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23. PHYSICAL PROPERTY RELATIONSHIPS FROM SITES 765 AND 766

N. R. Brereton®

ABSTRACT

During Ocean Drilling Program Leg 123, two sites were drilled in the deep Indian Ocean. Physical properties were measured in
soft Quaternary and Lower Cretaceous sediments to relatively fresh, glass-bearing pillow lavas and massive basalts, Porosities ranged
from 89% near the seafloor to 1.6% for the dense basalts. This self-consistent set of measurements permitted some descriptive models
of physical properties to be more rigorously tested than before.

Predictive relationships between porosity and compressional-wave velocity have generally been based upon the Wyllie time
average equation. However, this equation does not adequately describe the actual relationship between these two parameters, and
many have attempted to improve it. In most cases, models were derived by testing them against a set of data representing a relatively
narrow range of porosity values. Similarly, the use of the Wyllie equation has often been justified by a pseudolinear fit to the data
over a narrow range of porosity values.

The limitations of the Wyllie relationship have been re-emphasized here. A semi-empirical acoustic impedance equation is
developed that provides a more accurate porosity-velocity transform, using realistic material parameters, than has hitherto been
possible. A closer correlation can be achieved with this semi-empirical relationship than with more theoretically based equations.
In addition, a satisfactory empirical equation can be used to describe the relationship between thermal conductivity and porosity.

If enough is known about core sample lithologies to provide estimates of the matrix and pore water parameters, then these
predictive equations enable one to describe completely the behavior of a saturated rock core in terms of compressional-wave velocity,

thermal conductivity, porosity, and bulk density.

INTRODUCTION

Continuous coring at Site 765 recovered a more than 930-m
succession of soft Quaternary through Lower Cretaceous sedi-
ments and a further 271 m of oceanic basement with relatively
fresh, glass-bearing pillow lava and massive basalt. Similar suc-
cessions also were recovered from Site 766. Soon after core
recovery, saturated bulk densities, grain densities, water content,
porosities, compressional-wave velocities, and thermal conduc-
tivities were measured.

Preliminary results from the wide-ranging scientific investiga-
tions conducted during the Leg 123 cruise have been briefly
reported (ODP Leg 123 Shipboard Scientific Party, 1989a,
1989b), and in the Leg 123 Initial Reports volume. More detailed
findings are published here. Therefore, details of the procedures
used for property measurement as well as geological descriptions
of the samples will not be repeated.

PHYSICAL-PROPERTY MEASUREMENTS

Physical properties determined on board the JOIDES Resolu-
tion were porosity, bulk density, grain density, and water content
(collectively referred to as index properties); compressional-wave
velocity; and thermal conductivity. In addition, the gamma-ray
attenuation porosity evaluator (GRAPE) was used to measure
continuously the wet-bulk density in cores taken with the hydrau-
lic piston corer, These, together with measurements of the
undrained shear strength and other properties, will not be dis-
cussed further, but have been described in the Initial Reports
volume for Leg 123.

Soon after core recovery, samples for determining index prop-
erties and compressional-wave velocities were taken either by
cutting parallel-sided pieces with a knife in the softer sediments
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or by using a double-bladed diamond saw for the more brittle or
lithified sediments. Basement rock samples were obtained using
a 2.5-cm rock corer. In almost all cases, these two sets of meas-
urements were performed using the same samples. It was not
practical, however, to also measure thermal conductivities for
these same samples. At no time were these cores allowed to dry
out prior to performing the measurement.

Index property, compressional-wave velocity, and thermal
conductivity data were entered into the shipboard system, which
computes the depth below seafloor (mbsf) and pertinent physical
properties for each sample. A correction factor of 1.035 was
necessary to bring the measured values of compressional-wave
velocities into agreement with standard calibration values. Sea-
waler velocity determined on this basis was about 1560 m/s at
ambient laboratory temperature (about 25°C).

INDEX PROPERTIES
General Relationships

Index properties were determined from four measurements
(wet volume, dry volume, wet mass, and dry mass), according to
the following definitions:

1. Porosity (¢) = volume of water/volume of wet core;

2. Bulk density (ps) = mass of wet core/volume of wet core;
3. Grain density (pg) = mass of dry core/volume of dry core;
4. Water content (W ) = mass of water/dry mass of core.

The algorithms used in the shipboard physical properties data
collection system to calculate index properties were corrected for
salt content by assuming a pore-water salinity of 36.3 ppt and a
pore water density (pz) of 1.0245 g/cm?.

From these definitions, the following relationships can be
derived:

Ps=@@p—Pe) + Pg: (1)
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Data Discrepancies

A preliminary qualitative assessment of the index properties
was discussed in the Initial Reports volume for Leg 123, where
an indication of the general stratigraphical zoning was described.
All index properties determined during the cruise were tabulated.

However, while analyzing the data, it became clear that incon-
sistencies existed. When reducing the index properties data for
the basalts and basement rocks, shipboard scientists found that in
a significant number of instances, dry volume exceeded wet
volume. Because this results in a grain density less than bulk
density, clearly, this cannot be so. During the Leg 123 cruise,
discrepancies among the wet and dry volumes were attributed to
the very low porosities of the basalts, resulting in a difference less
than the accuracy of the measurement. Therefore, when calculat-
ing index properties, the wet (or total) volume was determined
using sample dimensions averaged with a set of calipers. This
volume, along with wet and dry mass, was used to calculate index
properties for the basalts and basement rocks. These results are
the ones that are presented in the Leg 123 Initial Reports volume.

Equation 1 is a linear relationship that for a plot of ps vs. ¢
should yield an intercept of pg and a slope of (pp — pg). Such a
plot for all the sediment data from Sites 765 and 766 gives an
intercept (i.e., grain density) of 2.899 g/cm? and a derived value
for density of pore-fluid of 1.176 g/cm3. However, the average
value of the measured grain density is 2.677 g/cm?, which is close
to the expected value; all the index properties have been deter-
mined on the basis of an assumed value of pore-fluid density of
1.0245 g/em?. Thus, a discrepancy exists in the use of Equation |
with these data.

Similarly, from Equation 3 a plot of ps vs. (W + 1 )/W should
yield a value for the slope similar to a pore-fluid density of about
1.0245 g/cm3. The plot gives 1.0244 +0.0001 g/cm?, which is
what one would expect. In addition, Equation 3 allows expected
values of p; to be calculated from the tabulated values of W, ¢,
and a pore-fluid density of 1.0245 g/cm3. That is, Equation 3
indicates that the relationships among ps, ¢, W, and pp are correct.

The difference in the application of Equations 1 and 3 is that
Equation 1 involves the use of the tabulated values of p; whereas
Equation 3 does not. Values of pg back-calculated from Equations
1, 2, or 4 significantly differ from the tabulated values of pg in a
manner that seemed to indicate that an error is associated with
back-calculated values of pg, which is proportional to the porosity
of the sample.

Relating these observations back to the measured parameters,
there seemed to be no obvious discrepancies in water content
values, which have been derived entirely from mass determina-
tions. Again, no problem seems to exist with the tabulated or
measured values of grain density, which have been derived from
the mass determinations and from the dry volume; however,all the
back-calculated values of grain density involve porosity or bulk
density values, which have been derived from mass determina-
tions, pore-fluid density (assumed to be 1.0245 g/cm?), and wet
volume. I thus concluded that the measured values of wet volume,
as determined by the Quantachrome helium penta-pycnometer,
were in error and consequently that the tabulated values of poros-
ity and bulk density presented in the Leg 123 [nitial Reports
volume also are in error. These errors were not revealed during
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periodic checks of the accuracy of the pycnometer because cali-
bration standards used were dry, not wet. ODP staff at Texas
A&M University subsequently confirmed that a “problem” ex-
isted with the pycnometer and that this had been known for some
time prior to Leg 123.

Corrections of the Data

One can rearrange the equations used for determining porosity
and bulk density so that they do not use the measured values of
wet volume, In this sense, the wet volume information is redun-
dant if measured accurately, although it does allow for additional
checks of data conformity.

By rearranging Equation 2, one can show that

_ Wpg
P= Wpg +1.0245°

and by substituting this into Equation 4,

pe(W +1)
(Wpg + 1.0245)°

ps=1.0245

Thus, these two equations were used to back-calculate the
corrected values of porosity and bulk density that would have
been determined had there been no error in wet volume. The
corrected data are presented in Table 1 for Site 765 and in Table
2 for Site 766. Corrections were not applied to the basalt samples
from Site 766, for which the original pycnometer-derived data
were no longer available to me.

One can also show that by rearranging either of the two above
equations, a plot of corrected values vs. measured values of
porosity, or a plot of corrected values vs. measured values of bulk
density, will yield a slope equal to the ratio of the measured value
of wet volume over the value of wet volume, which would have
been obtained had there been no error. For each of these two plots,
the slope is 0.938 £0.001. That is, all measured values of porosity
and bulk density were about 6.2% too high.

Index Property Correlations

A frequency histogram of grain densities for all the sediment
samples from Sites 765 and 766 is shown in Figure 1. The data
range from 2.16 to 3.22 g/cm?, but the average is 2.677 +0.134
g/cm? with a geometric mean of 2.67 and a mode of 2.64. The
cyclicity of the histogram suggests data groupings about grain
density values of about 2.55, 2.64 (quartz), 2.71 (calcite), 2.75,
and 2.82 g/cm?, with most falling in the quartz-calcite range.
Similarly, the data range of grain densities for all the basalt
samples lies between 2.66 and 2.97 g/cm?, with an average of
2.872 £0.064 g.fcm3_. a geometric mean of 2.87, and a mode of
2.85.

Earlier, I showed that a plot of p;s vs. ¢ should yield an intercept
of pg and a slope of (pp — pg). Such a plot for all the sediment and
basalt samples is shown in Figure 2. A linear regression through
the sediments gives an equivalent grain density of 2.667 £0.017
g/cm? and a pore-fluid density of 1.034 g/cm? (slope = —1.633
+0.032). A similar regression through the basalts gives an equiva-
lent grain density of 2.876 +0.008 g/cm? and a pore-fluid density
of 0.967 g/em? (slope = —1.909 +0.063). The two lines drawn
through the data in Figure 2 are based upon a pore-fluid density
of 1.0245 g/em? and grain densities of 2.872 and 2.677 g/cm3 for
the upper and lower lines, respectively.

POROSITY TO VELOCITY TRANSFORMS

The now-famous Wyllie time average equation (Wyllie et al.,
1956) has been universally applied to predict porosities from
compressional-wave velocities, or visa-versa. Application of the
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Figure 2. Relationships between porosity and saturated bulk density for the
sediments and basalts from Sites 765 and 766.

equation has ranged from routine use in petrophysical analysis of
geophysical borehole logs (Schlumberger, 1972; Dresser Atlas,
1982; Hearst and Nelson, 1985) to lithology and porosity deter-
minations (Domenico, 1984) to algorithms for calculating depth-
porosity relationships and for understanding subsidence history
(Stam et al., 1987).

Wyllie et al. (1956) presented the time average equation in the
following form

which can be rewritten more conveniently as

y fr 1%.a ’
v—(P Vp Vg vg' ©)

where v is the measured compressional-wave velocity of the sample,
vp is the pore-fluid velocity, and vy is the matrix velocity of the solid
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material. This equation, which is often presented in a modified form
using traveltimes rather than velocities, represents a linear relationship
between inverse velocity and porosity, where the intercept at ¢ =0 is
the inverse of the matrix velocity and where the pore-fluid velocity
can be determined from the slope. Equation 5 was empirically derived
from observations of synthetic aggregates of rigid media and produced
a satisfactory fit to Wyllie et al. data. A less satisfactory fit was
observed when applied to rock materials (Wyllie et al., 1958), espe-
cially in the high-porosity region. The poor fit to this model, and other
models discussed below, has been attributed to many factors in the
subsequent literature, including increased sediment frame bulk modu-
lus and dynamic rigidity caused by overburden pressure, temperature,
and hydrostatic pressure effects (Fulthorpe and Schlanger, 1989;
Gardner et al., 1974).

A plot of inverse velocity vs. porosity using the Leg 123 data
is shown in Figure 3. Linear regression lines are drawn through
each of the sediment and basalt data sets (lines A and B, respec-
tively), with no preconceived assumptions other than to include
the water point (velocity = 1560 m/s, in accordance with the
equipment calibration). Over the full porosity range, the linearity
of the data trend is not convincing, but within the range from 30%
to 65% a satisfactory line can be drawn. Many porosity-velocity
transform practitioners deal with somewhat amorphous clouds of
data within this relatively narrow range, which probably explains
why they have adhered to Wyllie’s time average equation for so
long. The leveling off of velocity above 65% porosity corresponds
to uncompacted calcareous ooze.

A plot of velocity vs. porosity is shown in Figure 4, upon which
is superimposed plots of velocity derived from Equation 5. For
line A, a v, value of 6500 m/s for sediments was chosen as being
intermediate between the quartz value of 6060 m/s and the calcite
value of 6650 m/s (Yale, 1985). A v, value for basalts (line B) of
7100 m/s was taken as being representative, and in both cases a
vp value of 1560 m/s was used, as described above. One can see
that these two lines do not pass through the data at all and that to
force them to do so (lines C and D) requires the somewhat
unrealistically low values of 5800, 6200, and 1050 m/s for the
sediment and basalt matrix velocities and pore water velocity,
respectively.

Scientists have long recognized that Wyllie’s equation (1956)
does not adequately describe the actual relationship between
velocity and porosity, and many have attempted to circumvent
these shortcomings. In a comprehensive review of the literature,
Yale (1985) reported wide discrepancies between predicted and
measured values of porosity. Han et al. (1986) noted that the time
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Figure 3. Linear plots of the Wyllie's time average equation.
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Table 1. Index properties and velocity data, Site 765.

Bulk Grain Water
Core, section, Depth densitzy densit Porosity  content  Velocity
interval (cm) (mbsf) (g/em?)  (g/em?) (%) (%) (mys)
Sediments
123-765A-1H-2, 78 2.28 1.33 229 75.8 139.8 1491
A-1H-4, 68 5.18 1.25 2.76 87.2 2522 1526
A-1H-6, 68 8.18 1.44 2.46 70.9 101.4 1516
765B-1H-1, 96 0.96 1.21 2.719 89.4 311.2 1530
B-1H-3, 42 3.42 1.29 2.77 84.7 205.0 1525
B-1H-6, 61 8.11 1.23 2.48 85.5 244.5 1527
B-2H-1, 53 9.83 1.50 2.88 T74.4 103.3 1523
B-2H-3, 65 12.95 1.30 2.50 81.1 175.7 1535
B-2H-6, 75 17.55 1.35 2.79 81.4 160.4 1530
B-3H-1, 83 19.63 1.45 2.66 74.1 110.0 1534
B-3H-4, 125 24.55 1.26 2.51 84,1 216.3 1544
B-3H-6, 22 26.52 1.51 2.69 710 934 1537
B-4H-2, 98 30.98 1.48 2.68 72.4 100.3 1537
B-4H-4, 115 34.15 1.39 2.73 78.5 137.0 1524
B-4H-6, 90 36.90 1.27 2.56 84.3 214.1 1535
B-5H-1, 119 39.29 1.27 2.50 837 209.8 1522
B-5H-4, 127 43.87 1.46 2.61 72.6 103.9 1526
B-6H-2, 102 50.32 1.49 2.63 70.7 94.2 1525
B-6H-4, 55 52.85 1.37 2.64 78.7 143.2
B-7TH-1, 113 58.53 1.52 2.65 69.5 88.0 1482
B-TH-4, 65 62.55 1.64 2.67 62.4 63.8 1521
B-7H-6, 37 65.27 1.57 2.55 64.3 723 1556
B-8H-2, 49 69.09 1.53 2.71 69.9 877 1531
B-8H-5, 42 73.52 1.55 2.52 64.6 74.3 1534
B-8H-6, 107 75.67 1.57 2.46 61.7 67.0 1543
B-9H-2, 77 79.07 1.50 2.69 71.3 94.6 1498
B-9H-3, 67 80.47 1.61 2.61 63.0 66.7 1557
B-9H-6, 36 84.66 1.54 2.62 67.6 81.7 1537
B-10H-1, 98 87.38 1.58 2.62 65.5 74.1 1575
B-10H-2, 77 B8.67 1.58 2.72 67.0 76.3 1590
B-10H-6, 87 94,77 1.63 2.62 61.9 63.4 1603
B-11H-1, 62 96.62 1.60 2.64 64.2 69.7 1534
B-11H-3, 92 99,92 1.67 270 61.5 60.7 1547
B-11H-5, 59 102.59 1.68 2.79 62.7 61.6 1604
B-12H-2, 117 108.27 1.64 292 67.5 73.0 1545
B-12H-3,77 109.37 1.69 2.82 63.1 62.1 1547
B-12H-5, 78 112.38 1.62 2.64 63.4 67.2 1552
B-13H-3, 115 119.35 1L.61 2.57 62.1 65.3 1554
B-13H-5, 133 122.53 1.68 258 58.0 54.8 1573
B-13H-6, 77 123.47 1.74 2.75 58.6 52.7 1592
B-14H-1, 76 125.56 1.69 2.71 60.5 579 1572
B-14H-4, 79 130.09 1.67 2.55 57.9 55.2 1571
B-14H-5, 68 131.48 L.70 235 60.8 577 1640
B-15H-1, 100 135.50 .76 2.86 60.2 54.1 1558
B-15H-4, 84 139.84 1.69 2.64 59.0 55.8 1568
B-15H-6, 104 143.04 1.68 2.68 60.3 58.0 1618
B-16H-1, 28 144,48 1.66 273 62.6 62.7 1591
B-16H-3, 80 148.00 1.62 254 60.9 62.7 1574
B-16H-6, 50 152.20 1.62 2.53 60.6 62.3 1586
B-17H-1, 68 154.58 171 2.63 57.2 520 1580
B-17H-4, 80 159.20 1.75 2.80 594 535 1567
B-18H-2, 47 165.57 1.75 297 62.9 58.6 1565
B-18H-4, 97 168.47 1.63 245 57.3 56.2 1609
B-18H-6, 134 171.84 1.75 2.88 61.0 55.7 1593
B-19X-1, 40 173.70 1.64 2.62 61.5 62.5 1522
B-19X-2, 67 175.47 1.69 273 61.2 593 1588
B-19X-4, 123 179.03 1.85 2.82 54.1 428 1610
B-20X-3, 112 187.12 1.85 2.66 49.8 38.2
B-20X-4, 87 188.37 1.83 272 52.4 41.5
B-20X-5, 90 189.90 1.70 275 61.1 58.6
B-21X-1, 67 193.37 1.70 2.63 57.6 53.0 1586
B-21X-2, 60 194.80 1.77 2.78 57.6 50.1 1562
B-21X-3, 137 197.07 L8O 2.80 56.3 47.2 1596
B-22X-2, 80 204.70 1.69 2.64 58.6 55.0 1577
B-22X-3, 87 206.27 1.80 2.76 55.1 45.6 1601
B-22X-4, 60 207.50 1.83 2.67 51.2 40.2
B-23X-1, 31 212.41 1.78 2.65 53.8 45.0 1588
B-23X-2, 40 214.00 1.71 2.36 49.0 41.7 1590
B-24X-1, 64 22244 1.76 2.63 54.1 46.0 1628
B-24X-2, 128 224,58 1.79 293 59.9 52.3
B-24X-4, 85 227.15 1.80 2.61 50.9 40.7 1648
B-25X-1, 50 232.00 1.87 2.81 52.8 40.8 1657
B-26X-2, 102 243,72 1.87 282 53.1 41.2 1624
B-26X-3, 13 244,33 1.90 2.85 51.8 8.6 1695
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Table 1 (continued).
Bulk Grain Water
Core, section, Depth density densil%ﬂ Porosity content Velocity
interval (¢cm) (mbsf) (g/fem?)  (glem?) (%) (%) (m/s)
Sediments (Cont.)
123-765B-27X-1, 48 251.38 1.93 2.75 47.5 337 1679
B-27X-3, 64 254.54 1.81 2.61 50.3 39.7 1674
B-28X-1, 20 260.80 1.90 2.68 47.1 34.0 1691
B-28X-2, 90 263.00 1.76 2.63 54.3 46.2 1637
B-29X-1, 87 271.07 1.78 2.75 56.4 48.1 1626
B-30X-1, 35 280.25 1.69 2.72 60.8 585 1568
B-31X-2,79 291.89 1.84 2.59 479 36.3 1693
B-31X-4, 10 294.20 1.91 2.85 51.6 383 1755
B-32X-1,45 299.75 1.89 2.76 50.1 37.2 1679
B-32X-3, 29 302.59 1.91 2.69 46.7 334 1711
B-33X-1, 111 310.11 1.94 2.83 49.1 349 1660
B-33X-4, 84 314.34 1.92 2.78 48.7 35.0 1688
B-34X-1, 89 319.59 1.92 2.5 48.1 34.5 1673
B-34X-1, 98 319.68 1.92 2.75 48.1 345
B-35X-1, 110 329.40 1.98 2.81 46.3 31.4 1679
B-36X-2, 40 339.80 1.94 2.69 448 309 1631
B-37X-1, 42 347.92 1.97 2.77 45.8 313 1696
B-37X-CC, 56 350.43 2.06 2.71 38.4 23.6 2460
B-38X-1, 103 358.13 1.94 2.72 46.2 324 1688
B-38X-CC, 10 358.70 1.89 2.76 50.2 37.4 2062
B-39X-1, 32 367.02 1.83 2.64 50.4 39.5
765C-2R-1, 80 360.40 1.99 2.72 43.2 28.6 1839
C-2R-3, 47 363.07 225 2.84 324 17.3 2559
C-3R-1, 25 369.55 1.86 2.76 51.9 40.1 1998
C-3R-1, 111 370.41 1.93 2.66 44.5 309 1823
C-3R-2,25 371.05 1.85 2.52 44.6 327 1799
C-3R-2, 40 371.20 1.82 2.69 52.1 41.5 1923
C-4R-1, 35 379.35 1.86 2.67 49.0 369 1830
C-4R-1, 118 380-18 2.28 2.71 254 12.9 3296
C-4R-2, 84 381.34 1.89 2.76 50.3 375 1980
C-4R-3, 58 382.58 2.10 2.66 342 20.0 2141
C-5R-1, 78 389.38 1.95 2.85 49.2 348 1845
C-5R-3, 28 391.88 1.89 2.66 46.9 34.0 1779
C-5R-3,78 392.38 1.89 278 50.4 375 2161
C-6R-1, 89 399.19 2.06 2.81 42.2 26.6 1903
C-6R-3, 34 401.64 1.75 2.40 47.0 37.9 1814
C-6R-3, 45 401.75 1.83 2.66 50.7 39.6 1746
C-6R-3, 70 402.00 2.03 272 40.8 26.0 2336
C-7R-1, 109 409.09 1.93 2.64 437 30.1 1793
C-7R-2, 106 410.56 227 2.68 24.8 12.6 3228
C-7TR-3, 34 411.34 1.83 2.57 471.7 363 1747
C-8R-1, 49 418.19 1.88 2.72 49.6 37.0 1766
C-8R-2, 133 420.53 226 2.63 22.8 11.5 3624
C-8R-3, 22 420,92 1.85 2.71 51.2 39.6
C-8R-4, 22 422,42 2134
C-8R-4, 71 422,91 1.94 2.57 41.0 27.7 1886
C-9R-1, 59 427.89 1.74 2.63 55.5 48.5 2148
C-9R-2,112 429.92 1.78 2.58 51.6 424 1679
C-9R-3, 40 430.70 2.09 2.54 29.4 16.8 2979
C-9R-5, 60 433.90 1.76 2.52 51.1 425 1714
C-10R-2, 30 438.30 1.72 2.58 55.5 49.6 1990
C-10R-2, 47 438.47 1.96 2.65 424 285 1796
C-10R-4, 33 441.33 1.87 2.71 49.7 37.4 1906
C-10R-4, 112 442,12 1650
C-11R-1, 111 447.11 1.89 2.60 45.4 323 1825
C-11R-2,91 448.41 2.26 2.76 28.6 14,9 2776
C-11R-3, 110 450.10 213 2.80 37.9 223 2475
C-11R-4, 116 451.66 1.62 2.61 62.7 66.0 1629
C-12R-1, 68 455.88 1.96 2.77 46.5 322 2075
C-12R-3, 85 459.05 2,10 2.72 36.3 215 2040
C-12R-4, 36 460.06 2.05 2.69 38.5 238 1887
C-12R-5, 67 461.87 1.93 2.63 437 30.2 2193
C-13R-1, 96 465.56 2.44 2.69 15.0 6.7 4670
C-13R-2, 127 467.37 2.08 2.75 389 237 2021
C-13R-3, 10 467.70 1.91 2.67 46.2 329 2003
C-14R-1, 59 474.69 1.99 2.73 43.2 28.5 1958
C-15R-1, 17 483,87 L.71 2.64 57.4 52.2 1741
C-16R-1, 103 494,23 2.11 312 48.2 305 1879
C-16R-2, 24 494,94 1871
C-16R-4, 50 498.20 2.35 3.06 347 17.8 2031
C-17R-1, 133 503.73 1.93 2.67 45.2 31.7 1800
C-17R-2, 109 504.99 1.84 2.63 48.9 37.3
C-17R-3, 40 505.80 2.04 2.74 40.8 258 1882
C-18R-1, 78 512.68 1.86 2.51 43.6 315 1854

457



N. R. BRERETON

Table 1 (continued).

Bulk Grain Water
Core, section, Depth densit density  Porosity content Velocity
interval (cm) (mbsf) (glem?)  (glem?) (%) (%) (m/s)
Sediments (Cont.)
123-765C-18R-2, 48 513.88 1.81 2.64 514 41.0 1708
C-18R-3, 40 515.30 1.99 2.72 433 28.8 1907
C-19R-1, 55 521.85 1.87 2.66 48.5 36.2 1827
C-19R-2, 81 523.61 1.91 2.89 52.8 39.6 1808
C-19R-3, 119 525.49 1.94 2.65 43.6 299 2048
C-20R-1, 50 531.30 2.03 2.67 38.8 243 2033
C-20R-1, 94 531.74 2.14 2.83 383 225 2039
C-20R-2, 71 533.01 1.79 247 47.3 37.2 1823
C-21R-1, 15 540.55 2.11 2.80 39.1 2315 2000
C-22R-1, 61 550.71 1.87 2.60 46.3 34.0
C-22R-1, 148 551.58 2.05 2.65 36.9 226 2004
C-22R-2, 102 552.62 1.81 2.56 49.0 38.5 1842
C-23R-4, 3 564.23 2.13 2.61 30.0 16.8 2023
C-23R-5, 3 565.73 2.10 2.64 334 19.5 2063
C-24R-1, 40 569,70 2.15 2.79 36.3 20.9 2010
C-24R-1, 146 570.76 2.10 271 36.3 21.5 2001
C-24R-3, 4 572.34 2.35 322 39.6 209 2091
C-25R-1, 37 579.37 2.17 2,77 34.4 19.4 2059
C-25R-3, 62 582.62 2.08 2.71 375 227 1952
C-25R-5, 19 585.19 2.05 2.67 37.8 233 1968
C-26R-4, 34 593.04 1.76 2.73 56.9 49.5 1655
C-26R-5, 37 594.12 1.71 2.55 55.2 49.5 1677
C-27R-1, 45 597.95 1.70 275 61.1 585 1632
C-27R-2, 18 599.25 1.74 2.63 55.7 48.9 1650
C-28R-1, 85 607.85 1.77 2.71 55.7 47.6 1680
C-28R-2,97 609.47 1.81 271 536 437 1771
C-29R-1, 82 617.22 1.83 2.65 50.3 39.1 1775
C-29R-5, 35 622.97 1.82 2.59 49.5 38.7 1769
C-29R-6, 10 624.27 1.88 276 50.9 38.5
C-30R-2, 56 627.95 1.88 273 49.8 372 1781
C-30R-4, 107 631.39 1.74 2.58 54.3 47.1 1753
C-30R-6, 80 634.09 1.90 2.84 516 38.5 1868
C-31R-1, 3 635.33 2.32 2.55 14.8 7.0 3549
C-31R-2, 74 637.45 1.93 2.67 44.8 31.1 1863
C-31R-3, 138 639.56 1.93 2.69 45.3 316 1882
C-32R-1, 77 645.77 1.96 2.72 44.8 30.6 1848
C-35R-1, 127 675.37 1.79 2.51 484 383 1823
C-35R-2, 94 676.54 1.83 2.59 48.6 374 1933
C-35R-3, 78 677.88 1.74 2.40 48.0 394 1890
C-35R-4, 41 679.01 1.80 2.46 46.3 359 1841
C-36R-2, 10 684.90 1.77 234 433 334 2315
C-36R-5, 120 690.50 1.84 2.53 459 344 1777
C-36R-6, 45 691.25 1.86 241 399 28.2 1676
C-37R-1, 107 694.07 1.70 2.51 54.4 48.6 1959
C-37R-2, 62 695,12 2.00 2.81 45.2 30.1 1888
C-37R-3, 96 696.96 1.93 2.58 42.0 28.8 1876
C-38R-1, 142 703.92 1.92 2.58 423 29.1 1949
C-38R-3, 47 705.97 1.80 2.28 38.6 28.2 2438
C-38R-5, 104 709.54 1.86 2.48 424 304 2035
C-38R-7,7 711.57 1.88 2.60 45.7 332 1938
C-39R-1, 82 712.52 1.91 2.62 447 316 1876
C-39R-3, 51 715.21 1.71 2.41 503 43.1 2031
C-40R-2, 124 723.64 1.97 2.64 41.7 27.8 2017
C-40R-4, 22 725.62 1.90 2.79 50.5 37.4 1823
C-41R-1,9 730.49 2.01 270 41.3 26.7 1553
C-42R-1, 46 740.26 1.86 2.62 479 36.0 1888
C-42R-2, 15 741.45 1.99 2.77 45.0 302 1578
C-42R-4, 59 744.89 1.91 2.77 49.1 357 1491
C-43R-2, 121 751.81 1.86 2.72 50.9 39.1
C-43R-4, 138 754.98 1.86 2.63 48.2 36.3 1776
C-43R-6, 52 757.12 1.90 2.37 49.8 36.7 1808
C-44R-2, 91 760.91 1.85 2.81 537 423 1762
C-44R-4, 34 763.34 242 2.69 16.3 74 2338
C-45R-1, 92 769.12 1.91 2.69 46.9 336 1829
C-45R-5, 70 774.90 1.89 2.69 48.1 353 1806
C-46R-1, 41 778.21 1.89 2.75 49.8 36.9 1772
C-46R-2, 36 779.66 1.97 2.86 48.5 338 1850
C-47R-1, 112 788.52 1.92 2,75 48.1 34.5 1848
C-47R-4, 32 792.22 1.92 2,67 45.7 323 1770
C-48R-1, 86 797.76 222 3.13 43.1 24.8 2028
C-48R-6, 127 805.67 2.01 2.74 42.6 27.8 1957
C-49R-1, 98 807.28 1.94 2.61 42.5 29.0 1907
C-49R-4, 82 811.62 1.94 2.64 43.4 29.7 1938
C-50R-2, 90 818.00 1.94 2.63 43.2 29.6 1941
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Table 1 (continued).

PHYSICAL PROPERTY RELATIONSHIPS, SITES 765 AND 766

Bulk Grain Water

Core, section, Depth densit density  Porosity content Velocity

interval (cm) (mbsf) (g/fem?)  (g/em?) (%) (%) (m/s)
Sediments (Cont.)
123-765C-50R-5, 38 821.98 2.16 2.93 40.6 239 1957
C-51R-1, 35 82535 1.93 2.67 45.0 314 1929
C-51R-5,5 831.05 2.00 2.66 40.1 25.8 2053
C-52R-2, 12 836.12 2.03 2.82 438 283 2023
C-52R-3, 102 838.52 1.98 2,74 44.4 29.9 2013
C-53R-1,29 844.39 1.88 2.53 43.0 30.6 2520
C-53R-4, 26 848.86 2.17 2.72 326 18.2 2492
C-53R-7, 37 853.47 1.92 2.52 40.3 27.4 2084
C-54R-1, 109 854.59 2.00 2.70 41.7 27.1 2029
C-54R-4, 90 858.90 1.95 2.52 38.2 25.1 2181
C-55R-1, 107 864.07 1.95 2.70 446 30.6 1991
C-55R-3, 82 866.82 2.12 2.81 38.6 229 2044
C-56R-1, 67 873.17 2.00 2.70 42.0 275 2097
C-56R-2, 94 874.94 1.98 2.69 42.6 283 2003
C-57R-1, 6 881.76 1.94 2.68 447 30.9 1923
C-57R-3, 69 885.39 2.11 2.74 36.5 21.5 2147
C-58R-1, 90 892.10 2.09 2.66 35.0 207 2129
C-58R-4, 40 896.10 1.97 2.63 40.9 27.0 2010
Basalts

C-63R-2, 23 937.47 2.75 2.85 53 2.0 5341
C-63R-4, 133 94].54 2.76 2.85 4.8 1.8 5952
C-64R-1, 48 945,78 2.65 2.76 6.3 25 5067
C-65R-1, 27 954.97 2.86 2.89 1.7 0.6 6267
C-65R-2, 40 956.50 271 2.82 6.2 24 5260
765D-1R-1, 113 949.03 2.77 2.85 4.5 1.7 5578
D-2R-2, 31 956.40 293 2.96 1.7 0.6 6148
D-2R-3, 88 958.04 2.75 2.79 24 0.9 5893
D-3R-1, 35 964.75 2,79 2.86 4.0 1.5 5495
D-5R-1, 16 983.36 2.80 2.86 3.5 1.3 5552
D-5R-1, 118 984,38 2.83 2.90 35 1.3 5952
D-5R-5, 61 C88.77 2.81 2.88 35 1.3 5292
D-6R-2, 30 994.20 2.72 2.87 8.0 3.1 2785
D-7R-1, 138 1003.38 292 2.96 23 0.8 5936
D-7TR-2, 122 1004.68 2.70 2.83 7.4 29 4955
D-7R-3, 48 1005.36 2,73 2.86 7.2 2.8 4883
D-8R-1, 37 1011.87 2.80 2.88 4.0 1.5 5550
D-9R-1, 38 1021.28 2.83 2.87 22 0.8 5859
D-9R-3, 17 1024.01 2.87 293 3.0 1.1 5563
D-10R-1, 116 1031.36 2.76 2.83 40 1.5 5551
D-11R-1, 45 1039.85 2.88 292 2.0 0.7 5792
D-12R-1, 55 1045.65 273 2.80 3.7 1.4 5160
D-13R-1, 18 1054.58 2.73 2.80 39 1.5 5073
D-14R-1,9 1063.99 2.89 293 2.0 0.7 5410
D-15R-2, 26 1074.76 2.83 2.88 25 0.9 5377
D-16R-1, 58 1083.08 2.81 2.85 22 0.8 5528
D-17R-3, 13 1094.67 2.77 2.86 5.0 1.9 4903
D-18R-1, 99 1102.09 2.90 2.94 20 0.7 5907
D-18R-3, 78 1103.92 277 2.84 3.7 1.4 5041
D-19R-1, 98 1111.28 2.74 2.83 5.0 1.9 4814
D-19R-2, 38 1111.98 279 2.87 4.3 1.6 5481
D-20R-1, 47 1119.97 2.80 2.85 3.0 1.1 5194
D-21R-1, 86 1129.86 2.74 2.80 34 1.3 5193
D-22R-1, 96 1139.56 2.67 2.77 59 23 4406
D-23R-2, 65 1149.95 2.80 2.87 4.0 1.5 4598
D-24R-1, 13 1157.23 2.83 2.88 2.7 1.0 5669
D-24R-3, 33 1160.00 2.90 2.96 34 1.2 5284
D-24R-4, 95 1161.85 2.68 290 1.5 4.6 5883
D-25R-2, 11 1168.04 2.86 2.90 1.9 0.7 5675
D-26R-1, 28 1176.28 2.83 2.90 3.5 1.3 5349

average equation significantly overestimates velocities and found
it necessary to use unrealistically low values of matrix velocity to
accommodate a fit with the data.

Wilkens et al. (1986) used aspect ratio modeling to describe
the effect of varying clay content on the porosity-velocity rela-
tionship; Castagna et al. (1985), Han et al. (1986), Taylor-Smith

(1974), and Anderson (1974) fitted least-squares empirical equa-
tions to their data to derive linear relationships among velocity,
porosity, and clay content; and Rafavich et al. (1984) developed
linear relationships involving a wide range of petrographic char-
acteristics. The drawback of this approach is that the coefficients
derived to fit the empirical equations are specific to the rock
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Table 2. Index properties and velocity data, Site 766.

Bulk Grain Water
Core, section, Depth density density  Porosity content Velocity
interval (¢cm) (mbsf) (gfem?)  (gfem?) (%) (%) (m/s)
Sediments

123-766A-1R-2, 30 1.80 1.50 2.64 70.4 923 1521
A-1R-3,39 3.39 1.51 2.53 67.9 85.5 1529
A-2R-2, 60 9.86 1.54 2.68 69.0 84.9 1503
A-2R-7,21 16.97 1.49 2.46 67.6 87.0 1471
A-3R-1, 10 17.40 1.65 2.64 61.3 61.5 1534
A-3R-4, 35 22.15 1.80 2.78 55.6 46.1 1568
A-4R-1, 129 28.29 1.71 271 59.6 55.7 1515
A-4R-2, 105 29.55 1.77 2.74 56.4 48.4 1455
A-5R-2,97 39.17 1.74 2.76 58.9 53.2 1525
A-5R-5, 70 43.40 1.71 2.63 57.2 52.1 1544
A-TR-4, 56 61.06 1.75 2.83 59.6 53.5 1526
A-TR-6, 118 64.68 1.72 2.65 57.4 52.1 1528
A-8R-1, 50 66.20 1.69 2.57 56.7 52.1 1510
A-9R-1, 47 75.77 1.73 2.73 589 53.7 1587
A-9R-4,94 80.74 1.70 2.68 59.0 55.1 1492
A-11R-1, 133 96.03 1.79 2.55 49.6 395 1637
A-11R-4, 51 99.71 1.83 2.59 48.5 37.2 1634
A-12R-1, 35 104.65 1.81 2.59 5011 39.7 1611
A-13R-2, 13 115.53 1.71 2.82 61.6 58.2 1595
A-13R-3, 116 118.06 1.74 2.64 55.4 48.3 1631
A-14R-2, 50 125.60 1.86 297 57.1 459 1647
A-14R-4, 120 129.30 1.82 2,77 54.7 44.6 1649
A-15R-6, 20 140.90 .71 2.7 61.0 578 1230
A-16R-1, 52 143.42 1.83 3.10 61.2 52.2 1592
A-16R-3, 67 146.57 1.88 2.90 54.1 41.7 1589
A-16R-5, 43 149.33 1.93 297 53.7 40.0 1601
A-17R-2, 106 155.06 1.80 2.72 543 44.8 1633
A-17R-5, 111 159.61 1.82 2.83 56.2 46.4 1647
A-18R-2, 146 165.06 1.78 2.76 56.6 48.5 1727
A-18R-4, 14 166.74 1.74 2.54 52.8 45.1 1723
A-18R-6, 33 169.93 1.90 2.67 47.0 340 1811
A-19R-1, 38 172.08 1.75 2,71 56.8 49.7 1930
A-19R-3, 131 176.01 1.79 2.70 54.1 44.8 1719
A-19R-5, 21 177.91 1.81 2.76 54.9 45.1 1704
A-20R-1, 17 181.57 1.93 2.74 47.4 337 1817
A-20R-3, 11 184,51 2.15 2.62 29.5 16.4 1834
A-21R-11,6 191.16 1.89 2.56 43.5 30.8 1846
A-21R-2, 90 193.40 1.88 2.64 46.9 343 1806
A-22R-1, 25 200,85 1.89 2.25 29.7 19.2 2664
A-23R-1, 29 210.59 1.88 2.56 44.2 31 1957
A-24R-1, 53 220.43 1.92 2.63 44.5 31.2 1893
A-24R-CC, 10 221.50 1.88 2.16 25.0 15.8 2679
A-25R-1, 72 230.32 1.89 2.36 35.1 235 2332
A-26R-1, 109 240.39 1.78 2.64 53.2 44.2 1915
A-26R-3, 35 242.65 1.69 235 50.1 438 2017
A-2TR-1, 134 250.24 1.71 2.37 49.3 42.0 2028
A-27R-2, 74 251.14 1.67 2.42 53.9 49.5 1838
A-28R-2, 78 260.88 1.74 245 49.9 41.6 1901
A-28R-4, 83 263.93 1.69 258 57.0 52.7 1711
A-28BR-6, 68 266,78 1.62 241 56.8 55.8 1793
A-29R-1, 71 269.01 1.67 2.63 60.1 58.6 1702
A-29R-3, 126 272.56 1.63 2.54 59.9 60.3 1734
A-30R-1, 12 278.02 1.70 2.68 59.1 55.3 1737
A-30R-4, 18 282.58 L71 273 59.8 55.9 1656
A-31R-1.99 288.49 1.96 259 39.9 26.3 1708
A-32R-1, 27 297.47 1L.70 2.44 525 464 1751
A-32R-3,3 300.23 1.83 2.51 45.9 34.6 2186
A-32R-5, 32 303.52 1.79 2.58 50.6 40.7 1840
A-33R-1, 66 307.46 1.95 2.84 49.2 35.0 1964
A-33R-3,9 309.88 2.06 274 39.5 244 1844
A-34R-1, 18 316.68 1.86 2.69 50.1 38.2 1867
A-34R-1, 136 317.86 1.81 2.78 55.0 45.0 1807
A-36R-2, 17 33747 1.73 2.71 58.1 52.4 1760
A-37R-2, 129 348.21 1.80 2.66 52.6 42.8 1870
A-37R-3, 18 348.60 2,10 2,70 35.8 212 2493
A-38R-1, 81 355.91 2.18 2,77 339 19.0 3017
A-38BR-3, 29 358.39 1.97 2.74 45.1 307 2369
A-39R-2, 44 366.74 2.03 2.79 43.0 21.7 2727
A-39R-3, 40 368.20 1.80 273 54.3 44.5 1940
A-40R-2, 42 376.42 1.69 2.66 59.4 56.3 1906
A-40R-4, 14 379.14 1.86 2.61 47.3 353 2317
A-41R-1, 95 385.15 1.90 2.71 48.0 349 2135
A-41R-3, 39 387.59 1.75 2.62 54.3 46.4 1817
A-41R-5, 89 391.09 1.82 2.67 51.8 41.2 1816
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Table 2 (continued).
Bulk Grain Water
Core, section, Depth density  density  Porosity content Velocity
interval (cm) (mbsf)  (g/em?)  (g/em?) (%) (%) (m/s)
Sediments (Cont.)
123-766A-42R-1, 102 394.82 1.80 2.75 55.1 45.7 1991
A-42R-3, 109 397.89 2.33 2.66 20.4 9.9 3523
A-43R-1, 50 404.00 2.10 2.72 36.7 21.8 2613
A-43R-1, 65 404,15 1.82 2.75 53.8 434 1797
A-43R-3, 48 406.98 1.88 2.72 49.5 36.9 2150
A-43R-5, 53 410.03 1.85 2.67 49.6 37.8 1866
A-44R-1, 90 414,10 1.78 2.65 53.8 45.0 1728
A-44R-3, 98 417.18 1.86 2.70 49.8 3717 1707
A-44R-6, 53 421.23 1.89 2.74 49.7 37.0 1773
A-45R-1, 112 423.92 1.85 2.72 51.1 39.4 1868
A-45R-3, 36 426.16 2.47 2.86 213 9.7 3337
A-45R-5, 29 429.09 1.96 2.83 479 333 2000
A-46R-2, 48 434.52 1.82 2.70 524 41.7 1766
A-46R-4, 23 437.27 2.27 2.74 27.7 14.3 3050
A-46R-6, 110 441.14 1.79 2.66 532 43.8 1801
A-47R-1, 121 443,41 1.93 2.86 50.8 37.0 1840
A-47R-4, 53 447.23 1.86 278 52.4 40.6 1809
A-48R-1, 98 452,78 1.95 2.82 48.6 343 1921
A-48R-3, 36 455.16 1.82 2.61 50.0 39.2 1901
A-48R-5, 78 458.58 1.79 2.62 52.0 423 1890
Basalts
A-48R-7, 8 460,70 245 2.66 13.0 5.7 4161
A-48R-7, 61 461.23 2.67 2.80 7.1 28 4603
A-49R-1, 25 461.75 2.76 2.84 4.0 1.5 5179
A-49R-1, 78 462.28 2.54 2.71 9.7 4.1 4270
Sediments
A-49R-2, 50 463.50 1.93 2.67 45.2 A7 1874
A-49R-3, 65 465,15 1.97 2.88 48.8 339 1822
Basalts
A-49R-4, 116 467.16 2.84 2.89 29 1.0 5451
A-49R-5, 38 467.83 2.85 2.90 22 0.8 5439
A-50R-1, 135 472.55 2.66 2.76 55 2:1 4821
A-50R-3, 112 475.14 297 2.85 4.6 | % § 4787
A-50R-4, 13 475,52 2.74 2.85 58 22 4877
A-51R-1, 90 481.30 2.84 2.89 2.6 0. 5515
A-51R-5, 17 486.38 2.86 2.94 4.1 .5 5372
A-52R-1, 25 490.15 2.88 293 2.8 1.0 5498
A-52R-3, 98 493.95 2.89 2.92 1.8 0.6 5740
A-52R-5, 55 496.29 2.90 295 2.2 0.8 5162
A-53R-1, 35 499.45 2.90 293 2.0 0.7 5567
A-53R-3, 52 502.22 2.91 2.95 2.1 0.7 5757
A-53R-5, 62 504.51 2.90 2.95 2.5 0.9 5730
A-53R-7,91 507.60 291 2.96 2.4 0.9 5117
A-54R-2, 108 510.70 291 2.94 1.6 0.6 5901
A-54R-4, 96 513.22 2.93 297 1.8 0.6 5898
A-54R-6, 118 515.68 2.92 2.96 2.1 0.8 5730

materials for which they were determined, thereby limiting their
applicability to particular formations and environments. In addi-
tion, often no physical basis exists to justify such equations.

An equally unsatisfactory approach, also of limited applicabil-
ity, has been to modify the time average equation by applying a
“compaction correction factor” to account for unconsolidated
high-porosity materials (Collins and Pilles, 1979; Schlumberger,
1972; Dresser Atlas, 1982). Anderson (1984) simulated the effect
on velocity of oil and gas saturation, but stressed that his theoreti-
cal model was applicable only under those conditions where the
time average equation has been satisfied.

Pioneering work in the field of the velocity of sound in porous
media was conducted by Wood (1941), who showed that for a
suspension of solid particles in a liquid, the mean bulk compres-
sibility equals the sum of the compressibilities of the individual
components. From fundamental equations governing velocity

through a perfectly elastic, homogeneous, isotropic solid, Wood
showed that

S T s -
P T PpE Pe) Poi
Equation 6, which in another form is known as the Wood
emulsion equation, represents a linear relationship between 1/ps1?
and porosity. A plot using the Leg 123 data is shown in Figure 5,
with linear regression lines drawn through each of the sediment
(line A) and basalt (line B) data sets under the same assumptions
as for Figure 3. The linearity of these data is a considerable
improvement over the time average equation, but the plot has a
significant S-shaped characteristic.
Hamilton (1971) and the McCanns (1968a, 1968b) showed that
while a suspension of solid particles in a liquid can, to a certain
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Figure 4. Wyllie's time average equation velocity/porosity predictions.
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Figure 5. Linear plots of the Wood's emulsion equation.

extent, be regarded as a two-phase medium, the Wood equation
simply places a lower limit on the magnitude of velocity (Buchan
et al., 1971). One can readily see this in the literature where the
Wood equation has been fitted to data (see Shumway, 1960;
Buchan et al., 1971; Taylor-Smith, 1974; Jackson etal., 1981; and
Nobes et al., 1986). Indeed, Nobes et al. (1986) found it necessary
to take an empirically weighted mean of both the Wood and
Wyllie equations to compute a better representation of their data
over the full range of porosities of Pacific Ocean floor sediments.

To counteract this minimum limit effect, Wyllie et al. (1956)
introduced the rigidity of the bulk materials and solid matrix into
the Wood equation, giving the following (presented here in the
form of Equation 6):

(I+q) (1  (1+gy) +(1+¢ﬂ;]
— = - , (7)
psv? (ppv% ng%] Pev%
where
_2(1-20) - _2(1-20y)
“ T (+0) ©="vay) *

and ¢ = Poisson’s ratio. The quantity ¢ (or gg) was not specifically
defined by Wyllie et al. (1956), but is related to the bulk moduli of the
different components and can be regarded as a rigidity index.
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If ¢ and qg are equal, the predicted velocity approaches the
matrix velocity at the lower end of the porosity range. However,
an examination of Equation 7 reveals that it also has the effect of
increasing the predicted velocity values, including the pore-water
velocity, at the higher end of the porosity range. Clearly, Wyllie
did not intend that the inclusion of shear modulus effects in the
Wood equation should be applied with equal weight at both the
high and low ends of the porosity range. Because the Wood
equation was derived to describe loose suspensions of solid par-
ticles in a liquid, the inclusion of shear modulus effects should be
at a minimum at the higher porosities, increasing progressively to
a maximum at the lower porosities. This can be achieved by
multiplying both ¢ and g, by (1 — ¢), so that Equation 7 becomes

(1 +q[1 —EE])=‘9 L (O +agell -9 G (1 +gel! “(PD_
psv? PpVh PevE Pev2

(8)

A plot of velocity vs. porosity for the Leg 123 data is shown
in Figure 6, upon which is superimposed a plot of sediment
velocities derived from Wood's equation (Eq. 6), line A, using
matrix and pore-water velocities as before, a pore-fluid density of
1.0245 g/em?, and a grain density of 2.667 g/cm3. Bulk density
values were derived from Equation 1. Although the overall cur-
vature of this line tends to represent a minimum envelope (as
described above), it actually plots through the data in the porosity
range of about 62% to 100%, rather than below it. Therefore, in
this porosity range, Wood’s equation predicts velocity well.

Also shown in Figure 6 is a plot of velocity predicted from the
modified Wyllie-Wood equation (Eq. 8) for the sediments (line
B) and the basalts (line C). These are based upon sediment
parameters as for line A; a basalt matrix velocity of 7100 m/s and
grain density of 2.872 g/cm?, a g, value of 0.55 derived from a
Poisson’s ratio of 0.32 (from velocities given in Yale, 1985); and
a mean bulk g value of 0.6 derived from a Poisson’s ratio of 0.3
(Wyllie et al., 1956; Domenico, 1984). Lines B and C show good
correlations of the predicted with measured velocities over most
of the porosity range. With unequal values for ¢ and g,, however,
the predicted velocities approach values other than the matrix
velocities when porosity approaches zero. In this case, these
velocities are 6604 and 7214 m/s for the sediments and basalts,
respectively.

Nafe and Drake (1957) took a slightly different approach to
Whyllie et al. (1956) and considered the application of applied

Sedimenls

Velocity (km/s)
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Figure 6. Wood’s emulsion equation velocity/porosity predictions.



pressures to the total system. They made certain empirical as-
sumptions and derived the following equation:

v=cp»%[l+%'3(] —¢]J+E‘gv§(l -o)",

where v+ is the velocity predicted by Wood’s equation (Eq. 6) and n
was suggested to lie between 4 and 5. Nafe and Drake (1957) com-
mented that comparison of their equation with experimental data gave
velocities that were too low at the higher porosities and that this could
not be improved by different choices of n. This observation was
confirmed by Brereton (1990), who showed that for the Leg 123 data,
predicted velocities were too low over the 50% to 100% porosity range
and too high over the 0% to 50% range.

More recently, in the development of porosity to velocity
transforms, Raymer et al. (1980) presented three algorithms to
describe the upper and lower porosity ranges separately and a
linear interpolation to link the two. The first two algorithms were
given as alternatives for the 0% to 37% range; but the third, to
describe the 47% to 100% range, was stated to be totally empiri-
cal, but is in fact Wood’s equation (though not attributed as such).
Raiga-Clemenceau et al. (1988) introduced the concept of an
acoustic formation factor to describe the velocity-porosity rela-
tionship in the 0% to 50% porosity range. When implemented,
their empirically derived equation does not differ significantly
from Raymer et al.’s algorithms. Brereton (1990) demonstrated
that for the Leg 123 data, these algorithms predict consistently
higher velocities than those measured, in much the same way as
Wyllie's time average equation.

The well-defined data relationship between porosity and ve-
locity led to much of the work discussed above. An equally
well-defined relationship between bulk density and velocity has
also long been recognized, and the use of acoustic impedance (the
product of velocity and bulk density) to determine reflection
coefficients is an established tool in seismic interpretation (Ra-
favich et al., 1984). Gardner et al. (1974) derived an empirical
exponential relationship between density and velocity based upon
reflection coefficient considerations. The close linearity between
porosity and the reflection coefficient is rehatively well docu-
mented (Buchan et al., 1971; Taylor-Smith, 1974), but does not
seem to have been explored as the basis of a potential porosity-
velocity transform.

Following the lead given by Wood and Wyllie et al., a plot of
inverse acoustic impedance vs. porosity is shown in Figure 7
using the Leg 123 data, with linear regression lines drawn through
each of the sediment (line A) and basalt (line B) data sets under
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Figure 7. Linear plots of the acoustic impedance equation.

PHYSICAL PROPERTY RELATIONSHIPS, SITES 765 AND 766

the same assumptions as for Figure 3. The linearity of these data
is clear and is significantly better than that for Wood’s equation
(Figure 5). These linear regression lines are represented by the
following equation,

I o S T O T ©)
psv PpVp  PeVs | PgVz

Figure 8 depicts a plot of velocities derived from Equation 9
(line A) superimposed upon the Leg 123 velocity-porosity data
using the same sediment parameters as before. For direct compari-
son, the velocities derived from Wood’s equation (Eq. 6), are also
shown in Figure 8 as line B. Clearly, while the original Wood
equation is a better predictor of velocities over the 45% to 100%
porosity range, Equation 9 predicts these velocities more closely
over the 0% to 45% porosity range. Indeed, over the entire
porosity range, Equation 9 tends to represent a closer approxima-
tion with a minimum envelope to the data than has been postulated
for Wood’s equation.

Using a similar line of argument as that which led to the
development of Equation 8, Equation 9 can be modified in the
following way,

(L+qll-9) _ (L_u+qgn—q>n]+(1+qgn—npn
P

psv pVp PgVg PzVe

.(10)

This is a semi-empirical equation based in part upon the fully
validated concepts of acoustic impedance. When the velocities
predicted by this equation are compared to the Leg 123 data, using
the same parameters as used in Figure 6, (i.e., a sediment matrix
velocity of 6500 m/s, a sediment grain density of 2.667 g/cm?, a
basalt matrix velocity of 7100 m/s, a basalt grain density of 2.872
g/cm?, a pore-water velocity of 1560 m/s, a pore-fluid density of
1.0245 g/cm3, and bulk density values derived from Eq. 1), they
tend to be a little too high over the higher porosity range. How-
ever, adjusting ¢ and g so that both are equal to 0.22 (equivalent
to a Poisson’s ratio of 0.42) results in lines A and B (shown in
Fig. 9) for the sediments and basalts, respectively.

The velocity values predicted by the acoustic impedance equa-
tion above achieve a much closer fit to the measured values of
velocity than those predicted by the modified Wyllie-Wood equa-
tion, or indeed by any of the porosity to velocity transform models
described here, over both the upper and lower porosity ranges.
The adjustment to the g values in the acoustic impedance equation
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Figure 8. Acoustic impedance and Wood's emulsion equation velocity/porosity
predictions.
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Figure 9. Velocity/porosity predictions using the modified acoustic impedance
equation.

is considered acceptable because of the semi-empirical nature of
Equation 10; however, the Poisson’s ratio of 0.42 is still within
the range of values presented in the literature for limestones and
sandstones.

OF course, a more accurate representation of predicted veloci-
ties for individual samples will be obtained by using the measured
values of grain and bulk densities, rather than derived values of
bulk density from Equation | and average grain densities. How-
ever, this procedure does not give smooth curves for comparing
velocity predictions of one model with those of another.

THERMAL CONDUCTIVITY RELATIONSHIPS

All thermal conductivity values determined during Leg 123 are
listed in Tables 3 and 4 for Sites 765 and 766, respectively. These
values are the same as those listed in the Initial Reports volume
for Leg 123.

Although it was not practical to measure thermal conductivi-
ties and index properties for the same sample, I was able to
compare predictive equations by assuming that each thermal
conductivity sample would have index properties similar to the
closest depth match of an index property sample. Clearly, this will
introduce correlation errors, but depth mismatches averaged only
0.8 m between the two sets of core samples.

I have shown in earlier sections of this paper that satisfactory
models describing relationships between porosity and other
physical properties are all of the general form,

Js=1p@ +fe(1 - 9),

where fis an appropriate function. By following a similar line of
reasoning, a convincing relationship between thermal conductivity
and porosity can be shown to be of the form,

KPs = @ Kppp) + (1 — @)Kepg (1)

where « is the thermal conductivity of the sample, x; is the pore-fluid
thermal conductivity, and g is the rock-matrix thermal conductivity.
Satisfactory correlations between predictions and measured values
(Fig. 10) can be obtained by using thermal conductivities of both basalt
and sediment matrices of 1.70 and 1.65 W/m°C, respectively (lines A
and B) and a pore-fluid value of 0.55 W/m°C.

Nobes et al. (1986) used a relationship of the following form
to derive thermal conductivities from porosity:

=1, (12)

Thermal conductivity
- - - — rn
- o S @ o " (5]
|

o
o
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Figure 10. Thermal conductivity/porosity predictions using Equation 11.

Again, reasonably satisfactory correlations between predictions and
measured values (Fig. 11) can be achieved by using corresponding
matrix and pore-fluid thermal conductivities of 1.75, 2.60, and 0.70
W/m°C, respectively.

The spread of measured values of thermal conductivity as
porosity decreases (due in part to the lack of correspondence
between samples), leads to difficulties when deciding which of
these two models is most appropriate. However, physical consid-
erations would lead one to expect that thermal conductivity,
porosity, and density express some degree of interdependence and
that Equation 11 might be the more realistic. Again, by plotting
the linearized forms of these two relationships, Equation 11 pro-
duces a marginally more convincing straight line than does Equa-
tion 12.

DISCUSSION AND CONCLUSIONS

The limitations of the Wyllie time average equation have been
known for many years and have been re-emphasized here by
comparing predicted with measured compressional-wave veloci-
ties of marine samples ranging from oozes, near to the sea/sedi-
ment interface through basement basalts. A semi-empirical
acoustic impedance relationship has been developed that is shown
to provide a more accurate porosity-velocity transform, using
realistic material parameters, than has hitherto been possible.
Because a closer correlation can be achieved with this semi-
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Figure 11. Thermal conductivity/porosity predictions using Equation 12.



empirical equation than with the more theoretically based modi-
fied Wyllie-Wood equation, perhaps opens to question some of
the fundamental assumptions governing compressibilities of ma-
terials upon which early work was based.

[ also show that a satisfactory empirical equation can be used
to describe the relationships between thermal conductivity and
porosity. However, the lack of direct correspondence between
measured samples has precluded exploration of this relationship
in more detail.

If enough is known about the lithology to provide estimates of
the matrix and pore-water parameters, Equations 1, 10, and 11
enable one to describe completely the behavior of a saturated rock
core in terms of compressional-wave velocity, thermal conductiv-
ity, porosity, and bulk density. If measurements of bulk density
and grain density also are available, one can determine average
values of some of these parameters or, alternatively, one no longer
needs to assume grain densities for each sample.
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Table 3. Thermal conductivity data, Site 765.

Thermal
Core, section, Depth conductivity
interval (¢cm) (mbsf) (W/m - °C)
Sediments

123-765A-1H-2, 40 1.50 0.812
A-1H-3, 40 3.00 1.064
A-1H-4, 40 4.50 0.791
A-1H-5, 40 6.00 1118
765B-1H-1, 40 0.00 0777
B-1H-2, 40 1.50 0.846
B-1H-3, 40 3.00 0.892
B-1H-5, 40 6.00 1.054
B-2H-1, 40 9.30 0.973
B-2H-3, 40 12.30 0.973
B-2H-5, 40 15.30 0.874
B-2H-6, 40 16.80 0911
B-3H-1, 40 18.80 1.030
B-3H-2, 40 20.30 0.896
B-3H-3, 40 21.80 0.837
B-3H-4, 40 23.30 1.035
B-4H-1, 50 28.50 0.895
B-4H-3, 50 31.50 1.118
B-4H-4, 50 33.00 0.916
B-4H-6, 50 36.00 0.963
B-5H-1, 40 38.10 0.891
B-5H-3, 40 41.10 1.115
B-5H-5, 40 44.10 1.095
B-5H-6, 40 45.60 1.151
B-6H-1, 40 47.80 1.053
B-6H-2, 40 49.30 1.213
B-6H-3, 40 50.80 0.926
B-6H-3, 40 50.80 0.926
B-6H-6, 40 55.30 1.040
B-TH-1, 40 57.40 1.126
B-7H-3, 40 60.40 1.231
B-TH-4, 40 61.90 0.990
B-7H-6, 40 64.90 1.350
B-8H-2, 40 68.60 1.125
B-8H-4, 40 71.60 1.123
B-8H-5, 40 73.10 1.122
B-9H-1, 45 76.80 1.225
B-9H-3, 45 79.80 1.341
B-9H-4, 45 81.30 1.259
B-9H-6, 45 84.30 1.245
B-10H-1, 40 £6.40 1.306
B-10H-3, 40 89.40 1.176
B-10H-5, 40 92.40 1.328
B-10H-6, 40 93.90 1.174
B-11H-1, 40 96.00 1.041
B-11H-3, 40 99.00 1.293
B-11H-5, 40 102.00 1.362
B-11H-6, 40 103.50 1.283
B-13H-1, 60 115.20 1.312
B-13H-3, 60 118.20 1.351
B-13H-5, 60 121.20 1.199
B-13H-6, 60 122.70 1.298
B-15H-1, 51 134.50 1.371
B-15H-3, 51 137.50 1.372
B-15H-5, 51 140.50 1.340
B-15H-6, 51 142.00 1.428
B-16H-2, 50 145.70 1.307
B-16H-3, 50 147.20 1.393
B-16H-5, 50 150.20 1.242
B-16H-6, 50 151.70 1.219
B-18H-2, 50 165.10 1.278
B-18H-3, 50 166.00 1.337
B-18H-5, 50 169.00 1.433
B-18H-7, 50 172.00 1.244
B-19X-2, 30 174.80 1.375
B-19X-3, 30 176.30 1.250
B-19X-4, 30 177.80 2.146
B-19X-5, 30 179.30 1.337
B-20X-2, 37 184.50 1.113
B-20X-3, 37 186.00 1.338
B-20X-5, 37 189.00 1.396
B-20X-6, 37 190.50 1.337
B-21X-2, 50 194,20 1.435
B-21X-3, 50 195.70 1.276

Table 3 (continued).
Thermal
Core, section, Depth conductivity
interval (em) (mbsf) (W/m - °C)
Sediments (Cont.)

123-765B-21X-4, 50 197.20 1.414
B-21X-5, 50 198.70 1.363
B-22X-1,36 202.40 1.428
B-22X-3, 36 205.40 1.217
B-22X-4, 36 206.90 1.44]
B-22X-5, 36 208.40 1.290
B-23X-1, 110 212.10 1.480
B-23X-1, 30 212.10 1.513
B-23X-2, 110 213.60 1.318
B-23X-2, 30 213.60 1.466
B-24X-1, 40 221.80 1.425
B-24X-2, 40 223.30 1.401
B-24X-3, 40 224,80 1.296
B-24X-4, 40 226.30 1.346
B-25X-1, 50 231.50 1.282
B-26X-1, 50 241.20 1.304
B-26X-3, 50 244.20 1.768
B-26X-4, 50 245.70 1.431
B-27X-1, 30 250.90 1.325
B-27X-2,30 252.40 1.260
B-27X-3, 50 253.90 1.430
B-27X-3, 30 253.90 1.290
B-28X-1, 60 260.60 1.237
B-28X-1,33 260.60 1.413
B-28X-2, 33 262.10 1.051
B-28X-3, 33 263.60 1.349
B-29X-1, 50 270.20 1.362
B-29%-1,90 270.20 1.389
B-29X-2, 10 271.70 1.416
B-30X-1, 30 279.90 1.483
B-31X-1, 60 289.60 1.252
B-31X-2, 60 291.10 1.439
B-31X-3, 60 292.60 1.536
B-31X-4, 60 294,10 1.369
B-32X-1, 80 299.30 1.407
B-32X-1, 120 299,30 1.638
B-32X-2, B0 300.80 1.739
B-32X-3, 80 302.30 1.321
B-33X-1, 50 309.00 1.293
B-33X-2, 50 310.50 1.417
B-33X-4, 50 313.50 1.387
B-33X-5, 50 315.00 1.241
B-34X-1, 30 318.70 1.235
B-34X-2, 46 320.20 1.581
B-35X-1, 30 328.30 1.453
B-36X-1, 80 337.90 1.478
B-36X-2, 60 339.40 1.467
B-36X-3, 50 340.90 1.628
B-37X-1, 60 347.50 1.218
B-37X-2, 40 348.70 1.455
B-38X-1, 60 357.10 1.416
B-39X-1, 60 366.70 1.936
B-40X-1, 10 376.40 1.282
B-41X-1, 15 386.00 1.230
765C-2R-1, 31 359.60 1.510
C-2R-1,31 359.60 1.530
C-3R-2, 34 370.80 1.410
C-3R-2, 34 370.80 1.380
C-4R-1, 120 379.00 1.350
C-4R-1, 120 379.00 1.370
C-5R-2,79 390.10 1.350
C-5R-2,91 390.10 1.430
C-5R-2, 110 390.10 1.244
C-5R-2,91 390.10 1.360
C-5R-2, 96 390.10 1.503
C-6R-1, 91 398.30 1.590
C-6R-1, 91 398.30 1.570
C-7R-1, 18 408.00 1.390
C-7R-1, 18 408.00 1.320
C-8R-3, 8 420.70 1.250
C-8R-3, 8 420.70 1.310
C-9R-3, 88 430.30 1.340
C-9R-3, 88 430.30 1.330
C-10R-4, 38 441.00 1.300



Table 3 (continued).
Thermal
Core, section, Depth conductivity
interval (ecm) (mbsf) (W/m - °C)
Sediments (Cont,)
123-765C-10R-4, 38 441.00 1.280
C-11R-3, 102 449.00 2.100
C-11R-3, 102 449.00 1.990
C-12R-5, 69 461.20 1.720
C-12R-5, 69 461.20 1.630
C-13R-2, 131 466.10 1.600
C-13R-2, 131 466.10 1.610
C-13R-3,0 467.60 1.290
C-13R-3,0 467.60 1.472
C-13R-3,0 467.60 1.440
C-14R-1, 35 474.10 1.490
C-14R-1, 35 474,10 1.420
C-16R-1, 108 493.20 1.520
C-16R-1, 108 493.20 1.600
C-17R-1, 14 502.40 1.200
C-17R-1, 14 502.40 1.240
C-18R-2, 134 513.40 1.680
C-18R-2, 134 513.40 1.640
C-23R-5, 5 565.70 2.120
C-23R-5,5 565.70 2.000
C-24R-3, 16 572.30 1.870
C-24R-3, 16 572.30 1.840
C-25R-1, 21 579.00 1.860
C-25R-1, 21 579.00 1.880
C-28R-1, 73 607.00 1.070
C-28R-1,73 607.00 1.070
C-29R-2, 45 617.97 1.149
C-29R-4, 44 621.02 1.366
C-29R-6, 43 624.17 1.275
C-30R-2, 64 627.39 1.246
C-30R-2, 64 627.39 1.172
C-30R-3, 38 628.85 1.263
C-30R-3, 38 628.85 1.409
C-30R-6, 51 633.29 1.163
C-30R-6, 51 633.29 1.394
C-31R-1, 98 635.30 1.358
C-31R-1, 31 635.30 1.094
C-31R-2, 47 636.71 1.564
C-31R-3, 101 638.18 1.257
C-31R-4, 58 639.61 1.380
C-33R-2, 30 656.18 1.206
C-33R-2, 60 656.18 1.275
C-37R-3, 101 696.00 1.400
C-37R-3, 101 696.00 1.380
C-38R-5, 5 T08.50 1.380
C-38R-5,5 708.50 1.340
C-38R-5, 5 708.50 1.360
C-39R-3, 42 714.70 1.410
C-39R-3, 42 714.70 1.380
C-40R-2, 95 722.40 1.450
C-40R-2, 95 722.40 1.490
C-42R-3, 16 742,80 1.380
C-42R-3, 16 742.80 1.370
Basalts
765D-1R-1, 52 948.42 1.735
D-1R-1, 52 948.42 1.725
D-1R-2, 52 949,92 1.725
D-2R-2,0 956.09 1.105
D-2R-3, 95 958.11 1.670
D-3R-1, 33 964.73 1.695
D-4R-1, 30 974,00 1.610
D-5R-1, 133 984.53 1.675
D-5R-5, 29 988.45 1.755
D-5R-7, 129 992.29 1.760
D-6R-1,0 992.40 1.675
D-7R-1, 81 1002.81 1.690
D-8R-1, 28 1011.78 1.770
D-9R-1, 72 1021.62 1.840
D-9R-1, 72 1021.62 1.840
D-10R-1, 64 1030.84 1.580
D-11R-1, 90 1040.30 1.590
D-12R-1, 26 1045.36 1.690

PHYSICAL PROPERTY RELATIONSHIPS, SITES 765 AND 766

Table 3 (continued).
Thermal
Core, section, Depth conductivity
interval (cm) (mbsf) (W/m - °C)
Basalts (Cont.)
123-765D-15R-1, 55 1073.55 1.555
D-17R-2, 103 1094.16 1.695
D-18R-1, 10 1101.20 1.830
D-19R-1, 114 1111.44 1.500
D-20R-2, 71 1121.71 1.635
D-21R-1, 113 1130.13 1.755
D-22R-1, 15 1138.75 1.690
D-23R-2, 20 1149.50 1.725
D-24R-4, 42 1161.32 1.740
D-25R-1, 125 1167.75 1.765
D-26R-2, 92 1178.42 1.425
D-27R-2, 40 1186.95 1.725
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Table 4. Thermal conductivity data, Site 766.

Thermal
Core, section, Depth conductivity
interval (cm) (mbsf) (W/m - °C)
Sediments

123-766A-1R-1, 110 1.1 1.407
A IR-2, 40 1.9 1.095
-1R-3, 40 34 1.096

A 2R-1, 50 8.2 1.228
A-2R-2, 50 9.76 1.268
A-2R-3, 55 11.31 1.137
A-2R-5, 55 14.31 1.200
A-3R-2,45 19.25 1.270
A-3R-3,45 20.75 1.515
A-3R-4, 45 2225 1.593
A-IR-CC, 10 26.40 1.529
A-4R-1, 60 27.60 1.515
A-4R-2, 60 29.10 1.374
A-5R-3, 60 40.30 1.480
A-5R-6, 30 44.50 1.412
A-6R-4, 60 51.40 1.350
A-TR-1, 40 56.40 1.089
A-TR-2, 40 57.90 1.425
A-TR-4, 33 60.83 1.413
A-TR-7, 30 65.30 1.413
A-BR-1, 50 66.20 1.412
A-8R-2, 44 67.64 1.439
A-9R-1, 60 75.90 1.417
A-9R-4, 60 80.40 1.460
A-10R-1, 70 85.70 1.340
A-10R-3, 50 88.50 1.479
A-11R-3, 40 98.10 1.630
A-11R-4, 40 99.60 1.735
A-12R-1, 40 104.70 1.659
A-12R-2, 40 106.20 1.505
A-13R-1, 40 114.30 1.742
A-13R-3, 40 117.30 1.759
A-14R-1, 40 124.00 1.512
A-14R-2, 40 125.50 1.433
A-15R-2, 101 135.71 0.977
A-15R-4,90 138.60 1.581
A-16R-2, 120 145.60 1.367
A-16R-5, 54 149.44 1.341
A-17R-2, 70 154.70 1.436
A-17R-5, 38 158.88 1.391
A-17R-7, 20 161.70 1.294
A-18R-1, 47 162.57 1.341
A-18R-3, 34 165.44 1.276
A-18R-6, 38 169.98 1.384
A-19R-1, 78 172.48 1.396
A-19R-3, 43 175.13 1.249
A-19R-5, 32 178.02 1.216
A-20R-1, 98 182.38 1.426
A-20R-2, 40 183.30 1.439

Table 4 (continued).
Thermal
Core, section, Depth conductivity
interval (cm) (mbsf) (W/m - °C)
Sediments
123-766A-20R-4, 30 186.20 1.095

A-21R-1, 43 191.43 1.472
A-21R-2, 82 193.32 1.445
A-24R-1, 110 221.00 1.669
A-25R-1, 23 229.83 1.481
A-26R-2, 70 241.50 1.226
A-26R-3, 56 242.86 1.169
A-27R-1, 114 250.04 0.864
A-27R-2, 51 250.91 1.103
A-28R-2, 53 260.63 1.242
A-28R-4, 60 263.70 1.332
A-29R-1, 80 269.10 1.142
A-29R-3, 60 271.90 1.202
A-30R-2, 80 280.20 1.048
A-30R-4, 40 282.80 1.152
A-36R-1, 52 336.32 1.346
A-36R-1, 115 336.95 1.374
A-36R-2, 16 337.46 1.399
A-37R-1, 62 346.12 1.477
A-38R-1,75 355.85 1.574
A-38R-3, 68 358.78 1.543
A-39R-1, 78 365.58 1.351
A-39R-3,71 368.51 1.380
A-41R-1, 116 385.36 1.345
A-42R-2, 35 395.65 1.292
A-42R-4, 35 398.65 1.325
A-42R-4, 38 398.68 1.444
A-43R-2, 35 405,35 1.300
A-43R-4, 35 408.35 1.592
A-44R-2, 50 415.20 1.465
A-44R-6, 50 421.20 1.447
A-45R-3, 50 426,30 1.522
A-45R-7, 30 432,10 1.404
A-46R-3, 50 436.04 1.422
A-46R-6, 50 440.54 1.303
A-4TR-2, 50 444,20 1.339
A-47R-6, 50 450.20 1.125
A-49R-4, 77 466.77 1.490

Basalts
A-50R-3, 48 474.50 1.685
A-51R-3, 86 484,21 1.680
A-52R-1,79 490,69 1.695
A-52R-3,0 492,97 1.820
A-53R-3, 45 502.15 1.825
A-54R-4, 67 512.93 1.800
A-55R-7, 136 527.02 1.835




