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ABSTRACT

Orientation and geometry of pores as well as sediment compressibility can be approximated by determining the
shrinkage behavior of standardized samples. The sections investigated show that these measurements are influenced by
changing sediment composition. This is also well documented by the relationship between void ratio and overburden
pressure. Median pore-diameter calculations clearly reflect both sediment composition and compaction,

INTRODUCTION

Compaction of sediments strongly modifies volume
and geometry of pores. For seafloor deposits, these
characteristics depend mainly on sediment composition,
which also influences the resistance of sediments to
compaction. Since simple measurements are lacking,
consolidation test procedures are used to evaluate sedi-
ment compressibility (see chapter by the Geotechnical
Consortium, this volume). The relationship between
sediment volume and pressure during consolidation is
analogous to that between water content and volume of
sample during drying (Hartge, 1978). Thus, this study
attempts to use shrinkage and related measurements as
simple indicators of volume and nature of pore space
and sediment compressibility.

Shrinkage can be easily determined by measuring the
height and diameter of a dried cylinder sample which
has been taken primarily for porosity and other determi-
nations of water-saturated sediments.

METHODS

Bulk density, water content, porosity, and void ratio were deter-
mined by standard laboratory methods (Schultze and Muhs, 1967). A
cylinder sample of known volume (V) was taken perpendicular to the
‘‘bedding,’’ weighed (wet weight, G,) and dried for 24 hours at
110°C. Then the dry weight (G,), height, and diameter (for calcula-
tion of dry volume, V) were measured (accuracy of each measure-
ment is +1%; for V; +2%).

For porosity and void ratio determinations, it was assumed that
the sediment was water saturated. However, expanding gas may have
affected the measurements.

The water content, wet-bulk density, porosity, and void ratio of
Hole 532A are discussed in some detail in the chapter by the Geotech-
nical Consortium. Therefore, these data are only listed in Table 1.

Shrinkage (Sh) is the loss of volume expressed as a percentage of
the original:

v, - ¥
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o

1 Hay, W. W,, Sibuet, J.-C., et al., fnit. Repts. DSDP, 75: Washington (U.S. Gowt.
Printing Office).

Carbonate content was determined by dissolving the carbonate in
HCI and then measuring HCI consumption by titration with NaOH.
Phenolphthalein was used as an indicator.

For grain-size analysis, five size fractions were determined:
>63 pm, 6320 um, 20-6 um, 6-2 pm, and <2 pm. After wet-sieving
(63 pum), the finer-grained part of the sample was desalted and dis-
persed by NH,OH. The grain fractions were analyzed using Atterberg
settling tubes (Lippmann, 1953).

The area of the internal surfaces was determined using Strohlein
Areameter II equipment; at the temperature of fluid nitrogen, N, ad-
sorption at the internal surfaces of the water-free samples was mea-
sured.

Scanning electron microscope (SEM) studies were carried out on
some samples which were vacuum freeze-dried.

AREA OF INTERNAL SURFACES AND
RELATED MEASUREMENTS

The area of the internal surfaces varies widely within
those sections investigated. There exists no clear rela-
tionship to the <2 pm sediment fraction as had been ex-
pected (Heling, 1970). This may be the result of (1) vari-
ations in the mineralogical composition and grain-size
distribution of the clay fraction, (2) changing biogeneous
constituents (foraminifers-diatoms-nannofossils), and
(3) the content (and composition?) of organic matter
(Schachtschabel et al., 1976). However, these param-
eters have not yet been determined for Hole 532A.

In this study, the area of internal surfaces is only used
for calculation of the median pore diameter.

Median Pore Diameter

Theoretically, a given sediment porosity can result
from either a small number of large pores or a large
number of small pores. In the first case, the sediment
has a relatively small area of internal surfaces, whereas
in the latter case, it has a large area of internal surfaces.
The area of internal surface varies inversely with pore
size and can be derived from the relationship formulated
by Hudec (1978):

Area of internal surfaces (m2g~!) =

Porosity (cm3g—!) X pore area (cm?)
Pore volume (cm?)
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Thus, for the simplified case of spherical pores the
pore diameter can be calculated after the formula of
Hudec (1978) by the following equation:

Median pore diameter (cm) =

Porosity (cm3g—1) x 6
Area of internal surfaces (m2g—!)

Mean pore diameter (Table 1, Fig. 1) has been calcu-
lated in this way.

The trend lines in Figure 1 show a decrease in median
pore diameter with increasing core depth. However, in
this general trend the influence of compaction cannot be
determined because it is coincident with changing sedi-

Table 1. Sediment data, Hole 532A.

ment composition—that is (1) the dominant biogeneous
constituents decrease in size from lithologic Subunit 1a
to 1c (foraminifer tests—diatom frustules-nannofossils),
and (2) the frequency of foraminifers and diatoms grad-
ually decreases toward the lower boundary of Subunits
la and 1b, respectively. In Subunit 1a the decrease in
median pore diameter reflects the decrease in foramini-
fer content rather than compaction. The scattered data
also support this assumption.

In Subunit 1b, the median pore diameter is strongly
influenced by varying diatom content. A decrease in me-
dian pore diameter as a result of compaction cannot be
expected for diatomaceous oozes at such a shallow buri-
al depth (Hamilton, 1976).

Area of Median i g g
Core- Depth Water  Wet-bulk Carbonate  internal pore Grain size distribution (4sm)

Section in core content dcnsitir Void Shrinkage  content surface radius <2 26 6-20 2063 >63
(level in cm)  (cm) (%o) (g/cm?)  Porosity ratio (%) (%) (m2/g) (um) (%) (%) (%) (%) (%)
1-1 17 127 1.39 0.78 3.50 50.0 71 9.2 0.254 18.0 12,0 194 30.1 20.5
12 286 135 1.35 0.78 3.46 47.8 48 9.6 0.242 484 113 11,7 132 154
2-1 476 109 1.43 0.74 2.90 4.4 62 9.7 0.230 275 17.2 204 199 149
22 627 108 1.42 0.73 2,74 47.6 55 12.3 0.179 360 99 128 162 251
3-1 876 117 1.41 0.76 3.15 56.7 46 10.5 0.217 285 148 184 203 179
32 1076 110 1.42 0.75 2.94 50.0 46 12.6 0.178  48.0 157 167 11.0 8.6
4-1 1351 87 1.48 0.69 2.21 53.8 76 9.8 0.211 540 149 11.5 118 7.7
4.2 1441 91 1.48 0.70 237 57.1 71 11.0 0.192 494 33 132 119 223
5-1 1756 85 1.50 0.69 2.21 50.0 62 11.0 0.188 514 119 123 184 6.0
6-1 2180 109 1.41 0.74 2.81 48.5 49 13.6 0.163 350 128 157 182 183
6-3 2352 108 1.37 0.71 2.50 45.0 51 15.2 0.141 439 17.6 155 123 107
7-2 2716 119 1.31 0.7 2.49 41.7 67 14.1 0.152  37.7 239 164 88 132
8-1 3026 95 1.48 0.72 2.58 57.1 63 10.7 0.202 36.2 198 165 17.5 9.9
8-1 3031 104 1.38 0.70 2.37 50.0 47 14.8 0.143 36.2 19.8 165 175 9.9
9-1 3438 107 1.39 0.72 2.55 50.0 48 15.0 0.144 374 148 11.0 158 21.0
10-2 4026 102 1.42 0.72 2.54 40.0 60 19.6 0110 295 142 171 226 16.6
11-1 4331 95 1.47 0.72 2.54 54.8 46 20.0 0.108 320 166 147 188 179
11-2 4466 94 1.45 0.70 234 59.1 56 18.2 0.115 364 190 172 154 120
11-3 4616 103 1.40 0.71 2.47 59.3 28 20.8 0.103 297 180 130 116 277
12-3 5051 106 1.39 0.72 2.54 50.0 24 22.6 0.095 465 19.1 183 124 37
13-3 5496 124 1.31 0.72 2.61 55.6 26 21.2 0.102 386 6.2 236 134 5.2
14-1 5651 145 1.36 0.80 4.05 63.6 35 19.0 0.127 455 17.3 19.2 10.5 1.5
14-1 5651 133 1.41 0.80 4.10 62.5 45 19.0 0.127 455 17.3 192 105 1.5
15-1 6121 142 1.35 0.79 3.81 62.5 35 20.0 0.119 533 190 153 7.6 4.8
16-2 6666 98 1.34 0.67 2.00 47.1 40 20.0 0.100 409 202 200 145 4.4
17-1 7018 132 1.36 0.77 3.42 52.9 42 20.0 0.116 592 124 129 9.4 6.2
17-2 7371 116 1.34 0.72 2.61 42.9 25 19.8 0.110  40.1 227 202 103 6.7
18-2 7606 104 1.36 0.69 2.28 56.5 24 19.4 0.107 396 243 182 11.0 6.8
18-3 7686 136 1.28 0.74 2.85 54.5 11 22.8 0.097 31.8 265 285 9.5 36
19-3 B152 117 1.35 0.73 2.69 57.1 36 20.9 0.105 55.1 194 16.3 6.8 2.4
20-3 8631 108 1.39 0.72 2.54 54.5 27 22.0 0.098 354 224 178 69 175
212 8986 84 1.48 0.68 2.1 52.4 38 22.8 0.089 324 182 264 159 7.1
213 9056 80 1.50 0.67 2.00 53.8 60 19.0 0.105 53.7 16.8 127 104 6.4
223 9451 143 1.31 0.77 3.42 60.0 52 20.4 0.114 51,7 240 167 4.8 2.7
233 9891 67 1.54 0.62 1.60 58.3 50 13.2 0.140 342 18.0 29.7 11.6 6.5
243 10331 103 1.37 0.69 2.28 30.0 51 21.0 0.099 398 258 226 6.8 5.0
26-1 11021 89 1.45 0.68 2,16 58.3 49 16.9 0.121 38.0 322 197 7.2 2.8
28-1 11852 94 1.44 0.69 2.28 57.1 37 23 0.093 39.6 234 229 9.9 4.1
29-1 12252 85 1.37 0.63 1.72 48.0 25 17.3 0.110 37.1 252 242 113 32
29-2 12442 77 1.53 0.67 2.00 53.3 51 21.1 0.095 36.6 255 1B8.6 7.5 11.8
30-2 12842 78 1.50 0.66 1.90 54.5 36 21.7 0.091 349 17.0 21.7 57 267
30-3 12982 71 1.55 0.64 1.81 50.0 49 23.0 0.084 49.1 231 173 7.7 2.8
31-1 13222 72 1.55 0.65 1.85 55.0 40 19.0 0.103 37.1 238 236 12.0 35
32-1 13592 75 1.54 0.66 1.95 46.7 46 21.8 0.091 476 241 176 6.6 4.0
322 13798 62 1.61 0.62 1.60 53.8 49 23.7 0078 432 198 18.1 9.7 9.2
331 14052 86 1.45 0.67 2.05 4.4 44 22.5 0.090 42,1 234 21.6 9.9 3.7
34-1 14498 68 1.58 0.64 1.77 52.9 46 18.2 0.105 343 221 256 143 3.7
343 14727 65 1.60 0.63 1.68 53.9 52 20.9 0.090 507 22.0 147 9.3 34
36-1 15373 68 1.61 0.66 1.90 56.3 47 18.4 0.107 469 176 167 13.1 5.9
36-3 15647 58 1.64 0.60 1.53 53.8 50 19.2 0.094 475 189 183 107 4.6
38-2 16357 58 1.66 0.61 1.57 50.0 53 20.4 0.090 397 21.3 200 134 5.6
40-3 17127 63 1.62 0.62 1.64 46.7 53 22.7 0.082 49.1 231 15.2 9.0 3.6
413 17601 65 1.60 0.63 1.68 53.3 35 19.1 0.099 47.1 238 166 10.2 22
42-2 17942 30 1.62 0.61 1.57 55.6 46 23.1 0079 41.8 248 178 132 2.4
44-2 18588 56 1.66 0.59 1.46 53.8 53 19.6 0.091 465 21.7 194 9.4 29
47-2 13751 55 1.67 0.58 1.39 58.3 59 20.8 0.084 53.2 244 151 5.3 2.0
473 19872 50 1.70 0.57 1.33 45.5 54 228 0.075 545 194 181 54 2.6
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Figure 1. Median pore diameters calculated after Hudec (1978). Trend
lines have been computed for each lithologic subunit. For Subunits
la and lc they follow an e-log curve, and for 1b a straight line. The
trend line for 1a is strongly influenced by the decreasing foramini-
fer content. Scattering of data results from variations in sediment
composition.

Subunit Ic is less influenced by varying sediment
composition; the mean value line follows an e-log curve,
and the data points better fit the line.

PORE SYSTEM

A dual pore system has been found that is also known
from other sediments (Reimers, 1982). It consists of (1)
macropores >2 um and (2) micropores <2 um in diam-
eter. Macropores were measured in SEM photographs—
micropores only to a lesser extent. Most support for the
micropore system is provided by calculation of median
pore diameter. Macropores are found primarily in com-
bination with biogeneous components: within or next to
foraminiferal tests or diatom frustules.

During compaction the intraparticle pores within bio-
genic tests are filled in the upper tens of meters, whereas
wide pores supported by large grains slowly decrease in

SEDIMENT COMPACTION, PORE SPACE, AND SHRINKAGE

frequency and size; in near-surface sediments 30 pores
of >2 pum diameter have been counted per 1,000 pm?
area of SEM photos (maximum diameter 40-50 pym =
~15%), whereas at about 200-m depth only 5 pores of
>2 um diameter were found (maximum diameter 5-15
pm = ~5%),

SHRINKAGE

Shrinkage is caused by suction pressure within the
pores. This results from capillary forces occurring when
pore water is lost during drying. Capillary forces depend
principally on pore width and are therefore not directly
affected by sediment composition (Hartge, 1978). There
is normally no limit for suction pressure within the pore
system, because capillary forces increase during drying
and, furthermore, water has a high tensile strength
(10,550 N ¢cm 2, 20°C; Brinch Hansen and Lundgren,
1960). However, at a certain water content—the so-
called shrinkage limit—the sample maintains a constant
volume even if the water content decreases further; the
area within the water menisci that is affected by high
suction pressure is too small to deform the sample.

Shrinkage acts in a way similar to the application of
external pressure, and can, therefore, be compared with
the result of an effective overburden pressure (Einsele,
1982). Properties such as void ratio or median pore
diameter depend after total drying on the composition
of the sediment. Thus, shrinkage values may provide
valuable information about sediment composition and
its early diagenesis. The loss of volume by shrinkage is
controlled by several factors: (1) initial water content
and porosity, (2) texture and fabric (microstructure) of
sediment forming the pore space, (3) sediment composi-
tion, and (4) bond strength between particles, which
prevents deformation by negative pore pressure or suc-
tion pressure (Einsele, 1982).

Shrinkage varies widely within Hole 532A. With in-
creasing carbonate content, shrinkage values decrease
(Fig. 2). Thus, carbonate seems to stabilize sediment mi-
crostructure. However, there exists no clear quantitative
relationship between carbonate content and shrinkage
(Fig. 3). This may be a result of the varying amount of
organic matter (Pusch, 1973) and changing sediment
composition. It can be shown that shrinkage is con-
trolled by carbonate type; with the same carbonate con-
tent, foraminifer-rich sediments shrank more than did
those with nannofossils as the major carbonate consti-
tuent (Fig. 3). In sediments rich in foraminifers, the car-
bonate is concentrated in a relatively small number of
grains, whereas nannofossils may be finely dispersed.
Thus, the latter are more effective in stabilizing grain
structure (Fig. 4).

Shrinkage can reveal various aspects of compressibil-
ity and for this reason some properties, such as void ra-
tio, median pore diameter, and bulk density of the
shrunken samples, are compared with those of the fresh
sediment. Interpolation of moving-average calculations
indicate a reduction in void ratio and median pore diam-
eter as well as an increase in bulk density by shrinkage
that corresponds to an additional overload. This has
been estimated in the following way: Each of these

1131



A. WETZEL

00
i >" Subunit 1a
B =+ NN
E -
'g | Subunit 1b
g 100 —
. = E MM
B Subunit 1¢
200 —
\r :
50 (%)

O Carbonate + Shrinkage

Figure 2. Carbonate content and shrinkage showing a generally in-
verse relationship. Generally, at the same carbonate content,
shrinkage decreases downward within each lithologic subunit.

properties tends to reach a limiting value, drawn for
void ratio in Figure 5. For mean sediment composition
for Subunit 1a, a void ratio value of 1.5 has been deter-
mined; for 1b, 1.8; and for 1c, 1.0. Interpolating trend
lines from the fresh sediment, these values correspond
to a burial depth (overburden pressure) of 170 m (800
kPa) in Subunit la; 160 m (780 kPa) in 1b; and 320 m
(1650 kPa) in lc. Deviations from these values can in-
dicate the resistance of the sediment to compaction;
higher (lower) void ratio values correspond to less
(more) compressible sediment sections. This can be
shown best for Subunit 1b; its sediments seem to be less
compressible in this pressure range (200-800 kPa) than
do sediments from Subunits 1a and 1c. This is in accor-
dance with observations by Hamilton (1976) on similar
pelagic sediments.

In addition to the volumetric aspect of shrinkage,
sediments can be characterized by linear shrinkage val-
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Figure 3. Relationship between shrinkage and content and type of car-
bonate. The dotted line divides foraminifer-rich sediments (above)
from those with coccoliths as the major carbonate constituent (be-
low). Additionally, at the same carbonate content, shrinkage de-
creases with increasing burial depth within each lithologic subunit.

ues in a vertical and horizontal direction. Thus, shrink-
age anisotropy (Sh,) is introduced as:

Sh,

= ——"_ x 100,
Sh, + Shy,

Sh,

where Sh, refers to loss of (vertical) height and Sk, to
loss parallel to the bedding (% of the cylinder measure-
ments) during drying. It has been found that homogene-
ous sediments normally shrank isotropically (Sk, < 50),
whereas anisotropic shrinkage is related to sediments
whose pores are not randomly oriented or formed
(Fig. 6). Thus, shrinkage anisotropy depends on both
the microstructure and microfabric of the sediment.
This assumption is supported by observations on the
shrinkage anisotropy of reference samples from lami-
nated sediments deposited in marine euxinic environ-
ments (Baltic Sea, Sulu Sea, and overconsolidated sedi-
mentary rocks from S.W. Germany, Fig. 6): These sam-
ples shrank anisotropically; that is, there was more
shrinkage perpendicular to the bedding than parallel to
it.

The influence of microstructure and microfabric was
indicated by remolding of samples with anisotropic
shrinking behavior and by SEM studies. Remolding is
carried out in the laboratory by mixing (‘*homogeniz-
ing’’) the sample into a plastic mass at the same water
content as the undisturbed sample. Remolding of a co-
hesive sample generally rearranges particles and disturbs
the chemical equilibrium of the particles and associated
absorbed ions and water molecules (Dunn et al., 1980).
Thus, the bonds between particles or basic fabric enti-
ties may be destroyed (Bennett et al., 1981). After re-
molding, both anisotropically as well as isotropically
shrinking sediments shrank isotopically. Therefore, it
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Figure 4. SEM photomicrograph (Section 12-3) illustrating structure stabilizing effect of carbonate: (A) solution feature at a coc-

colith and (B) carbonate precipitation stabilizing the sediment.

can be assumed that shrinkage anisotropy is related to
the orientation of sediment particles, aggregates, or ba-
sic fabric entities that form the pore space. This assump-
tion is supported by SEM observations on sediment sec-
tions with highest anisotropy of shrinkage. SEM photo-
graphs clearly reveal a preferred orientation of particles
(Fig. 7). Generally, the sediment sections show a low de-
gree of particle orientation. Highest values of shrinkage
anisotropy were recognized in core sections with a low
degree of bioturbation. Furthermore, sediments low in
carbonate and high in clay minerals show a tendency
to anisotropic shrinkage as a result of overburden, which
favors orientation of clay minerals (Osipov and Soko-
lov, 1978a,b). On the other hand, isotropic shrinkage
behavior prevails in carbonate-rich and/or coarser-
grained sediments.

SEDIMENT COMPOSITION AND
GRAVITATIONAL COMPACTION

The influence of sediment composition on geotechni-
cal properties and the relationship of these to depth or
effective overburden pressure can be estimated primarily
in two ways: (1) evaluation of consolidation tests (see
chapter by the Geotechnical Consortium, this volume)
and (2) use of field data such as field compressibility
(Lee, 1973). Here the latter method is used in plotting
void ratio versus log of overburden pressure (Fig. 8).
Thus, the volumetric response of sediments of different

composition to gravitational compaction can easily be
derived; in the ideal case of a uniformly composed sedi-
ment where a log scale for pe is used, all plot points
should fall on a straight line.

Figure 8 reflects the changing sediment composition
indicated by the different gradients of void ratio versus
log pss of the different lithologic subunits. The fluctua-
tions of the major constituents within each subunit can
be deduced from the scattering of data.

Subunits 1a and 1b are strongly affected by varying
amounts of major constituents. In Subunit la the
amount of foraminiferal tests varies in the upper part,
but gradually decreases in the lower part of the subunit
(see also Fig. 1); in Subunit 1b the amount of diatom
frustules varies widely as indicated by the scattering of
data. Subunit 1c is less affected by changing sediment
composition.

CONCLUSIONS

This study has shown that shrinkage can be measured
to indicate degree of sediment compressibility. On the
other hand, changing sediment composition could hard-
ly be estimated in quantification of shrinkage. Further,
the following specific observations can be made:

1) Median pore diameter decreases downhole from
0.5 pum to <0.2 pm at about 200 m below the seafloor.
These changes are strongly influenced by changing sedi-

‘ment composition; size as well as the contribution of the
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Figure 5. Void ratio of fresh and shrunken sediment samples (point
plots as well as moving-average trend lines). Dotted lines have been
interpolated for increasing overload. Shaded bands refer to the
limiting values of void ratio within each lithologic subunit.

major biogenic constituents to the total sediment de-
creases within each lithologic subunit downhole: fora-
minifers-diatoms-coccoliths.

2) With increasing carbonate content, shrinkage de-
creases; further, nannofossils are more effective in sta-
bilizing structure than are foraminifers.

3) Linear shrinkage values perpendicular and paral-
lel to the bedding plan reveal a distinct shrinkage anisot-
ropy. Direct (by SEM) and indirect (by remolding and
reference samples) observations show that this param-
eter is related to orientation and geometry of pores. The
degree of particle orientation varies between homogene-
ous and partially laminated sediments, Higher (lower)
degrees of orientation have been found in sparsely (high-
ly) bioturbated sediments and in sections low (high) in
carbonate or rich in clay (coarser grained).

4) For the mean sediment composition of each litho-
logic subunit, the void ratios of the shrunken sediment
have been related to overburden pressure: 800 kPa (=
170 m) for Subunit 1a, 780 kPa (160 m) for 1b, and
1650 kPa (= 320 m) for lc. Variations from these trends
can indicate sediment compressibility.

5) Void ratio versus log (overburden pressure) plots
reveal a widely varying and changing sediment compo-
sition within the subunits; largest variations are in Sub-
unit 1b (diatom-rich); less exist in 1a (rich in foramini-
fers); and the smallest are in 1c¢ (coccolith-rich).
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Figure 6. Shrinkage anisotropy (= vertical shrinkage/vertical + hori-
zontal shrinkage). Above the abscissa comparisons with reference
samples are made. ‘“Homogeneous’’ refers to remolded sediments
from the core investigated or to totally bioturbated modern sedi-
ments; laminated reference samples have been taken from modern
marine near-surface sediments or highly consolidated deposits of
S.W. Germany (Merklein, 1982).
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Figure 8. Sedimentation-compression curve (field compressibility) of
Hole 532A. Shaded bands represent mean value lines; various in-
clinations refer to changes of the sediment composition of the sub-
units: l1a (foraminifer-rich), 1b (diatom-rich), and Ic (coccolith-
rich). Scattering of data results from variations in sediment com-
position.



