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ACOUSTIC D O U B L E R E F R A C T I O N IN LOW-POROSITY ROCKS
BY TERRY TODD, GENE SIMMONS, AND W. SCOTT BALDRIDGE
ABSTRACT

Anisotropy in physical properties of rocks can arise from preferred mineral orientation, mineral layering, nonhydrostatic stress, and anisotropic crack distribution.
For instance, all of the following cause acoustic double refraction: preferential
orientation of olivine grains in dunites, alternating layers in laboratory-sizedsamples
of such mineral pairs as olivine-feldspar, wollastonite-diopside, and garnetpyroxene, alternating layers of basalt flows and lunar breccias, anisotropy in
crack distribution of most granites, and anistropy in crack distribution induced by
uniaxial stress. We discuss, both experimentally and theoretically, shear-wave
propagation in these rock types and indicate how the laboratory data may be applied
to the interpretation of the anisotropy observed in the Earth's crust and upper
mantle. We discuss the possibility of elastic anisotropy in the Moon.

INTRODUCTION

Values of physical properties of rocks at effective pressures below a few kilobars are
determined primarily by mineral content and the presence or absence of microcracks.
Preferred orientation ofmicrocracks or individual minerals causes anisotropy in physical
properties. Mineral anistropy can be caused by alignment of individual grains or layering
of one or more minerals. Crack anisotropy can be naturally occurring or artificially
induced. The phenomenon of anistropy can be used to improve our understanding of the
Earth's crust and upper mantle through a study of physical properties which are sensitive
to mineral orientation and crack distribution. Elastic properties, i.e., shear and compressional velocities, which can readily be measured in situ, are such physical properties.
Thill et al. (1969) have shown that compressional-wave velocity is a particularly
sensitive indicator of mineral anistropy and crack distribution in dry low-porosity rocks.
They found that velocities in the Yule marble were slowest parallel to a direction of
distinct preferred orientation of optic [0001] axes of calcite, the slow velocity direction
in single crystal calcite, and that velocities in the Salisbury granite were lowest for a
direction normal to a plane containing a dense concentration of cracks in quartz grains.
However, there are certain inherent problems in the use of their data to interpret compressional velocities of rocks in situ. For instance, the compressional velocity of lowporosity rocks when saturated is typically 20 to 30 per cent greater than the same rocks
when completely dry (Nur and Simmons, 1969b). The degree of saturation in situ is
generally not known but is probably near 100 per cent. If saturation is complete, pore
pressure effects (Todd and Simmons, 1972) must be considered. In addition, in order to
determine anisotropy with compressional waves, two perpendicular measurements of
compressional velocity are required. The two waves travel different paths, and problems
arise involving compositional variations between the two propagation paths. It would be
advantageous to measure some physical property which would provide directional
information without having to cope with local values of, and local variations in, the
percentage of saturation, pore pressure, and composition.
For a particular direction of propagation in elastically anisotropic media, there can
exist a quasi-longitudinal wave and two quasi-shear waves. Particle motions of the three
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waves are perpendicular to each other and generally neither parallel nor perpendicular to
the propagation direction. Although shear waves with high signal-to-noise ratios can"
readily be produced and monitored in laboratory experiments, shear waves with equally
high signal-to-noise ratios are extremely difficult to obtain in the field. Shear waves, being
late arrivals, are often masked by noise due to compressional waves and surface waves.
However, when shear velocities can be measured in situ, they provide more information
about anistropy than compressional-wave velocities. The velocity difference between
vertically and horizontally polarized shear waves is explicitly related to the magnitude
and symmetry of mineral and crack anisotropy. The degree of saturation has negligible
effect on shear velocity at seismic frequencies (Nur and Simmons, 1969b). Therefore, the
interpretation of shear data in terms of the intrinsic physical properties of the rock and
crack distribution is the same regardless of the degree of saturation. Also, because only
one propagation path is used, compositional variations along the path and the effect of
pore pressure do not change the magnitude of the difference between the vertically and
horizontally polarized waves. We conclude that shear-wave velocities of rocks in situ
hold high potential for the study of rocks.
In laboratory studies, acoustic double refraction, or the arrival of two shear waves of
different velocities, has previously been observed in single crystals (Simmons and Birch,
1963), in rocks with stress-induced anisotropy in crack distribution (Nur and Simmons,
1969a), and in rocks with anistropy in mineral orientation (Christensen and Ramananantoandro, 1971). In addition, Simmons (1964) and Tilman and Bennett (1972) report variations in shear velocity with orientation that exceed 10 per cent for several rocks, but they
do not discuss the origin of the anistropy. We report new data for double refraction in a
granite having naturally occurring crack anisotropy.
In situ double refraction has been observed in small scale refraction surveys over
hundreds of meters (Jolly, 1956) and in large scale seismic studies over thousands of
kilometers (Byerly, 1938). On the basis of the laboratory studies of acoustic double
refraction, we suggest that in situ observations of double refraction can be used to study
anisotropy in the Earth's crust and upper mantle and to determine the cause of anisotropy,
mineral or crack.
SINGLE CRYSTALS

Consider a plane shear wave with known polarization P incident on the surface of a
single crystal with direction cosines ll, 12, and l 3. Wave propagation in the crystal is
described by the Christoffel equation (Hearmon, 1961)
Ir,j-6i

pv21 = o

where F u, the Christoffel stiffnesses, are related to the elastic constants and depend on
direction, p is density, and v is velocity. The solution of this cubic equation for a given
direction shows that one compressional and two shear waves can propagate. Hence, the
incident shear wave is resolved into two shear waves that travel along the same path with
different velocities. The particle motions of the two waves are perpendicular to each other,
but generally not perpendicular to the direction of propagation. The shear waves are
quasi-shear waves, having distinct energy flux vectors and different velocities. The
phenomenon is called acoustic double refraction (Waterman and Teutonico, 1957), and
we will use the abbreviation ADR.
In their measurement of the elastic constants of the cubic crystal pyrite, Simmons and
Birch (1963) observed ADR. A shear wave polarized in the (111) direction was transmitted
along the (110) direction. If the displacement of the input wave were in the (001) or (il0)
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direction, only a single shear arrival of velocity (C44/o) 1/2 o r [(Cl1-C12)/2p] 1/2,
respectively, would be visible. However, at the intermediate ( i l 1) polarization, the motion
of the input wave was resolved into the two components, recognized by Simmons and
Birch as two distinct shear arrivals traveling with the above velocities and a series of
reflections of the initial pulses.
Single crystal data can be used to illustrate the way in which seismic anisotropy in rocks
can be studied. Consider wave propagation along the (110) direction of a cubic crystal.
The velocities are

Vp = II/2(Cll-}-C12)-}-C4~1 U2

(2)

P
V~1 =

Vs2 =

(3)

C11 - Cl 2

(4)

2p
and a measurement of the three velocities along this single direction is sufficient to
determine the full set of elastic constants (Cll, C12, and C44 ). Similarly, when shear
waves propagate through rock, any anistropy causes a difference in the shear velocities.
Measurement of shear velocities, therefore, gives information about the anistropy.
ANISOTROPY IN MINERAL ORIENTATION

Anisotropy in the elastic properties of many igneous rocks is caused by a preferred
orientation of individual mineral grains in the rocks (Birch, 1960 and Brace, 1965), For
example, the intrinsic velocities of some ultra-basic rocks are influenced by a preferred
orientation of olivine grains. Birch (1960, 1961) and Simmons (1964) noted anisotropies
in compressional and shear velocities ofdunites at high pressure that exceeded 10 per cent.
Christensen (1966) and Crosson and Lin (1971) correlated this anisotropy with preferred
orientation of olivine grains in two dunites, and Christensen (1971) showed that this
anisotropy exists in silu throughout the Twin Sisters dunite in Washington State. Ernst
(1935), Brothers and Rodgers (1969), and numerous other authors showed a similar
preferred orientation of olivine fabric in many ultra-basic nodules. In addition, through a
series of high-temperature compression tests on dunite, peridotite, and olivine powder,
Ave'Lallement and Carter (1970), Carter el al. (1972), and Baker and Carter (1972), have
produced samples experimentally which show preferred mineral orientation.
Acoustic double refraction, caused by mineral orientation, has been documented by
Christensen and Ramananantoandro (1971) in a comprehensive study of the Twin Sisters
dunite. Their fabric diagrams for the Twin Sisters dunite show a distinct concentration
of olivine ~ axes, surrounded at 90 ° by girdles of b and ~ axes. [Stonely (1949) termed this
symmetry transverse anisotropy. For a comprehensive discussion of types of anisotropy
in rocks see Paterson and Weiss (1961).] Due to the large directional variations in compressional and shear velocity in single crystal olivine (Verma, 1960), the anisotropy of the
fabric in the Twin Sisters dunite causes acoustic double refraction.
The anisotropy and double refraction of the Twin Sisters dunite are attributed to
mineral anisotropy because the anisotropy remains at high pressures of 5 to 10 kb where
microcracks are closed. Christensen and Ramananantoandro (1971) illustrated acoustic
double refraction in the Twin Sisters dunite by propagating a shear wave normal to the
axis, the fast compressional velocity direction, and rotating the polarization of the input
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and receiving transducers through a series of angles from parallel to the 6 axis (0Q) to
perpendicular to the ~ axis (90°). At 0 °, one distinct shear arrival was evident. As the
polarization of the transducers was rotated, the amplitude of this shear arrival decreased
and reached zero at 90°; a second arrival of slower velocity was then evident. At intermediate orientations, both arrivals were visible but of lower amplitude. The double
refraction is predicted from the theory of wave propagation in transversely isotropy
elastic media.
Stoneley (1949) discussed wave propagation in a medium with transverse isotropy.
The Christoffel equations are greatly simplified for this symmetry. Let the velocities be
Vp, Vsl, Vs2, and let 4/be the angle between the propagation direction and the symmetry
axis. In Nur's (1971) notation, the velocities are

v. =

~A .q--B~ 1/2
L 5~p l
A-B

_

(5)

1/2

=

(7)

P
where
A = C1111 s in2 I//-Jr'C1313-~C3333 cos2 4/

(8)

B = {[(Cl111-C1313) sin 2 I//-(C3333-C1313)c0s2 I//]2
_{_4(Cl133q_C1313)2 sin 2 4/cos 2 4/}1/2

(9)

and p is density. For propagation along the symmetry axis (4/ = 0), the velocities are
simply
[-C
71/2
F~']
1/''2
Vp=I~J
'
Vsl=Vs2= t_ t" d
(10)
and for propagation normal to the symmetry axis
Vp =

Vs1 =

1_____3

,

Vs2 =

1~

(11)

For propagation normal to the concentration of ~ axes in olivine, equation (11) applies.
We note explicitly that two distinct shear arrivals are predicted by the Christoffel
equation for all directions of propagation other than along the symmetry axis.
GEOMETRICAL AN1SOTROPY--MINERAL LAYERING
A second source of anisotropy in igneous rocks is the arrangement of the individual
minerals; the particular example of layering is most important in the Earth. For example,
Uhrig and Van Melle (1955) found that the compressional velocity normal to interbedded
layers of clastic and carbonate sediments was 10 to 20 per cent less than that along the
layers. Backus (1962) showed that this anisotropy was consistent with the theory of wave
propagation through layered media in which the wavelength is much greater than the
layer thicknesses. Layering of rocks in situ include not only sedimentary rocks but also
basalt flows interbedded with pyroclastics or soils, rhythmic layering of igneous bodies
typified by the Palisades Sill described by Walker (1969), and compositional layering in
metamorphic rocks. Large scale mineral layering is recognized in the Earth's crust as a
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6-km/sec layer above a 7-km/sec layer separated by the Conrad discontinuity. Smallerscale mineral layering occurs as alternating layers in laboratory samples of such mineral
pairs as olivine-feldspar, wollastonite-diopside, and garnet-pyroxene.
All rocks with mineral layering should exhibit double refraction. The difference between
the two shear arrivals depends on the relative thickness of the layers with respect to
wavelength and the properties of the individual layers.
The theory of wave propagation in layered media is well developed (Brekhovskikh,
1960 and Backus, 1962). The velocities of waves in layered media depend on several parameters, including the elastic properties of the minerals in each layer, layer thickness (d),
and the wavelength ()0 of the propagating wave. For the short wavelength limit, ,~ ~ a,
the velocities are simply time averages through the layers, and velocities in each layer can
simply be calculated from the individual mineral elastic constants. In this case, Vsl --Vs2. For the long wavelength limit 2 >> d, the solution is more complex, but has been
solved by Backus (•962). The solution is similar to that for a transverse isotropic medium
[equations (5), (6), and (7)] where the effective elastic constants involve averages over the
elastic constants and densities of the individual layers. For propagation along the layers,
two pseudo-shear waves are predicted. The velocity for polarization normal to the layering is always less than that for polarization parallel to the layering. For 2 ~ d, the solution is extremely complex. Thomson (1950) gives the solution in terms of propagating
matrices. Velocity solutions, requiring complete specification of layer thickness and
boundary conditions, can be obtained numerically, Values of Vsl and Vs2 are intermediate to those of the long and short wavelength limits. Two pseudo-shear waves of
different velocity again exist.

NATURALLY OCCURRING CRACK ANISOTROPY

The presence of microcracks in all low-porosity rocks significantly influences the
values of elastic constants at low confining pressures (e.g., Adams and Williamson, 1923;
Birch, 1960; Simmons, 1964; and Brace, 1965). An anisotropic distribution of microcracks generates anisotropy in values of effective elastic constants. Preferred orientations
in crack distribution can result from primary features such as preferred mineral orientations (e.g., mica in a micaceous schist) where grain boundaries, cleavage, etc., are open
cracks or from an anisotropic stress distribution acting on the rock after formation. For
instance, because of extensive fracturing due to removal of overburden pressure by
erosion, most granites are more intensely cracked in the horizontal plane than in any
other plane (Jahns, 1943). The Chelmsford granite (Table 1) is a particularly good
TABLE

l

DESCRIPTION OF ROCK SAMPLESOF CHELMSFORDGRANITE

Modal analysis (Percentage of volume):
Quartz
34.4
Microcline
36.3
Plagioclase
18.5
Muscovite
8.1
Biotite
0.9
Other
1.0
Density: 2.63 g/cc

Note: The modal analysis is an average from three
thin sections oriented in the rift, grain, and headgrain
(2,700 points each).
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example of both crack anisotropy resulting from stress fracturing and mineral orientation
of mica. Peng and Johnson (1972) noted that cracks are preferentially oriented parallel to
the horizontal rift plane (R) relative to either the grain (G) or headgrain (H) planes. The
rift, grain, and headgrain are quarrying terms used to describe the easiest, intermediate,
and most difficult directions for splitting. In the Chelmsford granite, the rift is perpendicular to the grain, but the headgrain can be chosen at any angle relative'to the rift or
grain (Skehan et al. 1964). In our sample, the headgrain plane is normal to both the rift
and grain planes. The intense cracking parallel to the rift is due to anisotropic stresses
caused by the removal of overburden material by erosion. There are secondary, but much
smaller, concentrations of cracks parallel to the grain and headgrain planes (Peng and
Johnson, 1972). Splitting parallel to the grain plane is controlled by a concentration of
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microcracks lying between 7 ° and 12° of the grain plane (Peng and Johnson, 1972), a
preferred orientation of mica (and thus cleavage cracks in mica) along the grain plane,
and possible open cracks between mica flakes and adjacent minerals. A less pronounced
concentration of cracks in the headgrain plane accounts for the ease of splitting along the
grain surface relative to the headgrain surface.
The effect of crack anisotropy on the linear static compressibility of Chelmsford granite
is illustrated in Figure 1. The sample used for these measurements was quarried about
50 ft directly beneath, and oriented with respect to, that of Peng and Johnson. The larger
number of cracks perpendicular to the rift is manifested by a much larger compressibility
at low pressures (about 130 per cent at P = 0). At high pressure, where cracks are closed,
the three linear compressibilities are the same. Peng and Johnson noted similar behavior
in the value of Young's modulus for the Chelmsford granite.
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An anisotropic crack distribution generates anisotropy in effective elastic constants
and, hence, double refraction. The phenomenon of double refraction is illustrated in
Figure 2 for the Chelmsford granite. A single sample was cored normal to the grain plane,
the ends of the sample were ground parallel to _+0.001 in, and the sample dried for 24 hr
at 70°C in a vacuum oven. The sample was then jacketed with thin copper foil which was
seated tightly to the sample at a pressure of 5 kb, and AC cut quartz transducers were
fixed with epoxy to the copper end pieces. Shown in Figure 2 are a series of tracings of
received shear waves that propagated perpendicular to the grain plane. Polarization of
the transducers varied from normal to the headgrain plane (0 °) to normal to the
rift plane (90°). Because the propagation direction is normal to the grain plane and,
hence, the concentration of mica flakes, shear waves of all polarizations are influenced in
the same way by the mica. Thus, the only parameter influencing velocity differences is the
anisotropy in crack distribution. The wave forms are shown at confining pressures of 50,
250, and 2,000 bars.
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FIG, 2. Acoustic double refraction in Chelmsford granite. Tracings of shear arrivals are shown at
50, 250, and 2,000 bars for propagation normal to the grain, and transducer polarization at a series of
angles between the normal to the headgrain (0 °) and the normal to the rift (90°).

At low pressure, two distinct arrivals are evident, a fast arrival for transducer polarization normal to the headgrain (0 °) and a slower arrival for transducer polarization normal
to the rift (90°). Both arrivals are visible at intermediate angles. Because of the concentration of crack poles parallel to the rift, the shear velocity normal to the rift is less than
that normal to the headgrain. Increasing the pressure to 250 bars closes some fraction
of the cracks and reduces the velocity difference between the two shear waves. At 2,000
bars, most cracks are closed and double refraction is barely visible. At still higher pressures, only one shear wave exists at all angles, 0 ° through 90 °. Where all cracks are
closed, anisotropy no longer exists, and the cause of double refraction is removed.
The effect of crack anisotropy on velocities has been treated theoretically by N u t
(1971) by extending Walsh's (1965) concept of penny-shaped cracks to orientational
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distributions. Following the solutions given by Stoneley (1949) for a transverse isotropic
medium, Nur obtained expressions similar to those given in equations (5), (6), and (7)
with the important difference that now the effective elastic constants involve an integral
tion over crack parameters. If the crack distribution is anisotropic, two pseudo-shear
waves exist. The shear velocity is lowest for a direction normal to the greatest concentration of crack planes.
STRESS INDUCED CRACK ANISOTROVY
Crack anistropy can be induced in rocks containing microfractures by the application
of a nonhydrostatic stress field. The resulting anisotropy in crack distribution causes
anisotropy in physical properties. The variation in compressional velocity induced by
uniaxial stress has been studied for concrete (Jones, 1952) and several low-porosity
igneous rocks (Shimozuru, 1955; Tocher, 1957; Matsushima, 1960; Valarovich et aL,
1963; Nur and Simmons, 1969a; and Thill, 1972). Cracks oriented normal to the stress
axis are closed by a uniaxial stress; velocity, therefore, increases with stress until stresses
near the fracture strength, C, are reached. At stresses near C, the large increase in crack
density causes the velocity to decrease slightly. On the other hand, cracks aligned parallel
to the stress axis are relatively unaffected by the axial stress until new cracks are formed
at stress about C/2; velocities, therefore, only increase slightly with stress for stresses less
than C/2. At stresses near C/2, for unconfined laboratory samples, either new cracks begin
to form parallel to the stress axis or pre-existing cracks along the stress axis are opened
further (Brace et al., 1966). Therefore, at stress greater than C/2, the velocity normal to
the stress axis decreases steadily with increasing stress until the rock fractures. However,
in the Earth, dilatancy probably cannot occur because of confining pressures. The
anisotropy in stress values probably does not exceed 100 to 200 bars for tectonic regions
(e.g., Wyss and Molnar, 1972; Aki, 1967). The critical observation is this: cracks normal
to the stress axis close, but cracks parallel to the stress axis are relatively unaffected by
uniaxial stress. Thus, velocities increase parallel to the axis but are relatively unaffected
normal to the axis.
The effect on shear velocity of stress-induced anisotropy in crack distribution has been
studied by Nur and Simmons (1969a). They used the Barre granite which is isotropic in
both physical properties and crack distribution, even at low confining pressures. By
applying a uniaxial stress, they created a plane of low crack density (transverse anisotropy). This symmetry is the same as that occurring naturally in the Chelmsford granite.
Their observations of induced double refraction are therefore similar to those we have
outlined above for the Chelmsford granite.
The theoretically predicted effect of stress on the elastic properties of rocks containing
microcracks is included in Nur's (1971) paper. Nut has derived expressions for velocities
under hydrostatic pressure, for velocities across axes of uniaxial stress, and for velocities
along axes of uniaxial stress in the Barre granite, and has found that his theory adequately
describes velocity variations under both hydrostatic pressure and uniaxial stress. In
particular, the observed double refraction was well described by the theoretical expressions.
IN-SITU ANISOTROPY

In-situ velocity anisotropy has previously been reported. Among the first to notice two
distinct shear arrivals associated with horizontally (SH) and vertically (SV) polarized
shear waves traveling through the interior of the Earth, were Neumann (1930) and
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Byerly (1934, 1938). For instance, for an earthquake occurring off the California coast
in 1934, Byerley (1938) noted an S V arrival approximately 14 sec after the S H arrival on
a seismogram recorded in Massachusetts. This particular example of double refraction
in situ is difficult to interpret in terms of anisotropy in the deep crust or upper mantle
because the path of propagation is extremely complex. East-west variations in heat flow
(Horai, 1969), velocity structure (Herrin, 1969), and seismic attenuation (Solomon, 1972)
are evident across the continental block of North America; however, the differences in
S H and S V arrival times do suggest that mineral anisotropy occurs in the upper mantle
beneath the U.S. This fact is further substantiated by McEvilly (1964) and Brune (1969)
who report anomalous low-phase velocities for Rayleigh waves (SV) when compared
with phase velocities for Love waves (SH) in the central U.S.
In addition to anisotropy in continental structure, seismic anistropy has also been
reported in oceanic areas. In a number of refraction surveys in the Pacific Basin, Hess
(1964), Christensen (1969), Raitt et al. (1969), Raitt (1969), and Keen and Barret (1971)
report azimuthal variations of 0.3 to 0.6 km/sec in compressional velocity. They interpret
this anisotropy in terms of preferred orientation of olivine fabric. However, they have
not yet measured shear velocities. If anisotropy is present, it will cause double refraction.
Shear velocities, therefore, provide an additional method for both verifying the existence
of such anisotropy and interpreting the anisotropy in terms of the elastic properties of the
upper mantle.
A particularly intriguing example of A D R has been reported by Bentley (1972). During
an ultrasonic velocity-logging experiment to depths of 1,550 m in the Antarctic ice sheet,
he noted anisotropies in compressional and shear velocities. He attributed the anisotropy
to one, and in some cases two, directions of preferred orientation of the ice crystals. The
alignment of ice crystals is a common phenomenon throughout the ice sheet in Antarctica
(Bentley, 1972). Kamb (1972) has shown that the preferred orientation is stress induced.
There are several in situ observations of double refraction caused by anisotropy in
mineral layering and crack distribution. For instance, Jolly (1956) has investigated the
propagation of S V and S H waves through a uniform section of shale. The shale, having a
dense concentration of horizontally oriented cracks, in addition to mineral layering,
provides an ideal transverse isotropic medium. At shallow depths ( < 100 m) the S V wave
was 50 to 100 per cent slower than the S H wave; the difference in the two shear velocities
decreased with depth. Crack orientation and mineral layering evidently controlled the
difference in the shear velocities at shallow depths.
Layering occurs on a larger scale across extensive areas of the Earth and lunar surfaces
in the form of one or more layers of basalts or breccias. In earthquake seismology, one
propagates shear waves of wavelength on the order of kilometers through the Earth
and Moon. Shear waves traveling through layers of such thickness should exhibit double
refraction. If the mare surface is covered with layered basalts and breccias, two shear
arrivals should be evident on seismograms recorded from natural or man-made impacts
on the lunar surface. Any observed A D R can be used to study layered structure on the
lunar surface.
Because nonuniform stress causes anisotropy in crack distribution and, therefore,
anisotropy in compressional velocity, Tocher (1957) suggested that compressional
velocity measurements near fault zones can be used to monitor stress changes. Eisler
(1969), Aki et al. (1970), and Kanamori (1970) have followed this suggestion and interpreted velocity changes in situ in terms of stress build up. However, because of the inherent problems, mentioned previously, in interpreting compressional velocity in terms of
the degree of saturation, pore pressure, and composition, extreme caution must be taken
in the interpretation of compressional data.
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We suggest that the key to observing crack closure under stress lies with shear velocity
measurements at more than one polarization. For instance, a number of authors (Wyss
and Molnar, 1972 and Aki, 1967) suggest that anisotropy in stress values in excess of 100
to 200 bars is unlikely in the crust. The stress drops associated with earthquakes induced
by these stresses is one to two orders of magnitude less than the stresses. Using these
stresses and the laboratory data of Nur and Simmons (196%) for stress-induced shear
velocity anisotropy in granite, we should expect shear velocity anisotropy of about
0.2 km/sec, or about 8 per cent difference in the two shear velocities at 200 bars. The
corresponding velocity differences for two-compressional waves normal and parallel to
the stress axis is 13 per cent at 200 bars for completely dry rocks. Although the S H and S V
shear velocity measurements are not quite as sensitive to anisotropy as are the two perpendicular compressional velocity measurements, the difference between the shear velocities
along a single propagation path carries only information about anisotropy. The difference
in the S H and S V arrivals is not affected in any way by the saturation or compositional
variation. Any anisotropy is due solely to the closing of cracks in the rock. A measurement of the difference between the S H and S V velocities near a source of stress build-up
describes only the stress acting on the rock.
DISCUSSION
In the laboratory, we have considered the effects of crack and mineral anisotropy on
the propagation of shear waves through rocks on samples chosen specifically for their
anisotropy. How do we apply the laboratory observations to the interpretation of anisotropy in situ? For instance, if anisotropy is present in both crack distribution and
mineralogy, how do we separate the two sources of anisotropy ? To answer these questions,
we consider a simple example.
The Chelmsford granite contains both crack anisotropy (i.e., cracks preferentially
oriented parallel to the rift) and mineral anisotropy due to mica orientation (parallel to
the grain). Both of these sources of anisotropy influence shear velocities. In Figure 3 we
have plotted the shear velocities for propagation perpendicular to the headgrain and
polarization normal to the rift (Vs~R) and to the grain (Vs,~) planes. The value of Vs, ~
should be most sensitive to the intense concentration of cracks in the rift, the value of
Vs,~o should be sensitive to the mica concentration in the grain. At low pressures cracks
are open, and the effect of the dense crack concentration in the rift dominates the effect
of mica orientation; thus, Vs,~R < Vs~,~. At higher pressures the cracks are closed, and
the effect of the intrinsically lower velocity perpendicular to the mica cleavage dominates
that of cracks; thus, Vs,~ > Vs,~. At low pressures the crack distribution is more
important in determining shear velocities: at high pressures cracks are closed, and the
effect of mineral anisotropy dominates. Thus, measuring shear velocity under hydrostatic pressure separates crack and mineral anisotropy.
Now consider the same experiment h7 situ, where the Earth acts as a pressure vessel.
Jolly (1956) has measured shear velocities in shale. Shale is a prime example of a rock
with both crack and mineral anisotropy. Jolly found a large difference (50 to 100 per cent)
in S H and S V velocities at shallow depths; the difference decreased at greater depth. To
interpret these results, consider the effect on cracks and mineral layering due to the
increase in pressure with depth in the Earth. Cracks close with depth (pressure), but
mineral layering is unaffected. The large difference between S H and S V velocities near
the surface is due mainly to dense concentration of horizontally oriented cracks. With
depth the cracks close, and the difference between S H and S V velocities approaches the
value expected solely for mineral layering. Thus, because the Earth provides a graded
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pressure scale with depth, we can carry out the same experiment in situ that we did with
Chelmsford granite in the laboratory. We can, therefore, separate the sources of anisotropy.
It follows then that anisotropy for a given lithological unit which varies with depth is
crack anisotropy. In the same way, anisotropy which does not vary with depth is mineral
anisotropy. Finally, any anisotropy at depths where pressure is greater than 1 or 2 kb is
certainly mineral anisotropy, for, at such pressure, all cracks are closed.
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CONCLUSIONS

Previously, most authors (e.g., Simmons, 1964) have reported only one shear velocity
for a given propagation direction in rocks. It has now become evident that a single shear
velocity value does not fully describe shear-wave propagation in a given direction for
anisotropic rocks. The difference in the two shear velocities for waves having the same
propagation path and perpendicular polarizations can exceed 10 per cent. Thus, in rock
samples with anisotropy in crack and mineral distribution, more than a single shear
velocity measurement must be obtained in each propagation direction in order that the
velocities completely describe the elastic behavior of the rock.
Recognizing the fact that shear velocities carry information about anisotropy, crack
and mineral anistropy in the Earth's crust and mantle and in the lunar interior can be
studied using shear waves. In particular, much information can be obtained from shear
velocity measurements of mineral anisotropy in the Earth's upper mantle: mineral
layering in terrestrial and lunar volcanic rocks, naturally occurring crack anisotropy in
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granites and shales, and stress-induced crack anisotropy in areas of the Earth's crust under
stress.
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