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ABSTRACT

Johnston, J.E. and Christensen, N.1., 1992. Shear wave reflectivity, anisotropies, Poisson’s ratios, and densities of a southern
Appalachian Paleozoic sedimentary sequence. Tectonophysics, 210: 1-20.

The physical properties of a sequence of Paleozoic sedimentary rocks have been examined in detail, with an emphasis on
laboratory measurements of density, shear wave velocity, shear wave splitting, and ¥V, /¥ ratios. Seismic properties of 147
cores from 49 rock samples collected from the Thorn Hill sedimentary sequence of eastern Tennessee are examined in terms
of implications for future seismic studies in the southern Appalachians. The shear wave velocities of these rocks are strongly
influenced by the relatively high shear wave velocity of quartz. Shear wave velocity anisotropy is present in most of the
lithologic groups; it is highest in the shales while being almost insignificant in the dolostones. The related phenomenon of
shear wave splitting occurs to some degree in all of the lithologies studied and at high pressures originates from mineral
orientation. Splitting, due to preferred mineral orientation, is most prominent in the shales, but also is significant in some of
the carbonates. Compressional to shear velocity (V,/V}) ratios of approximately 1.82 (dolostones) and 1.95 (limestones)
effectively characterize the carbonates while other lithologies display wider ranges of V,, /V;, primarily due to the influence
of accessory minerals such as quartz. Densities of the sample suite range from 2.34 g/cm? (shale) to 2.86 g /cm? (dolostone).

Using average data for each lithologic group to calculate normal-incidence reflection coefficients, significant differences
in the shear and compressional reflectivity of hypothetical interfaces are found. Normal-incidence shear and compressional
wave synthetic seismograms approximating the subsurface reflectivity of the entire Thorn Hill section indicate that three
zones of high amplitude reflections would be seen on reflection records obtained over this 3327-m-thick sequence. Overall,
the shear and compressional synthetics are similar in appearance. Differences are seen at some interfaces in the
Mississippian—Devonian interval, which are more reflective to shear waves, and in the Ordovician Martinsburg Formation,
which appears more reflective to compressional waves.

Introduction

Recent seismic studies have seen an increasing
use of shear wave reflection and refraction data
in conjunction with conventional compressional
wave data in the effort to characterize subsurface
lithologies and structures. The interest in shear
wave velocities is growing in the oil industry
(Domenico, 1984; McCormack et al., 1984; Ens-
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ley, 1985; Robertson and Pritchett, 1985; Frasier
and Winterstein, 1990), as well as in seismic stud-
ies of the continental lithosphere (Holbrook et
al.,, 1988; Silver and Chan, 1988; Shih et al,,
1991). Shear wave velocities, when combined with
compressional wave velocity data, provide valu-
able constraints on mineralogy, porosity, and
anisotropy. In addition, shear wave reflectivity
studies have the potential to provide important
information on subsurface lithologies and struc-
tures.

In recent years, the southern Appalachians
have been the focus of several regional, compres-
sional wave seismic reflection studies by the CO-
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CORP (Consortium for Continental Reflection
Profiling) and by the ADCOH (Appalachian Ul-
tra Deep Core Hole) project site study in an
effort to unravel the tectonic history of the region
(e.g., Cook et al., 1979; Brown et al., 1987; Coruh
et al., 1987). It has long been believed that the
sedimentary rocks exposed in the Valley and
Ridge province extend well beneath the crys-
talline rocks of the Blue Ridge and Piedmont
(Bryant and Reed, 1970; Hatcher, 1971, 1972).
Continuous, near-horizontal events noted on re-
flection profiles recorded over the Blue Ridge
and Piedmont support this idea (Cook et al.,
1979; Coruh et al., 1987) and have led to specula-
tion about the hydrocarbon potential of the over-
thrust sedimentary strata (Cook et al., 1979; Har-
ris et al., 1981).

Future shear wave seismic exploration efforts,
undertaken to explore this possibility and other
problems in the southern Appalachians, will re-
quire substantial laboratory shear velocity infor-
mation to constrain data interpretation. The
Thorn Hill sedimentary section of eastern Ten-
nessee is an ideal field area for a study of the
shear wave properties of the sedimentary strata
of the southern Appalachians. At this location in
the Valley and Ridge province, almost the entire
Paleozoic sedimentary sequence of the southern
Appalachians is exposed in a thoroughly studied
stratigraphic section (Walker, 1985).

In this paper, we examine the seismic proper-
ties of the Thorn Hill section in detail, with an
emphasis on the shear wave characteristics of the
various lithologies. Velocities have been mea-
sured to confining pressures of 200 MPa in order
to approximate conditions at depths of up to 7
km. The effect of mineralogy on shear wave ve-
locity is examined. The cause of significant shear
wave ‘anisotropy observed in many samples, espe-
cially shales, is investigated as well as the related
phenomenon of shear wave splitting. Estimating
mineral composition from compressional to shear
velocity (V;, /V.) ratios of the Thorn Hill rocks is
discussed, along with factors influencing this im-
portant parameter. The shear and compressional
reflectivities of idealized lithologic interfaces, as
calculated from our data, are compared and dif-
ferences in reflectivity between the two wave
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domains are examined. Lastly, shear wave syn-
thetic seismograms of the Paleozoic strata of the
Thorn Hill section as it would be seen in a
normal-incidence shear wave reflection survey are
presented and analyzed in detail. These synthet-
ics are then compared to compressional wave
synthetics of the same section produced by Chris-
tensen and Szymanski (1991).

Experimental technique
Geologic overview and sample collection

Samples for this study were collected from the
Thorn Hill stratigraphic section, which is part of
the Valley and Ridge province of Eastern Ten-
nessee (Fig. 1). The Thorn Hill section, which is
considered by geologists to be one of the classic
Paleozoic stratigraphic sections of the southern
Appalachians (Walker, 1985), is exposed along a
13-km stretch of highway 25E about 50 miles
northeast of Knoxville. The stratigraphy of the
Thorn Hill section is presented in Figure 2, along
with the stratigraphic locations of the samples
collected for this study. The sequence begins in
the shales, sandstones, and carbonate units of the
Cambrian Rome Formation, which is overlain by
limestones and shales of the Conasauga Group.
Above this lies a thick sequence of carbonates in
the Maynardville Formation, which contains both
limestone and dolostone units, and the Cambro-
Ordovician Knox Group, an 800-m-thick dolo-

Fig. 1. Simplified map of the Valley and Ridge faults showing
Thorn Hill section location.
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stone sequence. An unconformity separates the
Knox from the lower Chickamauga Group, which
is comprised mainly of limestone with some shale
units. Overlying the Chickamauga Group are the
Ordovician Moccasin and Martinsburg Forma-
tions, which consist mainly of limestone, shale,
and silty-shale. The top of the Thorn Hill se-
quence is dominated by clastic rocks in the form
of shales, silty-shales, and sandstones. This upper
section includes the siltstones and sandstones of
the Ordovician Juniata Formation, the Silurian
Clinch Sandstone, and the Devonian—Mississip-
pian Chattanooga and Grainger Formations,
which are comprised mainly of shales and silt-
stones, with minor sandstone units (Walker, 1985).

Sample preparation and data collection

Rock samples collected for physical property
measurements were oriented in the field. In the
laboratory, three mutually perpendicular cores
(A, B, and C) roughly 5 ¢cm long were removed
from each sample using a 2.54-cm diameter cor-
ing bit. The A cores were taken perpendicular to
the bedding plane while B and C cores were
taken in the bedding plane of each rock, parallel
to strike and dip respectively. The ends of the
cores were then ground flat and parallel to within
0.008 cm of one another. The lengths, diameters,
and weights of the samples were measured so
that sample velocity and density could be deter-
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Fig. 3. Shear wave velocity as a function of pressure for sample TH-9.

mined. The effective porosity of each rock was
determined by weighing the cores while dry, satu-
rating them in water for 48 hours, then weighing
them again to find the weight and volume of the
water held in the pore spaces and hence the
sample porosity.

Travel times of compressional and shear waves
through the samples were measured using the
pulse transmission technique (Birch, 1960; Chris-
tensen, 1985) and transducers with resonant fre-
quencies of 1 MHz. Velocity determinations were
made at hydrostatic confining pressures up to 500
MPa on unsaturated samples, with oil as the
confining medium. Velocities measured using this
method are considered to be accurate to within
1% (Christensen, 1985).

Orientation of the shear wave vibration direc-
tion with the rock fabric is a critical parameter in
the laboratory measurement of shear wave
anisotropy (Christensen, 1966). In this study, three
velocity—pressure measurements were taken per
rock sample. In A-core measurements, shear wave
vibration directions were aligned parallel to the
marked relative orientation of the B cores. In
B-core velocity measurements, the shear wave
vibration directions were set parallel to bedding.
Finally, the shear wave vibration directions were
set perpendicular to bedding in either the B or C
cores in a third velocity measurement.

A typical shear wave velocity versus pressure
curve is illustrated in Figure 3. The rapid increase
in velocity up to a confining pressure of about 200
MPa, and subsequent slow increase at higher
pressures, is due to closure of rock microcracks at
low pressure (Birch, 1961). At a given pressure, a
velocity measured at decreasing confining pres-
sure tends to be higher than one measured at
increasing pressure. This phenomenon is velocity
hysterisis, and is caused by rock inelasticity (Bi-
rch, 1960).

Results: physical properties
Shear wave velocities

The 49 sedimentary rock samples collected for
this study provide an excellent representation of
the lithologic diversity of the Thorn Hill se-
quence. Sandstones, limestones, dolostones, and
shales, as well as intermediate lithologies, are
represented in the sample suite. Difficulty was
encountered in recovering shales due to weath-
ered outcrops and the fissility of the samples
which hindered their collection and coring. Nev-
ertheless, several shales were recovered that have
provided important velocity information.

Compressional wave characteristics of the
Thorn Hill sequence were reported previously by
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Christensen and Szymanski (1991) and will not be
discussed here except in relation to shear wave
data. Shear and compressional wave velocities,
shear and compressional wave anisotropies, den-
sities, and sample descriptions are listed in Table
1. Densities of the samples range from 2.339
g/cm? (shale) to 2.838 g/cm? (dolostone). Porosi-
ties of these extremely well indurated rocks are
typically very low, averaging less than 2%. Only
the sandstones contain significant porosity, with a
sample from the Wildcat Valley Sandstone having
the highest porosity at 6.4%.

The sedimentary rocks believed to be over-
thrust by the Blue Ridge and Piedmont are buried
at depths of 6—7 km where confining pressure is
approximately 200 MPa. Average and A core
shear wave velocity data at 200 MPa for all sam-
ples is displayed in Figure 4. Shear wave veloci-
ties of the samples range from 1.93 km/s for

propagation normal to bedding in a shale (TH-26)
to over 3.9 km/s in a dolomitic sandstone (TH-
43). Dolostones and limestones have narrow dis-
tributions of velocities — between 3.7 and 3.9
km/s and 3.2 and 3.5 km/s, respectively. Other
lithologies display wider distributions of veloci-
ties. Average sandstone velocities range from 3.2
to 4.0 km /s; shales and siltstones from 2.2 to 3.4
km/s; and argillaceous and silty limestones, and
calcareous siltstones from 3.0 to 3.8 km/s.

Several factors are responsible for the velocity
distribution noted in Figure 4, the most impor-
tant being the amount of quartz present in the
samples. Pure quartz has a relatively high shear
velocity (V, = 4.09 km /s, Voight Reuss Hill aver-
age) compared to other common sedimentary rock
forming minerals such as calcite (3.36 km/s) and
muscovite (3.33 km/s) (Christensen, 1966; Sim-
mons and Wang, 1971). The shear wave velocity
of quartz will cause, for example, a silty limestone
to have a higher shear velocity than a quartz-free
limestone (Wilkens et al., 1984). Velocity scatter
could also be due to the presence of other acces-
sory minerals, such as dolomite and clay (Chris-
tensen and Szymanski, 1991). The broad distribu-
tion of sandstone velocities can be linked to the
differing porosities of the samples as well as to
their mineralogy (Domenico, 1984).

An average shear wave velocity versus density
plot of all samples except the sandstones is dis-
played in Figure 5. The data define a rough
increasing velocity with density trend. The dolo-
stones, with velocities and densities averaging 3.75
km/s and 2.82 g/cm? form a distinct velocity—
density field, as do the pure limestones. The
calcareous siltstones and silty limestones also
group fairly well, with the exception of two sam-
ples with quartz content over 40% that have
velocities near 3.7 km /s. Siltstone and silty-shale
samples also exhibit some scatter due to their
variable quartz content. In Figure 6, sandstone
samples have been added to the plot and a first
order, least-squares fit line has been drawn
through the non-sandstone samples. The sand-
stones are extremely scattered and have higher
shear velocities at a given density than do the
other samples. Porosities and quartz contents are
plotted next to the sandstones. As expected, pure
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TABLE 1

Summary of physical property data for the Thorn Hill sedimentary sequence. Sample velocities are mean of three measurements
per rock

Sample Lithology Density Porosity Pressure Pressure Pressure Pressure Anisotropy (%)
(g/cm>) (%) =50 MPa =100 MPa =200 MPa = 500 MPa at 200 MPa
Vv VWV, W ¥, KV, VKK
(km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
TH-1 SLS 2.709 0.4 5.98 3.60 6.11 3.65 6.20 3.68 6.30 371 2.7 22
TH-2 ALS 2.703 13 5.49 2.95 5.64 3.01 5.80 3.08 6.02 3.19 39 2.8
TH-3 LS 2.697 0.3 6.05 3.21 6.34 3.29 6.48 3.34 6.59 3.37 7.2 1.8
TH-4 LS 2.709 0.4 6.28 321 6.32 322 6.37 3.23 6.44 3.25 6.0 3.6
TH-5 LS 2.708 0.1 6.51 332 6.54 333 6.57 334 6.61 335 5.0 2.7
TH-6 LS 2.723 0.1 6.45 332 6.50 3.34 6.55 3.36 6.60 3.37 3.6 1.4
TH-7 LS 2.746 0.1 6.48 3.35 6.57 3.38 6.66 3.40 6.74 343 34 4.3
TH-8 CSlI 2.687 0.6 5.88 3.28 597 3.31 6.06 335 6.18 341 8.0 38
TH-9 SLS 2.732 0.5 6.06 3.24 6.16 3.28 6.27 3.33 6.42 3.38 43 34
TH-10 LS 2.796 0.8 6.18 3.46 6.30 3.49 6.43 3.53 6.64 3.58 0.6 1.2
TH-11 DOL 2.838 0.4 6.74 3.77 6.94 3.82 7.07 3.86 7.20 3.89 2.8 39
TH-12 DOL 2.817 0.8 6.59 3.68 6.77 3.75 6.89 3.80 7.02 3.85 2.7 2.1
TH-13 LS 2.690 0.7 6.40 3.10 6.49 3.14 6.55 3.15 6.60 3.17 19.6 1.0
TH-14 LS 2.726 0.2 6.35 333 6.41 3.36 6.48 3.38 6.57 3.40 0.9 1.8
TH-15 LS 2.708 0.1 6.31 3.23 6.43 3.26 6.50 3.28 6.58 3.30 37 13
TH-16 LS 2.696 0.7 6.10 3.13 6.24 3.19 6.35 323 6.44 3.29 2.7 0.7
TH-17 LS 2.712 0.3 5.98 3.18 6.19 3.23 6.37 3.26 6.51 3.29 5.5 12
TH-19 LS 2.708 0.1 6.33 330 6.38 332 6.43 3.34 6.49 3.36 0.9 1.0
TH-20 ALS 2.704 0.5 6.16 3.19 6.24 3.21 6.33 3.24 6.41 3.28 1.3 0.1
TH-21 ASI 2.676 1.3 5.12 2.85 5.28 2.89 5.45 2.96 5.68 3.06 35 1.7
TH-22 LS 2.714 0.2 6.24 3.18 6.31 322 6.38 3.24 6.46 3.25 13.0 5.0
TH-23 SLS 2.712 0.3 6.02 3.25 6.09 3.29 6.16 332 6.25 3.37 44 6.2
TH-24 ASI 2.696 1.5 5.04 3.00 5.31 3.10 5.54 3.20 5.79 331 9.9 31
TH-25 SS 2.578 1.9 4.84 3.14 5.29 345 5.59 3.66 5.86 3.81 6.8 1.6
TH-26 SH 2.339 1.0 4.09 2.12 423 2.18 4.42 221 4.73 2.39 394 314
TH-27 SI 2.580 1.9 4.98 3.09 5.13 3.18 5.31 3.29 5.56 341 82 6.5
TH-28 ASI 2.653 1.5 5.02 3.14 523 3.24 5.44 3.34 5.71 345 3.7 4.0
TH-29 SH 2.360 12 4.18 2.20 436 2.28 4.55 2.38 4.85 2.54 50.1 313
TH-30 SS 2.436 6.4 4.50 3.08 4.82 3.19 5.05 3.30 5.29 3.40 3.0 0.3
TH-31 SI 2.683 38 4.90 3.05 5.17 3.18 5.44 3.30 5.73 343 33 44
TH-32 ALS 2.702 0.3 5.60 3.1 5.76 3.16 5.92 3.21 6.12 3.27 0.4 5.7
TH-33 SLS 2.792 1.5 6.08 3.50 6.28 3.58 6.47 3.66 6.68 3.74 2.8 5.0
TH-34 SLS 2.720 0.5 6.14 3.65 6.23 3.69 6.32 3.72 6.41 3.74 1.2 2.7
TH-35 LS 2.707 0.9 5.97 3.19 6.09 322 6.21 3.25 6.35 3.29 9.2 11.6
TH-36 ALS 2.716 0.8 5.7 3.16 6.03 324 6.30 331 6.51 3.36 2.1 0.7
TH-37 LS 2.723 0.5 6.55 3.39 6.60 3.40 6.63 341 6.66 3.42 1.0 2.2
TH-38 SS 2.592 1.7 5.49 322 5.32 331 5.81 337 5.98 343 6.5 10.5
TH-39 DOL 2.863 0.3 6.70 3.66 6.81 3.70 6.89 3.73 7.00 3.76 0.6 0.8
TH-42 LS 2.710 0.1 6.34 331 6.36 3.32 6.39 333 6.44 335 0.1 0.4
TH-43 DSS 2.731 0.1 6.17 3.78 6.39 3.88 6.51 391 6.63 3.94 1.1 2.0
TH-44 DOL 2.792 0.9 6.69 3.7 6.82 3.77 6.90 3.80 6.99 3.83 1.1 2.5
TH-45 DOL 2.805 0.7 6.71 3.7 6.89 3.79 6.98 3.82 7.08 3.85 1.1 25
TH-47 DOL 2.812 0.9 6.49 3.63 6.59 3.67 6.68 3.70 6.79 3.74 0.7 1.8
TH-49 SI 2.664 1.8 5.10 2.99 5.24 3.06 5.40 3.15 5.67 3.28 33 3.8
TH-52 SS 2.490 4.6 452 2.95 4.71 3.09 4.94 3.25 5.24 343 2.1 29
TH-54 SISH 2.546 0.9 4.48 2.74 4.65 2.82 4.86 292 5.18 3.05 8.4 9.3
TH-55 SS 2.554 24 5.06 3.56 5.40 3.78 5.58 3.90 5.76 3.99 7.0 1.7
TH-57 SS 2.653 1.2 5.19 3.36 5.37 345 5.55 3.54 5.77 3.64 0.6 1.8
TH-58 SS 2.597 1.5 5.24 3.19 5.50 3.30 5.69 3.39 5.88 3.46 4.0 5.5

1 DOL = dolostone; LS = limestone; SLS = silty limestone; ALS = argillaceous limestone; CSI = calcareous siltstone;
ASI = argillaceous siltstone; SI = siltstone; SS = sandstone; DSS = dolomitic sandstone; SH = shale; SISH = silty shale.
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sandstones of low porosity display higher shear
velocities than those with larger amounts of im-
purities and porosity (Domenico, 1984).

Shear wave anisotropy

Seismic anisotropy can result from a number
of factors, the most significant being large- and
small-scale stratigraphic layering, preferred ori-
entation of minerals, and alignment of cracks and
pores (Christensen, 1966; Carlson and Chris-
tensen, 1979; Jones and Wang, 1981; Crampin,
1985). In laboratory rock velocity measurements,
closure of microcracks occurs at hydrostatic con-
fining pressures near 200 MPa (Birch, 1961).
Anisotropy observed at higher pressures can be
attributed to preferred orientation of minerals. In
sedimentary rocks, this is referred to as lithologic
anisotropy, which occurs when individual grains
are aligned with the bedding plane during deposi-
tion or by deformational processes shortly after-
wards.

In multi-core laboratory rock velocity measure-
ments, seismic anisotropy is defined as the differ-
ence between the maximum and minimum rock
velocity (as determined from the three cores taken
per rock) expressed as a percentage of the mean
rock velocity (Birch, 1960). A histogram display-

ing shear wave anisotropy of the Thorn Hill rocks
at 200 MPa is given in Figure 7. The dolostones,
with anisotropies less than 4%, appear to be
almost isotropic to shear waves. Limestones,
argillaceous and silty limestones, and sandstones
display slightly higher anisotropy on average. Sur-
prisingly, several limestones have significant
anisotropy, up to 19% in one sample. Carbonate
rock anisotropy can be attributed to preferred
orientation of accessory clay minerals, or even
alignment of the calcite or dolomite grains them-
selves (Christensen and Szymanski, 1991).

Shales and argillaceous siltstones display the
largest anisotropies of all the Thorn Hill rocks.
Anisotropy of these clastic rocks can be at-
tributed to their high clay content and preferen-
tial alignment of the highly anisotropic clay min-
erals with the bedding plane (Jones and Wang,
1981). For these rocks, the velocity of the shear
wave propagating in the bedding plane and vi-
brating parallel to bedding is generally greater
than that of the shear wave propagating in the
bedding plane but vibrating perpendicular to bed-
ding. This finding is consistent with the observa-
tion that most shales, in the absence of aligned
cracks or pores, can be considered transversely
isotropic with the main symmetry axis perpendic-
ular to bedding (Jones and Wang, 1981; Rai and
Hanson, 1988).

4.0
00Bo
0© o o a
¥ 35t °
g 3
< A A"’O% o
o
ko] A o
o
E 3.01 °
. A
Q
4 A
2
—
Q
=
25t O Dolostone
A O Silt. & Arg. Limestone, Calc. Silt.
A ®  Limestone
A Shale, Siltstone
2.0 * +
23 2.4 25 2.6 2.7 2.8 29

Density (g/cm3)

Fig. 5. Shear wave velocity—density data at 200 MPa for all samples except sandstones.



J.E. JOHNSTON AND N.I. CHRISTENSEN

4.0
A

351

6.4%, qiz = 97%

3.0f

2.5 L

Shear Wave Velocity (km/s)

2.4%, gtz = 9%

A 1.71%, qiz = 99% +

A46%. q1z.=92%

N 09%, quz = 58%

+
+++
+

A 1.2%, q1z = 84%

1.5%, quz = 85%
1.7%,qz=71% 4
oy

A Sandstone

+  Other Lithologies

23 2.4 2.5

2.6 2.7 2.8 29

Density (g/cm3)

Fig. 6. Velocity—density data of Figure 5 with sandstone data added. First-order least-squares line fit is for non-sandstone samples.
Porosities and quartz contents are shown for sandstones (see text).

Shear wave splitting

In field exploration seismology, examining sub-
surface anisotropy through the use of compres-
sional wave data requires two or more az-
imuthally different propagation paths. Shear
waves, due to the phenomenon of shear wave
splitting, can provide velocity anisotropy informa-
tion using a single propagation direction. Upon
entering an anisotropic medium, a single shear
wave will be vectorially split into two orthogonally
polarized components which travel along the same
propagation path with different velocities (Chris-
tensen, 1966, 1971). The fast wave will have a
vibration direction parallel to cracks at low pres-
sures and be controlled by mineral orientation at
high pressures. Upon arriving at a receiver in the
field, or a transducer in the laboratory, the polar-
ization direction of the fast shear wave and the
time delay between the split arrivals can be evalu-
ated to determine the nature of the anisotropic
medium. Thus, shear waves provide an additional
source of lithologic information not provided by
compressional wave studies of the same medium
(Crampin, 1985).

To investigate shear wave splitting produced
by mineral alignment in the Thorn Hill section,

two shear wave velocities were measured per B
core for seventeen rock samples. B cores, as
mentioned previously, were taken parallel to bed-
ding. The velocities of the shear waves vibrating
parallel (S_,,) and perpendicular (S,,) to bed-
ding were measured for each of these cores.
Differences in these velocities for a given B core
indicates shear wave splitting, most likely caused
by preferential mineral alignment. Figure 8 is a
plot of S___ versus S__ velocity in the bedding

par per
plane at 200 MPa confining pressure for the
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Fig. 7. Shear wave velocity anisotropy of sample suite at 200
MPa.
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seventeen samples. A line representing equal ve-
locities, or zero shear wave splitting is also given.
Shear wave splitting is noticed in many of the
samples, including the carbonates. S_, wave ve-

par

locity in the bedding plane is higher than the S .,

wave velocity for almost all of the samples, a
result of mineral alignment parallel to bedding
(Christensen, 1966; Jones and Wang, 1981). Fig-
ure 9 is a graphical display of the time differences
between the fast and slow shear waves for each of
the 17 samples assuming wave propagation
through 300 m of material under confining pres-
sures of 50, 200, and 400 MPa. Time differences
between the fast and slow shear arrivals range
from 0.3 ms in a limestone to 78.5 ms in a shale
taken from the Braillier member of the Chat-
tanooga Shale. No overall trend can be seen
between changes in confining pressure and the
degree of splitting in the samples. Variations in
the time delay between the fast and slow arrivals
with increasing pressure can, however, be at-
tributed to a decreasing contribution to overall
sample anisotropy by rock microcracks (Baud,
1988). This microcrack influence can be seen in
the data of the two shale samples of Figure 9.
Kaarsberg (1959) in his study of natural and
artificial aggregates found that preferred orienta-
tion of submicroscopic platy clay minerals occurs
parallel to bedding, which results in strong bond-
ing and elasticity parallel to bedding and weak
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Fig. 10. Graphical representation of shear wave splitting pro-
duced by shale sample TH-26 as seen on oscilloscope screen
at various confining pressures.

bonding and inelasticity perpendicular to bed-
ding. Thus, a shear wave propagating in the bed-
ding plane of a shale vibrating parallel to bedding
travels much faster than a shear wave vibrating
perpendicular to bedding with the same propaga-
tion direction. In order to further investigate the
magnitude of shear wave splitting produced by
the shales, a core taken in the bedding plane of
sample TH-26 (Chattanooga Shale) was subjected
to an additional velocity—pressure measurement.
In this procedure, the transducer vibration direc-
tion was oriented at an angle of 45 degrees to the
bedding plane to induce shear wave splitting.
Figure 10 is a graphical representation of the
traces displayed on the oscilloscope screen using
this technique at confining pressures between 50
and 500 MPa. Note the large time separation
between the fast (vibrating parallel to bedding)
and slow (vibrating perpendicular to bedding)

J.E. JOHNSTON AND N.I. CHRISTENSEN

shear arrivals produced by propagation through a
core approximately 4 cm long. The time differ-
ence between the fast and slow arrivals appears
to decrease slightly with increasing confining
pressure, probably due to closure of rock micro-
cracks.

Compressional to shear velocity ratios (V, / V)

The ratio of compressional to shear wave ve-
locity (V,,/ V) is important in seismological stud-
ies for discriminating between subsurface litholo-
gies and structures (Macelwane, 1951; Chris-
tensen and Fountain, 1975; Tatham and Stoffa,
1976; Tatham 1982; Domenico, 1984; Wilkens et
al.,, 1984; Castagna et al., 1985; Eastwood and
Castagna, 1986). For example, McCormack et al.
(1984) examined the lateral variation in V,,/V; of
the gas producing Morrow Formation of New
Mexico and used this variation to identify changes
in the sand to shale ratio of the unit. Robertson
(1987) examined lateral changes in V,/V, of a
carbonate hydrocarbon producing horizon and
used this parameter to identify lateral changes in
porosity and pore content. Holbrook et al. (1988),
in a more regional study, produced a petrologic
model of the lower crust of southwestern Ger-
many using Poisson’s ratios (calculated from
V,/V,) obtained from refraction data.

In order that future shear and compressional
wave seismic reflection studies of the southern
Appalachians are provided with interpretational
constraints, V, /¥, values for the Thorn Hill se-
quence are presented in Figure 11. Average com-
pressional and shear wave velocities for each rock

E Limestone
6 /] Dolostone
D Silt. & Arg. Limest., Calc. Siltst.
5 . Shale

Sandstone

Number of Samples

0 X .
14 15 16 17 1.
Vp/Vs

Fig. 11. ¥, / V, of the Thorn Hill sample suite at 200 MPa.
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at 200 MPa confining pressure were used to pro-
duce this histogram. The pure carbonates are
characterized well by this parameter. Dolostone
V,/V, ranges from 1.8 to 1.86, with a peak in the
interval 1.81-1.82, a result which agrees with an
average V, /V; of 1.8 for this lithology reported by
McCormack et al. (1984). Values of V,/V, given
in the literature for limestones range from 1.71 to
as high as 2.75, with an average value of 1.9
(McCormack et al., 1984). V,/V, of the Thorn
Hill limestones ranges from 1.9 to 2.2, with a
peak between 1.94 and 1.98. V,/V, of the silty
limestones, argillaceous limestones, and calcare-
ous siltstones displays a range of values from 1.68
to 1.96, primarily due to their variable quartz
content. Those rocks with a significant quartz
content will have a lower V, /¥, than rocks with
lesser quartz due to the high shear wave velocity
of this mineral (Wilkens et al., 1984).

Sandstone V,/V, reported in the literature
ranges from 1.5 to 1.9, with unsaturated sand-
stones having a V,, /V; around 1.5 (McCormack et
al., 1984). The Thorn Hill sandstones display a
considerable range of V,/V,, from 142 to 1.7, a
phenomenon which requires some explanation.
Studies of water-saturated sandstones indicates
that both porosity and clay content increase
V,/V,, with porosity having the greater effect

(Eastwood and Castagna, 1986). As expected, the
three sandstones (TH-25, 30, 55) of this study
with quartz contents near 99% have low values of
V,/V, (1.53 or below). Those with greater
amounts of accessory minerals have higher values
of V,/V,. Velocity measurements in this study
were taken under unsaturated conditions and on
a limited range of porosities; therefore, no con-
clusions can be drawn concerning sample porosity
and pore fluid and their effect on V, /V of sand-
stones.

The two pure shales examined in this study,
TH-26 and TH-29, have V, /V values of 2.00 and
1.91, respectively. McCormack et al. (1984) re-
ported in situ V,/V, for shales ranging from 2.43
to 2.7, while noting that laboratory determined
values are typically much lower. In situ shales are
saturated to some degree, a condition which
would increase the compressional wave velocity
(and decrease the shear wave velocity) relative to
an unsaturated sample and, therefore, increase
V,/V; relative to an unsaturated sample.

A different presentation of V, /V; in the Thorn
Hill sample suite is given in Figure 12, in which
the mean V,/V, of the samples is plotted as a
function of mean shear wave velocity. Error bars
representing one standard deviation are also
given. This plot emphasizes the narrow ranges of

2.00
Limestone
p—1
1.90 - ~ | silt. & Arg. Limest.,
Calc. Siltst. Dolostone
1.80
Shale
%1 .70
>
1.60 B ‘{Sandslone
1.50 ]
1.40

2.50 2.70 2.90 3.10

3.30 3.50 3.70 3.90 4.10

Shear Wave Velocity (km/s)
Fig. 12. Plot of average V,/V; versus average shear wave velocity for the lithologic groups at 200 MPa.
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the shear velocities and V,/V; of the pure car-
bonates and the wider ranges of these values in
the other lithologic groups. Considerable overlap
of V,/V, for the shales and siltstones, impure
limestones and calcareous siltstones, and sand-
stones is noted.

In Figure 13, V,/V; of the Thorn Hill samples
at 200 MPa confining pressure are plotted against
V,/V, of the same samples at 50 MPa, a pressure
at which porosity in the form of rock microcracks
should have a strong effect on velocities (Birch,
1961). A line representing equal V,/V, is also
given. V,/V, of most of the samples is greater at
200 MPa. Wilkens et al. (1984) studied the effects
of confining pressure on V,/V, of unsaturated
silty limestones and found that changes in V, /¥
with pressure could be related to the pore geom-
etry of the samples. Closure of low aspect ratio
pores (thin cracks) between 50 and 200 MPa
would increase shear wave velocities more than
compressional wave velocities, resulting in a de-
crease of V,/V, with increasing pressure. High
aspect ratio pores probably do not close over this
pressure range, but decrease in volume, resulting
in an overall increase in V,/V, (Toksoz et al,
1976; Wilkens et al., 1984). Thus, Figure 13 shows
that in the pressure range 50-200 MPa, low as-
pect ratio pores are nearly all closed and changes
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Fig. 13. 1, / V; of sample suite at 200 MPa versus V,, /V; at
50 MPa.
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in V, /V; for the majority of the Thorn Hill rocks
can be attributed to the effects of confining pres-
sure on high aspect ratio pores.

Results: reflectivity

The formulas for the normal-incidence com-
pressional and shear wave reflection coefficients
are as follows:

R, =(pv2—p1)/(p2vs+p10y)

Ry=(pyw; —pav2)/(pavy +p10y)

where p, and v, are the density and velocity,
respectively, of the medium overlying the inter-
face and p, and v, are that of the medium below
the interface (e.g., Aki and Richards, 1980). The
shear wave reflection coefficient differs from the
compressional wave formula only by a sign change
in the numerator, which is necessary for continu-
ity of displacement and stress across the inter-
face. The shear wave reflection coefficient for a
given lithologic contact can correspond to a posi-
tive, negative, or zero magnitude compressional
reflection coefficient for the same interface. If
V,/V, remains the same across an interface R,
and R, will be of the same magnitude but of
opposite sign. Usually, however, V,/V, will vary
considerably in the subsurface due to the wide
range of lithologies and corresponding ranges of
velocity possible. Therefore, coincident shear and
compressional reflection sections can vary consid-
erably in character even after careful processing
designed to facilitate comparison (McCormack et
al., 1984).

Model interfaces

Normal-incidence shear wave reflection coeffi-
cients for various hypothetical lithologic contacts
have been calculated from the average densities
and A-core shear wave velocities (representing
normal incidence) of the dolostones, limestones,
sandstones, and siltstones. For clarity, the signs
or polarities of these reflection coefficients will
be ignored. The shales produce large reflection
coefficients when placed in contact with other
lithologies due to their low velocity for propaga-
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Fig. 14. Plot of normal incidence shear versus compressional
reflection coefficients (absolute values) produced by various
lithologic contacts using averaged lithologic data.

tion paths normal to bedding and their low den-
sity. Especially large shear wave reflection coeffi-
cients result from shale/ dolostone (0.31),
shale /limestone (0.23), and sandstone/shale
(0.23) interfaces. Slightly smaller reflection coeffi-
cients are produced by dolostone/sandstone
(0.09), dolostone /siltstone (0.11), and dolostone /
limestone (0.08) interfaces while siltstone/
limestone (0.03), sandstone /siltstone (0.02), and
sandstone / limestone (0.01) contacts result in
small impedance contrasts.

Figure 14 is a comparison of shear and com-

pressional normal-incidence reflection coeffi-

cients (absolute values) of these interfaces. A line
representing equal shear—compressional reflectiv-
ity is also given. Note that due to the highly
variable shear wave velocities and densities of the
sandstones, two sandstone groups are pilotted,
one including all sandstone samples and another
consisting of four samples with self-consistent
porosity and density.

Several observations can be made from this
plot. First, it can be seen that under unsaturated
conditions, a sandstone/limestone interface is
much more reflective to compressional waves than
to shear waves. The average compressional wave
velocity and density of the sandstone samples is

5.37 km/s and 2.58 g/cm® compared to 6.41
km/s and 2.72 g/cm? for the limestones. Both
the density and compressional wave velocity of
the limestones are higher than the corresponding
values for the sandstones, resulting in a relatively
strong compressional wave impedance contrast.
The average shear wave velocity of the sand-
stones (3.54 km/s), however, is significantly
higher than that of the limestones (3.32 km/s)
due to the quartz content of the sandstones.
Thus, the difference in the shear wave velocities
offsets the large difference in density between
these rocks, resulting in a relatively small
impedance contrast for shear waves. These sand-
stones, the only lithology in this study to have
significant porosity, are almost certainly saturated
to some degree in the subsurface. In Figure 15,
compressional and shear wave impedances calcu-
lated from the A-core data of sandstone sample
TH-55 (porosity of 2.44%) are plotted as a func-
tion of confining pressure. Unsaturated and satu-
rated data are given. At confining pressures of
approximately 150 MPa and above, compres-
sional and shear impedances show no significant
changes between dry and saturated conditions.
Thus, at relatively high confining pressures, satu-
ration has little effect on the model reflectivity
results.

A sandstone /dolostone interface appears to
be more reflective to compressional waves than to
shear waves. This reflectivity contrast is similar to
that discovered in the sandstone/limestone case
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Fig. 15. Compressional and shear impedances (Z) of sand-
stone sample TH-55 as a function of confining pressure.
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and the explanation for it is the same. Dolo-
stone /siltstone and limestone /siltstone inter-
faces also appear to be more reflective to com-
pressional waves. In contrast to the observations
made so far, a dolostone /limestone contact, when
using averaged lithologic data, appears slightly
more reflective to shear waves. No conclusions
will be drawn regarding the shales due to the
limited amount of data available for this lithol-

ogy.
Shear wave synthetic seismograms

Future reflection surveys in the southern Ap-
palachians will require physical property informa-
tion in order to tie shear wave reflection data to
the known stratigraphy of the area, and to corre-

Shear Reflection Coefficient

THORN HILL STRATIGRAPHIC SECTION

J.E. JOHNSTON AND N.I. CHRISTENSEN

late seismic events on coincident shear—compres-
sional profiles. Synthetic seismograms used to
approximate the reflectivity of the Paleozoic rocks
of the Thorn Hill sequence in the subsurface can
be helpful in this regard. In this section, shear
wave synthetic seismograms of the Thorn Hill
section are presented which have been calculated
using the velocity—density data derived from this
study.

A total of 63 layers were used to approximate,
in detail as great as possible, the 3327-m-thick
sequence in the seismic modeling. Unit thick-
nesses were taken from the Walker (1985) Thorn
Hill guidebook. The rock samples and layer rep-
resentations are the same as those used by Chris-
tensen and Szymanski (1991), with newly col-
lected samples incorporated. At locations where

Compressional Reflection Coefficient
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sample coverage was lacking, lithologies present
were approximated using average lithologic data.
Shear and compressional A-core velocities (ap-
proximating normal incidence) measured at 200
MPa were used in the modeling process.

Figure 16 is a plot of the shear and compres-
sional wave reflection coefficients, as generated
by the above model, as a function of depth. The
shear and compressional spike plots both seem to
indicate that three areas of high-amplitude events
could be expected on reflection profiles of a
subsurface Thorn Hill section. The uppermost
zone corresponds to the alternating shales, silt-
stones, and sandstones of the Mississippian
Grainger Formation and the Devonian Chat-
tanooga Shale, the middle zone corresponds with
the alternating shales and limestones of the Or-
dovician Martinsburg Formation, and the lower-
most zone with the alternating shales and lime-
stones of the lower Conasauga Group and the
varied lithologies of the Cambrian Rome Forma-
tion. The Ordovician Moccasin Formation and
the Chickamauga Group produce smaller imped-
ance contrasts, as do the Cambrian upper
Conasauga Group and Maynardville Formation.

It appears that the largely carbonate Knox Group
would not be reflective to shear or compressional
waves. These findings agree with those published
by Christensen and Szymanski (1991).

A normal-incidence shear wave synthetic seis-
mogram of the entire Thorn Hill section is dis-
played in Figure 17. A gain function has not been
applied to the data so that amplitude information
can be analyzed directly. This synthetic seismo-
gram was produced by computing a time series
containing the shear reflection coefficients given
in Figure 16 and convolving it with a Ricker
source wavelet having a dominant frequency of 15
Hz. The equivalent vibroseis bandwidth, approxi-
mately 1-30 Hz, is commonly used in shear wave
surveys (Edelmann and Helbig, 1986; Layotte,
1986). The synthetic seismogram program takes
into account transmission losses at interfaces but
does not produce multiples or random noise.
Since both of these features are attenuated dur-
ing common depth point processing, however, the
synthetics used in this study give a fair represen-
tation of near-normal-incidence shear wave and
compressional wave reflection survey records
(Christensen and Szymanski, 1991). Three highly
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Fig. 17. Normal incidence shear wave synthetic seismogram of the Thorn Hill sequence generated using a 15-Hz Ricker wavelet.
Velocity (1), density (RHO), and reflection coefficients (RC) with depth also given.
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Fig. 18. Normal incidence shear wave synthetic seismogram of Figure 17 after application of an automatic gain function.

reflective sections separated by relatively trans- Martinsburg Formation, and the lower Conasauga
parent intervals can be seen on this synthetic. Group and Rome Formation. These results con-
These zones correspond to the Mississippian—De- firm the findings of the reflection coefficient plot
vonian strata, the limestone and shale beds of the of Figure 16.
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Application of an automatic gain function to
the data using a 230-ms window (Fig. 18) en-
hances reflections internal to the Chickamauga
Group and at the Chickamauga Group/Knox
contact. In addition, two small reflections can
now be seen in the Knox Group, one at the
Copper Ridge /Chepultepec Formation contact
which is marked by minor beds of arenaceous
dolostone and dolomitic sandstone (TH-43). The
contact of the Knox with the underlying May-
nardville Formation is now clearly seen, as is the
reflection event at the base of the section.

Comparison of shear and compressional reflectivity

In the last aspect of this study, we compare the
shear and compressional wave reflectivity of the
Thorn Hill sequence through the use of synthetic
seismograms. By noting the response of a subsur-
face interval to shear and compressional waves,
these synthetics can provide useful information
for future shear/compressional investigations in
the southern Appalachians, mainly in the area of
seismic event correlation during coincident sur-
veys.

In Figure 19, the shear wave synthetic of Fig-
ure 18 is compared to a compressional wave
synthetic of the Thorn Hill section generated
using a 25-Hz Ricker wavelet. The equivalent
vibroseis bandwidth, approximately 5-50 Hz, is
commonly used in compressional wave crustal
surveys (Hale and Thompson, 1982; Brown et al.,
1987). Gain functions have not been applied so
that amplitudes can be analyzed quantitatively. In
order that the shear and compressional synthetics
can be compared, it is necessary that the vertical
resolving power is nearly equal in the wave do-
mains. Vertical resolution in reflection seismol-
ogy is directly proportional to wavelength (A) and
is defined as the minimum vertical separation
between beds such as they can be identified as
individual features (Yilmaz, 1987). Widess (1973)
found that vertical resolution can be approxi-
mated by (A/8) in noise free data and (A/4) in
noisy data. Assuming an average subsurface com-
pressional velocity of 6.3 km /s for the Thorn Hill
section, as determined in this study, a 25-Hz
wavelet would have a wavelength of 250 m, result-

ing in a resolving power of 31 m in noise free
data. Similarly, an average subsurface shear ve-
locity of 3.3 km /s would result in a 15-Hz wavelet
having a wavelength of approximately 220 m,
yielding a vertical resolving power of approxi-
mately 27 m. Thus, the frequencies used in the
generation of these synthetics result in almost
equal resolution in the shear and compressional
wave domains and direct comparison of the syn-
thetics is valid.

Due to the fact that the normal-incidence shear
and compressional reflection coefficients differ
by a sign change in the numerator, reflections
from the same interface (assuming a constant
V.,/V, across the interface) would be of the same
sign but of opposite polarity. To simplify compar-
ison of the sections, the synthetic program has
been modified so that positive reflection coeffi-
cients are marked by amplitude excursions to the
left for both wave types.

The shear and compressional sections of Fig-
ure 19 are similar in overall appearance. Impor-
tant differences are noted, however. Most of these
reflectivity contrasts occur in the upper part of
the section. For example, the Braillier Siltstone /
Millboro Shale contact is more reflective to shear
waves (R =0.32) than to compressional waves
(R, =0.24). Below this, a major difference in
reflectivity is noted at the Chattanooga Shale/
Wildcat Valley Sandstone contact. The shear wave
reflection (R, = 0.29) occurring at this interface is
much stronger than the corresponding compres-
sional reflection (R, = 0.20).

In the middle part of the Thorn Hill section,
the alternating shales and limestones of the Or-
dovician Martinsburg Formation appear slightly
more reflective on the compressional wave syn-
thetic. Only minor differences in reflectivity are
noted in the section composed of the Moccasin
Formation, the Chickamauga Group, and the
Knox Group. For example, the upper contact of
the Knox with the Chickamauga Group is more
easily identified on the shear wave section. In
contrast, the dolomitic sandstone layer present at
the Chepultepec/Copper Ridge Formation con-
tact produces a weak compressional wave reflec-
tion and no shear wave reflection at all. With the
addition of noise and short path multiples, as
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would be present on a processed CDP section
taken from field data, the reflectivity differences
in the middle part of the section would probably
not be noticed.

The Cambrian base of the Thorn Hill section
also shows minor differences in reflectivity. The
shales and limestones of the lower Maryville For-
mation, the Rogersville Formation, and the Rut-
ledge Formation produce a slightly stronger com-
posite compressional than shear reflection. In
contrast to this, the lower Cambrian Rome For-
mation and the Copper Creek thrust fault appear
slightly more reflective to shear waves than to
compressional waves.

Brief mention must be made of the limitations
of these synthetic seismograms. For example, ran-
dom noise and multiples are not generated by the
synthetic program used in this study, as men-
tioned previously. Also, shear wave splitting would
be a major factor in a shear wave reflection
survey and would affect the character of reflec-
tion profiles. The splitting could be induced by
aligned, near-vertical cracks caused by tectonic
stresses, or by mineral orientation. Both of these
features are obviously present in the southern
Appalachians. The major characteristics of the
synthetic seismograms, however, are likely to be
seen on coincident reflection profiles over the
Paleozoic rocks exposed in the Thorn Hill sec-
tion.

Conclusions

The major theme of this paper is that shear
wave data provides significant complimentary in-
formation when used with compressional wave
data to characterize lithologies. The major con-
clusions of this study are as follows:

(1) Shear wave velocities in the Thorn Hill
sedimentary sequence range from 1.93 km/s for
propagation perpendicular to bedding in a shale
to over 3.91 km/s in a dolomitic sandstone. Den-
sities of the samples range from 2.34 g/cm’
(shale) to 2.86 g/cm? (dolostone).

(2) Quartz, as a primary or secondary mineral,
has a strong effect on the shear wave velocities of
many of the lithologies examined due to its rela-
tively high shear wave velocity.
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(3) Shear wave velocity anisotropy is wide-
spread and significant among the sedimentary
rocks of the southern Appalachians. Anisotropy
is greatest in the shales and silty shales, but it is
also present in many of the other lithologies.
Most of the dolostones appear almost isotropic to
shear waves.

(4) Shear wave splitting, caused by preferred
orientation of minerals, occurs to some degree in
almost all of the sedimentary lithologies of the
Thorn Hill section. It is most prominent in the
shales and silty-shales, but can also be identified
in the other lithologies.

(5) The pure carbonates of Thorn Hill are
effectively characterized by V,/V,. The other
lithologies display wider ranges of V,,/V, due to
variations in composition within the given litho-
logic groups. Change in V,/V, with increasing
confining pressure can be attributed to closure of
pores with various aspect ratios in the samples.

(6) Normal-incidence shear and compressional
reflectivity modeling indicates that sandstone/
limestone and sandstone /dolostone interfaces are
more reflective to compressional waves than to
shear waves, while a limestone / dolostone inter-
face appears to be more reflective to shear waves.

(7) Three zones of high-amplitude reflections
can be expected on shear and compressional wave
reflection profiles over the Paleozoic rocks ex-
posed in the Thorn Hill section. The synthetic
seismograms produced in this study also seem to
indicate that shear and compressional reflection
profiles of the Thorn Hill strata would be similar
in overall character. Several interfaces, however,
have noticeably contrasting responses to shear
and compressional waves, which could prove use-
ful as stratigraphic markers for correlation during
future coincident surveys in the southern Ap-
palachians.
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