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ABSTRACT

Microstructures preserved in cores recovered from the Cascadia accretionary wedge during Ocean Drilling Program Leg
146 provide direct insight into the current structural processes active in the wedge. Sediment in the hanging wall of the frontal
thrust at Site 891 is laterally shortened by mild deformation features. The upper frontal thrust splay at 375 mbsf exhibits col-
lapse features associated with fault normal compaction and has well-developed fabrics which suggest relatively large strain
accommodation. Dilational, plastic deformation, and less strain indicated by microstructures from the middle splay at 426 mbsf
are inferred to be a result of high pore pressure during deformation. Between the middle and lower frontal thrust splays, sedi-
ments exhibit no tectonic strain.

At Site 892, normally to overconsolidated material initially dilated with shearing, producing isolated blocks of sediment
that behave as coherent clasts within the deforming material. Bulk ductile deformation of unlithified sediment is indicated in
the hanging wall of the out-of-sequence thrust by a penetrative high-conjugate-angle set of foliations. Microfabric intensity
increases with proximity to the out-of-sequence thrust reaching a maximum within the fault zone. Horizontal extension in the
hanging wall is shown by displacement indicators and is attributed to anticlinal folding above the thrust. Calcite precipitation in
a shear zone within the hanging wall may indicate high pore-pressure events synchronous with deformation. The out-of-
sequence thrust zone, identified by the Leg 146 Shipboard Scientific Party, has highly variable microstructures. An interval of
intense deformation at 105-110 mbsf indicates high strain; otherwise, the material is deformed to the same degree as the hang-
ing wall. Calcite veins present near the top of the fault zone indicate fluid flow associated with faulting. Concentrated deforma-
tion has led to highly overconsolidated material; however, plastic deformation is indicated throughout and high pore pressures
during deformation are inferred.

INTRODUCTION

The large-scale framework of deformation occurring in accretion-
ary wedges is well understood. However, in order to more fully un-
derstand the deformation mechanisms active during accretion it is
critical to examine structures directly at core and microscopic scales.
The fundamentals of wedge deformation are primarily determined
from field mapping (Bally et al., 1966; Roeder et al., 1978), seismic
reflection surveys (von Huene, 1979; Aoki et al., 1982; White and
Louden, 1983), and critical taper models relying on the overall geom-
etry of wedges (Davis et al.,1983; Dahlen, 1990). The hydrologic re-
gime of the wedge strongly influences the structural style (Hubbert
and Rubey, 1959; Moore and Vrolijk, 1992), and a great deal of cur-
rent work is focusing on determining the interrelationship of hydro-
logic characteristics and deformation. Microstructural analysis is a
means of observing features which record deformation and provide
indications for the active processes and style of deforma^on occur-
ring at various locations in the wedge. Microstructures c; 1 therefore
constrain proposed deformation mechanisms and indicate e impor-
tance of various factors influencing deformation, including the role
of fluids.

Analysis of accretionary wedge microstructures has been relative-
ly limited, primarily because of scarcity of samples and difficulty in
working with unlithified sediment. Examples of microstructures
from active accretionary wedges were compiled by Lundberg and
Moore (1986). Here we document and interpret microstructures de-
veloped at Sites 891 and 892 in the toe of the Cascadia accretionary

wedge, using the descriptive and analytical framework of Knipe
(1986), Carson and Berglund (1986), Arch et al. (1988), and Maltman
et al. (1993). In addition, we interpret microstructures with respect to
their position in the wedge providing constraints on contrasting de-
formation mechanisms active in various locations.

Leg 146 provides an excellent opportunity to examine microstruc-
tural variation and to correlate microstructures to the large-scale
structure and hydrologic regime of this accretionary wedge. Sites 891
and 892 are of primary interest, as they allow study of two very dif-
ferent structurally active regimes. Drilling at Site 891 penetrated
newly accreted sediment faulted by two splays of the frontal thrust.
Site 892 penetrated normally to overconsolidated sediment with a
generally high degree of deformation and a longer history within the
wedge faulted by an active out-of-sequence thrust.

The frontal thrust and the out-of-sequence thrust are known to be
structurally and hydrologically active (Moore et al., 1991; West-
brook, Carson, Musgrave, et al., 1994). Negative polarity reflectors
on the frontal thrust, seen in seismic reflection data, are interpreted as
areas of high pore pressures (Moore et al., in press). Pore-water
chemistry anomalies from both sites are concluded to be a result of
advection of fluids along faults (Westbrook, Carson, Musgrave, et
al., 1994). The out-of-sequence thrust is associated with a pull-up of
the bottom-simulating reflector, believed to be a result of advection
of relatively warm fluids along the fault (Moore et al., 1991). Addi-
tionally, cold seep communities present at the intersection of the sea-
floor and both the frontal thrust and out-of-sequence thrust indicate
fluid flow (Moore et al., 1991).
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METHODS

Intervals of whole-round cores and other intact samples were col-
lected from geographically unoriented cores aboard ship and sealed
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to preserve original pore fluids. Sample collection from areas of cores
lacking macroscopic drilling deformation minimized the occurrence
of drilling-related features in thin section. Despite these precautions,
examples of drilling deformation were found. These features are
omitted from descriptions and have been considered when describing
other structural features in slides in which they occur. Thin section
preparation followed Grimm's (1992) technique of stepped replace-
ment of pore fluid with acetone and low-viscosity SPURR resin, fol-
lowing recommendations in Jim (1985) and Swartz and Lindsley-
Griffin (1990). Each sample was cut into two mutually perpendicular
sections parallel to the core axis, to permit three-dimensional analysis
of structures.

Most of the geometric characterization of microstructures is from
optical microscopy. The degree of parallel alignment of phyllosili-
cates was qualitatively established by viewing thin sections between
crossed polars with a quartz plate inserted. Optical axes of phyllosil-
icates are aligned parallel to crystallographic axes, so parallel phyllo-
silicates have coincident optical axes and become extinct at the same
degree of stage rotation. The intensity of colors in optical microscopy
corresponds to the intensity of grain alignment (Morgenstern and
Tchalenko, 1967). Scanning electron microscopy (SEM) of broken,
air-dried samples was used to image grain fabrics at a finer scale. Ad-
ditionally, ten of the samples were chosen for cathodoluminescence
imaging to determine the importance of calcite cementation.

We quantified observations of "residual clasts" found in sedi-
ments from Site 892 by measuring area and aspect ratio and qualita-
tively analyzing roundness. We recorded residual clasts, in thin
section, on videotape and transferred video frames into NIH Image
analysis software. Clast measurements from each thin section for a
given sample were averaged to obtain a representative value for the
sample.

MICROSTRUCTURES

Microstructures observed in Cascadia wedge sediments largely
fall into the classification scheme of the Maltman et al. (1993) for
Nankai wedge sediments. We provide brief descriptions following
their scheme and describe other structural fabrics that do not fit well
into their categories. The sediments collected are primarily clayey
silts with infrequent sand and clay layers and abundant siliceous mi-
crofossils. The irregular shapes and large grain size of microfossils
contribute to poor alignment of grains and affect the appearance of
microstructures.

Bedding Fabric

Bedding orientation is discernible only in a few samples that con-
tain either turbidite deposits or isolated sand or clay layers. Where
bedding is recognizable, a preferred orientation of phyllosilicates and
elongate grains parallel to the bedding orientation is almost always
noted. This fabric is a result of uniaxial compression associated with
burial, and generally is more intensely developed with depth. Many
samples that lack bedding indicators also have a preferred orientation
of phyllosilicates and elongate grains; because bedding is not recog-
nized it is not possible to determine whether the fabric is a result of
compression due to burial or tectonism. Throughout this paper we re-
fer to these fabrics as compaction fabrics, noting bedding when
present.

Deformation Bands

Deformation bands refer to any discrete planar or curviplanar
structural features noted in samples. This covers a wide range of ap-
pearance of structures, each a result of deformation concentrated in a
narrow zone producing some degree of displacement.

Kink Bands

Deformation bands with an internal fabric of grains aligned at an
angle to the trend of the band and up to 90° to the compaction fabric
are consistent with previous description of kink bands (Lundberg and
Moore, 1986; Maltman et al., 1993). Kink bands are narrow (0.04-
0.1 mm in width), have distinct boundaries in clay-rich layers, but are
broad with indistinct boundaries in sands. Deflection of the external
grain fabric occurs across a narrow zone at the kink boundaries and
the acute angle between the kink band orientation and grains within
the kink band points in the direction of displacement. Although both
normal and reverse displacement indicators are found in Cascadia
samples, reverse displacement is dominant. Kink bands are present in
few samples, generally only where deformation is mild.

Shear Zones

Deformation bands with a complex internal structure of subsid-
iary shear bands are common in Cascadia wedge samples. The sub-
sidiary structure resembles Riedel shear structure described in shear
zones by previous authors (Morgenstern and Tchalenko, 1967; Logan
et al., 1979; and Maltman et al., 1993). Figure 1 illustrates the orien-
tation and nomenclature modified from Logan et al. (1979) used to
describe subsidiary shear bands. All subsidiary shear band orienta-
tions are not developed in any one shear zone. Subsidiary shear bands
are defined by narrow bands of elongate grains aligned parallel to the
orientation of the subsidiary band. Grain size is often finer in the sub-
sidiary shear bands than in the matrix; however, no evidence for cat-
aclasis is seen and grain-size reduction is thought to be due to
disaggregation of clay minerals. Deformation is accommodated by
independent particulate flow; grains slide against each other without
breakage. Subsidiary thrust or P-shear bands are relatively common
in Cascadia samples though generally less common than R-shears in
the literature. Subsidiary Y-shear bands developed parallel to the
shear zone indicate significant strain (Mandl, 1977; Logan et al.,
1979). Shear zones often, but not always, are bounded on one or both
sides by subsidiary Y-shear bands. The material within shear zones
between subsidiary shear bands usually has a preferred orientation
which will be referred to as the shear zone matrix fabric. In some
cases, the shear zone matrix fabric is oriented parallel to a compac-
tion fabric outside the shear zone, but more commonly the orientation
is independent of other fabrics. The orientations of the subsidiary
shear bands depends on the orientation of the stress field within the
shear zone and the properties of the shear zone material during defor-
mation.

Single-strand Shear Zones

An additional type of deformation band present in Cascadia sam-
ples is intermediate between the kink band and shear zone classifica-
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Figure 1. Geometry of subsidiary shears relative to a right lateral shear zone.
Angles are approximated for a plastic shear zone. Modified from Logan et al.
(1979).
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tion. Similar to kink bands, these bands occur as spaced sets of planar
to anastomosing narrow bands, but grains are aligned parallel to the
band orientation, resembling subsidiary shear bands in shear zones.
Unlike shear zones they have no internal subsidiary structure, yet
bedding is clearly offset across bands in many samples. Offsets of
0.01-2.0 mm occur across these bands, with the highest offset occur-
ring on the widest bands. Band width varies between <O.Ol and 0.08
mm. Spacing between bands varies from 0.02 to 1.5 mm. The anas-
tomosing pattern of closely spaced sets of bands often approximates
Riedel orientations.

Distributed Conjugate Fabric

Many samples from Site 892 are characterized by two interpene-
trating fabrics. Each fabric forms broad areas with preferred orienta-
tion of clays and phyllosilicates. Under high magnification the
fabrics are shown to be interpenetrative on the grain scale which in-
dicates synchronous formation and a conjugate fabric relationship.
The dips of these fabrics vary from 6° to 85° but are consistent to
within ±10° in any individual sample. The conjugate angle ranges
from 38° to 90°, but is typically 80°-90°; one fabric gently dipping,
the other steeply dipping. Clay layers sheared along both distributed
conjugate fabrics provide displacement direction indicators consis-
tent with horizontal extension and vertical compression.

Residual Clasts

Undeformed bodies of clayey silt, compositionally and texturally
similar to the surrounding matrix, are common throughout samples
from Site 892. Cathodoluminescence indicates no preferential car-
bonate cementation of these clasts relative to the surrounding matrix;
however, authigenic clay cements have not been ruled out. It is clear
that formation is in situ because of the similarity of composition be-
tween the clast and the surrounding material.

Site 891: Frontal Thrust

Macroscopic examination of the 470-m cored interval identified
five structural domains and two major faults at 263 and 375 meters
below seafloor (mbsf), corresponding to splays of the frontal thrust
(Shipboard Scientific Party, 1994a). Moore et al. (this volume) iden-
tify three splays on the basis of seismic reflection data at about 375,
426, and 500 mbsf. Microstructural analysis of samples from Hole
89IB allows characterization of various structural features in do-
mains II, IV, and V (Fig. 2). Hanging wall samples show only minor
deformation, whereas samples from the frontal thrust zone display a
wide variety of deformational features, from undeformed between
splays, to compacted and dilated material associated with the upper
and middle frontal thrust splays, respectively.

Hanging Wall

Hanging wall samples contain moderately dipping clayey silts
and fine sands, interpreted as distal turbidites. A moderate compac-
tion fabric developed parallel to bedding prior to folding. Narrow
bedding-parallel shear zones, 0.2-0.4 mm wide, within the upper,
finest clay-size material of several turbidite sequences indicate strain
partitioning within finest grain-size layers (PI. 1, Fig. 1). These shear
zones are bounded by well-developed Y-shears at the base and be-
come indistinct upward into sand-size sediment. Spaced low-angle
subsidiary shears of P- or R-geometry are poorly developed. Dis-
placement direction is indeterminate, but if thrusting is assumed, the
subsidiary shears are P-shears. The orientation of the shear zone ma-
trix fabric at a high angle to both the subsidiary shears and the com-
paction fabric outside the shear zone indicate widening of the band
and lateral shortening. Reorientation of all material within the shear
zones indicates ductile deformation.

Kink bands occur in a wide range of orientations within a single
thin section, dipping 21°-82°, and consistently indicate reverse dis-
placement. Kink bands are planar to slightly anastomosing with in-
distinct boundaries and vary in width from 0.04 to 0.1 mm. They are
most distinct in clay-rich layers and either terminate or become broad
and indistinct as they pass through sands. Mutual cross-cutting rela-
tionships between kink bands and shear zones indicate synchronous
formation. Kinks are often bounded by fractures in thin section and
may cause the slightly polished fractures seen in cores (Shipboard
Scientific Party, 1994a).

Frontal Thrust: 375-mbsf Splay

We collected two samples from the vicinity of the upper thrust
splay. The first sample, from Section 146-891B-47X-2 at 366 mbsf,
shows an abrupt transition from sediment with a weak, steeply dip-
ping compaction fabric into a well-developed, subhorizontal shear
zone at least 4 mm wide with unknown sense of displacement. Two
grain fabric orientations are evident in this shear zone: a distributed
alignment parallel to the shear zone with rare distinct Y-shears (PI. 1,
Fig. 2) and discontinuous, narrow, poorly defined subsidiary bands at
an angle of about 12° to the shear zone (PI. 1, Fig. 3). The classifica-
tion of these subsidiary bands is unclear, as displacement sense is un-
known. Locally, a fabric with similar dip to the compaction fabric
above the shear zone is present between subsidiary bands. Electron
microscopy reveals an essentially planar fabric of strongly aligned
platy grains (PI. 1, Fig. 4), which we interpret as the shear zone par-
allel fabric. This sheet structure is anastomosing in SEM images due
to the intersection of the Y-fabric with the low-angle subsidiary
bands and heterogeneous grain size.

The second sample, from Section 146-891B-48X-1 at 375 mbsf,
contains an extremely well-developed fabric defined by very strong
alignment of phyllosilicates dipping 31°. Convolutely folded sand
layers are slightly offset across the fabric, but discrete deformation
bands are not developed. This fabric represents distributed simple
shear along planes parallel to a compaction fabric formed after fold-
ing. A subhorizontal shear zone, 0.4 mm wide, with a geometry sim-
ilar to those in the hanging wall, cuts across the fabric with reverse
displacement, offsetting a sand layer 3.4 mm. The orientation of sub-
sidiary shear bands is consistent with P-shears.

Frontal Thrust: 440-mbsf Splay

Recovered material shows reduced evidence of deformation be-
tween 375 and 438 mbsf, where macroscopic deformation bands
were reported (Shipboard ScientificParty, 1994a). The restricted na-
ture of these bands may be a result of poor core recovery, and a major
fault may be nearby and unsampled. The deformation features in the
recovered Sample 146-891B-55X-2, 74-85 cm, is quite different
from those described above. Shear zones 1-3 mm wide are spaced ap-
proximately 5 mm apart, dip 6°-l 1° at a high angle to the nearly ver-
tical bedding and bedding parallel compaction fabric, indicate
reverse displacement, and have complex internal structure (PI. 2,
Figs. 1 and 2). Offset across the shear zones is of the same order as
the width of the shear zone. Shear-zone-parallel distributed align-
ment of phyllosilicates is the dominant grain orientation within the
shear zone (PI. 2, Fig. 1), but is weakly developed relative to the 366
mbsf sample. Well-developed, slightly sigmoidal, subsidiary P-
shears are oriented at 45° to the band orientation (PI. 2, Fig. 2). Mod-
erately well-developed shears dip 48°-60° opposite the P-shears and
form a conjugate angle of 75°-87°. Within the shear zone, between
an offset sand layer, there is no increase in volume of sand grains.
Cataclasis is not indicated and flow of material in the shear zone is
inferred.

Near the bottom of the hole at 464 mbsf, between the middle and
lower thrust splays, subhorizontally bedded turbidite sequences are
present but lack visible deformation features (PI. 2, Fig. 3). Relative-
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Figure 2. Summary diagram of structural features of Sites 891 and 892 showing positions of samples studied for this paper. Modified from Westbrook, Carson,
Musgrave, et al. (1994).

ly weakly developed bedding-parallel orientation of elongate grains
indicates a relatively small degree of gravitational compaction com-
pared to sediment in the hanging wall.

Site 892: Out-of-Sequence Thrust

Improved core recovery at Site 892 resulted in greater sample
coverage and more complete characterization of structures. We col-
lected samples from Holes 892A, 892D, and 892E, to allow compar-
ison of structures between holes (Fig. 2). Shipboard macroscopic
examination identified three structural domains and two faults at 52
and 105-150 mbsf (Fig. 2) (Shipboard Scientific Party, 1994b). The
shallow 52 mbsf fault is only found in Hole 892A and is above the
shallowest sample from that hole. Microstructural evidence suggests
that the deeper fault, believed to be the out-of-sequence thrust imaged
in seismic data, is actually on the order of several meters wide at ap-
proximately 105 mbsf in Hole 892D. Evidence for a third fault is
found at approximately 66 mbsf in Hole 892D.

Hanging Wall

Comparison of samples from Holes 892E, cored by advanced pis-
ton coring, and Hole 892D, cored by extended core barrel, which in-
duces rotational torque on the cores, reveals similar structures at
shallow depths and no additional features attributable to drilling de-
formation. The shallow samples are clayey silts with abundant whole
and fragmented diatoms and radiolarians of Pliocene age.

Several samples exhibit both a gently dipping compaction fabric
with discrete fabric-parallel single strand shear zones, and steeply
dipping kink bands in a mutually cross-cutting relationship (PI. 3,
Fig. 1). More commonly, samples contain a distributed conjugate
fabric with discrete fabric-parallel, spaced sets of single strand shear
zones in both conjugate orientations (PI. 3, Figs. 2 and 3). The gently
dipping shear zones are more extensively developed and more com-
monly truncate the steeply dipping shear zones. Kink bands are occa-
sionally present parallel to the steeply dipping conjugate fabric.

SEM images from the hanging wall show both essentially planar
fabrics of aligned phyllosilicates and areas of randomly oriented
grains (PI. 3, Fig. 4). The grains that comprise the planar features, in-
terpreted as single-strand shear zone surfaces, are not strongly
aligned. The second primary fabric occurs as a subtle spaced cleav-
age (PL 3, Fig. 4).

With increasing depth to 63 mbsf in Hole 892D and from 61 to 62
mbsf in Hole 892A, samples show a trend toward stronger develop-
ment of conjugate fabrics. Samples are consistently composed of
clayey silt with abundant whole and fragmented silicate microfossils.
Areas of distributed conjugate fabrics become smaller as single
strand shear zones in both orientations become more numerous, bet-
ter defined, more continuous, and more closely spaced. The gently
dipping shear zones generally are more continuous and better devel-
oped, with narrower bands of more strongly aligned grains. These
shear zones vary in style from single wide bands to networks of close-
ly spaced anastomosing narrow bands separated by material oriented
parallel to the conjugate fabric. Offset is greatest across the most
well-developed shear zones.

Samples from Sections 146-892D-5X-4 and 6X-3 at depths of 42
and 50 mbsf contain abundant detrital carbonate grains averaging
0.01 mm in diameter. Within shear zones, the distribution is reduced
locally by as much as 80%. The shear zones appear to be areas of en-
hanced dissolution of calcite due to either fluid flow and/or pressure
solution. Abundant glauconite pellets in these two samples and from
Section 146-892D-7X-5 show various effects of deformation (PL 4,
Fig. 1). Nonspherical pellets tend to have long axes aligned parallel
to the compaction fabric, and pellet edges are often flattened parallel
to the grain fabrics. Pellets are often cut by or stretched out within the
shear zones. Within wide continuous bands, reduction of pellet size
and more angular pellet shapes indicate cataclasis.

Discontinuous, steeply dipping planar kink bands occur in rela-
tively highly deformed samples from Sections 146-892A-8X-3 and
8X-4 and Sections 892D-7X-5 and 8X-2. Kink bands occasionally
cut across the above fabrics, but more often terminate into them, gen-
erally with no clear offset counterpart noted across the truncating
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shear zone. Both reverse and normal displacement are indicated
across kink bands.

Minor Fault Zone: 66 mbsf

A sample from Section 146-892D-8X-CC collected at 66.7 mbsf
contains several large clasts ranging from 1 mm to 2 cm in diameter.
Phyllosilicates within the clayey silt matrix are randomly oriented ex-
cept where relative motion between adjacent clasts has caused local-
ized shear. One type of clast is composed primarily of large
equidimensional calcite crystals up to 2 mm in diameter. Quartz and
feldspar sand grains adjacent to the areas of large crystals are frac-
tured and cemented with calcite. One clast contains two bands of ori-
ented, elongate calcite crystals and mud stringers separated by a band
of large equidimensional calcite crystals (PI. 4, Fig. 2). These bands
indicate shearing of the matrix synchronous with dilation and calcite
precipitation. The bands of equidimensional calcite crystals are inter-
preted to have grown within large open fractures. Sheared mud incor-
porated within these crystals indicates that crystal growth occurred
after the shearing event (PI. 4, Fig. 2). Inclusions of blebs and string-
ers of mud within some crystals (PI. 4, Fig. 2) must have broken off
of the fracture walls and been incorporated into the growing crystals.

The second type of clast is composed of sand grains and clayey
silt with calcite cement. Many sand grains have internal calcite veins
which do not extend beyond the grain boundary (PI. 4, Fig. 3). This
structure is formed by brittle fragmentation within the fault zone fol-
lowed immediately by precipitation of cement. Cataclasis may be en-
hanced in this area as cementation increases the strength of the
sediment.

Samples with strongly developed fabrics were collected between
faults from Section 146-892D-9X-1 at 69.5 and 70.3 mbsf and from
Sections 146-892A-11X-1, 12X-1, and 13X-8 at 78, 87.9, and 103.8
mbsf. Three fabrics are present: a conjugate set similar to those de-
scribed above; a well-developed fabric roughly bisects the conjugate
set (PL 5, Figs. 1 and 2); and a third fabric overprints the conjugate
set, forming broad areas of simultaneous extinction and rare distinct
single strand shear zones (PL 5, Fig. 1). Well-developed wide defor-
mation bands, viewed at higher magnification, are composed of a net-
work of very closely spaced narrow bands (PL 5, Fig. 3).

Out-of-Sequence Thrust Zone: 105-110 mbsf

Microstructures within the out-of-sequence thrust are highly vari-
able, partially in response to changing lithology. At the top of the
fault zone, a sample from Section 146-892D-10X-3 contains three
fabrics similar to those above the fault. A clay layer sheared along the
conjugate fabrics indicates displacement of about 0.08 mm and ex-
tension parallel to the third fabric that dips 16° and roughly bisects
the conjugate set. Long axes of residual clasts are preferentially
aligned parallel to the third fabric, which occurs as distributed align-
ment of grains with only few discrete bands. Crystalline calcite
present in thin section occurs in several forms: large clasts, up to 5
mm in diameter, of fragmented carbonate mud cemented by large cal-
cite crystals; fragments of single crystals; a calcite infilled foramini-
fer test; and veins within residual clasts (PL 5, Fig. 5).

SEM images show an open framework of weakly aligned phyllo-
silicates (PL 5, Fig. 4). Single strand shear zones appear as parallel,
spaced, planar surfaces composed of strongly aligned micron-scale
grains that are laterally discontinuous and truncate in areas of grains
oriented essentially perpendicular to the surface.

Sample 146-892D-10X-4, 124-128 cm, from 105.0 mbsf is the
most highly deformed sample collected. No microfossils are present
and grain size is relatively fine. The sample is deformed by four in-
terpenetrating fabrics. The dominant fabric, dipping 37°, is defined

macroscopically as a melange fabric (Shipboard ScientificParty,
1994b). In thin section, it occurs as very strong parallel alignment of
phyllosilicates forming both continuous very closely spaced, narrow,
anastomosing single-strand shear zones and distributed zones of
aligned grains (PL 6, Figs. 1 and 2). Long axes of residual clasts are
preferentially oriented parallel to this fabric.

Two fabrics are evident at 47°-53° to either side of the dominant
fabric (PL 6, Figs. 3 and 4). They are equally well developed, discon-
tinuous, planar to anastomosing single-strand shear zones. The fab-
rics are mutually cross-cutting and interpenetrating. The fourth fabric
occurs as short bands of aligned grains approximately perpendicular
to the dominant fabric. Though typically discontinuous and truncated
by the dominant fabric, a mutual cross-cutting relationship exists.

Some of the abundant residual clasts in this sample are offset and
provide shear sense indicators. Clasts show a wide range of behavior
from intact rounded clasts, to flat-edged clasts thought to be recently
sheared but lacking an offset portion, to clasts cut by a shear zone
with some displacement evident. Motion along the dominant 37° fab-
ric is consistent with thrusting (PL 6, Fig. 5). The two fabrics at about
45° to the dominant fabric have good shear sense indicators with a
conjugate relationship indicating extension parallel to the dominant
fabric (PL 6, Fig. 5).

Single-strand shear zone surfaces in SEM consist of essentially
planar sheets of strongly aligned grains down to micron scale (PL 6,
Fig. 6). Though parallel alignment is good, fabrics are not penetra-
tive. The overall fabric remains fairly open, containing areas of vari-
ably oriented grains between parallel shear zone surfaces as a result
of the well-developed complex interpenetrating fabrics.

This style of deformation continues with depth in Sections 146-
892D-10X-6, 10X-7, and 10X-8. The dominant fabric changes dip
from 37° to 66°, suggesting folding, rotation due to variable total
strain, or reorientation of stress between samples. All fabrics are in-
creasingly less well developed with depth (PL 7, Figs. 1 and 2), be-
coming more discontinuous, narrower, and less well defined. The
angular relationship between fabrics remains the same as in the more
highly deformed samples above. Similar fabrics are also present in
Hole 892A in Section 18X-1 at a depth of 145 mbsf, but are relatively
weakly developed.

Foot Wall

Below the zone of localized strain, samples exhibit deformation
features similar to those in the hanging wall. The variation in style of
fabrics is poorly constrained and no obvious trends in development
are noted. The overall intensity of deformation is less than in samples
from the hanging wall just above the top of the fault.

Residual Clasts

Few clasts are present in the upper portion of the hanging wall;
however, clast size is at a maximum (Fig. 3). The number of clasts
increases dramatically within the out-of-sequence thrust from less
than 10 clasts to greater than 70 clasts per sample (Fig. 3A). The
number of clasts is actually much greater in the fault zone due to the
presence small clasts too numerous to count. Clast area is increased
within the relatively less deformed underthrust material in Hole 892D
(Fig. 3C), whereas Hole892A shows a decrease below the fault zone.
We also notice a marked decrease in roundness of clasts within the
fault zone due to the breakup of large clasts along planes, producing
angular fragments; the smaller clasts are generally well rounded. The
increased number of clasts and reduced average size in the fault zone
relative to the upper hanging wall and footwall supports the evidence
of clast breakup in the fault zone. The lack of shear fabrics within the
clasts indicates clast formation prior to fault related deformation.
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Figure 3. A. Number of residual clasts vs. depth at Site 892. Residual clast areas vs. depth for Hole 892A (B) and 892D (C). Gray bar indicates location of out-
of-sequence thrust in Hole 892D.

SUMMARY

Site 891

At Site 891 microscopic examination supports the macroscopic
observation of a general increase in deformation with depth within
the hanging wall of the frontal thrust.

Compaction fabrics present within each sample generally increase
in degree of alignment with depth. Where bedding orientation can be
determined, bedding-parallel-orientations indicate compaction prior
to folding. The weak compaction fabric in sediment between the mid-
dle and lower frontal thrust splays suggests relatively less compac-
tion than in the hanging wall.

Kink bands, common in the hanging wall, occur over a wide range
of orientations. They develop synchronously with minor low-angle
shear zones and consistently accommodate reverse displacement.
Shear zones form discrete narrow bands with subsidiary shears indic-
ative of P-shears. The shear zones indicate ductile deformation, wid-
ening of shear zones during deformation and strain partitioning
within fine clay-size material. Limited recovery precludes interpreta-
tion of trends in the geometry of shears within the hanging wall.

Two splays of the frontal thrust were sampled at 375 and 440
mbsf. High strain and compaction normal to shear zones are indicated
in thin section and SEM along the 375-mbsf splay. The deformation
bands correlated to the 440-mbsf splay contain a complex set of sub-
sidiary shears indicating ductile deformation and flow of material in
the deformation bands.

Site 892

Microstructural fabrics show an overall trend of increasing inten-
sity and complexity of deformation with depth and proximity to the
out-of-sequence thrust. Within the upper hanging wall two fabrics are

present, a compaction fabric with discontinuous single strand shear
zones parallel to the compaction fabric, and either steeply dipping
kink bands or single-strand shear zones. Single-strand shear zones
dominate sections with a higher degree of deformation.

The variation in degree of alignment of grains parallel to the com-
paction fabric is heterogeneous with depth and cannot be entirely at-
tributed to gravitational loading. In many samples, displacement on
the order of tens of microns occurs along the compaction fabric with-
out development of discrete deformation bands. Such distributed mi-
nor offset enhances fabric-parallel grain alignment.

Distributed conjugate fabrics dominate microstructures in the
hanging wall. Discrete single-strand shear zones parallel to the dis-
tributed fabric orientations are developed with increasing depth. The
two fabrics commonly have a high conjugate angle and are not devel-
oped equally, with gently dipping orientations preferred. Single-
strand shear zones first occur as relatively widely spaced discontinu-
ous bands of weakly aligned phyllosilicates. With depth they are
more closely spaced and better defined with sharper boundaries and
more strongly aligned grains. Areas of distributed fabrics are reduced
in samples with more, discrete continuous shear zones. With proxim-
ity to the main fault zone a subhorizontal fabric, forming broad areas
of preferred grain alignment with rare discrete bands, overprints the
conjugate set, bisecting the conjugate angle.

The four interpenetrating fabrics present within the out-of-se-
quence thrust zone vary in intensity with depth. The dominant me-
lange fabric becomes more steeply dipping with the other fabrics
maintaining their relative orientations. All fabrics are less well devel-
oped with depth but maintain their relative magnitudes. Displace-
ment indicators show reverse displacement on the dominant fabric
and extension parallel to the dominant fabric due to conjugate dis-
placement on the equally well-developed fabrics at 45° to either side
of the dominant fabric.
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Below the out-of-sequence thrust (an intense zone of deformation
between 105 and 110 mbsf in Hole 892D) sediment is less deformed
than in the hanging wall directly above the fault zone. Samples from
the footwall exhibit varying features, from distributed conjugate fab-
rics with fabric-parallel single-strand shear zones to conjugate fabrics
overprinted by a third, bisecting fabric.

MICROSTRUCTURE GEOMETRY: IMPLICATIONS
FOR STYLES OF DEFORMATION

Frontal Thrust: 375-mbsf Splay

Closely spaced subsidiary bands at a low-angle to the trend of the
deformation band may represent either Riedel or P-shears (PL 1, Fig.
3). The displacement direction is not indicated in thin section; how-
ever, if thrust faulting is assumed then the subsidiary bands are P-
shears. Formation of P-shears requires principal stress orientation at
an acute angle to the shear zone. Poor band-parallel alignment of
phyllosilicates and indistinct boundaries of P-shears are attributed to
very small displacement on any individual band. Displacement on
subsidiary P-shears leads to widening of the deformation band, in
conflict with compaction indicated by the Y-shear fabric, so we infer
that closely spaced P-shears develop due to arrested motion on any
individual P-shear band.

The strong fabric developed parallel to the orientation of the shear
zone (PI. 1, Fig. 2) is consistent in orientation with Y-shear fabric;
however, discrete Y-bands are rare. Y-fractures are dominant in brit-
tle shear zones where large amounts of displacement have occurred,
(Mandl et al., 1977; Logan et al., 1979). Shear box experiments on
clay also show the development of Y-shears with increasing strain
(Morgenstern and Tchalenko, 1967). While the discrete bands can be
explained by large strain accommodation, the distributed alignment
of grains parallel to the shear zone is not. Tchalenko (1968) notes that
the orientation of the grain fabric in shear zones is approximately nor-
mal to the average direction of the major principal stress. The shear-
zone-parallel fabric in the frontal thrust sample is interpreted to indi-
cate rotation of the major principal stress during deformation to a fi-
nal orientation normal to the shear zone. Reorientation of grains
parallel to the shear zone, from an original orientation parallel to the
steeply dipping compaction fabric outside the shear zone, indicates
significant consolidation.

Frontal Thrust: 440-mbsf Splay

Although some compaction is indicated by subsidiary structures
in shear zones associated with the middle thrust splay, dilation is also
apparent. The distributed alignment of phyllosilicates parallel to the
shear zone indicates compaction normal to the shear zone as in the
upper splay; however, the fabric is not as strongly developed. Com-
paction normal to the shear zone is interpreted after shear zone for-
mation, due to overprinting of the P- and X-shears by the Y-fabric.

Well-defined sigmoidal P-shears with 75°-87° conjugate X-
shears indicate a passive limit state of deformation within a frictional-
plastic material (Mandl, 1988, pp. 172-174), consistent with lateral
shortening and fold and thrust deformation of accretionary wedges.
Mohr-Coulomb failure criteria holds that conjugate shear fabrics are
generated at an angle of 45° - Φ/2, where Φ is the internal angle of
friction, to either side of the major principal stress axis. For a conju-
gate set of 75°, Φ is 15°; for 87° conjugates, Φ is 3°. When Φ is 0° and
conjugates form at 90°, the material is frictionless and deforms as a
purely cohesive perfectly plastic material (Mandl, 1988, p. 172). The
major principal stress axis must be oriented at 2°-8° to the deforma-
tion band in order to bisect the P- and X-shears and produce appro-
priate offset along the P-shears. The well-developed nature of the P-
shears suggests widening of the shear zone during failure.

Conjugate Fabrics at Site 892

The dominant fabric outside of fault zones at Site 892 consists of
two distributed grain fabrics with a high conjugate angle geometry.
Shearing along these fabrics without the generation of discrete defor-
mation bands, indicated in several samples by small offset of clay
layers, indicates horizontal extension or vertical compression. The
high angle of conjugates, up to 90°, indicates values of the internal
angle of friction approaching 0° and bulk plastic deformation of the
unlithified sediment.

In mildly deformed samples, single-strand shear zones are discon-
tinuous and form widely spaced sets of narrow anastomosing bands
that may be a result of initial distributed conjugate fabrics. Arch et al.
(1988) show a correlation between deformation band geometry and
the intersection angle between the deformation band and original fab-
ric. When the angle is high, deformation bands form anastomosing
networks of bands, whereas a low angle results in discrete single
bands. As single strand shear zones form in Cascadia samples they
encounter areas of fabric at nearly 90° to the band orientation and ei-
ther stop or form spaced networks. Discrete through-going deforma-
tion bands become dominant as the band passes into areas of
distributed fabric aligned parallel to the deformation band.

Out-of-Sequence Thrust

Samples from Sections 146-892D-10X-4 through 10X-8 are de-
formed by four synchronously developed, interpenetrating fabrics.
The most intense fabric, parallel to the macroscopically described
melange fabric, is interpreted as a Y-shear fabric. The strong devel-
opment of discrete Y-shear bands indicates large strain accommoda-
tion. The weakly developed fabric approximately perpendicular to
the Y-shear fabric has a mutual cross-cutting relationship with the Y-
shear fabric and is considered to be its conjugate. The equally well-
developed subsidiary shear bands approximately 45° to either side of
the Y-shear fabric are considered as a second set of conjugates and
have displacement indicators consistent with R- and R2-subsidiary
shear bands (PI. 6, Fig. 5). The approximate 90° conjugate angle for
each set indicates plastic deformation. Increasingly weaker develop-
ment of all four fabrics in lower sections of Core 146-892D-10X in-
dicates less strain with depth. However, consistent relative
magnitudes of each fabric demonstrates that all strain is not accom-
modated by the Y-shear fabric once formed, and R- and R2-shears
continue to develop. The orientation of the bisectors of the conjugate
sets, and therefore the expected orientation of the major principal
stress axes responsible for each set, are at 45° and 90° to the Y-shear
fabric. Synchronous formation of both conjugate sets may be a result
of microheterogeneity in the stress field as a result of extension par-
allel to the shear zone associated with development of the Y-shear
fabric. Alternately, temporal variation in normal stress acting on the
fault zone, possibly as a result of fluctuating pore pressure, may cause
intermittent formation of the two conjugate sets.

RESIDUAL CLASTS

Some clasts are bounded by single strand shear zones which con-
form to the clast boundaries (PI. 7, Fig. 3). These samples suggest that
the clasts could be formed by isolation of a patch of clay material by
intersecting shear zones. In other samples deformation bands termi-
nate at clast boundaries (PI. 7, Fig. 4) or band spacing is too small to
isolate the size clasts present, and we call on dilation to explain the
formation of the clasts. Sediments at Site 892 are Pliocene in age,
have been uplifted by thrusting along the out-of-sequence thrust, and
are expected to be overconsolidated. Movement along shear zones
and faults in overconsolidated sediment theoretically leads to initial
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dilation. Such expansion could cause fractures to open and isolate
pockets of coherent clay material that become residual clasts. The di-
lation hypothesis seems more probable when we consider that even
the few highly deformed areas of Site 891 lack residual clasts. The
critical difference between sites is the initial condition of the sedi-
ment.

The increased number of clasts within the fault zone is probably a
result of breakup of clasts during fault-related deformation. The large
clast area in the footwall in Hole 892D relative to that in the highly
deformed sediments within and above the fault suggests initial large
clast formation followed by size reduction during deformation. Clast
formation may also be favored near the fault zone where both high
strain localization and fluid transport occur, thus producing a greater
number of clasts.

Maltman et al. (1993) and Byrne et al. (1993) describe a hydraulic
breccia from the Nankai accretionary wedge that appears to be the
initial stage of clast formation, without disruption by further defor-
mation. The breccia consists of angular clasts thought to be formed
by dilation associated with high pore pressure. They note the similar-
ity in texture between the matrix and the breccia fragments, which is
true of matrix and residual clasts in our samples.

MICROFOSSILS AND DEFORMATION

Siliceous microfossils are abundant in most samples collected at
Sites 891 and 892. Elongate microfossils are aligned parallel to the
compaction fabric where it occurs. Where two distributed fabrics oc-
cur, microfossils are aligned parallel to both fabric orientations which
indicates rotation of fossils along with the phyllosilicates. Microfos-
sils are generally absent within deformation bands with the exception
of some wide bands. Within deformation bands microfossils are bro-
ken and often appear to be dissolved due to enhanced fluid flow or
pressure solution. The presence of the microfossils promotes anasto-
mosing of bands around large whole radiolarians and diatoms. Single
bands also often split around microfossils. The presence of whole mi-
crofossils within distributed fabrics is due to ductile deformation and
lack of significant compaction normal to those fabrics. The absence
of microfossils in residual clasts within the out-of-sequence thrust at
Site 892 indicates that no fossils were present at the location of fault
localization. Moore and Lundberg (1986) suggest that the coarser
grain size caused by the presence of microfossils may inhibit the lo-
calization of deformation within fossil rich sediments.

CONCLUSIONS

Site 891

Deformation in the hanging wall at Site 891 indicates ductile
thrusting along subhorizontal shear zones and reverse displacement
along kink bands. Localized strain is partitioned within fine-grain-
size material at the top of turbidite sequences. Both kink bands and
shear zones indicate horizontal shortening and vertical thickening
along discrete bands. The sediment is apparently undeformed outside
of these deformation bands.

Physical properties data (Shipboard Scientific Party, 1994a) show
a decrease in porosity and increase in bulk density at a corresponding
depth to the upper frontal thrust splay. This data combined with thin
section observation (PI. 1, Figs. 2 and 3) and SEM images (PI. 1, Fig.
4) indicate collapse of the upper frontal thrust splay. Compaction due
to faulting is expected in this region due to the presence of undercon-
solidated material (Moore et al., 1991). The extremely strong align-
ment of grains is thought to be the result of rotation during shear zone
development followed by compaction normal to the shear zone as the
last stage of deformation. Such collapse may be due to a decrease in
pore pressure following shear zone development.

The middle frontal thrust splay is associated with deformation
bands having complex subsidiary structures that indicate plastic de-
formation. Well-developed P-shears suggest widening of the shear
zones as well as lateral compression. The absence of sand grains
within a wide shear zone between offset sand layers can be explained
by two mechanisms. Dilation and flow of sediment into the shear
zone is possible; however, no disturbance of the compaction fabric
adjacent to the shear zone boundaries is noted, so that the source for
the sediment within the shear zone is unknown. Transport of sedi-
ment along the shear zone may occur to a greater degree than the de-
gree of offset, such flow of sediment is thought to be coupled with
fluid flow in the shear zone. High pore pressure during deformation
would drive dilation or fluid/sediment flow in the shear zone. The de-
velopment of a shear-zone-parallel grain fabric oveΦrinting the other
fabrics is inteΦreted to be a result of shear-zone-normal compaction,
but to a lesser degree than in the upper splay.

Below the 440-mbsf splay, samples consist of undeformed hori-
zontally bedded turbidites that exhibit little compaction and suggest
maintenance of high pore pressure within the material during incor-
poration into the wedge.

Site 892

Deformation at Site 892 typically occurs as two inteΦenetrating
conjugate fabrics formed as a bulk ductile response to out-of-se-
quence thrusting. Displacement indicators in the hanging wall indi-
cate horizontal extension. This strain pattern may result either from
extension associated with anticlinal folding above the thrust or exten-
sion parallel to the fault zone.

The intensity of microstructure development gradually increases
downhole with proximity to the out-of-sequence thrust. Discrete de-
formation bands in shallow samples are discontinuous and have poor
grain alignment. With depth they become wider and more continuous
with a higher degree of alignment. Discontinuous kink bands with
variable displacement direction are developed in several moderately
deformed samples just above the 66-mbsf fault. We agree with Malt-
man et al.'s (1993) conclusion that these kink bands accommodate
strain associated with displacement on the shear zones. The kink
bands would therefore begin to form after the conjugate fabrics and
continue to develop with continued displacement along the conjugate
shear zones and may indicate a higher degree of strain along shear
zones nearer the fault.

A minor fault is indicated above the out-of-sequence thrust by a
sample containing clasts of calcite vein material. The clasts are frag-
mented calcite veins floating in a clayey silt matrix. Internally the
clasts indicate precipitation synchronous with shear zone formation
and dilation. These features indicate a repeated sequence of shearing,
cataclasis, dilation, and calcite precipitation, and suggest localized
fluid flow and strong interaction of fluids with faulting. The matrix
fabric does not follow the trend of increasing fabric intensity and the
fault is interpreted to have formed synchronously with or postdate the
out-of-sequence thrust.

The out-of-sequence thrust is recognized by an interval of intense
plastic deformation at 105-110 mbsf. Physical properties data for
Hole 892D indicate high values of bulk density and low porosity at
105 mbsf. Porosity values are below those predicted by Brückmann's
(1989) normally consolidated porosity-depth function and the back-
ground values attributed to uplift. Therefore, the effect of this defor-
mation is enhanced consolidation. The interval contains four well-
developed inteΦenetrating fabrics consisting of a pair of near 90°
conjugate fabrics indicating plastic deformation. Displacement indi-
cators support thrusting and band-parallel extension.

Samples collected below the out-of-sequence thrust are weakly
deformed and indicate little strain. The intensity of microstructures
within these samples is less than that of samples above the fault.
Physical properties data also indicate higher porosity and lower bulk
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density below 110 mbsf. The continual increase in intensity of micro-
structure development above the out-of-sequence thrust suggests that
the fault is responsible for generation of the trend.

Plastic deformation features associated with faults at both sites are
speculated to be due to high pore pressure during deformation. While
the orientation of the fault zones is consistent with Coulomb brittle
failure, the shear zones themselves are deforming plastically. Such
deformation requires that the internal angle of friction approach zero.
Independent particulate flow of clay and silt grains occurs during
plastic deformation and the internal angle of friction is effectively the
sliding friction between clay and silt grains, which is speculated to
decrease with elevated pore pressure.
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0.5 mm

Plate 1. 1. Sample 146-891B-30X-2, 13-26 cm. Well-developed shear zone within the uppermost clay of a turbidite sequence. Boundary
shears (B) contain grains aligned parallel to the shear zone. Subsidiary shears (S) are present at a low angle to the shear zone. 2, 3, 4. Sample
146-891B-47X-2, 92-100 cm. Wide shear zone at the upper frontal thrust splay. (2) The upper boundary of the shear zone (sz) is clearly seen,
as is the well-developed Y-shear fabric (Y) defined by broad bright areas of aligned phyllosilicates. (3) 30° rotation of the thin section show-
ing the same area as (B). Moderately developed P-shears (P) are penetrative through the shear zone. The compaction fabric (C) within mate-
rial above the shear zone is at a high angle to the shear zone. (4) Subparallel sheets of aligned phyllosilicates dipping gently into the page are
thought to be the Y-shear fabric (2). Grains are strongly aligned with no areas of random orientation.
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0.5 mm

0.5 mm

Plate 2.1,2. Sample 146-891B-55X-2, 74-85 cm. Shear zone from the middle frontal thrust splay offsetting steep bedding
(B), sand layers are highly plucked during preparation. The compaction fabric outside the shear zone is approximately
bedding parallel. Note the lack of sand grains within the shear zone between offset bedding. (1) Distributed alignment of
grains forming a Y-shear fabric (Y) indicates less strain than on the upper splay (PI. 1, Fig. 2). (2) High-angle conjugate
shears (P and X) are best illustrated at the left edge of the figure. P-shears curve and merge into the upper shear zone
boundary. 3. Sample 146-891B-58X-1, 75-95 cm. Subhorizontally bedded undeformed turbidites between the two lower
frontal thrust splays show a weak compaction fabric and fissility parallel to bedding (B).
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0.5 mm

Plate 3. 1. Sample 146-892E-4H-2, 32-36 cm. Well-developed compaction fabric (C) is cut by a high angle deformation band intermediate
between kink-like and shear-like bands (K). Phyllosilicates within the kink-like band are oriented either parallel to the band or at an angle
from upper right to lower left. 2,3. Sample 146-892E-3H-4, 116-120 cm. (2) Two fabric orientations are denoted as A and B. In this image,
fabric B is defined by broad areas of alignment while fabric A is defined by both broad areas of alignment and discrete bands. This pattern
reverses in other areas of the thin section. (3) Higher magnification of the central area of (2) showing grains oriented parallel to fabric B
between bands of fabric A. Note the high angle between conjugate fabrics. 4. Sample 146-892D-5X-4, 65-67 cm. In SEM fabrics are rep-
resented by planar sheets of clay grains parallel to the page (A). Grain alignment is strong but not perfect, grains appear loosely stacked. A
spaced fabric (B) running left to right is defined by aligned grains and a kinking of fabric A.
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Plate 4. 1. Sample 146-892D-6X-3, 19-22 cm. A planar to anastomosing shear zone (sz) passes from left to right through glauconite-rich sediment. Several
glauconite grains have bright borders (A) in crossed polarized light, due to growth of very fine-grained alteration minerals parallel to the grain edge. Glauconite
grains are also sheared out (B) along and cut by (C) the shear zone. More angular glauconite pellets occur within the shear zone and in the upper central area of
the figure which is a shear splay. 2, 3. Sample 146-892D-8X-CC, 25-28 cm. Clasts of calcite vein material within an undeformed matrix. (2) The upper and
lower areas are composed of large equidimensional crystalline calcite. Clayey silt of similar composition as the matrix is incorporated within several crystals
(M). In the central area, calcite, sand grains, and stringers of clayey silt are elongate at a low angle (A) to the vein orientation (V) as a result of shear during pre-
cipitation. The calcite crystals nearly perpendicular to A are only present at this location within the thin section. Inclusion of material from the sheared area
within crystals at the border of the sheared calcite indicates fracture opening after shearing. (3) Quartz grains within the calcite clasts are brittlely deformed and
cemented by calcite (Q).
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Plate 5. 1, 2. Sample 146-892D-9X-1, 21-25 cm. Three fabric orientations are present at greater depths. (1) Broad areas of simultaneous extinction mark
areas of aligned grains thought to be a moderately developed Y-shear fabric (Y). (2) 45° rotation of the thin section with the same field of view reveals a
high angle conjugate set of fabrics (A and B) which are roughly bisected by the Y-shear fabric. 3. Sample 146-892A-13X-8, 4 3 ^ 5 cm. At high magnifica-
tion, deformation bands can be resolved into closely spaced sets of narrow bands (A) separated by material in the conjugate orientation (B). 4, 5. Sample
146-892D-10X-3, 137-142 cm. (4) SEM images near the top of the out-of-sequence thrust indicate a relatively open framework of platy grains. Areas of
preferential orientation and random alignment can be seen. Parallel alignment, however, is poor. (5) A residual clast with an internal calcite vein indicates
formation after brittle fracturing of the matrix and shearing along the apparent compaction fabric. The clast is identified in the figure by the orientation of
fabric within (A) and outside (B) the clast.
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Plate 6. 1-6. Sample 146-892D-10X-4, 124-128 cm. (1) The dominant Y-shear fabric, defined by bright areas of aligned grains (Y) and preferential alignment
of elongate clasts, indicates high strain. (2) Higher magnification of the central portion of (1) showing grain alignment along Y. (3) 45° rotation of the thin sec-
tion with the same field of view reveals a high angle conjugate set of fabrics R and R2 (see PL 5, Fig. 5). (4) Higher magnification of the central portion of (3)
showing grain alignment along these two fabrics. (5) A composite picture showing Y-shear fabric at top and R and R2 fabrics at bottom. Residual clasts are off-
set right laterally along Y and R fabrics and define the sense of slip. (6) SEM images of highly deformed interval of the out-of-sequence thrust indicates parallel
sheets of compressed grains (A) and a relatively open fabric between sheets.
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Plate 7. 1, 2. Sample 146-892D-10X-6, 34-37 cm. (1) Samples at greater depth in Core 10X have less well developed fab-
rics. The Y-shear fabric (Y) consists of individual bands as well as broad areas of aligned grains. The conjugate fabric is
defined by weakly developed deformation bands (Y2) and areas of weakly aligned grains. (2) 45° rotation of the thin sec-
tion with the same field of view reveals a conjugate set of fabrics which are likely R and R2 fabrics (as in PL 6, Fig. 3);
however, displacement indicators are absent so they are labeled A and B. 3. Sample 146-892A-18X-1, 28-30 cm. Single
strand shear zones (S) wrap around the edges of the residual clast (R), which may indicate formation as an unsheared
pocket between shear bands. 4. Sample 146-892D-10X-4, 124-128 cm. The shear fabric (S) is more commonly truncated
at the clast edge. The clast's internal fabric (C) is oriented randomly with respect to external fabric, indicating clast forma-
tion prior to formation of the external fabric.
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