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Seismic anisotropy of shales

Joel E. Johnston and Nikolas I. Christensen
Department of Earth and Atmospheric Sciences, Purdue University, West Lafayette, Indiana

Abstract. The seismic properties and preferred clay mineral orientation of a suite of shales are
investigated using laboratory velocity measurements as a function of confining pressure, X ray
diffraction techniques, and electron microprobe backscatter (BSE) imaging. The velocity
measurements indicate that these shales are transversely isotropic with the main symmetry axis
perpendicular to bedding. Anisotropy, at elevated pressures caused mainly by preferred orien-
tation of clays (illite) parallel to bedding, ranges from 20% (Vp) and 19% (Vs) for a sample of
New Albany Shale to 30% (Vp) and 35% (V.) for a sample of Chattanooga Shale. The degree
of clay mineral alignment in the shales is constrained by "orientation indices" produced using
simple X ray diffraction techniques. A strong positive correlation is found between the degree
of preferred orientation, as expressed in the orientation indices, and seismic anisotropy. BSE
images of the shale fabrics confirm in a qualitative manner the results of the X ray study. To
investigate wave propagation in the shales, elastic constants of each sample are calculated and
used to produce phase and group (wave) velocity surfaces, which describe variation in velocity
as a function of angle to the bedding normal. The calculated velocity surfaces, constrained by
independent velocity measurements, display a lack of shear wave splitting at "near-normal
incidence" in even the most anisotropic shales. For the highly anisotropic Chattanooga shales,
group velocity surfaces differ significantly from corresponding phase velocity surfaces.

Introduction

Although shales comprise approximately 50% of the average
sedimentary basin [Boggs, 1992] and are important hydrocarbon
source rocks, relatively few studies have been undertaken deal-
ing with their seismic properties. In addition to their abun-
dance, shales often exhibit strong seismic anisotropy, a phe-
nomenon that can have significant effects on seismic data [e.g.,
Levin, 1979; White et aI., 1983; Banik, 1984; Winterstein,
1986; Brocher and Christensen, 1990; Lynn and Thomsen,
1990; Carrion et aI., 1992]. Laboratory measurements of shale
velocities and seismic anisotropy, important for the interpreta-
tion of field data, are relatively rare mainly due to the difficulty
in working with samples that are often fissile and/or friable
[e.g., Jones and Wang, 1981]. Investigations dealing with clay
mineral alignment in shales, often cited as the underlying cause
of their extreme anisotropy, are equally scarce.

For these reasons, we have undertaken a laboratory study of
the seismic properties of shales using laboratory velocity mea-
surements, X ray diffraction techniques, and electron micro-
probe iImging. Compressional and shear wave velocity mea-
surements as a function of confining pressure indicate that these
shales are transversely isotropic with the main symmetry axis
perpendicular to bedding. Electron microprobe backscatter im-
ages and X ray diffraction methods have been used to quantify
the degree of clay mineral alignment parallel to bedding in each
sample, which in turn has been related to observed compres-
sional and shear wave anisotropy. Elastic constants calculated
for each of the samples have been used to produce velocity sur-
faces which describe variation in velocity as a function of angle
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to bedding normal. These surfaces, constrained by additional
velocity measurements at a range of angles to bedding, indicate
a lack of shear wave splitting or significant variation in com-
pressional wave velocity for near-normal angles of incidence in
even the most highly anisotropic shales. The results of this study
show that detailed laboratory velocity measurements, in combi-
nation with simple techniques to quantify clay mineral align-
ment, can provide important information regarding anisotropy
and wave propagation in fine grained sediInentary rocks.

Previous Studies

Few laboratory studies have deali extensively with seismic
velocities in shales. In a pioneering study, Kaarsberg [1959]
used atmospheric pressure compressional wave velocity mea-
surements and X ray diffraction techniques (described in greater
detail below) to examine clay mineral alignment in claystones
and shales as a function of density and burial depth. Podia et
aI. [1968]examinedthe effects of water saturationand confining
pressure on the velocities and elastic constants of a Green River
Shale. Jones and Wang [1981] measured the velocities of two
Cretaceous shales from the Williston basin. They found these
rocks to be transversely isotropic with the main symmetry axis
perpendicular to bedding. The transverse isotropy was attrib-
uted to clay mineral alignment parallel to bedding. Recently,
Vernik and Nur [1992] measured the velocities of a suite of
kerogen rich shales from the Williston basin. They related the
anisotropy of the shales to their kerogen content and maturation
level. Elastic constants were calculated for the shales, as were
phase velocity surfaces for one of the samples. Johnston and
Christensen [1994] measured the velocities of two highly
anisotropic Chattanooga shale samples. Elastic constants of the
shales were calculated and used to produce phase and group
velocity surfaces for each. In addition to these studies, a num-
ber of papers have reported shale velocity-pressure data [e.g.,
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Castagna et al., 1985; Thomsen, 1986; Lo et al., 1986; Rai and
Hanson, 1988; Christensen and Szymanski, 1991; Freund, 1992;
Johnston and Christensen, 1992].

Sample Collection and Petrographic Descriptions

Samples for the present study were collected from three
Devonian-Mississippian black shale formations. Two samples
(TH-26 and TH-Sl) were obtained from the Chattanooga Shale
(Millboro member) of eastern Tennessee, exposed in the Thorn
Hill sedimentary section [Walker, 1985]. Four shales were col-
lected from the New Albany Shale of the Illinois Basin, exposed
in a southern Indiana quarry [Lineback, 1970; Hasenmueller and
Basset, 1981]. Two samples (NEW2 and NEW3) were taken
from the lowermost Blocher member of the New Albany, while
the remainder (NEWS andNEW7) were collected from the
Morgan Trail member [Lineback, 1970]. Last, one sample of
the lower Antrim Shale [Matthews, 1993] of the Michigan Basin
was obtained from a quarry exposure in northern Michigan. All
of the shales collected are extremely well indurated and thus
ideally suited for laboratory study.

The mineralogy of each shale was examined using standard
petrographic techniques, supplemented by X ray diffraction
methods (described in greater detail below) and whole rock geo-
chemical analyses. Brief petrographic descriptions and geo-
chemical data for the shale suite are listed in Table 1. The
dominant clay mineral in these shales is illite, with subordinate
chlorite. Nonclay constituents include quartz, pyrite, dolomite,
and minor calcite. Organic matter, seen as amorphous reddish
brown material intermixed with the clay minerals, is common in
all of the shales. The Chattanooga shales are distinguished from
the rest of the samples in having greater amounts of chlorite,
and in being especially rich in clays and organic matter with
very fine grained quartz and pyrite as the only nonclay constitu-
ents. This is reflected in relatively high percentages of Alz03
and KzO (indicative of clays) and low percentages of SiOz
(indicative of all silicate minerals, but very sensitive to quartz)
for these samples [Boggs, 1992]. Occasional thin laminae of
carbonate minerals (mainly dolomite) identified by petrographic
means in NEWS and NEW7 are expressed geochemically by
relatively large percentages of CaO for these samples (Table 1).
When viewed in polarized light in the petrographic microscope,
the phenomenon of "mass extinction" [Folk, 1962; Boggs, 1992]
is observed to some degree in all specimens, but is especially
prominent in the Chattanooga shales, indicating very strong pre-
ferred orientation of clays parallel to bedding.

Experimental Techniques and Velocity
Measurements

From each shale sample, multiple 2.54-cm-diameter cores
were taken parallel, perpendicular, and at 4So to bedding.
Cores were also taken at a range of other angles to bedding,
usually in 10°-ISo increments, depending upon the size of the
sample. All cores were oriented very carefully with respect to
the bedding plane ( :to.5° for the 45° cores, :tlo for the remain-
der) to ensure that angles were "true" and accurate elastic con-
stants would be obtained. The cores were then polished into
right circular cylinders, with ends flat and parallel to within
:to.05 mm. A few cores fractured during preparation, and thus
were discarded, but not enough to bias our analysis of a given
shale sample. The lengths, diameters, and weights of the cores
were measured to determine sample density. The velocity of
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each cor,e was then measured to confining pressures of 100 MPa
using the pulse transmission technique and a mercury delay line
[Christensen, 1985]. In general, three velocities were measured
per core: the compressional wave velocity (Vp), the velocity of
the shear wave vibrating parallel to bedding (Vsh), and the ve-
locity of the shear wave vibrating in a plane perpendicular to
bedding (Vsv)' For cores taken perpehdicular to bedding, the

Vsh-Vsvdistinction is obviously not used. Velocities were meas-
ured under unsaturated conditions, since all of the samples have
porosities much less than 1%.

Velocities for selected propagation directions, anisotropies,
densities, standard deviation of densities, and number of cores
taken per shale are listed in Table 2. Note that the densities
given are averages of all the core densities for that sample, and
that the velocities listed are generally averages of several mea-
surements. ,Compositional homogeneity in the samples is de-
monstrated by low standard deviations of mean density for each
shale. The velocity data indicate that these shales are trans-
versely isotropic with the main symmetry axis perpendicular to
bedding (Figure 1). Some characteristics of a transversely iso-
tropic solid include (1) compressional and shear wave velocities
independent of propagation direction in the bedding plane and,
(2) velocities of shear waves propagating perpendicular to bed-
ding equal to the velocities of the shear waves propagating in the

4.5
Parallel to bedding

4.0
----
'"ac
c..

>-
3.5

- - - - -

~5:~_be~d~ng-

Perpendicularto bedd~~~/_/-----------

---------------------

~-
/'

3.0
o 1'0 ' 20

, , ,
50 6030 40 70 80 90 100

Pressure (MPa)

3.0

Vsh, parallel to bedding_-

- - -

~---~
Vsv, 45 to bedding

- - - - - - -
~---

-----------
Vsv, parallel ~-~~~~~~~---=~~=

=-_-=:..--c;c:-~~~--Vs, perpendicular to bedding

2.0
o 10 20' 3'0 40 50 60 70 80 90 100

Pressure (MPa)
Figure 1. Compressional and shear wave velocities for select
propagation directions as a function of confining pressure for
NEW7. Each curve is an average of multiple measurements.

bedding plane, vibrating in a plane perpendicular to bedding
[Bearmon, 1961; Christensen, 1966; Musgrave, 1970].

Anisotropy and Clay Fabric of Shales

In the present study, seismic anisotropy is defined in terms of
symmetry direction velocity measurements as (Vmax- V min)/V max'
expressed as a percent. The data given in Table 2 indicate that
all of the shales examined are highly anisotropic. The
Chattanooga shales, TH-26 and TH-51 , exhibit extreme aniso-
tropy, approximately 30% for Vp and 35% for V, at 100 MPa.
The remainder of the shales from the New Albany and Antrim
formations all possess approximately 20% Vp and Vs anisotropy,
although ANTI and NEW3 are slightly more anisotropic than
NEW2, NEW5, and NEW7. Anisotropy is observed to de-
crease slightly with increasing confining pressure for each sam-
ple. At low confining pressures (-10 MPa), aligned mi-
crocracks and preferred orientation of clay minerals contribute
to the observed anisotropy. As confining pressure is increased,
anisotropy decreases due to closure of microcracks. At 100
MPa, observed anisotropy can mainly be attributed to clay min-
eraI alignment parallel to bedding, although there could proba-
bly still be a small contribution due to the few microcracks
which remain open.

Although preferred orientation of clay minerals has often
been cited as the dominant cause of seismic anisotropy in shales
[e.g., Jones and Wang, 1981; Vernik and Nur, 1992; Johnston
and Christensen, 1994], no direct investigation of this relation-
ship has been attempted. In the present study, two complemen-
tary techniques, X ray diffraction and electron microprobe imag-
ing, have been used to examine clay fabric in these Devonian-
Mississippian shales. X ray diffraction has been used to provide
a relative estimate of clay mineral alignment parallel to bedding
which has then been confirmed using electron microprobe
backscatter images.

X Ray Diffraction

Many studies have used X ray diffraction methods to investi-
gate clay mineral alignment in clays and shales [e.g., Kaars-
berg, 1959; Silverman and Bates, 1960; Meade, 1961; O'Brien,
1964; Gipson, 1966; adorn, 1967]. The only study to relate
clay mineral alignment in shales, although indirectly, to labora-
tory velocity data was by Kaarsberg [1959]. Kaarsberg ob-
served that sections taken parallel to bedding in shales produce
prominent illite basal plane 002 diffraction peaks when X rayed,
and from this observation formulated the idea of using X ray
diffraction to study clay mineral alignment in clays and shales as
a function of density and depth of burial. Kaarsberg found that
studying illite alignment was ideal, since the 002 and 110 planes
of this mineral are nearly at right angles to each other. Thus the
greater the illite 002 planes are aligned parallel to bedding in a
sample, the greater the 110 planes will be aligned perpendicular
to bedding [Kaarsberg, 1959]. Kaarsberg's work provided the
inspiration for using X ray diffraction techniques to investigate
clay mineral alignment in the present study.

For each of the seven shales, 2.54-cm-diameter disks were
cut from the ends of the cores taken parallel and perpendicular
to bedding. These disks were then repolished until both sides of
each disk had a mirrorlike finish. Polishing was done carefully
to ensure that the surfaces of the disks retained their original
orientation either parallel or perpendicular to bedding. The
disks were then irradiated using a Phillips-Norelco X ray dif-
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Figure 2. X ray diffraction traces (sections parallel and per-
pendicular to bedding) for TH-51. Illite 002 and 110 peaks are
shaded.

fractometer (CuKa radiation), taking care to ensure that irradi-
ated surface area was kept constant from sample to sample. The
various mineral types were identified using standard procedures
[e.g., Moore and Reynolds, 1989], paying particular attention to
the diffraction peaks for the illite 002 and 110 planes. Figures 2
and 3 show typical X ray diffraction patterns for shales NEW2
and TH-51. For TH-51 (Figure 2), the section taken parallel to
bedding produces a very strong illite 002 diffraction peak and a
very weak illite 110 peak. Conversely, the section perpendicu-
lar to bedding produces a very strong 11a peak and a very weak
002 peak.

.
These observations indiCate that illite 002 planes in
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sample TH-51 are strongly aligned parallel to the bedding plane.
The same overall differences between 002 and 11a peak inten-
sity, although more subdued, are observed in the parallel and
perpendicular sections of NEW2 (Figure 3), indicating that the
illite flakes in NEW2 are not as well aligned as those in TH-51.

To obtain a relative measure of clay mineral alignment paral-
lel to bedding in these shales, the method proposed by Meade
[1961] has been adopted, which is a variation of the technique
used by Kaarsberg [1959]. For a given shale, the average ratio
of the 002 to 110 diffractionpeak heights was calculated for the
sections oriented parallel to bedding. This number was then di-
vided by the average ratio of the 002 to 110 peaks for the sec-
tions perpendicular to bedding, producing an 'orientation index
as follows:

N
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Figure 3. X ray diffraction traces for NEW2. Illite 002 and
110 peaks are shaded.

.
30

Author's Personal Copy



5996 JOHNSTON AND CHRISTENSEN: SHALE ANISOTROPY

°
. .

I d
(002/110) parallel to bedding

nentatlOn n ex = (002 / 110) perpendicular to bedding

The greater the degree of clay mineral alignment parallel to
bedding in a sample, the greater the orientation index. A shale
with randomly oriented clay particles would have an orientation
index of approximately 1 [Meade, 1961]. The advantages of
using this technique for investigating clay mineral alignment in
shales include the fact that it is relatively simple, utilizes a
maximum of information (sections both parallel and perpendicu-
lar to bedding are irradiated), and most important, other factors
which affect peak intensity, including clay particle size, degree
of crystallinity, sample thickness, etc., are canceled out [Meade,
1961; Moore and Reynolds, 1989].

Orientation indices for each of the shales, corrected for X ray
noise, are listed in Table 2. The orientation indices indicate that
all of the shales exhibit a high degree of illite alignment parallel
to bedding. The Chattanooga shale samples, TH-26 and TH-51,
exhibit the greatest degree of alignment, as indicated by very
large orientation indices relative to the other shales. Samples
NEW2, NEW5, and NEW7 have more random orientations of
clay particles relative to the bedding plane, while NEW3 and
ANTI have clay alignments intermediate between these two
extremes, as indicated by intermediate orientation indices.

In Figure 4, compressional and shear wave anisotropies of
the shales at 100 MPa are plotted against respective orientation
indices. A strong positive correlation is apparent, with the
highly anisotropi<; Chattanooga shales having the largest orien-
tation indices. NEW2, NEW5, and NEW7, the shales with the
lowest anisotropy, fonn a cluster at the lower left corner of this
plot, while NEW3 and ANTI which have intermediate Vpand V,
anisotropies, and orientation indices, fill the gap between these
two extremes.

Directly relating orientation indices to anisotropy as in Figure
4 ignores the fact that illite content varies from shale to shale.
This could be a problem, since a very silty shale will exhibit
low anisotropy even if all of its clay minerals are perfectly
aligned. To account for variable clay content, the combined
Alz03 and K20 contents (Table 1) of each shale, the oxides most
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Figure 4. Percent compressional and shear wave anisotropy
(100 MPa) of shales versus X ray orientation indices.
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indicative of clay minerals [Boggs, 1992], can be multiplied
against the orientation indices. Thus shales with high. clay con-
tents will have relatively unchanged orientation indices while
more quartz (or carbonate) rich samples will have reduced ori-
entation indices. A plot of "clay corrected" orientation indices
verSUSanisotropy is given in Figure 5. Very slight improve-
ments to the overall linear trends of Figure 4 are apparent.

The correlation between orientation index and seismic aniso-
tropy observed in Figures 4 and 5 is striking, Thus at elevated
confining pressures, the observed anisotropy in these shales can
be attributed dominantly to clay mineral alignment parallel to
bedding, with greater degrees of alignment resulting in higher
anisotropy. The degree of illite alignment is effectively char-
acterized, in a relative sense, by the orientation index proposed
by Meade [1961]. It should be pointed out that preferred orien-
tation of nonclay minerals such as quartz cannot be ascertained
by this method, but the effects of any such. alignment on ob-
served anisotropy are likely to be minimal relative to the clay
contribution. In addition, chlorite is obviously a significant
component of the Chattanooga shales (Figure 2). Since this clay
does not have prominent nonbasal diffraction peaks [Kailrsberg,
1959], its alignment cannot be studied using either Kaarsberg's
or Meade's techniques. It is probably safe to assume, however,
that for a given sample, the chlorite is aligned parallel. to bed-
ding to the same degree as the surrounding illite.

Electron Microprobe Imaging

Scanning electron microscope (SEM) and electron micro-
probe investigations of shale fabric have primarily been confined
to sedimentary petrology/petrography studies [e.g., Gipson,
1965; O'Brien, 1970; White et ai., 1984; O'Brien, 1986]. For
example, Gipson [1965] used the SEM to study the sand, silt,
and clay-sized particle orientation in shales. White et ai. [1984]
demonstrated the utility of the electron microprobe in back-
scatter mode for petrographic investigations of sandstones and
shales. Recently, O'Brien [1986] used X-radiography and SEM
images to examine bioturbation in shales. Limited use of elec-
tron microprobe and/or SEM images of shale fabric in relation
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to seismic anisotropy has been undertaken in a few laboratory
studies [Jones and Wang, 1981; Vernik and NUT, 1992].

To supplement the clay orientation information derived from
X ray methods in the present study, a Cameca SX-50 electron
microprobe operating in backscatter mode was used to collect
digital images of the clay fabrics in each of the shales. Polished
sections for the microprobe were made from disks cut from core
ends. To obtain the best view of clay alignment, most of the
sections were taken in a plane perpendicular to bedding. For
comparison purposes, one polished section oriented parallel to
bedding was prepared for sample TH-26. Several sites were
examined in each polished section using the microprobe; at each
site, digital images were collected at 100x, 200x, 500x, and
1000x magnification. The 500x and 1000x images were found

a).

b).

Figure 6. Electron microprobe backscatter (BSE) images of
TH-26 taken in a plane perpendicular to bedding at (a) 500x,
and (b) 1000x, magnification. In Figure 6a, select quartz (Q)
and pyrite (P) grains are labeled.
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Figure 7. BSE image of TH-26 taken in a plane parallel to
bedding at 500x magnification. Note lack of apparent preferred
orientation of clay minerals.

to be most suitable in terms of resolution for examining clay
mineral alignment. Only minor image processing was under-
taken, primarily to increase tone contrasts between minerals. In
a backscatter (ESE) image, the tone of a mineral is determined
by its mean atomic number; the higher the mean atomic number,
the brighter the mineral will appear. For example, pyrite,
which has a mean atomic number (2) of 20.65, appears white on
BSE images, while quartz (2= 10.80), dolomite (2= 10.87), and
illite (2= 11.16) are characterized by much darker tones [White
et at., 1984].

A BSE image of Chattanooga shale TH-26, taken at 500x
magnification in a plane perpendicular to bedding, is shown in
Figure 6a. Pyrite grains are easily identified by their light tone
and morphology. Quartz grains are identified by their darker
tones, angular morphology, and the fact that softer clay minerals
are often bent around them. Bright rims around the edges of
quartz grains are distinctive of this mineral; even after careful
polishing, the edges of hard minerals tend to stand higher than
surrounding clay minerals and hence strongly reflect incident
electrons [White et at., 1984]. Though the borders of individual
clay minerals are difficult to resolve, strong preferred orienta-
tion of clay minerals parallel to bedding is apparent. This
alignment is emphasized by abundant lenses of organic matter
oriented parallel to bedding, which appear black. An image of
the same site at 1000x magnification (Figure 6b) emphasizes the
preferred orientation and also shows compaction and bending of
clay minerals around the harder pyrite grains. Equally strong
clay mineral alignment parallel to bed\iing is apparent in BSE
images of TH-51.

A BSE image of TH-26, taken at 500x magnification in a
plane parallel to bedding (Figure 7) provides a strong contrast to
Figure 6. Grains of bright pyrite and angular quartz are again
visible. The majority of the image, however, is taken up by
irregularly shaped clay minerals which display no apparent pre-
ferred orientation, as would be expected.
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Figure 8. BSE image of NEW3 taken. in a plane perpendicular
to bedding at 500x magnification. Note abundant angular quartz
grains.

The relatively poor alignment of clay minerals parallel to
bedding in the New Albany and Antrim shale samples, as pre-
viously identified through the X ray measurements, is apparent
on BSE images. A backscatter image of NEW3 (500x, section
through bedding) is given in Figure 8. Note the significant
number of angular quartz grains relative to the TH-26 images.
Preferred orientation of clay minerals can be seen but is defi-
nitely not as prominent as in the Chattanooga shales. A similar
degree of alignment can be seen in Figure 9, which displays
images of NEW2 at 500x and 1000x magnification. As in Fig-
ure 8, a large number of nonclay minerals such as quartz and
pyrite are visible which would partially account for the low
anisotropy exhibited by these samples relative to the
Chattanooga shales.

The BSE images presented above confirm in a qualitative
manner the conclusions derived from X ray diffraction. All of
the shales display prominent preferred orientation of clay min-
erals parallel to bedding, with very strong clay fabrics apparent
in the Chattanooga Shale samples. The few microcracks
observed in the BSE images were found to be aligned subparal-
lel to bedding. Thus, at low confining pressures, the clay fabric
and microcracks contribute to the observed transverse isotropy
of the shales; at higher confining pressures ( -100 MPa), where
the majority of microcracks are closed, the effect of the pre-
ferred orientation of clays is dominant. It should be noted here
that fine scale interlayering of dissimilar minerals (i.e., calcite
and clay) has been identified as a source of seismic anisotropy
(periodic thin layering anisotropy) in some deep-sea sediments
by Carlson et al. [1984]; this phenomenon is believed to be in-
significant in the present study.

The potential of BSE images and X ray diffraction for inves-
tigating preferred orientation of clays in relation to seismic
anisotropy has been demonstrated in the first half of this paper.
In the following sections, wave propagation in these shales will
be examined through the calculation of elastic constants and ve-
locity surfaces.

Elastic Constants

A transversely isotropic medium is described by five inde-
pendent elastic constants [Hearmon, 1961]. Figure 10 shows
schematically the key velocity measurements necessary for the
calculation of the elastic constants in relation to the bedding
plane of a shale. The actual velocity-elastic constant relation-
ships [Hearmon, 1961; Auld, 1990] are as follows, where p is
sample density: 2

Cll = pVp par

2
C33 = P v;, per

a).

b).

Figure 9. BSE images of NEW2 at (a) 500x, and (b) 1000x,
magnification. Note pyrite (P), quartz (Q), and organic matter
(0).
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Vsv

- ...- - -
- -Vsh

VPpar
Figure 10. Schematic diagram of a shale sample relating critical
velocity measurements to shale fabric. Note that for a trans-
versely isotropic shale Vs = Vsv.

The calculations for the Cll, CIl> C33, and C44elastic constants
are dependent on velocities measured along "symmetry" direc-
tions, either parallel or perpendicular to bedding. The relatively
complex equation for the Cn constant is dependent upon mea-
suring a compressional wave phase velocity (Vp45)in the cores
taken at 45° to bedding. It has been demonstrated that standard
laboratory velocity measurements on nonsymmetry direction
cores record phase velocity [Dellinger and Vernik, 1994;
Johnston and Christensen, 1994]. Phase velocity is defined as
the speed with which seismic wave fronts travel in a direction
parallel to the wave front normal [Winterstein, 1990]. Most
laboratory velocity transducers can be considered planar sources
and receivers [Auld, 1990]. Although the energy of the output
transducer will tend to slip sideways as it travels down a non-
symmetry direction core, the dimensions of the core (2-4 cm
long, 2.54-cm diameter) and transducers (2.54-cm diameter) are
such that the flat portions of the output wave front will strike the
receiving transducer (Figure 11). Thus, a phase velocity is
measured, and calculation of C13 using the velocity-stiffness
relation given above is justified. Elastic constants for the shale
suite as a function of confining pressure are listed in Table 2.

Phase Velocity Surfaces

To describe three-dimensional wave propagation in these
transversely isotropic shales, phase velocity surfaces were calcu-
lated using the Kelvin-Christoffel equations [e.g., Auld, 1990]
and the elastic constants of each sample. These surfaces de-
scribe variation in phase velocity as a function of angle to bed-
ding normal [Winterstein, 1990]. Three phase velocity surfaces
are calculated: one for the quasi-compressional wave (Vp), one

Core Sample
Receiving
Transducer

Figure 11. Schematic diagram of wave propagation in a non-
symmetry direction core where bedding is indicated by dashed
lines. "P" indicates wavefront normal/phase velocity vector,
"G" indicates related group velocity vector.
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Figure 12. Phase velocity surfaces for NEW? Measured
velocities are shown as symbols, calculated velocities are shown
as bold (Vp), thin (Vsv), and dashed (Vsh) lines. Note good
agreement between calculated velocity surfaces and measured
velocities.

for the shear wave vibrating parallel to bedding (Vsh), and one
for the quasi-shear wave vibrating in a plane perpendicular ~o
bedding (VSy)' Note that for propagation along symmetry aXIS
directions (parallel or perpendicular to bedding), all wave modes
are pure [Auld, 1990].

Phase velocity surfaces for samples NEW?, ANTI, and TH-
26 at 100 MPa are shown in Figures 12-14. Measured velocities
are shown as symbols and calculated velocities are shown as
bold (Vp), thin (VSy), and dashed (Vsh) lines. The calcu~ated
velocity surfaces, in conjunction with the measured velocItIes,
display several interesting features concerning wave propagation.
in transversely isotropic rocks. For example, although each of
the shales possesses strong shear wave anisotropy, there is no
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Degrees from Bedding Normal

Figure 13. Phase velocity surfaces for ANTI. Note good
agreement between calculated and observed velocities.
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IVcalc.-V meas.l, km/s

Sample Vp Vsh Vsv

TH-26 0.064 0.015 0.065

TH-51 0.059 0.054 0.044

NEW2 0.016 0.024 0.017

NEW3 0.019 0.016 0.016

NEWS 0.023 0.014 0.037

NEW7 0.017 0.010 0.012

ANTI 0.018 0.018 0.013
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Figure 14. Phase velocity surfaces for TH-26. Note relatively
poor agreement between calculated and observed v: and v:
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p w

phase velocIties.

10 80

significant shear wave splitting for propagation directions 0-30°
from the bedding normal. In this angular range, v'v phase
velocity is equal to if not slightly greater than Vsh phase velo-
city. Compressional wave phase velocity does not increase sig-
nificantly until propagation directions greater than about 20°
from bedding normal are reached. A dramatic peak in Vsvphase
velocity, especially prominent for TH-26, is observed at
approximately 40° from the bedding normal in each shale.
Similar features are observed in the phase velocity surfaces for
the other shales.

The independent nonsymmetry direction velocity measure-
ments can be used to provide important checks on the validity of
calculated velocity surfaces. Average differences between the
independently measured phase velocities and corresponding cal-
culated phase velocities for all samples are given in Table 3.
For most of the shales the calculated and observed velocities
agree very well, indicating that the calculated elastic constants
are accurate and representative of the samples. However, sys-
tematic differences can be seen between the calculated and ob-
served Vp and Vsvvelocities for TH-26 (Figure 14), a sample for

Table 3. Average Differences (inkm/s) Between

Calculated Phase Velocities and Independent

Nonsymmetry Direction Velocity Measurements

90

which only one 45° core was obtained. This observation can be
explained as follows.

.
The Cll, C]2, C33, and C44elastic con-

stants of each shale are well constrained by multiple velocity
measurements. More uncertainty is associated with the Cn
constants because of the complex equation used in their calcula-
tion. If the 45° 1-j,phase velocity measurements are not repre-
sentative of a given sample due to compositional heterogeneity
or slight misorientations of the 45° cores, large errors can be
propagated into Cn and the corresponding Vp and Vsv phase
velocity surfaces. Fortunately, the overall accuracy of the Cn
constants can be checked. Since only the Vp and Vsv phase
velocity surfaces are dependent upon Cn [Auld, 1990], we can
take advantage of the independent nonsymmetry direction
velocity measurements by iteratively adjusting the Cn constant
until a "best fit" is obtained between calculated and observed v:
and Vsvphase velocities. The iterative Cn constants are given i~
Table 2. With the exception of TH-26, the iterative Cn con-
stants do not differ significantly from the directly measured
constants, emphasizing the overall homogeneity of the samples
and the accuracy of the critical 45° core velocity measurements.

Group Velocity Surfaces

Group (ray) velocity is defined as the speed with whi::h a
wave surface travels in a given direction radially outward from a
point source in an anisotropic medium [Winterstein, 1990].
Group velocity (wave) surfaces for an anisotropic solid are de-
rived mathematically from corresponding phase velocity sur-
faces by converting individual phase velocity vectors into their
related group velocity vectors using the equations in Bearman
[1961] and Musgrave [1970]. In a graphical sense, group ve-
locity surfaces are best visualized as being formed by construc-
tive interference of plane waves emanating from a point source
imbedded in an anisotropic solid [Winterstein, 1990]. Motiva-
tion for calculating group velocity surfaces is provided by the
fact that in field studies, where point sources and receivers are
used, group velocities are measured [e.g., Thomsen, 1986].

Group velocity surfaces for NEW7 and TH-26 are given in
Figure 15. Previously calculated phase velocity surfaces are
shown for reference. Note that along symmetry directions
where wave modes are pure, group velocities are equivalent to
phase velocities [Winterstein, 1990]. The group velocity sur-
faces of NEW7 and TH-26 display the same general features as
the corresponding phase velocity surfaces in tenns of shear
wave splitting and variation of Vpat near-normal incidence. For
sample NEW? (Figure 15a), which possesses 20% v: and 18%
Vs anisotropy at 100 MPa, there is little difference ~tween the
group and phase velocity surfaces, especially for the Vsv wave
mode. For highly anisotropic TH-26 (Figure 15b), however,
group velocities are significantly less than phase velocities (at a
given angle from bedding normal) for all three wave modes.
Note the "cusp" present in the Vsvgroup surface, indicating that
it may be possible to record multiple pulses of Vsvwave energy
in properly designed field studies over highly anisotropic rocks.

In Figure 16, the group velocity surfaces of NEW7 and TH-
26 are replotted to show the actual shape of the wave surfaces
(in a plane perpendicular to bedding) which would radiate from
a point source in each shale. The Vsh wave surfaces in trans-
versely isotropic media are always ellipsoidal in shape [e.g.,
Postma, 1955; Musgrave, 1970]. The v: wave surfaces of both

.
p

shales superfIcially resemble ellipsoids, but are actually non-
elliptical; this is especially true for highly anisotropic TH-26
(Figure 16b). The Vsv wave surfaces of Figure 16 are neither
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Figure 15. Group velocity surfaces (solid and dashedlines) for
(a) NEW7 and (b) TH-26. Previously calculatedphase velocity
surfaces shownfor reference as symbols in 5° increments.

elliptical nor circular, with shapes that defy simple geometric
descriptions. However, for the Vsv wave mode, as well as the
Vpand Vshwave modes, the group velocity surfaces of Figure 16
describe a smooth, gradual increase in velocity at near-normal
incidence.

Conclusions

In this study we have used a variety of complementary tech-
niques to investigate the seismic properties of shales, including
velocity measurements as a function of confining pressure, X
ray diffraction, and electron microprobe imaging. The goals of
this investigation have been twofold: to investigate the cause of
seismic anisotropy in shales, and to describe wave propagation
in these rocks.

We have demonstrated that simple X ray diffraction tech-
niques, coupled with electron microprobe backscatter imaging,
can effectively provide a relative measure of the degree of pre-
ferred orientation of clay minerals in shales. This preferred
orientation can then be directly related to observed seismic

6001

90

anisotropy. Work done in this area, outside of Kaarsberg's
[1959] study, has been relatively limited. Recently, Sayers
[1994] has outlined a method for relating the clay particle orien-
tation distribution function in shales to observed anisotropy.
Additional. studies expanding on the use of X ray and SEM
techniques for examining the fabric of fine-grained sedimentary
rocks are needed. However, it can be concluded from our study
of shale fabric that preferred orientation of clay minerals is
obviously a widespread and significant source of seismic aniso-
tropy in sedimentary basins. Any interpretation of observed
anisotropy (e.g., shear wave splitting) in sedimentary strata
attributed solely to preferred crack orientation must be viewed
with caution.

We have shown that careful laboratory velocity measure-
ments on homogenous shale samples can be used to obtain very
accurate elastic constants. Critical to this is the careful orienta-
tion of core samples with respect to the bedding plane and ve-

a). 5

NEW 7 4

90

5

b). 5

TH-26 4

5

Figure 16. Group velocity surfaces for (a) NEW7 and (b) TH-
26. Vertical axes are velocities perpendicular to bedding (in
km/s), horizontal axes are velocities parallel to bedding.
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locity measurements on multiple cores to ensure that representa-
tive elastic constants are obtained. The elastic constants can
then be used to calculate velocity surfaces, which when con-
strained by independent velocity measurements, can provide in-
formation concerning wave propagation in highly anisotropic
shales important to the interpretation of seismic data. The con-
clusions of this investigation provide a better understanding of
the seismic properties of poorly understood, yet volumetrically
and economically significant, sedimentary rocks.
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