4 5.7 5.9 5.94 5.98 6.09 6.18 6.24 6.29 6.33
Mean 2.848 5.5 5.6 5.8 5.9 6.01 6.05 6.14 6.27 6.38 6.45 6.51

Metagabbro X 2.98 5.9 5.99 6.07 6.15 6.18 6.32 6.51 6.63 6.73 6.80
Goshen, Conn. Y 3.00 6.3 6.31 6.36 6.38 6.43 6.46 6.58 6.72 6.79 6.86 6.92

Z 2.98 5.4 5.68 6.02 6.22 6.33 6.40 6.57 6.69 6.75 6.82 6.84
Mean 2.99 5.9 5.95 6.12 6.22 6.30 6.35 6.49 6.64 6.72 6.80 6.85

Epidote amphib-
olite 1 X 3.11 6.8 6.9 7.1 7.2 7.2 7.29 7.45 7.61 7.73 7.77 7.82
Litchfield, Conn. Y 3.15 6.0 6.3 6.7 6.9 7.0 7.10 7.32 7.52 7.60 7.65 7.69
Mean 3.13 6.4 6.6 6.9 7.0 7.1 7.20 7.39 7.56 7.66 7.71 7.75

Epidote amphib-
olite 2 X 3.25 6.4 6.5 6.8 6.9 7.1 7.15 7.40 7.66 7.75 7.81 7.83
Litchfield, Conn. Y 3.30 6.4 6.6 6.9 7.1 7.2 7.25 7.49 7.65 7.72 7.77 7.80

Z 3.24 5.8 6.1 6.4 6.7 6.8 6.87 7.07 7.24 7.32 7.36 7.39
Mean 3.26 6.2 6.4 6.7 6.9 7.0 7.09 7.32 7.52 7.60 7.65 7.67

Amphibolite 1 X 3.05 7.0 7.1 7.1 7.2 7.18 7.21 7.26 7.37 7.42 7.46 7.49
Bantam, Conn. Y 3.04 6.9 7.0 7.04 7.09 7.10 7.13 7.20 7.28 7.33 7.38 7.42

Z 3.04 5.6 5.8 6.05 6.14 6.23 6.29 6.45 6.60 6.68 6.73 6.76
Mean 3.04 6.5 6.6 6.73 6.81 6.84 6.88 6.97 7.08 7.14 7.19 7.22

Amphibolite 2 X 3.03 5.8 6.1 6.5 6.7 6.89 6.97 7.25 7.47 7.52 7.58 7.61
Bantam, Conn. Y 3.02 6.2 6.4 6.6 6.8 6.85 6.92 7.08 7.22 7.26 7.29 7.33

Z 3.03 4.5 4.9 5.4 5.7 5.9 6.01 6.27 6.44 6.51 6.55 6.59
Mean 3.03 5.5 5.8 6.2 6.4 6.55 6.63 6.87 7.04 7.10 7.14 7.18

Garnet schist X 2.75 5.4 5.7 6.1 6.3 6.37 6.44 6.58 6.70 6.74 6.77 6.82
Thomaston, Y 2.76 5.3 5.6 6.0 6.2 6.29 6.44 6.54 6.64 6.71 6.76 6.77
Conn. Z 2.76 5.0 5.3 5.5 5.61 5.67 5.71 5.84 5.95 6.05 6.11 6.17
Mean 2.76 5.2 5.5 5.9 6.0 6.11 6.20 6.32 6.43 6.50 6.55 6.59

Kyanite schist 1 X 2.99 5.0 5.4 5.9 6.2 6.34 6.53 6.72 7.07 7.27 7.41 7.50
Torrington, Y 2.95 5.6 6.1 6.4 6.55 6.72 6.78 7.01 7.17 7.29 7.35 7.48
Conn. Z 3.07 4.6 5.1 5.5 5.8 5.95 6.12 6.61 6.92 7.03 7.19 7.26
Mean 3.00 5.1 5.5 5.9 6.2 6.34 6.48 6.78 7.05 7.20 7.32 7.41
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TABLE 1. Velocity of Compressional Waves (km/sec) as a Function of Pressure
(Propagation is normal to the foliation for the Z orientation)
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Kyanite schist 2 X 2.73 5.8 6.1 6.4 6.53 6.68 6.73 6.92 7.04 7.17 7.23 7.27
Torrington, Y 2.84 5.0 5.3 5.8 6.05 6.15 6.26 6.54 6.75 6.87 6.92 7.00
Conn. Z 2.73 4.6 5.0 5.4 5.57 5.67 5.74 5.87 6.02 6.02 6.12 6.20
Mean 2.77 5.1 5.5 5.9 6.05 6.17 6.24 6.44 6.60 6.70 6.76 6.82

Staurolite-garnet X 2.75 5.9 6.4 6.63 6.74 6.78 6.87 6.97 7.16 7.20 7.23 7.25
schist Y 2.76 5.6 6.0 6.2 6.41 6.49 6.54 6.66 6.77 6.85 6.89 6.93
Litchfield, Conn. Z 2.75 4.8 5.1 5.25 5.34 5.41 5.54 5.63 5.70 5.78 5.85
Mean 2.75 5.7 6.0 6.13 6.20 6.27 6.39 6.52 6.58 6.63 6.68

Gneiss 6 X 2.76 5.4 5.7 5.9 6.0 6.10 6.17 6.34 6.49 6.55 6.60 6.65
Goshen, Conn. Y 2.75 5.2 5.5 5.7 5.9 5.98 6.05 6.24 6.44 6.52 6.57 6.63

Z 2.76 4.1 4.4 4.7 4.9 5.07 5.16 5.43 5.66 5.81 5.90 5.99
Mean 2.76 4.9 5.2 5.4 5.6 5.72 5.79 6.00 6.20 6.29 6.36 6.42

Quartzite X 2.63 5.2 5.5 5.7 5.83 5.91 5.98 6.07 6.16 6.21 6.24 6.28
Clarendon Y 2.62 5.6 5.8 5.91 5.97 6.01 6.05 6.12 6.17 6.21 6.26 6.28
Springs Z 2.63 5.6 5.79 5.95 6.01 6.07 6.11 6.18 6.25 6.29 6.31 6.33
Mean 2.63 5.5 5.7 5.85 5.94 6.00 6.05 6.12 6.19 6.24 6.27 6.30

Feldspathic mica X 2.68 5.4 5.7 6.1 6.17 6.23 6.27 6.35 6.43 6.49 6.51 6.55
quartzite Y 2.66 5.2 5.5 5.9 6.06 6.11 6.16 6.23 6.29 6.35 6.39 6.43
Thomaston,
Conn. Z 2.68 5.1 5.4 5.69 5.78 5.83 5.86 5.93 6.01 6.07 6.12 6.17
Mean 2.67 5.2 5.5 5.9 6.00 6.06 6.10 6.17 6.24 6.30 6.34 6.38

Slate X 2.77 6.28 6.31 6.34 6.35 6.36 6.37 6.41 6.48 6.54 6.59 6.66
Poultney, Vt. Y 2.75 6.29 6.31 6.32 6.33 6.34 6.36 6.40 6.46 6.51 6.57 6.63

Z 2.77 4.94 4.97 5.02 5.04 5.06 5.09 5.15 5.29 5.41 5.50 5.59
Mean 2.76 5.84 5.86 5.89 5.91 5.92 5.94 5.99 6.08 6.15 6.22 6.29
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TABLE 1. (Continued)

Rock
Orien-
tation

Den-
sity,
g/cm3 0.1 0.2 1.0

Pressure,
kb

0.4 0.6 0.8 2.0 4.0 6.0 8.0 10.0

one from Mellen, Wisconsin, and the other from
French Creek, Pennsylvania, with velocities at
pressures of 4 to 10 kb of 7.13 to 7.21 km/sec
and 7.11 to 7.23 km/sec, respectively. Amphi-
bolites 1 and 2 gave average velocities over the
same pressure range of 7.08 to 7.22 km/sec and
7.04 to 7.18 km/sec.

In the following pages, emphasis is placed on
the attempt to understand the major factors
which influence the velocity of compressional
waves in rocks. The effects of porosity, mineral
orientation, and mineral composition on velocity
are considered.

Porosity. A consideration of the nonsolid
part of a rock involves the volume and geometry
of the void system which, in turn, are functions
of the shape, packing, and uniformity in size of
the constituent minerals. At low pressures the
velocities of elastic waves are influenced by the

6.5

6.0

Vp
(km/s)

HIGHLANDS

GNEISS
5.5

5.0

10

PRESSURE (kb)

Fig. 2. Velocity as a function of pressure for a
specimen of gneiss 4.
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Rock Quartz Microcline Plagioclase Biotite Hornblende Rest

Gneiss 1 32.0 38.7 22.7 an20 5.3 1.4 mu
Gneiss 2 22.1 41.4 26.0 an2a 9.5 1.1 mu
Gneiss 3 20.6 3.4 56 . 1 anal 6.7 12.4 0.7aI0.1sp
Gneiss 4 19.5 0.4 45.6 anaa 16.5 17.4 O. 1 mu 0.3 sp 0.2 ma
Gneiss 5 8.9 50.0 an" 18.3 21.5 1.3 cl
Metagabbro 5.4 23.9 an4S 18.7 48.8 2.3 sp 0.8 il
Epidote amphibolite 1 5.1 10.6 ana2 50.4 33 .9 ep
Epidote amphibolite 2 3.4 2.9 anaa 46.5 47.3 ep
Amphibolite 1 2.5 18.7 an49 0.3 72.9 4.4 cl1.2 sp
Amphibolite 2 3.6 26.4 an4. 0.3 67.9 0.9 cl 0.9 sp
Feldspathic mica

quartzite 68.9 20.2 ann 10.1 0.5 mu 0.2 ap 0.1 al
Gneiss 6 39.4 31. 9 an32 20.8 4. 1 mu 2. 8 al 1. 0 si
Quartzite 95.6 0.4 0.7 3.2 ca 0.1 mu
Garnet schist 29.0 35.0 an22 30.0 5.0 al1.0 ma
Kyanite schist 1 8.0 23.0 an2' 14.0 23.0 mu 2.0 al

27 . 0 ky 3.0 ma
Kyanite schist 2 35.0 15.0 an26 13.0 15.0 mu 1.0 al

19.0 ky 2.0 ma
Staurolite garnet schist 44.0 13.0 an25 23.0 13.0 mu 2.0 al

3 .0 st 1. 0 ma
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volume and geometry of the pore space. The
initial rapid increase of velocity with pressure is
due to closure of pore space [Birch, 1961;
Walsh, 1965]. As pressure is increased, porosity
is reduced until the velocity is virtually inde-
pendent of porosity. The characteristic curve of
velocity versus pressure shows a rapid decrease
in slope at pressures near 1 kb and approxi-
mates linearity at pressures between 4 and 10
kb. This change in slope suggests that for most
igneous and metamorphic rocks the effects of
porosity are essentially eliminated in the pres-
sure range of 1 to 4 kb.

Walsh [1965J has considered theoretically the
effect of pore geometry upon compressibility of
rocks. Expressions for compressibility were de-
rived for narrow cracks and low concentrations
of spherical pores. It was shown that for nar-
row cracks the effective compressibility increases
as the cube of the crack length. Measurements
with increasing pressure for a specimen of gneiss
by Brace [1965J show that the linear compres-
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sibility of a core cut normal to the banding is
first greater, then smaller, and then greater than
the linear compressibility of a core cut parallel
to the banding. The crossovers have been inter-
preted by Walsh [1965J as resulting from the

6.5

6.0

,---~- -
-_.~-_.-.---

Vp
(km/$)

5.5 -;
QUARTZITE

5.0

10

PRESSURE (kb)

Fig. 3. Velocity as a function of pressure for a
specimen of quartzite.

TABLE 2. Modal Analyses
(Percentages by volume.)

al almandite
ap apatite
bi biotite
ca calcite
cl clinozoisite

ep epidote
ho hornblende
il ilmenite
ky kyanite
ma magnetite
mi micro cline

mu muscovite
pI plagioclase
qu quartz
si sillimanite
sp sphene
st staurolite
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TABLE 3. Average Grain Size
(Diameters in millimeters.)

Plagio- Micro- Epi-
Rock Quartz clase cline Biotite Muscovite Hornblende dote

Gneiss 1 0.5 0.5 0.6 0.6 X 0.1 0.5 X 0.4
Gneiss 2 0.3 0.2 0.3 0.3 X 0.1
Gneiss 3 0.5 0.4 0.3 0.5 X 0.1 0.6 X 0.3

Gneiss 4 0.4 0.3 0.3 0.5 X 0.1 0.9 X 0.5
Gneiss 5 0.3 0.3 0.5 X 0.1 0.5 X 0.4
Epidote amphibolite 1 0.1 0.1 0.4 X 0.1 0.1

Epidote amphibolite 2 0.1 0.1 0.3 X 0.1 0.1
Amphibolite 1 0.1 0.1 0.8 X 0.2
Amphibolite 2 0.1 0.2 1.0 X 0.2

Metagabbro 0.5 1.6 1.8 X 1.4 1.0 X 0.8
Garnet schist 0.2 0.2 0.2 X 0.1
Kyanite schist 1 0.2 1.5 0.8 X 0.4 0.4 X 0.1

Kyanite schist 2 0.2 1.2 1.0 X 0.4 0.4 X 0.1
Staurolite garnet schist 0.4 0.4 0.8 X 0.1 0.6 X 0.1
Gneiss 6 0.4 0.4 0.6 X 0.2 0.4 X 0.1

Quartzite 0.7 0.1 0.1
Feldspathic mica quartzite 0.2 0.2 0.2 X 0.1

TABLE 4. Description of Specimens

Specimen Formation Remarks

Gneiss 1
Gneiss 2
Gneiss 3
Gneiss 4
Gneiss 5

Gneiss 6

Gneiss complex of the
Berkshire Highlands

Gneissosity is due to segregation of granular
quartz and feldspar from the platy or
prismatic biotite and hornblende

Kyanite schist 1 and 2 Hartland

Differs from Highlands gneiss suite in its
lack of micro cline and hornblende and
the presence of sillimanite

Contain abundant 18- to 12- mm ! in.
kyanite crystals and quartz augen

Garnet porphyroblasts range in diameter
from microscopic to 7 mm.

Staurolite and garnet occur as crystals 2.5
to 7 mm in diameter

Composed of large sutured quartz grains
separated by a mosaic of fine quartz

Well oriented biotite is disseminated
through a quartz-plagioclase matrix

Well foliated with some segregation of
plagioclase and hornblende

Very fine grained with well developed
cleavage

Massive, somewhat cataclastic texture
Red with well developed cleavage

Waramaug

Garnet schist Hartland

Staurolite garnet schist Hartland

Quartzite

Feldspathic mica quartzite

Danby

Hartland

Amphibolite 1 and 2

Epidote amphibolite 1 and 2

Mount Tom

Hodges mafic complex

Metagabbro
Slate

Hodges mafic complex
Indian River
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TABLE 5. Velocity Anisotropy in Various Metamorphic Rocks

P = 0.1 kb P = 4.0 kb P = 10.0 kb

V p, km/sec Diff., V p, km/sec Diff., Vp, km/sec Diff.,
% of % of % of

Rock Highest Lowest mean Highest Lowest mean Highest Lowest mean

Gneiss 1 5.0 4.6 9 6.29 6.15 2 6.41 6.29 2
Gneiss 2 4.6 4.5 2 6.22 6.09 2 6.39 6.25 2
Gneiss 3 5.4 4.7 14 6.44 6.42 1 6.58 6.56 1
Gneiss 4 5.1 4.6 10 6.52 6.23 5 6.72 6.38 5
Gneiss 5 5.7 5.2 9 6.47 6.16 5 6.63 6.33 5
Gneiss 6 5.4 4.1 27 6.49 5.66 13 6.65 5.99 10

Garnet schist 5.4 5.0 8 6.70 5.95 12 6.82 6.17 10
Kyanite schist 1 5.6 4.6 20 7.17 6.92 3 7.50 7.26 3
Kyanite schist 2 5.8 4.6 23 7.04 6.02 16 7.27 6.20 16
Staurolite garnet

schist 5.9 4.6 31 7.16 5.63 24 7.25 5.85 21
Epidote amphibo-

lite 2 6.4 5.8 10 7.66 7.24 6 7.83 7.39 6
Amphibolite 1 7.0 5.6 22 7.37 6.60 10 7.49 6.76 10
Amphibolite 2 6.2 4.5 32 7.47 6.44 15 7.61 6.51 16
Metagabbro 6.3 5.4 15 6.72 6.51 3 6.92 6.80 2

Quartzite 5.6 5.2 7 6.25 6.16 1 6.33 6.28 1
Feldspathic mica

quartzite 5.4 5.1 6 6.43 6.01 7 6.55 6.17 6
Slate 6.3 4.9 25 6.48 5.29 20 6.66 5.59 18
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6.5
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;;:~/-.~//

6.0 j/

l
5.5!!

/5.0.
o 2 4 P(kb) 6 8 10

Fig. 4. Compressional wave velocities for spe-
cimens of gneiss cut parallel and perpendicular
to the banding. Circles indicate parallel cut; dots
perpendicular cut.

Vp

,

orientation and length of cracks in the speci-
mens. The greater initial change of linear com-
pressibility with pressure for the core cut
normal to the banding is apparently the result
of shorter grain boundary cracks normal to the
banding. Hence the orientation of cracks in a
rock is related to differences in initial linear
compressibility with direction.

Initial changes of velocity with pressure are
therefore presumably related to the orientation
and lengths of cracks. For metamorphic rocks
at pressures above 1 to 2 kb the lowest velocities
are usually obtained from a sample cut normal
to the foliation. However, velocity data at pres-
sures between 0.1 and 1 kb frequently show that
cores cut normal to the foliation possess higher
velocities than specimens cut parallel to the
foliation. A plot of velocity versus pressure re-
sults in a crossover of the velocity curves. This
relationship is common in the gneiss specimens
and is illustrated in Figure 4 for gneiss 4. Meas-
urements by Brace [1965J of linear compressi-
bility of gneiss 2 indicates crossovers at pres-
sures of approximately 0.15 and 1.5 kb. The
1.5-kb crossover is in excellent agreement with
velocity measurements. The lower pressure
crossover was not observed in velocity measure-
ments but may have been masked by the poor
signals that are common in low-pressure meas-
urements.

Velocity crossovers were also observed in two
of the amphibolites. In both rock specimens
(amphibolite 2 and epidote amphibolite 2) the
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crossover involved measurements obtained from
the cores cut parallel to the maximum con-
centrations of band c axes of hornblende.

Anisotropy. Compressional wave velocity dif-
ferences found for three mutually perpendicular
directions in various rocks can be traced to the
degree of orientation of the mineral components
[Birch, 1961]. In dunites, for example, the ap-
preciable anisotropy at high pressure has been
successfully correlated with the degree of
orientation of olivine and the anisotropy of the
olivine crystals.

Anisotropies greater than those of the dunites
are observed in many of the metamorphic
rocks. This is illustrated in Table 5, where

z

a
z

c
z

e

z

d

y

Fig. 5. Petrofabric diagrams for poles of {00l}
cleavage planes in biotite. (a) Gneiss 1, 200 poles.
(b) Gneiss 2, 200 poles. (c) Gneiss 3, 330 poles.
(d) Gneiss 4, 350 poles. Contours at 7%, 5%, 3%,
and 1% per 1% area for gneiss 1 through 4. (e)
Gneiss 5, 200 poles. Contours at 5%, 3%, and 1%
per 1% area. (f) Feldspathic mica quartzite, 200
poles. Contours at 25%, 20%, 15%, 10%, 5%, and
1% per 1% area.

velocity differences expressed as a percentage of
the mean velocity are given. The data show that
anisotropies at 0.1 kb are, in general, greater
than anisotropies at high pressures. Velocity
differences at 4 and 10 kb are, however, in close
agreement with one another for each specimen.
At high pressures the effect of porosity on
velocity is of minor significance; hence the
anisotropies show little variation with pressure
and are primarily related to mineral orientation.

Anisotropy at high pressure may also re-
sult from compositional differences of cores
selected for measurement. The large size of the
kyanite crystals and the presence of irregular
quartz stringers probably produce important
compositional differences in the two specimens
of kyanite schist. Slight compositional differ-
ences resulting from bands in the gneiss speci-
mens may also be responsible for some of their
observed anisotropy. In most of the gneiss speci-
mens, however, the layer thickness is small in
comparison with the core diameter, thereby
producing fairly uniform cores.

One of the most distinctive features of the
gneiss and schist specimens is the tendency of
the micas to assume a parallel, or partially

z z

y

y

(a)
z

(b)

y

(el

Fig. 6. Petrofabric diagrams for poles of {ool}
cleavage planes of mica. (a) Gneiss 6, 250 poles.
Contours at 20%, 15%, 10%, 5%, and 1% per
1% area. (b) Garnet schist, 300 poles. Contours at
15%, LO'1o,5%, and 1% per 1% area. (c) Staurolite
garnet schist, 300 poles. Contours at 30%, 35%,
20%, 150/0, 10%, 5%, and 10/0 per 1% area.
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COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS

TABLE 6. Compressional Wave Velocities in Mica
(km/sec) [Alexandrov and Ryzhova, 1961b]

Propagation
Direction Biotite PhlogopiteMuscovite

001
110
010
100

4.44
8.06
8.03
7.90

4.21
7.83
7.78
7.87

4.30
8.03
7.95
7.94

parallel, crystallographic orientation. Petro-
fabric studies of the gneiss and schist specimens
show no significant preferred orientation of
quartz and feldspar. The micas, however, are
oriented in various patterns, their {Ool} cleav-
age planes tending to parallel the banding or
foliation. The state of preferred orientation of
mica for selected rocks is shown in Figures 5
and 6. The orientation patterns were obtained
by examining oriented thin sections cut directly
from the ends of the cores on a universal stage.
The data were plotted on a Schmidt equal-area
stereographic projection, the projections being
from the lower hemisphere onto the equatorial
plane. Density contours were constructed ac-
cording to the procedure of Schmidt [1925].
The axial directions of the velocity cores indi-
cated by X, Y, and Z in Figures 5 and 6 cor-

30
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respond to the orientation given in Table 1.
The measurement of {Ool} direction in mica,

the direction normal to the {OOl} plane, is re-
stricted to planes inclined at angles of 40° or
more to the plane of the thin section, so that
the center of the diagrams are occupied by
vacant areas. The vacant areas were checked for
marked concentrations by measurements in
mutually perpendicular sections. No corrections
were made for refraction effects due to tilting
of the sections or errors resulting from the
tabular habit of mica. These corrections are be-
lieved to be of minor importance because of
the strong concentrations of axes at a low angle
of tilt.

Measurements of velocities of compressional
waves in mica reported by Alexandrov and
Ryzhova [196lb] are shown in Table 6. Their
data show that compositional differences have
little influence on velocities in the micas. The
close agreement of the micas to hexagonal
symmetry is responsible for the similar velocities
along the {100}, {OlO}, and {110} propagation
directions. The minor influence of chemical
composition coupled with the similar velocities
for propagation directions normal to the {OOl}
direction produce an especially favorable situa-
tion for a comparison of the degree of mica
orientation with velocity differences.

>-
a. 20o
CII:
I-
o
II)

z
«

100% PARALLEL
ORIENTATION

OF 1001:

10

o
o 10 20

% MICA

30 40

Fig. 7. Anisotropy versus the percentage of mica for gneiss and schist specimens (see text).
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TABLE 7. Compressional Wave Velocities
in Hornblende (km/sec) [Alexandrov

and Ryzhova, 1961a]

Propagation
Direction Hornblende I Hornblende II

001
010
100

8.13
7.54
6.45

7.85
7.16
6.11

A plot of the percentage of mica versus the
measured difference in velocity at 10 kb for a
variety of schists and gneisses is shown in
Figure 7. The solid upper line is a theoretical re-
lationship for perfect orientation of mica. The
line was obtained from the assumption that a
rock composed of 100% mica with perfect
orientation would have velocities of 4.3 km/sec
and 7.9 km/sec perpendicular and parallel to
the foliation, respectively. These velocities would
produce an anistropy factor of 59. Since the
anisotropy is expressed as a percentage of the
mean velocity, it is somewhat dependent upon
the velocities of the mineral constituents oc-
curring with the micas in the metamorphic
rocks. Quartz, albite, oligoclase, and microcline
form a large percentage by volume of the
gneiss and schist specimens. Both single-crystal
data and velocity measurements in mono-
mineralic aggregates indicate that the above
minerals have average velocities close to 6.1
lan/sec, which is the mean velocity of measure-
ments parallel (4.3 km/sec) and perpendicular
(7.9 lan/sec) to the {OO!} direction in the micas.
Thus a linear relationship between anisotropy
and percentage of mica appears to be valid for
rocks composed of quartz, feldspar, and oriented
mICa.

The micas in the five specimens of Highlands
gneiss have similar orientation patterns. For
specimens 1 through 4 the maximum contour
encloses concentrations of 7% of the {001} mica
poles in a 1% area. Gneiss 5 has a maximum
contour of 5%. The dashed line in Figure 7
represents a least-squares solution for the five
points corresponding to gneiss specimens 1
through 5. Any point falling on or near the
dashed line represents a rock with a mica orien-
tation pattern similar to that of the specimens
of the Highlands gneiss suite. Specimens with
more random mica orientation will fall below

the dashed line, and rocks with mica which de-
part slightly from the ideal orientation will ap-
proach the upper solid line.

The orientation data recorded in the fabric
diagrams are in agreement with observed ve-
locity differences. Specimens 7 (the feldspathic
mica quartzite) and 10 (the staurolite garnet
schist) have high anisotropy for their respective
mica content. The petro fabric diagrams indi-
cate that the mica flakes in specimens 7 and 10
depart only slightly from ideal orientation.
Specimens 6 (gneiss 6) and 9 (the garnet schist)
have fabric diagrams which indicate a degree
of mica orientation intermediate between that
of the Highlands gneiss suite and specimens 7
and 10. Petro fabric study of the metagabbro
(specimen 8, Figure 7) yielded no obvious pre-
ferred orientation pattern of mica. The ob-
served anisotropy (less than 2% at 10 kb) may
be the result of an inconspicuous subparallel
orientation of amphibole.

Recent measurements of compressional wave
velocities by Alexandrov and Ryzhova [1961a]
in two specimens of hornblende are given in
Table 7. Alexandrov and Ryzhova used an

a b

c

Fig. 8. Petrofabric diagrams for poles of {nO}
cleavage planes of hornblende in amphibolite. (a)
Amphibolite 1, 200 poles. Contours at 9%, 7%,
5%,3%, and 1% per 1% area. (b) Amphibolite 2,
200 poles. Contours at n %, 9%, 7%, 5%, 3%, and
1% per 1% area. (c) Epidote amphibolite 2, 200
poles. Contours at 7%, 5%, 3%, and 1% per
1% area.
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orthogonal system of coordinates for their ve-
locity measurements. The transition of the
monoclinic horn bIen des to the orthogonal sys-
tem of coordinates resulted in measured veloci-
ties parallel to the c and b axes, and at 16° from
the a axis. Thus the propagation direction {OOl}
given in Table 4 is in actuality parallel to the
c axes rather than to the {OOl} direction. The
{OlO} direction in Table 4 corresponds both to
the b axis and the {OlO} direction. The {lOO}
direction is along a perpendicular to the plane
containing the band c axes and does not coin-
cide in direction with the a axis.

Directions for measured velocities in the
amphibolite specimens were selected to coin-
cide with the velocities obtained in hornblende
by Alexandrov and Ryzhova. Velocities were
measured parallel to maximum concentrations
of the c and b axes and perpendicular to the
plane containing the c and b maximums. The
latter direction corresponds to the normal to
the foliation planes of the amphibolites. The re-
lationship of preferred orientation of horn-
blende and measured velocity directions is re-
corded in Figure 8.

The amphibolite velocities and hornblende
orientation data clearly relate the velocity dif-
ferences to the orientation of hornblende. In
all amphibolite specimens maximum velocities
are obtained in propagation directions parallel
to the concentrations of hornblende c axes. In-
termediate velocities correspond to the b axis

TABLE 8. Velocity Differences in Amphibolite
at 10 Kilobars (V" in km/sec.)

Specimen

Horn-
blende,

%

PV
Diff.
It

MV
p* Diff. t

Epidote
amphibolite 2 46.5

Amphibolite 1 72.9
Amphibolite 2 67.9

7
9

11

0.44
0.73
1.02

0.03
0.07
0.28

* Maximum concentration of [110] poles per 1%
area.

t Maximum velocity difference.
t Partial velocity difference for propagation

parallel to maximum concentrations of band c axes.
§ Partial velocity difference for propagation

parallel to maximum concentrations of b axes and
{100} directions.
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PV
Diff.
2§

concentrations, and low velocities are charac-
teristic of wave propagation normal to folia-
tion. These relationships are consistent with the
measurements of Alexandrov and Ryzhova. The
maximum differences in velocity at 10 kb for
epidote amphibolite 2, amphibolite 1, and
amphibolite 2 are less than the maximum ve-
locity differences reported for hornblende by
Alexandrov and Ryzhova. The lower velocity
differences are to be expected because the
amphibolites are partially composed of ran-
domly oriented plagioclase and epidote. Fur-
thermore, hornblende in the amphibolites does
not possess perfect crystallographic orienta-
tion.

As with the micaceous metamorphic rocks,
the velocity differences in the amphibolite
specimens can be correlated with the degree of
mineral orientation and the percentage of ori-
ented minerals (Table 8). The hornblende con-
tent of amphibolites 1 and 2 is very similar,
but amphibolite 2 contains a higher degree of
mineral orientation and thus a greater velocity
anisotropy. The low velocity difference of
epidote amphibolite 2 is a consequence of its
relatively low content of hornblende coupled
with a more random crystallographic orienta-
tion of hornblende.

Measurements in single crystals of horn-
blende show that the velocity differences in the
c and b directions are less than velocity differ-
ences in the band {lOO} directions (Table 7).
This relationship is also evident in the meas-
ured amphibolite velocities (Table 8). In the
three specimens velocities parallel to the maxi-
mum concentrations of b axes are closer in value
to velocities parallel to the c axes than to ve-
locities parallel to the {100} direction. The low
velocity difference in the c and b axis concen-
trations in amphibolite 1 and epidote amphi-
bolite 2 are also related to the relatively ran-
dom orientation of the hornblende prisms in
the schistosity planes of the specimens.

Mineral composition. Elastic constants have
now been determined for most of the common
rock-forming minerals. The low crystal sym-
metry of the more common minerals is re-
sponsible for the prevalent anisotropy in their
elastic properties. However, many rocks, even
though they are composed primarily of low-
symmetry crystals, are isotropic or nearly iso-
tropic in their elastic properties because of the

0.41
0.66
0.74
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TABLE 9. Calculated Velocities in Aggregates

NIKOLAS 1. CHRISTENSEN

15p,. =

Mineral
V"'

km/sec
Den-
sity Voigt Reuss Mean

Refer-
ence*

Microlinet
Oligoclaset
Quartz

Labradorite§
Calcite
Muscovite

Biotite
Hornblende I
Hornblende II

Augite
Olivine II

Aegirite

Garnet 2
Garnet 1
Magnetite

2.56 6.36 5.67 6.02
2.64 6.54 5.90 6.22
2.65 6.22 5.95 6.09

2.68 6.82 6.58 6.70
2.72 6.64 6.17 6.45
2.79 6.46 5.10 5.78

3.05 6.17 4.35 5.26
3.12 6.93 6.68 6.81
3.15 7.26 6.83 7.04

3.32 7.39 7.05 7.22
3.32 8.56 8.40 8.48
3.50 7.40 7.24 7.32

4.18 8.52 8.52 8.52
4.25 8.47 8.47 8.47
5.20 7.39 7.39 7.39

*1. Alexandrov and Ryzhova [1961a, b, 1962].
2. Cady [1946, p. 137].
3. Bhimasenachar [1949].
4. Alexandrov et al. [1964].
5. Verma [1960].
6. Doraiswami [1947].

t or78.6 abl9.« an2.1
t an15--16
§ ann-GO
II f092

random orientation of their constituent min-
erals.

The prediction of the elastic constants of a
'quasi-isotropic' rock, made up of a large num-
ber of randomly oriented, highly anisotropic
crystals, from single-crystal data is compli-
cated in many aspects. In theory, it is difficult
to compromise between the assumptions of uni-
form local strain and uniform local stress. Voigt
[1928] assumed that strain is uniform through-
out the rocks and averaged over solid angle the
elastic constants (CiJ), whereas Reuss [1929]
assumed that uniform local stress was opera-
tive and averaged the elastic compliances (8iJ)
over all directions. The appropriate relation-
ships for the bulk moduli and shear moduli
according to the two theories are as follows:

Voigt's moduli

9K. = (Cll + C22 + C33)

+ 2(C12 + C23 + C31)

(Cll + C22 + C33)

- (C12 + C23 + C31)

+ 3(C44 + C55 + C66)

Reuss's moduli
1
1
2

1
3
1

1
1
1

4
5
1

5
5
6

1/ KT = (811 + 822 + 833)

+ 2(812 + 823 + 831)

15/ P,T = 4(811 + 822 + 833)

- 4(812 + 823 + 831)

+ 3(844 + 855 + 866)

Calculated compressional wave velocities for
a 'quasi-isotropic' monomineralic rock are ob-
tained from the relationship

pV,,2 = K + 4p,/3

where p is the density of the mineral.
Voigt's and Reuss's velocity averages for the

common silicates frequently show considerable
variance (Table 9). Hill [1952] has shown
theoretically that the true values lie between
the Voigt moduli and the Reuss moduli. Thus
calculated velocities based on the Voigt and
Reuss averages lead to upper and lower limits,
respectively. The actual velocity for a poly-
crystalline aggregate depends to a large extent
on the nature of the grain boundaries in a rock,
since the Voigt and Reuss averages are based
on the initial assumptions of uniform strain
and stress, respectively. Huntington [1958] has
shown that the Voigt average would be ap-
propriate for uniaxial tension in a rock com-
posed of single-crystal fibers parallel to the
stress axis, whereas the Reuss average would
be appropriate for a rock composed of single-
crystal layers normal to the stress. The true
velocity for a monomineralic rock with a ran-
dom mineral arrangement is presumably near
the mean of the Voigt and Reuss values.

Since the elastic constants for most minerals
have been determined at 1 atm pressure, it is
desirable to compare the aggregate velocities
with measured velocities at pressures that are
high enough to produce solid contact on the
mineral components. Pressures in the range of
1 to 2 kb appear to be the most favorable for
comparisons of calculated and observed ve-
locities. In this pressure range the effect of pore
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COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS

space on velocity is virtually eliminated for
most rocks. Furthermore, the pressure has not
become sufficiently high to produce high ve-
locities because of the intrinsic pressure effect
on the mineral components. It is also possible
to extend the nearly linear velocity-pressure
curves above 2 to 4 kb to 1 atm to obtain ve-
locities characteristic of the rock at low pres-
sure and zero porosity. This method is some-
what unsatisfactory because the curves at high
pressure are usually slightly concave downward.
For most specimens, however, projected veloci-
ties at 1 atm are in close agreement with the
measured velocities between 1 and 2 kb.

7.2

7.0

6.8

6159

The Voigt-Reuss average velocity for quartz
(6.09 km/sec) agrees well with observed veloci-
ties at 1 to 2 kb in reasonably pure quartzites.
Birch [1960] reported mean velocities for a
specimen of Montana quartzite of 6.11 and 6.15
km/sec at pressures of 1 and 2 kb, respectively.
Velocities at the same pressures for the speci-
men of quartzite from Vermont are 6.05 and
6.12 km/sec.

Figure 9 shows compressional wave velocities
for the plagioclase feldspar series as a function
of composition. The curve was constructed from
Voigt-Reuss averages for specimens of oligoclase
and labradorite reported by Alexandrov and

+

6.0

+

5.8
o 20 8040 60 100

% ANORTHITE
Fig. 9. Velocity versus plagioclase composition calculated from aggregate theory. Crosses

represent Voigt and Reuss averages. Dots refer to observed velocities in plagioclase rocks at
1.5 kb.
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Observed Mean
Calculated Velocity, km/sec
Velocity,

Rock km/sec 1 kb 2 kb

Gneiss 1 6.0 5.97 6.12
Gneiss 2 6.0 5.85 6.06
Gneiss 3 6.3 6.15 6.32

Gneiss 4 6.2 6.03 6.25
Gneiss 5 6.2 6.05 6.14
Gneiss 6 6.0 5.79 6.00

Amphibolite 1 6.9 6.88 6.97
Amphibolite 2 6.8 6.63 6.87
Metagabbro 6.4 6.35 6.49

Quartzite 6.1 6.05 6.12
Feldspathic mica

quartzite 6.0 6.10 6.17

TABLE 12. Calculated and Observed
Compressional Wave Velocities for

Igneous Rocks

Observed Mean
Calculated Velocity, km/sec*
Velocity,

Rock km/sec 1 kb 2 kb

Granite, Westerly 6.1 5.84 5.97
Granite, Stone

Mountain 6.1 5.94 6.16
Granite, Barre 6.0 6.06 6.15

Granite, Sacred
Heart 6.1 6.24 6.28

Charnockite, India 6.3 6.24 6.30
Tonalite, Val Verde 6.2 6.33 6.43

Quartz diorite, San
Luis Rey 6.3 6.43 6.52

Gabbro, Mellon 7.0 7.07 7.09
Gabbro, French

Creek 7.0 6.93 7.02

Granodiorite,
Butte 6.2 6.27 6.35

Quartz monzonite,
Porterville 6.1 5.95 6.07

Granodiorite,
Bethlehem 6.1 5.95 6.07

Diabase, Holyoke 6.8 6.43 6.47
Diabase, Frederick 7.1 6.77 6.80

* Data from Birch [1960].
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Fig. 10. Least-squares solutions of observed
velocities of plagioclase rocks at pressures of 2,
4, and 10 kb (see Table 10). The lower line repre-
sents the calculated velocity versus composition
relationshi p.

Ryzhova [1962]. Also shown are mean observed
velocities at 1.5 kb reported by Birch [1960,
1961] for samples consisting mainly of plagio-
clase. Corrections have been made for the
heavy mineral content of the five specimens us-
ing Voigt-Reuss averages for the appropriate
minerals. Birch's oligoclasite and Tahawus
anorthosite were not included because of the
presence of occasional large plagioclase crystals
in the specimens.

Velocity composition curves for plagioclase

TABLE 10. Compressional Velocities of Plagioclase
Rocks Corrected for Heavy Mineral Content*

V"'
km/sec

Rock Anorthite 10 kb2 kb 4kb

Albite
New Glasgow
Whiteface
Stillwater
Bushveld

3
59
50
88
76

6.31
6.72
6.70
6.98
7.01

6.40
6.77
6.78
7.02
7.09

.. Original data from Birch [1960, 1961].

TABLE 11. Calculated and Observed
Compressional Wave Velocities

for Metamorphic Rocks

100

6.52
6.84
6.86
7.06
7.16
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COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 6161

at 10 kb have previously been reported by
Birch [1961] and Simmons [1964a]. Simmons'
relationship is based on atomic weight and
density considerations; Birch's curve was con-
structed from observed velocities in rocks con-
sisting primarily of plagioclase feldspar. Birch
reported velocities at 10 kb close to 6.5 km/sec
for pure albite and 7.2 km/sec for pure
anorthite. The latter value is close to the ve-
locity in Figure 9, whereas the velocity of pure
albite at 10 kb reported by Birch is consider-
ably higher than the Voigt-Reuss average. The
discrepancy appears to be related to the effect
of pressure on velocity for the various members
of the plagioclase series. In Figure 10 least-
squares lines constructed from observed veloci-
ties of plagioclase feldspar rocks [Birch, 1960,
1961] are compared with the calculated Voigt-
Reuss aggregate curve of Figure 9. Data for the
least-squares curves of Figure 10, corrected for
heavy mineral content, are given in Table 10.
The curves indicate a rapid increase in velocity
with pressure for the more sodic members of
the plagioclase series and only a slight increase
in velocity for the calcium-rich members.

One method for the calculation of velocity in
a rock from the velocities of the various mineral

100

80
w
:E
:: 60
o
>
>- 40
a:I

20

o

components has been suggested by Birch [1943].
The method may be expressed in the following
way. Let the travel time t be the time taken for
a signal to traverse a sample over a path L that
is reasonably long with respect to the mean
mineral diameters. Let the velocities in a ran-
domly oriented aggregate of various minerals be
VI, V2, . . . , V,. If a ray traverses the minerals
in proportion to their percentage by volume,

x" X2, . . . , X" the travel time will be

t = LXI/VI + LX2/V2 + ... LxJVi

and the rock velocity V will be V = 1/~x';V,.
A similar relationship has also been successfully
used by Wyllie et al. [1958] in the investigation
of velocities of porous mediums.

If we use the Voigt- Reuss averages in the
above expression, we find that the 'predicted'
velocities for the most part agree well with
measured values. Table 11 gives calculated ve-
locities along with observed mean velocities at
pressures of 1 and 2 kb for a variety of meta-
morphic rocks. The calculated velocities for the
rock specimens presented in Table 11 agree
especially well with observed velocities because
of (1) the availability of accurate modal analy-
ses, (2) known plagioclase compositions, and

Fig. 11. Diagram showing proportions of principal minerals in a series of igneous rocks
ranging from granite to dunite (modified from Berry and Mason [1959]).
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Fig. 12. Diagram showing the variation of calculated velocity with composition for the
same sequence of rocks as in Figure 11. Dots refer to observed velocities at 1.5 kb for rocks
approximating the mineral composition in Figure 11. The numbers refer to type of rock:

1. Graphic granite 12. Quartz diorite, Dedham"
2. Granite, Barre" 13. Gabbro, San Marcos.
3. Gneiss 2' 14. Diabase, Centreville"
4. Granite, Westerly" 15. N orite, Bushveld"
5. Granite, Sacred Heart" 16. Gabbro, French Creek"
6. Granite, Chelmsford" 17. Diabase, Frederick"
7. Granite, Texas Pinkc 18. Harzburgite"
8. Granite, Texas GrayC 19. Dunite, Twin Sisters"
9. Granodiorite, Bethlehem" 20. Dunite, Balsam Gap"

10. Gneiss, 3' 21. Dunite, Mount Dun"
11. Quartz diorite, San Luis Rey"
The references are: (a) Birch [1960], (b) Table 1, (c) Hughes and Maurette [1956], and
(d) Hughes and M aurette [19571.

.7

(3) mineralogy for which Voigt-Reuss averages
are available. Uncertainties in aggregate veloci-
ties of epidote, kyanite, and staurolite rendered
it impossible to calculate velocities for the
epidote amphibolites and schists. The slightly
high observed velocities for the specimen of
feldspathic mica quartzite are presumably re-
lated to the low closure pressure of the speci-
men. The calculated velocity is in close agree-
ment with observed velocities at 0.6 kb.

Modal analyses and velocities reported by
Birch [1960] also allow us to compare the
calculated and observed velocities for various
igneous rocks. Results are given in Table 12

for rock specimens for which sufficiently de-
tailed petrographic data were presented to
warrant velocity calculations. Accessory min-
erals for which velocities are not available were
included with minerals that seem likely to have
about the same mean velocities. Petrographic
data from the specimens in Table 12 were
usually obtained from single thin sections and
therefore may not adequately represent the
specimens.

In view not only of theoretical uncertainties
but also of possible irregularities in mineral
proportions, the agreement shown in Table 12
is satisfactory. The largest differences in the
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TABLE 13. Compressional Velocities (km/sec) of Graphic Granite*

Pressure, kb

Orientation Density 0.1 0.6 1 2 4 6 8 10

X 2.56 4.6 5.2 5.28 5.43 5.53 5.59 5.63 5.66
Y 2.56 4.8 5.9 6.07 6.29 6.41 6.50 6.57 6.57
Z 2.56 5.7 6.3 6.43 6.55 6.64 6.70 6.74 6.77

Mean 2.56 5.0 5.8 5.93 6.09 6.19 6.27 6.30 6.33

COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 6163

* Modal analysis (% by volume): quartz, 24.6%; albite, 13.8% microcline, 59.3%; muscovite, 2.0%;
biotite, 0.2%.

observed and calculated velocities occur for the
specimens of Holyoke and Frederick diabase.
Birch [1961J noted the relatively low mean ve-
locities of the diabases, as compared with gab-
bros having essentially the same densities and
mineral proportions. The same anomalous con-
dition occurs when calculated velocities are com-
pared with the observed velocities for the gab-
bros and diabases. Agreement is excellent for
the gabbro specimens, but the calculated dia-
base velocities are higher than the observed
velocities. A consideration of textural difference
would suggest the reverse relationship. A rapid
pore closure, which is expected in the diabases,
would produce higher than normal velocities
at elevated pressures. Birch has suggested that
chemical differences, which produce a higher
mean atomic weight for the diabases, may ac-
count for the velocity differences. These dif-
ferences could also reasonably account for the
observed and calculated velocity differences in
the diabases because, with the exception of the
plagioclase feldspars, variations in chemical
composition of minerals were not considered in
the calculations.

Figure 11 shows graphically the approximate
mineral composition of the common igneous
rocks. Plagioclase composition expressed as per-
centage of anorthite is included in the area
representing plagioclase. In Figure 12 calcu-
lated velocities are shown for the same sequence
of rocks, along with observed velocities at 1.5
kb for a variety of rocks which approximate
the compositions of Figure 11. Velocities and
modal analyses for a sample of graphic granite
collected from western Connecticut are given
in Table 13.

The agreement between the observed veloci-

ties and the calculated curve is fairly good.
Scatter is probably the result of many factors,
including mineral percentages, which deviate
from the ideal compositions of Figure 11,
errors in reported modal analyses, and pore
closures at pressures differing from 1.5 kb. The
low observed values of the dunites in Figure 12
are primarily due to the presence of serpentine,
which has a considerably lower velocity than
olivine.

Acknowledgments. I wish to express my ap-
preciation to Professor Francis Birch for his in-
terest and valuable advice during the investiga-
tion. Harold Ames, Arthur Ames, and Joseph
Plourde prepared the specimens and maintained
the pressure apparatus. The assistance of Edward
Decker in operating the velocity apparatus and
Karl Seifert in collecting specimens is gratefully
acknowledged.

Financial support was provided by the Com-
mittee on Experimental Geology and Geophysics,
Harvard University, and by the Advanced Re-
search Projects Agency.

REFERENCES

Alexandrov, K. S., and T. V. Ryzhova, Elastic
properties of rock-forming minerals, 1, Pyrox-
enes and amphiboles, Bull. Acad. Sci. USSR,
Geophys. Ser., English Transl., no. 9, 1165-1168,
1961a.

Alexandrov, K. S., and T. V. Ryzhova, Elastic
properties of rock-forming minerals, 2, Layered
silicates, Bull. Acad. Sci. USSR, Geophys. Ser.,
English Transl., no. 11, 871-875, 1961b.

Alexandrov, K. S., and T. V. Ryzhova, Elastic
properties of rock-forming minerals, 3, Feld-
spars, Bull. Acad. Sci. USSR, Geophys. Ser.,
English Transl., no. 2, 129-131, 1962.

Alexandrov, K. S., T. V. Ryzhova, and B. P. Beli-
kov, The elastic properties of pyroxenes, Soviet
Phys., Cryst., 8, English Transl., 589-591, 1964.

Berry, L. G., and Brian Mason, Mineralogy,

Author's Personal Copy



6164 NIKOLAS 1. CHRISTENSEN

W. H. Freeman and Company, San Francisco,
1959.

Bhimasenachar, J., Elastic constants of corundum,
Current Sci. (India), 18, 372-373, 1949.

Birch, Francis, Elasticity of igneous rocks at high
temperatures and pressures, Bull. Geol. Soc.
Am., 54., 263-286, 1943.

Birch, Francis, The velocity of compressional
waves in rocks to 10 kilobars, 1, J. Geophys.
Res., 65, 1083-1102, 1960.

Birch, Francis, The velocity of compressional
waves in rocks to 10 kilobars, 2, J. Geophys.
Res., 66, 2199-2224, 1961.

Brace, W. F., Some new measurements of linear
compressibility of rocks, J. Geophys. Res., 70
(2),391-398,1965.

Bridgman, P. W., The Physics of High Pressure,
2nd ed., 445 pp., T. Bell and Sons, London, 1949.

Cady, W. G., Piezoelectricity, McGraw-HilI Book
Company, New York, 1946.

Doraiswami, M. S., Elastic constants of mag-
netite, pyrite, and chromite, Proc. Indian Acad.
Sci., A, 25, 413-416, 1947.

Gates, R. M., and N. 1. Christensen, The bedrock
geology of the West Torrington quadrangle,
Connecticut, Connecticut Geological and Nat-
ural History Survey, Hartford, 1965.

Hill, R., The elastic behavior of a crystalline ag-
gregate, Proc. Phys. Soc. London, A, 65, 349-
354, 1952.

Hughes, D. S., and C. Maurette, Variation of
clastic wave velocities in granites with pressure
and temperature, Geophysics, 21, 277-284, 1956.

Hughes, D. S., and C. Maurette, Variation of
elastic wave velocities in basic igneous rocks
with pressure and temperature, Geophysics, 22,
23-31,1957.

Huntington, H. B., The Elastic Constants of Crys-
tals, Academic Press, New York, 1958.

Reuss, A., Berechnung der Fliessgrenze von Misch-
kristallen auf Grund der Plastizitatsbedingung
fur EinkristalIe, Z. Angew. Math. Mech., 9, 49-
58, 1929.

Schmidt, W., Gefugestatistik, Tschermaks Min-
eral. Petrog. Mitt., 38, 395-399, 1925.

Simmons, Gene, The velocity of compressional
waves in various minerals at pressures to 10
kilobars, J. Geophys. Res., 69(6), 1117-1121,
1964a.

Simmons, Gene, The velocity of shear waves in
rocks to 10 kilobars, 1, J. Geophys. Res., 69(6),
1123-1130, 1964b.

Verma, R. K., Elasticity of several high-density
crystals, J. Geophys. Research, 65, 757-766, 1960.

Voigt, W., Lehrbuch der Kristallphysik, B. G.
Teulner, Leipzig, 1928.

Walsh, J. B., The effect of cracks on the com-
pressibility of rock, J. Geophys. Res., 70(2),
381-390, 1965.

Wyllie, M. R. J., A. R. Gregory, and G. H. F.
Gardner, An experimental investigation of fac-
tors affecting elastic wave velocities in porous
media, Geophysics, 23, 459-493, 1958.

(Manuscript received February 23, 1965;
revised July 26, 1965.)

Author's Personal Copy


	page 1
	Titles
	JOURNAL OF GEOPHYSICAL RESEARCH 
	VOL. 70, No. 24 
	DECEMBER 15, 1965 
	N IKOLAS 1. CHRISTENSEN2 
	Hoffman Laboratory, Harvard University, Cambridge, Massachusetts 
	6147 


	page 2
	Images
	Image 1
	Image 2
	Image 3

	Titles
	6148 
	NIKOLAS 1. CHRISTENSEN 
	ELECTRODE 
	PRUSURE CYLINDER 

	Tables
	Table 1


	page 3
	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	6149 

	Tables
	Table 1


	page 4
	Images
	Image 1
	Image 2

	Titles
	6150 
	Rock 
	Den- 
	0.2 
	1.0 
	0.4 
	0.6 
	0.8 
	2.0 
	4.0 
	6.0 
	8.0 
	10.0 
	6.5 
	6.0 
	5.5 
	5.0 
	10 
	PRESSURE (kb) 

	Tables
	Table 1


	page 5
	Images
	Image 1

	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	6151 
	6.5 
	6.0 
	,---~- - 
	-_.~-_.-.--- 
	5.5 -; 
	QUARTZITE 
	5.0 
	10 
	PRESSURE (kb) 
	specimen of quartzite. 

	Tables
	Table 1


	page 6
	Titles
	TABLE 4. Description of Specimens 
	Specimen 
	Formation 
	Remarks 
	Kyanite schist 1 and 2 
	Hartland 
	Waramaug 
	Garnet schist 
	Hartland 
	Staurolite garnet schist 
	Hartland 
	Mount Tom 
	Hodges mafic complex 

	Tables
	Table 1


	page 7
	Images
	Image 1
	Image 2

	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	6153 
	--.------- 
	6.5 
	_//"-~~ 
	;;:~/-.~// 
	l 
	5.0 . 
	Vp 

	Tables
	Table 1


	page 8
	Images
	Image 1
	Image 2
	Image 3
	Image 4
	Image 5
	Image 6
	Image 7
	Image 8
	Image 9
	Image 10
	Image 11

	Titles
	6154 
	NIKOLAS 1. CHRISTENSEN 
	(a) 
	(b) 
	(el 


	page 9
	Images
	Image 1
	Image 2

	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	Biotite 
	Phlogopite 
	Muscovite 
	30 
	6155 
	>- 
	II) 
	10 
	10 
	30 
	40 
	Fig. 7. Anisotropy versus the percentage of mica for gneiss and schist specimens (see text). 


	page 10
	Images
	Image 1
	Image 2
	Image 3

	Titles
	6156 
	NIKOLAS 1. CHRISTENSEN 
	Hornblende I 
	Hornblende II 
	c 


	page 11
	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	Specimen 
	* Maximum concentration of [110] poles per 1 % 
	6157 


	page 12
	Titles
	6158 
	TABLE 9. Calculated Velocities in Aggregates 
	NIKOLAS 1. CHRISTENSEN 
	15p,. = 
	Mineral 
	V"' km/sec 
	4.18 8.52 8.52 8.52 
	*1. Alexandrov and Ryzhova [1961a, b, 1962]. 
	pV,,2 = K + 4p,/3 


	page 13
	Images
	Image 1
	Image 2
	Image 3

	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	7.2 
	7.0 
	6.8 
	6159 
	6.0 
	20 
	80 
	40 
	60 
	100 
	% ANORTHITE 

	Tables
	Table 1


	page 14
	Images
	Image 1

	Titles
	6160 
	NIKOLAS 1. CHRISTENSEN 
	7.2 
	7.0 
	6.8 
	6.4 - 
	6.2 
	40 
	60 
	80 
	20 
	% ANORTHITE 
	V"' km/sec 
	Rock 
	Anorthite 
	10 kb 
	2 kb 
	4kb 
	Albite 
	.. Original data from Birch [1960, 1961]. 
	100 
	6.52 

	Tables
	Table 1
	Table 2


	page 15
	Images
	Image 1

	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	6161 
	100 
	80 
	>- 40 
	20 
	t = LXI/VI + LX2/V2 + ... LxJVi 

	Tables
	Table 1
	Table 2


	page 16
	Images
	Image 1

	Titles
	6162 
	8.5 
	8.0 
	Z5 
	6.5 
	6.0 
	NIKOLAS I. CHRISTENSEN 
	... 
	~ 
	.7 

	Tables
	Table 1
	Table 2


	page 17
	Titles
	COMPRESSIONAL WAVE VELOCITIES IN METAMORPHIC ROCKS 
	6163 
	REFERENCES 

	Tables
	Table 1


	page 18
	Titles
	6164 
	NIKOLAS 1. CHRISTENSEN 





