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ABSTRACT

A detailed study of physical properties was made on core samples from Deep Sea Drilling Project Hole 504B. The
measured properties are density, porosity, sonic velocity, electrical resistivity, and fluid permeability. Basalts from this
young oceanic crust have higher density and sonic velocity than the average DSDP basalts. Porosity (and temperature)
dependences of physical properties are given by

V=V -ap

e = eoexp(E*/RT) ¢~
k = k%!

where V is the sonic velocity (km/s), ¥, = 6.45 (km/s), @ = 0.111 (km/s %), ¢ is the porosity (%), g is the electrical
resistivity (ohm m), g = 0.002 (ohm m), E* = 2.7 (Kcal/mol) for fresh basalts, RT has its usual meaning, g = 1.67 £
0.27, k is the permeability, k§ = (1 ~ 10) x 10~ 12 (cm?). Porosity distribution in the crust in this area is estimated by
combining the seismic velocity distribution and velocity-porosity relation. Because of the rapid decrease in porosity
with depth, resistivity increases and permeability decreases rapidly with depth. The decreasing rate of permeability with

increasing depth is approximately given by k(cm2) = 2 x 10~ !9 exp(—2z (km)/0.3).

INTRODUCTION

Hole 504B, south of the Costa Rica Rift, provides a
good opportunity for studying the physical state of the
young oceanic crust, because of the deep basement pen-
etration (562 m) on the one hand, and the successful log-
ging (Cann and Von Herzen, this volume), on the other.

A comprehensive study of physical properties, in-
cluding density, porosity, sonic (compressional-wave)
velocity, electrical resistivity, and fluid permeability was
made for a large collection of basalts cored from this
hole. This study, combined with logging data, will pro-
vide a basis for understanding this young oceanic crust.

Because the velocity of seismic waves is the major
source of information about the deep structure of the
oceanic crust (e.g., Ewing and Houtz, 1979), the impor-
tance of its study is well recognized, and numerous
works have been done on the sonic velocity of oceanic
basalts (e.g., Christensen and Salisbury, 1975). These
studies have confirmed the importance of pore space on
the velocity structure of oceanic crust.

The recent discovery that hydrothermal circulation
occurs in young oceanic crust (e.g., Lister, 1972; Wil-
liams et al., 1974; Anderson et al., 1977) stresses the im-
portance of the nature of pore structure in the oceanic
crust. Although the difference in dimension between
hand specimen and the oceanic crust may be significant,
laboratory study of the nature of porosity in oceanic

1 Cann, J. R., Langseth, M. G., Honnorez, J., Von Herzen, R. P., White, S. M., et al,,
Init. Repts. DSDP, 69: Washington (U.S. Govt. Printing Office).
Present address: Research School of Earth Sci The A lian Nati Univer-
sity, P.O. Box 4, Canberra 2600, Australia.

basalts may provide a basis for understanding the pore
structure in oceanic crust.

The electrical resistivity and the fluid permeability of
fluid-saturated rocks are closely related to the nature of
pores and could give valuable information about the
shape and dimension of pores (Shankland and Waff,
1975; Brace, 1977); however, only a little work has been
done on the electrical resistivity and fluid permeability
of oceanic basalts. In particular, the measurement of
fluid permeability of oceanic basalts has been made only
recently (Johnson, 1979). This report is probably the
first comprehensive study of fluid permeability of young
oceanic basalts.

Since the physical properties studied here are sen-
sitive to water content, all the measurements except po-
rosity were made on sea-water-saturated samples with
2.5-cm diameter and 2- to 5-cm length. The results of all
the measurements and their mean values are given in
Tables 1 and 2 respectively. Histograms of physical prop-
erties are given in Figure 1.

GRAVIMETRIC MEASUREMENTS

The wet-bulk density of basalts was determined by
weighing samples first in air to determine the mass and
then suspended in water to determine the volume. Water
content was determined by weighing samples first satu-
rated with sea water, then after drying at 110°C for 24
hours. Porosity and grain density were calculated from
the wet-bulk density and water content. The accuracy of
each measurement was about 0.001 g, and the repro-
ducibility was about 0.005 g; thus, the experimental er-
ror of density is about 0.1% and that of porosity about
1%.
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Table 1. Physical properties of basalts from Hole 504B.

‘Wet-Bulk Grain Sonic Electrical
Sample Densilay Density Porosity Velocity Resistivity Permeability
(interval in cm) (g/em¥)  (g/em?) (%) (km/s)  {(ohm m) (cm?)

504B4-1, 108-110 2.95 3.00 23 6.46 170 Lix10716
62, 35-38 — — — 577 79.7 -
8-1, 63-65 2.94 3.00 2.9 6.14 98.2  4.0x10-16
11-2, 76-78 2.90 2.98 4.0 5.94 108 -
12-1, 50-52 2.89 2.99 48 5.63 101 —
16-3, 134136 2.93 2.99 3.0 5.95 80.4 -
17-1, 96-98 2.89 2.97 39 6.11 76.9 —
19-1, 101-103 2.84 2.92 4.2 5.87 145 3.3x10-16
21-3, 123-125 il = - 5.92 161 -
2422, 62-64 2.93 3.01 4.0 6.06 849  44x10-15
32-1, 144-146 2.95 3.02 3.5 6.28 51.2 1.0x10-15
32-2, 101-103 2.90 3.00 4.9 - - -
33-1, 130-132 2.92 2.99 36 6.09 50.1 Ry
33-2, 71-73 2.89 2.98 4.4 5.98 59.7 -
34-1, 10-12 2.95 3.01 3.3 5.95 56.3 -
34-1, 145-147 2.86 2.93 38 5.58 134 1.4%10=16
342, 58-60 2.81 2.92 5.8 — 4.9 -
351, 115-117 2.83 2.95 6.5 5.91 422 -
36-2, 84-86 2.96 3.01 2.8 5.88 28.7 -
36-3, 15-17 2.8 2.97 4.8 5.90 29.6 -
37-1, 11-13 2.94 3.00 3.2 — = =
38-1, 83-85 2.98 3.02 1.6 6.37 155 1.7x10-15
38-2, 109-111 2.97 3.04 3.7 - - -
39-1, 103-105 2.90 3.02 6.1 5.45 50.6 =
392, 117-119 2.94 2.98 23 6.21 74.9 —
40-1, 93-95 2.96 2.9 1.5 — -~ -
40-3, 35-37 2.92 2.97 2.6 6.27 99.6 -
40-4, 61-63 2.95 2.98 1.4 6.16 66.4 =
411, 112-114 2.95 2.98 1.7 6.30 58.1 -
41-2, 96-98 2.96 2.98 1.3 6.48 44.8 1.9x 10— 16
41-3, 104-106 2,98 1.05 33 6.23 41.5 —
42-1, 31-33 2.88 2.98 5.3 5.70 134 -
42:2, 79-81 2.94 .02 4.0 513 28.9 -
431, 9-11 2.96 304 38 6.16 32,0 -
432, 3-5 3,02 1.06 1.8 6.23 52.6 —
44-1, 79-81 2.96 1.03 3.6 6.10 423 -
45-1, 9-11 2.88 3.01 6.7 5.52 3.7 -
46-1, 14-76 2.00 1.04 22 6.28 9.7 —
473, 7-9 2,95 .0 35 5.96 £9.0 —
474, 98-100 2.97 1.03 2.9 6.24 51.9 -
48-2, 8-10 2.94 3.03 4.5 6.05 52.6 -
49-2, 58-60* 2.74 3.01 13.3 5.45 20.3 1.6x10—14
50-1, 27-29 2,96 3.01 2.5 - N -
51-1, 105-107 2.95 3.01 2.8 6.25 30.2 -
52-1, 69-71 2.93 3.00 32 — — —
522, 29-31 2.94 3.01 EX 5.99 30.9 -
54-1, 129-131 2.8 3.01 6.9 5.68 35.5 -
55-2, 24-26 2.89 3.01 6.3 572 58.5 -
56-2, 64-66 291 .01 5.4 - =2 —
57-1, 39-41 2.90 .02 6.1 5.76 38.1 -
57-2, 134-136 2.98 3.07 4.5 6.04 9.2 e
58-1, 110-112 2.94 3.05 5.5 6.14 54 28x10-16
58-3, 109-111 2.96 3.02 3.4 6.09 36.4 47x10-13
60-1, 65-67 2.97 3.04 3.5 6.15 60.7
61-2, 79-81 2.94 3.00 13 6.18 53.1 -
621, 106-108 2.91 2.97 2.9 - = -
63-2, 130-132 2.95 3.01 3.0 6.07 - -
634, 77-19 2.95 3,01 2.7 5.96 4.5 =
64-2, 63-65 2.98 3.03 2.5 - 7.2 =
644, 2-4 2.94 3.01 3.3 5.93 34.4 -
65-1, 57-59 2.98 3.04 3.0 6.04 40.3 -
66-2, 84-86 2.9 3.05 2.7 6.12 44.8 1L.0x10-15
68-1, 0-2 2.84 2.98 7.1 — g -
69-1, 54-56 2.95 1.08 6.0 5.91 295 91x10-14
70-1, 19-21* 2.1 3.03 12.8 4.60 14.5 -
70-2, 22-24 2.94 3,04 4.9 6.24 8.5 -

* Basalt breccia.

The wet-bulk density of 64 basalts ranges from 2.74
for a basalt breccia to 3.02 g/cm3 for a low-porosity ba-
salt; the mean is 2.93 + 0.05 g/cm3. This mean value is
among the highest observed in oceanic basalts. The
grain density of 64 basalts ranges from 2.92 for a basalt
breccia to 3.08 g/cm?; the mean is 3.01 + 0.03 g/cm?3,
and this value is also among the highest. The porosity of
64 basalts ranges from 1.3% for a massive basalt to
13.3% for a basalt breccia; the mean is 4.1 + 2.2%. Ba-
salts from this hole have lower porosity than those from
other DSDP sites, as shown in Table 2.

The high grain density and low porosity, which are
responsible for the high wet-bulk density, may reflect
the freshness of these basalts. In fact, highly altered ba-
salts have generally low bulk density (e.g., Christensen
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Table 2. Average physical properties.

Physical Hole 504B Legs SL.
Properties (this study) Leg 372 52, 53
Wet-bulk density 2,93 + 0.05 2.80 + 0.08 2.79 £ 0.13
(g/cm3) (N =64) (N =101) (N = 185)
Grain density 3.01 +0.03 2.95 + 0.05 2.91 + 0.04
(g/cm3) (N =64) (N = 85) (N = 104)
Porosity (%) 4.1+22 7.8+4.1 84+55
(N =64) (N = 85) (N =104)
Sonic velocity 5.99 + 0.31 5.94 + 0.34° 5.48 + 0.48
(km/s) (N =55) (N=79) (N = 189)
Electrical resistivity 46.3 220 120
(ohm m)d (N = 56) (N=87) (N = 48)
Fluid permeability 4.7 x 10~ 16 — 1.1 x 10~ 16¢
(cm2)d (N=13) (N = 16)

2 Hyndman and Drury (1976).

b Hamano (1979).

€ Measured at 0.5 Kbar.
Geometric mean.

¢ Air permeability.

and Salisbury, 1973), and a relatively altered basalt from
Hole 504B (504B-34-2, 58-60 cm) has the lowest grain
density (2.92 g/cm?) and relatively high porosity (5.8%).

The difference in grain density between the upper
part of drilled basement (Cores 1-40) and the lower part
(Cores 41-70) is observed in Figure 2 (see also Karato et
al., this volume).

SONIC VELOCITY

The sonic (compressional-wave) velocity of 55 basalts
was measured under atmospheric pressure by a standard
pulse transmission method, using the mercury delay line
at frequency of 1 MHz. The accuracy of the measure-
ments was checked by repeated measurements and by
using aluminum standards; it is about 1%.

Shipboard measurements showed the anisotropy in
velocity to be about 2%; the shore-based measurements
(reported here) were made only on the horizontal wave
velocities.

The compressional-wave velocity ranges from 4.60
km/s for a basalt breccia to 6.48 km/s for a low-por-
osity basalt; the mean is 5.99 £ 0.31 km/s. This mean
value of sonic velocity is higher than that of average
DSDP basalts (Christensen and Salisbury, 1975) and
that of basalts from older ocean floor (e.g., Hamano,
1979), but comparable to that of young oceanic basalts
(e.g., Hyndman and Drury, 1976; Kirkpatrick, 1979;
Karato, in press).

The velocity-density and velocity-porosity relations
are shown in Figures 3 and 4, respectively; the scatter of
data points is smaller in the velocity-porosity diagram,
suggesting that the major factor controlling the sonic
velocity of these basalts is porosity. The linear regres-
sion for the velocity-porosity relation yields

Vp(km/s) = (6.448 + 0.053)
— (0.111 £ 0.011) ¢ (%), n

where ¥, is the sonic velocity and ¢ is the porosity.
This relation suggests that the basalts with zero po-

rosity have a sonic velocity of about 6.45 km/s. Since

the pressure (and the temperature) affects the sonic
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velocity mainly through the change in porosity, and the 0O Cores 41—70
intrinsic pressure and temperature effect is minor in the
shallow crust (Birch, 1961), this value of sonic velocity
may be regarded as the upper limit of the sonic velocity o
of basalts with this composition. 45 S e =

Further, if the theoretical porosity-sonic-velocity re-
lation of Toksoz et al. (1976) can be applied to these ba-
salts, we could estimate the aspect ratio of pores (cracks)
at about 0.1.

ELECTRICAL RESISTIVITY

The electrical resistivity of 56 basalts was measured at
laboratory temperatures (22-25°C) and atmospheric
pressure, using a 1-kHz AC bridge. Because the fre-
quency dependence of electrical resistivity of oceanic
basalts is small (Katsube et al., 1977), the results ob-
tained here could be applied to the other frequencies
used in resistivity logging. Platinum electrodes were at-

Wet-Bulk Density {g/cm3)

Figure 3. Relation of sonic velocity and wet-bulk density.

tached to both ends of the cylindrical samples, and a
rubber jacket was wrapped on the sample surface to pre-
vent water evaporation. The resistivity of the sample
can be determined within an error of 1%, but the repro-
ducibility is only about 10%, probably because of the
contact resistance at the electrodes. The electrical re-
sistivity ranges from 14.5 ohm m for a basalt breccia to
170 ohm m for a low-porosity basalt; the geometric
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Figure 4. Relation of sonic velocity and porosity.

mean is 46.3 ohm m. The electrical resistivity is plotted
against porosity in Figure 5. The electrical resistivity of
basalts from the upper part of this hole (Cores 1-40) is
larger than that of the lower part (Cores 41-70), com-
pared at the same porosity. Since the major petrological
difference between the upper and the lower part of this
hole is the difference in alteration (Honnorez et al., this
volume), this could be attributed to the influence of
secondary minerals on electrical resistivity. In fact, the
temperature variation of electrical resistivity correlates
with the degree of alteration (see the following), sug-
gesting that alteration products could contribute to elec-
trical conduction,

Although the data scatter is very large, Figure 5
shows a general trend of electrical resistivity decreasing
with increasing porosity. Assuming Archie’s law (Ar-
chie, 1942),

e/er = 679, )

where g is the resistivity of sea-water-saturated rock, g¢
is the resistivity of sea water (0.2 ohm m), ¢ is the
porosity, and ¢ is a constant; the constant g is estimated
at 1.67 + 0.27.

The constant g in Archie’s law may be related to the
connectivity, and in turn to the shape of pores (e.g.,
Brace et al., 1965; Shankland and Waff, 1975), if the
electrical conduction occurs mainly through pore fluids.
The value of g obtained here (1.67) is less than 2, sug-
gesting that the pores responsible for electrical conduc-
tion may be relatively flat. The validity of this conclu-
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Figure 5. Relation of electrical resistivity and porosity.

sion, however, depends on the mechanism of electrical
conduction and on the nature of porosity measured by
the present method. If clay minerals at the surfaces of
pores contribute to electrical conduction, as suggested
by the temperature-variation data (see below), g; in
equation (2) should be replaced with a smaller value;
therefore, ¢ would be larger than the value estimated
above.

Porosity measured by the present method may in-
clude that due to isolated pores. On the other hand, only
connected pores are responsible for electrical conduc-
tion. To discuss the pore shape, we must examine the
relation between connected-pore porosity and resistiv-
ity. Because measured values of porosity represent the
upper limit of the connected-pore porosity, the value of
g estimated above is the upper limit of the actual value.

Although it is difficult to estimate these effects quan-
titatively, because these two factors affect the estimated
value of g in the opposite sense, the above-cited value of
g may be near the actual value.

The temperature variation of electrical resistivity was
measured for 3 basalts, at temperatures from laboratory
temperature to about 80°C. Measurements were made
at both increasing and decreasing temperatures in a
thermostat, and no hysteresis was found, showing that
little water had evaporated during measurements. The



results are shown in Figure 6. The activation energy of
electrical conduction was estimated by assuming the fol-
lowing relation:

e = eo exp(E*/RT) ¢~4, 3)

where g, is a constant, E* is the activation energy, and
R and T have their usual meanings. The results are
shown in Figure 6. In this figure, the temperature varia-
tion of electrical resistivity of sea water (e.g., Horibe,
1970) is also shown. The activation energy of a fresh ba-
salt (504B-38-1, 83-85 cm) is very close to that of sea
water, but those of a basalt breccia containing a large
amount of smectite (504B-49-2, 58-60 cm) and of a
slightly altered basalt (504B-60-1, 65-67 cm) are sig-
nificantly larger than that of sea water. This suggests
that alteration products in pores may play significant
roles in electrical conduction.

FLUID PERMEABILITY

The permeability of sea water of 13 basalts was mea-
sured by a standard constant-head-pressure method at
laboratory temperatures. A schematic diagram of the
equipment is shown in Figure 7. Although the use of
lesser-viscosity fluid, such as air (e.g., Hamano, 1979),
could reduce the measurement time, we used the sea
water itself, because the interaction of sea water with
clay minerals in pores could be significant for fluid flow
(Amyx et al., 1960). Measurements of permeability were
made by applying a constant head pressure p of about
20 to 70 bar, which was kept constant within 0.5% during
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Figure 6. Temperature variation of electrical resistivity.
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a run, under about 50- to 150-bar confining pressure. The
volume of sea water Q passed through a sample in a
given time interval At was measured, and the permeabil-
ity k of the sample was calculated by Darcy’s law as

= Q2d @)
Atp A

where 7 is the viscosity of sea water (0.01 poise), L is the

length of the sample, and A is its cross-sectional area.

Measurements of volume flux of sea water were made

for three time intervals, and the mean of these values

was used for the permeability calculation.

The accuracy of each measurement was about 20%,
but the reproducibility was only 50% or less. Plugging
of pores by small particles may cause large fluctuations
and result in large errors, because pore width (~0.03
um; see below) is much smaller than the mesh dimension
(0.46 pm) of the line filter.

The validity of Darcy’s law (the linearity of the rela-
tion between head pressure and flow rate) was tested by
measuring flow rates for several values of head pres-
sures. The examples shown in Figure 8 show the linear
relation within the experimental error.

The effect of confining pressure was examined for
Sample 504B-58-3, 112-114 cm by varying confining
pressure at constant head pressure (23 bar). The result is
shown in Figure 9. At confining pressures up to about
50 bar, permeability decreases significantly with increas-
es in confining pressure. At larger confining pressures,
pressure effects on permeability are small. The large ef-
fects of confining pressure at low pressures could be at-
tributed to the closure of weak paths (e.g., sample/rub-
ber-sleeve boundary).

Considering the results of these two tests, the mea-
surements of permeability were made mainly at about
70-bar head pressure and 150-bar confining pressure.

The permeability of basalts ranges from 1.4 x 10-16
to 9.1 X 10~ 14 cm?; the geometric mean is 4.7 x 10-16
cm2. Although these values compare well with those of
fresh basalts from Hole 418A (Johnson, 1979), they are
significantly lower than the large-scale permeability of
oceanic crusts (10~!! to 10-'° cm?) estimated from
heat-flow data and the hydraulic impedance of sediment
layers (Anderson et al., 1977; Karato and Becker, in
press).

Permeability is plotted against porosity in Figure 10
and against resistivity in Figure 11. Although the data
scatter is very large, the general trends are that the
permeability increases with increase of porosity and also
with decrease of electrical resistivity. Based on these
plots, we were able to estimate the pore size using a
model of fluid flow and electrical conduction in a po-
rous medium.

Hubbert (1956; see also Brace, 1977) derived a rela-
tion between the electrical resistivity and the per-
meability of a fluid-saturated rock as

k = (m¥kg) F-2¢71, ®)

where k is permeability, k, is a shape factor which can
vary between 2 and 3, and ¢ is porosity. Here m is the
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Figure 7. Schematic diagram of the permeability test apparatus.

Head Pressure (bar)

Figure 8. Relation of flow rate and head pressure.

hydraulic radius, which is the volume of the intercon-
nected pores divided by their surface area. F is the
formation factor, the ratio of the resistivity of fluid-
saturated rock to the resistivity of fluid alone (g/g¢).
Combining equations (2) and (5), and substituting the
value for g obtained earlier from equation (2), we have
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Relations (6") and (7') for various values of m (for ko=
2.5) are shown in Figures 10 and 11. From these rela-
tions, we can estimate the hydraulic radius (pore radius)
at 0.01 to 0.1 um. These values are significantly smaller
than the pore size observed in thin sections (> 10 xm).
These results therefore suggest that the large pores may
be isolated or interconnected by small-radius pores, and
the latter may determine the permeability of a rock
specimen.

Further, Figure 10 suggests that the hydraulic radius
m may increase with increasing porosity. In the follow-
ing discussion, however, this possible dependence of m
on porosity will be ignored, because the accuracy of the
data is not sufficient to constrain the porosity of depen-
dence of m quantitatively.

DISCUSSION

In this section, I discuss the physical state of the oce-
anic crust at Site 504, based on both laboratory mea-
surements of physical properties and geophysical field
measurements.

PHYSICAL PROPERTIES OF BASALTS, HOLE 504B
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Figure 11. Relation of permeability and electrical resistivity. Solid
lines show theoretical relations according to equation (7') for
various values of hydraulic radius m.

First, I will summarize the results of this study: labo-
ratory measurements show that the major factor con-
trolling the variation of physical properties of oceanic
basalts from Hole 504B is their porosity. Temperature
affects the electrical resistivity through the temperature
dependence on resistivity of pore fluid and/or clay min-
erals; however, the temperature dependence of sonic ve-
locity (Birch, 1966) and permeability (Amyx et al., 1960)
are negligible in the crust. Further, the effect of pressure
on these physical properties is mainly the effect of pres-
sure on porosity (e.g., Birch, 1961; Brace et al., 1965;
Brace et al., 1968); therefore, if we can estimate the
porosity and temperature in the oceanic crust we could
estimate the physical properties of crust by the labora-
tory data, when the relation between small-scale (labo-
ratory measurements) and large-scale (field geophysical
measurements) physical properties is known.

In the laboratory, the sonic velocity is measured by
using a 1-MHz wave (i.e., wave length ~ 0.5 cm); on the
other hand, seismic experiments use an approximately
10-Hz wave (i.e., wave length ~ 500 m); therefore, the
sonic velocity measured by seismic experiments may in-
clude the effect of large-scale pores (up to the order of
100 m). On the other hand, sonic velocity measured in
the laboratory includes only the effect of small-scale
pores (less than millimeter size). Theories of sonic veloc-

693



S. KARATO

ities in porous media (e.g., Toksoz et al., 1976) suggest
that sonic velocities depend on the aspect ratio of pores,
as well as on porosity. This implies that the velocity-
porosity relation obtained by laboratory measurements
according to equation (1) can be applied to field mea-
surements only if the aspect ratio of pores is similar be-
tween small-scale (millimeter order) and large-scale (100-
m order) pores. Although there is no a priori guarantee
that this similarity holds, it is encouraging that the com-
bination of sonic velocity and porosity logs (see Cann
and Von Herzen, this volume) suggests that the veloc-
ity-porosity relation obtained in the laboratory could be
applied to large-scale phenomena.

The situation is similar for electrical resistivity. Theo-
retical studies on electrical conduction in fluid-saturated
media show that electrical resistivity depends not only
on porosity, but also on the connectivity of pores (e.g.,
Shankland and Waff, 1975); therefore, laboratory data
can be applied to larger-scale phenomena only if the
pore geometry of small-scale and large-scale pores is sim-
ilar. The approximate coincidence of porosities estimat-
ed from the resistivity log using Archie’s law and from
the porosity log (Cann and Von Herzen, this volume)
could indicate that this similarity in pore geometry may
hold.

For the permeability, however, there is no direct rela-
tion between small-scale and large-scale phenomena.
Equations (5) and (6) or (7) show that permeability de-
pends explicitly on hydraulic radius (pore width). Be-
cause the pore size in laboratory samples may be much
smaller than that of large-scale pores in ocean crust, the
permeability of the ocean crust may be much larger than
that of laboratory samples, even if their porosity and
pore geometry (i.e., the connectivity of pores) are the
same. In fact, the packer measurement of fluid perme-
ability at Hole 504B (Zoback and Anderson, this vol-
ume) yields a permeability of about 10-10 cm2, which
is about 10* to 10# times as much as the permeability
estimated by the laboratory measurements, suggesting
that the hydraulic radius of the oceanic crust is about 10
to 102 times as much as that of laboratory samples.

These arguments suggest that the velocity-porosity
(1) and resistivity-porosity (and temperature) (3) rela-
tions could be applied to large-scale phenomena; thus,
they could be used to reveal the physical structure of the
oceanic crust.

On the other hand, laboratory data of permeability
cannot be applied directly to large-scale phenomena. To
bridge the gap between permeability of laboratory sam-
ples and ocean crust, we assume that the porosity de-
pendence of permeability is the same, and that the only
difference is their hydraulic radius. This assumption
may be rationalized because electrical-resistivity studies
show the similarity in pore geometry of laboratory sam-
ples and ocean crust. The hydraulic radius of large-scale
pores in ocean crust is estimated by comparing the ex-
perimental equation (6’) with the packer experiments
made at Hole 504B (Zoback and Anderson, this vol-
ume); for simplicity, this radius is assumed to be inde-
pendent of depth. The variation of permeability with
depth is assumed to be due to variation of porosity.
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The depth variation of porosity is estimated by using
equation (1) and observed velocity distribution (Ste-
phen, this volume). Within the depth range of about 0
to 1 km below top of basement, seismic velocity is sig-
nificantly smaller than the sonic velocity of laboratory
samples, and it increases rapidly with depth. This sug-
gests that large-scale pores (scales larger than laboratory
samples) are abundant in this depth interval, and that
large-scale porosity decreases rapidly with increasing
depth. The estimated variation of porosity with depth is
shown in Figure 12, together with the seismic-velocity
distribution and other estimated physical properties. At
about 2.5 km depth, the estimated porosity becomes
essentially zero. Since equation (1) suggests that the up-
per limit of the sonic velocity of basalts is about 6.45
km/s, the layer below 2.5 km may be composed of rocks
with higher sonic velocity than basalts (e.g., gabbro).

Using this porosity distribution, I estimate variations
of electrical resistivity and permeability with depth from
equations (3) and (6’). In the resistivity estimation, a
conductive temperature profile is assumed (Fig. 12; see
also Becker et al., this volume), and the temperature
variation of resistivity of pore fluid is assumed to be
equal to that of sea water.

Corresponding to the decrease of porosity with
depth, the electrical resistivity and the permeability of
the crust increase and decrease, respectively, with in-
creasing depth. Of particular interest here is the distri-
bution of permeability, which is related to the nature of
hydrothermal circulation. Figure 12 shows that the per-
meability decreases with increasing depth at a rate of
about 10-2/km, or the depth variation of permeability
may be approximately given by

k = k§exp(—z/zp) (8)

where k is the permeability (cm?2), z is the depth (km),
k{=2 x 10-19¢m2, and z; = 0.3 km. The permeability
of the crust at Site 504 becomes essentially zero at depths
below 2 to 3 km.

It is interesting that the rapid decrease of permeabil-
ity with increasing depth suggested above is consistent
with the results of numerical experiments by Green
(1980), which suggest that the depth of fluid penetration
is limited to the upper part of the ocean crust (at the Ga-
lapagos Rift).
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Figure 12. Depth variation of physical properties in ocean crust of the Costa Rica Rift (see text).
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