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12. PHYSICAL PROPERTIES AND CONSOLIDATION OF THE CALCAREOUS SEDIMENTS OF
BROKEN AND NINETYEAST RIDGES'

Elliott Taylor2

ABSTRACT

Calcareous sediments cored at Broken and Ninetyeast ridges in the eastern Indian Ocean reveal the transitions from calcareous
ooze to chalk and from chalk to limestone. Based on downhole porosity trends and laboratory mechanical consolidation tests, the
compaction and lithification of these sedimentary sections occur at stratigraphically shallower depths than comparable marine
calcareous sections. An exception to this case is the section at the northern Ninetyeast Ridge site. There, terrigenous silts and clays
in the carbonate section appear to be normally consolidated. An analysis of porosity vs. depth trends of sediments from Sites 752
and 757 indicates an estimated 120 to 170 m of sediment were eroded during the middle Eocene uplift of this Broken Ridge.

Compositional changes in the calcareous sections alter their compaction trends: inclusion of biogenic opal and/or ash results in
higher porosity and lower velocity relative to the carbonate-rich horizons. The changes are observed in laboratory and log
measurements and, in places, are significant enough to produce impedance contrasts giving rise to acoustic reflectors.

INTRODUCTION

The physical properties of marine sediments are sensitive
indicators of the changes in lithology, compaction history, and
diagenesis. Changes in physical properties are, in turn, responsi-
ble for reflectors observed in seismic records. The sediment
sections cored along the crest of Broken and Ninetyeast Ridges
during Ocean Drilling Program (ODP) Leg 121 are composed
primarily of pelagic carbonates. Within these sections, lithologic
variations are found in occurrences of ash, differing grain-size
distributions, biogenic siliceous intervals, and terrigenous sedi-
ments. These changes are reflected in variations of downhole
trends in physical properties, in modified compaction behavior of
the same sections, and in seismic records. Correlation of these
trends and aspects of compaction with lithologic changes can lead
to a better understanding of the diagenesis of these sediment
columns and their geologic history.

ODP Sites 752-755 were cored along a nearly north-south
transect across the crest of Broken Ridge (Peirce, Weissel, et al.,
1989) (Fig. 1). The sediment section there consists of a pelagic
calcareous sediment drape in unconformable contact with an
underlying, northward-dipping and truncated sequence. The
upper pelagic section is a nearly stark-white nannofossil with
foraminifer ooze ranging in age from late Eocene to Holocene
(Fig. 2). Coring at these four sites was designed to sample differ-
ent stratigraphic sections of the dipping sediments. The resultant
stratigraphic recovery is a section of ash-rich to calcareous sedi-
ments ranging in age from Turonian-Coniacian to early Eocene.

Three ODP sites were drilled along the crest of Ninetyeast
Ridge (Peirce, Weissel, et al., 1989). Site 756 was drilled at the
southerly end of this feature where a 139-m-thick section of
Pleistocene to Oligocene nannofossil ooze with foraminifers was
recovered. Coring at Site 757 recovered a 212-m-thick section of
nannofossil ooze with foraminifers to chalk (Fig. 3). Ash content
increases downhole in the basal section of these sediments. Site
758 was drilled at the northern end of Ninetyeast Ridge. The
calcareous sediments recovered there consist of about 370 m of
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Campanian to Holocene sediments with cherts and porcellanites
in the Campanian to lower Miocene section. Terrigenous material
derived from the Ganges-Brahmaputra drainage system is found
in the sediment section, in increasing amounts, from the middle
Miocene upward (Fig. 3). Fine-scale changes in terrigenous sedi-
ment input and their distinct physical properties are discussed in
Farrell and Janecek (this volume).

METHODS

Sediment index properties (porosity, water content, bulk den-
sity) were obtained from shipboard measurements of discrete
samples using gravimetric techniques and a pycnometer (Peirce,
Weissel, et al., 1989). Bulk densities and porosities of sediments
from above the unconformity at Broken Ridge, and from non-lithi-
fied sections at the Ninetyeast Ridge sites, were then corrected to
in-situ values assuming sediment rebound as defined by Hamilton
(1976) for calcareous sediments. In addition to the shipboard
measurements, 12 whole-round samples were obtained for shore-
based consolidation testing. The whole-rounds were X-radio-
graphed to examine them for any obvious disturbance negating
geotechnical testing. Several samples exhibited highly disturbed
structures or cracks and were not included for testing. Consolida-
tion tests were performed on 6.35-cm-diameter samples trimmed
to 2.54 cm in height. Water contents were obtained from trim-
mings of these samples and were compared against shipboard
measurements to make sure no desiccation had occurred. All
samples were backpressured, as described by Lowe et al. (1964),
to assure complete saturation. Samples were incrementally loaded
until the virgin curve was established following standard geotech-
nical practice as described in Lambe (1951) and Bowles (1978).

RESULTS

Two approaches were taken to study the compaction history of
the calcareous sections on the two ridges and effects of lithologic
controls on the physical properties of sediments. First, downhole
trends of these properties, as obtained from laboratory and log-
ging measurements, describe the relative consolidation of these
carbonate sediments with a superimposed signal resulting from
lithologic variability. The effect of different lithologies and ce-
mentation can then be evaluated in terms of its role in modifying
the compaction process. The second approach is to compare the
mechanical consolidation behavior of samples tested under labo-
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Figure 1. Location of Leg 121 sites on Broken Ridge and Ninetyeast Ridge and
other ODP and DSDP sites in the eastern Indian Ocean.

ratory conditions to the observed in-situ physical changes result-
ing from increasing burial loads.

Downhole Trends of Index Properties

A number of downhole trends have been described for marine
sediments of various compositions. Hamilton (1976) described
bulk density and porosity relationships with depth for calcareous,
siliceous, and terrigenous sediments. The calcareous sediments of
his study are of the central Pacific Ocean sampled by Deep Sea
Drilling Project (DSDP) Legs 7, 16, and 17 and of the easternmost
Indian Ocean (DSDP Leg 27). Relationships for calcareous sedi-
ments have also been described by Carlson et al. (1986), Mah-
mood (1990), and Wilkens and Handyside (1985). Mahmood
(1990) describes porosity vs. depth functions for deep sea sedi-
ments from over 1 10 DSDP and ODP sites. Mahmood categorized
the stratigraphic units from these sites according to the predomi-
nant lithology. His study of calcareous sediments is derived from
a collective data set of these sediments from the Atlantic, Pacific,
and Indian oceans. Rack and Julson (in press) described relation-
ships of index properties vs. percent calcium carbonate for sam-
ples from Site 751 on the Kerguelen Plateau. For comparison
purposes, the Hamilton (1976) and Mahmood (1990) relation-
ships for calcareous sediments are used in this study as indicators
of relative trends in sediment consolidation.
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Figure 2. Lithologic summary columns of Broken Ridge Sites 752 and 754
(modified from Peirce, Weissel, et al., 1989).

The uppermost sediments at the Broken Ridge sites consist of
loose, unconsolidated ooze with nearly constant density, porosity,
and velocity values despite increasing burial. The bulk density of
the cap sequence ranges from 1.52 to 1.75 g/cm? and velocity is
nearly constant at 1500 m/s. The mean porosity of the section,
corrected for compaction, is 66%, which is lower than that de-
scribed by Hamilton (1976) (see Fig. 4). Mahmood (1990) shows
that typical surface porosities are between 70% and 75% for
nannofossil and foraminifer-nannofossil oozes, respectively. His
results indicate that porosities at 200 m are about 54% for both
calcareous compositions. The average porosity of sediments be-
tween 190 and 200 mbsf at Site 752 is 46%. The porosities at
Broken Ridge clearly reflect a more compacted state relative to
other pelagic calcareous oozes. Furthermore, the Broken Ridge
sediments exhibit a faster rate of compaction relative to the
Hamilton function as the difference between these two trends
increases with depth (Fig. 4). These differences reveal the relative
overcompaction of sediments at Broken Ridge which, to a large
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Figure 3. Lithologic summary columns of Ninetyeast Ridge Sites 757 and 758 (modified from Peirce, Weissel, et al., 1989).
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Figure 4. Porosity vs. depth for Site 752 sediments relative to the Hamilton (1976) curve for calcareous sediments (left). The difference between measured porosities
(circle), corrected for rebound, and predicted porosities (x) diverges with depth (center). The divergence between these two trends does not appear to be related

to a systematic change in the percentage of carbonate in these sediments (right).

extent, is a result of the removed overburden above the truncated,
dipping sequence. Porosity in the lithologically similar section
from Site 757 on Ninetyeast Ridge ranges from a near mud-line
high of 70% to 48% at 165 mbsf (Fig. 5). The porosity-depth trend
at this site is closer to that defined by Hamilton (1979) and
Mahmood (1990) near the surface but, as at Sites 752 and 754,
clearly diverges with increasing depth. Unlike the Broken Ridge
section, however, Site 757 has no evidence of major erosion of
previously deposited sediments. Carbonate contents in all of these
oozes are greater than 90%, indicating a fairly homogenous com-
position. Some minor variations in the physical properties of the
capping sequence at Broken Ridge arise from intervals of slightly
coarser grain size. These intervals are interpreted as winnowed
sediments (see House et al., this volume) and are characterized by
small decreases in bulk density and higher porosity.

In defining the context of overall downhole trends present in
the ooze-chalk-limestone transition, it is helpful to consider the
combined stratigraphic sections cored at both Sites 752 and 754.
The physical aspect of the combined sections, defined through
laboratory and logging measurements, can be subdivided into
Units A-F (Fig. 6). Unit A, the calcareous ooze cap at Broken
Ridge, is not included in this figure. Three distinct intervals mark
the progressive diagenesis within the calcareous section below the
unconformity (Units B, E, and F). An opal-rich interval (Unit C)
disrupts the developing trend of downhole consolidation within
the calcareous sequence. A short transitional section (Unit D)
separates the opal-rich sediments from the calcareous section
below.

The first major downhole contrast in physical properties oc-
curs across the angular unconformity (100 mbsf in Fig. 6). The
calcareous sediments below the unconformity are indurated and
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form chalks (Unit B). The original transition from ooze to chalk
may have been much more subtle; however, erosional truncation
of previous strata during the middle Eocene uplift of Broken
Ridge removed the overburden that consolidated the underlying
section. Bulk densities of the chalks forming Unit B range from
1.67 10 2.05 g/em?, with velocities averaging 2100 m/s. The slight
variations in density and velocity within the chalks arise from
minor lithologic components such as ash or chert. For compari-
son, the base of the calcareous section at Site 757 shows the onset
of the ooze to chalk transition at about 165 mbsf. This change is
indeed more subtle than that observed in the Broken Ridge sec-
tions. The change at Site 757 appears as a downhole shift to faster
porosity reduction with greater depth, approximated as a porosity
difference of 11% per 100 m.

The first downhole occurrence of biogenic silica (opal-A) in
the calcareous section is at 220 mbsf at Site 752 (Littke et al., this
volume). The open, porous framework of diatoms and radiolarians
within the carbonates gives rise to the higher mean porosity
(54%), lower mean density (2.60 g/cm?), and lower mean velocity
(1900 m/s) within Unit C. The presence of even small amounts of
opal in marine sediments is often reflected in these types of
changes (Rack and Julson, in press; Pittenger et al., 1989). This
zone of higher porosity is clear in both Figures 4 and 6. The
approximately 60-m-thick interval does show a downhole con-
solidating trend, the base of which marks the top of the transitional
Unit D at 290 mbsf (Fig. 6).

Opal persists below 290 mbsf at Site 752, though at that depth
the transformation from opal-A to opal-CT has taken place. The
bulk density and velocity response of the carbonate section to this
transformation differs. Velocity below 310 mbsf (Unit E) is a
continuation of the general velocity-depth profile developed
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Figure 5. Porosity vs. depth for Site 757 sediments shows a divergence of
measured (circle) and predicted (x) porosities similar to that of Site 752.
Semilithification of the calcareous sediments, forming chalk, occurs from 165
to 190 mbsf. Below this latter depth the sediments are tuffaceous.

above the opal-A-rich interval in Unit B. However, the contrast
of bulk density and porosity between the chalk section above 220
mbsf and the interval below 300 mbsf clearly illustrates that a
diagenetic reaction has taken place in the lower section. The mean
bulk density and porosity of the Unit E chalks are 1.81 g/cm? and
32%, respectively. The formation of lepispheres within the cal-
careous framework of this section may be responsible for the
pronounced gradient in physical properties (Littke et al., this
volume). Chalks appear to have undergone a degree of chemical
cementation, creating the sharp contrast in physical properties and
giving rise to a seismic reflector at about 300 mbsf (Peirce,
Weissel, et al., 1989). Opal-CT is present in the Maestrichtian
sediments from Site 754, bearing similar physical properties to
Site 752.

The opal-CT-to-quartz transition occurs at the top of Unit F,
about 380 mbsf at Site 752 and 320 mbsf at Site 754. No apparent
bulk density or porosity change is associated with this transfor-
mation. However, the velocity profile shows an increase of about
500 m/s relative to the general velocity-depth profile developed
in Units B and E. Seismic records from this area contain a reflector
that was correlated with the porcellanite-to-chert and chalk-to-
limestone transition at 380 mbsf (Peirce, Weissel, et al., 1989).
Dolomite and chert stringers below 525 mbsf give rise to high
velocities and bulk densities in the lowermost-sampled sediments
from this stratigraphic section.

Ash within the calcareous sediments clearly modifies the re-
sponse to increasing overburden that is seen in physical proper-
ties. Within the unconsolidated (ooze and chalk) sediments, ash
results in higher porosity, lower bulk density, and lower velocity.
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For example, the presence of an ash-rich interval at the Creta-
ceous/Tertiary boundary (345-365 mbsf in Fig. 6) in the Broken
Ridge section is obvious in both laboratory and logging physical
properties. Similar response is evident in the interval from 470 to
495 mbsf (Fig. 6) and in the sediments underlying the calcareous
section at Site 757 (Fig. 5).

Consolidation Tests

Six specimens, obtained from between 10 and 118 mbsf, were
consolidated in laboratory tests to observe the mechanical change
in porosity (n), or void ratio (e), as a function of applied vertical
load [e = 1/(n + 1) where n is fraction porosity]. An important
consideration in interpreting these tests is the disturbance the
sample has undergone during coring, retrieval, and handling.
Typically, hydraulic piston coring may induce disturbance to
loose, unconsolidated calcareous sediments (Walton et al., 1983).
A measure of this disturbance may be indicated from the shape of
void ratio vs. applied stress curves, or e-log p curves. This distur-
bance becomes critical when estimating in-situ vertical stresses
under which sediments appear to have been loaded, which is
referred to as pre-consolidation stress (p’c). In the present study,
however, these data are not used for interpretation. Instead, the
change of void space as a function of applied stress is used to
compare mechanical compaction of laboratory specimens to that
observed in the field. Typically, void ratio decreases as a linear
function of the log of effective stress under basinal-type loading.
This type of loading occurs where the principal stress is vertical
and simply results from the stress of overlying sediments. A
useful quantitative measure of this change is the compression
index, c¢q, which is defined as:

ce=—Ae/Alogp’,

where p’ is the effective applied stress. These tests illustrate the
changes that the sediment samples are likely to undergo under simple
vertical loading. Hence, the collective group of Leg 121 samples is
used to indicate the general response of the sediments to mechanical
compaction, with variations resulting from compositional differences
among samples.

Typical e-log p plots indicate the load response of samples
from Sites 752, 757, and 758 (Fig. 7). These curves generally
progress from nearly horizontal (little void reduction) at low
loads, through a zone of maximum curvature (intermediate loads),
to a straight segment or virgin curve (higher loads). Section
121-758 A-5H-6, 140-150 cm, is a good example of a typical e-log
p curve. The latter portion of the curve exemplifies sediment
consolidation under new loads whereas the maximum curvature
represents transition from the reloading to virgin compression.
This break is near the maximum effective stress with which the
sediment had equilibrated prior to testing (if undisturbed, this is
the preconsolidation stress, or effective in-situ vertical stress, in
cases of normal loading). The degree of curvature from reloading
to virgin curve is an indication of sediment disturbance; a better
defined break between these portions of the curve represents less
disturbance.

The compression index, ce, is defined from the virgin curve.
For the clean, calcareous sediments of Sites 752 and 757, this
coefficient ranges from 0.11 to 0.27, with an average of 0.17. The
value of c¢ is slightly greater for the foraminifer nannofossil oozes
found in surface sediment of Section 121-757B-2H-4, 140-150
cm. This difference is attributed to the mechanical breakage of the
foraminifer tests (Demars, 1982). The ¢, for Site 758 samples,
however, is much higher and averages 1.12. This faster rate of
compaction is typical of sediments with a terrigenous component,
as noted by Bryant et al. (1981) and the Geotechnical Consortium
(1984). These same sediments also have a higher mud-line poros-
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ity of about 77% which closely corresponds to silty calcareous
clays (Bryant et al., 1981; Mahmood, 1990).

DISCUSSION

Through comparison of changes in physical properties at the
study sites to those general trends described for similar composi-
tions, it is evident that the Leg 121 sediments behave differently,
with the exception of Site 758 samples. The calcareous sediments
examined in this study generally have lower overall porosities and
faster downhole compaction trends than those defined by Hamil-
ton (1976) and Mahmood (1990). The difference in relative com-
paction rate suggests another process is active in these sections
from Leg 121. At Broken Ridge, the compaction differences must
be considered in light of the overburden that was eroded when the
ridge was uplifted above the wave base during the middle Eocene.
The ridge later subsided and gained its pelagic cap, but left a more
compacted section nearer the mud-line. However, even the pe-
lagic cap exhibits lower overall porosities relative to the compa-
rable studies of Hamilton (1976) and Mahmood (1990).

The differences between the porosities of the Broken Ridge
calcareous sediments and those of Hamilton (1976) can be used
to estimate the amount of overburden eroded at the unconformity.
The average porosity difference of the pelagic cap relative to
Hamilton’s function is —4.2% porosity. The average difference in
the chalk section of Site 752 from 100 to 212 mbsf is -11.2%
porosity. The vertical offset required to yield porosities in the
chalk section that are near 4% porosity lower than the Hamilton
function is about 170 m. Another approach to estimate the eroded
overburden is to use the porosity vs. depth function of Site 757
calcareous sediments, assuming these underwent a similar com-
paction history to those of Broken Ridge but without the erosional
episode. This function can be approximated by a linear regression
given as:

n=69.4—0.158 (mbsf) and r = 0.92.

Using this relationship, the porosities of the chalk section of Unit B
correspond to burial depths of about 120 m deeper than their present
depth. From these two estimates, the overburden eroded at the uncon-
formity at Site 752 is between 120 and 170 m.

Laboratory consolidation data for the Site 758 silty calcareous
sediments and downhole trends of physical properties closely
follow those defined elsewhere for similar sediment composition.
The compression index of the calcareous sections at Sites 752 and
757 (ca. 0.17) can be expressed as a porosity difference within the
same 100- to 200-m interval. A ¢, of 0.17 corresponds to a
porosity change of 4%/100 m, equivalent to that described by
Mahmood (1990). This similarity suggests the mechanical con-
solidation of the test specimens is representative of most uncon-
solidated calcareous sections. However, the mechanically
induced rate of change in void space reduction does not match
that observed from the field trends. Because the downhole data
reflect a faster compaction rate, chemical diagenesis and sub-
sequent lithification is interpreted to play a key role early in the
diagenesis and consolidation of the calcareous sections on these
ridges. A relative index of the role of chemical diagenesis in these
calcareous section may be interpreted from the increasing differ-
ence between the measured porosity and the Hamilton (1976)
trend (Fig. 4). From the viewpoint of geotechnical testing, this
diagenetic process is apparent in the field consolidation curve.
The field e-log p curve is a plot of measured void ratios vs.
calculated in-situ effective overburden stress using bulk density,
depth, and assuming hydrostatic conditions. Figure 8 shows the
progressive change in compaction rate with applied load for Site
757. For typical viscoelastic response in sediments, the compres-
sion index is a straight line. The field e-log p curve for Site 757
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shows that a regular change in the compression index charac-
terizes that sequence. In the same figure, the ash-rich interval
illustrates a very distinct behavior, retaining high void ratios
under load with no evident trend. The interval described as chalk
by Leg 121 scientists occurs just above the ash-rich zone (lower
stress) and exhibits a compression index of 0.33. This increase of
the compression index is another measure of the lithification
process occurring in that sediment section which is not related to
mechanical consolidation.

SUMMARY

The calcareous sediments at Sites 752, 754, and 757 exhibit
the change from unconsolidated ooze, through chalk, to lime-
stone. These same sediments, however, are initially more com-
pacted than equivalent calcareous sections and appear to make the
transition through the lithification process faster than comparative
examples. This behavior may be attributed to chemical diagenesis
that is present higher in the lithologic column. The Broken Ridge
sites have a thin pelagic cover overlying a truncated, dipping
sequence that is clearly more consolidated. The erosion of be-
tween 120 to 170 m of uplifted material at Broken Ridge placed
more compacted sediments nearer the mud-line, and hence results
in an apparent lithification process that is shallow in the stratig-
raphic section. Site 757, however, has a normal stratigraphic
succession with no apparent erosional history, yet it also indicates
an accelerated lithification relative to other pelagic calcareous
sections. Physical properties which developed in downhole trends
and geotechnical testing may serve as good indicators of the
relative importance of mechanical consolidation and lithification
through chemical diagenesis.
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