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ABSTRACT

Scaly fabrics in the décollement at the toe of the northern Barbados accretionary prism occur in centimeter-thick zones
interpreted as the horizons where tectonic displacement is concentrated. Detailed microstructural investigations of the scaly
fabrics have been carried out, using optical, scanning (secondary and backscattered modes), and transmission electron micro-
scopy. These observations show that the scaly fabrics essentially comprise three types of microstructures, which arise from a
combination of shear and flattening. In these microstructures, strain is concentrated in micrometer- to millimeter-thick defor-
mation bands, caused by clay-particle rotation associated with porosity collapse (compactional plastic strain), resulting in the
formation of domains with marked preferred orientation of clay particles. However, this preferred orientation affects only a
minor part of the sediment involved in the scaly-fabric zones and only a small proportion of the total décollement thickness. On
the basis of the mode of microstructure associations, we propose a model for the kinematic evolution of the scaly-fabric zones.
In these, deformation initiates by the formation of a spaced foliation corresponding to flattening band arrays, then continues by
concentration of shear strain in S-C (schistosité-cisaillement [schistosity-shear]) bands geometrically analogous to the S-C tec-
tonites common in metamorphic shear zones. Partitioning of deformation results in the late formation of fracture networks at
the periphery of the S-C bands, the fractures networks being possible precursors of S-C band widening. Compactional strain in
the deformation bands is typical of normally or undercompacted sediments and implies expulsion of pore fluid. Preferred orien-
tation of clay particles makes the deformation bands potential pathways for fluid circulation in deformation zones, but compac-
tional strain requires the bands to be dilated by excess pore pressure to have significant permeability. We infer cyclic variations
of stress state in the scaly-fabric zones, related to pore-pressure variations. Formation of scaly fabrics by compactional plastic
shear strain would be achieved under relatively low pore pressure and significant shear stress, whereas high pore pressure
would inhibit further compactional strain while increasing permeability. Tectonic displacement is likely to be favored at the
sharp boundaries of the scaly-fabric zones during high pore-pressure episodes; formation of the scaly fabrics thus would
account for only part of the cumulative displacement.
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INTRODUCTION

Mudstone-rich sequences in orogenic belts are commonly typified
by “scaly fabrics,” sets of surfaces that divide the sediment into m
limeter- to centimeter-scale lenses. These fabrics are interprete
the result of shear deformation, particularly in those tectonic un
that have undergone long-distance lateral displacements in relati
superficial (no or very low-grade metamorphism) conditions a
have developed a “mélange” texture (e.g., Cowan, 1985; Waldro
al., 1988; Agar et al., 1989; Lash, 1989; Byrne and Fisher, 19
Labaume et al., 1991; Jeanbourquin, 1994). The nature and orig
scaly fabrics are thus important in understanding convergent p
margin settings, and, because the fabrics form connected surface
works and are commonly mineralized, they are important in und
standing the relationships between clay shearing and fluid beha
in deformation zones. However, the study of scaly fabrics is ma
difficult by several factors: (1) material is difficult to sample in th
field and to process for microstructural observations, because it is
ten fragile and affected by weathering; (2) the fabrics lack kinema
and diagenetic/metamorphic markers and may be overprinted by 
deformation; and (3) existing descriptions of “scaly fabrics” involv
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a confusing variety of macro- and micro-structures, related to diff
ent original lithologies and deformation processes (Agar et al., 198

Some of these problems can be overcome by studying rece
formed scaly fabrics that have remained where they were form
such as the toe of active accretionary prisms. For this reason, d
sea drilling has provided much of the new information on scaly fa
rics (Lundberg and Moore, 1986; Moore et al., 1986; Maltman et 
1993).

Cores recovered at the toe of the Barbados accretionary prism
ing Deep Sea Drilling Project (DSDP) Leg 78A and Ocean Drillin
Program (ODP) Leg 110 have made this prism a much-cited exam
of scaly fabrics formed in clay-rich lithologies (Cowan et al., 198
Behrmann et al., 1988; Agar et al., 1989; Brown and Behrma
1990; Prior and Behrmann, 1990a, 1990b). During these legs,
scaly fabrics were successfully used as the main structural featur
defining fault zones in the prism and the décollement. Shore-ba
backscattered-mode scanning electron microscope (SEM) obse
tions of samples from Hole 671B of Leg 110 showed that scaly f
rics along a thrust about 130 m below sea floor (mbsf) correspon
a strong preferred orientation of clay particles, but suggested 
scaly fabrics in the basal décollement show no such alignment (P
and Behrmann, 1990a, 1990b). In the latter case, Prior and Behrm
(1990a, 1990b) interpreted the scaly fabrics as core recovery–rel
features resulting from closely-spaced fracturing during unloading
stressed sediment. In conclusion, Prior and Behrmann (199
1990b) suggested that different types of scaly fabrics form in diff
ent parts of the prism, and they proposed that the absence of 
particle preferred orientation in the décollement results from inhi
tion of pore collapse by high pore pressure.

In the present paper, we describe the scaly fabrics observe
cores recovered during ODP Leg 156 (Shipley, Ogawa, Blum, et 
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1995), in the same area as that studied during DSDP Leg 78A and
ODP Leg 110. Samples were collected from the décollement inter
in Holes 948C, at the same position as Leg 110 Hole 671B, and 94
located 900 m north-northeast of Leg 110 Hole 675A. These lo
tions allow reliable comparison of Leg 156 samples with samp
from previous legs. Excellent core recovery and an unusually lo
time available for shipboard core description allowed us to impro
significantly the description of the macroscopic characters of t
scaly fabrics and their structural distribution (Shipley, Ogawa, Blu
et al., 1995). The latter aspect is discussed further in Maltman e
(Chapter 22, this volume). This paper focuses on the microstructu
aspects of scaly fabrics, studied through optical, scanning, and tr
mission electron microscope observations. These observations do
support inferences of previous work (Prior and Behrmann, 199
1990b). Our work clearly demonstrates that clay particles are pre
entially oriented in the scaly fabrics from the décollement zone, g
ing new insights on the deformation mechanisms and kinematic e
lution of the scaly fabrics at the particle scale.

METHODS

While on board, we differentiated as much as possible betwe
the different types and varying intensities of scaly fabrics. We a
paid close attention to their vertical distribution, that is, we did n
define broad intervals dominated by scaly fabrics but tried to rea
millimeter-scale resolution in analyzing the structural zonatio
(Shipley, Ogawa, Blum, et al., 1995). This allowed precise asse
ment of mesostructure distribution and the pertinent choice of sa
ples for shore-based microstructural studies.

Special methods of sample processing were required for 
shore-based studies because the cored sediments are poorly co
dated and their smectitic composition prevents using water. The s
ples chosen for making thin sections were slowly (2−3 weeks) air
dried at room temperature, then impregnated under vacuum w
low-viscosity epoxy resin. Either the resin or the samples were m
erately heated (≤60°C) before impregnation to facilitate resin pene
tration. Efforts to impregnate samples without drying by using inte
stitial water-acetone replacement were unsuccessful, because
samples disaggregated in the acetone bath. The thin sections 
prepared using standard procedures, but the lubricant for the s
and hand-grinding was oil instead of water. Some of the thin secti
were not covered to allow SEM observations. The samples crac
somewhat during air-drying. However, the cracks do not prevent r
ognition of the microstructural relationships within the samples, a
we believe that drying did not significantly perturb the clay-partic
arrangement observed under the microscope.

The thin sections were first observed under the optical microsc
to determine the millimeter-scale structures and relate them to 
macroscopic structures. The uncovered thin sections were then
served under the SEM, used in backscattered mode and coupled
an X-ray microanalysis system (energy dispersive spectrome
EDS). This allowed both textural observations at the micromet
scale and qualitative assessment of the chemical-element conte
the different mineral phases. In some cases, the SEM observat
were made on the sawn surfaces of the blocks from which the 
sections were made. Before observation, the sawn surfaces wer
impregnated with a low-viscosity epoxy resin and polished using 
as a lubricant.

SEM observations were also made on the rough surfaces of s
pieces taken either from the air-dried samples, or from samples 
pared following a method developed at the University of Tsukuba.
this method, the sample is dipped into ethyl alcohol for about o
month, then into tri-butyl alcohol for some months, and final
freeze-dried with liquid nitrogen. This method allows optimal prese
vation of microstructures in samples, including clay minerals. T
samples were observed in secondary mode, giving a topographic
60
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age of the sample surface. This simple and standard technique pr
to be effective for observation of clay-particle arrangement and 
sessment of pore geometry. 

Complementary observations were made on millimeter-scale c
using the transmission electron microscope (TEM). The cuts w
prepared from samples impregnated without drying, following
method developed at the Institut National de la Recherc
Agronomique, Versailles (Tessier, 1984; Hetzel et al., 1994). Sm
(a few cubic millimeters) pieces of wet sediment were cut with
knife, then immersed in dissolved agar gum. The latter prevents 
ing and deformation of the sample, but is permeable to the solv
and resin used for impregnation. After solidification of the agar, 
terstitial water-resin replacement was achieved by successively p
ing the samples in methanol, propylene oxide, and low-viscos
epoxy resin baths. After drying, the cuts were made with an ultra
crotome. Line drawings of the clay particles seen on TEM imag
with folia oriented sub-perpendicular to the plane of observation, 
abled qualitative assessment of the degree of clay-particle prefe
orientation in and outside the scaly-fabric zones.

MACROSCOPIC CHARACTER 
OF THE SCALY FABRICS

Cored Intervals

In Holes 948C and 949B, cores were recovered from the low
part of the accretionary prism, the décollement, and the upper pa
the underthrust section (Shipley, Ogawa, Blum, et al., 1995; Maltm
et al., Chapter 22, this volume). In both holes, a major litholog
change occurs within the décollement zone. The lower part of 
prism and upper part of the décollement are formed of Miocene he
pelagic claystones with a few intercalations of thin volcanic ash l
ers (lithologic Unit II), and the lower part of the décollement and t
underthrust section are a late Oligocene very fine-grained turbi
succession with hemipelagic claystone intercalations (lithologic U
III). Although the clay-rich sediments are generally firm enough to
referred to as “claystones,” they are only partially lithified; all can 
scratched with a nail, cut with a knife, and turned into mud wh
rubbed between fingers under water.

In lithologic Unit II claystones, the main minerals determined b
shipboard X-ray diffraction analysis are clay (range of mean valu
60%−68%), quartz (26%−31%), and feldspar (5%−14%); calcite is
generally absent or very low (<1%), except in a few decameters-th
intervals where its mean abundance reaches up to 15%. The 
abundant clay mineral is smectite (35%−50%), others are illite (4%−
19%) and kaolinite (4%−10%). The ranges of mean values of poro
ity are 54%−57% in Hole 948C and 55%−66% in Hole 949B, and
that of bulk density is 1.8−1.9 g/cm3.

In lithologic Unit III, the bulk mineralogy of claystone layers
where the scaly fabrics are developed, is similar to that of litholo
Unit II claystones. However, illite is the most abundant clay mine
in lithologic Unit III (32%−37%). The mean values of porosity ar
50% in Hole 948C and 52% in Hole 949B, and those of bulk dens
are 2 g/cm3 and 1.9 g/cm3, respectively.

More details on the vertical variations of mineralogy, porosit
bulk density, and other physical properties of the sediments ar
Shipley, Ogawa, Blum, et al. (1995). In the present study, we did 
observe any influence of these variations on scaly fabric featu
Their possible influence on other structural aspects is discusse
Maltman et al. (Chapter 22, this volume).

Core-Scale Deformation Features

Most deformation features seen in cores from both holes can
classified into three types, as explained in the shipboard rep
(Shipley, Ogawa, Blum, et al., 1995):
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1. Fracture networks correspond to sets of more or less closely
(millimeter to centimeter) spaced fractures of variable orienta-
tion, some showing polished, and in some cases striated, sur-
faces. The fractures show cross-cutting relationships rather
than anastomosing patterns. They form boundaries around
lenses of macroscopically undeformed sediment. Fracture net-
works are typical of the weakly deformed intervals in litholog-
ic Unit II (FN in Fig. 1A1). The absence of visible bedding
makes it difficult to assess possible offsets across the fractures.

2. Stratal disruption refers to intervals where bedding is visible,
but disrupted/rotated by extensional and/or contractional shear
surfaces with a millimeter to centimeter spacing. Stratal dis-
ruption is typical of the weakly deformed intervals in litholog-
ic Unit III (SD in Fig. 1A2).

3. Scaly fabrics are anastomosing, commonly polished, or in
some cases striated, surfaces that divide the sediment into
lenses. Surfaces in scaly fabrics are more closely spaced than
those in the fracture networks, and the overall orientation de-
fines a foliation within the deformed sediment (Fig. 1B, C).
Depending on surface spacing, scaly fabrics can be qualified
as weak/moderate (millimeter spacing) or intense (submilli-
meter spacing). Lenses of sediment bounded by the surfaces
are macroscopically undeformed. The scaly fabrics affect ex-
clusively clayey lithologies: lithologic Unit I and claystones in
lithologic Unit II. They have a similar appearance in both
units.

The scaly fabrics occur in millimeter- to centimeter-thick inter-
vals referred to as “scaly-fabric zones” (SFZ in Fig. 1). The zo
boundaries are sharp surfaces, separating sediment with scaly fa
inside the zone from the undeformed or weakly deformed sedim
outside with fracture networks or stratal disruption (Fig. 1B, C). 
most of the zones observed, the scaly fabric is intense, but millime
lenses of macroscopically undeformed sediment bounded by the 
ric are common. The overall foliation is oblique to sub-parallel to th
zone boundaries and commonly rotated along subhorizontal drillin
induced rupture surfaces (“biscuit boundaries,” thick arrows in F
1A). Restoration of the original geometry, however, shows that t
foliation originally dipped in a single direction across the whol
zones.

In some cases, the scaly fabric zones are decorated by vein
carbonate (± barite) or smectite-phillipsite (a zeolite). These veins o
cur parallel to the foliation, the zone boundaries, or internal shear s
faces (Labaume et al., Chapter 5, this volume). In one case, isola
prismatic barite crystals up to 0.5 mm long occur parallel to the fab
(Sample 156-948C-10X-5, 3−10 cm). The scaly-fabric zones may
also show greenish to brownish alteration colors. In general, alt
ation colors do not extend into the undeformed sediment more tha
few centimeters to decimeters away from the boundaries of the zo
In some cases, they end abruptly at these boundaries. The minera
veins, isolated barite crystals, and alteration colors imply that t
flow of diagenetic fluid was localized along the scaly-fabric zone
(Maltman et al., Chapter 22, this volume).

Distribution of the Scaly-Fabric Zones

In both cored holes, the scaly-fabric zones show a similar mac
scopic distribution. The zones occur in intervals a few meters to te
of meters thick, which were used to define fault zones in the pri
and the décollement (Shipley, Ogawa, Blum, et al., 1995; Maltman
al., Chapter 22, this volume). In these fault zones, the scaly-fab
zones are interpreted as the horizons where shear deformation
tectonic displacement are concentrated. In most cases, and partic
ly in the décollement, the boundaries of the scaly-fabric zones 
subhorizontal. However, some zones in the prism show inclin
boundaries, and are interpreted as thrust faults.

The distribution of scaly-fabric zones within the faults attests 
the highly heterogeneous distribution of shear deformation (Fig. 1
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(Shipley, Ogawa, Blum, et al., 1995; Maltman et al., Chapter 22
volume). The scaly-fabric zones rarely exceed 10 cm in thick
(the thickest zone observed is 33 cm thick; interval 156-949B-1
1, 67−100 cm), and they occupy only a minor part of the total fa
zone thickness. The intervals between the scaly-fabric zones 
spond to more or less intensely developed fracture networks (in 
logic Unit II; Fig. 1A1) or stratal disruption (in lithologic Unit II
Fig. 1A2), and in some cases to macroscopically undeformed 
ment. These characteristics are particularly well illustrated in th
collement cored in Hole 948C. The décollement is 38 m thick (f
491 to 529 mbsf) and shear deformation is distributed over a to
98 scaly-fabric zones. The thickest zone is only 22 cm thick (inte
156-948C-11X-2, 128−150 cm) and the cumulative thickness of 
zones is 3.3 m, corresponding to only 8.8% of the total thickne
the décollement. Undeformed to poorly deformed intervals are 
several decimeters thick.

MICROSCOPIC APPEARANCE
OF THE SCALY FABRICS

Microscopic observations show that the macroscopic scaly fa
correspond to a combination of three types of elementary micros
tural features in which strain is localized in µm- to mm-thick de
mation bands. One of the microstructures is analogous to the fra
networks seen at the macroscopic scale. Of the other two micro
tures, one corresponds closely to the S-C (schistosité-cisaille
[schistosity-shear]) tectonites well known in metamorphic s
zones. Structures falling in this group are therefore referred to a
bands. The other microstructure is a spaced foliation (note tha
latter term is used here in a general descriptive sense, and we in
particular genetic analogy between the spaced foliation observ
our samples, and other types of spaced foliation described elsew
e.g., Lundberg and Moore, 1986). In this section, we first describ
clay-particle arrangement of claystones outside the deform
bands, and then the three microstructures and associated clay-p
arrangements that comprise scaly fabrics. In each case, we de
the microstructures as they are seen using the different micros
techniques, which offer various degrees of magnification. Finally
discuss the common way in which the three microstructures are
ciated in forming the scaly fabrics.

Claystones Outside Deformation Bands
Optical Microscopy

At this scale of observation, the clay particles are not visible
the macroscopically undeformed claystone presents (1) a hom
neous, massive aspect in the case of lithologic Unit II, and (2) a
sive aspect or a subtle layering in the case of lithologic Unit III.

Electron Microscopy

The most detailed images have been obtained with the seco
mode SEM and the TEM (Fig. 2). In lithologic Unit II, second
mode SEM images show a highly porous arrangement of rand
oriented clay particles (Fig. 2A, B); pores are polygonal, up to 5
across. A similar arrangement is observed on TEM images, but i
case, a hand-drafted line drawing of clay-particle long axes sug
that one particle orientation is better represented than others (Fi
E). This partial preferred orientation is subperpendicular to the v
cal axis of cores, and may correspond to a compaction feature p
to bedding. On the other hand, our observations give no eviden
bulk tectonic strain outside the deformation bands. Secondary 
SEM images show that the partial preferred orientation is mor
tense in lithologic Unit III (Fig. 2C). The preferentially oriented p
ticles tend to form continuous bands corresponding to the lay
observed in optical microscopy.
61
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Figure 1. Macroscopic characteristics of scaly fabrics. A. Sketch of core faces showing the heterogeneous distribution of scaly fabrics in the décollement 
Hole 948C. A1: Section 156-948C-11X-2, in lithologic Unit II; A2: Section 156-948C-12X-3, in lithologic Unit III. White = claystone; dots = siltstone layers;
SFZ = scaly-fabric zone; FN = fracture network; SD = stratal disruption; thin arrows = microfaults; thick arrows = drilling-induced deformation (“biscuit”
boundaries where “biscuits” rotated relative to each other). B. Macroscopic appearance of scaly fabrics in a zone with inclined boundaries (Sample 156-
13X-2, 128−138 cm; lithologic Unit II, from a thrust-fault zone in the lower part of the accretionary prism). Fracture networks occur outside the scaly-fabric
zone. Changes of dip direction of the scaly fabric occur along sub-horizontal drilling-induced “biscuit” boundaries. C. Macroscopic appearance of scaly fabric
in a zone with sub-horizontal boundaries (Sample 156-948C-11X-2, 2.5−14 cm; lithologic Unit II, décollement). Fracture networks and undeformed sedim
occur outside the scaly-fabric zone at the top and bottom of picture, respectively; black spots are manganese oxide.
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S-C Bands

These bands are named from their geometrical analogy with the
S-C tectonites described in ductile metamorphic rocks (Berthé 
1979; Lister and Snoke, 1984). The S-C tectonites correspo
sheared domains in which S-surfaces (S for “schistosity”) obliq
the shear zone are related to the accumulation of finite strain, w
C-surfaces (C for “cisaillement,” [shear in French]) subparallel t
shear zone correspond to displacement discontinuities or zo
high shear strain. As we show below, the geometrical analog
Figure 2. Clay-particle arrangement in macroscopically undeformed claystone. A. Secondary SEM image showing the highly porous random arrangement of
clay particles in claystone from lithologic Unit II (Sample 156-948C-5X-3, 72−74 cm). B. Same sample as A, with higher magnification. C. Secondary SEM
image showing sub-horizontal partial preferred orientation of clay particles due to compaction in claystone from lithologic Unit III (Sample 156-948C-14X-1,
99−101 cm). D. TEM image showing the clay-particle arrangement in claystone from lithologic Unit II (Sample 156-949B-22X-1, 113−116 cm). E. Line-draw-
ing of (D). Arrow: partial preferred orientation of clay-particle long axes, possibly a weak compaction feature, parallel to bedding.
 al.,
d to
 to
reas
he
s of
 in-

ferred here is observable at all microscopic scales, but only the h
magnification secondary mode SEM images give sufficient reso
tion to observe details of the clay-particle arrangement, attesting
the validity of the analogy in a genetic sense.

Optical Microscopy

At this scale, the S-C bands usually correspond to bands up t
few millimeters thick, subparallel to, or dipping at low angle relativ
to, the boundaries of the macroscopic scaly-fabric zone. These ba
63
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are characterized by sharp boundaries (C-surfaces), and an oblique
pervasive foliation (S-foliation) expressed by stripes of varying color
of the claystone, paler than the undeformed claystone (Fig. 3A). The
S-foliation is sigmoidal, inclined to the C-surfaces and deflected
along the latter. Secondary surfaces parallel or oblique at a low angle
to the zone boundaries, and also deflecting the S-foliation, may occur
within the zone. Those secondary surfaces oblique to the zone bound-
aries dip in the opposite sense to the S-foliation, and are geometrical-
ly analogous to the C′ surfaces defined by Ponce de Leon and
Choukroune (1980) in metamorphic shear zones.

In rare cases, an S-foliation deflected along minor C/C′ surfaces
is developed at the centimeter scale and corresponds to the micro-
structure of a whole macroscopic scaly-fabric zone (Fig. 3B).

Backscattered Mode SEM

On low magnification (<1000) images, clay particles are not visi-
ble and the S-foliation corresponds to open fractures. High magnifi-
cation images show that the open fractures are parallel to a marked
preferred orientation of clay-particle long axes (Fig. 3C,D). Howev-
Figure 3. Microscopic appearance of S-C bands. Arrow at top of photos = bulk shear; C = shear surfaces sub-parallel to bulk shear; C′ = shear surfaces exten-
sional relative to bulk shear; S = foliation. A. Micrograph of a submillimeter-thick S-C band (Sample 156-948C-11X-2, 68−72 cm). B. Micrograph of a centi-
meter-thick S-C band (Sample 156-948C-10X-5, 4−7 cm). C. Backscattered mode SEM image of S-foliation showing partial preferred orientation of clay
particles; black bands are open fractures parallel to the foliation and resulting from sample air-drying (detail of the S-C band shown in B). Frame: location of
(D). D. Detail of (C). A domain of undeformed clay occurs at upper right. E. Secondary mode SEM image of a S-C band (Sample 156-948C-2X-5, 83−87 cm).
Undeformed clay occurs at top and left. Frame: location of (F). F. Detail of (E). The S-foliation is deflected along the sub-horizontal C-surfaces, and shows
varying intensity of clay-particle preferred orientation and associated pore collapse. G. Secondary mode SEM image of a S-C band, with marked preferred ori-
entation of clay particles and pore collapse along C-surfaces, and varying intensity of clay-particle preferred orientation and associated pore collapse in the S-
foliation (Sample 156-948C-2X-5, 83−87 cm). Frame: location of (H). H. Detail of (G) showing lateral transition from a C-surface to the S-foliation. I. Original
highly porous random arrangement of clay particles in undeformed domain a few tens of microns from the S-C band shown in (E).
64
er, distribution of strain is heterogeneous, and domains with preferred
clay-particle orientation coexist with adjacent domains where the
original arrangement is preserved (Fig. 3D).

Secondary Mode SEM

On these images (Fig. 3E through H), the C/C′-surfaces corre-
spond to narrow (≤ 10 µm) bands paralleled by a strong preferred o
entation of clay-particle long axes. The preferentially oriented pa
cles are tightly packed, with pore size strongly reduced in relation
the undeformed claystone (Fig. 3I), and pores showing a high len
width ratio (L ≤ 5µm; w ≤ 1 µm). Between the C/C′-surfaces, the S-
foliation corresponds to preferentially oriented clay particles w
their long axis oblique to the C/C′-surfaces and deflected along th
latter. Preferred clay-particle orientation is more or less complete
the S-foliation domains. Pore size diminishes and length/width ra
of pores increases with increasing preferred clay-particle orientat

The clay-particle arrangement observed on the secondary m
SEM images is best explained in terms of shear zones where the C′-
surfaces correspond to shear surfaces, and the S-foliation to a fla
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ing fabric developed between the shear surfaces. The different degrees
of S-foliation intensity show that the S-foliation develops by progres-
sive rotation of clay particles and resulting porosity collapse. The an-
gular relationships between the C/C′-surfaces and the S-foliation indi-
cate the sense of shear, the sense of movement of the hanging wall be-
ing opposite to the dip direction of the S-foliation. The C-surfaces are
Figure 3 (continued).
parallel to the bulk shear direction, whereas the C′ surfaces correspond
to extensional substructures with respect to this direction. Although
the deformation mechanisms are different, there is thus an effective
analogy between the microstructures described here and the S-C tec-
tonites in metamorphic rocks. The geometrical asymmetry can be
used in the same way as a shear-sense indicator.
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Fracture Networks
Optical Microscopy

The fracture networks are formed by “fractures” with variab
dip-direction and showing cross-cutting rather than anastomosing
lationships (Fig. 4). The “fractures” correspond to sharp surfaces
to deformation bands up to a few tens of microns thick that are ligh

Figure 4. Microscopic appearance of fracture networks. A. Micrograph of
fracture network with cross-cutting deformation bands (Sample 156-948C-
19X-7, 23−27 cm). B. Backscattered SEM image in a deformation band,
showing left-dipping partial preferred orientation of clay particles (bar), sub-
parallel to the band (Sample 156-948C-10X-5, 4−7 cm). C. Backscattered
SEM image in undeformed claystone a few tens of microns away from the
deformation band shown in (B).
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in color than the undeformed claystone (Fig. 4A). An open fract
may or may not occur along these bands. This aspect is similar to
of the shear surfaces responsible for the offset of bedding in st
disruption. Where no bedding is visible, possible shear movem
along the fractures is indicated by millimetric offset, in general ext
sional, of earlier fractures by later ones.

Backscattered Mode SEM

On low magnification (<1000) images, clay particles are not vi
ble and only the open fractures are observed. High magnification
ages show partial preferred orientation of clay-particle long axe
the macroscopic deformation bands (Fig. 4B, C).

Spaced Foliation
Optical Microscopy

At this scale, the spaced foliation is defined by folia dipping in
single direction, at moderate to high angles relative to the bounda
of the macroscopic scaly-fabric zone (Fig. 5A through E). The fo
show variable width and spacing. In weakly deformed domains,
folia correspond to sharp surfaces, commonly open fractures, in
deformed sediment (Fig. 5A). These surfaces are spaced a few t
of millimeters apart and are relatively straight and sub-paralle
each other, with a few anastomosing branches. When grading
more intensely deformed domains, the folia become more clo
spaced and form a complex anastomosing pattern (Fig. 5B, C), u
being coalescent and undulose in the most intensely deformed
mains (Fig. 5D, E). In those domains with intense foliation, the fo
correspond to sharp surfaces, or to deformation bands up to a few
of microns thick that are lighter in color than the undeformed cl
stone.

Electronic Microscopy

The most detailed images have been obtained with the secon
mode SEM (Fig. 5F through K). They show that the sharp surfa
observed with the optical microscope in the weakly deformed 
mains correspond to narrow (<15 µm) deformation bands featu
(1) strong preferred orientation of clay-particle long axes paralle
the bands, and (2) tight packing of the preferentially oriented c
particles without visible pores (Fig. 5F, G). Boundaries of the def
mation bands are sharp, and claystone outside the bands show
highly porous arrangement with randomly oriented clay particles t
ical of undeformed sediment. No deflection of clay particles is o
served at the level of the band boundaries.

Where the spaced foliation forms a denser, anastomosing netw
(Fig. 5H, left side), the aspect of the folia is similar to that describ
above, but in this case partial preferred orientation of clay-part
long axes associated with porosity collapse also occurs in the le
bounded by the folia (Fig. 5I). These preferentially oriented partic
(bar in Fig. 5I) are oblique to, and deflected along, the folia, indic
ing that the latter acted as shear zones (small arrows in Fig. 5I). S
movement of the hanging wall is in a sense opposite to the dip di
tion of the foliation, i.e., contractional.

The thickest folia correspond to domains up to 1 mm thick (F
5H, right side), with penetrative preferred orientation of clay-parti
long axes sub-parallel to the folia, and marked pore collapse (Fig
K). In these domains, the preferentially oriented particles are defl
ed by shear surfaces oblique to the folia (small arrows in Fig. 5H)
sulting in a geometry similar to that of the S-C bands. At sma
scale, local second-order S-C geometries show that the foliation 
acted as shear surfaces (small arrows in Fig. 5J), with the sigmo
geometry indicating the same sense of shear movement as in th
jacent domains of anastomosing folia (Fig. 5I).

Increasing density and thickness of the folia correspond to
creasing strain. Clay-particle arrangement in the domains with lar
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strain is similar to that of the S-C bands (Fig. 5H, right side). On the
other hand, kinematic interpretation of deformation bands in the do-
mains with weakest strain (Fig. 5F) is made difficult by the absence
of deflected clay particles at band boundaries (Fig. 5G). Because clay
particles are not deflected, the folia in those domains of weak defor-
mation may correspond to flattening bands rather than shear bands.
The fact that these bands dip subparallel to the folia showing a milli-
meter-scale S-C geometry in the same sample (Fig. 5H, right part),
supports this interpretation. Therefore, we infer that the S-C geome-
try apparent in the right side of Figure 5H represents the final stage
of evolution of initially spaced flattening bands (Fig. 5F), the left side
of Figure 5H illustrating an intermediate stage. Increasing intensity
of bulk shear is likely to have activated the flattening bands as sec-
ond-order shear zones (Fig. 5I, J).

Microstructure Associations

In many samples, the three microstructures show a typical mode
of spatial association, as illustrated by the examples shown in Figure
6 and summarized in Figure 7:

1. Fracture networks (FN in Figs. 6 and 7) occur at the periphery
of the S-C bands (S-C in Figs. 6A and 7), forming, together
with the latter, deformation zones a few millimeters thick. In
some cases (Fig. 6B), a similar relationship is observed be-
tween fractures networks and millimeter-thick, sharply bound-
ed domains with closely-spaced foliation (SF in Fig. 6B). The
latter domains may correspond to incipient S-C bands in which
increasingly closer-spaced foliation evolves to an S-foliation,
as discussed in the previous section.

2. Spaced foliation (SF in Fig. 6A and 7) occurs in the intervals
between the deformation zones formed by the S-C bands and
adjacent fracture networks. The spaced foliation dips in the
same direction as the S-foliation in the S-C bands, that is, op-
posite to the sense of displacement of the S-C band hanging
wall, with a moderate to high angle with respect to the S-C
band.

Relationships between the microstructures show that the spaced
foliation is involved in the formation of both the fracture networks
and the S-C bands:

1. Fracture networks are formed by the interference of fractures
of opposite dip direction. One of the two families corresponds
to the spaced foliation, whereas the other family is present only
at the periphery of the S-C bands, with low to moderate dip
with respect to the S-C band (Fig. 6A, B, E). Fractures of each
group can offset both those of the other group and the S-C band
boundaries. Offsets are extensional with respect to the trend of
the S-C band (Fig. 6A, E). Fractures corresponding to the
spaced foliation are antithetic to the S-C bands, equivalent to
the X shears in the Riedel terminology (e.g. Bartlett et al.,
1981), whereas the fractures of the other family are synthetic
to the S-C bands, equivalent to the R shears in the Riedel ter-
minology (or the C′ surfaces, in the S-C terminology; Ponce de
Leon and Choukroune, 1980). Most often, the X shears were
the last that were active (Fig. 6E).

2. As suggested above, increasing strain may result in the evolu-
tion of the spaced foliation to S-C bands. The folia can also be
activated as millimeter-scale thrusts, the zone then acting as a
micro-contractional duplex (Fig. 6D).

Therefore, the spaced foliation is the fundamental microstructural
element in the scaly fabric zones, either as an independent micro-
structure or through its influence on the formation of the other two
features. This aspect is discussed further below in a kinematic model
of scaly-fabric formation.

Relationships with the Macroscopic Structures

In many scaly-fabric zones observed on core faces, the scaly fab-
ric defines a foliation oblique to the zone boundaries (Fig. 1). This in-
clined foliation is the macroscopic expression of the dominance of
the spaced foliation in the scaly-fabric microstructures (Fig. 7). In fa-
vorable cases, it is possible to identify on core faces the different
types of microstructures. The dip-direction of the foliation with re-
spect to the boundaries of the scaly-fabric zone can thus be used as a
shear sense indicator; in other words, it is opposite to the sense of dis-
placement of the hanging wall.

Comparison of macro- and microstructures shows that deforma-
tion is heterogeneous at all scales. At the macroscopic scale, shear
strain is mainly concentrated in centimeter-thick scaly-fabric zones,
whereas at the microscopic scale it is mainly concentrated in milli-
meter-thick S-C bands. At both scales, these zones of high strain are
separated by intervals of weakly deformed sediment: the fracture net-
works or stratal disruption defined at the macroscopic scale, and the
fracture networks and spaced foliation defined at the microscopic
scale. Although the kinematics of the macroscopic fracture networks
are difficult to unravel, it is probable that fractures observed at the
macro- and microscale have similar origin.

A consequence of deformation heterogeneity is that only a very
small portion of sediment is actually affected by clay-particle reori-
entation in fault zones. As detailed in a previous section, the macro-
scopic scaly-fabric zones constitute only about 8.8% of the déco
ment thickness in Hole 948C, implying that the proportion of sed
ment actually affected by clay-particle reorientation probably do
not exceed 1% or 2% of the décollement thickness. This explains w
clay-particle preferred orientation in the décollement was not dete
ed by bulk measurements such as the anisotropy of magnetic sus
tibility (Housen et al., 1996) and the polarization of acoustic she
waves (Peacock et al., Chapter 21, this volume).

Summary of Sediment Behavior
and Deformation Mechanisms

As it is emphasized above, the deformation of the Barbados pri
sediments is characterized by the concentration of strain in disc
deformation zones of different scales: the micrometer- to millimete
thick deformation bands making the scaly fabrics; the centimet
thick scaly-fabric zones, fracture networks and stratal disruption
fault zones; and the meter- to decameters-thick fault zones in 
prism, including the basal décollement. Such a distribution of def
mation indicates that the prim is overall behaving as a brittle struct
(Maltman et al., Chapter 22, this volume). However, at the clay p
ticle scale, the fundamental deformation mechanism in all the typ
of micrometer- to millimeter-thick deformation bands making th
scaly fabrics is the rotation of clay particles, with associated poros
collapse, leading to formation of domains with preferred orientati
of clay particles and low porosity. Therefore, at this scale, deform
tion corresponds to compactional plastic strain. Clay-particle rotati
involves both particle boundary sliding and some amount of parti
deformation (bending), and thus corresponds to controlled particul
flow in the sense of Borradaile (1981). Particulate flow correspon
to ductile flow at the scale of the aggregate, and it is typical of poo
lithified sediment (Knipe, 1986, 1989). The excellent resolution 
TEM images illustrates spectacularly the preferred orientation of c
particles in the scaly-fabric zones (Fig. 8), but the mode of sampl
for TEM observation makes it difficult to establish the relationship
between the micrometer-scale TEM observations and the differ
types of microstructures described above.
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Figure 5. Microscopic appearance of spaced foliation. Arrow at top of photos = bulk shear. A. Micrograph of weak spaced foliation, with sharp and relatively
straight folia (Sample 156-948C-11X-2, 57−61 cm). B. Micrograph of weak spaced foliation (right) passing laterally leftward to a denser, anastomosing pattern
(Sample 156-948C-2X-5, 78−81 cm). Frame: location of (C). C. Detail of (B) in domain of dense foliation. D. Micrograph of very dense and undulose spaced
foliation (Sample 156-948C-11X-2, 68−72 cm). Frame: location of (E). E. Detail of (D). F. Secondary mode SEM image of weak spaced foliation; at this scale,
only open fractures are visible (Sample 156-948C-2X-5, 101−103 cm). White rectangle: location of (G). G. Detail of (F) showing marked preferred orientation
of clay particles and complete pore collapse in a few-µm-thick deformation band. No deflection of clay particles is visible at band boundaries. A poorly devel-
oped deformation band occurs 30 µm above the main band. Outside the bands, the highly porous random arrangement of clay particles typical of the unde-
formed claystone is preserved. H. Secondary mode SEM image of dense spaced foliation (left) passing laterally to very dense foliation (right). The foliati
deflected along sharp shear surfaces (small arrows; Sample 156-948C-2X-5, 101−103 cm). White rectangles: location of (I; left) and (J; right). The area show
in this picture is located a few millimeters above that shown in (F), with the same picture orientation. I. Detail of (H, left part), showing partial preferred orien-
tation of clay particles (bar) in the intervals between the steeply dipping deformation bands activated as shear surfaces (small arrows). J. Detail of (H, right
part), showing pervasive preferred orientation of clay particles and marked pore collapse, with a small S-C band at upper center (small arrows). Frame: location
of (K). K. Detail of (J).
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DISCUSSION
The Problem of Drilling-Induced Deformation

A particular problem in this study has been the difficulty of dis-
tinguishing natural deformation structures from artifacts related to
drilling. Rotary drilling in these poorly lithified sediments breaks the
cores into “biscuits” a few centimeters to tens of centimeters lo
Figure 5 (continued).
g.

The truncation surfaces are subhorizontal, and biscuits rotate with
spect to each other at the level of these surfaces (Fig. 1). A band
“drilling slurry” with a massive, homogeneous aspect is typicall
present at biscuit boundaries. A similar slurry also forms at core ed
es due to relative rotation between the core and the plastic liner. T
drilling slurry is easily recognizable at the macroscopic scale, a
was taken into account during on board sampling.
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Figure 6. Mode of association of the microstructures forming the macroscopic scaly fabric (micrographs). Arrow at top of photos = bulk shear. A. The light band
at top is a millimeter-thick S-C band with top-to-the-right movement. Submillimeter-thick domains of fracture networks (FN) with deformation bands of oppo-
site dipping directions occur above and below the S-C band. Spaced foliation (SF) occurs away from the fracture networks, with weak development above the
S-C zone, and relatively dense development with anastomosing patterns below. At bottom of image, there occurs a sub-horizontal 0.3-mm-thick S-C band with
top to the right movement. The fracture networks are formed by the cross-cutting of the spaced foliation and shear surfaces synthetic with the S-C bands. Incli-
nation of the spaced foliation, interpreted as flattening band arrays, indicates top-to-the-right shearing, compatible with movement along the S-C bands. The
main S-C band is the upper boundary of an inclined, centimeter-thick scaly-fabric zone which acted as a thrust zone, according to the sense of movement indi-
cated by the microstructures (Sample 156-948C-3X-4, 141−144 cm). B. Shear band with spaced foliation (SF), which density increases leftward (i.e., an incom-
pletely developed S-C band), with adjacent fracture networks (FN; Sample 156-948C-14X-3, 103−107 cm). Frames: location of (C, center), (D, left), and (E,
bottom). C. Detail of (B) showing dense spaced foliation. D. Detail of (B) showing thrust activation (small arrows) of the foliation, with formation of a hanging
wall anticline. The shear band thus acted as a millimeter-scale contractional duplex. E. Detail of (B) showing fracture network and minor S-C zones. Fracture
network is formed by spaced foliation activated as normal faults antithetic to the bulk shear (X) and R shear surfaces associated with the S-C zones.
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However, the sensitivity of these unlithified clays to deformation
makes it possible that some aspects of the deformation features rec-
ognized in samples and described above are also related to drilling
disturbance. Indeed, biscuit rotation during drilling could have sub-
mitted the cores to a “ring-shear” effect, which would create artific
shear structures superimposed on the natural structures that are
ly distinguishable from the latter.

In some cases, the S-C bands and adjacent fracture networks
a sub-horizontal trend and are located at the level of change of di
rection of the adjacent spaced foliation. It is thus probable that th
particular S-C bands, and adjacent fracture networks, correspon
thin drilling-biscuit boundaries. In other cases, the density of fract
networks increases from the center toward the edge of the core, w
they pass laterally into drilling slurry exhibiting preferred orientati
of clay-particle long axes similar to the S-foliation and parallel to 
core edge. Such lateral increase of deformation is also likely to b
lated to drilling disturbance.

On the other hand, a few S-C bands and adjacent fracture
works occur along boundaries of scaly-fabric zones that are incl
with respect to the vertical axis of the core (Fig. 6A) and, in some 
es, have been truncated by sub-horizontal drilling-biscuit bounda
In these cases, the S-C bands and associated fracture networ
Figure 6 (continued).
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considered to be natural features. Similarly, the spaced foliation
tated by drilling biscuits is also considered to be natural in origin

These examples show that both natural and drilling-induced
formation structures are present in the samples studied. They s
similar microstructures, attesting to fundamentally similar deform
tion mechanisms. Based on the currently available data, it is thus
tually impossible to reach a definitive conclusion on the natura
artificial origin of many of the structures when considered individ
ally. However, we believe that the microstructures described in 
paper, and the kinematic model proposed for their formation, re
sent natural deformation features, and therefore give valuable in
mation on the deformation processes in the décollement zone o
Barbados prism.

Kinematic Model of Scaly Fabric Formation

The mode of association of the three types of microstructures
scribed above gives a basis for a kinematic model of scaly fabric
mation (Fig. 9):

1. Microstructures begin to develop with the formation of spac
foliation consisting of narrow flattening bands oblique to bu
71
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to a
shear (stage 1 in Fig. 9). Our observations give no evidence
that bulk tectonic strain may have developed before strain lo-
calization occurs in the spaced foliation.

2. S-C bands are initiated by densification of the flattening band
array in deformation zones parallel to bulk shear (stage 2 in Fig.
9). Increasing strain results (1) in a progression from discrete
(spaced foliation) to pervasive (S-foliation) rotation of clay
particles and porosity collapse, and (2) in a decoupling between
the deformation zone and adjacent domains via the formation
of the boundary C-surfaces (stage 3 in Fig. 9). The shear zone
(SF) in Figure 6B corresponds to an intermediate stage between
stages 2 and 3 in Figure 9. The folia can be activated as contrac-
tional shear surfaces, resulting in the formation of millimeter-
scale thrust-folds (Fig. 6B, C) or second-order S-C bands (Fig.
5I, J), with the zone then acting as a microcontractional duplex.
We cannot exclude that synthetic C and C′ (R) shears may ap-
pear during stage 2 and its transition to stage 3, resulting in a
fracture network precursor of the S-C band, but this hypothesis
Figure 7. Summary sketch of microstructure associations forming the macroscopic scaly fabric. S-C = S-C band (millimeter-scale shear band); FN = fracture
network; SF = spaced foliation.
72
is not clearly supported by our observations (e.g., the absence
of such synthetic shears in the incipient shear zone [SF] in Fig-
ure 6B).

3. Late partitioning of deformation results in the activation of dis-
crete extensional shear surfaces (stage 4 in Fig. 9; Platt, 1984).
These surfaces are (1) newly formed synthetic shears (C′, or R
shears), both inside and outside the S-C bands, and (2) folia of
the spaced foliation outside the S-C bands, activated as anti-
thetic shears (X shears). Those shear surfaces formed outside
the S-C bands constitute the fracture networks.

Densification of fracture networks at the periphery of a S-C band
results in progressively thicker and more closely-spaced domains
with clay-particle reorientation, which may eventually result in a per-
vasive S-foliation (i.e., widening of the S-C band).

This model implies that a macroscopic scaly-fabric zone has a ten-
dency to evolve from a zone of discontinuous deformation with clay
rotation localized in narrow (a few µm to mm) discrete bands, 
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zone of S-foliation subpenetrative at the centimeter scale, as was ob-
served in a few cases (Fig. 3B). However, as noted above, most of the
scaly-fabric zones have not reached this stage; the general case cor-
responds to a highly heterogeneous distribution of strain, with only a
small fraction of the sediment within the scaly-fabric zones being af-
fected by clay-particle reorientation.

Relationships between Scaly Fabrics 
and Porosity/Fluid Flow

We have shown above that the deformation bands making the
scaly fabrics are a result of compactional plastic shear strain. This
mode of deformation is typical of normally consolidated to undercon-
solidated clayey sediments (Moore et al., 1986; Hicher et al., 1994).
The assumption that the initial sediment was underconsolidated is
supported (1) by the abnormally high porosities measured on samples
of macroscopically undeformed sediment (Shipley, Ogawa, Blum, et
al., 1995), and deduced from density data obtained by logging while
drilling (Moore and ODP Leg 156 Shipboard Scientific Party, 1995);
and (2) by the highly porous arrangement of randomly oriented clay
particles preserved outside the deformation bands down to about 500
mbsf.

Porosity reduction in deformation bands necessarily results in ex-
pulsion of a significant amount of pore fluid, and pore distortion
modifies the geometry of the pore network. Both processes imply
close relationships between deformation and fluid behavior.

Role of Fluids in the Formation of Scaly Fabrics

Our microscopic observations and the kinematic model above are
compatible with the interpretation that formation of the scaly fabrics
is achieved through a localization-delocalization process controlled
Figure 8. TEM image and line drawing of clay-particle arrangement in a scaly-fabric zone, with a domain of marked preferred orientation of clay particles (bot-
tom right) adjacent to a domain where the original highly porous random arrangement of clay particles typical of the undeformed claystone is preserved (top left;
Sample 156-949B-13X-03, 107−111 cm).
by close relationships between deformation and fluid behavior in in-
completely consolidated sediment (e.g., Moore et al., 1986; Moore
and Byrne, 1987):

1. The scaly fabric zones correspond to shear zones. Their forma-
tion is probably favored by a relatively high pore pressure/low
effective stress (Hubbert and Rubey, 1959). In the case of the
sites studied here, pore pressures in excess of hydrostatic pres-
sure have been inferred from modeling of seismic reflection
data (Shipley et al., 1994) and deduced from density data ob-
tained by logging-while-drilling (Moore and ODP Leg 156
Shipboard Scientific Party, 1995).

2. Pore fluid expelled by compactional strain in deformation
bands is drained along the bands. This assumption is supported
by the mineralized veins, isolated barite crystals, and alter-
ation colors in (or close to) some of the scaly-fabric zones,
which attest to the preferential fluid circulation in these zones,
and the low matrix permeability and chemical diffusivity of
the claystone matrix.

3. Individual deformation bands lock as other bands created in
adjacent undeformed sediment become more energetically ef-
ficient. This effect is presumably due to a combination of ma-
terial strain-hardening, associated with an increasing number
of face-to-face contacts of clay particles in the collapsed do-
mains, and of system strain-hardening, associated with pore-
pressure drop following fluid expulsion. This delocalization
process may explain the heterogeneity of strain distribution in
a great number of narrow deformation bands. The model ap-
plies at all scales. At the millimeter/centimeter scale, it applies
to the formation of new deformation bands within or at the pe-
riphery of individual scaly-fabric zones, and it also applies at
the meter scale to the formation of new scaly-fabric zones.
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81).
Figure 9. Kinematic model for the development of S-C bands (millimeter-scale shear bands; cf. Fig. 7) in the scaly-fabric zones. C (shear surfaces subparallel to
bulk shear), C′ (shear surfaces extensional relative to bulk shear), and S (foliation) refer to the terminology adopted for the S-C tectonites typical of the meta-
morphic shear zones (Berthé et al., 1979; Ponce de Leon and Choukroune, 1980), and (R) and (X) to the Riedel terminology (e.g., Bartlett et al., 19
74
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The process may imply progressive thickening of the deformed
domains (Moore and Byrne, 1987), or, alternatively, a densification
of the deformation bands (or scaly-fabric zones at a larger scale), new
deformation bands (or scaly-fabric zones) being created in the inter-
vals of undeformed sediment between the previously formed bands
(or zones). In this case, the deformed domains would not thicken, but
would be more intensely strained and might be thinned due to com-
paction associated with plastic strain. It seems that this densification
model is applicable to the Barbados prism décollement, at least
toe region (Maltman et al., Chapter 22, this volume)

Scaly Fabric Zones as Fluid Drains

There is an apparent contradiction between porosity collap
deformation bands, which is likely to result in decrease of perme
ity, and the evidence that these bands acted as preferential pat
for fluids. This contradiction can be solved if the connected par
surfaces formed by the deformation bands are dilated by injecti
high pressure pore-fluid (the “dynamic permeability” of Stephen
et al., 1994; Brown et al., 1994). Fluid circulation will also be fac
tated by the low tortuosity resulting from preferred alignments of 
particles in these bands. We thus infer two possible types of rela
ships between fluid flow and strain in the scaly-fabric zones:

1. During formation of the scaly fabric, fluid circulating along t
deformation bands is the fluid expelled from the local se
ment by the compaction associated with the formation of th
bands. The process is similar to squeezing a sponge, an
though it can drive circulation of significant amounts of flu
it will ultimately result in reduced permeability and fluid flow

2. If overpressured fluid is injected from outside into a previou
formed scaly-fabric zone, the connected deformation ba
are likely to be dilated, allowing a transient episode of
creased permeability. The injected fluid may be that being
pelled by the formation of nearby scaly-fabric bands, or fr
deeper parts of the prism. The process is physically reco
in Leg 156 cores by the carbonate veins present in some s
fabric zones, mainly along the spaced foliation. The veins
extensional veins—they did not form in association with 
shear movement, and their direction of opening is paralle
the direction of the compression responsible for the folia
formation (Labaume et al., Chapter 5, this volume). Forma
of veins thus results from a dilation event that occurs later 
the compactional strain stage (Fig. 16 in Labaume et al., C
ter 5, this volume). The meter-thick intervals with very h
porosity revealed by density logging-while-drilling data in 
décollement (Shipley, Ogawa, Blum, et al., 1995) may re
sent intervals dilated by the same process (the “hydro
tures” of Moore and ODP Leg 156 Shipboard Scientific Pa
1995). Geochemical data show that in the case of the carb
veins, the circulating fluid originated from deeper and ho
parts of the prism (Labaume et al., Chapter 5, this volum
meaning that the dilated scaly-fabric zones are efficient p
ways for long-distance fluid flow.

Inferences on the Relationships Between Shear Strain and 
Displacement

The discussion above implies that stages of significant s
stress (formation of scaly-fabric zones by compactional plastic s
strain) alternate with stages of relaxed shear stress (formation 
tensional veins along dilated foliation). Relaxation of shear stres
dilation are probably related to episodes during which pore pre
is close to lithostatic pressure. If compactional strain is inhibited
ing these episodes, displacement along low-dipping fault zon
likely to be favored (Hubbert and Rubey, 1959). We thus infer 
most of the displacement along the boundaries of the scaly-f
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zones may occur during periods of elevated pore pressure and
not be associated with compactional strain in the sediment, whe
the scaly fabrics would be formed during periods of lower (altho
still in excess of hydrostatic) pore pressure and would account 
limited displacement (see further discussion in Labaume et al., C
ter 5, this volume). This interpretation is compatible with the fact t
only a very low fraction of the sediment is affected by clay-parti
reorientation in the fault zones, particularly in the décollement.

Comparison with Previous Work

Our observations contrast with the observations of Prior 
Behrmann (1990a, 1990b) who studied equivalent material sam
during ODP Leg 110. These authors concluded that no prefe
clay-particle orientation is associated with scaly fabrics from the
collement, and proposed that the scaly fabrics correspond only t
fractures resulting from unloading during core-recovery. The m
of microscopic observation of samples may partly explain this 
crepancy. The studies by Prior and Behrmann (1990a, 1990b) uti
polished surfaces with backscattered mode SEM. In the pre
study, we have used three different techniques with sufficient ma
fication to observe particle and pore geometry: backscattered
secondary mode SEM, and TEM. Backscattered mode SEM gav
lowest resolution of the three techniques, which in the case of
samples is partially due to the difficulty of obtaining sufficiently po
ished observation surfaces in smectitic unlithified clay. In fact, s
ondary mode images have proved the most useful at the current
of our work, because of (1) the zoom approach that allowed us t
tegrate observations from the centimetric to the micrometric sc
and (2) the 3-D vision of grain and pore geometry. The excellent
olution of TEM images also illustrates the preferred orientation
clay particles in zones of scaly fabric (Fig. 8).

However, our backscattered mode SEM images also show un
biguously the preferred orientation of clay particles in many sam
(Figs. 3C,D, and 4B). The discrepancy with Prior and Behrm
(1990a, 1990b) is thus also because of the choice of represen
samples. In fact, Prior and Behrmann (1990a, 1990b) did obs
preferred clay-particle orientation in thrust A, in the upper part of
prism (Hole 971B, 130 mbsf). Our study shows that deforma
mechanisms are basically similar in the lower part of the prism 
the décollement.

Our new observations are also compatible with other works
scaly fabrics of different origins, showing that preferred orientat
of clay particles along the scaly surfaces is a general characteris
scaly fabrics in clayey sediment (e.g., Moore et al., 1986; La
1989).

Our work gives new insights on the kinematics of scaly fabric 
velopment. In their synthesis, Moore et al. (1986) assumed tha
surfaces in the scaly fabrics are shear surfaces resulting from a
tracted deformation history of shear zones. In such a case, no 
matic evolution may be recognized, and the resulting macrosc
foliation should be oriented subparallel to the boundaries of the s
fabric zones. Our study shows that, in the case of the Barbados 
décollement, formation of the scaly fabrics involves both shear 
flattening surfaces, with the latter being dominant during the in
stage of fabric formation and governing the trend of the macrosc
foliation which is often oblique to the scaly-fabric zone boundar
The structures described in this paper present close geometrica
kinematical analogies with shear zones in ancient superficial na
formed in similar conditions (Labaume et al., 1991).

CONCLUSIONS

Scaly fabrics in the décollement interval at the toe of the north
Barbados accretionary prism occur in cm-thick zones interprete
the shear zones where plastic shear strain and tectonic displac
75
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are concentrated. Detailed microstructural investigation of the scaly
fabrics shows that they are formed by a combination of three types of
microstructures, each type comprising deformation bands a few mi-
crons to a few millimeters thick: (1) S-C bands are millimeter-thick
shear bands named after their close geometrical analogy with the S-C
tectonites commonly observed in metamorphic shear zones; (2) frac-
ture networks comprise micrometer-thick shear bands of different
dips with cross-cutting relationships; (3) A spaced foliation corre-
sponds to arrays of µm-thick flattening bands oblique to the 
shear direction, possibly activated as contractional or extens
shear bands with increasing strain. In all microstructures, defo
tion is achieved by clay-particle rotation associated with pore 
lapse, resulting in the formation of domains with marked prefe
orientation of clay particles. However, the sediment actually affe
by this preferred orientation is usually a minor part of the scaly-fa
zones, and represents only a few percent of the total thickness 
décollement. This explains why preferred orientation of clay part
cannot be detected by bulk measurements such as the anisotr
magnetic susceptibility and the polarization of acoustic shear wa

The fracture networks typically occur at the periphery of the 
zones, which represent zones of maximum strain. The spaced
tion occurs in the less strained domains. We propose a kine
model in which the spaced foliation corresponds to the initial de
mation feature, and densification of the spaced foliation arrays 
to the formation of the S-foliation in the S-C bands. The fracture
works form as a result of late strain partitioning on discrete ex
sional surfaces, and they may be precursors of the S-C band w
ing.

The deformation mechanism corresponds to the compact
plastic strain typical of normally consolidated or underconsolida
clayey sediments. Porosity reduction implies pore-fluid expuls
and preferred clay-particle orientation along connected deform
bands creates potential pathways for drainage of fluids along th
formation zones. However, fluid circulation along compacted de
mation bands requires dilation under excess pore-pressure c
tions. We thus infer that cyclic variations of stress state, controlle
variations in pore pressure, occur in the scaly-fabric zones. Fo
tion of scaly fabrics by compactional plastic shear strain is achi
during episodes of relatively low pore pressure and significant s
stress, and results in low permeability of deformation bands, whe
episodes of high pore pressure result in dilation, increased perm
ity, and inhibition of further compactional strain. Tectonic displa
ment along the sharp boundaries of the scaly deformation zon
likely to be favored during the high pore-pressure episodes, an
formation of scaly fabrics would account for only part of the cum
lative displacement.
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