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INTRODUCflON

Poisson's ratio is an important parameter in both rock
mechanics, where it is used to desaibe behavior of a
material under stress, and in seismologicalSbJdies,where
it is used to identify and constrain properties of
subsurface lithologies. In geophysical SbJdies,
compressional and shear wave velocities of a rock
sample are used to determine Poisson's ratio (a), where

(1=
0.5r2 - 1

r2 - 1

r being the ratio of compressional to shear wave velocity
(VpNs).

Literature of the past two decades contains many
examples of the importance of VpN s in the geosciences.
Tatham [1] was one of the fmt to emphasize potential
importance of VpNs to exploration seismologists as an
indicator of sandstone porosity and pore content
Eastwood and Castagna [2] examined VpNs ratios from
well log data and investigated effects of lithology,
porosity, and pore aspect ratio on this parameter.
Robertson [3] discovered a correlation between changes
in average porosity (and pore content) and lateral
changes in VpNs in a hydrocarbon producing formation
in Oklahoma.

Interpretation of VplVs in carbonate lithologies is
believed to be fairly straightforward, as it appears to be
indicative of lithology and relatively insensitive to
porosity [2,4]. Interpretation of VpNs in other
sedimentary lithologies is relatively more difficult as
both porosity and clay content affect this parameter 12].
In addition, VpNs has been found to increase
significantly with increasing pore pressure in a wide
variety of sedimentary rocks [5].

One potential problem which has not been
previously addressed involves effects of anisotropy on
VpNs. In this paper, velocity ratios obtained from two
highly anisotropic, well-indurated shales from the Thorn
Hill sedimentary section of eastern Tennessee are
compared with data from laboratory studies of VpNs in
low porosity, isotropic rocks. It is shown that anisotropy
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of VplVs in shales is of greater magnitude than changes
in VplVs produced by variations in lithology.

EXPERIMENTAL TECHNIQUE AND DATA

(1)

Three main sources of laboratory data on VplVs in
low porosity sedimentary rocks were used in this
summary. The SbJdy by Wilkens et ale [4] provides
valuable velocity data for a suite of silty limestones. In
addition, Christensen and Szymanski [6], and Johnston
and Christensen [7] published compressional and shear
wave data, respectively, for a wide variety of
sedimentary rocks collected from the Thorn Hill
sedimentary section of Eastern Tennessee. Data from
these studies is summarized in Table 1. Carbonates in
the form of dolostones. limestones, and silty limestones
are well represented, as are low porosity sandstones. In
addition to these samples, data from a quartzite [8,9]
have been added as an analog for an extremely low
porosity sandstone. Velocities are at 100 MPa confining
pressure and under unsaturated conditions. At this
pressure, low aspect ratio pores are dosed (e.g., [4,7]).

Although shales comprise a great percentage of the
total rock volume in sedimentary basins, laboratory
velocity studies of these rocks are rare due to difficulty
in obtaining cores in fissile and/or poorly consolidated
samples. A few notable papers have been published.
Jones and Wang [10] measured Vp and Vs in two
unconsolidated shales from the Williston basin and
found that the samples behaved as transversely isotropic
solids with the main symmetry axis perpendicular to
bedding. Lo et al., [11] measured Vp and Vs in the
Chicopee shale as a function of confining pressure and
used these values to calculate elastic constants of the
sample.

Shales examined in this study were collected from
the Millboro (IH-26) and Braillier (IH-29) members of
the Devonian-Mississippian Chattanooga formation.
These shales are extremely well indurated, with
porosities of approximately one percent Since earlier
velocity studies of shales have demonstrated transverse
isotropy [10], four cores 2.54 em in diameter and from 2
to 4 em long were taken from each sample (Figure 1).
The cores were trimmed and polished into right circular
cylinders, jacketed with copper. to isolate pore spaces
from high pressure oil, and subjected to ultrasonic
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Table 1. Sandstone (SS), limestonc (LS), silty limcstone
(SLS), dolostone (DOL), and quartzite (QU) data used in this

study.

Porosity CarboDate
Sample Lithology Vp (IcmIs) Vs (IcmIs) VpNs (%) (%)
TH-55 55 5.40 3.78 1.43 2.4 0
TH-2S 55 5.29 3.45 1.53 1.9 0

C65 QU 6.05 3.94 1.54 0 0
TH-57 55 5.37 3.45 1.56 1.2 0

W2625a 5LS 5.76 3.62 1.59 0.2 80
W262Sb 5LS 5.72 3.59 1.59 0.2 6
TH-38 5S 5.32 3.31 1.61 1.7 0

W2635c 5LS 5.48 3.40 1.61 1.1 39
W262Sc SLS 5.40 3.35 1.61 0.4 13
W2623a SLS 5.82 3.60 1.62 0.3 13
W2622c SLS 5.76 3.51 1.64 0.2 27
W2637c SLS 5.90 3.55 1.66 1.1 31
W2169c SLS 5.48 3.29 1.67 1.2 40
TH-58 SS 5.50 3.30 1.67 1.5 0

W2624c SLS 5.95 3.50 1.70 0.5 35
W2623c SLS 5.93 3.47 1.71 0.4 26
W2633c SLS 5.40 3.15 1.71 3.7 37
W2636c SLS 6.01 3.46 1.74 1.1 41
W2620c SLS 5.70 3.18 1.79 2.1 56
TH-47 DOL 6.59 3.67 1.80 0.9 95
TH-12 DOL 6.77 3.75 1.81 0.8 99
TH-44 DOL 6.82 3.77 1.81 1.2 99

W2621c SLS 6.03 3.32 1.82 1.6 64
TH-ll DOL 6.94 3.82 1.82 0.4 99
TH-45 DOL 6.89 3.79 1.82 0.7 99
TH-39 DOL 6.81 3.70 1.84 0.3 97

W2621a SLS 6.34 3.43 1.85 2.1 40
W2627c SLS 5.77 3.12 1.85 0.6 80
W2169a SLS 5.65 3.04 1.86 0.8 50
W2636b SLS 6.36 3.37 1.89 1.8 63
TH-35 LS 6.09 3.22 1.89 0.9 100

W2636a SLS 6.38 3.37 1.89 0.8 60
TH-14 LS 6.41 3.36 1.91 0.2 99
TH-17 LS 6.19 3.23 1.92 0.3 99
TH-19 LS 6.38 3.32 1.92 0.1 99
TH-42 LS 6.36 3.32 1.92 0.1 99
TH-3 LS 6.34 3.29 1.93 0.3 98

W2626c SLS 5.93 3.07 1.93 2.2 99
W2626a SLS 5.92 3.06 1.93 2.1 92

TH-7 LS 6.57 3.38 1.94 0.1 99
TH-37 LS 6.60 3.40 1.94 0.5 99

W2621b SLS 6.56 3.38 1.94 0.3 81
TH-6 LS 6.50 3.34 1.95 0.1 95
TH-4 LS 6.32 3.22 1.96 0.4 99
TH-5 LS 6.54 3.33 1.96 0.1 99

TH-16 LS 6.24 3.19 1.96 0.7 95
TH-22 LS 6.31 3.22 1.96 0.2 99
TH-15 LS 6.43 3.26 1.97 0.1 99

W2626b SLS 6.16 3.09 1.99 1.7 90

velocity measurements to 200 MPa using a Harwood
pressure generating system and the mercury delay line
technique [12]. Shear and compressional transducers
with resonant frequencies of 1 MHz provided the seismic
sources and receivers.

To obtain the complete elastic constants for a
transversely isotropic medium, a minimum of five
measurements are required. As a check of symmetry,
nine velocities were measured per rock (Figure 1). Two
Vp measurements were made from cores taken in the
bedding plane (VPbb and VPcc' where the first subscript
indicates propagation direction and the second, vibration
direction). Velocities of shear waves propagating in the
bedding plane and vibrating parallel (VSbc) and
perpendicular (Vsca) to bedding were also obtained from
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Fig. 1. Diagram showing shear and compressional wave
velocities (including vibration directions) measured in shale
samples11I-26 and 11I-29.

these cores. Wave velocities were also measured for
propagation direction perpendicular to bedding (VPaa
and VSac)' The velocity of a quasi-compressional wave
propagating at 450 to bedding was measured (VPd)' as
well as those for two shear waves, one vibrating parallel
to the bedding plane (Vsdh)' and one vibrating
perpendicular to the plane (VSdv) (Figure 1).

The velocity data, compiled in Table 2, indicate that
both TH-26 and TH-29 are to first approximation
transversely isotropic, (VPbb=Vpcc>VPaa and
VSac=Vsca<VSbc)' with the main symmetry axis
perpendicular to bedding. At pressures of 100 MPa and
above, most rock microcracks are closed and anisotropy
can be attributed to clay minerals aligned parallel to
bedding [7, 10, 11]. At 100 MPa, TH-26 exhibits 37%
Vp anisotropy and 45% Vs anisotropy. TH-29 has
slightly greater Vp and Vs anisotropies, at 49% and 34%,
respectively.

The five independent elastic constants necessary to
describe a tranversely isotropic medium are also listed as
a function of pressure in Table 2. These stiffness
constants were calculated from velocities and densities
using the equations given in Lo et al., [11]. Calculation
of these constants is relatively simple. Difficulties can
arise in the calculation of C13' however, if the quasi
compressional velocity at 450 is not measured with
extreme accuracy as this value is raised both to the
second and fourth power in the velocity-stiffness
relation.

Using the elastic constants of Table 2, the Voigt-
Reuss-Hill (VRH) velocities [13] of the tWoshales at 100
MPa were calculated and are presented in Table 3. The
VRH averaging scheme is commonly used to define the
isotropic elastic properties of anisotropic single crystals.
Also given in Table 3 are VpNs values for propagation
directions nonnal, parallel, and at 45° to bedding for
both shales at 100 MPa. Low values of VpNs are found
for propagation directions at 45° to bedding with the
quasi-shear wave vibrating perpendicular to bedding
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Table 2. Velocities and clastic constants of shale samples as a function of pressure. See Figure 1 for explanation of
velocity measurements.

TH-26:
density =2.341 glee
Pressure
(MPa) Vp aa

20 2.930
30 3.022
40 3.086
50 3.132
60 3.172
70 3.204
80 3.233
90 3.261
100 3.286
150 3.400
200 3.496

TH-29:
density =2.356 glee
Pressure
(MPa) Vp aa

20 2.975
30 3.096
40 3.174
50 3.226
60 3.270
70 3.306
80 3.340
90 3.372
100 3.402
150 3.540
200 3.650

Vpbb Vpcc
4.496 4.395
4.530 4.442
4.559 4.480
4.586 4.511
4.612 4.540
4.636 4.566
4.659 4.589
4.680 4.610
4.701 4.630
4.793 4.725
4.872 4.806

Vp bb Vpee
4.690 4.612
4.723 4.649
4.755 4.676
4.786 4.703
4.815 4.725
4.840 4.746
4.861 4.766
4.880 4.786
4.897 4.805
4.968 4.892
5.031 4.966

Velocities (kmIs)
Vpd Vsac Vsbc
3.645 1.760 2.755
3.710 1.792 2.767
3.754 1.815 2.779
3.790 1.833 2.791
3.820 1.848 2.803
3.847 1.860 2.814
3.871 1.870 2.825
3.892 1.878 2.835
3.912 1.886 2.845
4.001 1.927 2.890
4.077 1.965 2.927

Velocities (kmIs)
Vpd Vsac Vsbc
3.737 1.772 2.853
3.772 1.795 2.870
3.798 1.812 2.882
3.818 1.826 2.895
3.836 1.837 2.905
3.852 1.846 2.915
3.868 1.855 2.925
3.881 1.862 2.932
3.893 1.867 2.942
3.949 1.897 2.986
4.000 1.920 3.025

Elastic Constants (xl010 dyncs/cm2;
Vs ca Vs dh Vs dv Cll C12 C33 C44 C13
1.760 2.324 2.056 46.3 10.7 20.1 7.3 10.1
1.722 2.335 2.091 47.1 11.3 21.4 7.5 11.2
1.786 2.346 2.115 47.8 11.7 22.3 7.7 11.7
1.797 2.356 2.132 48.4 12.0 23.0 7.9 12.1
1.809 2.365 2.145 49.0 12.2 23.6 8.0 12.4
1.820 2.373 2.157 49.6 12.5 24.0 8.1 12.7
1.830 2.382 2.170 50.1 12.7 24.5 8.2 12.9
1.840 2.390 2.179 50.5 12.9 24.9 8.3 13.2
1.850 2.397 2.189 51.0 13.1 25.3 8.3 13.4
1.895 2.423 2.232 53.0 13.9 27.1 8.7 14.1
1.930 2.445 2.259 54.8 14.7 28.6 9.0 14.6

Elastic Constants (xlOIO dyncs/cm2)
Vs c:a Vs db Vs dv C11 C12 C33 C44 Cl3
1.738 2.354 2.139 51.0 12.6 20.9 7.4 93
1.775 2.366 2.152 51.7 12.9 22.6 7.6 9.3
1.796 2.376 2.162 52.4 13.3 23.7 7.7 9.2
1.813 2.383 2.172 53.0 13.5 24.5 7.9 9.0
1.825 2.391 2.180 53.6 13.8 25.2 8.0 8.8
1.836 2.398 2.189 54.1 14.1 25.8 8.0 8.7
1.846 2.404 2.198 54.6 14.3 26.3 8.1 8.7
1.855 2.410 2.205 55.0 14.5 26.8 8.2 8.6
1.863 2.416 2.212 55.4 14.7 27.3 8.2 8.5
1.906 2.435 2.245 57.3 15.2 29.5 8.5 8.1
1.945 2.451 2.275 58.9 15.7 31.4 8.7 8.0

Table 3. Variation of VpNs with propagation direction for
TH-26 and 111-29. Calculated Voigt-Reuss-Hill velocities also
shown.

Propagation 111-26 111-29
Direction Velocities Vp Vs VpNs Vp Vs VpNs
Normal Vpaa. Vsac 3.29 1.89 1.74 3.40 1.87 1.82
45 Degrees Vpd. Vsdh 3.91 2.40 1.63 3.89 2.42 1.61

Vpd. Vsdv 3.91 2.19 1.79 3.89 2.21 1.76
Vpbb. Vsbc 4.70 2.85 1.65 4.90 2.94 1.66
Vpcc. Vsca 4.63 1.85 2.50 4.81 1.86 2.58

Parallel

Voigt
Reuss
Hill

4.15 2.35 1.76 4.22 2.49 1.70
3.88 2.17 1.79 3.86 2.24 1.72
4.01 2.26 1.78 4.04 2.36 1.71

(VPdNsdv)' and for propagation in the bedding plane
with the shear wave vibrating parallel to bedding
(VPuNsac)' The highest value is found for propagation
in the bedding plane with the shear wave vibrating
perpendicular to bedding (VpccfVsca)' The VpNs values
calculated from VRH averages fall between the
maximum and minimum values for both rocks (Table 3).

DISCUSSION

Wilkens et at. [4] demonstrated that velocity ratios
in low porosity, impure sedimentary rocks can be related
to elastic properties of the pure end members. In Figure
2, ranges ofVpNs (and Poisson's Ratio) for several ideal
lithologic combinations are presented. End member
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Fig. 2. Variation of VpNs (Poisson's Ratio) expected between
ideal end member lithologies. Sandstone (55), dolostone
(DOL), shale (SH), limestone (LS), and silty limestone (SLS)
data shown. Range of 111-26 and TH-29 VplVs due to
anisotropy represented by dashed lines.

VpNs values for sandstones, limestones, and dolostones
are averages taken from Table 1, while the end member
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shale VpNs was calculated from the VRH averages
presented in Table 3. Silty limestone data from Wilkens
et al. [4] is also presented which. shows fairly good
agreement with range of VpNs produced by sandstone-
limestone end members.

The ranges of velocity ratios shown as solid lines in
Figure 2 are for isotropic mineral assemblages. Oay-
rich rocks, on the other hand, likely possess significant
anisotropy due to preferred mineral orientation, thus
complicating VpNs - lithology systematics. This is
illustrated in Figure 2. where ranges of possible VpNs
values due to anisotropy for the two shale samples are
shown as dashed lines. Based on the results shown in
Figure 2, we conclude:
1). Low values ofVpNs (less than - 1.65) are unique to
quartz rich lithologies.
2). Values above 2.0 can originate from anisotropy in
clay-rich sedimentary rocks.
3). Values of VpNs between approximately 1.65 and
2.00 can be attributed to anisotropic shale or mixtures of
calcareous, arenaceous, and argillaceous rock.
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