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6. CLAY MINERALOGY OF MUDSTONES

FROM THE NANKAI TROUGH REFERENCE 
SITES 1173 AND 1177 AND FRONTAL 
ACCRETIONARY PRISM SITE 11741

Joan F. Steurer2 and Michael B. Underwood2

ABSTRACT

X-ray diffraction analyses of the clay-sized fraction of sediments
from the Nankai Trough and Shikoku Basin (Sites 1173, 1174, and 1177
of the Ocean Drilling Program) reveal spatial and temporal trends in
clay minerals and diagenesis. More detrital smectite was transported
into the Shikoku Basin during the early–middle Miocene than what we
observe today, and smectite input decreased progressively through the
late Miocene and Pliocene. Volcanic ash has been altered to dioctahe-
dral smectite in the upper Shikoku Basin facies at Site 1173; the ash al-
teration front shifts upsection to the outer trench-wedge facies at Site
1174. At greater depths (lower Shikoku Basin facies), smectite alters to
illite/smectite mixed-layer clay, but reaction progress is incomplete. Us-
ing ambient geothermal conditions, a kinetic model overpredicts the
amount of illite in illite/smectite clays by 15%–20% at Site 1174. Nu-
merical simulations come closer to observations if the concentration of
potassium in pore water is reduced or the time of burial is shortened.
Model results match X-ray diffraction results fairly well at Site 1173.
The geothermal gradient at Site 1177 is substantially lower than at Sites
1173 and 1174; consequently, volcanic ash alters to smectite in lower
Shikoku Basin deposits but smectite–illite diagenesis has not started.
The absolute abundance of smectite in mudstones from Site 1177 is suf-
ficient (30–60 wt%) to influence the strata’s shear strength and hydro-
geology as they subduct along the Ashizuri Transect.
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INTRODUCTION

The objective of this paper is to document stratigraphic trends in
clay mineralogy and clay diagenesis at Sites 1173, 1174, and 1177,
which were cored by the Ocean Drilling Program (ODP) in the Nankai
Trough (Fig. F1). During studies of marine sedimentation, clay minerals
provide important information for determining the detrital origin of
sediment (e.g., Hathon and Underwood, 1991; Fagel et al., 1992;
Petschick et al., 1996). Detrital chlorite, for example, is a typical prod-
uct of physical weathering of plutonic and metamorphic rocks, as well
as shale; chlorite tends to increase in ocean sediments toward higher
latitudes where physical weathering predominates (Biscaye, 1965;
Naidu and Mowatt, 1983). Kaolinite is more prevalent in tropical lati-
tudes where chemical weathering is more intense (Biscaye, 1965;
Faugeres et al., 1991; Petschick et al., 1996). Detrital illite resists chemi-
cal weathering and is common in most continental soils (Biscaye,
1965). Illite and illite/smectite (I/S) mixed-layer clays are common low-
temperature diagenetic products in marine basins (Burst, 1969; Perry
and Hower, 1970; Hower et al., 1976).

Fagel et al. (2001) showed how subtle differences among minerals be-
longing to the smectite group could be used to decipher changes in de-
trital provenance and dispersal route through time. This type of
approach is possible because different precursors and weathering pro-
cesses produce different varieties of smectite. In brief, dioctahedral
smectites (beidellite and montmorillonite) are typical products of silicic
volcanic sources (Chamley, 1989), although iron montmorillonite can
also be produced from biogenic silica (Hein et al., 1979). Hydrothermal
alteration of basalt produces dioctahedral nontronite, but nontronite is
also found in rocks exposed to greenschist facies metamorphism. Sapo-
nite (trioctahedral smectite) and celadonite (dioctahedral silica-rich
mica) form during alteration of crystalline basalt and basaltic glass, es-
pecially during the early stages of hydrothermal circulation (e.g., Porter
et al., 2000). Saponite also results from zeolite facies metamorphism
and can be eroded from an island arc. In the late stages of alteration of
basaltic glass, saponite evolves to dioctahedral (Mg, Fe2+ rich) smectite
(Chamley, 1989).

In addition to their value as provenance indicators, clay minerals ex-
ert a significant impact on sediment shear strength. Clay-sized material,
especially expandable clay minerals, affects both internal friction and
permeability (Olson, 1974; Wang, 1980; Shimamoto and Logan, 1981;
Morrow et al., 1984; Logan and Rauenzahn, 1987; Freed and Peacor,
1989a; Mitchell, 1993). Liberation of water from smectite’s interlayer
site shrinks the original mineral volume by as much as 35% if illitiza-
tion goes to ~80% completion (Bird, 1984; Bruce, 1984; Colten-Bradley,
1987). Dehydration during the illite–smectite reaction may be a source
of low-chloride fluids in accretionary prisms (Kastner et al., 1991). The
lower permeability of clay-rich sediments can cause pore fluid pressure
to increase, thereby reducing effective normal stress (Moore and Vrolijk,
1992). Compressibility also changes with clay content (Robinson and
Allam, 1998). It is important, therefore, to document the original com-
position of sediment and to show how that composition changes as
pressure and temperature increase. To help assess the extent of smec-
tite–illite diagenesis in the frontal Nankai subduction zone, we utilized
the kinetic model of Huang et al. (1993) to generate numerical simula-
tions. Understanding how sediment composition evolves in three di-
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mensions at the Nankai prism toe is an important step in predicting
how mechanical behavior changes at greater depths along the subduc-
tion boundary. 

LITHOSTRATIGRAPHIC CONTEXT

The Nankai Trough and accretionary prism are situated where the
Philippine Sea plate (Shikoku Basin) is subducting beneath the Eurasian
plate (Moore et al., 2001; Shipboard Scientific Party, 2001b). Drilling
during Leg 190 took place along two transects, the eastern Muroto
Transect and the western Ashizuri Transect (Fig. F1). Two reference sites
were drilled to provide baseline data for characterizing the sediment
prior to subduction: Site 1173 (Muroto Transect) and Site 1177 (Ashi-
zuri Transect). Site 1174 penetrated a frontal protothrust and the dé-
collement ~2 km seaward of ODP Site 808 (Fig. F1).

As demonstrated during ODP Leg 131 (Taira et al., 1992; Pickering et
al., 1993; Taira and Ashi, 1993), the stratigraphic section entering Nan-
kai Trough from the central part of the Shikoku Basin is more or less
consistent with models of accreting margins (e.g., Piper et al., 1973;
Dickinson and Seely, 1979) in that it coarsens and thickens upward as
the subducting plate approaches land. At Site 1173 (Fig. F2), the base of
the Quaternary trench-wedge facies is 102.14 meters below seafloor
(mbsf) and the strata consist of hemipelagic mud interbedded with silt,
sandy silt, and silty sand turbidites. The upper Shikoku Basin facies
(Pliocene–Quaternary; 102.14–445.92 mbsf) was deposited by hemipe-
lagic settling and ash falls. The lower Shikoku Basin facies (Pliocene–
middle Miocene; 445.92–790.3 mbsf) is also hemipelagic but lacks rec-
ognizable ash layers. The lower Shikoku Basin facies is underlain by a
volcaniclastic facies and basalt (Shipboard Scientific Party, 2001c).
These same basic facies relations are present at Site 1174 (Fig. F3), but
the Quaternary trench-wedge facies extends to 483.23 mbsf, the upper
Shikoku Basin facies extends from 483.23 to 660.99 mbsf, and the lower
Shikoku Basin facies extends to 1102.45 mbsf (Shipboard Scientific
Party, 2001d).

The Ashizuri Transect is located along the distal flanks of the Shikoku
Basin spreading center (Fig. F1). Site 1177 (Fig. F4) differs from strati-
graphic sections along the Muroto Transect because it does not show a
coarsening-upward trend. The trench-wedge facies was not cored, but
the upper Shikoku Basin facies (Pliocene) extends from 300.20 to
401.76 mbsf (Shipboard Scientific Party, 2001e). This unit consists of
hemipelagic mud and abundant volcanic ash layers. The lower Shikoku
Basin hemipelagic facies (lower Pliocene–upper Miocene; 401.76–
449.30 mbsf) comprises hemipelagic mudstone and scattered intervals
of siliceous claystone. The lower Shikoku Basin turbidite facies (lower–
upper Miocene; 449.30–748.35 mbsf) contains abundant siliciclastic
sand layers with rare beds of gravel and mudstone-clast conglomerate.
A volcaniclastic-rich facies (lower Miocene) extends to 831.08 mbsf and
contains variegated mudstone, thin turbidites, and volcanic ash.

Previous studies of detrital clay minerals in the Nankai Trough and
Shikoku Basin include those by Cook et al. (1975), Chamley (1980),
Chamley et al. (1986), and Underwood et al. (1993a, 1993b). All of
those results show a preponderance of detrital illite and chlorite in the
Quaternary trench-wedge facies. Details about the illite (e.g., crystallin-
ity index, polytype, and bo lattice dimension) are consistent with their
erosion from low-grade metasedimentary rocks, which are widespread
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throughout the Outer Zone of Japan (Underwood et al., 1993a). When
clay provenance indicators are combined with data from sand petrogra-
phy and paleoflow indicators (Taira and Niitsuma, 1986; Marsaglia et
al., 1992; Pickering et al., 1992; Fergusson, this volume), interpreta-
tions suggest that the Quaternary trench wedge originated primarily
through axial transport from sources located in the Izu-Honshu colli-
sion zone of central Japan (Underwood and Pickering, 1996).

In contrast to the Quaternary trench wedge, strata in the Shikoku Ba-
sin (Sites 297, 442, 443, and 444 of the Deep Sea Drilling Project) show
progressive enrichment of smectite with increasing depth and age
(Cook et al., 1975; Chamley, 1980). Previous workers also demonstrated
that smectite increases monotonically in the upper Shikoku Basin facies
at Site 808, but Underwood et al. (1993b) were not able to discriminate
convincingly between the effects of changing detrital sources and/or
transport paths through time, as opposed to the effects of in situ ash-to-
smectite and smectite–illite diagenesis. Subsequent work by Masuda et
al. (1996) showed that glass shards in interbedded volcanic ash layers
alter to dioctahedral smectite (aluminum-rich beidellite) and potas-
sium-rich clinoptilolite. The illite–smectite reaction has been inhibited
in discrete beds of volcanic ash (Masuda et al., 1996), but there is clear
evidence for progressive smectite–illite alteration and uptake of potas-
sium in the bulk mudstones of Shikoku Basin (Underwood et al., 1993b;
Underwood and Pickering, 1996; Masuda et al., 2001). Underwood et
al. (1993b) speculated that illite–smectite diagenetic progress at Site 808
is a recent response to rapid sedimentary burial beneath the trench
wedge (i.e., in the last 0.5 m.y.), but they had no data from an appropri-
ate reference site to constrain the degree of diagenesis seaward of the
trench.

LABORATORY METHODS

Sample Preparation

To prepare samples for X-ray diffraction (XRD) analyses, specimens
of mud and mudstone were gently crumbled and placed in a glass bea-
ker with 3% H2O2 for at least 24 hr until digestion of organic matter
stopped. We then added 250 mL of 4 g/L sodium hexametaphosphate
to disperse the clays. Further disaggregation was accomplished in an ul-
trasonic bath. Heavily indurated samples were exposed to additional
crushing and repeated ultrasonic dispersal. Samples were then washed
via centrifugation (using six 60-mL tubes per sample at 8200 rpm for 25
min), resuspended in 360 mL of deionized distilled water, washed
again, and transferred in suspension to a 125-mL plastic bottle. After
further dispersion with an ultrasonic cell disruptor, we separated the
<2-µm fraction using a centrifuge at 1000 rpm for 2 min, 24 s. Slides
were prepared for XRD as oriented aggregates to enhance the clay min-
eral basal reflections, using the filter-peel method with a 0.45-µm mem-
brane. Slides were solvated in an ethylene glycol atmosphere overnight
at 60°C to expand the smectite. The time elapsed between removal
from the ethylene glycol chamber and scanning was <80 min to mini-
mize evaporation.
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X-Ray Diffraction Analysis

A Scintag PAD V X-ray diffractometer was used to scan slides from 3°
to 23°2θ at the following parameters: radiation = CuKα; scan rate = 1°/
min; step size = 0.01; voltage = 40 kV; current = 30 mA; and slits = 0.2
mm. Data processing utilized MacDiff software (Petschick, 2001). Pro-
files were smoothed using the MacDiff standard weighted means 17-
term filter. To correct for misalignments of the goniometer and slide
holder, we shifted each diffractogram to realign the quartz (100) reflec-
tion at 4.26 Å.

Relative Mineral Abundances

To estimate relative abundances of minerals in the clay-sized fraction
by weight, we measured the integrated peak areas for basal reflections
of smectite, illite, and chlorite, plus quartz. The targeted peaks are
shown in Figure F5: smectite (001) at ~17 Å, illite (001) at ~10 Å, chlo-
rite (002) at ~7 Å, and quartz (100) at 4.26 Å. Some difficulty with this
method arises from peak overlap. The chlorite (001) peak occurs on the
shoulder of the glycol-solvated smectite (001) peak at ~14 Å. More prob-
lematic is the complete overlap of chlorite (002) and kaolinite (001)
peaks at ~7 Å. Although contents of kaolinite are probably small, we re-
port the 7-Å values as chlorite (+ kaolinite). Interlayers of illite also af-
fect the geometry of the smectite (001) peak, and the I/S (001)/(002)
peak merges into the illite (001) peak as the percent illite in I/S in-
creases. This interference adds counts from mixed-layer clay to peak-
area values for both smectite and illite.

Another challenge in determining relative mineral abundance in nat-
ural sediments is selection of accurate weighting factors. One common
method (Biscaye, 1965) multiplies the peak area of smectite (001) by 1×,
illite (001) by 4×, and chlorite (002) by 2×, regardless of each mineral’s
abundance. The peak area generated by a given phase and reflection in-
creases with that mineral’s abundance, but each additional phase in a
mixture also affects the intensity of all other reflections differently.
Thus, to improve the accuracy of bulk powder analysis, Fisher and Un-
derwood (1995) employed singular value decomposition (SVD) to solve
for normalization factors using standard mineral mixtures with known
weight percentages. Underwood et al. (this volume) solved for SVD
weighting factors for the clay-sized fraction using a similar approach;
they also completed a thorough analysis of error. We describe herein
relative abundances (weight percent) of smectite, illite, chlorite, and
quartz as calculated by SVD factors, but we also report the weighted
peak areas for smectite, illite, and chlorite using Biscaye (1965) factors
to make simplify comparisons with older data sets.

Chlorite and Kaolinite Peak Overlap

Previous workers showed that kaolinite is present in minor amounts
at Site 808, ranging from 8% to 20% of the 7-Å peak area (Orr, 1992; see
also Chamley et al., 1986). To extend the results of Orr (1992), we se-
lected five representative samples from Sites 1173 and 1177 and boiled
them for 2 hr in 1-N HCl. This treatment dissolves chlorite, so a peak re-
maining at 7 Å indicates the presence of kaolinite (Moore and Rey-
nolds, 1997). Disappearance of the chlorite (003) reflection at 4.77 Å
confirms the mineral’s removal (Fig. F5). With MacDiff software, counts
generated from treated and untreated specimens can be adjusted until
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the peak area for quartz (100) is the same for both. The ratio of un-
treated to HCl-treated (and adjusted) 7-Å peak areas then serves as a
measure of the kaolinite contribution.

Percent Illite in Mixed-Layer Illite/Smectite Clays

Several methods exist for the XRD determination of percent illite in
I/S mixed-layer clays. Srodon (1980) and Watanabe (1988) based their
methods on differences in the positions of key peaks; however, they do
not work well for samples with discrete illite. Another common method
(Rettke, 1981) is based on the ratio of intensity of the “saddle” at the
low diffraction angles to intensity of the 17-Å peak (Fig. F5). This
method can be advantageous when samples contain small amounts of
expandable clay, but it ceases to work when expandability drops below
40%. Reynolds and Hower (1970) documented the angular separation
between I(001)/S(002) and I(002)/S(003) peaks (Fig. F5) using a combi-
nation of synthetic and natural diffractograms. Hathon (1992) com-
pared this and other methods by imaging clays with transmission
electron microscopy (TEM) and found that the percent smectite as esti-
mated by XRD analyses usually falls within ±5% of visual estimates by
TEM. Error in XRD data increases with the addition of discrete illite. 

The advantage of using angular separation between two peaks is the
method’s insensitivity to instrument misalignments and variations in
thickness of the ethylene glycol layer (Moore and Reynolds, 1997). If
concentrations of I/S are low, however, all of the mixed-layer peaks are
difficult to resolve above background counts, and in many cases the
I(001)/S(002) peak is completely obscured. Results calculated from d-
values of the I(002)/S(003) peak will match those based on separation
between the two I/S peaks if each profile is corrected for misalignments.
MacDiff software accomplishes this by shifting the quartz (100) peak to
a d-value of 4.26 Å (although sometimes the correction command must
be repeated). For many of the samples that we analyzed, the I(002)/
S(003) peak is broad and irregular because of poor crystallinity and mix-
ing among several types of I/S. The center of each peak was picked for
its d-value by assuming a symmetrical shape.

As the smectite–illite transition proceeds, the percentage of illite in
the mixed-layer structure increases and the organization of I/S interlay-
ers changes from random to ordered (Reynolds and Hower, 1970; Al-
taner and Ylagan, 1997). I/S clays are usually disordered with ≤50%
illite, and R = 1 ordering typically occurs at 55%–60% illite. The devel-
opment of ordering may be recognized by a shift of the second-order I/
S superstructure from ~5° to 6.5°2θ (Moore and Reynolds, 1997). During
processing of XRD data, we also checked the position of this reflection. 

Smectite Type

We selected nine samples from Site 1173 and eight samples each
from Sites 1174 and 1177 to identify the type of smectite. Because the
(060) reflection is sensitive to the site occupancy and cation size in the
octahedral sheet, its d-value allows dioctahedral varieties to be distin-
guished from trioctahedral varieties. The d(060) values for dioctahedral
montmorillonite and beidellite are between 1.492 and 1.504 Å, whereas
d-values for the trioctahedral forms (saponite and hectorite) and diocta-
hedral nontronite range from 1.520 to 1.530 Å (Brindley, 1980). Be-
cause (060) reflections are weak in most oriented clay aggregates,
random powder mounts must be prepared. Portions of the <2-µm frac-
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tion were freeze-dried, manually disaggregated to remove clumps, and
pressed into holders, taking care to minimize orientation of the parti-
cles. Samples were scanned from 48° to 64°2θ at scan rate = 0.5°/min,
step size = 0.01, voltage = 40 kV, and current = 30 mA. This scanning
range includes a (112) quartz peak at 1.817 Å, which permits correc-
tions for small offsets of the goniometer (Fig. F5). The corrected posi-
tion of the quartz (211) peak can also be verified at 1.542 Å ± 0.001 Å.
The center of the (060) smectite peak was used to obtain its d-value,
checking the profiles in both the smoothed and unsmoothed form (Fig.
F5).

RESULTS

Minerals in Clay-Sized Fraction

Site 1173

Smectite is, on average, the most abundant clay-sized mineral at Site
1173 (Table T1; Fig. F2), followed by illite and chlorite (+ kaolinite).
Quartz makes up an average of 10 wt% of the <2-µm fraction. Smectite
increases downhole from ~20 wt% at the top of the trench-wedge facies
to >60 wt% near the top of the lower Shikoku Basin facies (~380 mbsf);
from there, smectite gradually decreases to ~35 wt%. The abundance of
smectite is erratic in the volcaniclastic facies, ranging from 16 to 82
wt%. The d(060) value ranges from 1.499 to 1.502 Å, demonstrating
that the smectite is dioctahedral; it is unknown if the mineral is mont-
morillonite, beidellite, or a transitional member. As smectite increases
in relative abundance, illite declines from ~40 wt% in the trench-wedge
facies to ~25 wt% near 380 mbsf in the lower Shikoku Basin facies. Illite
then increases to ~35 wt% in two intervals: near 430 mbsf and between
440 and 520 mbsf (Fig. F2). Illite fluctuates erratically in the volaniclas-
tic facies. Chlorite (+ kaolinite) decreases from ~30 wt% at the top of
the trench-wedge facies and to ~2 wt% by 380 mbsf. Values increase to
~25 wt% by 400 mbsf and remain fairly consistent to the top of the vol-
caniclastic facies. Two samples from the lower Shikoku Basin facies
show that kaolinite contributes 0% and 12% to the 7-Å peak area (Table
T2).

Composite peaks from mixed-layer illite/smectite clays were not de-
tected consistently in samples from above 270 mbsf (Table T1). Starting
at 350 mbsf, the percent illite in I/S clays increases from ~15% to 50%,
with a maximum of 61%, but there is considerable scatter in the values
(Fig. F6). Based on the position of the second-order superstructure, the
smectite is disordered. The saddle/peak method does not show any
clearly defined changes in I/S with depth (Table T1).

Site 1174

On average, illite and smectite are present in nearly equal amounts at
Site 1174 (Table T1; Fig. F3), followed in abundance by chlorite (+ kao-
linite). The relative abundance of quartz averages 12 wt%. Smectite
abundance increases downhole from ~20 to >55 wt% near 600 mbsf; it
then decreases to ~20 wt% by 1100 mbsf. The smectite is dioctahedral,
with d(060) values between 1.499 and 1.503 Å. Illite declines from ~35
wt% at the top of the hole to 25 wt% near 650 mbsf. There is a small in-
crease to 35–40 wt% toward the base of the hole. Chlorite (+ kaolinite)

T1. X-ray diffraction analysis, 
p. 27. 

T2. Comparison of 7-Å peaks, 
p. 36. 
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decreases from 25 wt% near top of the hole to 10 wt% at ~660 mbsf,
then increases below 840 mbsf. The illitic component of I/S mixed-layer
clay increases consistently below 590 mbsf, reaching a maximum of
89% (Fig. F6). The gradient in illitization is more pronounced at this
site than at Site 1173, but R = 1 ordering does not occur. The saddle/
peak method indicates an increase to 45% illite (at 1090 mbsf) (Table
T1).

Site 1177

The average relative abundance of smectite at Site 1177 is 51 wt%
(Table T1; Fig. F4). Illite averages 27 wt%, chlorite (+ kaolinite) averages
12 wt%, and quartz 11 wt%. The lower Shikoku Basin turbidite facies
displays a degree of compositional scatter that is consistent with its lith-
ologic heterogeneity (interbedded turbidites and hemipelagic mud-
stone). The amount of smectite increases from ~25 wt% at 300 mbsf
(upper Shikoku Basin facies) to ~45 wt% at 570 mbsf. Between 570 mbsf
and the volcaniclastic-rich facies, smectite varies from 30 to 87 wt%.
Smectite content is also erratic in the volcaniclastic-rich facies (27–91
wt%). The smectite is dioctahedral, with d(060) values of 1.499 to 1.503
Å. Illite decreases from ~35 to 20 wt% by 700 mbsf then remains be-
tween 15 and 20 wt% to the base of the lower Shikoku Basin turbidites.
Chlorite (+ kaolinite) declines from 25 wt% at 300 mbsf to <10 wt% at
the base. Based on two samples, kaolinite contributions to the 7-Å peak
area are 28% and 60% (Table T2). The I/S mixed-layer clays show no
pattern of systematic change with depth (Fig. F6). The percent illite in
I/S clays reaches a maximum of 42%, but most values are <25% with
random ordering (Table T1).

Smectite Abundance in Bulk Mudstone

Placing the clay mineral data in the context of bulk mineralogy is
beneficial if the goal is to evaluate whether smectite affects the mechan-
ical and hydrologic properties of the Nankai accretionary prism. To do
this, we multiplied the abundance of total clay minerals (using data
from the nearest bulk powder sample interval) by the relative weight
percent of smectite in the <2-µm clay mineral fraction (where smectite
+ illite + chlorite = 100%). Although bulk powder XRD methods are im-
perfect, error analysis shows that the SVD method is accurate to within
5 wt% for standard mineral mixtures (Shipboard Scientific Party, 2001a;
Underwood et al., this volume). Nevertheless, our calculated values of
mineral abundance in the bulk sediment do not take into account the
presence of amorphous solids (e.g., volcanic glass and biogenic silica),
and the value calculated for total clay is relative only to quartz, feldspar,
and calcite. In addition, clay-fraction data may be affected by mineral
partitioning as a function of grain size; this can increase the concentra-
tion of smectite in finer size fractions as compared to silt-sized contri-
butions of detrital illite and chlorite (e.g., Mitchell, 1993). Using the <2-
µm size fraction probably overestimates the abundance of smectite in
bulk mudstone, so the values we report should be considered as max-
ima for comparative purposes.

Aside from local “spikes” of smectite associated with thin volcanic
ash layers, the abundance of smectite in bulk mudstone from Sites 1173
and 1174 is generally <30 wt% (Fig. F7). Depletion of smectite is more
extensive in the lower Shikoku Basin deposits at Site 1174. Mudstones
from Site 1177, in contrast, contain >30 wt% smectite at virtually all
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depths in the lower Shikoku Basin facies and volcaniclastic-rich facies;
values reach 40–55 wt% near the base of the hole (Fig. F7). The differ-
ences in smectite content among coeval deposits at the three sites are
probably due to variable amounts of ash-to-smectite and smectite–illite
diagenesis. 

Modeling Illite–Smectite Reaction Progress

Many factors influence the smectite–illite reaction, including tem-
perature, potassium concentration in pore water, time, water/rock ratio,
fluid and rock composition, the starting composition of the mixed-
layer clay, and pressure (Pollastro, 1993, and references therein). The
most important of these factors are temperature, heating time, and po-
tassium availability. In one experimentally derived kinetic model,
Huang et al. (1993) solved the conversion rate as follows:

–(dS/dt) = Ae–Eα/RT [K+]S2,

where,

S = fraction of smectite in the I/S clays,
t = time,
A = frequency factor (8.08 × 10–4/s),
Eα = activation energy (28 kcal/mole),
R = gas constant,
T = temperature (Kelvin), and
K+ = concentration of potassium (in molarity).

We used this kinetic model to predict the smectite–illite conversion by
simulating the evolution of a single packet of smectite as it is buried. Us-
ing constraints from shipboard data, calculations were completed at 10-
m intervals for Sites 808, 1173, 1174, and 1177.

Model Inputs

The assumed starting value for percent illite in I/S was set at 20% il-
lite for each ODP site on the basis of data from shallow burial depths
where diagenesis has not yet occurred (Fig. F6). Age-depth relations at
each site are sensitive to variations in sedimentation rate and thrusting
at the prism toe, so nonuniform burial rates were input into the model.
Our choices for age-depth inputs (Table T3) are constrained by paleo-
magnetic and nannofossil data (Shipboard Scientific Party, 1991, 2001c,
2001d, 2001e; Olafsson, 1993). The potassium concentration for each
10-m interval was taken from the nearest shipboard pore fluid measure-
ment (Shipboard Scientific Party, 1991, 2001c, 2001d, 2001e). Those
choices make no allowances for the likelihood of potassium depletion
or enrichment through time in response to fluid migration along faults,
diffuse flow during consolidation, or in situ mineral reactions. The
present-day temperature at each model depth was estimated from ship-
board thermal conductivity data and heat flow calculations (Shipboard
Scientific Party, 1991, 2001c, 2001d, 2001e; Fisher et al., 1993; Kinosh-
ita and Yamano, 1996). We used a heat flow value of 180 mW/m2 for
Sites 1173, 1174, and 808, but a much lower value of 63 mW/m2 was
used for Site 1177. We assumed purely vertical conductive and steady-
state heat flow, so the modeling ignores the likely effects of thermal de-

T3. Kinetic modeling of smectite–
illite reaction progress, p. 37.
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cay following the cessation of volcanism along the spreading ridge of
Shikoku Basin (Wang et al., 1995).

Model Results

Figure F6 shows that maximum diagenetic alteration of sediments at
Sites 1174 and 808 is less advanced than what model predictions indi-
cate by ~15%–20%. According to one iteration of the kinetic model, il-
lite–smectite diagenesis should reach 94% illite at the base of Hole
1174B, but the maximum illite value measured for the <2-µm size frac-
tion is 84%. At Site 808, illite should reach 98% by the base, but the
measured maximum is 78%. This mismatch may be due to rapid tec-
tonic thickening and thrusting near the deformation front, as discussed
subsequently. Predictions for Site 1173 are in better general agreement
with the observations. The lower temperature gradient at Site 1177 ob-
viously retards the illite–smectite reaction, and modeling predicts no re-
action progress (Fig. F6). The calculated geotherm of 53°C/km yields a
temperature projection of only 44°C at the base of the hole. The onset
of illitization generally occurs between 58° and 92°C (Freed and Peacor,
1989b). Thus, we believe that all of the I/S at Site 1177 is detrital in ori-
gin.

DISCUSSION

Detrital Provenance

The Izu-Honshu collision zone of central Japan has been identified as
the detrital source of the Quaternary trench-wedge facies on the basis of
sand petrography, paleoflow indicators, facies architecture, clay mineral
assemblages, and detailed characterization of the detrital illite compo-
nent (Taira and Niitsuma, 1986; Marsaglia et al., 1992; Pickering et al.,
1992; Taira and Ashi, 1993; Underwood et al., 1993a; Fergusson, this
volume). Clay mineral assemblages change, however, in older deposits
of the Shikoku Basin. As discussed below, some of those changes proba-
bly resulted from diagenetic reactions but diagenesis is superimposed
on temporal shifts in the detrital inputs. Dispersal systems for sus-
pended sediment sometimes fluctuate in response to dispersal mecha-
nisms (i.e., surface currents and pathways of sediment gravity flow),
uplift of new source areas, climatic controls over the degree of chemical
vs. physical weathering, or changes in the amount of exposed volcanic
material in a given source. As described by Underwood and Steurer
(this volume), we now have enough evidence from ODP sites that have
not been affected by diagenesis to reconstruct the temporal evolution
of the regional-scale dispersal system for Nankai Trough and Shikoku
Basin.

As one moves upsection from the lower to upper Shikoku Basin fa-
cies, the increase of wind-blown volcanic ash layers suggests that explo-
sive volcanism gradually intensified from the early Pliocene into the
Quaternary. Although the source for each ash layer remains uncertain,
contributions could have come from volcanoes on Kyushu, central to
northern Honshu, and/or the Izu-Bonin island arc (Cambray et al.,
1995; Uto and Tatsumi, 1996; Kamata and Kodama, 1999). Working far-
ther seaward in coeval Shikoku Basin deposits, Chamley (1980) docu-
mented a gradual decrease of smectite in progressively younger
mudstones. Stratigraphic trends at Site 1177 are more erratic due to the
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prevalence of turbidites in the lower Shikoku Basin, but the same over-
all pattern of decreasing smectite through time holds there (Fig. F4). In
addition, the content of smectite is relatively high in late Miocene and
Pliocene trench-slope sediments at Site 1178 (Underwood and Steurer,
this volume). 

These data create an interesting paradox: the relative abundance of
smectite in mudstone, which forms primarily by weathering of volcanic
source rocks, decreases basinwide during the same period of time in
which interbedded ash layers become more plentiful. To explain this
observation, Underwood and Steurer (this volume) linked the gradual
depletion of detrital smectite to intensification of the Kuroshio Current
at ~3 Ma; that change in surface water circulation occurred in response
to closure of the Pacific-Caribbean Gateway. A stronger and deeper sur-
face current, flowing toward the northeast, would be expected to
dampen the transfer of suspended sediment from the Izu-Bonin vol-
canic source and increase the amount of illite and chlorite carried into
the Shikoku Basin and Nankai Trough from the Outer Zone of Japan. It
is also interesting to note that simultaneous intensification of the
Tsushima Current in the Sea of Japan (i.e., during the Pliocene) evi-
dently caused a similar shift toward higher percentages of illite and
chlorite at the expense of smectite (Fagel et al., 1992). 

Clay Diagenesis

Several lines of evidence show that diagenetic reactions are superim-
posed on the inferred temporal shifts in the detrital flux into Shikoku
Basin. Alteration of volcanic glass to clay minerals is readily apparent in
smear slides, for example, and the total clay content in bulk powders
increases as the glass degenerates (Shipboard Scientific Party, 2001c,
2001d; Wilson et al., this volume). Masuda et al. (1996) imaged volcanic
glass shards from Site 808 with TEM and saw progressive growth of
smectite crystals with dioctahedral beidelitic composition. “Spikes” in
smectite content of up to 91 wt% occur locally in the Shikoku Basin de-
posits (Figs. F2, F3); these unusually high values probably come from in
situ alteration of volcanic ash layers, although the cryptic bentonites
did not stand out from surrounding sediment during visual inspection.
Similarly, at Site 1177, sporadic increases in total smectite in the lower
Shikoku Basin turbidite facies (Figs. F4, F6) seem too large to attribute
exclusively to fluctuating detrital sources. We suggest that replacement
of disseminated glass shards in the Miocene mudstone deposits added
authigenic smectite to what were already high detrital contributions of
both discrete smectite and disordered I/S mixed-layer clay.

Site 1173, the so-called reference site for the Muroto Transect, experi-
enced diagenetic alteration seaward of the deformation front. Illite–
smectite reaction progress clearly advances from Site 1173 landward to
Site 1174 (Fig. F6). Smectite–illite diagenesis begins at ~390 mbsf at Site
1173 and at ~700 mbsf at Site 1174. At progressively deeper intervals,
the percent illite in I/S clays increases (Fig. F6) and the content of smec-
tite remaining in bulk mudstones decreases (Fig. F7). Larger amounts of
scatter in I/S proportions at Site 1173 are probably due to mixing be-
tween detrital I/S and authigenic I/S. The gradient for Site 1174 is more
pronounced because the diagenetic overprint is more extensive. The
smectite–illite transition does not reach completion, however, which is
consistent with the results from Site 808 (Underwood et al., 1993b). At
Site 1174, the maximum illite in I/S is 84%, but there is no evidence of
R = 1 ordering. At Site 1173, the maximum illite in I/S is 55%, with no
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ordering. A transition from R = 0 to R = 1 is supposed to occur when the
illite interlayers in I/S reach 60%–70% (Bethke et al., 1986). In older ba-
sins this transition occurs at ~100° to 110°C, whereas in younger basins
subjected to rapid heating (<3 Ma) this transition is not expected until
~120° to 140°C (Pollastro, 1993). R = 1 ordering was noted at Site 808 at
1220 mbsf and an inferred temperature of 135°C (Underwood et al.,
1993b), but newer heat flow data (Shipboard Scientific Party 2001c,
2001d) push that temperature estimate to 144°C.

Figure F8 shows how sensitive the numerical simulations of illite–
smectite reaction progress are to changes in potassium concentration,
burial rate, and heat flow. Variations in heat flow produce the largest
changes in the model results. If heat flow at Site 1173 is lowered to 130
mW/m2 or less, the model predicts that smectite–illite diagenesis will
not even initiate. At Site 1174, heat flow must be reduced to 70 mW/m2

to prevent initiation of illite–smectite diagenesis, but using the docu-
mented heat flow value of 180 mW/m2 overpredicts reaction progress
by 15%–20%. Evidently, reaction progress has been retarded either by
fluid composition or by insufficient heating time. Present-day potas-
sium concentrations at Sites 1173, 1174, and 808 are more than suffi-
cient to promote the observed reaction progress (Fig. F8). Changing the
potassium concentration to minimum values at each site (Site 1173 =
1.8 mM and Site 1174 = 1.5 mM) does not change the model result very
much (Fig. F8). Thus, it appears as though potassium has been plentiful
enough throughout the basin’s burial history. Conversely, increasing
the potassium concentration to the maximum value for each site (i.e.,
normal bottom water) substantially overpredicts the illite–smectite
transformation. This scenario is unlikely, however, because it requires
continual replenishment of dissolved potassium from an outside
source. Changing the age-depth constraints that are listed in Table T3
to more straightforward linear burial gradients results in modest adjust-
ments of the model (Fig. F8). To mimic the effects of faster burial, we re-
duced the age at each interval by specified percentages; an adjustment
of 50% improves the fit between the model prediction and measured
values at Site 1174. From this result, we conclude that recent episodes
of burial near the toe of the Nankai accretionary prism (i.e., by trench-
axis sedimentation, tectonic thickening, and frontal thrusting) may
have been too fast for the illite–smectite reaction to keep pace. More so-
phisticated modeling will be required to explore how reaction progress
responded to both gradual and punctuated shifts in heat flow, fluid
flow, and burial rates (e.g., Wang et al., 1995; Saffer and Bekins, 1999).

Effects of Clay on Geotechnical Properties

Hyndman et al. (1995) demonstrated that the updip limit of earth-
quakes along the Nankai subduction boundary occurs within a temper-
ature window of 100°–150ºC. Diagenetic changes in clay minerals are
noteworthy in this context because of a hypothesized link between
fault zone strength and thermally controlled mineral reactions. Vrolijk
(1990), for example, speculated that the updip limit of seismicity
matches the depth where 80% of the incoming smectite is transformed
to a stronger illite-rich clay assemblage. Smectite has been shown to af-
fect the sliding behavior of faults. In experiments on artificial montmo-
rillonite anhydrite gouges, Shimamoto and Logan (1981) discovered
that a bulk content of 15%–20% smectite changes stick-slip behavior to
stable sliding. The coefficient of internal friction for natural smectite-
bearing gouges from the San Andreas fault zone ranges from 0.21 to
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0.41 (Morrow et al., 1982). Logan and Rauenzahn (1987) found that the
frictional coefficient for pure montmorillonite ranges from 0.08 to 0.14,
whereas the coefficient for quartz gouge ranges from 0.49 to 0.62. In a
two-component mixture of quartz + smectite, the weaker mineral must
exceed 25% of the bulk total to cause a significant reduction of the co-
efficient of friction (Logan and Rauenzahn, 1987).

Influenced by such laboratory results, Moore and Saffer (2001) dis-
cussed how the transformation of mudstones with initial contents of
30%–50% smectite might lead to changes in frictional properties down-
dip, but they also pointed out that incoming sediment along the
Muroto Transect does not contain enough smectite to create such a sce-
nario by itself. They cited, instead, contributions imparted on frictional
properties and effective stress by increases in fluid pressure, hydrocar-
bon maturation, opal-A to opal-CT transformation, pressure solution,
and cementation by zeolites, calcite, phyllosilicates, and silica, all of
which occur over the temperature range of 100°–150°C. The logic of
Moore and Saffer (2001) certainly holds for strata at Sites 808 and 1174.
On the other hand, along the Ashizuri Transect (Site 1177), mudstones
in the lower Shikoku Basin turbidite facies and volcaniclastic-rich facies
are enriched by much higher percentages of smectite (Fig. F7). The geo-
technical response to smectite–illite diagenesis is probably greater land-
ward of the deformation front in the Ashizuri region.

Other geotechnical properties are affected by relatively small
amounts of smectite. Robinson and Allam (1998) found that the coeffi-
cient of consolidation for montmorillonite decreases with increasing
consolidation pressure, whereas other clays show increases in the coeffi-
cient with increasing pressure. The coefficient of consolidation also de-
creases as the proportion of smectite increases (Abeele, 1986). Adding as
little as 5% smectite to silty sand increases compressibility, decreases
shear strength, and increases secondary compression (Santucci de Mag-
istris et al., 1998). Permeability is likewise affected by small amounts of
smectite. In one study, hydraulic conductivity in a mixture of 6% smec-
tite plus sandy silts was nearly equal to that of pure bentonite (Abeele,
1986). Freed and Peacor (1989a) showed that illite packets growing in
the smectite matrix in I/S clays reduce the local permeability. In addi-
tion, the release of interlayer water during the smectite–illite transition
can contribute to excess pore fluid pressures (Bruce, 1984; Colten-Brad-
ley, 1987). Thus, even along corridors where the initial smectite content
is not plentiful enough (i.e., <30 wt%) to change the rock’s frictional
coefficient during illite–smectite diagenesis, expandable clay affects
compressibility, fluid migration, and effective stress along the Nankai-
Shikoku subduction zone.

CONCLUSIONS

On average, smectite is the most abundant mineral in the clay-sized
fraction at Sites 1173 and 1177, followed by illite and chlorite (+ kaolin-
ite). At Site 1174, illite is the most abundant clay mineral, followed by
smectite and chlorite (+ kaolinite). The smectite is dioctahedral, which
is consistent with its origin as an alteration product of silicic volcanic
rock and ash. 

Data from Sites 1173, 1174, and 1177 show downhole increases of
smectite in Shikoku Basin deposits. Part of this increase was caused by
changes in detrital influx. The transfer of smectite to Shikoku Basin and
Nankai Trough was higher during the Miocene and decreased progres-
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sively through the Pliocene and Quaternary. In situ alteration of dis-
seminated volcanic glass added even more authigenic smectite to the
clay assemblage as burial depths and temperatures gradually increased.

Data from Sites 1173 and 1174 show downhole depletions of smec-
tite in the lower Shikoku Basin deposits over the same depth ranges as
increasing percentages of illite in I/S mixed-layer clays. An absence of
this reaction at Site 1777 is consistent with its lower geothermal gradi-
ent. A kinetic model of illite–smectite reaction progress matches the
diagenetic profile for Site 1173 fairly well using the present-day values
of temperature, burial time, and potassium availability. Modeling indi-
cates that rapid burial and/or tectonic thickening at Sites 1174 and 808
caused illite–smectite diagenesis to lag behind the prevailing tempera-
ture conditions by 15%–20%. 

The maximum abundance of bulk smectite in mudstones from Site
1173 is ~35 wt%; at Site 1174 the maximum reaches nearly 30 wt%.
Most such values, however, are <25 wt%. Mudstones from Site 1177
(Ashizuri Transect) are significantly different because bulk smectite con-
sistently reaches 30–50 wt%, especially in the lower Shikoku Basin. This
amount of smectite should be enough to lower the coefficient of fric-
tion of the sediment relative to coeval deposits in the Muroto Transect.
Smectite probably affects mudstone compressibility and permeability at
all three sites.
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Figure F1. Index map of the Nankai Trough study area (after Shipboard Scientific Party, 2001b). Site 1173
is the reference site for the Muroto Transect, and Site 1177 is the reference site for the Ashizuri Transect.
Sites 1174 and 808 (ODP Leg 131) penetrated the frontal décollement of the accretionary prism.
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Figure F2. Stratigraphic column for Site 1173 and relative abundances of smectite, illite, chlorite (+ kaolin-
ite), and quartz in the <2-µm fraction. Abundances were calculated using the SVD weighting factors (Un-
derwood et al., this volume) and X-ray diffraction peak areas (Table T1, p. 27). 
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Figure F3. Stratigraphic column for Site 1174 and relative abundances of smectite, illite, chlorite (+ kaolin-
ite), and quartz in the <2-µm fraction. Abundances were calculated using the SVD weighting factors (Un-
derwood et al., this volume) and X-ray diffraction peak areas (Table T1, p. 27).
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Figure F4. Stratigraphic column and relative abundances of smectite, illite, chlorite (+ kaolinite), and
quartz in the <2-µm fraction for Site 1177. Abundances were calculated using the SVD weighting factors
(Underwood et al., this volume) and X-ray diffraction peak areas (Table T1, p. 27). 
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Figure F5. Representative examples of X-ray diffractograms. A. Typical result for <2-µm oriented aggregate
with identification of major peaks. Ratio of intensity at low angle “saddle” to intensity of 16-Å peak can be
used as a measure of expandability (Rettke, 1981). Percent illite in I/S clay also can be calculated using the
d-value of I(002)/S(003) reflection (Reynolds and Hower, 1970). * = Used to calculate relative abundance of
clay minerals. ** = Used to calculate percent illite in mixed-layer I/S clay. *** = Used to correct peak posi-
tions. B. Results before and after treatment with HCl to dissolve chlorite. C. Display of smectite (060) peak.
The d(060) values were corrected using the reference patterns for quartz (112) and quartz (211).
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Figure F6. Measured percentages of illite in I/S mixed-layer clays at Sites 808, 1173, 1174, and 1177, based
on the d-value of I(002)/S(003) reflections. Solid lines represent numerical simulations of illite–smectite re-
action progress using the kinetic model of Huang et al. (1993). Model inputs include paleomagnetic and
nannofossil age-depth constraints (Table T3, p. 37), potassium concentration from pore water measure-
ments (Shipboard Scientific Party, 1991, 2001c, 2001d, 2001e), and temperature calculated from thermal
conductivity data and heat flow (Shipboard Scientific Party, 1991, 2001c, 2001d, 2001e; Fisher et al., 1993).
Projected borehole temperatures for Site 1177 were calculated using heat flow from Deep Sea Drilling
Project Site 582 (Shipboard Scientific Party, 1986). 
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Figure F7. Estimates of absolute abundance of smectite in bulk mudstone, Sites 1173, 1174, and 1177. To
compare coeval strata, depths are relative to the top of the Shikoku Basin facies. Estimates were made by
multiplying the weight percent total clay minerals (from Shipboard Scientific Party, 2001c, 2001d, 2001e)
by the abundance of smectite relative to illite and chlorite (+ kaolinite) in the <2-µm size fraction. 
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Figure F8. Results of sensitivity analysis for the smectite–illite kinetic model at Sites 1173 and 1174 (see Fig.
F6, p. 24). Solid symbols = measured values of percent illite in mixed-layer clay. Variations in heating time
were simulated by taking specified percentages (20%, 50%, and 80%) of the actual depositional age at each
sample depth (Table T3, p. 37). Linear burial curves are based on total depth at each site divided by maxi-
mum age.
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 Expandability 
(%)†

190-1173
1H-4, 1 .62 74
2H-4, 1 .89 61
3H-4, 1 .94 58
3H-4, 1 .94 58
4H-3, 1 .84 64
5H-3, 1 .91 52
5H-5, 1 .86 63
7H-4, 1
8H-4, 1 .75 68
9H-4, 1 .79 67
10H-4, .88 62
11H-4, .85 64
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12H-4, .75 68
13H-4, .91 52
14H-3, .87 63
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35X-5, .86 63
36X-4, .66 72
T1. Results of X-ray diffraction analysis, <2-µm size fraction, Sites 1173, 1174, and 1177. (See table notes. Con
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(cm)
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(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 
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 I-sa

I-p

A-
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32 29 2,839 3,057 3,744 460 24 35 26 15 13 54 33 0
28 40 946 2,473 2,863 615 21 33 25 22 6 60 35 0
26 43 1,779 2,858 3,360 676 22 33 24 21 9 57 34 0
28 60 1,508 2,494 3,345 500 21 33 27 19 8 55 37
33 70 4,775 5,375 6,505 710 23 36 26 14 12 55 33 0
13 79 8,818 8,235 8,247 294 26 44 25 5 15 57 28 0

 132 89 1,556 2,255 3,396 493 21 32 29 19 9 52 39 0
 107 98 2,335 2,903 3,617 567 23 33 26 18 11 55 34 0

Average trench-wedge facies: 23 35 26 17 10 55 35

 48 107 4,973 6,290 6,200 176 22 47 26 5 12 59 29 0
 65 107 10,715 9,863 9,578 398 27 44 24 6 15 57 28 0
 129 117 3,354 5,233 6,106 627 21 38 27 14 9 57 33 0
 131 125 5,092 3,518 4,485 465 28 34 25 13 18 50 32 0
 129 136 6,342 5,075 6,386 478 26 37 27 10 16 52 32 0
 95 146 10,090 4,851 3,970 190 41 41 16 2 27 52 21 0
 133 155 7,088 3,508 4,186 350 34 34 23 9 24 48 28 0
 127 174 8,465 6,368 7,588 535 28 37 26 9 17 52 31 0
 133 184 7,631 3,984 4,271 403 35 35 21 9 24 50 27 0
 106 193 8,792 4,803 5,480 480 33 35 22 9 23 49 28 0
 131 201 5,269 2,972 3,489 304 32 35 23 10 22 49 29 0
 131 214 13,369 6,831 6,940 307 37 39 21 4 24 50 25 0
 123 217 10,371 3,194 3,214 311 48 32 15 5 35 43 22 16 28 0
 128 219 7,600 3,142 3,487 370 39 33 20 9 28 46 26 0
 128 223 9,310 5,860 5,917 429 32 39 21 8 21 53 27 0
 135 225 10,053 4,408 4,571 592 38 33 19 11 27 48 25 15.97 26 0
125 231 21,079 7,289 7,655 574 45 33 17 5 32 44 23 0
29 237 6,614 3,471 4,380 398 32 33 24 10 23 47 30 0
136 249 7,694 4,305 4,951 658 32 33 22 13 22 49 28 0
110 252 4,624 2,027 2,939 417 33 28 24 15 25 44 32 16.4 54 0
119 262 15,322 5,202 5,155 543 45 32 16 7 33 45 22 0
117 270 13,928 5,897 6,082 657 39 34 18 9 28 47 24 15.98 27 0
112 278 6,842 4,102 4,795 699 31 32 22 15 21 50 29 0
131 285 13,505 5,112 4,912 469 43 34 16 6 31 47 22 0
90 297 3,725 2,897 3,021 393 28 36 22 14 17 54 28 15.91 22 0
130 302 9,140 3,230 2,963 265 46 34 15 5 33 46 21 15.97 26 0
121 304 4,705 2,827 2,747 444 32 34 19 14 22 53 26 0
114 318 16,835 4,956 4,551 248 53 34 13 0 37 43 20 16 28 0
54 318 12,121 3,893 3,556 181 51 35 14 0 35 45 20 16.14 42 0
, 16 322 31,291 7,578 6,759 491 60 31 10 0 42 40 18 15.87 19 0
102 329 6,416 3,120 3,535 685 34 30 20 16 25 48 27 0
93           337 16,780 4,265 4,850 473 51 28 15 5 39 39 22 0
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36X-6, 3 0.86 63
36X-CC, 0.86 63

37X-4, 1 0.63 73
37X-6, 3 0.57 76
38X-3, 0 0.62 74
38X-5, 1 0.56 76
38X-CC, 0.66 72
39X-1, 8 0.27 91
39X-2, 1 0.57 76
39X-5, 1 0.57 76
40X-5, 1 0.57 76
40X-6, 5 0.40 84
41X-7, 2 0.52 78
42X-2, 1 0.57 76
42X-7, 3 0.68 71
43X-5, 8 0.69 71
44X-4, 1 0.74 69
44X-5, 0 0.63 73
44X-CC, 0.75 68
45X-5, 1 0.69 71
45X-7, 4 0.71 70
46X-1, 1 0.68 71
46X-5, 1 0.72 70
4X7-4, 1 0.75 68
47X-5, 1 0.62 74
48X-5, 1 0.72 70
48X-CC, 0.69 71
49X-3, 1 0.70 70
50X-5, 1 0.67 72
51X-2, 3 0.69 71
51X-5, 1 0.57 76
51X-6, 6 0.74 69
52X-4, 4 0.80 66
53X-3, 9 0.78 67
53X-5, 1 0.69 71
53X-CC, 0.77 68
54X-5, 1 0.82 65
55X-5, 1 0.76 68
56X-4, 1 0.79 67
57X-3, 1 0.73 69
58X-4, 1 0.68 71
59X-4, 1 0.71 70
60X-4, 1 0.72 70
60X-5, 8 0.72 70
61X-4, 1 0.74 69

 Core, sect
interval (c

-layer clay   

 I-saddle: 
I-peak

 Expandability 
(%)†

Table T
3 339 5,748 2,074 2,172 188 43 33 18 6 31 45 24
 21 340 6,363 2,150 2,227 481 41 28 16 15 33 44 23 

Average Upper Shikoku Basin facies: 37 35 20 8 26 48 26

22 346 20,286 5,451 4,794 498 54 31 11 3 39 42 19 15.82 13
5 349 34,783 7,430 5,482 990 61 28 6 5 46 39 15 15.82 13

353 23,954 6,340 6,140 583 53 30 13 4 39 41 20
29 358 31,969 8,630 7,981 1,143 51 29 12 7 39 42 19 15.85 16
 21 360 18,934 6,152 4,503 803 49 32 11 9 36 47 17 15.87 19
6 361 50,353 1,079 786 2,746 77 5 0 18 90 8 3
17 363 24,946 6,049 5,855 1,089 51 27 12 10 41 40 19 15.94 24
33 367 22,445 4,632 4,003 705 59 26 8 6 46 38 16
16 377 29,264 5,706 5,250 1,093 58 24 9 8 47 36 17 15.9 21
5 378 55,544 9,627 6,286 1,236 71 25 2 2 52 36 12 15.8 10
6 389 36,667 7,913 6,093 777 63 29 6 2 46 39 15 15.82 13
18 392 22,755 6,589 6,142 983 48 29 13 9 37 43 20 16.08 36
1 398 15,089 6,172 7,235 1,009 37 31 20 12 28 46 27 15.93 23
9 405 17,033 4,828 5,185 782 47 28 15 10 36 41 22 16 28
11 414 12,557 6,560 5,842 646 37 37 18 9 25 52 23 16.02 29

414 22,362 7,375 8,034 855 44 31 17 8 33 43 24
 27 418 13,111 5,557 5,314 436 41 36 17 6 29 48 23 16.01 29
21 425 22,210 7,714 8,490 679 44 33 18 6 32 44 24 15.89 21
2 427 13,914 5,127 5,849 598 41 32 19 8 30 44 25 16.02 29
32 429 32,635 12,442 10,268 623 47 38 13 2 32 48 20 16.04 31
21 434 14,477 6,232 6,441 667 39 34 19 9 28 48 25 16 28
16 442 17,900 6,427 5,966 799 44 32 15 9 32 46 21 15.87 19
30 444 22,515 6,072 7,798 837 47 28 18 8 36 39 25 16.07 35
15 453 12,977 4,344 6,361 920 38 27 22 13 30 40 30 15.97 26
 29 456 21,740 6,500 6,532 927 47 30 15 9 36 43 21 16.02 29
16 459 18,556 5,566 7,186 826 43 28 19 9 34 40 26 16.01 29
18 472 20,711 6,555 8,129 1,024 42 29 19 10 33 41 26 15.92 23
9 476 17,726 5,487 6,014 589 46 31 17 6 34 42 23 15.97 26
18 482 19,267 2,611 4,381 808 57 18 15 10 50 27 23 15.86 18
0 482 16,504 5,425 6,556 519 44 31 19 6 32 42 26 15.93 23
3 489 11,168 6,066 7,075 594 33 35 23 9 23 49 29 16.19 44
0 498 12,933 7,610 9,091 799 31 35 24 10 21 49 30 15.96 25
28 501 19,626 7,062 7,741 725 42 32 18 7 31 45 24 16.01 29
 26 503 19,019 9,651 10,179 592 36 38 21 5 24 50 26 16.06 34
19 511 15,286 9,065 9,126 757 33 38 21 8 22 52 26 16.12 41
31 520 13,774 8,273 6,864 490 35 41 17 6 23 55 23 16.12 41
12 528 11,484 5,429 6,305 907 35 31 21 13 25 47 28 16.06 34
13 536 15,914 6,074 8,292 888 37 30 22 11 28 43 29 16.12 41
18 547 21,381 6,237 7,105 1,074 45 28 17 11 35 41 23 15.95 24
15 557 13,824 5,324 4,974 808 41 32 16 11 31 47 22 16.28 49
15 567 11,389 5,883 6,398 1,029 34 32 20 14 24 49 27 15.84 15
2 568 16,733 5,858 7,238 837 40 30 20 10 31 43 26 15.98 27
16 576 7,998 3,672 4,240 636 35 31 20 14 26 47 27 16.38 53

ion, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*

1 (continued).
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62X-2, 5 0.70 70
63X-1, 8 0.73 69
64X-2, 9 0.69 71
64X-2, 1 0.65 73
64X-5, 5 0.70 70
65X-2, 1 0.71 70
65X-3, 1 0.73 69
66X-1, 6 0.77 68
67X-3, 9 0.70 70
68X-3, 6 0.70 70
69X-4, 8 0.73 69
70X-1, 1 0.79 67
71X-4, 1 0.94 58
71X-5, 1 0.72 70
72X-1, 1 0.69 71
73X-1, 1 0.61 74

73X-2, 8 0.55 77
74X-1, 1 0.13 100
74X-CC, 0.74 69
75X-CC, 0.88 62
76X-CC, 0.93 59
77X-CC, 

190-1174B
1R-1, 13 0.88 62
1R-2, 94 0.78 67
1R-3, 10 0.86 63
2R-5, 13 0.84 64
3R-4, 77 0.86 63
3R-6, 86 0.90 60
4R-4, 12 0.91 60
5R-2, 13 0.88 62
7R-2, 12
5R-1, 36 0.85 64
5R-1, 12 0.71 70
6R-1, 11 0.81 66
7R-1, 93 0.85 64
7R-1, 93 0.85 64
7R-1, 93 0.85 64
8R-1, 58 0.90 60
10R-CC, 0.91 60
11R-2, 1 0.80 66
12R-1, 1 0.96 54
13R-1, 2 0.87 63
13R-1, 1 0.82 65

 Core, sect
interval (c

ayer clay   

saddle: 
I-peak

 Expandability 
(%)†

Table T
2 582 24,624 8,709 9,365 1,068 42 31 18 9 31 45 24 16.04 31
3 591 13,554 6,754 7,255 1,010 35 33 20 13 25 49 26 16.05 32
9 602 16,428 5,862 5,274 783 44 32 15 9 33 47 21 16.16 43
20 602 20,952 6,920 7,258 994 44 30 16 10 33 44 23 16.25 48
6 606 15,339 6,569 5,815 905 40 33 16 11 29 49 22 15.94 24
05 612 14,720 5,691 6,031 994 39 30 18 13 30 46 24 16.05 32
09 613 16,666 7,399 8,247 910 37 33 20 10 27 47 26 16.06 34
0 619 9,817 3,628 4,604 551 39 30 21 11 29 43 27 15.98 27
0 632 17,541 4,437 5,470 883 47 26 17 11 38 38 24 16.02 29
7 642 16,166 5,374 7,424 788 40 29 22 10 31 41 28
9 653 17,260 5,824 7,161 811 41 30 20 9 31 42 26 16.24 47
12 659 13,780 5,510 7,421 579 37 32 23 8 27 44 29
19 673 1,501 2,678 1,961 200 22 47 20 11 9 66 24 16.44 55
30 674 18,006 5,038 5,850 735 47 28 17 8 36 40 23 16.14 42
26 678 19,334 6,242 7,848 959 42 29 19 10 32 42 26 16.02 29
17 688 14,552 3,044 3,531 956 49 23 14 15 43 36 21

Average Lower Shikoku Basin facies: 44 30 17 9 33 43 23

6 689 21,224 2,828 3,057 1,431 56 18 10 17 55 29 16 16.08 36
0 696 62,556 381 523 3,062 82 2 0 16 96 2 2
21 697 9,921 2,779 2,057 1,666 40 22 12 26 39 44 16 16.2 45
20 706 8,818 5,573 6,257 1,121 30 32 21 17 20 51 29 16.3 50
15 715 2,586 2,787 2,530 1,060 27 29 19 26 14 59 27 16.42 54
14 725 512 12,381 2,625 363 16 71 5 8 1 90 9

Average volcaniclastic facies: 42 29 11 18 38 46 16

-
7 1 3,611 2,824 3,141 512 28 33 22 16 17 53 30

2 5,513 5,566 6,059 667 25 37 24 13 14 56 30
6 4 2,004 2,091 2,596 606 25 30 23 22 13 54 33
2 11 2,060 4,026 4,767 474 19 38 28 14 7 58 34

19 2,036 1,980 2,602 538 25 30 24 21 13 52 34
21 2,605 3,325 4,382 756 23 32 26 19 11 54 36

7 29 1,889 2,914 4,641 311 18 36 33 13 8 51 41
1 36 320 1,471 1,521 444 21 32 23 25 3 64 33
7 54 839 1,620 2,299 469 21 30 27 22 7 54 39

179 3,466 2,910 3,796 549 26 32 25 17 15 51 33
2 180 8,221 4,596 5,088 268 34 38 23 6 22 50 28
7 190 2,731 3,393 5,113 793 22 31 28 19 10 51 39

199 648 2,272 3,923 635 18 30 30 22 4 52 45
199 2,124 2,977 4,687 660 21 31 29 19 9 51 40
199 2,763 3,685 5,162 526 21 35 29 15 10 53 37
209 1,639 3,686 4,675 547 19 36 28 17 6 57 36

16 229 2,376 3,075 3,573 368 22 38 26 14 11 56 33
7 238 1,767 2,643 3,615 641 22 31 26 20 9 54 37
08 248 1,388 2,283 3,107 598 22 31 26 21 8 55 37
0 256 3,591 3,716 4,558 566 24 35 26 15 13 54 33
07 257 3,089 1,995 2,758 636 28 28 23 21 19 48 33

ion, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed-l

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
 I-

1 (continued).
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14R-1, 1 0.73 69
17R-1, 1 0.88 62
18R-2, 6 0.85 64
19R-1, 7 0.85 64
20R-2, 1 0.85 64
20R-CC, 0.87 63
21R-1, 1 0.88 62
21R-CC, 0.90 60
22R-1, 2 0.84 64
23R-1, 9 0.78 67
24R-3, 1 0.92 59
25R-1, 1 0.68 71
27R-1, 1 0.83 65
27R-1, 1 0.83 65
27R-3, 1 0.87 63
28R-2, 5 0.86 63
29R-3, 1 0.80 66
29R-CC, 0.86 63
31R-3, 4 0.72 70
31R-3, 4 0.74 69
32R-2, 1 0.89 61
32R-5, 1 0.94 58
33R-2, 1 0.70 70
33R-4, 1 0.73 69
34R-3, 9 0.85 64
35R-2, 9 0.68 71
36R-2, 1 0.69 71
36R-3, 1 0.84 64

37R-3, 1 0.68 71
38R-4, 1 0.78 67
38R-6, 6 0.73 69
39R-1, 1 0.62 74
39R-3, 1 0.69 71
40R-4, 1 0.78 67
40R-5, 1 0.74 69
41R-CC, 0.75 68
42R-3, 1 0.64 73
42R-CC, 0.77 68
43R-5, 1 0.76 68
43R-5, 1 0.80 66
43R-6, 1 0.64 73
44R-3, 1 0.80 66
45R-3, 1 0.64 73
45R-CC, 0.26 91
46R-7, 3 0.65 73

 Core, sect
interval (c

-layer clay   

 I-saddle: 
I-peak

 Expandability 
(%)†

Table T
6 266 4,465 6,543 8,473 674 20 38 29 13 9 55 36
08 296 2,125 2,219 2,955 479 24 32 26 19 13 52 35
3 306 4,023 4,200 4,878 541 24 36 25 14 13 55 32
3 315 2,319 2,588 3,353 740 24 30 24 22 12 53 35
09 326 2,687 2,280 3,907 722 24 27 27 21 14 46 40
13 327 5,753 5,089 6,130 798 26 34 25 15 15 53 32
22 334 2,778 3,332 4,638 629 22 33 28 17 11 53 37
 5 336 4,245 2,392 2,598 308 33 34 21 12 22 50 27
2 343 6,823 4,669 5,236 650 29 35 23 13 19 52 29
4 353 12,433 7,039 9,523 830 30 33 26 11 21 47 32 15.8 10
18 366 1,328 1,460 2,153 377 23 30 27 20 12 51 38
22 373 11,797 6,992 6,448 227 35 42 20 3 22 53 24
19 392 3,323 3,551 4,660 707 24 33 26 18 12 53 35
19 392 3,856 4,098 5,005 909 24 32 24 19 13 54 33
13 395 5,159 4,719 5,403 335 25 40 26 9 15 54 31
0 402 4,043 4,004 4,691 657 25 35 25 16 14 54 32 15.93 23
28 414 7,389 4,931 6,616 804 28 32 25 14 18 49 33
20 415 2,718 2,914 3,841 354 23 36 28 13 12 53 35
7 432 9,382 3,740 5,436 1,118 34 26 22 18 27 42 31 15.96 25
9 432 14,320 5,366 7,828 857 37 29 23 11 28 42 30
18 441 4,251 4,130 5,878 722 24 33 28 16 13 51 36
27 446 2,443 1,996 2,299 396 27 33 23 17 16 53 31
16 451 13,155 7,188 6,872 707 35 37 19 9 24 52 25
5 453 13,176 5,017 4,640 458 44 34 16 6 31 47 22
9 462 5,540 3,473 5,061 618 28 31 26 15 19 47 34
4 470 12,058 2,295 2,672 175 63 26 12 0 45 35 20
30 479 13,251 6,664 7,251 634 35 35 21 9 24 49 27 15.81 11
08 481 6,203 4,499 5,052 663 29 34 23 14 18 52 29

Average trench-wedge facies: 27 33 25 15 15 52 33

33 490 14,125 5,347 5,447 441 43 34 17 6 30 46 23 15.84 15
13 501 5,302 2,466 4,463 720 30 26 26 18 22 41 37
0 503 12,176 4,700 4,759 517 41 33 17 8 30 46 24 15.98 27
27 506 22,831 6,241 8,248 659 47 28 19 5 36 39 26 15.94 24
15 509 11,588 3,889 3,596 274 48 34 14 3 34 45 21
15 520 10,884 3,994 3,257 537 44 33 13 10 33 48 20
35 522 12,343 4,232 4,347 415 45 32 17 6 33 45 23
23 529 10,907 6,726 5,996 796 33 37 18 12 22 54 24 15.87 19
27 538 19,248 8,291 7,525 637 41 37 16 6 29 49 22
 9 544 18,219 6,617 6,377 892 43 32 16 10 32 46 22 15.91 22
23 551 10,482 5,206 3,843 548 39 37 14 9 27 53 20 15.9 21
48 551 10,011 5,901 4,592 918 34 35 16 14 23 55 21 15.9 21
27 552 23,007 8,604 5,214 692 49 38 8 5 34 51 15
15 557 7,388 4,990 4,746 506 31 38 20 11 20 54 26
11 567 20,139 5,698 5,135 733 50 30 12 7 38 43 19 16.04 31
 7 568 57,980 2,379 1,787 2,930 77 8 0 16 82 13 5
9 582 15,952 5,429 3,976 610 48 34 11 7 35 48 17

ion, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*

1 (continued).
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47R-4, 1 0.53 78
47R-CC, 0.64 73
49R-1, 1 0.68 71
49R-3, 9 0.63 73
50R-4, 1 0.79 67
52R-6, 1 0.64 73
53R-3, 1 0.65 73
55R-1, 1 0.74 69

57R-6, 1 0.62 74
58R-4, 8 0.49 80
59R-3, 1 0.70 70
59R-4, 8 0.64 73
59R-5, 1 0.66 72
60R-2, 1 0.63 73
61R-4, 1 0.54 77
61R-5, 1 0.61 74
62R-3, 9 0.58 75
62R-CC, 0.63 73
64R-5, 1 0.58 75
65R-1, 1 0.70 70
65R-4, 7 0.56 76
66R-1, 1 0.45 81
66R-5, 8 0.73 69
66R-5, 1 0.71 70
67R-2, 9 0.77 68
67R-3, 1 0.72 70
68R-1, 1 0.70 70
68R-2, 1 0.73 69
69R-2, 1 0.74 69
69R-4, 1 0.77 68
70R-2, 9 0.59 75
70R-CC, 0.73 69
71R-2, 1 0.79 67
71R-2, 6 0.80 66
71R-2, 9 0.69 71
72R-1, 4 0.79 67
72R-1, 1 0.67 72
72R-3, 1 0.75 68
73R-1, 8 0.65 73
73R-3, 1 0.81 66
73R-5, 1 0.87 63
73R-7, 5 0.84 64
74R-1, 1 0.86 63
74R-2, 5 0.85 64
74R-2, 1 0.86 63

 Core, sect
interval (c

-layer clay   

 I-saddle: 
I-peak

 Expandability 
(%)†

Table T
18 588 17,596 2,429 3,086 944 57 18 11 14 53 29 18
 0 591 17,830 5,803 4,427 941 47 31 11 11 36 47 18 15.95 25
17 602 12,735 3,660 3,801 873 44 27 15 14 36 42 22 15.88 20
7 605 14,729 4,789 3,413 717 48 32 10 10 36 47 17 15.95 25
17 617 6,346 4,249 3,424 902 32 33 17 18 21 56 23 15.91 22
13 639 16,421 4,061 3,197 936 51 26 10 13 42 42 16 15.95 25
24 644 13,524 3,163 2,659 713 52 26 10 12 43 40 17 16.08 36
29 660 11,000 3,484 2,247 413 51 33 8 7 37 47 15 15.96 25

Average Upper Shikoku Basin facies: 45 31 14 10 34 45 20

35 687 13,752 2,724 2,590 595 56 24 10 10 46 37 17 15.9 21
2 693 38,740 9,587 8,435 983 56 30 10 4 41 41 18 15.84 15
18 702 24,283 9,992 8,431 893 43 36 15 7 30 49 21 16.12 41
6 703 21,592 5,934 6,083 1,248 46 27 14 12 38 41 21 15.81 11
33 705 17,453 5,574 4,359 475 51 34 11 4 36 46 18 16.06 34
11 710 22,384 7,991 6,584 1,290 44 31 13 12 33 47 20 16.02 29
07 722 23,302 4,196 6,066 1,100 52 21 16 11 45 32 23
17 724 31,492 9,529 8,728 1,126 49 31 13 7 36 44 20 15.94 24
2 730 18,402 5,854 5,479 1,015 45 29 14 11 35 44 21 15.99 27
 0 734 19,899 5,958 6,719 1,144 44 28 17 12 35 42 24 16.06 34
08 753 20,339 5,519 6,459 1,236 45 26 16 13 37 40 23 15.98 27
18 756 11,253 4,543 4,234 779 40 31 16 13 30 48 22 15.97 26
8 760 26,896 7,162 8,192 1,516 46 26 16 12 37 40 23 15.91 22
18 766 54,693 10,821 10,752 1,170 62 26 10 2 46 36 18 15.99 27
2 771 15,333 8,376 9,321 896 33 35 22 10 23 50 28 16.15 42
04 772 15,562 6,901 7,987 650 37 34 21 8 26 47 27 16.15 42
6 775 10,125 7,209 8,277 435 29 39 25 7 18 52 30 15.98 27
26 777 17,309 7,811 9,006 609 37 35 22 6 26 47 27 15.95 25
16 785 21,915 11,235 12,735 870 35 36 22 7 24 49 28 16.07 35
34 787 17,094 9,415 10,291 505 34 38 23 5 23 50 27 15.99 27
27 795 12,676 6,508 7,556 420 35 37 23 6 24 48 28 15.92 23
19 798 9,913 4,415 5,738 628 35 31 23 11 25 45 29 16.05 32
4 806 26,838 8,839 9,616 643 46 33 17 4 33 43 24 15.99 27
 0 811 13,474 4,598 6,263 857 39 28 21 12 30 41 28 16.14 42

813 11,231 4,653 5,327 497 38 33 20 8 28 46 26 16.04 31
5 814 9,424 4,658 6,386 885 32 30 24 15 23 46 31 16.25 48
4 814 18,077 6,476 7,878 868 40 30 20 9 30 43 26 16.43 55
2 823 14,251 6,805 7,859 776 35 34 21 10 25 48 27 16.06 34
17 823 12,390 4,392 4,883 414 43 32 18 6 31 44 25 16.01 29
00 826 11,482 6,322 7,395 839 32 33 22 12 22 49 29 16.07 35
0 833 18,405 5,355 6,161 741 46 29 17 8 35 41 24 16.15 42
16 836 8,533 5,445 6,099 469 31 37 23 9 20 51 29 16.17 43
11 839 5,031 5,406 6,679 576 23 37 27 12 13 54 33 16.25 48
1 841 7,383 4,926 6,622 305 28 37 28 7 18 49 33 16.12 41
30 843 9,451 7,012 7,444 305 29 41 24 5 18 54 28 16.26 48
8 843 9,367 6,575 7,680 298 29 40 26 5 18 52 30 16.25 48
25 844 7,313 5,637 8,051 455 25 36 30 9 16 49 35

ion, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
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74R-CC, 0.80 66
75R-1, 9 0.83 65
76R-1, 7 0.82 65
76R-2, 8 0.81 66
77R-2, 9 0.88 62
77R-6, 4 0.85 64
78R-1, 5 0.59 75
78R-1, 9 0.84 64
78R-2, 1 0.88 62
78R-3, 9 0.89 61
79R-1, 1 0.91 60
80R-3, 1 0.91 60
81R-3, 1 0.91 60
82R-2, 9 0.93 59
83R-4, 1 0.87 63
83R-7, 4 0.87 63
84R-2, 1 0.92 59
84R-3, 1 0.83 65
85R-1, 1 0.85 64
85R-3, 1 0.76 68
86R-2, 1 0.90 60
87R-1, 1 0.88 62
88R-2, 1 0.94 58
89R-6, 3 0.89 61
90R-2, 5 0.87 63
91R-1, 8 0.81 66
92R-2, 6 0.89 61
92R-3, 8 0.87 63
92R-3, 9 0.80 66
92R-3, 9 0.80 66
92R-5, 8 0.85 64
93R-4, 1 0.81 66
94R-3, 1 0.94 58
96R-2, 1 0.85 64
96R-3, 1 0.81 66
97R-1, 6 0.87 63
98R-1, 2 0.85 64
99R-2, 2 0.93 59
100R-1, 1 0.95 55
101R-1, 0.93 59
101R-1, 0.90 60

102R-1, 1 60

190-1177A
1R-2, 82 0.74 69
1R-4, 12 0.92 59

 Core, sect
interval (c

ayer clay   

saddle: 
I-peak

 Expandability 
(%)†

Table T
14 845 13,217 10,602 11,082 429 28 42 24 5 17 55 28 16.09 37
7 852 8,278 5,860 8,025 655 27 34 27 11 17 49 34 16.03 30
3 861 9,850 7,341 9,556 692 27 36 27 10 17 50 33 16.36 52
1 863 10,754 8,599 9,628 695 27 39 25 9 17 53 30 16.29 50
1 873 11,504 9,650 9,605 801 28 40 23 10 17 56 28 16.1 39
4 878 11,700 8,668 10,921 759 27 37 27 10 17 51 32 16.25 48
5 881 27,669 5,072 2,516 1,276 62 24 3 11 52 38 9 15.94 24
5 881 14,430 8,183 10,390 741 31 35 25 9 21 48 31 16.27 49
28 883 5,540 4,016 4,148 372 29 38 22 10 19 54 28 16.33 51
6 884 6,207 6,659 7,988 676 23 38 27 12 13 55 33 16.23 47
18 890 4,351 4,641 6,467 768 23 33 28 16 12 52 36 16.13 41
13 903 2,794 6,237 7,360 254 16 45 31 8 7 59 35
02 913 4,642 6,610 7,883 656 21 39 28 13 10 56 34 16.49 56
2 921 1,269 4,531 5,901 371 15 41 32 12 4 58 38 16.64 62
12 934 4,669 6,032 8,060 592 21 37 30 12 10 54 36 16.75 68
6 937 5,246 5,128 6,805 508 23 37 29 11 13 52 35 16.4 54
17 940 3,426 4,888 6,290 668 21 36 28 15 10 55 35 16.36 52
32 942 6,825 4,343 4,180 358 32 39 20 9 21 53 26 16.36 52
17 948 10,680 6,579 8,040 454 30 37 25 7 20 50 30 16.33 51
16 951 9,466 4,435 5,141 527 35 33 21 10 25 47 27
17 959 6,287 7,292 8,656 878 23 37 26 14 12 55 33
27 968 2,217 2,508 3,892 611 23 30 28 19 11 50 39 16.63 62
14 979 4,628 6,652 9,503 786 20 36 31 14 9 53 38 16.69 65
1 993 5,538 7,180 8,955 468 21 40 30 9 11 55 34 16.44 55

996 2,438 5,737 8,175 563 17 38 32 13 6 55 39 16.84 72
8 1,005 13,948 8,149 9,660 593 32 37 24 7 21 49 29 16.25 48
7 1,016 3,506 7,032 8,760 838 19 38 29 15 7 57 36 16.22 46
7 1,018 6,017 6,180 8,109 505 23 38 29 10 13 53 35 16.98 77
4 1,018 8,179 4,004 5,657 857 32 29 24 16 23 45 32 16.25 48
4 1,018 11,186 7,862 8,802 686 29 38 24 9 19 52 29 16.74 67
9 1,021 10,047 7,672 9,022 794 28 37 25 11 17 52 31
14 1,030 14,073 8,724 10,766 568 30 37 26 7 20 49 31 16.63 62
31 1,038 2,721 5,202 6,128 403 19 41 29 11 8 58 34 16.61 61
16 1,055 3,955 2,265 3,739 645 28 27 26 19 19 44 36 16.61 61
7 1,056 8,604 4,086 5,927 896 32 29 24 16 23 44 32 16.42 54
3 1,063 6,329 6,667 7,045 357 24 43 26 8 13 57 30 16.41 54
8 1,072 3,592 5,503 7,839 496 19 38 32 12 9 53 38 16.61 61
6 1,083 3,062 6,436 9,236 486 17 39 33 11 6 54 39 16.86 73
00 1,092 736 6,164 8,183 708 14 39 32 15 2 59 39 17.37 89
13 1,101 4,142 7,343 7,147 712 21 42 25 13 9 61 30 16.82 71
54 1,101 1,858 4,176 5,506 653 19 36 29 17 6 56 37 16.78 69

Average Lower Shikoku Basin facies: 32 35 23 10 21 49 29

66 1,111 5,431 4,418 5,708 620 26 34 26 14 16 51 33

-
303 11,738 6,500 7,907 443 32 36 25 7 22 49 30

8 306 2,003 2,215 2,556 309 24 36 25 15 13 55 32

ion, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed-l

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
 I-
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2R-2, 111 0.92 59
3R-2, 124 0.87 63
5R-1, 36 0.78 67
5R-5, 123 0.85 64
6R-1, 68 0.90 60
7R-4, 120 0.89 61
8R-2, 30 0.90 60
8R-2, 53 0.84 64
9R-3, 108 0.91 60
9R-CC, 6 0.75 68
10R-2, 11 0.85 64
10R-2, 14 0.90 60
11R-1, 13 0.85 64

11R-CC, 1 0.79 67
12R-1, 44 0.92 59
13R-CC, 2 0.77 68
14R-4, 12 0.81 66
15R-CC, 0.80 66
16R-1, 89 0.83 65
16R-3, 11 0.77 68

16R-4, 14 0.88 62
17R-1, 11 0.83 65
17R-2, 26 0.76 68
17R-2, 99 0.93 59
19R-6, 42 0.78 67
19R-7, 36 0.84 64
20R-1, 10 0.85 64
21R-1, 34
23R-2, 42 0.75 68
24R-4, 56 0.77 68
24R-5, 12 0.69 71
24-6, 127 0.58 75
25R-2, 13 0.69 71
25R-3, 85 0.87 63
25R-5, 12 0.79 67
25R-6, 10 0.74 69
27R-1, 97 0.81 66
29R-1, 34 0.86 63
29R-1, 85 0.73 69
30R-2, 30 0.44 82
30R-7, 29 0.55 77
30R-7, 35 0.95 55
30R-7, 47 0.58 75
31R-1, 17 0.60 75

 Core, secti
interval (c

yer clay   

saddle: 
-peak

 Expandability 
(%)†

Table T
312 2,385 3,717 4,318 868 22 33 24 21 9 57 33
322 5,935 5,099 5,768 1,017 27 33 23 18 16 54 30
338 6,897 3,799 4,495 219 33 37 24 6 22 49 29 15.86 18
344 8,358 5,648 6,046 500 30 38 23 9 19 52 28 15.93 23
348 3,000 3,265 4,647 487 22 34 29 15 12 52 37 16.02 29
363 7,269 4,797 5,639 0 30 43 27 0 19 51 30
369 4,738 4,765 5,729 371 24 39 27 10 13 54 32
369 12,064 6,073 6,601 274 36 38 22 4 24 49 27
381 7,322 6,353 6,741 612 27 38 24 11 16 55 29 15.86 18
385 15,091 6,166 8,070 565 37 32 23 7 27 44 29

8 389 10,610 6,330 7,213 681 31 35 23 10 21 50 29
8 389 5,515 3,801 4,787 512 28 34 25 13 18 50 32
4 397 3,955 2,945 3,502 344 28 36 25 12 17 52 31

Average Upper Shikoku Basin facies: 29 36 25 10 18 52 30

0 404 17,452 8,161 7,386 374 40 39 17 3 27 50 23
406 3,326 1,840 2,484 390 30 30 24 16 21 47 32

7 425 22,487 10,174 8,116 469 43 40 14 2 28 51 20 16.06 34
7 430 7,724 4,918 6,041 521 30 35 25 11 20 50 31 15.9 21

8 444 11,882 4,366 4,502 272 44 35 18 3 31 46 23 15.84 15
445 16,325 6,564 6,777 465 41 35 18 5 29 47 24

9 448 13,473 6,522 7,991 747 34 33 23 10 24 47 29 15.82 13
Average Lower Shikoku hemipelagic facies: 38 35 20 7 26 48 26

4 450 12,996 14,392 6,043 512 31 55 9 5 16 70 15 16.01 29
8 455 9,260 6,163 6,485 784 30 36 22 12 20 53 28 15.82 13

455 19,653 9,261 10,626 803 36 35 22 7 25 48 27
456 3,444 3,913 3,854 618 25 36 22 16 13 58 29
481 20,925 9,199 8,196 584 41 38 16 4 28 50 22 15.87 19
482 13,817 10,577 8,155 579 32 44 18 6 19 58 23 16.01 29

4 483 5,377 4,497 3,400 1,259 29 32 17 22 18 60 23
492 0 1,390 2,092 1,304 23 22 22 33 0 57 43
513 13,021 5,223 5,213 268 43 37 18 3 29 47 24 16.05 32
526 14,806 4,318 4,314 456 49 31 14 6 36 42 21 15.85 16

8 528 17,423 5,175 5,914 708 46 29 17 8 35 41 24 15.86 18
529 15,728 3,367 3,759 595 54 25 13 8 43 37 20

0 533 27,598 10,384 9,164 495 47 37 15 2 32 47 21 15.82 13
534 4,409 2,607 3,098 1,632 29 23 19 28 21 50 29

1 538 14,432 7,669 7,945 655 35 37 21 8 24 50 26
5 539 18,243 6,965 5,898 693 44 35 14 7 32 48 20 15.92 23

551 10,268 5,140 3,430 898 38 34 13 15 27 55 18
569 9,211 3,860 2,678 898 40 31 13 17 31 51 18
570 14,076 4,967 6,235 829 39 29 20 12 30 43 27
580 25,477 3,556 2,719 1,075 65 20 4 11 56 32 12
588 23,179 5,337 4,658 998 54 26 10 10 43 40 17 15.97 26
588 33,363 6,366 5,471 1,258 59 24 8 8 48 36 16 15.87 19
588 34,599 6,879 5,817 896 63 26 7 4 47 37 16 15.95 25
588 36,215 10,099 8,097 958 54 32 10 4 39 44 17 15.99 27

on, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed-la

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
 I-
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31R-2, 57 0.37 85
31R-CC, 0.49 80
32R-1, 64 0.78 67
33R-1, 11 0.29 90
33R-1, 88 0.88 62
33R-2, 72 0.83 65
34R-CC, 1 0.74 69
35R-2, 67 0.52 78
35R-3, 13 0.77 68
36R-1, 24 0.76 68
36R-1, 11 0.75 68
37R-2, 82 0.61 74
37R-3, 34 0.74 69
38R-CC, 2 0.86 63
39R-1, 96 0.47 80
40R-1, 11 0.37 85
41R-1, 12 0.53 78
41R-2, 97 0.40 84
42R-1, 11 0.52 78
43R-1, 3 0.51 79
44R-1, 37 0.51 79
44R-2, 70 0.54 77
45R-2, 87 0.67 72
46R-1, 18 0.53 78
46R-1, 12 0.52 78
46R-2, 12 0.42 83
46R-3, 9 0.49 80
47R-3, 10 0.62 74

47R-5, 97 0.55 77
48R-4, 10 0.80 66
48R-4, 11 0.56 76
48R-6, 11 0.65 73
48R-7, 7 0.48 80
49R-1, 61 0.44 82
49R-2, 63 0.45 81
49R-2, 14 0.65 73
49R-3, 11 0.50 79
49R-4, 20 0.57 76
49R-4, 29 0.47 80
49R-5, 72 0.67 72
50R-3, 0 0.63 73
50R-3, 32 0.74 69
50R-3, 39 0.67 72
51R-1, 15 0.71 70
51R-2, 23 0.65 73

 Core, secti
interval (c

-layer clay   

I-saddle: 
I-peak

 Expandability 
(%)†

Table T
590 41,801 2,525 2,504 1,097 87 9 0 4 73 18 9
8 591 29,966 3,551 3,497 1,012 70 18 5 8 59 28 14 15.81 11

598 10,836 2,731 3,517 735 44 24 17 14 38 38 24 16.14 42
608 53,240 12,144 15,994 1,295 53 27 17 4 40 36 24 15.82 13
608 7,690 2,633 3,548 693 37 26 20 16 30 42 28
610 9,318 4,910 5,909 902 32 31 22 15 23 48 29 15.86 18

3 617 10,358 4,786 6,498 1,218 33 28 22 17 24 45 31 16.1 39
628 35,529 4,279 4,111 800 76 18 3 2 58 28 14 15.83 14
628 7,843 3,996 4,762 1,147 32 28 20 19 24 48 29
637 12,675 4,523 3,752 663 44 32 13 10 33 47 20 15.92 23

2 637 12,301 4,199 5,329 1,216 38 26 19 17 31 42 27 15.94 24
647 25,545 7,328 8,542 1,346 45 27 17 11 36 41 24
648 16,053 6,434 5,735 1,024 40 32 15 12 30 48 22

2 656 2,896 1,424 2,026 1,236 30 21 19 30 23 45 32
666 28,362 3,561 3,152 1,239 65 18 5 11 58 29 13

5 676 36,297 4,678 2,862 1,085 75 19 0 6 60 31 9
9 686 28,804 3,849 2,768 775 74 20 1 4 58 31 11 15.91 22

687 29,405 4,197 3,120 1,002 69 21 3 7 56 32 12
6 695 22,181 2,681 1,624 1,023 68 18 2 12 61 30 9

704 28,265 2,964 2,175 1,210 70 16 2 11 64 27 10 15.8 10
714 37,015 4,873 3,723 1,162 72 19 3 6 58 30 12
716 24,403 2,930 2,813 1,143 64 17 6 12 58 28 13
725 10,884 1,901 1,786 1,088 48 20 11 22 49 34 16
733 26,459 3,506 2,744 956 69 19 4 8 58 31 12

0 734 24,383 3,251 2,315 1,102 66 19 4 12 58 31 11 15.82 13
2 735 34,044 3,262 3,515 1,869 64 15 6 15 63 24 13

736 40,710 5,574 3,683 1,394 71 20 2 8 58 32 10
1 746 20,593 3,667 3,642 1,243 54 21 10 15 48 34 17 15.96 25

Average Lower Shikoku turbidite facies: 49 28 13 11 38 42 20

749 22,544 3,549 2,949 1,115 60 21 7 12 53 33 14
8 757 4,998 3,344 2,225 1,655 31 26 15 28 22 59 19 15.95 25
7 757 25,397 4,308 3,857 1,085 60 22 8 10 50 34 15
3 760 23,797 4,573 4,604 690 60 25 10 5 46 36 18

761 23,916 3,203 2,086 509 78 21 0 1 58 31 10
762 20,587 7,829 4,843 2,048 41 30 11 18 33 51 16
763 45,916 3,568 2,185 1,590 80 12 0 8 71 22 7

8 764 9,727 1,798 1,089 689 54 22 6 17 51 38 11
5 765 32,483 3,168 1,366 1,138 77 15 0 8 68 26 6

766 29,032 2,073 430 643 90 10 0 1 76 22 2
766 34,819 3,330 658 771 85 14 0 1 70 27 3 15.88 20
768 12,949 2,051 1,038 598 65 22 2 12 56 35 9 15.81 11
774 18,173 3,954 3,402 765 55 26 9 9 45 39 17 15.91 22
774 9,952 2,086 1,535 502 56 25 8 12 47 39 14
774 12,217 2,856 2,458 829 49 25 11 15 43 40 17 15.9 21
781 8,394 1,121 447 214 77 20 0 3 61 33 6
782 13,471 2,190 1,130 463 69 23 1 7 55 36 9

on, 
m)

 Depth 
(mbsf)

Relative mineral abundance

XRD peak area (total counts) SVD factor (wt%) Biscaye factor (area%)     I/S mixed

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
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Notes: SV me). Peak area weighting factors from Biscaye (1965). * = Calculation follows Reynolds and
Hower 1) assuming 3:1 ratio of discrete illite to illite (I)/smectite (S) mixed-layer clay. XRD = X-ray
diffrac

51R-2, 10 50 39 11 15.91 22 0.63 73
51R-2, 10 54 35 10 0.78 67
51R-2, 10 52 39 10 0.78 67
51R-2, 13 45 45 11 15.95 25 0.66 72
52R-2, 18 73 20 7 15.9 21 0.52 78
52R-2, 18 72 20 7 15.93 23 0.52 78
52R-2, 56 71 20 9 15.8 10 0.55 77
52R-3, 28 64 34 2 15.91 22 0.66 72
52R-3, 49 52 39 8 0.62 74
53R-2, 57 48 49 3 15.82 13 0.58 75
53R-3, 11 46 41 12 15.87 19 0.61 74
54R-1, 12 71 23 6 15.96 25 0.65 73
54R-2, 48 56 39 5 15.96 25 0.61 74
54R-3, 70 52 38 10 0.63 73
54R-5, 55 59 31 10 15.83 14 0.61 74
55R-1, 92 17 52 31 16.03 30 0.83 65
55R-1, 10 48 43 10 0.60 75
55R-1, 11 58 33 9 15.93 23 0.54 77
55R-1, 12 50 40 10 0.63 73
56R-1, 12 60 33 6 15.87 19 0.69 71
56R-2, 48 42 46 12 15.81 11 0.60 75
56R-2, 74 73 22 4 0.45 81

54 35 10

 Core, secti
interval (c

dance

Biscaye factor (area%)     I/S mixed-layer clay   

mectite  Illite
 Chlorite 

(+kaolinite)
 I(002)/S(003) 

(Å)
 Illite in I/S 

(%)*
 I-saddle: 

I-peak
 Expandability 

(%)†

Table T
D (singular value decomposition) normalization factors from Underwood et al. (this volu
 (1970) with peak position corrected to quartz (100). † = Calculation follows Rettke (198
tion.

2 783 17,865 3,508 1,963 682 63 26 3 8
9 783 5,162 843 484 677 47 18 9 26
9 783 7,271 1,368 677 550 54 22 5 18
4 783 13,977 3,501 1,677 1,052 51 26 6 17

792 26,519 1,846 1,271 699 86 10 0 4
792 26,519 1,841 1,358 764 84 10 0 5
792 24,739 1,713 1,579 340 91 9 0 0
794 19,617 2,613 359 621 75 19 0 6
794 16,719 3,135 1,350 789 62 24 2 12
802 22,579 5,754 697 901 61 31 0 8

9 804 19,252 4,313 2,597 1,468 51 24 8 17
8 811 15,934 1,289 733 457 83 12 0 5

811 23,684 4,149 1,107 671 71 25 0 4
813 14,601 2,677 1,340 1,121 54 22 6 19
816 17,012 2,240 1,416 1,281 57 18 6 19
820 8,128 6,195 7,347 793 27 35 24 13

9 820 24,974 5,563 2,553 1,091 60 27 3 10
6 820 24,985 3,620 1,945 1,132 66 20 2 12
0 820 20,782 4,221 2,137 1,057 59 25 4 12
0 830 15,759 2,189 842 673 69 20 0 11

831 18,013 4,956 2,580 839 54 30 5 10
831 62,895 4,788 1,872 956 90 10 0 0

Average volcaniclastic-rich facies: 64 21 4 10

on, 
m)

 Depth 
(mbsf)

Relative mineral abun

XRD peak area (total counts) SVD factor (wt%)

 Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  Smectite  Illite
 Chlorite 

(+kaolinite)  Quartz  S

1 (continued).
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Table T2. Results of X-ray diffraction analyses before and after boil-
ing clay in HCl.

Notes: LSB = lower Shikoku Basin, LSBt = lower Shikoku Basin turbidite, volc-rich = volca-
niclastic rich. * = Peak area scaled by factors that set quartz (100) before HCl to
quartz (100) after HCl. † = Ratio of peak area for scaled treated sample:peak area for
untreated sample.

Measured peak area Scaled peak area* 

Core, section, 
interval (cm) Treatment

Depth 
(mbsf) Facies Quartz

Chlorite + 
Kaolinite Quartz

Chlorite + 
Kaolinite

Area 
ratio†

190-1173A-
72X-1, 126 Untreated 678.00 LSB 970 7945 970 7945 0.12
72X-1, 126 + HCl 1137 1097 970 936
73X-1, 117 Untreated 687.50 LSB 1379 3531 1379 3531 0.00
73X-1, 117 + HCl 1195 0 1379 0

190-1177A-
32R-1, 64 Untreated 598.44 LSBt 752 3596 752 3596 0.28
32R-1, 64 + HCl 1166 1576 752 1016
46R-1, 120 Untreated 733.70 LSBt 1245 2482 1245 2482 0.60
46R-1, 120 + HCl 1482 1775 1245 1491
55R-1, 120 Untreated 830.00 Volc-rich 1049 2198 1049 2198 0.10
55R-1, 120 + HCl 720 144 1049 210
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Table T3. Paleomagnetic and nannofossil ages used
in kinetic model of smectite-to-illite reaction.

Note: Site 1173 ages from Shipboard Scientific Party (2001c), Site
1174 ages from Shipboard Scientific Party (2001d), Site 1177
ages from Shipboard Scientific Party (2001e), Site 808 ages from
Olafsson (1993).

Site
Depth interval 

(mbsf)
Age at base 

(Ma)
Burial rate 
(m/m.y.)

190-
1173 0–160 0.8 205.1

160–390 4.0 71.4
390–590 12.4 23.8
590–650 13.6 50.0
650–720 14.1 140.0

1174 0–540 0.8 692.3
540–690 2.6 83.3
690–950 10.9 31.3
950–1110 13.4 64.0

1177 0–310 2.0 159.0
310–370 2.6 95.1
370–440 6.6 17.6
440–750 15.6 34.3
750–800 18.6 16.7

131-
808 0–660 0.8 795.2

660–790 1.9 122.6
790–900 4.1 49.8
900–1000 6.7 38.5

1000–1090 11.1 20.5
1090–1220 13.5 54.2
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