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ABSTRACT

Compressional-wave velocities were measured parallel and per

pendicular to bedding in five Gulf Coast carbonate samples at atmo

spheric pressure. In general, the horizontal velocities exceeded the

vertical velocities, with anisotropy ranging from 0 to 7%. The fabric

of the most anisotropic sample, while weak, appears to be related to

the velocity behavior.
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INTRODUCTION

Among modern geophysical methods, the seismic method stands as

one of the most heavily used. The seismic method is used to obtain

information about the subsurface by studying the behavior of sound

energy propagated through the earth. In the analysis of seismic data,

the assumption is commonly made that the subsurface behaves isotrop

ically with respect to the velocity of acoustic waves.

Studies of the acoustic properties of carbonate sediments from

the deep sea indicate that the sediments are anisotropic with respect

to seismic velocity (Carlson and Christensen, 1977, 1979). Anisotropy

in this situation means that the sound velocity varies depending on

the direction of travel through the material. In deep sea carbonates

(Carlson and Christensen, 1979), velocities in the horizontal direct

ion are as much as 0.45 km/s faster than those in the vertical direct

ion at 0.1 kbar confining pressure. This is enough anisotropy to ef

fect depth determinations made from seismic methods.

In a rock with a random orientation of crystals, cracks and

pores, the velocity would behave isotropically. Anisotropy caused by

aligned cracks and pores would decrease with depth of burial as the

cracks and pores were closed. Because the anisotropic behavior was ob

served to increase with depth for the deep sea carbonates (Carlson and

Christensen, 1979), it has been suggested that the anisotropy is con

trolled by the orientation of calcite crystals which are the main con

stiuents of carbonates.

Objective

This text follows the format of the Journal of Geophysical Research.
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This study was done using a suite of five detrital carbonate

sediment samples deposited in a nearshore environment. They are all

from the East Texas basin.

The questions the study sought to address were whether these

nearshore sediments show the same sort of anisotropic behavior ob

served in the deep sea sediments and, if so, whether the anisotropy

can be related to the orientation of the calcite crystals in the rock.

To study the behavior of the samples with respect to seismic

velocity, compressional-waves were employed. These waves oscillate

along the direction of wave propagation.

The fabric study was done using a universal stage to determine

the orientation of the crystallographic £ axes in the calcite. These

were then plotted on a stereographic projection and contoured to show

dominant orientations.
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PREVIOUS WORK

It has been shown (Birch, 1960; Christensen and Crosson, 1968;

Christensen, 1966a, 1966b) that most metamorphic and ultrabasic rocks

exhibit seismic anisotropy, and Christensen (1966b, 1971) demonstrated

that the anisotropy relates to a preferred orientation of crystals in

such rocks. Seismic anisotropy in sedimentary rocks, however, has on

ly recently come under investigation.

Some of the most recent work on sedimentary rocks and their be

havior with respect to seismic velocity involved calcareous sediment

samples from the Deep Sea Drilling Project, Leg 39. Carlson and

Christensen (1979) found that compressional-wave velocities parallel

to the bedding plane may be as much as 0.45 km/s faster than the vert

ical velocities at 0.1 kbar hydrostatic confining pressure. Carlson

(personal communication) noted this anisotropy is also apparent at

zero pressure. Observing that anisotropy increased with depth (Fig

ure 1), Carlson and Christensen (1977) suggested that the phenomenon

may reflect a preferred orientation of calcite grains in the sediment.

Calcite has a trigonal symmetry with one three-fold axis which

is also the crystallographic £ axis (Figure 2). Peselnick and Robie

(1967) demonstrated that compressional-wave velocities parallel to the

calcite c axis are much lower than velociteis in the plane perpendicu

lar to the c axis.

The velocity along the £ axis is only 5.5 km/s compared to 7.1

km/s along an � axis (Figure 3). This can be explained by the fact

that atoms in the plane of the � axes are more closely spaced than

those along the £ axis.
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Fig. 1. Velocity difference �V=Vh-Vv) versus depth of

sample recovery. Error bars are computed assuming a 2.0%
error in measured velocity. The regression equation, re

lating the velocity difference to depth is

AV=0.62(±0.16)d-O.15(±0.10)

where Vh is the velocity in the bedding or horizontal

plane and Vv is the velocity in the direction perpendicu
lar to bedding.

(From Carlson and Christensen, Velocity anisotropy in

semi-indurated, calcareous, deep sea sediments, J. Geo

phys. Res., 84, 205, 1979.)
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c Vp = 5.5 km/sec

a

"'_'--J! Vp = 7.1 km Isec

Fig. 2.

Compressional velocities in a single crystal

along ..Q_ and _g_ crystallographic axis.
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Fig.3.
Compressional-wave velocity profile in the calcite 010 plane.
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Based on this information Carlson and Christensen (1979) sug

gest an alignment of calcite £ axes perpendicular to bedding as the

cause of the observed anisotropy pattern. They further suggest that

the development of the fabric is related to compaction and lithifica

tion processes. The sedirrents the studied consist almost exclusively

of accumulated calcareous microfossil remains, some of which are known

to have highly ordered arrangements of calcite crystallites. Compact

ing this biogenic detritus should cause alignment such that the cal

cite £ axes are normal to bedding (Figure 4). This fabric might be

further enhanced by epitaxial growth.

In practical application on a large scale, Kleyn (1956) found

certain sedimentary rocks showed anisotropic behavior on his data

from a seismic refraction study. The section of rock included lime

stones at 1800 m below the surface which had a horizontal velocity

1.04 times the vertical velocity.

Richards (1960) studied wide angle reflection data taken

through limestone structures and experimentally determined a horizon

tal/vertical velocity ratio of 1.10 for those limestones. Thus, vel

ocity anisotropy is a common characteristic of calcareous rocks.
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Fig.4. Suggested relationship of calcite £ axis orientation

and velocity behavior.
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SAMPLE DESCRIPTION

The samples used in this study were all nearshore carbonate

sediments taken from wells in the East Texas basin. They are composed

of detritus (mechanically eroded carbonate fragments such as carbonate

sands) deposited in the neritic zone of the ocean (low-tide level out

to 600 feet). The deposition occured in Jurassic and Cretaceous time.

The samples were all buried at depths between 10,000 and 20,000 feet

when recovered.

Four of the samples are limestones and one is a dolomite. Dol

omite is identical to limestone in basic make-up with the exception

that some of the calcium in the calcite that makes up both rocks is

replaced by magnesium in dolomite. The limestones tend to be more

fine grained than the dolomite. Table 1 includes a summary of the

descriptions and depositional environments of the samples.

Preparation

For use in the study, two oriented cylinders were cut from

each sample, one perpendicular to the bedding plane and the other

parallel to the bedding plane. The ends were then lapped smooth and

parallel. Pieces cut from the cylinder ends in the bedding plane

were used to make the thin sections for the fabric study.
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Table 1
Acoustic Properties

Sample # Compres s i 0 na 1 Velocity Ani so tropy Description
(km/s) (%)

H* 5.90 0 Limestone; large crystals
V 5.94 in finer mass; from 100'

ti dal banks

2 H 3.86 7 Dolomite with metallic
V 3.59 oxide; nearshore deposit;

less than 100' of water

3 H 6.26 2.2 Fine-grained limestone;
V 6.12 nearshore deposit

4 H 6.30 4.3 Fine-grained limestone;
V 5.97 outer shelf deposit;

100+' of water

5 H 4.10 4.8 Fine-grained limestone;
V 3.92 outer platform; about

100' of water

*H denotes propagation parallel to bedding; V denotes propagation
perpendicular to bedding.
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VELOCITY MEASUREMENTS

Compressional-wave velocities through the samples were measured

using a pulse transmission technique (Figure 5). A transducer is

placed on each end of the suspended cylindrical sample. The sending

transducer takes an electrical pulse from the pulse generator and con

verts it to a mechanical one. Simultaneous with sending the pulse, the

generator triggers the oscilloscope sweep, displaying the input pulse.

Then the receiving transducer takes the mechanical pulse at the other

end of the cylinder and turns it back into an electrical signal which

is amplified, filtered, and also displayed on the oscilloscope screen.

The output of the oscilloscope drives a X-Y plotter which provides a

hard copy of the data (Figure 6). One psec time marks are also record

ed on the hard copy to allow the determination of exact travel time.

The compressional-wave velocities are then calculated using the

measured sample length and the travel time, which is corrected for e

lectronic delay.

The measurements were repeated several times to guard against

errors. The final results are shown in Table 1, and indicate that the

amount of anisotropy in the samples ranged from total isotropy to 7%

anisotropy. The velocity in the isotropic sample was measured at var

ious angles along the bedding plane and remained constant in all di-

rections measured.
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FABRIC STUDY

The fabrics of the samples which behaved the most anisotropic

ally and isotropically with respect to velocity were used in looking

for possible relationships between velocity anisotropy and fabric (£

axis orientation).

The study was done on a four-axis universal stage microscope.

The orientation of the calcite c axis was determined for each of 100

grains in a sample.

The orientation of the c axis of calcite can be determined op

tically because calcite is anisotropic with respect to optical proper

ties (Emmons, 1943). The extinction positions of a calcite crystal

give the exact c axis orientation.

The fabric diagrams (Figure 7) are shown contoured from stereo

graphic projections of the c axis orientations. On such a projection,

a point at the center indicates a vertical £ axis, while a point on

the edge indicates a c axis lying in the bedding plane. Other points

indicate c axis inclined at some angle, those nearer the center being

more nearly vertical. The contour interval on the diagram is 1% with

2%-6% contour lines shown.

Figure 8 shows the sample that behaved isotropically with re

spect to velocity as viewed under a microscope. The few large grains

were used to determine the fabric as the ground mass is too fine

grained for optical work. Though the sample appears to have som2 very

weak fabric (Figure 7) this can be anticipated statistically and is

not reflected in the velocity measurements. Since only a small por

tion of the total material in the sample was used in the fabric study,
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Fig.7. Calcite £ axis orientation diagram for 100 ;rains in

isotropic sample. Contours 5%, 4%, 3%, and 2% per 1% area.



Fig.8. Photomicrograph of the isotropic sample. This is

a limestone with a fine grained mass and a few large crys
tals. (Plane-polarized light, scale equals 0.08 rnm.)

16
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a portion which did not reflect the total rock composition, it is

probable that the fabric determined by that portion is not reflective

of the overall rock fabric.

In comparison to the first sample, the sample which behaved

most anisotropically with respect to velocity appears under a micro

scope to be much more homogeneous in composition (Figure 9). How

ever, this homogenity of composition is associated with a directional

ly dependent velocity and a fabric stronger than that of the first

sample studied. The fabric, shown in Figure 10, indicates some con

centration of calcite c axes at angles near the vertical. It is pos

sible that because the single calcite crystal behaves with such strong

anisotropy with respect to velocity, that a strong fabric may not be

necessary for a carbonate rock to behave anisotropically.



Fig.9. Photomicrograph of the most anisotropic sample, a

dolomite. (Plane-polarized light, scale equals 0.16 rom).
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Fig.10. Calcite £ axis orientation diagram for 100 grains
in most anisotropic sample.Contours are 6%, 5%, 4%, 3%,
and 2% per 1% area.
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CONCLUSION

From the results of my research, it is evident that some near

shore carbonate sediments behave anisotropically with respect to vel

ocity. That these are non-biogenic carbonates is interesting since

they lack the skeletal orientations of calcite £ axes thought to be

important in the deep sea carbonates.

The fact that the fabric of the most anisotropic sample appears

to relate �o anisotropy is significant, though the origin of the fab

ric remains unknown.
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