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INTRODUCTION

Drilling during Leg 167 at the California margin was scheduled to
recover continuous sedimentary sections. Multiple advanced piston
core (APC) holes drilled at different depth offsets provided core over-
lap in successive APCs. Correlation of high-resolution laboratory
physical properties data from adjacent APC holes was used to compile
composite depth sections for each site. The composite depth sections
were used to confirm continuous recovery and enable high-resolu-
tion sampling. The meters composite depth (mcd) scale differs from
the shipboard meters below seafloor (mbsf) scale because of (1)
core expansion following recovery (MacKillop et al., 1995), (2)
coring gaps, and (3) stretching/compression of sediment during coring
(Lyle, Koizumi, Richter, et al., 1997). Moran (1997) calculated that
sediment expansion accounted for 90%–95% of the Leg 154 depth
offset between shipboard mbsf and the mcd scales.

Terzaghi’s one-dimensional theory of consolidation (Terzaghi,
1943) describes the response of sediments to stress loading and re-
lease. Mechanical loading in marine environments is provided by the
buoyant weight of the overlying sediments. The load increases with
depth below seabed, resulting in sediment volume reduction as water
is “squeezed” out of the voids in the sediment. Stress release during
core recovery results in expansion of the sediment and volume in-
crease as water returns to the sediment. The sediment expansion or
rebound defines the elastic properties of the sediment.

In this study we examine the elastic deformation properties of
sediments recovered from Sites 1020 and 1021. These results are
used to (1) correct the laboratory index properties measurements to in
situ values and (2) determine the contribution of sediment rebound to
the depth offset between the mbsf and mcd scales.

METHODS

One-dimensional (vertical) consolidation tests were completed on
seven samples recovered from Sites 1020 and 1021. Whole-round
samples, 10 cm long, were cut from the core sections, capped, sealed
in wax, and stored in refrigerated seawater until testing. The tests
were conducted in two back-pressured consolidometers at the Bed-
ford Institute of Oceanography. The application of back pressure re-
dissolves air bubbles trapped within the sample. The samples were
back pressured for a minimum of 12 hr before incremental loading
was started. A standard load increment ratio of one was used, and the
samples were double drained (top and bottom). The measured and de-
rived index properties (Table 1), determined before the start of each
test, were similar to those obtained at sea, indicating that no desicca-
tion of the samples occurred during transport and storage. In addition,
no disturbance was observed during sample preparation.
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The consolidation test measures the change in sample height over
a series of increasing (loading) and decreasing (unloading) stresses.
The change in sample height is used to calculate the volume change
expressed as void ratio. The consolidation results, plotted as a consol-
idation curve (Fig. 1), are used to determine the coefficient of expan-
sion (Cr) defined as the log-linear slope of the rebound portion of the
curve. The elastic rebound causes the bulk density and dry density to
decrease while porosity and void ratio increases. The elastic rebound
does not change the grain density or pore-fluid density. Discrete lab-
oratory index data were corrected using the coefficient of expansion.
Void ratio values were corrected to in situ values as follows:

, (1)

where ec is the corrected void ratio, ei is the laboratory-determined
void ratio, and P′o is the effective overburden stress calculated using

, (2)

where d is the discrete measurement interval (mbsf), ρc is the labora-
tory-determined bulk density, and ρw is the pore-fluid density. Poros-
ity values were corrected using the following phase relationship:

nc = ec=⁄ (1 + ec). (3)

Bulk density (ρc) and dry density (ρdc) data were corrected to in situ
valves using corrected void ratio (ec), grain density (ρg), pore-fluid
density (ρw), and the following phase relationships:

, and (4)

ρdc = ρg=⁄ (1 + ec). (5)

The corrected bulk density values can be used for constructing syn-
thetic seismograms, determining in situ stress conditions, and corre-
lating with downhole logging data. Corrected dry density data can
be used in determination of mass accumulation rates.

The change in void ratio over one core length is geometrically re-
lated to the increase in core length or core expansion (MacKillop et
al., 1995). The core length expansion (∆L) in meters over discrete
measurement intervals was calculated from the elastic change in void
ratio as follows:

ec ei P′olog( )Cr[ ]–=

P′o d ρc ρw–( )9.81[ ]=

ρc ρg ec+( ) 1 ec+( )⁄[ ]ρw=

Table 1. Index physical properties data for consolidation samples.

Hole, core, section, 
interval (cm)

Depth 
(mbsf)

Water content 
(%)

Specific 
gravity

Initial 
void ratio

1020D-1H-4, 140-150 5.95 108.68 2.670 2.805
1020C-11H-2, 140-150 92.75 81.62 2.674 2.195
1020C-16H-5, 140-150 144.78 81.49 2.641 2.227
1021D-1H-3, 140-150 4.45 125.81 2.705 3.415
1021C-5H-2, 140-150 34.05 104.64 2.662 2.713
1021C-9H-1, 140-150 70.55 139.68 2.605 3.484
1021C-18H-3, 140-150 159.05 120.12 2.620 3.084
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∆L = ∆e (Lo – nLo), (6)

where n is the core porosity and Lo is the recovered length of core.
The ∆L over discrete measurement intervals is then accumulated and
added to the mbsf scale. The accumulated length in meters below
seafloor is then compared with the mcd scale. 

RESULTS

Seven consolidation tests were completed on samples from Holes
1020C, 1021C, and 1021D. The test results (Table 2) show sharp
transitions between the recompression and virgin compression curves
(Figs. 2, 3). This suggests little sample disturbance (Holtz and Ko-
vacs, 1981) and increases the accuracy of the preconsolidation (P′c)
stress determination. The elastic rebound values range from 0.067 to
0.087 for Site 1020 and from 0.067 to 0.085 for Site 1021. The con-
sistent rebound values suggest little variation in the composition of
the seven samples. Average elastic rebound values of 0.075 for Site
1020 and 0.077 for Site 1021 were used to correct void ratio to in situ
values (Eq. 1). Tables 3 and 4 contain the corrected void ratio, bulk
density, dry density, and porosity values for discrete measurements
on APC cores for Sites 1020 and 1021.

The consolidation state of the sediment was determined from the
overconsolidation ratio (OCR) values of each test. OCR is calculated
by

OCR = P′c / P′o. (7)

The sediment is overconsolidated (OCR > 1) in the upper few meters
and becomes normally consolidated (OCR ≅ 1) with depth. The only
exception is at 92 mbsf (Section 167-1020C-11H-5), where the sedi-
ment is underconsolidated (OCR < 1).

The increase in core length over discrete measurement intervals
was calculated from the elastic response change in void ratio (Eq. 6).
This core-length expansion results in a recovery greater than the
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Figure 1. Example of a typical consolidation plot showing the recompression
of the sample (a to b) to the preconsolidation stress (P′c), the virgin compres-
sion curve (c to d), and the unloading curve (d to e).
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cored length and contributes to the depth offset between the mbsf and
mcd scales. Following Moran (1997), the core-length expansion was
used to correct the mcd scale to a more realistic depth. The cumula-
tive core lengthening for Sites 1020 and 1021 (APC cores) was plot-
ted as a function of meters below seafloor (Fig. 4). The elastic core
expansion results are best approximated using a simple power func-
tion in the form of

E = a(mbsfb), (8)

where E is the sediment rebound in meters and a and b are coeffi-
cients determined from the power function for each site (Table 5).
The mcd scale was therefore corrected by removing the sediment re-
bound (i.e., mcd – E) from the mcd scale.

The corrected mcd scales for Sites 1020 and 1021 (Holes 1020B,
1020C, 1021B, and 1021C) are plotted against the mbsf scale (Figs.
5, 6). A one-to-one correlation between the mbsf and the corrected
mcd (mcdc) scales would indicate that sediment rebound accounts for
100% of the mcd offset. There is good linear correlation between the
two scales. Moran (1997) calculated that elastic core expansion ac-
counts for 90%–95% of the depth offset between the mbsf and mcd
scales for Leg 154. Moran (1997) estimated that the remaining 5%–
10% of the depth offset for Leg 154 results from intervals of sediment
flow-in, identified in visual description of the split core. The percent-
age that sediment rebound contributes to the mbsf and mcd depth off-
set for Leg 167 varies from 40% to 80% (Tables 6, 7). 
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Table 2. Summary of consolidation test results.

Note: OCR = overconsolidation ratio.

Hole, core, section, 
interval (cm) Cr Cc P′o P′c OCR

1020D-1H-4, 140-150 0.067 0.76 31.65 155 4.90
1020C-11H-2, 140-150 0.087 0.80 479.23 300 0.63
1020C-16H-5, 140-150 0.070 1.20 772.36 1075 1.39
1021D-1H-3, 140-150 0.085 1.58 8.99 80 8.90
1021C-5H-2, 140-150 0.074 1.30 162.90 180 1.10
1021C-9H-1, 140-150 0.082 1.23 309.98 320 1.03
1021C-18H-3, 140-150 0.067 0.77 694.24 900 1.30
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Figure 2. Consolidation plots for whole-round samples recovered from (A) Hole 1020D (5.95 mbsf), (B) Hole 1020C (92.75 mbsf), and (C) Hole 1020C
(144.78 mbsf).
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Figure 3. Consolidation plots for whole-round samples recovered from (A) Hole 1021D (54.45 mbsf), (B) Hole 1021C (34.05 mbsf), (C) Hole 1021C (70.55
mbsf), and (D) Hole 1020C (129.05 mbsf).
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Table 3. Corrected index physical properties values for APC cores at Site 1020. 

This is a sample of the table that appears on the volume CD-ROM.

Core, section, 
interval (cm)

Midpoint 
depth 
(mbsf)

P′0
(kPa)

Corrected 
void ratio

Corrected 
porosity 

(%)

Corrected 
density 
(g/cm3)

Corrected 
dry density 

(g/cm3)

167-1020B-
1H-2, 30-32 2.55 10.14 3.099 75.603 1.470 0.679
1H-3, 30-32 4.05 16.63 2.549 71.821 1.509 0.755
1H-4, 30-32 5.55 23.47 2.565 71.948 1.534 0.778
1H-5, 30-32 7.45 31.65 2.694 72.931 1.506 0.742
2H-1, 80-82 9.10 39.77 2.242 69.152 1.573 0.845
2H-2, 30-32 10.35 45.27 2.576 72.035 1.517 0.761
2H-3, 30-32 11.85 51.52 2.644 72.558 1.491 0.731
2H-4, 30-32 13.35 58.57 2.341 70.070 1.549 0.812
2H-5, 30-32 14.85 64.76 2.612 72.315 1.487 0.729
2H-6, 30-32 16.75 73.95 2.156 68.310 1.564 0.845
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Table 4. Corrected index physical properties values for APC cores at Site 1021.

This is a sample of the table that appears on the volume CD-ROM.

Core, section, 
interval (cm)

Midpoint 
depth 
(mbsf)

P′0 
(kPa)

Corrected 
void ratio

Corrected 
porosity (%)

Corrected 
density 
(g/cm3)

Corrected dry 
density 
(g/cm3)

167-1021B-
1H-1, 30-32 0.60 2.34 2.947 74.666 1.462 0.681
1H-1, 90-92 1.35 5.33 3.052 75.323 1.473 0.685
1H-2, 30-32 2.55 8.97 4.310 81.166 1.366 0.523
1H-3, 30-32 4.05 13.78 4.087 80.344 1.385 0.550
1H-4, 30-32 5.55 19.47 3.358 77.051 1.451 0.646
1H-5, 30-32 7.05 24.86 3.418 77.365 1.429 0.622
1H-6, 30-32 8.05 28.60 3.197 76.175 1.444 0.648
2H-1, 30-32 9.05 32.62 3.142 75.859 1.476 0.683
2H-2, 30-32 10.55 38.02 3.401 77.276 1.429 0.623
2H-3, 30-32 12.05 44.85 2.549 71.825 1.534 0.780
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Figure 4. Length of sediment expansion plotted as a function of the ship-
board depth scale (mbsf).
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Figure 5. Comparison of the corrected mcd scale with the shipboard mbsf
scale for Holes 1020B (crosses) and 1020C (solid circles).
Table 5. Meters composite depth (mcd) correction coefficients for Equation 8.

Site
Elastic rebound 

coefficient a
Elastic rebound 

coefficient b

1020 0.063 0.973
1021 0.066 0.986
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Figure 6. Comparison of the corrected mcd scale with the shipboard mbsf scale for Holes 1021B (crosses) and 1021C (solid circles).
Table 6. Contribution of sediment rebound to the depth offset between
the mbsf and mcd scales at Site 1020. 

Core, section
Depth 
(mbsf)

Mcd depth 
offset 
(m)

Sediment 
rebound 

(m)

Rebound contribution 
to the mcd offset 

(%)

167-1020B-
1H-1 0.0 0.08 0.00 0.00
2H-1 7.8 –0.14 0.46 –330.87
3H-1 17.3 0.26 1.01 386.69
4H-1 26.8 2.08 1.54 73.99
5H-1 36.3 3.16 2.07 65.43
6H-1 45.8 4.92 2.59 52.68
7H-1 55.3 5.92 3.11 52.60
8H-1 64.8 7.71 3.63 47.12
9H-1 74.3 10.19 4.15 40.73
10H-1 83.8 12.05 4.67 38.72
11H-1 93.3 11.27 5.18 45.96
12H-1 102.8 12.44 5.69 45.75
13H-1 112.3 14.88 6.20 41.68
14H-1 121.8 14.98 6.71 44.81
15H-1 131.3 14.98 7.22 48.21
16H-1 140.8 14.93 7.73 51.77
17H-1 150.3 15.81 8.24 52.09
18H-1 159.8 17.13 8.74 51.03

167-1020C-
1H-1 0.0 0.00 0.00 0.00
2H-1 4.3 1.30 0.26 19.96
3H-1 13.8 1.16 0.81 69.56
4H-1 23.3 2.72 1.34 49.38
5H-1 32.8 3.82 1.87 49.04
6H-1 42.3 4.82 2.40 49.78
7H-1 51.8 4.68 2.92 62.43
8H-1 61.3 4.29 3.44 80.23
9H-1 70.8 4.91 3.96 80.65
10H-1 80.3 4.55 4.48 98.37
11H-1 89.8 5.71 4.99 87.39
12H-1 99.3 6.35 5.50 86.66
13H-1 108.8 7.88 6.01 76.32
14H-1 118.3 7.88 6.52 82.80
15H-1 127.8 10.21 7.03 68.89
16H-1 137.3 11.92 7.54 63.27
17X-1 146.8 13.67 8.05 58.88
18X-1 156.3 14.37 8.56 59.54
Table 7. Contribution of sediment rebound to the depth offset between
the mbsf and mcd scales at Site 1021. 

Core, section
Depth 
(mbsf)

Mcd depth
offset 
(m)

Sediment 
rebound 

(m)

Rebound contribution 
to the mcd offset 

(%)

167-1021B-
1H-1 0.0 0.00 0.00 0.00
2H-1 8.0 1.18 0.51 43.17
3H-1 17.5 1.94 1.10 56.80
4H-1 27.0 2.50 1.69 67.59
5H-1 36.5 4.02 2.27 56.57
6H-1 46.0 4.76 2.86 60.02
7H-1 55.5 5.69 3.44 60.41
8H-1 65.0 6.55 4.02 61.32
9H-1 74.5 8.71 4.59 52.75
10H-1 84.0 12.75 5.17 40.56
11H-1 93.5 13.15 5.75 43.71
12H-1 103.0 14.31 6.32 44.19
13H-1 112.5 14.29 6.90 48.27
14H-1 122.0 13.43 7.47 55.63
15H-1 131.5 14.13 8.04 56.93
16H-1 141.0 14.95 8.62 57.64
17H-1 150.5 15.53 9.19 59.17
18H-1 160.0 15.41 9.76 63.34

167-1021C-
1H-1 0.0 –0.08 0.00 0.00
2H-1 2.6 0.88 0.17 19.12
3H-1 12.1 0.44 0.77 174.09
4H-1 21.6 2.88 1.36 47.08
5H-1 31.1 4.12 1.94 47.14
6H-1 40.6 5.24 2.53 48.20
7H-1 50.1 6.64 3.11 46.80
8H-1 59.6 9.19 3.69 40.13
9H-1 69.1 9.64 4.27 44.26
10H-1 78.6 10.84 4.84 44.69
11H-1 88.1 13.96 5.42 38.83
12H-1 97.6 13.78 6.00 43.51
13H-1 107.1 13.75 6.57 47.79
14H-1 116.6 14.21 7.15 50.28
15H-1 126.1 15.09 7.72 51.15
16H-1 135.6 16.59 8.29 49.98
17H-1 145.1 16.99 8.86 52.17
18H-1 154.6 19.65 9.44 48.02


	PREVIOUS CHAPTER
	TABLE OF CONTENTS
	NEXT CHAPTER
	31. DATA REPORT: CORRECTION OF INDEX PROPERTIES AND THE METERS COMPOSITE DEPTH SCALE USING ELASTIC PROPERTIES OF LEG 167 SEDI
	Kevin MacKillop
	INTRODUCTION
	METHODS
	RESULTS
	REFERENCES
	FIGURES
	Figure 1. Example of a typical consolidation plot showing the recompression of the sample (a to b...
	Figure 2. Consolidation plots for whole-round samples recovered from (A) Hole 1020D (5.95 mbsf), ...
	Figure 3. Consolidation plots for whole-round samples recovered from (A) Hole 1021D (54.45 mbsf),...
	Figure 4. Length of sediment expansion plotted as a function of the shipboard depth scale (mbsf).
	Figure 5. Comparison of the corrected mcd scale with the shipboard mbsf scale for Holes 1020B (cr...
	Figure 6. Comparison of the corrected mcd scale with the shipboard mbsf scale for Holes 1021B (cr...

	TABLES
	Table 1. Index physical properties data for consolidation samples.
	Table 2. Summary of consolidation test results.
	Table 3. Corrected index physical properties values for APC cores at Site 1020.
	Table 4. Corrected index physical properties values for APC cores at Site 1021.
	Table 5. Meters composite depth (mcd) correction coefficients for Equation 8.
	Table 6. Contribution of sediment rebound to the depth offset between the mbsf and mcd scales at ...
	Table 7. Contribution of sediment rebound to the depth offset between the mbsf and mcd scales at ...




