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ABSTRACT

Forty indurated sediment samples from Site 516 were studied to determine the cause of acoustic anisotropy in car-
bonate-bearing deep-sea sediments. Recovered from sub-bottom depths between 388 and 1222 m, the samples have
properties exhibiting the following ranges: wet-bulk density, 1.90-2.49 g/cm3; fractional porosity, 0.45-0.14; car-
bonate content, 33-88%; compressional-wave velocity (at 0.1 kbar pressure), 1.87-4.87 km/s; and anisotropy, 1-13%.
Velocities were measured in three mutually perpendicular directions through the same specimen in 29 of the 40 samples
studied. Calcite fabric has been estimated by X-ray pole figure goniometry. The major findings of this study are:

1) Carbonate-bearing deep-sea sediments may be regarded as transversely isotropic media with symmetry axes nor-
mal to bedding.

2) Calcite c-axes are weakly concentrated in a direction perpendicular to bedding, but the preferred orientation of
calcite does not contribute significantly to velocity anisotropy.

3) The properties of bedded and unbedded samples are distinctly different. Unbedded sediments exhibit low degrees
of acoustic anisotropy (1-5%). By contrast, bedded samples show higher degrees of anisotropy (to 13%), and anisot-
ropy increases markedly with depth of burial. Thus, bedding must be regarded as the principal cause of acoustic anisot-
ropy in calcareous, deep-sea sediments.

INTRODUCTION

A principal objective in conducting laboratory stud-
ies of the seismic properties of rocks is the refinement of
interpretations of seismic refraction and reflection data.
"Geoacoustic" models of the seafloor attempt to relate
physical properties of deep-sea sediments to lithology
(composition), depth of burial, and diagenetic effects
(Hamilton, 1980; Milholland et al., 1980). The occur-
rence of velocity anisotropy in indurated deep-sea sedi-
ments is an important aspect of the problem because of
its potential influence on sound transmission in the sedi-
ment column (Carlson and Christensen, 1979; Bachman,
1979; Milholland et al., 1980).

Numerous laboratory investigations have established
that seismic anisotropy is characteristic of deep-sea sedi-
ments (e.g., Boyce, 1976; Tucholke et al., 1976; Carlson
and Christensen, 1979; Carlson, 1981, 1982; Carlson et
al., 1980). In general, compressional-wave velocities are
higher for propagation in the bedding plane than for
propagation normal to bedding. Horizontal velocities
(Vh) frequently exceed vertical velocities (Vv) by 0.1-0.3
km/s, and the range of anisotropy is commonly 0-10%,
though higher values have been reported (e.g., Carlson
and Christensen, 1979).

Although it is well established that these sediments
can be markedly anisotropic, the cause has not been
identified. Potential causes of elastic anisotropy in rocks
are: (1) alignment of cracks or pores, (2) preferred ori-
entation of anisotropic mineral grains, and (3) composi-
tional layering. This paper constitutes a preliminary re-
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port on the causes of acoustic anisotropy in indurated
calcareous sediments recovered at DSDP Hole 516F on
the Rio Grande Rise.

PROCEDURES
Hole 516F was drilled to a sub-bottom depth of 1270.6 m and pene-

trated basaltic basement at 1250 m. Forty samples for this study were
collected from the interval below 300 m. Wet-bulk densities were esti-
mated on ship by the 2-minute GRAPE method as described by Boyce
(1976), and the samples were carefully packaged to maintain water
saturation during shipment to the shore laboratory.

The samples used for density and acoustic velocity measurements
are cubes 2.00 ± 0.01 cm on a side. Wet-bulk densities were calculated
from the weights and dimensions of the cubes and are accurate to
± 1 %. Water contents of selected samples were determined separately,
and porosities calculated from measured densities and water contents
are accurate to ±0.01-0.03 (fractional porosity units).

The degree of water saturation is a critically important factor af-
fecting the acoustic properties of rocks (Wyllie et al., 1958). Two lines
of evidence suggest that the samples remained saturated during ship-
ment and storage. Densities determined on ship agree with the shore
laboratory densities within approximately 1%, suggesting that no sig-
nificant amount of water was lost from the samples. Further, a plot of
porosity versus wet-bulk density (Fig. 1) shows the expected strong lin-
ear trend with little scatter. Mean grain and pore-fluid densities esti-
mated by linear regression are 2.71 ± 0.01 and 1.00 ± 0.04 g/cm3,
respectively. Both of these values are within acceptable limits for a
suite of brine-saturated deep-sea sediments.

Carlson (1981) has pointed out that when horizontal and vertical
velocities are measured through different samples, the true degree of
velocity anisotropy is often difficult to determine because the elastic
properties are affected by differences in bulk density. To overcome
this difficulty, a cast-urethan sample holder with a cubic sample vol-
ume and cylindrical electrode ports was devised, so that acoustic-wave
velocities could be measured in three mutually perpendicular direc-
tions through the same sample at elevated confining pressures. Details
of the design will be described in a subsequent publication. 1-MHz
PZT-5 transducers were used to measure acoustic velocities by the
pulse transmission method, at hydrostatic confining pressures to 0.3
or 0.6 kbar. The accuracy of the velocity determinations is ± 1 % .
Physical properties data are summarized in Table 1.
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Figure 1. Wet-bulk density versus fractional porosity of 24 selected samples from Site 516. The dashed
line represents a best-fitting relation of the form ρb = ρg - a<£; r = -0.98; a = -1.71 ± 0.04;
ρg = 2.71 ± 0.01. (ρg is grain density, ρb is bulk density, Φ is porosity, a is ρ f - ρg.)

DATA SUMMARY

The samples for this study were recovered from sub-
bottom depths between 388 and 1222 m. Although all
have a significant carbonate component, not all are
chalks: carbonate contents range from 34 to 88%. The
principal noncarbonate components are clay minerals,
generally smectites. Wet-bulk densities range from 1.9
to 2.5 g/cm3, and the corresponding range of fractional
porosities is 0.46-0.14. The degree of compressional-
wave anisotropy ranges from about 1-13%. The maxi-
mum difference between horizontal and vertical veloci-
ties is 0.43 km/s.

The velocity-density relationship for this set of sam-
ples is illustrated in Figure 2. Data from Carlson and
Christensen (1979) are included for comparison. The re-
sults from this study are consistent with the best-fitting
velocity-density relation given by Hamilton (1978).

GENERAL REMARKS

A significant finding is that horizontal velocities gen-
erally differ from each other by only a few hundredths
of a km/s. This relationship is evident in Figure 2, and is
well illustrated by the typical velocity-pressure relation-

ships shown in Figure 3. In most cases, the difference
between the measured horizontal velocities is less than
the expected error of the velocity measurement. Thus,
these indurated deep-sea sediments may be regarded as
transversely isotropic, with a symmetry axis perpendicu-
lar to bedding.

Carlson and Christensen (1979) studied 11 samples
from three sites in the western South Atlantic. Their re-
sults suggested that velocity anisotropy increases with
increasing density and with mean velocity. Figure 2
shows that samples exhibiting the highest degrees of ani-
sotropy have densities in excess of about 2.25 g/cm3,
but it is also evident that anisotropy is highly variable
within any chosen density interval. Similarly, a plot of
anisotropy versus mean velocity (Fig. 4) shows no strong
relationship between these parameters. Apparently, the
development of elastic anisotropy in deep-sea sediments
is a considerably more complex process than the simple
relationships found in the previous study implied.

CAUSES OF ANISOTROPY

As noted above, possible causes of elastic anisotropy
in aggregates are preferred orientation of cracks and
pores, preferred orientation of the anisotropic mineral
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Table 1. Summary of physical properties, Hole 516F.

Core-section
(interval in cm)

24-1, 17-26
25-3, 44-53
26-1, 17-25
29-1, 41-51
32-1, 15-25
34-1, 25-35
41-1, 85-93
50-1, 100-110
52-3, 5-14
55-2, 43-53
58-1, 78-88
60-4, 112-122
62-2, 48-56
70-1, 22-32
75-4, 110-120
78-4, 1-11
79-2, 93-103
80-2, 32-39
83-2, 70-80
84-6, 20-30
85-1, 20-30
86-2, 44-54
87-5, 112-121
90-3, 123-132
91-5, 78-87
93-4, 126-135
100-3, 44-53
101-2, 95-105
102-2, 121-131
103-3, 30-39
105-5, 0-10
106-3, 20-30
107-4, 125-134
108-3, 114-124
109-3, 107-116
113-5,78-87
116-2, 110-120
117-4, 116-125
119-3,62-71
122-1, 77-86

Sub-bottom
depth

(m)

388
401
407
436
464
483
550
636
658
684
711
726
740
796
838
864
871
879
903
918
920
931
946
971
983

1001
1048
1053
1058
1063
1084
1090
1101
1109
1113
1152
1175
1187
1198
1222

Density
(g/cm3, ± 1 % )

1.90
2.01
1.99
1.96
1.99
1.94
2.00
2.06
2.04
2.08
2.22
2.21
2.25
2.30
2.42
2.25
2.33
2.25
2.22
2.20
2.12
2.23
2.27
2.15
2.27
2.29
2.31
2.32
2.30
2.29
2.31
2.26
2.33
2.33
2.32
2.38
2.40
2.49
2.43
2.48

Fractional
porosity

0.45 ± 0.01
0.41 ± 0.02a

0.43 ± 0.03
0.46 ± 0.01
0.42 ± 0.02a

0.44 ± 0.01
0.42 ± 0.02a

0.36 ± 0.02
0.39 ± 0.02a

0.33 ± 0.02
0.29 ± 0.02a

0.29 ± 0.01
0.27 ± 0.02a

0.24 ± 0.02a

0.17 ± 0.01
0.28 ± 0.01
0.24 ± 0.01
0.23 ± 0.01
0.29 ± 0 . 0 2 a

0.29 ± 0.02
0.35 ± 0.02a

0.28 ± 0.03
0.26 ± 0.02a

0.33 ± 0.02a

0.25 ± 0.02
0.25 ± 0.02a

0.27 ± 0.01
0.23 ± 0.02a

0.23 ± 0.02
0.24 ± 0.01
0.24 ± 0.01
0.27 ± 0.01
0.22 ± 0.02a

0.23 ± 0.01
0.23 ± 0.01
0.19 ± 0.02a

0.20 ± 0.01
0.14 ± 0.01
0.16 ± 0.02a

0.14 ± 0.02a

V,

(k

hi

1.96
1.96
1.91
1.94
2.07
2.00
2.18
2.54
2.33
2.87
2.50
2.52
2.65
2.93
3.55
2.46
2.%
3.66
3.11
3.05
2.66
3.00
3.03
2.72
3.16
2.47
2.43
3.02
2.63
2.98
3.05
3.09
3.00
3.07
3.11
3.63
3.34
4.01
4.18
4.87

,at 0.1 1<bar

m/s, ± 1 u/oj

h2

1.96

2.07

2.07
2.58
2.31

2.48

2.64
2.95
3.47

2.96
3.60
3.09
3.05
2.70
3.00
3.07
2.74

2.47

2.99

3.03

3.06
3.01
3.11
3.11
3.67
3.41
4.01
4.19
4.83

V

1.91
1.92

1.87
2.00
1.96
2.08
2.47
2.27
2.80
2.37
2.40
2.54
2.74
3.25
2.43
2.75
3.54
3.08
2.97
2.62
2.90
3.00
2.68
3.10
2.27
2.31
2.74
2.36
2.75
2.79
2.87
2.75
2.82
2.75
3.28
2.95
3.69
3.95
4.50

ΔV
(km/s)

0.05 ± 0.02
0.04 ± 0.02

0.07 ± 0.02
0.07 ± 0.02
0.04 ± 0.02
0.05 ± 0.03
0.09 ± 0.03
0.05 ± 0.03
0.07 ± 0.03
0.12 ± 0.03
0.12 ± 0.03
0.11 ± 0.03
0.20 ± 0.03
0.26 ± 0.04
0.03 ± 0.03
0.21 ± 0.03
0.09 ± 0.04
0.02 ± 0.04
0.08 ± 0.04
0.06 ± 0.03
0.10 ± 0.04
0.05 ± 0.04
0.05 ± 0.03
0.06 ± 0.04
0.20 ± 0.03
0.12 ± 0.03
0.27 ± 0.03
0.27 ± 0.03
0.26 ± 0.03
0.26 ± 0.04
0.21 ± 0.04
0.26 ± 0.03
0.27 ± 0.04
0.36 ± 0.04
0.36 ± 0.04
0.43 ± 0.04
0.32 ± 0.05
0.24 ± 0.05
0.35 ± 0.06

Anisotropy
(%, ±1.2)

2.6
2.1

3.7
3.4
2.0
2.1
3.6
2.2
2.5
4.9
4.8
4.0
7.0
7.6
1.2
7.3
2.5
0.6
2.6
2.3
3.4
1.6
1.8
1.9
8.3
5.0
9.1

10.6
8.7
8.8
6.8
8.7
9.0

12.0
10.5
13.1

8.2
5.7
7.4

Carbonate
content

(%, ±2)

79
68
65
81
74
75
89
84
74
70
76
74
72
65
72
64
65
77
88
82
87
83
85
81
82
45
48
65
52
65
57
68
55
59
63
65
34
75
78
51

Bedding

U
B
B
B
B
B
B
U

u
u
B
B
B
B
B
U
B
U
U

u
u
u
u
u
u
B

u
B
B
B
B
B
B
B
B
B
B
B
B
B

Note: V p = compressional-wave velocity; hi = horizontal velocity 1; h2 = horizontal velocity 2; v = vertical velocity; B = bedded sample; U =
unbedded sample.

a Porosity calculated using regression equation.

grains, and compositional layering (bedding). An im-
portant objective of this research has been to determine
which of these mechanisms is the principal cause of
acoustic anisotropy in deep-sea sediments.

Cracks are rarely observed in thin sections of deep-
sea sediments but a preferred orientation of elongate
pores might cause the sediments to be anisotropic. Carl-
son and Christensen (1979) pointed out that such pores
should close at elevated confining pressures, and that
anisotropy would then decrease with pressure. Carlson
and Christensen (1979) and Bachman (1979) found that
anisotropy is independent of confining pressure and
concluded that pore geometry cannot be a principal con-
tributor to the phenomenon. More recently, Kim and
others (1982) made velocity measurements under con-
trolled pore pressure conditions and found some ten-
dency for anisotropy to decrease with increasing effec-
tive pressure. They also used scanning electron micros-
copy to examine their samples, found a slight degree of
pore alignment parallel to bedding, and concluded that
pore geometry does contribute to observed velocity ani-
sotropy. Velocity-pressure relations, however, do not
constitute the only line of evidence pertaining to pore
geometry as a cause of anisotropy. The degree of anisot-
ropy tends to increase with density and depth of burial,
as reported by Carlson and Christensen (1979). The in-
fluence of pore alignment on the acoustic properties
should decrease with increasing density (decreasing po-

rosity). In fact, samples exhibiting the highest degree of
velocity anisotropy have bulk densities in excess of
2.25 g/cm3, as shown in Figure 5. Thus, though the pore
geometry may affect the properties of low-density sam-
ples, it is an unlikely cause of significant anisotropy in
indurated deep-sea carbonates.

A second possible cause of elastic anisotropy in rocks
is preferred orientation of anisotropic mineral grains.
Preferred orientation of olivine grains, for example, ac-
counts for the anisotropic nature of most ultramafic
rocks (Crosson and Lin, 1971; Baker and Carter, 1972).
Calcite is a highly anisotropic mineral in which the com-
pressional-wave velocity parallel to the c-axis is 5.6
km/s and the velocity perpendicular to c is 7.4 km/s
(e.g., Dandekar, 1968). Carlson and Christensen (1979)
pointed out that preferred orientation of calcite with a
concentration of c-axes normal to bedding would ex-
plain the pattern of acoustic anisotropy observed in cal-
careous sediments. They further noted that certain disc-
like carbonate nannofossils such as Discoaster, Cocco-
lithus, and Cyclococcolithina have structures in which
the c-axes of calcite microcrysts are perpendicular to
their long dimensions, and they suggested that such
forms might be aligned with bedding planes as the sedi-
ments are compacted to produce an initial preferred ori-
entation of calcite. Milholland and others (1980) have
pointed out that the structure of some foraminifers is
such that the alignment of foraminiferal fragments with
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Figure 2. Compressional-wave velocity versus wet-bulk density. Squares indicate 11 samples
from the western South Atlantic (Carlson and Christensen, 1979). Inverted triangles indi-
cate Leg 72 samples (this study). Vertical lines connect vertical and horizontal velocities
measured through the same sample. Solid line is velocity-density relation given by Hamilton
(1978).

bedding would also contribute to the development of a
preferred orientation of calcite c-axes normal to bed-
ding. To account for the observed increase of anisotropy
with depth, Carlson and Christensen (1979) further sug-
gested that initial, compaction-produced fabric might
be enhanced by diagenetic processes such as epitaxial
growth of suitably oriented grains. This model is con-
ceptually attractive and seemingly reasonable, but it has
not been tested by making measurements of the degree
of preferred mineral orientation in deep-sea sediment
samples.

A question of immediate interest is, what is the maxi-
mum degree of velocity anisotropy that can be produced
by preferred orientation of calcite in a porous, water-
saturated rock? Clearly, the degree of anisotropy will be
maximum when the rock consists entirely of calcite, and
the calcite c-axes are perfectly aligned, so that the rock
approximates a porous, water-saturated single crystal.
Compressional-wave velocities parallel and perpendic-
ular to the calcite c-axes then correspond to Vv and Vh,
and are respectively, 5.6 and 7.4 km/s (Dandekar,
1968). The empirical, time-average relation (Wyllie et
al., 1956) is commonly used to estimate compressional-
wave velocities in porous aggregates. Strictly speaking,
the time-average relation applies to isotropic rocks, but
by applying it to particular directions of propagation,
one can estimate velocities in the a and c directions
through a porous single crystal and make a rough calcu-
lation of the variation of acoustic anisotropy with po-

rosity or density. This approximate relationship is shown
in Figure 5 and predicts degrees of anisotropy only
slightly higher than those observed. The proximity of
the estimated maximum possible values to the measured
values suggests that if preferred orientation of calcite is
a principal cause of elastic anisotropy in deep-sea sedi-
ments, the concentration of c-axes normal to bedding
must be quite pronounced.

Optical methods that are commonly used to measure
grain orientation in coarse-grained rocks cannot be ap-
plied to fine-grained aggregates such as deep-sea car-
bonates, but X-ray pole figure goniometry, as described,
for example, by Baker and others (1969), lends itself to
this problem. The technique is based on the fact that the
intensity of a particular Bragg diffraction peak is pro-
portional to the concentration of suitably oriented dif-
fracting planes in the target. Thus, by setting the pri-
mary beam and detector for a particular plane in the
mineral being studied and rotating the specimen, one
can map the degree of preferred orientation of that par-
ticular plane. Because the various diffracting planes are
symmetrically related, the arrangement of mineral
grains in the sample, or "crystallite orientation distribu-
tion function", can be completely characterized if the
distributions of a number of diffracting planes are
known (Roe and Krigbaum, 1964). We have used X-ray
pole figure goniometry to measure the preferred orien-
tation of calcite in a number of samples from Hole 516F.
In this report, we use the data from a typical sample to
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Figure 3. Typical relationships between pressure and velocity and velocity difference (ΔV is the
difference between vertical and horizontal velocities). Sample 516F-101-2, 95-105 cm; den-
sity = 2.32 g/cm3.

illustrate and summarize our results. We will present a
more detailed description of the method, results, and
implications at a later date (Schaftenaar and Carlson, in
preparation).

A major difficulty encountered in the application of
the X-ray method to deep-sea carbonates results from
the fact that the intensity of the diffracted beam is sen-
sitive to changes in the composition of the area illumi-
nated by the primary beam. Because of small-scale vari-
ations in composition related to bedding, a complete
determination of the calcite distribution function for
deep-sea carbonates cannot be made with confidence;
the effects of compositional variation cannot be sepa-
rated from the effects of preferred orientation in the
X-ray data. However, if the orientation distribution is
symmetric about an axis of known orientation, this dif-
ficulty can be largely overcome. The approximately sym-
metric structures of calcareous nannofossils, the com-
paction model proposed by Carlson and Christensen
(1979) and Milholland and others (1980) and the fact
that the samples exhibit transverse isotropy all suggest
that the distribution of calcite c-axes is symmetrical
about an axis normal to bedding. Under these circum-
stances, the orientation distribution for a specified plane
can be determined by measuring the diffracted-beam in-
tensity as a function of the angle between the normal to
bedding and the normal to suitably oriented diffraction

planes—that is, by recording the intensity as the sample
is rotated about an axis lying in the bedding plane.

Diffractions from planes normal to the calcite c-axis
[0001] are so weak that they cannot be used to measure
the preferred orientation of c directly. Instead, the mea-
sured distributions of [lOTl] (r plane), [1120] (a axis),
[4041] (m plane), and [4483] were used to estimate the
crystallite orientation distribution by spherical harmon-
ic analysis (Roe and Krigbaum, 1964; Baker et al., 1969).
The c-axis distribution was then calculated from the ori-
entation distribution function.

A typical result is shown in Figure 6 for Sample
516F-86-2,44-54 cm. The measured anisotropy is 3.4%,
and the difference between the horizontal and vertical
velocities is 0.1 ±0.04 km/s. The normalized r and a
distributions are shown in Figures 6A and B, respective-
ly. Only the first two coefficients of the best-fitting Le-
gendre Polynomial series are well constrained in each
case. These coefficients were used to find the coefficients
of the associated Legendre Polynomial series (crystallite
orientation distribution function), from which the r, a,
and c distributions shown in Figure 6C were calculated.
The preferred orientation of calcite with a concentration
of c-axes normal to bedding proposed by Carlson and
Christensen (1979) is present but not pronounced.

The crystallite orientation distribution function was
used in conjunction with the elastic stiffness coefficients
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Figure 4. Anisotropy versus mean velocity showing poor correlation; r = 0.38.
Circles and triangles indicate bedded and unbedded samples, respectively.

for calcite published by Dandekar (1968) to calculate the
stiffness coefficients for a nonporous aggregate by meth-
ods described by Crosson and Lin (1971) and Baker and
Carter (1972). Horizontal and vertical velocities were
then calculated from the average stiffnesses, and the de-
gree of anisotropy of a nonporous aggregate of pure cal-
cite with the fabric shown in Figure 6 (i.e., a slight con-
centration of c-axes normal to bedding) was less than
1%. The magnitude of the calculated anisotropy of an
appropriately porous aggregate would be significantly
lower. Thus, although compaction and diagenesis do
appear to produce concentrations of calcite c-axes nor-
mal to bedding, this fabric is not sufficiently strong to
contribute appreciably to the acoustic anisotropy of cal-
careous deep-sea sediments.

A remaining potential cause of acoustic anisotropy in
deep-sea sediments is bedding. A medium consisting of
alternating layers with different elastic properties can be
anisotropic if the acoustic wavelength is long compared
to the thickness of the layers (Postma, 1955; Backus,
1962). Larson, Moberly, and others (1975) suggested
that alternating thin layers of carbonate and chert or
clay might cause acoustic anisotropy in deep-sea sedi-
ments, but they presented no evidence to support this
hypothesis. Two lines of evidence from our data set sug-
gest that they are correct.

First, compositional layering cannot occur in a single-
component system; at least one mineral constituent other
than calcite must be present. As shown in Figure 7, there

is a marked negative correlation (r = -0.74) between
velocity anisotropy and carbonate content. This relation-
ship suggests that the introduction of noncarbonate
components is related to the phenomenon of acoustic
anisotropy.

The second, and much stronger, line of evidence that
supports bedding as the cause of elastic anisotropy in
deep-sea sediments is shown in the 14 of the 40 samples
included in this study that have little visible evidence of
bedding. Figure 8 illustrates the relationship between
anisotropy and depth for all samples. The well-bedded
samples have anisotropies ranging from 2 to 13%, and
anisotropy is strongly correlated with depth (r = 0.84).
By contrast, anisotropy in the unbedded samples is gen-
erally less than 4°7o and is unrelated to depth. We have
attempted to relate anisotropy in bedded samples to
depth and carbonate content by multiple linear regres-
sion. The resulting relation is

A = 6.9(±2.9) + 7.0(±1.4)z - 9.5(±3.0)c;r = 0.89,

where A = anisotropy (in %)
z = depth (in km)
c = carbonate content (in %)

A plot of calculated versus observed values is shown in
Figure 9. This empirical relation for bedded sediments
consistently overestimates the degree of anisotropy when
applied to samples that show little evidence of bedding.
In view of the fact that anisotropy is so strongly cor-
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Figure 5. Anisotropy versus wet-bulk density in visibly bedded (circles) and unbedded (triangles)
sediment samples. The solid line shows the approximate relationship between anisotropy and
density in a porous single crystal of calcite.

related with bedding, we conclude that compositional
variations related to bedding are the principal cause of
acoustic anisotropy in indurated, calcareous, deep-sea
sediments.

CONCLUSION
The principal conclusions of this study are:
1) Velocity anisotropy is not as strongly correlated

with density or mean velocity as previously thought.
2) Calcareous, deep-sea sediments may be regarded

as transversely isotropic media with a symmetry axis
normal to bedding.

3) There is a preferred orientation of calcite in these
sediments, with the maximum concentration of c-axes
perpendicular to bedding, but this fabric does not con-
tribute appreciably to elastic anisotropy.

4) The degree of velocity anisotropy shows a strong,
negative correlation with carbonate content, and visibly
bedded sediments are markedly more anisotropic than
those that are not well bedded. The principal cause of
velocity anisotropy appears to be bedding, but preferred
orientation of clay minerals has not been ruled out as a
potential contributor to anisotropy of bedded samples.
The increase of anisotropy with depth in the case of bed-
ded samples suggests that the contrast between layers is
enhanced by compaction and diagenesis.
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COMPRESSIONAL-WAVE ANISOTROPY
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Figure 6. Typical result of X-ray analysis of grain orientation (Sample
516F-86-2, 44-54 cm). In both A and B, the discrete data points
and associated error bars represent the means and standard devia-
tions from 12 equivalent 0-90° intensity profiles, and the solid line
is the best-fitting second-order Legendre Polynomial series found
by a least squares method (Bevington, 1969). A: normalized X-ray
intensity distribution for the calcite r-plane normal. B: normalized
X-ray intensity distribution for the calcite ö-axis. C: diffracting
plane distribution functions, including the estimated c-axis distri-
bution. Calcite c-axes are weakly concentrated normal to bedding.
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Figure 7. Anisotropy versus carbonate content. Circles and triangles indicate bedded
and unbedded samples, respectively.
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Figure 8. Anisotropy versus depth of recovery. Circles and triangles indicate bedded and unbedded samples,
respectively.
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Figure 9. Observed anisotropy versus anisotropy calculated from carbonate content and depth
of bedded samples according to a linear relation obtained by multiple linear regression. Cir-
cles and triangles indicate bedded and unbedded samples, respectively.
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