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ABSTRACT

The N(ankai Trough accretionary prism of southwest Japan is an ex-
cellent setting to characterize the physical properties of marine sediments as
they are initially deformed, accreted and underthrust. The formation of the
basal décollement in an accretionary prism is a result of a zone of weakness
due to high pore pressure located in the incoming sediment section. In order
to quantify and document regional variations in porosity and pore pressure in
the underthrust section, a transform between seismic velocity and porosity is
necessary. 1 present a formulation to convert seismic velocity to porosity based
on a previously developed empirical relationship that incorporates a critical
porosity transition. Shipboard laboratory measurements of velocity and poros-
ity from ODP Legs 131, 190 and 196 along the Muroto transect are used to
constrain the parameters for the velocity-porosity transform. Corrections to
account for unloading from in-situ conditions have been applied to the core
data. A critical porosity transition appears{ to be crossed in the sediments
between the protothrust and frontal thrust zones of the prism at a fractional

porosity of ~0.30.

I present evidence for the effects of silica diagenesis on physical prop-

erties at the reference site for the Nankai Trough. Anomalous porosity and




velocity values in the Shikoku Basin facies suggest that processes factors in ad-
dition to normal burial consolidation are affecting the physical properties of the
sediments.’ The location of the boundary between the upper and lower Shikoku
basin facies is influenced in part by the opal-A to opal-CT transition. I present
an analysis suggesting that an anomalously high porosity zone from 100-344

mbsf is held open by silica cementation which is subsequently destroyed at the

opal-A to opal-CT transition at ~ 344 mbsf.
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CHAPTER 1

INTRODUCTION

The accumulation of sediment at convergent margins is an impor-
tant component of the initial mountain-building process. Accretionary pro-
cesses have been regarded as a dominant mechanism for the crustal evolution
of orogenic belts in both North America and Asia (Taira et al., 1989). In ac-
cretionary prisms sediment deformation and physical property changes occur
very differently from ordinary sedimentary basins (Shipboard Scientific Party,
1991). Because of their relative structural simplicity, accretionary prisms pro-
vide an excellent setting to study the interaction between deformation and
hydrologic processes at varying scales. In addition, the evolution of the sedi-
ment properties as they are incorporated into the prism can be compared to
laboratory results to provide constraints on the mechanical behavior and stress

paths within the prism (Karig and Morgan, 1994).

An accretionary prism is commonly composed of a series of imbricate
thrust sheets of offscraped sediments which accumulate in the trench and ocean
basin of the subducting plate (Karig and Morgan, 1994). An important compo-
nent of the prism is the low-angle thrust fault, or the basal décollement, which
separates the prism sediments from the subducting plate. The décollement

plays an important role in the hydrologic processes in accretionary prisms

and has a major impact on structural development in the accretionary prism




(Moore, 1989). This boundary also marks a change in the orientation of the
stresses and a zone of stress decoupling (Moore, 1989; Morgan and Karig, 1995).
Sediments located above the décollement are characterized by deformation fea-
tures that generally indicate horizontal shortening (e.g. Lallemant et al., 1993).
In contrast, the sediments located beneath the décollement, or the underthrust
sediments, have few deformation structures and exhibit properties that are
consistent with uniaxial consolidation (Morgan and Karig, 1995). Underthrust
sediments also play an important role in the hydrology of the prism as they
remain relatively unconsolidated compared to the overlying prism sediments

(e.g. Le Pichon et al., 1993).

The décollement zone is thought to be preferentially developed at the
top of or within a zone of high pore pressure present in the incoming sediments
(e.g. Davis et al., 1983; Moore, 1989). In addition to controlling the location
of the décollement zone, pore pressure in the underthrust sediments also likely
controls the strength of the décollement zone (e.g. Byrne and Fisher, 1990).
A weak décollement zone will result in an overlying prism with a small taper
angle; a strong décollement will result in a high taper angle (Byrne and Fisher,
1990; Davis et al., 1983). Quantification of pore fluid pressure and porosity is
therefore an important objective to advance understanding of décollement zone

processes.

The Nankai Trough accretionary prism of southwest Japan (Figs. 1.1
and 1.2) is a well studied prism that provides an excellent setting to study

the properties of the underthrust sediments through initial deformation and

décollement formation (Moore et al., 2001). The décollement forms in relatively




homogeneous hemipelagic silty clay (Taira, Hill and Firth, et al., 1991) and
represents an opportunity to study the contrast in physical properties and
structural features across this boundary (Morgan and Karig, 1995). The entire
thickness of the underthrust section along the Muroto transect off Shikoku
Island (Fig. 1.2) has been sampled at several locations through coring and
logging. |

| A potential source of information on porosity and pore pressure in
the underthrust sediments is available from marine seismic reflection data. A
transform between compressional wave velocity and porosity can be used to
convert high-resolution seismic velocity to porosity. Numerous studies have
been conducted to determine these types of transforms for a variety of rock
and sediment types (e.g. Wyllie et al., 1956; Raymer et al., 1980). These for-
mulations have been primarily determined for consolidated sandstones and are
only applicable over small porosity ranges. The study conducted by Erickson
and Jarrard (1998) on unconsolidated, high-porosity siliciclastic sediments im-
vproves on previous formulations and accurately predicts velocity over a large
range of porosity. Erickson and Jarrard (i998) identified three dominant vari-
ables which affect compressional wave velocity and the presence of a critical

porosity threshold (e.g. Nur et al., 1998).

In this study, a relationship between velocity and porosity for the
Shikoku Basin underthrust sediments has been developed based on the global
empirical velocity-porosity relation of Erickson and Jarrard (1998). The param-

eters from the Erickson and Jarrard (1998) normal consolidation model were

used as starting parameters for a nonlinear least squares fit to the Shikoku Basin




underthrust sediments. This new formulation represents a significant improve-
ment over previous velocity-porosity formulations for this margin (e.g. Hydman
et al., 1993) and will be used in future studies to convert high-resolution 3-D
marine seismic reflection data (Bangs et al., 1999; Moore et al., 1999) to poros-

ity and pore pressure.

In addition to understanding porosity and pore pressure variations in
the underthrust sediments at the Nankai Trough, important information can be
learned from the physical properties of the reference site. A reference site (Site
1173, Fig. 1.2) was sampled to characterize the initial state of the sediments
prior to tectonic deformation and décollement formation. The characteristics
of physical properties changes at this site suggest that other factors, in addi-
tion to consolidation, play an important role in affecting the properties of the
sediments. In the upper Shikoku Basin facies, porosity deviates significantly
from the normal compaction trends for these types of sediments (e.g. Hamil-
ton, 1976). Seismic velocity in this interval also deviates from the expected
trend of increasing velocity with depth. At the boundary between the upper
and lower Shikoku Basin facies, porosity suddenly decreases whereas there is
little change in seismic velocity. In contrast, porosity and velocity values below

this boundary generally follow a normal basinal compaction trend.

The physical properties data from the upper and lower Shikoku Basin
sediments for Site 1173 are used to constrain the factors contributing to the
high porosities in the upper Shikoku Basin facies and the abrupt physical prop-.
erties changes that occur above and at the upper/lower Shikoku Basin facies

boundary. Because silica diagenesis is thought to play a significant role in both




of these intervals (Shipboard Scientific Party, 2001a), the analysis is focused
on the physical properties changes expected during the opal-A to opal-CT and
opal-CT to quartz transitions. The high porosities in the upper Shikoku Basin
facies are mostly likely caused by cementation partly related to silica diage-
nesis. The abrupt changes at the upper/lower Shikoku Basin boundary most
likély represents the breakdown of Ithis cementing phase. The implications for
the existence of a critical porosity transition at a fractional porosity of 0.65 in

the upper Shikoku Basin sediments are examined in terms of silica diagenesis

and other possible diagenetic effects.
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Figure 1.1: Map showing the location of the Nankai Trough. The black box

outlines the enlarged section shown in Fig. 2. The convergence direction is
indicated by the yellow arrow. The inset (upper left) illustrates the tectonics

associated with the Nankai Trough. Shipboard Scientific Party, 2001a.
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Figure 1.2: Map showing the location of ODP Sites 1173, 1174 and 808 for
Legs 190 and 196. The red box outlines the location of the three-dimensional
seismic survey (Bangs et al., 1999; Moore et al., 1999). The depth contours are
in km. Shipboard Scientific Party, 2002a.




CHAPTER 2

BACKGROUND

2.1 Geologic Overview

The Nankai Trough is the subductihg boundary between the Eurasian
Plate and the Philippine Sea Plate (Fig. 1.1). The convergence rate varies
between 2cm/year based on trench wedge age (Karig and Angevine, 1986) to
4 cm/year estimated from seismic slip vector (Seno, 1977). Active sediment
accretion is currently taking place from a thick terrigeneous sediment section
of the Shikoku Basin on the incoming Philippine Sea Plate. The trench fill
sediments are approximately 500 m thick and are underlain by a 500-1000 m
thick hemipelagic sediment section (Taira et al., 1989).

The Shikoku Basin was formed as a backarc basin behind the Izu-
Bonin Arc during the late Oligocene to Middle Miocene (25 to 15 Ma) (Kobayashi
and Nakada, 1978; Chamot-Rooke et al., 1987) about the same time as the
formation of the Sea of Japan. Widespread igneous activity within the fore-
arc between 17-12 Ma, is generally interpreted as the initial subduction of the
young Shikoku Basin seafloor and the formation of the Nankai Trough (Kano
et al., 1991). The collision of the Izu-Bonin Arc and the Japahese Island Arc
produced uplift of the central Japan mountain range and serves as a main sed-
iment source for the trench with a sedimentation rate in the trough exceeding

1 km/Ma (Shipboard Scientific Party, 1991a).




The Tertiary-Cretaceous Shimanto Belt in an on-land example of an
older accretionary prism. It is charécterized<'v by imbricated thrust sheets of
trench turbidites and melanges composed of ocean-floor basalt, pelagic lime-
stone, radiolarian chert, and hemipelagic shale intermixed with highly sheared
scaly shale (Taira et al., 1988). The youngest part of the Shimanto belt was
formed by plate subduction along.the eastern margin of the Asian continent
before the opening of the Japan Sea. The Shimanto Belt is interpreted as a di-
rect analog of the Nankai accretionary prism based on the age of the subducted

lithosphere, trench turbidite thickness, structural features and burial depth.

2.2 Previous Studies

The Nankai Trough is an excellent location for the study of a clastic
prism. Sﬁbstantial site survey data is available including high-quality 2-D
and 3-D seismic reflection surveys, bathymetry, side-scan sonar, and heat flow
analyses. The Nankai Trough has also been the focus of Deep Sea Drilling
Project (DSDP) Legs 31 and 87 and Ocean Drilling Program (ODP) Legs 131,
191, and 196 (Fig. 1.2).

DSDP Legs 31 and 87 focused on the structural evolution of the
Nankai prism (Shipboard Scientific Party, 1991a). The main focus of ODP
Legs 131, 190 and 196 was to acquire in-situ measurements of the sediment
physical and mechanical properties. As the first part of a two-leg program, Leg
190 specifically concentrated on coring and sampling a series of sites across the
prism within a three-dimensional (3-D) seismic reflection survey (Shipboard
Scientific Party, 2001a). Leg 196 sites were drilled to measure in-situ physi-

cal properties and begin long term monitoring of the initial deformation zone
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(Shipboard Scientific Party, 2002a).

2.3 Structural Description

Along the Muroto transect, the Nankai accretionary prism is divided
into the following tectonic/structural domains based on 3-D multi-channel seis-
mic data (Moore et al., 2001; F ig 2.1): Nankai Trough trench axial zone,
protothrust zone, imbricate thrust zone, frontal out-of-sequence thrust zone,
large thrust-slice zone and landward-dipping reflector zone. The main focus
of drilling at Sites 1173, 1174 and 808 was to characterize the initial state
of the incoming sediments and how they are altered during initial accretion,
deformation and décollement formation. In accord with this, only the trench
axial zone, protothrust zone, and the imbricate thrust zone will be described

in greater detail.

The trench axis of the Nankai trough is composed of a thick seaward-
thinning wedge of trench turbidites that overlie the Shikoku Basin hemipelagic
sediments (Moore et al., 2001). The turbidites have been transported laterally
along the axis of the trough from the mountain ranges of the arc-arc collision
zone (Taria and Niitsuma, 1986; Taira et al., 1991). Site 1173, located ap-
proximately 11 km seaward of the deformation front, was drilled into basement
seaward of the trench fill sediments in order to provide a reference site for the

physical properties of the incoming sediments.

Further landward, the protothrust zone is located between the defor-

mation front and the frontal thrust zone. This zone is characterized by initial

sediment deformation and development of the décollement in the hemipelagic
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Figure 2.1: Cross-section showing major structural features based on seismic
reflection data from Hills et al. (2001). Site 1173 is used as the reference site
where there is little or no tectonic deformation in the sediments. Shipboard
Scientific Party, 2002a.

unit (Moore et al., 2001). Site 1174 was drilled through the subducting sedi-
ments into basement and was chosen to sample across the protothrust, décollement

and underthrust sediments.

S

Landward of the protothrust zone is the imbricate thrust zone which
consists of a series of seaward-vergent imbricate thrusts spaced several kilome-
ters apart (Moore et al., 2001). The thrusts end as a well defined décollement
above the oceanic crust. This 20 km wide zone is bounded on the seaward side
by the frontal thrust zone where Site 808 was drilled through the décollement
into basement in order to obtain data in the frontal thrust, décollement, and

underthrust zones near the deformation front.




CHAPTER 3

SITE DESCRIPTIONS

3.1  Site 1173 Lithostratigraphy

Site 1173 was drilled to define the predeformation state of the incom-
ing sediments and to serve as a reference for additional sites further landward.
Site 1173 has been divided into four lithostratigraphic units (Fig. 3.1) which
can be correlated to Sites 1174 and 808: trench-wedge facies, upper Shikoku
Basin facies, lower Shikoku Basin facies, and volcaniclastic facies (Shipboard
Scientific Party, 2001b). The following lithostratigraphic description is sum-
marized from Shipboard Scientific Party (2001b).

The trench-wedge facies (0-102 mbsf) is Quaternary in age and can be
further divided into two subunits. The upper subunit is a silty clay interbedded
with silt, silty sand, sandy silt, and rare beds of volcanic ash. The composition
of this subunit is consistent with deposition on the outer trench floor. The lower
subunit is transitional between the trench-wedge facies and the upper Shikoku
Basin facies and is composed of silty clay with scattered interbeds of volcanic
ash. The depositional environment is consistent with hemipelagic settling and

includes sporadic influxes of pyroclastic particles and siliciclastic turbidites.

The Upper Shikoku Basin sediments (102-344 mbsf) are Pliocene to
Quaternary in age. The composition varies between silty clay and clayey silt

and with increasing compaction becomes silty claystone and clayey siltstone.

12
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Interbedded volcanic ash layers are common, ranging in thickness from 1-2 cm
up to 25 cm, with many beds 5-15 cm thick. These sediments were deposited
by hemipelagic settling with interruption by pyroclastic particle settling from

air falls.

The lower Shikoku Basin sediments (344-688 mbsf) are Pliocene to
middle Miocene in age and are a typical hemipelagic deposit consisting pre-
dominantly of silty claystone with scattered carbonate-cemented intervals in

the middle and lower sections of the unit.

The volcanciclastic unit (688-725 mbsf) is composed of siliceous clay-
stone and silty claystone of middle Miocene age. The silty claystone is a
hemipelagic deposit while the siliceous claystone appears to be an altered vol-
caniclastic deposit. Immediately beneath the volcanciclastic unit is basalt of

middle Miocene age, by analogy-to basalt from Site 808.

3.2 Site 1173 - Deformation

Deformation features at Site 1173 are not common, which is con-
sistent with this site being chosen as a reference site for the other locations
along the Muroto transect. The deformation features that are present include
bedding dips, zones of breccia and microfractures (Shipboard Scientific Party,
2001b). The majority of these features are concentrated in the ’upper and lower
Shikoku Basin facies. The following description of the deformation features is

summarized from Shipboard Scientific Party (2001b).

Based on core data from Leg 190 Hole 1173A, bedding dips up to 25°

with a general north-south strike are present between ~325 to 550 mbsf (upper
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and lower Shikoku Basin facies). Using RAB (resistivity-at-bit) images from
Leg 196 Holes 1173B and 1173C, bedding dips greater than ~ 5° were observed
between 50-200, 280-560, 600-720 mbsf.

Microfaults and fractures were predomiqantly observed in the upper
and lower Shikoku Basin facies. Microfaults with ’normal displacement on the
order of 2-10 mm are present between 250 and 275 mbsf. There is also a ~30
cm zone of foliated breccia and high angle faults at ~440 mbsf. Fractvuring was
identified between 80-200, 320-570, 660-700 mbsf with the highest concentration
between 380-520 mbsf. The majority of the fracture dips are between 50° — 70°.
When displacement could be determined, it was normal and of the order of 10-

20 cm.

The deformation features observed at this site are generally consis-
tent with lateral extension, due to vertical compaction and burial (Shipboard
Scientific Party, 2001b). Understanding and characterizing the deformational
features at the reference site is necessary in order to compare with the more
highly deformed sites further landward. Specific features which are the result

of deformation within the prism can then be more easily identified.

3.3 Site 1174 - Lithostratigraphy

Site 1174 is located in the protothrust zone and was designed to sam-
ple the zone of initial deformation and décollement formation. There are five
lithostratigraphic units recognized at this site (Fig. 3.2) which can be correlated
to Sites 1173 and 808: slope-apron facies, trench-wedge facies, upper Shikoku

Basin facies, lower Shikoku Basin facies, and volcanciclastic facies (Shipboard
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Scientific Party, 2001c).

The slope-apron facies (0-4 mbsf) is composed of silty clay to clayey
silt with a single 22 cm-thick glass-rich ash layer at 3.38 mbsf. This unit was
deposited by hemipelagic settling and possibly muddy turbidity currents.

The trench-wedge facies (4-483 mbsf) is broken down into three sub-
units: the axial trench-wedge facies, outer trench-wedge facies, and the trench
to basin transition facies. The axial trench-wedge facies (thickness ~ 310 m)
is composed of sand, silty to muddy sand, silt to sandy silt, silty clay to clayey
silt, and one thin bed of volcanic ash. The depositional environment is con-
sistent with deposition in the axial portion of the trench wedge. The lower
subunits - outer trench-wedge facies (315-432 mbsf) and the transition facies

(432-483 mbsf)) are both equivalent to the corresponding units at Site 1173.

The upper (483-661 mbsf) and lower (661-1102 mbsf) Shikoku Basin
facies at this site are also equivalent to the corresponding units at Site 1173.
The boundary between these two units appears to be controlled by diagenesis

as at Sites 1173 and 808.

The volcanciclastic facies begins at 1102 mbsf and consists of 8.86 m
of variegated silty claystone.This unit likely represents the top of the volcanci-

clastic facies at Site 808 (Shipboard Scientific Party, 1991b).

3.4 Site 1174 - Deformation

The deformation features at Site 1174 are consistent with initial de-

formation in the prism sediments. The important features at this site in-

clude: deformation bands, fracture zones, steepened bedding zones, the basal




18

décollement zone, and the little deformed underthrust section (Shipboard Sci-

entific Party, 2001c).

Deformation bands are primarily concentrated between 218 mbsf and
306 mbst. When displacement along the band could be determined it was in
the reverse direction. The sheared zone at 306 mbsf is 35 cm thick and is
characterized by a foliated breccia and a distinctly inclined fabric. Reverse
movement, orientation of fold axial planes, and inclined fractures suggest the

structure is possible a backthrust within the prism.

The protothrust domain is characterized by irregularly spaced zones
of fractured or brecciated rock or steepened bedding dips between 463 mbsf and
504 mbsf. Deeper intervals of fractures and brecciation are located between 688
mbsf and 807 mbsf (top of the décollement). The zones range between 10-90cm

in thickness and are separated by many meters of intact material.

Core-scale faults are most common between ~495 mbsf and 611 mbsf.
They are no more than one or two millimeters in diameter with normal displace-
ments of approximately a millimeter to a centimeter. These faults are more
commonly developed than at Site 1173 but less so than at Site 808. Their ap-
parent random orientation probably reflects the effects of greater burial depth

and compaction.

The top of the décollement is marked by the onset of distinctive in-
clined fractures. This zone is generally characterized by trapezoidal blocks
which decrease downward in size to brecciated material. The base of the
décollement is marked by a contact between an interval of finely broken sedi-

ments and intact sediment below. The décollement zone has a a vertical thick-
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ness of 32.6 m. The underthrust sediments show some evidence of localized
tectonic deformation and early compaction processes but are generally unde-

formed.

3.5 Site 808 - Lithostratigraphy

Site 808, drilled in the frontal thrust of the imbricate thrust zone, is
broken down into the following lithostratigraphic units (Fig. 3.3): slope apron
deposits, trench-fill facies, trench-basin transition facies and the Shikoku Basin

facies (Shipboard Scientific Party 1991b,2002c).

The lower slope apron deposits (0-20.55 mbsf) extend from the seafloor
to the first thick sand bed. This unit is composed of interlayered clayey silt
and fine-grained sand, clayey silt, sandy clayey silt and very thin ash layers.
These sediments were deposited through large-scale downslope sliding of semi-
consolidated sediments. The sands may have been deposited by either turbidity
currents or axial flows. This unit corresponds to the slope apron facies at Site

1174 but are not present at Site 1173.

The trench-fill sediments (20.55-556.8 mbsf) correspond to the trench-
wedge facies at Site 1174 and the outer trench-wedge facies at Site 1173. The
Site 808 sediments are divided into the same three subunits present at Site

1174 and have similar lithologies.

The trench-basin transition facies (556.8-618.47 mbsf) corresponds to
the lowest subunit of the trench-wedge facies at Site 1174 and the trench to
basin transition facies at Site 1173. The Site 808 sediments are composed of

clayey siltstone/silty claystone with interbedded ash/tuff layers up to 25 cm in
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thickness. Very thin/thin-bedded siltstone turbidites also occur sporadically.

The Shikoku Basin facies (618.47-1243.0 mbsf) can be further subdi-
vided into the upper and lower units and correspond to the upper and lower
Shikoku Basin sediments at Sites 1173 and 1174. The boundary between the
upper and lower facies is marked by the disappearance of the abundant ash /tuft

layers.

Immediately beneath the Shikoku Basin facies is an acidic volcani-
clastic unit lying directly on basaltic basement. This unit is composed of a
variety of volcanic tuffs varying from very thin to thick-bedded and suggests

deposition during an extra-basinal volcanic episode.

3.6 Site 808 - Deformation

Site 808 was drilled through the frontal thrust and the décollement
zone into oceanic basement. At this site an increase in deformation and fractur-
ing occurs relative to Sites 1173 and 1174. The major zones of deformation are
the frontal thrust zone (~400 mbsf), a major fractured interval (~560 mbsf),
and the décollement zone (~940-960 ‘mbsf; Shipboard Scientific Party 1991b,
2002c).

The frontal thrust zone (~389-414 mbsf) is the most strongly de-
formed interval at this site and is characterized by east-northeast — west-
southwest oriented fractures with steep dips ranging from 25° té 90°. The frac-
tured interval between 559-574 mbsf has similar characteristics to the frontal
thrust zone with east-northeast — west-southwest fractures dipping steeply to

the south.




Facies
assodation

Lowver slope
{Hemipelagic mud,
thin turbidites, slides)

Upper axial trench

{Thick-bedded

sand turbidites) 1206

Lithology

Lithologic
unit/subunit

20.5

[ TN Recovery
§ -

Lowwet axial trench
(Thin bedded sand
and sif turbidites)

B

263.4
lic

A

e

Frontal thrust zohe
ot ~385 mbst
in Hole 8805

408.5

Outer margingi
trench wetige
{Silt turbidites and
fernipslagic mudy

m

Trench-hagin

Upper
Shikoku Basin
(Ashitufl and
restnipalagic mudy

VA

523.7

Décollement zone
537864 mbst

VB

L owver
Shikoku Basin
{Hemipelagic mud)

Acidic velcanidastic|

I T T LT LT TN AT ELL T

Basaltic ¥i

) Sand turbidites
Volcanic ash
MudMudstone
Silt turbidites
Basalt basement

Figure 3.3: Stratigraphic column for Site 808. The décollement zone is located
between 937 mbsf and 964 mbsf. Shipboard Scientific Party, 2002c.
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The décollement zone in general consists of deformed intervals sep-
arated by undeformed sediments between 897-965 mbsf. The three fractured
intervals between 897-904, 937-942, 959-965 mbsf are characterized by breccia-
tion, a high concentration of faults and an increase in bedding dip. The base
of the décollement is well defined by an abrupt decrease in brecciation and a
decrease in the number of fractureé. Physical property changes also mark this
transition with a sharp increase in density and a reduction in porosity. The up-
per bound of the décollement is more difficult to determine and may be defined
as either the top of the entire deformed interval (897 mbsf) or as the top of one
of the deeper deformed intervals. Based on Leg 131 cores, the top is marked
by the abrupt onset of a well-developed brecciated zone and a sharp increase
in the number of faults at about 945 mbsf. From Leg 196 RAB images, the
décollement zone is extended to include the interval from 937-965 mbsf based

“on the increase in fracture density and variations in the physical properties of

the sediments. The difference where the top is defined may be explained by

the 107 m offset between the two holes.
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CHAPTER 4

'PHYSICAL PROPERTIES DATA

A combination of core-based and logging measurements were made
at Sites 1173, 1174 and 808 to characterize the downhole physical properties
of the sediments along the Muroto transect. The properties measured include:
magnetic susceptibility, gamma ray attenuation, P-wave velocity, S-wave veloc-
ity, natural gamma ray emissions, thermal conductivity, electrical conductivity,
shear strength, and moisture and density measurements (Shipboard Scientific
Party, 2001d). The following description of the physical properties data will

focus on the seismic velocity and porosity.

Cores were collected for the entire drilled interval at Sites 1173 and
1174 (Leg 190) and 808 (Leg 131). Limited wireline logs were collected dur-
ing Leg 190 for Site 1173. Logging while drilling (LWD) measurements were
collected during Leg 196 for Site 1173 and part of Site 808.

4.1 Core measurements

4.1.1 Porosity Data

Porosity values for sediments from Sites 1173, 1174 and 808 were
obtained from shipboard laboratory measurements of moisture and density
made on core samples. Wet mass, dry mass, and dry volume were measured

on split core specimens. Moisture content, grain density, bulk density, and

23




24

porosity were then calculated from the measured wet mass, dry mass and dry
volume values as described by Blum (1997). Measurements were taken from
cores collected at approximately 1-meter intervals for Sites 1173 and 808 and

2-meter intervals for Site 1174.

4.1.2 Velocity Data °

Shipboard laboratory measurements of compressional wave velocity
were made on core samples from Sites 1173, 1174 and 808. For unconsolidated
sediments, probes were inserted into the split cores to measure transverse and
longitudinal velocity. For consolidated sediments, measurements were made on
8 cm cubic samples using a Hamilton frame velocimeter contact probe system
(Boyce, 1976; Hamilton, 1965). Velocity was measured in the x-, y- and z-
directions (where z is parallel to the long axis of the whole-round core section).
For sediments that were neither consolidated enough to cut into cubes nor soft
enough to insert the transducer probes, the Hamilton frame system was used to
measure velocity in the x-direction only. Measurements were taken from cores
collected at approximately 3-meter intervalg for Site 1173, 4-meter intervals for

Site 1174, and 1.5-meter intervals for Site 808.

4.2 Wireline Logs

Wireline data was collected at Site 1173 using the triple combination
tool (triple combo) and the Formation MicroScanner sonic (FMS-sonic) tool
(Schlumberger, 1989). As a result of poor hole conditions, wireline log data

was only collected between 65 mbsf and 362 mbsf.
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4.2.1 Density and Porosity

The triple combo tool includes the hostile environment lithodensity
sonde (HLDS) which measures bulk density using a *"C's radioactive source
and two gamma, ray detectors (Shipboard Scientific Party, 2001d). The number
of gamma rays detected is directly related to the bulk density. From bulk

density, porosity can be calculated by

pgr_pw

where py, is the mean grain density (typically 2.7 g/ cm?®), py, is the pore water
density (1.03 g/cm3 for seawater), and pp is bulk density measured by the HLDS

<

tool.

4.2.2 Velocity

The dipole shear sonic imager (DSI) uses a combination of monopole
and dipole transducers to measure sonic wave propagation (Shipboard Scientific
Party, 2001d; Schlumberger, 1995). The DSI tool can measure both compres-
sional and shear velocities over a range of lithologies. The wireline DSI data has
been reprocessed by Goldberg (2003) using a phase picking method to improve
the quality of the P- and S-wave logs.

4.3 Logging While Drilling (LWD) Logs

Logging while drilling (LWD) measurements are made shortly after
the hole is drilled and before the hole deteriorates due to continued drilling and

coring (Shipboard Scientific Party, 2002d). The LWD tools of interest for Leg
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196 Sites 1173 and 808 are the azimuthal density (ADN) tool and the sonic
while drilling (ISONIC) tool.

4.3.1 Density and Porosity

Bulk density measurements were acquired using the ADN tool which
consists of a 1.7-Ci ¥7Cs ga,mma> ray source and two scintillation receivers
located 5 and 12 inches below the source (Shipboard Scientific Party, 2002d).
The number of Compton scattering collisions is related to the formation density
in the borehole. Density measurements are collected every 15 cm and are then
converted to porosity using the same method as for the wireline bulk density

log (Eq. 4.1).

4.3.2 Velocity

Velocity data was collected with the ISONIC-tool which records monopole
acoustic waveforms (Shipboard Scientific Party, 2002d) and is similar to the

wireline sonic array tool described earlier. Waveforms are recorded at four re-

ceivers located 10 ft, 10.67 ft, 11.33 ft, and 12 ft above the source. At least two
depth points each composed of eight stacked waveforms were measured over

every 30 cm interval (Goldberg at al., 2003).

The first processing attempt on the ISONIC data included bandpass
filtering, restackiﬁg, waveform slowness-time coherency analysis, and depth-
time merging (Shipboard Scientific Party, 2002d). For unconsolidated marine
sediments, the P-wave velocity is extremely low and close to the fluid velocity
making it difficult to determine an accurate velocity (Goldberg et al., 2003).

The initial processing attempt did not accurately determine the P-wave veloci-
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ties and additional analysis was required. Goldberg et al. (2003) and Yoneshima
et al. (2003) reprocessed the raw ;vaveforms using high-resolution dispersion
analysis and the leaky-P mode, respectively. Each analysis resulted in im-
proved P-wave velocities but the ISONIC velocity data still requires additional
improvements. The Yoneshima et al. data set was available and was used for

the LWD ISONIC data at Sites 1173 and 808 (Figs. 4.1 and 4.3).

4.4 Site 1173 Physical Properties
4.4.1 Porosity

Core porosities are ~ 60% at 100 mbsf and increase slightly within
the upper Shikoku Basin facies to ~ 68% at ~340 mbsf. This slight increase
in porosity is a significant deviation from normal compaction trends for silty
clays (e.g. Hamilton, 1976). Between ~320 mbsf and 340 mbsf the porosity
drops sharpb} to ~ 50% which is the boundary between the upper and lower
Shikoku Basin facies. Below this boundary, the porosities generally follow a
normal compaction trend for these types of sediments. There is little change
in porosity at the approximate location of the proto-décollement zone between

~390 and 420 mbsf.

Wireline porosity data (Fig. 4.1) is only available between 78-336 mbsf

-and is generally in agreement with the core data in this interval, though with
less variability. ‘Beginning at 102 mbsf, porosity increases from ~58% to an

average value of 63% by the base of the log at 336 mbsf. There are sharp

decreases at 264 mbsf (54%) and 323 mbsf (50%) which roughly correspond to

similar decreases in the core porosities.
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Figure 4.1: Shipboard laboratory based core, wireline log, and LWD measure-
ments of porosity and velocity for Site 1173. The base of the décollement is
indicated by the thick line.
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4.4.2 Velocity

The core velocities remain relatively constant at ~1600 m/s between
83 and 230 mbsf. Velocity then increases between 230 and ~390 mbsf to ~1800
m/s. There is not a significant change in core velocity at 340 mbsf which
corresponds to the sudden decrease observed in porosity. At 390 mbsf velocity
decreases slightly but then smoothiy increases to ~2100 m/s at the base of the
hole (~700 mbsf). '

Wireline compressional velocities shows similiar trends to the core ve-
locity data. Velocities increase only slightly between 102-220 mbsf from ~1580
m/s to ~1650 m/s. At 220 mbsf velocities begin to increase at a greater rate
to ~1740 m/s at 320 mbsf. Between 320 mbsf and the base of the unit at 344
mbsf, the éhanges become more complex. Below 330 mbsf velocity values are
significantly more scattered but continué a sharp decrease to ~1650 m/s at the

base of the log at 363 mbsf.

4.5 Site 1174 Physical Properties
4.5.1 Porosity

The core porosities (Fig. 4.2) decrease with depth, from 58-72% at the
seafloor to 36-42% by 480 mbsf (trench to basin transition facies) (Shipboard
Scientific Party, 2001c). Between 480-661 mbsf (upper Shikoku Basin facies)
porosity remains essentially constant between 35% to 42% which is a significant
deviation from a normal compaction trend (e.g. Hamilton, 1976). There is a
decrease in porosity at the boundary between the upper and lower Shikoku

Basin facies .‘to 34%-40% which is similiar to the decrease observed at Site
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1173. Porosity exhibits a normal compaction £rend between 661 mbsf and 807
mbsf and decreases to 30-35% at the top of the décollement zone. Directly
beneath the décollement zone (840 mbsf) porosity increases sharply. In the
underthrust sediments, porosity remains relatively constant to 985 mbsf and

decreases to 32-37% by the base of the hole.

4.5.2 Velocity

The core velocities (Fig. 4.2) generally increase with depth and deviate
from a normal compaction curve for three intervals: between 360 and 420 mbsf,
and at ~520 mbsf and ~660 mbsf (Shipboard Scientific Party, 2001c). Velocity
increases abruptly between 360 and 420 mbsf to ~2100 m/s which is correlated
to an interval with a higher than average cristobalite to quartz ratio (Shipboard
Scientific Party, 2001c). The other two zones of high velocity (~520 mbsf and
~620 mbsf) are correlated to high silica content in the pore fluid. Velocity
decreases abruptly at the base of the décollement zone which corresponds to
the observed increase in porosity. In the underthrust sediments, velocity follows

a normal compaction trend.

4.6 Site 808 Physical Properties
4.6.1 Porosity

The porosity values at Site 808 (Fig. 4.3) generally follow a normal
compaction trend. Between 0 and ~400 mbsf porosity values fluctuate over a
large range (30-70%). Between 400 mbsf and the base of the décollement at
~960 mbsf porosity decreases relatively smoothly from 40% to 25%. There is a

sharp increase to ~37% at 960 mbsf beneath which porosity smoothly decreases
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Figure 4.3: Shipboard laboratory based core and LWD measurements of poros-
ity and velocity for Site 808. The décollement is indicated by the thick black
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to ~30% by the base of the hole.

4.6.2 Velocity

The core P-wave velocity values at Site 808 (Fig. 4.3) fluctuate signif-
icantly over the entire depth of the hole. A general trend of increasing velocity
with depth is observed with sharp increases at ~800 mbsf and again at the
base of the décollement at ~960 mbsf. The decrease in velocity at 960 mbsf

corresponds to the increase in porosity.




CHAPTER 5

VELOCITY-POROSITY RELATIONSHIP

The Shikoku Basin and Nankai accretionary prism sediments have
been well imaged using seismic reflection methods (Bangs et al., 1999; Moore
et al., 1999). Seismic velocity data are important for providing information
about the large scale structure of the prism. Other physical properties of the
sediments, such as porosity and pore pressure, are important for understand-
ing prism hydrology, sediment mechanical properties, and deformational styles
(see Shipboard Scientific Party, 2001a). A conversion between seismic velocity
and porosity would provide information about regional porosity variations by

allowing a conversion of marine seismic reflection data to porosity.

Numerous studies have been conducted in order to determine a rela-
tionship between compressional velocity (or acoustic velocity) and porosity for
a variety of sediment and rock types. One of the earliest and most widely used
transforms is the Wyllie time-average equation (Wyllie et al., 1956). This rela-
tionship is only reliable for consolidated sandstone over a small porosity range
of 25% to 30% (Raymer et al., 1980). Therefore, corrections need to be made to
apply this transforfn to unconsolidated sediments. An improved version of the
time-average equation developed by Raymer et al. (1980) eliminates the need
for a compaction factor correction but requires the use of a separate equation

for each of three porosity ranges. As neither the Wyllie time-average equation
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nor the formulation suggested by Raymer et al. adequately fit the Nankai sedi-
ments, Hyndman et al. (1993) used the results of Jarrard et al. (1989) and Han
et al. (1986) to fit a smooth polynomial to Site 808 data. This fitted polynomial

is applicable for a porosity range of ~30-60%.

In order to improve further on the previous studies and to deter-
mine a relativbonship that accurately predicts over a large range of porosity,
Erickson and Jarrard (1998) completed a statistical analysis of unconsolidated,
high-porosity siliciclastic sediments of the Amazon Fan to develop a global em-
pirical velocity-porosity relationship. They identified three dominant variables
affecting compressional wave velocity: porosity, shale fraction and consolida-
tion history. A key element of their formulation is the presence of a critical
porosity, or a porosity threshold, across which the relationship between velocity

and porosity changes fundamentally.

5.1 Critical Porosity

Raymer et al. (1980) recognized the concept of two separate poros-
ity domains in which velocity exhibits different behaviors. The suspension
domain for high-porosity rocks describes a medium where solid particles are
suspended in the fluid. The consolidated rock domain for low-porosity rocks
describes a medium with a continuous framework supported matrix. Nur et
al. (1998) define this transition from a suspension to a continuous matrix as
the critical porosity. More importantly, the critical porosity transition divides
the relationship between velocity and porosity into two domains. For porosi-

ties greater than the critical porosity, velocity is not strongly dependent on

porosity. For values below the critical porosity, velocity depends strongly on
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porosity and increases significantly with a small decrease in porosity.

The existence of a critical porosity transition does not indicate the
transition from a zero-strength suspension to a frame-supported regime, but
rather a transition where the frame modulus increases beyond a threshold and

causes a substantial velocity increase (Erickson and Jarrard, 1998).

5.2 Shale fraction

_ Clay content was evaluated by Erickson and Jarrard (1998) as a pos-
sible third-order factor affecting compressional wave velocity. The physical
dependence is indirect: clay content can affect porosity which, in turn, affects
velocity. Also, lithology direct%y affects velocity through the matrix density
and matrix velocity. By removing the effects of porosity and pressure to cal-
culate residual velocities, Erickson and Jarrard (1998) determined that clay
content has no direct influence on high-porosity sediments. They suggest for
high-porosity sediments that the bulk modulus is dominated by the pore fluid
modulus and lithology-dependent variations in the matrix bulk modulus are
overwhelmed. However, clay content is assumed to be an important control
on velocity for porosities < 30% through its direct effect on the aggregate and
frame bulk moduli (Erickson and Jarrard, 1998). |

Because quantitative clay content data was not generally available
for their log based study, Erickson and Jarrard (1998) used an émpirical “shale
fraction” log which loosely predicts clay content. The shale fraction log (ven)
can be calculated using the gamma ray log and the nonlinear response function

for Tertiary rocks (Dresser Atlas, 1982)
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Vi, = 0.083 x 2(BTIGR)-) (5.1)

where IGR = (GRiog — GReand)/(GRshate — GRsana)- The terms GRiog, GRsand,
GRahale are the gamma ray (GR) log values in API units. The sand (GRsana)
and shale baselines (GRghale) are the minimum and maximum values, respec-

tively, in the gamma ray log.

5.3 Consolidation History

Consolidation is known %o affect the compressional velocities for high-
porosity sediments (Blangy et al., 1993) by not only affecting the porosity
but also the shear and frame bulk moduli by increasing intergrain contacts
(Erickson and Jarrard, 1998). To account for this, Erickson and Jarrard (1998)
define separate velocity-porosity relationships for what are termed “normally”
and “highly” consolidated sediments. These terms are empirical and not related
to the soil mechanics definition of consolidation. High-consolidation is often
seen with a(,;cretionary prism deformation, early cementation, or deep burial.

Sedimentary basins are an example of a normal-consolidated environment.

5.4 Empirical velocity-porosity relationships

The global empirical relationships for compressional wave velocity
(V,) in terms of fractional porosity (¢), shale fraction (vs), and consolidation

history are (Erickson and Jarrard, 1998):

Normal-consolidation (Fig. 5.1)

0.305
(¢ +0.13)2 + 0.0725

V, = 0.739 + 0.552¢ + 1 0.61(vsn — 1.123)[X3]  (5.2)
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where X; = tanh(40(¢ — ¢.)) — |tanh(40(¢ — ¢c))| with a critical porosity (¢c)
of 0.31.

High-consolidation (Fig. 5.1)

0.305
(¢ +0.135)%2 + 0.0775

where X, = tanh(20(¢ — ¢.)) — |tanh(20(¢ — ¢.))| with a critical porosity (¢c)
of 0.39. |

V, = 1.11+0.178¢ + +0.61(vg, — 1)[Xa]  (5:3)

5.5 Velocity-porosity relationship: Shikoku Basin

In-situ corrected core-based measurements of velocity and porosity
for the underthrus’g sediments at Sites 1173, 1174 and 808 (Figs. 4.1, 4.2, 4.3)
were used to determine a velocity-porosity relationship. As core and velocity
measurements were often not made at corresponding depths, velocity data was
selected to within 25 cm intervals of the depths available for porosity measure-
ments. In addition, only velocities measured in the vertical direction were used

in the analysis as they correspond to seismic interval velocities.

5.5.1 In-situ Corrections

Corrections have been applied to the raw core data to account for
unloading from in-situ conditions. As samples are unloaded from pressure at
depth, the samples undergo a decrease in grain contact stress which causes

both an increase in porosity and a decrease in seismic velocity.

Corrections to velocity and porosity values were made by comparing
the core data to available wireline and LWD data at corresponding depths.

Because the most complete combination of core and log data are available for
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Figure 5.1: Compressional velocity as a function of porosity and shale frac-
tion for A) normal- and B) high-consolidation (Erickson and Jarrard, 1998).
Velocity is plotted for shale fractions of 0, 0.2, 0.4,0.6, 0.8, and 1.
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Site 1173, this site was used to calculate the in-situ corrections applied to core

measurements from Sites 1174 and 808.

Porosity correction

The Site 1173 core porosity values have been compared to both wire-
line and LWD porosity values. AsA the core and log measurements were not
sampled at the same depths, a data set with matching depths was needed. Us-
ing the depths where core measurements are available, log (wireline and LWD)
data was selected for depths located 10 cm from each core sample depth. The
difference between the core and log data sets was calculated by subtracting the
values at the matching depths. The difference between the core and log data
appears to be near-constant with depth when comparing the core data to both
the wireline (Fig. 5.2) and LWD (Fig. 5.3) data. For the core-wireline com-
parison, the mean fractional porosity offset is 0.0277 £ 0.0200 (core porosity is
greater than log porosity). For the core-LWD comparison, the mean difference
is 0.0307-0.0249. Taking the average of these two values, the in-situ correction
we have chosen to apply to the core data is a constant value of 0.0289 which
has an error of +0.0224. This correction obtained from the Site 1173 data has

then been applied to the core porosity data for Sites 1174 and 808.

Velocity correction

The wireline DSI data from Site 1173 is the only reliable velocity log
data and has been used to determine the in-situ velocity correction. The re-

processed wireline velocities (Goldberg, 2003) have been used in this analysis.

The wireline velocities deviate from a general trend of increasing velocity and
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Figure 5.2: Core, wireline log, and laboratory porosity measurements for Site
1173. A) All available porosity data. B) Porosity data with corresponding
depths to £10 cm. Laboratory data are plotted for the calculated in-situ
effective pressure. (Note the change in depth scale between A and B).
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Figure 5.3: Core and LWD porosity measurements for Site 1173. A) All avail-
able porosity data B) Porosity data with corresponding depths to £10 cm.
Laboratory measurements are not show in this figure - see Figure 77,
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begin to decrease at aboﬁt 345 mbsf (Fig. 5.4), which is the boundary between
the upper and lower Shikoku Basin facies. Due to this change in velocity, the

in-situ correction has been determined based only on the data above ~340

mbst.

As for the porosity data sets, core velocity and log velocity measure-
ments were not taken at the same depths. Using the same method described
for the porosity correction, log data was selected for depths located +20 cm
from each core depth. The difference between the core and log data could then

be calculated by subtracting the data sets at the matching depths.

The difference between the core and wireline velocities is expected to
increase with depth (e.g. Hamilton, 1978); however the standard deviation of
the mean difference between the data sets is too large for any depth-dependent
trend to be apparent. Instead, we have chosen to use the average difference
between the core and wireline velocity data of 43.39 m/s (with an error of ,
+29.05 m/s) as a constant in-situ correction. This correction was subtracted

from the core velocity data for Sites 1173, 1174 and 808.

Laboratory Measurements

Laboratory tests on samples from Site 1173 were conducted to mea-
sure P- and S-wave velocities under confining pressures (see Appendix A). The
resulting compressional Wavé velocity and porosity measurements can be used
to compare with the in-situ corrections determined from the core-log data com-

parison.

The laboratory measurements of porosity generally agree with the in-
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situ correction determined above. For sediments above the décollement, labo-
ratory measurements of porosity are an average of 3% less than the shipboard
core measurements and agree with the log values at these depths (Figs. 5.2 and
5.4). Below the décollement, the difference between the laboratory meaéure—

ments and shipboard core measurements increases to about 10%.

The laboratory measurements of P-wave velocity do not agree with
the in-situ correction determined from the wireline log and core data compar-
ison (Fig. 5.4). The laboratory velocity measurements are consistently lower
than both the core and wireline log measurements, which is the opposite of
what is expected based on the previous comparison between core and logging
measurements. Further analysis of the P-wave velocities might result in values

which are more realistic and agree more closely with the in-situ correction.

5.5.2 Shale fraction

Shale fraction (Fig. 5.5) was calculated for Site 1173 based on Equa- |
tion 5.1 using the LWD gamma ray log. The sand and shale baselines were
determined from the LWD gamma ray log for Site 808 as no “clean” sands at

Site 1173 were present from which to determine these values.

5.5.3 Parameter fitting

The functional form of Equations 5.2 and 5.3 has been used to deter-
mine a velocity-porosity relationship for the Shikoku Basin underthrust sedi-
ments. New parameters were determined using an implementation of the non-

linear least-squares Levenberg-Marquardt algorithm. The starting parameters

for the fitting algorithm were obtained from the normal-consolidation equa-
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tion of Erickson and Jarrard (1998). Since the velocity-porosity relationship is
developed for the underthrust section which is in a basinal compaction state,
the normal trend was considered more appropriate than the high-consolidation
trend. The parameters fit in the analysis are A, B, C, v, and ¢, (Eq. 5.4).

The form of the equation fit using the nonlinear least-squares method is

0.305
6+ OF + o2, —C?—2C — 1

1.51-A-B

Vp=A+ B¢+ + 0.61(v,p, — 1.123)[X,,,]
(5.4)
where X, = tanh(40(¢ — ¢.)) — [tanh(40(¢ — ¢.))|. This equation incorporates

the boundary condition of V,=1.51 km/s at a fractional porosity of 1.

5.6 - Results: Velocity-porosity relationship

Velocity versus porosity is plotted for the in-situ corrected core data
for all three sites (Fig. 5.6). These data are plotted for both above and below the
décollement (Fig. 5.6A) and then for below the décollement only (Fig. 5.6B).
The plot for data above and below the décollement does not show a signifi-
cant trend of increasing velocity with decreasing porosity, except for Site’ 1173,
whereas there is a much more obvious trend for the underthrust sediments. The
bounding equations from Erickson and Jarrard (1998) for normal- and high-
consolidation are also plotted for the underthrust sediments (Fig. 5.7). The
underthrust data lie mostly within the bounds of these equations but follow

the normal consolidation trend more closely.

The fitted parameters are listed in Table 5.1, which includes the sen-

sitivity of the fit to each parameter. The RMS of the residuals for these pa-

rameters is £73.34 m/s. The best-fit formulation is plotted in Figure 5.7.
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Figure 5.6: Velocity versus porosity for in-situ corrected core data for Sites
1173, 1174 and 808. A) Sediments above and below the décollement and B)
Underthrust sediments (i.e below the décollement).
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ments for Site 1173, 1174 and 808. The least squares fit is plotted with a shale
fraction of 1. The formulations for normal- and high-consolidation (Erickson
and Jarrard, 1998) and plotted as well as the formulation from Hyndman et
al. (1993).
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parameter  fit  error () error (%) EJnormal EJ high “
A 0.746 0.379 51 0.739 1.11 ;

B 0.532 0.327 61 0.552 0.178 \
C . 0.124 0.171 137 0.130 0.135 :
Ugh, 1.057 0.041 4 — —
@ 0.295 0.006 2 0.31 0.39

Table 5.1: Parameters and the associated error for the nonlinear least-squares
fit results and the corresponding parameters from the Erickson and Jarrard
(1998) normal- and high-consolidation formulations.

In addition to the Erickson and Jarrard (1998) formulations, the
velocity-porosity relationship from Hyndman et al. (1993) for Site 808 is plot-
ted for comparison (Fig. 5.7): porosity (¢) is given in terms of compressional

velocity (V in km/s)

P = —1.180 + 8.607(1/V) — 17.89(1/V)? + 13.94(1/V)? (5.5) |

The ISONIC LWD velocity data from Sites 1173 (Fig. 4.1) and 808
(Fig. 4.3) are plotted (Fig. 5.8) to compare to the results obtained for the core
measurements. The Site 1173 data are described accurately by the least squares
fit and lie almost totally within the bounds of the Erickson and Jarrard (1998)
formulations. The Site 808 data are extremely scattered and do not follow any -

apparent trend in velocity-porosity space.

The predicted velocities are compared to the measured velocities (Fig. 5.9).

The parameters fit to the Shikoku Basin data accurately predict velocity for this

particular data set. There is no trend towards either under- or over-predicting.
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The formulations for normal- and high-consolidation (Erickson and Jarrard,
1998).
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5.7 Discussion: Velocity-porosity Relationship

The velocity versus porosity plots for the sediments at Sites 1173,
1174 and 808 (Fig. 5.6A and B) clearly indicate that the sediments above and
below the décollement exhibit different characteristics. This is illustrated by
the absence of a trend in increasing velocity with decreasing porosity. This
is most likely due both to a more varied lithology in the sediments above the
décollement and to differing tectonic histories. When only the underthrust sedi-
ments are plotted (Fig. 5.6B) a clear trend of increasing velocity with decreasing
porosity and a critical porosity transition are apparent. This is especially true
for the Site 808 data and to a lesser extent, Site 1174. The underthrust sedi-
ments follow the normal-consolidation trend proposed by Erickson and Jarrard
(1998) as is expected for underthrust sediments which have been subjected pri-

marily to burial compaction stresses (Davis et al., 1983; Morgan and Karig,

1995).

The results of the parameter fitting for the underthrust sediments
indicate that a critical porosity transition is crossed at ~0.30. Whereas a
single critical porosity value can be accurately fit to this data set, it appears
that the critical porosity transition occurs over a range of porosities for Site
808. The median value of this range is ~0.31 which agrees relatively well with

the value obtained in the parameter fitting.

The parameter fitting provided a best-fit shale fraction value of ~1.06.
One possible explanation for an unphysical shale fraction being fit is the lack of

lower porosity, higher velocity data to constrain this parameter. The average

shale fraction of 0.32 calculated from the shale fraction log (Fig.5.5) suggests
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that a lower value would more accurately describe these data. However, the
shale fraction log for Site 1173 is probably not accurate due to the lack of
representative sand and shale baselines. Further analysis needs to be done
to accurately determine which shale fraction best describes the Shikoku Basin

underthrust sediments.

It is also important to note that the values of the shale fraction signif-
icantly affects the values determined for the critical porosity in the parameter
fitting. An improved fit could ‘probably be obtained by holding the shale frac-
tion constant (at a value representative of the sediments at Site 1173) and

allowing the critical porosity to vary.

The relationship derived by Hyndman et al. (1993) does not appear
to fit either the lower or higher porosity sediments as well as the formulations
suggested by Erickson and Jarrard (1998). The Hyndman et al. formulation
does follow roughly the same trend but systematically overestimates the veloc-
ity, especially for porosities near the critical porosity transition. However, this
formulation was derived only for Site 808 data and different in-situ corrections
have been applied to the current core data set, which accounts for most of the

differences.

5.8 Conclusions: Velocity-porosity Relationship

The underthrust sediments for Sites 1173, 1174 and 808 follow the
global velocity-porosity trends proposed by Erickson and Jarrard (1998). The

formulation for normal-consolidation is a better fit to the data than the high-

consolidation model, as is expected for undeformed underthrust sediments.
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New parameters fit to the normal-consolidation model using a stan-
dard nonlinear least squares algorithm provides a single best-fit equation which
can be used to convert between velocity and porosity with reasonable uncer-
tainty. This formulation will be used to predict porosity from seismic interval
velocity for the underthrust sediments. The new formulation better predicts
velocity for the Shikoku Basin sediments than any of the previously determined

relationships.

A critical porosity threshold appears to be crossed somewhere between
Sites 1174 and 808 at ~0.30. While a single critical porosity value can be
reliably fit to the data, there are a range of porosities for which velocity exhibits

a transition to a stronger dependence on porosity.



CHAPTER 6

SITE 1173 PHYSICAL PROPERTIES CHANGES

The physical properties of sediments are affected by a variety of fac-
tors which include sediment composition, diagenesis, and deformational history.
The characteristics of downhole physical properties changes at Site 1173, most
notably in porosity and velocity, in the upper and lower Shikoku Basin facies
suggests other factors in addition to consolidation play an important role in

affecting these properties.

In the upper Shikoku Basin facies (Fig. 3.1), porosity deviates signif-
icantly from the normal comﬁaction trends for these types of sediments (e.g.
Hamilton, 1976). Seismic velocity in this interval also deviates from the ex-
pected trend of velocity increasing with depth (e.g. Hamilton, 1978). At the
boundary between the upper and lower Shikoku Basin facies (Fig. 3.1), porosity
suddenly decreases while there is little change in seismic velocity. Porosity and
velocity values below this boundary in the lower Shikoku Basic facies generally

follow normal compaction trends.

Measurements of seismic velocity and porosity from the upper and
lower Shikoku Basin sediments are used here to constrain the factors contribut-
ing to the high porosities between 102 mbsf and 320 mbsf and the abrupt phys-
ical properties changes which occur at the upper/lower Shikoku Basin facies

boundary. The relationship between velocity and porosity is also used to con-

56
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strain the possible effects of cementation in this interval. As silica diagenesis is
thought to play a significant role in both of these intervals (Shipboard Scien-
tific Party, 2001a), the analysis will focus on the changes in physical properties
expected during the opal-A to opal-CT and opal-CT to quartz transitions.
The implications for the existence of a critical porosity transition in the upper
Shikoku Basin sediments will also Be examined in terms of diagenetic and ce-
mentation effects. Evidence for other diagenetic processes in addition to silica

diagenesis will also be presented.

6.1 Site 1173 - Physical Properties

The large scale physical properties of the sediments at Site 1173 were
described in section 4.4. In the current section, the anomalous characteristics in
velocity and porosity will be described in greater detail for the upper and lower
Shikoku Basin facies, focusing on changes which may be a result of diagenetic

processes.

6.1.1 Upper Shikoku Basin Facies

Porosity

In the outer trench-wedge facies (0-102 mbsf), core porosity values
decrease from 72-70% to 56-66% by 102 mbsf (Fig. 6.1). The values are signif-
icantly scattered in this interval primarily due to variations in lithology (Ship-
board Scientific Party, 2001b). In the upper Shikoku Basin facies, porosity
actually increases slightly from ~60% at the top of the unit to ~68% at 320

mbsf. Beginning at 320 mbsf, porosity abruptly decreases to ~50% by the base

of the unit at 344 mbsf.
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Wireline porosity data is only available between 78-336 mbst (Fig. 6.2)
and is generally in agreement with the core data in this interval, though with
less variability. Above 102 mbsf the log values are too scattered to provide an
accurate idea of the porosity trend in this interval. Beginning at 102 mbsf,
porosity increases from ~58% to an aVerage value of 63% by the base of the
log at 336 mbsf. There are sharp decreases at 264 mbsf (54%) and 323 mbst

(50%) which roughly correspond to similar decreases in the core porosities. .
Velocity

In contrast to the sharp changes in porosity which occur in the upper
Shikoku Basin facies, the changes in seismic velocity are more subtle (Fig. 6.1).
Between 102 mbsf and 230 mbsf, core velocity remains constant at ~1600 m/s
(in the x-,y-,and z-directions). At 230 mbsf, the values begin to smoothly

increase to ~1750 m/s at the base of the unit.

Wireline shear and compressional velocities also show a similar trend
in this interval (Fig. 6.2). Compressional velocities increase only slightly be-
tween 102-220 mbsf from ~1580 m/s to ~1650 m/s. In contrast, shear veloci-

"ties remain roughly constant at ~300 m/s in the same interval. At 220 mbsf,
both éompressional and shear velocities begin to increase at greater rates to
V, ~1740 m/s and V, ~450 m/s at 320 mbsf. Between 320 mbsf and the base
of the unit at 344 mbsf, the changes become more complex. Both velocity logs
exhibit slight decreases at 325 mbsf and then smoothly increase over the next
5 m. Below this depth (~330 mbsf), the values are significantly more scattered

but a sharp drop begins at ~344 mbsf and continues to the base of each log at

363 mbst.
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Figure 6.1: A) Core porosity data for Site 1173. The boundaries of the upper
and lower Shikoku Basin facies are indicated by the black lines. The curves
plotted are from Hamilton (1976) for pelagic clay (solid line) and terrigenous
sediment (dashed line). B) Core velocity data for Site 1173. Velocity mea-
surements are plotted for the x-, y-, and z- directions. The upper and lower
Shikoku Basin facies are indicated by the black lines. :
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Figure 6.2: (A) Wireline porosity, (B) compressional-wave velocity, (C) and
shear-wave velocity for Site 1173. The upper and lower Shikoku Basin bound-
aries are marked by the black line. The dashed line represent where changes in
seismic velocity begin.
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6.1.2 Lower Shikoku Basin Facies

In the lower Shikoku Basin facies, porosity generally follows the nor-
mal consolidation curve for fine-grained marine sediments (e.g. Hamilton, 1976;
Fig. 6.1). At the top of the unit, porosity is ~50% and decreases smoothly to
~35% by the base of the unit at 688 mbsf. The values within this interval do
not show as much scatter as in the upper Shikoku basin sediments which is

most likely due to the more homogeneous nature of the sediments.

Core velocity measurements (Fig. 6.1) also generally increase within
this unit from 1750 m/s at 344 mbsf to 2200 m/s at the base of the unit. There
is a notable decrease at ~390 mbsf which corresponds to the approximate

location of the projected décollement at this site.

6.2 Discussion: Site 1173 - Physical Properties
6.2.1 Silica Diagenesis

It has been suggested that processes associated with silica diagenesis
affect the physical properties of the sediments in the upper and lower Shikoku
Basin facies at Site 1173 (Shipboard Scientific Party, 2001b). The abnormal
compaction trend in the upper Shikoku Basin facies and the abrupt changes
in physical properties observed at the boundary between the upper and lo§ver
Shikoku Basin facies could be directly related to the solution and precipation
of silica associated with one of the two silica phase‘ transformations: opal-A to

opal-CT and opal-CT to quartz.

The opal-A to opal-CT and opal-CT to quartz transitions both occur

through a dissolution and reprecipitation mechanism (Hesse, 1988). Biogenic
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silica (also called amorphous silica or opal-A) may not convert directly to quartz
but instead go through an intermediate metastable phase. Because the solu-
bility of opal-CT is intermediate between that of opal-A and quartz, opal-CT
forms more easily from a solution in equilibrium with opal-A than does quartz
(Isaacs et al., 1983). Eventually opal-CT is dissolved and reprecipitated as

quartz.

Profiles of dissolved silicon with depth for pelagic sediments show a
consistent increase with depth below the seafloor (Hesse, 1990). This gradual
downward increase is often followed by an abrupt decrease which is consistent
with reprecipitation of opal-A as opal-CT. A second maximum in the dissolved
silicon profile may be observed at sufficient depth, which most likely corre-

sponds to the dissolution of opal-CT and the reprecipitation as quartz.

6.2.2 Compaction Trend

In the upper Shikoku Basin facies, porosities are approximately 10-
15% higher between 102-320 mbsf than the expected porosity for fine-grained
marine sediments (e.g. Hamilton, 1976; Fig. 6.1). The sediments are best
approximated by the curve for terrigenous sediments although the data lie
roughly between the terrigenous curve and the pelagic clay curve (Hamilton,
1976). In contrast, seismic velocity remains approximately constant or increases
only slightly over this interval. In order to clarify the relationship between

velocity and porosity in this interval, a velocity-porosity crossplot is used. This

type of plot can illustrate any trends present in the data and provide a means -

to compare with various theoretical (e.g. Nur et al., 1998; Dvorkin and Brevik,

1999) and empirical trends (e.g. Raymer at al., 1980; Erickson and Jarrard,
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1998).

Core and wireline velocities (P- and S-wave) versus porosity are plot-
ted in Figure 6.3. The data are broken down into the following depth intervals
corresponding to the observed physical properties changes and facies bound-
aries: 78-102 mbsf, 102-220 mbsf, 220-320 mbsf, and 320-390 mbsf. The last
interval crosses the boundary between the upper and lower Shikoku Basin fa-
cies and ends at what is interpreted as the beginning of the proto-décollement

zone at Site 1173.

The sediments in the trench-wedge facies (78-102 mbsf) roughly fol-
low the normal-consolidation trend of Erickson and Jarrard (1998) (Fig. 6.3A).
With increasing depth; the upper Shikoku Basin sediments between 102-220
mbsf begin to exhibit an increase in compressional velocity while porosity re-
mains relatively constant between 55% and 65% (Fig. 6.3A). This deviation
is even more apparent between 220-320 mbsf as velocity continues to increase
over an even smaller porosity range (60-65%). The sediments in the interval
from 320-390 mbsf deviate from the overlying trends of increasing velocity and
roughly follow the high-consolidation curve derived by Erickson and Jarrard
(1998; Fig. 6.3A). The shear velocities (Fig. 6.3B) follow a similiar pattern to.
that of the compressional velocities. There is significantly more overlap be-
tween the values in different depth ranges, most notably around 220 mbsf. The
similiar trends in the velocity-porosity plots would suggest that the same pro-
cess is affecting both the compressional and shear velocities but does not cause

as abrupt a response in the shear velocities.

The observed velocity-porosity trends suggest a critical porosity thresh-
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Figure 6.3: (A) Compressional velocity-porosity plot for core (diamonds) and
wireline (circles) data for Site 1173. The different depth intervals are indicated
by different colors. The thick black solid and dashed lines are for the normal-
and high-consolidation curves derived by Erickson and Jarrard (1998). (B)
Shear velocity-porosity plot wireline (circles) data for Site 1173. The depth
intervals are the same as in (A).
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old is crossed at ~65% (e.g. Nur at al., 1998). The critical porosity formulation
(summarized in section 5.1) indicates that the sediments in the upper part of
the upper Shikoku Basin facies are in a transition between a fluid-supported
domain and a frame-supported domain. The existence of a critical porosity
transition at such a high porosity in these sediments may indicate the presence
of cementation effects which are éontributing to the increased rigidity of the

sediments between 220 mbsf and ~320 mbsf.

One possible cause for the observed compaction trend and cementa-
tion effects could be the precipitation of opal-A from the pore fluid and the
deposition at the grain boundaries. The presence of this siiica cement would
serve to increase the rigidity of the sediments and prohibit a normal decrease
in porosity. A plot of dissolved silicon (Fig. 6.4) for Site 1173 shows an in-
crease in SiO, with depth which probably indicates the continued precipitation
of opal-A from the pore fluid. An abrupt decrease in SiOy at ~344 mbsf most
likely corresponds to the conversion of opal-A to opal-CT which results in a
decrease of SiOs in the pore fluid. The breakdown of the opal-A cement is
directly related to the processes observed at the upper/lower Shikoku Basin

facies boundary.

6.2.3 Upper/Lower Shikoku Basin Facies Boundary

The boundary between the upper and lower Shikoku Basin facies is
defined as the deepest occurrence of a fresh volcanic ash bed containing glass
shards (Shipboard Scientific Party, 2001a). This boundary was chosen within

a gradational change from ash to siliceous claystone which occurs over tens of

meters. It has therefore been suggested that the upper/lower Shikoku Basin
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Figure 6.4: Profile of dissolved silicon (SiO;) for Site 1173. The dotted line
marks the boundary between the upper and lower Shikoku Basin facies at ~344
mbsf. Data from Shipboard Scientific Party (2002b).
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facies boundary is largely diagenetically controlled (Shipboard Scientific Party,
2001a). This is supported by significant changes in sediment physical properties
which have been observed across this boundary. The most notable change is
an abrupt decrease in core porosity from ~60% to ~50% between ~320 and
344 mbsf. In addition, the amount of dissolved silicon (SiO2) in the interstital
fluid abruptly decreases at this boﬁndary (Fig. 6.4). The combined decrease in
porosity and dissolved silicon at this boundary could be directly related to the

solution-precipation of silica.

The physical properties changes at the upper to lower Shikoku Basin
facies boundary were originally interpreted as caused by the transition from
opal-CT to quartz (Shipboard Scientific Party, 2001a). However, further anal-
ysis suggests the observed changes are instead caused by the transition from
opal-A to opal-CT. This is supported by the observation of Nobes et al. (1992)
for sediments in the Japan Sea that the opal-A/opal-CT boundary occurs at or
near a lithologic boundary while the opal-CT/quartz transition often lies within
a lithologic unit and is not as distinct as the first transition. In addition, the
opal-A/opal-CT trénsition is often correlated with a significant seismic reflec-
tor (Nobes et al., 1992). A strong seismic reflector is observed at Site 1173
between 320-360 mbsf (Shipboard Scientific Party, 2002a) which correlates to
the abrupt changes in porosity and density and is consisfent with a high reflec-

tion coeflicient.

In addition, the presence of opal-CT and zeolites in the lower Shikoku

Basin siliceous claystones (Wilson et al., 2003) suggests they could be a product

of the opal-A /opal-CT transition. Zeolites are natural byproducts of the opal-
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A/opal-CT reaction in the presence of the clay minerals illite and smectite
(Kastner, 1979, 1981) which are present in both the upper and lower Shikoku

Basin sediments (Sunderland and Morgan, 2003).

Because seismic velocity is both directly and indirectly affected by
porosity changes, the behavior of the compressional and shear velocities across
the boundary should be also be affected. As porosity decreases as a result
of enhanced compaction accompanying the dissolution of opal-A, the velocity
should begin to increase. Nobes et al. (1992) observed velocities reaching max-
imum values just below the opal-A/opal-CT boundary and then decreasing. A
similiar trend may be present in the wireline compressional and shear velocity
logs at ~320 mbsf (Fig. 6.2). There is a noticeable increase at 320 mbsf followed

by an immediate decrease, after which velocity begins to increase again.

6.2.4 Other effects

Cementation effects could also be caused by the existence of a fine
smectite clay phase within the upper Shikoku Basin facies (Sunderland and
Morgan, 2003). The decrease in porosity at the base of the upper Shikoku
Basin facies (344 mbsf) may be due to smectite-illite diagenesis which causes
a breakdown in the cement. However, the fine-grained phase is also observed
in the lower Shikoku Basin facies which would argue that the smectite clay is

not the sole cause of the abnormal compaction trend.

An additional possible explanation for the observed high porosities in

the upper part of this unit is the presence of high pore fluid pressure prohibiting

the normal compaction of the sediments. However, seismic velocities would not
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then be expected to change in this interval, yet both compressional and shear
velocities increase at 220 mbsf while porosity remains constant with depth. In
addition, the existence of a critical porosity transition would not be consistent

with high pore pressures and undercompaction.

6.3 Conclusions: Site 1173-Physical Properties

An analysis of Shikoku Basin sediment physical properties indicates
that silica diagenesis plays an important role in affecting the properties of
these sediments. Silica diagenesis is the most likely cause of 1) the abnormal
compaction trend in the upper Shikoku Basin facies and 2) the abrupt physical
properties changes associated with the upper and lower Shikoku Basin facies

boundary.

The upper Shikoku Basin sediments exhibit abnormally high porosi-
ties as a result of early cementation which is later destroyed. The most likely
cementing phase is the precipitation of opal-A onto grain boundaries. This
accounts for both the high porosities and the increases in seismic velocity ob-
served between 220-320 mbsf. Evidence for a critical porosity transition at
~65% further strengthens the argument for cementation. The similar trends
observed in the velocity-porosity crossplots for both compressional and shear

velocities suggest that both are affected by the same process.

The boundary between the upper and lower Shikoku Basin facies ap-
pears to be largely controlled by further silica diagenesis. The opal-A to opal-

CT transition causes the abrupt decrease in porosity observed between 320-344

mbsf. The effects of this transition on seismic velocity are more subtle but are
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observed in both the compressional and shear wireline velocities in addition to

seismic reflection data. Detailed sedimentological characterization could pro-

vide evidence to confirm or refute this hypothesis in the future.




APPENDIX A

LABORATORY MEASUREMENTS

Laboratory measurements of P-wave velocity, S-wave velocity, and
porosity were conducted under elevated pressure on whole-round core samples
from Site 1173. The purpose of these tests was to study the dynamic elastic
properties of the sediments in the context of stress paths in the accretionary
prism (e.g. Karig and Morgan, 1994). Ultrasonic velocities of the samples were

measured under effective pressures between 0.25 and 32 MPa.

A.1 Methods

Site 1173 samples were obtained from whole-round cores obtained
during drilling on ODP Leg 190. Cylindrical sub-samples were cut manually
to an average diameter of 19.5 mm with lengths ranging between 25.3 and
30.8 mm. The cylindrical sub-samples were then jacketed and inserted into
the pressure vessel apparatus. The pressure vessel used to measure ultrasonic
velocities is described in greater detail by Gettemy (2001). Ultrasonic waves
are generated using a PZT-crystal in the endplates on either end of the sample.
A standard pulse transmission method (Christensen, 1985) is used to determine
the velocities. The digitally recorded waves are used to determine the arrival
times of the P- and S— phases. For the 1173 samples, only the P-wave arrival

time has been identified as further processing is necessary to determine the
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S-wave arrival times.

The length of the sample during testing was measured using a linear
potentiometer transducer (LPT). Using the initial porosities of the samples and
the length changes during testing under elevates pressure, the porosity at each
pressure step was determined. The velocity in each sample is then determined
by dividing the length of the sample by the travel time through the sample.
The P-wave velocities and porosities under elevated pressure for each sample

are plotted in Figure A.1.

A.2 In-situ values for velocity and porosity

Using the laboratory measurements, velocity and porosity for in-situ
conditions were determined by calculating the effective pressure for each sample
depth. This was done using the LWD density log for Site 1173 and assuming
hydrostatic pore pressure. The effective pressure for each sample depth location

is plotted in Figure A.1.
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