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Abstract The 2011 M,,9.0 Tohoku-oki earthquake ruptured to the trench with maximum coseismic
slip located on the shallow portion of the plate boundary fault. To investigate the conditions and physical
processes that promoted slip to the trench, Integrated Ocean Drilling Program Expedition 343/343T sailed
1 year after the earthquake and drilled into the plate boundary ~7 km landward of the trench, in the
region of maximum slip. Core analyses show that the plate boundary décollement is localized onto an
interval of smectite-rich, pelagic clay. Subsidiary structures are present in both the upper and lower plates,
which define a fault zone ~5-15 m thick. Fault rocks recovered from within the clay-rich interval contain

a pervasive scaly fabric defined by anastomosing, polished, and lineated surfaces with two predominant
orientations. The scaly fabric is crosscut in several places by discrete contacts across which the scaly fabric
is truncated and rotated, or different rocks are juxtaposed. These contacts are inferred to be faults. The
plate boundary décollement therefore contains structures resulting from both distributed and localized
deformation. We infer that the formation of both of these types of structures is controlled by the
frictional properties of the clay: the distributed scaly fabric formed at low strain rates associated with
velocity-strengthening frictional behavior, and the localized faults formed at high strain rates characterized
by velocity-weakening behavior. The presence of multiple discrete faults resulting from seismic slip within
the décollement suggests that rupture to the trench may be characteristic of this margin.

1. Introduction

The devastating 2011 M, 9 Tohoku-oki earthquake ruptured a 200 x 380 km area of the Japan Trench plate
boundary where the Pacific Plate subducts beneath Japan. Coseismic slip associated with the event was
the largest ever recorded, reaching >50 m in teleseismic, GPS, and tsunami slip models [Fujii et al., 2011;
Ide et al., 2011; Lay et al., 2011; Pollitz et al., 2011; Yue and Lay, 2011]. Observations of seafloor movement
also imply large slip and show that the earthquake ruptured to the trench [Fujiwara et al., 2011; Ito et

al., 2011; Kodaira et al., 2012]. Slip which increased toward the trench is exceptional for subduction zone
megathrust earthquakes that typically display maximum slip within the seismogenic zone. Large, shallow
slip directly contributed to the generation of the tsunami that inundated the coastal areas of Honshu and
propagated around the Pacific Ocean.

Integrated Ocean Drilling Program (IODP) Expedition 343, the “Japan Trench Fast Earthquake Drilling
Project (JFAST)’, sailed 1 year after the earthquake to investigate the conditions and physical processes
that facilitated large slip at shallow depth [Chester et al., 2013a]. The plate boundary was drilled in water
depths of nearly 7000 m at Site C0019, within the area of highest coseismic displacement of the Tohoku-oki
earthquake (Figure 1). Multiple results from the expedition point to a weak plate boundary fault, both
coseismically and over geologic time scales. Measurements of the anisotropy of magnetic susceptibility
from core samples show a distinct change in orientation across the plate boundary suggesting decoupling
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140°E between the upper and lower plates and implying
¢ that the plate boundary fault is weak over geologic
‘DSDP time [Yang et al., 2013]. Borehole breakout
43:';3 analyses show that the stress field in the frontal

o) prism is currently in a normal faulting stress
regime, suggesting a large coseismic stress drop
[Lin et al., 2013]. Measurements of the temperature
in and around the plate boundary fault in the
postseismic period show that the shear resistance
to slip on the shallow portion of the rupture was
0.53 MPa [Fulton et al., 2013], consistent with
expectations from rock friction experiments
[Faulkner et al., 2011; Ujiie et al., 2013]. These
ST observations, in combination with seismological
observations of numerous normal faulting
aftershocks in the upper plate [Hasegawa et al.,
= 2012], indicate minimal resistance to shear dur-
ing the 2011 Tohoku-oki earthquake and nearly

complete decoupling of the plate boundary.

40°N

 Sendai
f [ ]
38l -

36°

Figure 1. Location of the JFAST study site (IODP Expedition
343 Site C0019). Map shows the coast of Honshu and the Rupture propagation and slip are controlled,
extent of the 2011 Tohoku-oki earthquake rupture. Contours  in part, by the internal structure of the fault,
of slip during the 2011 Tohoku-oki rupture are taken from which in turn is the product of the accumulated
Yue and Lay [2011]; slip amount in meters is labeled. White deformation and alteration. One of the key
arrow shows the convergence direction between the Pacific physical parameters is the composition of the fault
Plate and the Japan Trench. o o
rocks, which influences the strength and frictional
stability, the degree of shear localization during slip, and the likely slip weakening mechanisms active during
an earthquake [e.g., Marone, 1998; Rice and Cocco, 2007; Ikari et al., 2011; Niemeijer et al., 2012]. Geophysical
logs and structural observations of the C0019E drill core collected during the JFAST project show that the
plate boundary is localized onto a relatively thin layer of pelagic clay [Chester et al., 2013b]. The pelagic clay
is smectite-rich [Ujiie et al., 2013; Kameda et al., 2015; A. M. Schleicher et al., Response of natural smectite to
seismogenic heating and implications for the 2011 Tohoku earthquake in the Japan Trench, submitted to
Geology, 2014], and rock friction experiments on samples of the core show that the clay is frictionally weak,
velocity-weakening at seismic slip rates [Ujiie et al., 2013], and is weaker than the surrounding mudstones
[Ikari et al., 2015]. This combination of properties suggests that localization of slip onto the thin plate
boundary fault is preferred during both seismic and aseismic deformation during the seismic cycle [Chester
etal., 2013b].

Here we present an overview of the observations of core from the JFAST study site to identify the materials
and structures that control the mechanical behavior of the shallow part of the subduction megathrust,
expanding upon the observations of Chester et al. [2013a, 2013b]. Approximately 55 m of discontinuous core
from hole CO019E were recovered during Expedition 343 that sampled the frontal prism, décollement, and
down-going Pacific Plate [Chester et al., 2013b]. Unlike other forearcs, whose frontal prism structure is clearly
imaged in seismic data (e.g., Sumatra, Nankai), the frontal prism at the Japan Trench is acoustically chaotic
[Chester et al., 2013a; Nakamura et al., 2013]. Although the décollement is marked by a continuous seismic
reflector [e.g., Nakamura et al., 2013], the lack of seismically resolvable structures within the frontal prism
means that the plate boundary architecture is best studied from core observations and geophysical logs.

In the following sections we review the observations that define the contacts at the base of the frontal prism
and the top of the Pacific Plate sedimentary rocks to define the location and thickness of the plate boundary
fault. The total displacement of the footwall relative to the hanging wall at the study site is estimated to

be around 3.2 km, based on an area-balanced reconstruction of a seismic section through the study site

in the plate convergence direction [Chester et al., 2013b]. We incorporate structural and sedimentological
observations of the core and radiolarian biostratigraphic ages to document the structures surrounding

the previously identified décollement. These observations, along with details of the deformation fabrics
within the décollement fault rocks, are used to infer the relative strain rates of formation and to develop an
interpretation of the mechanical behavior of the shallow part of the décollement.
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Figure 2. Seismic section perpendicular to the Japan Trench located ~500 m north of the JFAST study site showing the tectonic setting and overall structure of
the margin (adapted from Nakamura et al. [2013]). Locations of normal faults are shown with arrows, and the colors correspond to the different seismic units
identified by Nakamura et al. [2013].

2, Tectonic Setting

The JFAST study site (IODP Site C0019) was located approximately 250 km off the Pacific coast of Sendai,
Japan, and 100 km ESE of the epicenter of the 2011 Tohoku-oki earthquake (Figure 1). The site is 7 km
landward of the Japan Trench, where the Pacific Plate subducts beneath Japan at a convergence rate of
85 mm/yr [DeMets et al., 2010; Argus et al., 2011]. This rapid convergence results in a high rate of seismic
activity. The historical record for the region includes 13 M7 and five M8 earthquakes over the last

400 years, in addition to the 2011 M,,9 event and its aftershock sequence [e.g., Hashimoto et al., 2009;
Kanamori et al., 2006].

The margin is characterized by an ~8 km deep trench with a shallowly dipping (~8°) décollement [von
Huene et al., 1982]. Seismic reflection surveys [von Huene et al., 1982; Tsuru et al., 2002, 2005; Kodaira et al.,
2012; Nakamura et al., 2013] combined with previous drilling expedition results [Arthur and Adelseck, 1980]
and the results of the JFAST expedition [Chester et al., 2013b; Nakamura et al., 2013] show that the incoming
Pacific Plate is composed of a basement of basaltic rocks overlain by a seismically resolvable unit of chert
and a sequence of pelagic clay and hemipelagic mudstone (Figure 2). Both the basement and the entire
sedimentary section are cut by normal faults. By analogy with active faults at the outer rise, we infer that the
horst-and-graben topography developed within 50-100 km of the trench.

The seaward ~6 km of the prism toe at Site C0019 structurally overlies a graben in the oceanic crust
(Figure 2). Within this graben, the hemipelagic sediments are imbricated along listric thrust faults spaced
a few hundred meters apart that sole into the proto-plate boundary décollement. This small imbricate
wedge transitions landward to a thicker, acoustically chaotic wedge that comprises most of the frontal
prism [Nakamura et al., 2013]. The JFAST drill site is located above the frontal prism where it overlies a
subducted horst.

3. The Frontal Prism and Pacific Plate

Approximately 55 m of discontinuous core was recovered in 21 coring runs from IODP hole C0019E [Chester
et al., 2013a]. Operational constraints required targeted recovery from specific intervals separated by
advances with no core recovery: core 1R was recovered from ~175-185 m below sea floor (mbsf); cores

2R and 3R from ~648-660 mbsf; cores 4R through 9R from ~690-725 mbsf; and cores 10R to 21R from
~770-835 mbisf. All cores required splitting with a rock saw indicating the prism is lithified throughout the
sampled depth ranges, consistent with observations along strike at Deep Sea Drilling Project (DSDP) sites
441 and 434 [Carson et al., 1982]. Recovery was incomplete in each core (Figure 3), meaning that even within
the targeted intervals, the core is discontinuous. In this section, we briefly review observations from Chester
et al. [2013a] of the lower part of the prism and the sedimentary rocks of the Pacific Plate below to establish
the location of the décollement and the nature of the surrounding structures.

3.1. Frontal Prism

The majority of cores recovered from the prism (2R to 16R) contain olive-gray to very dark gray and grayish
brown hemipelagic mudstones. Overall, these mudstones contain dominant silicilastic clay-sized and
silt-sized grains, typically with a few to 15% siliceous microfossils. They are interbedded with intermittent
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Figure 3. Context of the plate boundary décollement in core C0019C. Core recovery and lithology are shown in the
column headed C0019E; white gaps represent nonrecovered intervals. Representative photos from each of the recovered
cores showing the characteristic lithology and structures, the grain size distribution based on qualitative smear slide
analysis, and the biostratigraphic age of the rocks are shown from left to right at depths corresponding to the depth
scale on the left (based on information from Chester et al. [2013al). Grey arrows at the right of the age plot indicate that
the rocks are older than Miocene. The fault zone width shown on the left-hand side of the figure is based on drilling
logs recording the advance of the bit from the base of the frontal prism to the top of the Pacific Plate [Chester et al.,
2013b]. Note that bit advance and curated core lengths differ due to core processing. Red arrows indicate the locations
of observed faults and dashed red arrows represent faults inferred from stratigraphic age reversals and gaps.
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centimeter-scale clay or silt beds and range from
locally ashy to volcaniclastic poor. Biostratigraphic
ages determined from microfossil assemblages
show that the rocks are Pleistocene to Miocene in
age [Chester et al., 2013a], but the units are both
repeated and out of sequence, indicating tectonic
interleaving (Figure 3).

Bedding orientations are generally moderately
to steeply dipping (~20-80°) and are rarely
overturned, and poles to bedding define a
z-girdle consistent with folding and thrusting
accommodating shortening in the plate
convergence direction [Chester et al., 2013a]. The
frequency of the biostratigraphic age reversals
and gaps, along with the bedding orientations,
indicate that the frontal prism units are imbricated
by numerous thrusts. Closely spaced faults

are consistent with the poorly resolved,
semicontinuous landward dipping reflectors
within generally acoustically chaotic seismic
images through prism beneath the JFAST site
[Nakamura et al., 2013].

‘ 343-COO‘1 9E-8R-1-61-76cm

Several faults with displacements greater than
the diameter of the core (~6 cm) and numerous
core-scale structures are visible cores 2R to 16R.
Core-scale structures include centimeter-offset
shear fractures with both normal and reverse
offsets, anastomosing dark seams of fault rock
(similar to structures described by Ujiie et al.
[2004]) and sediment-filled veins. Faults are
defined predominantly from bedding cutoffs and
typically contain several millimeters to several
centimeters of fine-grained, generally dark gray
to black fault rock. The faults are moderately to
steeply dipping, but none of the core-scale faults
juxtaposed different lithologies. Bedding dips

Figure 4. (a) Multiscanner core logger image (MSCL-I)
of the fault at 720 mbsf (note that the format

of the image labels on the left is as follows:
expedition-hole-core-section-distance from section top
(range in centimeters), following standard IODP conven-
tion). The fault is defined by hanging wall bedding
cutoffs against a sharp contact (bedding shown by red
arrows). Large white arrows in the center of the image
show the inferred sense of shear across the contact.
Smaller white arrows are examples of core-scale
structures developed in and around the fault. (b) MSCL-I
image of the contact at the base of the Miocene
mudstone where it overlies Cretaceous laminar clay
(832.85 mbsf). Large white arrow points to the pinkish
layer present at the contact, red arrow shows the bed-
ding attitude. Only one dark seam is present structurally
above the contact (small white arrow). Small cyan arrows
show places where clay laminations are not visible,
probably because of drilling-induced disturbance.

343-C0019E-20R-2-50-65cm
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that steepen toward one fault at 720 mbsf are consistent with drag folding or fault propagation folding
around a reverse fault (Figure 4). One example of a fault near the base of core 15R contains a dense array

of millimeter-thick seams of fault rock inferred to be shear fractures from the lack of continuity in the
mudstone sedimentary fabrics. The density of shear fractures increases down-core to a ~10 cm thick layer of
fault breccia and gouge containing clasts of the greenish gray mudstone wall rock.

3.2. Pacific Plate

Sedimentary rocks recovered from the deepest portions of the borehole (cores 18R to 21R) are mostly
tan-brown terrigenous mudstones, which overly pelagic clay. A short interval of chert was recovered from
the base of the hole. The mudstones are composed predominantly of siliciclastic grains, with a minor
volcaniclastic component and trace siliceous microfossils. Smear slide grain size fraction estimates (Figure 3)
show that siliciclastic grains are predominantly clayey (>60% clay) in the upper portion of the unit and
become progressively siltier down-section (reaching >40% silt). Bedding in the tan-brown mudstone is
indistinct, likely due to extensive bioturbation (indicated by mottling), but is marked by decimeter-scale
fining-upward sequences in the lower part of the unit. Elsewhere, color variations from yellowish to grayish
tan-brown occur across boundaries locally parallel to clay-rich, centimeter-scale interbeds. Subcentimeter
sized, white pumice fragments are present throughout the unit.

Biostratigraphic ages show that the Miocene tan mudstone overlies a Cretaceous laminar pelagic clay
[Chester et al., 2013a] (Figure 3). The clay consists of a 50 cm thick interval of pinkish brown, creamy yellow
and dark brown centimeter-scale interbeds of clay with millimeter-scale laminations. The contact between
the clay and overlying Miocene mudstone is sharp and is marked by a ~1-3 mm thick pinkish, clayey layer
at the base of the mudstone (at 832.85 mbsf; Figure 4). Bedding is difficult to identify in the mudstone
immediately above the contact because the unit is bioturbated, but the few available attitude measure-
ments based on the boundaries of bioturbated horizons suggest that the mudstone dips ~10-20°. Bedding
is planar and subparallel in the pelagic clay, and beds dip 3-9°. Within the clay, the clay laminae are absent
in irregular shaped zones (blue arrows in Figure 4b). These zones are interpreted to have formed due to
biscuiting during drilling due to their irregular shapes. Very few deformation structures, with consistently
small offsets (millimeter scale), are present in either the mudstone or clay around the contact. At the

base of the clay, the unit becomes progressively greener and harder, due to silicification. The contact to
silicified material is gradational and irregular, with isolated greenish yellow patches within the lower
portion of the clay and 0.5 mm silica spherules becoming more common toward the base. Laminations
similar to those in the clay are present within the silicified unit. The gradational contact at the base of the
pelagic clay suggests that the transition to chert is a diagenetic silicification front rather than a stratigraphic
or tectonic contact.

Based on the grain size distribution, volcaniclastic content and microfossil assemblages, the tan-brown
mudstone in cores 18R-20R at the JFAST site correlates to Unit 2 at the nearest incoming plate reference
site, DSDP Site 436 (for a detailed discussion of the stratigraphic correlation between Site C0019 and DSDP
Site 436, see Nakamura et al. [2013] and Moore et al. [2015]). The Cretaceous pelagic clay and chert in cores
20R-21R at the JFAST site correlate with Cretaceous chert (Unit 3) at the DSDP reference site.

Two prominent faults cut the mudstone at 824.4 mbsf and 825.1 mbsf. Both of these faults are defined

by a few centimeters thick layer that dips ~25-35° and cuts bedding. Within each fault layer, the rock is
pinkish brown, relatively homogenous mudstone in which the primary sedimentary features are obliterated.
Both faults have tan-brown mudstone on either side, implying that the fault displacement is less than

the thickness of the mudstone. The maximum stratigraphic thickness of the mudstone is ~10.5m, so for
faults dipping 35° the maximum displacement is less than ~18 m. In addition to the two prominent faults,
core-scale structures cutting the mudstone and clay include very narrow aperture, anastomosing fractures
defining a fracture cleavage, shear fractures, dark seams, and open fractures. These structures are shallowly
to steeply dipping and display both reverse and normal offsets.

4. The Décollement

4.1. Plate Boundary Location and Thickness

The transition from frontal prism to down-going plate sediments is marked by excursions in gamma ray
intensity and resistivity values measured with logging-while-drilling (LWD) tools and a change in bedding
orientations measured in resistivity images and in the core. It occurs at around 821.5 mbsf, the depth of
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the décollement reflector in seismic surveys [Chester et al., 2013a, 2013b]. The orientation and magnitude
of the anisotropy of magnetic susceptibility indicates horizontal shortening above 821.5 mbsf and vertical,
uniaxial strain below [Yang et al., 2013]. These observations are consistent with the overall architecture of the
margin described above; the frontal prism is structurally complex, with moderately to steeply dipping units
uptilted during horizontal shortening, whereas the down-going plate is characterized by shallowly dipping
strata affected mostly by vertical compaction.

The lithologic contrast between the frontal prism and the Pacific Plate units is defined by prominent
differences in the composition and ages of the rocks (Figure 3). Dark gray siliceous mudstones of the frontal
prism (in cores 16R and above) overlie tan-brown hemipelagic mudstones of the incoming plate (cores 18R
and below), and the grain size distribution of the Pacific Plate units shows a higher proportion of clay-sized
grains. In addition, biostratigraphic ages show that the rocks immediately above the plate boundary are
Pleistocene and the units below the plate boundary are Miocene [Chester et al., 2013a].

The décollement coincides with a unit of pervasively deformed smectite-rich, “scaly” clay recovered in core
17R (see below). It contrasts strongly with mudstones in the prism above, which are fractured and faulted,
but within which the primary bedding is not disrupted and the deformation not pervasive. Bedding and
other primary sedimentary features are apparent below the scaly clay layer at approximately 824 mbsf,
delimiting the upper contact of the Pacific Plate units. We therefore interpret the plate boundary to be
localized within the scaly clay layer in the interval between the clearly defined frontal prism and Pacific
Plate units [c.f., Chester et al., 2013b].

Core recovery was incomplete in the interval between the base of the frontal prism (~820 mbsf) and top

of the Pacific Plate (~824 mbsf), but drilling logs show that the maximum drill bit advance in this interval
was 4. m (Figure 3). As a first approximation, this interval represents the plate boundary fault zone [Chester
et al., 2013b]. However, subsidiary faults were observed in both the hanging wall and foot wall (see
sections 3.1 and 3.2; Figure 3). Such structures define a broader fault zone around 7 m wide, which may have
accommodated some of the total displacement across the plate boundary. The stratigraphy of the Pacific
Plate units also suggests additional complexity in the footwall: the tan-brown Miocene mudstones directly
overlie Cretaceous laminar pelagic clays at ~834 mbsf [Chester et al., 2013a]. The incoming section described
at DSDP Site 436 [Arthur and Adelseck, 1980] includes Early Miocene, Oligocene, and Eocene clays (Unit 3A)
between the Miocene Unit 2 and Cretaceous Unit 3, suggesting that Unit 3A is missing at the JFAST site.
The contact between the tan-brown mudstone and Cretaceous pelagic clay (Figure 4b) is therefore either a
tectonic contact or a disconformity. If it is a tectonic contact, the maximum width of the plate boundary fault
is around 15 m (Figure 3). This estimate is notably less than the ~50 m thick fractured and brecciated zone
that defines the plate boundary thrust at the Nankai margin [Ujiie and Kimura, 2014], which is more typical
for shallow subduction thrusts [Rowe et al., 2013].

4.2. Composition of the Décollement

One core (core 17R) was recovered from within the décollement (Figure 5). Core 17R is composed
predominantly of clay, with one short interval of more competent mudstone. The clay displays two colors:
bright reddish orange-brown and dark chestnut brown to almost black. Radiolarian microfossils are absent
in the clay in core 17R so the age has not been precisely determined. Pelagic clay at DSDP Site 436 is Early
Miocene to Eocene [Doyle and Riedel, 1980]. The pelagic clay in the Pacific Plate at the JFAST site (core 21R)
is Cretaceous (see section 3.2). Although the ages of these two units are different, they may be conformable
units within the same sequence so either could correlate with the clay in core 17R, as noted by Moore et al.
[2015]. The radiolarian microfossil assemblage in the short mudstone interval shows that it is the same age
as the footwall units (Late Miocene).

Contacts separating the two colors in the clay are predominantly discrete, but locally, mixing between them
is inferred (Figure 5). Immediately after removal from the core liner, both types of clay were extremely soft

Figure 5. (a) Photomontage of core 17R showing an image of the recovered whole round section recovered from
the plate boundary décollement (photos viewed down onto top of working half; image courtesy JAMSTEC/IODP). (b)
Zoomed-in photograph showing the interval where the scaly fabric is obliterated, providing evidence for localized
deformation. (c) Zoomed-in photograph of the sharp contact located ~16 cm from the top of core 17R. Note that the
bands of orange-gray clay and the scaly fabric are truncated against the contact.
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Figure 6. Photograph of part of core 17R showing the
polished surfaces that define the scaly fabric (white lines)
and phacoids of clay (within white lines). Phacoid long axes
(red lines) are aligned and shallowly plunging. Evidence for
shear across the fabric surfaces (discussed in section 4.3)
suggests they may be comparable to Y and P Riedel
shears [Rutter et al., 1986], which is shown schematically

at the top of the figure (grey shape represents a single
phacoid). The phacoid asymmetry and shear orientations are
consistent with overthrusting. White arrows show examples
of places where the contacts between dark brown and
orange-brown clays are not co-located with the polished
surfaces. Inset shows the polished face of a phacoid with
lineations oriented up-down in this field of view.

and malleable. The top 22 cm of core 17R above
the mudstone interval contains bands ~2-25 mm
wide of alternating colors with variable luster.
Orange-brown clay is predominant in this interval.
The lower section of the core below the mudstone
interval (35-100 cm) is predominantly shiny and
dark brown with only subtle variations in color but
contains some centimeter-scale, irregular bands
of matte luster clay. Bright orange patches are
locally abundant throughout the dark brown clay.
Compositional differences between the two colors
of clay are likely due to higher Fe or Mn oxides in
the dark brown clay, but both clays are dominated
by smectite [Kameda et al., 2015; A. M. Schleicher
et al,, submitted manuscript, 2014]. Where the
clay is predominantly dark brown, orange-brown
patches are typically less than 1 cm long and have
irregular shapes. Occasionally, the patches approx-
imate asymmetric ellipses but are more frequently
completely irregular. Smaller, millimeter-scale
patches tend to be equant blocks. Generally, the
boundaries between the two clay colors are sharp
and do not coincide with surfaces that define the
pervasive scaly fabric described below. This indi-
cates that the boundaries overprint the scaly fab-
ric, so the color difference is possibly an alteration
or diagenetic effect. However, the millimeter-sized
orange-brown patches with blocky shapes appear
to be fragments that have been deformed, sug-
gesting that the color-changing alteration both
predates and postdates the scaly fabric.

The mudstone interval within core 17R is located
~23-35 cm below the top of the core (Figure 5a).
This mudstone is pale grayish brown and is
composed of ~40% silt and ~60% clay. Sugary,
white patches several millimeters in diameter

are likely volcaniclastic fragments. Numerous
deformation bands and dark seams are present

in at least two sets within the mudstone, with
structures spaced every few centimeters. X-ray
computed tomography measurements indicate
that the deformation bands have higher density
than the surrounding mudstone, suggesting that
their formation caused a reduction in porosity
through compaction and therefore that they

may be compaction bands [Fossen et al., 2007].
Two dominant orientations of structures were
identifi