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ABSTRACT

The geotechnical characteristics of 22 sediment samples from Leg 84 sites were studied in an effort to associate these
with processes active along the Middle America slope and with sedimentation mechanisms. Geotechnical properties
measured include water content, porosity, bulk density, Atterberg limits, consolidation characteristics, permeability,
and vane shear strength. A majority of samples obtained from Sites 565, 568, and 570 show significant disturbance re-
sulting from degassing. This disturbance apparently results in underconsolidation, although other mechanisms such as
excess pore pressures generated from the subduction process can also contribute to this state. Overconsolidated sedi-
ments were found at Sites 565, 566, and 569. The overconsolidated sediments at Sites 565 and 569 may result from
downslope transport mechanisms rearranging and stressing the sediment mass under consideration. The sediment con-
dition at Site 566 is probably a result of eroded overburden: an estimated 87 m of overlying sediments may have been
removed. Geotechnical and permeability relationships with depth are consistent with those found for other hemipelagic
sediments of silty clay to clayey silt textures.

INTRODUCTION

This study describes the Leg 84 Middle America slope-
sediments in the geotechnical sense, analyzing the char-
acter of physical properties, the state of consolidation,
and the sediment permeability as they may relate to the
processes active along this margin.

The depositional framework of sediments blanketing
the Middle America Trench and slope is subject to a va-
riety of processes, including downslope transport, ero-
sion, and subduction-erosion. Geotechnical properties at
active margins have been studied in an attempt to iden-
tify the relationship between subduction and accretion
of the slope and oceanic-plate sediment piles. Shephard
(1981) described several near-trench sediments in terms
of their geotechnical properties and the associated sub-
duction pattern. The Middle America Trench- and slope-
sediments off Guatemala, as he concluded, are princi-
pally pelagic. The tectonic activity along this margin,
coupled with sedimentation processes, the occurrence of
methane hydrates, and the nature of the sediments them-
selves, creates, however, a setting unlike that of simple
pelagic deposition. Faas (1982a, b) performed physical-
properties analysis of sediments from Leg 67 along the
Guatemalan margin and concluded that most geotech-
nical properties are dominated by in situ gas, sedimenta-
tion, and downslope transport.

METHODS

Physical properties measured and tabulated (see Appendix to this
chapter) for the DSDP Leg 84 sites were obtained using standard me-
thods. Shipboard analyses provided bulk density, water content, po-
rosity, undrained shear strength, and compressional-wave velocity.
The techniques for obtaining these measurements have been described
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by Boyce (1976). The bulk density and porosity data were obtained on
the Glomar Challenger using the continuous and 2-min. GRAPE and
gravimetric methods. Saturated-sediment conditions were assumed for
porosity measurements and for GRAPE computations. GRAPE cal-
culations also assume average grain densities of 2.65 Mg/m3 for hemi-
pelagic sediments, 2.70 Mg/m3 for hard rock specimens, and a fluid
density of 1.025 Mg/m3. Compressional-wave velocity was measured
in the Hamilton Frame velocimeter. Vane measurements of undrained
shear strength were obtained utilizing a hand-held Torvane device and
were measured perpendicular to the bedding plane on split sections.
Shipboard sampling was done as often as feasible, generally yielding
one data point per 2 m, or at points showing distinct lithological changes.

Shore-based laboratory measurements of physical properties in-
clude water content, Atterberg limits, bulk density, and grain density
from samples taken for consolidation testing. Volumetric determinations
were measured using an air-comparison pycnometer with helium as
the gas medium. In addition, vane shear measurements were made us-
ing a motorized vane at a shear rate of 60°/min. All samples remain-
ing from shipboard velocity analyses, together with those from con-
solidation sampling, were utilized to obtain percentage of calcium car-
bonate by the Schiebler technique (Bouma, 1969) and for grain-size
analysis by the pipette method for silts and clays (Folk, 1974).

Consolidation and permeability tests were run with Anteus back-
pressured consolidometers modified for falling-head permeability mea-
surements. Theory and procedures for standard consolidation and fall-
ing-head permeability tests are described by Lambe (1951) and Lambe
and Whitman (1969). Lowe et al. (1964) point out the advantages of
backpressured consolidation testing. All tests for the Leg 84 material
were run with a backpressure of 675 kPa to ensure complete saturation
of the sediment. Consolidation loads were step-loaded in multiples of
2 from a minimum of 3 kPa to a maximum of 3200 kPa. Permeability
measurements were obtained 24 hrs. after the application of each new
load, thus yielding a distribution of permeability values at various void
ratios. The resultant curve produced from consolidation tests is a plot
of void ratio versus effective stress (e-log Po ). A typical curve (Fig. 1)
shows a reload segment at low vertical stresses, a zone of stronger cur-
vature, and a final linear portion reflecting the virgin curve. The cur-
vature of the break from the reloaded position to the virgin curve is in
part a function of the disturbance of the sample; undisturbed samples
will generally have a better-defined break. The maximum past effec-
tive overburden pressure (Pc) was obtained using the Casagrande (1936)
technique, and it represents the maximum effective vertical pressure
with which the sediment had come into equilibrium. Values of Pc ex-
ceeding the actual in situ effective overburden pressure (Po ) represent
a state designated in soil mechanics as overconsolidation, and the op-
posite state would be underconsolidation (Terzaghi, 1941). The over-
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Figure 1. Typical curve of void ratio vs. log effective vertical stress (e-
log Po), showing associated nomenclature and a representation of
the Casagrande graphical solution for determining the preconsoli-
dated effective stress.

consolidation ratio (OCR) is the ratio of Pc to Po', and it numerically
represents the state of consolidation. An OCR of 1 reflects a normally
consolidated sediment, and an OCR greater than 1 represents an over-
consolidated state.

RESULTS

Site 565

The one hole drilled on the lower slope of the Costa
Rican margin during Leg 84 (Fig. 2) indicated that sedi-
ments consist of 328 m of a dark, greenish gray silty clay
and mudstone, the oldest sediment being lower Pliocene-
upper Miocene. The sediments contained varying amounts
of gas that disrupted the fabric of the recovered samples
to different degrees; all samples for measurement of physi-
cal properties were selected, however, where this distur-
bance appeared to be minimal.

Grain-size analyses of sediments at this site show a
uniform silty clay texture with depth, with only a few ex-

cursions from an overall trend of slightly increasing clay
content (Fig. 3). Atterberg limits determined for two sam-
ples classify sediments in Section 565-1-4 as inorganic
clay of medium to high plasticity and sediments in Sec-
tion 565-10-6 as fine sand and silt of medium to high
plasticity (Fig. 4).

In general, the sediment section shows a rapidly de-
creasing water content (60-40%) and porosity (80-65%)
from surficial sediments to approximately 20 m sub-bot-
tom, at which depth the gradients decrease significantly
(Fig. 3). Water-content, porosity, and bulk-density pro-
files are nearly vertical below this depth. Two rather abrupt
increases (10% in water content) occur at 48 and 195 m
sub-bottom, possibly reflecting zones of depositional hia-
tuses and/or erosion, although this cannot be substanti-
ated through biostratigraphic results.

The state of consolidation of these sediments may be
estimated by using the ratio of shear strength to effec-
tive overburden (Cu/Po). This state can be assessed by
comparing the ratio against the range of 0.2-0.5 as de-
fined by Skempton (1970) for normally consolidated ma-
rine sediments. The Cu/P0 ratio at Site 565 is approxi-
mately 0.70 for the upper 20 m, suggesting that these
sediments are slightly overconsolidated. Below 20 m the
overall trend averages 0.22, suggesting normally to slight-
ly underconsolidated sediments.

Two laboratory consolidation tests were performed on
sediments from this site; the results are summarized in
Table 1 and Figure 5. The preconsolidation stresses (Pc)
for these two samples are well defined, and suggest that
these samples are slightly underconsolidated (Section
565-1-4) to very underconsolidated (Section 565-10-6).
Section 565-10-6 consists of a mud and mudstone mix-
ture with high contents of sand and silt, which may be
responsible, to some degree, for a low OCR value. Sec-
tion 565-1-4 shows a moderate degree of compressibili-
ty, represented by the compression index (Cc) value of
1.22, whereas Section 565-10-6 has a low compressibili-
ty (Cc = 0.67), reflecting the effects of sand-to silt-size
material on compression.

The discrepancy in the state of overconsolidation be-
tween the Cu/P0 results for the upper 20 m and the lab-
oratory test for Section 565-1-4 may result from compar-
ing a downhole trend, as in the case of undrained shear
strength versus overburden, to a defined point in the sed-
iment column, such as the consolidation sample. The
environment of deposition on the Costa Rican slope is
prone to considerable downslope mass-transport mecha-
nisms that may, in fact, create a variable trend in consol-
idation behavior (see Baltuck et al., this volume).

Permeability results for the two consolidation sam-
ples from Site 565 are shown in Table 1. These perme-
abilities are interpolated estimates corresponding to the
void ratio of the sediment at its preconsolidation stress.
Permeability thus estimated is most likely to approach
the in situ vertical permeability of the sediment. Perme-
abilities on the order of 10~7 cm/s, represent typical val-
ues for silty clays when compared with other marine
sediments (Bryant et al., 1981), and such values would
be interpreted as indicating sediments with a very low
degree of permeability (Terzaghi and Peck, 1967).
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2 3 4
p rj i—

A

A Air-comparison pycnometer—consolidation sample

o Gravimetric
• 2-min, GRAP \

Figure 3. Geotechnical properties of sediments from Site 565.

Site 566

Site 566 is on the Middle America Trench slope, on
the flank of the San José Canyon (Fig. 6). This site has a
very thin sediment cover consisting principally of dark,
olive-gray siliceous mud. The grain-size analyses for these

sediments classify them as silty clays, and the Atterberg
limits for one sample representative of the column clas-
sify them as borderline between inorganic clays or fine
sands and silts of medium to high plasticity (Fig. 4).

The general trend in index properties shows a gradual
increase in bulk density (1.43-1.66 Mg/m3) and decreas-
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Table 1. Consolidation samples, Leg 84 drill sites.

Hole-
Core-
Sec.

Site 565

565-1-4
565-10-6

Sub-
bottom
depth

(m)

4.5
95.4

Water
content

( * )

147
88

Porosity
(%)

78
69

Void
ratio a

3.44
2.18

Bulk
density

(Mg/m3)

1.34
1.51

Undrained
shear

strength
(kPa)

27
85

Void
ratio

at

P c '

3.28
2.08

Com-
pression

index

1.217
0.672

Over-
burden

pressure
(kPa)

12
440

Pre-
consoli-
dation

pressure
(kPa)

10
42

Over-
consoli-
dation
ratio

0.833
0.095

Perme-
ability
(cm/s)

1.28E-5b

2.35E-7

Site 566

566-1-2

Site 568

2.8 85 66 2.27 1.49 1.94 0.961 10 400 38.952 4.30E-8

568-3-3
568-6-2
568-10-3
568-12-3
568-15-5
568-18-4
568-22-4
568-25-4
568-28-4
568-29-4

Site 569

569-2-3
569-5-2
569-8-2
569-12-4

Site 570

570-1-2
570-3-5
570-6-5
570-9-1
570-14-1

17.40
50.90
84.40

102.10
134.75
162.25
200.85
230.35
259.25
268.95

5.55
33.20
61.80

103.00

3.0
24.9
53.7
76.8
125.0

123
77
99
88
97

104
79

112
98
85

102
130
76
74

91
65
73
71
75

74
64
70
69
71
73
66
73
69
68

71
75
66
63

70
56
63
64
64

2.90
2.52
2.54
2.39
2.47
2.85
2.03
3.06
2.22
2.28

2.47
3.10
2.11
1.93

2.18
1.89
1.76
1.90
1.88

.38
1.56
.48
.49
.45
.44
.51
.42

1.48
1.53

1.43
L.37
1.52
.60

1.50
1.65
1.54
1.54
1.56

60

65
161
60

125

105
196

180
295
250
465

210
400
284
300
545

2.62
2.23
2.28
2.17
2.34
2.46
1.69
2.45
1.82
1.92

2.22
2.75
1.86
1.62

1.97
1.67
1.53
1.67
1.63

0.859
0.739
0.615
0.595
0.630
0.800
0.525
1.100
0.670
0.650

0.837
1.230
0.835
0.851

0.566
0.500
0.523
0.666
0.786

46
170
300
380
520
610
730
860
980

1010

23
110
205
430

11
114
150
360
600

24
33
13
30
14
40
61

180
200
105

47
140
160
660

19
48

115
135
350

0.522
0.194
0.043
0.079
0.027
0.066
0.084
0.209
0.204
0.104

2.043
1.273
0.780
1.535

1.727
0.421
0.767
0.375
0.583

2.95E-8
7.70E-8
3.42E-7
2.39E-8
1.80E-7
2.55E-7
2.38E-7
1.60E-6
1.3OE-7
1.80E-7

1.21E-7
9.10E-8
1.35E-7
1.20E-7

9.50E-8
1.89E-7
4.50E-7
8.9OE-8
1.87E-7

Initial void ratio measured from consolidometer data with no load.
1.28E-5 = 1.28 × I 0 - 5 .
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Figure 5. Consolidation curves for Site 565.

ing water content and porosity for the sedimentary sec-
tion (Fig. 7). The shear-strength profile is quite variable,
reflecting coring disturbance, and does not show a clear
trend. The shear-strength measurements do point out,
however, the significantly high values of shear strength
near the surface, which suggests that these sediments are
overconsolidated. Shear strength for normally consoli-
dated sediments would approach the "origin cohesion"
of approximately 1 to 5 kPa at the seafloor (Skempton,
1970), as opposed to values between 40 and 80 kPa.

One consolidation test was performed on sediments
from this site, and the results of this test and permeabil-
ity measurements are presented in Table 1 and Figure 8.
The OCR (= 39) for this sample suggests that the sedi-
ment had equilibrated at some point to a greater over-
burden pressure, or that it has undergone cementation.
The absence of cementation, as deduced from visual in-
spection of the sample, and the proximity of this site to
a high-energy environment, such as is found along a
submarine canyon wall, lead to the conclusion that ero-
sive mechanisms have probably removed some overlying
sediment. This is supported by paleontological evidence,

since only Pleistocene and Miocene sediments were re-
covered. The curvature of the e-log Po curve does not
show a well-defined break, and this suggests the possi-
bility of some sample disturbance; but the OCR is suffi-
ciently high as to indicate that this sediment has been
preconsolidated. An effective vertical stress of 400 kPa
(Pc) is comparable to the pressure created by approxi-
mately 90 m of slope sediment, as estimated from an av-
erage of all calculated relationships between vertical ef-
fective stress and sediment thickness for the Leg 84 Gua-
temalan margin sites. Thus, if the overconsolidation state
observed at Site 566 is simply a problem of removed
(eroded) overlying sediments, we can conclude that rough-
ly 87 m of sediment have disappeared. Other mechanisms
leading to overconsolidation include cementation, lat-
eral (tectonic) stressing, and very slow sediment accu-
mulation rates, but we find no evidence that these con-
tributed significantly to the high OCR at this site.

A permeability of 4.3 10"8 cm/s, as measured on the
consolidation sample, is within the expected values for
the corresponding in situ void ratio (Table 1). Shipboard
estimates of permeability, using a modified version of a
falling-head permeameter, resulted in values comparable
to the uncorrected (surface) value obtained for the con-
solidation sample. These two other estimates suggest that
the permeability trend with depth is fairly constant within
the sediment column, with values on the order of 10~8

cm/s, representing a nearly impermeable medium.

Site 567

This site is situated within the Middle America Trench
slope (Fig. 6) in a 358-m-thick sedimentary section con-
sisting of dark olive-gray muds and mudstones with nu-
merous lithologic inclusions. The upper 200 m of the dril-
led section was washed, and the results, therefore, per-
tain only to the underlying sediments. The principal in-
clusions found consist of limestone, mudstone, and ser-
pentinitic breccia. The results of grain-size analyses for
three samples of the mudstone matrix are shown in Fig-
ure 9, and classify these sediments as clayey silts to silty
clays. Carbonate content ranges from 3 to 15% for these
three samples, and is composed principally of forami-
niferal tests.

The index properties for this site strongly reflect the
variable lithologies encountered, and present little infor-
mation related to the character of the overlying sedimen-
tary section (Fig. 9). Coring during Leg 67 at Site 494 re-
covered the upper sedimentary unit, and Atterberg lim-
its for these sediments classify them as medium- to high-
plasticity organic clays (Faas, 1982b). The sedimentary
geotechnical section, as described by Faas (1982a), is one
of rather quickly changing character to approximately
50 to 60 m sub-bottom, at which depths lithification of
the mud into mudstone begins.

The consolidation behavior of the Site 494 sediment
column, as presented by Faas (1982a), is one of normal-
ly consolidated sediments in the upper 46 m, changing to
overconsolidated below 46 m. The overconsolidation is
most likely a result of lithification and cementation. The
Cu/Po' ratio obtained from shipboard measurements of
shear strength on Leg 67 yields an average value of 0.13
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Figure 7. Geotechnical properties of sediments from Site 566.

for the upper 50 m, suggesting that this section may be
underconsolidated. No consolidation tests were perform-
ed on Leg 84 samples, although two permeability mea-
surements made on the ship resulted in permeabilities of
4.65 × I0"5 cm/s for Core 567A-2-4 and 1.58 × 10~6

cm/s for Core 567A-9-5. Correcting the surface permea-
bility values to in situ conditions and assuming in situ
porosities of approximately 60% would yield values of
10~7 to 10~8 cm/s, representing sediments of very low
to practically no permeability.

Site 568

This site is on the upper slope of the Middle America
Trench off Guatemala (Fig. 6). The upper part of the re-
covered sedimentary section consists of Recent to upper
Pleistocene dark, olive-gray siliceous mud, which becomes
partially lithified mudstone at approximately 180 m sub-
bottom. Below this depth, the Pliocene-lower Miocene
is a mud-mudstone sediment showing occasional unique
fracture and deformation patterns described in detail by
Cowan (1982) and Ogawa and Miyata (this volume).
Grain-size analyses performed at the shore-based labo-
ratory yield the profile in Figure 10, showing a predomi-
nantly silty clay with increased coarse material at depth,
possibly resulting from incipient interparticulate cemen-
tation and lithification. Atterberg limits for sediments
from this site classify them as medium- to high-plastici-
ty organic clays or fine sands and silts (Fig. 4), concur-
ring closely with the results for Leg 67 Site 496, only 1.5
km away (Faas, 1982b).

Bulk densities increase gradually from surface lows of
1.31 Mg/m3 to 1.45 Mg/m3 at 230 m. The Pleistocene/
Pliocene boundary is marked by a more rapid increase
in the bulk-density profile at 230-240 m sub-bottom, be-
low which the gradient in index properties is similar to
that in the upper section. A similar break in the gentle
gradient of physical properties, at 360 to 375 m, may be
related to a lower/middle Miocene boundary or hiatus.

The shear-strength profile for this site is quite dis-
rupted, owing to significant degassing of the sediments
upon retrieval (Fig. 10). Expansion of interstitial gas
breaks down the bonding present between particles, and
increases the sample void volume. The maximum Cu/P0
ratio for this site is approximately 0.18, which would
normally suggest an underconsolidated state. These sed-
iments, however, do not follow the relationship defined
by Skempton (1970), since gas disruption of the section
will produce decreased shear strengths. The general trend
of average shear-strength values shown by Faas (1982a)
results in a Cu/P0' ratio of approximately 0.36, and
would support the conclusion that this sediment forms a
more normally consolidated section.

Ten consolidation tests were performed on samples
from this site; results are summarized in Table 1 and Fig-
ures 11 through 13. The curvature of the e-log Po' curves
from recompression to the virgin curve suggests that these
samples are disturbed to various degrees. The estimated
OCR values clearly reflect the effects of degassing, pro-
ducing what would generally be interpreted as an under-
consolidated section. Factors that may lead to a state of
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Figure 8. Consolidation curve for Site 566 (Sample 566-1-2, 130-135
cm).

underconsolidation include high sediment accumulation
rates and high internal pore pressures. The latter agent
may indeed be significant in the state of consolidation
of sediments from Site 568, since excess downhole pres-
sures were recorded during drilling. The presence of gas
and dispersed hydrate found at this site can also con-
tribute to this phenomenon.

Permeability measurements obtained in the laboratory
show values ranging from 3.36 × 10~6 to 1.15 × 10~7

cm/s for in situ estimates. These values are interpolated
at the predicted void ratio for Po , but if the estimate for
preconsolidation stress is low because of degassing ef-
fects on the consolidation results, the effective permea-
bilities could indeed be less. As it is, values of 10~6 to
I0" 7 cm/s represent very low degrees of permeability.

Site 569

Site 569 is on the mid-slope of the Middle America
Trench off Guatemala (Fig. 6). The material recovered
from 0 to 57 m consists of an upper, conformable sedi-
ment drape of dark olive-gray siliceous mud with inter-

spersed ash layers. Below this zone is a 200-m-thick se-
quence of olive-gray to grayish blue-green mud and mud-
stone forming a prograding lobe, as interpreted from the
geophysical record. The lowermost sedimentary section
consists of a series of interbedded mudstones and cal-
careous mudstones. Laboratory grain-size analyses show
that the uppermost unit is a silty clay, whereas the un-
derlying prograding lobe unit contains a clayey silt in the
uppermost part, grading to a silty clay downhole (Fig.
14). The Atterberg limits for these sediments, shown in
Figure 4, classify them as having medium to high plas-
ticity. A difference in the character of sediments is evi-
dent, considering that Atterberg limits of sediment be-
longing to the upper unit fall much closer to the A-line
than those of the underlying unit.

The index properties for this site resemble those ob-
tained for Site 568, showing a gradual gradient in all
properties. Bulk densities, for instance, increase from sub-
surface values near 1.40 Mg/m3 to 1.80 Mg/m3 toward
the bottom of the sedimentary section (Fig. 14). Devia-
tions from the overall trend are noticeable at sub-bot-
tom depths of 60 and 115 m, the uppermost represent-
ing the Pliocene/Miocene boundary.

The shear-strength profile also shows a very small in-
crease in strength with depth, possibly reflecting to some
degree the disturbance resulting from degassing. The max-
imum ratio of Cu/P0 is approximately 0.21, which would
indicate normally consolidated to slightly underconsoli-
dated sediments relative to the average marine values re-
ported by Skempton (1970).

Results of four consolidation tests on sediments from
Site 569 are shown in Figures 15 and 16, and summa-
rized in Table 1. The forms of the e-log Po curves sug-
gest that the samples were relatively undisturbed, with
the possible exception of Section 569-12-4. The OCRs
for these samples show that states of overconsolidation
occur at three intervals, whereas Section 569-8-2 is slight-
ly underconsolidated. Compressional indices, Cc, for these
sediments average 0.94, representing moderately compres-
sible sediments.

Permeability results from laboratory and shipboard
tests show little change with depth. Permeabilities range
between 1.22 × I0" 6 to 1.0 × I0" 7 cm/s for interpolat-
ed in situ values. These permeabilities are consistent with
similar values reported by Bryant et al. (1981) for silty
clays and clayey silts at comparable void ratios.

Site 570

Site 570 is on the upper slope of the western Guate-
malan margin (Fig. 6). Coring at this site recovered four
sedimentary units overlying a serpentinized peridotite
basement. The upper unit is 210 m thick and consists of
olive-gray Pleistocene hemipelagic sediments with inter-
spersed sand layers; lithification first appears at approx-
imately 145 m sub-bottom. Below this unit is a 50-m-
thick Pliocene mudstone also containing sand and occa-
sional ash layers. The third unit is a lower to upper Mio-
cene section of grayish olive mud, mudstone, and shale,
and contains solid hydrate dispersed throughout. The fi-
nal sedimentary unit consists of a series of interbedded
muds, mudstones, limestones, and sands. The physical
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Figure 10. Geotechnical properties of sediments from Site 568.

properties of these different lithological types are quite
distinctive, and are listed in the site chapter.

Grain-size analyses, plotted in Figure 17, characterize
the sediments as silty clays to clayey silts with a few sandy
horizons. The Atterberg limits obtained from trimmings
of the consolidation samples yield the liquid limits and
plasticity indices for these sediments, as plotted in Fig-
ure 4. These limits fall within the zone classified as fine
sand and silts or organic clays of medium to high plas-

ticity. Calcium carbonate content ranges from 4 to 27%
in the samples tested, reflecting the variability of this com-
ponent in the hemipelagic sequence.

Index properties at this site illustrate the typical geo-
technical profile for marine sediments, showing a rapid
change of properties near the sediment surface and be-
coming more gradual with increasing depth (Fig. 17). Wa-
ter contents decrease from 52 to 43% in the upper 20 m,
and then only shift from 43 to 40% at depths of approx-
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imately 200 m. The remaining section below 20 m is one
of nearly constant values for the index properties, save
the variable lithologic events recorded throughout the col-
umn.

The shear-strength profile (Fig. 17) shows a gradual
increase in strength downhole, with some divergence at
certain intervals, probably as a result of degassing. The
estimated Cu/Po ratio for the upper 100 m is 0.15, which
represents an underconsolidated state for these sediments.
This is comparable to results for the section at Site 568,
and could be attributed to similar processes.

Five consolidation tests were performed on sediments
from Site 570; results are shown in Figures 18 and 19
and summarized in Table 1. The curvature of the reload
portion of the curve to the virgin curve in these figures
reflects the fact that some disturbance may have occurred
in samples from Sections 570-3-5 and 570-6-5. In gen-
eral, however, the curves are consistent and OCR ratios
are less than 1. These overconsolidation ratios suggest a
degree of underconsolidation, as does the Cu/Po ratio.
The sample from Section 565-1-2 is overconsolidated,
but it is not uncommon to find sediments with OCR
values in excess of 1 at very shallow depths. This appar-

ent state arises from an internal strength of sediments
denoted as "origin cohesion."

Permeabilities obtained from shore-based laboratory
measurements substantiate shipboard falling-head tests
for uncorrected surface values. The range of permeabil-
ity interpolated for in situ void ratios lies between 1.22
× 10~6 and 1.22 × 10~7 cm/s. These would be consid-
ered to represent sediments with a very low permeability.

DISCUSSION

Consolidation

Gravitational consolidation is the process by which the
void space within a given sediment is decreased, result-
ing in closer arrangement of particles, and it is recog-
nized generally by increased shear strengths and bulk den-
sities and decreased water contents and porosities. The
mechanism driving gravitational consolidation is the
weight of the overlying sediment or overburden. The the-
ory of consolidation, as presented by Terzaghi (1941),
describes the nature of sediment dewatering as it is re-
lated to the dissipation of excess pore pressures created
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by the imposed overburden. Dissipation of these excess
pore pressures allows the sediment to consolidate; lack
of dissipation would result in an underconsolidation of
the sediment. The underconsolidated state may also arise
from rapid sediment mass accumulation rates, in which
case dewatering of buried sediments and dissipation of
the excess pore pressures is impeded by the rapidly im-
posing overlying material.

Sediments on the Middle America Trench slope con-
tain significant amounts of gas, both in solution and as
dispersed and massive hydrate. The production of gas
within a saturated sediment causes another phase to at-
tempt to occupy a given volume within the sediment pore
space, and this leads to excess pore pressure if drainage
is limited. This increased pore pressure, in turn, may im-
pede the natural consolidation process, resulting in un-
derconsolidated sediments such as those described for
Sites 565, 567, 568, and most of 570. The observed de-
gree of underconsolidation may be augmented by the dis-
turbance created by gas expansion when the cores are re-
trieved, resulting in the poorly defined break of e-log
P o ' curves and limiting our ability to draw conclusions as
to the consolidation character of the sediments.

Downhole pore-pressure probe tests at Site 568 re-
vealed apparent excess pore pressures on the order of
1020 kPa (150 psi) at 89.4 and 137.2 m sub-bottom,
1360 kPa (200 psi) at 186.2 m, and 2040 kPa (300 psi) at
360 m sub-bottom. Downhole excess pore pressures were
also evident in Hole 5 67A when the bit became stuck
downhole; the excess pore pressures in that hole were es-
timated to be on the order of 3400 kPa (500 psi) at a
depth of 500 m (see Site 567 chapter). Pore pressures above
hydrostatic pressure were also observed at the base of
Hole 569 and possibly in Hole 565. The factors leading
to excess pore pressures and resultant underconsolidated
sediments include the following:

1. The presence of gas and decomposition of gas hy-
drates.
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2. Abrupt local loading or very rapid rate of sedi-
ment accumulation.

3. Injection of pore fluids derived from the burial of
oceanic and slope sediments under the overlying trench
slope complex during the subduction process (Aubouin
et al., 1982).

The subduction process would create an increasingly
larger overburden on the subducted sediment unit, and
any consolidation would result in expulsion of pore wa-
ter into adjacent sediments and fractures. It is also evi-
dent that such an injection of excess fluid into the over-
lying sediments of the Middle America slope would lead
to inhibition of the natural consolidation process and
would be capable of producing the observed undercon-
solidated sections.

Sediments can reach the contrasting state of over con-
solidation through a combination of mechanisms that
may include (1) incipient cementation, (2) very slow rates
of sediment accumulation and aging, (3) tectonic stress-
ing, and (4) erosion of overburden. Site 566 presents a
perfect case of removed overburden. A sediment column
at this site in the San José Canyon is exposed to process-

es ranging from down-canyon current scour that would
inhibit sediment accumulation to slope instabilities ca-
pable of eroding significant volumes of previously de-
posited material. The variable sediment thickness re-
quired to produce the excess overburden observed at Site
566 can be calculated from data for other Leg 84 slope
sites (Figure 20). From these calculations an average
sediment thickness of 87 m is required to provide the
measured vertical effective stress. The estimated 87 m of
removed overburden is also a conservative estimate if we
consider that most sedimentary sections sampled along
this trench slope are not normally consolidated, but un-
derconsolidated.

Site 569 exemplifies a somewhat overconsolidated sec-
tion, regardless of the excess pore pressures registered dur-
ing drilling operations. This contradicts the consolida-
tion state suggested by the Cu/P0 ratio for this site and
by Faas's (1982a) data for Site 497. Very slow sediment
accumulation rates do not appear to have been signifi-
cant contributors to the state of overconsolidation ob-
served at Site 569, nor does tectonic stressing seem to
have been an agent, since the sedimentary structures
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show no evidence of folding or faulting. The most plau-
sible explanations are initial cementation, local stress-
ing, or erosional episodes resulting from a mass deposi-
tional process. Cementation and the formation of mud-
stone are not recorded in the section at Site 569 above
depths of approximately 100 m, so it is conceivable to
envision some episodes of erosion (possibly linked to
observed biostratigraphic hiatuses), combined with slope
sedimentation processes involving downslope creep and
mass-movement events. These latter events can alter the
geotechnical nature of the deposit, depending on the
mechanism actively emplacing the unit. Booth (1979)
describes the nature of overconsolidated sediments as they
are related to different downslope transport mechanisms,
and describes the gradually to abruptly overconsolida-
ted state of a sedimentary unit as a recognizable attrib-
ute of flow deposits (e.g., debris and/or turbidity).

Permeability

Permeability and consolidation are two interdepen-
dent properties of a sediment, the rate of consolidation
being controlled by how fast the water can dissipate un-
der imposed excess pore pressures. Permeability is in turn
related to the amount and size of interconnected voids
within the sediment, which are constantly decreasing as
the sediment consolidates. The general permeability trend
for oceanic sediments of different grain-size characteris-
tics is presented by Bryant et al. (1981). The permeabil-
ity characteristics of the silty clays these authors describe
are closely mimicked by the Leg 84 data. The overall
trend of Leg 84 permeabilities can be seen in Figure 21.

The presence of excess pore pressures monitored at
Sites 565, 568, and 569 may indicate flow conditions re-
strictive of dewatering in these areas. Regardless of the
cause of such excess pore pressure, the permeability of
the overlying unit is insufficient to allow this pressure to

dissipate. The data shown in Table 2 represent the aver-
age values of index properties at sub-bottom depths near
250 m. The porosity of sediments at that depth, usually
mud or mudstone, is between 57 and 64%, and the cor-
responding average permeabilities range from 2 × 10~9

to 5 × I0"8 cm/s, respectively. The range of permeabil-
ity described by Terzaghi and Peck (1967) for practically
impermeable sediments is less than 10~7 cm/s. These
low permeabilities obviously constrain the consolidation
process severely, and can lead to increased pore pres-
sures above hydrostatic conditions. The increasing mud-
stone component with depth at these sites reduces even
more the effective permeability of the sediment, and may
be the cause for restricted flow, leading to abnormal
downhole pressures. The unique geochemical environ-
ment of the Guatemalan slope sediments, which contain
abundant gas and hydrates, may also be an important
determinant of permeability and flow conditions. The de-
gree of saturation of a sediment is quite important to per-
meability. The greater the degree of saturation, the larg-
er the permeability; thus, if these sediments contain a
hydrate seal or a sufficient amount of gas not in solu-
tion and filling void spaces within the sediment fabric,
we can expect a significant blockage of flow through
these horizons.

Alternate flowpaths for fluid migration are along frac-
ture planes, sandy-silt horizons, ash layers, and also per-
haps through conduits evidenced in the unique vein struc-
ture described by Ogawa and Miyata (this volume) and
by Cowan (1982). These flow paths correspond to the
formation permeability, which may indeed be a very im-
portant consideration in the hydraulic history of this mar-
gin, but which unfortunately cannot be measured with the
equipment or tests available. Interestingly, the availabil-
ity of sand or silt horizons may be limited, since the gen-
eral sedimentation pattern along this margin is one of
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basin infilling. This generally results in only isolated cases
of continuity regarding these horizons, thus limiting the
effective lateral drainage of these more permeable lay-
ers. Added to the limited horizontal extent of these lay-
ers is the fact that massive hydrates were nearly always
recovered within the coarser-textured sediments; this
further limits the potential of these particular horizons
to form high-permeability paths.

SUMMARY

The Middle America Trench slope sediments off Cos-
ta Rica and Guatemala have geotechnical characteristics
consistent with hemipelagic, oceanic sediments from oth-
er portions of the world. Comparison of porosity-vs.-
depth and permeability-vs.-depth relationships, for Leg
84 sediments, with the same relationships for sediments
described by Bryant et al. (1981) shows that the slope
deposits follow trends described for silty clay and clayey
silts having 5-20% calcium carbonate. The disturbance
created by degassing affects the consolidation state of
sediments for at least three sites of Leg 84 and two oth-
ers of Leg 67 (Faas, 1982a). Evidence of sediment ero-

sion is strongly supported by the overconsolidated states
of sediments at Site 566, and downslope transport me-
chanisms may be creating instances of overconsolida-
tion at Sites 565 and 569.

Excess pore pressures present along this margin may
be expected as a result of the presence of gas, of gas hy-
drate decomposition, of local downslope stressing, and
of tectonically injected pore fluids resulting from the sub-
duction of thick sediment piles. The occurrence and main-
tenance of these excess pressures, even with the appar-

Table 2. Summary of index properties for Middle Ameri-
ca slope sediments at depths below 200 m sub-bottom.

Site

565
567
568
569
570

Sub-bottom depth
interval (m)

220-240
220-240
270-290
222-240
220-240

Bulk density
(Mg/m3)

1.66
1.70
1.57
1.65
1.62

Porosity
(%)

58
57
64
57
63

Water
content

(%)

37
35
42
35
40
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ently fractured nature of mudstones and the presence of
vein dewatering paths, support the idea of a widespread
mechanism generating these excess pore pressures.
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APPENDIX
Geotechnical Summary, Leg 84

Core

Site 565

1
1
1
2
2
2
2
2
3
3
3
4
4
4
5
5
6
6
6
7
7
7
8
8
8
8
8
9
9
9

10
10
10
11
11
11
11
12
12
12
12
13
13
13
14
14
14
15
15
15
16
16
16
17
17
17
18
18
18
19
19
19
20
20
21
21
21
21
22
23
23
24

Section

Sub-
bottom
depth
(m)

(Hole 565)

2
5
7
2
4
4
6
6
2
4
6
2
4
4
3
5
1
2
5
2
3
5
3
3
6
6
6
3
5
7
1
5
5
1
2
3
4
3
5
5
6
2
4
6
2
4
6
2
4
6
1
3
6
2
4
6
1
3
4
1
3
6
3
5
2
4
6
6
4
1
6
2

2.52
6.32
9.09

12.23
15.22
15.22
18.22
18.22
21.72
24.77
27.72
31.02
34.22
34.22
42.72
45.72
48.78
50.63
55.53
59.83
61.06
64.84
71.41
71.52
76.33
76.33
76.33
81.18
83.17
86.26
87.93
93.13
93.13
96.60
97.59
99.62

100.62
108.61
112.12
112.12
113.67
116.75
119.82
122.88
126.17
129.16
132.23
135.68
138.68
142.18
143.59
147.84
151.42
154.97
157.65
160.99
162.78
166.35
168.28
172.51
175.01
180.71
185.39
188.45
192.63
196.73
198.97
198.97
206.14
211.08
218.49
222.05

Water
content

57
49
46
41
43

38

41
40
36
38
37

34
33
42
40
42
38
42
35
42
38
41

37
41
42
40
39

43
40
46
45
47
49

45
42
39
44
42
40
37
47
42

33
33
32
35
33
33
34
35
31
31
32
31
34
31
40
40
43

35
30
37
33

Un-
drained

Bulk shear
Porosity density strength

(%) (Mg/m^) (kPa)

10
13
22
27
30

43

13
10
58
22
25

45
52
32

47
68
59
42

37

23
93
52
26
17

12
6

15

16

2-min.
GRAPE
porosity

(%)

80
80
70
70
68

67

71
70
64
68
63

65
70
74
83
79
76

71

72

78
71
73
71
74

71
75
78
76

73

63
71
66
71
70
65
65
77
76
73
71
71

66
72
70
72
69
73

66
68
62

83
70
76

66
59
65
68

2-min.
GRAPE

bulk
density

(Mg/m3)

1.52
1.57
1.68
1.68
1.71

1.74

1.65
1.70
1.79
1.72
1.78
1.80
1.25
1.81
1.72
1.64
1.51
1.60

1.70
1.69
1.65
1.60
1.57
1.70
1.65
1.71
1.71
1.65
1.63
1.64
1.53
1.58

1.60
1.63
1.76
1.61
1.68
1.61
1.63
1.69
1.70
1.58
1.63
1.65
1.70
1.71

1.75
1.66
1.71
1.70
1.75
1.68

1.80
1.78
1.86

1.41
1.62
1.48
1.53
1.76
1.90
1.80
1.75

Compressional-
wave

velocity
(km/s)

.522

.518

.540

.546

.525

.543

.553

.535

.503

.538

.556

.573

.584

.497

.533

.371

.217
1.282

1.025

1.312

0.784

0.803
1.551

1.534
2.227
1.511
1.522

1.567
1.561
1.177
1.523
1.584
1.532
1.592
1.575

1.574
1.063

1.641
1.571
1.687
1.589
1.610
1.638
1.847
1.105

1.579
2.204

1.482

1.608
1.638
1.620
1.630

Directiona

V
V
V
V
V
H
V
H
V
V
V
V
V
H
V
V
V
V

V

V

V

V
V

V
V
V
V

V
V
V
V
V
V
V
V

V
V

V
H
H
V
V
V
V

V
V

V

V
V
V
V
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Appendix. (Continued).

Core Section

(Hole 565 Cont.)

24
25
25
25
26
28
28
29
29
30
30
30
31
31
31
32
33
33

4
1
1
3
4
1
1
2
6
1
4
6
3
5
7
1
1

CC

Sub-
bottom
depth
(m)

225.46
230.24
230.24
233.14
243.78
258.33
258.33
269.20
275.44
276.91
282.21
284.83
290.14
292.60
295.10
300.70
310.00
311.80

Site 566 (Hole 566)

1
1
2
2
4
5
7

1
3
2
4
2
2
1

Hole 566C

2
5
6
6
7

2
1
1
1
1

0.53
3.53
6.33
8.87

14.83
24.35
41.49

90.01
109.11
117.66
117.66
127.72

Site 567 (Hole 567A)

1
1
1
2
2
2
3
6
7
7
8
8
9
9

10
10
11
14
16
16
17
17
19
20
21
21
25
25
25
25
25
25
25

4
6
6
3
3
4
4
4
2
2
2
3
4
5
1
2
1
2
1
2
1
3
1
1

CC
CC

1
1
1
1
1
2
2

201.19
203.35
203.72
209.58
209.58
210.96
219.80
248.38
254.65
255.15
264.95
266.96
277.38
278.88
281.32
283.26
289.51
319.13
334.20
336.12
343.80
346.35
359.42
377.62
394.22
394.22
429.60
430.00
430.22
430.22
430.68
431.15
431.23

Water
content

(%)

34
34

13
34
31

28
28
30
28
29
32
29
31

50
46
52
42
48
44

6

11

30
33
19
36

31
30
38
38
26
31
29

42
35
8

23

21

3

Porosity
(%)

72
68
75
64
70
73
14

26

53
56
42
59

55
53
62
61
51
55
52

66
58
18

42

40

8

Bulk
density

(Mg/m3)

1.44
1.49
1.43
1.54
1.46
1.66
2.37

2.35
2.52
2.62

2.52

1.77
1.71
2.17
1.65

1.76
1.75
1.62
1.61
1.94
1.74
1.78

1.57
1.68
2.37
2.32
2.51
2.33
1.87

1.93
2.35
2.69
2.56

2.64

Un-
drained

shear
strength

(kPa)

65
83
47
81
58
31

2-min.
GRAPE
porosity

(%)

64
66

34
71
68

61
60
60
70
68
72
63
63
64
65
67

78
74
79
70
75
67
32

28
29
17

18

61
63
31
67

63
54
63
61
44
75
55

65

19
35
18

51
24
45
20

5

4
11

14
11
11

2-min.
GRAPE

bulk
density

(Mg/m3)

1.81
1.77
1.83
2.33
1.70
1.75

1.86
1.89
1.89
.72
.76
.70
.83
.83
.81

1.76
1.71

1.55
1.61
1.53
1.64
1.54
1.66
2.52

2.44
2.59
2.73

2.70

1.86
1.83
2.40
1.75

.83

.99

.82

.88
..14
.63
.96
.76

2.58
2.32
2.62

2.06
2.52
2.16
2.60
2.81

2.72
2.69
2.76
2.57
2.62
2.62

Compressional-
wave

velocity
(km/s)

1.670
1.560

2.286
1.619
1.585
1.619
1.753
1.678

1.742
1.663
1.596
1.634
1.670
1.662

1.531
1.559
1.565

1.558
1.588
3.901

2.871
3.990
5.268
5.057
4.184

1.605
1.678
2.031
1.528
1.590
1.536
1.764
1.687
1.763
1.802
1.778
1.775
1.704

1.724
3.536
4.306
4.107
2.670
1.902
3.179
1.748
2.884
4.820
4.491
4.586
4.244

4.266
4.447

3.427

Direction3

V
V

V
V
V
V
V
V

V
V
V
V
V
V
V

V
V
V

V
V

V
V
V
H
V

V
V
V
V
V
V
V
V
V
V
V
V
V

V
V
V

V
V
V
V
V
V
V
H
V

H
V

V
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Appendix. (Continued).

Core Section

Sub-
bottom
depth
(m)

(Hole 576A Cont.)

25
25
25
25
26
26
27
27
28
28
29
29
29
29
29
29

2
2
2
3
1
1

2
2
2
2
2

431.63
431.72
432.26
432.62
438.55
439.60
446.87
447.15
465.66
466.35
486.05
486.27
486.91
487.27
487.37
487.50

Site 568 (Hole 568)

1
1
1
2
2
2
2
3
3
4
4
5
5
6
6
7
7
8
8
9
9

10
10
12
12
13
13
14
14
14
15
15
16
16
17
17
18
18
19
19
20
20
20
21
22
22
23
24
24
25
25
27
27

1
2
3
1
3
3
6
3
5
2
4
2
6
2
5
2
4
2
4
3
4
2
4
2
4
3
5
2
4
6
1
6
4
6
3
6
1
4
2
6
1
6
6
2
2
6
1
2
6
5
6
1
3

1.12
2.27
3.25
3.91
6.92
7.72

11.42
17.02
20.02
24.47
27.26
34.23
39.87
44.10
48.62
54.04
56.17
64.05
66.05
73.86
75.76
81.82
84.78

101.01
104.09
112.01
114.93
119.73
122.73
126.14
127.83
135.34
142.53
144.73
150.23
155.63
157.23
161.63
168.03
175.03
176.71
183.88
183.88
188.44
198.11
203.07
206.31
217.72
223.57
231.76
233.07
244.13
247.17

Water
content

(%)

60
57
55
64
66
54
53
55
52
57
58
51
52
50
49
49
50
56
50
51
45
52
51
50
48
49
43
48
46
45
49
47
47
45
52
46
48
48
52
48
52
49

50

56
53
57
49
51
37
41

Porosity
(%)

79
77
75
81
82
75
73
73
72
75
77
72
73
70
70
70
72
75
71
71
67
70
70
70
68
69
65
67
67
66
69
68
68
67
73
67
69
69
72
69
73
71

75
74

66

60
64

Bulk
density

(Mg/m3)

1.32
1.35
1.36
1.27
1.26
1.39
1.37
1.34
1.37
1.33
1.32
1.41
1.39
1.42
1.43
1.43
1.44
1.34
1.42
1.41
1.49
1.36
1.39
1.38
1.43
1.43
1.49
1.41
1.46
1.48
1.41
1.44
1.44
1.49
1.39
1.45
1.43
1.44
1.40
1.43
1.39
1.43

1.34
1.39

1.35

1.63
1.56

Un-
drained
shear

strength
(kPa)

3
4
7
1
2
5

10
3
9

7
19
11
13
13
18
33

5
33

48
13
10
7

36
22
11
12
13

8

11
7

28
40
45
78

2-min.
GRAPE
porosity

W

12
20
12
17
7

10
8

15
16
18

21
16
9

11
7

82
82

88
86
79
83
81
80

81

85
79

80

77
82

79

75

75
81

82
81

79

78

81

73
85
82

86

71

2-min.
GRAPE

bulk
density

(Mg/m3)

2.61
2.46
2.64
2.57
2.72
2.73
2.68
2.59
2.63
2.55
2.89
2.79
2.49
2.53
2.51
2.56

.51

.52

.42

.46

.56

.50
1.54
1.55

1.53

1.47
1.57

1.56

1.60
1.50

1.55

1.59

1.57
1.53

1.49
1.50

1.54

1.55

1.53

1.66
1.46
1.51

1.41

1.69

Compressional-
wave

velocity
(km/s)

3.213
3.427

4.247
4.261

3.724

4.594

3.833

1.560
1.545
1.568
1.563
1.559
.572
.555
.530
.598
.579
.554
.686
.580
.596

.596

.680
1.565
1.614
1.550
1.578
1.800
1.708
1.243
1.166

1.117

1.703

1.579
1.524

1.613
1.698
1.490
1.538

1.660
1.606

Directiona

V
V

V
V

V

V

V

V
V
V
V
V
V
V
V
V
V
V
V
V
V

V
V
V
V
V
V
V
V
V
V

V

V

V
V

V
V
V
V

V
V

763



E. TAYLOR, W. R. BRYANT

Appendix. (Continued).

Core

Sub-
bottom
depth

Section (m)

Water
content Porosity

Bulk
density

(Mg/m3)

Un-
drained
shear

strength
(kPa)

2-min.
2-min. GRAPE

GRAPE bulk
porosity density

(%) (Mg/m3)

Compressional-
wave

velocity
(km/s)

(Hole 568 Cont.)

28

28

29

29

30

30

31

32

32

33

33

34

34

35

35

36

37

38

40

40

41

42

42

43

43

44

44

258.47

262.84

264.17

271.26

273.76

277.49

283.27

292.45

296.84

301.67

310.03

311.71

314.31

321.91

326.36

339.37

345.33

359.07

373.34

375.40

383.27

394.84

395.09

398.74

403.42

409.91

414.95

39

49

34

40

39

39

42

42

39

37

40

39

33

41

40

41

44

39

31

34

34

35

35

35

29

33

34

62

71

57

65

62

63

65

65

63

59

63

62

55

63

62

64

67

62

55

57

56

58

59

59

52

57

57

1.59
1.46
1.68
1.62
1.61
1.59
1.56
1.56
1.63
1.61
1.60
1.59
1.69
1.55
1.57
1.54
1.51
1.58
1.74
1.68
1.67
1.67
1.66
1.67
1.79
1.71
1.66

Site 569 (Hole 569)

Directiona

69

64

70
68

68

65
70

70
70
74
69
55

76

66

58

67

.73

.81

.72

.76

.76

.81

.72

.71

.70

.65

.74

.94

.62

.79

.92

.77

1.600

1.578

1.682

1.557

1.542

1.699

1.550

1.563
1.568

1.574

1.648

1.561

1.423

1.491

1.397

1.494

1.711

1.480

1.583

1.663

1.646

1.547

1.547

1.546

1.709

1.566

1.595

V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V

1
2
2
2
3
3
4
4
4
5
5
6
6
6
7
7
7
8
8
9
10
11
11
12
12
12
13
13
14
15
16
17
17
18
20
21
22
23
23
24
24
25

1
1
3
5
2
4
1
4
6
1
3
2
4
6
1
4
6
2
3
2
1
1
2
1
3
6
1
4
2
2
CC
5
6
2
1
1
2
1
2
1
5
1

1.02

2.22

5.32

8.42

13.31

16.31

20.81

25.31
29.12

31.02

34.02

42.77

44.82

48.32

51.02

55.52

58.32

60.92

62.82

70.92

78.90
87.94

90.26

98.50

100.38

105.59

106.86

111.45

117.83

127.56

136.33

151.26

152.66

156.78

174.32

184.22

194.52

203.47

206.51

212.35

218.93
222.86

52
55
53
57
53
49
52
55
47
55
51
52
51
49
52
51
45
41
46
50
50
46
48
46
50
45
45
47
35
37
33
37
40
39
37
33
32
34
34
33
37
33

75
76
74 1

77
74
71
74
76
69 1

75
73
73
73
71
73
72
67
64
68
71

68
70
58
61
56
60
63
63
60
57
56

57
56
60
55

.43

.38

.40

.35

.40

.44

.41

.38

.46

.38

.42

.40

.42

.44

.39

.40

.51

.56

.49

.44

.51

.50

.65

.64

.69

.65

.59

.63

.64

.71

.73

.66

.72

.63

.67

12
15
16
22
19
17
18
22
19
19
38
12
37
33
15
33
55
18
48
65
42
37
53
52
37
53

78
81

80

81

80

86

73

75
85
73
74
71

87

65
65
72
66
68
66
64
59
67
65
59
61
67
59

1.59

1.54

1.55

1.53

1.55

1.45

1.67

1.63

1.47

1.58

1.55

1.61

1.44

1.32

1.28

1.79

1.77

1.68

1.79

1.75

1.79

1.83

1.88

1.76

1.80

1.90
1.87

1.78

1.90

.541

.523

.534

.504

.542

.532

.526

.516

.546

.507

1.515
1.525

1.530
£.104
1.535
1.694

.492
1.762
.874

1.501

J. 177
1.450
1.568

1.493
1.668
[.679
1.717
1.760
1.681

1.560

1.673

1.737

1.724

1.559

1.704

1.790

1.748
1.687

V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V

V

V
V
V

V
V
V
V
V
V
V
V
V
V
V

V
V
V
V
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Appendix. (Continued).

Core Section

(Hole 569 Cont.)

26
26
27

1
5
3

Sub-
bottom
depth

(m)

231.77
238.41
245.22

Water
content

(%)

35
35
33

Porosity
(%)

58
58
57

Bulk
density

(Mg/m3)

1.66
1.66
1.71

Un-
drained

shear
strength

(kPa)

2-min.
GRAPE
porosity

(%)

65
64
59

2-min.
GRAPE

bulk
density

(Mg/m3)

1.79
1.81
1.86

Compressional-
wave

velocity
(km/s)

1.797
1.697
1.791

Direction8

V
V
V

Site 569 (Hole 569A)

1
1
2
4
6
7
9
9

10
10
10
10

5ito S7

1
4
1
1
1

CC
1

CC
1
1
1
2

246.98
251.73
256.96
274.62
294.54
304.74
332.32
334.10
351.67
352.16
352.38
353.28

Mie J 1 \j ^πuic J I\JJ

1 1 1.02
1
1
2
2
2
3
3
3
4
4
5
6
6
6
7
7
8
8
9

10
11
11
14
14
15
16
16
17
17
18
19
19
20
21
22
22
23
23
24
24
25
26
27
28
29
30
31
32
34
35

2
3
1
3
5
2
5
6
1
4
6
2
4
6
1
2
1
3
1
2
1
3
1
5
2
4
6
1
5
2
1
3
1
2
1
4
1
4
1
4
3
4

CC
7
2
4
1
5
2
2

2.52
4.32
5.92
8.12

10.92
19.52
24.52
25.52
28.22
32.01
45.72
48.17
52.02
54.92
56.11
58.82
66.32
68.92
76.32
87.42
95.50
98.56

124.72
130.15
135.43
147.93
150.81
153.93
159.43
164.93
172.11
176.43
183.03
194.00
202.22
206.23
211.87
216.32
221.01
224.92
233.32
244.19
250.70
268.12
271.02
283.47
288.98
303.92
319.02
327.83

35
34
33
33
23
31
12
22

51
47
47
46
45
44
42
42
39
42
39
43
44
44
42

9
40
43
40
45
42
44
41
42
44
43
40
35
39
38
30
14
36
44
76
38
37
37
38
21
39
39
44

7
42
40
48
40
37
39
31

59
57
56
57
45
55
27 ;
40

.67

.71

.69

.72

.96

.76
-.19
.78

2.74

;

73
70
69
68
68
65
64
64
62
64
62
65
64
65
63
20 :
62
64
63
67
64
66

64

62
57
62
61
52
31
59
70

60
60
59
60
42
64
63
63
18
62
60
67

1.58

.43

.48

.48

.49

.50

.50

.50

.53

.58

.52

.59

.51

.47
1.50
.52

1.34
1.56
L.52
1.58
1.48
1.52
1.51

1.52

1.56
1.62
1.60
1.59
1.73
2.16
1.62
1.58
1.55
1.57
1.61
1.60
1.58
1.96
1.64
1.61
1.44
2.40
1.47
1.50
1.46

8
15
33
10
20
33
13
35
46
21
47

7
18
14
63

61
48
52
58
44
85
25
32
36
26

85
96
64

74
83
88
73
82
60
94

62
58
62
53
46
53
23
20

7

77
74
75
77

69

70
73
75

81
53
69
73
67
75
73
77

76

78
71

71

46
75
69
77
18
76
74
75
81
72
70
62

1.84 I
1.89 ]
1.84
2.01
2.11
2.00

.749

.846

.789

.913

.761

.969
2.50 2.680
2.55

t

.618

.234
2.63 4.98:

2.87

1.61
1.65
1.63
1.59

1.73

1.71
1.67
1.64

1.54
1.89
1.73
1.66
1.76
1.62
1.66
1.61

1.62

1.58
1.60

1.60

2.10

:

.63

.72
1.60
5.57
.61
.65

1.63
1.53
.61

1.65
1.74

5.126

.580

.566

.570

.550

.577

.576

.504

.809

.742

.795

.811
1.895
1.601
1.558

1.450

2.674

1.538
1.206

2.625

V
V
V
V
V
V
V
V
H
V
H

V
V
V
V
V
V
V
V
V
V
V
V
V
V

V

V

V
V

V

V
V
V
V
V
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Appendix. (Continued).

Core Section

(Hole 570 Cont.)

37
39
39
39
39
41
41
41
41
41
41
41
41
42
42
42
42
42

2
1
1
1

CC
1
2
3
3
3
3
3
4
1
1
2
3
3

Sub-
bottom
depth

(m)

347.62
365.61
365.88
365.88
366.04
383.87
385.31
386.97
387.31
387.31
387.65
387.65
387.92
392.92
393.32
394.43
396.94
396.94

Water
content

(%)

7

31

Porosity
(%)

17

54

Bulk
density

(Mg/m3)

2.41

2.31
1.73

2.46

2.43

2.45
2.42
2.40
2.32

Un-
drained
shear

strength
(kPa)

2-min.
GRAPE
porosity

(%)

21
30
24

23
19
58
18
17

14

17
14
16
17

2-min.
GRAPE

bulk
density

(Mg/m3)

2.51
2.24
2.34

2.51
2.45
1.92
2.46
2.48

2.51

2.45
2.51
2.55
2.45

Compressional-
wave

velocity
(km/s)

3.994

3.857
3.823
3.601

4.244
3.921
3.896
3.931

4.015
3.714
3.815
3.958
4.265

Direction8

V

V
H
V

H
V
V
H

V
V
V
V
H

a Direction of velocity measurement relative to upright core. V = vertical; H = horizontal.
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