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28. SEDIMENT GEOCHEMISTRY, CLAY MINERALOGY, AND DIAGENESIS:
A SYNTHESIS OF DATA FROM LEG 131, NANKAI TROUGH!
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ABSTRACT

This paper presents a synthesis of data from X-ray diffraction analyses of clay minerals and X-ray fluorescence analyses of
bulk mudstones from Ocean Drilling Program Site 808. The samples come from three closely spaced holes drilled through the
toe of the Nankai accretionary prism offshore Shikoku, Japan. Detrital assemblages of clay minerals are unusually uniform
throughout the Nankai trench-wedge facies. Illite is the most abundant detrital clay mineral, followed by chlorite, smectite, and
traces of kaolinite. Relative percentages of smectite increase within the upper subunit of the Shikoku Basin stratigraphy. This
subunit contains abundant layers of volcanic ash, and the corresponding change in clay mineralogy probably was caused by
synvolcanic weathering in source areas during the Pliocene, together with in-situ alteration of disseminated glass shards within
the Shikoku Basin.

At a depth of ~555 mbsf, the detrital and/or authigenic smectite component begins its transformation to illite/smectite
mixed-layer clay. With increasing depth below this horizon there is a monotonic increase in illite interlayers. The onset of
illitization occurs at an estimated temperature of ~65°C. Ordered (R = 1) illite/smectite interlayering first appears at depths of
~1220 mbsf (<2-um size fraction) and ~1100 mbsf (<0.2-um size fraction). The depth interval of the smectite-to-illite
transformation coincides with a reduction in pore-water chlorinity; however, the absolute abundance of smectite appears to be
insufficient to account for the changes in aqueous chemistry via in-situ dehydration reactions. Instead, significant volumes of
diluted pore water probably were transported to Site 808, either from sources located deeper in the accretionary prism (where
bulk mudstone porosities are lower) or from lateral sources where mudstones originally deposited in the Shikoku Basin may
contain higher percentages of smectite. Significantly, we did not detect any anomalies in clay mineralogy or clay-mineral
diagenesis within or near the décollement zone (945-964 mbsf).

X-ray fluorescence analyses show that hemipelagic muds and mudstones at Site 808 are chemically uniform throughout most
of the section, There are no geochemical perturbations, for example, within the décollement zone. Data from interbeds of volcanic
ash demonstrate that the chemical effects of mud/ash dissemination and/or in-situ alteration of pyroclastic material are limited.
In addition, ash layers are chemically heterogeneous within Unit I1I and Subunit I'Va, which indicates that tephra was transported
from a variety of andesitic to rhyolitic sources on the Japanese Islands during the Pliocene. In contrast, Miocene rocks of Unit V
display a clear chemical divergence (little mixing) between rhyolitic tuffs and interbeds of multicolored mudstone.

The most significant geochemical anomaly at Site 808 occurs well below the décollement zone between 1087 and 1111 mbsf.
Variegated mudstones in this interval contain unusually high ratios of MgO/Al; 03, Fe,,,/Al,03, MnO/AlLO,, and CaO/AlO5,
together with high concentrations of Ba, Y, Sr, La, and Ce. We attribute this anomaly to hydrothermal alteration and/or precipitation
of Ca-carbonate, siderite, barite, and related minerals, but we do not know when the event occurred. Fluid migration may have
taken place during late Miocene time early in the depositional history of Shikoku Basin (i.e., above newly formed oceanic

lithosphere) or during the Holocene as fluids advected through the Nankai accretionary prism.

INTRODUCTION

Site 808 of the Ocean Drilling Program (ODP) is located near the
base of the Nankai accretionary prism of southwest Japan (Fig. 1),
close to where the extinct backarc spreading ridge of the Shikoku
Basin intersects the deformation front (Le Pichon et al., 1987; Taira
etal., 1992). Cores recovered from Holes 808 A, 808B, and 808C have
been grouped into five major sedimentary facies units, as well as
several subunits, which range from Miocene to Quaternary in age
(Fig. 2). The uppermost facies comprises a thin carapace of trench-
slope sediments that accumulated above accreted trench and abyssal-
plain deposits. The chaotic style of deformation displayed by these
deposits probably was caused by submarine slides. The trench-wedge
facies (Unit I) is characterized by an upward-coarsening and upward-
thickening succession of terrigenous turbidites, with interbeds of
hemipelagic mud. The trench-wedge deposits reach a total structural
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thickness of approximately 600 m; partial duplication of the section
has occurred because of offset along the frontal thrust of the accre-
tionary prism (Fig. 2). A transitional facies (Unit ITI) displays sedi-
mentologic characteristics of both the outer marginal trench wedge
and the upper part of the abyssal-plain succession, in that it contains
both thin silty turbidites and layers of volcanic ash, together with the
dominant lithology of hemipelagic mudstone. The composition and
provenance of these trench-slope and trench-wedge deposits have
been discussed at length by Underwood et al. (this volume).

Unit IV (Shikoku Basin deposits) begins at about 620 mbsf
(Fig. 2). These abyssal-floor sediments are dominated by strongly
bioturbated hemipelagic mudstones. Subunit I'Va contains abundant,
well-defined layers of volcanic ash and lithified tuff, whereas Subunit
IVD is nearly devoid of discrete volcaniclastic interlayers. The basal
décollement zone of the Nankai accretionary prism occurs at a depth
of 945-964 mbsf at Site 808, within the middle of the hemipelagites
of Subunit IVb. The lowermost unit of the sedimentary succession
(Unit V) contains thick layers of graded and cross-stratified rhyolitic
tuff and variegated hemipelagic mudstone and claystone of middle
Miocene age (13.6 Ma). Basaltic basement of the Shikoku Basin
occurs at a depth of approximately 1290 mbsf (Fig. 2).

In total, the stratigraphic succession outlined above follows the
paradigm of subduction-zone sedimentation and tectonics (e.g., Piper
et al,, 1973; von Huene, 1974; Seely et al., 1974). The segment of
subducting oceanic plate penetrated at Site 808, with its cover of
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Figure 1. Index map showing the regional geography and bathymetry (in
meters) of the study area in southwest Japan. Numbers refer to DSDP and ODP
site localities. Stippled pattern identifies outcrops of the Shimanto Belt, and
large arrows symbolize major submarine canyons (see Underwood et al., this
volume). Lined pattern in the center of Shikoku Basin marks the position of
the extinct spreading center. AC = Ashizuri Canyon, SC = Shiono-misaki
Canyon, ST = Suruga Trough, and TC = Tenryu Canyon.

slowly accumulated Miocene to Pleistocene hemipelagic mud, entered
the trench environment at about 0.46 Ma; at that time, the abyssal-
plain deposits started to experience rapid burial beneath terrigenous
turbidites. Frontal accretion of the sediment then occurred via off-
scraping at the prism toe; in addition, underplating has added material
toward the rear of the wedge (Moore, 1989; Moore et al., 1990; Taira
et al,, 1992).

Site 808 is located above the frontal thrust of the Nankai accre-
tionary prism (Taira et al., 1992). The drilling plans for Leg 131 were
designed to address three major thematic issues within this dynamic
setting: (1) clarification of how pore fluids and hydrologic processes
influence the chemical and physical evolution of an accretionary
prism; (2) documentation of the mechanical state and physical prop-
erties of deformed sediments, both above and below a prism’s décolle-
ment; and (3) analysis of structural fabrics and deformation styles
near a prism’s toe (Shipboard Scientific Party, 1991a).

Shipboard analyses of interstitial water chemistry led to several
important observations regarding the hydrogeology of the Nankai
accretionary wedge: (1) there is a pronounced reduction in chloride
concentrations below about 570 mbsf, and the lowest concentrations
occur below the décollement zone at ~1040 to 1080 mbsf; (2) changes
in concentration gradients of most dissolved chemical constituents
occur between 400 and 600 mbsf; these changes are diffuse but
generally coincide with the lithologic transition from the marginal
trench-wedge facies (Subunit Ilc) into interlayered ash deposits and
mudstones of the Shikoku Basin (Subunit I'Va); (3) changes in some
aqueous constituents (particularly an increase in H SiO,, but also Ca,
Mg, and SO,) occur at the lithologic boundary near 820 mbsf (contact
between Subunits IVa and IVb); and (4) stratigraphic intervals with
abundant layers of volcanic ash (560-820 mbsf) show large variations
in dissolved silica concentrations, together with more subtle anoma-
lies in dissolved calcium, lithium, and strontium (Shipboard Scientific
Party, 1991b). Collectively, these pore-water data illustrate the effects
of significant sediment diagenesis and fluid-sediment exchange
within the accretionary prism. Acomplete geochemical understanding
of the accretionary prism, however, also requires accurate measure-
ments of bulk-sediment mineralogy and geochemistry, unequivocal
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Figure 2. Stratigraphic column for Site 808. Modified from Shipboard Scien-
tific Party (1991b).

recognition of diagenetic mineral reactions, and proper assessments
of the chemical effects of volcanic-glass alteration. This paper pro-
vides a summary of the results of shore-based analytical work de-
signed to provide such data.

Many subduction zones are characterized by relatively low geo-
thermal gradients due to the subduction of old oceanic lithosphere
(e.g., Yamano et al., 1982; Reck, 1987). Under these typical circum-



stances, the documentation of important diagenetic reactions is im-
peded because the critical temperature conditions occur beyond the
depth limits of conventional Deep Sea Drilling Project (DSDP)/ODP
boreholes. Conversely, the Nankai Trough is a region of high heat flow
triggered by the subduction of relatively young Shikoku Basin litho-
sphere (Yamano et al., 1984). Present-day heat flow is at a maximum
near Site 808, and this is due, at least in part, to its location near the
crest of the extinct spreading ridge (Ashi and Taira, in press). The last
phase of volcanic activity in the Shikoku Basin ended about 12 Ma
(Chamot-Rooke et al., 1987). Empirical models of thermal decay for
oceanic lithosphere predict heat-flow values of 136 mW/m? (Parsons
and Sclater, 1977) to 145 mW/m? (Lister, 1977) for a crustal age of
12 Ma. The present-day heat flow at Site 808 is equal to approximately
129 mW/m?, and the average linear geothermal gradient within the
upper 350 m of the accretionary prism is ~110°C/km (Shipboard Sci-
entific Party, 1991b; Yamano et al., 1992). Thus, Site 808 is ideally suited
for studies of early sediment diagenesis at relatively shallow depths.

The primary purpose of this paper is to synthesize the results of
extensive shore-based analyses of clay mineralogy, clay-mineral di-
agenesis, and bulk-sediment geochemistry. We also compare data sets
from Site 808 with previous results from DSDP Legs 31 and 87. A
secondary objective is to place these data and interpretations into the
broader thematic context of fluid-sediment interactions within the
Nankai accretionary prism. In particular, we address the possible roles
of in-situ dehydration reactions and importation of pore water in the
vicinity of Site 808.

METHODS
X-ray Diffraction

Estimates of the relative percentages of dominant clay minerals are
based on integrated peak areas calculated from digital X-ray diffraction
(XRD) data, using the basal reflections produced by oriented aggre-
gates saturated with ethylene glycol (Fig. 3). Complete descriptions of
sample preparation, XRD scanning parameters, computer processing
of digital output, and error analysis have been presented by Underwood
et al. (this volume). All integrated peak areas were calculated using
Scintag software, following a background correction and deconvolu-
tion of each peak. Separate measurements were made for the <2-um
size fraction and the 2- to 6-pm size fraction. In addition, two sets of
weighting factors were used to calculate relative percentages of smec-
tite, illite, and chlorite + kaolinite. The first set of factors, from Biscaye
(1965), employs a 1x correction for the smectite (17A) peak area, 2x
for the composite chlorite + kaolinite (7A) peak area, and 4x for the
illite (10A) peak area (Fig. 3). Because of the overlap between the
chlorite (002) and kaolinite (001) reflections, selected samples were
boiled in HCI and analyzed a second time to establish the approximate
amount of kaolinite present (Starkey et al., 1984). By doing this, we
showed that chlorite alone accounts for 92% to 80% of the composite
7A peak, with an average of 86%.

[tis important to note that we did not attempt to estimate the relative
percentages of illite/smectite (I/S) mixed-layer clay with respect to the
total clay-mineral population. Such estimates can be made via peak
subtraction methods, in which the (001) peak intensities are compared
after treatment with ethylene glycol (to expand the 17A smectite
lattice) and after heating (to collapse the lattice to 10A). One major
problem, however, is that weighting factors for the I/S components
vary depending on the relative proportions of the two interlayered
minerals (Reynolds, 1983). Estimates based on the size of composite
peaks are also flawed because of low peak intensities and peak inter-
ference from discrete illite. Although corrections for peak interference
can be made, the error increases with increasing proportions of discrete
illite and increasing amounts of illite interlayers (Srodon, 1981). In
most of our samples from Site 808, the peak intensities associated with
the composite (001/002) peak (at ~9°-10°28) and the composite
(002/003) peak (at ~16°-17°28) are quite subdued relative to the robust
peaks produced by the discrete smectite (001), illite (001), and chlorite
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(002) basal reflections (Fig. 3). In many cases the mixed-layer peak
intensities were barely detected above background, and their positions
had to be determined visually using an interactive graphic display. In
effect, the reflections produced by small amounts of mixed-layer clay
probably have been incorporated into the XRD peak areas used to
estimate both illite and smectite percentages.

Duplicate runs for clay-mineral percentages resulted in standard
deviations about mean values of approximately 1% (Orr, 1992).
However, tests of accuracy, based on mixtures of clay-mineral stand-
ards and known weight percentages, show that the error associated
with the Biscaye (1965) weighting factors can be as high as 20%
(Underwood et al., this volume). A second set of weighting factors,
derived from the analyses of 16 different mixtures of the chlorite,
illite, and smectite standards, reduces the maximum error to approxi-
mately 10% and the average error to less than 5%. These peak-area
weighting factors are: smectite (001) = 1x; illite (001) = 8x; and
chlorite (002) + kaolinite (001) = 1.8x (Underwood et al., this volume).
In reality, the correction factors change with the absolute abundance
of each clay mineral; moreover, the correction for illite is sensitive to
the degree of illite crystallinity and the above-mentioned peak broad-
ening caused by interference from I/S, Thus, we stress that the main
value of these analyses is to show changes or gradients in relative
clay-mineral abundances, rather than absolute percentages.

Several methods exist to calculate the relative percentages of illite
and smectite crystallites in mixed-layer phases (Reynolds and Hower,
1970; Srodon, 1980, 1981, 1984; Tomita et al., |988; Watanabe, 1988;
Moore and Reynolds, 1989; Inoue et al., 1989). For heterogeneous
detrital assemblages, many of these techniques are unreliable because
of low peak intensities and/or peak interference by discrete illite and
quartz. We employed the technique of Moore and Reynolds (1989),
which is based on the angular separation (A°20) between the compos-
ite illite-(001)/smectite-(002) reflection (at ~9° to 10°26) and the
composite illite-(002)/smectite-(003) reflection (at ~16° to 17°20).
The accuracy of this technique has been established in two ways
(Hathon, 1992): first, by comparing diffractograms for a diverse set
of 22 natural clay-mineral specimens with synthetic computer-gener-
ated XRD patterns, using the NEWMOD software package (Moore
and Reynolds, 1989); and second, by comparing the calculated per-
centages with visual counts of I/S ratios obtained from high-resolu-
tion transmission electron micrographs (TEM) (see also Veblen et al.,
1990). The average errors in XRD estimates of interlayer smectite
percentage are 2%, based on NEWMOD models, and 8% based on
TEM images (Hathon, 1992).

Most of our calculations of I/S interlayer percentages are based on
the <2-um size fraction, although splits of the 0.2-pum size fraction
also were analyzed for 13 representative specimens in an attempt to
distinguish between detrital (coarser grained) and authigenic (finer
grained) constituents, In addition, representative samples were ana-
lyzed under three different conditions (air-dried, glycol-saturated, and
heated to 375°C) to make sure that the low-intensity peaks in question
conformed to the expected behavior of mixed-layer illite-smectite. In
all cases, heating caused a collapse of the smectite layers and pro-
duced diffraction patterns identical to those of discrete illite; similarly,
saturation with ethylene glycol shifted the composite I/S reflections
due to expansion of the smectite interlayers (Fig. 3).

Chemical Analyses

X-ray fluorescence (XRF) spectrometry was used to detect con-
centrations of major element oxides (weight percentage, or wi%),
together with selected minor and trace elements (ppm). All such data
come from analyses of bulk samples. Instrumentation, sample prepa-
ration (fusion disks and pressed powder briguettes), XRF techniques,
and error analysis have been described in detail by Pickering et al.
(this volume). The data report of Pickering et al. (this volume) also
contains tables of data and plots showing concentrations of each
individual element.
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Figure 3. Representative examples of X-ray diffractograms (plotted after background correction of digital data),
showing peaks used to calculate clay-mineral percentages and illite content for 1/S mixed-layer clays. Examples
on the left are for specimens saturated with ethylene glycol; examples on the right are for the same specimens
following heating to 375°C to collapse the lattice of expandable clay minerals, Clay-mineral percentages are based
on the integrated areas of the glycolated smectite (001), illite (001), and chlorite (002) + kaolinite (001) peaks,
following deconvolution of each peak. Calculations of 1/S ratios are based on the angular separation between the
composite illite (001)/smectite (002) peak at 9.0°~10.3°26 and the illite (002)/smectite (003) peak at 15.8°-17.4°26,
using glycolated specimens (Moore and Reynolds, 1989). Note that with small amounts of I/S clay (e.g., Section
131-808C-79R-2), the accurate identification of low-intensity peak positions becomes problematic. See Underwood
et al. (this volume) for a complete discussion of peak-area weighting factors and error analysis.
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RESULTS
Clay Mineralogy and Diagenesis

It is important to compare the results of detailed clay-mineral
analyses (fine fraction) with bulk-sample mineralogy at Site 808.
Unfortunately, the absolute accuracy of shipboard XRD analyses of
random bulk powders was affected by the inherent problems associ-
ated with peak interference, peak-intensity weighting factors, and
amorphous components such as volcanic glass and biogenic silica
(Shipboard Scientific Party, 1991b). Those results clearly demon-
strate, however, that the most abundant mineral in most of the samples
is quartz, with relative percentages of roughly 40% to 60% (Fig. 4).
The relative content of plagioclase decreases downsection and is
generally between 20% and 40%. Calculated relative-percentages of
calcite match fairly closely the results of chemical analyses for
carbonate content; those values are typically less than 10% within the
trench-wedge facies and less than 30% within the finer grained
Shikoku Basin deposits (Shipboard Scientific Party, 1991b). Finally,
the total clay-mineral population falls between 10% and 30% of the
bulk sample (Fig. 4).

The clay mineralogy of the trench-wedge facies (both hemipelagic
muds and the fine-grained matrix washed from sandy and silty
turbidites) has been documented in detail elsewhere (Underwood et
al., this volume). In brief, the XRD results are quite uniform within
the upper 600 m of the stratigraphic section (Fig. 5), and there is very
little difference between the hemipelagic muds and the turbidite-
matrix clays. Detrital illite is clearly the most abundant constituent
(regardless of which weighting factors are used to normalize the peak
areas), followed by undifferentiated chlorite + kaolinite, then discrete
smectite (Fig. 5). The kaolinite content probably amounts to no more
than about 3% to 5% of the total clay-mineral population, based on
selected samples that were boiled in HCI to remove the chlorite (002)
peak interference. Chlorite + kaolinite content increases by about 5%
to 10% in the fine-silt fraction, relative to the <2-pum size fraction
(Fig. 5). Based on measurements of illite crystallinity and illite-mica
b, lattice spacing, itis likely that the trench-wedge detritus was eroded
from geologic units that include abundant lower greenschist-facies
meta-sedimentary successions (Underwood et al., this volume). The
amount of detrital smectite derived from subaerial weathering of
volcanic rocks is relatively small. Our provenance interpretations for
the fine-grained sediments reinforce previous contentions of Taira and
Niitsuma (1986), who suggested that the sand-sized sediment came
largely from the Japan Alps, which had formed in the collision zone
between the Izu-Bonin arc and the Honshu arc (Fig. 1).

One of the challenges of interpreting mineralogic changes through-
out the section at Site 808 is to separate the effects of changing detrital
provenance from the effects of diagenetic alteration. Sediments within
the Nankai trench-wedge facies accumulated at exceptionally rapid
rates of approximately 1380-780 m/m.y. (Shipboard Scientific Party,
1991b). Conversely, sediment accumulation rates calculated for the
Shikoku Basin hemipelagic deposits (below the base of Unit IIT) drop
off significantly, to values of approximately 210 to 10 m/m.y. This
change in the overall style of sedimentation reflects the dramatic
difference between the turbidite-dominated trench wedge and slow
fallout of suspended sediment onto the floor of the Shikoku Basin. In
addition, the upper subunit of the Shikoku Basin is enriched in discrete
layers of volcanic ash and lithified tuff. Significantly, this transition
into the abyssal facies of Shikoku Basin corresponds to a shift in clay
mineralogy, as defined by increases in the content of smectite (Table 1;
Fig. 5). Shipboard XRD data also document the presence of zeolites
(undifferentiated clinoptilolite/heulandite) as alteration products of the
ash within Subunit I'Va. The accumulation of ash and the content of
smectite in mudstones appear to be genetically related.

The gradual enrichment of smectite, which actually begins at the
top of Unit 111, is much more obvious in the <2-pum size fraction, as
compared to the 2- to 6-um size split (Fig. 5). Maximum values of
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Figure 4. Summary of shipboard X-ray diffraction measurements of bulk
mineralogy, showing relative percentages of quartz and total clay minerals at
Site 808. Other important constituents include feldspar and calcite. Modified
from Shipboard Scientific Party (1991b).

35%-40% smectite occur at a stratigraphic position of ~800 mbsf.
Superimposed on this trend are local spikes in smectite percentage
(up to 70% to 90%), which mark the presence of bentonite layers.
These mudstones do not display any obvious differences in texture or
color. The spot occurrences of bentonites within a lithology that
appears to be homogeneous bioturbated mudstone leads us to sus-
pect that other smectite-rich intervals remain undetected within the
Shikoku Basin deposits. Below a depth of about 820 mbsf, the
smectite content drops off steadily to the base of Subunit IVb, and
there are no clay-mineral anomalies associated with the décollement
zone (945-964 mbsf). Finally, clay-mineral abundances within the
volcaniclastic succession of Unit V are very erratic (Fig. 5), depending
on whether specimens are from tuff layers (smectite-rich) or from
variegated interbeds of hemipelagic mudstone (illite-rich).
Examination of the I/S mixed-layer phase shows that smectite
diagenesis becomes an important factor within the depth range of
Subunit IVb (Fig. 6). Disordered (R = 0) mixed-layer clays were first
detected above the background noise in the <2-im size fraction at a
corresponding depth of 555 mbsf, and there is a monotonic increase in
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Figure 5. Relative percentages of smectite, illite, and chlorite + kaolinite at Site 808. These calculations are
based on integrated peak areas (glycolated) and weighting factors established at the University of Missouri
(Underwood et al., this volume). Separate analyses were completed for the <2-pum and 2-6-{m size fractions.
See Underwood et al. (this volume) and Table 1 for a complete listing of data, including results based on the
peak-area weighting factors of Biscaye (1965).
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Table 1. X-ray diffraction data for hemipelagic mud samples, Shikoku Basin facies.

<2-pm size fraction

2-6-pm size fraction

Estimated mineral percentage

Estimated mineral percentage

Integrated peak area (counts) Biscaye factors Missouri factors Integrated peak area (counts) Biscaye factors Missouri factors
Sample  Depth
{em) (mbsf)  Smectite llite  Chlorite S(%) 1(%) C(®%) S(%) (%) C(%) Smectie [llie Chlorite S(%) (%) C(%) 5(%) (%) C(%)
131-808C-

35R-5,83 633.03 17904 9280 9875 24 50 26 16 68 16

36R-2, 123 638.63 21194 9527 8562 28 30 22 19 68 14

37R-1, 40 645.90 30405 17405 15988 n 53 24 15 70 15 4745 7696 8944 9 58 33 6 75 20
38R-2, 63 657.03 94818 6148 8477 70 18 12 60 31 10

39R-5, 10 670.60 24177 11935 12008 25 50 25 17 68 15 707 7406 9004 13 54 3 9 72 20
40R-2, 6 675.76 4444 16463 15532 il 47 22 n 65 14 6627 5462 7197 15 51 4 10 69 20
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the proportion of illite through the remainder of the stratigraphic
section. At the lithologic boundary between Subunits [Va and IVb
(820 mbsf), there is about 25% to 30% illite in the I/S. The maximum
amount of interlayered illite is 78%, at a depth of approximately 1220
mbsf (Fig. 6). The development of a regular stacking arrangement of
I/S interlayers produces a second-order superstructure reflection (002*)
at a diffraction angle of approximately 6.5°20 (Moore and Reynolds,
1989). We detected this so-called Reichweite = 1 (R = 1) ordering
beginning at a depth of 1223 mbsf in the <2-pum size fraction; R = |
ordering occurs at a shallower depth of approximately 1100 mbsf in
the <0.2-pm size fraction (Fig. 6). This increase in the illite component
of I/S clays probably has contributed to the negative gradient in discrete
smectite within Subunit IVb (Fig. 5).

Major Elements

The chemical compositions of sediments from Site 808 are remark-
ably uniform throughout most of the section (Pickering et al., this
volume). The average oxide percentages (uncorrected for ignition loss)
are: Si0, = 64.31; Al,O, = 16.12; Fe,y, = 6.25; MnO = 0.40; MgO =
2.50; CaO = 3.28; Na,0 = 2.68; K,0 = 3.04; TiO, = 0.70; and P,0s =
0.30. There are no pronounced gradients as a function of depth or
stratigraphic age, nor did we detect any obvious differences between
the compositions of the trench-wedge deposits (Fig. 7) and those of the
underlying hemipelagites of the Shikoku Basin (Fig. 8). Values of
Na,O (Pickering et al., this volume) have not been corrected for
residual seawater salts, so as much as 50% of the sodium may be
derived from pore-water desiccation. Most of the local increases in CaO
content occur within thin layers of calcareous mudstone, particularly
within the hemipelagic deposits of Subunit IVb, where there are also
local anomalies in MnO and P,Os. The major-oxide data display what
appear to be erratic fluctuations within Unit V (Fig. 8), but these differ-
ences correspond to interbeds of silicic tff and hemipelagic mudstone.

Chemical changes in sediment composition are often described in
terms of elemental atomic ratios or oxide ratios of the major-element
constituents relative to that of an element of low mobility, such as
aluminum. The relevant ratios of oxide weight percentage for Site 808
are shown in Figure 9. There is a subtle increase in the K,O/Al, 04 ratio
below about 900 mbsf, as well as a slight decrease in SiO,/Al,0; within
the Shikoku Basin facies. TiO,/Al,O; ratios shift to lower values
abruptly at the top of Subunit IVa. There are no obvious chemical
perturbations, however, within the décollement zone. The most obvi-
ous anomaly defined by the major elements occurs at a depth of
approximately 1100 mbsf, where there are sharp increases in Fe/
AlLO;, MnO/AlL,0; and CaO/Al,O,, together with a more subdued
increase in MgO/AlLO; (Fig. 9). Within this depth interval of Sub-
unit IVb (1087-1111 mbsf), there are varicolored bands and diffuse
laminae in the bioturbated mudstones, patches of diagenetic carbonate,
and local nodules of siderite (Shipboard Scientific Party, 1991b).
Within Unit V, significant oscillations in the oxide ratios are associated
with differences between tuff and claystone interbeds (Fig. 10).

Minor and Trace Elements

Figures 11 and 12 summarize the results of chemical analyses for
most of the minor and trace elements detected by XRF (see Pickering
et al., this volume, for tables of data). As with the major-oxide data,
most of the samples yielded uniform elemental concentrations as a
function of depth and stratigraphic age. There are subtle but consistent
increases in Zn, Rb, and Cu with depth, and the gradient in Zr is
slightly negative (Fig. 11). Ni and V display several isolated anoma-
lies (both positive and negative), but there are no trends to the back-
ground values (Fig. 11). All of these elements also show departures
from the background gradients within the volcaniclastic succession of
Unit V. At enlarged scales, the patterns for Nd, Cr, Co, Th, Sc, Ga, and
Nb display considerable noise, but there are no meaningful anomalies
or gradients (Fig. 12). None of the minor or trace elements displays
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anomalous values within the décollement zone. Five elements (Ba, Y,
Sr, La, and Ce) show uniform background values throughout the
trench-wedge facies and most of the abyssal-plain facies, except for
dramatic increases in Subunit IVb between 1087 and 1111 mbsf
(Fig. 13). Ba concentrations within this anomalous zone increase by
as much as two orders of magnitude, and the other elements increase
by as much as 4x to 6x. This is the same depth interval in which
anomalies in MgO/Al,Os, Fe,,/Al,O5, MnO/Al,Os, and CaO/Al,O4
ratios were detected (Fig. 9). Concentrations of Sr also increase within
the volcaniclastic facies of Unit V (Fig. 13).

DISCUSSION
Clay Mineralogy

Direct comparisons of the estimated clay-mineral percentages at
Site 808 with results from nearby DSDP sites are not strictly valid
because of differences in analytical technique and peak-intensity
weighting factors. For example, Cook et al. (1975) reported relative
abundances for all common minerals using random mounts of whole-
rock powders. Their findings indicate that illite is the most abundant
clay mineral at both Site 297 (Shikoku Basin) and 298 (Nankai prism);
smectite (montmorillonite) values are subordinate except within the
Shikoku Basin at depths greater than 600 mbsf, where relative per-
centages for the <2-[im size fraction increase to45% to 57%. Chamley
et al. (1986) likewise reported an illite-rich (30% to 50%) and chlo-
rite-rich (20% to 35%) assemblage of clay minerals at Sites 582 and
583. Smectite relative percentages increase to 25% to 40% within
lower Pleistocene and Pliocene hemipelagic deposits of the Shikoku
Basin (566-749 mbsf); I/S also increases relative to other clay min-
erals over this same depth interval (Chamley et al., 1986).

Smectite increases considerably in Miocene mudstones from the
lower parts of Holes 442, 443, and 444, which were drilled near the
center of the Shikoku Basin during DSDP Leg 58 (Chamley, 1980).
In contrast, Pliocene-Pleistocene deposits at those reference sites are
characterized by heterogeneous mixtures of smectite, illite, chlorite,
mixed-layer clays, and kaolinite, similar to the clay-mineral assem-
blages of Nankai Trough. As suggested by Chamley et al. (1986), the
changes in smectite content within the Nankai Trough stratigraphy
could be a result of temporal and/or spatial differences in detrital
sources (i.e., focused flux into the trench wedge vs. a more diffuse
supply of abyssal-plain muds from multiple sources). Alternatively,
one might attribute the enrichment of smectite and I/S clays at greater
depths to in-situ replacement of volcanic glass shards and the early
stages of illitization of the authigenic smectite.

Most of the overall trends in clay-mineral percentages at Site 808
agree with the results of previous workers. In particular, the percent-
ages of smectite are relatively low, especially for a depositional envi-
ronment that is bordered by active volcanic arcs. All of the data sets
show increases in smectite below depths of about 500 mbsf. At Site
808, the relative percentage of smectite reaches a maximum at a depth
of approximately 800 mbsf. One major departure from the previous
results is the monotonic reduction in discrete smectite beginning at a
depth of about 820 mbsf; this depth range, however, is deeper than
the maximum penetration of previous DSDP holes, so we have no
means of assessing its regional occurrence.

There are three reasonable explanations for the depletion of smec-
tite within Subunit IVb: (1) a change in detrital source area; (2) a
change in the amount of volcanic activity and/or chemical weathering
of volcanic rocks within the source area(s); and (3) clay diagenesis
within the Shikoku Basin, with alteration of discrete detrital smectite
to mixed-layer I/S. These explanations are not mutually exclusive,
and because of the extreme physical mobility of suspended clays
within surface waters and the bottom nepheloid layer, the possibility
of clay-mineral homogenization following detrital influx from several
subaerial sources must be considered. Several observations, however,
lead us to conclude that Subunit IVb contained less smectite before
the effects of diagenesis were imparted. One important consideration
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Figure 6. Estimates of percent illite in I/S mixed-layer clays at Site 808.
Symbols denote two groups of size fractions: <2-pum (open circles) and
<0).2-pum (solid dots). Calculations are based on the angular separation (A°28)
between the composite illite (001 )/smectite (002) peak at 9.0°-10.3°26 and the
illite (002)/smectite (003) peak at 15.8°-17.4°26 (Fig. 3; Moore and Reynolds,
1989). The initial appearance of R = | ordering is based on a second-order
superstructure reflection (002*) at a diffraction angle of approximately 6.5°26.

is the paucity of discrete volcanic ash layers within Subunit IVb;
presumably, this lithofacies change also coincided with a reduction in
the amount of disseminated glass shards which served as precursors
for authigenic smectite in the mudstones. Data from discrete ash layers
show that smectite begins to replace glass shards at a depth of ~200
mbsf, and below 550 mbsf the concentration of clay minerals within
the ash deposits increases dramatically (Masuda et al., this volume).
These data prove that the chemical conditions within Sub-unit IVb
have been appropriate for smectite to form. The upper boundary of
Subunit IVb also marks an abrupt termination of zeolite mineralization
within the bulk mudstones, and this is probably due to an absence or
reduction of glass shards as a starting product for zeolitization. Com-
pared to Subunit IVa and Unit II1, pyroclastic activity obviously was
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limited in the detrital source area(s) during the accumulation of
Subunit IVb, which probably led to a modest amount of subaerial
weathering of volcanic source rocks and formation of detrital smec-
tite. We believe, therefore, that less detrital smectite was transported
into the Shikoku Basin during its early stages of sedimentation, and
less smectite was produced via in-situ alteration of disseminated ash.
On the other hand, it is also clear that illitization of both detrital and
authigenic smectite components becomes increasingly significant
with depth, such that specimens from below 900 mbsf typically
contain more than 30% illite in the I/S phase. Consequently, clay
diagenesis contributed to the negative smectite gradient within
Subunit IVb.

Smectite-Illite Diagenesis

Peaks produced by a composite of disordered I/S (R = 0) first
appear in mudstone samples at a stratigraphic position of ~555 mbsf
(Fig. 6). The estimated temperature at this depth bolsters the interpre-
tation of diagenetic alteration of detrital and/or authigenic smectite to
illite. The seafloor temperature at Site 808 is ~2°C (Shipboard Scien-
tific Party, 1991b). The average geothermal gradient recorded in the
upper 350 m of the stratigraphic section is ~110°C/km (Shipboard
Scientific Party, 1991b). If we assume that this gradient remains linear
to a depth of 560 mbsf, then the temperature associated with the
beginning of illitization is ~65°C. Similarly, the temperature extrapo-
lated to 1200 mbsf would be ~130°C. These temperatures are best
viewed as maxima, however, because if one assumes constant heat
flow and considers the effects of increasing thermal conductivity with
depth, the thermal gradient must be nonlinear. Kastner et al. (this
volume) arrived at independent estimates of thermal conditions using
the Mg-Li geothermometer; they calculated a temperature of 120°C
at 1200 mbsf, so an average gradient of approximately 110°C/km
appears to be reasonable.

Beginning at a depth of 900 mbsf (~100°C), the I/S phase typically
contains greater than 30% illite (Fig. 6). The initial appearance of
R = 1 ordering in the <2-um size fraction occurs at a depth of
approximately 1220 mbsf (~135°C). In typical shales, the transition
from random to ordered interlayers occurs with 60% to 70% illite
layers (Bethke et al., 1986). The results from Site 808 are consistent
with this general trend (Fig. 6). Within the finer size fraction
(<0.2 um). R = 1 ordering first appears at a shallower depth of about
1060 mbsf and at an estimated temperature of 120°C; the illite
component of the <0.2-pm I/S phase is about 55%. This acceleration
of illitization within the finer size fraction is also typical (e.g., Hower
et al., 1976; Jennings and Thompson, 1986).

Temperature is the most important factor in the smectite-to-illite
transition, but the reaction is affected by many other internal and
external variables, such as hydraulic and differential burial pressures,
host-rock porosity and permeability, water-rock ratios, pore-water
chemistry, abundance of specific interlayer cations in the smectite,
bulk host-rock mineralogy, the nature of lithologic interbedding,
chemical composition of the precursor smectite, content of organic
matter, and reaction time (Hower et al., 1976; Eberl and Hower, 1977;
Eberl, 1978; Roberson and Lahann, 1981; Bruce, 1984; Colten-
Bradley, 1987; Yau et al., 1987; Velde and lijima, 1988; Velde and
Espitalie, 1989; Whitney, 1990). Empirical correlations of I/S ratios
with burial temperature and heating time suggest that the progress of
reactions can be modeled according to kinetic rate laws (Eberl and
Hower, 1976; Bethke and Altaner, 1986; Pytte and Reynolds, 1989).

Because so many factors are involved, it is not surprising that
starting temperatures and gradients of illitization both vary from one
borehole site to another (e.g., Perry and Hower, 1970; Dypvik, 1983;
Bruce, 1984; Ramseyer and Boles, 1986; Velde and Iijima, 1988;
Freed and Peacor, 1989b). On the Gulf Coast, for example, the
temperature range extends from 58° to 92°C for onset of illitization,
and /S ratios reach 70% to 80% illite at temperatures of 88° to 142°C
(Freed and Peacor, 1989b). In contrast, Tribble (1990) documented
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Nankai Trough -- trench-wedge sediments
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Figure 7. Plots of major-element oxides (wt%) for Units 1, I1, and III at Site 808 (trench-slope, trench-wedge, and trench-to-basin transition). See Pickering

et al. (this volume) for a complete listing of data.

an intriguing example from the Barbados accretionary prism, in which
illitization apparently has been accelerated, such that smectite altera-
tion began at temperatures as low as 24°C (see also Schoonmaker et
al., 1986). Data from the Nankai accretionary prism are well within
the anticipated window of burial temperature (~60° to 90°C). Conse-
quently, we see no reason to invoke special circumstances to account
for the documented diagenetic trend.

According to kinetic models, I/S reaction rates slow down consid-
erably as the mixed-layer composition approaches that of pure illite
(Bethke and Altaner, 1986; Pytte and Reynolds, 1989). Higher activa-
tion energies are associated with illitic I/S, which provides one expla-
nation for why mixed-layer phases with 15% to 20% expandable layers
persist well beyond the so-called completion temperature. A second
factor, in some instances, is the exhaustion of K-feldspar in host rocks
or adjacent deposits as a source for the dissolved potassium and alu-
minum required by the illitization reaction (Perry and Hower, 1970;
Hower et al., 1976; Bruce, 1984; Jennings and Thompson, 1986).

The type of 1/S ordering is also sensitive to several variables,
including the geothermal gradient. For example, the change from R =0
(disordered) to R =1 (ordered) I/S can occur at burial temperatures as
low as 50° to 80°C, particularly where geothermal gradients are
relatively low (Velde et al., 1986). In other first-cycle basins, random
(R = 0) ordering persists to temperatures of 100° to 130°C, even with
geothermal gradients of 25° to 30°C/km (Velde and lijima, 1988;
Hansen and Lindgreen, 1989). Data from active continental geother-
mal fields provide the best match for the results at Site 808. Among
other things, the geothermal sites prove that I/S reactions can move to
completion in sediments that are only 1 to 2 Ma in age, but the temper-
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atures required for R = 1 ordering under these circumstances are
between 135° and 155°C (Jennings and Thompson, 1986; Walker and
Thompson, 1990). It seems likely that peak temperatures in the Shikoku
Basin hemipelagic facies were attained within the last 0.5 m.y. (i.e.,
after the rapid deposition of the overlying Nankai turbidite wedge).
Thus, formation of ordered I/S clays probably has been retarded
somewhat by insufficient heating times at Site 808, at least as compared
to older stratigraphic examples with much longer burial histories.

Two of the more important aspects of the smectite-to-illite trans-
formation involve the release of interlayer water into the pore system
of the host mudrock and the corresponding development of excess
pore-fluid pressures if the liberated water cannot dissipate (Burst,
1969; Bruce, 1984; Colten-Bradley, 1987; Freed and Peacor, 1989a;
Vrolijk, 1990). In the case of the Nankai accretionary prism, we know
that the depth interval containing I/S clays coincides with a decrease
in chlorinity values for interstitial fluids (Shipboard Scientific Party,
1991b; Kastner et al., this volume). Chloride values begin to decrease
from maxima of approximately 590 mM at 560-580 mbsf to minima
of 450 mM at 1040—1080 mbsf. Over this same depth interval, H,SiO,
concentrations in the interstitial water decrease. Past dissolution of
volcanic glass may have removed this reactive component, with
vertical migration of pore fluid leading to higher dissolved silica con-
centrations above Unit IV. Potassium concentrations also decrease
sharply in the interstitial waters beginning at a depth of about 400
mbsf (Shipboard Scientific Party, 1991b); this could be caused by
potassium uptake by illite interlayers in the mixed-layer clays.

One important question is whether or not the monotonic change
in pore-water chlorinity can be attributed to in-situ dehydration of
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Figure 8. Plots of major-element oxides (wt%) for Units IV and V at Site 808 (Shikoku Basin deposits). See Pickering et al. (this volume) for a complete

listing of data.

smectite, which exists both as a detrital phase and as a replacement
product of volcanic glass shards. A related question is whether or not
the change in the chlorinity gradient at about 820 mbsf is related to a
decrease in the rate at which smectite alters to I/S. We have not
completed rigorous mass-balance calculations, but it seems clear from
bulk-mud and clay-mineral XRD data that the total amount of smectite
in a typical mudstone is not large enough to account for a 25% dilution
of chloride in the interstitial water. Except for the local occurrences of
bentonitic layers in Unit I'V, the relative percentages of smectite within
the clay-mineral population are no higher than about 40% for the
<2-um size fraction and 25% for the 2- to 6-um size fraction (using
Biscaye weighting factors). If the shipboard estimates of total clay-
mineral abundance in the bulk powders are anywhere close to correct,
then the typical amount of smectite in the bulk mudstone is less than
10%. If allowances are made for amorphous constituents undetected
by XRD (e.g., opaline silica, volcanic glass), then the total nondiage-
netic component of expandable clay becomes even lower, probably
less than 5% of the average bulk mudstone.

Vrolijk et al. (1991) summarized the results of mass balance calcu-
lations of chloride dilution caused by mixing of fresh interlayer water
with saline pore waters, using results from the Barbados accretionary
prism to limit some of the boundary conditions. Three variables
control this relationship: (1) bulk porosity, (2) percentage of smectite
in the total solid fraction, and (3) percentage of the interlayer water
expelled from the smectite. Porosity values at Site 808 over the depth
interval of 560-1080 mbsf range from 45% down to 30% (Shipboard
Scientific Party, 1991b). If one assumes a porosity value of 30%, and
50% expulsion of interlayer water via transformation to a mixed-layer

I/S, then roughly 50% of the original bulk solid volume must be
composed of smectite to lower the chlorinity to 450 mM/L (Vrolijk
et al., 1991). Increasing the expulsion value to 100% (complete
transformation to illite, with loss of both interlayer water and struc-
tural water) still requires a bulk smectite concentration of 25%.

Obviously, smectite concentrations are too low and the progression
of illitization reactions at Site 808 are not advanced enough to account
for the dilution of pore-water chlorinity via in-situ dehydration of clay
minerals. Moreover, the alteration of volcanic ash to authigenic smec-
tite and zeolites, particularly within Subunit IVa, should consume
substantial amounts of H,0, perhaps equivalent to >3% seawater
concentration (Kastner et al., this volume). We acknowledge, therefore,
that interstitial seawater has been diluted by fresh water released by
smectite dehydration reactions, and that some of the dilution may have
occurred in situ, but we also conclude that lower-chlorinity pore water
has been imported from other portions of the accretionary prism.

It seems logical to suggest that diluted pore fluids migrated from
deeper in the prism, where porosities are lower than 30%. One pos-
sible migration pathway is the décollement zone. Evidence for active
fluid flow along the décollement is lacking, but an intense transient
advective pulse could have injected low CI~ fluid roughly 300,000 yr
ago, followed by diffusive downward migration (Kastner et al., this
volume), This particular pathway is not necessarily mandated by the
data, however. For example, slow movement may have been centered
near the horizon of the CI” concentration minimum, or there could
have been mixing between two advective systems, one centered at the
CI” minimum, the other at the 820 mbsf lithologic boundary between
Subunits IVa and IVb. This final hypothesis is supported by changes
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Figure 9. Plots of major-element oxide ratios at Site 808. Fluctuations within Unit V are related to differences between interbeds of
siliceous tuff and hemipelagic mudstone (Fig. 10). The slight gradients in Si0/Al,05 and K50/Al,05 are probably a consequence of
volcanic ash alteration and uptake of potassium by illite interlayer in I/S clays. Note the sharp increases in Fe,,,,/Al,04, MnO/AlLO4, and
CaO/Al,04 in the vicinity of 1100 mbsf. See Pickering et al. (this volume) for a complete listing of data.
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Figure 10. Comparisons among major-element oxide ratios for Unit V at Site 808. Geochemical domains are plotted relative
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See Pickering et al. (this volume) and Masuda et al. (this volume) for complete listings of data.

in "0, D, and Sr isotopes across the décollement zone (Kastner et
al., this volume). Fluids below the décollement probably were de-
rived from deep-seated portions of the accretionary prism, where
underplated mixtures of lower Shikoku Basin mudstones and rhyolitic
tuffs have been subjected to advanced stages of illitization.

Only one site was drilled during Leg 131, so we have no means of
documenting the possible effects of lateral fluid migration. The docu-
mented gradients in borehole temperature and near-surface heat flow
certainly are high enough all along the strike of the subduction front
to promote widespread smectite dehydration, beginning within the

600- to 1200-mbsf interval of the accretionary prism (Yamano et al.,
1984, 1992; Kinoshita and Yamano, 1986; Ashi and Taira, in press).
Heat flow decreases systematically with distance toward the shoreline
of southwest Japan; this heat-flow gradient depresses the ideal tem-
perature window for illitization deeper into the prism with distance
from the deformation front. Without knowing the exact subduction/
accretion trajectories for given parcels of mudstone, it is difficult to
predict when or where the ideal temperature conditions for clay-min-
eral dehydration will be encountered first. The residence time within
this temperature window also must be balanced against the effects of
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Figure 11. Plots of selected minor- and trace-element abundances (ppm) at Site 808. Note the slight negative gradient in Zr and the positive gradients in
Zn, Rb, and Cu as a function of depth. Background concentrations of Ni and V are fairly uniform. See Pickering et al. (this volume) for a complete listing
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Figure 12. Plots of selected minor- and trace-element abundances (ppm) at Site 808. These elements do not show any significant variations as a function
of depth or lithostratigraphy. See Pickering et al. (this volume) for a complete listing of data.

all kinetic parameters. A unique solution to this problem, therefore,
seems unattainable. As an additional complication, clay-mineral data
from DSDP sites in the Shikoku Basin suggest that many parts of the
abyssal-floor stratigraphy are enriched in smectite relative to the
hemipelagic muds at Site 808 (Chamley, 1980). Therefore, the possi-
bility of a lateral component of fluid flux from a comparable zone of
high heat flow within the prism toe, but one containing smectite-en-
riched strata, also should be considered.

Sediment Geochemistry
Mudstones

The background data for most geochemical constituents at Site
808 are in agreement with previous analyses of samples from DSDP
Sites 297, 582, and 583 (Donnelly, 1980; Kawahata et al., 1986; Minai
et al., 1986). Overall, the chemical compositions are remarkably
homogeneous throughout the Nankai accretionary prism, with a few
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et al. (this volume) for a complete listing of data.

exceptions, as discussed below. Most of the minor and trace elements
likewise display uniformity through most of the sediment column.
The similarities among turbidites of the Nankai trench wedge and
underlying hemipelagic mudstones of the Shikoku Basin lead us to
conclude that both facies units shared the same basic source of
sediment. Within Unit V, however, the ratios of SiO,/Al,0,, K,0/
Al O;, and Fe,,,,/Al,0; all increase with respect to the average mud-
stone at Site 808 (Fig. 10). As discussed in the following section on
volcanic ash data, this chemical change is probably a response to
differences in the original bulk mud composition rather than in-situ
alteration of disseminated volcanic glass.

The silica concentrations for background mudstones at Site 808
typically range from 62% to 69%. The average SiO./Al,O; ratio is
approximately 4.0 (Fig. 14), and the trench-fill turbidites (Fig. 7) are
slightly enriched in SiO, relative to the mudstones deposited in Shikoku
Basin (Fig. 8). These data generally match mudstone compositions from
the Leg 31 and Leg 87 drill sites (Fig. 14). Minai et al. (1986) suggested
that slight variations in silica concentration at Sites 582 and 583 are
due to fluctuations in bulk mineral composition and grain-size distri-
bution. A large component of the total silica budget, particularly within
the trench-wedge facies, probably is tied up in silt-sized detrital quartz.

In contrast to the Nankai Trough and Shikoku Basin data, the silica
contents of pelagic mudstones located farther to the north in the Japan
Trench (Site 584) are significantly higher, reaching weight percent-
ages of 67% to 88% (Kawahata et al., 1986; Minai et al., 1986). This
Si0, enrichment in the Japan Trench can be attributed to a substantial
increase in the biogenic pelagic constituents (particularly diatoms),
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combined with a greatly reduced siliciclastic influx from northern
Honshu (Coulbourn, 1986).

The TiO,/Al,0; ratio is often cited by sedimentary geochemists
as a key to interpretations of detrital mineral provenance, as well as
a parameter to characterize the differences between terrigenous and
pyroclastic influx. Many terrigenous sediments, for example, have
TiO,/Al,0, ratios of about 0.037 (Wang et al., 1990), and the average
value for the Pacific Ocean is 0.045 (Bostrom et al., 1976). Ti/Al-
oxide ratios within the trench-wedge facies at Site 808 are only
slightly lower than this average (0.043 £ 0.001). Close agreement in
TiO4/Al,O, with data from Site 582 (Fig. 14) reinforces the interpre-
tation of a common detrital provenance along the length of the trench
wedge (i.e., trends are consistent with SiO,/Al,O, ratios, clay miner-
alogy, and sand petrography). In addition, lower Ti/Al-oxide ratios
(~0.039) are characteristic of the Unit IV mudstones at Site 808, and
there is a clear step-like shift in TiO,/Al,O; at the lithofacies boundary
between Unit 111 and Subunit IVa (Fig. 9). The titanium depletion
matches results from the abyssal-plain reference section represented
by Shikoku Basin sediments at Site 297. In general, the mean values
for Site 808 also agree with data from Sites 442, 443, and 444, which
were drilled near the center of Shikoku Basin (Sugisaki, 1980). The
largest deviation is in values of CaO/Al,O;, which are higher in the
basin center due to greater amounts of biogenic pelagic settling.

Chemical effects of sediment diagenesis also are evident, particu-
larly within the Shikoku Basin mudstones of Unit IV. Absolute values
of K, O, for example, increase from about 3% to 4% within the lower
Shikoku Basin deposits (Fig. 8). There is also a slight positive gradient
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in the K,0/Al,0; ratio (Fig. 9), as well as a clear increase in the
concentration of Rb (Fig. 11). These geochemical depth trends match
the zone in which dissolved potassium in pore waters decreases to
minimum values and the percentage of illite in I/S increases from
~20% to ~60%. We conclude that the chemical changes were caused
by uptake of K and Rb by authigenic illite.

Some of the remaining chemical variability displayed by strata at
Site 808 (as well as among other sites in the region) could be due to
small admixtures of volcanic ash in the mudstones. Below, we assess
the extent of mixing among siliciclastic and pyroclastic constituents
by comparing chemical data from the mudstones directly with data
from discrete interbeds of volcanic ash and vitric tuff.

Volcanic Ash Geochemistry

Chemical analyses of ash deposits at Site 808 (Shipboard Scientific
Party, 1991b; Masuda et al., this volume) show significant but erratic
departures from the bulk sediment geochemistry. The range of ob-
served Ti/Al-oxide ratios, for example, is approximately 0.010 to
0.050, and there is a pronounced decrease in this ratio within the
ash-rich intervals of Unit IIl and Subunit I'Va (Fig. 15). Overall, SiO,
contents for ash range from 56% to 80%, and silica/alumina ratios vary
between about 2.5 and 7.5 (Masuda et al., this volume). Between 560
and 820 mbsf, ratios of SiO,/Al,0;, TiO,/Al,O;, MgO/AlLL O, and
K,0/Al,O4 generally decrease in the ash layers, but fluctuations are
erratic with respect to the more homogeneous interbeds of mudstone
(Fig. 15). The chemical heterogeneity of the pyroclastic material is
generally consistent with the documented range of andesitic to rhyolitic
sources of explosive volcanism on the Japanese Islands (Masudaet al.,
this volume). As discussed previously, partial alteration of the glass
shards has led to the formation of smectite within discrete ash layers
and a depth-dependent increase in the percentage of illite within I/S
clays (Shipboard Scientific Party, 1991b; Masuda et al., this volume).
However, the chemical effects of the illitization reactions have not
produced clearly defined gradients in the bulk ash geochemistry
(Fig. 15). Moreover, because of the chemical homogeneity of mud-
stones throughout most of the Site 808 section (Fig. 15), there is little
chemical evidence to support the idea of mixing abundant pyroclastic
debris into hemipelagites within Unit III and Subunit IVa.

In contrast to the heterogeneous ash deposits of Unit III and
Subunit 1Va, all but one of the tuff beds within Unit V are highly
siliceous, with most samples containing between 72% and 80% silica
(Pickering et al., this volume; Masuda et al., this volume). Si0»/Al,O;
ratios are consistently greater than the average bulk mudstone from
Site 808, and values are as high as 8.8 (Fig. 10). There is also a
pronounced chemical divergence between Unit V claystones and
tuffs, which suggests that the multicolored siliciclastic interbeds
contain little disseminated ash. The tuff layers are depleted in TiO,,
Fe o, MgO, and K,O relative to the claystone (Fig. 10). In addition,
chemical compositions are more uniform than those of ash deposits
in Unit IIT and Subunit IVa (Figs. 10 and 15). This chemical uniformity
indicates that the Miocene pyroclastic eruptions probably emanated
from a single rhyolitic source.

Geochemical data from DSDP Leg 31 and Leg 87 sites likewise
illustrate the diversity of ash transported into the Nankai Trough and
Shikoku Basin. For example, data from Site 297 (Donnelly, 1980)
show a consistent increase in K,O/AlL O, for ash layers relative to the
background hemipelagic mud (Fig. 14). The K,0/Al,O; ratios for
most of the ash layers at Site 808, in contrast, show consistent
decreases with respect to the mudstone interbeds (Fig. 15). In addi-
tion, the ash at Site 297 contains consistently lower Fe,/ALLO,,
TiO,/Al,05, and MgO/Al,O; ratios and higher SiO,/Al,O; ratios
(relative to the host mudstones), whereas the same oxide ratios are
much more erratic with respect to the mudstone background at Site
808. Chemical data are sparse for Site 297, so it is not clear how much
of the disparity is due to ash alteration with depth, as opposed to
chemical differences in the volcanic sources that supplied Sites 297
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and 808, respectively. Chemical analyses of volcanic glass from Sites
582 and 583 (Pouclet et al., 1986) add to the complexity, These ash
layers also yield consistently higher silica contents than the back-
ground mudstones (Fig. 14). Most of that glass is dacitic to rhyolitic
in composition (Si0, = 69% to 74%), with medium values of K,O
(2.3% to 4.1%) and relatively low values of Al,O; (11.1% to 15.1%).
Thus, even though the chemical compositions of the dominant mud-
stone lithologies are quite uniform throughout the Nankai-Shikoku
depositional system, the volcanic glass component clearly has been
derived from multiple sources.

We agree with the assessment of Pouclet et al. (1986), who
identified the principal pyroclastic source as the Quaternary volcanic
arc of southwest Japan, including the Izu-Honshu collision zone
(Fig. 1). A second likely source is associated with explosive volcanic
centers on Kyushu. Rhyolitic eruptions during the middle Miocene
(Unit V at Site 808) were unique; they probably were related to a
widespread phase of near-trench magmatism, as preserved within the
Shimanto Belt and related units of the Outer Zone of southwest Japan
(e.g., Oba, 1977; Shibata and Ishihara, 1979; Terakado et al., 1988;
Hibbard and Karig, 1990). It may be that some of the Miocene
eruptions occurred within the submerged accretionary prism, thereby
triggering subaqueous pyroclastic surges and high-concentration tur-
bidity currents that moved into the Shikoku Basin well seaward of the
paleo-subduction front.

Hydrothermal Anomaly

Perhaps the most enigmatic result from chemical analyses of the
bulk mudstones at Site 808 is the zone of anomalous elemental
concentrations between 1087 and 1111 mbsf. Samples within this
interval yield vastly elevated ratios of CaO/Al,0;, MgO/AlLO;,
Fe ./ Al,O5, and MnO/ALO;, and there are smaller positive anoma-
lies (particularly CaO and MnO) that extend down to depths of around
1200 mbsf (Fig. 9). The ratios SiO,/Al,0; and TiO,/Al,0; do not
change appreciably over this interval, which suggests that the chemi-
cal signature is not related to detrital or pyroclastic influx. In addition,
three samples between 1087 and 1111 mbsf have large increases in
the concentration of Ba, Y, La, Ce, and Sr (Fig. 13).

The anomalous zone near 1100 mbsf probably was caused by
chemical precipitates from a hydrothermal fluid, though perhaps at
a relatively low temperature. In support of this idea, we note that
patches of diagenetic carbonate (including siderite) were detected
during the shipboard core descriptions (Shipboard Scientific Party,
1991b), and this material could contain appreciable quantities of Mn
(up to 50 mol%), Mg (3-8 mol%), Sr, and Fe. Preliminary miner-
alogic analyses also indicate the presence of apatite, rhodochrosite,
barite, pyrite, anatase, and rutile within this zone (Kastner et al., this
volume). We believe that a detailed program of X-ray diffraction and
chemical analyses, with a much closer sample spacing and focused
targets, must be completed before the absolute chemical contribu-
tions of Ca-bearing and Fe-bearing carbonates, barite, and the other
minerals can be quantified.

We also have no means of determining when the inferred hy-
drothermal anomaly was imposed on the mudstones of Subunit IVb.
One possibility would be during the early stages of sedimentation
above newly formed lithosphere of Shikoku Basin. The stratigraphic
interval in question contains nannofossils that are 11.1 to 12.2 Ma in
age (Shipboard Scientific Party, 1991b). According to Chamot-Rooke
et al. (1987), the central region of Shikoku Basin experienced a final
phase of highly disorganized volcanic activity between 15 and 12 Ma.
Thus, the sediments could share some of the characteristics of
ophiolite-related umbers (e.g., Robertson and Hudson, 1974), which
are broadly analogous to the metalliferous sediments associated with
hydrothermal circulation at many mid-ocean spreading centers (e.g.,
Bonatti, 1975). It is important to note, however, that we uncovered
no evidence of chemical gradients towards the basaltic basement at
Site 808, as might be expected with simple vertical movement within
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a hydrothermal convection cell (e.g., Drever, 1976). Therefore, we
suggest that lateral injection of warm fluid early in the depositional
history of Shikoku Basin provides a better explanation. Alternatively,
the chemical precipitates may have formed very recently. According
to this third hypothesis, the acquired geochemical signal would be
related to advection of fluids from greater depths in the accretionary
prism. Shipboard measurements of physical properties do show er-
ratic values of porosity and water content in the vicinity of 1100 mbsf
(Shipboard Scientific Party, 1991b), but why fluids enriched in Ca,
Mn, Mg, and Fe (plus Y, Ba, Sr, La, and Ce) would become focused
in this relatively narrow interval remains unknown. Additional labo-
ratory research obviously is needed to provide adequate tests of these
provisional ideas.

CONCLUSIONS

Preliminary interpretations of the clay-mineralogy data from Site
808, together with the results of bulk-mudstone geochemical analy-
ses, have led to the following conclusions:

1. The relative percentages of the principal clay minerals do not
change significantly within the turbidite wedge of the Nankai Trough
(Unit IT). Illite is the most abundant detrital clay mineral, followed
successively by chlorite, smectite, and kaolinite. The same basic det-
rital assemblage is also characteristic of the underlying hemipelagic
deposits of the Shikoku Basin. There are no deviations in clay
mineralogy within the décollement zone.

2. There is a monotonic increase in smectite content within the
upper Shikoku Basin facies (Subunit IVa). This enrichment of ex-
pandable clays can be attributed, in part, to diagenetic alteration of
disseminated volcanic ash, and the increase starts at a depth of

approximately 560 mbsf (Unit III). Smectite begins to decrease
relative to other clay minerals at a depth of 820 mbsf, probably for
two reasons. First, there were lesser amounts of detrital smectite,
disseminated glass shards, and discrete layers of ash deposited in the
lower Shikoku Basin facies (Subunit I'Vb). Second, burial tempera-
tures within this part of the accretionary prism have reached high
enough levels within the past 0.5 m.y. to promote the transformation
of smectite to illite.

3. There is a regular increase in the illite content of I/S within
Units III and IV. The initial appearance of diagenetic I/S occurs at a
depth of approximately 555 mbsf. If linear extrapolation of the
shallow geothermal gradient is valid to this depth, then the present-
day temperature associated with the initial formation of random
(R = 0) I/S interstratification is ~65°C. R = | ordering in the <2-um
size fraction first occurs at a depth of 1220 mbsf and a temperature
of ~135°C. Within the <0.2-um size fraction, R = 1 ordering first
appears at a depth of 1060 mbsf and a temperature of ~120°C. These
results are consistent with data from other sedimentary basins, par-
ticularly those where geothermal gradients are abnormally high (i.e.,
active geothermal fields).

4. The progressive increase in illite interlayers in I/S mixed-layer
clays occurs over the same depth interval as a documented reduction
in pore-water chlorinity. However, the absolute abundance of smectite
in the Shikoku Basin section at Site 808 (Unit I'V) appears to be much
too small to generate the necessary volume of fresh water entirely
through in-situ smectite dehydration. Therefore, low-chlorinity pore
waters probably migrated to Site 808 from another source. We believe
that the most likely sources are located deeper in the accretionary
prism, where lower porosities and/or higher smectite percentages
would promote greater amounts of pore-water dilution during smectite
dehydration. Alternatively, some lateral migration may have occurred
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within the prism toe from pockets of Shikoku Basin mudstone con-
taining greater percentages of detrital and/or authigenic smectite.

5. Overall, the hemipelagic mudstones at Site 808 display uniform
chemical compositions, and this trend is consistent with the relatively
homogeneous mineralogies detected through X-ray diffraction. There
are no anomalies in major elements, minor elements, or trace elements
for mudstones recovered from the décollement zone. The geochemical
data, therefore, reinforce our analyses and interpretations of the relative
clay mineral percentages, which change only slightly down-section. A
slight increase in K,O and Rb within the Shikoku Basin facies is
probably due to uptake of those cations by illite layers in I/S clays.

6. Comparisons of bulk mudstone compositions with data from
layers of volcanic ash at Site 808 (plus ash layers from DSDP Sites 297,
582, and 583) show that the pyroclastic material has been transported
into the Nankai trench wedge and the Shikoku Basin from a variety of
andesitic to rhyolitic sources. For the most part, however, dissemina-
tion of ash into the background mud deposits has not resulted in
significant departures from the average bulk mudstone geochemistry.
Geochemical divergence is particularly pronounced between interbed-
ded rhyolitic tuffs and variegated claystones of Unit V, which formed
during incipient stages of sedimentation above the basaltic basement.
We correlate the Unit V tuffs with silicic magmatic bodies throughout
the Outer Zone of southwest Japan, and speculate that some of the
anomalous near-trench eruptions may have been subaqueous.

7. The only dramatic geochemical anomaly at Site 808 occurs
between 1087 and 1111 mbsf, where we discovered sharp increases in
Ca0/AlLLO5, MgO/ALLO,, Fe,,,/Al,O;, and MnO/Al,O, ratios, together
with abnormally high concentrations of Ba, Y, La, Ce, and Sr. This
anomalous zone is probably related to precipitation of Ca- and Fe-car-
bonates, barite, and other minerals from hydrothermal fluids, but we
are uncertain as to the timing of the event. One possibility would be
early in the depositional history of Shikoku Basin, as umbers formed
above juvenile oceanic crust; the alternative explanation would be
during Holocene migration of fluids originating from deep within the
Nankai accretionary prism.
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