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ABSTRACT 

Compressional velocity (V p), attenuation (in terms of its inverse, the 

compressional quality factor Qp), electrical resistivity (p'), bulk (Pb) and grain (Pg) 

densities, porosity (~), and bulk mineralogy were measured on diatomaceous hemipelagic 

sediments from DSDP Leg 87 Hole 584. Although the sediment lithology and the bulk 

mineralogy determined by X-ray diffraction are relatively homogeneous, the physical, 

acoustic, and electrical properties of the sediments show irregular trends with depth, 

with variations in the magnitude and sign of property gradients . 

Between sub bottom depths of 500 and 800 m, VP' Pb, Pg, and p' all sharply 

increase and then sharply decrease, while porosity sharply decreases, and then sharply 

increases. The changes in gradients are due to abrupt changes in the opal-A content of 

the sediment, as determined from smear slide data. 

Qp decreases with depth to about 650 m and then increases. Such a trend has 

not been previously documented in laboratory measurements. However, it is assumed 

that the "attenuation maximum" observed here is due to the increased grain density and 

decreased porosity caused by the reduction in opal-A content around this depth. 

The anisotropies for V p and Op undergo sign inversions with depth. The VP 

anisotropies change from positive (V ph > V pv) at the top to negative at the bottom of 

the hole, whereas Qp anisotropies change from negative (Qpv > Qph) to positive. The 

change in sign with depth is caused by a change in sediment bedding dip from near 0° 

at the top of the hole to about 65° toward the bottom. 

In order to understand the role of crystallographic preferred orientation of calcite 

in the velocity anisotropy of calcareous marine sediments, ultrasonic VP and X-ray pole 

figure goniometry measurements were made on selected laminated calcareous claystones 

and laminated clay-bearing limestones from DSDP Leg 93 Hole 603B, as well as non-
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laminated limestones from various other DSDP sites. Although all samples exhibited Vp 

anisotropy, none exhibited calcite preferred orientation. The velocity anisotropy in these 

calcareous sediments is not caused by calcite preferred orientation, in agreement with a 

similar finding by Carlson et al. (1983) and Schaftenaar and Carlson (1984). Pole figures 

and thin section observations of the laminated carbonate samples indicate that poles to 

(00 I) of kaolinite and illite are strongly aligned normal to bedding. Clay pref erred 

orientation is probably responsible for some of the observed VP anisotropy. 

The role of mineralogy in velocity anisotropy was also investigated. V p 

anisotropy in calcareous claystones was found to be directly related to calcite content, in 

contrast to the opposite relation found for pelagic chalks and limestones, suggesting a 

strong lithologic dependence upon the relationship between carbonate content and 

velocity anisotropy . 

Most of the anisotropy in laminated calcareous claystones appears to be controlled 

by water in flat pores oriented parallel to bedding, which would slow acoustic waves 

traveling perpendicular to bedding . Pelagic chalks and limestones tend to have 

irregularly shaped pores which do not effect anisotropy in the same way as with 

calcareous claystones. 

Compressional velocity (V p), shear velocity (Vs), compressional attenuation (in 

terms of its inverse, the quality factor Qp), electrical resistivity (p'), bulk density (Pb), 

grain density (Pg), and porosity (rp) were measured in the laboratory for 49 consolidated 

sediment samples from ODP Hole 762C. The results are compared with shipboard data . 

Shore-based V p values do not agree well with shipboard Hamilton frame V p data 

in the range of 670 - 820 mbsf. This is due to a calibration problem with the Hamilton 

Frame velocimeter. Shipboard sonic log data are an average of 0.3 km/s higher than 

shore-based V p values due to in situ overburden pressure . 
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Shore-based Pg and </> values are generally in agreement with shipboard data. 

However, shore-based Pb values are consistently lower than shipboard data. This is 

because the helium pycnometer used aboard ship gives erroneously high volumes for wet 

samples which are then used in bulk density calculations. The corrected shipboard Pb 

values are in agreement with shore-based data. 

The chalks show a negative velocity gradient between 600 - 720 mbsf, though 

there is no apparent change in lithology. In absence of overpressuring and mineralogical 

changes, the negative gradient is probably caused by change in microstructure from the 

increasing porosity of the sediment over this depth interval. 

There is an abrupt decrease in Pb and V p above a deposition hiatus at 132 mbsf 

and an abrupt increase below it, although the lithology above and below the hiatus does 

not change. The increase below the hiatus is due to the unusual absence of hollow, low 

density foraminif era, and the decrease is probably due to to drilling disturbance. The 

occurrence of the hiatus between these regions of high and low densities is probably a 

coincidence. A similar trend in physical properties is observed above and below a hiatus 

in Hole 760A at 80 mbsf. The increase in density below the hiatus is due to a lithology 

change, and the decrease is due to an unusual amount of low density foraminif era. 

Mineralogy trends in the claystones of lithologic Unit VI show quartz decreasing 

and clay increasing uphole. This suggests the sediment source moved away from the site 

of deposition with time during a transgression . 
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CHAPTER 1 

INTRODUCTION 

1 

The physical properties such as bulk and grain density, porosity, compressional 

velocity (V p) and attenuation (Qp- 1), and electrical resistivity of deep-sea 

sedimentary sequences as a function of depth and age can provide useful information 

about the paleo-environmental and diagenetic processes to which these sediments were 

subjected. These parameters can be utilized for developing predictive geoacoustic 

models of marine sediments in a given geological environment. These models are useful 

in exploration geophysics: It is more economical for companies to be able to predict the 

physical properties of a particular sediment type than to drill into the ocean floor, 

recover samples, and carry out discrete measurements . 

Laboratory physical prope~ty data are complementary to those obtained in the 

field. Compressional velocity (V p) and bulk density (Pb) data from well logging can be 

used to generate synthetic seismograms, that can then be compared with regional seismic 

data. The various lithologic units encountered at each drill site can thus be identified on 

regional seismic profiles. However, because coring recovery is usually less than l 00%, 

and physical properties are measured for discrete samples, the physical properties 

determined for each core often do not represent an entire cored interval of varied 

lithologies. Wireline logging data can be used to fill in missing data. However, the 

resolution of wireline logs is not as high as that of discrete sample measurements in the 

laboratory, and logging data may not pick up strong reflectors caused by thin lithologic 

units. 

The variations in physical properties with depth in most cases can be attributed 

to a number of factors: degree of compaction, changes in lithology, mineralogical 

composition, grain size and grain type (hollow or solid), as well as by other diagenetic 
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changes. One diagenetic process is the dissolution of opal-A in siliceous biogenic tests 

and its redeposition as opal-CT. Another is the dissolution of calcium carbonate in 

calcareous tests and its redeposition as calcite cement. The research reported here 

involves a laboratory investigation of the various physical properties of deep-sea 

sediments which have been recovered from deep (> 900 m below sea floor (mbsf)) DSDP 

and ODP drill holes. The depth trends of these properties are plotted, and the causes of 

such trends are investigated by a systematic laboratory study of microstructure, 

mineralogy, diagenetic processes, and other related factors (e.g., sedimentation rate and 

microstructure ) . 

ST A TEMENT OF THE PROBLEM 

Abrupt changes in physical property gradients 

The gradients of most of the physical and acoustic properties of deep-sea 

sediments are to a large extent related to the degree of compaction. However, some 

properties show sharp increases and decreases. Velocity data from some DSDP and ODP 

holes anomalously decrease within a specific depth range as opposed to the normal 

increasing velocity-depth trend. These variations in physical properties can be caused 

by overpressuring (gas in the pores), changes in mineralogy (diagenetic or depositional), 

or changes in the sediment microstructure (e.g., increase in porosity variation of grain 

size and/or type, or cementation). It is important to understand why these changes 

occur so that appropriate geoacoustic models for given sediment types and geological 

paleo-environments can be predicted and synthetic seismograms generated. These 

models can be useful as an economic alternative to deep-sea drilling in exploration 

geophysics. This problem is addressed in Chapters 3 and 5 . 
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Attenuation maximum 

Most attenuation versus depth profiles of marine sedimentary sequences show 

increasing attenuation (Op-1) with depth based on sonic log data at in situ pressures 

(e.g., Goldberg et al., 1985; Cheng et al., 1986). But because Op -1 decreases with 

increasing differential pressure in rocks (Toksoz et al, 1979), there should be some point 

in a stratigraphic sediment sequence where Op -l becomes a maximum. Hamilton (1976) 

predicted such a maximum to occur owing to increased compaction of the grain 

framework. The increasing pressure increases the framework rigidity of the sediments 

which results in a decrease in the energy loss from sliding at grain contacts. Jacobson 

(1981) suggested such a maximum occurs at the depth where an unconsolidated grain 

framework becomes cemented. Below this depth, attenuation can only decrease as 

framework rigidity increases and there is no more friction at grain contacts. Such a 

maximum in Op-1 determined from laboratory samples has not yet been reported in the 

literature. One of the goals here is to attempt to interpret the significance of such a 

maximum identified in this research and determine its cause. Such understanding of 

attenuation in various sediment types is important for better interpretation of regional 

seismic profiles. This problem is addressed in Chapter 3. 

Anisotropy trends with depth 

Another important feature of sediment properties is velocity and attenuation 

anisotropy (the difference between horizontal and vertical sample measurements) which 

can reveal the role of microfabric of sediments. Microfabric orientation can give 

information about tectonic history and principle stress orientation. Anisotropy trends are 

rather poorly understood. Carlson et al. (1983) studied velocity anisotropy in carbonate 

sediments and concluded that anisotropy is either caused by pref erred orientation of 

calcite c-axes normal to bedding or by the presence of bedding in the sediment. The 
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role of microstructure in causing anisotropy is explored with the use of the scanning 

electron microscope (SEM). This problem is addressed in Chapters 3 and 4. 

Comparison of shipboard and shore-based laboratory results 

The author was a member of the shipboard scientific party during ODP Leg 122. 

Certain physical properties are measured aboard ship using different techniques from 

those used in the Hawaii Institute of Geophysics Sediment Acoustic Laboratory. For 

example, bulk density, grain density and porosity are measured using a helium 

pycnometer in the laboratory aboard ship, but they are measured using Archimedes' 

buoyancy principle in the laboratory in Hawaii. It is important to determine if there are 

differences between the shipboard and shore-based measurements so that shore-based 

measurements can be directly compared to various other shipboard measurements with 

confidence. This problem is addressed in Chapter 5 . 

ORGANIZATION OF CHAPTERS 

Chapters 3, 4, and 5 represent three separate studies of physical properties which 

either have been published or will be submitted for publication. However, these 

chapters are not identical to the manuscripts for publication. The "Experimental 

Methods" section of each manuscript has been removed and combined to form Chapter 2 

te avoid repetition. Also, some of the chapters are more detailed than the manuscripts, 

and the dissertation abstract and references represent the combined abstracts and 

references of the three manuscripts . 

The manuscript for Chapter 3 was published in Marine Geology in June 1989 

(O'Brien et al., 1989). It is a study of abrupt changes in physical property gradients, an 

attenuation maximum, and anisotropy trends with depth in hemipelagic mudstones of 

DSDP Leg 87 Hole 584. The sediments from this hole appear to be lithologically and 
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mineralogically homogeneous, but the physical properties exhibit irregular trends with 

depth. 

The manuscript for Chapter 4 was presented orally at the Fall 1989 meeting of 

the American Geophysical Union in San Francisco (O'Brien et al., 1989) and will be 

submitted for publication to the Journal of Geophysical Research (O'Brien et al., in 

prep.). It is a study of the relationship of preferred orientation of calcite and clay to 

velocity anisotropy in clay- bearing carbonate sediments from DSDP Leg 93 Hole 603B, 

and addresses the possible causes of anisotropy. The degree of preferred orientation was 

determined by X-ray goniometry techniques previously developed by the author 

(O'Brien, 1985; O'Brien et al., 1987). The concept of the dependence of the relationship 

between carbonate content and anisotropy upon lithology is introduced, and a model is 

presented to explain this dependence. The model, which assumes differences in 

microstructure, is supported through SEM observations. 

The manuscript for Chapter 5 will be published in the Leg 122 Scientific Results 

volume of the Proceedings of the Ocean Drilling Program (O'Brien and Manghnani, in 

prep.). The study compares the results of the shipboard and shore-based laboratory 

measurements and examines the possible causes of unusual physical property trends in 

pelagic chalks and mudstones of ODP Leg 122 Hole 762C. The probable cause of 

erroneous shipboard helium pycnometer data for wet samples during this and past ODP 

legs is discussed. 

Chapter 6 (Conclusions) compares various aspects of physical properties of Site 

584, 603, and 762. Similarities of the geologic environments of these sites are described. 

The relationship between velocity and density and between porosity and formation factor 

for the different lithologies at these sites is examined . 
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CHAPTER 2 

EXPERIMENT AL METHODS 

COMPRESSIONAL AND SHEAR VELOCITY 

6 

Compressional velocity (V p) measurements were made in the horizontal (V ph) 

and vertical (V pv) directions with respect to the core axis and at ambient temperature 

and pressure. Samples were cut into cubes, l. 78 cm on an edge, using an Isomet low 

speed saw. V p was measured using the pulse transmission technique in conjunction with 

a Tektronix 7894 digital oscilloscope and an HP microcomputer . 

Velocity data for DSDP Hole 584 (Chapter 3 and Appendix A) and DSDP Hole 

603 (Appendix B) were collected using the method of Birch (1960) utilizing a variable 

mercury delay line. Each consolidated sample was re-saturated with sea water under 

vacuum. Unconsolidated samples were contained within plastic tubes (approximately 

4.83 cm long, 2.29 cm diameter, and l.27 cm thick). These samples could only be 

partially re-saturated with sea water under vacuum because total saturation would result 

in disaggregation of the samples. For this reason, V p was the only physical property 

measured on the unconsolidated samples. For consolidated samples, I-MHz, 0.5-in 

diameter, metaniobate P-wave transducers (Panametrics VI03) were used. For 

unconsolidated samples, each plastic tube was placed between two I -MHz PZT 

transducers with curved rubber pads to hold the sample tube in place. A slight pressure 

was applied to the sample to make a good acoustic contact. Water was used as the 

acoustic coupling fluid for all transducers. 

The pulse transmission method used here involved overlapping the onset of the 

mercury signal with the onset of the sample signal, reading the length of the mercury 

column on a dial gauge, and converting this length to travel time. A cube of aluminum 

was used as a reference material for the consolidated samples, and a cylinder of plexiglas 
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for the unconsolidated samples. The determined velocities of the reference materials 

were l.446 km/s for mercury, 6.406 km/s for aluminum, and 2.675 km/s for plexiglas. 

This velocity measurement method is most effective for lithified rocks, but less 

effective for semi-lithified to unconsolidated sediment samples. This is because the 

wavelength of sediment sample signals is generally greater than the wavelength of the 

mercury signal, which makes it difficult to uniquely overlap the onset of both 

waveforms on the oscilloscope screen. 

Velocity data for sediment samples from DSDP Hole 603B (Chapter 4 and 

Appendix C) and ODP Hole 762C (Chapter 5 and Appendix D) were collected using the 

following variation of the pulse transmission technique. The waveform traces on the 

oscilloscope for the input pulse and sample signal were first digitized. A computer 

program analyzed the waveforms, automatically placed cursors on the input pulse and 

sample waveform on the oscilloscope screen at the first break from horizontal, and 

determined the travel time between the cursors. The system was calibrated using 

varying lengths of plexiglas rods, making a plot of rod length versus travel time, and 

linearly extrapolating to zero rod length to determine the system delay time which is 

then subtracted from all sample travel times. Samples from Hole 603B were re-saturated 

with sea water under a vacuum before measurement. Re-saturation of samples from 

Hole 762C was unnecessary as these had been placed in individual vials of sea water 

immediately following their recovery aboard ship. Again, P-wave Panametrics Vl03 

transducers were utilized here . 

Shear wave (Vs) velocities were measured in a similar way. However, because 

there are always compressional waves in a shear wave arrival signal, the computer 

program could not pick the first arrival of the shear wave signal. Therefore, a cursor 

was placed manually on the shear wave first arrival. S-waves were generated using 1-

MHz, 0.5-in diameter, PZT transducers (Harisonic SOI08) . 
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ATTENUATION 

The compressional quality factor, Qp, was measured in both horizontal (Qph) and 

vertical (Qpv) directions by using the spectral ratio technique (Toksoz et al., 1979; 

Johnston and Toksoz, 1980). The amplitude of the P-wave signal from a consolidated 

sediment sample cube was compared with that of a reference material (e.g., aluminum) 

with high Q <~ 150,000; Zamanek and Rudnick, 1961). The reference and sample cubes 

were of the same size. 

Theoretical and experimental aspects of the spectral ratio technique have been 

discussed previously (Toksoz et al., 1979; Johnston and Toksoz, 1980). Briefly, the first 

1.5 wavelengths of the P-wave signals from the sample and the reference are digitized 

(successive wavelengths contain reverberations from within the samples). The fast

Fourier transform (FFT) of the reference signal is divided by the FFT of the sample and 

the natural logarithm is then calculated to obtain the spectral ratio. It is assumed that 

attenuation is a linear function of frequency near the resonance frequency of the 

transducers ( l MHz) (Toksoz et al., 1979). A line can be fit to the data near this 

frequency, and the value of Qp is determined from the slope of this line: 

1r L 
Slope (2. l) 

where: Al = amplitude of reference signal 

e A2 = amplitude of sample signal 

f = frequency 

L = sample length 

• V p = compressional velocity 

• 
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DENSITY AND POROSITY 

Archimedes principle of buoyancy (Ference et al., 1956; Johnson, 1979) was used 

to determine bulk (Pb) and grain (Pg) densities, and porosity (¢). Each sample was 

weighed wet in air and while buoyant in a basket submerged in a cup of distilled water. 

The sample was then placed in an oven at l 05°C for 24 hours and allowed to cool in a 

desiccator under vacuum for several hours before being weighed dry. The basic 

equations for these physical properties are: 

Bulk Density 
Wwa Pwater 

Wwa - Wwl 

Wda Pwater 
Grain Density = ------

where: W da = dry weight in air 

Wwa = wet weight in air 

Porosity = 

W da - Wwl 

Wwa - Wda 

Wwa - Wwl 

Wwl = wet weight in distilled water (while buoyant) 

Pwater = density of distilled water 

The above equations are derived using the following relations: 

Volume of saturated sample = (Wwa - Ww1) I Pwater 

Volume of water in sample = (Wwa - Wda) I Pwater 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

Volume of grains in sample = Equation (2.5) - Equation (2.6) (2.7) 
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However, because salt is deposited in pores when a sample is dried out, the 

equations for grain density and porosity must be modified to compensate for the extra 

salt in the dry volume and dry weight for each sample. The salt corrections are derived 

as follows: 

Salinity of sea water is assumed to be 35 parts per thousand (ppt). Therefore 

there is 0.035 g of salt per 1 g of sea water, or 0.965 g of fresh water per 1 g of sea 

water. The density of halite is taken as 2.165 g/cm3, sea water as 1.025 g/cm3 (at 

l 5°C), and distilled water as 0.9986 (at I 8°C) (Weast and Astle, 1981 ). The following 

terms are defined: 

PUREH20 

COREH20 

SALT 

= Weight of fresh water in a saturated sediment sample 

= Wet weight - dry weight 

= Weight of salt water in a saturated sediment sample 

= PUREH20 / 0.965 

= Weight of halite precipitated out of salt water in a dry sample 

= COREH20 - PUREH20 

The modified equations for grain density and porosity are as follows: 

(W da - SALT) Pwater 
Grain Density = -------------

(W da - Wwt) - (SALT I 2.165) 

COREH20 I 1.025 
Porosity = ---------

(W wa - W wt) I Pwater 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 
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Note that grain density and porosity data for DSDP Hole 584 (Chapter 3 and 

Appendix A) are not salt-corrected. This is because the salt correction equations were 

not utilized in this research until after the Hole 584 data were collected . 

ELECTRICAL RESISTIVITY 

The four-electrode technique (Olhoeft 1979; 1980) was used to measure electrical 

resistivity (p'). Electrical resistivity was measured in horizontal and vertical directions at 

frequencies of 0.1, 1.0, IO, 100, 1000, and 10000 Hz. 

The sample holder consists of an outer pair of current electrodes, and an inner 

pair of potential electrodes. The electrodes are made of platinum wire mesh. Platinum 

wires connect the electrodes to BNC cable connectors. A pair of sponges separates the 

current from the potential electrode. The sponges are impregnated with salt by cyclic 

saturation with sea water and desiccation. Therefore, the sponges are re-saturated with 

distilled water (to prevent excess salt deposits in sponges) prior to resistivity 

measurements. A thin membrane consisting of a l. 78 cm square of tissue paper is 

placed on either side of the cubic sediment sample prior to insertion of the sample into 

the sample holder. The membrane improves contact between the electrodes and the 

sample. 

The electrical circuitry is configured as follows: An HP 3325A 

synthesizer/function generator sends an alternating current (usually less than 10-3 amps) 

first through the sample holder and then through a General Radio 1433-H Decade 

standard adjustable resistor (all are connected in series). The circuit terminates at 

ground. There are two other circuits with high input impedances which join the main 

circuit. The purpose of one is to measure the voltage drop across the sample and joins 

the main circuit at the two potential electrodes in the sample holder. The purpose of the 

other is to measure the voltage drop across the standard resistor relative to ground and 
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joins the main circuit between the sample holder and the standard resistor. Both circuits 

terminate at a Nicolet 4094 digital oscilloscope. These two other circuits have high input 

impedances so that very little current flows through them during voltage measurements, 

the same principle used in a conventional voltmeter. If the impedance of these two 

circuits was low, a large amount of current from the main circuit would be diverted into 

the two circuits and the voltage measurements would be in error (because the voltage 

drop across the sample and standard resistor would decrease). The main circuit and the 

two high impedance circuits are illustrated in Figure 2.1. 

Measurements are carried out in the following way: The voltage passing through 

the sample and standard resistor are simultaneously displayed on the Nicolet oscilloscope 

as two sine waves. The resistance of the standard resistor is adjusted manually to some 

value between about 50 - 10,000 ohms (a values between 100 - 500 ohms is typically 

used). Usually a resistance is choosen which causes the two sine waves to exactly 

overlap on the oscilloscope screen. This avoids possible clipping during data collection if 

the amplitude of one of the signals is slightly too high. However, choosing such a 

resistance is not critical to the measurement. The standard resistor's resistance therefore 

should be small enough so that enough voltage is detected by the oscilloscope and also 

should be at least several orders of magnitude less than the input impedance of the 

oscilloscope (108 ohms) so that the oscilloscope doesn't draw a significant percentage of 

the total current of the circuit. 

Because the standard resistor (R) and the sample are connected in series, all 

current flowing through R is also flowing though the sample. Care must be taken so 

that no current flows on the surface of the sample by toweling off excess water from the 

sample's surface. Knowing the value of R (in ohms), the measurement of the voltage 

drop (E, in volts) across the standard resistor relative to ground gives the current (I, in 

amps) of the circuit using Ohm's law (E = IR) . 
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Figure 2.1. Four electrode method for electrical resistivity measurements . 
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The electronics are controlled by an HP 9920 microcomputer. The computer 

acquires data in the form of a sinusoidal sequence of voltages from the sample and 

standard resistor obtained at regular time intervals. These voltages are converted into 

complex numbers via a Fourier transform. The voltage drop across the sample or the 

standard resistor thus can be calculated by taking the root mean square of the real and 

imaginary parts of the sinusoidal sequence of voltages: 

Voltage = { (L Real Voltages)2 + (L Imaginary Voltages)2 }o.5 

The resistivity of the sample is then determined as follows: 

Sample resistivity 

where: Vs = Sample voltage 

= (Resistance) (Area / Length) 

= (Voltage / Current) (Area / Length) 

= (Vs / (Vsr / Rsr)) (Area / Length) 

Vsr = Standard resistor voltage 

Rsr = Standard resistor resistance 

Length = Length of sample in direction of measurement 

(2.13) 

(2.14) 

Area = Cross-sectional area of sample perpendicular to direction of measurement 

The technique and theoretical background have been discussed in detail elsewhere 

(Collett and Katsube, 1973; Katsube, 1977; Olhoeft, 1979). 

BEDDING ANGLES 

Bedding angles for samples from DSDP Hole 584 (Chapter 3 and Appendix A) 

were interpolated from the graphical data of Lundberg and Leggett (I 986). Bedding 

angles for samples from DSDP Hole 603B (Chapter 4 and Appendix C) were determined 

by measuring the apparent bedding dip on two mutually perpendicular vertical faces of a 
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cubic sample with a Ward contact goniometer and plotting these angles on a stereonet as 

colatitudes spaced 90° of azimuth apart. The actual bedding plane contains these two 

vectors, and its dip angle was read directly off the stereonet . 

MINERALOGY 

Bulk mineralogy of the sediments was determined by X-ray diffraction using a 

Scintag PAD V diffraction system equipped with a solid state germanium detector . 

Unoriented powder mounts were exposed to Cu Ka radiation and scanned from 2° - 60° 

20 at a rate of 2° 20 per minute. The resulting patterns were corrected using quartz as 

an internal standard. The percentages of quartz, plagioclase feldspar, calcite and total 

clay minerals were quantified using peak heights and weighting factors from Schultz 

(1964) and Mann and Muller (1979). Approximate relative abundances of various clay 

minerals were determined by analyzing smear mounts exposed to ethylene glycol vapor at 

60°C for 24 hours. 

Variations in the abundance of opaline silica with depth at Hole 584 were 

determined from smear slide data (Kagami et al., 1986). The estimated percentages of 

all amorphous silica phases (diatoms, radiolaria, sponge spicules and silicoflagellates) 

were summed for samples located as close as possible in depth to the samples analyzed 

here for physical properties and bulk mineralogy . 

X-RAY POLE FIGURES 

The pref erred orientation of kaolinite (00 I), illite (00 I), biotite (00 I), and 

kaolinite (020) / illite (110) (both have the same ct-spacing) crystallographic planes was 

measured in transmission mode (due to low 20 angle) using Cu Ka radiation on a Philips 

X-ray pole figure goniometer. Data were collected and processed on an IBM personal 

computer. Samples were 100 microns thick and were cut perpendicular to bedding. 

Usually in transmission mode, two mutually perpendicular sections are cut from the 
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sample and the data overlapped, because transmission data (as plotted on a stereonet) are 

collected from p (colatitude) = 90° (the primitive circle) to 50°. Data are not collected 

from p = 50° to 0° (center of stereonet) due to the uncorrectable effects of X-ray 

absorption and beam defocusing. But since the pole figures of the clays are generally 

axially symmetric, it is relatively simple to infer missing data if this is necessary. This 

technique is described in greater detail by O'Brien (1985) and O'Brien et al. (1987) . 

The preferred orientation of calcite (1014) and (1120) planes was measured in 

reflection mode using Fe Ka radiation on a modified Enraf Nonius CAD-3 single crystal 

diffractometer, converted to an automated pole figure goniometer with a Scintag 

microprocessor. Data were again collected and processed on an IBM personal computer. 

Samples were about 5 mm thick. Most samples were cut parallel to bedding though 

some were cut perpendicular to bedding to see the effect of sample orientation on the 

resulting pole figure. Samples w~re mounted on a translational device to increase the 

amount of area being irradiated. This lessens the chance of "single crystal textures", or 

the effect of one or two large calcite crystals contributing most of the measured X-ray 

intensity. Almost a complete pole figure is produced by collecting data (as plotted on a 

stereonet) from p (colatitude) = 0° (the center of the stereonet) outward to p = 80°. At 

angles greater than 80°, the beam defocusing effect becomes so great that it cannot be 

corrected by data processing. This technique is described in greater detail by Wenk 

(1985). 

SCANNING ELECTRON MICROSCOPE 

Electron microscopy of sediment samples was performed using an ISI-SS40 

scanning electron microscope (SEM) system, manufactured by International Scientific 

Instruments. Samples were cut perpendicular to bedding with an Isomet low speed saw 

and the surface of the samples were freshly fractured perpendicular to bedding by light 
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taps of a hammer on a razor blade (which acted as a high-precision chisel). Samples 

were glued with epoxy on 1.5 cm dia. aluminum stubs, placed in an oven at 105°C for a 

few hours to drive off volatiles from the epoxy and water vapor from the sample, and 

allowed to cool in a desiccator under vacuum. The samples were coated with about 25 

nm of carbon in a Denton DV-502 carbon coater before placing in the SEM sample 

chamber . 
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CHAPTER 3 

IRREGULAR TRENDS OF PHYSICAL PROPERTIES IN HOMOGENEOUS 
CLAY-RICH SEDIMENTS OF DSDP LEG 87 HOLE 584 

INTRODUCTION 

18 

The physical, acoustic, and diagenetic properties of marine sediments as a 

function of age and depth can provide paleo-sedimentological parameters for developing 

geoacoustic models (Hamilton, 1980; Milholland et al., 1980). Here, the physical and 

mineralogical properties of clay-rich hemipelagic diatomaceous muds and mudstones are 

reported from DSDP Leg 87 Hole 584 in the Japan Trench to a sub-bottom depth of 

about 920 m. The properties measured were compressional velocity (V p) and attenuation 

(in terms of its inverse, the quality factor Op), electrical resistivity (p'), bulk (Pb) and 

grain (Pg) densities, porosity (¢), and bulk mineralogy . 

The objective of the Deep Sea Drilling Project in drilling this area was to 

construct a history of regional vertical movement of the landward slope of the Japan 

Trench. Though physical property data were collected on the Leg 87 cruise, the unusual 

findings for Hole 584 warranted further investigation. 

In general, physical properties of sediments from most DSDP drill sites have 

shown regular trends with increasing depth, such as increasing V p and decreasing 

porosity (e.g., Hamilton, l 976a; 1980). The measured physical properties of the 

sediments of Hole 584, however, show irregular trends with depth, with variations in 

both the magnitude and sign of property gradients. Velocity and attenuation anisotropies 

reverse with depth. There are distinct maxima in velocity, resistivity, and density, and 

minima in porosity and Op· However, there are only minor variations in bulk 

mineralogy, as determined by X-ray diffraction, or in lithology with depth. In this 

chapter, it will be shown how the physical property trends are related to 
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sedimentological factors such as opal-A content, presence of turbidites, and depositional 

hiatuses. 

For discussion, the sediment column of Hole 584 is divided into units and 

subunits based on the changes in lithology, mineralogy, and physical properties. The 

relationships among the various properties of the sediments within each unit are 

described . 

GEOLOGIC SETTING 

The Japan Trench forearc was the subject of drilling during DSDP Legs 56, 57 

(Scientific Party, 1980) and 87 (Shipboard Scientific Party, 1986). DSDP Leg 87 Site 584 

is located on a small midslope terrace approximately 42 km west of the axis of the Japan 

Trench, off the northeastern tip of the island of Honshu, Japan (Coulbourn, 1986) 

(Figure 3.1). Water depth at this site is 4078 m (Shipboard Scientific Party, 1986). The 

terrace separates the trench slope into an upper slope which extends westward to a large 

gently sloping deep-sea terrace (the forearc basin), and a lower slope (the accretionary 

wedge) which continues down steeply into the trench (Coulbourn, 1986) (Figure 3.2) . 

The region is a classic island arc complex with back-arc spreading. The Sea of 

Japan is a back-arc basin, and Honshu is a portion of a volcanic arc. Between the arc 

and the Japan Trench is a forearc basin thickly laden with hemipelagic sediments. The 

trench is more than 7000 m deep and defines the intersection of the magmatic arc and 

the down-going Pacific Plate. An active Wadati-Benioff zone below Japan is the lower 

trace of the Pacific Plate along the subduction zone (as summarized by Coulbourn, 

1986). 

RESULTS 

The values of VP• Qp, p', Pb• Pg. and </> as a function of depth for Hole 584 are 

illustrated in Figures 3.3 and 3.4 . 
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Figure 3.1. Location of Site 584, plus neighboring sites drilled on Legs 56 and 57. 
Adapted from Shipboard Scientific Party ( 1986) . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

21 

Upper 
deep-sea 
terrace 

Lower 
deep-sea 
terrace 

438 
4311 

.. 
u 
:! 
j! 
& 

Trench Trench 0 

upper 
;;; 

lower "O 

slope :i st ope 

Pacific Ocean 

435 584 441 
440 434 

Distance from trench 

.c:. 
u 
c ., 
~ 
c .. 
Cl 

"' ..., 

4315 

0 

2 

.. 
6 

8 

10 

Figure 3.2. Geologic cross-section of the Japan Trench forearc area. Numbers represent 
DSDP sites. Adapted from Shipboard Scientific Party ( 1980) . 
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Mineral abundances determined by XRD are normalized to l 00% and listed in 

Table 3.1. Most samples are calcite-free; the relative percentages of total clay, quartz, 

and feldspar do not show significant variations with depth. The clay mineralogy of all 

samples analyzed for Hole 584 is dominated by mixed-layer illite/smectite 

(approximately 60-80% of the total clay minerals) with lesser amounts of discrete illite, 

kaolinite and chlorite. There are no significant variations in the relative abundances of 

clay minerals with increasing depth. In contrast, opaline silica content (opal-A), as 

determined from smear slide data, shows major variations with depth (Figure 3.3). 

CHARACTERIZATION OF THE SEDIMENT COLUMN IN TERMS OF PHYSICAL 
PROPERTIES 

The sedimentary sequence can be divided into four units on the basis of changes 

in physical properties (Figure 3.3). It should be emphasized that these sedimentary units 

do not have sharp boundaries. Thus, sub-bottom depths of the interval boundaries have 

been rounded to the nearest 10 m as sampling intervals do not warrant finer divisions. 

Unit l (4 - 170 m: lower Pliocene) 

This unit mainly consists of unconsolidated olive gray diatomaceous mud. The 

V p values for this unit (Figure 3.3) do not vary appreciably. In general, V p measured in 

the horizontal direction (V ph) is slightly greater than V p measured in the vertical 

direction (V pv ). 

Unit 2 (170 - 500 m: lower Pliocene to upper Miocene) 

This unit is composed of olive gray diatomaceous mudstone. Lithologically, Unit 

2 exhibits a greater degree of consolidation than Unit 1. Physical properties within this 

unit generally show a "normal" progression with depth, in which VP• bulk density and 

electrical resistivity increase with depth, and porosity and Qp decrease with depth 

(Figures 3.3 and 3.4) . 
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• Table 3.1 

Bulk mineralogy as determined by X-ray diffraction 

• 
Sample Depth (m) % Clay % Quartz % Feld % Calcite 

11-1 96.9 64 22 14 0 
22-1 202.2 58 24 13 5 • 23-5 217.8 55 26 19 0 
24-5 227.3 55 22 23 0 
26-5 247.3 55 22 23 0 
27-1 251. l 69 13 9 9 
28-1 260.4 65 22 13 0 
30-1 278.5 69 19 13 0 • 34-5 322.7 64 18 18 0 
36-1 336.l 64 20 16 0 
37-1 346.6 60 23 17 0 
37-5 351.6 59 27 14 0 
40-1 374.5 54 22 25 0 
42-1 393.l 63 22 15 0 

• 43-1 403.1 39 17 44 0 
46-1 432.4 52 35 13 0 
47-1 441.7 67 19 14 0 
52-1 489.2 53 16 14 17 
57-1 537.5 67 21 12 0 
62-1 584.4 53 30 17 0 

• 62-1 584.4 53 30 17 0 
68-1 642.8 57 25 18 0 
74-1 700.9 58 24 18 0 
76-1 720.3 61 19 20 0 
81-1 767.6 55 24 21 0 
86-1 815.7 66 20 14 0 

• 88-1 836.l 62 21 17 0 
91-1 864.3 64 17 12 6 
95-1 903.8 70 15 15 0 
96-1 913.0 72 16 12 0 

• 

• 

• 
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Subunit 2a ( 1 70 - 320 ml 

In this subunit, the physical properties have relatively high gradients. V ph is 

predominantly greater than V pv (positive anisotropy), and Opv is greater than Oph 

(negative anisotropy). 

Subunit 2b (320 - 500 ml 

The physical properties in this subunit have relatively low gradients. V ph is 

greater than V pv• and Opv is greater than Oph. 

Unit 3 (500 - 800 m: upper Miocene) 

This unit consists of bioturbated olive gray diatomaceous mudstone. The unit 

exhibits anomalous physical properties, in particular, extremely steep gradients of VP• ¢>, 

Pb and Pb· There is a depositional hiatus at 590 m (Akiba, 1986). Between about 510 

and 590 m, V ph and V pv are about equal, and Opv is greater than Oph· From about 

590 m to the bottom of · the unit, V pv is generally greater than V ph• and Opv and Oph 

are approximately equal. 

Unit 4 (800 - 941 m: middle Miocene) 

This unit consists of intensely bioturbated diatomaceous mudstone of various 

green shades. There is a depositional hiatus at 870 m (Akiba, 1986). The physical 

properties of this unit show some scatter, but probably represent a resumption of the 

"normal" progression with depth. In general, V pv is greater than V ph in contrast to 

Oph being greater than Opv· Note also that the signs of V p and Op anisotropies reverse 

in going from the top to the bottom of the hole . 

DISCUSSION OF RESULTS 

Anomalous physical property gradients 

Of the four units, Unit 3 (500 to 800 m) is a zone of anomalous properties. VP• 

p', Pg and Pb first increase sharply and then decrease. In contrast, ¢> and Op first 
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decrease and then increase. The bulk mineralogy of Unit 3 determined by XRD is quite 

uniform (Table 3.1), but a relatively large decrease of opal-A in Unit 3 was determined 

from smear slide data (Figure 3.3). The slight variations in quartz, plagioclase and total 

clay contents are not likely to cause the observed changes in Pg because all of these 

minerals have similar grain densities (2.6 - 2.7 g/cm3). However, a decrease in the 

opal-A content (density - l.9 - 2.1 g/cm3) would affect both the sediment Pg and Pb· 

Because most of the sediment at this site is classified as diatomaceous mud and 

mudstone, the large decrease in opal-A content in Unit 3 suggests a decrease in the 

number of diatom tests. The lack of these hollow, porous, low density fossils results in 

a higher average grain density of the sediments as well as lower porosity. The 

correlation between opal-A content of the sediments and porosity supports this argument 

(Figure 3.5). Other workers have had similar findings (e.g., Hamilton, 1976b; Mayer, 

1979; Wilkens and Handyside, 1985). In addition, the depositional hiatus may have 

allowed further consolidation, resulting in a decrease of porosity. The anomalous 

porosity and grain density, in turn, appear to cause anomalies in the other physical and 

acoustic properties within this unit. 

In view of the fact that opal-CT is not present in the sediments, the decrease in 

opal-A content is not due to conversion to the denser opal-CT through silica diagenesis . 

Rather, the decrease may have been caused by "dilution" by an influx of terrigenous 

material by mud turbidites (Shipboard Scientific Party, 1986), or by a decrease in 

surface water diatom productivity. It is also possible that the decrease in diatom content 

reflects diagenetic remobilization of opal-A in the interval. 

The impedance contrast at the top of Unit 3 corresponds to the strong reflector 

in the multichannel seismic section for this hole (reflector E in section ORI 78-3 of 

Shipboard Scientific Party (1986) and of Tsuboi et al. ( 1986); see also Figure 3 of Karig 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

28 

0.80 

o. 75 >- • •• • • • • • • • 
0.70 >- • • • • • :>. 

Cf) • • • • 0 
0.65 >- • • • • ... 

0 
Cl.. • • • ro • 
c 
0 

0.60 - • ~ 

0 • • • co ... •• LL • • • 
0.55 • • 

• •• • • 
0.50 >- • 

0.45 
I I I ' ' 

0 10 20 30 40 50 60 

Weight % Opal-A 

Figure 3.5. Weight percent opal-A content versus fractional porosity for the samples of 
DSDP Hole 584. There is good correlation between the two quantities . 
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et al. (1983)). However, the variations in lithology within this unit are too small to 

account for variations in the physical properties (Lundberg and Leggett, 1986). The 

elevated velocities and bulk densities of Unit 3 are most likely due to the unit's low 

opal-A content. Thus a high impedance contrast with the underlying and overlying 

sediments is produced, making the unit a strong reflector. 

Between 400 - 450 m within Subunit 2b, there is a smaller anomaly in terms of a 

large peak in Pg. and a corresponding maximum in Pb· The bulk mineralogy data 

indicate that the high density is due to large amounts of quartz and plagioclase. 

Grain Density - Bulk Density - Porosity Correlations 

Figure 3.6 is a plot of bulk density vs. porosity for the four lithologic units. 

Also shown are lines of constant Pg varying from 2.4 to 2.6 g/cm3 in 0.1 g/cm3 

increments. The figure enables us to observe the changes in Pb· Pg. and ¢ with 

increasing depth; Pb and Pg increase and </> decreases with depth down to the bottom of 

Unit 3 (to - 720 m). Below 720 m, there is a decrease in Pb and Pg and an increase in 

</>. This trend is due to the opal-A content of the sediments, as discussed in the previous 

section. The samples in Unit 3 that have the lowest opal-A content also have the 

highest Pb and Pg and the lowest ¢ of all the samples of Hole 584 . 

Velocity and Q Anisotropy Related to Bedding Inclination 

In general, V ph has been observed to be greater than V pv (positive anisotropy) in 

normal sediment sequences (Milholland et al., 1980; Manghnani et al., 1980; Kim et al., 

1983). This is also the case in the upper 500 m of Hole 584, although the velocity 

anisotropy is small (< 4%) as shown in Figure 3.7. However, between 500 and 540 m, 

the velocity anisotropy gradually decreases to zero, and becomes mostly negative below 

540 m, (i.e., V pv > V ph) (Figures 3.3 and 3. 7). This unusual reversal in the sign of 
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Figure 3.7. Yp anisotropy versus depth, with Yph > Ypv considered positive. Velocity 
anisotropy changes from mostly positive at the top of the hole to mostly negative 
at the bottom . 
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anisotropy is attributed to increasing bedding dip with depth. The bedding dip angle is 

generally less than 10° between O and 250 m depth, and ranges from 10° to 30° between 

250 and 530 m, and 50° to 60° below 530 m (Shipboard Scientific Party, 1986, Lundberg 

and Leggett, 1986). The bedding angles observed by Lundberg and Leggett ( 1986) for 

selected samples are illustrated in Figure 3.8. Figure 3.9 shows a relatively good 

correlation between velocity anisotropy and bedding dip, and illustrates that mostly 

positive anisotropy exists when bedding is less than about 45° and is mostly negative 

when bedding is greater than 45°. The scatter in the data in Figure 3.9 may be due to 

bioturbation observed in the sediments. The data supports the contention of Carlson et 

al. (1983) that the effects of bedding (pref erred orientation of pores, cracks, and mineral 

grains) contribute to the cause of anisotropy. 

A reversal in Op anisotropy is also observed (Figures 3.3 and 3.10). Here, Opv > 

Oph (negative anisotropy) at the top of the hole (0 - 600 m); Opv is equivalent to Oph 

near the middle (600 - 700 m), and generally Opv < Oph near the bottom of the hole 

(below 700 m) . 

Although V ph > V pv in normally horizontally bedded sediment, the reverse is 

true for attenuation, i.e., Oph < Opv· A tentative explanation for this observation is that 

acoustic waves are affected more by the properties of water (i.e., high Q and low 

velocity) while traveling in the vertical sample direction because many horizontally 

oriented, elliptical, water-filled pores are encountered. Another possible cause is the 

"squirting" mechanism of attenuation: pore water oscillating in and out of pore spaces 

acts as an energy damper as P-waves pass through the grain framework (Johnson et al., 

1979). Because clay platelets and pores are aligned parallel to bedding, fluid oscillation 

would be accommodated more easily parallel to bedding and less easily perpendicular to 

bedding. Attenuation would therefore tend to be greater (Q to be lower) parallel to the 

bedding plane . 
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Figure 3.8. Bedding dip versus depth. Dip angles exceed 45° at about 600 m depth, 
reach a maximum at about 700 m, and thereafter start decreasing. Data from 
Lundberg and Leggett ( 1986) . 
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between the two quantities . 
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Figure 3.10. Op anisotropy versus depth, with Oph > Opv considered positive. Q 
anisotropy changes from mostly negative at the top of the hole to mostly positive 
at the bottom . 
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Attenuation as a Function of Depth in Clayey Sediments 

Op tends to decrease from the top of the hole to about the bottom of Unit 3 (-

650 m). Below this depth, Op tends to increase slowly. The reversal in trend with 

depth results in an attenuation maximum (0 minimum) between 600 and 800 m. 

Although O has been shown to increase with increasing differential pressure in rocks 

(Toksoz et al., 1979; Johnston and Toksoz, 1980), Hamilton (l 976a, 1980) predicted that 

for silty-clayey sediments, O would first decrease, and then increase with depth. For 

sandy sediments, however, Hamilton predicted that O would increase with depth from 

the very top of the hole . 

Hamilton ( l 976a) proposed that the predicted attenuation maximum (0 minimum) 

results from two competing factors. Increasing overburden pressure with depth causes 

an increase in sediment rigidity and hence in Op· However, in high porosity sediments, 

decreasing porosity with depth can also cause a decrease in Op as follows: Op is high at 

the top of the drill hole because water is the dominant component. As porosity 

decreases with increasing depth, there is less water and more sediment per unit volume, 

causing the bulk Op of the sediment to decrease. 

Hamilton (l 976a) reasoned that for sandy sediments, there is little decrease of 

porosity with depth, so the effect of porosity change on Op is negligible. With 

increasing depth, Op increases as friction at grain contacts decreases. For silty-clayey 

sediments, however, there is a large decrease in porosity with depth (due to the collapse 

of the "house of cards" grain framework) that leads to decreasing Op· Furthermore, 

there is an increase of pressure on the grain framework that causes Op to increase. 

Porosity reduction (which causes Op to decrease) is dominant at the top of the hole; the 

effect of overburden pressure on the grain framework (which causes Op to increase) 

becomes dominant over the porosity reduction with increasing depth . 
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Jacobson et al. ( 1981) suggested that attenuation in clay-rich sediments reaches a 

maximum at the depth where the "house of cards" grain structure collapses. Such a 

maximum in attenuation is caused by a maximum in the intergranular contact reached at 

this depth (Hamilton, 1972). They further suggested that below this depth, decreased 

grain sliding and hence decreased attenuation are the result of cementation of grain 

contacts due to diagenesis rather than the result of increased consolidation. Jacobson et 

al. implied that Hamilton's proposition may be important in unconsolidated marine 

sediments, but stated that there were no published data regarding the effect of 

decreasing porosity with depth on attenuation in such sediments . 

It has been shown from sonic log waveforms that Q decreases with depth in 

certain marine sediments (Toksoz et al. 1985, Goldberg et al. 1985, Cheng et al. 1986); 

however, logging has not yet detected the predicted attenuation peak. Other workers 

(Mitchell and Focke, 1980; Jacobson et al., 1981; 1984) have noted an attenuation peak 

in seismic refraction data, though their data are of low resolution. Mitchell and Focke 

( 1980) identified an attenuation peak at about 250 m depth in one profile, but the 

reported values of attenuation are lower than those predicted by Hamilton by an order 

of magnitude. Jacobson et al. (1981, 1984) identified a peak in two sets of their 

attenuation data at about 600 m and 1000 m depth, the attenuation values agreeing with 

those of Hamilton. 

The attenuation maximum observed in the present data, however, is probably not 

related to the effects of pressure on the grain framework becoming dominant over 

porosity reduction (as argued by Hamilton) or to cementation (as argued by Jacobson). 

Rather, it is most probably due to the minimum in porosity and maximum in grain 

density observed over the same depth interval (Unit 3), caused by the decrease in opal-

A content . Sediment attenuation data from laboratory samples that exhibit an 
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attenuation maximum due to overburden and/or cementation effects have not been 

reported in the literature . 

SUMMARY 

Although lithology and XRD bulk mineralogy of the clay-rich sediments of Hole 

584 are homogeneous with depth, the measured physical properties exhibit significant 

changes. Between 500 - 800 m depth, VP• resistivity, and grain and bulk densities first 

increase and then decrease, while porosity first decreases and then increases. The abrupt 

changes in gradients appear to be related to changes in the opal-A content as determined 

from smear-slide data. Because the variations in opal-A content indicate changes in 

diatom content, and because diatoms are hollow and have low grain density, a decrease 

in their content increases grain density and decreases porosity. The change in grain 

density and porosity, in turn, affect the magnitude of the other physical properties. 

In general, Op is known to increase with depth in rocks and sand-bearing 

sediments. In contrast, Op in the sediments studied here is found first to decrease with 

depth and then to increase. Such a trend has been postulated to occur in clay-rich, high 

porosity sediments. However, the anomalous "attenuation maximum" observed here 

between 600 and 800 m, coinciding with the velocity maximum in the same depth range, 

is probably caused by an increase in grain density and by a decrease in porosity as a 

result of the decrease in opal-A content in this depth range. 

The sign of V p anisotropy changes from positive (V ph > V pv) at the top of the 

hole to negative at the bottom, while the sign of Op anisotropy changes from negative 

(Opv > Oph) at the top of the hole to positive at the bottom. These changes in sign with 

depth are caused by a change in sediment bedding dip from near 0° at the top of the 

hole to about 65° toward the bottom . 
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Compressional velocity (V p) measurements on deep-sea sediments obtained by 

coring usually exhibit velocity anisotropy. The velocities in the vertical direction (V pv• 

parallel to the core axis) are generally lower than those in the horizontal direction (V ph• 

perpendicular to the core axis) on the same sample. Such velocity anisotropy can 

significantly affect the proper conversion of seismic reflection travel times to depths if 

velocities from refraction data are used. This is because reflection data are obtained 

from mostly vertically traveling acoustic waves whereas refraction data are derived from 

horizontally traveling waves . Significant anisotropy ~n these sediments can result in 

assumed vertical velocities that are too high and overestimated thicknesses of seismic 

units (for example, see Davis and Clowes, 1986; Fryer, 1986; Fryer et al., in press). It is 

important to recognize the significance of anisotropy for accurate velocity and depth 

determinations of sedimentary strata. 

There are three main possible causes of velocity anisotropy (Ap) in deep-sea 

sediments: compositional layering (bedding) where alternating thin layers of high and 

low V p minerals are present, pref erred orientation of elongated pores and/or cracks, and 

preferred orientation of various mineral grains. These possibilities have been the subject 

of numerous papers (e.g., Bachman, 1979; Carlson and Christensen, 1979; Carlson et al., 

1983; Kim et al. , 1983, 1985; Milholland et al., 1980; Schaftenaar and Carlson, 1984). In 

carbonate sediments, one interpretation has been the possibility of pref erred orientation 

of calcite c-axes perpendicular to bedding, because V p is known to be slowest along the 

c-axis and fastest along the a-axis (Peselnick and Robie, 1963). This paper presents data 

on preferred orientation (or "texture") of calcite and clays in highly anisotropic carbonate 
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and clay-bearing sediments in the form of pole figures determined by X-ray 

goniometry. These data are correlated with bulk mineralogical composition determined 

by X-ray diffraction (XRD) . 

PREVIOUS WORK 

In semi-indurated and indurated sediments which have horizontal bedding, 

horizontal compressional velocity (V ph) is generally greater than the vertical velocity 

(V ph), resulting in a positive anisotropy (Ap) defined as: 

Yph - Ypv 
(4.1) 

Ypm 

where V pm is the mean compressional velocity. Ap is commonly in the range of 0 -

l 0%, but higher values are possible. Such sediments are generally considered 

transversely isotropic, with the symmetry axis coinciding with the pole to bedding 

(Bamford and Cramp in, 1977; Bachman, 1979; Carlson et al., 1983 ). This implies, for 

example, that measurements of V ph (relative to bedding) in a sediment sample are 

independent of azimuth. Therefore, care must be taken to identify the bedding angle in 

deep-sea cores as most DSDP and ODP horizontal and vertical velocity measurements are 

made relative to the core axis rather than to bedding. For example, O'Brien et al. ( 1989) 

reported Ap (measured with respect to the core axis) decreased from positive values to 

zero and then to negative values with increasing depth in some DSDP hemipelagic 

mudstones (Figure 3. 7, previous chapter). However, they indicated that the changes in 

Ap were directly related to the bedding angle gradually increasing from zero at the top 

of the hole to 45° toward the middle and to about 65° near the bottom (Figure 3.8). At 

a bedding angle of 45° Ap would appear to be zero, and at bedding angles greater than 

45° Ap would be negative (Figure 3.9) . 
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The first possible cause of velocity anisotropy in marine sediments, the 

contribution of pore and crack alignment, can be determined through velocity 

measurements on saturated samples at elevated pressures. Bachman ( 1979), Carlson and 

Christensen (1979) and Carlson et al. (1983) have argued that anisotropy is not caused by 

pore or crack alignment parallel to bedding based on velocity measurements conducted 

under controlled confining pressure where no significant change in Ap was observed 

with increasing pressure. However, it has been shown (e.g., Banthia et al., 1965; 

Gardner et al., 1965; Todd and Simmons, 1972) that the behavior of velocity depends on 

differential pressure (Pct), which can be expressed as Pct = Pc - nPp, where Pc is the 

confining pressure, Pp is pore pressure, and n is close to unity. Kim et al. (1983, 1985) 

conducted velocity measurements under controlled Pc and Pp and found that Ap tended 

to decrease with increasing Pd (taking n as unity). Kim et al. (1983, 1985) also noted 

that vertical velocities (V pv) tended to increase faster than horizontal velocities (V ph) 

with increasing Pd· suggesting that V pv was increasing due to closing of pores with low 

aspect ratios aligned parallel to bedding. Kim et al. (1985) further supported this 

argument with SEM photographs of sample sections cut perpendicular to bedding 

showing thin pores aligned sub-parallel to bedding. Kim et al. (1983) suggested that the 

reason they observed Ap to decrease with pressure and that Carlson and Christensen did 

not was that Carlson and Christensen did not control pore pressure, so even though they 

increased their Pc, their Pct might not have substantially changed. 

A second cause for velocity anisotropy could be pref erred orientation of calcite 

c-axes normal to bedding (e.g., Carlson and Christensen, 1979; Milholland et al., 1980; 

Carlson et al., 1983; Kim et al, 1983; Schaftenaar and Carlson, 1984; Kim et al., 1985). 

This may be accomplished though ( l) horizontally deposited biogenic fragments of 

oriented calcite crystals (Carlson and Christensen, 1979; Milholland et al., 1980), (2) 

preferential dissolution of calcite grains with c-axes not oriented normal to bedding and 
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re-precipitation of calcite grains with c-axes normal to bedding, as calcite grains are 

most stable in situ with c-axes oriented parallel to the direction of principle stress 

(Carlson and Christensen, 1979; Milholland et al., 1980), or (3) crystal reorientation due 

to deformation involving mechanisms such as slip, twinning and/or recrystallization 

under elevated temperature and pressure conditions as has been amply documented in 

metamorphic rocks (e.g., Kern, 1974; Turner et al., 1956; Wenk et al., 1973) . 

Carlson et al. (I 983) and Schaftenaar and Carlson (I 984) reported an X-ray 

goniometry study of the preferred orientation of calcite in three limestone samples from 

DSDP Leg 72 Hole 516F. Samples were cut perpendicular to bedding and data were 

collected in transmission mode for calcite (I 011 ), ( 1120), ( 4483 ), and ( 4041) 

crystallographic planes while rotating the samples 360° about a normal to their surface at 

a 0° tilt of the goniometer cradle. Their X-ray intensities exhibited sinusoidal angular 

periodicities of 180°, suggesting that bedding was a symmetry plane. They asserted that 

their samples had a weak calcite texture (because the relative difference in X-ray 

intensities was very small) with a slight concentration of c-axes oriented normal to 

bedding, but that such a weak texture could not be responsible for the large velocity 

anisotropies they observed in their samples. 

A third cause is compositional layering (bedding). Carlson et al. (I 983) also 

examined carbonate samples from DSDP Leg 72 Hole 5 l 6F and found that there was a 

strong negative correlation of Ap with carbonate content, suggesting the non-carbonate 

material was causing the anisotropy. There was also a strong positive correlation of Ap 

with sub-bottom depth in the samples which exhibited bedding, but samples that did not 

exhibit visible bedding did not follow this trend. They concluded that compositional 

layering was the cause of the anisotropy in their samples, with some contribution from 

aligned pores as suggested by Kim et al. (1983 ) . 
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SAMPLES 

The physical properties and XRD bulk mineralogy of sediment samples from 

DSDP Leg 93 Site 603 were determined in the laboratory. Site 603 is located 435 km 

east of Cape Hatteras, North Carolina, at a water depth of 4633 m, near the western 

edge of the Hatteras Abyssal Plain of the North American Basin (Shipboard Scientific 

Party, 1987a). Lithologic Unit 5 of Hole 603B consists mostly of laminated calcareous 

claystones, with laminated limestones toward the bottom. Within this unit, velocity 

anisotropy generally increases with depth (Figure 4.1 ), though there is scatter in the data. 

Ap exhibits a better correlation with bulk density (Figure 4.2), as was also observed by 

Carlson et al (1983 ). Because bulk density is inversely proportional to porosity, Ap is 

also inversely correlated with porosity (Figure 4.3). This trend may be due to an 

increased number of flattened pores with decreased porosity. Ap is not controlled by 

bedding angle (Figure 4.4) because the angle of bedding in the samples is relatively low 

( < 20°). This is in contrast to the study of O'Brien et al. ( 1989) where Ap was directly 

correlated with bedding angle and where bedding dipped as much as 65° . 

X-ray goniometry studies were made of seven calcareous claystones and two 

limestone samples from this unit to determine the extent of pref erred orientation of 

calcite and clay using X-ray pole figures. These results were then correlated with 

velocity anisotropy and bulk mineralogy analyses. In addition, four virtually clay-free, 

unlaminated limestone samples from other DSDP sites were analyzed to determine if the 

clay in the Hole 603B samples was influencing any observed calcite texture. A calcite

free claystone sample was also analyzed to determine if the clay texture differed from 

that of the Hole 603B samples . 
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Figure 4.1. Velocity anisotropy vs. depth for calcareous claystone samples of lithologic 
Unit 5, DSDP Leg 93 Hole 603B. Solid line is a linear regression of the data . 
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Figure 4.2. Bulk density versus velocity anisotropy for calcareous claystone samples 
from Unit 5, DSDP Hole 603B. A linear relationship between the two properties 
is suggested . 
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Figure 4.3. Porosity versus velocity anisotropy for calcareous claystone samples from 
Unit 5, DSDP Hole 603B. A linear relationship between the two properties is 
suggested . 
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Figure 4.4. Bedding angle versus velocity anisotropy for calcareous claystone samples 
from Unit 5, DSDP Hole 603B. There is no correlation between the two 
properties . 
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RESULTS 

A total of 23 X-ray scans were made on the 14 samples. The results of the X

ray goniometry measurements are summarized in Table 4.1. Selected pole figures of the 

samples are presented in Figures 4.5 - 4. 7. 

The pref erred orientation data are presented as upper hemisphere equal area 

projections. The pole figure densities are contoured in units of multiples of a random 

distribution (m.r.d.). If grains were completely randomly oriented, a uniform density of 

m.r.d. would result. 

Calcite (1014) pole figures of the unbedded limestone samples show no 

measurable calcite preferred orientation (Figures 4.5a - c). Also, pole figures for the 

clay-bearing limestones of Unit 5 show no calcite texture (Figure 4.5d). A weak density 

variation of axial symmetry was visible in the calcite pole figures for the calcareous 

claystones of Unit 5 cut parallel to bedding. However, this can be caused by an 

inaccurate X-ray beam defocusing and/or absorption correction and is difficult to 

distinguish from weak textures. The best way to determine if such a texture is real is to 

measure a pole figure from the same sample cut perpendicular to bedding and observe if 

the axially symmetric pole density variation rotates 90°. In all cases it was confirmed 

that the weak pref erred orientation of calcite was an artifact caused by excess surface 

absorption of X-rays and that no texture was present. Absorption was not a problem for 

the limestone samples because they had smoother surfaces due to less clay and more 

cementation . 

The clays in the calcareous claystone samples show significant texture (absorption 

was not a problem here). Kaolinite and illite platelets are oriented so that the poles to 

the (00 l) planes are perpendicular to bedding (Figure 4.6a - c ), and the a-axes and b

axes are oriented parallel to bedding (Figure 4.7a - c). Biotite texture in the non

calcareous claystone also shows poles to (00 l) perpendicular to bedding (Figure 4.6d) and 
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TABLE 4.1 

Summary of X-ray goniometry results for reflection and transmission modes. The table 
lists sample numbers, general lithology, depth in meters below the sea floor (mbsf), 
amount of velocity anisotropy (Ap) determined from V p measurements at ambient 
temperature and pressure, the crystallographic plane scanned, the scan mode 
(T=transmission, R=reflection), if any preferred orientation was present (yes or no), and 
the maximum pole concentration expressed as m.r.d. (multiple of a random distribution) 
if there was any preferred orientation. Crystallographic plane labeled "Clay 110" is 
actually a combination of kaolinite (020) and illite (110), because they have the same d
spacing and can not be distinguished by this technique. "Marl" lithology refers to 
calcareous claystone. 

Depth Ap Crystallographic Max 
Sample Lithology (mbsf) (%) Plane Mode Texture? m.r.d 

93-603B-44-l marl 1215.7 5.5 calcite 1014 R no 
kaolinite 001 T yes 5.9 
clay 110 T yes 3.3 

93-603B-54-l marl 1311.7 5.8 calcite 1014 R no 
calcite 1120 R no 
kaolinite 001 T yes 5.0 
clay 110 R yes 2.1 
clay 110 T yes 2.8 

93-603B-62-l marl 1387.7 7.8 calcite 1014 R no 
calcite 1120 R no 

93-603B-63-2 marl 1398.5 10.2 calcite 1014 R no 
illite 001 T yes 4.3 

93-603B-65-l marl 1415.9 19.0 calcite 1014 R no 
calcite 1120 R no 

93-603B-69-l marl 1451.4 11.1 calcite 1014 R no 
93-603B-74-l marl 1493.2 16.7 calcite 1014 R no 
93-603B-80-l limestone 1549.7 4.5 calcite 1014 R no 
93-603B-82-l limestone 1567. 7 11.l calcite l 014 R no 
30-288A-23-3 limestone 879 10.5 calcite 1014 R no 
30-289-110-1 limestone 1037 15.1 calcite 1014 R no 
30-289-120-1 limestone 1132 9.3 calcite 1014 R no 
33-316-26-4 limestone 728 13.2 calcite 1014 R no 
63-467-87-1 clays tone 815 13.6 biotite 001 T yes 4.3 
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Figure 4.5. Reflection scans of calcite 1014 planes in DSDP limestone samples. Bedding 
is parallel to the plane of the paper. Dashed circles indicate limit of data (80° -
90° colatitude). Contour intervals are in terms of m.r.d. (multiples of a random 
distribution). M.r.d. values of around 1.0 indicate random orientation of planes . 
(a) Sample 33-316-26-4. (b) Sample 30-288A-23-3. (c) Sample 33-289-110-1. 
(d) Sample 93-603B-82- l. 
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Figure 4.6. Transmission scans of 00 I planes in DSDP claystone and calcareous claystone 
samples. Data have been rotated so that bedding is exactly horizontal 
(perpendicular to the plane of the paper). Contour intervals in terms of m.r.d. 
are indicated. The pole figures illustrate that the poles to (00 I) (and therefore 
the c-axes) are perpendicular to bedding. (a) lllite (001) in calcareous claystone 
sample 93-603B-63-2. (b) Kaolinite (00 I) in calcareous claystone sample 93-
603B-44- l. (c) Kaolinite (001) in calcareous claystone sample 93-603B-54-l. 
(d) Biotite (001) in claystone sample 87-584-87-1. Most of the contour lines in 
the northern hemisphere of (c) were interpolated from axial symmetry as they lay 
outside the limits of the data (between 55° colatitude and the center of the pole 
figure) before rotation . 
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c 

Figure 4. 7. Transmission and reflection scans of kaolinite (020) / illite ( 110) planes in 
calcareous claystones of Hole 603B. These two planes have virtually the same d
spacing and so cannot be individually resolved. Contour intervals in terms of 
m.r.d. are indicated. The pole figures illustrate that the a- and b-axes are 
parallel to bedding. (a) Transmission scan of sample 93-603B-44- l. Bedding is 
horizontal. (b) Transmission scan of sample 93-603B-54-l. Bedding is 
horizontal. (c) Reflection scan of sample 93-603B-54- l. Bedding is parallel to 
the plane of the paper, though slightly dipping to the right which is why the 
m.r.d. values are higher on that side. Contour lines in the center of (a) and (b) 
are interpolated from symmetry since they are outside the limits of the data 
(between 55° colatitude and the center of the pole figure) . 
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the maximum m.r.d. value is of the same magnitude as the c-axis textures of kaolinite 

and illite in the calcareous claystones (all are between 4 - 6 m.r.d.). Thin section 

observations confirm that the basal planes are aligned parallel to bedding for these 

samples. 

DISCUSSION 

Preferred Orientation of Calcite and Clay 

The translational device used for reflection scans reduced the chance of single 

crystal textures, or the effect of a few large calcite crystals contributing most of the 

measured intensity. Single crystal textures could produce X-ray intensity data similar to 

those observed by Carlson et al. (1983) and Schaftenaar and Carlson (1984 ). Because no 

significant calcite texture was found in these samples, the author agrees with Carlson 

and co-workers and Schaftenaar and Carlson that velocity anisotropy is not caused by 

calcite pref erred orientation. 

Carbonate Content and Anisotropy 

Figure 4.8 is a plot of calcite content versus Ap for Hole 603B samples from 

Unit 5. It shows that Ap increases with increasing calcite content. However, Carlson et 

al. (1983) found the opposite relationship between carbonate content and Ap (their 

Figure 7). But the lithologies of these two data sets are different. Carlson and co

workers' samples are pelagic chalks and limestones, while the present samples are mostly 

calcareous claystones. The relationship between carbonate content and Ap may be 

lithology dependent. 

Other data sets of these two different lithologies were examined to determine if 

such a dependence on lithology exists. Figure 4.9 is a plot of carbonate claystones from 

ODP Leg 110 Hole 672A plotted with the Hole 603B data. It appears that the Hole 

672A data fall along the trend defined by the Hole 603B data. Anisotropy steadily 
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Figure 4.8. Calcite content versus velocity anisotropy for calcareous claystone samples 
from Unit 5, Hole 603B. Solid line indicates trend of pelagic chalk and 
limestone data from Carlson et al. ( 1983, their Figure 7). The two data sets 
define opposing trends . 
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Figure 4.9. Calcite content versus velocity anisotropy for calcareous claystones from 
Unit 5 of Hole 603B (solid circles) and calcareous claystones and carbonate
bearing claystones from Hole 672A (open circles). Data suggest an increase in 
anisotropy with carbonate content. 
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decreases in the calcite content range of 100% down to about 40% and then remains 

relatively constant as calcite content continues to decrease. A plot of clay content vs. 

Ap (Figure 4.10) shows the expected mirror image of the previous figure. In addition, 

plots of bulk density vs. Ap and porosity vs. Ap for these combined data sets (Figures 

4.11 and 4.12) suggest more of a non-linear correlation between these properties (as was 

observed by Carlson and co-workers, their Figure 5), rather than the linear one that is 

suggested by Figures 4.2 and 4.3. 

Figure 4.13 illustrates shipboard carbonate content vs. shore-based velocity 

anisotropy for pelagic chalks from ODP Leg 122 Hole 762C as measured by the author 

in the Hawaii Sediment Acoustics laboratory. Samples with a carbonate content greater 

than 88% do not exhibit bedding. Although no linearity of the data can be established 

due to the small range of carbonate content of the majority of the samples (70 - 95%), 

the regression line of Carlson et al. (1983) for pelagic carbonates passes directly though 

the center of the cluster of data points. 

Anisotropy Models 

The two additional data sets from ODP Holes 672A and 762C suggest there is a 

strong lithologic dependence upon the relationship between carbonate content and Ap. 

However, the question of why this dependence exists remains. It is unlikely that 

velocity anisotropy in the laminated calcareous claystones is caused solely by clay texture 

because the Ap of indurated carbonate-free clayey sediments (usually < 5%) is much less 

than that of indurated laminated carbonate clayey sediments (usually 5%-15%) . 

The models of anisotropy in a layered medium discussed by Postma ( 1955) and 

Backus (1962) probably do not apply to the calcareous claystones of Hole 603B because 

the theoretical models do not take into account water in pore spaces, and our samples do 

not exhibit laminations of alternating pure carbonate and pure clay. Rather, the 
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Figure 4.10. Clay content versus velocity anisotropy for calcareous claystones from Unit 
5 of Hole 603B (solid circles) and calcareous claystones and carbonate-bearing 
claystones from Hole 672A (open circles). Data suggest a decrease in anisotropy 
with clay content . 
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Figure 4.11. Bulk density versus velocity anisotropy for calcareous claystones from Unit 
5 of Hole 603B (solid circles) and calcareous claystones and carbonate-bearing 
claystones from Hole 672A (open circles). Data suggest a non-linear increase in 
anisotropy with bulk density rather than a linear one as suggested earlier by 
Figure 4.2. This trend was also observed by Carlson et al. (I 983, their Figure 5) . 
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Figure 4.12. Porosity versus velocity anisotropy for calcareous claystones from Unit 5 of 
Hole 603B (solid circles) and calcareous claystones and carbonate-bearing 
claystones from Hole 672A (open circles). Data suggest a non-linear decrease in 
anisotropy with clay content rather than a linear one as suggested earlier by 
Figure 4.3 . 
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Figure 4.13. Shipboard carbonate content versus shore-based velocity anisotropy for 
pelagic chalk samples from ODP Leg 122 Hole 762C. Data fall on regression line 
of Carlson et al. (1983, their Figure 7) for pelagic chalks and limestones. 
Samples with a carbonate content greater than 88% do not show bedding . 
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laminations contain both carbonate and clay and are alternately enriched or depleted in 

one component relative to adjacent laminations as observed in thin sections, and the 

laminations do not have distinct boundaries. Also, the wavelengths of our P-waves 

(approximately 2 mm) are the same order of magnitude as the thickness of most of the 

laminations (approximately I mm, though some are larger than 2 mm). Therefore an 

alternate model is suggested. Anisotropy may be largely affected by water in flat pores 

and cracks aligned parallel to bedding. In this model, V pv is slowed due to the lower 

velocity of water, whereas V ph is not appreciably changed, so V ph > V pv· This is 

because horizontally traveling P-waves can pass around flat pores whereas vertically

traveling P-waves hit the flat pore head-on. For this case, V ph would be a weighted 

average (based on percent composition) of the velocities of carbonate and claystone, with 

a negligible effect of water in the flat pores, while V pv would be a weighted average of 

the velocities of carbonate, claystone and water. Ap would increase with increasing 

carbonate content because V ph would increase faster than V pv assuming a constant 

porosity . 

To test this model, values of V ph and V pv were determined at ambient 

temperature and pressure for 10 dry calcareous claystone samples from Hole 603B and 

compared to wet measurements (Table 4.2). The differences between wet and dry V ph 

are relatively small, with the average V ph of dry samples being 0.08 km/s less than that 

of wet samples. However, the differences between wet and dry V pv are relatively large, 

the average V pv of the dry samples being 0.41 km/s less than that of the wet samples . 

This makes the Ap values for dry samples an average of 18.4 percentage points higher 

than for wet samples. The large difference in V pv between wet and dry samples is 

probably due to horizontally aligned pores and cracks which are now filled with air 

instead of water. The low velocity air slows the vertical velocity much more efficiently 

than the horizontal velocity, thus supporting the above model. 
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Table 4.2 

Comparison of wet and dry velocities at ambient pressure and temperature and anisotropies for l 0 
calcareous claystone samples from DSDP Hole 603B 

Yph Ypv Ap 

Sample Wet Dry Wet-Dry Wet Dry Wet-Dry Wet Dry Wet-Dry 

51-2 2.651 2.491 0.160 2.238 1.873 0.365 16.9 28.3 -1 l.4 
52-1 2.255 2.152 0.103 2.047 1.670 0.377 9.7 25.2 -15.5 
53-1 2.078 2.033 0.045 l.847 l.261 0.586 11.8 46.9 -35.l 
64-2 2.832 2.753 0.079 2.449 2.076 0.373 14.3 28.0 -13.5 
67-5 2.173 2.155 0.018 1.963 l.565 0.398 10.2 31.7 -21.5 
68-3 2.151 2.103 0.048 1.983 l.492 0.491 8.1 34.0 -25.9 
70-1 2.575 2.465 0.110 2.297 l.998 0.299 11.4 20.9 -9.5 
71-4 2.380 2.213 0.167 2.102 l.703 0.399 12.4 26.l -13.7 
77-3 2.223 2.196 0.027 2.006 l.779 0.227 10.6 21.0 -10.4 
79-1 2.512 2.476 0.036 2.193 1.634 0.559 13.6 41.0 -27.4 

Average= 0.079 0.407 -18.4 
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The microstructure of six samples with the same carbonate content (about 85%) 

from Holes 603B and 762C was examined with the SEM. Carbonate claystone samples 

from Hole 603B are composed of many nannofossils and clay grains aligned sub-parallel 

to bedding which form numerous flat-lying linear pores (Figure 4. l4a - b). However, 

pelagic chalks of Hole 762C are composed of nannofossils in random orientations which 

form non-linear unoriented pores (Figure 4.14c - d) . 

Because bedding in the pelagic chalks is not as pronounced in the calcareous 

claystones, water in flat pores probably does not play as important a role in slowing V pv 

in the chalks. The lower values of Ap in the chalks could be caused by clay texture. In 

this case, Ap would decrease with increasing carbonate content. 

SUMMARY 

The texture of calcareous claystones was examined from DSDP Hole 603B to 

determine if preferred orientation of calcite and/or clay is responsible for the observed 

velocity anisotropy. X-ray pole figures of calcite for these samples show no significant 

texture in the samples. However, pole figures for clay do show significant texture. Clay 

particles are oriented such that c-axes are perpendicular to bedding and a- and b-axes 

are parallel to bedding. This is also observed in thin sections. However, the clay 

texture is unlikely to be the sole source of velocity anisotropy because samples which 

consist only of clays typically have lower values of Ap (usually < 5%) than these 

calcareous claystones . 

A more likely cause of velocity anisotropy in samples that consist of two or more 

minerals is compositional layering (bedding) or preferred orientation of flat cracks and 

pores parallel to bedding. According to this model, samples should show an increase in 

Ap as more carbonate is added to the sediment due to the effects of water in flat pores 

and cracks aligned parallel to bedding at a constant porosity. This seems to be the 
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a 

b 

Figure 4.14. SEM micrographs of sediment samples. (a) Sample 93-603B- 76X-1 
(carbonate clays tone). (b) Sample 93-603B-57X-1 (carbonate claystone ). ( c) 
Sample 122-762C-57X-2 (pelagic chalk). (d) Sample 122-762C-31X-2 (pelagic 
chalk). Bedding is horizontal. Note nannofossils, clay grains and flat pores are 
oriented sub-parallel to bedding in (a) and (b), while nannofossils and irregularly 
shaped pores are oriented randomly in (c) and (d). Scale bars = 10 µm . 
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case with calcareous claystones, but pelagic chalks and limestones show the opposite 

relationship, where Ap tends to decrease with increasing carbonate content. Because 

SEM observations indicate that the pelagic carbonates do not have flat pores, Ap may be 

due to clay texture in these samples . 
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CHAPTER 5 

PHYSICAL PROPERTIES OF ODP LEG 122 SITE 762: 
A COMPARISON OF SHIPBOARD AND SHORE-BASED 

LABO RA TORY RESULTS 

INTRODUCTION 

67 

The variations in physical, acoustic and diagenetic properties of deep-sea 

sediments as a function of depth are important in the development of geoacoustic models 

(Hamilton, 1980; Milholland et al., 1980). Here, physical properties measured in the 

Hawaii Sediment Acoustics laboratory are reported for 49 consolidated samples from 

ODP Hole 762C. These properties are shear velocity (Vs), compressional attenuation (in 

terms of its inverse, the quality factor Op) and electrical resistivity (p'). These 

measurements are not generally performed aboard ship. In addition, compressional 

velocity (V p), bulk density (Pb), grain density (Pg). and porosity (<P) have been re-

measured using alternative methods to those used aboard ship. Because different 

techniques were used for shipboard and shore-based laboratory measurements, it is 

important to compare these measurements on the same sediment samples or adjacent 

samples so that shore-based measurements can be confidently compared to various other 

shipboard measurements . 

SAMPLES 

Sediment samples used in this study are from ODP Hole 762C, located on the 

Exmouth plateau, part of the northwestern Australia continental margin (Figure 5.1). 

The plateau was connected to present-day India until breakup occurred in the early 

Cretaceous (Neocomian) due to sea floor spreading (Exon et al., 1982). The sediments of 

Site 762 consist of a post-breakup pelagic carbonate sequence overlying a pre-breakup 

claystone sequence. The post-breakup carbonate sediments consist of nannofossil ooze 
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(Unit I, 0 - 181.5 mbsf}, nannofossil ooze - chalk transitional sediments (Unit II, 181.5 -

265.0 mbsf}, and nannofossil chalk. The nannofossil chalks are divided into Unit III 

(265.0 - 554.8 mbsf) which has a very low clay content, and Unit IV (554.8 - 838.5 

mbsf}, which has a higher clay content. The pre-breakup claystones consist of a 

hemipelagic calcareous claystone sequence (Unit V, 838.5 - 848.5 mbsf) and a deltaic 

silty claystone sequence (Unit VI, 848.5 - 940.0 mbsf). The stratigraphic column for 

Hole 762C is presented as part of Figure 5.4. 

The samples in this study are consolidated and range from 371.69 mbsf (122-

762C-23X-2, 68-70 cm) to 931.61 mbsf (122-762C-91X-2, 10-12 cm). Samples were 

located directly adjacent to or nearby shipboard physical property samples prior to 

removal from the core. Each sample was wrapped in wet tissue paper, placed in a vial 

filled with sea water, and sealed in a plastic bag aboa~d ship to prevent moisture loss . 

Prior to shore-based measurements, each sample was cut into a cube (approximately 1.78 

cm on an edge) using an Buehler Isomet low-speed saw with water as the lubricating 

fluid. Bedding was present in 22 of the samples and was approximately horizontal 

(perpendicular to the core axis). 

RESULTS 

Values of ¢>, Pb and Pd, and horizontal and vertical VP• Vs, and Op for each 

sample are listed in Tables D.l and D.2 in the Appendix. Values of horizontal and 

vertical p' for each sample at various frequencies are listed in Tables D.3 and D.4 in the 

Appendix. Mean VP• Vs• Op and p' as a function of depth are illustrated in Figures 

5.2a - d. Mean p' as a function of log frequency is plotted in Figure 5.3. 

It was difficult to measure Vs in these sediments and hence Vs values are only 

reported for six samples. These samples exhibited a very high degree of lithification . 
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With the exception of one lithified sample at 546 mbsf, the shear wave samples came 

from the bottom of the chalk sequence (795.5 - 830 mbsf). 

Op is found to be approximately inversely proportional to V p in these sediments 

as illustrated in plots of these properties versus depth (Figure 5.2). Resistivity is 

generally proportional to velocity and is most likely due to the degree of cementation of 

the grain matrix. Large amounts of cement increases the bulk modulus and therefore 

increases V p· Because cement closes pore spaces it also acts as a barrier to ionic flow 

and increases resistivity. 

VP• Vs• Op. and p' were measured in both the horizontal and vertical directions 

(i.e., parallel and perpendicular to bedding respectively, as bedding was perpendicular to 

the core axis). It was generally found that V ph > V pv• V sh > V sv• and p' v > p'h, 

anisotropies that are expected for horizontally-bedded sediments. No generality could be 

made for Op anisotropy. 

Resistivity is less in the horizontal direction because it is easier for ions to flow 

through pores aligned parallel to bedding, suggesting a greater permeability parallel 

rather than perpendicular to bedding. The samples contain some clay, which can also 

cause resistivity to be less in the horizontal direction. Clay platelets tend to become 

preferentially oriented parallel to bedding. Due to the excess of negative charge in the 

outer layer of the clay particle, cations are attracted from the pore fluid to the clay 

particle surface. A "double layer" of cations is formed: a "fixed layer" directly adjacent 

to the particle surface and a "diffuse layer" which drops off in density exponentially 

with distance from the fixed layer. The cations of the diffuse layer are free to move 

under the applied electrical field, which adds to the normal ion flow in the pore space. 

Thus the electrical conductivity parallel to the clay platelets is increased (Ward and 

Fraser, 1967) . 
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The cause of velocity being greater parallel to bedding has been a subject of 

debate (e.g., Carlson and Christensen, 1979; Carlson et al., 1983; Kim et al. 1983; 

Milholland et al., 1980). This issue of velocity anisotropy is addressed in great detail in 

Chapter 4. Briefly, although many workers have proposed that anisotropy in carbonate 

sediments may be caused by preferred orientation of calcite grains (Carlson and 

Christensen, 1979; Kim et al. 1983; Milholland et al., 1980), the author determined that 

no preferred orientation of calcite was present in any of the carbonate samples under 

analysis, although they exhibited a high degree of anisotropy. Anisotropy was found to 

be greatly influenced by flat pores and to some extent by clay platelets aligned parallel 

to bedding in calcareous claystones. However, because pelagic chalks and limestones 

seem to lack flat pores, anisotropy is probably controlled only by pref erred orientation 

of clay platelets . 

In addition to horizontal ·and vertical measurements, resistivity was also measured 

at different frequencies from 0.1 to 10,000 Hz. Figure 5.3 shows a plot of mean 

resistivity versus frequency for five samples. Values of p' at 0.1 Hz are observed to be 

slightly greater than those at 1.0 Hz. Then p' decreases from 1.0 Hz to 1,000 Hz, and 

starts to increase again at 10,000 Hz. Such a trend was observed by Katsube (1977, his 

Figure 1.4) for higher p' rocks (50 - 5000 ohm-m), but Katsube's trend was offset 

slightly toward lower frequencies. However, Katsube's data suggest that the trend shifts 

to higher frequencies in the case of low p' rocks, such as marine sediments (p' = 0.5 - 5.0 

ohm-m) . 

This trend of changing p' with frequency is probably due to "electrode 

polarization" (Ward and Fraser, 1967; T. J. Katsube, 1989, pers. comm.). Above 10,000 

Hz, charge is transferred between the electrodes and pore fluid via a charging and 

discharging of the electrode's "double layer", as in a capacitor. This effect is frequency 

independent. Between about 10,000 and 0.01 Hz, current is also transmitted across the 
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electrode-pore fluid interface as above, but in addition the current is transmitted 

physically by an electrochemical reaction, such as the conversion of an atom to an ion or 

vice versa. This process is frequency dependent, and more charge is transmitted by this 

method as frequency decreases. Below about 0.0 l Hz, charge is transmitted primarily 

this way, and becomes frequency independent. 

COMPARISON WITH SHIPBOARD DAT A 

Values of shipboard and shore-based laboratory Yp as a function of depth are 

illustrated in Figure 5.4a. The two sets of V p values agree relatively well down to about 

670 mbsf. From 670 to 820 mbsf the shore measurements are much higher. The 

measurements again coincide from 820 mbsf to the bottom of the hole. This discrepancy 

is due to a calibration error in the shipboard Hamilton Frame velocimeter system. The 

system is calibrated every one or two days in order to. determine a "system delay time" 

caused by the electronics and the thickness of the epoxy covering the transducers. This 

system delay must be subtracted from the travel times of acoustic waves traveling 

through the sediment samples before velocities are calculated. A value of approximately 

2.75 microseconds was used as a system delay for most of Hole 762C. However, 

between 670 - 820 mbsf, a calibration run resulted in a value of -0.01 microseconds for 

the system delay. A calibration run the next day resulted in a value near 2.75 

microseconds again, which is why the shipboard and shore measurements once again 

agree below 820 mbsf. The system delay used between 670 - 820 mbsf was not 

recognized as erroneous during the cruise. 

The sonic log V p data for this hole are compared to the shore-based data in 

Figure 5.4b. The log data is generally 0.3 km/s higher than the shore-based data due to 

in situ overburden pressure. This quantity was subtracted from the log data in Figure 

5.4b for the purpose of comparing the velocity trends of both data sets. The velocity 
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Figure 5.4. (a) Mean shipboard and shore-based V p versus depth for samples from Hole 
762C. Shipboard measurements are indicated by solid line and solid circles, 
shore-based measurements by dashed line and open circles. Measurement diverge 
in the range of 670 - 820 mbsf. (b) Sonic log and mean shore-based V p versus 
depth for samples from Hole 762C. Sonic log measurements are indicated by 
solid line, shore-based measurements by dashed line and open circles. Log 
velocities are approximately 0.3 km/s higher than shore-based data (due to 
overburden pressure), so this quantity has been subtracted from the log data for 
this comparison. Shore-based velocity trends agree with log data, especially in 
the depth range where shore-based and shipboard velocity measurements diverge . 
Shipboard lithologic units are indicated. Units 3 and 4 are nannofossil chalk, 
Unit 5 is calcareous claystone, and Unit 6 is claystone . 
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trends seem to match up reasonably well, even in the areas where the Hamilton Frame 

velocities do not agree with the shore-based velocities. 

There is very good agreement between ship and shore-based Pg values (Figure 

5.5a}, though there appears to be more scatter in the shipboard data. This scatter may 

be due to the method used to determine shipboard volumes. A helium pycnometer is 

utilized to determine wet and dry sample volumes, which are used together with wet and 

dry weights to calculate Pd, Pg, and ef>. Usually three or four successive volume 

measurements were made using the helium pycnometer, and the average value was 

chosen as the appropriate volume of the sample. The dry volumes produced a range in 

which the maximum and minimum values often differed by about 0.05 cm3. This range 

is about two orders of magnitude greater than the range of volumes produced in 

successive shore-based dry volume measurements. Therefore, more scatter in shipboard 

density measurements would be expected. 

A plot of ship vs. shore grain densities (Figure 5.6) shows that most of the data 

fall in a single cluster. The larger scatter in shipboard data is evident. A line with the 

equation Y=X passes through the cluster's center, which corresponds to the grain density 

of calcite (2.71 g/cm3). There is also reasonably good agreement between ship and shore 

4> (Figure 5.5b). A plot of ship vs. shore porosities (Figure 5.7) shows a linear trend . 

The Y=X line passes through the center of this linear cluster of data points. 

Ship bulk densities, however, are consistently higher than shore data (Figure 

5.5c). A plot of ship vs. shore bulk densities (Figure 5.8) shows a relatively linear 

cluster of data points, but the Y=X line lies above the cluster. A linear regression yields 

the equation Y = 0.7032X + 0.5608. 

This discrepancy between the ship and shore measurements is again due to the 

method of shipboard measurement. As previously stated, a helium pycnometer is used 

for determining shipboard wet and dry sample volumes. The pycnometer's 
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Grain Density (glee) Porosity (%) Bulk Density (glee) 
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Figure 5.5. Shipboard and shore-based index properties versus depth for Hole 762C. 
Shipboard measurements are indicated by solid line and solid circles, shore-based 
measurements by dashed line and open circles: (a) grain density, (b) porosity, (c) 
bulk density . 
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Figure 5.6. Shipboard versus shore-based grain density. Line indicates the relation Y=X 
and is not a linear regression of the data. Line passes through the center of the 
cluster of data points at the value of 2.71 g/cc, the density of calcite. Cluster 
shows slightly more scatter in the X direction (the shipboard data) . 
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Figure 5.7. Shipboard versus shore-based porosity. Line indicates the relation Y=X and 
is not a linear regression of the data. Line passes through the center of the 
linear cluster of data points . 
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Figure 5.8. Shipboard versus shore-based bulk density. Solid line indicates the relation 
Y=X. Dashed line is the linear regression of the data and has the equation Y = 
0. 7032X + 0.5608. Shipboard bulk densities are consistently higher than shore
based data since shipboard bulk densities incorporate volumes determined from 
wet samples in a helium pycnometer. Pycnometer volume data from wet samples 
are systematically too low, which result in bulk densities which are too high . 
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manufacturer, Quantachrome, has stated that the machine was not designed to measure 

wet samples (David Seltzer, 1988, pers. comm.). Moisture in the sample chamber causes 

an erroneously high pressure reading (observed in a smaller Quantachrome helium 

pycnometer used in the Hawaii laboratory), resulting in a volume that is too low. The 

calculated bulk density is therefore too high. 

When a sample is freeze-dried aboard ship, only water is lost. Due to the density 

of water being about 1.0 g/cm3, the difference between the wet and dry sample volumes 

should be equal to the difference between the wet and dry sample weights, or: 

Wet Weight - Dry Weight = Wet Volume - Dry Volume (5.1) 

However, what is actually observed aboard ship is: 

Wet Weight - Dry Weight > Wet Volume - Dry Volume (5.2) 

This observation was also noted during ODP Leg 110 (Roy Wilkens, 1989, pers. 

comm.; Wilkens et al., 1990). The cause of the relationship in Equation 5.2 is the low 

volume obtained from the helium pycnometer for wet samples. This problem becomes 

more significant when samples of low porosity are measured, such as cherts and basalts. 

Because these samples contain only a small amount of water, wet volumes of such 

samples should be just slightly larger than their dry volumes. But as a result of the 

pycnometer determining wet volumes that are too small, shipboard wet volumes for 

cherts were actually smaller than the dry volumes for the same samples, which made it 

appear as if the samples gained volume upon drying even though they lost mass! When 

the difference between wet and dry volumes is large, the wet volume error is not 

apparent. 
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Pycnometer volume measurement does not seem to be in error for dry samples. 

Therefore, an alternate method for determining shipboard wet volumes for bulk density 

is to add the difference between the wet and dry weights to the dry sample volume, or: 

Wet Volume = Dry Volume + (Wet Weight - Dry Weight) (5.3) 

This relation follows from Equation 5.1. Again, the calculation assumes a density 

of 1.0 g/cm3 for the water lost from the sample upon freeze-drying. The wet volumes 

for shipboard samples from Figure 5.8 were recalculated in this way and the shipboard 

bulk densities were recalculated using the new wet volumes. The recalculated bulk 

densities are plotted versus shore-based bulk densities in Figure 5.9. A line with the 

equation Y=X passes through the center of this linear cluster of data points. Therefore, 

calculating wet volumes using Equation 5.3 results in ~hipboard bulk densities that are 

comparable to shore-based results. 

VELOCITY GRADIENTS 

Velocity gradients are calculated by dividing an interval velocity by the depth 

interval, which in essence is the slope of a velocity versus depth plot. The velocity data 

from Site 762 exhibit unusual gradients for calcareous sediments. Hamilton (1980) 

reports that gradients for calcareous sediments from the Ontong-Java Plateau typically 

range between 1.3 to 1.9 km/s/km (or just "s- 1") down to about 1000 mbsf, and that the 

highest gradients are toward the top of the hole and steadily decrease with depth. 

However, the gradient for about the first 350 m of Site 762 is only 0.18 s- 1. Within this 

relatively large depth range (which is composed almost entirely of nannofossil ooze), 

velocity starts at about 1.54 km/s and only increases to a high of about 1.60 km/s. 

Between 360 and 500 mbsf, the gradient in the chalks increases sharply to 2.86 s- 1 . 

From 600 to 720 mbsf, the gradient becomes negative (-2.5 s- 1) as velocity decreases 
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Figure 5.9. Recalculated shipboard bulk density versus shore-based data. Shipboard 
bulk densities were recalculated using wet volumes determined from Equation 5.3 
in the text. Line indicates the relation Y=X and is not a linear regression of the 
data. Line passes through the center of the linear cluster of data points . 
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with depth. Between 720 - 800 mbsf, the gradient is quite high (11.25 s- 1) as velocity 

increases sharply from 1.9 to 2.8 km/s. The gradient again becomes negative (-25.0 s- 1) 

below 800 mbsf as the velocity suddenly drops in response to the lithology change from 

chalk to claystone. An average gradient for the calcareous sequence can be computed 

using the low velocities at the top of Hole 762B and a high velocity at around 800 mbsf, 

near the bottom of the carbonate sequence. The resulting gradient of 1.58 s- 1 is close to 

the average gradient of 1.3 s- 1 of Hamilton's Ontong-Java plateau data. 

These changes in velocity with depth are directly proportional to changes in bulk 

density. Figure 5.10 is a plot of bulk density versus mean Yp for the lithologic units of 

Hole 762C. The range of values agrees with a similar plot of Hamilton (1980) for 

calcareous sediments (plotted on Figure 5.10) . 

N.EGA TIVE VELOCITY GRADIENT 

V p and Pb generally decrease in the chalks between about 600 and 720 mbsf 

(Figure 5.4b). This depth range includes all of Unit IVB and about the first 20 m of 

Unit IVC, but does not include any significant changes in lithology. Plausible causes for 

this trend are: (I) gas in the samples (overpressuring), (2) change in mineralogy, or (3) 

change in microstructure (which would change the porosity). To test the first 

hypothesis, velocities of 18 samples in the depth range of 594.8 - 725.8 mbsf were re

measured after samples were re-saturated in sea water under a vacuum for l hour. 

However, no gas bubbles exited from the samples while they were under vacuum, 

suggesting that no gas was present. VP' Pb· and 4' values obtained from these samples 

were identical to the values obtained before re-saturation. Therefore the negative 

velocity gradient is not caused by overpressuring. Figure 5.11 shows a plot of mineral 

content versus depth for the depth range of 600 - 720 mbsf. There appears to be no 
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Figure 5.10. Shore-based bulk density versus mean V p for each lithologic unit of Hole 
762C. Solid line indicates trend for carbonate sediments from Hamilton (I 980) . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

86 

80 Calcite 

-~ 0 -- 60 c: 
41 -c: 
0 
() 

111 40 
.... 
41 
c: 

:: 

20 
Clay 

0 
600 620 640 660 680 700 720 

Depth {mbsf} 

Figure 5.11. Mineral content of shipboard physical property samples from shore-based 
XRD data in the depth range of 600 - 720 mbsf from Hole 762C. Within this 
depth range velocity decrease with depth, although no significant change in 
mineralogy is evident. 
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significant change in mineralogy over this depth range, and shipboard smear slide data 

suggest no significant change in grain type. 

Shipboard porosity data show no significant trend, but shore-based porosity 

increases slightly over this depth interval (Figure 5.5b). Therefore, the negative velocity 

gradient is most likely due to change in microstructure from increasing porosity. 

A change in microstructure could increase porosity if grain size decreases 

(Hamilton et al., 1982). If the matrix is composed of a high percentage of foraminifera, 

a decrease in grain size would occur with depth as foraminifera break down under 

dissolution or mechanical compaction. However, this would result in transferring 

intraparticle porosity within the foraminiferal chambers to interparticle porosity, causing 

only a small net increase in porosity (Hamilton et al., 1982). Shipboard smear slide data 

indicate that the sediments in this depth range are composed mostly of nannofossils and 

a smaller amount of clay and foraminifera (usually less than 20%). As the foraminiferal 

content does not change considerably with depth, this porosity increasing mechanism is 

probably not significant here . 

Higher porosity could also result from an increased sedimentation rate in this 

depth range which would cause retention of excess water within the sediments. The 

high pore pressure would hold the matrix open during lithification. Sedimentation rates 

determined during the cruise are not unusually high within this depth range, but these 

are only "apparent" sedimentation rates as they are not corrected for compaction. 

Although the increase in porosity in this depth range is rather small (from 35% to 

45%), the scanning electron microscope (SEM) was utilized to determine if this change in 

microstructure was observable. Two samples were examined: one toward the top of the 

interval at 612.6 mbsf (762C-49X-l, 106-109 cm) and the other at the bottom at 716.2 

mbsf (762C-60X-l, 22-24 cm). SEM micrographs (Figure 5.12a-d) indicate the grain 

matrix consists almost exclusively of nannofossils with small amounts of clay. There 
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a 

b 

Figure 5.12. SEM micrographs of (a) and (b) sample 762C-49X-l (106-109 cm) and (c) 
and (d) sample 762C-60X- l (22-24 cm). Sample 49X- l is at the top of the 
negative velocity gradient and sample 60X- l is at the bottom. There does not 
appear to be any obvious difference in microstructure between the two samples. 
Scale bars = 10 µm . 
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does not appear to be any obvious microstructural differences between the two samples. 

But as there is only a difference of 10% porosity between the two samples, a difference 

in microstructure may not be apparent. 

PERTURBATIONS OF PHYSICAL PROPERTIES ABOVE AND BELOW HIATUSES 

There is a depositional hiatus at approximately 132 mbsf in Hole 762B within 

Section l 5H-4. Above the hiatus, there is a sudden large decrease in Pb and VP• while 

below the hiatus there is a sudden large increase in Pb and Yp (Figure 5.l3b). The 

lithology above and below the hiatus is the same (foraminifera nannofossil ooze) and 

shipboard smear slide data do not indicate any significant change across the boundary. 

A total of 10 samples were studies in smear slides which span the hiatus, from Section 

14H-6 to 16H-3, one per section, to determine the cause of the physical property 

perturbations. 

Smear slides of these samples and nearby shipboard samples generally indicate 

that the sediment is composed of over 50% nannofossils (mostly cocoliths and 

discoasters), and the remaining components are foraminifera and a small amount of clay . 

The exception is sample 762B-16H-l (57-59 cm), which is below the hiatus. This 

sample is composed almost entirely of nannofossils and contains no foraminif era. The 

sample is representative of a sediment horizon in the core which had the texture of 

firmly packed clay upon sampling aboard ship, exhibits anomalously high shipboard Pb 

and Yp, and was not examined in shipboard smear slides. Sample 762B-15H-2 (29-31 

cm), which is above the hiatus and exhibits anomalously low shipboard Pb and VP' is 

representative of a sediment horizon in the core which had a soupy consistency and thus 

a high water content upon sampling aboard ship, but does not have an unusual 

composition. The high water content is probably due to drilling disturbance, in 

accordance with the interpretation of the shipboard sedimentologists (Shipboard 
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Figure 5.13. Shipboard bulk density measurements from GRAPE (crosses) and 
gravimetric (circles) methods: (a) Data from Hole 760A. Depositional hiatus at 
about 80 mbsf. (b) Data from Hole 762B. Hiatus at about 132 mbsf. Note the 
large decrease in density above the hiatus and large increase in density below the 
hiatus in both cases . 
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Scientific Party, 1990, barrel sheet for Core 762B- l 5H). The location of the hiatus 

between these regions of high and low densities is probably a coincidence. 

A similar physical property perturbation is also observed in Hole 760A (Figure 

5. l 3a). A hiatus at 80 mbsf is indicated by a 40 cm thick horizon of manganese which 

separates overlying carbonate ooze (pelagic environment) from silty sandstone (marginal 

marine environment). There is a large decrease in Pb and V p just above the hiatus, 

which can be attributed to the unusually large amount of foraminif era in the sediment at 

this depth (over 50% according to shipboard and shore-based smear slide observations). 

There are large increases in Pb and V p below the manganese horizon, which are caused 

by the change in lithology from hollow, biogenic grains to solid, terrigenous grains. 

MINERALOGY TRENDS IN LITHOLOGIC UNIT VI 

Mineralogy trends determined from shore-based XRD data for Site 762C indicate 

little change in mineralogy with depth in the oozes and chalks. However, there is a 

significant change in mineralogy with depth within the silty claystones of Unit VI (848.5 

- 940.0 mbsf). Figure 5.14 illustrates that the amount of quartz in the sediments steadily 

decreases up hole until about 840 mbsf, while clay content symmetrically increases. This 

trend of decreasing detrital quartz is probably caused by a change in depositional 

environment from deltaic to a more distal deltaic environment during a rise in sea level 

(transgression). This assessment is in agreement with the sedimentary environment 

interpretation of Unit VI during shipboard investigations (Shipboard Scientific Party, 

1990, Section D: Lithostratigraphy). 

SUMMARY 

Vs, Qp, and p' of 49 samples from Hole 762C have been measured in the Hawaii 

acoustics laboratory. These measurements are currently not being conducted aboard 
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Figure 5.14. Mineral content of shipboard physical property samples from shore-based 
XRD data in the depth range of 720 - 940 mbsf from Hole 762C. The change in 
mineralogy below 840 mbsf is indicative of the sediment source moving away 
from the site of deposition . 
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ship. In addition, VP• 4>, Pb and Pg were remeasured using alternate methods to those 

utilized aboard ship. 

Shipboard and shore-based 4> and Pg agree reasonably well. V p values diverge 

between 670 - 820 mbsf. This was caused by a calibration error in the Hamilton Frame 

velocimeter system. 

Shipboard Pb values are consistently higher than shore-based data. This is due to 

erroneously low volumes determined from wet samples in the shipboard helium 

pycnometer. As the pycnometer was not designed to measure wet samples, volumes of 

wet samples can be determined using the relation: wet volume = dry volume + (wet 

weight - dry weight). Bulk densities recalculated using wet volumes calculated in this 

way coincide with shore-based bulk densities. 

The negative velocity gradient in the chalks between 600 - 720 mbsf is not 

caused by overpressuring as no gas exited from the samples upon restoration in a 

vacuum. Also it is not caused by change in mineralogy as mineralogy content is 

relatively constant within this depth range . It is most likely caused by an increase in 

porosity which may have occurred during rapid sedimentation. 

Perturbations of physical properties above and below depositional hiatuses in 

Holes 760A and 762B are caused by drilling disturbance and changes in lithology and 

grain type. The occurrence of the hiatus at Hole 762B is unrelated to the physical 

property perturbations. 

Mineralogy trends in the claystones of Unit VI show quartz decreasing and clay 

increasing uphole. This suggests the terrigenous sediment source steadily moved away 

from the site of deposition during a transgression . 
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Sites 584, 603, and 762 are the main focus of the previous three chapters. 

Although diverse in terms of location, these sites all represent ocean margin 

environments. DSDP Site 584 (Chapter 3) is located on a midslope terrace on the arc 

side of the Japan Trench; DSDP Site 603 (Chapter 4) is located on the edge of a 

continental rise off the coast of North Carolina; and ODP Site 762 (Chapter 5) is located 

on a plateau that makes up part of the continental shelf of northwestern Australia. 

Margin environments are usually sites of abundant sediment input, tectonic activity, and 

diverse lithologies such as terrigenous sediments (from continental erosion) and pelagic 

biogenic sediments (from large amounts of biogenic activity due to upwelling of 

nutrients). These sediments usually undergo mechanical and chemical changes at depth 

that greatly change their physical properties. These sites were drilled to great depths (all 

were deeper than 900 mbsf), thus it was possible to study physical and chemical changes 

in the sediments that become more pronounced with increasing depth. The great depths 

of the holes and dynamic tectonic, lithologic and chemical environments of margin sites 

make these sediments ideal for observing unusual changes in physical properties, an 

important aspect for the goals of this dissertation research (see Chapter l ). 

BEDDING ANGLES 

It is important to know the bedding angle of sediment sequences when 

interpreting the variation of physical properties of drill hole samples measured in several 

different directions (such as velocity, attenuation, and resistivity). Bedding angles at Site 

584 are near zero at the top of the hole, gradually increase with depth to a maximum of 
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67° at about 710 mbsf, and then gradually decrease toward the bottom of the hole. This 

change in bedding angle at Site 584 is most likely due to listric normal faulting (and 

possibly reverse faulting toward the bottom of the hole) accompanying subsidence of the 

forearc environment (Lundberg and Leggett, 1986). Anisotropy is directly correlated to 

bedding inclination at this site. 

Bedding dip at Site 603B is relatively low, ranging from I 0° - 20°, but this 

inclination is largely due to the dip of the drill pipe rather than the depositional 

environment of the sediments. Bedding at Site 762 is generally horizontal. Velocity 

anisotropy does not correlate with bedding inclination at these two sites because of the 

low dip angles. 

THE EFFECTS OF SILICA DIAGENESIS ON PHYSICAL PROPERTIES 

Studies of unusual trends of physical properties were reported in Chapters 3 and 

5. Site 584 consists of diatomaceous hemipelagic mudstones (Chapter 3), whereas Site 

762 consists of silty mudstones and nannofossil ooze and chalk (Chapter 5). Of these 

two sites, only the sediments of Site 584 contain opal-A. The decrease in opal-A 

content of the sediments between 600 - 800 mbsf at Site 584 is the cause of the 

fluctuations of physical properties within this depth range. It was shown that the 

decrease in opal-A was due to either a dilution of terrigenous material or a decrease in 

surface productivity. However, another possible cause for such a decrease in opal-A is 

the diagenetic conversion of opal-A to opal-CT. This does not seem to be the situation 

at Site 584 because the presence of opal-CT was not detected in the sediments by X-ray 

diffraction. Silica diagenesis probably did not take place at Site 584 due to the high clay 

content of the sediments (Kastner et al., 1977) . 

The conversion of opal-A to opal-CT would produce a similar effect upon the 

physical properties of the sediments as observed at Site 584 between 600 - 800 mbsf. 
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During diagenesis, the hollow, opaline diatom tests would dissolve and silica would 

reprecipitate as spherical, opal-CT lepispheres that would fill pore spaces, resulting in a 

decrease in the porosity and increases in bulk density and velocity. However, because 

the grain density of opal-CT is only slightly higher than that of opal-A, a large increase 

in grain density would not result. 

Silica diagenesis has been documented in sediments from many DSDP and ODP 

sites. For example, diagenesis at DSDP Site 605, 612, and 613 was observed in the form 

of a very sharp boundary termed the "diagenetic front" (Thein and von Rad, 1987). 

Unaltered biogenic opaline tests are preserved in the sediments above this front, but 

tests are almost totally dissolved and the silica is reprecipitated as opal-CT directly 

below this front. 

Changes in physical properties due to silica diagenesis have been documented at 

Sites 612 and 613 by Wilkens et al. (1987). There is a large increase in bulk density, a 

large decrease in porosity, and a small increase in velocity across the diagenetic front. 

These changes are also evident in plots of the physical property data in the respective 

DSDP site reports for Sites 605, 612 and 613 (Shipboard Scientific Party, 1987b, 1987c, 

l 987d). The most striking change in physical properties is a drop in porosity of about 

15% across the diagenetic front at all three of these sites . 

VELOCITY GRADIENTS 

Velocity gradients for Sites 584, 603, and 762 are summarized in Table 6.1. A 

gradient of 0.18 s- 1 is determined for the first 350 m of carbonate sediments 

(nannofossil ooze) at Site 762. Similar low gradients for nannofossil ooze are noted for 

the other sites drilled during Leg 122 besides Site 762 (Haq, von Rad, O'Connell, et al., 

1990). If the overall gradient of the site is calculated by using a low velocity at the top 

of the Hole 762B and a high velocity at the bottom of the carbonate sequence in Hole 
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Table 6.1 • 
Major velocity gradients of Sites 584, 603, and 762 

• Site Major Velocity Depth 
Lithology Gridient Interval 

(s- ) (mbsf) 

584 diatomaceous mudstone 0.50 0 - 913 
diatomaceous mudstone 3.49 584 - 643 

• diatomaceous mudstone -0.47 643 - 806 
603 clays tone 0.83 0 - 1350 

calcareous claystone 1.16 1315 - 1531 
762 nannofossil ooze 0.18 0 - 350 

nannofossil chalk 2.86 360 - 500 
nannofossil chalk -2.50 600 - 720 

• nannofossil chalk 11.25 720 - 800 
chalk-claystone transition -25.00 800 - 840 
silty claystone -0 840 - 932 

• 

• 

• 

• 

• 
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762C, the resulting gradient ( 1.58 s- 1) is in the range of gradients ( 1.9 - 1.3 s- 1) 

reported by Hamilton (1980) for the carbonate sequence of the Ontong-Java Plateau. 

The velocity gradient for the diatomaceous hemipelagic sediments of Site 584 is 

0.5 s- 1 and is relatively constant, with the exception of the perturbation of velocity data 

between 600 - 800 mbsf as discussed in Chapter 3. This gradient is lower than the 

range of gradients reported by Hamilton (1980) for both terrigenous sediments (0.8 - 1.3 

s- 1) and siliceous sediments (0.63 - 0.93 s- 1 ). A search of the DSDP literature shows 

that similar lithologies were encountered at DSDP Sites 434 and 440, and both sites also 

have low gradients of about 0.62 s- 1 . 

A plot of the velocities of the mostly terrigenous sediments of Holes 603 and 

603B down to a depth of about 1350 mbsf yields a relatively constant gradient of 0.83 s

l. This value is within the range Hamilton has estimated for terrigenous sediments but 

on the low end of the range. The calcareous claystones of Unit 5 of Hole 603B (1214.7 

- 1512.3 mbsf) have a higher gradient of approximately 1.2 s- 1. This value falls roughly 

between Hamilton's range of gradients for terrigenous and calcareous sediments, but the 

Unit 5 claystones do contain a large amount of calcite. DSDP Site 605, which consists of 

sediments similar to Site 603 except higher in calcite content, has an overall velocity 

gradient of 0.93 s- 1, close to the gradients at Site 603 . 

Hamilton's gradients for various lithologies tend to gradually decrease with depth. 

However, it is of interest to note that the gradients for Site 584, Site 603 (from 0 - 1350 

mbsf), and Site 762 (from 0 - 350 mbsf) tend to be quite constant with depth. The 

above gradients also tend to be lower than those determined by Hamilton. 

VELOCITY - DENSITY SYSTEMATICS 

The relationship between bulk density and V p for the carbonate sediments of 

Hole 603B was briefly discussed in Chapter 5. A plot of bulk density versus VP for 
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these samples fits well with the curve for carbonate sediments reported by Hamilton 

(1980) (Figure 5.9). A similar plot for the diatomaceous hemipelagic mudstones of Hole 

584 (Figure 6.1) shows curves for carbonate, terrigenous and siliceous sediments from 

Hamilton (1980) as well as the general curve of Ludwig et al. (1970) for sediments and 

rocks. The curves for terrigenous and calcareous sediments approximately coincide in 

this range of velocities and densities. The data do not fall along any particular curve, in 

contrast to the data for Hole 762C. 

A plot of bulk density versus V p for calcareous mudstones of Hole 603B (Figure 

6.2) shows curves for terrigenous and calcareous sediments from Hamilton (1980), as well 

as the general curve of Ludwig et al. (1970). The two Hamil ton curves are close 

together but diverge significantly at high densities and velocities. However, most of the 

data fall in the region where the two curves do not significantly diverge, though at 

higher densities and velocities the data tend to follow the trend of the calcareous curve. 

Note that the two data points with the highest V p and density values follow the trend of 

the terrigenous curve. This is because these samples are highly lithified turbidite 

sediments made up of quartz grains and calcite cement, and therefore would be 

considered terrigenous. 

POROSITY - FORMATION FACTOR SYSTEMATICS 

The electrical resistivity of marine sediments changes with depth due to various 

lithologic parameters, such as pore tortuosity (i.e., the length of the ionic path relative to 

the length of the sample), the size of the pores, and the permeability of the sediments . 

These parameters are largely affected by the amount of cementation of the grain matrix. 

Sediment samples of similar pore structures but different grain types (e.g., clay versus 

biogenic carbonate) may have different resistivities as well. Resistivity can also be 

affected by the salinity of the pore water, so if there is a salinity gradient at a particular 
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drill site, the resistivity will change due to non-lithologic factors. It is therefore often 

convenient to normalize electrical resistivity by expressing it in terms of the formation 

factor (F), which is defined as: 

F = PQIPw 

where: PO = electrical resistivity of the saturated sediment 

Pw = electrical resistivity of the pore water 

(6.1) 

In calculating F, the electrical resistivity of sea water is taken as 0.2008 ohm-m 

assuming a salinity of 35 ppt (a 0.60 molar concentration of NaCl) (Weast and Astle, 

1981 ). The formation factor (F) generally increases with decreasing porosity (ef>). Archie 

(1942) showed that these two parameters can be related empirically by the equation: 

F = ef>-m (6.2) 

where ef> is fractional porosity and m is called the cementation factor. This equation is 

known as Archie's Law. This equation was modified by Winsauer et al. (1952) as an 

empirical formula for various sandstones: 

(6.3) 

where A is a constant. This is known as the Winsauer equation. The cementation factor 

for all rocks and sediments is a number that is generally between 1.3 and 2.3. The 

higher the amount of cementation of the grain matrix, the higher the value of m. It has 

been found that for slightly consolidated sandstones, m = 1.4; for consolidated 

sandstones, m = 1. 7; and for limestones and dolomites, m = 2.0 (Ward and Frazer, 1967) . 

The value of m can be determined for a given data set by taking the log of both side of 
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Equation 6.3, plotting log </> versus log F, and determining a linear regression of the 

data which would have the equation: 

log F = log A - m log </> (6.4) 

In such a plot, log A would be the y-intercept, and so A would represent the 

empirically determined formation factor at 100% porosity. These plots have been made 

for the samples from Sites 584, 603, and 762 (Figures 6.3 - 6.6). Table 6.2 summarizes 

the findings of these figures. The cementation factor for DSDP Hole 584 is 2.01, and 

for the chalks of ODP Hole 762C is l.81, predicting (correctly) that these sediments are 

well lithified. The cementation factor for DSDP Hole 603B is 1.5, suggesting that the 

sample matrix is not as well lithified as those of Site 584 and the chalks of Site 762. 

The silty claystone samples from ODP Hole 762C are quite friable, which is probably 

why the cementation factor is a low 1.24. 

A composite plot of log porosity versus log F for all sites (Figure 6.7) defines a 

relatively linear trend, and even though there are four different lithologies there is only 

a small amount of scatter in the data. The linear trend is due to the small range of the 

cementation factor, which is usually 1.3 < m < 2.3 in rocks and sediment. The small 

scatter in the data indicates that the constant A has a finite range as well, which in the 

case of these data is 1.51 < A < 3.21. There appears to be no correlation between A and 

the degree of lithification of the grain matrix. On the other hand, Kim (1985) found 

that the value of m was not related to the degree of lithification and the value of A 

showed a positive correlation for pelagic carbonates from the Ontong-Java Plateau. 

However, both studies and a study by Boyce (1968) of diatomaceous silty clay sediments 

from the Bering Sea show that the value of A, the empirically determined formation 

factor of sediments at 100% porosity, is greater than l, resulting in an electrical 

resistivity greater than that of sea water . 
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Diatomaceous Mudstones from DSDP Hole 584 
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Figure 6.3. Plot of log porosity versus log mean formation factor for diatomaceous 
mudstones from DSDP Hole 584 . 
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Figure 6.4. Plot of log porosity versus log mean formation factor for calcareous 
claystones from DSDP Hole 603B . 
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Chalks from ODP Hole 762C 
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Figure 6.5. Plot of log porosity versus log mean formation factor for chalks from ODP 
Hole 762C . 
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Figure 6.6. Plot of log porosity versus log mean formation factor for silty claystones 
from ODP Hole 762C . 
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Table 6.2 

Summary of the constant A and cementation factor (m) 
determined from Figures 6.3 - 6.6. 

Lithology A m 

diatomaceous hemipelagic mudstone 2.61 2.01 
nannofossil chalk 1.52 1.81 
calcareous claystone 2.50 1.50 
silty claystone 3.21 1.24 

109 

Matrix 

firm 
firm 
semi-firm 
friable 
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a Hole 762C {claystones) 

Figure 6. 7. Composite plot of Jog porosity versus log mean formation factor for Holes 
584, 603B, and 762C . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

111 

The values of m for Sites 584, 603 and 762 are based on formation factors that 

were calculated from average electrical resistivities of the horizontal and vertical 

measurements at 100 Hz. Calculations were made from resistivity data from Hole 762C 

to determine the range of m values that are possible for a given lithology based on 

direction and frequency of measurement. Resistivity was shown to vary with frequency 

in Chapter 5. Resistivities are relatively low at 100 Hz. At this frequency, m = 1.89 for 

horizontal measurements and l.74 for vertical measurements. Resistivities are relatively 

high at l.O Hz. At this frequency, m = l.83 for horizontal measurements and 1.67 for 

vertical measurements. Therefore, it seems that depending upon direction and 

frequency, m for these sediments can vary from 1.89 to 1.67. 

FINAL REMARKS 

This work has pointed out various important aspects of physical properties of 

deep-sea clay-bearing calcareous sediments and clay-rich sediments: 

I) The effects of biogenic silica on physical properties is significant and should be 

assessed when studying siliceous sediments . 

2) The bedding angle should be determined when measuring anisotropy of velocity, 

attenuation, or resistivity . 

3) Velocity anisotropy was shown not to be caused by the preferred orientation of 

calcite through pole figure goniometry (the first pole figure goniometry study ever made 

of marine sediments) . 

4) Anisotropy was shown to be controlled by flat pores in calcareous claystones but not 

in pelagic carbonates. 

5) Helium pycnometers probably should not be used to measure volumes of wet 

samples . 
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6) Depositional hiatuses are not necessarily the cause perturbations of physical 

properties . 

7) Finally, the constant A in the Winsauer equation which relates the formation factor 

to porosity seems to have a finite range. 

These finding should be beneficial to future research in velocity anisotropy and 

other physical properties . 
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• Compressional velocity and anisotropy of samples from DSDP Leg 87 Hole 584 

Core Section Interval Depth Vph Vpv Vp-anisotropy 
(87-584-) (cm) (mbsf) (km/s) (km/s) (%) 

• 3 3 1 00-1 02 24.0 1.574 1.570 0.25 
4 1 39-41 29.8 1. 578 1.549 1.86 
4 3 100-102 33.4 1.578 1.562 1.02 
4 5 77- 79 36.2 1 .586 1.567 1.21 
5 66-68 39.5 1.570 1.546 1.54 

• 5 3 74-76 42.6 1.595 1.574 1.33 
5 5 111-113 45.9 1.595 1.633 -0.02 
6 1 95-97 49.2 1.574 1.586 -0.76 
7 1 128-130 59.1 1.620 1.637 -0.01 
8 43-45 67.8 1 .599 1.586 0.82 
9 120-122 78.2 1.562 1.570 -0.51 

1 0 79-81 87.3 1. 603 1.570 2.08 • 1 0 3 49-51 90.0 1.586 1.562 1.53 
1 1 88-90 96.9 1.589 1.589 0.00 
1 1 5 62-64 102.6 1. 612 1.586 1.63 
1 2 1 40-42 105. 9 1.586 1.590 -0.25 
1 2 3 53-55 109 .0 1.603 
1 2 5 131-133 112.8 1.595 1.574 1.33 

• 1 3 1 69- 71 115 .8 1.634 1.629 0.82 
1 3 3 12-1 4 118 .2 1.570 1.570 -0.25 
1 4 1 21 -23 124 .9 1.578 1.562 1.02 
1 5 1 122-124 135.5 1.578 
1 5 3 28-30 137.6 1.554 1.578 -0.02 
1 6 116-118 145.2 1.566 1.554 0.77 

• 1 7 3 69-71 157.4 1.554 1.546 0.52 
21 3 129-131 196.8 1.598 1. 571 1.70 
22 1 7-9 202 .2 1. 61 6 1.598 1.12 
22 3 125-127 206.4 1.562 1.538 1.55 
23 7-9 211 .8 1. 61 0 1.608 0.12 
23 5 6-8 217.8 1.589 1.594 -0.31 

• 24 1 1 -1 3 221.4 1.598 1.589 0.56 
24 5 0 - 2 227.3 1.636 1. 612 1.48 

26 1 107-110 241 .4 1.603 1.576 1.70 

26 5 98-100 247.3 1.626 1.598 1.74 

27 136-138 251 . 1 1. 61 2 1.589 1.44 

27 5 112-114 256.9 1.642 1. 61 6 1.60 

• 28 1 105-107 260.4 1.637 1. 61 7 1.23 
28 3 55-58 262 . 9 1.636 1. 621 0.92 
29 5 7-9 274.9 1.642 1.628 0.86 
30 1 1 9-21 278 .5 1.656 1.642 0.85 
30 3 1 8-20 281.5 1.632 1. 612 1.23 
32 90-92 298 .2 1. 674 1.630 2.66 

• 34 5 25-27 322 . 7 1. 672 1.675 -0.18 
35 3 57-59 329 .6 1. 709 1.685 1.41 
36 1 53-55 336.1 1. 674 1.638 2.17 

• 
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• Table A.I (continued) 

• 
Core Section Interval Depth Vph Vpv Vp-anisotropy 

(8 7-584-) {cm) {mbsf) {km / s) {km/s) (%) 

36 5 20-22 341 .8 1. 71 6 1.696 1.17 

• 37 1 146-149 346 .6 1. 705 1.664 2.43 

37 5 53-55 351 .6 1.676 1.680 -0.24 

38 1 1 0-1 2 354.7 1. 702 1.692 0.59 
40 81 -83 374 .5 1.675 1.670 0.30 

42 1 20-22 393 . 1 1.678 1.650 1.68 

42 3 30-32 396 .2 1.664 1.625 2.37 

• 43 1 44-46 403 .1 1. 724 1.690 1.99 

44 3 53-55 415 .8 1. 749 1.689 3.49 

46 93-95 432.4 1.680 1.655 1.50 

47 72- 74 441 . 7 1. 732 1. 723 0.52 

50 45-4 7 470 .2 1.696 1.659 2.21 

52 31 -33 489 .2 1. 724 1. 713 0.64 

• 53 48-50 498 .9 1. 704 1.679 1.48 

55 4 44-46 522 .6 1.776 1.779 -0.17 

56 1 6 - 1 8 527.3 1.808 1. 791 0.94 

57 92 - 94 537.5 1. 762 1. 759 0.17 
60 27 - 29 565.4 1. 789 1. 794 -0.28 

62 28-30 584.4 1. 749 1. 708 2.37 

• 64 104-106 604.3 1.848 1.893 -2 .41 

68 97-99 642 .8 1. 955 1.993 -2.03 

71 124-126 672.2 1. 948 1. 909 2.02 
73 31 -33 690.5 1. 942 1. 942 0.00 
74 105-107 700 .9 1. 91 9 1.925 -0 .31 

75 42-44 709 .8 1. 936 1. 959 -0.18 

• 76 118-120 720 .3 2 .000 1.982 0.90 

80 63-65 758 . 1 1. 914 1. 966 -2.68 

81 59 - 61 767.6 1. 914 1. 953 -2.02 

85 26-28 806 .1 1.878 1.898 -1.06 

86 18 - 20 815 . 7 1.898 1. 909 -0.58 

87 118-120 826.4 1. 948 1.976 -1 .43 

• 88 126-128 836 . 1 1.861 1.840 1.13 
89 85-87 845.3 1. 930 1. 971 -2 .10 

90 74- 76 854 .8 1. 933 1. 936 -0 .15 

91 60-62 864 .3 2.023 2 .021 0.10 

95 124-12 903 .8 1. 904 1. 903 0.05 

96 76 - 78 913 .0 1. 904 1. 936 -1 .67 

• 

• 



• 
Table A.2 116 

• Q and electrical resistivity (at 100 Hz) of samples from DSDP Leg 87 Hole 584 

Core Section Interval Depth Opv Resistivity-h Resistivity-v 
(87-584-) (cm) (mbsf) (ohm -m) (ohm-m) 

• 
3 3 100-102 24.0 
4 39 -41 29.8 
4 3 100-102 33.4 
4 5 77- 79 36.2 
5 66-68 39.5 

• 5 3 74- 76 42.6 
5 5 111-113 45.9 
6 95 - 97 49.2 
7 128 - 130 59.1 
8 43-45 67.8 
9 120-122 78.2 

• 1 0 79-81 87.3 
1 0 3 4 9-51 90.0 
1 1 88 - 90 96.9 23.6 26.9 0.767 0 . 757 
1 1 5 62-64 102. 6 
1 2 1 40-42 105.9 
1 2 3 53-55 109. 0 

• 1 2 5 131-133 112.8 
1 3 1 69-71 .115.8 
1 3 3 1 2-1 4 118.2 
14 21-23 124.9 
1 5 1 122-124 135.5 
1 5 3 28-30 137.6 

• 1 6 1 116-118 145.2 
1 7 3 69- 71 157.4 
21 3 129-131 196.8 25 .0 32 .3 0 .943 1 .085 
22 1 7-9 202 .2 22 .8 25 . 5 0.845 0.834 
22 3 125-127 206 .4 
23 7-9 211.8 33 .6 36 .2 1 .149 1.085 

• 23 5 6-8 217.8 23.7 27 .3 1 .009 0 .964 

24 11 - 1 3 221 .4 20.4 25 .2 0 .889 0 .922 

24 5 0-2 227.3 26.2 30.2 0 .918 1 . 189 

26 1 107-110 241.4 23.9 26.7 0 .828 0 .846 

26 5 98-100 247.3 21 .3 25 .9 1.057 1.176 

27 136-138 251 . 1 28.0 30 .3 1 .027 0.995 

• 27 5 112-114 256.9 25 .8 28.1 0 .920 0. 761 
28 1 105- 107 260.4 25.0 29.5 1 . 1 54 1. 173 
28 3 55-58 262.9 23 .9 31.5 
29 5 7-9 274 .9 23 .4 27 .4 1 .548 1 .632 
30 1 9-21 278 .5 31 .6 36 .3 0 .974 1. 1 00 
30 3 18-20 281 .5 24 .5 33.1 0.969 1.071 
32 90-92 298.2 23.4 22.4 1 .169 1 . 144 • 34 5 25 -27 322 .7 24 . 6 24 .2 1 .055 1. 049 
35 3 57-59 329.6 27 .4 28.4 1 .4 78 1.375 

36 53-55 336.1 21 . 5 28. 7 1.438 1 .549 

• 
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• Table A.2 (continued) 

• Core Section Interval Depth Opv Resistivity-h Resistivity -v 

(87-584 - ) (cm) (mbsf) (ohm-m) (ohm -m) 

36 5 20-22 341.8 21.2 24 .4 1 .041 1. 1 07 

37 1 146-149 346 . 6 18. 9 24 . 0 0.992 1.154 

37 5 53-55 351.6 23 . 1 22.4 1 .052 1. 125 

• 38 1 0-1 2 354 . 7 26 . 1 27.5 1 . 1 67 1.290 
40 81 -83 374 . 5 20 .7 1 .128 1.234 
42 1 20-22 393 . 1 22.4 27 .7 0.967 1.016 
42 3 30-32 396.2 16.5 19 . 1 1 .047 0 .958 

43 1 44-46 403 . 1 20 .6 20 .0 1 . 172 1 . 180 

44 3 53-55 415 .8 

• 46 93-95 432.4 18.6 23 .3 1 .050 1.013 

47 72- 74 441 . 7 21 .6 25 .7 1.438 1.317 

50 45-4 7 470 .2 24 . 9 29 .0 0 .963 1. 105 

52 31 -33 489 .2 13 .3 17 .3 1 . 147 1 . 142 
53 48-50 498 .9 23.0 25 .2 1 .251 1. 190 
55 4 44-46 522 .6 16 . 1 20 . 1 1 .286 1 .380 

• 56 1 6-1 8 527 .3 14 .0 1 5 :5 1.4 77 1. 51 9 
57 92-94 537 .5 16 .2 18 .2 1 .324 1 . 41 0 
60 27-29 565 .4 12 . 5 14 .2 1 . 761 1. 768 

62 28-30 584 .4 17 . 7 20 .6 1 .263 1.341 

64 104-106 604 .3 13 . 1 13 .6 1 . 717 1. 701 

68 97-99 642 .8 11 . 0 10 . 7 1 .941 1. 786 

• 71 124-126 672 .2 13 .5 13.6 1 .600 1.510 
73 31-33 690.5 15.5 16 .2 2 . 148 1.978 
74 105-107 700.9 16 . 1 16 .3 1 .605 1.558 

75 42-44 709 .8 2 .230 2 . 112 

76 118-120 720.3 13.0 16.7 2 .099 2.126 

80 63-65 758 . 1 12 .6 11. 0 1.838 1 . 79 1 

• 81 59-61 767 . 6 16 .3 1 .586 1 . 722 

85 26-28 806 . 1 18.5 19.1 1 .880 1. 756 

86 18-20 815 . 7 16.4 15 . 9 1 .698 1 . 750 

87 118-120 826.4 17 .3 15 .0 1 .630 1.597 

88 126-128 836 . 1 22 . 1 16.0 1 .650 1.64 7 

89 85-87 845.3 17.4 18 .3 1 .599 1.560 

• 90 74- 76 854 .8 12. 7 11 . 0 1 .907 1. 980 
91 60-62 864 .3 12 .5 13 . 5 1 .843 1.820 
95 124-12 903 .8 18 .8 2.089 1. 991 

96 76- 78 913 .0 16.3 

• 

• 
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• Table A.3 

Bulk density, grain density, porosity, opal-A content (from shipboard smear slide data) 
and bedding angle of samples from DSDP Leg 87 Hole 584 

• Core Section Interval Depth Bulk Density Grain Density Porosity Opal-A Bedding Angle 

(87-584·) (cm) (mbsf) (g/cc) (g/cc) (%) (%) (degrees) 

3 3 100-102 24.0 2 

4 1 39-41 29.8 6 
4 3 100-102 33.4 6 

• 4 5 77. 79 36.2 6 
5 1 66-68 39.5 6 

5 3 74. 76 42.6 8 

5 5 111-113 45.9 8 
6 95.97 49.2 8 
7 128-130 59.1 6 
8 43.45 67.8 6 

• 9 120-122 78.2 2 
10 1 79-81 87.3 2 

10 3 49-51 90.0 2 

' 11 88-90 96.9 1.350 2.430 75.5 41 5 

11 5 62-64 102.6 5 

12 1 40-42 105.9 5 

12 3 53.55 109. 0 5 

• 12 5 131-133 112.8 10 

13 1 69· 71 115.8 1 0 

13 3 12-14 118.2 1 0 

14 21-23 124 . 9 6 

15 1 122-124 135.5 3 

1 5 3 28-30 137.6 3 

16 116-118 145.2 3 

1 7 3 69-71 157.4 9 

• 21 3 129-131 196.8 4 

22 1 7.9 202.2 1.378 2.428 73.5 53 4 

22 3 125-127 206.4 53 5 

23 7.9 211.8 1.355 2.395 74.5 58 8 

23 5 6-8 217.8 1.347 2.400 75.2 58 8 

24 1 11·1 3 221.4 60 1 4 

24 5 0-2 227.3 1.398 2.457 72.6 60 8 • 26 1 107-110 241.4 1.355 2.421 75 .0 56 5 

26 5 98-100 247.3 1.433 2.441 69 .9 56 5 

27 1 136-138 251. 1 1.370 2 .401 73.5 47 5 

27 5 112-114 256.9 1.386 2.404 72.4 47 5 

28 1 105·107 260.4 1.458 2.486 69.1 41 5 

28 3 55-58 262.9 1.395 2 .414 72 .0 41 19 

29 5 7.9 274.9 11 

• 30 1 19-21 278.5 1.398 2.456 72 . 6 56 1 1 

30 3 18-20 281.5 1.354 2 .387 74.4 47 6 

32 1 90-92 298 .2 1.447 2 .483 69 .8 51 8 

34 5 25-27 322. 7 1.478 2 .431 66 .5 50 22 

35 3 57.59 329.6 1.516 2.483 65 .2 52 8 

36 53.55 336.1 1.478 2.451 67 . 0 37 2 

• 

• 
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• Table A.3 (continued) 

• Core Section Interval Depth Bulk Density Grain Density Porosity Opal-A Bedding Angle 

(87-584-) (cm) (mbsf) (glee) (glee) (%) (%) (degrees) 

36 5 20-22 341.8 1.505 2 .488 66 .0 40 12 

37 1 146-14g 346.6 1.5og 2 .483 65. 6 40 12 

37 5 53-55 351 .6 1.497 2 .497 66.8 40 7 

38 1 0-12 354.7 1.538 2 . 497 64 . 0 36 12 

40 81-83 374.5 1.494 2.473 66.4 35 12 

• 42 1 20-22 393.1 1.464 2 .494 68 . 9 28 21 

42 3 30-32 396.2 1.455 2 .454 68.7 28 21 

43 44-46 403 . 1 1.583 2 .560 62.6 25 13 

44 3 53-55 415 .8 15 

46 93-95 432.4 1.579 2 .616 64.1 46 25 

47 72-74 441. 7 1.539 2 .552 65 . 2 36 30 

50 45-4 7 470 .2 1 1 

• 52 31-33 489 .2 1 .449 2 . 436 68 . 7 46 45 

53 48-50 498 .9 36 

55 4 44-46 522 . 6 1.571 2 .556 63.3 28 33 

56 16-18 527 .3 36 

57 92-94 537 .5 1.532 2 .522 65 .2 23 42 

60 27-29 565 .4 1.863 2 .663 48.1 32 46 

62 28-30 584.4 1.639 2 .566 59 .2 47 30 

• . 64 104-106 604 .3 1.686 2 .575 56.4 19 50 

68 97-99 642 .8 1. 769 2.652 53 .4 1 7 54 

71 124-126 672 .2 42 

73 31-33 690 .5 1.835 2 .647 49.3 1 3 46 

74 105-107 700.9 1.770 2.616 52.3 1 0 60 

75 42-44 709 .8 1. 753 2 .605 53 . 0 1 5 67 

76 118-120 720 .3 1. 750 2.591 52 .9 4 48 

• 80 63 - 65 758 . 1 1.653 2 .517 56.9 21 62 

81 59-61 767 . 6 1.672 2 .545 56 .5 4 60 

85 26-28 806 . 1 1.597 2 .509 60 .4 1 6 52 

86 1 8-20 815 . 7 1.604 2 .466 58 .8 12 52 

87 118-120 826.4 1.623 2 .515 58.8 22 54 

88 126-128 836. 1 1.648 2 .459 55 .6 35 34 

89 85-87 845.3 1.626 2 . 471 57.4 20 51 

• 90 74-76 854.8 48 

91 60-62 864.3 1. 745 2.571 52.6 17 34 

95 124-12 903.8 1.673 2 .558 56 . 7 1 1 30 

96 76- 78 913 .0 1.680 2 .536 55.6 1 1 52 

• 

• 

• 
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• APPENDIX B 

PHYSICAL PROPERTIES OF DSDP LEG 93 HOLE 603 
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• Compressional velocity and anisotropy of samples from DSDP Leg 93 Hole 603 

Core Section Interval Depth Vph Vpv Vp-anisotropy 
(93-603-) (cm) (mbsf) (km/s) (km/s) (%) 

• 1 70- 72 0.7 1.53 
2 70- 72 9.7 1.55 
2 5 55-57 15.6 1 .58 1.58 0.00 
4 1 122-124 123.4 1.58 1.58 0.00 

4 4 76- 78 127.5 1.59 1.58 0.63 

8 75- 77 199.8 1 .62 1. 61 0.62 

• 9 67-69 209 .3 1 .63 1.60 1.86 
1 0 73- 75 218.9 1 .64 1.64 0.00 
1 0 6 62-64 226.3 1 .65 1 . 61 2.45 
1 2 1 60-62 266.8 1.62 1.59 1.87 

1 2 2 55-57 268 .3 1 .57 1 .59 -1 .27 
1 4 1 68- 70 314 . 9 1.59 1.60 -0.63 

• 1 4 4 63-65 319.4 1.60 1.65 -3 .08 

1 6 53-55 362 . 7 1.66 1.63 1.82 

1 6 4 63-65 367 .3 1.64 1.59 3.10 

1 8 63-65 410.8 1 .63 1.60 1.86 

20 63-65 449 .2 1.58 1 .59 -0.63 

21 54-56 458 .8 1.67 1.62 3.04 

• 21 3 73- 75 461 . 9 1. 70 1.64 3.59 

23 63-65 506 .8 1.62 1.60 1.24 

23 4 66-68 511.4 1 . 70 1.68 1.18 

25 108-110 545. 7 1.59 1 .60 -0 .63 

26 6 1 3-1 5 561.8 1.73 1.68 2.93 
29 71- 73 574 . 1 1. 61 1.59 1.25 

• 30 50-52 583 .5 1.64 1.64 0.00 
31 60-62 593 .2 1 .60 1 .58 1.26 

32 39-41 602 .6 1. 73 1 .66 4.13 

33 80-82 612.6 1 . 71 1 .66 2.97 

33 5 60-62 618.4 1. 73 1.67 3.53 

34 63 - 65 622 .0 1. 73 1.65 4.73 

• 35 63-65 631.6 1.69 1.67 1.19 

36 71- 73 641.3 1 .74 1 .66 4.71 

37 57-59 650 .8 1. 72 1. 61 6.61 

38 106-108 660 .9 1 .63 1.60 1.86 

39 48-50 669 .9 1.69 1.66 1.79 
40 112-114 680.1 1. 72 1 .66 3.55 

• 42 55-5 7 698.8 1. 79 1.66 7.54 

43 113-114 708 .9 1.85 1. 75 5.56 

44 7 4- 76 718 . 1 1.58 1 .58 0.00 

46 72- 74 737.3 1 .82 1. 70 6.82 

47 61-63 746 .8 1 .58 1.58 0.00 
48 20-22 756 .0 1 .88 

• 49 76- 78 766.2 1.85 1. 76 4.99 

54 1 4 7-49 823 .5 1. 71 

54 2 9-11 824.6 1.61 1. 61 0.00 

• 



• 
122 

• 

• 

• APPENDIX C 

PHYSICAL PROPERTIES OF DSDP LEG 93 HOLE 603B 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 
Core 

(93 -6038-) 

• 1 6 
17 
18 
22 
23 
30 
31 

• 34 
44 
45 
49 
51 
52 
53 

• 54 
56 
57 
58 
59 
60 
61 
62 • 63 
64 
65 
66 
67 
68 
69 

• 70 
71 
73 
74 
75 
76 
77 

• 78 
79 
80 
81 
82 
82 

• 

• 

Table C. I 

Compressional velocity, anisotropy, and shear velocity of samples from 
DSDP Leg 93 Hole 603B 

Section Interval Depth Vph Vpv Vp -anisotropy Vsh 
(cm) (mbsf) (km/s) (km/s) (%) (km/s) 

9-11 965.5 2 .488 1.280 
1 46-48 975.6 2 .356 1 . 122 
2 21-23 986.3 2 .226 1 .995 10.95 
3 9-11 1023. 7 1 .723 1 .819 -5.42 

34-36 1029 .9 1.704 1 .659 2.68 
46-49 1090 .9 1.652 1 .701 -2.92 
19-21 1100 .2 1.764 1.674 5.24 
36 -38 1127.9 2 . 176 2 .006 8.13 0.931 

127-129 1215 .7 1.820 1.722 5.53 
77-79 1224 .8 1.891 1 .907 -0.84 

2 85-87 1264 .8 1.800 1.725 4.26 

2 84-86 1284 .0 2 .651 2.238 16.90 1. 100 

74-76 1292 .0 2.255 2.047 9.67 1.000 

68-70 1301 . 5 2 .078 1.847 11 .77 
102-104 1311 . 7 1.824 1.721 5.81 0 .968 

1 48-50 1330 . 1 1.888 1 .737 8.33 

1 71 -73 1339 .9 2 . 127 1.915 10.49 

5 113-115 1355 .9 2 .826 2.534 10.90 1.318 

122-124 1359.6 4.352 4 .092 6.16 2.003 

66-68 1368 . 7 2 . 134 2.119 0.71 

74-76 1378 .3 4 .481 4.328 3.47 2.114 

46-48 1387 . 7 1 .992 1.843 7.77 

2 80-83 1398 .5 2 .214 1 .999 10.21 
2 84-86 1408.0 2 .832 2 .449 14.50 1.266 

1 116-118 1415. 9 3 .058 2 .528 18.98 1.346 

1 11 -1 3 1423.8 2 .012 2.005 0.35 

5 68-71 1439.4 2.173 1.963 10.15 

3 95-97 1445 . 7 2 . 151 1 .983 8.13 
68-70 1451.4 2.230 1.996 11.07 0 .936 
53-56 1460.3 2 .575 2 .297 11.41 1.200 

4 8-11 1473.3 2.380 2.102 12.41 1.105 

142-145 1484. 1 2.707 2.415 11.40 1 . 190 

85 - 88 1493 .2 2.751 2.327 16.70 1.186 

127- 130 1503 .2 2 . 174 1.948 10.97 

105-108 1512.6 2 .475 2 .124 15.26 1.180 

3 102-105 1525. 1 2.223 2 .006 10.26 
66 - 69 1531 .4 2 .253 1.893 17.37 

112-115 1541.3 2 . 512 2.193 13.56 
51-54 1549.7 3 .892 3 .721 4.49 1.905 

108-111 1559 .3 2 .764 2 .577 7.00 

4 7-50 1567 .7 3.202 2 .865 11 .11 1 .607 

4 50-53 1572 . 2 2 .633 2 .360 10.94 

123 

Vsv 
(km/s) 

1.050 
0 .962 

0.915 

1.277 
1.992 

2.144 

1.235 
1.343 

1.079 
0 .924 
1.149 
1.137 

1.830 

1.402 
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Table C.2 

• Q and electrical resistivity (at 100 Hz) of samples from DSDP Leg 93 Hole 603B 

• Core Section Interval Depth Opv Resistivity -h Resistivity-v 

(93 - 6038-) (cm) (mbsf) (ohm-m) (ohm-m) 

1 6 9 -11 965.5 10 .0 2.030 

1 7 46-48 975.6 12 .2 1.720 
1 8 2 21 -23 986.3 11.0 14 .3 1.570 3.680 • 22 3 9 -11 1023. 7 
23 34-36 1029.9 
30 46-49 1090.9 
31 1 9 -21 1100.2 
34 36-38 1127 .9 12 .3 15 .3 2.210 3 .170 
44 127-129 1215.7 17 . 9 23.0 1.300 2 .240 

• 45 77- 79 1224 .8 8.7 8.3 1.650 1.770 

49 2 85-87 1264.8 18 .9 1.050 2.280 

51 2 84-86 1284 .0 8.2 12.1 2.430 2 .340 

52 74- 76 1292 .0 12.5 12.1 1.520 1.940 

53 68- 70 1301 .5 1 0 .3 16.4 1.380 1.830 

54 102-104 1311.7 13 .6 18 .6 1.160 2.006 

• 56 48-50 1330. 1 10 .5 16.2 1.332 2.455 

57 1 71 -73 1339.9 6.7 10. 7 1.595 2.151 

58 5 113-115 1355 .9 9.4 9.2 2 .921 3.085 

59 122-124 1359. 6 11 .4 10 .0 14.094 16.394 

60 66-68 1368 . 7 4 .7 4.5 1.928 2 .204 

61 74- 76 1378.3 7.6 9.0 19.669 21.343 

• 62 1 46-48 1387.7 9.2 11. 9 1.732 2.866 

63 2 80-83 1398. 5 8.9 10.5 1.855 3 .163 

64 2 84-86 14 08. 0 8 .9 8.9 2.323 2.968 

65 116-118 1415. 9 9.1 9.2 3.090 4 .212 

66 1 1 -1 3 1423.8 7.0 7 .3 2.501 2 .427 

67 5 68- 71 1439.4 10 . 9 11. 8 1.556 2 .155 

• 68 3 95-97 1445. 7 9.6 10 .8 1.664 2.327 

69 68- 70 1451.4 8.7 9.8 1.720 2.462 

70 53 -56 1460.3 11.3 10.1 2 .168 2.543 

71 4 8-11 14 73 .3 10 . 7 11 . 2 1.836 2.290 

73 1 142-145 1484 . 1 11 . 6 9.3 2 .291 3 .045 

74 85 -88 1493 .2 8.6 1 1 . 1 2.191 2 .699 

• 75 1 127 - 130 1503.2 10.8 13.4 1.851 3.455 

76 1 105-108 1512.6 7.9 1 0 .8 2.591 3.328 

77 3 102-105 1525.1 9.3 13 . 7 1.909 3.430 

78 66-69 1531 .4 8.4 12.8 2.028 3.294 

79 112-115 1541.3 6.3 8 .9 2 .060 3.052 

80 51 -54 1549. 7 9.1 9.2 6.432 7.638 

• 81 108-111 1559.3 8 .0 8 .1 3.157 4.508 

82 4 7-50 1567.7 7.8 8 .8 3.664 5.293 
82 4 50-53 1572 .2 8.4 9.0 2.657 4 .185 

• 
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• Table C.3 

Bulk density, grain density, porosity, and bedding angles of samples from 
DSDP Leg 93 Hole 603B 

• Core Section Interval Depth Bulk Density Grain Density Porosity Bedding Angle 

(g3-603B-) (cm) (mbsf) (glee) (glee) (%) (degrees) 

1 6 9-11 965.5 1.878 2.434 39 . 1 8.5 

1 7 46-48 975.6 1.879 2.451 39 .7 
1 8 2 21 -23 986.3 1. 918 2 .517 39.7 9.0 • 22 3 9-1 1 1023.7 1.983 2 . 712 42.8 
23 34-36 1029 .9 1.866 2 .678 48.6 

30 46-49 1090.9 1.934 2 . 761 4 7. 1 

31 1 9-21 1100 .2 1.983 2 . 712 42 .8 
34 36-38 1127. 9 1.699 2 .153 39 .8 17.5 

44 127-129 1215.7 1.916 2.675 45 .5 16.2 

• 45 1 77-79 1224 .8 2.085 2 . 705 36 .6 
49 2 85-87 1264.8 1.946 2 . 611 43 .2 13.0 

51 2 84-86 1284 .0 2.116 2 .700 34.5 9.5 

52 74- 76 1292.0 2.060 2.703 38 .0 21.0 

53 68- 70 1301 .5 2 .001 2.643 39.3 10.0 

54 102-104 1311.7 1. 918 2. 718 46 .8 18.0 

• 56 48-50 1330. 1 1.970 2..767 45 .3 14.0 

57 71 - 73 1339 .9 2 .027 2 . 738 41. 1 10.0 

58 5 113-115 1355.9 2 .189 2. 737 31 . 7 15. 5 

59 122-124 1359 .6 2.573 2 .698 7.4 

60 66-68 1368. 7 2 .123 2 .659 32 .5 

61 74- 76 1378 .3 2 .609 2 . 707 5.7 10.0 

62 1 46-48 1387.7 2 .061 2. 745 39.3 9.5 

• 63 2 80-83 1398 .5 2.155 2.739 33 . 7 10.5 

64 2 84-86 1408.0 2 . 161 2. 737 33.3 14.0 

65 1 116-118 1415.9 2 .205 2.718 30 .0 15.0 

66 1 1 -1 3 1423.8 2.100 2. 718 36.2 

67 5 68- 71 1439 .4 2 .041 2 . 715 39.5 17.0 

68 3 95-97 1445. 7 2.085 2 .731 37 .5 15.0 

• 69 68- 70 1451.4 2.074 2 . 707 37.3 1 6.0 

70 1 53-56 1460.3 2 . 132 2. 734 34.9 17.5 

71 4 8-1 1 1473 .3 2 .071 2 . 727 38.2 22.0 

73 1 142-145 1484.1 2 . 173 2 . 747 33 .0 14.0 

74 85-88 1493 .2 2.148 2 . 728 33.7 14 .2 

75 127-130 1503.2 2 . 125 2 . 708 34 .3 14.2 

76 1 105-108 1512 .6 2 . 138 2 .684 32 .6 1 6.0 

• 77 3 102-105 1525.1 2.104 2 .688 34 .8 16.0 

78 1 66 - 69 1 531 .4 2 . 116 2.693 34.2 16.0 

79 1 112-115 1541 .3 2 . 179 2. 713 31.4 14.0 

80 51 -54 1549 .7 2.410 2 .724 18.3 13 .0 

81 108-111 1559 .3 2 .295 2. 725 25.0 13.0 
82 1 4 7-50 1567.7 2.318 2 . 731 24 .0 13.2 

• 82 4 50-53 1572.2 2.271 2 . 726 26 .5 15.0 

• 
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Table C.4 

• Mineralogy of DSDP Leg 93 Hole 603B 

• Core Section Interval Depth Calcite Quartz Plagioclase Clay 
(93-6038 - ) (cm) (mbsf) (%) (%) (%) (%) 

1 6 9-11 965.5 
1 7 1 46-48 975.6 
1 8 2 21 -23 986.3 • 22 3 9 -1 1 1023.7 
23 34-36 1029.9 
30 46-49 1090.9 
31 1 9-21 1100.2 
34 36 - 38 1127.9 
44 127-129 1215.7 73.3 5.8 1.3 19 .5 

• 45 77 - 79 1224.8 
49 2 85-87 1264.8 38.9 18 .9 11 . 6 30.5 
51 2 84-86 1284.0 100.0 0.0 0.0 0.0 

52 74-76 1292.0 93.0 1 .1 0.0 5.9 

53 68-70 1301.5 84.8 2.4 0.0 12.8 
54 102-104 1311 .7 71.3 1.7 0.0 27.0 

• 56 48-50 1330.1 59.9 5.3 1.3 33 .5 
57 71 - 73 1·339 .9 89.5 1.5 0.0 9.0 
58 5 113-115 1355.9 98.8 1.2 0.0 0.0 
59 122-124 1359.6 
60 66 - 68 1368.7 
61 74-76 1378.3 

• 62 46-48 1387. 7 74.5 5.6 2.5 17 .4 
63 2 80-83 1398.5 93.5 1.2 1.0 4.3 
64 2 84-86 1408.0 
65 1 116-118 1415.9 100.0 0.0 0.0 0.0 
66 11 -1 3 1423.8 
67 5 68-71 1439.4 92.3 0.8 0.0 6.9 

• 68 3 95-97 1445. 7 85.3 2.5 0.0 12 .2 

69 68- 70 1451 .4 90.9 1.6 0.0 7.5 

70 53-56 1460.3 91.1 1. 7 0.6 6.6 

71 4 8 - 1 1 1473.3 98.4 1.6 0.0 0.0 
73 142 - 145 1484.1 91 .2 1 .1 0.6 7.2 
74 85-88 1493.2 98.7 1.3 0.0 0.0 

• 75 127-130 1503.2 82.4 2.7 0.0 15.0 

76 105-108 1512.6 89.4 2.4 0.0 8.2 

77 3 102- 105 1525. 1 85.9 2.9 0.0 11 . 2 

78 66 - 69 1531.4 84.1 2.2 0.0 13.8 
79 112- 115 1541.3 90.7 2.7 0.0 6.5 
80 51-54 1549. 7 97.1 2.9 0.0 0.0 

• 81 108-111 1559.3 79.8 6.8 0.0 13.4 

82 4 7-50 1567.7 76.9 9.5 0.0 13 . 6 
82 4 50-53 1572.2 86.7 3.5 0.0 9.8 

• 



• 
127 

• 

• 

• APPENDIX D 

PHYSICAL PROPERTIES OF ODP LEG 122 HOLE 762C 

• 

• 

• 

• 

• 

• 

• 



• 
Table D.I 128 

• Compressional velocity, anisotropy, and shear velocity of samples from 
ODP Leg 122 Hole 762C 

Core Section Interval Depth Vph Vpv Vp-anisotropy Vsh Vsv 

(122-762C-) (cm) (mbsf) (km/s) (km/s) (%) (km/s) (km/s) 

• 23X 2 68-70 371.69 1.832 1. 791 2 .26 
2SX 3 6-8 391 .S6 1.81 S 1.797 1.00 

26X 28-30 398.29 2.023 2 .008 0.74 
27X 3 SS-60 406 .09 1.968 1. 891 3 .99 
30X a:; 23-2S 436 .44 2.012 1. 980 1.60 
31X 2 8 9-91 442.90 2.222 2.175 2.14 

• 32X 2 66-69 4S2 . 18 2.079 2.060 0.92 
33X 1 94-96 460.4S 2 .232 2.1 SS 2.13 

34X 2 108-110 471 .S9 2.0SS 2 .010 2 .21 
3SX 111-113 479.62 2.001 1. 948 2.68 

37X 3 101-104 S01.S2 1 .913 1. 871 2.22 

42X 1 116-118 S46.17 2.749 2 .SS7 7.24 1.1 S9 1. 1 SS 

• 44X 3 31-33 S67.32 2.17S 2.124 2.37 

4SX 1 0- 11 S73.60 2.269 2.164 4 .SO 

46X 38-40 S83.39 2.333 2.232 4 .42 

47X 2 77-79 S94.78 2 .243 2.168 3 .40 

48X 43-4S 602 .44 2 .310 2.194 5 . 15 
49X 106-109 612 .57 2.433 2 .322 4.67 

SOX 4 89-91 626 .39 2 .266 2.164 4 .61 

• S1X 4 139-141 636.39 2.233 2 . 1 S9 3.37 

S2X 4 81-83 64S.31 2.247 2 . 143 4.74 

S2X 6 1 -3 647 .S2 2.2SO 2.1 S3 4.41 

S3X 2 27-29 6S1.27 2 .23S 2.227 0.36 

S4X 4 43-4S 663.93 2.0SS 2.001 2 . 66 

SSX 2 63-6S 670.64 2.141 2.0S7 4.00 

S6X 3 81-83 681.82 2 .269 2.160 4.92 

• S7X 2 S7-S9 689.SS 2.123 2.061 2.96 

sax 3 101-103 701.02 2.0S9 2.039 0 . 98 

59X 2 41-43 708.41 2 .104 2 . 100 0.19 

60X 22-24 716.23 2.001 1.916 4.34 

61X 1 31-33 72S.82 2.1 61 2.069 4.3S 

62X 2 123-126 737.74 2 .328 2.239 3.90 

• 64X 24-26 7S4.2S 2.S9S 2 .S17 3.0S 

68X 143-14S 776.44 2.SS2 2.S89 -1. 44 

69X 46-48 780.47 2 .S60 2.S29 1.22 

71X S2-S4 790 .S3 2.94S 2.791 S.37 

72X 1 43-45 795 .44 2.81 S 2 .799 O. S7 1.313 1 .263 

73X 2 86-88 801 .87 2.942 2 . 867 2.58 1 .321 1.286 

74X 2 43-4S 806.44 3.064 2 . 923 4. 71 1.292 1 .31 6 

• 76X 1 S4-S6 81S.05 2.769 2 .576 7.22 1.243 1.209 

77X 3 12S-127 823. 76 2.716 2 .576 5.29 

78X 91 -93 829.92 2.S82 2.448 S.33 1.070 0 .992 

79X 1 64-66 839. 1 S 1 .877 1.802 4 .08 
81X 3 109-111 8S2.60 1.962 1. 901 3. 16 

86X 2 119-121 88S .20 1 .803 1. 767 2 .02 

sax 6 100-102 910.01 1.945 1.860 4.47 • 89X 4 28-29 915 .78 1.942 1.858 4.42 

90X 4 88-89 925.88 1.957 1 .850 5.62 

91X 2 1 0-12 931.61 1 .884 

• 
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Table D.2 129 

Q, bulk density, grain density, and porosity of samples from ODP Leg 122 Hole 762C 

Core Section 
(122-762C-) 

23X 
25X 
26X 
27X 
30X 
31X 
32X 
33X 
34X 
3SX 
37X 
42X 
44X 
4SX 
46X 
47X 
48X 
49X 
SOX 
S1X 
S2X 
S2X 
S3X 
S4X 
S5X 
56X 
S7X 
sex 
S9X 
60X 
61X 
62X 
64X 
68X 
69X 
71X 
72X 
73X 
74X 
76X 
77X 
78X 
79X 
81X 
86X 
88X 
89X 
90X 
91X 

2 
3 
1 
3 
a; 
2 
2 

2 
1 
3 

3 

1 
2 

1 
4 
4 
4 
6 
2 
4 
2 
3 
2 
3 
2 
1 
1 
2 

1 
2 
2 
1 
3 
1 

3 
2 
6 
4 
4 
2 

Interval 
(cm) 

68-70 
6-8 

28-30 
S8-60 
23-2S 
89-91 
66-69 
94-96 

Depth 
(mbs f) 

371 .69 
391 . 56 
398.29 
406.09 
436.44 
442.90 
4S2.18 
460 .4S 

108-110 471 .S9 
111-113 479.62 
101- 1 04 S01.S2 
116-118 S46.17 

31-33 
1 0-11 
38-40 
77 - 79 
43-4S 

106-109 
8 9-91 

139-141 
81 - 83 

1 - 3 
27-29 
43-4S 
63-6S 
81-83 
57-S9 

101-103 
41-43 
22-24 
31 - 33 

123-126 
24-26 

143-14S 
46-48 
S2-54 
43 - 45 
86-88 
43-4S 
S4-S6 

12S-127 
91-93 
64-66 

109-111 
119-121 
100-102 

28-29 
88-89 
1 0-12 

567 .32 
S73 .60 
S83 .39 
S94 .78 
602 .44 
612 . S7 
626 .39 
636 .39 
645 .31 
647.S2 
6S1.27 
663.93 
670.64 
681 .82 
689.58 
701.02 
708.41 
716 .23 
725 .82 
737 .74 
754 .2S 
776 . 44 
780 .47 
790.S3 
79S.44 
801.87 
806 .44 
815 . 0S 
823 .76 
829 .92 
839 . 1 S 
852 .60 
88S.20 
910.01 
91S.78 
92S.88 
931 . 61 

12.9 
12.8 

9.2 
10.3 
14 . 0 

9.9 
10.5 

9.8 
1 o.s 
11. 1 

8.7 
11 . 1 

9.1 
12.9 

8.6 
8.2 
8.6 

10 .3 
8.4 
9.0 
9.6 
8.9 
9.2 

10.7 
9.0 
9.6 

10. 7 
11 .0 
11 .3 

7 .9 
7 .7 

7 .3 
6.7 
6.5 
9.2 
6.7 
8.7 
9.3 
6.8 
7.9 

13 . 7 

16.0 
11. 9 
10.9 
10.3 

Qpv 

12 . 9 
13.8 

9.7 
13 .2 
13 .8 
10 .2 
10.6 

9.4 
11.0 
14.8 

9.3 
9.2 
8.8 
9 .7 
9.2 
8.7 
8.9 
9.2 
9 .0 
8.9 
9.3 
8.8 

10. 6 
10.1 

9.0 
9.4 
9.4 

11 . 6 
11. 6 

7.8 
7.1 

6.4 
6.4 
6.6 
7 .2 
7 .3 
6.1 
8.2 
7.7 
8 .S 

14.2 

18.8 
14 .S 
12. 1 
13.6 

Bulk Density Grain Density 
(g/cc) (glee) 

1.917 
1.953 
2 .0S3 
1 .980 
2.080 
2 .099 
2 .0S7 
2 .07S 
2 .094 
2.066 

2.092 
2.144 
2.037 
2.001 
2 .096 
2.069 
2. 101 
2 .060 
2 . 123 
2.098 
2.074 
2 .074 
2 .081 
1 .982 
2.086 
2 .047 
1 .999 
2 .008 
1 . 951 
2 .054 
2.06S 
2.149 
2.213 
2.221 
2 .32S 
2 . 189 
2.217 
2.2S7 
2 . 194 
2 .264 
2 .227 
1.647 
2 .059 
2 .043 
2 . 147 
2.144 
2 . 132 
2. 101 

2 .690 
2.720 
2 .700 
2.687 
2.707 
2.70S 
2 .706 
2 .709 
2 .700 
2 .696 

2.S27 
2.693 
2 .704 
2.713 
2 .696 
2 .703 
2 .703 
2 .720 
2 .716 
2.719 
2.70S 
2. 721 
2 .720 
2.718 
2 . 711 
2.704 
2.721 
2.722 
2.726 
2.723 
2.721 
2.706 
2 .721 
2.723 
2.720 
2.721 
2. 714 
2 .719 
2 .705 
2 .70S 
2 .700 
2.396 
2.678 
2 .694 
2.756 
2.748 
2 .702 
2 .66S 

Porosity 
(%) 

45 .8 
44.7 
38.2 
42.1 
36.9 
35 . 6 
38 . 2 
37.2 
35.8 
37 .3 

28.6 
32.5 
39.3 
41 .7 
35.S 
37.4 
3S.S 
38. 5 
34.7 
36.2 
37.1 
37.7 
37 .3 
43.0 
36 . 6 
38.7 
42 . 1 
41.6 
45.1 
39.0 
38 .3 
32 .8 
29.6 
29 . 2 
23.0 
3 1. 0 
28.1 
27 . 0 
30 . 1 
2S.9 
27.9 
S3.9 
37 . 0 
38.5 
34.8 
34.7 
33.6 
34.0 
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(122 -762C·) 

• 23X 
25X 
26X 
27X 
30X 
31X 
32X 
33X • 34X 
35X 
42X 
44X 
45X 
46X 
47X 

• SOX 
51X 
52X 
53X 
54X 
49X 
52X 
55X 

• 56X 
57X 
59X 
sax 
60X 
61X 
62X 
68X • 69X 
71X 
72X 
73X 
74X 
76X 
77X 

• 78X 
79X 
86X 
88X 
89X 
90X 

• 

• 

Table D.3 

Electrical resistivity at frequencies of 0.1, 1.0, and IO Hz of samples from 
ODP Leg 122 Hole 762C 

Section Interval Depth 100 Hz 100 Hz 1000 Hz 1000 Hz 10000 Hz 
(cm) (mbsf) Horizontal Vertical Horizontal Vertical Horizontal 

2 68 -70 37 1.69 0 .8264 1.0879 0 .7947 1 .0569 0.8051 
3 6-8 391.56 0.8625 1 .3096 0 .8331 1.2880 0 .8465 
1 28-30 398.29 1 .1303 1 .4296 1.1005 1 .3922 1.1217 
3 58-60 406.09 1. 0622 1 .5333 1.0327 1 .5200 1 .0509 

cc 23 -25 436.44 1 .1072 1 .5106 1 .0801 1.4861 1.1029 

2 89-91 442 .90 1. 1 036 1 .2885 1.0779 1 .2603 1.0980 

2 66-69 452 . 18 0 .9529 1. 1501 0 .9277 1 .1229 0.9445 

1 94-96 460 .45 1.1017 1 .2623 1 .0727 1 .2285 1.0886 

2 108 -110 471.59 1 . 1158 1 .3956 1 .0918 1 .3508 1.1144 

111-113 479.62 1.0612 1 .5891 1.0336 1.5479 1 .0466 

116-118 546 .17 3 .1392 4 .3690 3.0648 4.2597 3 .2350 

3 31-33 567 .32 2 .2134 2 .9361 2 . 1187 2.8298 2 .2093 

10-11 573.60 1 .9725 2.4617 1 .8385 2 .2599 1 .8998 

1 38-40 583.39 1 .7298 1 .7184 1 .6296 1.6402 1.6805 

2 77-79 594 .78 2.5872 2 .9058 2 .4379 2 . 7880 2 .4875 

4 89-91 626.93 1 .9320 2 .2220 1 .8.718 2 . 1503 1 .9858 

4 139-141 636.39 2.3461 2.8835 2 .2431 2.7778 2 .3613 

4 81-83 645 .31 2.1354 2 .6570 2 .0537 2.5551 2.1666 

2 27-29 651.27 2 .0309 2 .3790 1 .9406 2 .3164 2 .0439 

4 43 -45 663.93 1.9015 2 .3121 1 .8159 2 .2195 1 .9069 

1 106-109 612 .57 2 .6744 3.0929 2 .5176 2 .8810 2.5672 

6 1 -3 647 .52 2 .5077 2 .5325 2 .3076 2.4400 2 .3277 

2 63 -65 670 .64 1 .5695 2 .0066 1.4871 1 .8591 1 .5498 

3 81-83 681.82 2 .2195 2.3438 2 .0839 2 .2176 2.1354 

2 57-59 689.58 2.4000 2 . 7383 2.1358 2 .4420 2 . 1327 

2 41-43 708 .41 1 .5120 1 .6018 1.4312 1.5221 1.5097 

3 101-103 701.02 1.3366 1.4871 1 .3075 1.4190 1.3909 

1 22-24 716.23 1.2729 1 .3021 1 . 1809 1.2231 1.2348 

1 31-33 725 .82 1.4515 1 .5737 1 .3855 1.4792 1 .4611 

2 123-126 737 .74 1 .7434 1.9540 1.6618 1.8430 1.7469 

143 - 145 776.44 2.5489 2 .5865 2.4 728 2 .5361 2 .6096 

46-48 780.47 2 .8597 2 .8534 2. 7105 2 . 7543 2 .8081 

52-54 790 .53 3 .5056 3.9986 3.4259 3.9078 3 .6000 

43-45 795.44 2 .3907 2.6415 2 .3050 2.5365 2.4213 

2 86-88 801 .87 3.1931 2.8995 3 .0217 2 .8230 3 . 1227 

2 43-45 806.44 3.2855 3.4501 3 . 1248 3 .3302 3 .2481 

54 -56 815 .05 2.4693 2 .9420 2 .3892 2 .8753 2.5165 

3 125-127 823.76 2 .7159 3 .4421 2.6457 3 .3674 2.7951 

1 91-93 829.92 2 .6493 3 . 1352 2.5295 3 .0021 2.6415 

1 64-66 839.15 1 .4104 1 .3529 1 .2476 1.2572 1.2193 

2 119-121 885 .20 1 .8653 2.4035 1 .6648 2 .2864 1 .6750 

6 100-102 910 .01 1 .9136 2 .9566 1 .7692 2 . 7912 1 . 7856 

4 28-29 915.78 1.8283 2.9944 1 . 7059 2 .8158 1.7420 
4 88 -89 925 .88 1 .9863 2 .8520 1 .8443 2 . 7568 1 .8916 

130 

10000 Hz 
Vertical 

1 .0768 
1.3193 
1.4127 
1 .5628 
1.5175 
1.2876 
1 . 1387 
1 .2444 
1.3634 
1.5651 
4.4753 
2 .9499 
2.2890 
1 .7085 
2 .8929 
2 .2784 
2 .9279 
2 .6939 
2 .4569 
2.3335 
2 .9495 
2 .5515 
1 .8781 
2 .3045 
2 .4286 
1.6116 
1.4998 
1 .2784 
1 .5541 
1.9285 
2 .6876 
2 .8836 
4.1219 
2 .6483 
2 .9690 
3.4 799 
3 .0473 
3 .5678 
3 . 1378 
1 .2949 
2 .3578 
2 .8657 
2 .8557 
2 .8934 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Core 

Table D.4 

Electrical resistivity at frequencies of 100, 1000, and 10000 Hz of samples from 
ODP Leg 122 Hole 762C 
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Section Interval Depth 0.1 Hz 0.1 Hz 1.0 Hz 1.0 Hz 10 Hz 10 Hz 

( 1 22-762C-) (cm) (mbsl) Horizontal Vertical Horizontal Vertical Horizontal Vertical 

23X 2 68-70 371.69 1.0414 1.2924 0 .8968 1.1546 0.8755 1.1343 

25X 3 6-8 391.56 1.0473 1.4262 0 .9359 1.3781 0.9126 1.3535 

26X 1 28-30 398.29 1 .2711 1.5663 1 .2072 1.5134 1.1798 1.4853 

27X 3 58-60 406 .09 1.2053 1.6214 1.1368 1.5944 1.1120 1.5689 
30X cc 23-25 436.44 1 .2651 1.6396 1.1826 1.5832 1.1565 1.5561 
31X 2 89-91 442.90 1.2221 1.4088 1.1828 1.3701 1. 1543 1.3420 
32X 2 66-69 452 . 18 1 .0886 1.2726 1.0265 1.2302 1.0018 1.2012 

33X 1 94-96 460.45 1.2376 1.4053 1. 1934 1 .3529 1.1584 1 .3194 

34X 2 108-110 471.59 1.2143 1.4929 1.1872 1.4785 1. 1620 1.4484 

35X 1 111 -113 479 .62 1.2210 1.7347 1. 1490 1. 7013 1. 1163 1 .6588 

42X 116-118 546 . 17 3 .5568 4.8255 3.4961 4 .7332 3 .3363 4 .5767 

44X 3 31-33 567.32 2 .6265 3 .3980 2.5912 3.3477 2.4130 3.1522 

45X 10-11 573.60 2.4657 2.9602 2.3624 2 .8801 2 . 1651 2 .6732 

46X 1 38-40 583 .39 2 .2671 2 .2000 2 .1281 2.1307 1.9075 1 .8998 

47X 2 77-79 594 .78 3 . 1338 3.4419 3 .0133 3.3719 2.7850 3 . 1028 

50X 4 89 -91 626.93 2 . 1224 2 .5031 2 .0499 2.3717 2 .0171 2.3272 

51X 4 139-141 636 .39 2 .6238 3.1204 2.5275 3.0906 2.4770 3 .0326 

52X 4 81-83 645.31 2.3993 2.9910 2 .3188 2.8794 2.2688 2.8145 

53X 2 27 - 29 651.27 2.2597 2.6424 2 .2527 2.6022 2.1856 2.5241 

54X 4 43 -45 663 .93 2.2605 2.5843 2 .2057 2 .6257 2.0843 2.5017 

49X 106-109 612 .57 . 3.2043 3 .7017 3.1207 3.5736 2 .8803 3 .2989 

52X 6 1 - 3 647.52 3 .0292 3 .0895 2.9664 3.0073 2 .6962 2 .7218 

55X 2 63 -65 670 .64 2.1278 2.5464 2 .0460 2.4777 1.7480 2.1895 

56X 3 81-83 681.82 2 .8213 2 .9034 2 .6877 2.8222 2.3955 2.5228 

57X 2 57-59 689 .58 2.9817 3.3688 2 .8860 3.2507 2 .6010 2 .9556 

59X 2 41-43 708.41 1.8088 1.9755 1.8248 1.9288 1 .6997 1.7955 

58X 3 101-103 701.02 1.5461 1.6722 1.4310 1.6217 1 .3973 1.5859 

60X 22-24 716.23 1.4827 1 .5152 1.4200 1.4564 1.3838 1.4127 

61X 31-33 725.82 1.6489 1.6888 1 .6257 1.7363 1.5756 1 .7063 

62X 2 123-126 737.74 1.9349 2 . 1930 1.8782 2.1549 1.8609 2 . 1130 

68X 1 143-145 776.44 2.7553 2.8065 2 .7284 2.7604 2 .6864 2 .7092 

69X 46-48 780.4 7 3 . 1087 3 .0694 3.0954 3 . 1509 3.0122 3.0295 

71X 1 52-54 790.53 3 .5997 4.3680 3.7769 4 . 2866 3 .6733 4 . 1737 

72X 1 43 -45 795.44 2.6372 2.9233 2.6965 2 .9265 2 .5610 2.8041 

73X 2 86 -88 801.87 3.4086 3 . 1537 3 .5672 3.1809 3 .3954 3.0460 

74X 2 43-45 806.44 3 .6221 3.7034 3.6701 3.7261 3.4737 3 .6015 

76X 54 -56 815.05 2 .6897 3 .2146 2 .6316 3 . 1108 2.6027 3 .0693 

77X 3 125-127 823 .76 2 .9319 3 .7158 2.8 724 3 .6726 2 .8438 3.6028 

?BX 1 91-93 829.92 2 .8795 3.4218 2.9023 3.4196 2 .8245 3.3254 

79X 1 64-66 839.15 1.7932 1.6463 1.7448 1.5969 1.6223 1.5059 

86X 2 119-121 885.20 2 . 1873 2 .7393 2 . 1767 2.6979 2 .0619 2 .5890 

88X 6 100-102 910.01 2.2079 3.3169 2 .2123 3.2671 2 .0839 3 . 1309 

89X 4 28-29 915.78 2 . 1643 3.3649 2.1556 3 .3498 2.0066 3 .1863 

90X 4 88-89 925 .88 2.2730 3 .3227 2 .2485 3 . 1788 2.1479 3.0208 
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