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16. PETROLOGY OF THE BASALTIC ROCKS OF THE NANKAI TROUGH BASEMENT!

F. Siena,? M. Coltorti,? E. Saccani,? and C. Vaccaro?

ABSTRACT

Major- and trace-element analyses, mineral chemistry, and Sr-Nd isotopic determinations were obtained on representative
igneous rocks drilled from the Nankai accretionary complex (Site 808) during Ocean Drilling Program Leg 131. For the first time,
the oceanic basement of the subducting plate below an accretionary prism has been reached. The Nankai Trough basement was
encountered at a depth of 1289.9 mbsf and a total of 37.1 m of igneous rocks, middle Miocene (15.6 Ma) in age, was penetrated.

Two main lithological units have been distinguished from the top downward; sill-like rocks (Unit I: Cores 105, 106, 107) and
pillow lavas (Unit IT: Core 108). Basalts are predominantly nonvesicular, hypocrystalline, aphyric to slightly phyric with intersertal
to intergranular textures. Alteration is generally slight to moderate. All the basaltic rocks are cut by ramifying veins of varying
widths. Secondary mineral assemblages (including vein fillings) are typical of submarine alteration and zeolite to low greenschist
facies metamorphism.

The order of crystallization of primary minerals is: olivine, plagioclase, clinopyroxene. This, together with mineral chemistry,
characterized by forsteritic olivine (Fo 84-85), highly anorthitic plagioclase (up to An 90), and in particular the composition of
clinopyroxene, are typical of normal mid-ocean ridge basalts (MORB).

In terms of Zr/Y (2.9-3.8) and Zr/Nb (21-58), all the analyzed samples plot in the normal MORB field. The chondrite-nor-
malized REE patterns confirm the close affinity with normal MORB type (Lay/Smy: 0.6-0.8). Note that such magmatism does
not reveal any evidence of subduction-related geochemical components. The *7Sr/*Srisotopic ratios range from 0.70339 in pillow
lavas to 0.70317 in the least-altered basalts of sill units (ratios reduced to 0.70265-0.70271 by HCI 2.5 N hot leaching), whereas
"INd/"**Nd ratios are 0.51314-0.51326. These values conform with those of normal MORB.

Stratigraphy, petrography, and geochemistry of the basaltic rocks recovered at Site 808 appear very similar to those from the

Shikoku Basin basement (particularly Sites 442 and 443, DSDP Leg 58), analogously identified as normal MORB.

INTRODUCTION

The Nankai Trough marks the subduction boundary between the
Shikoku Basin (oceanic Philippine Sea Plate) and the southwest Japan
arc (continental Eurasian Plate). The Shikoku Basin was formed as a
backarc basin behind the 1zu-Bonin arc by mostly east-west (and later
northeast-southwest) spreading episodes during late Oligocene to
middle Miocene (25 to 15 Ma) (Kobayashi and Nakada, 1978; Shih,
1980; Chamot-Rooke et al., 1987). The fossil spreading axis lies in
the central part of the Shikoku Basin and is being subducted at the
central sector of the Nankai Trough. The accretionary complex is one
of the best-known clastic prism complexes and is continuous from the
present deformation front in the Nankai Trough to the Cretaceous-
Tertiary accretionary complex, the Shimanto Belt, which crops out in
the neighboring areas of the southwest Japan arc (Fig. 1).

Ocean Drilling Program (ODP) Site 808 (Leg 131) is located in
the accreted and deformed sediments at the toe of the prism, and
immediately eastward of the subducting fossil-spreading axis of the
Shikoku Basin.

Previous drilling in the Nankai region (Deep Sea Drilling Project
|DSDP] Sites 298, 582, 583) never reached the basement. At Site 808,
for the first time in ocean drilling history, the oceanic basement below
an accretionary complex was reached. The basement rocks were
encountered in Hole 808C at a depth of 1289.9 mbsf, and a total of
37.1 mof igneous rocks were penetrated. About 300 m of hemipelagic
sediments, directly overlying the basement of the subducting oceanic
plate, were drilled beneath the décollement zone (945-964 mbsf). The
basaltic basement rocks of the Nankai region are middle Miocene
(15.6 Ma) in age on the basis of calcareous nannofossils (Shipboard
Scientific Party, 1990), found in some intercalated baked sediments.
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In this paper, major- and trace-element analyses, mineral chemis-
try, and Sr-Nd isotopic data are reported for representative igneous
rocks of Site 808 with the aim of defining the petrological nature of
the Nankai Trough basement.

PETROGRAPHY

Depths, recovery, lithostratigraphy, and synthetic petrographic
description of the basement basaltic rocks are summarized in Fig-
ure 2. On the basis of mineralogy, texture, and geochemical charac-
teristics, two main lithological units have been distinguished from the
top downward: sill-like rocks (Unit I: Cores 105, 106, 107) and pillow
lavas (Unit II: Core 108), of basaltic composition. Unit I has been
further subdivided into seven subunits.

All the rocks of Unit I are macroscopically similar throughout the
recovered sections. The upper part of Unit II appears autobrecciated,
being constituted by angular fragments of basalts (1 to 5 cm across)
healed together by a matrix made of glass and/or calcite, which
decreases downward until the rock becomes massive at the interior
pillow. Matrix composition indicates that fragmentation occurred
both during cooling (fragments healed together by glassy material)
and under subsolidus conditions (secondary minerals as calcite vein-
ing the glass).

All the recovered basaltic rocks are predominantly non- (or very
scarcely) vesicular, generally hypocrystalling, fine- to medium-grained,
aphyric to (olivine-) plagioclase-phyric.

Plagioclase phenocrysts dominate over olivine, this latter always
occurring as microphenocrysts. Clinopyroxene and Fe-Ti oxides are
confined to the groundmass. Textural relationships indicate that crys-
tallization invariably took place in the following sequence: olivine,
plagioclase, clinopyroxene, and Fe-Ti oxides.

Primary textures are well preserved: they are mainly intersertal
and intergranular, and, subordinately, subophitic to ophitic (Subunits
1D, IE, and 1F). In the least-crystallized rocks, the variably altered
and/or recrystallized glassy mesostasis occupies the wedge-shaped
interstices between the crystals. When patches of glass are sufficiently
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Figure 1. Tectonic setting of the Japanese arc-trench system, showing the location of major arc-trench systems, plate boundaries, and names of plates. Location of
DSDP and ODP sites (dots) and the fossil spreading axis of the Shikoku Basin are also shown. Star indicates location of Site 808.

large and continuous to enclose a number of plagioclase and clinopy-
roxene laths, the texture becomes hyalopilitic. The basaltic angular
fragments of the autobrecciated upper part of Unit II (pillow lava) are
characterized by hyalopilitic, very fine-grained texture: tiny needle-
like, often skeletal plagioclase microlites, radiating or branching, are
embedded together with small mafic minerals in abundant, partly
devitrified glassy mesostasis. The inner part of the pillow unit is more
crystallized and shows textures analogous to those of basalts of Unit .

The rare vesicles (up to 5%, top of Unit IT), generally concentrated
in the upper parts of each subunit, are infilled with calcite, clay
minerals, and minor zeolites (natrolite).

All the basaltic rocks of Site 808 suffered, to varying degrees, the
effects of low-temperature seafloor alteration. The generally slight to
moderate alteration was clearly controlled by fracturing, permeability,
and solution-circulating pathways, together with crystallinity of the
rocks, which may drastically reduce the rate of reaction between basalt
and seawater, as studied experimentally by Seyfried and Bishoff (1977,
1979). Common alteration products are mixtures of Fe-hydroxides and
clay minerals, resulting in 0.5 to 1.5 cm-wide reddish halos around
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cracks and veins. Prevailing alteration minerals are smectitic clays,
which constitute the devitrification products of glassy mesostasis and
glassy quench margins. Other secondary minerals include: serpentine,
iddingsite, and chlorite (after olivine and, subordinately, clinopyrox-
ene); calcite sometimes replacing mafic phases and, to a lesser extent,
plagioclase; and albite + epidote after plagioclase (Sample 131-808C-
106R-2, 108-126 cm). Whereas fresh olivine relics were found in
only one sample (131-808C-107R-1, 0-8 cm), groundmass plagio-
clase and clinopyroxene are almost always unaltered.

All the recovered basaltic rocks are cut, to different degrees (0%
to 10%), by small, ramifying and often cross-cutting veins and
fractures of varying width (0.5-5.0 mm). Their mutual relationships
and the frequent multiple and zoned filling suggest several stages of
fracturing and/or reopening and infilling. The thinnest veins are filled
with mixed-layer clays, microcrystalline calcite, and rare zeolites; the
medium-sized ones are generally filled with fibrous calcite. In the
widest, often zoned veins, chlorite, and fibrous actinolite occur on the
walls, and coarse-grained calcite occupies the inner part. Pyrite is a
minor phase, sometimes present on the walls of cracks and veins.
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Figure 2. Lithostratigraphy, recovery, lithological units, and subunits of basement rocks, Site 808.

Textural relationships suggest that calcite crystallization occurred in
these rocks in several stages.

The main secondary assemblages are typical of low-temperature
submarine alteration and early stages of low-grade metamorphism in the
zeolite facies. Local development of the chlorite + albite + epidote
association, together with actinolite as vein filling, are to be attributed to
the lower part of greenschist facies (Elthon, 1981; Alt et al., 1986). Such
secondary assemblages must be linked to the original hydrothermal
system at the spreading axis because of the lack of veins in the accreted
sediments overlying the basement basaltic rocks. A later extensive oxi-
dation phase, related to downward percolation of oxygenated seawater,
resulted in reddish halos with development of Fe-hydroxide phases.

ANALYTICAL METHODS

Minerals were analyzed at the University of Modena using an
electron-probe microanalyzer with a SEMQ-ARL unit at an acceler-
ating voltage of 15 kV, a specimen current of 5 nA, beam diameter of
2-3 um, and counting time of 20 s. Natural silicates and oxides were
used as standards, and the raw data were corrected with the ZAF
program using Bence and Albee (1968) factors.

X-ray fluorescence (XRF) analyses were performed on powder
pellets using a wavelength-dispersive automated Philips PW 1400

spectrometer (Universities of Ferrara and Parma). Major elements
were determined using a full matrix correction procedure (Franzini et
al., 1975), whereas for trace elements, experimentally determined
correction coefficients (Leoni and Saitta, 1976) were used. The pre-
cision and accuracy for trace-elements are estimated, for abundances
greater than 10 ppm, to better than 7% (see analyses of reference
standards AGV 1 and DR N in Table 4). MgO was analyzed in
duplicate, with excellent agreement, by both atomic absorption and
ICP, and loss on ignition (LOI) by the gravimetric method. REE were
determined at the Centre de Recerches Pétrographiques et Géo-
chimiques of Nancy (France), by inductively coupled plasma (ICP)
emission spectrometry with accuracy of 15% for Yb and Lu and better
than 8% for all the other REE (see analyses of reference standards
from Roelandts and Michel, 1986).

Sr and Nd isotopic compositions were determined at the Istituto
di Geocronologia e Geochimica Isotopica, CNR, Pisa, using a single
collector Isomass S4E Spectrometer, following standard chemical
methods. The reported errors are at the 95% confidence level.

MINERAL CHEMISTRY

Representative analyses of primary phases from Site 808 basaltic
rocks are reported in Tables 1, 2, and 3.
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Fresh olivine was found as unzoned microphenocrysts in only one
sample (131-808C-107R-1, 0-8 cm), with a forsterite content of
849%—85% (Table 1 and Fig. 3).

Clinopyroxenes are rather constant in composition, mostly plot-
ting in the augite field (Fig. 3). In the discrimination diagram of Figure
4 (Beccaluva et al., 1989), they reveal a close affinity with clinopy-
roxenes of normal MORB. Some compositional variations (Table 2)
can be observed in early to late crystallized clinopyroxenes; these
consist of an increase of TiO, and FeO/MgO ratios, coupled with
parallel decrease of Cr,0;, even in the same sample (e.g., Sample
131-808C-107R-1, 0-8 cm), and are due to fractional crystallization.
However, anomalously high contents of both TiO, and Al,O; (Sample
131-808C-105R-1, 119-121 c¢m, and -106R-1, 17-22 cm) are most
probably related to the influence of cooling rate in groundmass
microlites (Beccaluva et al., 1989).

Plagioclase show a wide compositional range in both units (Table
3 and Fig. 3). Phenocrysts often show direct and/or oscillatory zoning.
Anorthite contents range, on the whole, between 89.6% and 25.5%
from phenocryst cores to rims to late crystallized groundmass mi-
crolites, Albitic plagioclases analyzed in samples from Section 131-
808C-106R-2 clearly represent secondary compositions. K,O content
(mostly <0.20 wt%) is inversely correlated with anorthite content. The
variation of MgO is typical of MORB plagioclase, showing the classic
Mg drop at about 60% An (Perfit and Fornari, 1983).

Fe-Ti oxides are rather uniform in composition (Table 1). They are
Ti-magnetites with ulvospinel molecules varying from 57% to 69%,
within the range of those of MORB (Perfit and Fornari, 1983). Ilmenite
was analyzed in only one sample (131-808C-106R-1, 80-83 cm).

GEOCHEMISTRY

Major and trace elements of representative samples of Units [ and
II are reported in Table 4, together with LOI, Mg numbers, and some
significant incompatible element ratios.

All samples have suffered variable degrees of alteration due to
rock/seawater interaction and very low-grade metamorphism, which
is reflected by LOI values as high as 3.7 wt% in the least-crystalline
rocks and the most altered pillow lavas. Chemical mobilization in-
volved mostly alkalies (particularly K and Rb) and, to a lesser extent,
alkaline-earth elements. In particular, Samples 131-808C-108R-1,
63-66 cm, -108R-1, 118-121 c¢m, -108R-1, 122-127 cm, and - 107R-
1, 104-128 cm, show anomalously high K,O and Rb contents—and
accordingly K/Nb ratio—with respect to the others, which compare
favorably with MORB compositions (see Saunders et al., 1988). MgO
removal due to halmyrolysis may also be suspected for Samples
131-808C-105R-1, 8-19 cm, -108R-1, 63-66 ¢cm, and -108R-1, 118-
121 cm, as suggested by their relatively high Ni/MgO ratio (Table 4).
High CaO content of the samples of Unit II seems to partially depend
on the amount of calcite replacing primary phases and filling veins
and vesicles. Therefore, pillow lavas from Unit II appear to have
suffered the most intense secondary chemical mobilization, which is
also reflected in the appearance of as much as 4.4% of nepheline in
their norms.

Trace elements such as Nb, Y, Zr, Ti, and REE, considered virtually
immobile or very slightly mobile during seafloor weathering and low-
grade metamorphism (Hart et al., 1974; Bienvenu et al., 1990), have been
used to assess the magmatic affinities of the Nankai basement rocks.

The MORB-normalized patterns of Figure 5 allow us a compre-
hensive view of incompatible element (plus chromium) distribution.
Most elements delineate an almost flat pattern between one and three,
further supporting the affinity of the studied rocks with MORB. The
most scattered values are observed for K and Rb, clearly in relation
to secondary chemical mobilization. In terms of Zr/Y vs. Zr/Nb (Fig.
6), all the analyzed samples plot in the normal MORB field. Chon-
drite-normalized REE distributions (Fig. 7) show parallel patterns

with significant LREE depletion (Lay/Smy = 0.6-0.8). The overall
REE abundance increases by about a factor of two, from the least to
the most evolved basalts; in the latter a distinct Eu-negative anomaly
appears in relation to plagioclase fractionation. The REE patterns,
together with incompatible element ratios and clinopyroxene compo-
sition, confirm the close affinity with normal MORB type. It is to be
noted that such a magmatism does not reveal any evidence of subduc-
tion-related geochemical components.

In terms of differentiation degree, the Nankai Trough basement
rocks vary from nearly primitive (Mg: 71-67; Cr: 270-222 ppm; Ni:
138-127 ppm) to rather evolved (Mg: 63-39) basalts. Rayleigh model
calculations, based on several incompatible immobile elements such
as P, Zr, Nb, and REE, suggest a maximum fractionation extent of
about 40% of solid phases (olivine and plagioclase) from the least- to
most-evolved rocks; this is also indicated by interelemental correla-
tions and 7]:1hv;-,m:>cryst nature.

The ¥’Sr/*Sr isotopic ratios (Table 4) range from 0.70339 in
pillow lavas to 0.70317 in the least-altered basalt of the sill unit,
whereas '*Nd/'*Nd ratios are 0.51326 and 0.51314, respectively.
These values conform with those of slightly altered MORB, where
strontium isotopic ratio has been variably increased by submarine
alteration. Accordingly, #’Sr/*Sr ratios were reduced to 0.70265—
0.70271 by HCI 2.5 N hot leaching.

Stratigraphy, petrography, and geochemistry of basaltic rocks
recovered at Site 808 appear very similar to those from the Shikoku
Basin basement (particularly Sites 442 and 443, DSDP Leg 58
(Fig. 8); Nisterenko, 1980; Marsh et al., 1980), analogously identified
as normal MORB.

SUMMARY AND CONCLUSIONS

1. The basaltic rocks at Site 808 were divided in two main units.
Critical contacts confirming the mode of their emplacements were not
recovered, yet available data suggest that Unit I consists of sill-like
rocks and Unit II represents a pillow lava unit.

2. Both lithologic units are morphologically and petrographically
similar to oceanic crust basalts: they were emplaced as sills and pillow
lavas with textures typical of basalts erupted in a submarine environ-
ment. Both units are aphyric to (olivine-) plagioclase-phyric.

3. Alteration is generally slight to moderate. Secondary assem-
blages are dominated by smectitic clay, chlorite, serpentine, calcite,
minor zeolite, and, locally, albite plus epidote. This is typical of
submarine alteration and zeolite to low greenschist facies metamor-
phism. All of the recovered basaltic rocks are cut by ramifying and
often cross-cutting veins of varying widths, infilled with calcite,
chlorite, smectite, Fe-hydroxide, minor zeolite, and actinolite.

4. Geochemical features coherently indicate a normal MORB affinity
for all the Nankai Trough basaltic rocks, without any evidence of sub-
duction-related geochemical components. They vary from nearly primi-
tive to rather evolved basaltic magmas, with an inferred maximum
fractionation extent of about 40% of solid phases from the least to the
most differentiated rocks.

5. Stratigraphic, petrographic, and geochemical features of the
Nankai Trough basaltic rocks reveal a close analogy with those from
Shikoku Basin basement, drilled during DSDP Leg 58, at Sites 442
and 443 near the fossil spreading axis.
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Table 1. Representative microprobe analyses (wt% oxide) and atomic proportions of olivine, Ti-magnetite, and ilmenite from Nankai Trough basement
basaltic rocks in Hole 808C.

Olivine Ti-Magnetite Iimenite
UNIT I UNITIT UNIT 1
Core, section, 107R-1 105R-1 106R-1 106R-2 106R-2 107R-1 108R-1 106R-1
interval (cm) 0-8 119-121 17-22 51-54 108-126 0-8 122-127 80-83
A B C A B A B A B A B

Si0, 40.84 40.47 40,19 0.65 0.34 0.89 161 0.21 0.00 017 1.21 0.24 0.45 0.15
TiO, 0.00 0.03 0.00 25.03 23.70 24.75 23.01 2230 25.58 22.29 22,17 2235 21,25 47.18
AlLO, 0.37 0.00 0.00 2.18 1.21 2.04 1.75 1.31 0.53 155 1.65 2.78 332 0.36
Fe,0, 15.88 21.77 16.65 19.54 25.34 19.44 24.80 2224 21.11 2246 92.60
FeO 14.86 13.67 14.57 51.29 48.47 53.71 50.69 49.28 51.74 48.82 50.76 50.40 49.37 .17
MnO 0.00 0.26 0.18 2.82 293 1.76 1.55 3.02 334 0.82 1.40 1.74 219 3.20
MgO 43.15 44.93 44.46 0.41 0.00 0.00 1.58 0.31 0.00 1.72 0.96 0.00 0.00 0.25
CaO 0.36 0.35 0.36 0.29 0.12 0.06 0.14 0.03 0.00 0.02 0.04 0.10 0.12 0.16
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00
NiO 0.19 0.12 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.88
Tot 99.77 99.83 99.9 98.55 98.54 99.86 99.87 101.8 100.63 100.19 100.43 98.85 99.16 98.95
Si 1.024 1.005 1.008 0.024 0.013 0.033 0.059 0.008 0.000 0.006 0.044 0.009 0.017 0.004
Ti 0.000 0.001 0.000 0.704 0.669 0.690 0.634 0.615 0.716 0.617 0.612 0.630 0.595 0.906
Al 0.011 0.000 0.000 0.096 0.054 0.089 0.076 0.057 0.023 0.067 0.071 0.123 0.146 0.011
Fe*! 0.450 0.610 0.460 0.540 0.700 0.540 0.690 0.610 0.600 0.630 0.170
Fe®* 0311 0.284 0.306 1.600 1.520 1.670 1.550 1.510 1.610 1.500 1.560 1.580 1.540 0.809
Mn 0.000 0.005 0.004 0.089 0.093 0.055 0.048 0.094 0.105 0.026 0.044 0.055 0.069 0.069
Mg 1.612 1.663 1.662 0.023 0.000 0.000 0.086 0.017 0.000 0.094 0.053 0.000 0.000 0.010
Ca 0.010 0.009 0.010 0.012 0.005 0.002 0.005 0.001 0.000 0.001 0.002 0.004 0.005 0.004
Cr . 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000
Ni 0.004 0.002 0.003 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.018
Fo 83.8 85.4 845
Ulv 66.2 62.3 68.6 60.6 56.7 66.7 57.4 62.2 60.7 57.0

Note: Fe™'/Fe™* partitioning according to charge balance. A, B, and C refer to different crystals. Forsterite (Fo) and ulvospinel (Ulv) percentages are in atom%.

Table 2. Representative microprobe analyses (wt% oxide) and atomic proportions of clinopyroxene from Nankai Trough basement basaltic rocks

in Hole 808C.

UNIT1 UNIT1I
Core, section, 105R-1 106R-1 106R-1 106R-2 106R-2 107R-1 107R-1 108R-1
interval (cm) 119-121 17-22 80-83 51-54 108-126 00-08 63-65 122-127

A B A B A B A B A A B A A B

Si0, 44.09 46.71 4788 46.01 48,60 49.45 46.95 48.36 47.47 49.46 46.43 48.21 47.85 47.51
Tio, 277 2.02 1.82 2.70 1.85 1.46 231 2.08 1.95 1.65 347 2.36 1.83 2.15
AlO,4 6.22 5.35 4.06 6.96 4.64 3.56 4.90 5.60 4.57 3.76 4.16 5.53 4.98 4.80
Fe,0, 2.57 227 1.99 1.47 111 1.36 1.76 1.00 1.99 0.17 113 0.26 1.69 1.47
FeO 7.11 7.02 10.31 6.90 8.35 8.50 10.52 7.09 6.79 8.16 11.83 11.30 7.50 7.74
MnO 0.17 0.24 0.29 0.21 0.18 0.29 0.31 0.15 0.18 0.15 0.32 0.36 0.23 0.96
MgO 12.28 12.70 11.82 13.63 12.82 13.76 1281 13.33 14.14 14.00 11.96 13.43 13.56 13.59
CaD 22.43 2299 20.92 22.24 21.75 20.84 19.70 21.53 21.46 21.56 20.29 17.84 21.80 21.37
Na,0 0.35 0.46 0.81 0.00 0.51 0.58 0.49 0.60 0.47 0.00 0.23 0.37 0.40 0.19
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cry04 0.25 0.00 0.00 0.48 0.23 0.00 0.00 0.23 0.31 0.09 0.00 0.11 0.15 0.17
Tot 98.24 99.76 99.90 100.60 100.04 99.80 99.75 99.97 99.33 99.00 99.82 99.77 99.99 99.95
Si 1712 1775 1.830 1.723 1.829 1.863 1.792 1.809 1.799 1.864 1.782 1.816 1.803 1.795
Ti 0.081 0.058 0.052 0.076 0.052 0.041 0.066 0.059 0.056 0.047 0.100 0.067 0.052 0.061
Al 0.285 0.240 0.183 0.307 0.206 0.158 0.220 0.247 0.204 0.167 0.188 0.245 0.221 0.214
Fe'* 0.075 0.065 0.057 0.041 0.031 0.038 0.051 0.028 0.057 0.005 0.033 0.007 0.048 0.042
Fe®* 0.231 0.223 0.330 0.216 0.263 0.268 0.336 0.222 0.215 0.257 0.380 0.356 0.236 0.245
Mn 0.006 0.008 0.009 0.007 0.006 0.009 0.010 0.005 0.006 0.005 0.010 0.011 0.007 0.031
Mg 0.711 0.719 0.673 0.761 0.719 0.773 0.729 0.743 0.799 0.786 0.684 0.754 0.761 0.765
Ca 0.933 0.936 0.857 0.892 0.877 0.841 0.805 0.863 0.871 0.871 0.834 0.720 0.880 0.865
Na 0.026 0.034 0.060 0.000 0.037 0.042 0.036 0.044 0.035 0.000 0.017 0.027 0.029 0.014
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.008 0.000 0.000 0.014 0.007 0.000 0.000 0.007 0.009 0.003 0.000 0.003 0.004 0.005
mg 75.5 76.3 67.1 779 73.2 74.3 68.5 77.0 78.8 754 64.3 67.9 76.3 75.7

Note: Fe'*/Fe?* partitioning according to Papike et al., 1974. mg = (Mg/Mg + Fe®*) (atom%). A and B refer to different crystals.
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Table 3. Representative microprobe analyses (wt % oxide) and atomic proportions of plagioclase from Nankai Trough basement basaltic rocks in Hole 808C.

UNITI
Core. section, 105R-1 1I5R-1 106R-1 106R-1 106R-2
interval (cm) 20-26 19121 17-22 RO-83 51-54
Ac Ar Ber Ac Ar _B_g.r . Ac Ar - Ber .Cgr :\;: At Bgr Cgr Ac Ar

Sio, 48.00 49.41 5142 49 26 50.53 49,22 5090 50,08 5243 003 49.65 50.38 5177 6216 50.48 59.14
TiO, 0n.07 .06 (.12 [IXHE) 003 (.08 0.06 005 012 .06 .06 0.05 .07 .10 0.07 15
AlO, 30.86 060 29.06 142 2996 43 M9 g4 26.94 M6 RIEY) .75 2974 2375 29.68 25.60
Fe, 0,4 0.46 0.68 (L9% 146 1.0 .48 .51 063 114 073 .44 047 Kl {146 1.63 078
MnO 0.00 0.00 (LK) 0,00 .00 (.00 (.00 (X LX) 1] .00 (.00 (.00 11.44) .0} (L .00
MgO 0.41 0.53 022 [IXEH] .83 (.00 0.32 022 (0.0} iy .29 0,26 [} 4] .00 144 0.00
Ca0 14.58 14.50 1278 15.36 13.73 14.85 13.5% 1397 10.37 1354 15.14 14.74 13.00 530 1326 7.90
Na,0 3 KNS 512 100 406 4.00 375 4.29 .06 442 280 3.20 And "6 305 6.76
K=0 0.1 0.00 .02 .06 002 0.2 [IA} ] 002 10 0no2 XL (.00} 005 L15 0.06 0.0
Tonal 97.77 99.52 9972 10004 1016 ([N 9991 LA 9716 99.55 Y9 u5 U985 99.27 1060, 3% 99.67 10042
Si 2198 2278 2363 2.256 2307 3337 2322 2294 2398 2307 2274 2306 2364 2752 2313 2,637
Ti 0.002 0002 A0 001 XA AN3 (.4612 (.02 (LN (L.002 {2 0.402 (L2 (0403 0002 (1L.005
Al | 666 1.663 1.574 1.723 1613 1684 1.666 1.665 1.452 1652 1.699 1.659 1604 1.239 1603 1.346
Fe** 0.018 0,026 0.037 0018 1,037 0018 0.020 24 (3 00128 0m7 0018 (031 007 (0062 0.029
Mn 0.000 0,000 (000 LELY A 1LI00 (L.(KN) URLEY] (L0 (LI (LK) {LIKH) 1000 TLINN) (L000 (L0000 (L0000
Mg 0.028 0.036 0015 (.00 0056 LT 0.022 (LS (L.INK) [ K] 0.020 008 LN (LINN) (.08 (1000
Ca 0715 0.716 01.629 0,754 0672 0.723 0).66- 11686 0,508 668 (1.743 0.723 0637 0.251 1651 0.377
MNa 0.291 0.334 0.456 1.266 ).359 0.352 0.332 1381 0.537 (1394 01,2449 0.284 0340 0.726 0.271 (1.584
K 0,006 (.00 (.00 X4 Y] (LN (.M URLEA] [IXLAT (0006 (LI (VT (LI0K) 0003 (LN (004 0.005
An 70.7 68.2 579 739 65.1 67.2 66.7 A2 483 6h1R 749 TR 650 258 T0.3 9.0

Table 3 (continued).

UNIT1 UNIT I
Care, section, 106R-2 107R-1 107R-1 108R-1 108R-1
interval (cm) 108-126 0-8 63-65 89-94 122-127
Bgr A B Ac At B A B Ac Ar Ber Ac Ar B

Si0, 5419 5169 65.52 50.83 53.25 49.21 5272 5346 5300 5269 6025 5245 5720 6674

TiO, 0.06 0.05 0.30 0.00 0.35 0.04 0.08 0.06 0.10 0.09 0.16 0.08 0.10 0.12

ALO, 28.49 30.26 21.85 30.91 29.08 350 2951 29.18 29.27 30.55 25,58 30.26 2766 2797

Fe,04 0.74 0.74 1.32 0.40 1.99 (.64 0.96 0.91 1.00 0.52 1.03 0.38 0.77 098

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 0.00 0.00 019 0.23 0.00 0.38 048 0.37 0.28 0.27 0.00 n.21 0.00 0.00

Ca0 11.64 13.56 0.67 16,15 13.40 16.99 14.37 13.70 14.30 13.91 8.52 14.50 10.70 11.02

Na,0 4.78 3.65 9.63 1.31 1.97 1.09 1.64 2.03 1.92 1.84 4.05 202 in a0

K0 0.04 0.02 0.86 0.00 0.03 (.00 0.07 (.05 0.04 .02 0.13 0.00 0.07 0.07

Total 9994 9997 10034 9983 10007 9985  99.83 9986 9991 9989  99.72 9990 9961  99.92

Si 2456 2,356 2.880 237 2418 2.257 2.394 2421 2,406 2382 2.680 2.376 2.563 2542

T 0.002 0.002 0.010 0.000 0.012 0.001 0,003 0.002 0.003 (0L003 0.005 0.003 0.003 0.004

Al 1.522 1.626 L132 1.661 1.556 1.703 1.580 1.563 1.566 1.628 1.341 1.616 1.461 1477

Fe* 0.028 0.029 0.048 0.015 0.076 0.024 0.036 0.034 0.037 0.020 0.039 0.014 0.029 0.036

Mn 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 (L.000 0.000 0.000 0.000 0.000

Mg 0.000 0.000 0.012 0.016 0.000 0,026 0032 0.025 0.019 0.018 0.000 0.014 0.000 0.000

Ca 0.565 0.662 0.032 0.789 .652 0.835 0.699 (L.665 0.695 0.674 0.406 0.704 05014 0.529

Na 0.420 0323 0.821 0116 0.173 0.097 0144 0178 0.169 0.161 0.349 0177 0.270 0.262

K 0.002 0.001 0.048 0.000 0.002 0.000 0.004 0.003 0,002 0.001 0.007 0.000 0.004 0,004

An 572 67.1 36 87.2 78.8 89.6 825 786 80.3 80.6 533 79.9 65.2 66.5

Note: Abbreviations: ¢, crystal core; r, crystal rim; gr, crystal in groundmass. A, B, and C refer to different crystals,

203



F. SIENA, M. COLTORTI, E. SACCANI, C. VACCARO

204

Ca Nankai Trough
Hole 131-808C-

10 ©105R-1,20-26cm
O105R-1,118-121cm
WI106R-1,17-22em

unit] |®@W0ER-1,80-83cm
VI106R-251-54cm
AWBR-2108-126cm

107R-1.00-08cm
107R-1,63-65cm

Unit 0BR-1,89-94cm
g ®10BR-1,122-127cm

rAY N ™ N LA} ™ ™ ™ LAY
Mg 90 70 50 30 10 Fez‘*_',":ea‘*
Fo Fa
i 8 Ay A} A} ™ 4] A ™
Or Or
Lmunn-mc- A\
v ™ v
n N N Fal
An Ab

Figure 3. Clinopyroxene, olivine, and plagioclase composition of the Nankai Trough

basalts in the Ca-Mg-Fe (atom%}) diagram, in terms of forsterite-fayalite percentages, and

in the Ab-An-Or (mole%) diagram, respectively.
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Figure 4. Clinopyroxene compositions of Nankai Trough basement rocks in the
TiO,-Na,0-5i0,/100 diagram (wi%). The discrimination fields for clinopy-
roxene from basalts of different oceanic settings are reported (after Beccaluva
et al., 1989). Abbreviations: normal (NM) and enriched (EM) MORB; within
oceanic plate basalts (WOPB); Iceland basalts (ICB); Island arc tholeiites
(IAT); Boninites (BON); Quartz-tholeiites, basaltic andesites, and andesites
(BA-A) from intraoceanic forearc regions. Symbols indicate representative
analyses.
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Table 4. Representative major- (wt%) and trace- (ppm) element analyses, and St/ Sr and '“Nd/"*'Nd ratios of basaltic rocks from Nankai Trough basement in Hole 808C.

UNITI UNIT II
Core, section, 105R-1  105R-]  105R-1  106R-1 106R-1  106R-1  106R-1  106R-2 106R-2 106R-2 107R-1 107R-1 107R-1  107R-1  108R-1  108R-1  108R-1 AGV 1 DR N
Interval (cm)  8-19  20-26  102-105  5-9 28-31  90-93  122-125 17-22  51-54  60-64 0-8 2831 6365 104-128 6366 118-121 122-127 A(XRF) B A(XRF) B
Si0, 48.06  49.16  50.08 4781 4886  49.10 47.87 4760 4738 4729 4667 4757 4909 4721 45.61 47.05 48.59 59.13 5929 5214 52.85
TiO, 1.60 1.71 1.70 1.56 1.58 1.66 1.57 1.60 1.55 1.31 1.29 1.66 1.80 1.83 2.15 2.00 2.08 1.09 1.05 1.19 1.09
ALLO, 1734 17.05 17.41 1626 16.96 16.67 16.48 1620  17.15 1506 17.20 1453 1547 15.51 15.90 15.57 16.08 17.22 17.17 17.20 17.52
Fe,0, .12 8.66 8.69 112 1052 9.33 10.20 10.38 9.90 10.48 941 1206 1051 12.26 12.64 11.63 10.42 6.64 6.17 9.85 9.70
MnO 0.30 0.33 0.17 0.18 0.13 0.14 0.15 0.13 0.14 0.13 0.14 0.18 0.18 0.16 0.17 0.18 0.17 0.10 0.10 0.19 0.22
MgO 4.80 6.07 5.91 6.40 7.63 8.42 7.22 7.66 829 992  10.00 7.35 6.75 6.15 351 4.88 5.03 1.53 4.40
Ca0 1200 1227 10.86 11.41 10.32 9.65 11.33 1045  10.72 966 1024 1121 1233 11.68 13.11 12,15 12.11 4.87 494 719 7.05
Na,0 321 334 345 3.00 2.68 271 2.82 272 2.80 217 2.50 294 3.10 2.64 3.06 301 345 4.26 428 2.68 299
K0 0.07 0.06 0.09 0.08 0.08 0.08 0.09 0.08 0.08 0.09 0.08 0.15 0.09 0.44 0.29 0.43 0.24 2.83 290 1.7l 1.70
P.0, 0.20 0.19 0.23 0.22 0.24 0.24 0.24 0.25 0.20 0.21 0.19 025 0.21 0.26 0.30 0.28 0.25 0.48 0.49 0.28 0.25
LOL 1.28 1.16 1.41 1.96 1.01 2.00 2.03 292 1.78 3.68 228 2,09 0.47 1.86 3.26 2.82 1.56
mg 49.6 61.4 60.8 56.7 62.3 67.3 61.7 62.7 65.6 68.3 71.0 58.1 50.4 533 387 489 524
v 254 244 242 229 227 238 219 222 233 196 196 280 307 314 3n 3 289 118 124 223 225
Cr 295 310 290 262 255 270 250 244 287 222 257 279 339 333 284 267 272 13 1 44 42
Ni 121 139 102 124 131 126 121 127 123 107 138 88 85 87 el 99 99 14 16 16 16
Co 52 53 45 33 44 12 41 425 47 37 46 38 44 41 34 2 48 15 16 38 35
Rb 2 nd. 1 2 1 1 1 1 1 2 n.d. 3 nd. 13 6 12 6 67 67 74 70
Ba 24 26 23 3 26 27 21 24 s 35 42 40 1241 1209 407 385
Sr 220 219 217 223 225 208 210 200 194 178 180 190 192 204 252 251 232 679 659 403 400
Zr 16 15 18 13 106 116 12 110 112 98 103 107 116 13 148 143 160 229 227 132 125
Nb 2 3 3 2 2 3 2 2 3 2 2 5 4 5 6 5 4 14 15 7 6
Y 34 32 36 36 34 i3 34 33 30 29 28 35 32 39 44 43 40 19 20 28 30
TZr 83 89 86 83 89 86 84 87 83 80 75 93 93 97 87 84 83
Zr/Nb 58 38 39 57 53 39 56 55 36 49 52 21 29 23 25 29 41
ZrY 34 36 33 3.1 31 15 33 33 37 34 17 3.1 3.6 29 34 33 38
Ba/Nb 12 9 12 16 9 14 1 12 7 7 7 8
K/Nb 291 166 242 324 334 21 380 339 211 373 332 249 187 731 401 714 543
La 5.28 4.03 4.70 161 3.75 3.01 4.14 341 7.00 4,30 6.14 7.89
Ce 16.8 14.2 17.1 124 13.9 11.2 16.2 11.8 223 14.8 175 24.1
Nd 13.7 12.3 133 10.4 11.3 9.58 118 8.85 18.4 109 14.3 19.8
Sm 5.46 438 478 1.96 382 332 437 3.21 6.31 355 4.88 7.06
Eu 1.64 1.47 1.48 1.22 1.32 1.14 1.32 1.15 1.66 1.22 1.66 1.93
Gd 6.36 5.52 6.60 4.72 478 3.78 470 3.50 7.80 483 5.57 8.47
Dy 6.10 4.76 5.80 431 435 4.39 4.64 4.09 7.20 517 5.81 8.20
Er 3.54 2.98 322 2,62 2.74 2,60 3.0l 2.38 4.1 2.73 3.57 4,61
Yb 3.20 2.59 2.90 245 247 241 2.50 223 3.70 291 325 420
Lu 0.56 0.50 0.54 0.44 0.46 0.38 0.48 0.42 0.65 0.49 0.58 0.72
MSrMsr 0.70317(3) 0.70343(15) 0.70339(9)
Mg ogy 0.70265(3) 0.70293(3) 0.70271(3)
NN 0.51314(6) 0.51326(12)

Note: mg = MgO/AMgO+FeQ) mol%, assuming Fe,O, = 0.15 FeO. n.d.= not detected. Asterisk denotes ¥Se/"Sr ratios on HCI 2.5 N leached samples. Analyses of chemical reference standards AGV | and DRN are also reponted (column A) with

recommended values (column B).

ADOTOYLHEd SMO0Y DILTVSVE



F. SIENA, M. COLTORTI, E. SACCANI, C. VACCARO

o Nankai Trough
[ Hole 131-808C-

@105R -1, 8-18 cm
©105R-1, 102-105¢cm
*106R-1, 5-89cm
\ WI06R -1, 28-29cm
@®106R-1, 90-93cm
Unit T {Q106R-1, 122-125¢cm
O106R-2, 17-22¢cm
M106R-2, 60-64cm
®107R-1, 28-31cm
O107R-1, 104-128cm

//
i
5

i
\
/

i W I A108R-1, 63-66cm
Unit A10BR-1, 118-121cm

Rock /MORB

8

Y Cr

o

i
T

Rb Ba Nb La Ce

<+ 20
T 8992

wy (=]
™ ™ —
i i
T T

4 250

01

» 4120
= T 1245

-
o (=]
uw -]
i i
T T
P

r Zr

=

Figure 5. MORB-normalized patterns for incompatible element plus Cr for Nankai Trough basement rocks. Normal-
izing values after Pearce (1982).
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Figure 6. Zr/Y vs. Zr/Nb discrimination diagram for Nankai Trough basaltic rocks. Fields for P-, T-, and N-MORB
from southwest Indian Ridge (SWIR), American Antarctic Ridge (AAR), and Atlantic Ridge (ATL), are also reported
for comparison.
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Figure 7. Chondrite-normalized REE patterns for representative Nankai Trough basement rocks. Normalizing values according
to Taylor and Gorton (1977) are given. Fields for N-, T-, and E-MORB are from Le Roex (1987).
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Figure 8. TiO, vs. Zr diagram for Nankai Trough basalts (Hole 808C). Symbols: triangles: Core
105; dots: Core 106; stars: Core 107; squares: Core 108 (pillow lavas). Fields for Sites 442, 443,
and 444 (Shikoku Basin) are reported for comparison (after Marsh et al., 1980).
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