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Abstract

Integrated Ocean Drilling Program (IODP) Expedition 322 is part of the Nankai
Trough Seismogenic Zone Experiment (NanTroSEIZE) and was designed to document
characteristics of incoming sedimentary strata and igneous basement prior to their ar-
rival at the subduction front. To accomplish these objectives, coring was conducted
at two sites in the Shikoku Basin on the subducting Philippine Sea plate. Site CO011
is located on the northwest flank of a prominent bathymetric high (the Kashinosaki
Knoll), whereas Site C0012 is located near the crest of the knoll. The resulting data,
which include logging while drilling during IODP Expedition 319, provide a wealth
of new information on presubduction equivalents of the seismogenic zone. Unfortu-
nately, coring at Site CO011 began at 340 m core depth below seafloor (CSF) and failed
to reach the total depth target because of premature destruction of the drill bit at 876
m CSE. Coring at Site C0012, however, penetrated almost 23 m into igneous basement
and recovered the sediment/basalt interface intact at 537.81 m CSF. The age of basal
sediment (reddish-brown pelagic claystone) is >18.9 Ma. This recovery of basement
was a major achievement, as was the comprehensive integration of core-log-seismic
data at Site COO11. The merger of lithofacies and age-depth models from the two sites
spans across the Shikoku Basin from an expanded section (Site C0011) to a condensed
section (Site C0012) and captures all of the important ingredients of basin evolution,
including a heretofore unrecognized interval of late Miocene tuffaceous and volcani-
clastic sandstone designated the middle Shikoku Basin facies. An older (early-middle
Miocene) turbidite sandstone/siltstone facies with mixed detrital provenance occurs
in the lower Shikoku Basin; this unit may be broadly correlative with superficially
similar Miocene turbidites on the western side of the basin. When viewed together,
the two sites around the Kashinosaki Knoll not only demonstrate how basement relief
influenced rates of hemipelagic and turbidite sedimentation in the Shikoku Basin,
they also build the complete lithostratigraphic template on which all of the postex-
pedition laboratory results can be placed. Those forthcoming details will include min-
eral and volcanic ash composition, geotechnical properties, frictional properties, and
hydrological properties. Another triumph came from geochemical analyses of pore
water and hydrocarbons at Site CO012. Unlike other so-called reference sites in the
Nankai Trough, pore fluids on top of the basement high show clear evidence of a sea-
water-like source, with chlorinity values increasing toward basement because of hy-
dration reactions and diffusion; the fluids are largely unchanged by the effects of
focused flow and/or in situ dehydration reactions associated with rapid burial be-
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neath the trench wedge and frontal accretionary prism. Thus, Site C0012 finally pro-
vides a reliable geochemical reference site for the subduction zone.

Introduction

Integrated Ocean Drilling Program (IODP) Expedition 322 represents just one part of
a multistage project known as the Nankai Trough Seismogenic Zone Experiment
(NanTroSEIZE). The fundamental goal of NanTroSEIZE is to create a distributed obser-
vatory spanning the updip limit of seismogenic and tsunamigenic behavior along a
subduction boundary, positioned at a location where great earthquakes are known to
occur (Tobin and Kinoshita, 2006a, 2006b). Once completed, the network of bore-
holes and observatories will allow scientists to monitor the hydrogeologic behavior
of subduction megathrusts, as well as the aseismic-seismic transition of the mega-
thrust system. To accomplish this ambitious goal, several key components of the
plate-boundary system must be investigated starting with the presubduction inputs
of sediment and oceanic basement, moving landward into the shallow plate interface,
and finally drilling to depths where earthquakes occur.

The Nankai Trough region of southeast Japan is among the most extensively studied
subduction zones in the world (Fig. F1). The region has a nicely documented 1300 y
history of great earthquakes, many of which have generated tsunamis. Recent events
of this type include the 1944 Tonankai M 8.2 and 1946 Nankaido M 8.3 earthquakes
(Ando, 1975; Hori et al., 2004; Ichinose et al., 2003; Baba and Cummins, 2005). The
results of land-based geodetic studies indicate that the plate boundary fault is cur-
rently locked (Miyazaki and Heki, 2001). The relatively low level of microseismicity
near the updip limits of the 1944 and 1946 great earthquakes (Obana et al., 2004) is
consistent with the notion of significant interseismic strain accumulation on the
megathrust. Very low frequency earthquake swarms have also been recorded recently,
and their apparent locations are within the accretionary prism near the NanTroSEIZE
drilling area (Obara and Ito, 20035; Ito and Obara, 2006). This seismic activity demon-
strates that interseismic strain is not confined to slow elastic strain accumulation.

Given the backdrop of diverse seismic activity summarized above, our transect across
the Kumano Basin region of the Nankai Trough (Fig. F2) was chosen among several
candidates to implement NanTroSEIZE. The selection was based on satisfying three
generic criteria:
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1. The updip end of the seismogenic zone is definable based on slip during great
earthquakes of the recent past.

2. Seismic imaging presents clear drilling targets.

3. Deep targets are within the operational limits of riser drilling by D/V Chikyu (i.e.,
maximum of 2500 m water depth and 7000 m subseafloor penetration).

According to studies of slip inversion, past coseismic ruptures within the transect area
clearly extended to depths shallow enough for drilling (Tanioka and Satake, 2001;
Ichinose et al., 2003; Baba and Cummins, 2005). Coseismic slip during the 1944 To-
nankai earthquake may have occurred on the megasplay fault rather than on the déc-
ollement beneath it, but both faults represent primary drilling targets of equal
importance (Tobin and Kinoshita, 2006a).

Background

The entirety of the NanTroSEIZE science plan entails sampling, logging, downhole
measurements, and long-term instrumentation of three geologic domains: (1) inputs
to the subduction “conveyor belt,” (2) faults that splay from the plate interface to the
surface and accommodate a major portion of coseismic and tsunamigenic slip, and
(3) the main plate interface at 6-7 km below seafloor. The project has progressed into
Stage 2 by following a research strategy that integrates rock mechanics, seismology,
geodesy, frictional physics, and fluid-fault interactions to shed light on the mechanics
and dynamics of faulting processes. Despite recent advances, there is neither a unified
theory of fault slip to account for earthquake nucleation and propagation nor is there
a theory to explain the mechanisms of strain across the spectrum of observed defor-
mation rates ranging from seconds to years. Consequently, the simple question of
whether or not precursor signals exist for major earthquakes, even in theory, remains
under scientific debate.

Progress on these topics in earthquake science is limited by a lack of information on
ambient conditions and mechanical properties of active faults at depth. Extant rheo-
logical models for how faults behave require choices to be made for specific physical
properties at the fault interface and in the surrounding rock volume. Coefficients of
friction, permeability, pore fluid pressure, state of stress, and elastic stiffness are ex-
amples of such parameters that can be measured best (or only) through drilling and
geophysical sensing of the surrounding rock volume. Conditions for stable versus un-
stable sliding (i.e., seismic versus aseismic behavior) have long been debated. The fric-

10
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tional strength of likely fault zone materials is another topic of great interest. Fault
zone composition, consolidation state, normal stress magnitude, pore fluid pressure,
and strain rate may all affect the transition from aseismic to seismic slip (e.g., Moore
and Saffer, 2001; Saffer and Marone, 2003). To tease apart the contributions of each,
the NanTroSEIZE project will: (1) sample fault rocks over a range of pressure-temper-
ature (P-T) conditions across the aseismic-seismogenic transition; (2) document the
composition of fault rocks and fluids, as well as associated pore pressure and state of
stress; and (3) address spatial partitioning of strain between the décollement and
splay faults. NanTroSEIZE will also install borehole observatories to provide in situ
monitoring of these critical parameters (seismicity, strain, tilt, pressure, and temper-
ature) over time and test whether or not interseismic variations or detectable precur-
sory phenomena exist prior to great subduction earthquakes.

The overarching hypotheses to be tested by the project are as follows:

1. Systematic, progressive material and state changes control the onset of seis-
mogenic behavior on subduction thrusts.

2. Physical properties, chemistry, and state of the fault zone change systematically
with time throughout the earthquake cycle.

3. Subduction zone megathrusts are weak faults.

4. Within the seismogenic zone, relative plate motion is primarily accommodated
by coseismic frictional slip in a concentrated zone.

5. The megasplay (out-of-sequence thrust) thrust fault system slips in discrete
events, which may include tsunamigenic slip during great earthquakes.

In order to test the first two hypotheses, initial conditions along the subduction con-
veyor must be established in comprehensive detail and with clarity. We will achieve
this goal by sampling the incoming sedimentary strata and the top of igneous base-
ment prior to subduction. It is only through such sampling that we can pinpoint how
various properties (e.g., clay composition, fluid production, and pore pressure)
change in space and time. This relatively simple combination of observational data
and laboratory measurements represents the fundamental contribution of Expedition
322 toward the overall success of NanTroSEIZE.

Geological setting

The purpose of Expedition 322 is to document the characteristics of incoming sedi-
mentary strata and igneous basement prior to their arrival at the subduction front of

11
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the Nankai Trough. The Shikoku Basin, in which the subducting sediments accumu-
lated, formed during the early and middle Miocene epochs by seafloor spreading
along the backarc side of the [zu-Bonin volcanic chain (Okino et al., 1994; Kobayashi
et al., 1995). The subducting Philippine Sea plate is currently moving toward the
northwest beneath the Eurasian plate at a rate of ~4 cm/y (Seno et al., 1993), roughly
orthogonal to the axis of the Nankai Trough. Deposits within the Shikoku Basin and
the overlying Quaternary trench wedge are actively accreting at the deformation
front, as demonstrated by IODP Expeditions 314, 315, 316 (Stage 1) in the Kumano
transect area (Tobin et al., 2009).

As summarized by Underwood (2007), our knowledge of inputs to the Nankai subduc-
tion zone is rooted in discoveries from numerous boreholes that were drilled previ-
ously along the Muroto and Ashizuri transects (Deep Sea Drilling Project [DSDP] Legs
31 and 87 and Ocean Drilling Program [ODP] Legs 131, 190, and 196) (Karig, Ingle,
et al., 1975; Kagami, Karig, Coulbourn, et al., 1986; Taira, Hill, Firth, et al., 1991;
Moore, Taira, Klaus, et al., 2001; Mikada, Becker, Moore, Klaus, et al., 2002). Those
studies demonstrated, among other things, that the plate boundary fault (décollem-
ent) propagates through Miocene strata of the lower Shikoku Basin facies, at least near
the toe of the accretionary prism (Taira et al., 1992; Moore et al., 2001). Along the Ku-
mano transect (Fig. F2), seismic reflection data show that the décollement is hosted
by lower Shikoku Basin strata to a distance of at least 25-35 km landward of the
trench (Fig. F3). Farther landward, the plate boundary fault steps downsection to a
position at or near the interface between sedimentary rock and igneous basement
(Park et al., 2002). Thus, if the goal is to track physical/chemical changes down the
plate interface from shallow depths toward seismogenic depths, then the relevant tar-
gets for sampling prior to subduction lie within the lower Shikoku Basin.

Regional-scale analyses of seismic reflection data from the Shikoku Basin reveal a large
amount of complexity and variability in terms of acoustic character and stratigraphic
thickness (Ike et al., 2008a, 2008b). Previous drilling also demonstrated that seafloor
relief (created during construction of the underlying igneous basement) strongly in-
fluenced the basin’s early depositional history (Moore et al., 2001; Underwood, 2007).
As an example of such influence, a prominent basement high marks the axis of a fossil
(middle Miocene) backarc spreading center; younger seamounts of the Kinan chain
are superimposed on the fabric of the extinct ridge (Kobayashi et al., 1995). Evidently,
elevation of the seafloor along the seamount chain inhibited transport and deposi-
tion of sand by gravity flows. As a consequence, Miocene-Pliocene sediments above
the ridge consist almost entirely of hemipelagic mudstone, whereas coeval Miocene

12
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strata on the flanks of the Kinan basement high consist largely of sand-rich turbidites
(Moore et al., 2001). There are also important differences along strike in clay mineral
assemblages and the progress of clay-mineral diagenesis (Underwood, 2007; Saffer et
al., 2008). To learn more about how basement might have exerted control over stra-
tigraphic architecture elsewhere in the Shikoku Basin, Expedition 322 was designed
to drill two reference sites: one at the crest of a bathymetric high (Kashinosaki Knoll)
and the other along the northwest flank of the knoll (Fig. F4).

Site survey data

In addition to data from previous drilling transects, site survey data near the two pro-
posed sites include multiple generations of two-dimensional (2-D) seismic reflection
lines (e.g., Park et al., 2002), heat flow (Yamano et al., 2003), side-scan sonar, swath
bathymetry, visual observations from submersible and remotely operated vehicle
dives (Ashi et al.,, 2002), and a three-dimensional (3-D) seismic reflection survey
(Moore et al., 2007). A smaller 3-D survey was completed in 2006 by the Japan Agency
for Marine-Earth Science and Technology-Institute for Frontier Research on Earth
Evolution (JAMSTEC-IFREE) (Park et al., 2008). Prestack depth migration of the mini-
3-D data led to refinements of velocity models and revised estimates of sediment
thickness and total drilling depths. The project also greatly benefited from the acqui-
sition of logging-while-drilling (LWD) data from Hole CO011A (proposed Site NT1-
07A) during the final days of Expedition 319 (Saffer et al., 2009). Among other things,
the LWD data allowed for shipboard adjustments to seismic velocity models and more
accurate time-depth conversions.

Our expectations regarding the subsurface facies relations across the flank of the sea-
mount were heavily influenced by coring results from ODP Site 1177, where the
boundary between upper Shikoku Basin facies and lower Shikoku Basin facies is a di-
viding line between abundant layers of volcanic ash above and monotonous mud-
stone below (Moore et al., 2001). At Site 1177, the lower Shikoku Basin also contains
four discrete packets of sandy turbidites between ~450 and 750 m core depth below
seafloor (CSF). Near Site CO011, we see one distinctive interval of discontinuous high-
amplitude seismic reflectors from ~350 to 500 m seismic depth below seafloor (SSF)
(Fig. F4), and that interval may coincide with a facies that contains abundant sand
beds. However, it is interesting to note that this packet of reflectors can be traced up
and over the crest of the Kashinosaki Knoll. Deeper in the seismic section the inferred
Miocene turbidites of the lower Shikoku Basin thicken and display outstanding acous-
tic continuity. That seismic interval begins at ~700 m SSF and clearly pinches down

13
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against the basement high toward the southeast (Fig. F4). These two acoustic inter-
vals, with their inferred contents of sandy sediment, should have a significant influ-
ence on 3-D changes in hydrogeological, geotechnical, and frictional properties.

Objectives

Scientific objectives

Some of the generic research themes for Expedition 322 include: (1) evolution of a
deepwater turbidite depositional system and facies architecture within the Shikoku
Basin; (2) heat flow, diagenesis, and fluid chemistry of mixed terrigenous and open-
ocean sediments; (3) volcanic ash stratigraphy and provenance; (4) physical and hy-
drogeological properties of hemipelagic and turbidite sediments; and (5) petrology, al-
teration, and hydrology of Layer 2A of the oceanic crust (basalt). By drilling two sites
on the incoming plate (proposed primary Site NT1-07A and proposed contingency
Site NT1-01A), we expected to capture most of the fundamental geologic properties
that are likely to change downdip along the plate boundary (Underwood, 2007). As
the entire NanTroSEIZE science plan moves forward, our knowledge of the initial pre-
subduction conditions will expand incrementally. We will use those results to im-
prove the observational and theoretical context for interpretation of results from
forthcoming and progressively deeper coring. A successful coring program during Ex-
pedition 322 will segue into a broad range of shore-based studies aimed at evaluating
the interwoven factors that collectively lead to transitions from stable sliding to seis-
mogenic behavior (Saito et al., 2009).

Key scientific questions

How does the physical hydrogeology of Shikoku Basin respond to variations in primary
lithologic architecture and basement structure?

As one moves across the NanTroSEIZE transect area parallel to strike (i.e., away from
the northeast flank of the fossil backarc ridge), the bathymetry of the Shikoku Basin
becomes increasingly complicated because of off-axis volcanic seamounts and rem-
nant fragments of a deformed Zenisu Ridge (Le Pichon et al., 1987; Mazzotti et al.,
2002). As expected, acoustic thickness generally decreases above larger basement
highs (Ike et al.,, 2008a), but the 3-D architecture, mineral composition, detrital
source(s), and directions of gravity flow transport of the lower Shikoku Basin are
largely unconstrained by seismic data (Ike et al., 2008b). Basement relief probably
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blocked or deflected flow paths during early stages of basin infilling, but the local re-
sponses remain uncertain in detail. Basement-influenced heterogeneity of lower
Shikoku Basin facies, moreover, carries with it implications for abrupt changes in per-
meability structure (e.g., because of channels and/or stratigraphic pinch-outs), zona-
tion of fluid pressure, and inconsistent progression of early diagenesis. We expect to
uncover evidence of such variations both outboard and inboard of the deformation
front as NanTroSEIZE advances through Stages 2 and 3.

To characterize the spatial distribution of porosity and permeability accurately, we
need to map the turbidite sand bodies using newly acquired IFREE 3-D seismic data
(Park et al., 2008). More importantly, we also need to characterize hydrologic proper-
ties of sandy intervals directly using cores and logs. The turbidite sand bodies of the
Shikoku Basin almost certainly provide high-permeability conduits for fluid flow
right up to the time when chemical cement or authigenic clays occluded the pore
space. If uncemented sand beds still exist, focused fluid flow could be occurring today.
Updip pinch-outs of sand bodies against basement highs also may have created com-
partments of excess pore pressure; this is particularly likely if overpressures get trans-
lated laterally during rapid burial beneath the trench wedge and/or accretionary
prism (e.g., Bredehoeft et al., 1988). To evaluate this possibility quantitatively, our
strategy is to compare hydrologic and geotechnical properties laterally between co-
eval facies units above basement plain and basement high. The upper boundary of the
turbidites is also a likely zone of weakness if fluids migrate out of the turbidite section,
are unable to drain vertically through the overlying mudstone aquitard, and create an
overpressured zone near the lithologic boundary. As subduction progresses, the pres-
ence of sand intervals may simultaneously sustain high pore pressures at the top of
the sandy turbidites because of translation of pressure along permeable strata (Brede-
hoeft et al., 1988; Dugan and Flemings, 2000) and allow improved drainage at their
downdip edge, leading to significant changes in effective stress and fault strength in
three dimensions (e.g., Saffer and Bekins, 2006).

How do fluids and fluid pressure in the igneous basement affect subduction processes?

We know from studies of ridge-flank environments elsewhere that seawater transport
and chemical reactions in upper oceanic basement are complicated (e.g., Fisher, 1998;
Wheat et al., 2003). On the other hand, the physical, thermal, and chemical charac-
teristics of fluids in the igneous crust of the Shikoku Basin remain almost completely
unconstrained by direct sampling. The only constraints come from fluid chemistry
just above basement (Moore, Taira, Klaus, et al., 2001). During NanTroSEIZE, we must
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consider how basement fluids evolve chemically and physically in the downdip di-
rection and determine if or how potentially “exotic” fluids migrate vertically or updip
from the basement. Additionally, if heat transfer from the basement is affected by hy-
drothermal circulation (Spinelli and Wang, 2008), then we need to quantify those ef-
fects on temperature gradients and rock properties at greater depths. Similarly, fluids
derived from or modified by basement sources may be focused along fault zones. To
adequately characterize the basalt’s physical properties and fluid chemistry prior to
subduction, reference holes must penetrate significantly into basement (i.e., 100-200
m below the sediment/basalt interface). As a longer term NanTroSEIZE goal, the plans
include sampling basement fluids in sealed boreholes as a component of observatory
installations.

How have system-wide patterns of sediment dispersal affected composition within the
Shikoku Basin, particularly on the northeast side of the fossil spreading ridge?

Diagenesis and porosity reduction in sandstone depend heavily on the initial texture
and mineral composition of the sand. Without drilling, we cannot know whether or
not the anticipated Miocene turbidites on the northeast side of the Shikoku Basin
shared a common composition and provenance with coeval sand bodies on the
southwest side (i.e., offshore Ashizuri and Muroto Peninsulas; Fig. F1). If armed with
core samples, pore water, and thermal data from the reference sites, scientists will be
able to forecast the onset of cement precipitation (e.g., quartz, calcite, and zeolite),
framework grain dissolution, and formation of pseudomatrix by compaction and/or
tectonic deformation of ductile/labile rock fragments and phyllosilicates. Currently,
we know little about clay mineralogy, volcanic ash stratigraphy, or ash alteration on
the northeast side of the Shikoku Basin. Preliminary data from Expeditions 315 and
316 (Ashi et al., 2009; Screaton et al., 2009) reveal temporal trends in clay content
that are consistent with the Pliocene-Pleistocene sections from offshore of Cape
Muroto and Cape Ashizuri (e.g., Underwood and Steurer, 2003; Underwood and Fer-
gusson, 2005), but the older Miocene strata remain largely unsampled. The clay-min-
eral budget is integral to several important hydration and dehydration reactions (e.g.,
smectite-illite transition) (Saffer et al., 2008; Saffer and McKiernan, 2009). An abun-
dance of clay-size particles also lowers the coefficient of internal friction regardless of
mineral type (e.g., Brown et al., 2003). One prediction to test is the enrichment of
both detrital and authigenic smectite (an unusually weak expandable clay) in re-
sponse to larger amounts of volcanogenic input from the Izu-Bonin arc and a weaker
northeast-directed proto-Kuroshio Current during the Miocene (Underwood and
Steurer, 2003; Underwood and Fergusson, 2005). Temporal changes in ocean circula-
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tion also need to be evaluated in concert with constraints on the timing of eruptive
activity in nearby volcanic arc systems (e.g., Taylor, 1992; Cambray et al., 1995;
Kimura et al., 2005). This spatial-temporal view is important because the waxing and
waning of eruptive activity may have triggered widespread changes in both sediment
composition and sediment supply rates to different parts of the Shikoku Basin at dif-
ferent times.

How do thermal structure and primary sediment/rock composition modulate diagenesis
and fluid-rock interactions prior to subduction?

Thermal structure, including the effects of fluid circulation in the basement, is a crit-
ical input variable to document because of its influence on sediment diagenesis and
fluid chemistry (Spinelli and Underwood, 200S; Saffer and McKiernan, 2009). The age
of subducting lithosphere within the Kumano transect area is ~20 Ma (Okino et al.,
1994). Heat flow generally decreases with age and distance from the Kinan Seamounts
(Wang et al., 1995; Yamano et al., 2003), but we must verify this first-order regional
pattern with high-quality borehole temperature measurements. The inferred timing
of volcanic activity responsible for the birth of Kashinosaki Knoll (Ike et al., 2008a)
also needs to be established by dating the basalt and lowermost sediment.

As subduction carries Shikoku Basin strata toward and beneath the accretionary
prism, we expect fluids and physical properties to change downsection and downdip
in response to hydration reactions (e.g., volcanic glass to zeolite + smectite), dehydra-
tion reactions (e.g., opal-to-quartz and smectite-to-illite), and crystalline cement pre-
cipitation (carbonates, zeolites, and silica). Sharp diagenetic fronts (especially opal-to-
quartz) have been linked to anomalous offsets in profiles of porosity, P-wave velocity,
and other geotechnical properties (Spinelli et al., 2007). Dispersed volcanic glass is
also potentially important during diagenesis but, as yet, this component of the sedi-
ment budget is poorly understood (Scudder et al., 2009). Similarly, hydrous authi-
genic phases in the basalt (e.g., saponite from ridge-flank hydrothermal alteration)
are susceptible to diagenetic reactions at higher temperatures. Updip migration of flu-
ids (including hydrocarbons) toward the Shikoku Basin from landward zones of
deeper seated dehydration reactions is a distinct possibility (Saffer et al., 2008), and
this idea can be tested through a comprehensive program of geochemical analyses.
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Which factor(s) control(s) the décollement’s position near the prism toe and at greater
depths, together with the fault’s mechanical behavior throughout?

One generic possibility to consider in the stratigraphy of fault zones is a reduction in
shear strength along a specific stratigraphic interval with low intrinsic strength, per-
haps caused by unusually high contents of clay-size particles and/or smectite-rich
clay (e.g., Vrolijk, 1990; Deng and Underwood, 2001; Kopf and Brown, 2003). An-
other generic possibility is a reduction of effective stress because of excess pore pres-
sure. Causes of excess pore pressure could be as diverse as rapid updip migration of
pore fluids from deep-seated sources, in situ mineral dehydration within poorly
drained mudstone, or compaction disequilibrium caused by rapid loading of an im-
permeable mudstone beneath the landward-thickening trench wedge (e.g., Swarbrick
and Osborne, 1998). Pinch-outs of highly permeable sand against mudstone aqui-
tards if combined with compaction disequilibrium and pressure-driven fluid flow
could lead to a complicated 3-D geometry of stratigraphically controlled compart-
ments of excess pore pressure. Strata near the basalt/sediment interface, moreover,
may contain abundant volcaniclastic debris and smectite. If true, those rocks proba-
bly occupy the deeper and more landward zones of preferential weakness where the
décollement ramps down. Permeable sand-rich turbidites may also exert a primary
control on décollement strength and downstepping via their effect on pore pressure
and thus effective stress (Saffer and Bekins, 2006). Other possibilities to consider in-
clude changes in the hydrologic properties of basal sedimentary rock and/or the up-
per igneous crust (i.e., heterogeneities in permeability might localize overpressures)
and changes in rock fabric as a function of protolith (i.e., the uneven development of
slaty or phyllitic fabric may respond to inherited variations in sediment texture, com-
position, and earlier diagenetic-metamorphic history).

Another consideration in fault-zone position is the effect of seamount subduction on
the structure of the frontal accretionary prism (Yamazaki and Okamura, 1989). Evi-
dence from the frontal Kumano transect suggests widespread perturbation of struc-
tural architecture due to a subducting seamount just to the southwest of the 3-D
seismic coverage (Moore et al., 2009). Among the adjustments to subducting base-
ment highs are the décollement ramping up to the seafloor and oblique thrust devel-
opment (Screaton et al., 2009). These large-scale tectonic overprints may overwhelm
the influences of such inherited compositional factors as cementation or clay miner-

alogy.
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The Nankai plate boundary, when traced in the downdip direction, eventually ramps
down from a sediment/sediment interface to the sediment/basalt or intrabasalt inter-
face (Fig. F3). This shift in tectonostratigraphic position must coincide with funda-
mental changes in the rock’s mechanical and/or hydrologic properties, but the details
of cause and effect remain speculative. Shore-based studies indicate that systematic
fragmentation of upper basement and incorporation of basalt slabs into shear-zone
mélanges could be controlled by primary layering of the igneous rock (Kimura and
Ludden, 1995). Our challenge will be to discriminate between the presubduction fac-
tors inherited from Shikoku Basin (documented during this expedition) and the
changes imparted by increasing P-T conditions and stress changes at depth (docu-
mented in the future by deep riser drilling).

Drilling plan

To reiterate, the principal purposes of Expedition 322 were to sample within the
Shikoku Basin and to quantify initial conditions in the materials that are tectonically
delivered to the subduction system. Geologic materials within the lower half of the
Shikoku Basin are what ultimately enter the seismogenic zone and host slip along the
deep megasplay and the deep décollement. Preexisting relief on the Shikoku Basin ig-
neous crust obviously affected the spatial distribution of various sediment types and
sedimentation rates, so our original plan (Saito et al., 2009) was to drill two sites: a
condensed section on a basement high (proposed contingency Site NT1-01 [Hole
CO0012A]), and a thicker sand-rich section off that high (proposed primary Site NT1-
07 [Hole CO011B]). Both sites need to be cored and logged to reveal how basement
relief influences such factors as the presubduction geometry of sedimentary facies,
temperature, permeability, consolidation state, frictional properties, sediment and
basement alteration, and fluid flow. A full program of coring and wireline logging of
the sedimentary section was planned for Site C0011, and we benefited greatly from
early acquisition of LWD data from Hole CO011A during the final days of Expedition
319. Another change in plan came as a result of premature bit destruction and failure
to reach the total depth (TD) target during coring in Hole CO011B. Log-seismic inte-
gration after the acquisition of LWD data indicated a depth to basement of ~1050 m
SSE. A quick assessment of the time remaining led to our decision to move to the con-
tingency site (Hole CO012A). The coring summary is shown in Table T1.
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Principal results

Site C0011

Core-Log-Seismic integration

Near the end of Expedition 319, measurement-while-drilling (MWD) and LWD data
were collected at proposed Site NT1-07 (Hole CO011A). Although the time allocation
for this operation was not long enough to reach basement, acquisition of these data
proved to be extremely beneficial. MWD data include rate of penetration (ROP), ro-
tational speed, and stick-slip. LWD data (acquired using Schlumberger geoVISION
tool) include natural gamma radiation, five different resistivity readings, and resistiv-
ity images from button resistivity measurements. Generally, the data quality was good
and we were able to make confident correlations between the logs and subsequent
core description and multisensor core logger (MSCL) data, with a vertical offset of ~4
m between the coring hole and the logging hole. LWD data were divided into five log-
ging units on the basis of visual inspection of the gamma ray and ring resistivity re-
sponses (Fig. F5). These divisions also correlate reasonably well with the seismic
stratigraphy (Fig. F6). The log characteristics attributed to several secondary litholo-
gies can be discriminated from a dominant background lithology interpreted to be
hemipelagic mud(stone).

Logging Unit 1 (0-251.5 m LWD depth below seafloor [LSF]) exhibits minor fluctua-
tions in gamma ray and a very gradual decrease in ring resistivity. These attributes are
consistent with a lithology of hemipelagic mud (silty clay to clayey silt). Logging Unit
2 (251.5-478.5 m LSF) corresponds to a series of high-amplitude seismic reflections,
which are laterally variable and discontinuous. The logging Unit 1/2 boundary is
marked by steplike offsets of both gamma ray and resistivity values. The most striking
features within logging Unit 2 are the high resistivity spikes, which coincide with low
gamma ray peaks. The blocky log signature of this unit is indicative of local sand-
filled channels (Fig. F7), and the higher resistivity values may be due to a high con-
centration of volcanic glass shards within the sand-size fraction (see “Lithostratigra-
phy”). Logging Unit 3 (478.5-736.0 m LSF) exhibits increases in both the gamma ray
trendline and ring resistivity, with little variation. At ~650 m LSE, the log character
changes to include low gamma ray peaks and low ring resistivity spikes (Subunit 3C),
which we interpret to be intervals of terrigenous sand. Logging Unit 4 (736.0-867.0
m LSF) exhibits a series of four inferred fining- and coarsening-upward sequences that
correlate with a series of high-amplitude seismic reflections with excellent lateral con-
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tinuity. We interpret these intervals as packets of sand-rich turbidites. Logging Unit 5
(867.0-950.5 m LSF) is characterized by a sharp increase in the ring resistivity log, fol-
lowed by minor fluctuations around a constant trendline. Gamma radiation decreases
slightly with depth. Our interpretation of this unit is heavily consolidated hemipe-
lagic mudstone.

Structural analysis of the borehole resistivity images shows that bedding dips <20° to-
ward the north, which is consistent with the gentle dip observed in the seismic pro-
files down the seaward slope of the trench. Analysis of borehole breakouts indicates
that the maximum horizontal stress field (Symax) is orientated north-northeast-south-
southwest, roughly perpendicular to the convergence direction of the Philippine Sea
plate.

Lithostratigraphy

Because of the time constraints imposed by 11.5 days of operational time set aside for
contingencies (e.g., typhoon evacuation), coring at Site C0011 (Hole CO011B) began
at 340 m CSF rather than the mudline (Fig. F8). For the most part, core recovery was
modest to poor. We identified five lithologic units in Hole CO011B (Fig. F9). Because
Unit I was not cored, its inferred character is based on LWD data and analogy with
the upper part of the Shikoku Basin at several other drilling sites (ODP Sites 808, 1173,
1174, and 1177). The dominant lithology of the upper Shikoku Basin facies is hemi-
pelagic mud (silty clay to clayey silt) with thin interbeds of volcanic ash. Discrimina-
tion among all of the other lithologic units was based on a combination of visual core
description (VCD), smear slide petrography, bulk powder X-ray diffraction (XRD),
and X-ray fluorescence (XRF).

Lithologic Unit II is late Miocene (>7.07 to ~9.0 Ma) in age and extends from 340.0
to 479.06 m CSE. Because of its unique combination of detrital composition and age,
we have designated this unit as the middle Shikoku Basin facies. This unit is divided
into two subunits (Fig. F8). Subunit ITA (340.0-377.61 m CSF) consists of moderately
lithified bioturbated silty claystone with interbeds of tuffaceous sandstone, whereas
Subunit IIB (377.61-479.06 m CSF) contains bioturbated silty claystone, volcaniclas-
tic sandstone, and dark gray siltstone without appreciable bioturbation. The distinc-
tion between tuffaceous and volcaniclastic sandstone is based on the abundance of
volcanic glass shards (Fig. F10). Subunit IIB also contains a chaotic interval of inter-
mixed volcaniclastic sandstone and bioturbated silty claystone (mass transport de-
posit). Bulk powder XRD data show scattering within Unit II as a function of grain
size; sandy specimens are enriched in feldspar, whereas hemipelagic mudstones con-
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tain higher percentages of total clay minerals (Fig. F11). Bulk powder XRF data show
an intriguing gradient of Al,O3 within Subunit IIA and an abrupt shift to higher Al,O3
below the subunit boundary (Fig. F12). This shift in bulk geochemistry may have
been caused by a change in the clay-mineral assemblage. Judging from smear slide pe-
trography, we suggest that the volcanic-rich sands were derived from an active vol-
canic arc as a mixture of primary eruptive products and reworking of pyroclastic and
sedimentary deposits. The closest volcanic source was probably located along the
northeast margin of the Shikoku Basin (Izu-Bonin arc), but shore-based analyses of
the volcaniclastic grains will be needed to pinpoint the detrital provenance. Channel-
like sand-body geometry is evident in both LWD data (Fig. F7) and seismic character,
and transport/deposition probably occurred in the distal part of a submarine fan.

Lithologic Unit III is middle-late Miocene (~9.0 to ~12.0 Ma) in age and extends from
479.06 to 673.98 m CSF. The dominant lithology is bioturbated silty claystone, typical
of the hemipelagic deposits in the Shikoku Basin. Secondary lithologies include spo-
radic dark gray silty claystone, lime mudstone, and very thin beds of ochre-colored
calcareous claystone. The unit’s boundaries are defined at the top by a thin bed of ce-
mented terrigenous sandstone and at the bottom by the appearance of dark gray
clayey siltstone (mud turbidites). The most interesting aspect of this unit is a change
in the rate of hemipelagic sedimentation at ~11 Ma (Fig. F13), which is also evident
from both biostratigraphic and paleomagnetic data uncorrected for compaction (see
“Biostratigraphy” and “Paleomagnetism”). Bulk powder XRD and XRF data show
monotonous compositions within Unit III, punctuated by scattered layers of carbon-
ate-rich mudstone (Figs. F11, F12).

Lithologic Unit IV is middle Miocene (~12.0 to ~14.0 Ma) in age and extends from
673.98 to 849.95 m CSE Core recovery within this interval was particularly poor, and
our interpretations were further hampered by poor core quality and the decision to
wash down without coring from 782.6 to 844.0 m CSF. The dominant lithology of
Unit IV is bioturbated silty claystone with abundant interbeds of dark gray clayey silt-
stone (deposited by muddy turbidity currents) and fine-grained siliciclastic sandstone
(deposited by sandy turbidity currents). The sandstone beds are 10-80 c¢m thick and
typically display plane-parallel laminae. Small wood fragments are common, as are
detrital grains of polycrystalline quartz and metamorphic rock fragments. We inter-
pret the terrigenous source of this sandy detritus to be somewhere along the outer
zone of southwest Japan, where such tectonostratigraphic units as the Sanbagawa
metamorphic belt and the Shimanto Belt crop out across the strike length of the Kii
Peninsula, Shikoku, and Kyushu (e.g., Taira et al., 1989; Nakajima, 1997). Superficially
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similar sand deposits with overlapping ages have been documented on the west side
of the Shikoku Basin at Site 1177 and DSDP Site 297 offshore the Ashizuri Peninsula
of Shikoku (Marsaglia et al., 1992; Fergusson, 2003; Underwood and Fergusson, 2005).

The age of lithologic Unit V is poorly constrained with in the range of middle Mio-
cene (~14.0 Ma). The unit extends from 849.95 to 876.05 m CSE but our ability to
characterize these strata was hampered by poor core recovery. The unit’s upper
boundary is defined by the first occurrence of tuff, and the lower boundary coincides
with the destruction of the drill bit, which led to cessation of coring. The dominant
lithologies are tuffaceous silty claystone and light gray tuff with minor occurrences of
tuffaceous sandy siltstone (Fig. F14). XRD data show an abundance of zeolites (undif-
ferentiated clinoptilolite/heulandite and analcime) and smectite within this unit as
alteration products of volcanic glass. The tuff deposits are probably correlative with
the thick rhyolitic tuffs that were recovered at Site 808 from the Muroto transect of
the Nankai Trough, which yielded an age of ~13.6 Ma (Taira, Hill, Firth, et al., 1991).

Structural geology

More than 300 individual structural features were described and measured in the
cores from Hole CO011B. Whenever possible, these features were reoriented to a geo-
graphic reference frame using shipboard paleomagnetic data. Most of the features are
characterized by subhorizontal to gently dipping bed planes and small faults (Fig.
F15). Synsedimentary creep structures and layer-parallel faults (referred to as defor-
mation bands at Sites 1174 and 808) developed in lithologic Units II and III, whereas
a high-angle normal fault/fracture system exhibiting brittle features is pervasive in
lithologic Units IV and V. Deformation-fluid interactions were also deduced from
mineral-filled veins precipitated along faults in the lowermost part. Although the
numbers of paleomagnetic correction are limited, attitudes of these structures seem
to be controlled by bathymetry of the trench-accretionary prism system; poles to
these structures are distributed along a north-northwest-south-southeast trend, per-
pendicular to the present trench axis. The structural distributions in cores correlate
nicely with the logging-based measurements of planar orientations (Fig. F5).

Biostratigraphy

Preliminary analysis of samples from Hole CO011B revealed assemblages of calcareous
nannofossils and planktonic foraminifers. Biostratigraphic datums are taken mainly
from coccoliths. According to these datum events, the composite sequence for Hole
CO0011B ranges from middle to upper Miocene, roughly equivalent to 13.65 Ma at the
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lowest datum up to 8.52 Ma at 425 m CSF (Fig. F9). In spite of dissolution and numer-
ous barren cores, the floral and faunal assemblages provide some insights into pale-
oceanographic conditions. In the upper Miocene, for example, the sediments
contained warm-water fossils such as the calcareous nannofossil genus Discoaster.

Paleomagnetism

Because of the failure of the cryogenic magnetometer (super-conducting quantum in-
terference device), paleomagnetic studies for Hole CO011B consisted of natural rema-
nent magnetization (NRM) measurements and alternating-field and thermal
demagnetizations on discrete samples. We noted that tuffaceous sandstone and vol-
canic sand layers within lithologic Unit II display NRM intensity peaks. There is a
broad NRM intensity high from 530 to 570 m CSF that appears to correspond to
changes in P-wave velocity and sedimentation rate at ~11 Ma. Changes in magnetic
susceptibility (from both whole-core pass-through measurements by the whole-
round multisensor core logger [MSCL-W] and discrete paleomagnetic samples with a
Kappabridge) are largely consistent with the variations in NRM intensity. Both re-
sponses are probably caused by fluctuations in the type and/or abundance of mag-
netic minerals. Several relatively well-defined polarity intervals were identified in
downhole magnetostratigraphic records, in spite of the presence of unstable and am-
biguous magnetization, and these reversals were correlated with the geomagnetic po-
larity reversal timescale.

Integrated age-depth model

Using biostratigraphic data, we were able to correlate certain parts of the magnetic po-
larity interval with the geomagnetic polarity reversal timescale and create an inte-
grated age-depth model (Fig. F16). Overall, the paleomagnetic data indicate ages
ranging from ~7.6 to ~14.1 Ma. The composite age-depth model yields rates of
sedimentation (uncorrected for either compaction or rapid event deposition by
gravity flows) ranging from ~4.0 cm/K.y. in the upper part of Unit IIl to 9.5 cm/k.y. in
the lower part of lithologic Units III and IV (Fig. F16). The average rate for lithologic
Unit Il is 9.4 cm/k.y. The sedimentation rate within Unit III changed at ~11 Ma. Mag-
netostratigraphic records also suggest the existence of a geomagnetic excursion or
short reversed polarity event within lithologic Unit V. This event may have been
caused by rapid deposition of tuffaceous material with a thickness of ~60 cm.
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Physical properties

Physical property measurements at Site CO011 provide indications of bulk formation
properties, which we were able to correlate with lithologic variation and compare
with profiles from other drill sites in the Shikoku Basin. For example, sharp increases
in magnetic susceptibility (from the MSCL) correlate nicely with individual sandstone
beds in lithologic Unit II (Fig. F17). In addition, a shift in magnetic susceptibility in
Unit Il near 575 m CSF correlates with a change in sedimentation rate at ~11 Ma (Fig.
F16). Calculated bulk density and porosity show a downhole increase in bulk density
(1.5-2.1 g/cm?3) and decrease in porosity (0.55-0.32), indicative of sediment consoli-
dation (Fig. F18). These trends correlate with increases in compressional velocity (Vp)
and electrical resistivity. The velocity-porosity relation is consistent with previous ob-
servations from Shikoku Basin sediments (Hoffman and Tobin, 2004). Although the
trend for Vp increases downhole, this increase is subdued from 575 m CSF to the base
of Unit III, thereby correlating with the change in magnetic susceptibility mentioned
above. Velocity anisotropy changes from isotropic to anisotropic (i.e., horizontal ve-
locity faster than vertical velocity) near 440 m CSF (Fig. F19), and we attribute this
change to compaction-induced alignment of mineral grains. Thermal conductivity
varies between 0.98 and 1.77 W/(m-K) in mudstone and between 1.11 and 1.75 W/
(m-K) in sandstone.

Although crude first-order trends are clear in the profiles, drilling and coring distur-
bance perturbed the results of bulk physical property measurements in several impor-
tant ways. To begin with, decreased core diameter from rotary core barrel (RCB) coring
resulted in MSCL-W calculated values that are not representative of in situ conditions;
these volume-related artefacts can be remedied through advanced processing involv-
ing integration of X-ray computed tomography data. Another likely source of error is
inaccurate grain density measurements, as those values also show an unusually high
range of scatter. A more serious problem is that many cores were damaged by mi-
croscale cracks and fractures induced by drilling, coring, and/or the recovery pro-
cesses, particularly during periods of high heave. Our sampling procedure tried to
avoid regions that had visible fractures; however, the data show evidence of pervasive
internal disturbance. This disturbance is most obvious in the unusually high variabil-
ity in bulk density and porosity and in P-wave velocity measured on cube samples
(Figs. F18, F19). The observed trend of thermal conductivity, which decreases as po-
rosity decreases, is counter-intuitive and also confirms the existence of small water-
filled fractures, leading to measured values that are lower than in situ values.
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Downhole measurements

Because of time constraints and the absence of hydraulic piston coring system coring
at both sites, we failed to make any temperature measurements during Expedition
322. The sediment temperature-pressure (SET-P) tool was successfully tested in the
drill string. Prior to deployment, the SET-P tool was connected to the colleted delivery
system (CDS) and placed into the RCB bottom-hole assembly (BHA) to ensure that the
landing mechanism engaged correctly. The test consisted of lowering the SET-P tool
downhole with stops at 988 and 1989 m below sea level for reference measurements.
Measured pressure data confirmed hydrostatic pressure within the drill string, and the
temperature data correctly recorded temperature variation. Based on the observa-
tions, the test deployment was successful. The SET-P tool was not deployed in the for-
mation, however, because of ambiguity in correlating LWD data with MSCL-W data,
the sporadic presence of hard layers, and the lack of sand(stone) recovery in previous
cores. This combination of factors led to large uncertainties in the location and in situ
properties of our primary targets (thick sand beds), which elevated the risk of deploy-
ment to unacceptable levels.

Inorganic geochemistry

The inorganic geochemistry objectives at this site were partially achieved by collect-
ing 46 whole-round samples for interstitial water analysis. Routine sampling density
was one per core, but collection of good-quality samples was difficult throughout the
hole because of extreme core disturbance and low water content of the formation.
Contamination by seawater is evident in all data profiles and corrections were made
on the basis of sulfide concentrations.

The top of the sampled sediment section (340 m CSF) lies beneath the sulfate/meth-
ane interface; thus, the shallow processes associated with organic carbon diagenesis
were not sampled here. Cl concentration in the sampled fluids decreases from ~550
mM to ~7% less than seawater (Fig. F20). This freshening trend is superficially consis-
tent with the trend observed at Site 1177, which was drilled seaward of the deforma-
tion front in the Ashizuri transect during Leg 190 (Moore, Taira, Klaus, et al., 2001).
Judging from the similarity of the two profiles, we suggest that the sampled fluids
may have originated from greater depth by clay dehydration reactions. If this is true,
then fluid migration toward Site CO011 must have occurred updip along permeable
conduits of turbidite sandstone. Unfortunately, recovery of the sandstone was insuf-
ficient to characterize their hydrogeologic properties and vertical extent. The lack of
reliable temperature constraints also hinders a more definitive interpretation of the
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chloride data (i.e., in situ versus deeper seated dehydration). The distributions of ma-
jor and minor cations document extensive alteration of volcanogenic sediments and
oceanic basement, including the formation of zeolites and smectite-group clay min-
erals. These reactions lead to consumption of silica, potassium, and magnesium and
production of calcium (Fig. F20). The very high calcium concentrations (>50 mM) fa-
vor authigenic carbonate formation, even at alkalinity of <2 mM. Those results are
consistent with the recovery of scattered lenses/beds of lime-rich mudstone (Fig. F11).

Organic geochemistry

Concentrations of nitrogen and sulfur are very low in all lithologic units. Organic car-
bon, total sulfur, and total nitrogen contents are, on average, equal to 0.31 £ 0.17
wt%, 0.37 £ 1.47 wt% and 0.06 £ 0.02 wt%, respectively. Organic carbon contents
show more scatter in lithologic Unit II than in Unit III (Fig. F21). C/N ratios ~6.0
3.1 indicate a marine origin of the sedimentary organic matter, but two elevated val-
ues in Units II and IV suggest increased input from terrigenous sources. In general,
inorganic carbon contents (0.35 £ 0.93 wt%) are only slightly larger than organic car-
bon contents and correspond to a mean calcium carbonate content of 2.95 wt%. Ele-
vated carbonate contents in Unit III reach up to 61.7 wt% and coincide with thin beds
of lime-rich mudstone.

In spite of the sediment’s very low organic carbon content, dissolved hydrocarbon gas
concentrations in the interstitial water increase with depth. Methane is present as a
dissolved phase in all samples (Fig. F22). Ethane was detected in all but one core taken
from depths >422 m CSF. Dissolved propane was first observed at 568 m CSF and is
present in almost all deeper cores. Butane occurs sporadically deeper than 678.5 m
CSF. The occurrence of ethane below 422 m CSF results in low C;/C; ratios ~277 + 75
(Fig. F22). The very low C;/C; ratios are unusual for sediments with organic carbon
contents of <0.5 wt%. Without better constraints on temperature at depth, these re-
sults are difficult to interpret with confidence. In situ production of heavier hydrocar-
bons is possible at Site CO011, but that would require burial temperatures warmer
than predicted by the erratic values of near-surface heat flow near the Kashinosaki
Knoll (Yamano et al., 2003). In addition, unlike the monotonic increases in headspace
gas concentrations at Site 1173 (Moore, Taira, Klaus, et al., 2001), the dissolved hy-
drocarbon concentrations increase within lithologic Units III and IV but then de-
crease within lithologic Unit V (Fig. F22). We attribute the pattern to fluids
originating from deeper/hotter sources and migrating along intervals of higher per-
meability (see “Inorganic geochemistry”).
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Microbiology

The microbiology component of Site CO011 was limited to whole-round sampling for
molecular (phylogenetic) studies, fluorescence in situ hybridization (FISH), and cell
counting studies. Interstitial water samples were also obtained for shipboard spectro-
photometric analyses of ferrous iron and acid volatile sulfide and measured using a
third-party tool. The results of these measurements are tabulated along with inor-
ganic geochemistry data.

Site C0012
Lithostratigraphy

At Site C0012, we identified six sedimentary lithologic units on the basis of sediment
composition, sediment texture, and sedimentary structures (Fig. F23). Unit VII is
composed of basalt (igneous basement). For the most part, core recovery was modest
to poor (Fig. F24) and damage to the core was typically severe. Nevertheless, several
correlations of distinctive marker beds were made between this site and Site CO011.
For example, we identified a distinctive cemented yellow carbonate at ~229 m CSF in
Hole CO012A (7 cm thick), with a similar 5 cm thick carbonate layer at ~229 m CSF
in Hole CO011B. We also recognized several lithologic units common to both sites.

Lithologic Unit I was not cored between 0.81 and 60 m CSF. It is 150.86 m thick and
extends from the seafloor to 150.86 m CSF, below which we observed the first occur-
rence of volcaniclastic sandstone. The age of this interval ranges from Quarternary to
late Miocene (0 to ~7.1-8.5 Ma). The dominant lithology is green-gray intensely bio-
turbated silty clay, typical of hemipelagic mud deposits. Thin layers of volcanic ash
are scattered throughout. The results of bulk powder XRD show modest amounts of
calcite within this unit, consistently above trace quantities (Fig. F25). This retention
of biogenic carbonate is compatible with deposition on top of Kashinosaki Knoll at a
water depth close to (but above) the calcite compensation depth. This lithologic unit
is correlative with logging Unit 1 at Site COO011.

Lithologic Unit II is late Miocene (~7.1-8.5 to ~8.8-9.6 Ma) in age. We applied a new
designation of middle Shikoku Basin facies because of this unit’s unique composition
(i.e., volcanic rather than siliciclastic sand) and age relative to broadly equivalent
Miocene turbidites cored along the Ashizuri transect. It is 68.95 m thick and extends
from 150.86 to 219.81 m CSFE. Stratigraphic equivalents to the basal part of Subunit
ITA (as defined in Hole CO011B) appear to be present here as very coarse- to fine-
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grained tuffaceous to volcaniclastic sandstone. The dominant lithology is green-gray
silty claystone, alternating with medium- to thick-bedded tuffaceous/volcaniclastic
sandstone and dark gray clayey siltstone. Lithologic Unit II contains two chaotic de-
posits that are 0.3 and 3.1 m thick (150.86-151.17 and 178.00-181.10 m CSEF, respec-
tively). As observed at Site C0011, these deposits consist of disaggregated pieces of
volcanic-rich sandstone and bioturbated silty claystone that show folding, thinning,
and attenuation of primary bedding. They are interpreted to have formed by gravita-
tional sliding on the relatively steep north-facing slopes of Kashinosaki Knoll. XRD
data show scatter in concentrations of total clay minerals and feldspar because of lith-
ologic heterogeneity (Fig. F25). The closest source of volcanic sand was probably the
[zu-Bonin volcanic arc (Taylor, 1992). Unlike Site CO011, however, deposition of sand
on top of the knoll must have required upslope transfer by turbidity currents (e.g.,
Muck and Underwood, 1990) and/or postdepositional uplift of the basement high.

Lithologic Unit III is middle Miocene (~8.5 to ~12.5 Ma) in age. It is 112.0 m thick
and extends from 219.81 to 331.81 m CSF. The interval is characterized by biotur-
bated silty claystone, typical of hemipelagic deposition. With the exception of scat-
tered carbonate beds, the homogeneity of this unit results in very consistent XRD-
deduced mineral abundances and major oxides (Figs. F25, F26). Other exceptions are
related to beds with unusually high concentrations of clay minerals (possible benton-
ites). Unit III also contains an interval at least 15.2 m thick with steeply inclined bed-
ding, typically at an angle of 40°-45° (see “Structural geology”). From seismic
evidence, this disruption appears to be associated with rotational normal faulting.
Biostratigraphic data also yield evidence of a possible hiatus near the top of this in-
terval.

Lithologic Unit IV is middle Miocene (>12.0 to <13.6 Ma) in age. It is 86.48 m thick
and extends from 331.81 to 415.58 m CSFE This interval is characterized by alterna-
tions of silty claystone, thin clayey siltstone, and fine-grained, normally graded vol-
caniclastic sandstone. We interpret the siltstone and fine sandstone beds to have
resulted from muddy and sandy turbidity currents, respectively. This unit shows a
trend of increasing Fe,O3; and decreasing Na,O with depth (Fig. F26), and XRD data
show some shifts in mineralogy because of grain size effects (Fig. F25).

The age of lithologic Unit V ranges from early to middle Miocene (>13.6 to 17.7-18.9
Ma). It is 112.93 m thick and extends from 415.58 to 528.51 m CSE. The Unit IV/V
boundary is subtle and defined by an appearance of volcanic tuff. The main lithology
in Unit V is silty claystone; coarser interbeds in the lower part of the unit consist of

29



Expedition 322 Preliminary Report

siliciclastic sandstone, volcaniclastic sandstone, and rare tuff. The sandstones, some
of which display spectacular cross-laminae, plane-parallel laminae, convolute lami-
nae, and soft-sediment sheath folds (Fig. F27), appear to have two separate detrital
provenances judging from point counts of smear slides: (1) a volcanic source with
fresh volcanic glass, together with relatively large amounts of feldspar, and (2) a sili-
ciclastic source enriched in sedimentary lithic grains, quartz, and heavy minerals (in-
cluding pyroxene zircon and amphibole). The outer zone of southwest Japan is the
likely siliciclastic source. Bulk XRD confirms that relative percentages of quartz and
feldspar increase significantly in the coarse-grained strata (Fig. F25), and XRF data
show appreciable scatter in most of the major oxides because of lithologic/textural
heterogeneity (Fig. F26). This range of compositions, textures, and ages is also remi-
niscent of the older turbidite intervals and volcaniclastic-rich facies at Site 1177
(Moore, Taira, Klaus, et al., 2001).

Lithologic Unit VI is early Miocene in age (>18.921 Ma). It is only 9.3 m thick and
extends from 528.51 to 537.81 m CSF. This unit is characterized by variegated red,
reddish brown, and green calcareous claystone, rich in nannofossils, with minor
amounts of radiolarian spines. Carbonate content is ~20 wt% based on bulk powder
XRD analysis (Fig. F25). We interpret this unit as a pelagic clay deposit in direct con-
tact with igneous basement.

Igneous petrology

Successtul recovery of volcanic basement in Hole CO012A defined lithologic Unit VII.
On the basis of the nannofossils in overlying red claystone, the volcanic rock is older
than 18.921 Ma. The cored interval extends from 537.81 to 576 m CSE, and a sharp
contact between red claystone and basalt is beautifully preserved in Core 322-
CO012A-53R (Fig. F27). The 38.2 m of basement coring resulted in 18% recovery, con-
sisting of (1) pillow lava basalts, (2) basalts, (3) basaltic-hyaloclastite breccia, and (4)
mixed rubble pieces of basalt caused by drilling disturbance. Basalts and pillow basalts
have aphanitic to porphyritic textures. Phenocryst abundance is highly variable, from
slightly to highly phyric textures. This variability is not restricted to separate intervals
but is also observed across diffuse limits between highly phyric and sparsely phyric
basalts. Phenocrysts are composed mostly of plagioclase, pyroxene, and sparse altered
olivine. Othopyroxene is dominant compared to clinopyroxene. Pyrite is present as
an accessory mineral in some basalts. Vesicularity is highly heterogeneous. In a single
sequence, basalts can have sparse (1%-5%) to high (>20%) vesicle content. VCD and
thin section analyses show evidence of magma mixing.
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Alteration ranges from moderate to very high, with a large proportion of basalts being
highly altered. Alteration styles include interstitial groundmass replacement, vesicle
fill, vein formation (with associated alteration halos), and the complete replacement
of pillow lavas glass rims by alteration materials. Secondary mineralogical phases are
comprised of saponite, celadonite, zeolite, pyrite, iddingsite, quartz, and calcite.
Therefore, basalts from Site C0012 exhibit the effects of several stages of alteration
from relatively high temperature facies (>200°C for zeolite and saponite) to low tem-
perature facies (<30°C for celadonite).

One thin layer of basaltic-hyaloclastite breccia was recovered, but many fractures are
filled with brecciated material. These breccias are composed of clasts that are similar
to the surrounding basalts and are sealed with celadonite and saponite. Given the low
recovery of these intervals, it is not possible to determine the relationship between
the hyaloclastite potions and underlying lavas.

Structural geology

Structures measured in cores from Hole CO012A consist of bedding planes, minor
faults, and fractures. The beds usually dip gently to the north; steep bedding dips oc-
cur only in lithologic Unit III (Fig. F28). Rotation of bedding to higher angles
probably occurred by large block sliding on the north-inclined seafloor of
Kashinosaki Knoll. The sliding apparently caused a time gap (angular unconformity)
as deduced by nannofossil datums (see “Biostratigraphy”). Small high-angle faults
and fractures strike north-northwest-south-southeast, and the poles show girdle
distribution trending east-northeast-west-southwest. Because most slickenlines on
the fault surfaces exhibit dip-slip movements, the direction of intermediate principal
stress apparently trends north-northwest-south-southeast, perpendicular to the
trench. Deformation-fluid interactions were also deduced from calcite-filled veins
precipitated along faults in the lower part of the sedimentary section.

Biostratigraphy

Preliminary analysis of the core catcher and additional samples from Cores 322-
CO012A-1R through 52R reveal assemblages of calcareous nannofossils and plank-
tonic foraminifers. Biostratigraphic datums are recognized mainly from calcareous
nannofossils. The oldest depositional age at Site CO0012 is early Miocene
(18.921-20.393 Ma; that event has a depth range of 528.67-530.32 m CSF). The aver-
age calculated sedimentation rate (uncorrected for compaction) changes from 3.07
cm/k.y. above 216 m CSF to 6.42 cm/k.y. below 235 m CSFE. That change occurred
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within lithologic Unit IIT at ~9.56-10.88 Ma, and it may be associated with a brief hi-
atus in sedimentation (i.e., the angular unconformity described in “Structural geol-
ogy”). Another possible hiatus exists above the Unit V/VI boundary (14.914-18.921
Ma).

Paleomagnetism

Magnetic property variations among various lithologies are similar to those observed
at Site CO011. For example, the typical silty claystones yield relatively low NRM in-
tensity compared to sandstone and volcaniclastic sandstone. In lithologic Unit III,
both NRM intensity and magnetic susceptibility show a steady downhole decrease.
We collected four basalt samples from the basement unit and subjected them to
detailed alternating-field (AF) demagnetization experiment. Apparent self-reversal of
remanence is observed during the AF demagnetization on two of the basaltic samples.
This behavior could be due to a self-reversal of pyrrhotite and needs to be further ex-
amined during shore-based studies. Several relatively well-defined polarity intervals
were identified in downhole magnetostratigraphic records. Using biostratigraphic
data, we were able to correlate patterns of the magnetic polarity interval recorded in
the sediments against the standard geomagnetic reversal timescale. In particular, the
polarity interval between 5 and 8 Ma can be correlated with confidence and with
somewhat less confidence back to 11 Ma.

Integrated age-depth model

The integrated age-depth model from biostratigraphy and magnetostratigraphy gives
an age of ~7.8 Ma at the Unit I/II boundary (Fig. F29) and indicates a significant
increase in sediment accumulation rate across the boundary (from ~2 cm/k.y. above
to ~6 cm/Kk.y. below). The composite model yields an age of ~10.2 Ma at the Unit II/
I1I boundary. The age model for older parts of the sedimentary section is less certain,
especially where core recovery was poor. The calculated sedimentation rate is fairly
uniform to 430 m CSE below which the rate increases significantly to ~46 cm/Kk.y.
This acceleration is a response to rapid accumulation of thick turbidite sand and silt
beds (see “Lithostratigraphy”). The integrated model indicates an age of ~14.4 Ma
for the Unit IV/V boundary (Fig. F29). The calculated sedimentation rate below 470
m CSF decreases to ~8 cm/k.y. down to 500 m CSE.

Physical properties

The physical properties of sedimentary strata at Site CO012 are similar to those docu-
mented at Sites CO011 and 1177. Profiles show downhole increases in bulk density,
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electrical resistivity, thermal conductivity, and P-wave velocity, together with a down-
hole decrease in porosity (Fig. F30). These trends are consistent with conditions of
normal consolidation. It is important to note, however, that multiple forms of distur-
bance from drilling and coring processes affected core quality in a negative and wide-
spread way as did the scatter in grain density values. These artifacts reduced the
quality of data and should be considered as additional research progresses, including
shore-based geotechnical experiments. Typical symptoms of coring damage include
decreased core diameter, microscale water-filled cracks and fractures, and abnormally
low thermal conductivity. On the positive side, Hole CO012A did yield a few intervals
of good core recovery where data are of high quality. Furthermore, it is possible to rec-
ognize and interpret the general depth-dependent trends in physical properties
through the cloud of disturbance effects.

Spikes in magnetic susceptibility in lithologic Unit II correlate with sandstone beds.
In Unit III, we observe a step decrease in magnetic susceptibility similar to the one at
Site C0011, which correlates to a change in sediment accumulation rate. An interval
with increasing magnetic susceptibility and decreasing natural gamma radiation from
480 m CSF to the base of Unit VI correlates with the appearance of sandstone layers
containing iron-rich minerals.

The consolidation trend for Site CO012 hinges on a single near-seafloor measurement
of 0.70 in Core 322-C0012-1R; values decrease to a porosity of 0.35 by 530 m CSF (Fig.
F30). Compressibility is twice that interpreted for Site C0011. In a manner somewhat
similar to what was documented at Sites 1173, 1177, and C0011, Site C0012 displays
an anomalous interval in the shallow subsurface, although its existence is far more
subtle (Fig. F30). This zone of near-constant porosity is also shallower (100-136 m
CSF) than at the other sites. We identify two additional zones of anomalous porosity:
scattered values throughout lithologic Unit III, and the top of lithologic Unit V. Inter-
vals and individual specimens with abnormally high porosity indicate lower apparent
compressibility, and the changes could be controlled by grain shape, sediment com-
position, or cement. Higher porosity near the Unit [V/V boundary may facilitate fluid
migration at depth.

Increases in P-wave velocity downhole are consistent with increases in bulk density
and decreases in porosity (Fig. F30). Velocity in the sedimentary section ranges from
1600 to 2100 m/s. Samples from Sites C0011 and C0012 have higher velocity for a
given porosity than at Site 1173. This suggests higher bulk and/or shear moduli of
sediments at Sites CO011 and C0O012. P-wave velocity of basalt ranges from 3000 to
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4750 m/s. Vertical-plane velocity anisotropy is nearly zero in lithologic Unit I but
then increases with depth through Unit Il into Unit VI. This likely reflects preferential
grain orientation and enhanced grain contacts from consolidation. Around 450 m
CSF, a cluster of samples near sand-rich layers has negative Vp anisotropy.

Thermal conductivity varies between 0.98 and 1.47 W/(m-K) in mud(stone) and be-
tween 1.19 and 2.10 W/(m-K) in sand(stone). Thermal conductivity increases with
depth in lithologic Units I and II; this change is controlled by porosity loss. A step de-
crease in thermal conductivity in Unit III coincides with a marked decrease in core
quality.

Inorganic geochemistry

A total of 42 pore fluid samples were collected from whole-round sections between
89.4 and 529.5 m CSF for chemical and isotopic analyses. Pore water volume de-
creases monotonically with depth, but in contrast to the distribution in Site C0011,
there is no correlation between the volume of water and lithologic unit or sand con-
tent. Even though the strata here are moderately lithified, the core quality is signifi-
cantly better than at Site CO011; thus, contamination by drilling fluid was much less
severe. The results from Site CO012 come as close as we can get to a true geochemical
reference site for the Nankai Trough. There are no obvious effects of abnormally high
heat flow (as we see along the Muroto transect) and/or deep burial beneath the Qua-
ternary trench wedge and accretionary prism toe.

The dissolved sulfate profile for Hole CO012A shows quite a bit of structure (Fig. F31),
which is consistent with biogeochemical processes. The observed distribution pre-
cludes any correction for potential contamination because a total depletion of sulfate
in the formation fluids could not be assumed. The sulfate profile clearly documents
an abnormal sulfate reduction zone (Fig. F31); its depth is significantly deeper than
those detected at other sites along the Nankai margin. At Site 1173, for example, sul-
fate is undetectable below 6 meters below seafloor (mbsf) (Moore, Taira, Klaus, et al.,
2001). The subdued microbial activity in the upper sections of Hole CO012A may be
due to lower sedimentation rates above the basement high, as compared to the flanks
of the Kashinosaki Knoll, which receive more voluminous supplies of sediment by
turbidity currents. Sulfate depletion at ~300 m CSF also coincides with an increase in
dissolved methane and ethane concentrations in the interstitial water (Fig. F32). One
viable explanation for the presence of these hydrocarbons, which occur in signifi-
cantly lower concentrations here than at Site C0011, is updip migration of gas in so-
lution from deeper thermogenic sources. Another possibility is in situ biogenic
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formation from terrigenous organic matter. Regardless, it is likely that the sulfate con-
centrations at Site CO012 are modulated by anaerobic methane oxidation (AMO),
thereby leading to the production of hydrogen sulfide. In support of this idea, we ob-
served a marked increase in hydrogen sulfide concentration concomitant with the
peak in methane concentration. Among the iron sulfide minerals, pyrite is the most
stable phase and is common in the sediments over a comparable depth range.

Unlike Site C0011, chlorinity values at Site C0012 increase by 12% relative to sea-
water, with uniform values of ~560 mM within lithologic Units [ and II to a maximum
of 627 mM at 509 m CSF (Fig. F31). This steady increase in chlorinity is probably a
response to hydration reactions during alteration of both basaltic basement and dis-
persed volcanic ash (i.e., volcanic glass reacting to smectite and zeolites within Units
IV and V). The profile for Site 0012 is unique with respect to all of the other Nankai
sites; it shows no indication of the freshening patterns observed elsewhere (Taira et
al., 1992; Moore et al., 2001). If the freshened pore fluids at Site CO011 did originate
from deeper sources landward of the prism toe and if updip migration was focused
through highly permeable horizons, then the absence of freshening at Site C0012 in-
dicates a lack of hydrologic connectivity between the flanks and the crest of the base-
ment high.

Alteration of volcanic ash and volcanic sand within the middle range of the sedimen-
tary section (lithologic Units III, IV, and V) probably controls the changes in silica,
potassium, and magnesium concentrations (Fig. F31), which almost certainly are in
equilibrium with montmorillonite (a common smectite group clay mineral) below
250 m CSF. Increases in dissolved calcium because of the onset of ash alteration in
Unit IT are probably overprinted by deep-seated reactions in oceanic basalt, including
the alteration of plagioclase. The calcium profile is almost linear (Fig. F31), which in-
dicates that the distribution of this major element is mainly controlled by a diffusion
gradient between seawater values at the top and basement fluid at the bottom. Dis-
solved calcium concentrations are even higher than observed at Site CO011 and help
explain the precipitation of CaCOs; (observed as thin layers and nodules), even at very
low alkalinity (<2 mM). Depletion of dissolved sodium is probably also due to forma-
tion of zeolites (clinoptilolite, heulandite, and analcime) from alteration of dispersed
volcanic glass and plagioclase in the basalt.

In addition, however, the profiles of all major cations and sulfate show an intriguing
reversal toward more seawater-like values within the lower half of lithologic Unit V
(Fig. F31). We tentatively attribute this shift to fluids moving into and through the
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turbidites of lithologic Unit V. The hydrology responsible for this flow, including po-
tential recharge and discharge zones within upper igneous basement, remains un-
identified.

The shipboard results require refined shore-based analyses to interpret the geochem-
istry with greater confidence, but they point to the intriguing possibility of two dis-
tinct fluid regimes within the sedimentary strata seaward of the trench. One regime
is characterized by flow toward the Shikoku Basin from subducting sediments (i.e.,
due to a combination of compaction and mineral dehydration reactions) together
with migration through high-permeability horizons of middle and lower Shikoku Ba-
sin facies. The geochemical fingerprints for this regime are a combination of fluid
freshening and the presence of heavier hydrocarbons at all sites drilled on the base-
ment plain, including Sites C0011, 1173, and 1177. No such freshening is observed
at Site C0O012. Rather, the only hints of a lateral flow are small concentrations of dis-
solved methane and ethane, which indicate that a modest contribution of hydrocar-
bons did reach the top of the basement-high site. Unlike its flanks, the crest of
Kashinosaki Knoll reveals a separate pore water regime driven by in situ hydration re-
actions, diffusion, and migration of a higher chlorinity more seawater-like fluid into
the sediment pile from the underlying igneous basement. Especially noteworthy is
the observed increase in sulfate below 490 m CSF, which cannot be supplied by the
methane bearing fluids that moved toward the knoll from the deeper landward side.
Furthermore, the fact that we see an increase in hydrogen sulfide produced by AMO
in the overlying sediments argues for sustained presence of sulfate below 490 m CSF,
which must be supplied by active flow in lithologic Unit V.

Organic geochemistry

At Site C0012, dissolved hydrocarbon gases were not detected in the upper 189 m of
sediment. Low levels of dissolved methane were observed in all cores below this depth
(Fig. F32). Methane concentrations increase to a maximum of 244 uM at 417 m CSE.
In the same vicinity, dissolved ethane (C;) was detected and reaches a concentration
maximum of 3.9 uM at 417 m CSF before dropping off toward basement. Propane (Cs)
and butane (C4) are absent in all cores. The methane and ethane concentration max-
ima fall within a zone of sporadic increases in total organic carbon (TOC) content
(Fig. F33), but the very low C;/C; ratios are unusual for sediments with such generally
low contents of organic carbon (<0.5 wt%). Potential sources of the higher hydrocar-
bon gases (i.e., in situ biogenic production versus migration from deeper hotter
sources) remain to be explored by additional shore-based investigations. We regard

36



Expedition 322 Preliminary Report

the pattern of steady reduction of hydrocarbon concentrations toward the base of
lithologic Unit V (Fig. F32) as evidence against in situ thermogenic production.

In general, nitrogen and sulfur contents are low (Fig. F33). Inorganic carbon contents
(0.39 £ 0.90 wt%) are only slightly higher than organic carbon contents (0.26 + 0.14
wt%) but show sporadic excursions toward higher values in all lithologic units. The
corresponding mean calcium carbonate value is 3.26 wt%, but local occurrences of
lime mudstone reach 63.6 wt% (consistent with XRD data). Total sulfur contents are
on average 0.24 wt% but show distinct excursions toward higher values at the Unit
IV/V boundary and reach a maximum of 4.3 wt% in Unit V. C/N ratios ~6.7 indicate
a predominantly marine origin of the organic matter, but ratios >25 indicate the pres-
ence of terrigenous organic matter in Unit V.

The occurrences of higher TOC and sulfur contents in the upper part of Unit V are
striking and fall within the depth range of higher dissolved methane, ethane, and sul-
fide. This observation gives rise to several questions. Does the presence of terrigenous
organic matter in Unit V support the metabolic activity of deeply buried microorgan-
isms, which in turn results in the in situ formation of biogenic methane and ethane,
or have thermogenic hydrocarbons migrated from a deeper source? In either case,
methane consumption and sulfide formation by AMO are possible wherever sulfate
is available within the methanogenic zone.

Microbiology

The microbiology component of Site C0012 was limited to whole-round sampling for
molecular (phylogenetic) studies, FISH, and cell counting studies. Interstitial water
samples were also obtained for shipboard spectrophotometric analyses of ferrous iron
and acid volatile sulfide and measured using a third-party tool. The results of these
measurements are tabulated along with inorganic geochemistry data in the J-CORES
database.

Logging and core-log-seismic integration

Wireline logs were not obtained from Hole CO012B because of difficult conditions in
the borehole and expiration of time to prepare for a typhoon evacuation. Coring re-
sults, however, allowed some refinements in the interpretation of seismic reflection
data. Six seismic stratigraphic units were recognized (Fig. F34).
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Summary

Figure F35 shows the provisional correlation of lithologic units between Sites C0011
and C0012. The approximate ages of unit boundaries are also shown, using the re-
spective composite age-depth models for the two sites. In general, there is good agree-
ment between the two data sets. In particular, a close match exists for the lithologic
Unit I/II boundary, which marks the base of the upper Shikoku Basin facies. Based on
its age and volcanic sand content, Unit II is unique to the Kumano transect area and
has been designated middle Shikoku Basin facies. Equivalent deposits were not cored
within either the Muroto or Ashizuri transects, and the closest volcanic source is the
[zu-Bonin arc. The apparent age of the Unit II/IIl boundary is ~1 m.y. older at Site
C0012 than at Site CO011, but this difference could be due to incomplete recovery.
The stratigraphic transition into the lower Shikoku Basin seems to correlate with a
similar transition in lithology at other sites in the Shikoku Basin and accretionary
prism toe, but the ages are different. At all other localities across the Nankai margin,
what has been classified as the upper part of the lower Shikoku Basin consists of mo-
notonous heavily bioturbated hemipelagic mudstone, ranging in age from ~2.5 to
~7.0 Ma. At Sites C0011 and C0012, cessation of both volcanic ash (by air fall) and
sand/silt (by turbidity currents) occurred earlier in the basin’s evolution during the
middle-late Miocene (~9.1 to ~12.8 Ma). Below that interval, the sandy turbidite fa-
cies of the lower Shikoku Basin seems to match up with broadly coeval siliciclastic tur-
bidite intervals that were recovered at Site 1177 along the Ashizuri transect. Detailed
petrographic work will be required to quantify petrofacies, compare the detrital prov-
enance, and piece together the regional system of sediment dispersal on the west and
east sides of the basin. Recovery of basal pelagic deposits in contact with pillow basalt
constitutes a major achievement at Site CO012. We know that the age of the basement
is older than ~18.9 Ma, based on nannofossil assemblages in the overlying pelagic
sediment. Radiometric age dating will be needed to establish the eruptive age of the
basalt.

When viewed as a pair, it is clear that the condensed section at Site CO012 displays
significant reductions in unit thickness for all correlative parts of the two strati-
graphic columns, including the sand-rich intervals (Fig. F36). This is another impor-
tant discovery. Although relief on the bathymetric high may have been enhanced by
inversion at some point in the late Miocene or Pliocene, the basement clearly modu-
lated sedimentation rates throughout the history of the Shikoku Basin. Relief on the
seafloor, however, was never high enough to completely prevent the transport and
deposition of sandy detritus atop the crest of the bathymetric high (Kashinosaki
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Knoll). Deposition of sandy detritus at Site CO012 may have resulted from thick tur-
bidity currents and/or upslope flow of gravity flows.

Although some coring intervals are missing, the composite stratigraphic succession at
Sites CO011 and C0012 (Fig. F36) captures all of the important ingredients that need
to be assessed with respect to changes in geologic properties down the subduction
zone to seismogenic depth. This composite provides the template upon which all of
the postexpedition laboratory results will be placed, particularly with respect to de-
tails of composition, geotechnical properties, frictional properties, and porosity/per-
meability.

In addition to material properties, profiles of pore water geochemistry for Site C0012
represent the closest we have seen to a true geochemical reference site for the Nankai
Trough. Unlike Site CO011, where a freshening trend is obvious in the pore water, Site
C0012 yields no evidence for significant in situ dehydration reactions or movement
of freshened fluids updip to the crest of the bathymetric high (Fig. F37). Instead, chlo-
rinity increases toward the basement because of hydration reactions and diffusion,
probably in response to both volcanic ash and basement alteration. In essence, that
site represents the geochemical reference site for the Nankai subduction zone, with
pore fluids unaffected by the effects of focused flow and diagenesis associated with
rapid burial beneath the trench wedge and frontal accretionary prism. These geo-
chemical data, together with the precise fingerprints of isotopic analyses, will be cru-
cial for evaluating the evolution of fluid-rock interactions from the distal reaches of
the Shikoku Basin through the frontal accretion zone, and finally into the seis-
mogenic zone.

Preliminary scientific assessment

When viewed in its entirety, Expedition 322 must be regarded as a success. Recovery
of core from Site C0012, including successful penetration of igneous basement, was a
major achievement, as was the acquisition of LWD logs from Site C0O011 prior to cor-
ing. Based on preliminary analysis of the sandstone petrology, we now know that two
sand-rich turbidite systems developed within the Shikoku Basin during the middle
and late Miocene epochs. The younger system, which is characterized by a volcanic
source of detritus, was sampled for the first time during this expedition. Another ma-
jor success story involves acquisition of reliable pore water geochemistry data at Site
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CO0012. But the expedition also suffered several failures and disappointments. Below,
we provide candid assessments of each major objective in the science plan.

Objective 1: Core and log the lowermost sedimentary strata of the Shikoku Basin and the
top of igneous basement.

When viewed within the context of the entire NanTroSEIZE science plan, this objec-
tive was the most important for Expedition 322 to achieve. This high priority is
rooted in the fact that lowermost Shikoku Basin strata and uppermost basement host
the plate boundary fault and the deep megasplay fault at seismogenic depths. Prior to
drilling, the estimated depth to basement at Site CO011 was set at 1050 m SSE. LWD
logging operations in Hole CO011A were terminated short of basement at 950 m LSF
because of time limitations at the end of Expedition 319. Coring operations in Hole
CO0011B were terminated at 876 m CSF after exceedingly slow ROPs, followed by de-
struction of the drill bit. Consequently, our most important objective remained un-
fulfilled at the primary site.

Our decision to occupy contingency Site CO012 (proposed Site NT1-01) was driven by
the overwhelming need to achieve Objective 1. Prior to drilling, the estimated depth
to sediment/basalt interface at the basement high was placed at 515 m SSF using re-
fined velocity models and constraints from LWD logs at Site CO011. We did achieve
this coring goal, intersecting the top of basement at 537.81 m CSF and continuing
~20 m into basalt. TD for Hole C0O012A was 560.74 m CSE.

Much of the science party’s postexpedition research will focus on analyses of samples
from the lower stratigraphic units of the Shikoku Basin. Those studies will provide
much-needed information about the pristine physical, chemical, compositional, and
hydrological properties of the subduction inputs prior to the effects of subduction.
On the negative side, attempts to obtain wireline logs at Site CO012 met with failure,
which limits our ability to extend core-log-seismic integration beyond the immediate
vicinity of that borehole.

Objective 2: Core and log the sandy turbidite facies of the lower Shikoku Basin, and assess
its potential for focused lateral transport of fluids via geochemical analyses of pore water
and gases.

Cores and LWD logs both show that the Shikoku Basin contains two prominent in-
tervals of sand-rich turbidite deposits. The hydrogeologic objective, however, met
with limited success in Hole CO011B because of poor core recovery and an extensive
interval of wash down within the inferred turbidites of the lower Shikoku Basin. LWD

40



Expedition 322 Preliminary Report

logs help constrain the 2-D geometry of the turbidite intervals, and core recovery was
just enough to characterize the sandstone petrofacies and detrital provenance. The
overall hydrogeologic properties and 3-D stratigraphic architecture of the sand bodies
remain largely unknown. On the other hand, indirect evidence for focused fluid flow
can be extracted from pore water geochemistry and hydrocarbon concentrations.
Correlative facies were also recovered at Site C0012, which allows us to extend the
characterization of fluid composition and fluid transport from the flank of the base-
ment high to the updip extension of correlative facies units. These data are indicative
of two fluid regimes: a more seawater-like fluid moving upward from igneous base-
ment, and a deeper seated sedimentary source coupled with dehydration and focused
flow toward the Shikoku Basin up to where the turbidites lap onto the basement high.
This discovery is one of the more significant contributions of Expedition 322.

Objective 3: Complete detailed profiles of pore water geochemistry within the lowermost
sedimentary strata of the Shikoku Basin as an indicator of fluid chemistry within upper
basement.

We failed to achieve this objective at Site C0011 because of premature termination of
the coring hole (destruction of bit). Furthermore, geochemical profiles higher in the
sedimentary section are ambiguous with respect to a possible basement fluid source
because of the extensive amounts of contamination by drilling fluid. At Site C0012,
however, pore fluid samples were successfully extracted from cores in close proximity
to the sediment/basement interface. Initial evaluation of the data reveals several in-
triguing possibilities for fluid sources, migration pathways, and mixing, including a
more seawater-like fluid emanating from the upper basement. Chlorinity increases
above seawater values by 12% toward the basement contact, whereas all of the other
comparable sites in the Nankai subduction zone show freshening of pore water with
depth. In addition, the sulfate reduction zone is much deeper than anticipated at Site
C0012, and sulfate depletion coincides with marked increases in methane and ethane
concentrations. The sulfate profile is probably driven by AMO and hydrogen sulfide
production. There is also widespread geochemical evidence for alteration of volcanic
material at both sites; this alteration includes a component of dispersed ash, volcanic
sand, and the basaltic basement. These hydration reactions result in silica, potassium,
and magnesium depletion, together with high levels of dissolved calcium. As stated
above, the pore water geochemistry program was a major success when viewed in its
entirety.
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Objective 4: Measure in situ pore pressure within the turbidite facies of the lower Shikoku
Basin.

Deployment of the SET-P tool was aborted in Hole CO011B because of ambiguities in
the location and properties of our primary targets for measurement. Although clearly
defined by LWD data, failure to recover inferred sand(stone) beds immediately above
the target intervals for probe insertion was a major drawback. Thus, we failed to
achieve this objective.

Objective 5: Construct a complete depth profile of sediment physical properties and
integrate those changes with trends in sediment composition and texture.

This objective was not achieved at Site CO011 because coring was interrupted by sev-
eral extensive washdown intervals. We also failed to reach the anticipated TD at Site
CO0011. In addition, for the core that was recovered, measured values of porosity, P-
wave velocity, Vp anisotropy, and electrical resistivity were compromised by pervasive
damage to the core. Widespread occurrences of water-filled microcracks led to an un-
fortunate expansion of the scatter and artifacts in all types of physical property data.
This noise makes it more difficult to compare results from Expedition 322 with other
data sets in the Shikoku Basin and Nankai Trough. The physical property profiles for
Site C0O012 are more continuous than for Site CO011, but those data also suffer from
the effects of widespread coring disturbance and poor recovery. This problem needs
to be taken into consideration when attempting to interpret the results of shore-based
laboratory tests of consolidation state, permeability, and the like.

Objective 6: Reconstruct the complete history of Shikoku Basin sedimentation in the
vicinity of the Kashinosaki Knoll, including age, detrital provenance, dispersal paths,
contributions of volcaniclastic/pyroclastic versus siliciclastic material, and physical
mechanisms of transport and deposition.

In spite of the spotty recovery of turbidite sand beds, having core samples from both
of the two reference sites in the Shikoku Basin will allow sedimentary petrologists,
mineralogists, and geochemists to conduct a comprehensive program of shore-based
analyses. The goal will be to determine the composition, age, and provenance of sed-
imentary sources throughout the last 20 m.y. of basin evolution. Examination of
smear slides during the expedition revealed several lines of evidence for multiple de-
trital sources, but shore-based research will add quantitative details through age dat-
ing of such grain types as zircon and chemical fingerprinting of single pyroxene
grains and volcanic glass shards. Scientists will also analyze dispersed volcanic ash in
the hemipelagic mudstone and quantify the composition and alteration state of clay-
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mineral assemblages. When integrated with the age constraints provided by nanno-
fossils, foraminifers, and paleomagnetic reversals, the compositional data will provide
an unprecedented view of the basin’s history in the region between the Kinan sea-
mount chain and the Izu-Bonin volcanic arc. Ultimately, we will be able to combine
that regional reconstruction with information already available from the Muroto and
Ashizuri transect areas to the west, thereby demonstrating how different parts of the
backarc basin responded to major tectonic and climate events during the margin's
Miocene—Quaternary evolution.

Objective 7: Integrate and correlate among cores, logs, and seismic profiles from the
seaward edge of the trench wedge to the crest of the Kashinosaki Knoll.

Overall, the core-log-seismic integration effort was marginally successful. Our ability
to extend correlations for significant distances away from the two drill sites was lim-
ited by the small size of the mini-3-D seismic survey and the proprietary hold on most
of the seismic data. Ties between logs and core were hampered by poor recovery and
ubiquitous damage to the cores. Pervasive water-filled microcracks led to unreliable
measurements of porosity, density, and P-wave velocity. The severity of this damage
can be seen in the mismatch between reflections on the seismic line through Site
CO0011 and the synthetic seismogram, which was calculated using the values from dis-
crete measurements of physical properties on core. In addition, the wireline logging
program at Site CO011 was cancelled, and logging at Site C0012 failed because of op-
erational difficulties (excessive deviation of the borehole) and an approaching ty-
phoon. On the positive side, our success in making qualitative comparisons between
logging units identified from LWD data and lithologic units identified during VCD
improved the interpretations of basin stratigraphy and facies evolution.

Operations
Transit

The Chikyu departed the port of Yokkaichi at 1600 h on 4 September 2009. After ~130
nmi of transit, Chikyu arrived at drill Site CO011 at 1100 h on 5§ September. We carried
out underwater television (UWTYV) free fall for torsion release and spaced out the in-
ner barrel assembly.
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Hole C0011B

We started running into the hole with a 10% inch RCB BHA at 2230 h on 5 September
2009 and spudded Hole CO011B at 1700 h on 6 September. We reached 4417 m drill-
ing depth below rig floor (DRF) (340 m drilling depth below seafloor [DSF]) at 1945 h
on 7 September. The center bit assembly was retrieved. RCB coring highlights follow:

Core 1R: the core (2.2 m long) was heavily disturbed because of a twisted core liner.
We waited on weather (WOW) for 8 h because of high winds (>20 m/s). Before re-
suming RCB coring, SET-P and UWTV test runs were carried out.

Cores 2R-12R: recovered smoothly.

Core 13R: core line winch cable was tangled during retrieval.

Core 15R: cut from 4546.5 m DRF but ROP decreased at 4553.8 m DRF. Core jam-

ming was suspected. The core was retrieved after four attempts to latch the inner
barrel.

Cores 16R-20R: short advancements because of slow ROP or unsteady pump rate
between 4553.8 and 4578.5 m DREF.

Cores 21R-27R: relatively steady and good core recovery.

Core 28R: ROP dropped and abnormal pressure observed at 4649.7 m DREF.

Core 29R: recovered only 0.3 m of fragments in the core catcher. The center bit as-
sembly was dropped for cleaning inside the pipe and bit.

Cores 30R-39R: relatively good core recovery.

Core 40R: hit a hard layer; recovered 4.92 m from an advance of 6.5 m.

Core 41R: cored 2.0 m to the target depth of SET-P deployment; contained 0.25 m

of calcareous concretion in the core catcher and several pebbles of hard mudstone
at the bottom of the core.

Downhole measurement using the SET-P was planned at 680.5 m DSF, targeting a
sandy layer identified in the LWD log. The lithology of Cores 40R and 41R turned
out to be inadequate for the SET-P experiment.

Core 42R: short (4.5 m) advance recovered 3.64 m of softer mudstone. As we were

without good correlation between LWD and MSCL data to determine depth, it was
unclear whether we had overshot the target sand layer or were still above it.

Core 43R: we continued to attempt to identify a key bed for SET-P tool deployment
by taking another short (4 m) core, which recovered 8.49 m (>200% recovery). At
first the lithology looked like a thick sand layer sandwiched by mudstone; however
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the bed turned out to be exotic material such as drill cuttings/debris at the hole bot-
tom.

e Having spent more than the 12 h allocated to the SET-P experiment in our opera-
tions plan, we canceled the SET-P tool deployment. We canceled the second run
planned at ~900 mbsf as well because the deployment would be more difficult in
deeper sections.

e Core 46R: recovered 1.79 m from 3.5 m of advance.

e Cores 47R: core quality was not good because of rough sea state.

e Core 48R: contained rounded pebble-sized mudstone, suspected to be caving/cut-
tings material.

¢ Core 49R: damaged and jammed in the inner barrel.

e Core 50R: cleaned the bit and hole and pulled the drill bit up to ~50 m DSF to
WOW because of average wind speeds of >18 m/s.

e Core 51R: cored from 757 m DSF.

e Cores 53R-55R: short advancement because of slow penetration. After Core SSR,
we drilled with a center bit assembly from 4863.3 to 4921 m DRF (§7.7 m).

¢ Cores 56R-59R: recovered in relatively good condition.

¢ Core 60R: recovered 0.15 m of material from a short advance of 2.0 m because of

low ROP. We decided to wash down several more tens of meters after recovery of
the next core.

e Core 61R: took ~10 h to cut and retrieve, even with 5.0 m of advance, and recovered
only 5 cm of material.

We decided to finish operations at this site and to move to the next site. Kill mud (100
m?3 of 1.3 sg) was spotted, and we started pulling out of the hole at 1730 h on 23 Sep-
tember. TD of Hole CO011B was 4958.0 m DRF (881.0 m DSF). Retrieval of the tran-
sponders started in the morning of 24 September and finished before 1830 h. The ship
moved to the proposed Site NT1-01A and set transponders.

Holes C0012A and C0012B

Five transponders were set and calibration was completed at 0615 h on 25 September.
We started running into the hole with a 10% inch coring assembly at 0915 h, spud-
ding-in Hole CO012A at 2103 h. We jetted down to 60 mbsf with the inner barrel, and
the seafloor was confirmed at 3539 m DRF by weight on bit. We continued to jet-in
to 60 m DSF. Core 311-C0O012A-1R was retrieved at 60 m DSF and was on deck at 0020
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h on 26 September. The recovered 0.84 m of material was sediments pushed into the
core barrel during jet-in.

Regular RCB coring started from 60 m DSE. Recovered cores were short and of poor qual-
ity at first because sediments were too soft for RCB coring, but recovery and quality im-
proved with depth. Ten RCB cores were recovered on 26 September, every 2-2.5 h.

RCB coring continued without any major problems. Reduced pump rates and lower
rotation (<30 rpm) were used until Core 322-C0012A-15R (187 m DSF). Average re-
covery was >80% for Cores 6R-11R.

Steady coring operations continued to the end of September, recovering core every
2-3 h except for Cores 322-C0012A-33R and 37R, each of which took >2 h to cut. Ev-
ery effort was made to optimize the drilling parameters for better core quality. Good
quality cores were recovered from Cores 40R-45R. On 1 October core recovery
dropped after Core 47R to <20%, probably due to increased tuffaceous beds.

We reached the sediment/basalt interface in Core 322-C0012A-53R. After that, short
advances <5 m were used to improve recovery of basalt. Coring was suspended after
Core 57R at 560 m DSF, which was the approved depth of maximum penetration at
this site. Coring resumed after receiving approval to deepen the hole to 600 m DSE

Core 322-C0012A-58R became the last core from this hole. Coring was terminated to
leave time to complete wireline logging operations before arrival of an approaching
typhoon. Core 58R was cut by 16 m of advance to reach >30 m below the sediment/
basalt interface in order to make a space for the logging tool to sit within the basalt
interval.

Following completion of coring, we started a wiper trip for hole cleaning, during
which running back down failed several times at 72 m DSF. Attempts to ream the in-
terval resulted in a probable side-track. Efforts were made to return to the original
hole, but we decided to drill down the side-track hole for wireline logging operations.
Although the start of the side-track, now Hole C0012B, is unclear, drilling with center
bit was started at 1415 h on 3 October at 216 m DSF. Target depth was tentatively set
at either 600 m DSF or 30 m below the probable sediment/basalt interface.

We stopped drilling at 561 m DSF, as drilling parameters suggested this depth was
likely to be at least 30 m below the sediment/basalt interface. We reamed up and
down tight spots then drilled another 10 m because we could not clear the fills at hole
bottom. The center bit assembly was pulled out at 2230 h on 4 October.
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Drill bit release was confirmed, and the drill string was pulled up to 100 m DSFE. Rig-
up of the wireline logging tools started at 0045 h on 6 October, and the tools were
lowered through the drill pipe. Due to an approaching typhoon, we had <10 h for log-
ging operations. We had only one run with the High-Resolution Laterolog Array
(HRLA)-self-potential (SP)-slim-Formation MicroScanner (FMS) resistivity im-
age-gamma ray (GR)—casing collar locator (CCL) tool string. We started running into
the hole at 0515 h and observed the seafloor at 3539 m wireline depth below rig floor
(WRF) from gamma ray response during down-logging at 0810 h. We observed a loss
of wireline tension and stacking at 3648 m WRF and could advance no farther than
10 m into the open hole. After several attempts to pass the difficult interval 10 m be-
low the drill pipe, we cancelled wireline logging operations. The tools were retrieved
at 1200 h and rigged down at 1415 h.

Typhoon evacuation and transit

We started moving to south of Hachijo Island for typhoon evacuation at 0245 h on 7
October. We arrived at a safe point near Aoga-shima, 120 nmi southeast of the drilling
sites, at 1800 h. Because of high winds and waves the ship could not keep position in
dynamic positioning mode; we continued WOW in auto-head mode. After recovery
of sea conditions, we started moving to our drilling sites for retrieval of transponders.
At 0100 h on 9 October, we attempted communication with a lost transponder at Site
CO0011, but there was no response. Retrieval of five transponders at Site CO012 was
finished at 1410 h. We arrived at Shingu Port and the science party disembarked at
1130 h on 10 October.
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Table T1. Expedition 322 coring summary. (See table notes.)

Water Time

depth Cores Cored Recovered Recovery Drilled Penetration on site

Hole Latitude Longitude (mbsl) (N) (m) (m) (%) (m) (m) (days)
CO0T1B  32°49.7369'N  136°52.9074'E  4048.7 61 483.3 329.2 68.1 397.7 881.0 18
Site CO011 totals: 61 483.3 329.2 68.1 397.7 881.0 18

CO0T2A  32°44.888'N 136°55.024'E 3510.7 58 576.0 206.95 35.9 576.0 576.0 9
C0012B  32°44.888'N 136°55.024'E 3510.7 0 0 0 NA 499.0 499.0 4
Site C0012 totals: 58 576.0 206.95 35.9 1075.0 1075.0 12

Expedition 322 totals: 119 1059.3 536.15 50.6 1472.7 1956.0 30

Notes: N = number. NA = not applicable.
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Figure F1. Bathymetric map, Nankai Trough off southwestern Japan is the locus of subduction of
the Philippine Sea plate (PSP) beneath Honshu and Shikoku islands. Arrow = convergence direction
between PSP and Japan. Rupture zones of the last two large subduction earthquakes (1944 and 1946)
are also shown. Stars = epicenter locations for earthquake nucleation. Red dashed line = Expedition
322 drilling area shown in Figure F2. Inset shows location of Nankai Trough. Previous transects of
Nankai Trough were positioned off Ashizuri and Muroto peninsulas of Shikoku. EP = Eurasian plate,
PP = Pacific plate, NAP = North American plate.
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Figure F2. Bathymetric map, with 2-D multichannel seismic profile locations and Stage 1 drill sites
(orange). Expedition 322 drilled Sites CO011 (red) and C0012 (white). White barbed line = position
of deformation front of accretionary prism, arrow = convergence vector between Philippine Sea
plate and Japanese Islands (Eurasian plate).
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Figure F3. Spliced composite profile of a representative depth section from NanTroSEIZE 3-D data volume (Moore et al., 2009) and
Line 95 from IFREE mini-3-D seismic survey (Park et al., 2008). Projected positions of Stages 1 and 2 drilling sites, including Sites

CO0011 (proposed Site NT1-07) and C0012 (proposed Site NT1-01) are shown.
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Figure F4. Portion of IFREE 3-D seismic reflection Line 95 showing Sites C0011 and C0012. Depth section corrected during Expedi-
tion 322 after adjustments to velocity model following acquisition of LWD data at Site CO011. VE = vertical exaggeration.
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Figure F5. LWD log summary and log-seismic integration, Hole CO011A. Interpretations of lithol-
ogy are based on log character. VE = vertical exaggeration.
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Figure F6. Seismic stratigraphy, Site COO11. VE = vertical exaggeration.
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Figure F7. Comparison of lithology from core in lithologic Unit II, Hole CO011B, and log character
on logging Unit 2B, Hole CO011A.
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Figure F8. Lithologic column and core recovery, Hole CO011B.
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Figure F9. Lithologic units and depositional ages from nannofossil datums, Hole CO011B. Logging-
while-drilling data only from O to 340 m LSE
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Figure F10. Photographs of (A) pyroclastic sandstone and (B) volcaniclastic sandstone from litho-
logic Unit II, Hole CO011B.
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Figure F11. Bulk powder XRD profiles, Hole CO011B, reported in relative weight percent.
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Figure F12. Bulk XRF profiles with values normalized to Al,0O3, Hole CO011B.
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Figure F13. Rates of hemipelagic sedimentation corrected for rapid deposition by sediment gravity
flows, Hole COO11B.
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Figure F14. Photographs of volcaniclastic-rich facies from lithologic Unit V, Hole CO011B.
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Figure F15. Orientation of planar structures, Hole CO011B, determined by direct measurement of
split core and X-ray computed tomography. Shaded bars = chaotic intervals.
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Figure F16.
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Figure F17. Comparison of magnetic susceptibility using MSCL and VCD from lithologic Unit II,
Hole C0011B.
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Figure F18. Discrete grain density, porosity, P-wave velocity, and thermal conductivity measure-
ments for Hole CO011B. For thermal conductivity, + = probe measurements, diamonds = half-space
measurements.
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Figure F19. Profiles of P-wave velocity and velocity anisotropy, Hole CO011B.
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Figure F20. Profiles of pore water geochemistry (corrected for sulfate), Hole CO011B. Correction as-

sumes sulfate values >0 are result of drilling fluid contamination.
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Figure F21. Organic geochemistry, Hole CO011B.
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Figure F22. Hydrocarbon profiles showing concentrations of dissolved gasses in interstitial water,
Hole CO011B.
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Figure F23. Lithologic units and depositional ages from nannofossil datums, Hole CO012A. TD = to-
tal depth.
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Figure F24. Lithologic column and core recovery, Hole CO012A.
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Figure F25. Bulk powder XRD profiles, Hole CO012A, reported in relative weight percent.
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Figure F26. Bulk XRF profiles, Hole CO012A.
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Figure F27. Photographs of (A) sandstone from lithologic Unit V and (B) sediment/basalt interface
at lithologic Unit VI/VII boundary, Hole CO012A.
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Figure F28. Orientation of planar structures, Hole CO012A. Position of possible unconformity (yel-

low) based on nannofossil datums.
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Figure F29. Integrated age-depth model, Hole CO012A.
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Figure F30. Discrete density, porosity, P-wave velocity, and thermal conductivity measurements for
Hole CO012A. For thermal conductivity, + = probe measurements, diamonds = half-space measure-
ments.
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Figure F31. Pore water geochemistry profiles, Hole CO012A.
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Figure F32. Profiles of dissolved hydrocarbon concentration in interstitial water, Hole CO012A.
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Figure F33. Organic geochemistry profiles, Hole CO012A.
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Figure F34. Seismic stratigraphy, Hole CO012A. VE = vertical exaggeration.
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Figure F35. Stratigraphic correlation between Sites CO011 and C0012. For Site C0011, logging-
while-drilling data only from O to 340 m LSE. Unit boundary ages taken from integrated age-depth
models.
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Figure F36. Lithostratigraphic columns on seismic background, Sites CO011 and C0012. VE = vertical exaggeration.
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Figure F37. Chlorinity profiles on seismic background, Sites C0011 and C0012. VE = vertical exaggeration.
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