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ABSTRACT

During Leg 75 of the Deep Sea Drilling Project (DSDP) from the D/V Glomar Challenger, a 200-m deep hole was
drilled at Hole 532A on the eastern side of Walvis Ridge at a water depth of 1331 m. Sediment cores were obtained by
means of a hydraulic piston corer. All of the cores from this boring were designated for geotechnical studies and were
distributed among eight institutions. The results of laboratory studies on these sediment cores were compiled and ana-
lyzed. Sediment properties, including physical characteristics, strength, consolidation, and permeability were studied to
evaluate changes as a function of depth of burial, It was concluded that the sediment profile to the explored depth of
200 m at Walvis Ridge consists of approximately 50 m of foram-nannofossil marl (Subunit 1a) over 64 m of diatom-
nannofossil marl (Subunit 1b) over nannofossil marl (Subunit 1c) to the depth explored. All three sediment units appear
to be normally consolidated, although some anomalies seem to exist to a depth of 120 m. No distinct differences were
found among the sediment properties of the three subunits (1a, 1b, and 1c) identified at this site.

INTRODUCTION

This chapter describes the results of geotechnical stud-
ies on sediments from Hole 532A which were obtained
with a hydraulic piston corer from the Walvis Ridge dur-
ing Leg 75 of the DSDP. Hole 532A was located on the
eastern part of Walvis Ridge in a trough with relatively
thick sediment fill. A 200-m section was continuously
cored; core sections were sealed immediately and stored
in an upright position in the cold storage of the ship.
They were then shipped to the core storage at Lamont-
Doherty Geological Observatory of Columbia Universi-
ty. The cores were processed by the Geotechnical Con-
sortium at this laboratory, and core sections were dis-
tributed among eight institutions (AOML, HSU, LU,
OSU, SDSU, TAMU, CU, and URI) for laboratory
testing.

The geotechnical investigation included measurement
of sediment index and classification properties, strength
characteristics, compressibility, and permeability prop-
erties. The results of the studies were analyzed and syn-
thesized to prepare this chapter.

INDEX PROPERTIES

Selected index and classification properties were mea-
sured in order to investigate changes in the properties as
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a function of depth of burial and lithologic character.
Three lithologic subunits (1a, 1b, and 1c¢) were identified
for Hole 532, which was drilled close to, but to the
northwest of, Hole 532A. A description of these litho-
logic subunits is presented in Table 1. Although the three
subunits were recognized on the basis of relative propor-
tions of biogenic components and clay, the sediments
were entirely calcareous (11-76%) and siliceous biogen-
ic pelagic deposits containing variable amounts of ter-
rigenous clay and organic carbon (see site summary, this
volume). The absence of major variations in lithology
accounts for the lack of any remarkable differences in
geotechnical properties of the sediment with depth of
burial other than those caused by consolidation pro-
cesses.

The index and classification tests that were made on
selected samples are: wet-bulk density, water content,
specific gravity, Atterberg limits, grain size analysis,
and calcium carbonate content. A summary of all index/
classification tests on the sediment is presented in Table 2.

Wet-Bulk Density

Wet-bulk density increases with depth of burial
(Fig. 1) with no recognizable relationship to the differ-
ent subunit lithologies. In the upper 120 m, wet-bulk
density varies relatively little, ranging from 1.38 to
1.50 Mg/m?3, and shows no notable increase with depth
as would usually be expected. Considering the uniformi-
ty of the sediment, the lack of a progressive change with
depth in this zone must be considered anomalous. Be-
low 120 m there is a gradual increase in bulk density
(1.47 to 1.75 Mg/m?) to the bottom of the cored interval
(199.5 m), which appears to reflect the expected increase
in density as a result of overburden.

The density gradient between the sediment surface
and a given depth was calculated using wet-bulk density
values and the equation d = (g5 — 00)/h, where g, is the
wet-bulk density (Mg/m?) at a given depth, & (m), and
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Table 1. Lithologic units, Site 532,

Sub-bottom Sedimentation
Thickness rate
Unit Lithology Hole Cores (m) Age (m/m.y.)
la  Foram-nannofossil  $32 1-12 49.5 Pleistocene 41
marl and ooze
ib Diatom-nannofossil 532 12-26 49.5-114.0 64.5 late Pliocene 52
marl
lc  Nannofossil marl 532 27-61  114.0-291.3 117.3 late Pliocene- 40
$32B  57-74 late Miocene
Wet-bulk density gradient
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Figure 1. Profile of water contents and wet-bulk density.

0, is the sediment density at the surface. The wet-bulk
density gradient is presented in Figure 2 in terms of
(Mg/m3)/m x 10—4,

Based on data available from DSDP, Hamilton (1976)
reported for the upper 600 m of the seafloor distinctive
patterns of density gradients for several sediment types.
He found that the density gradient increased with depth
for both pelagic clays and radiolarian oozes. For the lat-
ter, however, he showed a considerably higher gradient
than for the pelagic clays. In the case of calcareous and
diatomaceous oozes as well as for terrigenous sedi-
ments, Hamilton (1976) found that the density gradients
decreased with depth, with the calcareous deposits dis-
playing the greatest decrease in gradient.

Hole 532A shows a pronounced decrease in the densi-
ty gradient from the surface to 50 m, a decrease some-
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what similar to what Hamilton had reported in the up-
per 50 m for calcareous ooze, but considerably greater.
From 50 to 80 m, the gradient is rather small and re-
mains somewhat uniform (Fig. 2). Below 80 m, how-
ever, the gradient reverses and increases notably to the
bottom of the cored interval (199.5 m). Such a reversal
might possibly be attributed to pronounced changes in
the sediment’s physical or compositional properties, such
as distinct changes in texture and/or cementation or
mineralogy. However, in the case of Hole 532A, where
the sediment appears to be rather homogeneous, the
reason for the observed reversal is not readily apparent.
One possible explanation is that during the initial visual
inspection of the material, large amounts of gas bubbles
were observed at the sediment surface (i.e., between the
walls of the coring tube and the sediment) along much
of its length. The presence of gas in the sediment, and its
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Table 2. Summary of index properties, Hole 532A.

Grain size
—(om)
Core-  Depth e w w od n LL Pl 0.074 0002 CaCOj3
Section  (m) (Mg/md) (%) (%) (Mg/md) Gy e (%) (W) (%) (% passing) (%)
1-1 0.03 1.32 155 160 0.51 261 411 806 65 25 71.0
1-1 0.29 1.43 112116 0.66
1-1 0.98 1.38 139 |44 0.57 349 78.0 66 27 64.1
1-1 1.48 1.37 133 138 0.58
12 1.57 1.38 122 127 0.61
12 1.70 1.38 123 127 0.61
1-2 2.45 1.36 133 138 0.57
12 2.51 137 142 152 67
12 2.95 1.39 122 126 0.62 48.0
13 3.07 1.36 127 131 0.61 261 328 766
13 3.19 1.40 120 124 0.63
21 3.63
2-1 .77
2-1 4.00 1.45 108 112 068 263 286 743
2-1 4.13 1.44 102106 0.70
2-1 4.79 1.44 108 112 0.68
22 4.98 109 113 62.0
22 5.58 1.43 108 112 0.67
22 6.19 1.43 110 114 0.67
22 6.19 1.43 110 114 0.67
23 6.53 1.46 9% 99 0.73 264 261 725 92 40 55.0
23 7.00 1.42 114 118 0.65 263 305 752 104 34 82 40 44.1
32 9.31 1.46 101 104 0.72 264 267 T30 B4 40 531
32 9.48 1.45 105 109 0.69 83 39
32 10.35 1.45 103 107 0.70
32 10.65 1.45 105 109 0.69 46.0
33 10.85
33 10.93 1.45 103 107 0.70
33 11.08 1.50 88 91 079 266 237 702 97 55
33 11.13 1.51 %0 93 0.78
33 11.25 1.53 83 86 0.82 267 225 694
33 11.97 1.50 %0 9N 0.78 248 712 96 46 64.0
33 12.23 1.48 85 B8 0.79 264 234 T0.1
4-1 12.46 1.54 82 85 0.83
4-1 12.68 1.53 87 % 081
41 13.35
4-1 13.45 1.50 91 94 0.77
4-1 13.57 76.0
42 13.81 1.53 8 B9 0.81
42 13.98 1.50 9% 99 0.75
42 14.35 1.46 102 106 0.71 83 56 71.0
4-2 14.65 1.46 86 B9 0.77 268 248 71 69.6
42 15.18 1.50 89 % 0.77 a1 55
42 15.19 1.51 85 88 0.80
43 15.30 1.49 86 89 0.79
4.3 15.91 1.52 B4 BT 0.81
43 16.30 1.51 87 %0 0.83 267 220 70 88 41
43 16.51 1.51 83 86 0.81
5-1 16.75
5-1 16.95
5.1 17.30 1.39 120 124 0.62 261 320 76
5-1 17.60 1.51 92 95 0.77
5-1 17.76 1.55 81 B4 0.84 62.0
52 18.16 1.42 94 91 0.74
52 18.53 1.43 100 104 0.70
52 19.31 1.43 100 104 0.70
52 19.46 1.46 100 104 0.72 98 28 39.8
6-1 21.45 1.39 124 128 0.61 258 122 76 94 52
6-1 21.91 109 113 49.0
6-1 22.46 118 122 2.62 130 N
62 22.85 95 98
6-2 23.03 1.43 94 BS 52
6-2 23.35 1.50 % 9 0.78 246 T 84 52 68.8
62 23.55 1.47 98 101 0.73
62 23.87 1.43 9% 99 0.72
62 23.93 1.46 98 101 0.73
63 24.10 1.46 97 100 0.73
63 24.59 1.44 112 116 0.67 2.5 2.82 74 51.0
63 24.95 1.37 144 118 0.63
7-1 26.48 1.39 157 162 0.53 182 793 88 s3 42.9
7-1 26.98
72 27.12 1.32 88 53
72 27.35 1.37 19 123 0.61 256 319 76 47.0
7-2 27.99 1.48 97 100 0.74 132 47
72 28.46 1.42 104 108 0.68
73 28.55 1.45 103 107 0.70
73 29.03 1.43 103 107 0.69
81 30.51 1.46 97 100 073
81 30.79 1.45 9 102 0.72 63.0
8- 31.20 1.44 106 110 0.69 47.0
8-1 .21 1.42 105 109 0.70
8-2 31.51 1.44 103 107 0.70
82 31.64 1.43 110 114 0.67
8-2 3211 1.40 123 127 0.62 255 314 76
8-2 2.1 1.41 12 116 0.65
8-3 33.06 1.47 9% 9 0.74
8-3 13.51 1.42 108 112 0.67
9.1 34.30 1.42 282 738 %0 S0 41.2
9.1 34.75 1.41 106 110 0.67 2.68 82 28
9.1 35.66 1.40 19 123 0.63
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Table 2. (Continued).

Grain size
mm)
Core-  Depth e w w ed n LL Pl 0074 0.002 CaCOy
Section (m) (Mg/md) (%) (%) (Mg/md) G e (%) (%) (%) (% passing) (%)
92 3571 100 104
92 35.26 1.49 92 95 0.76 238 704 85 31 98 45 46.3
92 36.45 1.47 w0 0 0.76
9.2 36.81 1.47 8 91 0.77 263 231 700
9.3 31.26 1.46 95 98 0.74
93 37.51 1.51 8 89 0.80 98 45
10-1 40.00 1.50 %0 9 0.78
102 40.15 1.46 87 %0 0.77 60.0
10-2 40.76 1.51 81 84 0.82 2.66 215 68.0
10-2 41.45 1.52 84 87 0.81
10-3 41.65 1.53 81 84 0.83 264 218 685 71 26
103 42.25 1.42
11-1 43.40
11-1 43,85 95 98 46.0
11-1 44,50
112 44.60 1.50 0.57 2,65 3.66 79.0 56.0
11-2 44,85 1.50 84 87 0.80 266 233 69.7 92 51 55.1
11-2 45.50 1.48 93 9 0.76
11-2 45.95 1.42 107 11 0.67
11-3 46.05 1.40 106 110 067 239 286 742 28.0
11-3 46.35 1.48 88 91 0.77
121 47.95 1.45 101 104 0.71
121 48.35 1.38 125 129 0.60 261 723 97 58 40.2
121 48.85 1.42 114 118 0.65
122 49.35 1.43 9 102 0.71
122 49.45 1.40 100 104 0.69
122 50.10 1.44 103 107 0.70 274 733 97 57 57.6
12-2 50.30 1.37 99 102 0.68 2.60 282 739
123 50.45 1.39 106 110 0.6 34.0
12-3 50.75 1.43
12-3 51.00 83 86 97 40
132 53.35 1.37 11118 0.64
13-2 53.65 1.37 117 121 0.62
132 54.75 1.39 118 122 0.63 260 312 760
134 54.90 1.37
133 5500 135 124 128 0.59 26.0
14-1 56.57 145 150 35.0
14-1 57.00 1.44 100 104 0.71
14-1 57.25 1.40 116 120 0.64 269 320 763 105 41
14-1 57.65 1.39 108 112 0.66
14-2 58.05 1.37 124 128 0.60 254 3121 764
14-2 58.32 1.38 19 123 0.62 262 322 764
14-2 59.15 1.43 101 104 0.70
14-3 59. 1.42 108 112 0.67
14-3 §9.31 1.37 108 112 0.65
15-1 62.00 1.45 9% 99 0.73 35.0
152 62.25 1.49 91 94 0.77
15-2 62.35 1.50 %0 93 078 263 237 704
16-1 65.00
16-1 65.70
16-1 66.40 1.44
16-2 66.60 1.46 97 100 0.73 97 54 40.0
16-2 66.80 1.41 110 114 0.66  2.62 296 748 40.4
16-2 67.30 1.32
162 67.65 1.38 121125 0.61
163 68.25 1.42 113 17 0.65 97 55
163 68.55 1.41 11 115 0.66
163 69.10 1.43 105 109 0.68
17-1 70.40
17-1 70.80 1.37 132137 0.58 42,0
17-2 71.25 1.42 105 109 0.68 250 7.4 98 39 0.6
172 71.45 1.36 114 118 0.62
1722 71.85 1.35 104 108 0.65 98 39
172 72.30 1.36 1m 17 0.63 267 323 765 126 26 25.0
173 72.60 1.40 115 119 0.64 258 303 752
17-3 73.20 1.44 106 110 0.68
18-1 75.00 1.40
18-2 75.30 1.36 106 110 0.65
18-2 75.65 1.48 93 9 0.76
18-2 75.80 1.47 104 108 0.71 34.0
18-2 76.10 1.38 119 123 0.62 254 109 757
18-2 76.80 1.36 128 132 0.59 250 3123 765
18- 76.85 1.33 136 141 0.55 1.0
18- 76.90 129 134
183 77.70 1.37 118 122 0.62
191 78.80 1.39 127 131 0.60 98 58
19-1 78.95 1.38 131 136 0.58
19-1 79.60 1.54 82 B85 0.83 270 730 18.7
19-2 79.70 78 8l
192 80.60 1.38 102 106 0.67 280 737 99 50 16.9
19-2 81.10 1.37 133138 0.58
193 81.50 1.40 119 123 0.63
193 81.65 1.38 122 126 0.61 256 320 76
19-3 82.05 1.41 116 120 0.64 36.0
20-2 85.10 1.32
20-3 85.65 1.35
20-3 86.30 19 123 2.56 118 42 27.0
20-3 86.45 1.38 121 125 0.61 254 316 760
20-3 86.57 109 113
20-3 86.80 1.40 120 124 0.63




Table 2. (Continued).

GEOTECHNICAL PROPERTIES OF SEDIMENTS

Grain size

(mm)
Core-  Depth [ w W ed n LL Pl 0074 0002 CaCO3
Section (m) (Mg/m3) (%) (%) Mg/md) G e (%) (%) (%) (% passing) (%)
21-1 87.85 1.48 92 95 0.76
212 88.80 1.38 93 9% 0.70 20.4
212 89.90 1.48 %0 9 0.77 262 240 707 9 52 37.3
213 90.48 1.56 78 81 0.86 60.0
22 92.95 1.43 110 114 0.67
22 93.75 1.42 9 102 070 2,70 126 76
222 94.20 1.33
223 94,40 1.34
223 94.85 1.40 114 118 0.64 257 301 752 32,0
2341 96.32
231 97.05 1.42 101 104 070 242 708 9 6 59.8
232 97.45 1.48 91 94 076 98 63
232 98.70 1.55 77 B0 0.86
23-3 98.90 1.61 65 67 096 267 178 64.0 60.0
233 98.95 1.60 66 68 0.95 2.67 1.81 644
233 99.80 1.56 % 0.89
241 100.85
241 101.65 1.61 % 19 0.90 2,60 722 35.4
242 10175 1.48 82 85 0.80
242 103.10 1.44 105 109 0.69 260 72.2 85 53 354
243 103.25 1.40 104 108 0.67 260 288 742 1.0
252 106.60 1.51 89 92 0.79
252 107.25 1.52 80 83 0.83
253 107.60 %0 9
253 108.35 1.58 n 72 092 267 190 656 B4 29
26-1  109.45 1.41 9 102 0.70
26-1  109.50 %79
26-1 110.05 1,39 102 106 0.67 99 50
26-1  110.30 1.51 85 88 0.80 265 231 699 49.0
262 111.20 1,44 102 106 0.70 261 272 731 99 50 43.6
281 118.45 1.46 100 104 072 37.0
281 119.20 81 84
282 119.50 1.51 7% 8l 0.83
282 120.70 1.44 93 9 0.73
281 12117 1.48 91 94 0.76 260 242 70.8
281 121.80 1.44 102 106 0.70
21 12250 91 94
29-1  123.03 1.51 84 87 0.8 25.0
29-1  123.65 1.54 8l 84 0.84
292 12375 1.50 84 87 0.80 93 53
292 12435 1.55 77 B0 0.86 51.0
292 12455 9 100 2.62 95 42
292 124.80 1.47 95 98 0.74 261 252 71.8
293 125.55 1.46 98 101 0.73 268 267 728
301 126,55 1.54 7% 19 0.86
301 12805 1.53 7% 81 0.84 200 66.7 99 55 18.3
302 128.15 1.50
302 128.60 82 85 6.0
302 12905 1.59 68 70 0.94 99 55
3022 129.52 1.58 7173 0.91
30-3 129.60 1.58 0 72 0.92 266 1.89 654
303 129.75 1.55 7% 79 087 265 204 673 49.0
31 13152 66 68
311 131.80 1.51 82 85 0.82
311 131.83 1.64 64 66 098
-1 13245 1.61 69 T 0.94 40.0
2 13262 1.60 67 69 095 267 LBl 644
312 13280 1.58 6 71 0.92 269 1.92 659
321 13582 1.53 77 80 0.85
321 13620 1.62 67 69 0.96 46.0
321 136.87 64 66
322 13695 1.66 58 60 1.03 269 161 617
322 13810 1.63 64 66 098 49.0
23 138.47 1.52 95 98 0.77 262 240 707
23 138.70 1.55 75 18 0.87 266 206 67.2
331 14120 44.0
332 142,05 1.60 67 69 095 263 176 64.0
332 14275 1.60 65 67 0.96 263 173 634
333 143.02 1.62 64 66 0.98 267 172 634
341 14420 1.64 61 63 100 2,68 1.68 627
34-1 14535 1.66 62 64 1.01 163 62.0 99 57 49.2
342 14575 1.61 66 68 0.96
342 146.45 1.62 62 64 0.98 99 58
342 146.62 62 64
342 14717 1.62 64 66 0.98
343 147.40 1.64 61 63 1.00 52.0
43 147.62 1.60 65 67 0.9 264 175 636
351 14890  1.65 60 62 1.02
351 149.10 1.63 59 61 1.01
352 149.95 62 64
352 150.85 1.60 58 60 1.00
353 15170 1.54 59 61 0.96 266 177 639
353 152.20 1.66 58 60 1.04 267 156 61.2
361 154,00 1.64 59 6l 1.02 57.0
362 154.80 1.63 6 62 1.01
362 155.25 1.68 57 59 1,06 145 592 66 23 100 59 438
363 155.62 1.68 55 57 1.07 268 150 60.2
36-3 15610 1.68 6 S8 1.06 272 L5T 610
36-3  156.57 57 59 50.0
381 161.95 1.70 57 59 1.07 1.57 6.1 99 70 18.3
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Table 2. (Continued).

Grain size
(mm)
Core- Depth ¢ w w ed n LL Pl 0074 0002 CaCOj3
Section (m) (Mg/md) (%) () (Mg/md) Gs e (%) (%) (%) (% pasing) (%)
38-1 162.35 56 58
38-2 162.90 1.69 56 58 1.07
38-2 163.00 1.66 59 61 1.03
38-2 163.37 1.67 58 60 1.04
38-2 163.65 1.67 57 59 1.05 53.0
383 164.02 1.67 57 59 1.08 2.69 1.56 61.0
383 164.45 1.68 60 62 1.04 2.58 1.48 59.7
38-3 165.02 65 67
40-2 170.75 1.65 61 63 1.01 2.67 1.64 622 99 70 349
40-2 170.80 1.65 60 62 1.02 2,70 1.64 624
40-3 171.60 63 65 53.0
41-1 173.45 1.57 72 74 0.90
41-1 173.60 80 83
41-1 174.17 70 72
4]1-2 174.40 1.59 69 71 0.93 2.66 1.86 65.0
41-2 175.70 1.56 &7 69 0.92 2.64 1.86 65.3 85 15
41-3 175.90 65 67 46.0
41-3 176.05 62 64
42-1 178.25 1.62 63 65 0.98
42-2 178.35 1.60 61 63 0.98
42-2 179.05 1.63 58 60 1.02 2.69 1.64 62,0 35.0
42-2 179.15 1.63 55 57 1.04
42-2 179.60 1.68 59 61 1.04 2.66 1.55 61.1
423 179.80 1.68 55 57 1.07 2.70 1.52 60.4
42-3 180.85 1.62 63 65 0.98
44-1 184.90 1.66 56 58 1.05
44-1 185.15 1.71 54 56 1.10 1.37 579 62.9
44-2 185.90 1.68 55 57 1.07 53.0
44-2 186.40 1.69 52 54 1.10 98 65
44-2 186.75 1.76 47 49 1.18
44-2 187.15 L.T? 46 48 1.20 2713 1.28  56.0
44-3 187.50 1.69 54 56 1.08 2.69 1.4% 599
44-3 187.85 1.67 54 56 1.07 98 65
47-1 195.20 1.69 5 55 1.09 267 1.45 590
47-1 196.55 1.69 54 56 1.08 2.70 1.50  60.0
47-2 196.72 1.40 120 124 0.63 2.68 125 76.6 100 65
47-2 197.28 1.69 54 56 1.08 2.69 1.49 598 9 74 60.1
47-2 197.65 1.72 55 57 1.10 2.76 1.50 60.4 83 43 59.0
47-2 198.12 53 55
473 198.20 1.72 51 53 1 2.70 1.41 58.5
47-3 198.65 1.75 50 52 2.70 1.35 574 99 72 54.0

Note: w = water content, w = corrected water content, ¢ = wet-bulk density, g4 = dry density, G = specific gravity
of solids, & = void ratio, n = porosity, LL = liquid limit, and P = plasticity index. g, Gy, e, and n are calculated

using corrected water content, W.

release upon sampling, undoubtedly altered the density
characteristics of the sediment to some degree. It might
be speculated that the gas content varied in the sediment
and thus was not uniform in its effect on the bulk densi-
ty throughout the sampled interval. Disturbance of the
sediment to varying degrees during sampling may also
be reflected in these data.

The porosity follows inversely with wet-bulk density
and displays a rather uniform decrease of 8.6% per
100 m depth (Fig. 3). Again, no significant differences
are noted in porosity as a function of sediment (subunit)
type. The rate of decrease in porosity with depth is simi-
lar to relationships shown by Bryant et al. (1981) for
sediments having 65-100% CaCO;, except that sedi-
ment from Hole 532A has somewhat higher initial po-
rosities than those reported by Bryant et al. (1981).

Figure 3 also shows variations of void ratio with
depth. The void ratio decreases from a high of 4.05 in
the upper meter to 1.35 at 198 m below the mudline.

Water Content

The variation of water content (soluble salt content,
not corrected) with depth is presented in Table 2 and
summarized in Figure 1. All values of water content pre-
sented in this chapter are uncorrected values unless other-
wise specified. A review of Figure 1 shows that the most
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significant change in water content occurs in the 0-15 m
interval, where it decreases from 155 to 90%. In the in-
terval from 15 to 90 m, there is relatively little change; a
relatively minor reduction in water content occurs in the
90 to 120 m interval. Considering that the sediment is
rather heterogeneous throughout the upper 120 m
(Fig. 4) (being composed mainly of varying proportions
of silt and clay-size material, with carbonate contents of
40 to 50%, organic carbon contents of 2 to 6%, and
nannofossils composing a significant fraction of the ma-
terial), the presence of a relatively constant water con-
tent with depth in this interval is considered anomalous.
Below 120 m there is a gradual decrease in water content
to the bottom of the core (199.5 m) as would generally
be expected as a result of increase in depth (Fig. 1).

In addition to the uncorrected water contents, values
of water contents corrected for a soluble salt content of
35 ppt using Equation 1 (Noorany, 1982) are present in
Table 2.

W“’(1+)
— r’
W,

W=

(0))

where W,, = mass of water (g), W, = mass of dry soil,
and r = pore-water salinity (typical value, 0.035).
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Figure 3. Variation of index properties with depth.

Specific Gravity

The specific gravity of the solids is generally uniform
with depth (Fig. 3 and Table 2). The average value of the
specific gravity is 2.64 for the entire core, and values
range from 2.49 (Subunit 1b) to 2.73 (Subunit 1c). Spe-
cific gravity tests were conducted using the pycnometer
method.

Atterberg Limits

The variation of the liquid and plastic limits with
depth along with the natural water content are plotted in
Figure 3 and summarized in Table 2, A review of Figure 3
shows that the liquid and plastic limits are rather vari-
able (LL = 66 to 152%; PL = 40 to 100%) and show no
consistent relationship to sediment (subunit) type. Fur-
thermore, the natural water contents are frequently high-
er than the liquid limits in Subunits 1a and 1b but lower
than the liquid limit in Subunit 1c.

Grain Size Distribution

The variation of clay, silt, and sand size particles with
depth is presented in Figure 4. The ASTM standard was
used for various grain sizes: sand size is larger than
0.074 mm (U.S. standard sieve No. 200); silt size is finer
than 0.074 mm and larger than 0,002 mm; clay size is
finer than 0.002 mm.

A review of Figure 4 shows that clay and silt size ma-
terial constitute the major portion of the sediment, where
clay size material increases with depth in the section

from roughly 25% near the surface to 70% at 200 m.
Sand size material forms a surprisingly high portion of
sediment near the surface (up to 35%) but decreases
quickly below 36 m, staying near 1-2% of the total. Silt
also constitutes as significant a component as clay, with
three silt rich lenses (>55%) occurring at 19, 50, and
71 m below the mudline. Grain size distribution tests
were done using sieve analysis for the coarse fraction
and the pipette and hydrometer methods for silts and
clays.

Calcium Carbonate Content

The variation of calcium carbonate (CaCO,) content
with depth is presented in Figure 5. The percentage of
CaCO; in this sediment ranges from 11 to 76%. The
percent of CaCO; was obtained using either the Scheib-
ler method (Bouma, 1969) or the ‘‘Karbonate Bombe’’
method (Miiller and Gastner, 1971).

STRENGTH PROPERTIES

The shear strength behavior of sediments is usually
very susceptible to alteration of the sediment fabric, and
it is therefore important to minimize disturbance result-
ing from sampling. The hydraulic piston corer provides
good quality samples for studying strength and stress-
strain properties to considerable depths in the sediment
column. The variation of undrained shear strength with
depth was measured by means of laboratory vane shear,
and unconsolidated-undrained triaxial compression tests.
The effective stress parameters on selected samples were
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Figure 4. Gradation profile.

determined from isotropically consolidated-undrained
triaxial compression and from consolidated-drained di-
rect shear tests.

Vane Shear Strength

Approximately 200 measurements of peak undrained
shear strength s, were made during processing of the
sediment cores using motorized laboratory vane appara-
tus. Another 40 measurements were made at four sepa-
rate laboratories (HSU, URI, SDSU, and TAMU). The
results of all the vane measurements are plotted in Fig-
ure 6. The mean values of peak shear strength were av-
eraged every 5 m and plotted in Figure 7. Vane rotation
rates varied between the four vane devices used in this
study from 9°/min. to 79°/min. For remolded calcare-
ous ooze, Monney (1974) found the average change in
shear strength from about 15° to 90°/min. rotation to
be only about 0.6%, whereas the variation between vane
results in this study was much more than this (Fig. 6)
and might be mostly caused by sample disturbance.

Unconsolidated-Undrained Triaxial Compression Tests

Unconsolidated-undrained triaxial compression tests
were performed at HSU and SDSU in accordance with
the ASTM standard procedure D2850-70. A summary
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Figure 5. Calcium carbonate content.

of the results appear in Table 3. Figure 8 presents typical
stress-strain data for the UU test series.

Isotropically Consolidated Undrained Triaxial Tests

Two series of isotropically consolidated-undrained
triaxial tests (CIU) with pore pressure measurements
were conducted at AOML with procedures described by
Bishop and Henkel (1957). All specimens were backpres-
sure saturated and isotropically consolidated under pres-
sures well above the computed in situ effective overbur-
den pressures. The samples were then brought to failure
by increasing the vertical stress.

The results of the two series of tests are summarized
in Figures 9 and 10. The angles of friction for effective
stresses ¢’ are 38°and 39°, and the angles of friction for
total stresses ¢, are 18° and 22° for core Samples
532A-1-1, 100-125 cm and 21-2, 45-70 cm, respectively.
Shipboard summaries record that the sediments are high-
ly calcareous (34-70% carbonate content, 2-6% organic
carbon content), and high angles of internal friction are
indeed expected for these sediments.

The pore pressure coefficient, 4, at failure ranged
from 0.66 to 0.89. These values are typical of normally
consolidated clays (Skempton, 1954).

Direct Shear Tests

Two series of consolidated drained direct shear tests
were conducted at AOML, using ASTM procedure
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Table 3. Summary of UU triaxial test data.

Undrained
Axial shear strength
Water strain at failure
Core- Depth content at failure 1/2(o] — 03)
Section  (m) (%) (%) (kPa)
2-2 6.4 102 9 16.6
4-1 13.7 107 9 26.9
5-2 19.6 94 7 32.8
8-2 32.8 103 9 73
24-1 101 77 8 116
28-1 120 85 7 122
32-1 137 58 9 151
38-3 159 61 9 223

D3080-72. The specimens in each series were consoli-
dated to one, two, and four times their computed in sifu
effective overburden pressures. They were then sheared
at a slow rate (5 x 10-4 cm/min.) to allow complete
drainage.

The results of the direct shear tests are summarized in
Figures 11 and 12. The effective angles of internal fric-
tion were determined; ¢, = 34° for Sample 6-3, 15-35
cm and ¢, = 30° for Sample 19-3, 86-105 cm.

CONSOLIDATION AND
PERMEABILITY PROPERTIES

The character of sediment changes throughout time
as a result of physical and chemical processes occurring
in the sediment column. These processes significantly
alter the nature of the originally deposited material as
the sediment is buried. Diagenetic changes within the
sediment column modify the individual particles and
their interactions, changing the sediment from a loosely
bound structure to what may ultimately become a solidi-
fied rock. The process resulting in the transformation of
an argillaceous sediment from its initial soft clay struc-
ture to mudstones or shales is defined as consolidation
(Skempton, 1970). Consolidation results in a decrease
of void space within the sedimentary mass, with associ-
ated increases in bulk density and strength. Simulation
of the natural reduction of void space for a sediment
with increased overburden or stress is accomplished in
the laboratory through use of an oedometer and is de-
noted as consolidation testing. The term consolidation
is applied loosely here since this test is simply a study of
sediment compression under applied normal stress and
cannot account for time-related changes such as inter-
particle bonding, cementation, or dissolution or altera-
tion of minerals, nor can it fully duplicate the stress con-
ditions or other factors that form part of this process in
situ.

Numerous consolidation/permeability tests have been
performed on sediments retrieved by the DSDP (Trab-
ant, 1972; Lee, 1973; Lee, et al., 1973; Trabant et al.,
1975, Shephard and Bryant, 1980; Shephard, 1981; Shep-
hard et al., 1982). In this study, a total of 51 consolida-
tion tests were performed, yielding a thorough coverage
of the consolidation characteristics and permeabilities
for the sediment profile.
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Figure 8. Typical stress-strain data for UU triaxial compression tests.
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Theory of Consolidation

The theory of consolidation was originally developed
by Terzaghi (1925) as a linear, finite strain theory (Znid-
arcic and Schiffman, 1982) and was subsequently sim-
plified to consider infinitesimal strains (Terzaghi and
Frohlich, 1936). The theory concerns the change in vol-
ume of a saturated soil which results from the applica-
tion of a load (self-weight or applied) and is governed by
four balance relations, the flow relationship, and the
material functions. The balance relationships are:

1) The equilibrium of the bulk soil mass;

2) The equilibrium of the pore water;

3) The continuity of the weight of solids;

4) The continuity of the pore water.

The flow relationship is Darcy’s law. The material func-
tions specify the relationship between the void ratio and
the effective stress, and the void ratio and the coeffi-
cient of permeability. When it is assumed that the com-
pressibility (ratio of change of void ratio to change of
vertical effective stress) is constant, the coefficient of
permeability is constant, and the strains are infinitesi-
mal, the governing equation becomes,

P u,
y—=

az?

ou,
ot

do, )
at

where ¢, = coefficient of consolidation, u, = excess
pore water pressure (above hydrostatic), and o, = verti-
cal total stress. Solutions to this equation are well-
known in the geotechnical engineering literature (Lambe
and Whitman, 1969). The coefficient of consolidation
(c,) of the sediment is determined by means of consoli-
dation tests in the laboratory.
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Figure 10. Summary of CIU triaxial compression test data.

Previous investigations of marine sediments, as refer-
enced above, have clearly shown that the compressibil-
ity and the permeability of the sediments are not con-
stant. Furthermore, the strains are finite (large). To ac-
commodate these deviations from ideal conditions, one
must use finite strain consolidation theory (Gibson et
al., 1967, Gibson et al., 1981; Pane, 1981; Croce, 1981;
Znidarcic, 1982).

Test Procedures

Several approaches to one-dimensional consolidation
testing have been developed along different lines of rea-
soning, each having advantages and disadvantages. The
standard test involves an incremental loading of a later-
ally confined and relatively thin sediment sample. The
change in height of the sample is measured during the
test, providing axial strain-time relationships. A com-
plete description of the technique can be found in Lambe
(1951). This method was used for samples tested at
SDSU’s Geonor consolidometer and for one sample at
URI. A variation of this method involves the applica-
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tion of an all-around confining pressure, or backpres-
sure, to the sediment to redissolve gas bubbles, insuring
complete saturation. The benefits of this method are
presented by Lowe et al. (1964). Anteus back-pressured
consolidometers modified for permeability testing were
utilized both at TAMU and URI. The aforementioned
samples utilized load increment ratios of 1—i.e., each
increment is equal to the previous applied load, except
for one test at URI where this ratio was 0.5. The load
decrement ratio was twice the increment ratio for the re-
bound phase.

A serious drawback to these methods is the time in-
volved for completing a test, usually more than 15 days.
Another testing method is the constant rate of deforma-
tion (CRD) test, which only requires a few hours per
test. The CRD test imposes a deformation at a pre-
scribed, constant rate. This procedure provides a con-
tinuous record of the changes of consolidation param-
eters with respect to the effective stress. The method is
described in detail by Gorman et al. (1978) and Znidar-
cic, (1982) and the governing equations are discussed by
Znidarcic (1982). The CRD tests were performed at the
University of Colorado on a backpressured Geotech-
nique International CRD device.

Data Analysis

The oedometer test results allow determination of the
properties characterizing the consolidation behavior of
particular sediments; namely, permeability and com-
pressibility. The material characterizations are present-
ed in terms of void ratio-log effective stress, and void
ratio-log permeability curves. These curves reflect the
nature of the sediment’s response to applied or overbur-
den load.

During each loading increment in the standard test,
the coefficient of consolidation (c,) is assumed to be
constant by conventional Terzaghi-Frohlich theory. This
parameter is defined as:

_kd+e
ay vy

Cy

©))

where k is the coefficient of permeability, v,, is the unit
weight of water, and a, is the coefficient of compressi-
bility defined as:

de

aV = -
do’

@)

The coefficient of consolidation can be calculated by
two methods: the logarithm of time method, which fits
a laboratory developed compression-time curve to a the-
oretical curve at 50% consolidation, and the square root
of time method, which fits the theory and data at 90%
consolidation (Lambe and Whitman, 1969). The coeffi-
cient of volume change (m,) is the slope of the normally
consolidated portion of the void ratio-effective stress
plot:

my = &)

1120

where e, is the initial void ratio. The compression index
(C,) is the slope of the normally consolidated portion of
the void ratio-log effective stress plot.

. BB
A (log 0y)
The coefficient of permeability (k) is calculated in

two ways. If conventional, Terzaghi-Frohlich theory is
applied, then

C = 6

k =cyy,m, ™

The computation of sediment consolidation param-
eters from CRD test results varies slightly from the
above, since it entails a continuous rate of deformation
along with constant monitoring of excess pore pressures.
Permeability coefficients are computed by the following
equation:

v H
e ®)
2u,

where v is the deformation velocity, H is the sample
height, and u, is the excess pore water pressure at the
undrained boundary (Znidarcic, 1982).

Two methods of direct measurement of permeability
were utilized after each load was completed on the stan-
dard, back-pressured consolidation tests. All samples
processed at TAMU were tested using the falling-head
technique and one sample tested at URI using the con-
stant head method. These methods are discussed in de-
tail by Lambe (1951) and are simple measurements of
the flow rate of seawater through the consolidation
sample. In addition, permeabilities were calculated from
CRD test results performed at CU.

The state of consolidation of a sediment sample is
known by comparing the computed in situ effective over-
burden stress (¢,) to the maximum past effective pres-
sure with which the sample is in equilibrium (Taylor,
1948). This pressure—denoted preconsolidation pres-
sure, or o/—is obtained from the e-log o, curve through
a graphical procedure (Casagrande, 1936). The overcon-
solidation ratio, OCR, is defined as:

!

T¢
OCR = — 9

0o

A value of unity represents a state of normal consolida-
tion. If the OCR is less than one, the sample is under-
consolidated. If the OCR is greater than one, the sample
is overconsolidated.

Consolidation Results

The results of 51 consolidation tests are presented in
Table 4. The symbols used are those explained in the
previous section, where a subscript ‘‘0”’ identifies the
condition pertaining to the sample at the computed in
situ effective overburden vertical stress and the sub-
script “‘c’’ denotes the condition prevailing at the pre-
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Table 4. Summary of consolidation and permeability results, Hole 532A.

Core-  Depth  Test g kor ac kee kef

Section (m) group e, (kPa) (cm/s) e (kPa)  (cm/s) (cm/s) Ce OCR
1-1 1.25 1 333 45  645.10-6 3,00 35 3.41.10-7 3.00.10-6 0.63 7.36
2-1 330 2 251 116 *595.10-7 225 50 3.65+10~7 0.42  4.30
23 6.90 1 257 261 7.75-10-7 256 28 6.92.10-7 7.60-10-7 078 1.07
3-1 8.75 1 234 349 244.10-7 273 10 3.32.10-7 591.10-7 074 0.29
3-3 11.75 1 228 47.0  9.70-10-7 225 84  3.84.10-7 9.00-10-7 066 .79
42 14.45 1 2.16 580 2.62:10-3 2.11 75 5904107 2.29.10-5 0.65 1.29
43 1630 2 316 670 *510:10-7 3.03 3.65.10~7 0.76 1.86
5-2 19.40 1 242 807 4.65.10—-7 234 150 2.30.10—7 3.65:10-7 099 1.86
62 23.40 1 229 966 1.41.10-6 223 160 532.10-7 1.24.10-6 075 1.66
7-1 26.60 1 3143 1084 520106 337 125 4.25.10—7 4.60-10-6 155 .15
9-1 34.45 1 2.58 1389  2.95.10-7 255 170 2.15.10-7 270.10-7 104 1.2
9.1 3456 4 268 1403  331.10-7 228 190 2.98.10~7 122 135
92 3630 1 2.8 1470 1.96-10-7 232 120 9.20.10-8 274.10-7 0.87 0.81
10-3 4175 2 220 1720 *1.01.10-7 232 115 1.21.10~7 0.89 0.67
10-3 42.00 3 2.28 1770 3.00:10-7 235 185 1.10 1.04
112 44,75 1 2.25 1850 4.78-10—7 220 255 2.64+10-7 4.22.10-7 093 1.38
12-1 4820 1 208 200.1 223.10-7 242 87 1.33.10~7 3.95-10-7 081 043
122 50.10 1 245 2073  801-10-7 25 180 4.57.10-7 1.04.10-6 1.00 0.87
14-1 5710 2 244 2330 *4.23-10-7 257 160 6.10:10—7 124 0.69
15-2 62.30 2 219 2530 *1.50-10—7 2,10 345 1.25.10-7 1.20 136
16-2 66.70 1 226 270.6 3.66+10—7 225 290 3.82.10~-7 3.65.10-7 112 1.07
172 7.L00 3 279 268.0 1.50-10-8 227 291 1.40  1.08
172 71.30 1 235 288.1  1.88+10—7 232 330 1.02-10-7 1.84-10-7 117 1.15
18-2 75.55 2 1.90 303.0 *1.35-10-7 1.80 405 1.15.10=7 115 1.34
19-1 79.41 4 270 317.0 4.83.10-6 220 320 1.76-10—7 1.25.10-7 095 1.0
192 80.55 1 268 3209 1.72.10-7 288 250 3.92.10-8 270.10-7 146 0.78
192 8l 3271 3230 7.00.10-8 199 337 1.00  1.04
202 8520 2 2.96 3360 *597-10-7 3.00 290 6.35:10~7 128  0.86
212 89.85 1 208 3547 9.80-10-8 218 370 9.83.10-8 1.26.10-7 113 104
222 9380 2 235 3710 *3.00-10-7 233 39 2.95.10—7 1.24 105
23-1 96.90 1 218 3821 9.40.10-7 2,05 495 270.10-7 7.38.10-7 087 1.30
242 102.95 1 2.28 4119  4.11.10-7 246 320 1.57.10-7 598.10-7 1.07 0.78
252 10710 2 1.76 430.0 *1.35.10-7 1.73 470 1.90.10-7 091 1.09
262 11130 1 226 448.2 5.80-10—7 238 3% 234.10-7 7.55.10-7 063 0.87
282 119.60 2 1.54 486.0 *7.70-10—-8 152 530 7.30-10-8 .03 1.09
292 12475 2 208 5080 *2.30.10—7 211 469 2.45.10~7 1.08 091
30-1  128.00 1 1.87 5235  2.39.10-8 184 690 2.88.10-% 2.19-10-8 114 132
3l 132100 2 1.41 5440 *6.10-10-8 138 640 5.60.10-8 072 118
322 139.50 2 1.23  566.0 *5.50+10—-8 .18 720 4.70-10-8 0.65 1.27
332 14210 2 137 6090 *4.15:.10-8 138 590 4.30.10-8 0.71 097
341 145.20 1 146 6189 5.55.10-8 145 650 429.10-8 541.10-8 057 1.05
43 14750 2 1.26 6360 *500-10-8 123 760 4.60.10—8 0.76 1.19
353 151.80 2 1.21 663.0 *5.30-10-8 123 510 5.70.10-8 0.56 0.77
362 155.10 1 131 677.1  4.12.10-8 131 680 1.49.10-8 4.12.10-8 067 1.01
18-1 162.00 1 1.26  721.6 2.00-10-6 156 200 2.10-10-8 4.45.10-6 059 028
402 17005 1 1.24 771.8  1.73-10-8 150 310 1.23.10-8% 5.10.10-8 058 0.0
41-1 1M360 2 135 791.0 *4.50-10-8 132 8% 4.20.10-8 092 113
42-3 180.00 2 1.17 829.0 *3.40-10-8 1.20 710 3.80.10-8 0.55 0.86
44-1 18645 1 1.24 8597 7.79.10-8 136 460 6.07-10-8 1.91.10-7 046 0.54
472 197.40 1 099 9442 4.45.10-8 097 1100 2.55.10-8 395.10-8 065 1.17
473 19835 2 1.10 949.0 *2.95:10-8 1,12 B60 3.04.10-8 0.52 091

Note: Test group: 1 = TAMU, 2 = CU, 3 = SDSU, 4 = URI; kos = coefficient of permeability at effective overbur-
den pressures measured by falling head test; k- = coefficienl of permeability at preconsolidation pressure, com-
puted from the results of consolidation test; ko7 = coefficient of permeability at preconsolidation pressure, mea-
sured by falling head test; * = constant rate of deformation (CRD) test.

consolidated effective stress. The latter data most likely 35 : ' : T
approach the in situ conditions of the sediment. Typical
e-log o, curves, from which much of these data were ob-
tained, are presented in Figure 13, where results ob- 30} -
tained from three different consolidation testing meth-
ods are also presented. The distinct break in these curves,
from the reload to virgin portions of the graphs, is char- 25}
acteristic of sediments with little or no remolding. This,
therefore, suggests that the majority of the samples test-
ed were relatively undisturbed. Overconsolidation ratios
vary from a surface high of 7.4 in Core 1, Section 1to a
low of 0.28 in Core 38, Section 1. Overall, the OCR for

Void ratio
[
=)
T

this section decreases downhole, with some variation \Br
around a normally consolidated state (OCR = 1).
The maximum, minimum, and average values of the tok g
consolidation coefficient, c¢,, and for the compression '
index, C,, for Hole 532A are presented in Table 5. These
values are obtained from the portion of the e-log o, o6 \ ; 1 1
curve beyond the preconsolidation or calculated in situ 100 10! 10 10° 10* 10°
overburden. Also shown in the table is the range of val- Versical atoativistron (k")
ues for the permeability coefficient from consolidation Figure 13. Typical void ratio effective stress curves.
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Table 5. Range and average values of consolidation properties for sed-
iments from DSDP Hole 532A computed from consolidation tests.

Properties Minimum Maximum Average
Coefficient of consolidation, 4.86 x 104 50x10-2 3.9x10—3
¢y (cm2/s)
Compression index, C, 0.42 1.55 0.9

Coefficient of permeability, 1.23 x 10-8 692 x 10-7 2.11 x 10-7

ke (em/s)

testing, obtained through interpolation of the coeffi-
cient at the preconsolidated effective stress.

Permeability Results

Direct measurements of permeability for sediments
from this site are presented in Table 5 at o, and o/ condi-
tions. The range of falling head permeability measure-
ments at the preconsolidated state varies from 2.29 X
10-35cm/s to 2.19 x 10~ 8 cm/s, representing fairly high
permeability coefficients for the corresponding void ra-
tios. The linear relationship of void ratio and log of per-
meability is apparent in Figure 14, where both direct
and indirect measurements of this parameter are shown.
Deviation from this linearity is noticeable during the ini-
tial loading phase of consolidation, in which slow and
small decreases in void ratio are accompanied by much
larger decreases in permeability. This is most likely a re-
sult of the sample closing small cracks and ensuring
good sidewall contact with the confining ring, both of
which offer fast flow paths.

DISCUSSION AND CONCLUSIONS

This section presents the discussion and conclusions
derived from the analysis of index, strength, and con-
solidation/permeability properties.

Index Properties

Three lithologic subunits (1a, 1b, and 1c) were identi-
fied for Hole 532A based on previous work on Hole
532. The three subunits consisted of the following: (1)
Subunit la—foram-nannofossil marl and ooze (0-49.5

3.0 T T T
25+
470
2.0+ &
2 ) ikt -
S g
- 15 460 &
S
55
1.0+
® Falling head test
05k Core 17, Section 2
X CRD Test
Cora 10, Section 3
0.0 [ 1 1
10 108 107 108 10

Coefficient of permeability, k{cm/s)

Figure 14. Relationship of permeability to void ratio and porosity.
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m), (2) Subunit 1b—diatom-nannofossil marl (49.5-
114.0 m), and (3) Subunit 1c—nannofossil marl (114.0-
200.0 m). The calcium carbonate (CaCO,) content of
the sediment ranged from 11 to 76%. The average
amount of CaCO; decreased from a maximum (60%) at
the mudline (Pleistocene) to a minimum (25%) at ap-
proximately 80 m depth (late Pliocene) after which it in-
creased again to a value of 57% at 200 m (late Miocene).
The specific gravity of the sediment is uniform with
depth, with an average value of 2.64 and a range of
2.49-2.73.

Clay and silt size material constitute the major por-
tion of sediment present in the core. The amount of clay
size material (smaller than 0.002 mm) ranges from 25%
at the mudline to 70% at a depth of 200 m. The corre-
sponding sand sized material (larger than 0.074 mm or
sieve No. 200) ranged from 35% at the mudline to a rel-
atively constant 1-2% below a depth of 36 m. The sand
sized materials in the upper layers are probably the re-
mains of relatively intact foraminifer tests (average size
= 1 mm). Below a certain depth of burial, the resulting
effective stress would tend to break these tests into
smaller particles, therefore causing the sand fraction to
essentially disappear.

The average water content varies from a high of
155% at the mudline to a value of 90% at a depth of
15 m. From 15 to 120 m depth the water content is rela-
tively constant. After 120 m it decreases almost linearly
with depth to a value of 50% at 200 m. The large de-
crease in water content in the first 15 m of depth below
the mudline results in large part from the depth of buri-
al, but it also probably resulted in part from the break-
down in foraminifer tests and the release of the con-
tained water.

The liquid (LL) and plastic (PL) limits are rather
variable (LL = 66-152%, PL = 40-100%) and show no
consistent observable relationship to sediment type (sub-
unit type). Based on these data, the sediment classifica-
tion in accordance with the Unified Classification Sys-
tem is MH or silt of high plasticity. A review of the
natural water content indicates that it is higher than the
LL in Subunits 1a and 1b but lower than LL in Subunit
1c. These results correspond to the presence of foram-
nannofossil marl and diatom-nannofossil material. Both
of these particles are relatively porous and can contain a
large amount of water. The presence of this water in the
skeletal remains tends to indicate a water content higher
than would be present in the soil matrix itself.

The wet-bulk density was found to be relatively uni-
form from 0-120 m below the mudline, ranging from
1.38 to 1.50 Mg/m?. From 120 to 200 m the wet-bulk
density increased linearly with depth from 1.47-1.75
Mg/m3. The density gradient decreased from 0 to 50 m
depth as would be predicted for a porous calcareous ma-
terial as present in Subunit 1a (foram-nannofossil marl).
From 50 to 80 m, corresponding to the upper half of
Subunit 1b (diatom-nannofossil), the density gradient
remained relatively constant. Below 80 m the density
gradient increased linearly. This corresponds to the bot-
tom half of Subunit 1b and Subunit Ic (nannofossil).
These results are contrary to previously published data



showing that the density gradients for calcareous and
diatomaceous materials decrease with depth.

Strength Properties

Analysis of the index properties indicated that there
were no major lithologic differences throughout the sed-
iment core from Hole 532A. The consolidation data in-
dicated a normally consolidated deposit. It is therefore
expected that the undrained shear strength (s,) will in-
crease with depth, and the ratio of undrained shearing
resistance to effective normal stress s,/o, will be ap-
proximately a constant.

Figure 15 is a comparison of linear least-square fits to
the eight sets of UU strength data presented in Table 3.
Instead of plotting shear strength against depth, shear
strength is plotted against the in situ effective vertical
stress, oy, for vane and UU, tests. This figure permits a
direct comparison between the results of vane shear and
UU triaxial tests and allows the s,/0, normalized strength
parameter to be determined from the slope of each line.

The UU test data with an s,/g, of 0.18 compares rela-
tively well with the vane results (s,/o, = 0.19). This is to
be expected since both measure undrained shearing re-
sistance at the initial water content. However, these val-
ues are both low compared with the range of 0.25 to
0.35 for marine clays (Lambe and Whitman, 1969), and
are very low when compared with typical values for sed-
iments with high carbonate content reported in the liter-
ature (Nacci et al, 1974). This possibly results from dis-
turbance and stress change upon sampling.

500 il

Vertical effective stress (kPa)

\ + Vane shear
© UU test

1000

0 500 1000
Shear strength (kPa)

Figure 15, Effective overburden stress versus shear strength.
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The following conclusions can be drawn from the re-
sults of the strength tests:

1) Vane shear and unconsolidated undrained triaxial
compression test data are in reasonable agreement. How-
ever, both test results appear to underestimate the in situ
undrained shear strength of the sediment.

2) The triaxial and direct shear tests indicated that
¢’ =0 and that ¢’ is in the range of 30 to 39 degrees.

3) No differences in shear strength due to lithological
changes were noted.

Consolidation/Permeability Properties

The measured consolidation characteristics of this
site are all similar, regardless of the test method em-
ployed. The e-log o, curves indicate fairly well-preserved
and undisturbed samples, with the overall form of these
resembling the carbonate and terrigenous profiles dis-
cussed by Hamilton (1976). The variation with depth of
effective overburden stress (computed from submerged
unit weight) is shown in Figure 16, along with precon-
solidation effective stress obtained from the tests. The
ratio of these two stresses, OCR, is also plotted. The
data in Figure 16 indicate apparently overconsolidated
sediments at surface and a fluctuating state around nor-
mal consolidation below this. An exception to this nor-
mal state is noticeable between 160 and 185 m sub-bot-
tom, where the sediment might be underconsolidated.

Numerous factors affect the state of consolidation,
modifying the simple mechanical loading process and
producing large deviations from the expected. The me-
chanical aspect of consolidation involves reduction of
void space and is dependent on permeability among other
sediment properties. The coefficient of permeability in
these sediments at the preconsolidated state averages
8.91 x 10-7 cm/s, indicating a fairly permeable sedi-
ment. The mechanical properties of sediment and its be-
havior also depend on the in sifu microfabric (i.e., parti-
cle-particle relationships). Pressure solution, cementa-
tion, internal organic matrices, grain size, sedimentary
history, and a number of other factors affect the consol-
idation state. High values of OCR near the mudline are
not reflective of true overconsolidation; they result from
the fact that the effective stress approaches zero, thus
any internal strength of the sediment, such as cohesion,
provides an apparent overconsolidation. Underconsoli-
dation, on the other hand, may result from continuous
loading of the column with insufficient accompanied
drainage, though this would not appear to be the case
for this site considering the high permeability. Also,
production of gas may increase pore pressures, thus re-
ducing the effective stress and preventing normal con-
solidation.

Permeabilities obtained for this site are graphically
displayed in Figure 17. The permeability coefficients are
those interpolated from the e-log k linear relationships
discussed earlier at the in sifu void ratio (e;). As seen in
Figure 17, direct and indirect measurements provide
fairly similar results, although indirect results tend to
yield somewhat lower permeabilities. The former may
result from the effects of seepage-induced consolidation
in the falling head tests (Pane et al., 1983). Overall, the
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Figure 16. Variation of effective overburden stress and OCR with depth.
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permeability in this section decreases with depth, yet it
remains somewhat high as compared to those reported
by Bryant et al. (1981) for silty clays and clayey silts at
similar void ratios.

Consolidation studies provide useful engineering
properties, but in addition to this, they allow a better
understanding of the relationship of changes in physical
properties under increasing vertical stress. A compari-
son of the field consolidation data to laboratory results
is helpful in assessing the aspects of loading in the actual
sedimentary column. Figure 18 is a plot of void ratio at
o, and o/ with depth, also showing the linear regression
curve for the e, data which represents the best approxi-
mation to a field virgin curve. The coefficient of com-
pressibility, a,, for this curve is 1.81 x 10-3 and has a
compression index, C,, of 1.94. These data are signifi-
cantly different from the average data for this site as
computed from consolidation testing in which a, = 0.84
%X 10-3 and C, = 0.897.

A field curve of permeability and void ratio is shown
in Figure 19. This plot again reflects the linearity of the
e-log k data as previously shown for consolidation and
falling-head laboratory measurements. A review of all
laboratory permeability data shows that a decrease of
one order of magnitude in the permeability coefficient
corresponds to approximately a one unit decrease in
void ratio, which compares closely with the field curve.
The comparison of the field and laboratory results for
consolidation parameters would suggest that although
mechanical response to overburden is the governing as-
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pect behind alteration of physical properties for this
site, factors are certainly active in constraining the me-
chanics of these sediments.

Changes in physical properties, consolidation param-
eters, and permeabilities for Hole 532A are principally
functions of the mechanics of sediment response to
overburden. This dependency is more pronounced be-
low a depth of 115 m sub-bottom as reflected by the lin-
earity of the decrease in void ratio with overburden and
by changes in physical properties with depth. Above this
depth, a higher degree of variability may be responding
to fluctuations of water content, grain size and clay min-
eralogy, calcium carbonate content, gas, or other char-
acteristics altering the sediment’s composition and struc-
ture.

In general, the consolidation aspects of this boring
are normal for calcareous-terrigenous sediments, being
overconsolidated near surface with a quick transition
towards a column fluctuating around a normally to
slightly underconsolidated state. Noticeable excursions
from this trend are found, however, at 50, 100, and
160 m sub-bottom, where strong shifts towards under-
consolidation occur. Associated with these previous
zones are overlying layers of overconsolidated material.
Interestingly, the underconsolidated shifts are corre-
lated to intervals of marked decreases of calcium car-
bonate, water content and shear strength, and to in-
creases of clay content. Finally, analysis of seismic re-
flectors from this area suggests that hiatuses exist at
about 90 and 160 m below mudline, which may indeed
correlate to the zones overlying these underconsolidated
sections. These hiatuses are representative of periods of
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nondeposition or erosion which can easily lead to the
overconsolidated state observed.

Permeability is directly dependent on void ratio as re-
flected in the linearity of e-log k relationships. The sedi-
ments here have higher than average permeabilities for
the corresponding void ratios as compared to other ma-
rine sediments of similar composition (Bryant et al.,
1981). Despite the higher permeabilities, an analogous
trend of decreasing permeability with depth is observed.

Physical properties, consolidation, and permeabilities
have an erratic nature in the upper section at this site,
This is not representative of a normally consolidating
sequence and thus reflects other variables involved in
the constructed sediment fabric. The role of sedimentary
consolidation processes, however, becomes increasingly
defined downhole and eventually dominates the observed
changes of physical properties.
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APPENDIX

List of Symbols
A = Pore pressure parameter
a, = Coefficient of consolidation
C, = Compression index
c, = Coefficient of consolidation
e = Void ratio
e, = Void ratio at effective overburden pressure
e. = Void ratio at preconsolidation pressure
G, = Specific gravity of solids
h = Depth
k = Coefficient of permeability
ke = Coefficient of permeability at preconsolidation pressure
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Coefficient of permeability at effective overburden
pressure

Liquid limit

Coefficient of volume change

Porosity

Overconsolidation ratio

Plasticity index

Plastic limit

Pore water salinity

Undrained shear strength

Time

Excess pore pressure

Excess pore pressure at the undrained boundary
Deformation velocity

Water content
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Corrected water content

Weight of water

Weight of solids

Density

Dry density

Effective fraction angle

Friction angle in terms of total stresses
Effective friction angle from direct shear test
Major principal stress

Minor principal stress

Total vertical stress

Effective vertical stress
Preconsolidation pressure

Effective vertical overburden stress
Unit weight of water
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