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4. TEXTURES AND MICROFABRICS IN FINE-GRAINED MUDS AND MUDSTONES FROM SITE 808,
NANKAI ACCRETIONARY PRISM1

Jan H. Behrmann2 and Achim Kopf2

ABSTRACT

The microfabric of 11 mudrock specimens from ODP Site 808 (Nankai accretionary prism) was quantitatively analyzed using
X-ray texture goniometry and optical petrography. The objectives of the study were to learn about rock strain and to detect a
component of bulk lateral shortening in the deformation of the mudstones. Strain evaluation is based on the predictions of March
theory, and on distortions of initially homogeneous marker particle distributions (the Fry technique). The main results are as
follows. The specimens underwent a strain path of progressive flattening, which is closely related to loss of pore space by vertical
loading. A component of bulk lateral shortening is detectable in the top 550 mbsf at Site 808, but compared with the amount of
uniaxial vertical shortening, its relative magnitude is probably small. Moreover, it cannot be said with confidence whether this is
caused by toe contraction of the accretionary wedge or by gravitationally induced downslope movement of the sediment pile. The
mudstones examined were deposited in a marine environment with an oxic bottom water column.

Micropore collapse is an important fabric building mechanism, but below 400 mbsf its effects are at least partly overridden
by recrystallization of smectite. We conclude that mud microfabrics are not very precise deformation gauges, but can be used for
rough estimations of strain.

INTRODUCTION

Shape and crystallographic preferred orientations of the mineral
particles in marine muds and mudstones are due to deformation,
which either relates to volume loss during compaction and dewatering
(e.g., Oertel and Curtis, 1972; Schiller, 1980), or to tectonically
induced shape changes of the rock (e.g., Weber, 1976). Compaction-
induced strain relates to volume loss and has a geometry of uniaxial
shortening along the vertical direction, whereas tectonically induced
strain may or may not have a component of volume loss, and in most
cases has a general triaxial geometry.

Lateral Shortening of Accretionary Wedges

In the frontal part of accretionary prisms, displacement and asso-
ciated deformation caused by horizontal shortening are localized
along comparatively thin movement zones or discrete faults. Fault
rocks possess distinct microstructures that can be used to infer mecha-
nisms of deformation, (e.g, Knipe, 1986; Agar et al., 1989, Prior and
Behrmann, 1990a, 1990b). Frontal deformation of the Nankai accre-
tionary prism around Site 808 appears to be concentrated in the frontal
thrust at 365 m below seafloor (mbsf) and the basal décollement zone
at 945-964 mbsf (Hill, Taira, Firth, et al., this volume). This is in line
with the overall picture of the prism as a composition of fault-fold
packets (e.g., Aoki et al., 1982). The importance of bulk lateral
shortening within the fault-fold packets is less clear, and no attempts
have been made to date to quantify the strain in the toe region of
accretionary prisms by direct measurements. Using porosity model-
ing, Brückmann (1989) has shown that the toe of the Barbados
accretionary prism may have undergone bulk horizontal shortening
of 2%-9% that is not expressed directly in the form of displacements
along thrusts, and we suspect that similar effects could be present in
the rocks intersected by the drilling at Site 808 in the toe of the Nankai
accretionary prism.

1 Hill, I.A., Taira, A., Firth, J.V., et al., 1993. Proc. ODP, Sci. Results, 131: College
Station, TX (Ocean Drilling Program).

2 Institut für Geowissenschaften und Lithospharenforschung, Universitat Giessen,
Senckenbergstr. 3, D-6300 Giessen, Federal Republic of Germany.

Purpose of the Study

This paper reports the results of a study of the grain fabric in muds
and mudstones taken from the upper 550 m of core from Holes A, B
and C at Site 808. The intention of the study is first to attempt the
quantification of strain in three dimensions by analyzing the crystal-
lographic preferred orientation of smectite with an X-ray texture
goniometer. Second, the crystallographic preferred orientation of
detrital illites is used to quantify strain in two dimensions. Fabric data
from both lines of investigation are used for strain computations on
the basis of the model described by March (1932). The third method
used here was proposed by Fry (1979), and takes the distortion of an
initially homogeneous distribution of marker particles as a measure
of strain. Strain magnitude, orientations of principal axes of shorten-
ing, and strain type will serve to identify the presence or absence of
a component of bulk lateral shortening of the sediment pile as part of
the frontal thickening process of accretionary wedges.

Strain Geometries and Orientations

In the case of deformation related to compaction (Fig. 1 A) the state
of stress at a point in the sediment is hydrostatic. The resulting strain
is uniaxial shortening, and it is due to the collapse of micropores and
removal of the pore fluid from the system. The principal shortening
axis (Z) is vertical, and elongation (e) in the horizontal plane is zero.

Lateral loading of the sediment pile (Fig. IB) results in nonhydro-
static stress at a point, whereby the maximum principal compressive
stress should be slope-parallel near the mud line, but may be inclined
at different angles near faults, depending on their frictional properties
and orientations (cf. Davis et al., 1983). The resulting strain in the
sediment is triaxial, with the axis of maximum principal shortening
(Z) parallel to the orientation of the largest maximum compressive
stress. There may or may not be volume loss, which means that the
magnitude of elongation parallel to (X) and the volumetric component
of strain cannot be readily quantified. Such a component of lateral
shortening may be envisaged to result from a process of thrusting and
toe contraction at the leading edge of an accretionary wedge, as
depicted in Figure IB. Alternatively this strain pattern is conceivable
at the leading edges of submarine landslides floored by a basal
décollement much akin to the thrust depicted in Figure IB.

45



J.H. BEHRMANN, A. KOPF

B

volume loss due to compaction and dewatering technically Induced shape change

propagating
thrust fault

state of stress: hydrostatic state of stress: non-hydrostatic

uniaxial shortening triaxial general strain

θx>O

vertical

composite strain of sediment

Figure 1. A. Stress and strain geometries at a point in sediment undergoing progressive dewatering and compaction. B. Stress and

strain geometries at a point in sediment pile subjected to a horizontal tectonic force. C. Composite strain geometry in sediment after

superposition of strains resulting from processes in A and B.

If composite strains from processes "A" and "B" are considered,
the following qualitative predictions can be made about the orienta-
tion of principal strain axes and the strain geometry (Fig. IC).

1. The resulting strain will be generally triaxial. However, if the
contribution of component "B" is small, the composite strain geome-
try will approximate uniaxial shortening. If three-dimensional strain
data are available, this difference can be used to qualify the relative
importance of processes "A" and "B."

2. The orientation of Z will generally deviate from the vertical
direction. This is true if the axis of maximum principal extension (X)
for process "B" (Fig. IB) is inclined against the vertical. If X is
horizontal (the special case near the mud line), X and Z of composite
strain (Fig. IC) will be horizontal and vertical.

3. In a two-dimensional section containing the vertical direction
the axial ratio (Rf = X/Z) of the composite finite strain ellipse (Fig.
IC) is less than it would be for a given amount of vertical shortening
(e2 in Fig. 1 A) due to porosity reduction alone.
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SAMPLE MATERIAL

Geological Setting

Drilling at Site 808 intersected 1289.9 m of sediments at the toe
of the Nankai accretionary wedge (Fig. 2) and an additional 38.1 m
of acidic volcaniclastic deposits and basaltic oceanic basement (see
Taira, Hill, Firth, et al., 1991). The specimens investigated in this
study are muds and mudstones from the depth interval between 23.39
mbsf and 533.40 mbsf (Table 1). Between 0 and 250 mbsf the
sediments show little signs of mesoscopic deformation (Fig. 2).
Beneath this depth, mesoscopic deformation of the rock column is
expressed by shear bands and discrete brittle faults. The specimens
themselves show no signs of mesoscopic deformation in the wet state.
A weak fissility in the samples from Hole C becomes obvious after
freeze-drying and impregnation with epoxy resin (see below). Mud-
line porosities are about 65%. Downhole porosities decrease in an
exponential fashion to a mean value of about 45% at 550 mbsf (Taira,
Hill, Firth, et al., 1991).
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Figure 2. Simplified log of structural and petrophysical features in the upper

550 mbsf of Site 808. See text.

Table 1. Sample codes and depths below seafloor.

Sample code

JHB 131-808A-3H-6, 19-21 cm
JHB 131-808A-9H-1, 139-141
JHB 131-808B-2X-1, 15-17
JHB 131-808B-17X-3, 70-72
JHB 131-808C-4R-1, 123-125
JHB 131-808C-12R-3, 32-34
JHB 131-8O8C-2OR-5, 78-80
JHB 131-808C-22R-5, 46-48
JHB 131-808C-25R-3, 8-10
JHB 131-808C-25R-3, 24-26
JHB 131-808C-25R-3, 40-42

Sample depth
(mbsf)

23.39
69.69

120.75
267.10
328.43
407.92
488.48
507.46
533.08
533.24
533.40

Petrography

Clay minerals present and detectable by X-ray diffraction in
the specimens are smectite, chlorite, illite, and kaolinite. Most of
the clay forms a very fine-grained (<0.005 mm) matrix barely
resolvable in the optical microscope. Detrital illite platelets are up
to 0.05 mm long. The non-clay components (5%-30%) of the
samples are angular to rounded bioclastic calcite, clasts of plagio-
clase and quartz, rare framboidal pyrite, and occasional heavy
minerals. Component sizes up to 0.1-mm sections parallel to the
core axis show a variably strong preferred shape alignment of
detrital illite and elongate calcite and Plagioclase clasts. In sec-
tions normal to the core axis there is no visible preferred alignment
of these components.

Specimen Preparation

We received the specimens in wet condition immediately after the
termination of Leg 131. The course of sample preparation is depicted
in the flow chart in Figure 3. The wet samples were freeze-dried at a
minimal temperature of -30°C for a period of 3 days. Immediately
afterward they were impregnated with epoxy resin (resin: Glycidether
162/Deutsche Shell Chemie; Hardener: Laromin C620/ BASF). After
they hardened, the samples were cut dry parallel to the core axis. The
cut surfaces were again impregnated with epoxy resin, and then
ground carefully with 400 and 800 grit silicium carbide until all saw
marks were removed. To avoid artifacts on the specimen surface,
ethanol was chosen as a grinding fluid (see Prior and Behrmann,
1990a). The ground surface of one of the subsamples was then
mounted to a thin-section slide using beeswax supplied by a local
beekeeper, and thick sections (0.1-0.3 mm) for X-ray texture meas-
urements in transmission mode were produced. The thick sections
were removed from the slides by brief heating to 60°C, cleansed using
xylol, and mounted to scotch tape. The ground surface of the remain-
ing sample was used for X-ray texture measurements in reflection
mode. After texture measurements, ultra-thin sections were prepared
from the reflection subsamples for petrographic inspection and fabric
analysis in the optical microscope. Additionally, ultra-thin sections
were also prepared normal to the core axis to allow visual checks for
microfabric anisotropy in the optical microscope.

working scheme of sample preparation

wet sample

I
freeze drying

I
impregnation

I
cutting parallel to core axis

I
impregnation of cut surfaces

I
grinding, mounting to glass slip,

cutting parallel to core axis

I specimen for XRTG-transmission I I specimen for XRTG-reflection

impregnation of cut surface
I

grinding to <300 µm thickness
I

removing sample from glass slip,

mounting to scotch tape

XRTG transmission measurement

impregnation of cut surface
I

grinding

[XRTG-reflection measurement |

preparation for ultra thin section

remaining sample

sample for optical microscopy
and fabric analysis

Figure 3. Working scheme of sample preparation for X-ray texture goniometry

(XRTG) and optical microscopy and fabric analysis.

ANALYTICAL METHODS

X-ray Texture Analysis

X-ray texture analyses (e.g., Wenk, 1985) were carried out with a
computer controlled Siemens D500TX texture goniometer, operating
in combined reflection and transmission modes (Siddans, 1976). In
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this way, complete pole figures can be determined. Measurements
were made using Cu Kα radiation at 40 kV and 30 mA. To restrict
scattered radiation, which presents a severe problem at the low (2θ =
5.7°) diffracting angles used, aperture diaphragms of 0.1 ° width were
used. Detector apertures were not used. Measurements were carried
out in step-scan mode with step widths of 10° for every twist and tilt
increment of the Eulerian cradle. Maximum tilt for reflection meas-
urements was 60°. Corrections of the transmission measurements
were applied for specimen thickness and absorption. Reflection meas-
urements were corrected for defocusing and effects of specimen
geometry (von Gehlen, 1960). The correction function was derived
empirically from the defocusing behavior of the peak and background
radiation (Behrmann, 1991). The 2θ angles for measurement of the
background radiation were 4° and 14°, respectively. Reproducibility
of the texture determinations was checked by carrying out measure-
ments at different stages of sample preparation and different specimen
orientations (see paragraph below on data). The good reproducibility
indicates that the corrections applied were successful in removing
artifacts of the measurements, and that specimen preparation did not
significantly alter the textures. Trials revealed that textures could be
analyzed most successfully using the (001) reflection of smectite at
2θ = 5.7°.

Fabric Quantification Using Optical Microscopy

The two-dimensional fabric in sections parallel to the core axis
was quantified in two ways. Firstly the degree of preferred orientation
of detrital illite flakes was determined by measuring the orientations
of the traces of (001) relative to the core axis (Fig. 4). This is expressed
in the angle α. Video equipment fitted to an optical microscope was
used to determine α. Photomicrographs should not be used for this
type of evaluation, as part of the population of illites will be in
extinction when crossed polarizers are used. Histograms of the fre-
quency of illite orientation vs. α were plotted for each specimen.
According to the predictions of the March (1932) model, a Gaussian
frequency distribution can be interpreted as the result of homogene-
ous deformation of the ultra-fine-grained clay matrix, and its shape
is used for strain calculations (see below). The second way of two-di-
mensional fabric analysis uses the simple graphical method of Fry
(1979, see also the description of Ramsay and Huber, 1983, p. I l l ,
ff) and the PODI-technique (Unzog, 1990) to determine the distortion
of an initially statistically homogeneous distribution of marker parti-
cles in the sediment. These marker particles may be the centers of
detrital illite grains, quartz or Plagioclase clasts, calcite bioclasts, or
opaques (Fig. 4). A computer program package evaluates the direc-
tional differences of marker particle spacings for strain. The axial ratio
(Rf) of the strain ellipse is read visually from a Fry-plot (Fig. 5 A), and
from the amplitude of a sine function derived from the population of
marker particle spacings by a least-squares fit (Fig. 5B).

DATA

X-ray Texture Analysis

Fourteen pole figures were determined from the specimens listed
in Table 1. Figure 6 shows lower hemisphere, equal-area pole projec-
tions of smectite (001). The 10 pole figures in the upper three rows
are complete, and were measured in combined transmission and
reflection modes after specimen preparation. The core axis lies in the
plane of projection, and its position is marked by the closed triangles.
C-20R-5 (lower left in Fig. 6) is another example for a complete pole
figure, but the core axis is oriented normal to the plane of projection.
The remaining three pole figures in the lower row of Figure 6 are
incomplete, and were exclusively measured in reflection mode. These
three subsamples were analyzed wet, immediately after opening the
airtight bags after transport from the ship. Sections normal to the core
axis were chipped off the samples, and placed in the texture goniome-
ter for measurement. This subsampling was tried on all specimens,

Figure 4. Typical microstructure of mudstone from Site 808, transmitted light,
crossed polarizers. Long side of micrograph is 0.39 mm. Specimen is from
Section 131-808C-66R-3. Tr(001): Basal trace of detrital illite; α: angle
between core axis and Tr(001).

but only the three subsamples represented in Figure 6 had an undam-
aged surface smooth and planar enough to warrant measurements
with low risk of including artifacts. Analyzing the wet samples and
comparison with the results from the dry measurements provides an
important check for the accuracy of corrections applied to the com-
plete pole figure determinations. Furthermore, changes introduced to
the grain fabrics by the drying and impregnation procedure cannot
remain undetected.

We shall now discuss the pole figures in Figure 6 from shallow to
deep in the Holes A-C at Site 808. The prefix "131-808" will be
omitted. A-3H-6 and A-9H-1 do not show strong preferred orienta-
tions, and there is no axially symmetric distribution of the poles
around a single-point maximum, as should be the case if these
preferred orientations were the result of significant deformation. In
fact, the double-maximum preferred orientation patterns seen in
A-3H-6 and A-9H-1 may be remnants of the "honeycomb" texture
(Terzaghi, 1925) formed during flocculation of clay particles in
seawater (e.g., von Engelhardt and Gaida, 1963). Axially symmetric
distributions around a point maximum are evident in all pole figures
beyond 120 mbsf (see Table 1) i.e., from B-2X-1 to C-25R-3,40-42
cm. Slight deviations from axial symmetry of the textures are evident
in C-4R-1 (dry and wet measurements), C-12R-3 (wet measurement)
and C-25R-3, 24-26 cm (dry and wet measurements). A remarkable
feature is the consistent inclination of the point maximum with respect
to the core axis at angles (PHI in Fig. 6) between 24° and 48°. The
peak intensity recorded in multiples of uniform distribution increases
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131-808-B-17X-3, 70-73 cm
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Figure 5. Results of Fry and PODI strain determinations on specimen 131-
808B-17X-3,70-73 cm. Marker particles are opaques in thin section. A. Visual
estimation using the Fry technique. Vertical double line is orientation of the
core axis. Shaded area in the center of the diagram is the visually estimated
shape of the strain ellipse. B. Result of the PODI strain calculation.

gradually with depth. Comparing the values of maximum intensity
between the wet and dry measurements, we find that C-4R-1 and
C-25R-3, 24-26 cm, match perfectly, and that in C-12R-3 there is a
difference of about 15%. Correlation of PHI is perfect in C-12R-3, but
less impressive in C-4R-1 and C-25R-3, 24-26 cm. Some of the
differences seen may be caused by the different grain sample recorded,
and in summary we think that reproducibility between wet and dry
measurements is good enough to be sure that the dry pole figure
determinations represent recordings of the in situ smectite textures.

Orientation Analysis of Detrital Hikes

The data base for strain calculations from preferred orientation of
detrital illites is presented in Figure 7. In the diagrams the frequency
of occurrence of the poles to basal (001) planes of illite is recorded
relative to a reference line that is perpendicular to the core axis. The
deviation from the reference line is expressed by the angle α. Fre-
quency refers to intervals of 10° for a. In the following, the diagrams
in Figure 7 are discussed from shallow to deep in the Holes A-C at
Site 808. A-3H-6 and A-9H-1 do not show strong preferred orienta-
tions, and in A-3H-6 there is no obvious Gaussian frequency distri-
bution. The highest maximum is oriented subparallel to the core axis.
Downhole from A-9H-1 approximate Gaussian frequency distribu-
tions with variable maxima are developed. The maximum in A-9H-1
is subparallel to the core axis, but all other samples show a charac-
teristic mismatch of 30°^0° relative to the core axis.

Marker Particle Fabrics

All samples were analyzed for the distortion of marker particle
populations, but only six of them yielded results of satisfactory quality
either using the Fry or PODI technique, or both. The results are listed
in Table 2, and B-17X-3 is presented as an example in Figure 5. The
fact that the area in the center of the Fry plot is not entirely devoid of
points, and the imperfect fit of the data to the sine function in the PODI
diagram, indicate that the initial marker particle distribution was not
of perfect quality for analysis. Doubts are appropriate as to their
general precision. Marker types are either opaques or illite. The values
for Rf (Table 2) do not show a distinct downhole increase.

STRAIN EVALUATION

Strain calculations on the basis of the March (1932) theory are
possible from the smectite textures and preferred orientation patterns

of detrital illite. The two equations found in Figure 8 (lower left) are
based on the derivations published by Lipshie (1984) or Oertel (1985),
which to our knowledge are the most commonly used formulations
of March theory. I m a x is the maximum recorded intensity of the
diffracted beam as multiples of uniform distribution, fmax and funiform

are the maximum and uniform frequencies in the histograms in Figure
7, and ez is the elongation parallel to the principal shortening axis (Z).

The application of March (1932) theory to the natural deformation
of clay-rich rocks can be questioned, because it requires the particles
to rotate freely without mutual interaction. With the abundance of
grain-grain contacts in the specimens studied, unconstrained rotation
as a function of strain is clearly not a realistic model, and March
(1932) theory cannot be trusted to completely describe the fabric
building process in clay and claystone. On the other hand Wood and
Oertel (1980) have shown in their Figure 9 a very close correlation
between strains measured from the ellipticities of reduction spots and
those calculated from phyllosilicate textures in slates from the Cam-
brian of North Wales. We shall here adopt the position that there is
some empirical support for the use of the March (1932) model in the
calculation of strain, but that the application of the theory to the
problem cannot be fully justified.

Strains from the results of smectite texture analysis are listed in
Table 3. Shortening parallel to Z ranges from 21% to 37%, and there
is a general downhole increase in ez. Strains from illite preferred
orientations are found in Table 4. In these analyses, shortening parallel
to Z varies between 31% and 47%. The depth-strain relationship is
not straightforward, but it can be stated that samples from the Hole
808C hole show higher shortening than those from Holes 8O8A and
8O8B. Elongations parallel to Z from the axial ratios (Rf) of Fry and
PODI strain ellipses can be calculated using the equation found in
Figure 8 (lower right) under the assumption that fabrics are axially
symmetrical. Values for ez from Fry and PODI analyses are listed in
Table 2. They record shortening parallel to Z between 28% and 41 %.

A comparison of the strain data obtained by the three methods of
analysis reveals some interesting quantitative aspects. If compared
with the strains recorded by illite orientations and marker particle
fabrics, the smectite textures almost consistently memorize lower
strains (Figs. 9A, 9B) and linear regression on the data yields graphs
that intersect the Y-axis at values for shortening between 6% and 13%.
The data cluster on the diagonal (dashed line) in Figure 9C shows a
general agreement of data from illite orientations and Fry-PODI
fabrics, although the match in individual specimens is not too good.
There are two possible explanations for the differences in the strain
record between smectite and illite or Fry-PODI. First, freeze-drying
may have affected the mineral-scale texture of smectite by bending
of the (001) planes during dehydration (the "corn flake effect").
However, the degree of preferred orientation of smectite in those
specimens that were measured wet (Fig. 6 and Table 3) is equally low
or even lower when compared to the measurements on the same
samples made under dry conditions. This corroborates observations
of Prior and Behrmann (1990), who could not find significant prepa-
ration damage in their electron microscope study on smectite poly-
crystals in cores from the Barbados area drilled during Leg 110, which
were freeze-dried in a comparable fashion. The second possibility is
that selective low-temperature recrystallization lowers the degree of
crystallographic preferred orientation of the smectite. Here we are
unable to prove this idea independently. However, formation tempera-
tures encountered at Site 808 (Taira, Hill, Firth, et al., 1991) are well
outside the range typical for diagenetic overprinting of illite, so that
similar processes for the illite are unlikely.

Variation of strains with depth in the borehole is depicted in Figure
10. Increase of ez with depth is not very pronounced, but according to
the exponential functions derived for the consolidation of fine-grained
sediments in the literature (e.g., Athy, 1930; Sclater and Christie, 1980;
Hamilton, 1976; Brückmann, 1989), much of the porosity loss occurs
in the top 100 m of the sediment column. At this point it is interesting
to compare the strains measured from fabrics with those to be derived
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SECTION 131-808-
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Figure 6. Plots of lower hemisphere, equal-area projections of poles to (001) of smectite in specimens from Site 808. Pole figures in the upper three rows represent
dry measurements in plane parallel to the core axis. Lower left pole figure presents dry measurement in plane normal to the core axis. Three incomplete pole figures
at lower right represent measurements made on wet, unprepared samples in plane normal to the core axis.
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Table 2. Texture analyses.

Sample No. 131-808-

A-3H-1, 19-21 cm
A-9H-1, 139-141
B-2X-1, 15-17
B-17X-3, 70-72
C-4R-1, 123-125
C-4R-1, 123-125
C-12R-3, 32-34
C-12R-3, 32-34
C-20R-5, 78-80
C-22R-5, 46-48
C-25R-3, 8-10
C-25R-3, 24-26
C-25R-3, 24-26
C-25R-3, 4 0 ^ 2

(dried)
(dried)
(dried)
(dried)
(dried)
(wet)

(dried)
(wet)

(dried)
(dried)
(dried)
(dried)
(wet)

(dried)

Table 3. Results of FRY/PODI strain analyses.

Sample No. 131-808- Rf FRY

A-9H-1, 139-141 cm 1.48
A-9H-1, 139-141
B-2X-1, 15-17
B-17X-3,70-72 1.6
C-20R-5,78-80 1.61
C-22R-5, 46^18
C-25R-3,24-26 1.59
C-25R-3, 24-26

PODI

_

1.59
1.55
1.36
1.56
1.7

-
1.38

e2FRY

-0.32
-

-0.38
-0.38

-
-0.37

-

Table 4. March (1932) strain analyses.

Sample No. 131-808-

A-3H-1, 19-21
A-9H-1, 139-141
B-2X-1, 15-17
B-17X-3, 70-72
C-4R-1, 123-125
C-12R-3, 32-34
C-20R-5, 78-80
C-22R-5, 46-48
C-25R-3, 8-10
C-25R-3, 24-26
C-25R-3, 40-42

'•max

16
17
17
22
44
16
16
26
22
27
19

funiform

7.3
7.8
7.6
9.1

12.2
5.6
6.2

12.6
7.6

11.8
8.4

Imaxez

1.6-
1.6-
1.6-0.21
1.7-0.23
2.2-0.33
2.2-0.33
2.0-0.29
1.7-0.23
2.2-0.33
1.7-0.23
2.0-0.29
1.9-0.27
1.9-0.27
2.5-0.37

PODI

.

-0.37
-0.36
-0.27
-0.36
-0.41

-
-0.28

ftnax/funiforme

2.2-0.32
2.2-0.32
2.3-0.33
2.4-0.36
3.6-0.47
2.9-0.41
2.6-0.38
2.1-0.31
2.9-0.41
2.3-0.34
2.3-0.34

Marker type

opaques
illite
illite

opaques
opaques
opaques
opaques
illite

z

from porosity data. Uniaxial shortening (ez) due to porosity loss can
be computed from porosity data using the expression

ez = (P o -P) /P-100;

where Po is the initial porosity of the sediment before compaction,
and P is the measured porosity (see also Oertel and Curtis, 1972).
Taking a mean function (see Fig. 2) derived from the shipboard
porosity data of Site 808 (Taira, Hill, Firth, et al, 1991), we arrive at
the exponential graph shown in Figure 10. Initial porosity was taken
to be 65%. All strain data from smectite textures (solid squares) lie to
the right of this graph. Strain data derived from illite orientations
(solid lozenges) and measurements using the Fry and PODI tech-
niques (open circles) straddle the graph below 250 mbsf, but strains
are significantly higher in the upper 120 m of the sediment column.
We might speculate that this high degree of preferred orientation is a
remnant of an initial fabric acquired during the sedimentation process,
especially as it does not show in the smectite textures, which are
initially isotropic as a result of flocculated sedimentation (cf. van
Olphen, 1963). On the other hand, we have to bear in mind that the
Site 808 graph in Figure 10 is derived from a mean porosity curve
and not from porosity measurements made on the samples studied.
Thus, much of the mismatch may not be meaningful. Overall,

however, the fit of the strain data from fabrics and from porosities
seems to improve below 250 mbsf. We have also calculated ez from
the porosity-depth functions of Hamilton (1976), Sclater and Chris-
tie (1980), and Athy (1930). None of three functions, however, fits
the strain data from microfabrics better than the Site 808 curve (see
Fig. 10).

DISCUSSION OF RESULTS

Sedimentation Processes and Diagenetic Mechanisms

What do our data reveal about the sedimentary environment and
mechanisms of mudstone diagenesis? For illite fabrics (circles and
lozenges in Fig. 10) the compactional strain values from the upper
part of the borehole are significantly higher than those obtained by
the porosity data, and indicate the presence of a primary preferred
orientation of the detrital illite that must have been acquired during
the sedimentation process. The exceptionally high degree of preferred
orientation cannot be explained by an alternative mechanism. The
strain data from smectite textures (solid squares in Fig. 10, Fig. 6,
Table 3) for the upper 350 mbsf suggest two things.

1. The smectite was sedimented as flocculated aggregates with
random particle orientations from an electrolyte-rich water column
(see, e.g., Whitehouse et al., 1960; van Olphen, 1963) to generate the
typical "honeycomb" microstructure mentioned by Terzaghi (1925)
which is in fact evident in specimens A-3H-6 and A-9H-1 (Fig. 6).
This is interpreted as reflecting a marine environment and oxidizing
conditions in the bottom water column (see review of Moon and
Hurst, 1984). Reducing conditions in a black shale environment
would have had the effect of destroying the flocculated aggregates in
the water column before sedimentation.

2. The preferred orientation was acquired by breakdown of micro-
porosity in the smectite aggregates. Especially in specimens B-2X-1
and C-4R-1, there is a very good fit of the strains derived from
porosity reduction and from smectite textures. As mentioned above
the low degree of smectite-preferred orientation below 400 mbsf may
reflect the onset of smectite recrystallization where micropores are
closed by neoformation of minerals rather than by fabric collapse.

Lateral Component of Shortening

The three qualifiers for the detection of a lateral component of
shortening mentioned in the introductory chapter will be used as a
starting point of discussion.

/. Triaxial Strains and Fabrics.

The smectite textures represent truly three-dimensional analyses,
and in most cases axial symmetry of the preferred orientation patterns
is evident (Fig. 6). Exceptions are specimens A-3H-6 and A-9H-1, in
which the preferred orientation patterns relate to incomplete destruc-
tion of honeycomb texture due to low deformation, and cannot be
used to qualify lateral shortening. Slight departures from axial sym-
metry in specimens C-4R-1 (wet) and C-12R-1 (wet) might indicate
triaxial strain geometry and therefore a small component of lateral
shortening to the total strain.

2. Nonvertical Orientations ofZ.

Smectite pole figure maxima (Fig. 6) are consistently inclined with
respect to the vertical. With the exception of specimens A-3H-6 and
A-9H-1, the same is true for all frequency distributions of poles to
illite traces in two-dimensional section parallel to the core axis
(Fig. 7). The inclinations of the maxima relative to the vertical are
typically 30° to 40°, broadly in line with the evidence from the
smectite textures. The absence of inclined maxima in specimens
A-3H-6 and A-9H-1 indicates that Z (Fig. 1) is vertical, as would be
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shortening axis core axis

undeformed

dβtritaJ•tθ

deformed

honeycomb texture
of smectite

March-type strain analysis

on deformed
smectite aggregates:

on rotated
detrital illites:

l o # l ( j : this describes stretch: s • - ~
'd

Fry/Podi type strain analysis

on distorted
point distributions:

e z « ( 1 / R f ) - 1

π / ( f m a x / f u n i f o r m ) ] 1 / 2 - 1

e z • minimum principal elongation

Rf • axial ratio of finite strain ellipse

'max " maximum intensity of diffracted x-ray beam parallel to core axis

Vnax " maximum occurrence of illite (001) traces

funiform * uniform occurrence of illite (001) traces

Figure 8. Fabrics and strain: sketches showing the basis for strain calculations using March (1932) type analysis of crystallographic preferred orientations (left)

and Fry/PODI type analysis on distorted orientation distributions of initially homogeneous marker particle populations.
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theoretically expected at shallow borehole depths. The data in Figures
6 and 7 clearly speak in favor of a component of lateral shortening in
total deformation.

3. Low Strain Ellipticities (R{).

An indirect comparison of strain data from porosity and microfab-
rics (Fig. 10) does not allow us to identify a component of lateral
shortening. As seen from the discussion above, too many variables
influence the initial orientation distribution of the illite and other
marker particles. From the data it seems that microfabrics do react to
compression, but the initial state is not very well defined. Therefore
interpretations based on the evaluation of strain magnitudes should
be avoided, and we note that mud microfabrics are not very precise
indicators of strain.

In summary, however, from criteria (1) and (2) we cautiously
propose that there is a component of lateral shortening visible in the
mudrocks of Site 808, but it is probably small if compared with the
magnitude of uniaxial vertical shortening due to load-induced pro-
gressive dewatering and reduction in pore space. It is not obvious
whether the lateral shortening is produced by toe contraction of the
accretionary wedge or by deformation due to gravitational sliding of
large rock units. The paucity of slump-related rocks and structures at
Site 808, especially below 20 mbsf (Taira, Hill, Firth, et al., 1991)
suggests, however, that toe contraction may be the more likely cause.

SUMMARY AND CONCLUSION

The results of quantitative microfabric studies on mudstone sam-
ples from the top 550 mbsf of Site 808 can be used to make infer-
ences about:

1. Strain geometry. Axially symmetric (001) pole maxima of
smectite indicate a strain path of progressive flattening, closely related
to loss of pore space by vertical loading.

2. The relative importance of lateral vs. vertical shortening in the
off-scraped sediment sequence. A component of bulk lateral shorten-
ing is detectable in the top 550 mbsf at Site 808, but its relative
magnitude is probably small.

3. Diagenetic mechanisms. Micropore collapse is an important
fabric building process. Below 400 mbsf smectite recrystallization
possibly randomizes crystallographic preferred orientation patterns.

4. The sedimentary environment. Flocculated sedimentation of
smectite suggests marine conditions and an oxic bottom water column.

5. The suitability of quantitative fabric studies for strain analysis.
Mud microfabrics are not very precise strain gauges due to uncertain-
ties about initial orientations and spatial distributions of the marker
minerals used. They can, however, be successfully used for rough
strain estimations.
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Figure 10. Strain vs. depth in the upper 550 mbsf of Site 808. Graphs present
strain-depth functions computed from the porosity data of Site 808, and the
porosity-depth relationships of Hamilton (1976), Sclater and Christie (1980),
and Athy (1930). Solid squares are strains from smectite textures, solid
lozenges are strains from illite-preferred orientations, and open circles are
strains from Fry/PODI analyses. See text.
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