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ABSTRACT

The results of laboratory consolidation tests and undrained shear strength determinations of sediments from the Oki Ridge
and the Kita Yamato Trough show that the sediments are overconsolidated to normally consolidated to a depth of about 20 m
below the seafloor. Below that depth, the sediments are highly underconsolidated, implying high excess pore-water pressures.
The most probable mechanism for the generation of the excess pore-water pressure is gas in sediments.

INTRODUCTION

Consolidation has been defined by Skempton (1970) as the result of
all processes causing the progressive transformation of an argillaceous
sediment from a soft mud to a clay and finally to a mudstone or shale.
The processes involved include particle bonding, desiccation, cementa-
tion, and the squeezing out of pore water under increasing weight of
overburden. The last-mentioned process is also known as gravitational
compaction. Laboratory consolidation tests simulate gravitational com-
paction by applying an increasing vertical load upon a small, free-drain-
ing, confined, cylindrical sediment sample. The theory of consolidation
has been described in detail by Terzaghi (1943), Taylor (1948), Bryant et
al. (1981), and Bryant and Bennett (1988).

Previous studies on consolidation of marine sediments were sum-
marized by Bryant and Bennett (1988). Consolidation tests of sedi-
ments from the Japan Sea were conducted by Trabant et al. (1975) for
five samples recovered during DSDP Leg 31. Two samples were from
Site 299 (Fig. 1), drilled in the Yamato Basin, and three samples from
Site 302 (Fig. 1), drilled on the northern flank of the Yamato Rise.
The study of Trabant et al. (1975) showed that the sediments from
Site 299 were generally underconsolidated as a result of the high
sedimentation rate of 200 m/m.y. Site 302 samples from a depth of
27 and 141 mbsf were normally consolidated, whereas the sample
from 196 mbsf was slightly underconsolidated.

This paper addresses the following objectives:

1. To determine the state of consolidation of sediments from the
Japan Sea, using shear strength-overburden pressure relationships
and consolidation tests, to compare the results of the two different
methods, and to compare these results with those of Leg 31;

2. To estimate pore-water pressure distribution with increasing depth.
3. To determine the permeabilities of sediments using direct

measurements and computations from laboratory consolidation tests,
correlation between porosity and permeability, and to understand the
influence of grain-size and lithology on permeability.

MATERIALS, METHODS, AND DEFINITIONS

Twelve 10-cm-long whole-round sediment samples were col-
lected during Leg 128 from Site 798 on the Oki Ridge and Site 799
in the Kita Yamato Trough (Fig. 1).

After shipment by air-freight to the physical properties laboratory
of Kiel University, the whole-round samples were X-rayed to check
the degree of sample disturbance. The methods used included stand-
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ard X-ray radiography, as described by Bouma (1969), and the
computer tomographic technique, as described by Holler and Kögler
(1990). A comparison of a conventional X-ray radiograph with com-
puter tomograms highlights the much better resolution and contrast
of the features on the tomograms (see PI. 1).

Grain-size analyses were carried out by standard pipette method.
Index properties were determined following the methods described
by the Shipboard Scientific Party (1990a). Atterberg limit determina-
tions (liquid limit, plastic limit, plasticity index) followed Casagrande
(1932). On the whole-round samples, undrained shear strength was
measured perpendicular to bedding, using a miniature vane test device
(Holler, 1989).

The sedimentary overburden pressure (p0) was calculated for
every depth interval using the equation from Richards (1962):

po = (dB×z)+pa(kPa),

where
p0 = sedimentary overburden pressure,
dB = buoyant unit weight (wet-bulk density minus density of water),
z = depth interval,
pa = sedimentary overburden pressure of upper depth interval.

Consolidation tests were performed on cylindrical samples (20 cm2

× 2 cm) using standard procedures, as described by Lambe (1951).
The consolidation apparatuses used were of the Karol Warner Conbel
type. The loads were increased with time and doubled at 24-hr
intervals. The following vertical loads were used for the consolidation
tests: 5.6, 11, 22, 44, 88, 167, 355, 709, 1418, 2855, and 5670 kPa.

The results of the tests are displayed as void ratio vs. the logarithm
of normal pressure, called e-log p curves. The preconsolidation
pressure, pc, is the greatest load to which the sediment has ever been
subjected. The preconsolidation pressure was determined from the
rebound characteristics and the reload curve, as described by Bryant
et al. (1986), and Bryant and Bennett (1988). The ratio between the
preconsolidation pressure (pc) and the present overburden pressure
ipo) is called the overconsolidation ratio (OCR).

A sediment sample is said to be normally consolidated if the
present overburden pressure is equal to the preconsolidation pressure
determined for that sample (OCR =1).

Overconsolidation exists if the preconsolidation pressure is higher
than the present overburden pressure (OCR > 1).

An underconsolidated sample (OCR < 1) is one in which the precon-
solidation pressure is smaller than the present overburden pressure.
Bryant and Bennett (1988) pointed out that underconsolidated sedi-
ments generally exhibit excess pore water pressure (pressure in excess
of hydrostatic) and are not yet completely consolidated.

Permeability is defined by Matthews and Boyer (1976) as the
capacity of rocks for transmitting a fluid. Permeability can be meas-
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Figure 1. Location of Legs 31 (boxed dots), 127 (dots), and 128 (circled dots) sites in the Japan Sea.

ured directly in the laboratory using different kinds of permeameters
(see The Marine Geotechnical Consortium, 1985) or calculated from
the results of laboratory consolidation tests. In this study, permeability
of the samples was determined directly, by using a falling-head
permeameter before consolidation tests were conducted, and indi-
rectly from the results of the consolidation tests. The indirect measure
of permeability was based on the square root of time method used to
determine the time required for 90% primary consolidation (t<>o).
Permeability was calculated after Terzaghi (1943) by means of the
following equation (see also Bryant et al., 1981, 1986):

k = cv mv dw,

where
k = coefficient of permeability (cm/s),
cv = coefficient of consolidation (= 0.848 #2/?90),
mv = coefficient of volume change (= (de/dp)/(l +e) = aj{\ + *>)),
av = coefficient of compressibility (= de/dp),
e = void ratio,
p = pressure (kPa),
H - average drainage height of sample (cm),
t90= time required for 90% completion of primary consolidation, and
dw = unit weight of pore water (taken as 1.025 g/cm3).

RESULTS AND DISCUSSION

Consolidation Characteristics Inferred From Sediment
Shear Strength

Bryant et al. (1986) stated that the most direct and definitive way
of determining the degree of consolidation for normally and under-
consolidated sediment conditions is to measure the in-situ pore water
pressures. However, in-situ pore water pressure measurements have

been conducted only in very rare cases (see Dunlap et al., 1978,1979;
Schultheiss and McPhail, 1986).

An approximation of the consolidation characteristics can be
made by using the classical cu//?o-relationship (Skempton, 1970,
Bryant et al., 1986). Skempton (1970) developed a method for
predicting the shear strength-overburden pressure ratio for normally
consolidated marine sediments, based on empirical relationships. The
equation for the predicting the cjpo-raúo is as follows:

cu/po = 0.11 +0.0037//?,
where

cu - undrained shear strength,
p0 - sedimentary overburden pressure, and
Ip - plasticity index.

Figures 2 and 3 show the ratios of shear strength to the sedi-
mentary overburden pressure plotted against depth below seafloor
for the upper part of Sites 798 and 799. As pointed out by the
Shipboard Scientific Party (1990a), shear strength measurements
were restricted to the sediments recovered by means of the ad-
vanced piston corer (APC) because sediments recovered using the
extended core barrel (XCB) and the rotary core barrel (RCB) gener-
ally display a much higher degree of drilling disturbance.

The plots show a vertical line having a value of 0.22. This line
represents, according to Skempton (1970), the boundary between
normally consolidated sediments, characterized by a cjpo-raüo >
0.22, and underconsolidated sediments with cH/po-ratios generally
smaller than 0.22.

The boundary between normally consolidated and overconsolidated
sediments is not included on the plots. Table 1 shows the Atterberg limits
and the cjpo-raúos for normally consolidated sediments. The minimum
and maximum values are 0.26 and 0.59. All samples showing a higher
cjpo-raúo as 0.59 are defined as overconsolidated.
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Figure 2. Undrained shear strength/sedimentary overburden pressure ratios for
Site 798. Sediments having ratios less than 0.22 are underconsolidated.

Figure 3. Undrained shear strength/sedimentary overburden pressure ratios for
Site 799. Sediments having ratios less than 0.22 are underconsolidated.

Site 798

Figure 2 shows the cjpo-raúo vs. depth for Site 798. Samples from
the upper 20 mbsf display cjpo-ratios t n a t r a nge between 1.06 and
0.24. As mentioned above, these values represent overconsolidated
to normally consolidated conditions of the samples.

Below 20 mbsf, the cjpo-ratio is, except for the depth interval of
about 78 mbsf, generally smaller than 0.22 and shows a decrease with
increasing depth. This indicates that all sediments below 20 mbsf are
underconsolidated (except the sample at the depth of about 78 mbsf,
which is normally consolidated) and that the state of underconsolida-
tion increases with increasing depth below seafloor.

Site 799

The consolidation state of Site 799 as inferred from shear strength
determination is shown in Figure 3. The highest cu/po-ratio was
determined near the top of Core 128-799A- 1H-1. Below Section 1 of
this core, the cu/po-ratio shows values generally smaller than 0.22. The
upper 180 mbsf of Site 799 are interpreted to be generally undercon-
solidated and that only the uppermost part of this site is overconsoli-
dated. A decreasing culpo-raúo was determined with increasing depth
below seafloor at this site. This decrease represents an increasing state
of underconsolidation with increasing depth.

The depth interval between about 40 and 60 mbsf is characterized
by mass movement deposits like debris flow deposits and folded

sediment sections (see "Lithostratigraphy" section in Shipboard Sci-
entific Party, 1990c). It is interesting to note that the cjpo ratios in
that depth interval are generally higher, compared to the depth inter-
vals above and below it (Fig. 3). An explanation for the higher values
of the cjpo-ratio is a more dense packing of the sediments, due to the
mass movement. A generally higher degree of consolidation within
debris flow deposits from various parts of the world (e.g., the North
Fiji Basin, off northwest Africa, in the Equatorial East Atlantic, and
off Norway) has been demonstrated by Holler (1988).

Figure 3 also shows that the sediment directly below the mass
movement deposits are highly underconsolidated. This high degree
of underconsolidation can be explained by the rapid loading of the
sediments due to the mass movement deposits.

Another "slump" deposit was detected in the depth interval be-
tween 145 and 155 mbsf (see Shipboard Scientific Party, 1990c). The
cjpo-raúo at a depth of 157 mbsf also indicates a rapid loading of that
depth interval by the slumped sediments.

Consolidation Characteristics From Laboratory
Consolidation (Oedometer) Tests

The results of laboratory consolidation tests from Site 798 are
displayed as void ratio vs. logarithm of vertical effective pressure
(e - log p) diagrams in Figure 4. Table 2 is a list of the calculated
overburden pressure, minimum and maximum preconsolidation pres-
sures, overconsolidation ratio (OCR), and excess pore-water pres-
sures for seven samples from Site 798.
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Table 1. Atterberg limits and cu//7o-ratios for normally consolidated
sediments for whole-round samples from Sites 798 and 799.

Core, section
interval (cm)

Hole 798B

1H-1, 135-150
2H-1, 140-150
3H-1, 140-150
4H-7, 84-94
9H-3, 140-150

16X-6, 140-150
25X-3, 140-150

Hole 799A

2H-1, 135-145
3H-4, 140-150
5H-4, 135-145

10H-4, 135-145
21X-4, 130-140

Depth
(mbsf)

1.35
10.80
19.80
37.94
78.74

150.68
234.10

2.55
16.60
35.75
83.75

189.90

Liquid
limit
(%)

193
138
123
119
75

137
112

81
77

103
113
143

Plastic
limit
(%)

63
43
40
44
35
80
52

30
28
38
44
68

Plasticity
index

130
95
83
75
40
57
60

51
49
65
69
75

c 1 p
ratio

0.59
0.46
0.42
0.39
0.26
0.32
0.33

0.30
0.29
0.35
0.37
0.39

Sample 128-798B-1H-1, 135-150 cm, is characterized by an
average OCR of 6.17, indicating overconsolidation. For Sample
128-798B-2H-1, 140-150 cm, the minimum and maximum values of
the OCR vary between 0.80 and 0.92, respectively. The sediment is
classified as normally consolidated to slightly underconsolidated.The
remaining samples from Site 798 show OCR's ranging between 0.78
and 0.15. The sediments are mostly underconsolidated. With increas-
ing depth below seafloor the OCR's generally decrease (Table 2). This
means that the degree of underconsolidation is greater with increasing
depth below seafloor. Estimates of the state of consolidation from the
laboratory consolidation tests of the sediments from Site 798 agree
well with those inferred from the undrained shear strength/sedimen-
tary overburden pressure ratio.

Figure 5 shows a plot of the sedimentary overburden pressure and
the minimum and maximum preconsolidation pressure vs. depth for
Site 798. As pointed out by Bryant et al. (1986), it is reasonable to
assume that the difference between the preconsolidation pressure and
the sedimentary overburden pressure is the approximate amount of
pressure in excess of hydrostatic that one might expect in the under-
consolidated sediments. Making this assumption, Figure 5 and Table
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Figure 4. Void ratio vs. logarithm of vertical effective pressure plots of sediments from
Site 798.
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Table 2. Consolidation characteristics and excess pore-water pressures
for Site 798.

Pressure (kPa)

Core, section.
interval (cm)

Hole 798B

1H-1. 135-150
2H-1. 140-150
3H-1. 140-150
4H-7. 84-94
9H-3. 140-150

I6X-6, 140-150
25X-3. 140-150

Overburden
pressure

(kPa)

3.81
45.60
90.60

181.80
404.80
774.40

1158.60

Preconsolidation
pressure

(kPa)
min.

20.7
36.3
53.0
57.6

100.0
158.5
177.8

max.

26.3
41.7
71.0
69.2

170.0
213.8
275.4

Excess pore-water
pressure

(kPa)
min.

0.0
3.8

19.6
112.6
243.8
560.6
883.2

max.

0.0
9.2

37.6
114.2
304.8
615.9
980.9

min

5.4
0.8
0.6
0.3
0.2
0.2
0.1

OCR
max.

6.2
0.9
0.8
0.4
0.4
0.3
0.2

2 clearly show that excess-pore water pressure generally increases
with increasing depth below seafloor.

The results of the laboratory consolidation tests for the five
samples from Site 799 are displayed in Figure 6 as e - log p diagrams
and listed in Table 3. For Sample 128-799A-2H-1, 135-145 cm, an
average overconsolidation ratio (OCR) of 1.90 was determined
(Table 3), whereas the remaining samples show OCR's ranging
from 0.18 to 0.89 (Table 3). Overconsolidation ratios for Site 799
generally decrease with increasing depth of burial. This indicates a
greater degree of underconsolidation with increasing depth.

Figure 7 shows a plot of the sedimentary overburden pressure and
the minimum and maximum preconsolidation pressures vs. depth.
Figure 7 clearly shows that the excess pore-water pressure generally
increases with increasing depth below seafloor.

A comparison of the consolidation characteristics from the labo-
ratory tests with those inferred from the cjpo-ratio vs. depth generally
show excellent agreement. The sediments near the seafloor are over-
consolidated, while the samples from the deeper sediments of Site
799 are generally underconsolidated. The degree of underconsolida-
tion increases with increasing depth of burial at both sites.

Permeability

Table 4 displays the permeability (coefficient of permeability, k)
determined by the falling-head technique and indirect measurements
from consolidation tests. The first two columns are those permeabilities
from the direct determination and the calculated permeability for the
vertical effective pressure of 5.6 kPa. The third column displays the
calculated permeabilities at the present estimated sedimentary overbur-
den pressure level (assuming hydrostatic pore-pressure conditions),
which is after Bryant et al. (1986) assumed to approximate the in-situ
permeability at the level in the core from where the sample was recovered.
Note that the results of the direct measurements do not show values
one-half to one order of magnitude higher than the calculated permeabili-
ties from the consolidation test at the 0-5.6 kPa level, as stated by the
Marine Geotechnical Consortium (1985). However, the ratio between the
direct permeability and the indirect permeability at the 0-5.6 kPa level
ranges between 0.10 and 34, with most values between 0.7 and 1.6. One
reason for this difference may be the different size of the samples used to
determine direct and indirect permeabilities. For the falling-head per-
meameter, the height of the samples was approximately 5 cm, whereas
only 2-cm-high samples were used for the compression tests. Although
the 2-cm-high samples were taken from the 5-cm high samples after
measuring direct permeability, differences in sediment texture can greatly
affect these measurements. Sample 128-798B-9H-3, 140-150 cm, was
composed of clayey-silty sediment, with a coarser-grained layer within
the fine-grained sediment. The permeability determined for the 5-cm-
long sample was 5.85 × lO~6 cm/s, the permeability of the 2-cm-long
sample, 1.97 × 10~5 cm/s. An inspection of the 2-cm sample after the
compression test revealed that a much higher amount of coarse material
was in the 2-cm sample. This observation generally confirms the findings

I 1 1 1 1 1 1 1 1 I I

Max. Preconsolidation pressure

200

240

Figure 5. Plot of sedimentary overburden pressure assuming hydrostatic
conditions as a function of sub-bottom depth at Site 798. The minimum and
maximum preconsolidation pressure as determined from laboratory consoli-
dation tests at Site 798 are also included. This plot shows that the excess
pore-water pressure increases with increasing depth below the seafloor.

of Bryant et al. (1981) that grain size is the most important single sediment
characteristic relative to its permeability. Therefore, one must determine
the grain-size distribution of the samples used for permeability.

In the following section, only the permeabilities determined indi-
rectly from consolidation tests are discussed, because only these
samples allow a direct comparison between the values determined at
the 0-5.6 kPa level and those determined at the level of the present
sedimentary overburden pressure.

Figure 8 shows the permeabilities at the sedimentary overburden
pressure (assumed hydrostatic equilibrium) of Site 798 vs. depth
below seafloor. With increasing depth, the permeability at the sedi-
mentary overburden pressure rapidly decreases from a value of 4.30
× lO~6 cm/s at a depth of 1.34 mbsf to 4.22 × 10~8 cm/s at a sub-bottom
depth of 10.80 m. Permeability decreases to a value of 3.45 × 10~8

cm/s at a depth of about 37 mbsf. Sample 128-798B-9H-3, 140-150
cm, is characterized by an increased permeability of 3.72 × 10~8 cm/s.
The permeabilities of Samples 128-798B-16X-6, 140-150 cm, and
128-798B-25X-3,140-150 cm, increase to values of 5.50 × 10~8 cm/s
and 5.35 × 10~8 cm/s, respectively (Table 4). This increase of perme-
ability with increasing depth below seafloor cannot be explained by
a changing texture of the sediments. Table 5 displays the results of
grain-size determinations for Sites 798 and 799. As can be seen from
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Figure 6. Void ratio vs. logarithm of vertical effective pressure plots of sediments from
Site 799.

Table 5, Samples 128-798B-16X-6 and 128-798B-25X-3 consist
mainly of silt-sized material, whereas the sand content is less than 2%
and the clay fraction is in the range between about 20% (798B-16X-6)
and 39% (798B-25X-3). According to Bryant et al. (1981), an in-
crease of the clay-size fraction should reduce permeability, and an
increasing sand content should enlarge permeability. This relationship
is obviously valid for Sample 128-798B-9H-3, where an increase in
the sand fraction to values of >4% lead to a higher permeability.

The depth intervals from where Samples 128-798B-16X-6 and 128-
798b-25X-3 were taken (Table 4) are characterized by a high amount of
biogenic silica, mainly diatom tests (see "Lithostratigraphy" section,
Shipboard Scientific Party, 1990b). Sediments rich in biogenic silica (like
diatomaceous and radiolarian ooze) are generally characterized by a small
decrease of porosity with increasing pressure (Hamilton, 1976; Bryant et
al., 1981;Einsele, 1982; Bayer and Wetzel, 1989; Holler, 1989;Nobeset
al., this volume; Pittenger et al., 1989). This results from high pore space
of the diatom and radiolarian frustules. The high permeabilities observed
in Samples 128-798B-16X-6 and -798B-25X-3 are the result of the
interconnection of the pore space within the sediments rich in biogenic
silica. This open structure allows a much better flow of fluids through
these sediments, compared to the more terrigenous-influenced sediment
sections of Site 798.

Figure 9 shows the permeabilities calculated at the estimated
overburden pressure for Site 799 vs. depth below seafloor. A perme-
ability of 1.56 × 10"6 cm/s was determined for the near mud-line

sample (2.55 mbsf, see Table 4). Permeability decreases to 9.87 × 10~8

cm/s at a depth of 16 mbsf (Sample 128-799A-3H-4). The remaining
samples show a steady decrease of permeability to a value of 2.23 ×
10"8 cm/s at a depth of about 190 mbsf (Table 4).

A comparison of permeabilities at the overburden pressure and at the
pressure level 0-5.6 kPa reveals that for Site 799 the influence of
overburden pressure masks the effects of differences in texture and
lithology. Sample 128-799A-21X-4 may serve as a good example for
this. Although this sample is characterized by a sand content of >5%
(Table 5) and shows a high amount of biogenic silica (see "Lithostratig-
raphy" section, Shipboard Scientific Party, 1990c), permeability is
roughly two times smaller, compared to the permeability of Sample
128-799A-1OH-4 (Table 4). The permeability of Sample 128-799A-21X-
4 at the pressure level 0-5.6 kPa shows a value of 7.14 × 10~7 cm/s,
compared to 5.04 × 10~7 cm/s for Sample 128-799A-10H-4, 135-145
cm. At this lower pressure, there is little difference in permeability.

Figure 10 shows permeability as a function of porosity of selected
samples from Sites 798 and 799. In order to show the relationship between
permeability and porosity for the different lithologies recovered in the
upper parts of the sites, the results from samples dominated by terrigenous
material (e.g., 128-798B-1H-1, 128-799A-3H-4) and from a sample
dominated by biogenic silica (128-799A-21X-4,140-150 cm) were used.
All samples show a very rapid decrease of permeability with decreasing
porosity. Similar results were reported by Bryant et al. (1986) for sedi-
ments from the Mississippi Fan. A linear regression using the highest and
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Table 3. Consolidation characteristics and excess pore-water pressures for
Site 799.

Core, section.
interval (cm)

Hole 799A

2H-I. 135-145
3H-4. 140-150
5H-4. 135-145

IOH-4. 135-145
21X-4. 130-140

Overburden
pressure

(kPa)

14.90
78.40

177.10
454.00

1000.86

Preconsolidation
pressure

(kPa)
min. max.

23.0 33.5
35.5 70.0
78.0 100.0

120.3 162.2
178.0 263.0

Excess pore-water
pressure

i

min.

0.0
8.4

77.1
291.8
737.9

(kPa)
max.

0.0
42.9
99.1

333.7
822.9

min

1.5
0.5
0.4
0.3
0.2

OCR
max.

2.3
0.9
0.6
0.4
0.3

Pressure (kPa)

0 100 200 300 400 500 600 700 800 900 1000 1100

lowest values for each sample yielded that permeability decreases from
the sixth to the seventh power of porosity. This in good agreement with
correlations between permeability and porosity shown by Bryant et al.
(1981). A exponential fit performed on all data for the samples yielded
the following functions:

128-798B-1H-1:
k = exp. (0.3402 × porosity) × 5.67 × 10"19

128-799 A-3H-4:
k = exp. (0.1861 × porosity) × 9.94 × 10"13

128-799 A-21X-4:
k = exp. (0.2775 × porosity) × 5.74 × 10"16

Mechanisms Contributing to Underconsolidation

Previous sections showed that the sediments of Sites 798 and 799
are mostly underconsolidated. The typical characteristics of under-
consolidated sediments are low shear-strength values and high pore-
water pressures. Sangrey (1977) summarized the mechanisms
responsible for underconsolidation. These are as follows:

1. Rapid deposition of sediments.
2. Gas in sediment.
3. Leakage of an artesian water or gas pressure source.
4. Repeated loading of the sediment.

In the following section, these factors are discussed in terms of
their contribution to the observed underconsolidation of the sediments
from Japan Sea.

Rapid Sedimentation

Theoretical models of underconsolidation caused by rapid sedi-
mentation were postulated by Terzaghi (1956) and Gibson (1958) and
substantiated by field measurements (Fisk and McClelland, 1959;
Sangrey et al., 1979). The model of Gibson (1958) was applied to the
data from Sites 798 and 799. For Site 798, an average sedimentation
rate of 12.5 cm/k.y. has been used for the upper 250 mbsf. The
coefficient of consolidation (cv) from the laboratory consolidation
tests ranges from 3.40 × 10~3 cm2/s to 3.90 × 10"1 cm2/s. The resulting
time factor varies between 0.08 and 0.013, leading to an average
degree of consolidation of 0.9.

For Site 799, an average sedimentation rate of 8 cm/k.y. was used for
the upper 190 mbsf. The minimum and maximum values of the coeffi-
cient of consolidation were 2.73 × lO~4 cm2/s and 2.19 × 10~3 cm2/s,
respectively. These values result in an average degree of consolidation
of higher than 0.9. From this exercise it can be concluded that the
sedimentation rate is not high enough to explain the degree of under-
consolidation determined from the laboratory consolidation tests.

Gas in Sediment

The generation of gas within the sediments by geochemical and
bacteriological processes depends on factors such as the amount of
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Figure 7. Plot of sedimentary overburden pressure assuming hydrostatic
conditions as a function of sub-bottom depth at Site 799. The minimum and
maximum preconsolidation pressure as determined from laboratory consoli-
dation tests at Site 799 are also included. This plot shows that the excess
pore-water pressure increases with increasing depth below the seafloor.

organic material, sedimentation rate, and heat flow (Demaison and
Moore, 1980).

Sangrey (1977) pointed out that biogenic gas is normally dissolved
in pore water. As more gas is produced, the gas saturation limit of the
pore water will be reached at a given pore water pressure, and free
gas will form bubbles. The gas in bubble form increases the pore-
water pressure, leading to underconsolidation of the sediment.

The sediments recovered from Sites 798 and 799 are characterized
by methane concentrations varying between 14 and 155,000 ppm
(Shipboard Scientific Parry, 1990b, 1990c). Gas in sediments is
apparently the major mechanism contributing to underconsolidation
of sediments from the Japan Sea.

Leakage From an Artesian Water or Gas Pressure Source

Pressure migration from a deep source of gas may also increase the
pore water pressure and contribute to underconsolidation of sediments.
Drilling had to be stopped early at both sites during Leg 128 because of
hydrocarbon composition indicating possible thermogenic gas (see "Or-
ganic Geochemistry," sections in Shipboard Scientific Party, 1990b,
1990c). At Site 798, the lowermost cores still contained immature organic
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matter that has not reached the stage of gas generation. One must
therefore conclude that the hydrocarbons observed most likely mi-
grated from other source rocks (Shipboard Scientific Party, 1990b).
The amount of underconsolidation resulting from gas migration cannot
be quantified, because this would require knowledge about permeabil-
ity of the whole sediment section that was cored and the net pressure
of the source.

Repeated Loading of Sediments

Repeated loading of the sediment due to wave action can be
excluded as a mechanism contributing to underconsolidation because
the water depth at both sites (Site 798: 903 m; Site 799: 2084 m) is
well beyond the limit of effective wave loading of about 150 m
(Watkins and Kraft, 1978).

Repeated loading of the sediments by earthquake shocks would
increase the pore water pressure only for a relative short time. After the
earthquake shock, excess pore-water pressure would dissipate quickly;
however, repeated loading by earthquake shocks may contribute to the
state of underconsolidation. The increase of underconsolidation with
increasing depth can not be explained by this mechanism.

SUMMARY

The state of consolidation of Japan Sea sediments, determined by
means of laboratory consolidation tests, agrees well with the consoli-
dation characteristics inferred from the undrained shear strength/sedi-
mentary overburden pressure-ratios.

In general, sediments from the Japan Sea are overconsolidated to
normally consolidated in the upper 20 mbsf. Below the zone of over- to
normal consolidation, the sediments are generally underconsolidated.
The degree of underconsolidation increases with increasing depth below
seafloor. These results are in good agreement with previous determina-
tions of consolidation characteristics of sediments from the Japan Sea
(Trabant et al., 1975). The most probable mechanism responsible for the
generation of a high excess pore-water pressure, leading to the observed
degree of underconsolidation, is gas in sediments.

Permeability determinations show that sediment texture and lith-
ologic changes greatly influence permeability, but that consolidation
is the determining factor for these sediments.
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Figure 8. Permeability of Site 798 sediments as a function of depth below the
seafloor. Left line shows permeability at the sedimentary overburden pressure,
assumed to represent in-situ conditions. The right line represents permeability
calculated for the 0.0-5.6 kPa level from laboratory consolidation tests.
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Figure 9. Permeability of Site 799 sediments as a function of depth below the
seafloor. Left line shows permeability at the sedimentary overburden pressure,
assumed to represent in-situ conditions. The right line represents permeability
calculated for the 0.0-5.6 kPa level from laboratory consolidation tests.
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Table 4. Permeabilities for Sites 798 and 799. Table 5. Sand-silt-clay ratios for Sites 798 and 799.

Core, section,
interval (cm)

Hole 798B

1H-1, 135-150
2H-1, 140-150
3H-1, 140-150
4H-7, 84-94
9H-3, 140-150

16X-6, 140-150
25X-3, 140-150

Hole 799A

2H-1, 135-145
3H-4, 140-150
5H-4, 135-145

10H-4, 135-145
21X-4, 130-140

direct

62.10
9.36
4.83
4.93

58.50
34.30

155.0

11.40
9.36
9.55
4.83

243.0

Permeability (cm/s × 10 7)

indirect at overburden
(0-5.6 kPa)

43.00
9.55

42.50
6.35

197.00
26.60
26.00

15.60
7.39
6.04

50.40
7.14

43.00
0.42
0.32
0.35
0.37
0.55
0.54

15.60
0.99
0.74
0.47
0.22

direct/indirect
pressure

1.44
0.98
0.11
0.77
0.30
1.29
6.08

0.73
1.27
1.58
0.10

34.00

Core, section, Sand
interval (cm)

Hole 798B

1H-1, 135-150
2H-1, 140-150
3H-1, 140-150
4H-7, 84-94
9H-3, 140-150

16X-6, 140-150
25X-3, 140-150

Hole 799A

2H-1, 135-145
3H-4, 140-150
5H-5, 135-145

10H-4, 135-145
21X-4, 130-140

Silt
(%)

1.60
1.42
0.99
1.83
4.37
1.71
0.08

0.35
4.45
0.03
0.59
5.15

Clay
(%)

67.00
90.78
84.81
82.37
84.23
78.59
61.05

67.65
63.35
72.87
81.41
73.65

(%)

31.40
7.80

14.20
15.80
11.40
19.70
38.87

32.00
32.20
27.10
18.00
21.20
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Figure 10. Permeability as a function of porosity of selected samples from Sites 798 and 799.
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Plate 1. Comparison between a conventional X-ray radiograph and computer tomograms of Sample 799A-3H-4,140-150cm. 1. Conventional X-ray radiograph
of the whole-round sample. 2-4. Tomograms from the upper, central, and lower parts of the sample. Main features are Chondrites-type burrows filled by sulfide
and a matrix material of various densities. Note the generally much-higher resolution and contrast of the features portrayed in these tomograms.
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