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ABSTRACT

The extensive hydraulic piston coring activity on Leg 90 provided hundreds of meters of good quality sediment from
which to conduct a comprehensive physical properties examination of nannofossil ooze and chalk. Most sites exhibit a
well-defined transitional zone between the soft ooze and the indurated chalk, and a clear correlation is established be-
tween the onset of this region and sharp increases in sediment shear strength. Distinct increases in the values of com-
pressional velocity and thermal conductivity across the ooze-to-chalk transformation are less evident. In a few in-
stances, the porosity-versus-depth profiles depict zones where sediment porosity remains relatively constant across sub-
stantial depth intervals. Porosity is seemingly unaffected by large increases in overburden pressure, and no significant
compaction occurs across several hundred meters of the sediment column. This behavior is attributed to a combination
of several environmental factors. It is postulated that remarkably high sedimentation rates, a high diagenetic potential,
and, perhaps, an appropriate grain size distribution all have had some relative influence in promoting sediment rigidity
and retarding compaction.

INTRODUCTION

Leg 90 was principally organized as a paleoenviron-
mental expedition, with an ambitious and extensive pro-
gram of hydraulic piston coring scheduled at eight sites
traversing tropical to subantarctic areas of the southwest
Pacific. Over the last few years, the hydraulic piston cor-
er (HPC) has demonstrated the ability to recover high-
quality geologic samples to depths of several hundred
meters into the seafloor; this tool was utilized once again
for the high-resolution paleoceanographic studies pro-
posed for the region. Several thousand meters of rela-
tively undisturbed core were retrieved by the HPC, and
these provided a valuable opportunity to examine sedi-
ment physical properties in light of the depositional and
lithification processes that occur in the ocean basins.

A comprehensive physical properties program was ini-
tiated during the course of the cruise, and a vast quanti-
ty of scientific data was generated. The shipboard ex-
periments included the Gamma Ray Attenuation Poros-
ity Evaluator (GRAPE) (Boyce, 1976b); gravimetric de-
termination of wet-bulk density, grain density, and po-
rosity (Boyce, 1976b); estimation of thermal conductivi-
ty (Chaney et al., 1983); measurement of compressional
wave acoustic velocity (Boyce, 1976a); and evaluation of
sediment shear strength (Boyce, 1976a).

Most of these experimental results have been present-
ed in the individual site chapters of this volume, and de-
tailed descriptions of the laboratory equipment and meth-
odology are contained in the introductory chapter. This
chapter attempts to correlate and compare data from
various sites, and focuses upon the physical characteris-
tics of calcareous sediments only. For all of the sites ex-
cept Site 594, CaCO3 content remained high, consistent-
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ly above 90%, and physical properties profiles versus
depth share the same trends (Sites 587, 588, 590, 591,
592, 593). These sites consisted almost exclusively of nan-
nofossil ooze (grading into chalk) and/or foraminifer-
bearing nannofossil ooze (grading into chalk) with occa-
sional trace amounts of siliceous material, such as radi-
olarians, sponge spicules, and volcanic glass. Sediments
at Site 594 contained numerous intervals of terrigenous
material, such as clayey silt, and data from this final
hole are not included in this review.

GRAPE ANALYSES

The Gamma Ray Attenuation Porosity Evaluator was
used in a continuous scanning mode in order to estimate
sediment wet-bulk density. Boyce (1976b) describes the
instrument and operational procedure in detail and con-
siders the sources of error associated with the measure-
ment. These include liner variation, integrity of the geo-
logic material, and change in gamma-ray path length.
The greatest problem in reliability of the data has arisen
where hard rocks or indurated sediments have not com-
pletely filled the core liners. In these cases, geometric
concerns caused by a shorter gamma-ray path length
through the geologic sample have made the values of
wet-bulk density suspect.

During HPC deployment in soft sediments, the liner
was completely filled with relatively undisturbed materi-
al, and no geometric adjustments to the GRAPE data
were required. Mayer (1982) has addressed the issue of
sediment disturbance and has found specimen quality to
be very high when the HPC has functioned properly.
HPC refusal began to occur during this cruise at coring
depths near 250 m, coincident with the appearance of
the stiffer chalks, and a newly developed extended core
barrel (XCB) was utilized for subsequent core retrieval.
Site 590 represented the first successful deployment of
the XCB. Cores obtained with this apparatus were slight-
ly to moderately disturbed, often consisting of biscuits
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of indurated sediments surrounded by an annular slurry
of soft ooze injected during the coring process. This soft
material is expected to cause GRAPE wet-bulk density
estimates to be slightly less than the actual values; a 3
mm-thick slurry wall adjacent to the 6.61-cm inside di-
ameter of the core liner should decrease the average den-
sity by 1 to 2%. Gravimetric analyses of chunk samples
(Boyce, 1976b) taken from these deep cores, however,
yielded wet-bulk density results that were in very good
agreement with the uncorrected GRAPE-generated da-
ta. Thus, the GRAPE results presented in this chapter,
measured on both the HPC and the XCB cores, have
not been adjusted for possible geometric errors.

The porosity-versus-depth profiles displayed in Fig-
ure 1 were derived from the GRAPE saturated wet-bulk
density data. Carbonate content is one parameter that
directly controls porosity and density; it was uniformly
high throughout the sediment columns at all pertinent
sites. The grain density of biogenic calcite is 2.72 g/cm3,
whereas that of silica is 2.1 to 2.3 g/cm3 (Baas Becking
and Moore, 1959). An average grain density was assumed
to be 2.69 g/cm3, and the saturated wet-bulk density re-
sults were accordingly converted to values of sediment
porosity.

In this situation of constant grain density, porosity
essentially mirrors the bulk density profile. The dashed
lines in Figure 1 identify the individual depths where an
ooze-to-chalk transition was observed. The correspond-
ing transitional porosities range from approximately 50
to 53%. Hole 592 contains two separate transitional ap-
pearances. An initial onset of chalk is observed at 260 m,
followed by a reintroduction of calcareous ooze. This
sequence quickly undergoes a transition to chalk again
at a depth of approximately 330 m. The gap in porosity
data for Site 593 (360-500 m) was caused by a GRAPE
instrument malfunction that was not detected immedi-
ately.

The effective overburden pressure at each site was com-
puted from the GRAPE wet-bulk density data averaged
across the incremental depth intervals, assuming no ex-
cess pore pressures. Plots of cumulative effective stress
versus depth are presented in Figure 2, again with the
dashed horizontal lines representing the ooze-to-chalk
transitional levels. By comparing Figures 1 and 2, it is
interesting to note the instances where little or no obvi-
ous consolidation has occurred across substantial depth
intervals, even with significant, systematic increases in
lithostatic load. At Site 590, for example, average poros-
ity remains effectively constant, apart from high frequen-
cy fluctuations, across a 250-m span of the sediment
column (200-450 m). Similar behavior is observed, but
to a lesser extent, at Sites 591 and 592. At Site 593, po-
rosity is shown to decrease through the upper 50 m, but
to remain relatively constant over the next 300 m as sedi-
ment overburden pressure is gradually increased from ap-
proximately 4 to 26 kg/cm2.

THERMAL CONDUCTIVITY
Sediment thermal conductivity was measured through

the core liner at Sites 587 and 588 utilizing the needle

probe method (Chaney et al., 1983); the results are plot-
ted versus depth in Figure 3. These data were obtained
aboard ship and have not been corrected for in situ pres-
sure and temperature conditions. Morin and Von Herz-
en (this volume) have performed this exercise at selected
depths in order to compute oceanic heat flow and report
a total correction of only 2.6%. The experimental error
in this particular case is approximately ± 4%.

The thermal conductivity values were cross correlated
with the porosity profiles of Sites 587 and 588 in order
to arrive at a relationship between conductivity and po-
rosity for calcareous sediments (Fig. 4). Numerous models
designed to provide a suitable estimate for the thermal
conductivity of two-phase media with static liquid com-
ponent have been proposed (Wyllie and Southwick, 1954;
Jeffrey, 1973; Crane and Vachon, 1977). A detailed so-
lution of this conduction problem, however, requires that
the shape, size, location, and conductivity of each parti-
cle be known. Analytical models have attempted to over-
come this difficulty in describing the microstructure by
proposing a number of simplifying assumptions.

Ohm's Law models, for instance, are designed to rep-
resent randomly packed granular systems by equivalent
electrical analogs. Broad constraints are placed on the
bulk thermal conductivity of the system by considering
two different phase networks. The series and the paral-
lel arrangements correspond to the minimum and maxi-
mum possible values for conductivity, respectively. Curves
A and B in Figure 4 illustrate these bounds, assuming
the fluid and solid conductivities to be 0.61 and 2.85
W/m-K, respectively (Clark, 1966).

If the values of the separate phase conductivities dif-
fer significantly, the established bounds are so broad as
to fail to provide useful limits. Hashin and Shtrikman
(1962) have shown that their exact, rigorous solution pro-
duces the narrowest possible constraints on thermal con-
ductivity for macroscopically heterogeneous, isotropic me-
dia. Their model consists of a well-separated suspension
of spheres of varying size; one phase is continuous and
the other discrete. Curves C and D in Figure 4 are the
conductivity bounds determined by the Hashin and
Shtrikman (1962) analysis. Curve C defines the case of
a dominant fluid component, with sediment grains sus-
pended in seawater. Curve D assumes a continuous solid
matrix containing individual pores. Theoretically, as a
calcareous sediment gradually undergoes consolidation,
the thermal conductivity data are expected to deviate
from Curve C (liquid dominated—ooze) and approach
curve D (solid dominated—chalk). This behavior is not
clearly substantiated by the results plotted in Figure 4.
However, the narrow limits imposed by the Hashin and
Shtrikman (1962) model do successfully constrain all of
the individual data points.

SHEAR STRENGTH
Shear strength was measured on split cores in the orig-

inal horizontal direction with a modified Wykeham Far-
rance laboratory vane apparatus (Boyce, 1976a). The test
procedure was repeated until the sediment became so
lithified that its strength exceeded the capability of the
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Figure 1. Multiple plot of porosity (GRAPE) versus depth for six sites. Dashed line indicates ooze-to-chalk transitional depth.
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instrument. This condition coincided with the appear-
ance of chalk and closely followed the retooling of cor-
ing operations from the HPC to the XCB. Results are
recorded versus depth in Figure 5 for Sites 590, 591, and
592. At Site 592, where there were two transitional
depths, a sizable increase in shear strength at the initial
onset of chalk was followed by a gradual decline and, fi-
nally, by another sharp increase in this property at the
second ooze-to-chalk transition. When these results are
cross correlated with the individual site porosity pro-
files, a clear dependence of shear strength upon porosi-
ty is observed. This relationship is illustrated in Figure
6; the dashed line represents a least-squares polynomial
fit of the data. This best-fit approximation is described
by the following equation.

S = 40461.3 - 1956.7Φ + 31.6O02 - 0.170Φ3

where S = shear strength (g/cm2) and Φ = porosity (%).
A sudden increase in shear strength is observed as the
porosity approaches the transitional region, estimated as
being in the range of 50 to 53% for all sites considered.
At porosities below the ooze-to-chalk transformation,
lithification is so pronounced that the miniature vane
device can no longer penetrate the sediments to produce
an accurate estimate of shear strength.

ACOUSTIC VELOCITY

Sediment acoustic velocity was measured on board ship
on split cores, parallel to bedding (Boyce, 1976b), and
the results from four sites are plotted versus depth in Fig-
ure 7. Unlike the shear strength determination, which
was limited by the range of the laboratory instrument,
seismic velocity results continued to be collected below
the ooze-to-chalk transformation. The data obtained from
Sites 588, 590, and 592 show little change in compres-
sional wave velocity over the top 300 m of the sediment
column. In their physical properties study, Wilkens and
Langseth (1983) report that seismic velocity exhibited the
least variation with depth of any of the parameters mea-
sured; Mayer (1979, 1982) arrived at a similar conclu-
sion. Fluctuations in this elastic property remained small
across large depth intervals, even as other physical prop-
erties changed significantly. Small velocity increases be-
came evident as porosities declined into the chalk re-
gion, though this shift to higher values was not nearly
so pronounced as that observed with the shear strength
data. The Site 591 profile shows greater variations in
acoustic velocity at the lower depths because of early di-
agenetic alteration produced by a spectacular sedimen-
tation rate of 131 m/m.y. during the early Pliocene. Cal-
careous nannofossils begin to exhibit signs of overgrowths
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Figure 3. Plot of sediment thermal conductivity (Sites 587 and 588)
versus depth.

at a depth of 260 m. These cementing agents develop
sediment framework, increase matrix rigidity, and allow
elastic energy to be more readily transmitted.

DISCUSSION

The set of physical properties data presented in this
chapter provides a good base from which to investigate
the consolidation characteristics of calcareous ooze and
chalk. Coogan and Manus (1975) have presented a com-
prehensive review of this complex subject, with its nu-
merous interrelated facets. They categorize the sets of
conditions that directly affect the compaction of car-
bonates as the following: (1) inherited factors such as
grain size, packing arrangement, and sorting; (2) inhibi-
tory factors that discourage compaction, principally ce-
mentation; and (3) dynamic factors such as rate of load-
ing, pore pressure, overburden pressure, and nature of
formation fluid. It is significant to this discussion to note
that if compactive stresses are high enough, deforma-
tion will occur regardless of the relative influences of
any other factors. Instances are found from the profiles
depicted in Figure 1 where the sediment column dis-
played little or no evidence of systematic lithostatic com-
paction, and where porosity remained essentially con-
stant across hundreds of meters of depth. This behavior
is now considered in terms of the primary factors classi-
fied previously.

Apart from Site 588, all locations experienced remark-
ably high sedimentation rates during the late to early
Pliocene. These ranged from 57 to 131 m/m.y. and cor-
respond to depths of approximately 40 to 200 m. It is
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Figure 4. Plot of sediment thermal conductivity (Sites 587 and 588) versus porosity. Curves A and B are series
and parallel bounds, respectively. Curves C and D are constraints defined by Hashin and Shtrikman
(1962).
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possible that excess pore pressures induced by these large
depositional rates delayed initial consolidation, enabling
the sediment particles to establish a competent, solid ma-
trix before complete dissipation of pore pressures oc-
curred.

The phenomenon of early lithification of carbonate
sediments has been addressed by Bathurst (1971) and
Schlanger (1963), among others. Weller (1959) attributes
the relatively high porosities and lack of compaction in
carbonate sands to early and widespread cementation.
At Site 591, a premature introduction of chalk is caused
by a diagenetic change in the state of fossil preservation.
Schlanger and Douglas (1974) have defined the concept
of diagenetic potential, whereby the variations in the de-
gree of cementation and textural changes across ooze-
chalk-limestone sequences are ascribed to paleoceano-
graphic conditions or events. The ease with which dia-
genesis may occur becomes a function of, among other
parameters, plankton productivity and, corresponding-
ly, sedimentation rate. Milholland et al. (1980) have ap-
plied this concept to pure carbonate sediments in order
to develop a geoacoustic model that accounts for observed
physical property variations with depth. Thus, it is pos-
sible that the high sedimentation rates not only pro-
duced the initial excess pore pressures, but also contrib-
uted to a condition of high diagenetic potential, thereby

promoting a dissolution and recrystallization process a-
mong grains which, in turn, enhanced the rigidity of the
open framework.

An additional mechanism that could account for the
absence of compaction across various depth intervals at
these pertinent sites relates to proper grain size and sort-
ing. Both cementation and mechanical compaction are
influenced by these two particle properties. Heald and
Renton (1966) have demonstrated that fine sands, with
their considerable surface area, are much more suscepti-
ble to dissolution effects than are coarser ones. Robert-
son (1967) has reported laboratory results that illustrate
the effects of grain size and rate of loading upon the
consolidation of a carbonate sediment. Coogan and Man-
us (1975) describe a condition known as bridging, where-
by large grains form an interlocking network during the
initial steps of consolidation and receive the majority of
the overburden load. The smaller grains are located be-
tween these prominent particles and contribute little to
the overall sediment compressibility. This phenomenon
produces a stiff matrix early during the consolidation
process and is a direct function of grain size distribu-
tion. Well-sorted grains make compaction more likely,
whereas poorly sorted, fine grains encourage bridging
and cementation. Grain size and sorting characteristics
should have a primary effect upon the consolidation be-
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havior of calcareous ooze and chalk. Grain size distri-
bution analyses on specific Leg 90 samples are currently
being conducted at shore-based geotechnical laborato-
ries.

It is hypothesized, therefore, that some combination
of the three following factors may have contributed to
the unusually constant porosity-versus-depth profiles evi-
denced at these sites.

1. Excess pore pressures caused by spectacular sedi-
mentation rates retarded initial compaction and promoted
the formation of an open sediment microstructure.

2. Excessive sedimentation rates increased the diage-
netic potential of the calcareous sediments, thereby ac-
celerating cementation processes among grains and in-
creasing sediment rigidity.

3. Appropriate grain size distributions provided a good
mechanical fit among particles and prevented further con-
solidation from occurring until a threshhold overburden
stress finally initiated additional compaction. A small me-
dian grain size also encouraged dissolution and repreci-
pitation.

The ooze-to-chalk transition, whether it was simply
the product of mechanical compaction and particle re-
orientation or brought about through diagenetic altera-
tion, coincides clearly with sharp, substantial increases
in shear strength. Variations in compressional velocity
at this stage are also present, though the relationship is
much less distinct. The thermal conductivity results all
fall within the limits established by the Hashin and Shtrik-
man (1962) model, but a uniform shift in the data from
Curve C to Curve D with declining porosity is not obvi-
ous (Fig. 4). It does not appear, therefore, that the ooze-
to-chalk transformation affects this property to the ex-
tent that it does the shear strength; a transitional porosi-

ty range cannot be identified from the plots presented in
Figure 4. It is interesting to consider, as a final note,
that the porosity range over which the sediment under-
goes this major lithological change is very narrow, per-
haps only 1 or 2%.
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